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Editorial on the Research Topic

The Role of Complement in Health and Disease

The complement system is a crucial mediator of the innate immune response, contributing to cell
homeostasis, tissue development, and repair, reproduction, and cross-talk with other endogenous
systems. Each of the three major complement activation pathways (classical, CP; alternative, AP;
and lectin, LP) employs specific recognition molecules and initiating serine proteases. All three
pathways converge into a common sequence. This leads to the formation of the biologically highly
active anaphylatoxin, C5a, and the C5b-9 membrane attack complex (MAC). The latter forms
transmembrane channels which either induces “sub-lytic” activation of the cell, or results in target
cell lysis.

Primarily, as an important branch of first-line defense, complement protects the host from
invading pathogens and abnormal self-derived components. This can be achieved through
several mechanisms: (i) opsonization by activation products, (ii) attracting immune cells through
chemotaxis, and (iii) direct lysis after incorporation of the MAC into the cell envelope of
the invading pathogen. Therefore, complement plays key roles in (i) preventing the spread
of infection to other cells and tissues, (ii) participating in the clearance of damaged cells
and tissues, and (iii) preventing the development of chronic inflammation and/or cancer.
On the other hand, uncontrolled complement activation may lead to life-threatening effects
such as systemic inflammation and shock, dysregulation of coagulation/fibrinolysis, and
auto-aggression. Furthermore, under certain conditions, deregulated complement activation may
also promote tumorigenesis.

The 49 articles of this issue summarize recent achievements and provide timely reviews in the
field of complement research.

BASIC MECHANISMS OF COMPLEMENT PHYSIOLOGICAL AND

PATHOLOGICAL FUNCTIONS

The complement cascade needs to be tightly regulated to avoid over activation and
inflammatory pathologies. The knowledge on complement regulators has greatly evolved
recently, and Sánchez-Corral et al. provided an update on the family of factor H related
proteins (FHRs). Their review includes quantitation of circulating FHR proteins, differential

9
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interaction of FH and FHR proteins with various ligands,
and association of genetic variants and abnormal protein
rearrangements with diseases involving renal or ocular
pathologies. FHRs are emerging as FH antagonists able to
enhance complement activation by outcompeting FH for ligand
binding. FH interaction with apolipoprotein E (apoE) has been
revisited by Nissilä et al. to decipher its possible role in the anti-
atherogenic effects of apoE. FH bound to monocyte cell surface
complement receptor (CR3) in the absence of deposited C3b and
increased ApoE binding to monocytes and THP-1 cells, possibly
through simultaneous interaction with sialic acids. Incubation
of FH with THP-1 macrophages and cholesterol-labeled cells
enhanced cholesterol efflux and modulated the transcription
of inflammatory genes. In addition, binding of FH to THP-1
macrophages decreased complement activation, suggesting
an overall contribution of FH apoE interaction in reducing
inflammation in atherosclerotic lesions.

Complement receptors provide a connection between soluble
complement components and immune cells functions. The
review by Vorup-Jensen and Jensen highlights similarities and
differences in the structure and function of CR3 and CR4, two
members of the family of β2 integrins with similar ectodomain
organization. Available X-ray crystal structures and comparison
of the wide variety of identified ligands suggest that CR3 and
CR4 selectively recognize polycationic and polyanionic species,
respectively, with complementary functional implications. The
potential role of CR3 and CR4 in human therapy is raised, since
existing drugs may target their contribution to both innate and
adaptive immunity.

The review by Ratajczak et al. focuses on an emerging
role of mannose-binding lectin- (MBL)-dependent complement
activation in the release of effector cells from bone marrow (BM)
in response to tissue injury, pathogens, and pharmacological
inducers of hematopoietic stem/progenitor cells (HSPCs). This
process is triggered by MBL binding to ATP, an alarmin
released from activated BM cells and contributes to sterile
inflammation in the BMmicroenvironment. ATP is an important
signaling molecule, providing an emergent link between
purinergic signaling and complement, which participates in
homeostasis, mobilization and aging of HSPCs, and possibly in
pathologies including myelodysplasia and graft-vs.-host disease
in transplanted recipients.

Intracellular C3 activation mediated by cathepsin L (CTSL)
plays a central role in the regulation of human T cell
responses through signals delivered by C3a and C3b binding
to complement receptors C3aR and CD36, respectively. Freeley
et al. showed that asparaginyl endopeptidase (AEP), also called
legumain, is required for normal Th1 induction and IFN-γ
production in both human and mouse CD4+ T cells. They also
identified AEP as responsible for CTSL processing to an active
form, required for CTSL-mediated C3 activation and autocrine
CD46 and C3aR activation in human CD4+ T cells, but not in
mice cells.

This section highlights that complement basic knowledge is
continuously emerging with the description of novel functions
relying on recently identified ligands of complement components
or on cross-talk with different signaling pathways.

COMPLEMENT ASSAYS

The review by Ekdahl et al. summarizes the current indications
for complement diagnostics and the specific methods used to
determine individual complement status, and provides clues
to interpret serological complement biomarkers in pathologic
conditions. The described assays measure the levels of circulating
complement components and activation products, and the
function of the different activation pathways, allowing to
distinguish between lack of a single component and functional
deficiency. The main indications for determination of patient’s
complement status are deficiencies (inherited and acquired) and
pathologies with abnormal complement activation. Additionally
serum biomarkers should be useful for the follow-up of patients
with complement therapeutics.

Complement biomarkers are especially useful to follow
the activity of diseases if they are compared with baseline
values under physiological conditions. Gaya da Costa et al.
have investigated the serum concentrations of 19 complement
components and the activity of the three complement pathways
in a healthy Caucasian population of 120 individuals (50%
women/men, 20–69 years old). They observed that sex
and age significantly impact the levels and functionality of
complement, suggesting that these two population parameters
should be considered in complement-related pathologies and
-targeted therapies.

Mutti et al. addressed the problem of low reproducibility
of assays employing normal serum. With the help of affinity
chromatography, antibodies may be removed from the serum;
however, this procedure depletes serum from complement
components associated with CP, LP, and AP. The reconstitution
of complement activity (at least its classical pathway) is possible
by supplementation with corresponding factors at proper
concentrations and in strictly defined order. The proposed
method makes possible better standarization which may be
helpful in studies involving CP activity.

Clinical tools are still rare for analysis of collectin-11 (CL-

11, alias CL-K1), the most recently discovered member of the

complement defense collagens family. This protein has been
found in the circulation as heteromeric complexes with collectin-
10 (CL-10, alias CL-L1) that are able to efficiently activate the
lectin complement pathway. Bayarri-Olmos et al. developed
a quantitative sandwich ELISA for measuring circulating CL-
11, based on two newly generated mAbs. Mean plasma

concentrations from 126 Danish blood donors (289.4 ng/ml)
were in agreement with the literature and highly correlated to
the levels of CL-10/11 complexes. In addition, zymosan was
identified as a novel CL-11 ligand able to trigger activation
of CL-11/MASP-2 complexes. With a view to understand
the mechanism of CL-10/11 complex formation and cellular
localization, Hansen et al. studied the tissue distribution of CL-
10 and CL-11. Tissues from endocrine organs/glands including
liver, kidney, adrenals, and pancreas, as well as exocrine
tissues of the digestive system and sex-specific organs showed
immunoreactivity for both collectins. The mRNA levels showed
accordance between the synthesis site and protein localization.
In addition, MASP-3 expression appeared to overlap greatly

Frontiers in Immunology | www.frontiersin.org August 2019 | Volume 10 | Article 186910

https://doi.org/10.3389/fimmu.2018.02701
https://doi.org/10.3389/fimmu.2018.02716
https://doi.org/10.3389/fimmu.2018.01295
https://doi.org/10.3389/fimmu.2018.02449
https://doi.org/10.3389/fimmu.2018.02237
https://doi.org/10.3389/fimmu.2018.02664
https://doi.org/10.3389/fimmu.2018.02770
https://doi.org/10.3389/fimmu.2018.02238
https://doi.org/10.3389/fimmu.2018.01757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
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with the localization of CL-10 and CL-11, which might have
functional implications.

The discrimination between normal and abnormal circulating
levels of serum components is based on availability of reference
intervals (RI) from healthy donors. In the case of FH and FHR-
1 to−5, variations in serum levels in adults are associated with
multiple diseases. As complement-mediated diseases can have
early onset, van Beek et al. assessed the circulating levels of FH
and FHR in a population of 110 healthy children (7 months−20.9
years old) and found differences in some, but not all of the
RIs of these proteins by comparison with adults. In the case
of FHR4, the level of FHR-4A was tested using an assay set-
up by Pouw et al. in healthy donor serum samples using novel
specific mAbs. These authors showed indeed that FHR-4A is
the dominant circulating variant with a level in the range of
those reported for all other FHRs whereas FHR-4B could not
be detected in serum. In addition, FHR-4A was found to be
considerably variable among healthy individuals.

This section illustrates the wide variety of tools available
to measure the levels of individual complement components
and quantify complement function. The need for standardized
tools is highlighted, given the growing number of pathologies
involving complement and the development of complement-
based therapeutics.

THERAPEUTIC TOOLS: COMPLEMENT

SUBSTITUTION AND INHIBITION

MBL deficiency is a common condition associated with several
pathologies, including increased susceptibility to infections in
childhood. Substitution therapies with plasma-derived MBL
(pdMBL) proved to be safe with restoration of MBL levels
but not of a functional LP due to inactivation of pre-
activated MBL-MASPs complexes present in pdMBL. Keizer
et al. demonstrated that recombinant MBL (rMBL) can associate
with non-complexed circulating forms of proenzymeMASPs and
restore LP activity of MBL-deficient serum, providing a rationale
for new clinical rMBL substitution studies.

The review by Dobó et al. presents a timely overview
of complement therapeutics preventing or inhibiting
unwanted/excessive activation of LP and AP. The potential
drug targets described encompass LP pattern recognition
proteins, serine proteases (MASPs, factors B and D), the central
component C3, and complement regulators (factors H and I,
properdin). Emphasis is put on recently described cross-talks
between LP and AP involving active MASP-3 as the primary
physiological activator of pro-FD to FD, and MASP-1 required
for AP initiation on LPS containing surfaces. Drug candidates
include antibodies, peptides, and selective protease inhibitors for
use in the growing number of complement-mediated pathologies.

In a search for new complement inhibitors acting at different
levels of the complement cascade, Hertz et al. developed chimeric
proteins consisting in MAP-1, a MASP competitor for binding
to LP recognition proteins, fused N- or C-terminally to CCP1-
5 of C4b-binding protein, a regulator of both CP and LP.
Both chimers formed dimers able to associate with MBL or
CL-11 while retaining the cofactor activity of C4BP. They

could inhibit both CP and LP, exhibiting unique complement-
regulatory and anti-inflammatory properties and thus contribute
to the emerging field of complement therapeutics.

With a view to develop specific inhibitors of AP and CP C3/C5
convertases, Zwarthoff et al. used C3b-and DNP-coated beads
models with purified AP and CP components, respectively, and
C3aR and C5aR cell reporter systems to functionally characterize
surface-bound reconstituted AP and CP C3/C5 convertases.
Screening of therapeutic complement inhibitors and known C3b-
binding proteins from human, bacteria or ticks revealed that
all molecules tested inhibited C5 conversion in both AP and
CP, but only some of them inhibited the C3 convertase. These
models open the way to the identification and development
of specific convertase inhibitors for treatment of complement-
mediated diseases.

COMPLEMENT IN INFECTION

Urinary tract infections belong to the most common infectious
diseases worldwide. Uropathogenic Escherichia coli are
aetiological agents of ∼80% of cases. Song et al. demonstrated
that stimulation of C5aR1-expressing renal tubular epithelial
cells (RTEC) with C5a results in elevated expression of mannose
residues, depending on the ERK1/2/NF-κB signaling pathway
and upregulation of TNF-α production. That facilitates UPEC
adhesion and invasion of RTEC, mediated by E. coli type 1
fimbriae. Furthermore, higher urine C5a concentrations were
found in UTI patients compared with controls. Therefore, it
was concluded that C5a/C5aR1 interaction may contribute
to the pathogenesis of UTI. Infections, including UTI, are
particularly common and often severe in patients suffering
from diabetes mellitus. Barkai et al. studied type 2 diabetes
mellitus (T2DM) patients with acute bacterial infections,
largely UTI caused by E. coli. They found higher functional
activity of ficolin-3-dependent lectin and alternative pathways,
accompanied by lower concentrations of C4d and sC5b-9, in
plasma samples, compared with those of non-diabetic patients.
The authors suggested generally lower consumption of ficolin-3
dependent LP/AP in T2DM patients resulting in impaired
complement-mediated protection from infections. Indeed,
lack of ficolin-3-dependent activation and AP amplification
were found associated with higher 3-months mortality in
diabetic patients.

Another E. coli pathotype, EAEC (enteroaggregative) is a
worldwide-spread agent of diarrhea. Adler Sørensen et al.
reported that ficolin-2 recognized more or less efficiently three
of four prototypic EAEC strains but only 5/56 of clinical
isolates. The recognition was followed by complement activation,
partially inhibitable when ficolin-2 or factor D inhibitors were
used and completely blocked when used together. Inhibition of
complement activation protected bacteria from direct killing.
Therefore, again, although LP activation accompanied by AP
amplification is an effective mechanism of elimination of
pathogens, many EAEC strains have evolved to evade that.
Prototypic EAEC were not recognized by ficolin-1 or ficolin-3
while MBL binding was noted for two strains.

Man-Kupisinska et al. found recognition of enterobacterial
lipopolysaccharides by MBL to be common. For most strains,
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the lectin target was LPS core oligosaccharide. N-acetyl-D-
glucosamine and L-glycero-D-mannoheptose were identified as
the ligands. They are accessible to MBL in vivo when constituting
the terminal outer core sugars and the O-polysaccharide is
relatively short or when LPS is released due to bacterial cell
damage. Using Hafnia alvei as a model, it was demonstrated that
MBL-LPS interaction not only initiates the complement cascade
but also induces early-phase (lipid A-independent) endotoxic
shock in mice. Thus, MBL may be involved in life-threatening
events in the course of Gram-negative sepsis.

Pertussis (whooping cough), caused by Bordetella pertussis, is
still one of the most deadly childhood diseases. Hovingh et al.
focused on the interaction of Vag8, one of its virulence factors,
with C1-inhibitor (C1-INH). That interaction results not only in
rescuing bacteria from complement-dependent elimination (as
suggested previously) but also in contact system activation. Such
an effect was observed when recombinant Vag8 or wild-type B.
pertussis strain were used but not for the Vag8-knockout bacteria.
Sequestration of C1-INH by Vag8 is supposed to hamper its
inhibitory activity against βFXIIa and plasma kallikrein. Contact
system activation may be additional to the complement evasion
mechanism of B. pertussis pathogenicity/virulence.

Another major public health problem is tuberculosis. It is
estimated that a quarter of the global population is infected
withMycobacterium tuberculosis. The lack of sufficiently specific
and sensitive biomarkers makes diagnosis difficult as well as
differentiation between active and latent infection. Lubbers
et al. suggested C1q to be a good candidate TB marker
basing on data from several geographically distinct cohorts.
The C1q serum concentrations were significantly higher in TB
patients, compared not only with healthy controls but also
with individuals with latent M. tuberculosis infection, leprosy,
pneumonia, or sarcoidosis. Moreover, the expression of several
complement-associated genes (essentially C1qB and SERPING1)
was upregulated in active TB. Importantly, after half-yearly
treatment, C1q levels in the TB group dropped to within the
control range. Furthermore, the potential usefulness of that
molecule as an active disease marker was supported by data from
the non-human primate,Macaca mulatta.

Zika virus infections have spread rapidly in recent years.
Schiela et al. studied the interaction of Zika virus with
complement. The natural (specific against insect components but
not against virus) IgM-dependent classical pathway was found to
be the major player in complement activation, although direct
binding of C1q to NS1 (regulator of viral RNA transcription)
and ZIKV envelope were influential as well. Twice diluted serum
efficiently reduced number of virions (2 log) while lower (10%)
serum concentration had no effect. Based on data from C9-
depleted/reconstituted serum, MAC formation was proven to be
responsible for viral neutralization.

HIV/AIDS affects nearly 40 million people globally.
Coinfections with other pathogens, including HBV and
HCV are clinically important, aggravating factors, associated
with increased mortality. Tizzot et al. demonstrated that plasma
ficolin-1 concentrations were lower in HIV/HCV co-infected
patients compared with those infected with HIV alone or
controls (the median for controls was in turn lower than for HIV

patients). In contrast, average serum ficolin-3 was found to be
highest in HIV group and differed significantly from those noted
for HIV/HCV patients and healthy subjects. However, ficolin-3
levels within the HIV group correlated with CD4+ T cell counts
and lower concentrations were found associated with AIDS.
Such findings suggest that ficolin-1 and ficolin-3 play different
roles in the host response to HIV and/or HCV infections.

Plasmodium falciparum, the major agent of another life-
threatening disease, malaria (>400 thousand deaths yearly),
has developed a variety of pathways to evade host immune
responses. Larsen et al. elucidated one of them, associated
with P. falciparum erythrocyte membrane protein 1 (PfEMP1),
expressed on the surface of infected red blood cells. Although
recombinant PfEMP1, opsonised by IgG was demonstrated to
activate complement via the classical pathway efficiently, no
activation was observed when native protein was exposed on
the surface of erythrocytes. As ability to initiate complement
activation depends on antigen orientation, the authors suggested
that exposure of PfEMP1 in electron-dense protrusions (knobs)
on the cell surface prevents on-target IgG hexamerization and
thus consequent C1q binding. Therefore, although antibody
response against PfEMP1 is dominated by IgG1 and IgG3
subclasses, it does not lead to complement-dependent lysis of
infected erythrocytes.

Other mechanisms of microbial complement evasion were
reviewed by Okrój and Potempa. A special attention was
paid to Porphyromonas gingivalis, the keystone pathogen of
periodontitis. P. gingivalis expresses outer membrane-anchored
proteases, gingipains, able to cleave C5, C3, and C4 components.
Moreover, those molecules contribute to the increase of C1
deposition on the cell surface. Interaction of gingipains with C5
results in C5a anaphylatoxin production, generally associated
with antimicrobial events. However, C5a suppresses intracellular
killing of P. gingivalis by macrophages and corrupts the C5aR-
TLR-2 cross-talk leading to release of proinflammatory cytokines,
contributing thus to bone resorption. Furthermore, gingipains (at
higher concentrations) degrade C5b (as well as C3 and C4) which
prevents complement-dependent cell lysis. Finally, bacterial
peptidyl arginine deiminase (PPAD) is able to citrullinate C5a C-
terminal Arg residue leading to loss of its chemotactic activity.
Therefore, it is supposed that P. gingivalis strategy consists
in active controlling (promoting or inhibiting) complement
activation at various stages and this “inflammophilic” pathogen
utilizes that system to disturb host’s homeostasis.

This section includes papers clarifying a variety of microbial-
complement interactions, both beneficial and detrimental for the
host, and discussion of application of new disease biomarkers and
treatment strategies. Last but not least it offers an overview of
contemporary methodology for complement research.

COMPLEMENT IN CANCER

Multiway involvement of the complement system in cancer is
widely discussed in the literature. Carcinogenesis is generally
associated with changes in the expression of surface antigens,
therefore cancer cells may be recognized by the immune
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system as “abnormal self.” However, numerous reports revealed
variety of mechanisms of escape from complement-dependent
elimination, utilizing complement system to establish favorable
conditions for tumor survival or to metastasis. Such strategies
were depicted in two review papers included in this issue.
The first one, cited above (by Okrój and Potempa), specifies
excessive expression of membrane-bound/production of soluble
complement inhibitors, hijacking the latter from plasma by
tumor cells and their ability to remove MAC from the
surface. Some cancer cells take advantage of local inflammation
mediated by anaphylatoxins which may be intensified by
endogenous C5 production and C5a generation with their own
serine proteases. The detrimental effects of anaphylatoxins,
contributing to the proliferation and invasiveness of cancer
cells expressing C3a and C5a receptors, was underlined as well
in another review, by Kochanek et al. This paper is focused
on complement-mediated promotion of cancer metastasis. The
invasion-metastasis cascade, leading to spreading of tumor cells
through blood or lymph is a complex process involving events
in primary tumor, circulation and target sites. It is associated
with majority (∼90%) of fatal outcomes of disease. The authors
delineate contribution of C3a and C5a/C5aR1 to epithelial-to-
mesenchymal transition (EMT). Further, the formation of the
premetastatic niche (including vascular alterations, activation
of resident cells, remodeling of extracellular matrix, and
recruitment of immunosuppressive cells) as well as proven
experimentally or suspected involvement of complement system
in that process are discussed in details. Therefore, targeting some
complement factors seem to be promising for development of
new life-saving therapeutic strategies.

Two other, experimental papers, concern associations of
complement lectin pathway factors with malignancy. Cervical
cancer is one of the most common cancers affecting women,
evolving from persistent infection with oncogenic types of
human papilloma virus (HPV). Maestri et al. found significantly
higher serum concentrations of MASP-1, MASP-2, and MAp19
in patients with invasive cervical cancer compared with women
diagnosed with low or moderate grade cervical intraepithelial
neoplasia (CIN-1, CIN-2, CIN-3). Higher MASP-2 and MAp19
levels were moreover associated with CIN/cancer relapse
and deaths. The ROC analysis revealed good sensitivity and
specificity of high MASP-2 concentration for worse prognosis
of cervical lesions. These data suggest an involvement of afore-
mentioned serine proteases and related regulatory protein in
the pathogenesis of cervical cancer and/or increase of their
concentrations in response to carcinogenesis.

Hematologic malignancies derive from various cells of the
immune system. Patients are severely immunocompromised due
to disease and therapy what is a reason for high susceptibility to
infections and mortality. Swierzko et al. found MBL deficiency
to be associated with multiple myeloma while “gt1” genotype
(based on analysis MBL2 gene 3’-UTR) seemed to be protective
from lymphomas. Furthermore, serum concentrations of CL-
LK (a complex of collectin-10 and collectin-11) were higher
in multiple myeloma patients before chemotherapy than in
healthy controls. High MBL levels were unexpectedly a risk
factor for hospital infections. In contrast, MBL deficiency had

no impact, at least during cytopenia. On the other hand, data
from follow-up (although from limited number of patients)
suggested its association with the most severe infections.
Therefore, it was supposed that MBL is fully effective when acts
together with phagocytes recovered thanks to autologous stem
cell transplantation.

Paroxymal nocturnal hemoglobinuria is caused by a mutation
of the PIG-A gene, resulting in absence of regulatory CD55
and CD59 on affected cells. It is associated with intravascular
hemolysis, thrombosis and bone marrow failure. Previously,
it was supposed that the spontaneous remission is relatively
common. However, Korkama et al., who extensively investigated
Finish cohort of patients, found that disappearance of PNH clone
may be related not only to patient’s recovery (which occurred to
be less common as believed earlier) but also to development of
leukemia. Therefore, patients have to be followed-up carefully for
a potential of emergence of cancer.

This section demonstrates complex interplay between
complement and cancer, from carcinogenesis throughmetastasis,
infectious complications, impact of complement on effectiveness
of therapy (and vice versa—effect of therapy on complement
activity), to positive or fatal outcome.

COMPLEMENT IN RENAL DISEASES

The role of complement in the pathophysiology of renal diseases,
and particular the potential for treating several of these diseases,
have been one of the main focuses of the complement literature
the last years. Furthermore, the different triggering events
and subsequent pathophysiological development of the renal
diseases varies substantially. It is therefore critically important to
understand the mechanisms behind the different renal diseases
in order to develop optimal treatment regimens for each of
them. Some of the diseases definitely are strongly complement
driven, whereas other are less dependent on complement, though
still complement activation may occur as a secondary process
worsening the condition.

In the present issue, nine papers deals with renal diseases
including dialysis. The atypical hemolytic uremic syndrome
and the C3 glomerulopathies (C3GN), the latter with its
two main subtypes, the dense deposits disease (DDD) and
the C3 glomerulonephritis (C3GN), are caused by primary
dysregulation of the alterative pathway due to mutations in
the components. Secondary, destabilization of the alternative
convertase may be due to autoantibodies (nephritic factors).
In all cases, there are a stabilization or dysregulation of the
alternative pathway convertase, leading to enhanced activation of
C3 with, in most cases, subsequent C5 activation and destruction
of the glomeruli mainly by terminal pathway activation with
release of C5a and C5b-9 release. Michels et al. described a
novel hemolytic assay to study the alternative convertase in
whole serum, implying that both mutations, here exemplified
by factor B, and autoantibodies to the convertase can be
studied simultaneously. They documented different effects on
the convertase by the different conditions and followed the
convertase over time in the patients. Thus, they provided a
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new tool to study the alternative pathway activity in a broad
range of renal diseases. The authors postulated targets in the
alternative pathway for therapeutic inhibition. The important
role of the alternative pathway in renal disease is followed up by
Luo et al. who studied the role of the alternative pathway in amice
model of membranous nephropathy, a disease which has been
shown to be mechanistically driven by the C5b-9 destruction
of the podocytes with subsequent proteinuria. The disease is
caused by autoantibodies, mainly of the IgG4 subclass, which
does not activate the classical pathway. The role of the lectin
and alternative pathway in triggering complement activation is
unclear. Interestingly, the authors fond the same amount of
subendothelial IgG in wild type as in factor B deficient mice,
whereas the latter was protected from proteinuria. Proteinuria
was markedly reduced in C5 deficient mice, consistent with
C5b-9 being the mediator of the proteinuria. Notably, the
authors document that the alternative pathway is crucial for the
membrane damage and proteinuria in this model. Future studies
will reveal whether this is a direct alternative activation or is due
to a strong amplification by a weak triggering signal from another
initial pathway.

Different renal diseases with complement-dependent
pathophysiology clearly differ with respect to the initial
triggering event and the alternative pathway is not necessarily
primary, as mentioned above, although it contributes with
the amplification mechanism. Limited data are available on
the role of the lectin pathway in lupus glomerulonephritis. In
a study by Machida et al., it was documented that the lectin
pathway molecules MASP-1/3, using knock-out mice for this
gene, were essential for development of glomerulonephritis
secondary to the lupus-like mouse MRL/lpr model. They
concluded that the activation was either by the lectin and/or the
alternative pathway. To further illustrate the complexity of initial
activation of complement, Chauvet et al. showed that not only
the monoclonal antibodies contributes to C3G (MIg-C3), but a
number of patients also presented with polyclonal antibodies.
This might be of importance for the strategy of treatment of
these patients and the authors suggest this as an example of how
to design personalized therapy in the future.

Nephritic factors, as mentioned above for the alternative
pathway, has for a long time been associated with renal disease.
Recent research has revealed several different forms of these
autoantibodies, not only intervening with the alternative pathway
C3 convertase, but C4 nephritic factors, intervening with the
classical pathway, and C5 nephritic factors, which are C3
nephritic factors also stabilizing the C5 convertase, and limited to
the C3 convertase, have been described. Themechanism bywhich
the nephritic factors acts has not been fully elucidated. In the
study by Donadelli et al., a significant contribution to unraveling
the different molecular mechanism of which C3 nephritic factors
acts is described.

Another general pathophysiological condition, the ischemia-
reperfusion injury, is of importance in kidney damage, e.g.,
trauma and shock, and not least during kidney transplantation.
Castellano et al. showed a mechanism by which ischemia-
reperfusion induces trans-differentiation from pericytes to
myofibroblasts by regulating the peritubular capillary lumen

through pERK signaling. The data from a pig model suggest
that C1-inhibitor might be a future treatment option for renal
ischemia-reperfusion injury. Notably, C1-INH is not a specific
complement inhibitor, but acts potently both in the kallikrein-
kinin systems and in hemostasis in general. Since there is a
considerable cross-talk between the cascade systems, named
thromboinflammation, this is a very interesting approach for the
future of attenuating the renal ischemia-reperfusion injury.

For any renal disease, it should be remembered that C3 is
locally produced and contributes to the complement activity
and pathogenesis in the tissue. Kidney macrophages serve as an
important producer of C3, as an additional and important source
to the liver derived plasma C3. Here, Liu et al. showed that this
local C3 production might lead to the serious condition renal
fibrosis via IL-17A secretion, using inhibitors of C3 and C3aR.

Finally, two papers by Poppelaars et al. and Poppelaars et al.
focus on the consequences of hemodialysis on complement
activation and subsequent undesired effects, not only on the
already damaged kidneys, but also on the systemic endothelial
and vessel homeostasis. In the first one, the authors timely and
importantly reminds us in a review that we should always be
aware of the consequences of hemodialysis. The biocompatibility
of the devices is of outmost importance. Complement has been
used as valuable biomarker for the compatibility, as well as it
has been documented that devices that activate complement lead
to a series of secondary adverse effects. In the second paper, the
authors follow up this reminder with the important notice that
intradialytic complement activation precedes the development
of cardiovascular events in hemodialysis patients. This is a
clinical study supplied with experimental data supporting their
conclusions. Both papers highlight the importance of improving
biocompatibility of dialysis devices, reducing complement
activation, and not least increase the number of donors with
reduced damage of their kidneys before, during and after
the transplantation. This would shorten the time for patients
suffering during dialysis waiting for a kidney graft and a
substantially improved quality of life.

COMPLEMENT IN OTHER DISEASES

Autoinflammation is the activation of the innate immune system
to produce a condition where the response damages host
tissue by a release of cytokines and other overactivation of
immune effector mechanisms. As such, there is a similarity
to the autoimmunity of the adaptive immune system except
that no major antigenic stimulants seems to be involved.
Rather, more elusive initiators are at play, for instance involving
underlying mutational defects in signaling pathways, deficiency
in certain critical homeostatic mechanisms or, at least for the
acute responses, violent inflammatory responses triggered by
traumas or other marked insults to the body. Unsurprisingly, the
complement system has long been implicated in these events.
In the past, however, the contributions of the complement
system was mostly described at observational level, while the
present volume includes several papers that outlines more clearly
mechanistic associations.
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Systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA) are usually considered autoimmune diseases. There
is a strong association with autoreactive antibodies, which
may serve as biomarkers for the disease. Nevertheless, the
innate immune system and its autoinflammatory responses
are also an important part of the diseases. As reviewed by
Holers and Banda, complement activation in RA may happen
through the classical pathway and antibodies to collagen,
but other means of activations also occur. Importantly, an
animal model of RA deficient in C3 does not develop disease
and several other modifications of complement activations
delay onset of disease. Taken together, there can be little
doubt that complement is an important part of RA. In SLE,
complement is also activated although the precise mechanisms
remain unclear. In consequence, split products of C3 are
generated. Troldborg et al. showed that this enables a detection
of C3dg as a diagnostic marker for SLE. Apparently, this
methodology is superior to measuring C3. As in the case
of RA, it implicates complement activation in the disease.
These perspectives on SLE, a disease with marked skin
manifestations, are further generalized by Giang et al. in
a review on complement and skin disease. Indeed, a new
wave of attention to complement has occurred after the
development pharmaceutically useful complement inhibitors.
This could likely alter the treatment of psoriasis and several
other skin diseases with the known influences of complement. In
psoriasis vulgaris, the most common form of psoriasis, several
complement split products can be found in psoriatic lesions
and in the skin scales. These inflammatory foci generate enough
complement activation products to cause a rise in systemic
levels through a “spill-over.” It remains unknown, however, what
exact mechanisms are responsible for complement activation
in psoriasis.

Ischemic injuries are another setting where the
autoinflammatory response acts to enhance morbidity. Nauser
et al. explained the role of a relatively recently discoveredmember
of the complement-activating molecules, namely the collectin-
11, in renal transplant injury. Here, ischemia upregulates a
glycan structure, which becomes a damage-associated molecular
pattern, recognized by collectin-11. Yet, our possibilities of
reducing such a response still need the elucidation of the precise
glycan structure recognized. The endothelium of kidneys may
also be target of overactivation of complement during atypical
hemolytic uremic syndrome. As shown by May et al., the
release of heme in consequence of the hemolysis is correlated
to complement-deposition on the microvascular endothelial
cells while the macrovascular endothelium is protected by
upregulation of heme- and complement-degrading molecules.
A similar topic of tissue damage was pursued by Panagiotou
et al. with a focus on ischemia in the myocardial injury. The
lectin pathway is a contributor to such injury during reperfusion
although other means of complement activation also may play
a role. Perhaps for this reason, the multifaceted inhibition
of complement by C1-inhibitor, which embodies both the
MASP as well as C1 proteases, offers protection in myocardial
ischemia/reperfusion. However, the authors conclude that
there is a lack of high-quality clinical studies of complement

inhibition in human acute myocardial infarction. In some
ways, the dysregulated activation of complement induced by
trauma resemble the ischemic/reperfusion responses with a
significant formation of complement split products. However,
the review by Chakraborty et al. describes how the inflammatory
response in trauma also involves central parts of the adaptive
immune system, from antigen presentation to regulatory
signaling in both B and T cells. These findings should encourage
similar considerations in other setting with dysregulated
complement activation.

Organ damage through dysregulated complement activation
may also have an origin in infectious diseases. Catarino et al.
present evidence of tissue-damaging complement activation in
rheumatic fever after infection with Streptococcus pyogenes.
In this way, ficolins play a double role by both protecting
against the infection as well as raising the tissue damage
by complement activation also reminiscent of the report
on collectin-11.

In asking the question how to handle complement-mediated
inflammation in a clinical setting, the study by Orrem et al.
provided interesting insight on the relationship between IL-6
inhibition and the expression of the highly inflammatory C5a
and C3a receptors. Tocilizumab, a function-blocking antibody to
IL-6 receptor, also down-regulates C5a receptor expression in a
context of coronary artery disease.

Complement also serves function in physiology outside the
usual venues of immunology. Mohlin et al. identified a set of
C3 gene variation, which they showed in subsequent expression
studies were associated with low cellular secretion or functional
defects. Interestingly, these defects may affect functions of this
molecule in early phase of pregnancy and in the development of
the placenta.
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The alternative pathway is a continuously active surveillance arm of the complement 
system, and it can also enhance complement activation initiated by the classical and 
the lectin pathways. Various membrane-bound and plasma regulatory proteins control 
the activation of the potentially deleterious complement system. Among the regulators, 
the plasma glycoprotein factor H (FH) is the main inhibitor of the alternative pathway 
and its powerful amplification loop. FH belongs to a protein family that also includes 
FH-like protein 1 and five factor H-related (FHR-1 to FHR-5) proteins. Genetic variants 
and abnormal rearrangements involving the FH protein family have been linked to numer-
ous systemic and organ-specific diseases, including age-related macular degeneration, 
and the renal pathologies atypical hemolytic uremic syndrome, C3 glomerulopathies, 
and IgA nephropathy. This review covers the known and recently emerged ligands and 
interactions of the human FH family proteins associated with disease and discuss the 
very recent experimental data that suggest FH-antagonistic and complement-activating 
functions for the FHR proteins.

Keywords: age-related macular degeneration, atypical hemolytic uremic syndrome, C3 glomerulopathy, 
complement activation, complement de-regulation, factor H, factor H-related protein, opsonization

iNTRODUCTiON

While initially only regarded as a supporting factor for the effectivity of immunoglobulins, the 
complement system is nowadays widely recognized as a crucial part of the innate immune system 
involved in many different processes (1). In addition to acting as a first line of defense by directly 
targeting and killing invading pathogens, with or without the help of immunoglobulins, its role in 
inflammation, immune cell recruitment, and clearance of immune complexes, apoptotic cells, and 
necrotic cells places complement at the center of the human immune system. The relevant role of 
complement is corroborated by the variety of pathological situations associated with complement 
deficiency or dysfunction.

Three complement activation pathways have been defined, each comprised of various proteins 
forming an intricate cascade of activation events (Figure  1). Both the classical and the lectin 
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FigURe 1 | Overview of the role of factor H (FH) within the complement system. (I) The complement system is activated via binding of C1q (classical pathway), or 
mannan binding lectin/ficolins (MBL/FCN) (lectin pathway) in complex with serine proteases to specific molecules, or through the spontaneous activation of C3 into 
C3(H2O) (alternative pathway). Upon activation, the three pathways form C3 convertases (C4b2a or C3(H2O)Bb) resulting in the generation and deposition of C3b on 
the activating surface. (II) C3b forms new C3 convertase molecules (C3bBb) that enhance C3b deposition and amplify complement activation. (III) C3b can also bind 
to C3 convertases to generate C5 convertases (C4b2a3b or C3bBb3b); this process initiates the terminal pathway of complement activation, and the formation of the 
lytic C5b–C9 complex. FH keeps the spontaneous activation of C3 under control, and it also inhibits the complement system at both the activation and amplification 
stages. FH binds to deposited C3b and C3bBb complexes on human cell surfaces and inhibits further activation by three mechanisms: it competes with factor B (FB) 
for C3b binding and C3bBb generation; it increases the decay of C3bBb complexes, and it acts as a cofactor for factor I (FI), which in turn cleaves C3b into inactive 
C3b (iC3b).
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pathways are initiated when pattern recognition molecules 
(PRMs) that are complexed with zymogens of serine proteases, 
bind to their ligand. The classical pathway is activated by the 
binding of the C1 complex to immunoglobulins and pentrax-
ins, while the lectin pathway uses various PRMs, including 
mannose-binding lectin and ficolins, which bind to specific 
carbohydrate moieties. These ligands are normally not present 
on healthy human cells. In contrast, the alternative activation 
pathway is initiated through the constitutive low rate hydrolysis 
of the internal thioester bond of C3, allowing binding of various 
activating complement proteins. All three pathways lead to the 
cleavage of C3 into C3a and C3b. C3b contains a highly reactive 
thioester group that is exposed upon C3 cleavage, resulting in 
the deposition of C3b onto virtually any molecule or cell surface 
in close proximity. When left unchecked, C3b on its own will 
again initiate the alternative pathway. As both the classical and 
the lectin pathway will also activate the alternative pathway 
once C3b is formed, thus enhancing complement activation, the 
alternative pathway has a pivotal role as an amplification loop 
within the complement system. Up to 80% of total complement 
activation has been ascribed to this amplification loop (2). Due 
to the spontaneous nature of the alternative pathway, it must 
be tightly controlled to prevent unwarranted and dangerous 
complement activation.

Complement regulation takes places both on the human cell 
surface and in the fluid phase. Several regulators, like most com-
plement components, are found in the circulation. In addition, 
human cells express a wide array of membrane-bound comple-
ment regulators that control the system at various steps. Especially 
due to the activating proteins of the alternative pathway, regula-
tion in the fluid phase is crucial, as unchecked, spontaneous C3 
activation would lead to complete consumption of C3 and loss 
of complement activity. The 155-kDa glycoprotein complement 

factor H (FH) is the major regulator of the alternative pathway, 
inhibiting C3 activation both in the fluid phase as well as on 
human cell surfaces (Figure 1) (3). Similar to other complement 
regulators encoded in the regulators of complement activation 
(RCA) gene cluster, FH is composed of complement control 
protein (CCP) domains, often also referred to as short consensus 
repeat domains. FH is composed of 20 CCPs (Figure 2) (4). The 
first four N-terminal domains contain the complement inhibiting 
activity, such as decay accelerating activity and co-factor activity 
(5). The two most C-terminal CCP domains (19 and 20), together 
with a region located in CCPs 6–8, are crucial for binding of FH to 
surfaces, such as human cell membranes, as well as for mediating 
binding to several host and non-host ligands (discussed below) 
(6, 7). FH is highly abundant in plasma, with circulating levels 
of 233–400 µg/mL on average, although it has to be noted that 
some of the assays used might detect other FH family members 
as well (8–11).

Factor H-like protein 1 (FHL-1) is a splice variant derived 
from the CFH gene. Serum levels of FHL-1 are estimated to be 
10–50 µg/mL (12, 13). FHL-1 is identical to the first seven CCP 
domains of FH, with an unique, four amino acid long C-terminus 
(14, 15). Thus, FHL-1 shares the C3b binding and regulatory 
domains CCPs 1–4 with FH and, like FH, it has complement 
inhibiting activity (16). Likewise, due to the shared CCPs 6–7 
domains, FHL-1 and FH bind some common ligands, such as 
heparin, the pentraxins C-reactive protein (CRP) and pentraxin 
3 (PTX3), and malondialdehyde epitopes (Figure 2). However, 
there are also differences in ligand interactions between FHL-1 
and FH, not only because of the extra domains in FH but also due 
to the difference in their conformation and the unique SFTL tail 
at the C-terminus of FHL-1. For example, it was recently reported 
that the SFTL tail increases the interaction of FHL-1 with CRP 
and PTX3 (17).
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FigURe 2 | Factor H (FH) family proteins and their ligands. The schematic complement control protein (CCP) domain structure of FH, FHL-1, and the FHR proteins 
is shown, with CCPs aligned vertically to the homologous domains in FH. The N-terminal CCPs 1–4 of FH and FHL-1 mediate the complement regulatory functions 
of these proteins (shown in yellow). CCPs 7 and 19–20 (shown in blue) harbor the main ligand- and host surface-recognition sites; selected ligand binding sites are 
indicated by horizontal lines. The CCPs 1–2 of factor H related protein 1 (FHR)-1, FHR-2, and FHR-5 are closely related to each other and mediate dimerization of 
these FHRs. The CCPs in FHRs with high sequence identity to the homologous FH domains are indicated by identical/similar colors.
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Next to FH and FHL-1, humans (and several non-human 
species; not discussed here) possess FH-related (FHR) pro-
teins, homologous to FH. They are encoded separately, with 
their genes (CFHR1 to CFHR5) lying in tandem next to CFH 
at 1q31.3. The CFHR genes originate from CFH through gene 
duplication events (18). The CFH–CFHRs loci contain several 
segmental duplications, making them prone to genetic structural 
rearrangements due to nonallelic homologous recombination 
(NAHR) events. This has led to copy number polymorphisms 

(CNPs), with the very common 86.3-kb deletion (CNP147) 
that results in loss of CFHR3–CFHR1 (ΔCFHR3–CFHR1), and 
the very rare 122-kb deletion (CNP148) resulting in loss of 
CFHR1–CFHR4 (ΔCFHR1–CFHR4) (19). Like FH, the FHRs 
are entirely composed of CCP domains (Figure 2), which dis-
play high sequence similarity with CCP domains of FH known 
to be involved in ligand and surface binding. Remarkably, none 
of the human FHR proteins possess CCP domains homologous 
to FH CCPs 1–4. Thus, based on their primary structure, FHR 
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TAble 1 | Reported serum levels of the factor H-related (FHR) proteins.

Protein measured gene copies levels (μg/ml) N Reference

Factor H (FH) – 400 SD = 62 1,004 (8)
– 319.9 SD = 71.4 358 (9)
– 233.24 SD = 56.65 63 (10)
– 232.7 SD = 74.5 1,514 (11)

FHL-1 – 47 SD = 11.3a 2 (12)
Total factor H-related protein 1 (FHR-1) 1*CFHR1 61 SD = 31 24 (54)

2*CFHR1 122 SD = 26 44 (54)
Not defined 94 IQR = 70.5–119.6 158 (55)
Not defined 1.63 SD = 0.04 344 (66)

FHR-1 homodimers 1*CFHR1 4.88 SD = 1.33 36 (53)
2*CFHR1 14.64 SD = 3.04 77 (53)

FHR-1/2 heterodimers 1*CFHR1 5.01 SD = 1.49 36 (53)
2*CFHR1 5.84 SD = 2.41 77 (53)

FHR-2 homodimers 0*CFHR1 3.1 Pool of four donors (53)
1*CFHR1 0.85 SD = 0.41 36 (53)
2*CFHR1 0.65 SD = 0.41 77 (53)

Total FHR-2 Not defined 3.64 SD = 1.2 344 (66)
FHR-3 1*CFHR3 0.38 SD = 0.23 26 (58)

2*CFHR3 0.83 SD = 0.48 69 (58)
2*CFHR3*A 0.55 SD = 0.15 16 (60)
2*CFHR3*B 0.82 SD = 0.08 4 (60)
Not defined 1.06 SD = 0.53 21 (47)
Not defined 0.020 SD = 0.001 344 (66)

FHR-4A – 25.4 Range = 6.5–53.9 11 (27)
– 2.42 SD = 0.18 344 (66)
– 2.55 SD = 1.46 129 (63)

FHR-4B – Not detected – (63)
FHR-5 homodimers – 5.5 Range = 3.4–10.1 13 (65)

– 5.49 SD = 1.55 344 (66)
– 2.46 IQR = 1.79–3.67 158 (55)
– 1.66 SD = 0.43 115 (53)

aFHL-1 levels were determined indirectly, by subtracting the values of FH measurements from those of FH + FHL-1 measurements. N: number of samples; SD: standard deviation; 
IQR: interquartile range.
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proteins are not expected to have any direct complement inhib-
iting activity similar to FH. Nonetheless, several reports have 
observed direct complement inhibitory activity for some of the 
FHRs, albeit often weak compared to FH (20–24). However, 
other studies have not found such activity for FHRs, questioning 
whether this is truly the physiological role of the FHR proteins 
(25–30). Instead, the FHRs are currently hypothesized to have 
an antagonistic function over FH, competing with binding to 
FH ligands and cell surfaces. By lacking direct complement 
inhibiting activity, binding of FHRs instead of FH would allow 
complement activation to proceed (31). This process has also 
been termed complement de-regulation. Indeed, binding to 
various (FH) ligands has been reported for all FHRs, which 
will be discussed below. In addition, some FHRs were reported 
to promote alternative pathway activation by binding C3b and 
serving as a platform for the assembly of the C3 convertase  
(27, 32, 33). Recent characterization of some of the mouse FHRs 
supports a role of these proteins as positive regulators in the 
modulation of complement activation (34, 35).

In this review, we outline and provide an update on the recent 
developments regarding the FH protein family. New insights 
regarding circulating levels of FHRs, ligand binding, and disease 
associations allow re-assessing the role of FHRs in the comple-
ment system. Together, these results shed light on the balance of 
the FH–FHRs axis, and the role of FHRs in non-pathological and 
pathological conditions.

QUANTiTATiON OF FHR PROTeiNS

Factor H, FHL-1, and the FHR proteins are mainly synthesized by 
hepatocytes, but synthesis by other cells and tissues has also been 
reported, particularly for FH and FHL-1 (36–38). FH production 
has been detected in endothelial cells, platelets, mesangial cells, 
keratinocytes, fibroblasts, retinal pigment epithelial cells, mono-
cytes, and dendritic cells, among others (39–46). On the other 
hand, little information on the extrahepatic expression of the FHR 
proteins is available. Both CFHR3 mRNA and FHR-3 protein 
have been identified in retinal macrophages, while no FHR-3 
expression was found in other retinal cell types (47). Extrahepatic 
synthesis of FH/FHRs most likely contributes to an efficient con-
trol of complement activation locally, but a relevant contribution 
to the plasma levels of these proteins is unlikely, considering the 
relative low expression compared to the hepatic source.

Accurate quantification of the FHR proteins has been a great 
challenge since their discovery. Due to the high sequence similar-
ity among FH and FHR proteins, it has proven to be very difficult 
to obtain specific reagents for each of the FHR proteins. For some 
time, only concentration estimates were available for most of the 
FHR proteins (21, 48). However, with recently renewed and suc-
cessful efforts in generating highly specific antibodies, specific 
immunoassays for each of the FHR proteins are now becoming 
available, although some discrepancy about their actual physi-
ological levels still remains (Table 1).
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Factor H-Related Protein 1 (FHR-1)
Factor H-related protein 1 is composed of five CCP domains, 
and circulates in two forms (37 and 42 kDa), with either one or 
two N-linked carbohydrate moieties (30, 49, 50). Two genetic 
variants of FHR-1 have been described, FHR-1*A and FHR-1*B, 
the difference being three amino acids in CCP3 (51). FHR-1*B 
CCP3 is identical to FH CCP18, whereas FHR-1*A CCP3 shares 
95% sequence identity with FH CCP18. FHR-1 CCPs 4 and 5 
share high sequence identity (100 and 97%) with FH CCPs 19 
and 20, respectively. FHR-1 has a dimerization motif located 
in CCPs 1–2 that are highly similar (>85% sequence identity) 
to CCPs 1–2 of FHR-2 and FHR-5, and allow the formation of 
FHR-1 homodimers and heterodimers with FHR-2 (26, 52, 53). 
While identified in vitro, the existence of FHR-1/FHR-5 heter-
odimers in vivo is still controversial (26, 52, 53). Similarly, FHR-1 
quantification also remains controversial. In 2017, several groups 
determined FHR-1 levels. Tortajada et al. reported an average of 
122 µg/mL in 44 healthy controls with two copies of CFHR1, and 
an overall average of 90.4 µg/mL in 76 controls (including eight 
homozygous ΔCFHR3–CFHR1 carriers and 24 heterozygous 
ΔCFHR3–CFHR1 carriers) (54). Using the same immunoassay, 
Medjeral-Thomas et  al. reported 94.4  µg/mL FHR-1 in 158 
controls (of whom 133 were genotyped: 3 ΔCFHR3–CFHR1 
homozygous, 45 ΔCFHR3–CFHR1 heterozygous, and 85 with-
out ΔCFHR3–CFHR1) (55). Of note, the immunoassay des-
cribed by Tortajada et  al. does not distinguish between FHR-1 
homodimers or heterodimers. In contrast, using immunoassays 
specific for FHR-1 homodimers and FHR-1/-2 heterodimers, van 
Beek et al. reported ~10-fold lower levels (averages of 11.33 and 
5.48 µg/mL, respectively), in 115 healthy donors (2 homozygous 
ΔCFHR3–CFHR1, 36 heterozygous ΔCFHR3–CFHR1 carriers, 
and 77 without ΔCFHR3–CFHR1) (53).

Factor H-Related Protein 2
Factor H-related protein 2 is the smallest FHR protein, composed of 
four CCP domains (56). FHR-2 circulates either non-glycosylated  
(24  kDa) or with one N-linked carbohydrate moiety in CCP2 
(29 kDa). FHR-2 CCP1 and CCP2 are nearly identical to FHR-1 
CCP1 and CCP2 (100 and 98%), respectively, including all 
residues comprising the dimerization motif (26). Similar to the 
proposed FHR-1/FHR-5 dimers, FHR-2/FHR-5 dimers remain 
to be identified in vivo, while FHR-2 homodimers and FHR-1/
FHR-2 heterodimers have been confirmed (52, 53). FHR-2 
homodimer levels have been shown to be around 3 µg/mL; with 
these relatively low levels, FHR-2 seems to be the limiting factor 
in the formation of FHR-1/FHR-2 heterodimers and, indeed, 
most FHR-2 is found dimerized with FHR-1 (53).

Factor H-Related Protein 3
Factor H-related protein 3 is composed of five CCP domains, of 
which CCP1 and CCP2 have high sequence similarity with FH 
CCP6 and CCP7 (94 and 86%), respectively (57). The C-terminal 
CCPs 3–5 are virtually identical to the C-terminal domains of 
FHR-4A and FHR-4B (93–100%). FHR-3 contains four N-linked 
glycosylation sites, and it circulates in plasma as multiple gly-
cosylation variants ranging from 37 to 50  kDa. A quantitative 

FHR-3-specific immunoassay was first described by Pouw et al., 
reporting levels of 0.38 and 0.83 µg/mL for healthy individuals 
carrying either one or two CFHR3 copies, respectively (58). These 
results were later confirmed in a similar assay, reporting mean 
levels of 1.06 µg/mL (47). Two major genetic variants of CFHR3 
(CFHR3*A and CFHR3*B) have been described (59); interest-
ingly, these are quantitative variants, with CFHR3*B determining 
higher FHR-3 levels than CFHR3*A (60). The FHR-3*A and 
FHR-3*B allotypes differ at aminoacid 241 in CCP3 (Pro/Ser), 
but its functional relevance has not been determined.

Factor H-Related Protein 4
CFHR4 is the only known CFHR gene that expresses two splice 
variants, FHR-4A and FHR-4B (61, 62). FHR-4A is composed of 
nine CCP domains (86 kDa), while FHR-4B has five CCP domains 
(43 kDa). All FHR-4B domains are also present in FHR-4A, with 
FHR-4B CCP1 being identical to FHR-4A CCP1, and FHR-4B 
CCPs 2–5 being identical to FHR-4A CCPs 6–9. FHR-4A CCPs 
2–4 seems to have arisen from internal gene duplication, and have 
high sequence similarity (85–93% amino acid identity) with the 
other CCPs in FHR-4A/B (61). Thus, obtaining specific reagents 
to distinguish FHR-4A from FHR-4B is challenging on first 
sight. Quantification by using an immunoassay that in principle 
measures both FHR-4A and FHR-4B resulted in average levels 
of 25.4 µg/mL (27). However, FHR-4A-specific antibodies have 
been described recently and used in an FHR-4A-specific ELISA 
which shows 10-fold lower levels for FHR-4A (2.55 ± 1.46 µg/mL)  
(63). In line with the complete sequence identity of FHR-4B with 
several FHR-4A domains, no specific antibodies for FHR-4B 
could be obtained. Strikingly, FHR-4B was not detected in plasma 
using various antibodies that did react with recombinant FHR-4B 
(63). This indicates that free FHR-4B must be in an extremely low 
concentration or even absent from plasma.

Factor H-Related Protein 5
Factor H-related protein 5 is composed of nine CCPs and is the 
only FHR with domains (CCPs 3–7) homologous to FH CCPs 
10–14 (64). FHR-5 CCPs 1–2 are highly similar (85–93% amino 
acid identity) to CCPs 1–2 of FHR-1 and FHR-2, although not all 
residues identified in the FHR-1/2 dimerization motif are present 
in FHR-5 (26). This could explain why the presence of FHR-5 het-
erodimers in vivo is still controversial (26, 52, 53). FHR-5 seems 
to circulate predominantly as homodimer in vivo (53), making 
quantification a bit more straightforward. FHR-5 serum levels 
were reported to be 3–6 µg/mL (24), which was later confirmed 
in 13 healthy individuals, with median levels of 5.5 µg/mL (65). 
Similar FHR-5 levels (median 2.46 µg/mL) were found in a larger 
group of 158 healthy controls using the same immunoassay (55). 
More recently, an average concentration of 1.66 µg/mL was shown 
in 115 controls by using a newly developed FHR-5 ELISA (53).

Other Quantifications
In addition to the specific immunoassays described above, mass 
spectrometry has also been used to quantify the FHR proteins 
(66). While this approach allows specific measurement of FHRs 
based on unique peptide sequences, quantification of FHR 
dimers is not possible. Results similar to the immunoassays were 
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obtained for FHR-2 (3.64 ± 1.2 µg/mL), FHR-4A (2.42 ± 0.18 µg/mL),  
and FHR-5 (5.49  ±  1.55  µg/mL). However, much lower 
levels were found for FHR-1 (1.63 ±  0.04 µg/mL) and FHR-3 
(0.020 ± 0.001 µg/mL). It is unclear why such lower concentra-
tions were found for FHR-1 and FHR-3, although the frequency 
of ΔCFHR3–CFHR1 in the studied population (n = 344, Icelandic 
origin) was not determined. Of note, the peptide used for FHR-4 
quantification is only present in FHR-4A, thus providing no extra 
information whether FHR-4B exists in vivo.

Kopczynska et  al. measured FHR-1, FHR-2, and FHR-5 
altogether in one immunoassay, finding a total FHR-1/2/5 con-
centration of 10.67 µg/mL (±5.42) in 42 healthy individuals (67). 
This result is in great contrast to previously reported levels of 
approximately 100 µg/mL for FHR-1 (54, 55), but is comparable 
to a combined mean FHR-1/2/5 concentration of 19.27 (53) and 
10.76 µg/mL (66).

The reasons for the huge differences in FHR levels outlined 
above are unclear. Moreover, the existence of homo- and heter-
odimers, and the fact that the frequency of the ΔCFHR3–CFHR1 
polymorphism is highly population-dependent (19, 68, 69), 
further complicate the accuracy and assessment of measure-
ments. To exclude any possible cross-reactivity that interferes 
with FH or FHR quantifications, it is crucial to extensively 
characterize antibodies generated against FH or any of the 
FHRs. FH immunoassays should ideally use at least one anti-
body targeting an epitope located in domains absent from the 
FHRs, such as CCPs 15–17. Furthermore, when quantifying 
FHR proteins, it is highly recommended to stratify protein levels 
based on CFHR CNPs, as well as distinguishing between hetero-  
and homodimers. This would aid in comparison of control 
and patient groups, as CNP frequencies and dimer formation 
might be altered in patients. CNPs should be determined at the 
genetic level, as stratification based only on protein levels seems 
not to be possible due to the wide range in protein concentra-
tion within each CNP group (53, 58). CNPs are most commonly 
determined using multiplex ligation-dependent probe amplifi-
cation (MLPA), although there is currently no commercial kit 
available that also covers CFHR4. In addition, while normal 
levels of FHR proteins are now being reported, further data are 
necessary to reach consensus on their actual concentrations in 
circulation.

ligANDS OF FH AND THe FHR PROTeiNS 
AND THeiR RelevANCe

As outlined above, FH is a major inhibitor of the alternative 
pathway in plasma and when bound to cells and surfaces like 
the glomerular basement membrane. This complement regula-
tory activity is due to the interaction of FH with C3b (70). In 
addition, FH binds to several other ligands (Figure 2) and, when 
ligand-bound, in many cases maintains its complement inhibi-
tory activity. These FH interactions ensure proper regulation of 
complement activation, as well as the resulting opsonization and 
inflammation.

Complement activation can be initiated on modified, danger-
ous self surfaces, which are recognized by PRMs within (C1q, 

ficolins, MBL, and properdin) and outside the complement sys-
tem (e.g., pentraxins). FH along with other regulators may ensure 
targeted but restricted complement activation and an optimal 
degree of opsonization, while preventing overt inflammation 
and damage resulting from cascade over-activation (71, 72). The 
FHR proteins appear to counter-balance this activity of FH and 
enhance complement activation by binding to the same or similar 
ligands and outcompeting FH (Figure 3), and in some instances 
also by interacting with C3b and other ligands independent of 
FH (31). This section briefly summarizes the main ligand inter-
actions of FH and the FHR proteins (Figure  2), and indicates 
their relevance in the regulation and modulation of complement 
activation.

We would like to briefly note that tumor cells and microbes 
can bind FH in an attempt to avoid their destruction by host 
complement. In addition, the main microbial ligand binding sites 
of FH are in CCPs 6–7 and 19–20, and homologous domains are 
conserved in the FHRs, thus these proteins may modulate opsoni-
zation/killing of microbes. These aspects have been reviewed in 
detail (6, 31, 73–75).

C3b
The main ligand of FH is the active C3 fragment C3b, which can 
be generated by fluid phase and surface-bound C3 convertases. 
Since C3b is the central component that promotes complement 
amplification via the alternative pathway, and is also required 
for the assembly of C5 convertases and the initiation of the 
terminal pathway, its regulation is key to maintain the proper 
balance of complement activation and inhibition. FH interacts 
with C3b at two main sites, harbored by CCPs 1–4 and 19–20 
(76). The N-terminal C3b binding site is active when FH is in the 
fluid phase (e.g., in blood plasma) and also when FH is bound 
to cells or other surfaces [via glycosaminoglycans (GAGs), 
sialic acid, or a specific receptor—see below] (Figure 3A). FH 
may also bind C3b by CCPs 1–4 when already bound to other 
ligands, such as pentraxins, because these interactions typically 
involve CCPs 6–7 and 19–20 (74, 77–79). Thus, FH maintains 
its complement regulatory activity when bound to cells or other 
ligands.

Structural studies revealed that FH engages surface-deposited  
C3b in the context of host GAGs/sialic acid, i.e., CCPs 19–20 
bind to these ligands at the same time, which allows avid 
interaction of FH with a host surface under complement attack. 
The FH C-terminal site also binds C3d, the final C3b degrada-
tion product that remains covalently attached to the surface  
(80, 81).

The FHR proteins also bind to C3b, but the nature of these 
interactions is inherently different from that of FH because 
FHRs lack domains homologous to FH CCPs 1–4. Thus, FHRs 
lack FH-like cofactor activity and decay accelerating activity, 
although some residual activity may be present due to the 
interaction of the C-terminal domains of these proteins with 
C3b. This should be investigated in detail in the future to clarify 
the currently contradicting reports in this regard (20, 23, 24, 
26, 27, 32, 33).

In contrast to possible inhibitory activities, FHR-1, FHR-4, 
and FHR-5 were reported to activate the alternative pathway, by 
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FigURe 3 | The role of factor H (FH) and the FHRs under physiological and pathological conditions. (A) Normal complement control on a healthy host surface by  
FH bound to surface-deposited C3b. FH recognizes self surfaces under complement attack by binding to a complex of GAGs/sialic acid and C3b. This recognition 
is mediated by complement control proteins (CCPs) domain 19–20 indicated in blue. Through the activity of the N-terminal regulatory domains (CCPs 1–4, in yellow), 
FH assists factor I (FI) in the proteolytic cleavage of C3b into inactive C3b (iC3b). (b) Mutations in the regulatory or recognition domains, and (C) autoantibodies 
bound to these domains can cause functional FH defect and result in impaired surface complement control. (D) FHRs can also interact with similar surfaces and 
ligands as FH, and compete with FH for binding (de-regulation), and/or they can directly activate the alternative pathway by binding C3b and serving as a platform 
for the assembly of an active C3bBb convertase. The black star-shape indicates newly exposed ligand/altered self. (e–H) The relative FH/FHR concentrations, the 
ligand density (avidity), and the dimeric/oligomeric states of the FHRs influence surface complement regulation. (e) At low ligand (e.g., deposited C3b) density and 
relative FH surplus, FH can potently regulate complement activation on the surface. (F) Increased FHR levels and/or (g) ligand densities, and (H) formation of higher 
order oligomers (e.g., due to duplicated dimerization domains) can cause enhanced competition with FH and tip the balance to increased complement activation.
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binding C3b through their C-terminal domains and forming a plat-
form for the assembly of an active C3bBb convertase (27, 32, 33).  
This activity could take place on surfaces where these FHRs are 
bound directly, or via another ligand, such as pentraxins (33). 
FHR-1 and FHR-5 were shown to enhance complement activa-
tion on the extracellular matrix (ECM) and on the surface of 
apoptotic or necrotic cells (32, 33, 82).

Additionally, FHRs may compete with FH for binding to 
C3b deposited on surfaces, a process termed complement de-
regulation, because FHRs can enhance complement activation 
by inhibiting FH binding (Figure 3D). This activity of the FHRs 
may only be significant—considering their relative serum con-
centrations and avidity for C3b—if increased amounts of FHRs 
or altered FHR forms (such as higher order oligomers) are present 
(Figures 3E–H) (25, 26, 52, 83, 84). For FHR-2, it was described 
that, despite binding to C3b, it cannot effectively compete with 
FH for binding to surface-bound C3b (20).

Altogether, based on these data the FHRs can be regarded as 
positive complement regulators.

Other C3 Fragments
While interacting sites for other C3 fragments were described, 
current evidence strongly supports the physiologically relevant 
binding of FH to C3b via CCPs 1–4 and 19–20, as well as to 
C3d via CCPs 19–20 (76). Interaction of FHR-1 and FHR-2 
with C3d was also shown, but without functional analyses  
(20, 84). Binding of FHR-3, but not of FHR-1, to C3d was shown 
to prevent the binding of C3d to its receptor on B cells, thus 
modulating B cell activation (85). FHR-5 was reported to bind 
to iC3b and C3d with affinities similar to C3b; in contrast, FH 
bound very weakly to iC3b and C3d compared with FHR-5, 
indicating that despite its lower serum concentration FHR-5 
can be an efficient competitor of FH for binding to deposited 
C3 fragments (26).
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glycosaminoglycans (gAgs), Sialic Acid, 
and Heparin
Distinction between self, non-self, or altered self surfaces relies 
in part on the recognition of host-specific GAGs and sialic 
acid by FH (and FHL-1). This allows complement activation 
to proceed unhindered on microbial (“activator”) surfaces, but 
prevents activation on host (“non-activator”) surfaces (86). This 
has been a subject of intensive research, often using heparin as 
a model for polyanionic molecules. The main heparin-binding 
sites were identified in FH (and FHL-1) CCP7 and FH CCP20 
(87, 88). This allows recognition of, and attachment to, host 
glycomatrix and cells, such as platelets and endothelial cells 
(89, 90). Recent studies revealed some functional differences 
indicating that while some GAGs are recognized by FH and 
FHL-1 via CCP7, the sialic acid binding site is in CCP20 (91), 
also targeting these host regulators to different surfaces and 
explaining the different consequences of mutations affecting 
these domains (89, 92, 93).

Factor H-related protein 1 can also bind to host surfaces via its 
FH-homologous C-terminus (22, 29), and FHR-3 binds heparin 
through CCP2, which is homologous to CCP7 of FH (23, 87). 
In addition, FHR-5 has a heparin-binding site in CCPs 5–7  
(24, 94). The functional relevance of these interactions needs to 
be investigated further, but they could anchor these proteins on 
certain cells and surfaces.

eCM as a Non-Cellular Surface
Extracellular matrices occur in many tissues and can have different 
functions, the most important ones being the physical support of 
cells and acting as barriers and filters. The composition of ECMs 
differs at distinct anatomic sites and is dynamically regulated. 
Under certain conditions, e.g., endothelial cell activation or 
injury, ECMs can be exposed to body fluids and plasma proteins; 
in addition, the Bruch’s membrane in the eye and the kidney glo-
merular basement membrane are also exposed because the lining 
cell layer is fenestrated. To prevent overt complement activation, 
such ECMs rely largely on soluble complement regulators, such 
as FH and FHL-1, which can bind via their GAG binding sites 
and locally regulate complement (95). As noted above, differences 
in ECMs and in domain composition of the FH family proteins 
may target FH and FHRs toward distinct sites, such as FH to the 
glomerular basement membrane (via CCPs 19–20) and FHL-1 
to the Bruch’s membrane (via CCP7) (95). FHR-5 was shown to 
bind to MaxGel, an ECM extract, and de-regulate complement 
on this surface (32); a recent study identified laminin as an ECM 
ligand of FHR-5 (94).

ligands on Dead Cells
Complement is largely involved in the immunologically safe and 
silent disposal of apoptotic and necrotic cells via opsonophago-
cytosis (96). The soluble regulators FH and C4b-binding protein 
bind to dead cells and prevent excessive complement activation 
and potential deleterious effects when membrane-anchored 
regulators are down-regulated on the cells (97). FH can bind to 
Annexin-II, DNA, and histones (98), as well as malondialdehyde 
epitopes on apoptotic cells (94, 99). In addition, the pentraxins 

CRP and pentraxin 3 (PTX3) also bind to dead cells and recruit 
FH (77, 100). For FHR-1 and FHR-5, binding to necrotic cells 
and enhancement of complement activation have been shown 
(33, 82), suggesting that these FHRs modulate opsonization of 
dead cells.

Pentraxins
The pentraxins are soluble PRMs of the innate immune system 
and, based on their structure, categorized as short and long 
pentraxins. Pentraxins have numerous ligands and functions, 
reviewed in detail elsewhere (101); of note, they participate in 
the opsonization of microbes and dead cells, and they also bind to 
components of the ECM. For the prototypic short pentraxin CRP 
and the long pentraxin PTX3, interactions with both complement 
activators (C1q, MBL) and inhibitors (FH, C4b-binding protein) 
were described (74, 77, 79, 101–107).

C-reactive protein circulates in its native, pentameric form 
(pCRP) in body fluids, but it can adopt an altered conformation 
exposing neoepitopes upon pH change or binding to mem-
branes, and it can even decay to its monomeric form (mCRP) 
in vitro by chelation of the Ca2+ ions or adsorption on plastic. 
FH was described to bind primarily to mCRP via CCPs 7, 8–11, 
and 19–20 (79, 108, 109), but interaction with pCRP via CCPs 
7 and 19–20 at acute phase concentrations was also reported 
(110). The binding to mCRP allows targeting of the comple-
ment inhibitor FH to certain surfaces, including apoptotic cells 
(71, 100, 109). Among the FHRs, FHR-1 binds to mCRP via 
CCPs 4–5 (33) and FHR-5 via CCPs 5–7 (24, 32). The FHR-1/
mCRP interaction enhanced classical and alternative pathway 
activation, and FHR-5 efficiently competed with FH for mCRP 
binding, resulting in enhanced complement activation on 
mCRP (32, 33). In contrast, FHR-4 binds to pCRP via CCP1, 
and this interaction results in enhanced classical pathway 
activation (111, 112).

PTX3 forms a complex, octameric structure stabilized in part 
by covalent bonds (113). PTX3 binds to FH via CCPs 7 and 
19–20, and recruits it to apoptotic cells to downregulate comple-
ment activation (77). PTX3 also binds to FHR-1 (weaker than 
FH) and FHR-5 (stronger than FH); FHR-5 competes with FH 
and enhance complement activation on PTX3 (32, 33, 74).

Malondialdehyde epitopes
Malondialdehyde (MDA) and malondialdehyde-acetaldehyde 
(MAA) adducts of proteins and lipids may be generated 
upon oxidation as oxidation-related neoepitopes, and induce 
inflam matory responses. FH was shown to bind to MDA/
MAA epitopes and inhibit complement activation and the 
proinflammatory effects of such MDA/MAA epitopes (99). 
Two binding sites, within CCP7 and CCPs 19–20 of FH, were 
identified to bind to MDA/MAA epitopes (99, 114). Recently, 
FHR-5 was also shown to bind to MAA epitopes (MAA-BSA) 
via CCPs 5–7 and to compete with FH for MAA-BSA binding, 
thus increasing complement activation. In addition, binding 
of FHR-5 to necrotic cells was mediated by the same domains, 
possibly in part via the MDA/MAA epitopes that appear on 
dead cells (94).
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Other, less Characterized ligand 
interactions of FH
Factor H binds to other ligands that are implicated in certain 
diseases, particularly in the thrombotic microangiopathy aty pical 
hemolytic uremic syndrome (aHUS). One of these ligands is 
thrombomodulin, a transmembrane glycoprotein present in  
endothelial cells, which is involved in the regulation of coa-
gulation and inflammation; thrombomodulin soluble frag-
ments can also be released upon endothelial cell activation or 
injury. Thrombomodulin was shown to bind to FH and the 
FH–C3b complex with nanomolar affinity and to enhance 
FH cofactor activity, which would be reduced in the case of 
thrombomodulin mutations in aHUS (115–117). These data 
suggest a role for thrombomodulin in inhibiting alternative 
pathway activation locally via its interaction with FH, but 
thrombomodulin was also found to inhibit complement 
hemolytic activity in a FH-independent mechanism (116). 
An additional, complement-activating function of thrombo-
modulin by enhancing C3 cleavage into C3b has also been  
described (117).

Similarly, binding of von Willebrand factor (vWF) to FH 
enhances FH cofactor activity and also modulates the vWF 
prothrombotic status (118–120). FH was found co-localized 
with vWF in the Weibel–Palade bodies in human umbilical 
vein endothelial cells, and the complex was also detected in 
human plasma. Purified FH and vWF were shown to interact 
with nanomolar affinity, and to influence their respective func-
tions; vWF enhanced the cofactor activity of FH, whereas FH 
inhibited ADAMTS13-mediated cleavage of vWF and facilitated 
platelet aggregation (120). However, another investigation 
found that FH binds via its C-terminus to the vWF A2 domain, 
and enhances its cleavage by ADAMTS13 (118). FH was also 
reported to reduce large soluble vWF multimers (119). Thus, 
further studies are needed to clarify the functional relevance of 
the complex interaction between FH and vWF, and its potential 
role in disease.

Recently, hemolysis-derived heme was shown to activate the 
alternative pathway in serum and on endothelial cells, and to 
bind both C3 and FH. Heme-exposed C3 and endothelial cells 
displayed increased FH binding, and FH was shown to be a 
major serum factor that regulates C3 deposition on heme-treated 
endothelial cells (121).

Factor H was also reported to bind to apolipoprotein E via 
domains CCPs 5–7, and to regulate alternative pathway activa-
tion on high density lipoprotein particles (122). Complement 
regulation by FH on such lipoprotein particles could be 
potentially impaired in diseases characterized by immune 
deposits containing also apolipoprotein E, such as age-related 
macular degeneration (AMD) and dense deposit disease  
(DDD) (122).

In addition, FH binds to myeloperoxidase (MPO) released 
from activated neutrophil granulocytes, and FH and MPO co- 
localize in neutrophil extracellular traps. Interestingly, the bind-
ing site for MPO in FH was determined to be CCPs 1–4 and, 
thus, MPO inhibited FH binding to C3b, as well as FH decay 
accelerating activity and cofactor activity (123).

binding to Cellular Receptors—Non-
Canonical Roles of the FH Family Proteins
Factor H and some of the FHRs can also bind to cells via specific 
receptors, and may modulate the cell activation and response, 
as well as inflammatory processes. These aspects are reviewed 
in detail elsewhere (124); here, we summarize only some major 
FH/FHR-receptor interactions and their role, particularly those 
described very recently.

Complement receptor type 3 (CR3; CD11b/CD18; or integ-
rin αMβ2) was identified as a main FH receptor on neutrophils 
and macrophages (125, 126). FH maintains its cofactor activity 
when receptor bound, but it also directly affects cellular func-
tions, such as adhesion, cell spreading, migration, and cytokine 
production (125–127). Interestingly, FH was able to inhibit the 
release of extracellular traps by human neutrophils activated 
with immobilized fibronectin plus fungal β-glucan, or with 
phorbol 12-myristate 13-acetate (127). FH can also enhance 
the interaction of certain pathogens with human macrophages 
and neutrophils, and modulate the response of the phagocytes  
(128, 129). This was also shown for FHR-1 which, by binding to 
CR3, could enhance neutrophil responses to Candida albicans 
(129). In addition, FHL-1 was shown to mediate cell adhesion 
and spreading (129, 130).

Described functional effects of FH on monocytes include 
enhancement of IL-1β secretion, respiratory burst, and chemo-
tactic effect (131–134). FH was shown to induce an anti-
inflam matory and tolerogenic phenotype in monocyte-derived 
den dritic cells in  vitro (135). Very recently, in the context of 
inflammation in AMD, FH, and its two variants Y402 and H402 
were investigated in a mouse model. FH was shown to inhibit the 
resolution of inflammation by binding to CR3 and thus block-
ing thrombospondin-1–CD47 signaling that would normally 
promote the elimination of macrophages. The AMD-associated 
H402 FH variant displayed a stronger inhibitory effect compared 
to FH Y402, causing increased accumulation of macrophages in 
the inflamed tissue (136).

Factor H was shown to bind to B cells and may modulate 
some B cell functions, such as proliferation and immunoglobu-
lin secretion, but no specific receptor has been identified to date 
(137–140). A recent report described an indirect modulation 
of B cell activation by FHR-3, which was shown to bind to C3d 
and inhibit its binding to complement receptor type 2, a co-
receptor of the B cell receptor complex; FH and FHR-1 had no 
such effect (85).

These non-canonical functions of the FH family proteins 
deserve further investigation, because they may play roles in 
inflammation and anti-microbial defense that are currently 
underappreciated. Clarification of their cell-mediated effects may 
provide additional insights into disease mechanisms.

DiSeASe ASSOCiATiONS

Studies in patients and controls have shown a variety of com-
mon CFH/CFHRs genetic variants that predispose to autologous 
damage, which is predominantly organ-specific. Prevalent kidney 
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damage occurs in the rare diseases aHUS and C3 glomerulopa-
thies (C3G), and in the more frequent IgA nephropathy (IgAN), 
while destruction of the retinal pigment epithelium by autologous 
complement contributes to AMD. A defective regulation of com-
plement activation on the renal microvasculature endothelium 
occurs in aHUS, while in C3G uncontrolled complement activa-
tion in plasma gives rise to massive deposition of C3b breakdown 
products (iC3b, C3dg, and C3c) in the glomeruli (141–143). 
IgAN is characterized by mesangial cell proliferation and hypo-
glycosylated IgA1 deposits in the glomeruli, and it is likely that 
complement defects contribute, at least in part, to its clinical 
heterogeneity (144, 145). A defective control of complement 
activation in the retina is most relevant in AMD pathogenesis, 
and enhances the inflammatory response (146).

Extremely rare and pathogenic CFH/CFHRs variants have 
been mainly found in aHUS and C3G patients. Some of these 
variants result from gene conversion events between CFH and 
CFHR1, and they give rise to mutated FH or FHR-1. Other vari-
ants are intragenic duplications or hybrid genes resulting from 
gene rearrangements, and generate abnormal proteins; some 
of these proteins have distinct molecular weights and can be 
detected by Western blot analysis. It is interesting that abnormal 
rearrangements involving FH/FHRs associate with aHUS, while 
in C3G patients only FHR proteins are affected.

CFH variants Associated with Renal or 
Ocular Damage
Common SNPs in CFH give rise to different haplotypes that can 
be disease neutral, predisposing, or protecting. Thus, haplotype 
CFH(H1) predisposes to membranoproliferative glomerulone-
phritis (MPGN) and AMD, haplotype CFH(H3) predisposes to 
aHUS, and haplotype CFH(H2) is protective against these three 
diseases (147–149). Haplotype CFH(H2) generates the FH62Ile 
variant, which shows increased binding to C3b and cofactor 
activity in the fluid phase and on cellular surfaces (150), thus 
favoring protection against autologous complement damage.

The common variant FH402His, which is present in FH and its 
shorter isoform FHL-1, is a major predisposing factor in AMD 
(151). The functional relevance of FH402His in C3b, CRP, or heparin 
binding has been analyzed in several studies. Reduced binding 
of FH402His to polyanionic surfaces has been found (152), but 
the pathogenic mechanism may also depend on FHL-1, which 
can regulate complement activation similarly to FH. It has been 
shown that FHL-1, but not FH, is present in the retinal Bruch’s 
membrane, a major target in AMD pathogenesis, and that bind-
ing of the AMD-FHL-1402His variant was lower than binding of 
the FHL-1402Tyr variant (93). Nonetheless, CFH intronic variants 
show stronger association with AMD than FH402His (153). In 
an analysis of seven common CFH haplotypes, haplotypes H1, 
H6, and H7 were found to confer increased risk to AMD; these 
haplotypes share a 32-kb region downstream of rs1061170 (FH 
Tyr402His) that must be critical for AMD development (19), and 
that includes a 12-kb block 89% similar to a noncoding region in 
CNP148 (see below).

Other disease-predisposing FH variants are very rare. One of 
the most relevant is Arg1210Cys (FH1210C), which was initially 

identified in aHUS patients (154), and shown to be covalently 
bound to albumin in plasma (155); the presence of albumin most 
likely prevents the interaction of FH1210C with its physiological 
ligands, generating a partial, pathogenic FH deficiency. FH1210C 
has been also associated with C3G (156), and it highly increases 
AMD-risk and predisposes to early disease onset (157, 158). It 
has been suggested that in individuals with the FH1210C variant 
it is the concurrence of other genetic predisposing factors what 
ultimately determines the clinical phenotype (159).

CFHR1 and CFHR3 variants Associated 
with Renal or Ocular Damage
As happens with the common CFH haplotypes, the two main 
CFHR1 alleles show differential disease associations. CFHR1*B, 
displaying increased similarity with CFH, increases aHUS risk 
(51), and CFHR1*A predisposes to AMD (160). The molecular 
bases for these associations have not been determined, but they 
will most likely depend on subtle functional differences among the 
FHR-1*A and FHR-1*B allotypes. CFHR1*A is in strong linkage 
disequilibrium with the AMD-risk CFH402His allele, and CFHR1 
genotyping has similar predictive value of developing AMD as 
CFH402His;ΔCFHR3–CFHR1 genotyping (160); these findings 
are suggestive of a direct role of FHR-1 in AMD pathogenesis, 
most likely by interfering with the interaction of FH with specific 
ligands and promoting complement activation (33).

The CFHR3 gene also has two major variants, CFHR3*A, more 
frequent in healthy controls, and CFHR3*B, which predisposes 
to aHUS but not to C3G (59). Because the aHUS risk CFHR3*B 
allele generates higher FHR-3 levels than the non-risk CFHR3*A 
allele (60), it seems that increased competition of FHR-3 and FH 
for certain ligands could favor aHUS development. FHR-3 is also 
produced in the retina, and its contribution to retinal degenera-
tion by inhibiting FH binding to C3b and modified surfaces has 
been suggested (47); nonetheless, the relevance of the CFHR3*A 
and CFHR3*B variants in AMD has not been addressed.

The two CNPs in the CFHR genes have been shown to be 
disease-relevant (19). The common variant ΔCFHR3–CFHR1 is 
protective against AMD (161), and IgAN (162), but it predisposes 
to aHUS (163) and to systemic lupus erythematosus (SLE) (69) 
because it is associated with generation of anti-FH autoantibodies 
(discussed on page 13). The rare variant ΔCFHR1–CFHR4 was 
initially identified in a few aHUS patients with anti-FH autoan-
tibodies (51), and is present in 1.4% of aHUS patients and 0.9% 
of controls (164).

The protective effect of the ΔCFHR3–CFHR1 haplotype 
against AMD was first described in 2006 (161), and it is the 
more common copy number variation in the CFH/CFHRs 
region (165). ΔCFHR3–CFHR1 is tagged by CFH rs6677604A 
with 99% accuracy (166), and strongly correlates with the 
86.4-kb deletion CNP147 and high FH levels (8). Because 
protection conferred by ΔCFHR3–CFHR1 was independent of 
the FH Tyr402His polymorphism, a direct effect of FHR-1 and 
FHR-3 in AMD pathogenesis was suggested (21). Nonetheless, 
the strong association of ΔCFHR3–CFHR1 with high FH 
levels, together with the finding that FHR-1 levels were lower 
in AMD patients than in control individuals, suggests that 
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ΔCFHR3–CFHR1 is actually tagging an allele expressing high 
FH levels, but it is not causal in protection against AMD (8). 
The much rarer ΔCFHR1–CFHR4 deletion (also referred to as 
CNP148) also confers protection against AMD independent 
of SNPs in CFH (19); because ΔCFHR1–CFHR4 also removes 
non-coding flanking regions, its protective effect against 
AMD could either be due to the reduction of FHR-1 and/or 
FHR-4A levels, or to the absence of regulatory regions relevant 
for disease pathogenesis.

The first evidence for a direct complement role in IgAN patho-
genesis was the finding that the common variant ΔCFHR3–CFHR1 
protects against IgAN when it is in homozygosis (162), pointing 
out to a possible role of FHR-3 and/or FHR-1 levels in the patho-
genic mechanism. However, because the ΔCFHR3–CFHR1 allele 
generates high FH levels which associate with lower mesangial C3 
deposition, the actual contribution of FHR-1 and/or FHR-3 levels 
to IgAN is unclear (167). Two studies in different IgAN cohorts 
have recently shown that FHR-1 levels and FHR-1/FH ratios are 
increased in patients with disease progression, thus providing 
evidence for a direct role of FHR-1 in the disease mechanism. 
One of these studies reported that high FHR-5 levels were also 
slightly elevated in the IgAN patients, but without any correlation 
with progressive disease (55). The other study also reported low 
FH levels associated with CFH or CFI mutations in a few IgAN 
patients (54).

FH::FHR-1, FHR-1::FH, and FH::FHR-3 
Hybrid Proteins Associate with aHUS
CFH exons 18–20 and CFHR1 exons 4–6 have a high degree of 
sequence similarity, that result in only five amino acid difference 
between CCPs 18–20 of FH (Y1040-V1042-Q1058-S1191-V1197) and CCPs 
3–5 of FHR-1 (H157-L159-E175-L290-A296). Studies in aHUS patients have 
revealed that these differences determine higher binding of FH 
than FHR-1 to cell surfaces. Amino acids S1191 and V1197 in FH 
seem to be particularly important, and single mutations involving 
these amino acids (FHS1191L and FHV1197A) have been found in a 
number of aHUS patients from different geographical origins. 
The double mutant (FHS1191L-V1197A) was observed in two unrelated 
aHUS patients with early disease onset, showed a defective capac-
ity to control complement activation on cellular surfaces, and had 
been generated by gene conversion (168).

FHS1191L-V1197A can also be generated by NAHR events that give 
rise to CFH::CFHR1 hybrid genes. A CFH(Ex1–21)::CFHR1(Ex5–6) 
hybrid gene was first described in a family with many cases of aHUS 
along several generations, and a clinical history of disease recur-
rence in affected individuals (169), demonstrating that FHS1191L-

V1197A is highly pathogenic. This hybrid gene has also been found in 
other non-related aHUS patients. A slightly different CFH(Ex1–22):: 
CFHR1(Ex6) gene which also generates FHS1191L-V1197A has been 
found in another patient with a prompt aHUS onset (170). The 
reverse situation (i.e., the existence of CFHR1::CFH hybrid genes) 
has also been reported. A CFHR1(Ex1–3)::CFH(Ex19–20) hybrid 
gene generated by “de novo” NAHR was identified in one sporadic 
case of aHUS (171), and a CFHR1(Ex1–4)::CFH(Ex20) hybrid 
gene was found in a family with two members affected with 
aHUS (172). These two CFHR1::CFH hybrid genes generated a 

double-mutated FHR-1 protein that carries the homologous amino 
acids in FH CCP20 domain (FHR-1L290S-A296V); these amino acids 
most likely confer the mutated FHR-1 increased competition with 
FH for endothelial cell binding, and result in reduced protection 
against complement damage (173). Screening of CFH::CFHR1 
and CFHR1::CFH hybrid genes is normally done by MLPA 
analysis of copy number variations. The CFH::CFHR1 alleles lack a 
normal copy of CFHR3 and CFHR1, while the CFHR1::CFH allele 
contains two copies of CFHR3; it cannot be ruled out that these 
additional factors also contribute to the pathogenic mechanism.

A FH::FHR-3 hybrid protein containing CCPs 1–19 of FH and 
the five CCPs of FHR-3 was identified in a large family with aHUS 
(174). This protein resulted from an abnormal rearrangement 
that deleted the last exon of CFH, which was then fused to the 
adjacent CFHR3 gene by the genetic mechanism microhomol-
ogy mediated end joining (MMEJ). The absence of FH CCP20 
domain in the hybrid protein and/or the presence of the FHR-3 
CCPs does not affect complement regulation in the fluid phase, 
but cellular surface regulation seemed to be highly reduced. 
Estimation of aHUS penetrance in carriers of the hybrid gene is 
33%. Another FH::FHR-3 hybrid protein containing CCPs 1–17 
of FH and the five CCPs of FHR-3 was found in an aHUS patient 
with a very early disease onset (175). The hybrid protein resulted 
from a “de novo” 6.3 kb-deletion of exons 21–23 of the CFH gene 
through a MMEJ mechanism, and it showed impaired cell surface 
complement regulation.

Abnormal FHR Proteins in C3g
The abnormal rearrangements that predispose to C3G thus far 
described involve exclusively the CFHR genes, but not the CFH 
gene. This is a distinctive feature from aHUS that suggests a more 
important contribution of FHRs in the protection of the glomeru-
lar basement membrane and mesangium than in protection of 
endothelial cells. Abnormal rearrangements include intragenic 
duplications in CFHR1 or CFHR5, and CFHR2::CFHR5 and 
CFHR3::CFHR1 hybrid genes.

FHR-5 and FHR-1 Proteins with Additional 
Dimerization Domains
Larger forms of FHR-1 and FHR-5 with duplicated dimeriza-
tion domains have been observed in a few C3G patients. These 
proteins circulate in plasma together with the normal FHR-1 and 
FHR-5 proteins, but disease penetrance in mutation carriers is 
very high, strongly suggesting a dominant negative effect of the 
larger, abnormal protein. This is particularly evident for a par-
tially duplicated FHR-5 protein initially observed in two families 
of Cypriot ancestry in which renal disease was consistent with 
autosomal dominant transmission (176). All affected individuals 
were heterozygous for a CFHR5 gene in which exon 2 (coding for 
CCP1) and exon 3 (coding for CCP2) were duplicated, giving rise 
to an abnormal FHR-5 protein containing two extra dimeriza-
tion domains (FHR-512123-9). In vitro studies with patient’s sera 
showed reduced binding of the FHR-512123-9 to the cell surface, 
and increased FI cofactor activity, but the relevance of these 
findings for the pathogenic mechanism is unknown. Patients 
carrying FHR-512123-9 had a high risk of progressive renal disease, 
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particularly males. This renal phenotype, which histologically 
corresponds to a C3 glomerulonephritis, is clinically character-
ized by continuous macroscopic hematuria, and was denomi-
nated as “CFHR5 nephropathy.” These seminal observations were 
further extended to 16 pedigrees of Cypriot origin in a study that 
also provided a thorough description of histological, molecular, 
and clinical findings (177). Recurrence of CFHR5 nephropathy 
in a kidney allograft has been reported in one patient, although 
it did not occur in two other cases (178). The same duplicated 
FHR-5 protein observed in patients of Cypriot ancestry was 
found in a familial case of C3 glomerulonephritis with a different 
ethnic origin (179). Of note, this protein was generated from a 
different genomic rearrangement, reinforcing the relevance of 
the duplicated FHR-5 protein for the pathogenic mechanism, 
and the authors proposed that all patients with clinical suspicion 
of CFHR5 nephropathy should be screened for the abnormal 
protein by Western blot.

Another FHR-5 protein with two additional dimerization 
domains was found in a familial case of C3G with DDD (C3G-
DDD) (83). In this family, a genomic 24.8  kb-deletion from 
intron III of the CFHR2 gene to CFHR5 gives rise to a hybrid 
CFHR2::CFHR5 gene which generates a so-called FHR-21,2-FHR-
5-hybrid protein very similar to the FHR-512123-9 protein previously 
described. This hybrid protein shows increased binding to C3b 
and stabilization of the AP C3 convertase, which would explain 
the low C3 and increased Ba levels detected in the patients’ sera; 
in addition, reduced regulation of the AP C3 convertase by FH 
will result in increased generation of iC3b molecules which will 
deposit on the glomerular basement membrane and favor the 
pathogenic mechanism.

To understand how the presence of two extra dimerization 
domains in FHR-512123-9 has pathogenic consequences it is nec-
essary to recapitulate that the dimerization domains in FHR-1, 
FHR-2, and FHR-5 confer these proteins the ability to generate 
homo- and hetero-dimers physiologically (26). Although a 
recent study has not found evidence of the presence of FHR-5 
heterodimers with FHR-1 or FHR-2 (53), the additional dimeri-
zation domains in FHR-512123-9 and FHR-21,2-FHR-5 will most 
likely give rise to higher order oligomeric forms with increased 
avidity for surface-bound C3b, and these multimeric proteins 
will compete more efficiently with FH and favor autologous 
tissue damage, as illustrated in Figure  3. In this context, it is 
intriguing that two very similar FHR-5 proteins result in differ-
ent clinical entities (CFHR5 nephropathy or DDD). FHR-512123-9 
and FHR-21,2-FHR-5 contain the nine CCPs of FHR-5 preceded 
by the two dimerization domains of FHR-5 or FHR-2, respec-
tively, that present 85% aminoacid identity. Functional studies 
with the recombinant forms of these two proteins (referred to as 
FHR-5Dup and FHR-2-FHR-5Hyb) revealed that they exacerbate 
local complement activation by recruiting the complement-
activating protein properdin, and that properdin binding is 
mediated by the FHR-5 dimerization domains, and not by the 
FHR-2 dimerization domains (82). Therefore, local complement 
activation would be higher in patients with FHR-5Dup than in 
patients with FHR-2-FHR-5Hyb, and this could explain the dif-
ferent clinical phenotype. Another, non-exclusive, explanation 
is that the pathogenic mechanism is much dependent on the 

plasma levels of these FHR-5 proteins. In line with this hypoth-
esis, Western blot analyses of patient serum samples showed 
that the FHR-5 band has similar intensity to a normal serum, 
while the intensity of the FHR-512123-9 (32) or the FHR-21,2-FHR-5 
band is much higher, suggesting highly increased levels (82). The 
latter study also showed that FHR-5 binds to necrotic human 
endothelial cells, but not to normal endothelial cells, strongly 
suggesting a role for FHR-5 in complement-mediated elimina-
tion of damaged cells.

An abnormal, large FHR-1 protein was identified in a Spanish 
family with C3G by Western blot analysis (52). This protein was 
generated by an internal duplication of the CFHR1 gene, and 
contains two copies of domains CCPs 1–4. Purification of the 
normal and the duplicated FHR-1 proteins allowed biochemical, 
functional, and structural studies that illustrated that normal 
FHR-1 circulates in plasma as homo- and hetero-oligomers (with 
FHR-2 and FHR-5), and that the duplicated FHR-1 (contain-
ing nine CCP domains) organized into much larger oligomers 
with increased binding to C3b, iC3b, and C3dg. These findings 
provided the first evidence for the existence of oligomeric forms 
of FHR-1, FHR-2, and FHR-5 in normal plasma, and confirmed 
that duplication of their homologous CCPs 1–2 is pathogenic 
and associates with C3G. The authors proposed that multim-
erization of FHR-1 strongly inhibits FH binding to certain cell 
surfaces, but not to endothelial cells, the target surface in aHUS. 
A different FHR-1 protein containing two copies of domains 
CCPs 1–2 has been described in another Spanish patient with 
a C3G clinical phenotype, but further characterization of this 
duplicated FHR-1 (containing seven domains) has not been 
provided (180).

FHR-3::FHR-1 Hybrid Protein
A hybrid CFHR3::CFHR1 gene associated with C3G-MPGN III 
has been described in an Irish family (181). This hybrid gene 
contains exons 1–3 of CFHR3 and exons 2–6 of CFHR1, and 
generates a protein containing CCPs 1–2 of FHR-3 followed by 
the five CCPs of FHR-1. The protein was detected in the patients’ 
plasma by Western blot, and it was apparently at a much lower 
concentration than normal FHR-1. Because patients with the 
CFHR3::CFHR1 gene also has two copies of CFHR3 and CFHR1, 
the authors propose a dominant effect of the hybrid FHR-
3::FHR-1 protein in the pathogenic mechanism. It is of note 
that plasma C3 levels in all affected individuals were normal, as 
opposed to the reduced levels observed in the C3G-DDD patient 
with FHR-21,2-FHR-5-hybrid protein (83); this fact suggests that 
the potential pathogenic effect of FHR-3::FHR-1 on complement 
activation or regulation is surface-restricted. The clinical data 
and outcome of the five patients from this family who received 
renal transplantation has been reported (182); disease recur-
rence in the kidney allograft was high, but the overall graft 
survival was good.

Anti-FH Autoantibodies Predispose  
to Renal Diseases
Disorders related with these autoantibodies are mainly present 
in aHUS and C3 glomerulonephritis patients and secondary in 
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other autoimmune diseases. The anti-FH autoantibodies cause a 
functional FH defect, resulting in impaired complement regula-
tion by FH (Figure 3C).

The existence of anti-factor H autoantibodies in aHUS and 
the resulting functional deficiency of FH were first described in 
2005 (183). The frequency of the anti-FH antibodies associated 
with aHUS is approximately 10% of the pediatric patients in the 
European series and occasionally in patients with adult onset 
(184). These autoantibodies form complexes with FH and induce 
a functional FH deficiency. Characterization of these autoanti-
bodies showed that they recognized the C-terminal region of FH, 
involved in the binding to cell surfaces (185, 186). Moreover, it 
has been shown that, especially in the acute phase, these antibod-
ies are also capable of blocking the activity of FH as cofactor of FI 
and the acceleration of the dissociation of the convertases of the 
alternative pathway (187).

The presence of anti-FH autoantibodies is associated with 
homozygous ΔCFHR3–CFHR1 in several aHUS cohorts (51, 164, 
188, 189). The ΔCFHR1–CFHR4 has also been found in a few 
patients (51, 164), suggesting a relevant role for the absence of 
FHR-1 in autoantibody generation. In this context, it has been 
found that most anti-FH autoantibodies also bind to FHR-1, 
which presents high similarity with FH CCPs 19–20 (29, 164).

The anti-FH autoantibodies in aHUS patients are able of 
forming immune complexes that can be detected in serum. 
The amount of these complexes correlates better with the clini-
cal evolution than the total autoantibody titer (187), because 
FH bound to the complexes cannot regulate the AP on cell 
surfaces. The use of two monoclonal antibodies binding to 
different parts of FH allowed the quantitation of total and 
free FH, which depends on the concentration of circulating 
anti-FH immune complexes (29, 186, 190). In some cases, the 
concentration of total FH was within the normal range, but 
the amount of free FH was practically undetectable, indicating 
that the anti-FH autoantibodies almost completely blocked 
the ability of FH to protect cell surfaces from complement 
activation, although its regulatory activity in the fluid phase 
was conserved (190).

The epitope recognized by anti-FH autoantibodies has been 
defined more precisely using recombinant fragments of CCPs 
19–20 containing point mutations (191). In this work, it was 
found that in patients with FHR-1 deficiency, anti-FH antibodies 
recognize a region that acquires a different conformation in FH 
and FHR-1 after binding to certain ligands, including various 
bacterial proteins. This suggests a model in which the absence 
of FHR-1 plays a role in the loss of tolerance to FH and in the 
generation of anti-FH autoantibodies, thus explaining the fre-
quent association between the presence of anti-FH antibodies 
and homozygous ΔCFHR3–CFHR1 in aHUS. By using the same 
mutated FH recombinant fragments in our series of patients with 
anti-FH autoantibodies, we have obtained concordant results, at 
least in the patients with FHR-1 deficiency, which supports the 
proposed model for the generation of autoantibodies in these 
patients (192). However, the mechanism of anti-FH autoantibody 
generation in aHUS patients without FHR-1 deficiency remains 
to be determined.

Anti-FH autoantibodies have also been described in patients 
with C3G (193–197). This association is much less frequent than 
in the case of aHUS despite having been described for the first 
time (196). In cases in which the effect of these anti-FH autoan-
tibodies has been studied, it has been shown that they inhibit 
the regulatory activity of FH by recognizing and blocking its 
N-terminal region (193, 194, 197), which is a difference with the 
anti-FH autoantibodies from aHUS patients.

In patients with SLE and other autoimmune diseases, a 
greater frequency of anti-FH autoantibodies has been described 
with respect to healthy controls (198). Unlike the anti-FH 
autoantibodies present in aHUS, the epitopes that are recog-
nized by the autoantibodies seem to be distributed throughout 
the entire protein, and they are not associated with FHR-1  
deficiency.

CONClUSiON

The FH protein family remains an intriguing group of proteins. 
FH is well-known for its protecting role against self-damage from 
complement, and the FHRs are emerging as FH antagonists that 
act as an additional regulatory mechanism to control where and 
when FH protects human cells and/or surfaces. With the recent 
development of FHR-specific assays, quantification of the whole 
protein family has now become possible. This has elucidated the 
intricate balance between FH and the FHR proteins, showing 
that overall the balance is in favor of FH. However, this balance 
can shift on altered self, and also genetic variations have a major 
impact on FH and FHRs. This includes decreased FH function 
due to mutations, altered expression levels, as well as hybrid 
FH::FHR and FHR::FHR proteins and unusual FHR multimers 
with abnormal function that disturb complement regulation. 
Associations of increased FHR levels, as a result of genetic varia-
tions, with diseases like aHUS and IgAN are highly suggestive of 
a pathological role for the FHRs. It remains to be seen whether 
the FHRs are indeed causative in these diseases, but it is likely 
that they at least contribute to altered complement regulation on 
host surfaces.

AUTHOR CONTRibUTiONS

PS-C, RBP, ML-T, and MJ prepared the text and the figures. All 
authors have revised and approved the manuscript.

FUNDiNg

PS-C and ML-T are funded by grants PI16/00723 and PI15/00255 
(Spanish Ministerio de Economía y Competitividad/ISCIII, and 
European Program FEDER) and B2017/BMD3673 (Complement 
II-CM network from the Comunidad de Madrid). MJ is sup-
ported by the National Research, Development and Innovation 
Fund of Hungary (NKFIA grants K 109055 and K 125219), 
the Kidneeds Foundation, Iowa, US, and by the Institutional 
Excellence Program of the Ministry of Human Capacities of 
Hungary.

28

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Sánchez-Corral et al. FH/FHR Proteins in Complement Regulation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1607

ReFeReNCeS

1. Ricklin D, Mastellos DC, Reis ES, Lambris JD. The renaissance of comple-
ment therapeutics. Nat Rev Nephrol (2017) 14(1):26–47. doi:10.1038/nrneph. 
2017.156 

2. Harboe M, Ulvund G, Vien L, Fung M, Mollnes TE. The quantitative 
role of alternative pathway amplification in classical pathway induced 
terminal complement activation. Clin Exp Immunol (2004) 138(3):439–46. 
doi:10.1111/j.1365-2249.2004.02627.x 

3. Rodriguez de Cordoba S, Esparza-Gordillo J, Goicoechea de Jorge E, Lopez-
Trascasa M, Sanchez-Corral P. The human complement factor H: functional 
roles, genetic variations and disease associations. Mol Immunol (2004) 
41(4):355–67. doi:10.1016/j.molimm.2004.02.005 

4. Ripoche J, Day AJ, Harris TJ, Sim RB. The complete amino acid sequence of 
human complement factor H. Biochem J (1988) 249(2):593–602. doi:10.1042/
bj2490593 

5. Gordon DL, Kaufman RM, Blackmore TK, Kwong J, Lublin DM. Identifica-
tion of complement regulatory domains in human factor H. J Immunol (1995)  
155(1):348–56. 

6. Kopp A, Hebecker M, Svobodova E, Jozsi M. Factor h: a complement regula-
tor in health and disease, and a mediator of cellular interactions. Biomolecules 
(2012) 2(1):46–75. doi:10.3390/biom2010046 

7. Schmidt CQ, Herbert AP, Hocking HG, Uhrin D, Barlow PN. Translational 
mini-review series on complement factor H: structural and functional cor-
relations for factor H. Clin Exp Immunol (2008) 151(1):14–24. doi:10.1111/ 
j.1365-2249.2007.03553.x 

8. Ansari M, McKeigue PM, Skerka C, Hayward C, Rudan I, Vitart V, et  al. 
Genetic influences on plasma CFH and CFHR1 concentrations and their role 
in susceptibility to age-related macular degeneration. Hum Mol Genet (2013) 
22(23):4857–69. doi:10.1093/hmg/ddt336 

9. Esparza-Gordillo J, Soria JM, Buil A, Almasy L, Blangero J, Fontcuberta J, 
et  al. Genetic and environmental factors influencing the human factor H 
plasma levels. Immunogenetics (2004) 56(2):77–82. doi:10.1007/s00251-004- 
0660-7 

10. Hakobyan S, Harris CL, Tortajada A, Goicochea de Jorge E, Garcia-Layana A,  
Fernandez-Robredo P, et  al. Measurement of factor H variants in plasma 
using variant-specific monoclonal antibodies: application to assessing risk 
of age-related macular degeneration. Invest Ophthalmol Vis Sci (2008) 49(5): 
1983–90. doi:10.1167/iovs.07-1523 

11. Sofat R, Mangione PP, Gallimore JR, Hakobyan S, Hughes TR, Shah T, 
et  al. Distribution and determinants of circulating complement factor H 
concentration determined by a high-throughput immunonephelometric 
assay. J Immunol Methods (2013) 390(1–2):63–73. doi:10.1016/j.jim.2013. 
01.009 

12. Friese MA, Hellwage J, Jokiranta TS, Meri S, Muller-Quernheim HJ, Peter HH, 
et al. Different regulation of factor H and FHL-1/reconectin by inflammatory 
mediators and expression of the two proteins in rheumatoid arthritis (RA). 
Clin Exp Immunol (2000) 121(2):406–15. doi:10.1046/j.1365-2249.2000. 
01285.x 

13. Zipfel PF, Skerka C. FHL-1/reconectin: a human complement and immune 
regulator with cell-adhesive function. Immunol Today (1999) 20(3):135–40. 
doi:10.1016/S0167-5699(98)01432-7 

14. Misasi R, Huemer HP, Schwaeble W, Solder E, Larcher C, Dierich MP. 
Human complement factor H: an additional gene product of 43 kDa isolated 
from human plasma shows cofactor activity for the cleavage of the third com-
ponent of complement. Eur J Immunol (1989) 19(9):1765–8. doi:10.1002/
eji.1830190936 

15. Schwaeble W, Zwirner J, Schulz TF, Linke RP, Dierich MP, Weiss EH. Human 
complement factor H: expression of an additional truncated gene product of 
43 kDa in human liver. Eur J Immunol (1987) 17(10):1485–9. doi:10.1002/
eji.1830171015 

16. Kuhn S, Skerka C, Zipfel PF. Mapping of the complement regulatory domains 
in the human factor H-like protein 1 and in factor H1. J Immunol (1995) 
155(12):5663–70. 

17. Swinkels M, Zhang JH, Tilakaratna V, Black G, Perveen R, McHarg S, et al. 
C-reactive protein and pentraxin-3 binding of factor H-like protein 1 differs 
from complement factor H: implications for retinal inflammation. Sci Rep 
(2018) 8(1):1643. doi:10.1038/s41598-017-18395-7 

18. Cantsilieris S, Nelson BJ, Huddleston J, Baker C, Harshman L, Penewit K, 
et al. Recurrent structural variation, clustered sites of selection, and disease 
risk for the complement factor H (CFH) gene family. Proc Natl Acad Sci U S 
A (2018) 115(19):E4433–42. doi:10.1073/pnas.1717600115 

19. Sivakumaran TA, Igo RP Jr, Kidd JM, Itsara A, Kopplin LJ, Chen W, et al.  
A 32 kb critical region excluding Y402H in CFH mediates risk for age-related 
macular degeneration. PLoS One (2011) 6(10):e25598. doi:10.1371/journal.
pone.0025598 

20. Eberhardt HU, Buhlmann D, Hortschansky P, Chen Q, Bohm S, Kemper MJ, 
et al. Human factor H-related protein 2 (CFHR2) regulates complement acti-
vation. PLoS One (2013) 8(11):e78617. doi:10.1371/journal.pone.0078617 

21. Fritsche LG, Lauer N, Hartmann A, Stippa S, Keilhauer CN, Oppermann M,  
et  al. An imbalance of human complement regulatory proteins CFHR1, 
CFHR3 and factor H influences risk for age-related macular degenera-
tion (AMD). Hum Mol Genet (2010) 19(23):4694–704. doi:10.1093/hmg/
ddq399 

22. Heinen S, Hartmann A, Lauer N, Wiehl U, Dahse HM, Schirmer S, et  al. 
Factor H-related protein 1 (CFHR-1) inhibits complement C5 convertase 
activity and terminal complex formation. Blood (2009) 114(12):2439–47. 
doi:10.1182/blood-2009-02-205641 

23. Hellwage J, Jokiranta TS, Koistinen V, Vaarala O, Meri S, Zipfel PF. Functional 
properties of complement factor H-related proteins FHR-3 and FHR-4: bind-
ing to the C3d region of C3b and differential regulation by heparin. FEBS Lett 
(1999) 462(3):345–52. doi:10.1016/S0014-5793(99)01554-9 

24. McRae JL, Duthy TG, Griggs KM, Ormsby RJ, Cowan PJ, Cromer BA, 
et  al. Human factor H-related protein 5 has cofactor activity, inhibits C3 
convertase activity, binds heparin and C-reactive protein, and associates with 
lipoprotein. J Immunol (2005) 174(10):6250–6. doi:10.4049/jimmunol.174. 
10.6250 

25. Caesar JJ, Lavender H, Ward PN, Exley RM, Eaton J, Chittock E, et  al. 
Competition between antagonistic complement factors for a single protein 
on N. meningitidis rules disease susceptibility. Elife (2014) 3:e04008. 
doi:10.7554/eLife.04008 

26. Goicoechea de Jorge E, Caesar JJ, Malik TH, Patel M, Colledge M, Johnson S, 
et al. Dimerization of complement factor H-related proteins modulates com-
plement activation in vivo. Proc Natl Acad Sci U S A (2013) 110(12):4685–90. 
doi:10.1073/pnas.1219260110 

27. Hebecker M, Jozsi M. Factor H-related protein 4 activates complement by 
serving as a platform for the assembly of alternative pathway C3 convertase 
via its interaction with C3b protein. J Biol Chem (2012) 287(23):19528–36. 
doi:10.1074/jbc.M112.364471 

28. Meszaros T, Csincsi AI, Uzonyi B, Hebecker M, Fulop TG, Erdei A, et  al. 
Factor H inhibits complement activation induced by liposomal and micellar 
drugs and the therapeutic antibody rituximab in vitro. Nanomedicine (2016) 
12(4):1023–31. doi:10.1016/j.nano.2015.11.019 

29. Strobel S, Abarrategui-Garrido C, Fariza-Requejo E, Seeberger H, Sanchez-
Corral P, Jozsi M. Factor H-related protein 1 neutralizes anti-factor H auto-
antibodies in autoimmune hemolytic uremic syndrome. Kidney Int (2011) 
80(4):397–404. doi:10.1038/ki.2011.152 

30. Timmann C, Leippe M, Horstmann RD. Two major serum components anti-
genically related to complement factor H are different glycosylation forms 
of a single protein with no factor H-like complement regulatory functions. 
J Immunol (1991) 146(4):1265–70. 

31. Jozsi M, Tortajada A, Uzonyi B, Goicoechea de Jorge E, Rodriguez de 
Cordoba S. Factor H-related proteins determine complement-activating 
surfaces. Trends Immunol (2015) 36(6):374–84. doi:10.1016/j.it.2015.04.008 

32. Csincsi AI, Kopp A, Zoldi M, Banlaki Z, Uzonyi B, Hebecker M, et al. Factor 
H-related protein 5 interacts with pentraxin 3 and the extracellular matrix 
and modulates complement activation. J Immunol (2015) 194(10):4963–73. 
doi:10.4049/jimmunol.1403121 

33. Csincsi AI, Szabo Z, Banlaki Z, Uzonyi B, Cserhalmi M, Karpati E, et  al. 
FHR-1 binds to C-reactive protein and enhances rather than inhibits comple-
ment activation. J Immunol (2017) 199(1):292–303. doi:10.4049/jimmunol. 
1600483 

34. Antonioli AH, White J, Crawford F, Renner B, Marchbank KJ, Hannan JP,  
et al. Modulation of the alternative pathway of complement by murine factor 
H-related proteins. J Immunol (2018) 200(1):316–26. doi:10.4049/jimmunol. 
1602017 

29

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nrneph.
2017.156
https://doi.org/10.1038/nrneph.
2017.156
https://doi.org/10.1111/j.1365-2249.2004.02627.x
https://doi.org/10.1016/j.molimm.2004.02.005
https://doi.org/10.1042/bj2490593
https://doi.org/10.1042/bj2490593
https://doi.org/10.3390/biom2010046
https://doi.org/10.1111/
j.1365-2249.2007.03553.x
https://doi.org/10.1111/
j.1365-2249.2007.03553.x
https://doi.org/10.1093/hmg/ddt336
https://doi.org/10.1007/s00251-004-
0660-7
https://doi.org/10.1007/s00251-004-
0660-7
https://doi.org/10.1167/iovs.07-1523
https://doi.org/10.1016/j.jim.2013.
01.009
https://doi.org/10.1016/j.jim.2013.
01.009
https://doi.org/10.1046/j.1365-2249.2000.
01285.x
https://doi.org/10.1046/j.1365-2249.2000.
01285.x
https://doi.org/10.1016/S0167-5699(98)01432-7
https://doi.org/10.1002/eji.1830190936
https://doi.org/10.1002/eji.1830190936
https://doi.org/10.1002/eji.1830171015
https://doi.org/10.1002/eji.1830171015
https://doi.org/10.1038/s41598-017-18395-7
https://doi.org/10.1073/pnas.1717600115
https://doi.org/10.1371/journal.pone.0025598
https://doi.org/10.1371/journal.pone.0025598
https://doi.org/10.1371/journal.pone.0078617
https://doi.org/10.1093/hmg/ddq399
https://doi.org/10.1093/hmg/ddq399
https://doi.org/10.1182/blood-2009-02-205641
https://doi.org/10.1016/S0014-5793(99)01554-9
https://doi.org/10.4049/jimmunol.174.
10.6250
https://doi.org/10.4049/jimmunol.174.
10.6250
https://doi.org/10.7554/eLife.04008
https://doi.org/10.1073/pnas.1219260110
https://doi.org/10.1074/jbc.M112.364471
https://doi.org/10.1016/j.nano.2015.11.019
https://doi.org/10.1038/ki.2011.152
https://doi.org/10.1016/j.it.2015.04.008
https://doi.org/10.4049/jimmunol.1403121
https://doi.org/10.4049/jimmunol.1600483
https://doi.org/10.4049/jimmunol.1600483
https://doi.org/10.4049/jimmunol.
1602017
https://doi.org/10.4049/jimmunol.
1602017


Sánchez-Corral et al. FH/FHR Proteins in Complement Regulation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1607

35. Cserhalmi M, Csincsi AI, Mezei Z, Kopp A, Hebecker M, Uzonyi B, et al. The 
murine factor H-related protein FHR-B promotes complement activation. 
Front Immunol (2017) 8:1145. doi:10.3389/fimmu.2017.01145 

36. de Cordoba SR, de Jorge EG. Translational mini-review series on complement 
factor H: genetics and disease associations of human complement factor 
H. Clin Exp Immunol (2008) 151(1):1–13. doi:10.1111/j.1365-2249.2007. 
03552.x 

37. Friese MA, Hellwage J, Jokiranta TS, Meri S, Peter HH, Eibel H, et  al. 
FHL-1/reconectin and factor H: two human complement regulators which 
are encoded by the same gene are differently expressed and regulated. Mol 
Immunol (1999) 36(13–14):809–18. doi:10.1016/S0161-5890(99)00101-7 

38. Roumenina LT, Rayes J, Frimat M, Fremeaux-Bacchi V. Endothelial cells: 
source, barrier, and target of defensive mediators. Immunol Rev (2016) 
274(1):307–29. doi:10.1111/imr.12479 

39. Brooimans RA, van der Ark AA, Buurman WA, van Es LA, Daha MR. 
Differential regulation of complement factor H and C3 production in human 
umbilical vein endothelial cells by IFN-gamma and IL-1. J Immunol (1990) 
144(10):3835–40. 

40. Chen M, Forrester JV, Xu H. Synthesis of complement factor H by retinal 
pigment epithelial cells is down-regulated by oxidized photoreceptor 
outer segments. Exp Eye Res (2007) 84(4):635–45. doi:10.1016/j.exer.2006. 
11.015 

41. Devine DV, Rosse WF. Regulation of the activity of platelet-bound C3 
convertase of the alternative pathway of complement by platelet factor 
H. Proc Natl Acad Sci U S A (1987) 84(16):5873–7. doi:10.1073/pnas.84. 
16.5873 

42. Dixon KO, O’Flynn J, Klar-Mohamad N, Daha MR, van Kooten C. Properdin 
and factor H production by human dendritic cells modulates their T-cell 
stimulatory capacity and is regulated by IFN-gamma. Eur J Immunol (2017) 
47(3):470–80. doi:10.1002/eji.201646703 

43. Katz Y, Strunk RC. Synthesis and regulation of complement protein factor H 
in human skin fibroblasts. J Immunol (1988) 141(2):559–63. 

44. Timar KK, Pasch MC, van den Bosch NH, Jarva H, Junnikkala S, Meri S, 
et al. Human keratinocytes produce the complement inhibitor factor H: syn-
thesis is regulated by interferon-gamma. Mol Immunol (2006) 43(4):317–25. 
doi:10.1016/j.molimm.2005.02.009 

45. van den Dobbelsteen ME, Verhasselt V, Kaashoek JG, Timmerman JJ, 
Schroeijers WE, Verweij CL, et al. Regulation of C3 and factor H synthesis 
of human glomerular mesangial cells by IL-1 and interferon-gamma. Clin 
Exp Immunol (1994) 95(1):173–80. doi:10.1111/j.1365-2249.1994.tb06033.x 

46. Whaley K. Biosynthesis of the complement components and the regulatory 
proteins of the alternative complement pathway by human peripheral 
blood monocytes. J Exp Med (1980) 151(3):501–16. doi:10.1084/jem.151. 
3.501 

47. Schafer N, Grosche A, Reinders J, Hauck SM, Pouw RB, Kuijpers TW, et al. 
Complement regulator FHR-3 is elevated either locally or systemically in a 
selection of autoimmune diseases. Front Immunol (2016) 7:542. doi:10.3389/
fimmu.2016.00542 

48. Skerka C, Chen Q, Fremeaux-Bacchi V, Roumenina LT. Complement 
factor H related proteins (CFHRs). Mol Immunol (2013) 56(3):170–80. 
doi:10.1016/j.molimm.2013.06.001 

49. Estaller C, Koistinen V, Schwaeble W, Dierich MP, Weiss EH. Cloning of 
the 1.4-kb mRNA species of human complement factor H reveals a novel 
member of the short consensus repeat family related to the carboxy terminal 
of the classical 150-kDa molecule. J Immunol (1991) 146(9):3190–6. 

50. Skerka C, Horstmann RD, Zipfel PF. Molecular cloning of a human serum 
protein structurally related to complement factor H. J Biol Chem (1991) 
266(18):12015–20. 

51. Abarrategui-Garrido C, Martinez-Barricarte R, Lopez-Trascasa M,  
de Cordoba SR, Sanchez-Corral P. Characterization of complement factor 
H-related (CFHR) proteins in plasma reveals novel genetic variations of 
CFHR1 associated with atypical hemolytic uremic syndrome. Blood (2009) 
114(19):4261–71. doi:10.1182/blood-2009-05-223834 

52. Tortajada A, Yebenes H, Abarrategui-Garrido C, Anter J, Garcia-Fernandez JM,  
Martinez-Barricarte R, et al. C3 glomerulopathy-associated CFHR1 muta-
tion alters FHR oligomerization and complement regulation. J Clin Invest 
(2013) 123(6):2434–46. doi:10.1172/JCI68280 

53. van Beek AE, Pouw RB, Brouwer MC, van Mierlo G, Geissler J, Ooijevaar-de 
Heer P, et  al. Factor H-related (FHR)-1 and FHR-2 Form homo- and 

heterodimers, while FHR-5 circulates only as homodimer in human 
plasma. Front Immunol (2017) 8:1328. doi:10.3389/fimmu.2017.01328 

54. Tortajada A, Gutierrez E, Goicoechea de Jorge E, Anter J, Segarra A, Espinosa M,  
et al. Elevated factor H-related protein 1 and factor H pathogenic variants 
decrease complement regulation in IgA nephropathy. Kidney Int (2017) 
92(4):953–63. doi:10.1016/j.kint.2017.03.041 

55. Medjeral-Thomas NR, Lomax-Browne HJ, Beckwith H, Willicombe M, 
McLean AG, Brookes P, et  al. Circulating complement factor H-related 
proteins 1 and 5 correlate with disease activity in IgA nephropathy. Kidney 
Int (2017) 92(4):942–52. doi:10.1016/j.kint.2017.03.043 

56. Skerka C, Timmann C, Horstmann RD, Zipfel PF. Two additional human 
serum proteins structurally related to complement factor H. Evidence for a 
family of factor H-related genes. J Immunol (1992) 148(10):3313–8. 

57. Skerka C, Kuhn S, Gunther K, Lingelbach K, Zipfel PF. A novel short con-
sensus repeat-containing molecule is related to human complement factor H. 
J Biol Chem (1993) 268(4):2904–8. 

58. Pouw RB, Brouwer MC, Geissler J, van Herpen LV, Zeerleder SS, Wuillemin WA,  
et al. Complement factor H-related protein 3 serum levels are low compared 
to factor H and mainly determined by gene copy number variation in 
CFHR3. PLoS One (2016) 11(3):e0152164. doi:10.1371/journal.pone. 
0152164 

59. Bernabeu-Herrero ME, Jimenez-Alcazar M, Anter J, Pinto S, Sanchez 
Chinchilla D, Garrido S, et  al. Complement factor H, FHR-3 and FHR-1 
variants associate in an extended haplotype conferring increased risk of aty-
pical hemolytic uremic syndrome. Mol Immunol (2015) 67(2 Pt B):276–86. 
doi:10.1016/j.molimm.2015.06.021 

60. Pouw RB, Gomez Delgado I, Lopez Lera A, Rodriguez de Cordoba S, 
Wouters D, Kuijpers TW, et al. High complement factor H-related (FHR)-3 
levels are associated with the atypical hemolytic-uremic syndrome-risk 
allele CFHR3*B. Front Immunol (2018) 9:848. doi:10.3389/fimmu.2018. 
00848 

61. Jozsi M, Richter H, Loschmann I, Skerka C, Buck F, Beisiegel U, et al. FHR-4A: 
a new factor H-related protein is encoded by the human FHR-4 gene. Eur 
J Hum Genet (2005) 13(3):321–9. doi:10.1038/sj.ejhg.5201324 

62. Skerka C, Hellwage J, Weber W, Tilkorn A, Buck F, Marti T, et al. The human 
factor H-related protein 4 (FHR-4). A novel short consensus repeat-contain-
ing protein is associated with human triglyceride-rich lipoproteins. J Biol 
Chem (1997) 272(9):5627–34. doi:10.1074/jbc.272.9.5627 

63. Pouw RB, Brouwer MC, van Beek AE, Jozsi M, Wouters D, Kuijpers TW. 
Complement factor H-related protein 4A is the dominant circulating 
splice variant of CFHR4. Front Immunol (2018) 9:729. doi:10.3389/
fimmu.2018.00729 

64. McRae JL, Cowan PJ, Power DA, Mitchelhill KI, Kemp BE, Morgan BP, 
et  al. Human factor H-related protein 5 (FHR-5). A new complement- 
associated protein. J Biol Chem (2001) 276(9):6747–54. doi:10.1074/jbc.
M007495200 

65. Vernon KA, Goicoechea de Jorge E, Hall AE, Fremeaux-Bacchi V, Aitman TJ,  
Cook HT, et  al. Acute presentation and persistent glomerulonephritis fol-
lowing streptococcal infection in a patient with heterozygous complement 
factor H-related protein 5 deficiency. Am J Kidney Dis (2012) 60(1):121–5. 
doi:10.1053/j.ajkd.2012.02.329 

66. Zhang P, Zhu M, Geng-Spyropoulos M, Shardell M, Gonzalez-Freire M, 
Gudnason V, et al. A novel, multiplexed targeted mass spectrometry assay for 
quantification of complement factor H (CFH) variants and CFH-related pro-
teins 1-5 in human plasma. Proteomics (2017) 17(6):1600237.  doi:10.1002/pmic. 
201600237 

67. Kopczynska M, Zelek W, Touchard S, Gaughran F, Di Forti M, Mondelli V, 
et al. Complement system biomarkers in first episode psychosis. Schizophr 
Res (2017). doi:10.1016/j.schres.2017.12.012 

68. Holmes LV, Strain L, Staniforth SJ, Moore I, Marchbank K, Kavanagh D,  
et  al. Determining the population frequency of the CFHR3/CFHR1 
deletion at 1q32. PLoS One (2013) 8(4):e60352. doi:10.1371/journal.pone. 
0060352 

69. Zhao J, Wu H, Khosravi M, Cui H, Qian X, Kelly JA, et al. Association of 
genetic variants in complement factor H and factor H-related genes with sys-
temic lupus erythematosus susceptibility. PLoS Genet (2011) 7(5):e1002079. 
doi:10.1371/journal.pgen.1002079 

70. Xue X, Wu J, Ricklin D, Forneris F, Di Crescenzio P, Schmidt CQ, et  al. 
Regulator-dependent mechanisms of C3b processing by factor I allow 

30

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fimmu.2017.01145
https://doi.org/10.1111/j.1365-2249.2007.
03552.x
https://doi.org/10.1111/j.1365-2249.2007.
03552.x
https://doi.org/10.1016/S0161-5890(99)00101-7
https://doi.org/10.1111/imr.12479
https://doi.org/10.1016/j.exer.2006.
11.015
https://doi.org/10.1016/j.exer.2006.
11.015
https://doi.org/10.1073/pnas.84.
16.5873
https://doi.org/10.1073/pnas.84.
16.5873
https://doi.org/10.1002/eji.201646703
https://doi.org/10.1016/j.molimm.2005.02.009
https://doi.org/10.1111/j.1365-2249.1994.tb06033.x
https://doi.org/10.1084/jem.151.
3.501
https://doi.org/10.1084/jem.151.
3.501
https://doi.org/10.3389/fimmu.2016.00542
https://doi.org/10.3389/fimmu.2016.00542
https://doi.org/10.1016/j.molimm.2013.06.001
https://doi.org/10.1182/blood-2009-05-223834
https://doi.org/10.1172/JCI68280
https://doi.org/10.3389/fimmu.2017.01328
https://doi.org/10.1016/j.kint.2017.03.041
https://doi.org/10.1016/j.kint.2017.03.043
https://doi.org/10.1371/journal.pone.
0152164
https://doi.org/10.1371/journal.pone.
0152164
https://doi.org/10.1016/j.molimm.2015.06.021
https://doi.org/10.3389/fimmu.2018.
00848
https://doi.org/10.3389/fimmu.2018.
00848
https://doi.org/10.1038/sj.ejhg.5201324
https://doi.org/10.1074/jbc.272.9.5627
https://doi.org/10.3389/fimmu.2018.00729
https://doi.org/10.3389/fimmu.2018.00729
https://doi.org/10.1074/jbc.
M007495200
https://doi.org/10.1074/jbc.
M007495200
https://doi.org/10.1053/j.ajkd.2012.02.329
https://doi.org/10.1002/pmic.
201600237
https://doi.org/10.1002/pmic.
201600237
https://doi.org/10.1016/j.schres.2017.12.012
https://doi.org/10.1371/journal.pone.
0060352
https://doi.org/10.1371/journal.pone.
0060352
https://doi.org/10.1371/journal.pgen.1002079


Sánchez-Corral et al. FH/FHR Proteins in Complement Regulation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1607

differentiation of immune responses. Nat Struct Mol Biol (2017) 24(8):643–51. 
doi:10.1038/nsmb.3427 

71. Riley-Vargas RC, Lanzendorf S, Atkinson JP. Targeted and restricted com-
plement activation on acrosome-reacted spermatozoa. J Clin Invest (2005) 
115(5):1241–9. doi:10.1172/JCI23213 

72. Sjoberg AP, Trouw LA, Blom AM. Complement activation and inhibition: 
a delicate balance. Trends Immunol (2009) 30(2):83–90. doi:10.1016/j.
it.2008.11.003 

73. Jozsi M. Factor H family proteins in complement evasion of microorganisms. 
Front Immunol (2017) 8:571. doi:10.3389/fimmu.2017.00571 

74. Kopp A, Strobel S, Tortajada A, Rodriguez de Cordoba S, Sanchez-Corral P,  
Prohaszka Z, et al. Atypical hemolytic uremic syndrome-associated variants 
and autoantibodies impair binding of factor h and factor h-related protein 
1 to pentraxin 3. J Immunol (2012) 189(4):1858–67. doi:10.4049/jimmunol. 
1200357 

75. Lambris JD, Ricklin D, Geisbrecht BV. Complement evasion by human patho-
gens. Nat Rev Microbiol (2008) 6(2):132–42. doi:10.1038/nrmicro1824 

76. Schmidt CQ, Herbert AP, Kavanagh D, Gandy C, Fenton CJ, Blaum BS, 
et al. A new map of glycosaminoglycan and C3b binding sites on factor H. 
J Immunol (2008) 181(4):2610–9. doi:10.4049/jimmunol.181.4.2610 

77. Deban L, Jarva H, Lehtinen MJ, Bottazzi B, Bastone A, Doni A, et al. Binding 
of the long pentraxin PTX3 to factor H: interacting domains and function in 
the regulation of complement activation. J Immunol (2008) 181(12):8433–40. 
doi:10.4049/jimmunol.181.12.8433 

78. Hebecker M, Alba-Dominguez M, Roumenina LT, Reuter S, Hyvarinen S, 
Dragon-Durey MA, et al. An engineered construct combining complement 
regulatory and surface-recognition domains represents a minimal-size func-
tional factor H. J Immunol (2013) 191(2):912–21. doi:10.4049/jimmunol. 
1300269 

79. Jarva H, Jokiranta TS, Hellwage J, Zipfel PF, Meri S. Regulation of comple-
ment activation by C-reactive protein: targeting the complement inhibitory 
activity of factor H by an interaction with short consensus repeat domains 7 
and 8–11. J Immunol (1999) 163(7):3957–62. 

80. Kajander T, Lehtinen MJ, Hyvarinen S, Bhattacharjee A, Leung E, Isenman DE,  
et  al. Dual interaction of factor H with C3d and glycosaminoglycans in 
host-nonhost discrimination by complement. Proc Natl Acad Sci U S A 
(2011) 108(7):2897–902. doi:10.1073/pnas.1017087108 

81. Morgan HP, Schmidt CQ, Guariento M, Blaum BS, Gillespie D, Herbert AP, 
et al. Structural basis for engagement by complement factor H of C3b on a 
self surface. Nat Struct Mol Biol (2011) 18(4):463–70. doi:10.1038/nsmb.2018 

82. Chen Q, Manzke M, Hartmann A, Buttner M, Amann K, Pauly D, et  al. 
Complement factor H-related 5-hybrid proteins anchor properdin and 
activate complement at self-surfaces. J Am Soc Nephrol (2016) 27(5):1413–25. 
doi:10.1681/ASN.2015020212 

83. Chen Q, Wiesener M, Eberhardt HU, Hartmann A, Uzonyi B, Kirschfink M, 
et al. Complement factor H-related hybrid protein deregulates complement 
in dense deposit disease. J Clin Invest (2014) 124(1):145–55. doi:10.1172/
JCI71866 

84. Hannan JP, Laskowski J, Thurman JM, Hageman GS, Holers VM. 
Mapping the complement factor H-related protein 1 (CFHR1):C3b/C3d 
interactions. PLoS One (2016) 11(11):e0166200. doi:10.1371/journal.pone. 
0166200 

85. Buhlmann D, Eberhardt HU, Medyukhina A, Prodinger WM, Figge MT, 
Zipfel PF, et al. FHR3 blocks C3d-mediated coactivation of human B cells. 
J Immunol (2016) 197(2):620–9. doi:10.4049/jimmunol.1600053 

86. Meri S. Self-nonself discrimination by the complement system. FEBS Lett 
(2016) 590(15):2418–34. doi:10.1002/1873-3468.12284 

87. Blackmore TK, Hellwage J, Sadlon TA, Higgs N, Zipfel PF, Ward HM, et al. 
Identification of the second heparin-binding domain in human complement 
factor H. J Immunol (1998) 160(7):3342–8. 

88. Blackmore TK, Sadlon TA, Ward HM, Lublin DM, Gordon DL. Identification 
of a heparin binding domain in the seventh short consensus repeat of com-
plement factor H. J Immunol (1996) 157(12):5422–7. 

89. Hyvarinen S, Meri S, Jokiranta TS. Disturbed sialic acid recognition 
on endothelial cells and platelets in complement attack causes atypical 
hemolytic uremic syndrome. Blood (2016) 127(22):2701–10. doi:10.1182/
blood-2015-11-680009 

90. Jokiranta TS, Cheng ZZ, Seeberger H, Jozsi M, Heinen S, Noris M, et  al. 
Binding of complement factor H to endothelial cells is mediated by the 

carboxy-terminal glycosaminoglycan binding site. Am J Pathol (2005) 167(4): 
1173–81. doi:10.1016/S0002-9440(10)61205-9 

91. Blaum BS, Hannan JP, Herbert AP, Kavanagh D, Uhrin D, Stehle T. Structural 
basis for sialic acid-mediated self-recognition by complement factor H. Nat 
Chem Biol (2015) 11(1):77–82. doi:10.1038/nchembio.1696 

92. Clark SJ, Ridge LA, Herbert AP, Hakobyan S, Mulloy B, Lennon R, et  al. 
Tissue-specific host recognition by complement factor H is mediated by 
differential activities of its glycosaminoglycan-binding regions. J Immunol 
(2013) 190(5):2049–57. doi:10.4049/jimmunol.1201751 

93. Clark SJ, Schmidt CQ, White AM, Hakobyan S, Morgan BP, Bishop PN. 
Identification of factor H-like protein 1 as the predominant complement 
regu lator in Bruch’s membrane: implications for age-related macular 
degeneration. J Immunol (2014) 193(10):4962–70. doi:10.4049/jimmunol. 
1401613 

94. Rudnick RB, Chen Q, Stea ED, Hartmann A, Papac-Milicevic N, Person F, 
et al. FHR5 binds to laminins, uses separate C3b and surface-binding sites, 
and activates complement on malondialdehyde-acetaldehyde surfaces. 
J Immunol (2018) 200(7):2280–90. doi:10.4049/jimmunol.1701641 

95. Clark SJ, Bishop PN, Day AJ. The proteoglycan glycomatrix: a sugar microen-
vironment essential for complement regulation. Front Immunol (2013) 4:412. 
doi:10.3389/fimmu.2013.00412 

96. Martin M, Blom AM. Complement in removal of the dead – balancing 
inflammation. Immunol Rev (2016) 274(1):218–32. doi:10.1111/imr.12462 

97. Trouw LA, Bengtsson AA, Gelderman KA, Dahlback B, Sturfelt G, Blom AM.  
C4b-binding protein and factor H compensate for the loss of membrane- 
bound complement inhibitors to protect apoptotic cells against excessive 
complement attack. J Biol Chem (2007) 282(39):28540–8. doi:10.1074/jbc.
M704354200 

98. Leffler J, Herbert AP, Norstrom E, Schmidt CQ, Barlow PN, Blom AM, et al. 
Annexin-II, DNA, and histones serve as factor H ligands on the surface of 
apoptotic cells. J Biol Chem (2010) 285(6):3766–76. doi:10.1074/jbc.M109. 
045427 

99. Weismann D, Hartvigsen K, Lauer N, Bennett KL, Scholl HP, Charbel 
Issa P, et  al. Complement factor H binds malondialdehyde epitopes and 
protects from oxidative stress. Nature (2011) 478(7367):76–81. doi:10.1038/
nature10449 

100. Gershov D, Kim S, Brot N, Elkon KB. C-Reactive protein binds to apop-
totic cells, protects the cells from assembly of the terminal complement 
components, and sustains an antiinflammatory innate immune response: 
implications for systemic autoimmunity. J Exp Med (2000) 192(9):1353–64. 
doi:10.1084/jem.192.9.1353 

101. Bottazzi B, Doni A, Garlanda C, Mantovani A. An integrated view of humoral 
innate immunity: pentraxins as a paradigm. Annu Rev Immunol (2010) 
28:157–83. doi:10.1146/annurev-immunol-030409-101305 

102. Biro A, Rovo Z, Papp D, Cervenak L, Varga L, Fust G, et  al. Studies on 
the interactions between C-reactive protein and complement proteins. 
Immunology (2007) 121(1):40–50. doi:10.1111/j.1365-2567.2007.02535.x 

103. Braunschweig A, Jozsi M. Human pentraxin 3 binds to the complement 
regulator c4b-binding protein. PLoS One (2011) 6(8):e23991. doi:10.1371/
journal.pone.0023991 

104. Deban L, Jaillon S, Garlanda C, Bottazzi B, Mantovani A. Pentraxins in 
innate immunity: lessons from PTX3. Cell Tissue Res (2011) 343(1):237–49. 
doi:10.1007/s00441-010-1018-0 

105. Ma YJ, Doni A, Skjoedt MO, Honore C, Arendrup M, Mantovani A, et al. 
Heterocomplexes of mannose-binding lectin and the pentraxins PTX3 or 
serum amyloid P component trigger cross-activation of the complement 
system. J Biol Chem (2011) 286(5):3405–17. doi:10.1074/jbc.M110.190637 

106. Nauta AJ, Bottazzi B, Mantovani A, Salvatori G, Kishore U, Schwaeble WJ, 
et al. Biochemical and functional characterization of the interaction between 
pentraxin 3 and C1q. Eur J Immunol (2003) 33(2):465–73. doi:10.1002/immu. 
200310022 

107. Sjoberg AP, Trouw LA, McGrath FD, Hack CE, Blom AM. Regulation of com-
plement activation by C-reactive protein: targeting of the inhibitory activity 
of C4b-binding protein. J Immunol (2006) 176(12):7612–20. doi:10.4049/
jimmunol.176.12.7612 

108. Hakobyan S, Harris CL, van den Berg CW, Fernandez-Alonso MC, de 
Jorge EG, de Cordoba SR, et al. Complement factor H binds to denatured 
rather than to native pentameric C-reactive protein. J Biol Chem (2008) 
283(45):30451–60. doi:10.1074/jbc.M803648200 

31

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nsmb.3427
https://doi.org/10.1172/JCI23213
https://doi.org/10.1016/j.it.2008.11.003
https://doi.org/10.1016/j.it.2008.11.003
https://doi.org/10.3389/fimmu.2017.00571
https://doi.org/10.4049/jimmunol.
1200357
https://doi.org/10.4049/jimmunol.
1200357
https://doi.org/10.1038/nrmicro1824
https://doi.org/10.4049/jimmunol.181.4.2610
https://doi.org/10.4049/jimmunol.181.12.8433
https://doi.org/10.4049/jimmunol.
1300269
https://doi.org/10.4049/jimmunol.
1300269
https://doi.org/10.1073/pnas.1017087108
https://doi.org/10.1038/nsmb.2018
https://doi.org/10.1681/ASN.2015020212
https://doi.org/10.1172/JCI71866
https://doi.org/10.1172/JCI71866
https://doi.org/10.1371/journal.pone.
0166200
https://doi.org/10.1371/journal.pone.
0166200
https://doi.org/10.4049/jimmunol.1600053
https://doi.org/10.1002/1873-3468.12284
https://doi.org/10.1182/blood-2015-11-680009
https://doi.org/10.1182/blood-2015-11-680009
https://doi.org/10.1016/S0002-9440(10)61205-9
https://doi.org/10.1038/nchembio.1696
https://doi.org/10.4049/jimmunol.1201751
https://doi.org/10.4049/jimmunol.
1401613
https://doi.org/10.4049/jimmunol.
1401613
https://doi.org/10.4049/jimmunol.1701641
https://doi.org/10.3389/fimmu.2013.00412
https://doi.org/10.1111/imr.12462
https://doi.org/10.1074/jbc.M704354200
https://doi.org/10.1074/jbc.M704354200
https://doi.org/10.1074/jbc.M109.
045427
https://doi.org/10.1074/jbc.M109.
045427
https://doi.org/10.1038/nature10449
https://doi.org/10.1038/nature10449
https://doi.org/10.1084/jem.192.9.1353
https://doi.org/10.1146/annurev-immunol-030409-101305
https://doi.org/10.1111/j.1365-2567.2007.02535.x
https://doi.org/10.1371/journal.pone.0023991
https://doi.org/10.1371/journal.pone.0023991
https://doi.org/10.1007/s00441-010-1018-0
https://doi.org/10.1074/jbc.M110.190637
https://doi.org/10.1002/immu.200310022
https://doi.org/10.1002/immu.200310022
https://doi.org/10.4049/jimmunol.176.12.7612
https://doi.org/10.4049/jimmunol.176.12.7612
https://doi.org/10.1074/jbc.M803648200


Sánchez-Corral et al. FH/FHR Proteins in Complement Regulation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1607

109. Mihlan M, Stippa S, Jozsi M, Zipfel PF. Monomeric CRP contributes to 
complement control in fluid phase and on cellular surfaces and increases 
phagocytosis by recruiting factor H. Cell Death Differ (2009) 16(12):1630–40. 
doi:10.1038/cdd.2009.103 

110. Okemefuna AI, Nan R, Miller A, Gor J, Perkins SJ. Complement factor 
H binds at two independent sites to C-reactive protein in acute phase 
concentrations. J Biol Chem (2010) 285(2):1053–65. doi:10.1074/jbc.M109. 
044529 

111. Hebecker M, Okemefuna AI, Perkins SJ, Mihlan M, Huber-Lang M, Jozsi M. 
Molecular basis of C-reactive protein binding and modulation of complement 
activation by factor H-related protein 4. Mol Immunol (2010) 47(6):1347–55. 
doi:10.1016/j.molimm.2009.12.005 

112. Mihlan M, Hebecker M, Dahse HM, Halbich S, Huber-Lang M, Dahse R, 
et  al. Human complement factor H-related protein 4 binds and recruits 
native pentameric C-reactive protein to necrotic cells. Mol Immunol (2009) 
46(3):335–44. doi:10.1016/j.molimm.2008.10.029 

113. Inforzato A, Baldock C, Jowitt TA, Holmes DF, Lindstedt R, Marcellini M, 
et al. The angiogenic inhibitor long pentraxin PTX3 forms an asymmetric 
octamer with two binding sites for FGF2. J Biol Chem (2010) 285(23): 
17681–92. doi:10.1074/jbc.M109.085639 

114. Hyvarinen S, Uchida K, Varjosalo M, Jokela R, Jokiranta TS. Recognition 
of malondialdehyde-modified proteins by the C terminus of complement 
factor H is mediated via the polyanion binding site and impaired by muta-
tions found in atypical hemolytic uremic syndrome. J Biol Chem (2014) 
289(7):4295–306. doi:10.1074/jbc.M113.527416 

115. Delvaeye M, Noris M, De Vriese A, Esmon CT, Esmon NL, Ferrell G, et al. 
Thrombomodulin mutations in atypical hemolytic-uremic syndrome. N Engl 
J Med (2009) 361(4):345–57. doi:10.1056/NEJMoa0810739 

116. Heurich M, Preston RJ, O’Donnell VB, Morgan BP, Collins PW. Throm-
bomodulin enhances complement regulation through strong affinity inter-
actions with factor H and C3b-Factor H complex. Thromb Res (2016) 145:84–92.  
doi:10.1016/j.thromres.2016.07.017 

117. Tateishi K, Imaoka M, Matsushita M. Dual modulating functions of throm-
bomodulin in the alternative complement pathway. Biosci Trends (2016) 
10(3):231–4. doi:10.5582/bst.2016.01052 

118. Feng S, Liang X, Cruz MA, Vu H, Zhou Z, Pemmaraju N, et al. The interaction 
between factor H and Von Willebrand factor. PLoS One (2013) 8(8):e73715. 
doi:10.1371/journal.pone.0073715 

119. Nolasco L, Nolasco J, Feng S, Afshar-Kharghan V, Moake J. Human com-
plement factor H is a reductase for large soluble von Willebrand factor  
multimers – brief report. Arterioscler Thromb Vasc Biol (2013) 33(11):2524–8. 
doi:10.1161ATVBAHA.113.302280 

120. Rayes J, Roumenina LT, Dimitrov JD, Repesse Y, Ing M, Christophe O, et al. 
The interaction between factor H and VWF increases factor H cofactor activ-
ity and regulates VWF prothrombotic status. Blood (2014) 123(1):121–5. 
doi:10.1182/blood-2013-04-495853 

121. Frimat M, Tabarin F, Dimitrov JD, Poitou C, Halbwachs-Mecarelli L, 
Fremeaux-Bacchi V, et al. Complement activation by heme as a secondary 
hit for atypical hemolytic uremic syndrome. Blood (2013) 122(2):282–92. 
doi:10.1182/blood-2013-03-489245 

122. Haapasalo K, van Kessel K, Nissila E, Metso J, Johansson T, Miettinen S, et al. 
Complement factor H binds to human serum apolipoprotein E and mediates 
complement regulation on high density lipoprotein particles. J Biol Chem 
(2015) 290(48):28977–87. doi:10.1074/jbc.M115.669226 

123. Chen SF, Wang FM, Li ZY, Yu F, Chen M, Zhao MH. Myeloperoxidase 
influences the complement regulatory activity of complement factor H. 
Rheumatology (Oxford) (2018). doi:10.1093/rheumatology/kex529 

124. Jozsi M, Schneider AE, Karpati E, Sandor N. Complement factor H family 
proteins in their non-canonical role as modulators of cellular functions. 
Semin Cell Dev Biol (2018). doi:10.1016/j.semcdb.2017.12.018 

125. DiScipio RG, Daffern PJ, Schraufstatter IU, Sriramarao P. Human poly-
morphonuclear leukocytes adhere to complement factor H through an 
interaction that involves alphaMbeta2 (CD11b/CD18). J Immunol (1998) 
160(8):4057–66. 

126. Svoboda E, Schneider AE, Sandor N, Lermann U, Staib P, Kremlitzka M, 
et al. Secreted aspartic protease 2 of Candida albicans inactivates factor 
H and the macrophage factor H-receptors CR3 (CD11b/CD18) and CR4  
(CD11c/CD18). Immunol Lett (2015) 168(1):13–21. doi:10.1016/j.imlet.2015. 
08.009 

127. Schneider AE, Sandor N, Karpati E, Jozsi M. Complement factor H modu-
lates the activation of human neutrophil granulocytes and the generation of 
neutrophil extracellular traps. Mol Immunol (2016) 72:37–48. doi:10.1016/j.
molimm.2016.02.011 

128. Agarwal V, Asmat TM, Luo S, Jensch I, Zipfel PF, Hammerschmidt S. 
Complement regulator Factor H mediates a two-step uptake of Streptococcus 
pneumoniae by human cells. J Biol Chem (2010) 285(30):23486–95. doi:10.1074/ 
jbc.M110.142703 

129. Losse J, Zipfel PF, Jozsi M. Factor H and factor H-related protein 1 bind 
to human neutrophils via complement receptor 3, mediate attachment to 
Candida albicans, and enhance neutrophil antimicrobial activity. J Immunol 
(2010) 184(2):912–21. doi:10.4049/jimmunol.0901702 

130. Hellwage J, Kuhn S, Zipfel PF. The human complement regulatory factor-
H-like protein 1, which represents a truncated form of factor H, displays 
cell-attachment activity. Biochem J (1997) 326(Pt 2):321–7. doi:10.1042/
bj3260321 

131. Iferroudjene D, Schouft MT, Lemercier C, Gilbert D, Fontaine M. Evidence 
for an active hydrophobic form of factor H that is able to induce secretion 
of interleukin 1-beta or by human monocytes. Eur J Immunol (1991) 
21(4):967–72. doi:10.1002/eji.1830210416 

132. Nabil K, Rihn B, Jaurand MC, Vignaud JM, Ripoche J, Martinet Y, et  al. 
Identification of human complement factor H as a chemotactic protein for 
monocytes. Biochem J (1997) 326(Pt 2):377–83. doi:10.1042/bj3260377 

133. Ohtsuka H, Imamura T, Matsushita M, Tanase S, Okada H, Ogawa M, et al. 
Thrombin generates monocyte chemotactic activity from complement factor 
H. Immunology (1993) 80(1):140–5. 

134. Schopf RE, Hammann KP, Scheiner O, Lemmel EM, Dierich MP. Activation 
of human monocytes by both human beta 1H and C3b. Immunology (1982) 
46(2):307–12. 

135. Olivar R, Luque A, Cardenas-Brito S, Naranjo-Gomez M, Blom AM,  
Borras FE, et  al. The complement inhibitor factor H generates an anti- 
inflammatory and tolerogenic state in monocyte-derived dendritic cells. 
J Immunol (2016) 196(10):4274–90. doi:10.4049/jimmunol.1500455 

136. Calippe B, Augustin S, Beguier F, Charles-Messance H, Poupel L, Conart JB,  
et al. Complement factor H inhibits CD47-mediated resolution of inflam-
mation. Immunity (2017) 46(2):261–72. doi:10.1016/j.immuni.2017.01.006 

137. Erdei A, Sim RB. Complement factor H-binding protein of Raji cells and ton-
sil B lymphocytes. Biochem J (1987) 246(1):149–56. doi:10.1042/bj2460149 

138. Hammann KP, Raile A, Schmitt M, Mussel HH, Peters H, Scheiner O, et al. beta 
1H stimulates mouse-spleen B lymphocytes as demonstrated by increased 
thymidine incorporation and formation of B  cell blasts. Immunobiology 
(1981) 160(3–4):289–301. doi:10.1016/S0171-2985(81)80055-1 

139. Lambris JD, Dobson NJ, Ross GD. Release of endogenous C3b inactivator 
from lymphocytes in response to triggering membrane receptors for beta 
1H globulin. J Exp Med (1980) 152(6):1625–44. doi:10.1084/jem.152. 
6.1625 

140. Tsokos GC, Inghirami G, Tsoukas CD, Balow JE, Lambris JD. Regulation of 
immunoglobulin secretion by factor H of human complement. Immunology 
(1985) 55(3):419–26. 

141. Goodship TH, Cook HT, Fakhouri F, Fervenza FC, Fremeaux-Bacchi V, 
Kavanagh D, et al. Atypical hemolytic uremic syndrome and C3 glomeru-
lopathy: conclusions from a "kidney disease: improving global outcomes" 
(KDIGO) Controversies Conference. Kidney Int (2017) 91(3):539–51. 
doi:10.1016/j.kint.2016.10.005 

142. Nester CM, Barbour T, de Cordoba SR, Dragon-Durey MA, Fremeaux-
Bacchi V, Goodship TH, et al. Atypical aHUS: state of the art. Mol Immunol 
(2015) 67(1):31–42. doi:10.1016/j.molimm.2015.03.246 

143. Noris M, Remuzzi G. Atypical hemolytic-uremic syndrome. N Engl J Med 
(2009) 361(17):1676–87. doi:10.1056/NEJMra0902814 

144. Maillard N, Wyatt RJ, Julian BA, Kiryluk K, Gharavi A, Fremeaux-Bacchi V, 
et al. Current understanding of the role of complement in IgA nephropathy. 
J Am Soc Nephrol (2015) 26(7):1503–12. doi:10.1681/ASN.2014101000 

145. Suzuki H, Kiryluk K, Novak J, Moldoveanu Z, Herr AB, Renfrow MB, 
et  al. The pathophysiology of IgA nephropathy. J Am Soc Nephrol (2011) 
22(10):1795–803. doi:10.1681/ASN.2011050464 

146. Geerlings MJ, de Jong EK, den Hollander AI. The complement system in 
age-related macular degeneration: a review of rare genetic variants and 
implications for personalized treatment. Mol Immunol (2017) 84:65–76. 
doi:10.1016/j.molimm.2016.11.016 

32

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/cdd.2009.103
https://doi.org/10.1074/jbc.M109.
044529
https://doi.org/10.1074/jbc.M109.
044529
https://doi.org/10.1016/j.molimm.2009.12.005
https://doi.org/10.1016/j.molimm.2008.10.029
https://doi.org/10.1074/jbc.M109.085639
https://doi.org/10.1074/jbc.M113.527416
https://doi.org/10.1056/NEJMoa0810739
https://doi.org/10.1016/j.thromres.2016.07.017
https://doi.org/10.5582/bst.2016.01052
https://doi.org/10.1371/journal.pone.0073715
https://doi.org/10.1161/ATVBAHA.113.302280
https://doi.org/10.1182/blood-2013-04-495853
https://doi.org/10.1182/blood-2013-03-489245
https://doi.org/10.1074/jbc.M115.669226
https://doi.org/10.1093/rheumatology/kex529
https://doi.org/10.1016/j.semcdb.2017.12.018
https://doi.org/10.1016/j.imlet.2015.
08.009
https://doi.org/10.1016/j.imlet.2015.
08.009
https://doi.org/10.1016/j.molimm.2016.02.011
https://doi.org/10.1016/j.molimm.2016.02.011
https://doi.org/10.1074/
jbc.M110.142703
https://doi.org/10.1074/
jbc.M110.142703
https://doi.org/10.4049/jimmunol.0901702
https://doi.org/10.1042/bj3260321
https://doi.org/10.1042/bj3260321
https://doi.org/10.1002/eji.1830210416
https://doi.org/10.1042/bj3260377
https://doi.org/10.4049/jimmunol.1500455
https://doi.org/10.1016/j.immuni.2017.01.006
https://doi.org/10.1042/bj2460149
https://doi.org/10.1016/S0171-2985(81)80055-1
https://doi.org/10.1084/jem.152.
6.1625
https://doi.org/10.1084/jem.152.
6.1625
https://doi.org/10.1016/j.kint.2016.10.005
https://doi.org/10.1016/j.molimm.2015.03.246
https://doi.org/10.1056/NEJMra0902814
https://doi.org/10.1681/ASN.2014101000
https://doi.org/10.1681/ASN.2011050464
https://doi.org/10.1016/j.molimm.2016.11.016


Sánchez-Corral et al. FH/FHR Proteins in Complement Regulation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1607

147. Hageman GS, Anderson DH, Johnson LV, Hancox LS, Taiber AJ, Hardisty LI,  
et al. A common haplotype in the complement regulatory gene factor H (HF1/
CFH) predisposes individuals to age-related macular degeneration. Proc  
Natl Acad Sci U S A (2005) 102(20):7227–32. doi:10.1073/pnas.0501536102 

148. Hageman GS, Hancox LS, Taiber AJ, Gehrs KM, Anderson DH, Johnson LV, 
et  al. Extended haplotypes in the complement factor H (CFH) and CFH-
related (CFHR) family of genes protect against age-related macular degen-
eration: characterization, ethnic distribution and evolutionary implications. 
Ann Med (2006) 38(8):592–604. doi:10.1080/07853890601097030 

149. Pickering MC, de Jorge EG, Martinez-Barricarte R, Recalde S, Garcia- 
Layana A, Rose KL, et al. Spontaneous hemolytic uremic syndrome triggered 
by complement factor H lacking surface recognition domains. J Exp Med 
(2007) 204(6):1249–56. doi:10.1084/jem.20070301 

150. Tortajada A, Montes T, Martinez-Barricarte R, Morgan BP, Harris CL,  
de Cordoba SR. The disease-protective complement factor H allotypic vari-
ant Ile62 shows increased binding affinity for C3b and enhanced cofactor 
activity. Hum Mol Genet (2009) 18(18):3452–61. doi:10.1093/hmg/ddp289 

151. Zareparsi S, Branham KE, Li M, Shah S, Klein RJ, Ott J, et al. Strong associa-
tion of the Y402H variant in complement factor H at 1q32 with susceptibility 
to age-related macular degeneration. Am J Hum Genet (2005) 77(1):149–53. 
doi:10.1086/431426 

152. Clark SJ, Perveen R, Hakobyan S, Morgan BP, Sim RB, Bishop PN, et  al. 
Impaired binding of the age-related macular degeneration-associated com-
plement factor H 402H allotype to Bruch’s membrane in human retina. J Biol 
Chem (2010) 285(39):30192–202. doi:10.1074/jbc.M110.103986 

153. Li M, Atmaca-Sonmez P, Othman M, Branham KE, Khanna R, Wade MS, 
et al. CFH haplotypes without the Y402H coding variant show strong asso-
ciation with susceptibility to age-related macular degeneration. Nat Genet 
(2006) 38(9):1049–54. doi:10.1038/ng1871 

154. Caprioli J, Bettinaglio P, Zipfel PF, Amadei B, Daina E, Gamba S, et al. The 
molecular basis of familial hemolytic uremic syndrome: mutation analysis 
of factor H gene reveals a hot spot in short consensus repeat 20. J Am Soc 
Nephrol (2001) 12(2):297–307. 

155. Sanchez-Corral P, Perez-Caballero D, Huarte O, Simckes AM, Goicoechea E,  
Lopez-Trascasa M, et al. Structural and functional characterization of factor 
H mutations associated with atypical hemolytic uremic syndrome. Am 
J Hum Genet (2002) 71(6):1285–95. doi:10.1086/344515 

156. Servais A, Noel LH, Roumenina LT, Le Quintrec M, Ngo S, Dragon-Durey MA,  
et  al. Acquired and genetic complement abnormalities play a critical role 
in dense deposit disease and other C3 glomerulopathies. Kidney Int (2012) 
82(4):454–64. doi:10.1038/ki.2012.63 

157. Fritsche LG, Igl W, Bailey JN, Grassmann F, Sengupta S, Bragg-Gresham JL, 
et al. A large genome-wide association study of age-related macular degen-
eration highlights contributions of rare and common variants. Nat Genet 
(2016) 48(2):134–43. doi:10.1038/ng.3448 

158. Raychaudhuri S, Iartchouk O, Chin K, Tan PL, Tai AK, Ripke S, et  al.  
A rare penetrant mutation in CFH confers high risk of age-related macular 
degeneration. Nat Genet (2011) 43(12):1232–6. doi:10.1038/ng.976 

159. Recalde S, Tortajada A, Subias M, Anter J, Blasco M, Maranta R, et  al. 
Molecular basis of factor H R1210C association with ocular and renal dis-
eases. J Am Soc Nephrol (2016) 27(5):1305–11. doi:10.1681/ASN.2015050580 

160. Martinez-Barricarte R, Recalde S, Fernandez-Robredo P, Millan I, Olavarrieta L,  
Vinuela A, et  al. Relevance of complement factor H-related 1 (CFHR1) 
genotypes in age-related macular degeneration. Invest Ophthalmol Vis Sci 
(2012) 53(3):1087–94. doi:10.1167/iovs.11-8709 

161. Hughes AE, Orr N, Esfandiary H, Diaz-Torres M, Goodship T, Chakravarthy U.  
A common CFH haplotype, with deletion of CFHR1 and CFHR3, is associ-
ated with lower risk of age-related macular degeneration. Nat Genet (2006) 
38(10):1173–7. doi:10.1038/ng1890 

162. Gharavi AG, Kiryluk K, Choi M, Li Y, Hou P, Xie J, et  al. Genome-wide 
association study identifies susceptibility loci for IgA nephropathy. Nat Genet 
(2011) 43(4):321–7. doi:10.1038/ng.787 

163. Zipfel PF, Edey M, Heinen S, Jozsi M, Richter H, Misselwitz J, et al. Deletion 
of complement factor H-related genes CFHR1 and CFHR3 is associated 
with atypical hemolytic uremic syndrome. PLoS Genet (2007) 3(3):e41. 
doi:10.1371/journal.pgen.0030041 

164. Moore I, Strain L, Pappworth I, Kavanagh D, Barlow PN, Herbert AP, et al. 
Association of factor H autoantibodies with deletions of CFHR1, CFHR3, 
CFHR4, and with mutations in CFH, CFI, CD46, and C3 in patients 

with atypical hemolytic uremic syndrome. Blood (2010) 115(2):379–87. 
doi:10.1182/blood-2009-05-221549 

165. Kubista KE, Tosakulwong N, Wu Y, Ryu E, Roeder JL, Hecker LA, et al. Copy 
number variation in the complement factor H-related genes and age-related 
macular degeneration. Mol Vis (2011) 17:2080–92. 

166. Schmid-Kubista KE, Tosakulwong N, Wu Y, Ryu E, Hecker LA, Baratz KH, 
et al. Contribution of copy number variation in the regulation of complement 
activation locus to development of age-related macular degeneration. Invest 
Ophthalmol Vis Sci (2009) 50(11):5070–9. doi:10.1167/iovs.09-3975 

167. Zhu L, Zhai YL, Wang FM, Hou P, Lv JC, Xu DM, et al. Variants in comple-
ment factor H and complement factor H-related protein genes, CFHR3 and 
CFHR1, affect complement activation in IgA nephropathy. J Am Soc Nephrol 
(2015) 26(5):1195–204. doi:10.1681/ASN.2014010096 

168. Heinen S, Sanchez-Corral P, Jackson MS, Strain L, Goodship JA, Kemp EJ,  
et al. De novo gene conversion in the RCA gene cluster (1q32) causes muta-
tions in complement factor H associated with atypical hemolytic uremic 
syndrome. Hum Mutat (2006) 27(3):292–3. doi:10.1002/humu.9408 

169. Venables JP, Strain L, Routledge D, Bourn D, Powell HM, Warwicker P, 
et  al. Atypical haemolytic uraemic syndrome associated with a hybrid 
complement gene. PLoS Med (2006) 3(10):e431. doi:10.1371/journal.pmed. 
0030431 

170. Maga TK, Meyer NC, Belsha C, Nishimura CJ, Zhang Y, Smith RJ.  
A novel deletion in the RCA gene cluster causes atypical hemolytic uremic 
syndrome. Nephrol Dial Transplant (2011) 26(2):739–41. doi:10.1093/ndt/ 
gfq658 

171. Eyler SJ, Meyer NC, Zhang Y, Xiao X, Nester CM, Smith RJ. A novel hybrid 
CFHR1/CFH gene causes atypical hemolytic uremic syndrome. Pediatr 
Nephrol (2013) 28(11):2221–5. doi:10.1007/s00467-013-2560-2 

172. Valoti E, Alberti M, Tortajada A, Garcia-Fernandez J, Gastoldi S, Besso L, 
et al. A novel atypical hemolytic uremic syndrome-associated hybrid CFHR1/
CFH gene encoding a fusion protein that antagonizes factor H-dependent 
complement regulation. J Am Soc Nephrol (2015) 26(1):209–19. doi:10.1681/
ASN.2013121339 

173. Goicoechea de Jorge E, Tortajada A, Garcia SP, Gastoldi S, Merinero HM, 
Garcia-Fernandez J, et al. Factor H competitor generated by gene conversion 
events associates with atypical hemolytic uremic syndrome. J Am Soc Nephrol 
(2018) 29(1):240–9. doi:10.1681/ASN.2017050518 

174. Francis NJ, McNicholas B, Awan A, Waldron M, Reddan D, Sadlier D, et al. 
A novel hybrid CFH/CFHR3 gene generated by a microhomology-mediated 
deletion in familial atypical hemolytic uremic syndrome. Blood (2012) 
119(2):591–601. doi:10.1182/blood-2011-03-339903 

175. Challis RC, Araujo GS, Wong EK, Anderson HE, Awan A, Dorman AM, 
et al. A De Novo deletion in the regulators of complement activation cluster 
producing a hybrid complement factor H/complement factor H-related 
3 gene in atypical hemolytic uremic syndrome. J Am Soc Nephrol (2016) 
27(6):1617–24. doi:10.1681/ASN.2015010100 

176. Gale DP, de Jorge EG, Cook HT, Martinez-Barricarte R, Hadjisavvas A, 
McLean AG, et  al. Identification of a mutation in complement factor 
H-related protein 5 in patients of Cypriot origin with glomerulonephritis. 
Lancet (2010) 376(9743):794–801. doi:10.1016/S0140-6736(10)60670-8 

177. Athanasiou Y, Voskarides K, Gale DP, Damianou L, Patsias C, Zavros M, 
et al. Familial C3 glomerulopathy associated with CFHR5 mutations: clinical 
characteristics of 91 patients in 16 pedigrees. Clin J Am Soc Nephrol (2011) 
6(6):1436–46. doi:10.2215/CJN.09541010 

178. Vernon KA, Gale DP, de Jorge EG, McLean AG, Galliford J, Pierides A,  
et  al. Recurrence of complement factor H-related protein 5 nephropathy 
in a renal transplant. Am J Transplant (2011) 11(1):152–5. doi:10.1111/ 
j.1600-6143.2010.03333.x 

179. Medjeral-Thomas N, Malik TH, Patel MP, Toth T, Cook HT, Tomson C, 
et al. A novel CFHR5 fusion protein causes C3 glomerulopathy in a family 
without Cypriot ancestry. Kidney Int (2014) 85(4):933–7. doi:10.1038/ki. 
2013.348 

180. Tortajada A, Gutierrez-Tenorio J, Saiz Gonzalez A, Marcen Letosa R, 
Bouthelier A, Sanchez-Corral P, et  al. Novel duplication of the FHRs 
dimerization domain associated with C3G. Mol Immunol (2017) 89:181. 
doi:10.1016/j.molimm.2017.06.169 

181. Malik TH, Lavin PJ, Goicoechea de Jorge E, Vernon KA, Rose KL, Patel MP, 
et al. A hybrid CFHR3-1 gene causes familial C3 glomerulopathy. J Am Soc 
Nephrol (2012) 23(7):1155–60. doi:10.1681/ASN.2012020166 

33

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.0501536102
https://doi.org/10.1080/07853890601097030
https://doi.org/10.1084/jem.20070301
https://doi.org/10.1093/hmg/ddp289
https://doi.org/10.1086/431426
https://doi.org/10.1074/jbc.M110.103986
https://doi.org/10.1038/ng1871
https://doi.org/10.1086/344515
https://doi.org/10.1038/ki.2012.63
https://doi.org/10.1038/ng.3448
https://doi.org/10.1038/ng.976
https://doi.org/10.1681/ASN.2015050580
https://doi.org/10.1167/iovs.11-8709
https://doi.org/10.1038/ng1890
https://doi.org/10.1038/ng.787
https://doi.org/10.1371/journal.pgen.0030041
https://doi.org/10.1182/blood-2009-05-221549
https://doi.org/10.1167/iovs.09-3975
https://doi.org/10.1681/ASN.2014010096
https://doi.org/10.1002/humu.9408
https://doi.org/10.1371/journal.pmed.
0030431
https://doi.org/10.1371/journal.pmed.
0030431
https://doi.org/10.1093/ndt/
gfq658
https://doi.org/10.1093/ndt/
gfq658
https://doi.org/10.1007/s00467-013-2560-2
https://doi.org/10.1681/ASN.2013121339
https://doi.org/10.1681/ASN.2013121339
https://doi.org/10.1681/ASN.2017050518
https://doi.org/10.1182/blood-2011-03-339903
https://doi.org/10.1681/ASN.2015010100
https://doi.org/10.1016/S0140-6736(10)60670-8
https://doi.org/10.2215/CJN.09541010
https://doi.org/10.1111/
j.1600-6143.2010.03333.x
https://doi.org/10.1111/
j.1600-6143.2010.03333.x
https://doi.org/10.1038/ki.
2013.348
https://doi.org/10.1038/ki.
2013.348
https://doi.org/10.1016/j.molimm.2017.06.169
https://doi.org/10.1681/ASN.2012020166


Sánchez-Corral et al. FH/FHR Proteins in Complement Regulation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1607

182. Wong L, Moran S, Lavin PJ, Dorman AM, Conlon PJ. Kidney transplant 
outcomes in familial C3 glomerulopathy. Clin Kidney J (2016) 9(3):403–7. 
doi:10.1093/ckj/sfw020 

183. Dragon-Durey MA, Loirat C, Cloarec S, Macher MA, Blouin J, Nivet H, 
et  al. Anti-factor H autoantibodies associated with atypical hemolytic 
uremic syndrome. J Am Soc Nephrol (2005) 16(2):555–63. doi:10.1681/ASN. 
2004050380 

184. Dragon-Durey MA, Blanc C, Garnier A, Hofer J, Sethi SK, Zimmerhackl LB. 
Anti-factor H autoantibody-associated hemolytic uremic syndrome: review 
of literature of the autoimmune form of HUS. Semin Thromb Hemost (2010) 
36(6):633–40. doi:10.1055/s-0030-1262885 

185. Jozsi M, Oppermann M, Lambris JD, Zipfel PF. The C-terminus of com-
plement factor H is essential for host cell protection. Mol Immunol (2007) 
44(10):2697–706. doi:10.1016/j.molimm.2006.12.001 

186. Strobel S, Hoyer PF, Mache CJ, Sulyok E, Liu WS, Richter H, et al. Functional 
analyses indicate a pathogenic role of factor H autoantibodies in atypical 
haemolytic uraemic syndrome. Nephrol Dial Transplant (2010) 25(1):136–44. 
doi:10.1093/ndt/gfp388 

187. Blanc C, Roumenina LT, Ashraf Y, Hyvarinen S, Sethi SK, Ranchin B, et al. 
Overall neutralization of complement factor H by autoantibodies in the acute 
phase of the autoimmune form of atypical hemolytic uremic syndrome. 
J Immunol (2012) 189(7):3528–37. doi:10.4049/jimmunol.1200679 

188. Dragon-Durey MA, Blanc C, Marliot F, Loirat C, Blouin J, Sautes- 
Fridman C, et al. The high frequency of complement factor H related CFHR1 
gene deletion is restricted to specific subgroups of patients with atypical hae-
molytic uraemic syndrome. J Med Genet (2009) 46(7):447–50. doi:10.1136/
jmg.2008.064766 

189. Jozsi M, Licht C, Strobel S, Zipfel SL, Richter H, Heinen S, et  al. Factor 
H autoantibodies in atypical hemolytic uremic syndrome correlate with 
CFHR1/CFHR3 deficiency. Blood (2008) 111(3):1512–4. doi:10.1182/
blood-2007-09-109876 

190. Nozal P, Garrido S, Alba-Dominguez M, Espinosa L, Pena A, Cordoba SR, 
et al. An ELISA assay with two monoclonal antibodies allows the estimation 
of free factor H and identifies patients with acquired deficiency of this 
complement regulator. Mol Immunol (2014) 58(2):194–200. doi:10.1016/j.
molimm.2013.11.021 

191. Bhattacharjee A, Reuter S, Trojnar E, Kolodziejczyk R, Seeberger H,  
Hyvarinen S, et al. The major autoantibody epitope on factor H in atypical 
hemolytic uremic syndrome is structurally different from its homologous 
site in factor H-related protein 1, supporting a novel model for induction 

of autoimmunity in this disease. J Biol Chem (2015) 290(15):9500–10. 
doi:10.1074/jbc.M114.630871 

192. Nozal P, Bernabeu-Herrero ME, Uzonyi B, Szilagyi A, Hyvarinen S,  
Prohaszka Z, et al. Heterogeneity but individual constancy of epitopes, iso-
types and avidity of factor H autoantibodies in atypical hemolytic uremic syn-
drome. Mol Immunol (2016) 70:47–55. doi:10.1016/j.molimm.2015.12.005 

193. Blanc C, Togarsimalemath SK, Chauvet S, Le Quintrec M, Moulin B,  
Buchler M, et al. Anti-factor H autoantibodies in C3 glomerulopathies and 
in atypical hemolytic uremic syndrome: one target, two diseases. J Immunol 
(2015) 194(11):5129–38. doi:10.4049/jimmunol.1402770 

194. Goodship TH, Pappworth IY, Toth T, Denton M, Houlberg K, McCormick F, 
et al. Factor H autoantibodies in membranoproliferative glomerulonephritis. 
Mol Immunol (2012) 52(3–4):200–6. doi:10.1016/j.molimm.2012.05.009 

195. Jokiranta TS, Solomon A, Pangburn MK, Zipfel PF, Meri S. Nephritogenic 
lambda light chain dimer: a unique human miniautoantibody against com-
plement factor H. J Immunol (1999) 163(8):4590–6. 

196. Meri S, Koistinen V, Miettinen A, Tornroth T, Seppala IJ. Activation of the 
alternative pathway of complement by monoclonal lambda light chains 
in membranoproliferative glomerulonephritis. J Exp Med (1992) 175(4): 
939–50. doi:10.1084/jem.175.4.939 Epub 1992/04/01., 

197. Nozal P, Strobel S, Ibernon M, López D, Sánchez-Corral P, Rodriguez de 
Cordoba S, et al. Anti-factor H antibody affecting factor H cofactor activ-
ity in a patient with dense deposit disease. Clin Kidney J (2012) 5:133–6. 
doi:10.1093/ckj/sfs002 

198. Foltyn Zadura A, Zipfel PF, Bokarewa MI, Sturfelt G, Jonsen A, Nilsson SC, 
et al. Factor H autoantibodies and deletion of complement factor H-related 
protein-1 in rheumatic diseases in comparison to atypical hemolytic uremic 
syndrome. Arthritis Res Ther (2012) 14(4):R185. doi:10.1186/ar4016 

Conflict of Interest Statement: RBP is co-inventor of a patent describing poten-
tiating anti-FH antibodies and uses thereof. The other authors declare no conflict 
of interest.

Copyright © 2018 Sánchez-Corral, Pouw, López-Trascasa and Józsi. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

34

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1093/ckj/sfw020
https://doi.org/10.1681/ASN.
2004050380
https://doi.org/10.1681/ASN.
2004050380
https://doi.org/10.1055/s-0030-1262885
https://doi.org/10.1016/j.molimm.2006.12.001
https://doi.org/10.1093/ndt/gfp388
https://doi.org/10.4049/jimmunol.1200679
https://doi.org/10.1136/jmg.2008.064766
https://doi.org/10.1136/jmg.2008.064766
https://doi.org/10.1182/blood-2007-09-109876
https://doi.org/10.1182/blood-2007-09-109876
https://doi.org/10.1016/j.molimm.2013.11.021
https://doi.org/10.1016/j.molimm.2013.11.021
https://doi.org/10.1074/jbc.M114.630871
https://doi.org/10.1016/j.molimm.2015.12.005
https://doi.org/10.4049/jimmunol.1402770
https://doi.org/10.1016/j.molimm.2012.05.009
https://doi.org/10.1084/jem.175.4.939
https://doi.org/10.1093/ckj/sfs002
https://doi.org/10.1186/ar4016
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


ORIGINAL RESEARCH
published: 21 November 2018

doi: 10.3389/fimmu.2018.02701

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2701

Edited by:

Nicole Thielens,

UMR5075 Institut de Biologie

Structurale (IBS), France

Reviewed by:

Lubka T. Roumenina,

INSERM U1138 Centre de Recherche

des Cordeliers, France

Harald F. Langer,

Universität Tübingen, Germany

*Correspondence:

Karita Haapasalo

karita.haapasalo@helsinki.fi

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Molecular Innate Immunity,

a section of the journal

Frontiers in Immunology

Received: 21 August 2018

Accepted: 01 November 2018

Published: 21 November 2018

Citation:

Nissilä E, Hakala P, Leskinen K,

Roig A, Syed S, Van Kessel KPM,

Metso J, De Haas CJC, Saavalainen P,

Meri S, Chroni A, Van Strijp JAG,

Öörni K, Jauhiainen M, Jokiranta TS

and Haapasalo K (2018) Complement

Factor H and Apolipoprotein E

Participate in Regulation of

Inflammation in THP-1 Macrophages.

Front. Immunol. 9:2701.

doi: 10.3389/fimmu.2018.02701

Complement Factor H and
Apolipoprotein E Participate in
Regulation of Inflammation in THP-1
Macrophages

Eija Nissilä 1, Pipsa Hakala 1†, Katarzyna Leskinen 1†, Angela Roig 1†, Shahan Syed 1†,

Kok P. M. Van Kessel 2, Jari Metso 3, Carla J. C. De Haas 2, Päivi Saavalainen 1,

Seppo Meri 1, Angeliki Chroni 4, Jos A. G. Van Strijp 2, Katariina Öörni 5, Matti Jauhiainen 3,

T. Sakari Jokiranta 1 and Karita Haapasalo 1*

1Department of Bacteriology and Immunology, and Research Programs Unit, Immunobiology, University of Helsinki, Helsinki,

Finland, 2Medical Microbiology, University Medical Center Utrecht, Utrecht, Netherlands, 3Minerva Foundation Institute for

Medical Research, Helsinki, Finland, 4 Institute of Biosciences and Applications, National Center for Scientific Research

“Demokritos,” Athens, Greece, 5Wihuri Research Institute, Helsinki, Finland

The alternative pathway (AP) of complement is constantly active in plasma and

can easily be activated on self surfaces and trigger local inflammation. Host cells

are protected from AP attack by Factor H (FH), the main AP regulator in plasma.

Although complement is known to play a role in atherosclerosis, the mechanisms of its

contribution are not fully understood. Since FH via its domains 5–7 binds apoliporotein

E (apoE) and macrophages produce apoE we examined how FH could be involved

in the antiatherogenic effects of apoE. We used blood peripheral monocytes and

THP-1 monocyte/macrophage cells which were also loaded with acetylated low-density

lipoprotein (LDL) to form foam cells. Binding of FH and apoE on these cells was

analyzed by flow cytometry. High-density lipoprotein (HDL)-mediated cholesterol efflux

of activated THP-1 cells was measured and transcriptomes of THP-1 cells using mRNA

sequencing were determined. We found that binding of FH to human blood monocytes

and cholesterol-loaded THP-1 macrophages increased apoE binding to these cells.

Preincubation of fluorescent cholesterol labeled THP-1 macrophages in the presence of

FH increased cholesterol efflux and cholesterol-loaded macrophages displayed reduced

transcription of proinflammatory/proatherogenic factors and increased transcription of

anti-inflammatory/anti-atherogenic factors. Further incubation of THP-1 cells with serum

reduced C3b/iC3b deposition. Overall, our data indicate that apoE and FH interact with

monocytic cells in a concerted action and this interaction reduces complement activation

and inflammation in the atherosclerotic lesions. By this way FH may participate in

mediating the beneficial effects of apoE in suppressing atherosclerotic lesion progression.

Keywords: complement, complement system, Factor H, apolipoprotein E, atherosclerosis, inflammation
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INTRODUCTION

Complement (C) system is part of the humoral innate immune
response. It quickly attacks microbes and foreign particles
invading the human body. Activation of complement through
any of the three pathways, the classical, alternative (AP), and
lectin pathways, leads to cleavage of C3 and covalent surface
deposition of the C3b fragment that is capable of forming an

enzyme with factor B. Surface deposited C3b and its fragments,
inactive C3b (iC3b) and C3dg, are important opsonins that can

be recognized by complement receptors expressed by phagocytes.
Further activation of the C cascade leads to formation of
membrane attack complexes and release of proinflammatory

chemotactic and anaphylatoxic protein fragments C3a and C5a
that mediate their effects by binding to receptors on phagocytes.

AP is constantly active in plasma leading to low grade
challenge to all plasma-exposed particles and surfaces by
spontaneous hydrolysis or enzymatic activation of C3. Activation
proceeds rapidly through amplification on surfaces that are
missing efficient regulatory mechanisms. Factor H (FH) is the
main AP regulator as it keeps this spontaneous activation in
control (1). This is obvious since depletion of plasma/serum from
FH or blockage of FH by autoantibodies leads to activation of the
AP leading to overconsumption and loss of active complement
within <30min (2, 3). FH is an elongated molecule composed of
20 domains. The N-terminal domains 1–4 are responsible for FH
regulatory activity while domains 19–20 on the C-terminal end
are responsible for the self surface recognition (4). Domain FH19
binds to surface-deposited C3b, while FH20 binds sialic acids and
glycosaminoglycans (GAGs) present on self surfaces (5). In this
way, FH discriminates host self surfaces from non-self ones. Also
domains 6–7 of FH are important for self surface recognition.
These mediate interaction with sulphated GAGs, heparin, and
C-reactive protein (6, 7). When bound to C3b, the cofactor
activity of FH helps in inactivation of C3b to iC3b by factor I
and simultaneous inhibition of factor B binding to C3b (8, 9).
Moreover, FH prevents further AP amplification by accelerating
the decay of formed AP convertases (10). AP activation does
not need a trigger as it is based on continuous low-grade
activity. However, imbalance between activation and regulation
e.g., when numerous C3b deposits are formed on protein
complexes can lead to enhanced AP activation in serum/plasma
(11). Recently, it has become clear that AP dysregulation is
a central event in development of several complement-related
diseases to which mutations or polymorphisms in domains
FH5-7 and FH19-20 predispose. While mutations in FH19-
20 cause atypical hemolytic uremic syndrome (aHUS), the
Y402H polymorphism in domain 7 is associated with age-related
macular degeneration (AMD) (12, 13) and dense deposit disease
(DDD) (14).

Atherosclerosis is a chronic multifactorial inflammatory
disease caused by the subendothelial accumulation of lipids,
immune cells and fibrous elements in arteries leading to
thickening and hardening of the arterial wall. Low-grade
inflammation is a key mediator of the disease. Both adaptive
and innate immune responses are crucial for initiation and
progression of atherosclerosis, and these mechanisms have been

exploited to develop new diagnostic biomarkers and therapies
for patients recently (15). The hallmark of early atherosclerotic
lesion is the formation of fatty streaks composed of cholesterol-
laden macrophages, which are formed when low density
lipoproteins (LDL) are modified by oxidation or proteolytic
modification and accumulated in the subendothelium of arteries
leading to monocyte recruitment and differentiation into
macrophages (16). The balance between proinflammatory M1
type macrophages and anti-inflammatory M2 type macrophages
plays a crucial role in the pathogenesis of atherosclerotic plaques.

The antiatherosclerotic activity of apoE is based on its ability
to regulate lipoprotein metabolism and to promote cholesterol
efflux from cells (17, 18). Endogenous production of apoE
by macrophages in blood vessel walls has been shown to
be critical in the prevention and healing of atherosclerotic
plaques. Importantly, apoE modulates macrophage polarization
into the anti-inflammatory M2 phenotype (17) and promotes
reverse cholesterol transport from peripheral cells to high density
lipoprotein (HDL) for further transportation of cholesterol to the
liver for excretion (19).

Genetic variations in the APOE gene coding for
apolipoprotein E constitute important risk factors both for
AMD and atherosclerosis. Interestingly, similar underlining
mechanisms including disturbances in lipid metabolism,
oxidative stress and the inflammatory process are closely
associated in the pathogenesis of both diseases. It has also been
shown that in human eyes with AMD, FH co-localizes with and
binds to oxidized lipids in drusen, fatty deposits under the retina.
It seems that the common FH variant 402Y has a higher affinity
for oxidized lipids than the risk allele 402H suggesting a stronger
FH-mediated complement inhibition of the effects of oxidized
lipids on macrophages (20).

We have shown before that FH binds both lipid-free and high
density lipoprotein (HDL) associated apoE via domains 5–7 and
thereby regulates AP activation in plasma (21). The present study
was set up to investigate whether FH and apoE interaction could
play a role in the induction and progression of atherosclerosis
by macrophages. We show here that FH increases apoE binding
to monocytes and THP-1 macrophages possibly via simultaneous
interaction between cell surface sialic acids and apoE and thereby
regulates local complement activation. Moreover, FH interaction
with THP-1 macrophages and cholesterol-labeled cells increases
macrophage-mediated cholesterol efflux and modulates the
expression of inflammatory genes suggesting a yet unexplored
anti-inflammatory mechanism for FH.

MATERIALS AND METHODS

Proteins
Cloning and Pichia pastoris expression of the recombinant
fragments FH5-7, FH19-20, and FH1-4 has been described
earlier (22, 23). If necessary, fragments were further purified
by passing through a HiLoad 16/60 Superdex 200 prep-grade
gel filtration column (GE healthcare) in phosphate buffered
saline (NaCl 300mM, KCl 5.4mM, Na2HPO4 20mM, KH2PO4
3.6mM, pH 7.4), and concentrated using heparin affinity
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chromatography. Labeling of proteins was performed using N-
hydroxysuccinimide-reactive Red dye (NT647, catalog no. L001)
following the manufacturer’s instructions (NanoTemper).

Expression of apoE Proteins
The preparation of vectors, expression of recombinant apoE2,
apoE3, and apoE4 in the Escherichia coli BL21-Gold (DE3)
bacterial system following induction by IPTG, and purification by
immobilized metal affinity chromatography has been described
elsewhere (24–26).

Isolation of HDL and LDL and Acetylation
of Human LDL
LDL (d = 1.019–1.050 g/mL) and HDL (d = 1.063–1.210
g/mL) were isolated from plasma of healthy volunteers obtained
from the Finnish Red Cross Blood Service by sequential
ultracentrifugation using KBr for density adjustment (27). LDL
was acetylated by repeated additions of acetic anhydride (28).
Briefly, LDL (10mg as LDL protein) in 1.5ml LDL buffer
(150mM NaCl, 1mM EDTA, pH 7.4) was mixed 1:1 (vol/vol)
with saturated sodium acetate and stirred in ice-water bath
for 10min. Next 30 µl acetic anhydride was added four times
with 10min stirring intervals. After the fourth addition of
acetic anhydride, the incubation was continued for 60min with
continuous stirring. Finally, the mixture was dialysed for 24 h at
4◦C against LDL buffer.

Isolation of Peripheral Blood Cells, Cell
Cloning, and Culturing
For peripheral blood cell isolation blood was drawn to tubes
containing hirudin (Roche Diagnostics, Mannheim, Germany)
from healthy human volunteers after informed written and
signed consent (Ethical Committee decision 406/13/03/00/2015,
Hospital district of Helsinki and Uusimaa). The blood samples
were diluted 1:1 (v/v) with PBS and centrifuged through
a gradient (Histopaque R© 1.119 and 1.077; Sigma-Aldrich)
at 320 x g for 20min at 22◦C. The PBMC layer was
collected, washed once with RPMI 1640 (Gibco R©) containing
0.05% (w/v) HSA (RPMI-HSA) and diluted with RPMI-HSA.
U937 human monocytic cells were obtained from the ATCC
(American Type Culture Collection), cultured in RPMI medium
supplemented with penicillin/streptomycin and 10% (v/v) FCS.
CR3 was stably expressed in U937 cells using a lentiviral
expression system as described (29). We cloned the CD11b
(NM_001145808.1) and CD18 (NM_000211.4) cDNA in the dual
promoter lentiviral vectors, RP137 (BIC-PGK-Zeo) and RP-139
(BIC-PGK-Puro), respectively. These vectors were constructed
by replacing the Zeo-T2a-mAmetrine cassette from the BIC-
PGK-Zeo-T2a-mAmetrine (RP172) vector (30) with either a
Zeocin or Puromycin resistance gene. First CD11b was stably
expressed in U937 cells, subsequently these cells were used for
stable expression of CD18. THP-1 monocytes were transformed
to macrophages by incubating the cells for 48–72 h in the
presence of 100 nM phorbol 12-myristate 13-acetate (PMA) and
for generating cholesterol loaded cells mimicking foam cells
the macrophages were further incubated in the presence of

100µg/ml (as LDL protein) acetylated LDL for 24–48 h in serum
free media.

Detection of CR3 and Sialic Acid
Expression on Cells and Binding of FH on
Cell Surface Sialic Acids
The expression of CR3 was analyzed by incubating the cells in 50
µl RPMI-HSA at 5 × 106 cells/ml concentration for 45min with
FITC-conjugated anti-CD11b (sigma). The cells were washed
once with RPMI-HSA and expression of CR3 was detected by
flow cytometry. To detect the specificity of sialic acid expression
on different cells and FH binding to cell surface sialic acids the
cells were preincubated with 100U α2-3,6,8 Neuraminidase (New
England biolabs) or PBS for 30min at 37◦C. Next, 45 nM NT647
labeled Maackia Amurensis Lectin II (MAL II∗) or 200 nM
NT647-FH was added to the wells and the plate was further
incubated for 30min at 37◦C. The cells were washed once with
200 µl of icecold RPMI-HSA, centrifuged at 300 × g for 10min,
fixed with 100µl of 1% (v/v) paraformaldehyde (Thermo) RPMI-
HSA. Next, 2,000–10,000 cells were run by BD LSR Fortessa
flow cytometer (Lazer 640 nm, filter 670/30) and analyzed using
FlowJo V10 software, where the gating of the cells was performed
by using forward scatter (FSC) and side scatter (SSC) to find
viable, single cell events. Mean fluorescence intensities were
calculated for the gated cells.

ApoE, FH5-7 and Factor H Binding to Cells
Binding of FH or FH5-7 to peripheral blood monocytic cells,
U937 and THP-1 cells was studied by incubating 2 × 105 cells
with 200 nM of NT647-FH or 1,3µM of NT647 FH5-7 for
45min at 4◦C in round bottom 96-well plates. For inhibition
assays, cells were incubated for 30min at 4◦C with 1.5µM of
apoE, FH1-4 or 9 and 3µM of FH5-7 prior adding the labeled
protein. The cells were washed once with 200µl of icecold RPMI-
HSA, centrifuged at 300 × g for 10min and fixed with 100 µl
of 1% (v/v) paraformaldehyde RPMI-HSA. To study the effect
of apoE-FH interaction and their binding to monocytic cells a
dilution series of FH (Complement technologies), FH19-20 or
apoE was incubated in dark for 5min at 37◦C with a constant
200 nM concentration of NT647-labeled apoE or NT647-labeled
FH. Then 40 µl of hirudin blood isolated monocytes were added
in each well and incubated in dark for 25min at 37◦C. The
incubation was stopped by adding 300 µl of ice-cold PBS to the
tubes and the cells were run by flow cytometry and analyzed using
the gating strategy described earlier.

FH5-7 Binding to a Panel of Leukocyte
Receptors
Monocytes isolated from peripheral blood (PBMCs) cells (5
× 106 cells/ml) in RPMI-HSA 0.05% (w/v) were incubated in
the presence of 14µg/ml of FH5-7, or PBS for 15min on ice
followed by incubation with a panel of receptor specific FITC-,
PE- or APC-labeled antibodies using a 96-well U-plate (greiner,
Bio one) for 45min at 4◦C. The cells were washed with 200
µl of RPMI/HSA 0.05% (w/v) and fixed with 150 µl of 1%
(v/v) paraformaldehyde in RPMI-HSA 0.05% for 30min at 4◦C
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before counting the fluorescence of 10,000 cells using on FACS
flow cytometer (Lazers 405, 488, and 640 nm; filters 450/50,
525/50, and 670/30) and analyzed using the gating strategy
described earlier. The inhibition value of FH5-7 on receptor
specific antibody binding was calculated by dividing the mean
fluorescence of FH5-7 treated cells by PBS treated cells.

C3b/iC3b Deposition on FH Incubated
THP-1 Cells
Untreated THP-1 monocytes, PMA activated THP-1
macrophages, and PMA activated THP-1 macrophages loaded
with cholesterol by using acLDL (100/ml µg of LDL protein)
were incubated in the presence or absence of FH (320 nM)
for 24 h in 24-well tissue culture plates at 37◦C in 5% CO2

in serum free THP-1 medium using 4 x 105 cells/well/200 µl.
A 10 µl sample from the supernatant was taken at 0, 5 and
24 h timepoints after the media was centrifuged for 10min at
300 x g to remove any cellular debris. These culture media
aliquots were stored at −20 ◦C before analysis for the apoE
ELISA method. After 24 h the cells were detached using 200 µl
Cellstripper (Corning) for 45min at 37◦C, 5% CO2, harvested by
centrifugation as before and diluted with RPMI-HSA. Cells from
this assay were used to analyze NT647-FH binding (described
earlier), mRNA expression, apoE secretion (described later),
ABCA1 protein expression and complement activation assays.
To detect ABCA1 protein expression the cells were incubated
with 0.3 µg/4 x 105 cells/well/150 µl mouse anti-ABCA1
antibody (abcam) washed once by centrifugation and incubated
with 1:200 dilution of Alexa Fluor 488 conjugated goat anti-
mouse IgG (Invitrogen). To compare serum complement activity
in the presence or absence of preincubated FH 5 x 104 of THP-1
cells were incubated for 15min in a 50 µl volume of 20% (v/v)
serum. Cells were washed once by centrifugation and incubated
with 2 µl of FITC conjugated anti-C3b (Cederlane) for 45min at
4◦C. The cells were washed, fixed, run by flow cytometry (Lazer
488, filter 525/50) and analyzed as described earlier.

Effect of FH on apoE Secretion and Binding
to THP-1 Cells
The cells detached from the tissue culture 24-well plates were
incubated in the presence of 2 µl of rabbit anti-human apoE
(600µg/ml, non affinity purified) in a 50 µl volume of RPMI-
HSA 0.05% (w/v) for 45min at 4◦C. The cells were washed once
by centrifugation and incubated in the presence of 1:100 diluted
488 goat anti-rabbit antibody (Life technologies) for 45min at
4◦C. After incubation the cells were washed, fixed and analyzed
by flow cytometry as described earlier (Lazer 488, filter 525/50).
Secretion of apoE by THP-1 cells was analyzed from 8 µl of
culture media collected at different time points using apoE ELISA
protocol as previously described (31).

Cholesterol Efflux Assay
The cholesterol efflux assay was performed according to
manufacturer’s instructions (Abcam) using THP-1 cells activated
for 24 h with PMA. The cells were labeled overnight with
fluorescently-labeled cholesterol in the presence or absence of
650 nM FH. After overnight labeling the PMA activated and

cholesterol labeled THP-1 macrophages were washed gently
with 200 µL of RPMI media and incubated then in the
presence of 50 µg of HDL (as HDL protein) as cholesterol
acceptor. After 5 h incubation the media and supernatant of
lysed cells were measured separately for fluorescence (Ex/Em
= 482/515 nm). The ratio between fluorescence intensity of
media and fluorescence intensity of cell lysate plus media were
calculated as percentage of cholesterol efflux.

RNA-Sequencing
RNA sequencing method was designed based on the Drop-seq
protocol described earlier (32). Briefly, the cells were mixed with
lysis buffer (0.3% (v/v) triton, 20mM DTT, 2mM dNTPs) in
wells of U-bottomed 96-well plate. Magnetic Dynabeads (M-
270 Streptavidin, Thermo Fisher Scientific) coated with Indexing
Oligonucleotides (Integrated DNA Technologies, Table 1) were
added to each well. After 5min of incubation at ambient
temperature the magnetic beads were separated from the
supernatant and washed twice with 6X SSC buffer. Subsequently,
the beads were combined with RT mix, containing 1 x Maxima
RT buffer, 1mM dNTPs, 10 U/µl Maxima H- RTase (all
ThermoFisher Scientific), 1 U/µl RNase inhibitor (Lucigen), and
2.5µM Template Switch Oligo (Integrated DNA Technologies).
Samples were incubated in a T100 thermal cycler (BioRad) for
30min at 22◦C and 90min at 52◦C. The beads were washed
twice with 6X SSC buffer and once in PCR-grade water. The
constructed cDNA was amplified by PCR in a volume of
15 µl using 5 µl of RT mix as template, 1x HiFi HotStart
Readymix (Kapa Biosystems) and 0.8µM SMART PCR primer.
The samples were thermocycled in a T100 thermocycler (BioRad)
as follows: 95◦C 3min; subsequently four cycles of: 98◦C for
20 s, 65◦C for 45 s, 72◦C for 3min; following 13 cycles of:
98◦C for 20 s, 67◦C for 20 s, 72◦C for 3min; and with the final
extension step of 5min at 72◦C. The PCR products were pooled
together and purified with 0.6X Agencourt AMPure XP Beads
(Beckman Coulter) according to the manufacturer’s instructions.

They were eluted in 10 µl of molecular grade water. The 3
′

-
end cDNA fragments for sequencing were prepared using the
Nextera XT (Illumina) tagmentation reaction with 600 pg of the
PCR product serving as an input. The reaction was performed
according to manufacturer’s instruction, with the exception of
the P5 SMART primer that was used instead of S5xx Nextera
primer. Subsequently, the samples were PCR amplified as follows:
95◦C for 30 s; 11 cycles of 95◦C for 10 s, 55◦C for 30 s, 72◦C for
30 s; with the final extension step of 5min at 72◦C. Samples were
purified twice using 0.6X and 1.0X Agencourt AMPure Beads
(Beckman Coulter) and eluted in 10 µl of molecular grade water.
The concentration of the libraries was measured using a Qubit
2 fluorometer (Invitrogen) and the Qubit DNA HS Assay Kit
(ThermoFisher Scientific). The quality of the sequencing libraries
was assessed using the LabChip GXII Touch HT electropheresis
system (PerkinElmer), with the DNA High Sensitivity Assay
(PerkinElmer) and the DNA 5K/RNA/Charge Variant Assay
LabChip (PerkinElmer). Samples were stored at −20◦C. The
libraries were sequenced on Illumina NextSeq500, with a custom
primer (Table 1) producing read 1 of 20 bp and read 2 (paired
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TABLE 1 | Primers used in this study.

Name Oligonucleotide sequence

DSbI 001 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACACGTACGTACGTNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 002 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACCGTACGTACGTANNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 003 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACGTACGTACGTACNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 004 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACTACGTACGTACGNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 005 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACACGTCGTACGTANNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 006 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACCGTAGTACGTACNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 007 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACGTACTACGTACGNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 008 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACTACGACGTACGTNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 009 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACACGTGTACGTACNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 010 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACCGTATACGTACGNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 011 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACGTACACGTACGTNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

DSbI 012 TTTTTTTAAGCAGTGGTATCAACGCAGAGTACTACGCGTACGTANNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TSO AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG

SMART PCR primer AAGCAGTGGTATCAACGCAGAGT

P5 SMART primer AATGATACGGCGACCACCGAGATCTACACGCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGT*A*C

Sequencing read 1 GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC

* = phosphorothioate bond added

end) of 55 bp (32). Sequencing was performed at the Functional
Genomics Unit of the University of Helsinki, Finland.

Read Alignment and Generation of Digital
Expression Data
Raw sequence data was filtered to remove reads shorter than
20 bp. Subsequently, the original pipeline suggested in Macosko
et al. (32) for processing of drop-seq data was used. Briefly,
reads were additionally filtered to remove polyA tails of length
6 or greater, then aligned to the human (GRCh38) genome
using STAR aligner (33) with default settings. Uniquely mapped
reads were grouped according to the 1–12 barcode, and gene
transcripts were counted by their Unique Molecular Identifiers
(UMIs) to reduce the bias emerging from the PCR amplification.
Digital expression matrices (DGE) reported the number of
transcripts per gene in a given sample (according to the distinct
UMI sequences counted).

Statistical Methods
Statistical analyses between multiple samples were performed
using one-way ANOVA supplemented with non-parametric
Tamhane’s multiple-comparison test. Statistical differences
between two independent samples were calculated using
non-parametric Mann-Whitney U-test (SPSS for Windows,
Analytical Software).

RESULTS

Factor H Binds to Monocytic Cell CR3 via
CD11b
FH interacts with human cell surfaces mainly via C3b and
cell surface glycosaminoglycans, like heparan sulfate, and sialic
acids. Previous studies have shown that especially on endothelial
cells and platelets the presence of sialic acids is crucial for

efficient FH-mediated complement regulation (34). In addition
to surface sialic acids, FH has been shown to interact with CR3
(CD11b/CD18) on human neutrophils in the absence of C3b
deposits (35). We studied binding of FH to different ligands
on monocytes and monocytic cell lines to find out how these
interactions could be altered by apoE that is known to be secreted
bymacrophages and to interact with FH domains 5–7 (21, 36). By
using NT647-labeled FH we could detect clear binding of FH to
monocytes even in the absence of C3b, while binding of FH to
lymphocytes was closer to the background values (Figure 1A).
To find out the receptor that interacts with the apoE binding
domains FH5-7 (location of the apoE binding domains is shown
in Figure 1B) on monocytes we performed a screening assay
where the cells were preincubated with the recombinant FH5-7
fragment prior to adding the anti-receptor antibody. Incubation
of the cells with FH5-7 resulted in a clear reduction in anti-
CD11b binding that is the alpha-chain of the integrin-type
CR3 receptor heterodimer (CD11b/18; Figure 1C). In addition,
similar inhibition was also detected with antibodies against CD35
and CD89. Binding of FH5-7 on CR3 was further analyzed
using CR3 overexpressing U937 monocytic cells (Figure 1D).
Binding of NT647-labeled FH5-7 on these cells was reduced in
the presence of increasing concentrations of non-labeled FH5-7
(3 and 9µM) and on empty U937 cells that do not express CR3.

Binding of apoE to Monocytes Is Increased
by Factor H
To study further the interaction between the apoE binding ligand
FH and CR3 on human monocytes, we next performed an
assay to see whether apoE could alter FH-CR3 interaction on
U937 monocytic cells overexpressing the receptor. We found
that on CR3 overexpressing U937 cells binding of NT647-FH
was clearly inhibited by apoE2 to the level of binding of FH
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FIGURE 1 | Factor H binding to peripheral blood leukocytes. (A) Peripheral blood mononuclear cells were incubated with NT647-labeled FH and the mean

fluorescence intensities were analyzed by flow cytometry (n = 3). (B) Schematic structure of the full length FH and the location of domains 5–7 that interact with apoE.

The binding sites of different ligands, apoE, pentraxin3 (PTX3), monomeric C-reactive protein (mCRP) and heparin sulfate, and the common polymorphic Y402H site

on domain 7 are shown. (C) Screening of FH5-7 binding by a panel of antibodies directed against various receptors and surface molecules on monocytes. Peripheral

blood monocytic cells were preincubated for 30min with or without 12µg/ml of FH5-7 prior adding 2 × 105 cells cells/well in a 96-well plate with FITC-, APC- and/or

PE-labeled antibody. Mean fluorescence intensities were calculated from the gated cells using flow cytometry. Inhibition of antibody binding was calculated by dividing

the mean fluorescence of FH5-7 treated cells by PBS treated cells (FH5-7 vs. control). The CD11b part of CR3 dimer is marked. The dashed line shows the level of

anti-CD11b binding in the presence of FH5-7 (< 0.8) compared to binding of the antibody without FH5-7 (1.0). (D) CR3 expressing and empty U937 mononuclear

cells were incubated with NT647 labeled FH5-7 in the presence or absence of unlabeled FH5-7 (x-axis). Statistical significance between multiple samples was

calculated using one-way ANOVA supplemented with non-parametric Tamhane’s post-hoc multiple comparison test. Error bars indicate SD. * = p < 0.05.

to cells devoid of CR3. A slight inhibition was also detected by
apoE3 and apoE4 but the levels of inhibition were not statistically
significant (Figure 2A). As the apoE2 isotype showed significant
inhibition we used the apoE2 isoform in the further assays.
Surprisingly, when the same inhibition assay was performed
using peripheral blood monocytes and lymphocytes we did not
detect any inhibition of NT647-FH binding in the presence
of increasing concentrations of unlabeled apoE (Figure 2B).
On the contrary, a clear increase in binding of NT647-apoE
was detected when the cells were incubated with increasing
concentrations of unlabeled FH, while FH19-20 did not have
the same effect. This indicates that FH increases rather than

attenuates apoE binding to monocytes. To further study the cell
surface receptors leading to increased binding of apoE to these
cells, and because both apoE and FH are known to interact
with cell surface heparan sulfate, we incubated monocytes with
NT647-apoE and FH and increasing concentrations of anti-
heparin antibody. Here, binding of NT647-apoE in the presence
of anti-heparin antibody was reduced to the level of NT647-
apoE only (Figure 2C) suggesting that increased binding of apoE
to these cells is dependent on FH and cell surface heparan
sulfate.

Because we could detect inhibition of FH binding by apoE
only to U937 cells overexpressing CR3 but not to monocytes
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FIGURE 2 | Inhibition of Factor H/apoE binding to U937 and peripheral blood cells. (A) Binding of NT647-FH on U937 cells expressing CR3 in the absence (Buffer)

or presence of 1.5µM of apoE2, 3 and 4 (n = 3). Control cells without CR3 (empty cells) shows binding of FH without the receptor. Binding of NT647-FH in the

presence of equal molarity of FH1-4 is shown. (B) Binding of NT647 labeled FH or apoE2 on peripheral blood cells with different concentrations of unlabeled inhibitor

(FH or apoE). Levels are calculated as relative to apoE binding at 73 nM FH concentration (n = 4). (C) Inhibition of apoE+FH binding to monocytes in the presence of

increasing concentrations of anti-heparin antibody. Anti-TREM-2 antibody was used as a negative control. Control (Neg. Cntrl. NT647-apoE) shows binding of apoE

on the cells without FH incubation and Control (Pos. Cntrl. NT647-apoE+FH) binding of apoE in the presence of FH and apoE only (n = 3). Statistical significance was

calculated using one-way ANOVA supplemented with non-parametric Tamhane’s post-hoc multiple comparison test. Error bars indicate SD. Percentages of mean

fluorescence intensities are shown as relative to the maximum intensity in each individual experiment. *= p < 0.05.

we hypothesized that on monocytes, where CR3 expression is
lower, FH could simultaneously bind to apoE and cell surface
sialic acids. This is because FH sialic acid binding domains are
located within domains FH19-20 and not on apoE interacting
domains FH5-7. This could also explain why apoE binding
was increased by FH to monocytes. As expected, the human
peripheral blood monocytes showed high sialic acid expression
and low CR3 expression while the U937 cells showed very
low expression of sialic acids and very high CR3 expression
(Figures 3A–C). The high expression levels of CR3 and low levels
of sialic acids on U937 cells may explain why inhibition of FH
binding to CR3 in the presence of apoE could only be detected
on these cells. To study the effect of sialic acids on binding of
FH different cell types were preincubated with neuraminidase
that removes cell surface sialic acids. All tested cells bound FH at
different levels, but only monocytes showed significant reduction
in FH binding after neuraminidase treatment. No decrease in
FH binding was detected on other tested cell types with lower
sialic acid expression (Figures 3D,E). These data suggest that FH
interacts with several different ligands on cells but binding of
FH to sialic acids via domains FH19-20 enables simultaneous
binding of apoE via domains FH5-7 and cell surface heparan
sulfate.

Binding of FH to THP-1 Cells Reduces
Complement Activation
Since we found that FH interacts directly with human
peripheral blood cells and because activation of complement
is known to play a role in the induction and progression of

atherosclerosis (37) we next studied whether FH binding to
macrophages and cholesterol-loaded macrophages could have
effect on local complement activation. To study this, we used
THP-1 monocytes stimulated with PMA and acetyl LDL as
model cells of early stage atherosclerosis. To avoid measuring
FH binding to damaged cells the viability was determined
using Trypan blue staining. These cell populations had cell
viability of approximately 70%. When THP-1 monocytes, THP-
1 macrophages and acLDL (i.e., cholesterol) loaded THP-
1 macrophages were studied for NT647-FH binding in the
absence of serum, a significant increase in FH binding was
detected on activated cholesterol loaded THP-1 macrophages
compared to THP-1 monocytes (Figure 4A). When the cells
were incubated with NT647-FH in the presence of 20% serum a
similar trend in FH binding could be detected indicating that the
increase in FH binding due to THP-1 activation is independent
from surface C3b deposition. Both THP-1 macrophages and
cholesterol loaded macrophages showed a significant increase
in FH binding compared to THP-1 monocytes (Figures 4A,B).
To study whether increased FH binding to these cells has
functional significance in reducing local complement activation,
the serum incubated cells were also analyzed for C3b deposition.
Surprisingly, preincubation of THP-1 cells in the presence of
FH showed a clear reduction in cell surface C3b deposition
only in the case of THP-1 macrophages (Figure 4C). Incubation
of THP-1 monocytes or cholesterol-loaded THP-1 cells in
20% serum did not lead to an increase in cell surface C3b
deposition. Therefore, the presence of additional FH had an
effect on the cell targeted complement activity only on THP-1
macrophages.
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FIGURE 3 | CR3 and sialic acid expression and FH binding to neuraminidase treated cells. (A) The expression of CR3 in different cell types was tested using

fluorescent labeled anti-CD11b antibody and flow cytometric analysis (n = 4). (B) Histogram showing distribution of CR3 receptors in different cell types. (C) Binding

of NT647 labeled Maackia amurensis lectin I (MAL II) to cell surface sialic acids in the presence or absence of 100U neuraminidase (n = 3). (D) Binding of NT647

labeled FH on cell surface sialic acids in the presence or absence of 100U neuraminidase (n = 3). (E) Binding of NT647 labeled FH on monocyte surface sialic acids in

the presence or absence of 100U neuraminidase presented in a histogram. Percentages of mean fluorescence intensities is shown as relative to the intensity of

neuraminidase treated U937 cells in each individual experiment. Histogram showing binding of NT647-FH on different cell types. Statistical significance between

multiple samples was calculated using one-way ANOVA supplemented with Tamhane’s post-hoc multiple comparison test. Statistical significance between two

samples was calculated using Mann-Whiney U-test. Error bars indicate SD. * = p < 0.05.

FH Increases apoE Binding to THP-1 Cells
and Macrophage-Mediated Cholesterol
Efflux
We used anti-apoE antibody to detect surface bound apoE on

THP-1 cells incubated with or without FH under cell culture

conditions. Similarly to the human peripheral monocytes apoE

binding was detected to activated THP-1 cells from which

cholesterol loaded THP-1 macrophages demonstrated significant

increase in apoE binding in the presence of FH, while binding

of apoE on THP-1 monocytes was low (Figure 5A). This
correlated well with the previous results, where cholesterol

loading of the cells resulted in most significant FH binding.
This indicates that FH binding to THP-1 cell surfaces increases

apoE binding as well. Because endogenous production of apoE
by macrophages in blood vessel wall has been suggested to

promote healing of atherosclerotic plaques and efficient transport
of cholesterol out from the cell (17), we analyzed the amount
of secreted apoE in the culture media. After a 24 h incubation
apoE secretion increased significantly from activated THP-
1 cells among which cholesterol-loaded THP-1 cells showed
highest apoE concentrations in the culture media (Figure 5B).
These results also correlated well with the transcriptome data
obtained from the apoE mRNA sequencing performed from the
isolated cells after 24 h incubation (Figure 5C). No difference
between cells incubated either in the presence or absence of
FH could be observed in apoE expression. ApoE is a good
cholesterol acceptor among many other apolipoproteins having
the potential to bind phospholipids ensuring cholesterol removal
(38). Therefore, we next studied whether elevated apoE binding
via FH to THP-1 cells could affect cholesterol efflux. Here, a
significant increase in cholesterol efflux could be detected from
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FIGURE 4 | Binding of FH and C3b deposition on THP-1 cells. Binding of NT647-labeled FH to THP-1 monocytes, THP-1 macrophages and cholesterol-loaded

THP-1 macrophages (foam cells) in the (A) absence (n = 3) or (B) presence (n = 3) of 20% serum. (C) Deposition of serum C3b on THP-1 monocytes, THP-1

macrophages and THP-1 foam cells in the presence or absence of FH (n = 3). Statistical significance was calculated using using one-way ANOVA supplemented with

Tamhane’s post-hoc multiple comparison test. Error bars indicate SD. Percentages of mean fluorescence intensities are shown as relative to the maximum intensity in

each individual experiment.

cholesterol-labeled THP-1 macrophages that were incubated in
the presence of FH when compared to cells in the absence of FH
(Figure 5D).

FH Increases Transcription of
Anti-inflammatory Genes in Macrophages
While cholesterol loaded THP-1 macrophages showed highest
apoE secretion FH did not have any effect on this. We,
however, hypothesized that FH could display anti-inflammatory
effects on macrophages as it interacts with both macrophages
and cholesterol loaded cells, inhibits complement activity
on macrophages, increases cholesterol efflux from cholesterol
labeled THP-1 macrophages and increases apoE interaction
with these cells as well. After 24 h incubation the THP-1
cell mRNAs were isolated and subjected to sequencing-based
transcriptome analysis covering over 27,000 RNA sequences
of different genes. Transcriptome analysis resulted in a
selection of transcripts that are associated with inflammation,
atherosclerosis and the complement system [Table 2, (18, 39–
46)]. When these transcriptomes were compared between the
FH and PBS incubated cells some clear effects/differences
could be seen between THP-1 macrophages and cholesterol
loaded THP-1 macrophages. As expected and based on
the above FH and apoE binding assays THP-1 monocytes
remained unresponsive to FH treatment. FH treatment resulted
in increase of ABCA1 transcription in cholesterol loaded
macrophages (foam cells) and in a significant increase in
transcription of a regulator of ABCA1 expression, PPAR-
α (40). Similarly, FH increased ABCA1 expression as well
and correlated with the significantly increased transcription
levels of the protein (Figure 5E). In THP-1 macrophages the
expression of proinflammatory factors CX3CR1, CCL5, and
SAAL1 was significantly decreased by FH. Moreover, a reduction

in transcription of complement receptor C5aR2 by FH in
macrophages was detected although this was not statistically
significant (p= 0.053).

DISCUSSION

In the present study we showed that complement FH
increases apoE binding to macrophages and leads to an
increased cholesterol efflux and reduced inflammation. The
FH/apoE interaction is hypothesized to limit the progression
of atherosclerosis as complement regulation by FH is
critical in the prevention self-cell damage and exacerbated
inflammation.

We previously found that FH interacts with apoE and reduces
complement activation in plasmaHDL particles (21). The current
study shows that this interaction apparently limits inflammation
in the atherosclerotic lesions by affecting macrophage activation
and cholesterol efflux. FH was found to interact with cell surface
sialic acids and CR3 on monocytic cells in the absence of
surface deposited C3b. In the presence of apoE the interaction
between FH and CR3 was inhibited, while apoE had no effect
on cells abundantly expressing sialic acids. In addition to CR3,
our screening assay suggested that domains 5–7 of FH could
also interact with CD35 (C3b/C4b receptor, CR1) and CD89.
From these, CR3 and CR1 are receptors directly involved in C-
mediated clearance and suppression of inflammation. We have
previously shown that FH blocks binding of CR1 to C3b (47) as
both molecules compete for the same binding site on C3b. Like
FH, CR1 is also a C regulator and therefore should be separately
analyzed for its role in C regulation during the atherosclerotic
lesion development. CR1 is mostly present on cell surfaces
but may also occur in soluble form. Its main function is the
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FIGURE 5 | Binding, secretion, and expression of apoE and cholesterol efflux by THP-1 cells. (A) Surface expression of and/or binding of apoE from culture

supernatants to THP-1 monocytes, THP-1 macrophages and cholesterol-loaded THP-1 cells detected by anti-apoE antibody. Cells were incubated with and without

FH for 24 h. Next, the cells were washed and detached from the tissue culture plates. Presence of apoE on cell surfaces were detected using anti-human apoE and

Alexa 488 labeled goat anti-rabbit antibody in flow cytometry. ApoE binding is shown as relative to the maximum intensity in each individual experiment (n = 3).

(B) Secretion of apoE to cell culture media by THP-1 monocytes, THP-1 macrophages and cholesterol-loaded THP-1 cells detected by ELISA (n = 4). (C) Number of

apoE mRNA transcripts analyzed by sequencing the cell isolated mRNA (n = 4) (D) Cholesterol efflux from non-loaded THP-1 macrophages labeled with fluorescent

cholesterol in the presence or absence of FH (n = 3). Cholesterol efflux in the presence of equal molarity of FH19-20 is shown. The positive (Pos. cntrl. from Abcam)

and non HDL treated controls (Neg. cntrl.) were included in the assay. (E) Protein expression and transcription levels of ABCA1 in THP-1 monocytes, THP-1

macrophages and cholesterol-loaded THP-1 cells detected by anti-ABCA1 antibody and mRNA sequencing. Levels are calculated as relative to the protein

expression and transcription in THP-1 macrophages (n = 4). Statistical significance calculated using Mann-Whiney U-test or one-way ANOVA supplemented with

Tamhane’s multiple comparison test. Error bars indicate SD.

transport of immune complexes and other unwanted materials
for clearance by macrophages in the spleen and liver.

Factor H binding to cell surface C3b increases in the presence
of self cell glycosaminoglycans and sialic acids. The binding of
FH to CR3 has still been regarded as controversial, probably
because of the possibility of C3b contamination in the sample.
The novelty we show here in the regard of FH and CD11b
interaction is that in the absence of C3b FH binding to CR3
expressing cells can be inhibited by apoE2 indicating a common
binding site between apoE and CR3 on FH domains 5–7.
Inhibition of FH binding to these cells by apoE3 and apoE4
was not that obvious indicating that the single amino acid
differences (Cys and Arg in positions 112 and 158) between the
apoE isotypes could alter binding to FH. Analogous differences
between these isoforms have been observed earlier due to their
structural variation. For instance, apoE3 and apoE4 protein

isoforms bind well to LDL-receptors, whereas apoE2 displays
defective binding (48). CR3 is known to interact with several
ligands. A major ligand that promotes phagocytosis is iC3b on
opsonised microbes and other particles. According to the mRNA
expression data obtained from FH stimulated cells it is unlikely
that FH could trigger CR3-mediated signaling, although a weak
but not significant increase in CLEC7A (dectin-1) expression
in cholesterol-loaded THP-1 macrophages could be detected in
the presence of FH (Table 2). This C-type lectin is upregulated
in anti-inflammatory M2 macrophages (49). However, earlier
studies have shown that binding of FH on CD11b suppresses
acute subretinal inflammation in mice indicating that FH-CR3
interaction could reduce inflammation in humans as well (50).

In contrast to the lacking inhibitory effect of apoE on FH-
monocyte interaction, the presence of FH increased apoE binding
to these cells significantly. This observation could be due to the
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TABLE 2 | Changes in the transcriptome in response to FH in human THP-1 cells.

Immunological

function

Up(+)/ down (–)

regulation**

Function Gene* THP-1 Foam cells THP-1 MQ THP-1 Mono

FH PBS p-value FH PBS p-value FH PBS p-value

Anti-

inflammatory

+ Nrf2 has a role in

resistance to oxidant stress.

Effect on atherogenesis may

vary depending on the

activator (39, 40)

NFE2L2 176.8 76.9 0.013 131.9 171.3 0.386 142.1 171.7 0.556

Antiatherogenic + Transporter that controls

apoAI-mediated cholesterol

efflux from macrophages

(41)

ABCA1 832.8 555.1 0.075 598.9 742.6 0.270 340.4 324.7 0.835

Antiatherogenic + PPAR-α and PPAR-γ

activators induce the

expression ABCA1 (42)

PPARA 18.3 3.5 0.032 11.6 26.1 0.211 16.4 18.1 0.925

Clearance + The protein levels of

RIPK1/3 are positively

correlated with the extent of

necroptosis (43)

RIPK1 39.8 3.5 0.004 20.3 43.7 0.053 25.4 9.2 0.071

Proinflammatory ± Knockdown of SLC17A9

significantly suppres both

M1-type polarization and

IL-6 production (44)

SLC17A9 113.8 58.6 0.039 58.5 122.7 0.033 187.2 131.7 0.242

Proinflammatory – CX3CL1 is a chemokine

involved in the adhesion and

migration of leukocytes.

CX3CR1 0.0 3.5 0.356 0.0 13.0 0.001 6.8 12.4 0.633

Proinflammatory – CCL5 promotes

macrophage recruitment

and survival in human

adipose tissue (45)

CCL5 32.9 32.7 0.990 5.3 27.8 0.005 31.1 10.1 0.145

Proinflammatory – promotes proliferation of

fibroblasts upon

inflammation (46)

SAAL1 8.8 0.0 0.027 1.9 16.4 0.006 3.8 2.0 0.618

Proinflammatory + receptor for IL-3 IL-5

GMCSF

CSF2RB 29.4 0.0 0.000 22.2 14.8 0.614 17.4 22.1 0.789

Proinflammatory ∼ Binds C5a, involved in

coronary artery disease and

in pathogenesis of sepsis

(18)

C5AR2 400.1 267.2 0.114 438.1 612.9 0.053 115.0 132.5 0.684

No effect Binds C5a C5AR1 193.3 215.6 0.564 158.9 142.5 0.779 47.1 24.2 0.273

No effect apolipoprotein E APOE 669.2 611.6 0.828 375.9 278.4 0.415 90.8 74.6 0.684

No effect factor H CFH 0.0 0.0 0.0 5.1 0.214 0.0 0.0

*Panel of genes known to play a role in inflammation or atherosclerosis with the description of their function in inflammation. The numbers show the amount of mRNA transcripts (=mRNA

expression level). **Up- and downregulation marked as + and – and filled with dark or light gray colors, respectively. Statistical significance (p-values < 0.05 marked in bold numbers)

calculated between cells incubated with or without FH using Student’s t-test. Gray numbers = no statistical significance between FH and PBS treated cells.

high abundance of sialic acids and low expression levels of CR3
on these cells. Sialic acids favor FH binding to the cell surface
via domains 19–20 enabling simultaneous interaction with apoE
via domains 5–7. The effect of sialic acids on FH binding was
demonstrated by neuraminidase treatment of different cell types,
where only monocytes showed a clear reduction in FH binding
at different cell surface sialic acid densities. Moreover, binding
of FH on THP-1 macrophages clearly reduced C3b deposition
on these cells suggesting that FH binding to these cells prior to
C3b deposition has an effect on local complement activation. As
demonstrated by our mRNA expression data, FH expression on
all THP-1 cell types was almost or completely absent, while apoE

expression was clearly increased both by THP-1 macrophages
and cholesterol-loaded cells.

We observed that FH did not induce secretion or expression
of apoE by the studied cells but slightly reduced apoE
concentrations in the culture media. However, FH significantly
increased binding of apoE especially to cholesterol-loaded THP-
1 cells that also showed the highest FH binding. According to
trypan blue staining the increase in FH binding was not due to
cell damage as the cell viabilities were the same in the absence
and presence of FH. It is possible that this kind of rebinding
or apoE capturing on the macrophage surfaces could promote
apoE recycling that has been suggested to reduce intracellular
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FIGURE 6 | Schematic illustrating the putative mechanism of the effect of factor H-apoE interaction in reducing inflammation in atherosclerotic lesions. Binding of

factor H on apoE containing HDL particles reduces plasma complement activation (21) while elevated binding of apoE on monocytes/macrophages/foam cells via FH

might reduce local inflammation and cholesterol efflux.

cholesterol accumulation and thereby prevent formation of foam
cells. Previous studies have shown that apoE can be spared
from degradation in lysosomes and recycled to the cell surface
in order to maximize cholesterol removal from the cell (41).
The intracellular ATP binding cassette transporter ABCA1 is
an important regulator of cellular cholesterol homeostasis. It is
involved in apoE secretion and in lipidating apoE-containing

particles secreted by macrophages. ABCA1 is suggested to
promote apoE recycling as well. Our results on the effect of
FH on cholesterol efflux suggest that the increased binding of

apoE caused by FH could promote apoE recycling and thereby
maximize cholesterol efflux from macrophages. Importantly, the
mRNA expression data showed increase in ABCA1 expression

on FH-treated cholesterol-loaded THP-1 macrophages and a
significant increase in the expression of PPAR-α transcription

factor that is known to induce ABCA1 expression. This clearly
suggests an anti-atherogenic function for FH-apoE interaction
(42).

We found that treatment of THP-1 cells for 24 h clearly altered

transcription of several genes associated with inflammation,

atherosclerosis, and the complement system (Table 2). These

changes occurred mainly within PMA-differentiated THP-1

macrophages and cholesterol loaded THP-1 macrophages while

THP-1 monocytes as well as non-loaded THP-1 macrophages

were less responsive to the treatment. These data did not

suggest any clear M1/M2 polarization but general trend was
that FH reduced significantly transcription of proinflammatory
genes in macrophages (such as CXCR3, CCL5, SAAL1) but

increased transcription of antiatherogenic genes that are involved
in enhanced lipid metabolism (such as ABCA1, PPAR-α)

mainly in cholesterol loaded cells. FH did not only result
in increase in transcription of ABCA1 in cholesterol loaded

macrophages but also in ABCA1 protein expression and PPAR-α
transcription. This indicates that FH may affect in macrophage
cholesterol efflux via this transcription factor known to activate
ABCA1-mediated cholesterol efflux in humanmacrophages (42).
Therefore, the difference between the transcription levels cannot
be explained by the instability of mRNA transcripts that does
not always correlate with the corresponding levels of protein
expression (51).

Certain mutations and polymorphisms of FH are associated
with AP dysregulation mediated diseases such as AMD, DDD,
and aHUS. AMD and DDD are characterized by formation of
deposits in the eye (drusen) or kidney (glomerular basement
membrane) that are rich in complement activation products
and, most importantly, also contain high amounts of apoE (52,
53). Therefore, in addition to atherosclerosis the pathogenesis
of diseases such as AMD and DDD could be related to the
FH and apoE-macrophage interactions. While FH interaction
with apoE launches a concerted action leading to several anti-
inflammatory responses on macrophages (Figure 6) genetic or
acquired disturbances in this homeostatic mechanism could
promote the progression of atherosclerotic and other analogous
lesions.
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Complement receptors (CR) 3 and 4 belong to the family of beta-2 (CD18) integrins. CR3

and CR4 are often co-expressed in the myeloid subsets of leukocytes, but they are also

found in NK cells and activated T and B lymphocytes. The heterodimeric ectodomain

undergoes considerable conformational change in order to switch the receptor from a

structurally bent, ligand-binding in-active state into an extended, ligand-binding active

state. CR3 binds the C3d fragment of C3 in a way permitting CR2 also to bind

concomitantly. This enables a hand-over of complement-opsonized antigens from the

cell surface of CR3-expressing macrophages to the CR2-expressing B lymphocytes,

in consequence acting as an antigen presentation mechanism. As a more enigmatic

part of their functions, both CR3 and CR4 bind several structurally unrelated proteins,

engineered peptides, and glycosaminoglycans. No consensus motif in the proteinaceous

ligands has been established. Yet, the experimental evidence clearly suggest that the

ligands are primarily, if not entirely, recognized by a single site within the receptors,

namely the metal-ion dependent adhesion site (MIDAS). Comparison of some recent

identified ligands points to CR3 as inclined to bind positively charged species, while

CR4, by contrast, binds strongly negative-charged species, in both cases with the

critical involvement of deprotonated, acidic groups as ligands for the Mg2+ ion in

the MIDAS. These properties place CR3 and CR4 firmly within the realm of modern

molecular medicine in several ways. The expression of CR3 and CR4 in NK cells

was recently demonstrated to enable complement-dependent cell cytotoxicity toward

antibody-coated cancer cells as part of biological therapy, constituting a significant part

of the efficacy of such treatment. With the flexible principles of ligand recognition, it is also

possible to propose a response of CR3 and CR4 to existing medicines thereby opening

a possibility of drug repurposing to influence the function of these receptors. Here, from

advances in the structural and cellular immunology of CR3 and CR4, we review insights

on their biochemistry and functions in the immune system.

Keywords: innate immunity, complement, complement receptors, integrins, cell adhesion, von willebrand facor A

(VWA) domain, divalent metal ions, drug repurposing
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INTRODUCTION

Complement receptors (CRs) make an important link between
cellular functions, notably—but not exclusively—between
functions of the leukocytes and soluble complement components
(C), factors (F), and several related proteins. They also create a
strong connection between those parts of the immune system
often termed the innate immune system and other parts forming
the adaptive immune system. Among these receptors, especially
CR3 has been the subject of several studies at essentially all levels
of modern biology including its biochemistry to in vivo analysis
by use of transgenic mice (1). Nevertheless, in spite of more than
40 years of research, the full versatility of CR3 seems not to have
been captured as yet, not to mention the structurally similar
CR4, which is even less understood.

The present review focuses on highlighting both a few past
and some more recent insights on the structural biology and
functions of CR3 and CR4. The focus is on extracellular biology
of these receptors, comparing their ligand recognition and how
to put their structural biology into a context of immunology. The
equally important, and quickly developing, topic, of intracellular
signaling by CR3 and CR4 is only briefly touched upon. The
Reader is referred to other authoritative reviews for a more
comprehensive elucidation of this topic (2–4).

It is not a new idea to review the literature on CR3 and
CR4 together (5–7). The present paper aims to make a critical
contribution by addressing the question why we have come to
think of these receptors as particularly similar. To this end,
the present section includes a brief historical summary on the
discovery of CR3 and CR4, followed by a broader introduction
to their family of β2 (CD18) integrins. Section the structure,
conformational regulation, and ligand recognition by CR3,
and CR4 addresses the conundrum of CR3 and CR4 ligand
recognition in the context of advances in the structural biology
of these receptors. In Section Therapeutic interventions targeting
CR3 and CR4, an obvious, yet in the literature surprisingly
absent, theme is brought up, namely what role CR3 and CR4 play
in human medical therapy. The current situation is paradoxical
as no medicines in use are directed to these receptors, but several
pharmacological agents may nevertheless target CR3 and CR4
functions, at least as conjectured from primarily biochemical
and cellular investigations. Finally, Section Conclusion: CR3
and CR4, significant contributors to both innate and adaptive
immunity concludes by looking ahead to the next important steps
in the investigations of CR3 and CR4.

Functions of CR3 and CR4 and the Family
of CD18 Integrins
CR3, at the time named Mac-1, was discovered by Springer et al.
(8). They immunized rats with a human leukocyte cell membrane
extract and thereby produced a monoclonal antibody (Ab), the
M1/70, which was the first to react with a “discrete molecule
specific to phagocytes” (8). The activity toward phagocytes
prompted the question of the M1/70 impact on complement-
opsonized phagocytosis. Indeed, M1/70 blocked the interaction
of neutrophils with iC3b (9), an activity assigned before as
constituted by CR3 but with no molecule “in hand” (10).

The discovery of CR4 was more convoluted. Originally
characterized as a part (p150,95) of the product in pull-down
experiments with Ab to CD18, little information was obtained on
its function initially (11). By the use of affinity matrices coupled
with iC3b, it was possible to pull down the p150,95 antigen
(12, 13). The similarity in terms of ligand specificity with CR3
was striking (13), also including the inability of CR4 to react
with C3d, an observation, which has received further support
recently (14). CR4 has been useful as a widely employed marker
of murine dendritic cells (with the nomenclature CD11c/CD18)
following the observation that this molecule is themost abundant
in the cell membrane of these cells (15). A remarkable property
of both CR3 and CR4 is the intracellular location of receptors
stored in neutrophil granula (11). Upon activation of neutrophils,
for instance using the bacterial product N-formylmethionine-
leucyl-phenylalanine, CR3 is particularly mobilized from these
storages to the cell membrane functionally enabling these cells to
respond to iC3b deposited on targets (16–18). This provides an
∼17-fold upregulation of expression in the membrane through a
mechanism which has no immediate transcriptional component.
CR3 provides an example sometimes overlooked in the age of
transcriptomics, that not all protein expression is regulated by
mRNA synthesis and decay, at least in the cell membrane.

From a protein phylogenetic standpoint, CR3, and CR4
belong to the β2 integrin family of adhesion molecules (19,
20). The family contains four members, namely integrins
αLβ2 (lymphocyte function-associated antigen [LFA]-1 or
CD11a/CD18), αMβ2 (Mac-1, CR3, or CD11b/CD18), αXβ2
(CR4, p150,95 or CD11c/CD18), and αDβ2 (CD11d/CD18).
CD18 integrin expression is restricted to leukocytes and one or
more types are found on nearly all leukocytes (19). An interesting
exception is human and murine mast cells, which as part of the
maturation process lose CD18 expression (21, 22). The functional
consequences of this situation remain unknown.

LFA-1 is expressed in both lymphocytes and myeloid cells,
while CR3 and CR4 is strongly expressed in macrophages
and non-classical monocytes, which are usually considered a
precursor cell of the tissue-embedded macrophages. Neutrophil
granulocytes are also prominently expressing CR3 and CR4 (23).
The expression in lymphocytes is more varying and probably
dependent on activation. Natural killer (NK) cells express high
levels of LFA-1, CR3 and CR4 (19). A less strong expression of
CR3 and CR4 is also found in some T and B cells as reported in
a few studies (24–26). The integrin αDβ2 is not particularly well
studied in any respect, but the expression and functions seems to
share some properties with CR3 and CR4 (27, 28).

CD18 integrins serve important roles in leukocyte cell
contacts. They are involved in the extravasation of leukocytes
through the endothelium to zones of inflammation, the
contact between lymphocytes and antigen presenting cells, and
phagocytosis of complement opsonized targets.

LFA-1 is the key molecule in regulating the contacts
of leukocytes with intercellular adhesion molecule (ICAM)-1
expressed on activated endothelium (29–31). CR3 may also
interact with ICAM-1(32) and LFA-1, CR3, and CR4 have been
reported to bind ICAM-4 (33, 34). However, it remains unclear
whether these interactions are auxiliary to LFA-1-mediated
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adhesion or serve purposes that are more specialized. The
LFA-1/ICAM-1 interaction also serves the important task of
the formation of the immunological synapse (19, 35), crucial
the contact between antigen presenting cells (APC) and T
lymphocytes. On the surface of the APC, ICAM-1 molecules
will form bonds to LFA-1 on the T lymphocyte, essentially in
an outer circle surrounding the T cell receptor (TCR)-major
histocompability complex (MHC) molecule. This organization
easily follows from the curvature of the cells and the longer
stretch of the LFA-1/ICAM-1 compared to the TCR-MHC
complex (36). Interestingly, it is not known if CR3 and CR4 forms
similar structures as part of their contact with target surfaces. If
their ligands on such a surface is complement, the deposition
could present less order in the spatial organization of CR3 and
CR4 ligands than what is seen for the classic immunological
synapse. On the other hand, results from nanomicrobiology have
pointed to a high level of surface structure of the microbial cell
wall. For instance, the peptidoglycan cell wall of Staphylococcus
aureus was shown to be built in concentric circles (37). Likewise,
the fungal human pathogen Aspergillus fumingatus also present
woven textile-like surface pattern (38). The patterns probably
affects the binding of certain polyvalent immune effector
molecules such as IgM and mannan-binding lectin (MBL) (39,
40). However, it seems plausible that deposition of molecules
such as the complement component C3-fragment iC3b could be
guided by the surface structure. With the concentric ridges on
the surface of S. aureus, it is not inconceivable that this would
impose ring-like organization of CR3 or CR4 in the leukocyte
cell membrane upon contact with the complement-opsonized
bacterial surface. Investigations on these questions are lacking.

As mentioned above, NK cells are carrying high levels of CR3
and CR4. A few studies in the past documented their role in
complement-dependent cell cytotoxicity (CDCC), but the role of
this NK cell effector mechanism was unclear, at least compared
to the better understood antibody-dependent cell cytotoxicity
(ADCC). A recent study has now shown that CDCC may
account for as much as 50% of NK cell cytotoxicity to anti-CD20
(rituximab)-covered B cell targets (41). Of course, this finding
opens up for a better understanding of complement in antibody-
based biological therapy and certainly highlights the role of CR3
and CR4 in this process. Likewise, it is also possible that the
contribution of complement to certain pathologies can be now be
thought of as involving NK cell cytotoxicity, including diseases
with autoreactive antibodies. Especially in the latter case, the
means of actually targeting the function of CR3 and CR4 appears
equally important as discussed further in Section Therapeutic
interventions targeting CR3 and CR4.

Soluble CD18 Complexes
An increasing number of reports have now identified shed
ectodomains of CD18 integrins in the blood of humans and
in mice. Mechanistically the shedding probably involves matrix
metalloproteinases (MMPs), notably MMP-9 (42), although
experiments in mice suggest a more complex situation, probably
with several sources of pericellular proteolysis involved (43).

In humans, an initial study identified soluble (s) CD18, mainly
in the form of sLFA-1, in fluid from induced blisters with large

influx of neutrophil granulocytes. On these cells, a stub remained
of the CD11a chain, which apparently was more degraded than
the CD18 chain (44). Gjelstrup et al. published the analysis of
three groups of arthritis patients, namely, rheumatoid, spondylo,
and osteoarthritis. The sCD18 in synovial fluid from the inflamed
rheumatoid and spondyloarthrtitis patients was clearly higher
than the plasma concentration (44, 45). Interestingly, the plasma
sCD18 concentration has turned out often to be lower in
chronically inflamed patients (45, 46). This probably connects
to the observation that the sCD18 species are ligand binding
active to a level where they may compete with cellular adhesion
as shown in several experiments with ICAM-1 as a ligand for
sLFA-1 (45, 46). The most abundant type of sCD18 species
in humans seem to contain the CD11a chain (45), meaning
that ICAM-1 is likely the major ligand for sCD18 (47). One
important observation made, so far only by Gjelstrup et al. is
the oligomeric state of the sCD18 species (45). It is likely that
the oligomerization enables a strong, polyvalent interaction with
ligand-coated surfaces such as the tested surfaces with ICAM-
1 (44–46) and iC3b (48). It was observed that recombinant
sCR3 fragments oligomerize (49), but the relationship between
these oligomers (45) with the oligomer forms found in plasma
remains unclear. Furthermore, the structure of sCD18 oligomers,
is not well-understood, not even at a level of understanding
the stoichiometry of alpha and beta chains. Direct detection
of sCR3 and sCR4 forms in human plasma was attempted by
Gjelstrup et al. (45). Probably as the first, this study reported
on barely detectable amounts of sCR3 in human plasma, later
supported by reports by others demonstrating the shedding
of CR3 (50). Recently, it was possible to demonstrate the
antagonistic influence of full plasma on cell adhesion to iC3b,
i.e., a CR3 and CR4 ligand, with reduction of the antagonism
when sCD18 species were depleted (48). CR3 appears to bind
the zymogen form of MMP-9 and also associates with the active
enzyme in the cell membrane (51), a finding which undoubtedly
has implications for receptor shedding. In murine serum, sCR3
is considerable easier to detect (52). Other studies demonstrated
that shedding of CR3 is critical for the efflux ofmacrophages in an
experimental murine model of peritonitis and presented vidence
that sCR3may act as soluble antagonist to CD18 integrin binding
to ICAM-1, fibrin, and collagen (43). Attempts to measure sCR4
in human plasma failed and no reports on such species are
apparently available (45). Both in this case as well as concerning
the issues in making strong detection of sCR3 in human plasma,
factors such as proteolytic degradation or affinity of the tested
antibody recognition could explain the lack of signal.

THE STRUCTURE, CONFORMATIONAL
REGULATION, AND LIGAND
RECOGNITION BY CR3 AND CR4

Both CR3 and CR4 have been helpful molecules in understanding
the structural biology of integrins. The atomic-resolution
structure of the CR3 ligand binding domain and the CR4
ectodomain explained critical aspects of integrin ligand binding
activity and the large conformational changes enabling ligand

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 271651

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vorup-Jensen and Jensen Complement Receptors 3 and 4

binding. With the recent structure of a complex between the CR3
ligand binding domain and C3d, new light has been shed on how
this receptor binds what is likely its most prominent ligand. In
direct structural comparison between the ligand binding domains
of CR3 and CR4, it is also evident why CR4 is not able to bind
C3d similar to CR3, this way distinguishing the binding of C3
fragments by CR3 and CR4.

Structure of CR3 and CR4 Ectodomains
As members of the CD18 integrins, CR3 and CR4 form a
heterodimeric complex containing one CD18 beta chain (β2) and
either of the alpha chains αM or αX, respectively. The β2 chain
is a moderately glycosylated molecule with a Mr of 95,000. The
alpha chains vary betweenMrs of 150–170,000, with the αX being
notably less glycosylated than the other chains (19). It is not
known if and how the reduced glycosylation of CR4 affects its
function, and the topic is not pursued further here. The CD18
integrins also contain multiple metal ion binding sites, some with
significant implications for the function of the integrins (53, 54).

The structural organization of the CD18 integrins follows
a widely conserved domain organization, also found in other
integrins (Figure 1). The CD18 integrins belongs to the class
of inserted (I) domain-carrying receptors. As suggested by the
name, the I domain is inserted between blade W2 and W3 of
the seven-bladed beta-propeller domain (58). It belongs to the
family of von VWA domains, taking the Rossmann fold (59).
In the CD18 integrins, the domain contains seven amphipathic
helices surrounding a hydrophobic β-sheet core. This domain
is found in GTPases as well as in several other molecules with
adhesive functions, and notably some parasite proteins found in
Plasmodium falciparum and Toxoplasma gondii are considered
for use as vaccine antigens (60, 61).

The I domain is the best and most widely characterized part
of the CD18 integrin structure. In those integrins carrying an I
domain, it is themajor ligand binding site. Isolated domains from
αL (62, 63), αM (64–67), and αX (68) have all been characterized at
high resolution with X-ray crystallography (XRC). So far, a high-
resolution solution structure has only been obtained for the αL I
domain (αLI) was by nuclear magnetic resonance spectroscopy
(69, 70). Earlier, NMR was also used to confirm the folded
nature of the αMI (71). Several of the key structural findings
came from analysis of the αMI. The first structure, referred to
as the “open” conformation identified the metal-ion dependent
adhesion sites (MIDAS), which chelates a Mg2+ ion in the
primary coordination sphere through the hydroxyl groups of
the residues Ser142, Ser144, and Thr209 (Figure 2). Two water
molecules and Glu314 from a neighboring αMI completed the
Mg2+ coordination sphere (65). Another structure of the αMI,
referred to as the “closed” conformation, showed amore compact
packing of the C-terminal α7 helix and a primary coordination
sphere consisting of Ser142, Ser144, Asp242, and three water
molecules (64) (Figure 2). Evidently, this suggests a mechanism
for regulation of ligand binding, where the side chains in the
coordination sphere of the “open” conformation enables the
chelation of external anionic ligands, e.g., a glutamate side chain
carboxylate. Experimental evidence from both computational
stabilization of the domain in the open conformation (72), a

FIGURE 1 | Model of the CD11/CD18 ectodomain. The CR4 in the bent

conformation as determined by XRC [RSCB entry 3K72; (55)] is shown

together with a model of the extended conformation. The αX chain is indicated

in a red color together with labels showing the approximate positions of the αI,

β-propeller, Thigh, Calf-1, and Calf-2 domains. In the β2 chain, indicated in a

blue color, the I-like, Hybrid, plexin-semaphorin-integrin (PSI), integrin

epidermal growth factor (I-EGF) 1-4, and beta tail (BT) domains are shown.

The ecto domain is shown in proximity to cell membrane, drawn to scale with

a thickness of 3 nm (56). Reprinted from Gjelstrup et al. (57), Copyright (2011),

with permission from Elsevier.

structure-guided mutation in a hydrophobic pocket in the wild-
type domain keeping the C-terminal alpha helix in position (67),
as well as from engineered disulphide bridges locking the domain
in the open conformation confirmed that the open-conformation
αMI had a several fold higher affinity for ligand than the
closed conformation (73). It is noteworthy that the hydrophobic-
pocket mutation also stabilized the αXI in the ligand-binding
conformation (68), while the αLI requires a different set of
mutations to be stabilized in this conformation (74).

Evidence for ligand contacts outside the I domain in CD18
integrins is limited to studies on CR3 and iC3b binding.
Mutations in the alpha chain beta-propeller domain showed a
reduced binding to this ligand (75). Deletion of the αMI from the
alpha chain produces a construct that more moderately supports
iC3b binding, which, however, was not completely ablated by
deletion of the I domain, again supporting a ligand binding
site outside the I domain (76). The involvement of the CR3
alpha chain beta-propeller domain in binding iC3b recently
received further support from analysis by electron microscopy
(EM) (49). A more complex aspect is the apparent ability of CR3
to interact with certain carbohydrate chains, notably β-glucan
(77, 78). A well-defined binding site for this interaction has not
been characterized, even though some evidence from a function-
blocking antibody suggest a location in the membrane proximal
part of the αM chain (77). The interaction seems to be able to
prime certain anti-cancer responses (77), but the mechanistic
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FIGURE 2 | Structures of the open [1IDO; (65)] and closed [1JLM; (64) 9 αM I.

The open structure backbone is indicated in turquoise and closed structure in

a light red. (A) Superimposition of the structures with an indication of the

MIDAS. (B,C) Details of the metal ion coordination spheres in the open (B) and

closed (C) conformations.

part remains uncertain, including the possible involvement of a
lectin co-receptor in complex with CR3.

With regard to the function of the CD18 integrin ectodomain
outside the I and beta propeller domains, a wide range of
experimental work on several types of integrin receptors has now
shown how conformational changes are transmitted through
alpha and beta chains (79). Briefly, in their resting state, integrins
are kept in a bent conformation with the head piece in close
proximity to the transmembrane part of the alpha and beta chain,
and close to the cell membrane. Upon activation, there is a Swiss-
blade like opening of the receptor to take a more elongated state
(Figure 1). Studies on the integrin αLβ2 identified the β2 chain
I-like domain, with structure highly resembling the I domain, as
critical in forming a contact to the C-terminal helix of the αLI,
thereby exerting a pull sufficient to open the conformation of
the I domain (80). A similar mechanism would be expected for
both CR3 and CR4. The critical interplay between the alpha and
beta chains in transmitting the conformational signal to regulate
ligand binding was demonstrated earlier by studies on CR4.

CR4 is probably the most difficult CD18 integrin to activate.
As one part of the challenge to enable ligand binding by CR4,
it should be noted that CD18 integrins in most expression
system require co-expression of both the alpha and beta chain
to be presented on the cell surface or secreted in a well-folded
state. The reasons for this requirement are not clear, although it
may be speculated that the chains exert a mutual, and critical,
chaperone-like activity, which ensures that only correctly paired

heterodimers reaches the compartments for CD18 integrin
function. In principle, mutations in the human chains could
enable activation, but prior to the detailed structural information
now available, such a strategy would face the dual problem of
making constructs that enabled ligand binding and maintaining
sufficient integrity to permit heterodimer formation. Bilsland
et al. (81) tested the elegant hypothesis that co-expression of
the human αX chain with the chicken β2 chain would produce
an expressible construct with sufficient alterations in the pairing
between the two chains to enable ligand binding activation. In
effect, since this construct bound iC3b, while a construct with
the native human chain did not, is clear evidence that the alpha-
beta chain pairing is important in regulating the activity of
the CD18 integrins. This is also of direct consequence to the
studies on the ligand binding sCD18 species, discussed in Section
Soluble CD18 complexes Evans et al. (44) noted that, in the
case of sCD11a/CD18, portions of the alpha chain was probably
degraded, but ICAM-1 binding activity was retained. With the
insight from CR4 on how contacts between the alpha and beta
chains restrain activation (81), it seems likely that proteolytic
removal of some alpha (or beta chain) domains would unleash
the ligand binding activity of the soluble ectodomains.

CR4 was the first ectodomain of an I-domain carrying integrin
to be studied with XRC by Xie et al. (55). In addition to
adding further insight to the nature of the conformational lability
of the ecto domain, it was clearly demonstrated that the αXI
is loosely attached to the remainder of the ectodomain body
through long loop regions. Xie et al. explained this finding
as logically offering some structural freedom in the ability to
form contacts with ligands. Indeed, at least on speculative
grounds, one would think that such freedom would be usable
to solicit further interactions with the beta-propeller domain as
experimentally found for the CR3:iC3b interaction. Curiously,
however, at least in the case of CR4, there seems not to be
such interactions (49). Another possibility for the need of I
domain flexibility, if not often addressed in CD18 integrin
ligand binding studies, concerns the involvement of the divalent
metal ion of the MIDAS in the contact. In the case of C-
type lectins, which binds carbohydrate hydroxyl groups through
a chelated Ca2+ ion, in many respects chemically similar to
Mg2+, an important paper showed by NMR that the permitted
stereochemistry of this interaction constrains the position of
the carbohydrate (82). In I domains, the stereochemistry of
ligands in the primary coordination sphere of the Mg2+ is
likely to restrict the movements to pivoting around the chelated
anion, similar to what have more recently been observed for the
αMI:simvastatin complex (see Section Mechanistic basis for αM
and αX I domain recognition of structurally diverse ligands).
Accordingly, when structures of the ligand or ligand mimetics
are compared, the fixed stereochemistry of Mg2+ coordination
sphere is striking (Figures 3A–D). When the CR4 ectodomain is
compared with the ectodomain of LFA-1, it seems that the loop
regions connecting either of the alpha chain I domains are longer
in CR4 (Figures 4A,B). With the MIDAS requirements for a
certain orientation of the Mg2+ coordination sphere ligands, the
flexible attachment of the αXI probably serve to enable successful
chelation of acidic groups in ligands even with considerable
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FIGURE 3 | Structural comparison of ligated αM I. (A–F) By use of XRC, the

αM I has been characterized in complex with (A,B) C3d [4M76; (14)], (C,D)

simvastatin [4XW2; (83)], and (E,F) the ligand-mimicking antibody mAb 107

[3QA3; (84)]. For each complex (A,C,D) the corresponding MIDAS

arrangement is indicated with the external ligand for the metal ion coordination

sphere (B,D,F).

variation in the structural environment of these groups. The
study by Sen & Springer (85) concluded that, at least in the case
of LFA-1 and CR4, the I domain flexibility is only structurally
limited by the contact with the headpiece platform and that both
integrins probably permit large movements of their I domains.
However, the LFA-1 carries four sites for attachment of large, N-
linked glycosylations in the vicinity of the I domain, while the
CR4 has none such. These differences in features could explain
how CR4 may bind multiple ligands, even with multiple sites
within the same molecule (49, 86–88), while LFA-1 is far more
restricted in its interactions.

FIGURE 4 | Comparison of the ecto domains of LFA-1 (integrin αLβ2) and

CR4 (αXβ2). (A,B) The LFA-1 [5E6S; (85)] (A) and CR4 [5ES4; (85)] (B) are

shown with the alpha chain in blue and the beta-chain in green.

Structural Insights on CR3 and CR4 Ligand
Binding
Considering the long list of ligands for CR3 and CR4, the number
of structural studies on ligand interactions is disappointingly
limited. There is no doubt that one fascinating part of CR3
and CR4 biology is how they accommodate binding to such a
large inventory of chemically highly diverse ligands. Fortunately,
recent progress in structural studies on especially CR3 offers
valuable data.

Asmentioned above, indirect evidence of theMIDAS function
was produced from XRC on the αMI. On one hand, these
structures indicated an open conformation, which enables the
contact with a glutamate side chain from a neighboring domain
in the crystal lattice, while the closed conformation would
not support such an interaction. On the other hand, in this
homotypic interaction, the glutamate was the only contact
between the domains, which seemed to exclude this interaction
as reflecting a proper protein-protein interaction (65), usually
requiring larger surface areas to form stable contacts. This was
later found for the αLI in complex with ICAM-1 producing a
buried surface area of 1,250 Å2 (63). Even so, the homotypic
interaction is a quite persistent property of αMI and CR3. Recent
EM studies clearly show that the homotypic interactions also
can be found with the CR3 headpiece, in this case forming an
abundance of dimers (49). Due to limitations in the structural
resolution, this interaction is not clarified at the atomic level.

Two interesting reports detailed the inhibitory potential of
the antibody mAb 107, to the αMI. Surprisingly, in the authors’
terms, the antibody acts as a ligand mimetic (84, 89). mAb
107 stabilized the αMI in the closed conformation, even when
using αMI constructs mutated to favor the open conformation
(Figures 3E,F). This stabilization occurred with a Ca2+, rather
thanMg2+, in theMIDAS. Further separating this structure from
others complexed integrin I domain structures was the finding
of bidentate involvement of aspartate side chains as part of the
Ca2+ coordination sphere. This work highlights the surprisingly
multifaceted nature of the MIDAS in regulating CR3 ligand
binding, especially because the structure could have natural, but
so far elusive, ligand correlates. From earlier metal ion affinity
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measurements directly on the αMI, it is clear that, in the isolated
domain, Mg2+ is strongly favored over Ca2+, although none
of the affinities would permit the MIDAS to be saturated with
metal ions at the physiological concentrations (66, 90). This
was also found for the αLI, where hypo or hyper saturation
with Mg2+ compared to physiological levels, strongly changed
the interaction with ICAM-1 (91). Taken together, this work
suggests that the CR3 MIDAS metal ion binding is part of both
the conformational dynamics and potentially contributing some
regulation of the ligand binding.

The first structure revealing details of CR3 complement
binding was made by Bajic et al. (14), who characterized
the complex between αMI and C3d (Figures 3A, 5A,B).
C3d essentially constitutes the minimal binding site for the
domain. The complex interface was formed by an aspartate
side chain chelating the MIDAS, occupied by a Ni2+ ion
available in the mother liquid generating the crystal. As
judged from ligand binding measurements by surface plasmon
resonance (SPR), this binding site is hidden in the C3b
structure, but exposed in iC3b. This is fully consistent with
necessity of FI cleavage of C3b to produce the CR3 ligand
iC3b (9).With the CR3 binding site located in C3d, the
considerable conformational change induced in C3b’s conversion
into iC3b involving a partial detachment of C3d now offer
a structural rationale for the classic characterization of the
CR3 recognition of C3 fragments (14, 93). The affinity (KD)
for C3d is in the sub micromolar-range on a par with the
αLI:ICAM-1 complex, further corroborated by the size of the
interface area at 491 Å2 (14), also close to the value for
αLI:ICAM-1 and α2I in complex with synthetic collagen-like
peptide [Ac-(GPO)2GFOGER(GPO)3-NH2], both at 609 Å2 (63,
94).

A quite important finding by Bajic et al. (14) was the
possibility of CR2 and CR3 to bind the same C3d molecule.
CR2 is mainly expressed in B lymphocytes, but is also found
in follicular dendritic cells, at least in mice (1). This opens for

a quite interesting handling of C3d-opsonized antigens in the
lymph nodes. Here, of course, several subsets of CR3-expressing
leukocytes reside, including the subcapsular sinus macrophages.
As indicated by the name, these cells are in contact with the
draining lymph and bordering the leukocyte-dense area of the
lymph node, which enables the delivery of antigens to especially
B cells. The ability of B of cells to bind the CR3-presented
complement-opsonized antigen through CR2, essentially a
“hand-over” of antigen (Figure 6), readily extend an important
aspect of how the complement system is a part in the formation
of antigen stimulation of B cells, and hence antibody formation.
With the involvement of CR3 on the cell surface of macrophages,
the process becomes essentially an “antigen presentation” to
B cells (99). The molecular structures involved are, of course,
different from the way antigens are usually presented to T
lymphocytes through MHC molecules. On the other hand, it
was previously thought that B cell antigen recognition involved
mainly events on the B cell surface alone, with complement
adding to support the binding through co-binding to CR2 while
the B cell receptor engaged an epitope in the opsonized antigen
(100). Not excluding the likelihood of these events as well,
the CR2:C3d:CR3 complex enables the presentation of antigen
in a close contact between the antigen-presenting cell and the
lymphocyte. It seems that the large dimensions of particularly
CR2 are such that even a quaternary complex with the B cell
receptor may be permitted through the C3d-opsonized antigen.
It is a classic demonstration that the essentially two-dimensional
confinement of juxtaposing receptors in the cell membranes
of T cells and APCs greatly enhances the resulting affinity of
the receptors for each other (101), compared with a situation
where the affinity was measured in (free) solution (102), in
effect a three-dimensional compartment. Considering that both
the CR2 and CR3 bind C3d with affinities in the micromolar
and submicromolar range respectively (103), the principle of 2D
affinity is undoubtedly significant in producing results in the
cellular context.

FIGURE 5 | Contacts between the αM I and C3d. (A,B) The structure of αM I in complex with C3d is shown as determined by X-ray crystallography [4M76; (14)]. The

αM I domain is indicated in turquoise and the C3d fragment indicated in purple. Residues involved in the interaction are represented as sticks, and the polar

interactions are indicated by dotted lines. (C) The structure of αM I with residues involved in the C3d or iC3b interaction shown as spheres. Residues implicated from

mutagenesis studies in αM I and binding to iC3b are indicated in green (92), residues implicated by XRC (14) are indicated in red, and residues implicated both

methods are indicated in blue.
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FIGURE 6 | Model of the ternary complex between CR2, C3d, and CR3. The

solution structure of CR2 (CD21) was determined by SAXS [2GSX; (95)]. These

coordinates were aligned on the CR2:C3d complex [3OED; (96)]. The C3d

fragment in the C3d:αM I complex [4M76; (14)] was also aligned with C3d in

the CR2:C3d complex. To create a model of an extended β2 integrin in

complex with C3d, the open-conformation αX I [5ES4; (85)] was aligned with

αM I in the C3d:αM I complex. The extended conformation of the β2 chain was

modeled from a structure of the extended β3 chain [6BXB; (97)] and the αX

chain outside the I domain was modeled from the open structure of integrin

αIIbβ3 [2VDN; (98)].

How Are CR3 and CR4 Capable of Binding
Multiple Ligands?
Many reports, with a wide distribution in both time and
methodologies, have now shown that CR3 and CR4 bind a vast
inventory of ligands (40). Quite a few of these ligands are natural
occurring substances, including many proteins, nucleic acids
and negatively charged glycosaminoglycans (GAG). In addition,
multiple engineered molecules are also on the list, including
several peptides and small molecules.

The question on how CR3 and CR4 accommodate such
binding has fundamental roots in our understanding on the
mechanistic workings of the immune system in at least two
ways. First, the concept of immune recognition of the body’s
foes require a level of specificity in the recognition to avoid
undue inflammation in non-infected or otherwise normal tissue.
Although the many homeostatic roles of the immune system is
now well-established, and hence the need for receptors which can
interact with several “self ” or altered “self molecules,” receptors
on leukocytes should logically be restricted in their ligand
binding to avoid autoinflammatory responses. The relevance of
such restriction was recently emphasized by the contribution
of CR3 to pathological inflammation (104). Nevertheless, at the
outset, CR3 and CR4 seems to challenge this concept. Second,
it was one of the great scientific accomplishments of twentieth
century to explain how “an apparently infinite range of antibody-
combining specificity associated with what appeared to be a
nearly homogeneous group of proteins” (105) leading to the
discovery of the complex somatic genetic rearrangements and
mutations encoding these molecules. This is, however, not an
option to rationalize how the CR3 and CR4 I domains manage
their binding of many ligands, since the I domains are subject
to neither genetic nor post-translational modifications. In effect,

there is an unresolved matter concerning a type of protein-
protein interaction permitting binding of a broad range of
ligands.

Below, these questions are further addressed with support
from the past two decades of research on the CR3 and CR4 ligand
binding.

The Need for Multi-Ligand Receptors in the Immune

System
In understanding the functions of CR3 and CR4, it is probably
fair to state that there has been a tendency toward placing CR3
and CR4 in the biological context of their ligands one-by-one.
Ligands of the coagulation cascade provide an example. Both CR3
(106, 107) and CR4 (108) bind fibrinogen, and CR3 interacts
well with its coagulated form, fibrin. Characteristically, there is
large number of reports detailing this interaction, identifying the
responsible residues in both ligands and receptors (109). In mice,
a binding site for CR3 identified in fibrinogen is necessary for
the role of this molecule in limiting staphylococcal infections
in vivo (110). Both CR3 and CR4 were reported to also bind
heparin (111, 112), which act to limit coagulation. Add to this list
kininogen and plasminogen as CR3 ligands (40), and the receptor
would very reasonably seem a part of the wider functions of the
coagulation system.

The role in the complement system follows a similar path.
There can be little doubt that the C3d fragment is one of
the strongest ligands for CR3, hence the crystallization of
this ligand—receptor complex (14). The binding site covers a
relatively small interface area, which, as mentioned above, is not
unusual among integrins and certainly still on par with many
other interactions considered specific (113). From investigations
of this ligand, CR3 appears a complement receptor in its own
right and in ways unrelated to its function in binding coagulation
factors.

With these examples in mind, and with a list of many other,
less characterized ligands (40), our efforts to understand the
multiple ligand interactions by CR3 and CR4 face a significant
conundrum from a point of view of structural biology. CR3,
and maybe CR4, are clearly able to form classic receptor-ligand
interactions, which involves a number of critical side chains in
both the receptor and ligand. Nonetheless, among the multitude
of ligands reported for each receptor, there is no evidence of any
particular shared structural element, at least to a level typical
for integrins. Paraphrasing the famous lock-and-key analogy by
Emil Fischer (1852–1919) originally addressing the specificity of
enzymes but used in many other context of protein interactions
since including immunology (114), CR3 and CR4 appear to be
“locks” with very definite and distinct structural characteristics,
but nevertheless permitting the fit of almost any “key,” in spite of
these keys not sharing any obvious similarities themselves.

To understand the immunological relevance of receptors
with such properties, it is worthwhile mentioning that one
group of receptors seems to share characteristics with CR3
and CR4 with regard to ligand binding, namely the so-called
scavenger receptors. Indeed, CR3 has for several years been on
the list of scavenger receptors (115). Scavenger receptors, such
as CD36, enable cellular removal of decayed macromolecules
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in extracellular space (116). This decay can be mediated by
sources such as oxidation of low density lipoproteins. Both
CD36 and the receptor for advanced glycation end products
(RAGE) bind many different biomacromolecular coining the
designation of multiligand receptors (117). Adding CR3 and
CR4 to this group is easily justified, especially as evidence
suggest CR3 and RAGE to act in consort with regard to
cellular signaling in leukocytes of the innate immune system.
A recent paper identified CR3 as reacting with proteins
modified by oxidations products of polyunsaturated fatty acids
(118). Such modifications as well as several other processes,
including proteolysis, impacts protein structure, sometime
causing denaturation. This has a special interest in the case
of CR3 and CR4, which bind denatured protein well (76, 88,
119). The concept of CR3 and CR4 being scavenger receptors
is quite attractive and avoids any too tight association with
distinct physiologic processes from simple binding of the
associated proteins. The special role of complement, at least
in the case of CR3, also fits this proposal well. Complement
deposition on apoptotic cells, immunoaggregates andmany other
plasma-exposed molecular species is a known and important
mechanism of cellular clearance (120). Failure of such clearance,
for instance through complement component deficiency or
defects in CR3, are associated with autoimmune responses
such as systemic lupus erythematosus (120, 121). An increasing
literature now shows that CR3 outside-in signaling, i.e., the
cellular signaling following ligation, serves to down-regulate
inflammation by several leukocyte subsets (23). For a receptor
on leukocytes involved in clearance of decayed or “altered
self ” molecular species, both the broad ability to react with
many ligands as well as anti-inflammatory regulation are
prerequisites for successful—and harmless—completion of this
process.

With the many shared ligands, including denatured proteins,
it would be simple to claim that CR4 also serve as a scavenger
receptor like CR3. There is, however, no evidence that ligand
binding of CR4 is anti-inflammatory. Unlike CR3, CR4 is capable
of binding highly proteolyzed fibrinogen, increasing the adhesion
by neutrophil granulocytes (88). This result was obtained with
the proteases plasmin and subtilisin, which mainly share the
ability to profoundly degrade many protein substrates. This
capability of CR4 was suggested to enable a “danger signal”
from proteolytically damaged tissues, for instance as inflicted
by certain microbial infections. In such a scenario, there is a
coupling between the use, or perhaps more precisely overuse,
of a scavenger receptor function and the triggering of a pro-
inflammatory response. Other evidence seems to suggest that
proteolysis of other ligands may convert these into better ligands
for CR4. The role of proteolysis in converting non-ligands into
ligands is reminiscent of both the complement and coagulation
systems, although these cases usually are being understood as
far more regulated. Again, as in the case of CR3 as a scavenger
receptor, recognition of, on one hand, highly proteolyzed species
and, on another, species probably of multiple origins, would
seem to involve a principle quite different from a more standard
binding interface in protein complexes.

Mechanistic Basis for αM and αX I Domain

Recognition of Structurally Diverse Ligands
Surprisingly little effort has been spend on explaining how
the CR3 and CR4 recognize structurally diverse ligands, at
least compared to the number of reports simply focusing
on identifying one or another ligand. As mentioned above,
their list of ligands spans not only proteins but also other
classes of biomacromolecules, including nucleic acid, GAGs, and
lipopolysaccharide (LPS).

One model, which here will be referred to as the “mosaic
model” by Ustinov and Plow, embodies the claim from
recombinant engineering that the same loop structures on the
MIDAS face of the αMI apparently are used in recognizing many
ligands (122, 123). The logical strength of this model is its
classic approach to what is required for formation of a protein-
ligand interaction site by clearly providing for a sufficiently
large surface area to produce a reasonably strong interaction.
As the model predates the αMI:C3d structure (Figures 5A,B),
the data involved were based on mutagenesis in the MIDAS
face of the αMI domain. Many, if not all, of the supporting
data were generated by mutating selected αMI residues into their
equivalents in αLI, which cannot bind iC3b (122). The lack of
binding introduced by these mutations in vicinity of the MIDAS
was interpreted as direct engagement of the affected residues in
ligand contacts. However, from the mutational investigations on
the interaction with iC3b, only one residue was identified, which
was also corroborated by the structure of the αMI:C3d complex
(Figure 5C). This residue was furthermore only involved in
a backbone interaction with C3d. As judged from the recent
studies by EM, it is unlikely that the αMI forms contacts with
iC3b outside the C3d fragment (49). The mutational approach
probably failed to distinguish direct contacts from indirect
loss-of-function through structural alterations of the αMI. This
prompts a concern over the experimental evidence for the
“mosaic model.”

Another model, here named the “anion chelation model,” also
makes a starting point with the αLI, which is different from
both the αM and αX I domains, in so far as the αLI has been
reported to only bind the structurally highly conserved ICAMs
(40). Any model explaining why the αM and αX I domains bind
many ligands should, in consequence, also embody the αLI in
explaining why this, otherwise highly similar domain, will not.
A central inspiration is here the above mentioned αMI structure
with a crystal lattice contact producing a glutamate side chain
coordinating the MIDAS of an open-conformation I domain
(64) (Figure 2B). Nothing similar was reported for the αLI in
spite of several available crystal structures (62, 63). In a simple
inhibition experiment using surface plasmon resonance, Vorup-
Jensen et al. showed that free glutamate acts as an antagonist
of fibrinogen binding by αMI and αXI (88). Calculations on the
solution affinity of these domains for free glutamate came to aKD

of∼2× 10−4 M. Similar experiments with the αLI and ICAM-1,
estimated the affinity of the αLI for free glutamate to be a 100-fold
lower with a KD of ∼2.5 × 10−3 M. Similar findings for the αXI
could be made with compounds such as acetate. This identifies
anionic compounds, most likely in the form of carboxylates,
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being unusually strong ligands for the αMI and αXI, but not the
αLI. At the same time, anionic moieties are present in most, if not
all, of the reported ligands for αMI and αXI, pointing to a shared,
if yet minimal, structural motif in the ligands of αMI and αXI.

At this point, support for the anionic chelation model can be
found from several sources of investigations.

First, not only will proteins and other macromolecules often
carry anionic moieties; these will also be present in different
sites within the same molecule, giving rise to multiple binding
sites. This was easy to demonstrate with the highly quantitative
SPR experiments, where suchmultiple binding have been directly
observable in several experiments from calculations on the
moles of immobilized ligand and moles of bound analyte, i.e.,
αMI or αXI (86–88, 124). As discussed elsewhere (40, 87), this
can furthermore be made as a model-free calculation, which
avoids the usual reservations regarding extrapolated values. Any
influence from immobilization of the ligand on the stoichiometry
by destroying binding sites hardly applies in this context, where
the apparent stoichiometry exceeds 1:1. In the case of CR4, the
concept of multiple binding sites within a single molecule was
recently confirmed by EM, which showed a class of interaction
with two recombinant CR4 ectodomains bound to the same iC3b
(49).

A second aspect also derives from the multiplicity of binding
sites within a single protein species. While the binding sites
share the carboxylated side chains as the central part, nearby
side chains or other structural features may still affect binding
of the I domain. In effect, this means that the binding kinetics
to the sites may differ, producing a heterogeneous interaction
between the αMI and αXI and their ligands. This phenomenon
is clearly observable in SPR or similar experiments, where the
sensorgrams reflect a composite of binding reactions, unlikely to
be accounted for by single exponentials as it would be expected
for simple 1:1 reactions. A robust solution to analyzing such
experimental data has been provided by Schuck et al. with an
algorithm enabling determination of theminimal ensemble of 1:1
reactions required to explain the experimental data set (125, 126).
This algorithm has now been applied to analysis of multiple
ligands (14, 83, 86–88, 127, 128). Typically, the experimental
design used the ligand coupled onto surfaces with the I domains
applied in the flow stream. However, in a recent experiment
studying the αMI binding to the antimicrobial peptide LL-
37, it was possible to show that the ensembles determined
in the reverse orientation with immobilized I domain were
equivalent to those with I domain in the flow stream (128).
An example of the interaction between αMI and iC3b and C3d
are provided in Figures 7A–D. From the analysis, it is clear
that the compactly folded C3d provides an almost homogenous
interaction (Figure 7D). Although C3d presents more than one
carboxylate on its surface, the compact folding would limit the
access to the relevant side chains. As expected, this interaction
is discernible in the ensemble of interactions characterizing also
iC3b (Figure 7B). However, the much larger iC3b molecules,
with several regions less compactly folded than the C3d part
(93), provides additional types of interactions, in particular some
with a KD at 10−4 M, i.e., close to the KD for the interaction
with free glutamate (Figure 7B). Similar findings have beenmade

for fibrinogen (88) and the intrinsically unstructured myelin
basic protein (MBP) and the likewise unstructured antimicrobial
peptide LL-37 (127, 128).

A third consequence of the anion chelation model suggest
that at least carboxylates would be ligands for the αMI and
αXI irrespective of their “mounting.” It was already shown
that acetate and propionate inhibited CR4 ligand binding as
efficiently as glutamate (88). This was further confirmed by
structural studies over the interaction between the cholesterol-
lowering drug simvastatin and the αMI (83). Interestingly, while
the binding between the simvastatin carboxylate (Figure 8A) and
MIDAS Mg2+ is relatively stable and almost fixed in geometry as
discussed above (Section Structure of CR3 and CR4 ectodomains
and Figures 3C,D), both the molecular dynamics calculations
and the lack of resolution of the simvastatin decalin ring in XRC
point to rotation of other parts of this ligand when it is chelated
to the MIDAS (83) (Figure 8B). Further calculations showed that
this rotation acts to solicit interaction with side chains in vicinity
of the MIDAS. The possibility of soliciting interactions in the
MIDAS area through such rotation may contribute necessary
binding energy, in particular for small molecules or those ligands
not forming a large number of interactions.

Fourth and finally, an important question pertain to if
interactions with KDs at ∼10−4 M play a role in cellular
adhesion. Other single-amino acid interactions, such as between
plasmin and lysine, take values a 100-fold lower, in the µM
range. However, here it is necessary again (see also Section
How are CR3 and CR4 capable of binding multiple ligands?)
to consider the special situation governing membrane-bound
receptors as discussed by Vorup-Jensen (40). A well-established
case is the interaction between CD2 and LFA-3. Measured in
free solution, similar to the experiments with αMI and αXI, CD2
and LFA-3 bind each other with a KD at ∼1.5 × 10−5 M (129).
When the receptors are confined in the membrane, however, the
principle of 2D affinity applies (101). Although the 2D affinity
constant (2D KD) with units in molecules·µm−2 is difficult to
compare with the solution-based KD, a point in the studies is,
that the weak interaction as measured in solution translated
into ∼90% binding saturation when the CD2-expressing T
lymphocytes adhered to the LFA-3 expressing surfaces (101).
By analogy, the apparently weak interaction between αMI and
αXI and some of their ligands, as recorded in solution by SPR,
is probably strong enough to support meaningful molecular
interaction between surface-confined receptors and ligands. It
also needs to be taken into account that the interactions
from clustering of the receptors in the membrane (130) gain
a polyvalent structure, which may further strengthen cellular
adhesion even with weak, monovalent interaction as the basis
(40).

Concerning the physiological significance of the CR3 and
CR4 binding of carboxylates, a somewhat overlooked aspect
also involves the availability of free glutamate for αMI and
αXI binding. In plasma, the free glutamate concentration
is ∼100µm, or 50% of the KD of αMI and αXI for this
compound (131). From first principles in chemistry, one would
expect a 33% saturation of open-conformation I domains.
Even more compelling for at least an occasional role of free
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FIGURE 7 | Analysis of SPR data for the αM I binding to iC3b (A,B) and C3d (C,D). Concentrations of 250 nM to 100µm of αM I (in ascending order of sensorgrams)

was injected over SPR surfaces coated with either iC3b (A) or C3d (C). Data were analyzed by the EVILFIT algorithm (125, 126), which returns the minimal ensemble

of 1:1 binding reactions to account for the experimental data (B,D). Each 1:1 reaction is typified by it dissociation equilibrium constant (KD in M) and its dissociation

rate (kd in s−1) with the z-axis (colors indicating resonance units, RU) indicating the abundance of the reactions. In panels (A,C), the experimental data are indicated

with a colored lines while the model is indicated with black lines. Deviations between the experimental data and the model were calculated as the

root-mean-square-deviation (RMSD). Data from Bajic et al. (14).

FIGURE 8 | Interactions between the base of simvastatin hydroxy-acid and αM I. (A) The structures of simvastatin in the lactone prodrug and (base of the) hydroxy

acid forms. The unsaturated decalin ring is indicated in cyan, and the carboxylate of the hydro-acid form is shown in red. (B) With molecular dynamics simulations, the

occupancy of simvastatin is indicated as the covered volume (in gray) together with one simvastatin molecule (shown as sticks) at the position found by XRC [4XW2].

This research was originally published in the Journal of Biological Chemistry (83). ©The American Society for Biochemistry and Molecular Biology.

glutamate in binding these receptors, in experimental models
of staphylococcal brain infections, it was shown that glutamate
released from damaged neurons increases the cerebrospinal fluid
concentration to 500µm, corresponding to 70% saturation of the
I domains of CR3 and CR4 expressed especially on microglial
cells (131). How and when free glutamate affect CR3 and CR4
remains unexplored.

Ligand Binding Selectivity of CR3 and CR4
From the discussion above, it would be tempting to conclude
that the presence of carboxylates is the single most important
property characterizing the ligands of αM and αX I domains,
and hence CR3 and CR4. Indeed, a standard negative control on
integrin involvement in any binding involves testing the binding
in a buffer containing EDTA, removing the MIDAS Mg2+ ion.
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However, with the crystallization of the αXI, enabling a direct
structural comparison with the αMI, it became clear that their
surfaces in vicinity of the MIDAS are quite different with regard
to their presentation of hydrophobic elements and electrostatic
charge (Figure 9). Notably, the αXI present a ridge of positively
charged residues, which is not found in the αMI (68). This may
well explain some of the ligand binding differences now reported
between these domains.

Vorup-Jensen et al. found that the affinity of αXI for
polyglutamate was higher than for free glutamate (88). Although
chemically very different, heparin sulfate also binds the αXI
strongly (88, 112). Heparin is a random co-polymer of repeating
disaccharide residue of D-glucosamine and uronic acids with
varying levels of sulfation, making heparin amongst the most
negatively charged compound in the human body. It is unclear
if sulfate groups may act as ligands for the MIDAS. However, in
experiments with purified heparin fragments, there was a clear
correlation between the level of sulfation of heparin fragment
and their affinity for the αXI. By contrast, the αMI showed a
relatively poor affinity for these species (112). Another highly
negatively charged molecule is osteopontin (OPN) (135). The
negative charge is contributed both by aspartate and glutamate
residues as well as multiple phosphorylations. Surprisingly, the
phosphorylation seems to play no role in the interaction with the
αXI (86, 136). This leaves the high density of negatively charged
side chains as the primary source of polyanionicity. In addition
to the work with isolated αXI, the preference for such ligands was
also demonstrated with the intact CR4 in cell membranes (86).

In striking contrast, polyanionic molecules do not bind well
αMI or the intact CR3. Rather, evidence suggests a much better
interaction with cationic species. For instance, MBP, thought to
constitute an important autoantigen in MS, binds CR3 (127).
Due to its role in forming contact with negatively charged
phospholipid membranes, it carries a high positive charge
with a resulting pI of 10. The antimicrobial peptide LL-37, a
highly positively charged proteolytic split product from human
cathelicidin, is also a ligand for CR3 (128, 137, 138) with an
affinity comparable to C3d (128). These reports are further
supported by a recent analysis suggesting a degenerate protein
motif of positively charged residues as binding αMI (137).

The difference in ligand binding selectivity seems to add
a complementary aspect to CR3’s and CR4’s function. Both
polycationic and polyanionic species are fairly abundant species
in the body. Cationic molecules often seem to share a significant
role in interacting with cell membranes, which could enable
functions of a receptor clearing such species in situations where
membrane damage is involved. As one example, we have already
suggested that CR3 serves a role in interacting with damaged
oligodendrocyte membranes in a manner, which could, however,
be exacerbated as part of MS pathology (127). A receptor such
as CR4 recognizing polyanioinc species may serve quite different
functions. Many microbial organisms carry a high negative
surface charge, contributed by cell surface constituents such
as peptidoglycan and LPS. As well-known from development
of nanoparticles, negative charge add to the colloidal stability
(139). In this way, the negative charge on microbial organisms
become a pattern in the sense of Janeway’s concept of innate

immunity, namely a chemical trait that the microorganism
cannot survive well without and may serve for recognition
by the immune system by germ-line encoded receptors (140).
The duality between scavenger and immune receptors noted by
Gordon (115) also applies here. Many plasma proteins, including
fibrinogen, carries a net negative charge. Making these negative
charges more accessible through damage to the protein structure,
prompts CR4 recognition. Such damage is a consequence of
both normal physiological processes such as coagulation as well
as excessive proteolysis induced by microbial organisms, most
notably bacteria procuring amino acids from the environment.
In this way, a receptor with the ligand binding preferences of CR4
will act as both a scavenger to collect damaged proteins as well as
potentially alerting the immune system to microbial threats (88).

THERAPEUTIC INTERVENTIONS
TARGETING CR3 AND CR4

Currently, several immunomodulatory therapies aim to
manipulate the function of receptors in the cell surface
of leukocytes. They usually induce immunosuppression to
reduce symptoms in inflammatory disease or, more recently,
supporting immune activation, which enable the elimination
of malignancies. A large number of both in vitro and in vivo
experiments suggest that therapeutic targeting of both CR3
and CR4 could potentially produce effects such as lowering
of autoimmune inflammation (141) or enhance the effects of
anti-cancer vaccination (142). Even so, apart from a clinical
trial aiming to improve the outcome in stroke by blocking the
function of CR3 (see below), to our knowledge no other attempts
were made to target either CR3 or CR4. It is beyond the scope of
the present review to discuss the pharmacological and clinical
challenges in doing this. Below, a perhaps more surprising point
is made, namely that both CR3 and CR4-binding molecules
are almost routinely used in current medical treatments. This
is, of course, a consequence of the broad range of ligands
bound by these receptors discussed in Section The structure,
conformational regulation and ligand recognition by CR3 and
CR4. In an era where drug repurposing is increasingly seen as a
convenient way to improve therapy without the costs of full-scale
clinical trials, the short list of drugs made below is meant as a
thought-provoking tool box on how to hit some of the arguably
most versatile receptors in the immune system.

CR3 as Target in Clinical Trials and Target
for Multifunctional Drugs
With only one, failed, clinical trial attempting to block the
function of CR3, our possibilities of knowing the impact of
such therapy is very limited. Below, two other examples of
clinically used formulation that may hit CR3 functions, namely

glatiramer acetate (GA; Copaxone
TM

) and simvastatin is brought
up. Detailed insight on their CR3-directed functions in vivo is not
available, but in vitro experiments may still provide functional
evidence on their known anti-inflammatory properties involving
CR3.
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FIGURE 9 | Hydrophobic residues and electrostatic charge in the MIDAS binding interface of the αL I, αM I, and αX I. The structure of the open conformation of the αL I

[1MQ9; (63)], αM I [1IDO; (65)], and αX I domain [4NEN; (132)] as determined by XRC. The structures are either represented as cartoons with the hydrophobic residues

near the MIDAS binding interphase shown as sticks or shown as the water accessible surface with the electrostatic surface potential represented from−5 kT/e− (red)

to 5 kT/e− (blue). The electrostatic surface potential was calculated using Adaptive Poisson-Boltzmann Solver using standard parameters (133). Due to the difficulties

in calculating the electrostatic potential of coordinated divalent metal ions (134), structures were modeled without such, which makes the electrostatic charge of the

unoccupied MIDAS negative.

Neutrophil Inhibitory Factor in Amelioration of Stroke
It is increasingly evident that inflammatory responses play
a significant role in adding to the morbidity of stroke.
The role of ischemic reperfusion injuries in stroke has long
been clear, while the molecular details of the complement
system in aggravating such diseases is rather recent (143).
Particular diseases of the central nervous system have benefitted
from the use of magnetic resonance imaging (MRI) scanners.
Recently, a study using ultra-small super paramagnetic iron
oxide (USPIO) particles demonstrated that macrophages, or
macrophage-like cells, in the stroke lesion are activated, and
additional literature point to these CR3-positive cells as being
aggravators of the disease (144, 145). Indeed, early studies in
a rat model showed that administration of antibodies against
CR3 lessened symptoms of experimentally induced strokes
(146) and CR3-deficient mice are less susceptible to such
injury (147). In humans, clinical trials were made with the
compound UK-279,276, a recombinant analog of the hookworm
protein neutrophil inhibitory factor (NIF). NIF is a relatively
specific inhibitor of CR3 (148) and bind the αMI (149). In
this way, the trials with UK-279,276 became the first, and to
our knowledge the only, study to aim for direct inhibition of
CR3. Although interactions with CR3 apparently was discernible
in both preclinical models and in humans (150), the trials
supported no evidence, unfortunately, of any benefit in stroke
therapy (151). A significant reason was liver clearance and the
formation of inhibitory antibodies to this non-human protein
(150, 151). However, the study suggests that targeting of CR3 is

well-tolerated, pointing to other pharmaceutical agents as a way
forward.

Glatiramer Acetate as an Antagonist of CR3 Function
GA is an effective drug in treatment of relapsing-remitting
MS (152). It was among the earliest such treatments, in many
ways paving the way for later anti-inflammatory therapies used
for this disease. The drug itself is among the most complex
formulations on the market. The active ingredient, glatiramer, is
a mixture of random copolymers made from bulk synthesis by
polymerization of the acetic anhydrides of glutamic acid, lysine,
alanine, and tyrosine. After polymerization, chromatography is
used to provide a heterogeneous mixture of copolymers with
a narrow distribution in Mr around 8,000, or 50–60 residues.
This leads to the astonishing observation that the formulation, in
principle, may contain any of 1030 different co-polymers, while
the pre-filled syringes with 20mg only delivers 1017 such co-
polymers (153). Although the theoretical number of co-polymers
in the clinical formulations may be curbed by complex aspects
of the polymerization process (154), there is little doubt that
the patients rarely, if ever, receives the same co-polymer twice.
The ratios of amino acid anhydrides were mixed to mimic the
properties of MBP, one of the used autoantigens in experimental
autoimmune encephalitis (EAE), and maybe an autoantigen in
human MS as well (153). In effect, this means that GA also
carries an excess positive charge from the high abundance of
lysine residues. GA is capable of inhibiting EAE and reduces
the frequency of attacks in relapsing-remitting MS with ∼30%.
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The pharmacological mode of action (PMA) remains enigmatic.
Strong support for the copolymers acting as activators of a
polyclonal Th2 type response has been provided (155). T cell
proliferation may proceed even in the absence of professional
antigen-presenting cells, suggesting that other, extracellular
loading of MHC II molecules is a possibility. Stapulionis et al.
considered the potential role of CR3 in contributing to the
PMA of GA (127). Both cellular adhesion to MBP and iC3b
were inhibited by the addition of GA to the medium in a
concentration of 3µg/ml. This nicely matches the resulting
concentration from a distribution of the applied clinical dosage
of 20mg in 6 liters of plasma. In agreement with difference in
ligand binding selectivity discussed above, CR4 was not capable
of binding GA. Experiments with the αMI in SPR with the
methodologies mentioned above showed a KD of ∼10−4 M.
Finally, circular dichroism spectroscopy suggested a significant
portion of unfolded polypeptide sequence in GA. Taken together,
the mode of CR3 interaction with these co-polymers is probably
very similar to the vast range of peptides reported to bind this
receptor, with the binding supported by the unfolded character
of at least some of the material. CR3 was already shown in animal
models to be a factor in development of EAE (141). More recent
evidence suggest that onset of the PMA in MS is fast, within
hours of the first injection (156). This points away from the
adaptive immune response as responsible for all of the effects
in MS. However, GA is a complex drug, as demonstrated by
the recent observations that it may directly kill T lymphocytes
in process similar to LL-37, which is likewise known to possess
immunomodulatory properties (157). The cytotoxicity toward
prokaryotes only expands the possible therapeutic influences in
MS (158). However, with the significant role of CR3-expressing
macrophages and microglial cells in the pathogenesis of MS, the
role of GA as a CR3 antagonist should not be overlooked as part
of the PMA.

Simvastatin as Ligand Binding Kinetic-Dependent

Antagonist of CR3
In pioneering studies by investigators from Novartis, it was
demonstrated that lovastatin inhibited the function of LFA-1
(159, 160), thereby limiting T cell proliferation. Interestingly,
the mechanism in this molecule involved a stabilization of the
αLI in the closed conformation by the binding of the statin
to the so-called L-site away from the MIDAS. This allosteric
antagonism came as a surprise, since lovastatin in its activated
form presents a carboxylate, which, from the findings mentioned
earlier on αMI (159), was expected to chelate in the MIDAS.
Jensen et al. (83) investigated the interaction between the open-
conformation αMI as well as activated CR3 receptors. In both
types of assays, simvastatin, a compound highly similar to
lovastatin and also an antagonist of αLI (159), inhibited the
CR3 binding to iC3b, in the cellular experiment with an IC50

in the order of 10µm, similar to IC50 for inhibition of LFA-1
to ICAM-1. The simvastatin carboxylate (Figure 5A) was firmly
chelated in the αMI MIDAS (Figure 5B), clearly advocating that
the statin in this case acted as a competitive antagonist. A
more detailed analysis was provided in SPR studies. With iC3b
as a ligand, the total inhibition was limited, but discernible.
Surprisingly, no inhibition was found with ICAM-1 as a ligand

for αMI, a result also supported by earlier, but unexplained,
findings (160). Closer inspection showed that inhibition of iC3b
binding quantitatively came from a relatively select elimination
of interactions with slow association and dissociation rates, while
other types of interactions were left unaffected. Accordingly,
the slow-binding-kinetic type of interaction was not found
in the binding to ICAM-1, explaining why this ligand was
not affected. It is not uncommon to find larger antagonist
involved in complex binding schemes as recently demonstrated
by the allosteric mechanisms of natalizumab, a MS drug, in
antagoniszing the T cell adhesion molecule very-late antigen
(VLA)-4 (161). However, that small-molecule drugs also seem
to be capable of participating in complex inhibition reactions is
more surprising with only speculative explanations provided so
far.

CR4 as a Drug Target and What It may Help
With the more mysterious role of CR4, one should think it
is difficult to identify clinically relevant inhibitors or other
compounds influencing CR4 functions. Surprisingly, three
examples can be extracted from the literature, one involving
highly sulfated heparin fragments, another focusing on a food
additive, OPN, which has been suggested to stimulate the
immune system, and finally a potential relationship between
adjuvants and CR4.

Heparin as a CR4 Ligand Binding Antagonist
Although both CR3 and CR4 were reported to support adhesion
to heparin, a quantitative measurement with side-by-side
comparison of the inhibitory potential of heparin fragments,
clearly suggested that CR4 is the better receptor for heparin
(112). As mentioned above, the affinity was strongly influenced
by the level of sulfation, with higher sulfation strengthening the
interaction. Likewise, the length of the heparin oligomers was
important. Natural heparin has a degree-of-polymerization (dp)
of ∼42 and was a strong inhibitor of CR4 with IC50 at 0.30µm.
Heparin with a dp21 (Mr ∼ 6,000), similar to the low-molecular
weight heparin used in the clinic (162), had a IC50 of 0.1µm (0.6
mg/l) (88). This should be compared with the subcutaneously
injected dosage of 1 mg/kg body weight (162). The simple
calculation does not address the complex issue of distribution
volume, but it seems not impossible that clinical injections of
heparin may reach a concentration sufficient to impact the
function of CR4. This should be compared with the effect of

fondaparinux (Arixtra
TM

), a pentameric, artificial heparin-like
compound, which is capable of preventing coagulation (163).
It showed no quantitative interaction with CR4 (112). This
opens an interesting perspective on how to design artificial
heparins. Accelerated by the so-called “Heparin crisis” in the
early 2000s, where contaminated heparin provoked severe
hypersensitivity responses in patients treated with contaminated
heparin, a clinical unmet need exists in producing safe, synthetic
formulations (164).

OPN, Immunostimulatory Food Additive
OPN is a highly phosphorylated protein, which serves roles both
in the bone matrix and beyond. It is possible to purify the protein
from both human and bovine milk. It is also found in human
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serum with some association of the concentration with human
diseases, possibly suggesting a use of OPN as a biomarker. Its
proposed role in immunology mainly stems from association
with inflammatory diseases such as arthritis (135). Experimental
studies with milk formula enriched in OPN suggested that OPN
increases the number of circulating T lymphocytes in formula-
fed infants (165). From these and other data, an interleukine-
like function seems likely (166). This opens the discussion on
what receptors, expressed in leukocytes, are relevant. As already
mentioned in Section Ligand binding selectivity of CR3 and
CR4, CR4 binds OPN strongly, probably in consequence of the
negative charge of this protein contributed by multiple glutamate
side chains. CR4 is, however, not the only OPN receptor. It
contains an Arg-Gly-Asp (RGD) motif, which has already been
demonstrated to mediate interactions with β3 integrins, and
other integrins have been reported as receptors as well (167).
With the high expression of CD11c/CD18 on dendritic cells and
the central role of these cells in regulating intestinal cytokine
levels and leukocyte proliferation, notably T lymphocytes, it
seems a straight forward proposal that the strong CR4 binding
of this molecule play a role in these observations.

CR4 as a Target in Vaccination
An emerging literature has pointed to CR4 as an important target
in vaccination (168–170). As noted in Section Functions of CR3
and CR4 and the family of CD18 integrins, CR4 (CD11c/CD18)
has long been established as a marker for dendritic cells with a
particular high expression in murine dendritic cells (15). With its
role as a complement receptor, CR4 is probably significant in the
phagocytic uptake by these cells. In principle, this would enable
the presentation of peptides from the phagocytozed antigen on
MHC II molecules to CD4+ T lymphocytes. However, as shown
by Castro et al. antigens conjugated to antibodies to CD11c
are capable of raising a CD8+ T lymphocyte response (168).
The therapeutic advantages of such a response includes T cell
targeting to cancer cells or intracellular infections difficult to
limit with an antibody response. Interestingly, the mechanism
here seems to rely on cross presentation by dendritic cells, that
is, presentation of phagocytozed proteins on MHC I molecules.
Although promising, CD11c-targeted vaccines has not formally
been tested in humans.

From what we now know of the protein binding properties
of CR4, it is possible to ask the question if CR4 already is
a part of vaccine responses. Jalilian et al. reviewed the use of
adjuvants, mainly in influenza vaccination (171). In spite of some
adjuvant formulations having been used for almost a 100 years,
we know surprisingly little about their therapeutic effects. The
particulate nature of these compounds, notably aluminum salts,
seems to suggest that protein deposition on such surfaces could
play a role in their interaction with antigen presenting cells vis-
à-vis the expression of CR4. The deposition of complement and
fibrinogen/fibrin would probably occur more efficiently on the
particle-embedded antigen than for the free antigen. In addition,
the complex processes leading to denaturation of particle surface-
adsorbed proteins apparently further aids the interaction with
CR3 (172) and possibly CR4 from binding to such material.
Finally, it is well-known that receptor-mediated phagocytosis

requires a particle size of about 50 nm, which is a hard-to-reach
dimension limit by applying soluble antigens. Taken together, this
evidence suggests that a valuable direction of optimizing vaccine
adjuvants would include a closer examination of CR3 and CR4 in
this context (171).

CONCLUSION: CR3 AND CR4,
SIGNIFICANT CONTRIBUTORS TO BOTH
INNATE AND ADAPTIVE IMMUNITY

Are CR3 and CR4 simple double-ups in the leukocyte cell
membranes? Three conclusions from the literature answer this
question in the negative.

First, although both receptors unquestionably bind the C3
fragment iC3b, it is very clear that the principle of recognition
and bindings sites in use are non-overlapping. Structural and
functional analyses do not suggest any striking similarity as
to what make CR3 and CR4 complement receptors. iC3b is a
large, multidomain protein, which binds a plethora of different
proteins, and accommodates all the critical features that enable
binding by both receptors. Undoubtedly, this may support an
altogether stronger affixing of complement-opsonized antigen to
any particular myeloid cell surfaces.

Second, a striking property of both CR3 and CR4 is the large
number of reported ligands, some distinct for each receptor,
others shared. When comparing with LFA-1, which binds
essentially only ICAMs, several sources of experimental evidence
suggest that CR3 and CR4 indeed share a stronger ability to
chelate carboxylate groups. Maybe for this reason, they also
bind denatured or natively unfolded species better than their
folded counter-parts. On the other hand, we know little about the
strength of carboxylate chelation in the integrin family, as to our
knowledge this has so far only been investigated in comparison of
the αMI, αXI, and αLI. From the long known ability of the beta-
chain I-like domain in β1 and β3 integrins to bind the minimal
RGD motif, it is tempting to suggest that CR3 and CR4 are less
unusual encounters in the integrin world than LFA-1. In other
words, their ligand binding promiscuity is less of a unifying trait
than otherwise could be thought.

Third, even if CR3 and CR4 share ligands, it is now possible to
rationalize a different ligand binding selectivity. For more than a
decade, it has been clear that polyanionic species, including both
negatively charged carbohydrates and proteins are particularly
strong ligands for CR4. By contrast, both studies over individual
ligands as well as more systematic analyses, suggest that CR3
has preference for cationic species in so far as these may also
offer a carboxylated moiety for chelation of the MIDAS. In this
sense, CR3 and CR4 nicely fits with properties earlier attributed
to scavenger receptors, where at least some also accommodate the
binding of homogenously charged species, reflecting a decayed
state of macromolecules, including charge exposure of denatured
states of proteins.

With these properties of ligand recognition, one surprising
observation embodies the clinical formulations in use, whichmay
affect the function of CR3 and CR4. From simvastatin, one of
the most often used drugs in the world, to heparin, a classic
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anticoagulant, in vitro, evidence suggests an impact of these
drugs on the human immune system. Systematic studies over this
impact are lacking, however, probably in part because we need a
better understanding of the pharmaceutical benefits from drugs
targeting CR3 and CR4. With the recent findings of the roles of
complement, including both CR3 and CR4, in NK cell biology,
as part of the use of therapy with monoclonal antibodies, these
topics are likely to become of high significance.

CR3 and CR4 entered immunology almost a decade before the
concept of innate and adaptive immunity was coined. Between
them, they expand on both classic and more enigmatic ideas
of the function of the immune system. With their functional
similarity as complement receptors for C3 fragments, as well
as their primary expression in myeloid leukocytes, it is justified
to place their role in the innate immune system. However,
at least in the case of CR3, its ability to bind C3d-opsonized
antigens in conjunction with CR2 on B lymphocytes, highlights
a well-established theme of complement as the primer of
antibody formation. In addition, it is not without interest
that this interaction seems to also highlight another recurrent
phenomenon in lymphocyte biology, namely the importance of
membrane-presentation of antigens to lymphocytes. The role

of CR4 is less well understood, yet its abundant expression on
dendritic cells places it in the center of modern immunology.
From the review made above, a summary of the comparison
between CR3 and CR4 points to a consort of receptors,
which together embodies both a surprising versatility and
complementarity in molecular recognition mechanisms.
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Innate immunity plays an important role in orchestrating the immune response, and the 
complement cascade (ComC) is a major component of this ancient defense system, 
which is activated by the classical-, alternative-, or mannan-binding lectin (MBL) path-
ways. However, the MBL-dependent ComC-activation pathway has been somewhat 
underappreciated for many years; recent evidence indicates that it plays a crucial role in 
regulating the trafficking of hematopoietic stem/progenitor cells (HSPCs) by promoting 
their egress from bone marrow (BM) into peripheral blood (PB). This process is initi-
ated by the release of danger-associated molecular patterns (DAMPs) from BM cells, 
including the most abundant member of this family, adenosine triphosphate (ATP). This 
nucleotide is well known as a ubiquitous intracellular molecular energy source, but when 
secreted becomes an important extracellular nucleotide signaling molecule and mediator 
of purinergic signaling. What is important for the topic of this review, ATP released from 
BM cells is recognized as a DAMP by MBL, and the MBL-dependent pathway of ComC 
activation induces a state of “sterile inflammation” in the BM microenvironment. This 
activation of the ComC by MBL leads to the release of several potent mediators, includ-
ing the anaphylatoxins C5a and desArgC5a, which are crucial for egress of HSPCs into 
the circulation. In parallel, as a ligand for purinergic receptors, ATP affects mobilization 
of HSPCs by activating other pro-mobilizing pathways. This emerging link between the 
release of ATP, which on the one hand is an activator of the MBL pathway of the ComC 
and on the other hand is a purinergic signaling molecule, will be discussed in this review. 
This mechanism plays an important role in triggering defense mechanisms in response 
to tissue/organ injury but may also have a negative impact by triggering autoimmune 
disorders, aging of HSPCs, induction of myelodysplasia, and graft-versus-host disease 
after transplantation of histoincompatible hematopoietic cells.

Keywords: complement cascade, ATP, mannan-binding lectin, sterile inflammation, purinergic signaling

iNTRODUCTiON

The basic function of innate immunity is to alarm the organism of an infection or tissue/organ injury 
in order to launch an appropriate response. An important part of this response is the release or 
mobilization of effector cells, such as granulocytes, monocytes, and lymphocytes, from bone marrow 
(BM) and other hemato-lymphatic organs into peripheral blood (PB) and the lymphatics and will be 
involved in eliminating invading pathogens (1–4). In parallel, hematopoietic stem/progenitor cells 
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(HSPCs) are also released, which locally supply mature granulo-
cytes or dendritic cells by clonal expansion of progenitors in the 
damaged tissues (3–6). Moreover, in addition to HSPCs, other 
types of stem cells are also released at a much slower pace into 
the circulation, including (i) mesenchymal stem cells (MSCs), (ii) 
endothelial progenitor cells (EPCs), and (iii) rare, primitive very 
small embryonic-like stem cells (VSELs). If needed, all of these 
stem cells may be involved in repair mechanisms in damaged 
tissues (4, 7–9).

Bone marrow is a semi-solid tissue spread within the spongy 
or cancellous portions of bones and contains hematopoietic 
“red marrow,” which is the most important source of cells 
circulating in PB and in the lymphatics (1–6). The estimated 
total mass of BM tissue in an average human being is as much 
as 6 pounds. This dynamic organ daily produces approximately 
5  ×  1011 erythrocytes, leukocytes, monocytes, and platelets, 
which enter the systemic circulation by crossing the BM–PB 
barrier via a permeable vasculature of small-vessel sinusoids 
within the medullary cavity. As mentioned above, BM is also the 
birthplace of stem cells that circulate in PB (1–6). While stem 
cells reside in stem cell niches, which are located around small 
vessels (endothelial niches) and in contact with osteoblasts lin-
ing trabecular bones in BM (osteoblastic niches), granulocytes, 
monocytes, and other types of maturing hematopoietic cells 
(mostly erythroblasts) occupy the entire volume of the hemat-
opoietic microenvironment (1, 10–13).

Under steady-state conditions, maturing erythrocytes, leuko-
cytes, monocytes, and platelets enter the PB to replace blood cells 
that have a limited half-life along with stem cells that are patrolling 
peripheral tissues, keeping the stem cell pool at distant locations 
of the hematopoietic microenvironment in balance (1–6). This 
balance may rapidly change in response to inflammation and 
tissue/organ damage when more cells need to be released into 
the circulation. This requires intensification of hematopoiesis 
in the BM microenvironment to supply more blood cells, while  
at the same time more stem cells are released from their BM 
niches (1–4). Increased release of cells from BM occurs also in 
clinical settings after pharmacological mobilization of HSPCs in 
response to administration of certain pro-mobilizing drugs, such 
as granulocyte colony-stimulating factor (G-CSF), CXCR4 recep-
tor antagonists, or some chemokines (growth-regulated protein 
beta, Gro-β) (14–16).

In this review, we will present the accumulated evidence 
that a major orchestrator in the release of cells from BM into 
PB is the complement cascade (ComC), which induces a “sterile 
inflammation” state in the hematopoietic microenvironment  
(17, 18). The ComC can be activated by the classical, alternative, 
or mannan-binding lectin (MBL) pathways. Recent evidence 
indicates that acute activation of the MBL pathway of ComC acti-
vation plays the most important role in the release of cells from 
BM in response to tissue/organ injury, pathogens, and certain 
pro-mobilizing drugs (17–19). On the other hand, chronic acti-
vation of the MBL pathway is most likely an important element in 
BM aging and myelodysplasia (20–23). This pathway also likely 
contributes based on some clinical observations to induction 
of graft-versus-host disease (GvHD) after histoincompatible 
hematopoietic transplantation (24–27).

What is important for the topic of this review is that the MBL 
pathway of ComC activation is triggered by danger-associated 
molecular patterns (DAMPs) (28–33). Adenosine triphosphate 
(ATP) is one of the most important members of this family 
of molecules. However, it is well known that this ubiquitous 
intracellular molecular energy source, when secreted from cells, 
becomes an important signaling molecule and mediator of 
purinergic signaling (34–36). The release of ATP from cells in 
the BM microenvironment provides a molecular basis, involving 
activation of the ComC, for the link between purinergic signaling 
and activation of the innate immune response.

In this review, we will focus on the role of this ATP-mediated 
link between purinergic signaling and innate immunity in BM 
stem cell homeostasis, mobilization, and aging as well as in 
certain pathological conditions, including myelodysplasia and 
GvHD. Because of space limitation, our short review will not 
discuss several pathologies related to (i) chronic activation of 
ComC seen in paroxysmal nocturnal hemoglobinuria or atypical 
hemolytic-uremic syndrome, (ii) coagulation consequences due 
to interaction between ComC and coagulation cascade (CoaC), 
and (iii) ComC activation related to some cases of leukopenia or 
thrombocytopenia.

ReTeNTiON OF HSPCs iN BM AND THeiR 
ReLeASe DUe TO ACTivATiON OF 
iNNATe iMMUNiTY

Hematopoietic stem/progenitor cells reside in BM niches, and 
some important mechanisms mediating their BM retention have 
already been identified (1, 10–13, 37). The most important mecha-
nisms include (i) the interaction between the chemokine receptor 
CXCR4 expressed on the surface of HSPCs and its specific ligand, 
the α-chemokine stromal-derived factor 1 (SDF-1) expressed 
by cells in stem cell niches and (ii) the interaction between the 
integrin receptor known as very late antigen 4 (VLA-4), which is 
expressed by HSPCs, and its ligand in stem cell niches, vascular 
adhesion molecule 1 (VCAM-1) (1–4). What is important for 
the retention process is that both receptors, CXCR4 and VLA-
4, are located in special cell membrane domains enriched for 
cholesterol and glycosyl phosphatidylinositol anchor protein 
(GPI-A) known as membrane lipid rafts (38, 39). Of note, the 
same membrane lipid rafts also contain the cell-surface proteins 
CD55 and CD59 that regulate complement activity (29, 30, 40). 
Accumulating evidence indicates that the structural integrity of 
membrane lipid rafts on the surface of HSPCs is important for 
their retention in BM niches (38, 39). A significant role in reten-
tion of HSPCs in BM niches is also played by the third protein 
component (C3) of the ComC, as its cleavage fragments, C3a 
and desArgC3a, promote incorporation of CXCR4 and VLA-4 into 
membrane lipid rafts (41). In addition, the interaction of C3a 
with C3aR, which is expressed on the surface of HSPCs, directly 
increases adhesion of HSPCs in the BM microenvironment (41).

Results from our group also indicate that the release of HSPCs 
from BM niches into PB in response to administration of phar-
macological mobilizing agents, as well as to mediators released 
during tissue/organ injury, is triggered by activation of the ComC 
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FiGURe 1 | Interaction between elements of purinergic signaling and activation of the complement cascade (ComC) in the induction of sterile inflammation in 
bone marrow (BM). Stimulatory factors released during tissue/organ injury, systemic mediators of inflammation, and pharmacological inducers of hematopoietic 
stem/progenitor cells (HSPC) mobilization activate Gr-1+ leukocytes in BM to release danger-associated molecular patterns (DAMP) molecules, including 
adenosine triphosphate (ATP) and reactive oxygen species (ROS). As a DAMP molecule, ATP is recognized by MBL, which activates the ComC and CoaC in an 
MASP-dependent manner (indicated on a graph as 1). By contrast, ROS exposes neoepitopes, and neoepitope–IgM complexes are also recognized by 
mannan-binding lectin (MBL). This leads to activation of the ComC by the MBL-dependent pathway. Both classical C5 convertase, as a product of C3 cleavage, 
and C5-like convertase activity, provided by thrombin cleaving C5 to release cleavage fragments C5a and desArgC5a, are crucial in the egress of HSPCs from BM. In 
addition to serving as a DAMP (indicated on a graph as 2), ATP also activates purinergic receptors expressed on the surface of HSPCs, in which P2X7 plays an 
important role in promoting calcium influx into cells (indicated on a graph as 2). This facilitates intracellular actin fiber rearrangement that is crucial in cell migration 
and egress from BM.

Ratajczak et al. Innate Immunity and Purinergic Signaling

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1295

(4, 18, 19). The same mechanism plays a pivotal role in the release 
of other types of stem cells, including MSCs, EPCs, and VSELs. 
In support of the regulatory involvement of the ComC in the 
retention of HSPCs in BM niches, we have already demonstrated 
that, while blockage of C3aR on the surface of HSPCs promotes 
the mobilization process (42), cleavage of the fifth protein 
component (C5) and release of C5a and desArgC5a anaphylatox-
ins is crucial for egress of HSPCs into PB (43). Mice that were 
deficient in C5 and C5aR turned out to be poor mobilizers (43). 
We propose that the proximal and distal part of ComC regulates 
retention of HSPCs in the BM microenvironment in opposite 
manner (18, 42, 43). While activation of the proximal part of this 
cascade via C3 cleavage fragments promotes retention of cells 
in BM, activation and cleavage of C5 have the opposite effect, 
as C5 cleavage fragments promote their egress (4, 18, 42, 43). 
This demonstrates a fine-tuned ComC-mediated mechanism in 
auto-controlling this process.

At the beginning of our work on the role of the ComC in 
regulating trafficking of HSPCs, we posed the basic question of 
which of the ComC-activation pathway (classical, alternative, or 
MBL) plays a crucial role in triggering egress of cells from BM. 
Initially, we considered the involvement of the classical pathway. 
To our surprise, however, mice deficient in the C1q component 
of classical pathway activation turned out to be good mobilizers 
in response to administration of the most commonly used HSPC 
mobilizing agent, G-CSF (44). Therefore, we shifted our attention 
to the MBL pathway of ComC activation and performed mobi-
lization studies in MBL-KO animals (19). In our experiments, 
MBL-KO or wild-type (WT) control mice were mobilized with 
G-CSF or the CXCR4 antagonist AMD3100. We found that 
MBL-KO animals displayed a significant decrease in the release of 

cells from BM into PB compared with control WT mice (19). This 
result provided evidence for the pivotal role of the MBL path-
way in the mobilization process. However, despite a significant 
decrease in egress of HSPCs from BM to PB, this process was not 
completely inhibited, which suggests the presence of redundant 
pro-mobilizing mechanisms. Based on our finding that factor 
B deficiency in mice also impairs mobilization of HSPCs, the 
persistence of some level of mobilization in MBL-KO mice could 
be explained by parallel activation of an alternative pathway (45). 
This possibility is currently being investigated in more details in 
our laboratory.

THe PivOTAL ROLe OF THe MBL 
PATHwAY OF ComC ACTivATiON iN 
TRiGGeRiNG MOBiLiZATiON OF HSPCs

Recognition of the involvement of the MBL pathway in egress of 
cells from BM not only further supported a crucial role of innate 
immunity in triggering the mobilization process but also shed 
more light on the cellular and molecular events regulating this 
process. Our understanding of this phenomenon is supported by 
the experimental data depicted in Figure 1.

As indicated in Figure 1, pharmacological mobilizing agents, 
including recombinant G-CSF, synthetic AMD3100, and natural 
mediators of inflammation or tissue organ/injury, such as (i) 
endogenous G-CSF secreted by endothelium, macrophages and 
immune cells, (ii) C5a and C3a released in damaged tissues, (iii) 
interleukin 8 (IL-8), (iv) bacteria-derived N-formylmethionyl-
leucyl-phenylalanine, or (v) leukotriene B4 (LTB4) secreted 
from activated granulocytes, are all able to initiate the sequence 
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of events leading to activation of the ComC (1–6). The important 
role of BM-residing leukocytes, which are crucial in the mobiliza-
tion process, has been demonstrated by seminal papers showing 
that neutrophil depletion in BM negatively affects the efficiency 
of this process (46, 47).

Overall, activated leukocytes release several pro-inflammatory 
factors, including DAMPs and free radicals (ROS) (5, 48–50). 
DAMP molecules secreted by leukocytes include mainly ATP but 
also other members of this family, including high mobility group 
box 1 (HMGB-1) protein, heat shock proteins, and the S100 mul-
tigenic family of calcium-modulated proteins (28). What is highly 
relevant for the topic of this review is that ATP is the most impor-
tant DAMP and is recognized by a soluble pattern-recognition 
receptor, MBL (19, 29, 40, 51). On the other hand, in addition to 
DAMPs, cells under stress release reactive oxygen species (ROS). 
When released from leukocytes, ROS expose neoepitope antigens 
on the surface of cells in the BM microenvironment that are rec-
ognized by naturally occurring antibodies, mainly from the IgM 
class (52). Of note in addition to ATP, neoepitope–IgM complexes 
are also recognized by the same MBL molecule (Figure 1).

In the next step, MBL activates mannan-binding serum 
proteases (MASPs) that cleave C3 and thereby trigger ComC 
activation in the MBL-dependent pathway (19, 33). As shown 
in Figure  1, MASP-1 activates the CoaC in parallel (33). 
Activation/cleavage of C3 creates C5 convertase, which cleaves 
C5 to the anaphylatoxins C5a, desArgC5a, and releases iC5b during  
the cleavage process. iC5b, in turn, is involved in generation of the 
membrane attack complex (C5bC9) (29, 43). Moreover, in paral-
lel, cleavage of C5 is augmented by thrombin generated during 
activation of the CoaC, as thrombin is a proteolytic enzyme with 
C5 convertase-like activity (53). This activity explains why both 
the ComC and the CoaC are activated during the mobilization 
process (54, 55).

As mentioned above, activation of the distal part of the ComC 
is crucial for the egress of cells from BM. First, after the ComC 
is activated in the BM microenvironment, C5a and desArgC5a acti-
vate granulocytes that help to release HSPCs from their niches 
by (i) secretion of several proteolytic enzymes that disrupts the 
SDF-1–CXCR4 and VCAM-1–VLA-4 retention axes operat-
ing between HSPCs and the cells lining the BM niches and (ii) 
release of phospholipase Cβ2 that digests the GPI-A component 
of membrane lipid rafts, which is crucial in maintaining lipid 
raft integrity (38). Disruption of membrane lipid rafts negatively 
impacts the retention functions of the CXCR4 and VLA-4 recep-
tors, which are membrane lipid raft-associated receptors (38). 
Next, the ComC activated in BM sinusoids directly chemoat-
tracts granulocytes, which are the first cells to egress from BM 
into circulation. These cells are rich in proteolytic enzymes and 
help to disrupt the endothelial barrier and thus pave the way for 
HSPCs to follow behind (43). Finally, the HSPCs that are released 
from their niches follow a steep gradient of bioactive sphin-
golipids, such as sphingosine-1-phosphate (S1P) and ceramide-
1-phosphate (C1P), which are present at high concentrations in 
BM sinusoids (5, 56–58). Both of these phosphosphingolipids 
are potent chemoattractants for HSPCs at the physiological 
concentrations present in PB (56). The gradients of both S1P 
and C1P are already very steep under steady-state conditions in 

PB and may additionally steepen due to the release of S1P form 
red blood cells in BM sinusoids exposed to MAC. As mentioned 
above, the egress of HSPCs that do not respond directly to a C5a 
chemotactic gradient is facilitated by granulocytes, which are the 
first cells to egress BM in a C5a gradient-dependent manner (43).

Besides activating MBL, ATP released from cells activates 
in parallel certain purinergic receptors on the cell surface that 
augment the mobilization process. The most important of these 
receptors seems to be a P2 family member, the P2X7 receptor ion 
channel (6, 17, 59, 60). As discussed below, P2X7 allows an influx 
of Ca2+ ions into cells that activate changes in the cell cytoskeleton 
that are important for cell migration and adhesion (61).

PURiNeRGiC SiGNALiNG iN BM AND iTS 
LiNK TO ComC ACTivATiON

As shown in Figure 1, ATP is an important DAMP and extracellu-
lar nucleotides (EXN) that is released from activated neutrophils, 
and as a DAMP, it activates the MBL pathway of the ComC, and as 
an EXN, it activates purinergic signaling pathways that addition-
ally promote egress of HSPCs from BM into PB (17, 61–69).

Purinergic signaling is an ancient form of extracellular signal-
ing mediated by EXNs, including most importantly the purine 
ATP and its metabolite nucleoside, adenosine (34). Purinergic 
signaling also involves certain rare extracellular pyrimidines, 
such as UTP and UDP. Purinergic receptors for EXNs are 
expressed on all cells in the body and are represented by sev-
eral families of P1, P2X, and P2Y receptors, which are among 
the most abundant receptors in living organisms (34). HSPCs 
express several receptors that belong to two different purinergic 
receptor families, P1 and P2 (34). While the P1 receptor family 
consists of four G protein-coupled receptor subtypes, A1, A2A, 
A2B, and A3, which are activated by adenosine (62), the P2 fam-
ily includes a total of eight receptors (P2Y1, 2, 4, 6, 11, 12, 13,  
and 14) identified so far, which are G protein-coupled receptors 
and respond to stimulation by ATP, ADP, UTP, and UDP. The 
P2X ionotropic channel receptor family consists of seven mem-
bers (P2X1, 2, 3, 4, 5, 6, and 7), which are activated by ATP (34).

However, the main purpose of this review is to show the role 
of EXNs and purinergic signaling in inducing sterile inflamma-
tion in BM, which plays a role in the mobilization of cells into 
PB, and it is important to realize that EXNs also have pleiotropic 
effects in regulating hematopoiesis (59–64). For example, EXNs, 
particularly ATP and adenosine, have been reported to promote 
proliferation of HSPCs in zebra fish and murine embryos (63). 
By contrast, UTP has been reported to inhibit the proliferation 
and migration of leukemic cells. The overall role of purinergic 
signaling in maintaining BM homeostasis is discussed in excel-
lent review elsewhere (64).

It has been postulated that in the induction of sterile inflam-
mation in BM a crucial role is played by ATP, which is secreted 
from activated BM  cells, mainly granulocytes, via pannexin 
channels as a DAMP molecule, and as we have demonstrated, 
pharmacological inhibition of pannexin by employing a drug 
(probenecid) or a specific anti-Panx1 blocking peptide decreases 
G-CSF- and AMD3100-induced mobilization of HSPCs (17). 
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Connexin-43 is also involved in the release of ATP, and some 
ATP is also secreted in an extracellular microvesicle-dependent 
manner (31, 65). The involvement of connnexin 43 gap junction 
proteins in ATP secretion is supported by the fact that connexin-
43-KO mice are poor mobilizers (65). This defect could be at 
least partially explained as we envision by impaired release of 
ATP from cells.

Based on this finding, ATP secreted by granulocytes and 
other BM cells is recognized as a DAMP by MBL, which trig-
gers activation of the ComC (Figure 1). On the other hand, as 
depicted, ATP also interacts with P2 purinergic receptors, and 
the P2X7 receptor plays an especially pivotal role in mobiliza-
tion. In support of this notion, we found that P2X7-KO mice 
are poor mobilizers (17). Moreover, studies in chimeric mice 
in which WT animals were reconstituted with P2X7 BM cells, 
and P2X7-KO mice were reconstituted with WT marrow cells 
revealed that this defect is due to a lack of P2X7 on the surface 
of hematopoietic and not non-hematopoietic cells in the hemat-
opoietic microenvironment (17).

Figure 2 shows that when ATP is released into the extracel-
lular space, if it does not bind to MBL, it activates the P2X7 
receptor to allow influx of Ca2+ or, in parallel, is converted by 
cell-surface ectonucleotidase CD39 to AMP, which is then con-
verted by ectonucleotidase CD73 to the nucleoside adenosine 
(34, 64). The importance of the purinergic signaling cascade is 
further supported by our recent observation that CD73-deficient 
mice, which because of ectonucleotidase deficiency have less free 
adenosine in the extracellular space, mobilize greater numbers of 
HSPCs, which indicates a negative regulatory role for adenosine 
in the mobilization process (17). The inhibitory mobilizing 
effect of adenosine has been confirmed by injecting mice with 
this nucleoside along with pro-mobilizing agents (17). These 
results demonstrate that, while ATP triggers and promotes the 

mobilization process, adenosine generated from ATP provides 
negative regulatory feedback and plays an opposing inhibitory 
role (Figure 1).

Based on these findings, ATP triggers, on the one hand, as a 
DAMP, activation of the ComC in an MBL-dependent manner 
and, on the other hand, regulates the mobilization process in 
a more complex way by activating P2 receptors and providing 
negative feedback control mechanisms for this process through 
its metabolite, adenosine, which engages P1 receptors on the 
surface of cells (17, 62, 64).

What is also important is to realize that purinergic receptors 
are expressed on the surface of several types of cells that comprise 
innate immunity cellular components, including granulocytes, 
basophils, eosinophils, monocytes, and dendritic cells as well 
as cells in the BM microenvironment, including stromal cells, 
osteoblasts, osteoclasts, pericytes, and endothelial cells (64). ATP 
is also released from the synapses of neural fibers innervating 
BM tissue (34). Furthermore, the C3 and C5 cleavage fragment 
receptors, C3aR and C5aR, respectively, are expressed by several 
hematopoietic and non-hematopoietic cells in the BM microen-
vironment (41–43). All these add significant complexity to the 
relationship between purinergic signaling and innate immunity 
in BM and requires further study.

Moreover, it is important to pin point that extracellular ATP 
also exerts strong pro-inflammatory effects that are independent 
from MBL activation (28). ATP may also activate NLRP3 inflam-
masome pathway in cells that controls in caspase-1-dependent 
manner maturation of two important pro-inflammatory mem-
bers of interleukin (IL-1) family cytokines—namely IL-1β and 
IL-18 (67–69). It has been postulated that activation of the 
NLRP3 inflammasome is regulated at both the transcriptional 
and post-translational levels. While the transcription of inflam-
masome is induced by the signal mediated by toll-like receptor/
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nuclear factor-kB pathway, NRLP3 inflammasome activation 
at post-translational level is mediated e.g., by various DAMPs 
including ATP. Both IL-1β and IL-18 are released from cells in 
response to ATP-mediated activation of NLRP3 inflammasome 
and potentiate state of sterile inflammation in BM microenviron-
ment that promotes mobilization process.

PURiNeRGiC SiGNALiNG, iNNATe 
iMMUNiTY, BM STeRiLe iNFLAMMATiON, 
AND HeMATOPOieTiC AGiNG

Aging is an inevitable and complex process involving a sequence 
of pathological events (22, 23, 66). Several mechanisms are cur-
rently being proposed that accelerate this process at the cellular 
level, including shortening of the tips of chromosomes (telom-
eres); generation of ROS, which contribute to replication stress 
and oxidative DNA damage; impairment over time of the process 
of autophagy, a major degradation pathway essential for remov-
ing damaged organelles and macromolecules from the cytoplasm 
in eukaryotic cells, and which promotes recycling of amino acids 
during periods of starvation; the occurrence of pathologic lipid 
metabolism; and chronic inflammation (22, 66).

Aging also occurs in the hematopoietic system and is charac-
terized by a myeloid bias, in which BM increases the number of 
myeloid progenitors along with impaired differentiation of these 
cells, gradually developing anemia and decreasing the number 
and fitness of B cell progenitors, which is accompanied by oligo-
clonal expansion of memory B and T cells (22, 23). Additional 
evidence indicates that this process is triggered by low-grade 
chronic inflammation that is a result of an increase in activation 
of innate immunity and impaired acquired immunity (22, 23). 
These changes may lead to the appearance of BM myelodysplasia 
and, in consequence, to clonal cell expansion and overt leuke-
mia (22). These changes also lead to an increased incidence of 
autoimmunological diseases that are observed in patients with 
advancing age (22, 23, 66).

Since aged cells in the BM microenvironment are a rich source 
of DAMP molecules, including mostly ATP and HMGB-1, one 
can speculate that low-grade chronic inflammation in the BM 
microenvironment may be triggered by chronic activation of the 
ComC (6). A similar mechanism is also most likely involved in 
the aging of other organs, such as heart, brain, or kidney. This 
suggests that an effective countermeasure to ameliorate this 
unwanted effect would be anti-inflammatory treatment.

To shed more light on this phenomenon, there is a need for 
more long-term studies in ComC-deficient mice to see whether 
these animals are protected from age-related dysfunction of 
vital organs. The earlier study showing that C3-deficient mice 
fail to display age-related hippocampal decline lends support to 
undertaking more complex studies (70). In particular, it would 
be interesting to see whether MBL-KO mice or C5-KO mice 
are endowed with an extended life span and develop fewer age-
related pathologies in vital organs. Such experiments, of course, 
should prevent exposure of these animals to potential pathogens, 
as their susceptibility to infection may affect the final long-term 
experimental results.

iNNATe iMMUNiTY AS A POTeNTiAL 
TRiGGeR OF GvHD

Graft-versus-host disease is a serious medical complication seen 
in patients who are recipients of transplanted tissue or cells from 
a genetically histoincompatible donor (25, 71). GvHD is com-
monly observed after hematopoietic stem cell transplants, when 
T cells present in the graft attack the tissues of the transplanted 
recipient. After perceiving host tissue antigens, among them 
the human leukocyte antigens, as antigenically foreign, T  cells 
produce an excess of cytokines, including tumor necrosis factor 
alpha (TNFα) and interferon gamma (IFNγ) (25, 27, 71).

An important question remains: To what degree are innate 
immunity, in particular the ComC, and purinergic danger 
signaling involved in triggering this T-cell-mediated process? 
Unfortunately, conclusive experiments in animal models have 
not been performed. However, a very recent report indicates 
that patients with defects in activation of the MBL pathway 
of ComC activation are partially protected from this so often 
devastating transplant complication (25). It would be interesting 
to see whether MBL-KO mice are more resistant to GvHD after 
allogeneic BM transplants than their WT littermates.

THeRAPeUTiC iMPLiCATiONS FOR 
MODULATiNG STeRiLe iNFLAMMATiON 
iN BM

While activation of the ComC is important for optimal mobiliza-
tion, its inhibition is highly relevant to ameliorating the chronic, 
sterile inflammation process seen in aging and myelodysplasia. 
Inhibition of the ComC may also be of importance in ameliorat-
ing the onset of GvHD, which occurs after infusion of histoin-
compatible hematopoietic cells.

Overall, since ATP-mediated activation of the MBL pathway 
of ComC activation leads to induction of sterile inflammation 
in the BM microenvironment, an anti-inflammatory treat-
ment may have the opposite effect. However, this process, as 
depicted in Figure  2, tends to be somewhat self-limiting due 
to ATP conversion to adenosine. In fact, adenosine is known 
in immunology as an anti-inflammatory nucleoside (72). 
Therefore, appropriate activators of adenosine receptors would 
help to control sterile inflammation in the BM microenviron-
ment. However, in proposing such a treatment, one would have 
to take into consideration the fact that adenosine is a powerful 
cardiovascular mediator, and a hyperphysiological dosage of 
adenosine mimetic may lead to cardiac complications (34). 
Moreover, taking into consideration the involvement of the 
P2X7 receptor in activating sterile inflammation in BM (6, 17), 
it would be important to test whether specific inhibitors of this 
receptor could be employed as potential anti-inflammatory 
drugs to dampen sterile inflammation in BM.

Another recently identified inhibitor of stem cell mobilization 
is heme oxygenase 1 (HO-1) (73–78). This anti-inflammatory 
enzyme, which is induced by oxidative stress in the BM micro-
environment, counteracts the induction of sterile inflammation 
in BM. We provided evidence that HO-1 is a potent inhibitor of 
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hematopoietic cell migration and the responsiveness of HSPCs 
to crucial chemoattractants, such as S1P, C1P, and SDF-1  
(72, 78). Moreover, mice that lack HO-1 are easy mobilizers 
(72). The biological anti-inflammatory and ComC-activation 
properties of HO-1 have been demonstrated both in HO-1-
deficient mice and in a case of rare human HO-1 deficiency in 
which the ComC became continuously hyperactivated (77). 
This hyperactivity of the ComC related to HO-1 deficiency leads 
to chronic inflammation in affected individuals. In our most 
recent work, we demonstrated that ATP and adenosine directly 
modulate expression of HO-1 in hematopoietic cells (17). While 
ATP inhibits HO-1 expression at the mRNA level, adenosine, by 
contrast, upregulates HO-1 mRNA expression. These results cor-
respond with the opposing effects of ATP and adenosine on the 
mobilization process. Therefore, based on the results cited above, 
small-molecule activators of HO-1 could be employed to control 
sterile inflammation in the BM microenvironment.

By contrast, inhibition of adenosine generation in the BM 
extracellular space, for example, by employing inhibitors of the 
ectonucleotidase CD73 or downregulation of HO-1 expression in 
the BM microenvironment by employing small-molecule HO-1 
inhibitors, should promote the onset of sterile inflammation. This 
would be beneficial for facilitating egress of hematopoietic cells 
into the circulation to harvest more HSPCs for transplantation 
(17, 72). In support of this possibility, our recent study showed 
that CD73-KO mice, which do not convert AMP to adenosine in 
the extracellular space, are in fact easy mobilizers of HSPCs (17). 
Other potential targets for facilitating this process are inhibitors 
of other ectonucleotidases, such as CD39, or even a P2X7 recep-
tor mimetic.

CONCLUSiON

In this review, we presented the concept that sterile inflamma-
tion in the BM microenvironment is involved in the egress of 
hematopoietic cells, including HSPCs, into the circulation (6, 17). 
We also presented a novel link between activation of purinergic 
signaling and the release of EXNs, mainly ATP, which is a cru-
cial activator of the MBL pathway of ComC activation. We are 
aware that purinergic signaling and EXNs play pleiotropic roles 
in modulating the activity of the innate and acquired immune 
systems, but our recent results highlight the importance of ATP 

as a DAMP molecule in triggering the mobilization process.  
A similar mechanism regulating the egress of cells from BM into 
PB is probably also involved in the egress of cells into lymphatics 
(3, 6). Besides HSPCs, the interplay between purinergic signaling 
and innate immunity also plays a role in mobilization of lympho-
cytic progenitors and other types of stem cells, including MSCs, 
EPCs, and VSELs, and this is currently being investigated in our 
laboratory.

Functional P1 and P2 purinergic receptors are expressed on 
the surface of several types of non-hematopoietic cells in the 
BM microenvironment (64, 79), including cells forming stem 
cell niches, such as perivascular SDF-1+ and KL+ mesenchymal 
stromal cells and endothelial cells as well as cells in quiescent 
nestinbright NG2+ arteriolar and proliferative nestindimLepr+ sinu-
soidal niches. This wide distribution of these receptors opens up 
a new area of investigation to better understand the complexity of 
stem cell mobilization and to design optimal mobilization strate-
gies. Purinergic receptors are also expressed by osteoblasts lining 
trabecular bones as well as osteoclasts (64). Finally, ATP may 
also be involved as a neurotransmitter, in addition to catecho-
lamine, in neural fibers that innervate BM tissue in modulating 
β-adrenergic-mediated egress of HSPCs from BM niches (12, 34).

On the other hand, it is important to better understand the 
role of sterile inflammation in the aging of hematopoietic cells 
and its potential involvement in myelodysplasia and GvHD. 
Shedding more light on these phenomena will also allow us to 
develop more efficient treatment strategies. Purinergic signaling 
in both steady-state hematopoiesis and pathology has become an 
exciting field of investigation.
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Autocrine activation of the complement receptors C3aR and CD46 by complement

activation components C3a and C3b produced through C3 cleavage by the protease

cathepsin L (CTSL) during T cell stimulation is a requirement for IFN-γ production

and Th1 induction in human CD4+ T cells. Thus, lack of autocrine CD46 activation,

such as in CD46-deficient patients, is associated with defective Th1 responses and

recurrent infections. We have identified LGMN [the gene coding for legumain, also

known as asparaginyl endopeptidase (AEP)] as one of the key genes induced by CD46

co-stimulation during human CD4+ T cell activation. AEP processes and activates a

range of proteins, among those α1-thymosin and CTSL, which both drive intrinsically

Th1 activity—but has so far not been described to be functionally active in human

T cells. Here we found that pharmacological inhibition of AEP during activation of

human CD4+ T cells reduced CTSL activation and the CTSL-mediated generation of

intracellular C3a. This translated into a specific reduction of IFN-γ production without

affecting cell proliferation or survival. In line with these findings, CD4+ T cells isolated

from Lgmn−/− mice also displayed a specific defect in IFN-γ secretion and Th1 induction.

Furthermore, we did not observe a role for AEP-driven autocrine α1-thymosin activation in

T cell-derived IFN-γ production. These data suggest that AEP is an “upstream” activator

of the CTSL-C3-IFN-γ axis in human CD4+ T cells and hence an important supporter of

human Th1 induction.

Keywords: complement, CD46, T cell, cathepsin L, AEP, legumain

INTRODUCTION

Liver-derived, serum-circulating complement is a critical part of innate immunity mediating
protection against invading pathogens. Proteolytic activation of the complement key components
C3 into C3a and C3b and C5 into C5a and C5b upon pathogen sensing in blood leads to
opsonization and removal of invading microbes, mobilization of innate immune cells, and
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induction of the general inflammatory response (1). However,
it is now also acknowledged that complement serves an
equally central role in the direct regulation of human CD4+

T cell responses: signals delivered by the human-specific
C3b-binding complement regulator/receptor CD46 (membrane
cofactor protein, MCP) and the C3a receptor (C3aR) are essential
for the induction of IFN-γ in human CD4+ T cells (2, 3).
Furthermore, together with IL-2, CD46 also mediates IL-10
co-expression in expanded Th1 cells and, via this, the switch
toward a (self) regulatory contraction phase (4) (Figure S1A).
Unexpectedly, CD46 and C3aR-mediated activation of T cells
is independent of liver-derived C3, but driven in an autocrine
fashion by the C3 activation fragments C3b and C3a generated
through cathepsin L (CTSL)-mediated cleavage of intracellular
C3 that shunts to the cell surface upon T cell receptor (TCR)
activation (4, 5). Thus, lack of autocrine CD46 activation, such
as in CD46-deficient patients, results in reduced Th1 responses
and recurrent infections (2), whilst uncontrolled autocrine C3
activation and dysregulated CD46 engagement contributes to
hyperactive Th1 responses in autoimmunity (4–6).

Importantly, as increased intracellular CTSL-driven C3
activation can be pharmacologically targeted by a cell-permeable
CTSL inhibitor leading to normalization of hyper-Th1 activity at
least in vitro (5), we aimed at better understanding the modes of
CTSL activation in T cells. When analyzing gene arrays derived
from resting or TCR andCD46 activated humanCD4+ T cells (7),
we noted that asparaginyl endopeptidase (AEP or legumain) was
strongly expressed in T cells and further augmented upon CD46
co-stimulation. AEP is an asparagine-specific cysteine protease
found in lysosomes and plays an important but non-exclusive
role in the first step of invariant chain of major histocompatibility
class II (MHC II) processing in antigen presenting cells (APC)
(8). AEP also processes and activates a range of additional
proteins. Among those are α1-thymosin and CTSL, which both
drive intrinsically Th1 activity (5, 9), and AEP-deficient mice
accordingly exhibit a defect in the maturation of catepsins B, H,
and L in kidney cells (10). However, so far, AEP activity has not
been described in human T cells.

Here we describe for the first time a role for AEP in human
CD4+ T cells and its specific requirement for normal Th1
induction.

MATERIALS AND METHODS

Healthy Donors
Blood samples were obtained with ethical approvals at King’s
College London (Wandsworth Research Ethics Committee,
REC# 09/H0803/154). CD4+ T cells were purified from buffy
coats (NHSBT, Tooting, UK) or blood samples from healthy
volunteers after informed consent.

Mice
Wild type and Lgmn−/−mice were generated by Drs. Thomas
Reinheckel and Colin Watts as previously described (11). All
animals were maintained in accredited BSL2 facilities at KCL
and experiments performed in compliance with animal study
proposals approved by KCL.

Antibodies, Proteins, and Inhibitors
For a list of antibodies, proteins and inhibitors utilized, see
Supplementary Materials.

T Cell Isolation and Activation
For a protocol of human and mouse CD4+ T cell isolation and
activation, see Supplementary Materials.

Cytokine Measurements
Cytokine secretion by human and mouse T cells was measured
using the human and mouse Th1/Th2/Th17 Cytokine Bead
Arrays (BD Biosciences, Oxford, UK) or the combined
Secretion Assays for human IFN-γ and IL-10 purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany) according to the
manufacturers’ provided protocols.

Confocal Microscopy
For a detailed protocol on the confocal microscopy performed
here including the measurement of the Pearson’s Correlation
Coefficient, refer to Supplementary Materials.

Western Blotting
For a detailed protocol on the Western botting procedures and
analyses utilized, see Supplementary Materials.

Statistical Analyses
Statistical analyses were performed on GraphPad Prism 7 (La
Jolla, CA). Data are presented as mean ± SEM and compared
using paired t-tests or one-way ANOVA with a Tukey multiple
comparison post-hoc test, as appropriate. p < 0.05 denoted
statistical significance throughout.

RESULTS

AEP Is Required for Normal Th1 Induction

in Human and Mouse CD4+ T Cells
Gene expression analyses performed on resting and CD3+CD46-
activated human CD4+ T cells suggested the expression
modulation of the LGMN gene, encoding the endopeptidase AEP
(7). Indeed, resting CD4+ T cells contained high levels of AEP
protein in the cytoplasm and CD46-mediated co-stimulation
during TCR activation further increased AEP protein levels but
simultaneously induced the nuclear translocation of a proportion
of AEP (Figures 1A,B). CD3+CD46-activation of T cells is
a strong and specific inducer of human Th1 responses (2).
The addition of increasing doses of a specific AEP inhibitor
(12) during CD3+CD46 activation significantly reduced the
percentage of actively IFN-γ-secreting cells as well as their
switching into the IL-10-producing contracting phase in cultures
in a dose-dependent manner (Figure 1C and Figure S1B). The
observed reduction of IFN-γ and IL-10 secretion also in CD3 and
CD3+CD28-activated T cells upon AEP inhibition was expected,
as TCR stimulation and CD28-costimulation function upstream
of CD46 and trigger increased intracellular CTSL-mediated
C3b generation and “background” CD46 engagement (5). Of
note, neither cell proliferation, viability nor production of Th2
cytokines such as IL-4 were affected by AEP inhibition and Th17
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FIGURE 1 | AEP is required for normal IFN-γ production in human and mouse CD4+ T cells. (A,B) CD46 drives AEP expression and nuclear translocation. Human

CD4+ T cells were left non-activated (NA) or activated with the depicted antibody combinations and AEP expression assessed 36 h post activation by (Ai) FACS with

(Aii) statistical analyses and (Bi) Western blotting of the cytoplasmic and nuclear fractions with (Bii) respective statistical analyses of the signals by densitometry.

(Continued)
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FIGURE 1 | Shown are one representative FACS and two Western blot experiments of n = 3 using a different donor each time. (C) AEP inhibition suppresses human

Th1 induction. T cells were activated as described under “A” with or without 25 or 50µM of a specific AEP inhibitor and IFN-γ and IL-10 (co)secretion measured 36 h

post activation. (Ci) shows FACS data derived from a representative donor whilst (Cii) summarizes the analyses for the shown activation conditions of n = 6 donors.

(D) AEP inhibition does not affect cell proliferation. Cell trace violet-labeled CD4+ T cells were CD3+CD46-activated in the presence or absence of 50µM AEP

inhibitor and cell proliferation measured at 6 d post activation. (Di) Shows a representative FACS profile and (Dii) the accompanying statistical analysis from four

different experiments (n = 4). (E) AEP is also required for normal Th1 induction in mice. Naïve CD4+ T cells isolated from wild type (WT) or AEP-deficient (Lgmn−/−)

mice (n = 5) were activated for 6 days under Th1, Th2, or Th17 skewing conditions and the total numbers of IFN-γ (Th1), IL-4 (Th2), or IL-17-positive (Th17) cells

assessed by intracellular cytokine staining. The number of FoxP3-positive natural regulatory T cells (nTregs) was assessed in activated cell cultures without addition of

skewing cytokines/antibodies. Error bar graphs represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

responses were only reduced significantly under the CD3+CD46
stimulation condition (Figure 1D and Figures S1B,C).

We confirmed a role for AEP in the production and secretion
of IFN-γ by CD4+ T cells also in mice. Importantly, mice
do not express CD46 on somatic tissue (13) and a functional
homologue that drives Th1 induction—as shown for CD46 in
human T cells—has so far not been identified in mouse T cells
(14). Thus, purified CD4+ T cells from either wild type (WT)
or AEP-deficient (Lgmn−/−) were activated under Th1, Th2, or
Th17-skewing conditions and the percentage of IFN-γ, IL-4, and
IL-17-positive cells, as well as secretion of these cytokines into
culture media assessed. AEP deficiency was accompanied by a
specific and significant reduction in Th1 induction (Figure 1E).
We also observed an increase in the circulating natural FoxP3+

regulatory T cell (Treg) pool in Lgmn−/− animals (Figure 1E and
Figure S1D).

These data indicate that AEP activity is required for normal
Th1 induction in mice and men.

AEP Is Required for CTSL-Mediated C3

Activation in Human CD4+ T Cells
In human CD4+ T cells, CTSL is key in activating C3 and
thereby providing the ligands for autocrine CD46 and C3aR
activation needed for Th1 induction (5) (Figure S2A). CTSL
is usually synthesized as inactive pre-proenzyme and requires
proteolytic activation (first removal of the pre-peptide and
then processing into active single or double-chain forms) by
other proteases (Figure S2B) (15). AEP has been shown to
be involved in the processing of single-chain CTSL into the
double-chain form in mice (10, 16). Inhibition of AEP slightly
in resting cells but significantly during CD3+CD46 activation
reduced the generation of active single and double chain
CTSL forms as assessed by Western blotting and confocal
microscopy in human T cells (Figures 2A,B). Importantly,
the decrease in the generation of the CTSL active forms
by AEP inhibition led also to a proportional and significant
reduction in the activation of C3 as measured by the appearance
of the C3a neo-epitope in CD3+CD46-stimulated T cells
(Figures 2B,C and Figure S2C). A recent study found that
AEP cleaves FoxP3 in mouse induced regulatory T cells
and confirmed increased Tregs in Lgmn−/− mice (17). We
did, however, not observe changes in Foxp3 levels in resting
or activated human CD4+ T cells upon AEP inhibition
(Figure 2D).

AEP also processes pro-thymosin α into the active α1-
thymosin form (18) and α1-thymosin has been implicated

in human CD4+ T cell activation and modulation of
their cytokine production (19). However, the addition of
recombinant α1-thymosin during T cell activation in the
presence of the AEP inhibitor failed to rescue defective Th1
induction (Figure 2E). Human CD4+ T cells upregulate
major histocompatibility class II (MHC II) molecules (and
their maturation require CTSL cleavage) upon activation
(20)—however, this process also remained unaffected by AEP
inhibition (Figure S2D).

Together these data suggest that AEP activity in human CD4+

T cells drives Th1 induction via proteolytic activation of CTSL,
which in turn increases C3 activation and autocrine CD46 and
C3aR activation.

DISCUSSION

CTSL-mediated activation of intracellular C3 into C3a and C3b—
which then drive the autocrine engagement of the C3aR and
CD46, respectively—is critical to normal Th1 cell responses.
CD46 deficiency is accompanied hence by recurrent infections
throughout life and patients with serum C3 deficiency have
recurrent infections early in life. Of note, whilst C3 deficiency was
long thought to be based solely on reduced pathogen lytic activity
and impairment of innate immunity, it is now understood
that C3-deficiency indeed also impairs adaptive immunity (21).
Increased CTSL-mediated C3 activation, on the other hand,
drives Th1 hyper-activity in rheumatoid arthritis and in systemic
lupus erythematosus (5, 22). Pharmacological inhibition of
intracellular CTSL activity can normalize dysregulated Th1
responses, demonstrating that this pathway is therapeutically
amendable. Thus, understanding how CTSL activity is regulated
adds to our better understanding of Th1 biology and may also
provide additional needed therapeutic targets to control aberrant
Th1 immunity.

Here we identified AEP as an enzyme that processes CTSL
into its active forms in human CD4+ T cells. Inhibition of AEP
activity reduced the appearance of the CTSL active forms, the
generation of C3a in T cells and the induction of IFN-γ-secreting
cells by about 50%. This strongly suggests that AEP functions
upstream of the CTSL-C3 axis and is an integral part of human
Th1 initiation. AEP processes only the CTSL single chain into
the double chain form in mouse kidney cells (10). It is currently
unclear whether CTSL single chain-generating activity of AEP is
human (T cell) specific and/or if there is a difference in the CTSL
single vs. double chain forms’ ability or potency to cleave C3. The
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FIGURE 2 | AEP activity drives cathepsin L-mediated C3 activation in human CD4+ T cells. (A–C) AEP inhibition reduces the generation of active cathepsin L (CTSL)

and CTSL-mediated C3a production. T cells were left resting (NA) or CD3+CD46-activated with or without 50µM AEP inhibitor for 36 h. Appearance of the CTSL

active single or double chains generated from cleavage of the proenzyme form was measured by (Ai) Western blotting with (Aii) appropriate densitometric analyses of

(Continued)
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FIGURE 2 | the percentage of active (<30 kDa size bands) vs. non-active (>30 kDa size bands) CTSL forms. (B) confocal microscopy (left panels). The generation of

CTSL-dependent intracellular C3a was measured by (B) confocal microscopy (right panels) and (Ci) FACS with subsequent (Cii) statistical analysis. Data shown in

“A–C” are derived from n = 4 healthy donors. (D) T cells were activated under the depicted conditions and Foxp3 protein expression measured at 36 h post activation

via FACS analysis. Shown is one representative experiment of two similarly performed. (E) Autocrine AEP-mediated α1-thymosin activation is not required for Th1

induction. T cells were activated as under “A” with the addition of 1µM α1-thymosin as indicated and (Di) IFN-γ and IL-10-producing cells enumerated and (Dii) IFN-γ

secretion measured 36 h post activation (n = 3). Error bar graphs represent mean ± SEM. *P < 0.05, **P < 0.01; ns, not significant.

latter is feasible since single chain and double chain CTSL can
indeed have distinct substrate specificities (23).

This is the first description of a role for AEP in human Th1
biology. A previous study identified a role for AEP, together
with the protease inhibitor SerpinB1, in the regulation of
CTSL in mouse CD4+ T cells (24). Interestingly though, AEP
blockage with an inhibitor (the authors did not utilize Lgmn−/−

animals) in presence of Serpinb1 deficiency negatively controlled
CTSL-mediated Th17 induction without affecting Th1 responses.
The difference in outcome may be due to additional, not yet
defined, functions of SerpinB in Th17 induction. Here, using
Lgmn−/− animals, we found that, similar to human CD4+ T
cells, mouse Th1 responses are reduced while Th17 responses
remain unaffected. Of note, although mouse Th1 induction
also requires intracellular C3 activation, CD4+ T cells from
Ctsl−/− mice produce normal IFN-γ levels (5), indicating that
C3 activation in mice can occur in a CTSL-independent fashion.
In line with this, C3a levels are unchanged in Lgmn−/− animals
(Figure S2E). Given these differences, it seems unlikely that
AEP regulates mouse Th1 induction via a similar CTSL-C3
axis.

Previous work also noted increased natural and induced
Tregs in Lgmn−/− mice in line with the observation that AEP
stabilizes regulatory T cells through nuclear Foxp3 cleavage
(17, 25). Although CD46-activation indeed induced the nuclear
translocation of both AEP and CTSL (Figure 1B and Figure S2F)
we did not observe an effect of AEP inhibition on Foxp3—
or other confirmed AEP/CTSL targets such as α1-thymosin or
MHC II—in human CD4+ T cells. It is possible that the AEP
inhibitor used here only affects certain AEP activities. Patients
with genetic AEP deficiency that could be of help to better
define AEP’s roles in humans have so far not been described
and we would therefore not exclude that AEP (and CTSL) serves

additional functions aside from C3 activation in supporting Th1
activation.

In sum, AEP activity is important to normal Th1 induction
in mice and men—the exact modes of action of AEP in these
cells, however, seem to be species-specific and require further
investigation.
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Complement system aberrations have been identified as pathophysiological mechanisms

in a number of diseases and pathological conditions either directly or indirectly. Examples

of such conditions include infections, inflammation, autoimmune disease, as well as

allogeneic and xenogenic transplantation. Both prospective and retrospective studies

have demonstrated significant complement-related differences between patient groups

and controls. However, due to the low degree of specificity and sensitivity of some of the

assays used, it is not always possible to make predictions regarding the complement

status of individual patients. Today, there are three main indications for determination

of a patient’s complement status: (1) complement deficiencies (acquired or inherited); (2)

disorders with aberrant complement activation; and (3) C1 inhibitor deficiencies (acquired

or inherited). An additional indication is to monitor patients on complement-regulating

drugs, an indication which may be expected to increase in the near future since there

is now a number of such drugs either under development, already in clinical trials

or in clinical use. Available techniques to study complement include quantification of:

(1) individual components; (2) activation products, (3) function, and (4) autoantibodies

to complement proteins. In this review, we summarize the appropriate indications,

techniques, and interpretations of basic serological complement analyses, exemplified

by a number of clinical disorders.

Keywords: complement, deficiency, activation products, functional test, complement regulatory drugs

THE COMPLEMENT SYSTEM

Activation of Complement
The complement system comprises approximately 50 proteins that are found in the fluid phase of
the blood or bound to cells where they function as receptors or regulators of complement activation
(Figure 1A). The system is organized in three activation pathways: the lectin pathway (LP), the
classical pathway (CP), and the alternative pathway (AP), eachwith different recognitionmolecules.
Complement activation leads to the formation of two proteolytic enzyme complexes, convertases
which have C3, the central andmost abundant complement component as their common substrate.

The LP is activated when one of several recognition molecules, mannan-binding lectin (MBL),
collectins, or ficolins bind to carbohydrates, e.g., on a pathogen surface, and often on polymers. The
CP is activated when C1q binds to IgM or IgG, which may be in the form of immune complexes or
bound in an altered conformation to artificial surfaces, such as in medical devices. In addition,
the CP can also become activated by pentraxins, e.g., C-reactive protein (CRP), and a variety
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of negatively charged molecules that includes DNA, LPS
and heparin. This activation leads to activation of fluid
phase proteolytic enzymes: mannan associated serine proteases
(MASP)−1 and MASP-2 within the LP and C1r and C1s within
the CP. These proteases mediate formation of the CP/LP C3
convertase C4bC2a.

Activation of the AP is accomplished by conformationally
altered C3, either as a result of tick-over to C3b or C3(H2O)
or by its binding to surfaces, but AP activation can also
be facilitated through the binding of properdin to damage-
associated molecular patterns (DAMPs) on pathogens (1).

Through these processes of activation, the formation of the
AP C3 convertase, C3bBbP, is induced. The labile C3 convertases
cleave C3 into the anaphylatoxin C3a and the larger C3b
fragment. In the presence of an acceptor surface, e.g., a pathogen
or antigen-antibody complex, C3b can form a covalent bond
to amino acid or sugar residues. Then C3b can be cleaved
in three steps by the plasma protease factor I, in cooperation
with one of several co-factors. The two first cleavages generate
iC3b, which promotes phagocytosis via interaction with different
complement receptors (CR)-1 (CD35), CR3 (CD11b/CD18),
CR4 (CD11c/CD18), and/or CRIg (complement receptor of the
immunoglobulin family). The third factor I mediated cleavage
separates the molecule into the target bound C3d,g fragment
which is a ligand for CR2 (CD21), and C3c which is released
from the activating surface. The same digestion also takes place
in the fluid phase indicating that complement activation in vivo
or in vitro can be monitored by measuring C3d,g, iC3b or C3a.

In addition to being a trigger of complement activation the AP
also provides a potent amplification loop. Since each deposited
C3b residue (regardless of the nature of the initial activation
trigger) is the potential nucleus of a novel C3bBb C3 convertase,
it has the potential capacity to activate numerous other C3
molecules. Deposition of additional C3b molecules to or in the
vicinity of either of the C3 convertases alters their enzymatic
specificity fromC3 to C5. Cleavage of C5 yields the anaphylatoxin
C5a and initiates the generation of the terminal pathway (TP)
where the end product is the terminal complement complex,
C5b-9, which may remain in the plasma as soluble C5b-9 (sC5b-
9) or be inserted in the cell membrane as membrane attack
complex (MAC). MAC may induce cell lysis (primarily in non-
nucleated cells) and gram-negative bacteria or inflammation and
upregulation of tissue factor, e.g., on endothelial cells, at sub-lytic
concentrations (2, 3).

The anaphylatoxins C3a and C5a bind to their receptors C3aR
and C5aRs, expressed on phagocytes: polymorphonuclear cells
(PMNs), and monocytes, thereby attracting and activating them,
thus further fuelling the inflammation.

Regulation of Complement
A number of regulators protect surfaces of autologous cells
against complement attack. These regulators include (but are
not restricted to) cell-bound molecules, such as CR1, decay
acceleration factor (DAF; CD55), andmembrane cofactor protein
(MCP; CD46), all of which inactivate the C3 convertases
in different ways. Additional regulators, C4b-binding protein
(C4BP, which regulates the CP/LP convertase) and factor H (the

main regulator of the AP), found in the plasma are recruited via
glycoseaminoglycans and/or deposited C3 fragments to the cell
surface, thus providing further down-regulation of complement.

Regulation at the level of the TP is accomplished by cell bound
CD59, and clusterin and vitronectin in the fluid phase, which all
inhibit MAC formation and its insertion into the membrane of
autologous cells. Furthermore, C1 inhibitor (C1-INH) inhibits
the proteases generated within the CP and LP; C1r/C1s and
MASP-1/MASP-2, respectively, (Figure 1A). However, C1-INH
is not specific for complement system-associated serine proteases
but also inhibits proteases generated by the activation of the
contact system like Factor (F)XIIa, FXIa, and kallikrein.

Pathology of Complement
The pathogenesis of many inflammatory diseases includes
different complement deficiencies as well as excessive
complement activation. Complement is engaged in a number
of diseases exemplified in Figure 2. The pathologic effect may
be caused either by an increased and persistent activation or an
altered expression or function of various complement inhibitors
resulting in defective control. Systemic lupus erythematosus
(SLE), myasthenia gravis and other autoimmune disorders
are examples of the former, where the presence of soluble
or solid-phase antibody-antigen complexes induce excessive
complement activation. C3 glomerulopathy (C3G), paroxysmal
nocturnal haemoglobinuria (PNH), and atypical haemolytic
uremic syndrome (aHUS), are diseases which are associated with
insufficient complement inhibition/regulation, e.g., as discussed
in (4, 5) and quoted in the references.

In many cases the complement activation is a part of reactions
resulting from activation of all cascade systems of blood, and
under conditions such as ischemia/reperfusion injury (IRI),
there is a combination of excessive activation and insufficient
control. IRI can occur under many pathological conditions but
also during medical treatments. Cardiac infarction and stroke
are associated with ischemia followed by reperfusion of an
organ or blood vessel. Ischemia which is often complicated with
IRI can also occur after transplantation (both allogeneic and
xenogeneic) as well as during cardiovascular surgery facilitated
by cardiopulmonary bypass. In IRI, excessive complement
activation in combination with insufficient complement
regulation play important roles and the resulting damage
appears to be associated with all three pathways of complement.
This complement activation leads to an inflammatory response
which consists of generation of anaphylatoxins and other
mediators which collectively induce activation of endothelial
cells and phagocytes resulting in recrutiment and extravasation
of PMNs, as described in (6) and cited references.

Despite the clear involvement of complement in a large
number of conditions, there are only a limited number of
diseases where serological complement biomarkers have been
established as differential markers of disease. In the majority of
other conditions, the biomarkers are able to distinguish between
patients and normal individuals at group level. However, these
markers can often be used to follow individual patients if the
baseline values are known or can be anticipated e.g. as in
trauma and shock (7), sepsis (8), in neurological diseases such
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FIGURE 1 | Overview of the complement system. (A) Activation and regulation of the complement system. The complement system can be activated by three

different pathways: the classical (CP), lectin (LP), and alternative pathways (AP). Recognition molecules within the three pathways bind to structures present on

pathogens, and then activate the serine proteases C1r and C1s of the CP and MASP-1, MASP-2 of the LP, respectively. These proteases initiate the assembly of the

CP/LP C3 convertase (C4bC2a) while formation of the AP C3 convertase (C3bBbP) is initiated either by hydrolysis of C3 to C3(H2O) or by other mechanisms. The

convertases cleave C3 to the opsonin C3b and the anaphylatoxin C3a. Subsequent action of the C5 convertases generates the anaphylatoxin C5a and initiates the

assembly of the C5b-9 complex. Complement activation is under strict control of a number of membrane-bound and fluid phase inhibitors, the majority of which

control the activity of the convertases. These include (but are not restricted to) C4b-binding protein (C4BP), decay acceleration factor (DAF), membrane cofactor

protein (MCP), and complement receptor 1 (CR1), factor H (FH), and factor I (FI). In addition, formation of the C5b-9 complex is under control of CD59 and clusterin,

while the CP and LP serine proteases are inhibited by C1- inhibitor (C1-INH). Color coding: recognition molecules: gray triangles; initiators serine proteases and

C3(H2O): orange symbols; convertases: green ovals; inhibitors: bright yellow ovals; anaphylatoxins: dim yellow triangles. (B) Selected analytes commonly used

clinically to assess complement function and activation. C1q, C1-INH, C4, C3 factor B (B) and their activation fragments, as well as C5a and sC5b-9.

as myasthenia gravis (9), in ophthalmic diseases such as age-
related macular degeneration, (AMD) (10), bullous pemphigoid
(11), antineutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (12) etc. They can also be used for research purposes.

This review will describe the indications and specific methods
that are used to determine the complement status of a patient and
how the results of these assays are interpreted.

ANALYTICAL METHODS

Activation in vivo vs. Activation in vitro
Complement system activation via different pathways in blood
plasma is a feature of a large number of diseases. For example,
in immune complex diseases, the CP and the TP components
are mainly activated while in renal diseases the AP and the TP
components are predominantly engaged. When a component
is activated in vivo either by proteolytic cleavage and/or by
induced conformational changes triggered by protein-protein
interactions, the component is taken up by receptors of e.g.,
leukocytes and Kupffer cells. This results in consumption of
complement components. If a whole pathway (CP+TP or
AP+TP) is activated, all components are consumed and the
function is reduced along this pathway and systemic activation
products will be moderately increased. Poor function via either
the LP/CP or the AP will also affect the other pathway if the

activation is strong enough since the components of the common
TP will be consumed. If on the other hand the pathway (CP+TP,
LP+TP or AP+TP) is activated in vitro all components are
inactivated along this path and the function of this activation
pathway is also reduced, but unlike the in vivo situation the
activated proteins remain in the sample and are not consumed
and the activation products will stay at high levels in the
tube. If EDTA-plasma is prepared, any further activation of
complement is stopped, since EDTA chelates Ca2+ and Mg2+

and thereby blocks the function of the C1 complex and the two
C3 convertases, respectively. If, by contrast, serum is prepared,
further activation of the sample in vitro is possible and it can
be used for functional testing, e.g., using haemolytic assays
(Figure 3) (13).

Preanalytical Factors
With this in mind, EDTA-plasma is suitable for analyses
of individual components and for activation products, while
serum is used for analysis of complement function. Serum
can be replaced by plasma anticoagulated with the specific
thrombin inhibitor lepirudin (i.e., recombinant hirudin) or
any other thrombin or FXa inhibitor, which does not affect
complement function (14). In order to maintain the function
of the complement components and avoid further activation of
individual components the samples must be kept cold until they
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FIGURE 2 | Examples of pathological conditions involving the complement system. The pathogenesis of many inflammatory diseases includes excessive or

uncontrolled complement activation. Some of these pathological conditions are organ-specific while others are systemic. In addition, different treatment modalities

such as transplantation, implants or extracorporeal treatments also trigger complement activation. See the text for details. IRI, ischemia reperfusion injury, PNH,

paroxysmal nocturnal hemoglobinuria; SLE, systemic lupus erythematosus; MS, multiple sclerosis, AMD, age-related macular degeneration; AU, autoimmune uveitis;

NMO, neuromyelitis optica; aHUS, atypical haemolytic uremic syndrome; C3GN, C3 glomerulonephritis; DDD, dense deposit disease; MPGN, membranoproliferative

glomerulonephritis; IBD, irritable bowel disease; RA, rheumatoid arthritis.

are frozen at −80◦C, which should be done preferably within
120 but no longer than 240min. It is important not to freeze the
samples at−20◦C, not even temporarily, since this creates a slow
freezing rate and further activation/inactivation of individual
components. During transportation dry ice must be used and the
samples should be transferred directly from the to 80◦C freezer
to the dry ice (13).

Analysis of Complement in Plasma/Serum
Quantification of Individual Complement

Components
Different types of immunoassays, most commonly
immunoprecipitation assays, are used to determine the
concentration of individual complement components.
Previously, rocket immuno electrophoresis (RIE), radial
immunoprecipitation or enzyme immune assays (EIAs) were
most common, but have today to a great extent been replaced
by nephelometry and turbidimetry. These techniques utilize
polyclonal antibodies against the analyte, e.g., C1-INH, C4, C3,
or factor B or activation fragments of these proteins (Figure 1B).
These antibodies are added in excess to the sample and bind to
their target, forming antigen-antibody complexes. Detection is
performed by passing a light beam though the sample and which
will be dispersed or absorbed by the formed immune complexes.

All techniques which use polyclonal antibodies for detection
are relatively robust regarding the effect of preanalytical factors
such as proteolytic cleavage or denaturation of the target protein

induced during suboptimal sample handling. However, it is
important to be aware that when polyclonal antibodies which are
raised against C3c are being used, these assays will detect all forms
of C3 which contain the C3c moiety, i.e, intact, non-activated C3
and its activated proteolytic fragments C3b, iC3b, and C3c. In
analogy, anti-C4c antibodies will detect the corresponding forms
of C4. Consequently, this type of assay is useful to determine the
in vivo concentration of the protein (i.e., tomonitor consumption
or deficiency) but gives no information of the activation state or
conformation of the protein.

More recently, multiplex assays for complement components
have been developed and are now commercially available. The
advantage of such assays is that they enable the simultaneous
determination of several components, thereby saving both time
and sample volume. So far, the analytes in the available kits are
restricted to components with fairly high plasma concentrations,
and to our knowledge, no LP-specific panels are yet on the
market.

Quantification of Activation Products
The sequential proteolytic cleavage which occurs during
complement activation generates activation products
with different properties than those of the non-activated
zymogen molecules (Figure 1B). In general, two principles
are used in assays designed to determine the degree
of complement activation: one is to use monoclonal
antibodies (mAbs) which detect amino acid sequences
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FIGURE 3 | Activation and consumption of complement in vivo and in vitro. Activation of C3 yields the activation products C3a, C3b/iC3b, C3d,g, and C3c (indicated

by arrows). In vivo, a portion of the C3 fragments get eliminated by complement receptor-bearing cells (A). The complement system can also be activated in vitro in

serum (D) or in maltreated samples (B), but in these cases the activation products remain in the fluid phase. In order to avoid complement activation in vitro, blood

can be drawn in the presence of EDTA which inhibits all further activation is (C). In each panel, the degree of C3 cleavage is indicated by the length of the arrows.

that are inaccessible in the native zymogen molecule but
become exposed when the protein is activated (i.e., neo-
epitopes). Most commercially available assays for C3a,
C3b/iC3b/C3c, C4a, C4b, C4d, Ba, Bb, C5a, and sC5b-9
are based on neo-epitope mAbs. The other option is to use
polyclonal antibodies but this often requires fractionation
of zymogen molecules and activation products according
to size. One example is C3d,g which is detected by EIA
or nephelometry/turbidimetry, but since the polyclonal
antibodies (in this case raised against C3d,g) also recognize
intact C3, C3b, and iC3b in addition to C3d,g, these
larger molecules must be removed by precipitation before
analysis (15).

In vivo there is a continuous physiological turnover of C3
which leads to generation of activation fragments including
C3a and C3d,g. Consequently, in order to monitor ongoing
complement activation it is mandatory to determine a ratio of
C3a or C3d,g level to the total level of C3 (C3a or C3d,g/C3),
e.g., during an exacerbation in SLE (15). Furthermore, in obese
individuals, the levels of a number of complement components,
including C3, are greatly increased, resulting in corresponding
higher levels of C3a; this problem further underscores the

importance of calculating a ratio as a measure of relative
activation (16).

Formation of the lytic C5b-9 (MAC) complex is the last step
of the complement cascade which causes cell damage or lysis as
a result of its insertion into the cell membrane, or endothelial
cell activation at sub-lytic concentrations (2, 3). Complement
activation of the TP can bemonitored by quantification of sC5b-9
in the fluid phase, with an EIA which uses a mAb specific for
a neo-epitope in C9 for capture. The epitope for this mAb is
exposed in conformationally changed complex-bound C9 but not
in intact C9. After capture, the sC5b-9 complexes can be detected
by using polyclonal antibodies against another protein present in
the same macromolecular complex, e.g., C5 or C6 (17).

Most, if not all, complement activation markers can rapidly
be produced by complement activation in vitro. Consequently,
it is of utmost importance that samples intended for detection
of complement activation are collected and handled properly. In
particular, there is a great risk that C3a will be generated in vitro if
samples are improperly handled (14). It should also be taken into
account that different C3 activation products vary greatly with
regard to their in vivo half-life: approximately 0.5 h for C3a (18)
and 4 h for C3d,g (19). Since C3d,g is a more robust marker, it
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is more suitable for diagnostic use while the generation of C3a is
the more common analysis in experimental settings (20).

Quantification of Complement Function
In order to maintain full function in an individual complement
activation pathway it is necessary for each of the participating
proteins to be active, i.e., a deficiency in one individual
protein will stop the activity of the entire cascade. Functional
tests, in particular different haemolytic assays that monitor
a whole activation pathway from the recognition phase
to MAC-formation (=lysis) can be used to detect both
deficiencies in individual component as well as depression
in complement function caused by consumption of intact
complement components.

Activation of the CP of complement is monitored in
haemolytic assays employing sheep erythrocytes coated with
rabbit antibodies, preferably purified IgM (or mixed with IgG)
to the Forssman antigen. Patient serum is added, C1q binds to
the immunoglobulins which initiates formation of the CP C3
convertase and subsequent activation leads to assembly of the
MAC which results in lysis of the erythrocytes, Figure 4A (21).

Activation of the AP of complement is monitored in
haemolytic assays employing rabbit or guinea pig erythrocytes,
which are spontaneous and potent activators of human AP.
EGTA which chelates Ca2+ and thereby inhibits activation via
the CP and LP, is added to the patient serum prior to incubation.
Under these conditions the AP C3 convertase is formed on
the target erythrocytes, leading to C3 activation and subsequent
lysis (22).

A variety of haemolytic assays have been developed using
different serum dilutions and amounts of erythrocytes. In the
original haemolytic assays called CH50 and AH50, a specified
limiting amount of erythrocytes are incubated with serum in
serial dilution to determine the dilution of serum needed to
lyse 50% of the cells during a certain time interval (Figure 4B)
(21, 22). In samples with low function it is often necessary to
repeat the analysis with additional dilution steps.

Unlike in the CH50 and AH50 assays, where incubation
of erythrocytes and serum takes place in the fluid phase, an
alternative approach is to cast the target erythrocytes in an
agarose gel. The patient serum is then added into wells punched
in the agarose and diffuses in the gel causing cell lysis. This
haemolysis-in-gel technique is quick and very useful to screen for
complement deficiencies but does not enable quantification (23).

Instead of using erythrocytes, which may cause problems due
to individual variation of the animals that have donated the
blood, systems using artificial liposomes have been developed.
Assays which are commercially available is performed in a CH50-
like way (24).

An alternative to the CH50 and AH50 assays is the
considerably less laborious, and much quicker one-tube assay.
The sample is here incubated in one tube for 20min. These assays
give similar results as CH50 and AH50 (21, 25) and are based
on the fact that the “dose” of complement is proportional to the
number of cells lysed and the assay is therefore performed in an
excess of erythrocytes (Figure 4C).

All haemolytic assays have problems to detect properdin
deficiencies. Normally they give intermediate to normal values,
never low function as is seen in other deficiencies. Therefore,
special arrangements need to be made. One way is to make a
kinetic analysis of the sample in the AP haemolytic assay. In
the example shown in Figure 5A it is seen that the curves for
a properdin deficient patient and a healthy control merge at
the same level after 20min in the one-tube assay. Therefore,
it is necessary to also incubate for shorter time to detect
this deficiency (Figure 5A). Alternatively, the concentration of
properdin is determined separately.

More recently, a method has been reported that makes use
of parallel EIAs to quantify the function of the three activation
pathways of complement (26). Target molecules for each pathway
are coated on wells of microtitre plates; IgM for the CP, mannan
or acetylated bovine serum albumin for the LP, and LPS for the
AP. Patient serum is incubated in the wells in the presence of
additions which enable specific activation of only one pathway
at the time, since the activity of the other pathways are inhibited.
The readout for each EIA is formation of C5b-9 which is detected
by a mAb specific for a neo-epitope in C9 which is exposed
in complex-bound but not in native C9 (17). These assays are
commercially available (Figure 6).

The techniques described here are valuable to identify
complement deficiencies and for the haemolytic assays (except
the haemolysis-in-gel) also to monitor levels in complement
function, for example in patients with SLE during exacerbations.
A suspected deficiency can be confirmed by determination of the
protein, using relevant assays as described above. Furthermore,
since most plasma complement components are commercially
available, it is possible to verify the deficiency by reconstituting
the patient sample with the protein in question and then repeat
the functional assay, where the activity should be normalized.
i.e., by combining these techniques it is possible to distinguish
between functional deficiency and lack of a single complement
component (13).

EXAMPLES OF INDICATIONS FOR
COMPLEMENT DIAGNOSTICS AND THE
INTERPRETATION OF COMPLEMENT
STATUS

The complement status of a patient cannot be determined using
only one assay. In order to get a complete status, assays from all
four categories of analyses have to be used (Table 1). Two major
basic indications exist: identification of complement component
deficiencies and monitoring of complement activation. In
order to screen for complement deficiencies functional assays
(haemolytic or EIA) are used. Here, both CP and AP assays
are compulsory. For the LP, a commercial EIA to monitor
activation via MBL exists, but it only covers MBL, MASP-1 and
MASP-2. Also, C9 deficiencies may be missed depending on the
erythrocytes used. For monitoring of the degree of complement
activation a minimum set up is to use a functional assay triggered
via the CP, C3 and an assay for activation products (iC3b, Ba,
C3d,g etc.). Examples of add-on assays are the concentrations
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FIGURE 4 | Haemolytic assay for detection of complement classical pathway (CP) function. (A) CP haemolytic assay. Sheep erythrocytes coated with IgM antibodies

are incubated with patient serum. The C1 complex binds and initiates formation of the CP convertase, leading to activation of C3, assembly of the C5b-9 complex,

and subsequent erythrocyte lysis. (B) CH50 assay. Titration of the amount of serum needed to lyse 50% of a specified limited and fixed quantity of cells in the CH50

assay. The curves show three individuals with different levels of complement function. (C) One tube CP assay. Since the activity of complement is proportional to the

quantity of cells that are lysed, this assay is performed in an excess of erythrocytes. The curves show three individuals with different levels of complement function.

Assays for alternative pathway (AP) activation function similarly except that uncoated rabbit or guinea pig erythrocytes which spontaneously activate the AP, are used.

FIGURE 5 | Examples of specialized functional assays. (A) Time course alternative pathway (AP) haemolysis test. The left curve was obtained using serum form a

complement sufficient individual and the right curve using serum form a properdin deficient patient. Since the curves merge at the same level after 20min in the one

tube assay it is necessary to also incubate for shorter time to locate this deficiency. (B) Correlation between functional test and individual analytes. Combination of

haemolytic function via the classical pathway (CP) and an individual analyte (C1q) show a correlation in this material of systemic lupus erythematosus (SLE) patients.

The exception, marked with (*) is a patient with total C2 deficiency. (B) reproduced from (15) with permission from the publisher.
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FIGURE 6 | Mechanism of action of microtitre plate based complement activation assays. Schematic representation of the mechanisms for commercially available

enzyme immune assays (EIA) to monitor complement activation via the three different pathways. Wells of microtiter plates are coated with ligands for the recognition

molecules within each pathway. For each assay, serum supplemented with inhibitors for the other two pathways is incubated. After complement activation, the

readout for all assays is formation of the terminal complement complex C5b-9.

of, e.g., C1q, C4 and factor B, and a functional AP assay, e.g., a
haemolytic assay (Figure 5B).

Inherited and Acquired Complement
Component Deficiency
Complement Factor Deficiencies (General)
In general, complement deficiencies are rare, but when
diagnosed, they are generally associated with recurrent bacterial
infections (this applies to all activation pathways) (Table 2).

In addition, individuals deficient in MBL or MASPs of the
LP are also susceptible to viral and protozoan infections and
deficiencies in CP components are generally associated with an
increased incidence of SLE or SLE-like disease. Most susceptible
to autoimmune disease are patients with C1q deficiency while
individuals with C2 deficiency are less predisposed to this type of
diseases. C2 deficiency is themost commonCP specific deficiency
with a frequency of 1/20,000 (27, 28).

A deficiency is detected by functional assays and gives a
very low to non-existing function via one (AP-, CP-, LP-
specific deficiency) or all pathways (TP specific). In order
to confirm that the functional defect is due to a specific
deficiency, cryoglobulinemia has to be ruled out. Cryoglobulins
can totally inactivate the CP+TP in serum (or lepuridin
anticoagulated plasma) after the sample has been drawn. Also,
severe consumption due to complement activation in vivo has to
be excluded by measuring complement activation products, e.g.,
C3d,g. Identification of which component is lacking is established
by performing measurements of individual factor concentration,

by Western blotting, genetic screening etc. Confirmation of
the deficiency (see above) can be done by reconstitution of
the deficient serum with the purified identified complement
component.

Monitoring of Complement Regulatory Drugs
Currently, there are only two complement inhibitors available in
the clinic: C1-INH and eculizumab. Purified or recombinant C1-
INH inactivates the proteases generated by the CP and LP (C1r,
C1s, MASP-1, and MASP-2) as well as FXIIa, FXIa and kallikrein
of the contact system (29). Eculizumab is a humanized mAb
that binds to C5, preventing its activation to the anaphylatoxin
C5a and C5b which initiates C5b-9 formation. Treatment with
eculizumab is approved for treatment of aHUS, PNH, and
refractory myasthenia gravis, but it is also currently undergoing
clinical trials for the prevention of antibody-mediated rejection
(AMR) in allogeneic kidney transplantation (30). In addition
to these two drugs, a large number of complement-modulatory
compounds that act at different control points are under
development for various indications. Examples of compounds
which are in clinical trials include mAbs against C1s (31), which
inhibit the CP, the peptide CP40 of the compstatin family, which
blocks C3 activation by the convertases of all three pathways
(32), and APT070 (33), which inhibits the C3 convertases thereby
blocking down-stream complement activation. In this field, there
is a pressing need to monitor the complement status in all
patients receiving treatment with complement-regulatory drugs,
a need that is only expected to increase in the future. In most
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TABLE 1 | Main indications for complement diagnostics.

DEFICIENCIES OF COMPLEMENT COMPONENTS

Increased susceptibility to bacterial infections

Repeated severe (invasive) bacterial infections

Meningococcal disease

Autoimmune disease (SLE and related diseases)

HAE (C1-INH deficiency)

AAE (C1-INH deficiency)

DISEASE ACTIVITY AND DIFFERENTIAL DIAGNOSIS

SLE

Antiphospholipid syndrome

Urticarial vasculitis

Cryoglobulinemia

Various (RA, GPA, Henoch Schönlein)

C3 glomerulopathy and other types of glomerulonephritis

Thrombotic microangiopathies (aHUS)

Transplantation (AMR)

ASSESSMENT OF THERAPEUTIC EFFECTS

C1-INH

Eculizumab

SLE, systemic lupus erythematosus; HAE, hereditary angioedema,; AAE, acquired

angioedema; C1-INH, C1 inhibitor; RA, rheumatoid arthritis; GPA, granulomatous

polyangiitis; antibody mediated rejection; aHUS, atypical haemolytic uremic syndrome.

cases monitoring can be achieved using CP and AP functional
tests (either EIA or haemolytic), since an acquired deficiency of
specific complement components is created. If the inhibitor is
an antibody, direct binding assays to the specific antigen can
supplement these assays. A comprehensive overview of the field
of therapeutic complement inhibition is found in (34).

Disorders With Complement Activation
(Table 3)
SLE, Antiphospholipid Syndrome and Urticarial

Vasculitis
SLE, antiphospholipid syndrome and urticarial vasculitis are
autoimmune immune complex diseases (35, 36). Other members
of this group include rheumatoid arthritis with vasculitis,
and cryoglobulinemia, as well as very rare cases of Henoch
Schönlein disease and granulomatous polyangitiis (GPA) (37,
38). Complement analyses, in particular determination of CP
function and analysis of components within the CP: C1q,
C3, and C4 (C2 in some laboratories) are useful markers
to monitor disease activity and for differential diagnosis
(Figure 7). Furthermore, the detection of autoantibodies against
C1q and C3 can be used to verify diagnosis (39–41).
Hypocomplementemic urticarial vasculitis syndrome (HUVS)
features anti-C1q antibodies with distinctive specificity as well as
severe complement consumption via the CP (36, 42).

Antibody Mediated Rejection in Transplantation

(AMR)
AMR is the leading cause of long-term kidney graft loss
(43, 44). The presence or formation of antibodies directed

TABLE 2 | Hereditary complement deficiencies.

LECTIN PATHWAY

MBL

Ficolins

MASPs 1-3

MBL, MASPs: increased susceptibility to bacterial, viral and protozoan infections

MASPs1/3: 3MC syndrome

CLASSICAL PATHWAY

C1q, C1r, C1s

C4

C2

Bacterial infections, SLE

C2 deficiency: cardiovascular disease

ALTERNATIVE PATHWAY

Factor D

Factor B

C3

Properdin

Factor H

Factor I

Bacterial infections, e.g., Neisseria, Haemophilus, Pneumococci

TERMINAL PATHWAY

C5

C6

C7

C8

(C9)

Bacterial infections, e.g., Neisseria

MBL, mannan-binding lectin; MASPs, MBL associated serine proteases; 3MC syndrome

Malpuech-Michels-Mingarelli-Carnevale syndrome; SLE, systemic lupus erythematosus.

against the vascular endothelium in the graft is a major
trigger of complement activation in transplantation, leading
to microvascular inflammation and thrombosis followed by
ischemia, apoptosis, or necrosis, and finally graft failure. AMR
leads to a CP activation, which is presented in biopsies as
C4d deposition. The majority of antibodies are either anti-
blood group ABO antibodies (so called natural antibodies) or
antibodies against HLA, due to previous immunization. In blood
in a severe AMR the typical signs of a CP activation are seen with
low CP function, low levels of C1q, C4, and C3, and increased
activation products (e.g., C3d,g/C3, sC5b-9 etc.). In less severe
AMR only raised levels of activation products can be seen.

C3 Glomerulopathy (C3G)
C3 glomerulonephritis (C3GN) and dense deposit disease
(DDD) are subsets of C3Gs that present a predominant C3
deposition in the glomerulus and is associated with C3NeF,
other autoantibodies to complement, and in some cases
mutations in complement protein genes (45). Since C3NeF
binds to and stabilizes the AP C3 convertase, a profound
C3 consumption occurs, that may lead to a functional C3
deficiency. The consumed C3 gives rise to C3d,g which is
an indicator of substantial activation of C3. The level of
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FIGURE 7 | Complement activation during an SLE (systemic lupus

erythematosus) excacerbation. Clinically, the magnitude of an excacerbation of

(SLE) is quantified as SLE disease index (SLEDAI; black line). During

excacerbation, intact complement components C3, C4, factor B (FB), and

other components are consumed, which results in a decline in haemolytic

function by the classical pathway (CP) (red line). Complement activation

markers e.g., C3d,g, C3a, and sC5b-9 (orange line), peak concomitantly with

the SLEDAI. Figure adapted from (13).

factor B remains more or less unchanged. Since the stabilized
convertase sometimes also cleaves C5, in some cases sC5b-9 can
also be detected. Detection of C3NeF supports the diagnosis
of C3G, in particular DDD. The severe C3 deficiency that
results can, at least in theory increase the risk of bacterial
infections.

Poststreptococcal Glomerulonephritis (PSGN)
Another type of glomerulopathy associated with AP activation
is the post-streptococcal glomerulonephritis (PSGN) that may
occur during the rehabilitation period in individuals that have
suffered from Group A streptococcal disease. In particular C3,
but also C5, is consumed and sC5b-9 is generated for typically
6–10 weeks following the infection (45). Since the levels of C3
and C5 can be depressed and, as is true for C3G with/without
C3NeF, there is a theoretical risk of other bacterial infections.
The levels of C3d,g are elevated resulting in a high ratio of C3d,g
to C3. PSGN is associated with a concomitant consumption of
properdin, which is the major complement-related diagnostic
difference between these diseases (45).

Atypical Haemolytic Uremic Syndrome (aHUS) and

Other Microangiopathies
aHUS is a disease that predominately appears in childhood
and is characterized by thrombocytopenia, microangiopathic
haemolytic anemia, and acute renal failure.

Affected cells in aHUS are endothelial cells, including those
of the mesangium of the kidney as well as platelets and
erythrocytes. aHUS is caused by uncontrolled complement
activation due to combination of mutations of complement
inhibitors, such as in factor H, but also factor I, factor H
related proteins (FHR) 1, 3, 5, MCP, and thrombomodulin
that impairs the function of these inhibitors (46). A deletion

of the FHR-1/3 gene may lead to generation of anti-factor
H antibodies which also is associated with aHUS. Gain
of function mutations in C3 and factor B that lead to
poorly controlled activation have also been reported (47,
48).

The most common cause of aHUS is mutations in the
gene for factor H, and the majority of the mutations
occur in the short consensus repeats (SCRs) 19 and 20
in the C-terminal of the molecule. These SCRs which
interact with carbohydrates, e.g., heparan sulfate and sialic
acid on the cell surface are important for binding factor
H to the cell surface. Like in factor H dysfunction, other
types of aHUS are also associated with AP activation,
resulting in varying degrees of C3 consumption and the
generation of C3d,g (and other C3 fragments) and sC5b-9.
Factor H from aHUS patients may show different mobility
compared to normal factor H when analyzed by SDS-PAGE,
and western blotting. For a more precise diagnosis of AP
components mutations, contact with a specialist laboratory is
recommended.

In preeclampsia and other types of microangiopathy the levels
of Bb and sC5b-9 are increased and various degrees of AP
component consumption and low AP function can be seen (49).

Inherited and Acquired C1-INH Deficiency
C1-INH deficiency is the cause of the rare disorders hereditary
angioedema (HAE) and acquired angioedema (AAE), but
HAE may also, in some cases be caused by mutations
in the gene coding for FXII (50). The hereditary form,
HAE, is heterozygous autosomal dominant, whereas the
acquired form, AAE, mainly occurs in patients with underlying
disease but can also be idiopathic. Since the cause of
these diseases is an unregulated generation of bradykinin
by the contact system, these are not primarily complement-
system related diseases, but their diagnosis is based on
complement analysis. Both HAE and AAE are associated
with recurrent attacks of bradykinin-mediated, non-pitting,
local angioedema that are not responsive to antihistamine or
steroids.

There are different types of HAE, which can be distinguished
only by laboratory analysis. Two types of C1-INH-related forms
exist, one with low concentration and function of C1-INH
(Type I), and one with normal concentration, but dysfunctional
C1-INH (Type II). In contrast, HAE with normal C1-INH
levels, which is not associated with low C1-INH function is a
heterogenous group and therefore less characterized than the
other types. In this group, certain patients have a gain of function
form of FXII (Type III), due to a mutation in the coding gene
leading to defective glycosylation (50).

Acquired deficiencies of C1-INH can occur in
lymphoproliferative and autoimmune diseases as a result of
formation of autoantibodies against C1-INH, or paraproteins
e.g., M-components (51–53). C4 concentrations are typically
low in both HAE and AAE (54). AAE occurs as the result of the
hypercatabolism of C1-INH; in AAE, as opposed to HAE, the
serum concentration of C1q is low in∼70% of patients.
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AUTOANTIBODIES TO COMPLEMENT
PROTEINS (TABLE 4)

Anti-C1q Autoantibodies
Autoantibodies against C1q (anti-C1q) were first identified as low
molecular weight C1q precipitins (55). Their immunoglobulin
(Ig) nature was later confirmed, and the SLE-associated anti-
C1q was shown to be specific for the collagenous region
of the C1q molecule (56). Anti-C1q occurs in ∼30% of
unselected SLE patients but has a higher prevalence in lupus
nephritis and is also associated with nephritis activity (57).
In SLE, anti-C1q antibodies are often of the IgG2 subclass,

but the reason for this selectivity is unknown. More than
95% of patients with HUVS are also positive for anti-C1q
(58). However, anti-C1q antibodies are not specific for SLE
and HUVS and may also be found in association with
conditions such as primary glomerulonephritis and infectious
diseases.

Anti-C1q is mainly analyzed by EIA. To avoid false-positive
results in anti-C1q antibody analysis, it has been recommended
that either only the collagenous part of C1q should be used as
the antigen, or that high-salt buffer is used to abolish binding
between the globular part of C1q and the Fc region of IgG
in immune complexes (41). There are several commercially

TABLE 3 | Complement pathology.

Analyses CP function

(%)

AP function

(%)

C1-INH

conc

(g/L)

C1-INH funct

(%)

C1q

conc

(g/L)

C4 conc

(g/L)

C3 conc

(g/L)

C3d

conc

(mg/L)

C3d/C3 sC5b-9

(µg/L)

Reference interval 80–120 50–150 0.13–0.29 72–129 0.07–0.25 0.13–0.32 0.67–1.29 <5.3 <5.3 <25

Complement deficiencies

CP, e.g., C2 deficiency

9 105 0.20 82 0.13 0.23 0.80 3.6 4.5 <25

Complement deficiencies

AP, e.g., P deficiency

97 45 0.25 95 0.20 0.20 0.97 4.4 4.5 <25

Complement deficiencies

TP, e.g., C6 deficiency

8 12 0.17 81 0.24 0.27 1.20 4.5 3.8 <25

SLE, urticarial

vasculitis

10 109 0.17 79 0.06 0.08 0.65 6.3 9.7 75

Secondary phospholipid

syndrome (SLE)

15 103 0.20 87 0.06 0.09 0.60 7.0 11.2 90

MPGN I 65 45 0.18 115 0.08 0.14 0.55 12 22 85

AMR 30 65 0.22 120 0.10 0.10 0.65 7 11 100

C3GN 15 10 0.26 122 0.22 0.15 0.10 18 180 200

PSGN 15 10 0.24 120 0.24 0.31 0.10 15 150 175

aHUS 95 105 0.19 103 0.20 0.21 0.75 6.5 8.7 75

HAE with low C1-INH conc 100 140 0.04 20 0.23 0.10 1.23 4.3 3.5 <25

HAE with dysfunct

C1-INH

111 132 0.20 18 0.18 0.10 1.01 3.3 3.3 <25

AAE 93 94 0.03 11 0.05 0.09 0.80 3.9 4.9 <25

Eculizumab 5 10 0.23 79 0.25 0.26 1.17 4.2 3.6 <25

CP, classical pathway; AP alternative pathway; C1-INH, C1 inhibitor; TP, termial pathway; SLE, systemic lupus erythematosus; MPGN, membranoproliferative glomerulonephritis; AMR,

antibody mediated rejection; C3GN, C3 glomerulonephritis; aHUS, atypical haemolytic uremic syndrome; PSGN, post-streptococcal glomerulonephritis; HAE, hereditary angioedema,

AAE, acquired angioedema.

TABLE 4 | Autoantibodies against complement components.

Analyses Anti-C1q1 Anti-C1q2 Anti-C1-INH Anti-FH C3NeF C4NeF

SLE, Sjögrens + – (+) – –/(+) –

Hypocomplementary urticarial vasculitis + + – – – –

C3GN –/+ – – –/(+) + +

aHUS – – – + – –

HAE Type I, Type II – – – – – –

AAE – – + – – –

Anti-C1q1, antibodies against native C1q; Anti-C1q2, antibodies against reduced chains of C1q; C3NeF, C3 nephritic factor; C4NeF, C4 nephritic factor; SLE, systemic lupus

erythematosus; C3GN, C3 glomerulonephritis; aHUS, atypical haemolytic uremic syndrome; PSGN, post-streptococcal glomerulonephritis; HAE, hereditary angioedema, AAE, acquired

angioedema.
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available assays to detect anti-C1q. In addition, Western blot
analysis of the separated C1q A, B, and C chains (after reduction)
has been used to show that anti-C1q antibodies have different
binding specificities in SLE than in (HUVS) (42, 59).

C3 Nephritic Factors and Other Convertase
Autoantibodies
C3NeF are autoantibodies that bind to and stabilize the AP C3
convertase (C3bBb) to prevent its extrinsic or intrinsic decay
(60), prolonging the half-life of the convertase and resulting in
increased consumption of C3. C3NeF are frequent in patients
with (C3G; hence the name “nephritic factor”), where they are
found in ∼80% of DDD cases and 40-50% of patients with
C3GN (61). C3NeF can also be found in other conditions such
as acquired partial lipodystrophy and an increased susceptibility
to meningococcal infections secondary to persistently low C3
concentrations resulting from C3 consumption (62, 63).

Given the heterogeneity of C3NeF with regard to binding
specificities and convertase-stabilizing effects, it is considered
necessary to use more than one method for analysis (64, 65).
Also, different methods are needed to demonstrate both the
convertase-stabilizing capacity and the Ig nature of C3NeF. Most
C3NeF have been shown to bind to the Bb part of the convertase
(66). The heterogeneous nature of C3NeF was already described
about 30 years ago in studies that showed differences regarding
the dependency on properdin and the ability to activate the AP
(67, 68). A recent study has also confirmed that some C3NeF are
more efficient convertase stabilizers in the presence of properdin;
these antibodies have been termed C5 nephritic factors (C5NeF)
and shown to be associated with C5 consumption as well as low
C3 (69).

C3NeF can be analyzed in several ways. The most widely
used assays are (1) detection of fluid-phase C3 conversion after
incubation of patient serum with normal serum at 37◦C (70, 71)
and (2) a simple haemolytic assay that utilizes unsensitized sheep
erythrocytes (72). However, these functional assays are non-
specific and do not establish that the C3NeF effects are caused
by an antibody. Therefore, other types of EIA methods have
been developed in which an AP C3 convertase is deposited in
a microtiter plate (64, 73). Standardization of C3NeF analysis
is as yet lacking, but recently an external quality assessment
(EQA) program that includes C3NeF analysis has become
available as the result of an international initiative to standardize
complement analyses (74).

Rarely, patients will present autoantibodies against the CP
convertase (C4b2a); these are known as C4 nephritic factors
(C4NeF). Like C3NeF in the AP, these autoantibodies stabilize
the CP convertase, leading to persistent C3 consumption.
Also, like C3NeF, they are principally found in association
with glomerulonephritis (75, 76). C4NeF can be identified via
haemolytic assays in which the CP convertase is stabilized by
C4NeF on sensitized sheep erythrocytes (75).

Anti-C1 Inhibitor Autoantibodies
Some patients with AAE have autoantibodies to C1-INH (anti-
C1-INH), which can be of any Ig class. In AAE patients with
monoclonal gammopathy, the Ig isotype of the M component

is often identical to the anti-C1-INH isotype (77). Anti-C1-
INH can increase the consumption of C1-INH or block its
function, and AAE patients with anti-C1INH can benefit from
treatment with B cell-inhibiting therapy (78). Although anti-C1-
INH antibodies are much more common in AAE, they occur
in a small fraction of patients with SLE, and anti-C1-INH IgM
has also been reported in patients with HAE (79, 80). Anti-C1-
INH antibodies are analyzed by EIA. Anti-C1-INH IgG, IgA, and
IgM should all be determined, an unusual requirement in the
context of autoantibody analysis. The assays may either detect
the binding of anti-C1-INH to C1-INH or determine the capacity
of the anti-C1-INH to block C1-INH function (81). Various
in-house methods are used, since commercial methods are not
available.

Anti-factor H Autoantibodies
Autoantibodies against factor H are detected in 6–10% of patients
with aHUS and are also found in some patients with C3G.
In aHUS, anti- factor H antibodies are mainly specific for the
C-terminal part of factor H, and thus they block the ability
of factor H to bind negatively charged carbohydrate residues
on autologous cells. In C3G, anti- factor H may be directed
toward other parts of factor H and may also be monoclonal
or light chain-restricted (82–84). In aHUS, positivity for anti-
factor H is strongly associated with a deletion of the genes for
complement FHR-1/3 proteins, a deletion that is also common in
the general population. aHUS with anti- factor H is considered
a separate subgroup of aHUS for which the term “deficiency
of CFHR plasma proteins and factor H autoantibody positive
haemolytic uremic syndrome” (DEAP-HUS) has been proposed
(85). Patients with anti- factor H -related aHUS will in most cases
benefit from plasmapheresis and immunosuppressive treatment,
unlike patients without anti- factor H, in whom C5-blocking
therapy is mandatory (86). This difference implies that anti-
factor H is an important diagnostic marker that needs to be
analyzed rapidly.

Anti- factor H antibodies are analyzed by EIA. A multi-
laboratory comparison of various in-house methods in 2014
established a recommended standard method, and a standard
serum for calibration of arbitrary units is available (87).
Commercial analysis kits are also available for anti- factor H
determination.

Other Complement Autoantibodies
Anti-complement autoantibodies with several other specificities
have been described in association with various diseases. For
example, autoantibodies against factor B have been detected in C3
glomerulopathy and membranoproliferative glomerulonephritis
(MPGN) (88, 89), antibodies against factor I in aHUS
(90), antibodies against MBL in rheumatoid arthritis (91),
and antibodies against ficolins in SLE (92, 93). However,
the clinical significance of most of these antibodies is not
clearly defined, and their analysis has not been adopted
in regular clinical practice. Autoantibodies with specificity
for C3 and C4 fragments, termed immunoconglutinins, are
found in different inflammatory conditions and in SLE, where
they can influence C3-mediated functions (39, 94). More
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recently, antibodies recognizing different C3 fragments were
investigated in patients with lupus nephritis and were found
to be more common in patients with more severe disease
(95).

CONCLUSIONS

In summary, complement biomarkers can be used to follow
the activity of a huge number of diseases and disorders in
individual patients if they are compared with baseline values
of the same individual. However, independent evaluations of
the complement status in individuals without previous analyses
are applicable on a relatively limited number of conditions due
to low sensitivity and specificity of the existing assays and to
preanalytical problems. Example profiles for a typical case of each
condition are presented in Table 3. It is likely that introduction
of new complement modulatory drugs with novel indications

will increase the demand for complement monitoring in the near
future.
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Introduction: The complement system is essential for an adequate immune response.

Much attention has been given to the role of complement in disease. However, to

better understand complement in pathology, it is crucial to first analyze this system

under different physiological conditions. The aim of the present study was therefore to

investigate the inter-individual variation in complement activity and the influences of age

and sex.

Methods: Complement levels and functional activity were determined in 120 healthy

volunteers, 60 women, 60 men, age range 20–69 year. Serum functional activity of the

classical pathway (CP), lectin pathway activated by mannan (MBL-LP) and alternative

pathway (AP) was measured in sera, using deposition of C5b-9 as readout. In addition,

levels of C1q, MBL, MASP-1, MASP-2, ficolin-2, ficolin-3, C2, C4, C3, C5, C6, C7, C8,

C9, factor B, factor D, properdin, C1-inhibitor and C4b-binding protein, were determined.

Age- and sex-related differences were evaluated.

Results: Significantly lower AP activity was found in females compared to males. Further

analysis of the AP revealed lower C3 and properdin levels in females, while factor D

concentrations were higher. MBL-LP activity was not influenced by sex, but MBL and

ficolin-3 levels were significantly lower in females compared to males. There were no

significant differences in CP activity or CP components between females and males,

nevertheless females had significantly lower levels of the terminal components. The CP

and AP activity was significantly higher in the elderly, in contrast to MBL-LP activity.

Moreover, C1-inhibitor, C5, C8, and C9 increased with age in contrast to a decrease

of factor D and C3 levels. In-depth analysis of the functional activity assays revealed
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that MBL-LP activity was predominantly dependent on MBL and MASP-2 concentration,

whereas CP activity relied on C2, C1-inhibitor and C5 levels. AP activity was strongly and

directly associated with levels of C3, factor B and C5.

Conclusion: This study demonstrated significant sex and age-related differences

in complement levels and functionality in the healthy population. Therefore, age and

sex analysis should be taken into consideration when discussing complement-related

pathologies and subsequent complement-targeted therapies.

Keywords: complement, health, sex and age, innate imunity, gender

INTRODUCTION

The complement system, a major component of innate
immunity, plays a crucial role in the immune response. In health,
maintaining a balance between activation and inhibition of the
complement system is key to preserve tissue homeostasis and
to enable immune surveillance (1, 2). However, an overactive
system can cause autoimmune and inflammatory diseases,
whereas an inactive complement system results in an increased
risk for infection. Several elements can disrupt this delicate
balance and with age these effects are exacerbated. Complement
deficiencies or dysfunctions have been shown to be associated
with diseases such as atypical hemolytic uremic syndrome
(aHUS), age-related macular degeneration (AMD), paroxysmal
nocturnal hemoglobinuria (PNH), systemic lupus erythematosus
(SLE), C3 glomerulopathy (C3G), and other kidney diseases
(3, 4). Furthermore, complement activation contributes to several
diseases and pathological conditions such as renal replacement
therapy (5–7), cancer (8), hypersensitivity reactions (9, 10), and
neurological conditions (11).

The complement system is activated via an enzymatic cascade
reaction and has three different activation pathways, namely
the classical pathway (CP), the lectin pathway (LP), and the
alternative pathway (AP). Complement activity for each of these
pathways depends on the expression and function of a large
number of complement proteins. The CP is mainly initiated by
immune complexes binding to C1q leading to activation of C1r
and C1s, but can also be activated in an antibody independent
manner like C1q binding to C-reactive protein. The LP is initiated
by the binding of mannose-binding lectin (MBL), ficolins, or
collectins to sugars or acetylated compounds resulting in the
activation of the MBL-associated serine protease (MASP)-1 and
MASP-2. Recently it has also been shown that the LP can
be activated by naturally occurring antibodies, underscoring
the overlap and cross-talk between the pathways (12). LP and
CP activation both lead to the cleavage of C4 and C2, and

subsequently to the generation of C4b2a, the C3-convertase.

Abbreviations: aHUS, Atypical haemolytic uremic syndrome; AMD, Age-related

macular degeneration; AP, Alternative pathway; C1-INH, C1-inhibitor; C4bp,

C4b-binding protein; C3G, C3 glomerulopathy; CP, Classical pathway; IQR,

Interquartile range; LP, Lectin pathway; MAC, Membrane attack complex;

MASP, MBL-associated serine protease; MBL, Mannan-binding lectin; MBL-

LP, MBL-induced lectin pathway; PNH, Paroxysmal nocturnal hemoglobinuria;

SLE, Systemic lupus erythematosus; SNP, Single-nucleotide polymorphism; TP,

Terminal pathway.

Furthermore, C1-inhibitor (C1-INH) regulates the activity of
the recognition complexes, while C4b-binding protein (C4bp)
functions as a cofactor for factor I-mediated cleavage of C4b.
Initiation of the AP occurs via spontaneous hydrolysis of C3
into C3(H2O) or by the binding of C3b to altered surfaces.
Factor D cleaves factor B when the latter is complexed with
C3b, creating the C3-convertase of the AP, C3bBb. In addition,
this C3-convertase is stabilized by properdin, the only positive
regulator of the complement system. Regardless of the initial
pathway, complement activation can lead to the initiation of

the terminal pathway (TP) and thereby the generation of C5-
convertase, which cleaves C5 in C5a, a powerful anaphylatoxin,
and C5b. Next, C5b binds C6 which then attaches to a surface
and interacts with C7, C8, and C9 to form the membrane attack
complex (MAC/C5b-9) (13, 14). If there is no surface present,
C5b6 will bind to C7, C8 and C9 together with the control
proteins vitronectin and clusterin in the fluid-phase and thereby

the soluble form of the terminal complement complex, sC5b-
9, is formed. To prevent unintended complement activation
the system is kept under control by a variety of regulators.
The major regulators of the AP are the plasma proteins factor

H and factor I. Factor H inhibits complement activation by
accelerating the decay of the C3bBb convertase of the AP and
by providing cofactor activity for factor I-mediated cleavage

of C3b.
Both age and sex are known to influence and significantly

impact the immune system (15). Females and males have

distinct innate and adaptive immune responses (16). Moreover,
they also differ in their immunological responses to self and

foreign-antigens (17). Sex-based immunological differences can
be found in various species (18). In general, the immune
response seems to be stronger in females than in males (15).
These immunological sex differences are thought to arise from

discrepancies in hormones, genetic factors and environmental
mediators. Notably, these sex-related differences in the immune

system could give insight into the epidemiology and etiology
of autoimmune and infectious diseases (15). Likewise, aging is
associated with a progressive decline in immunity. The impact

of aging on adaptive immunity is well accepted (19). However,
less certainty exists on the effect of aging on innate immunity

(20). Impaired function of neutrophils and macrophages as
well as reduced interaction between dendritic cells and T cells,
suggest also a decline in innate immune function (21). As a
result of impaired immune function, the ability of elderly to
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respond to microorganisms is diminished and the number of
infectious disease is increased (22). Also the increased incidence
of autoimmune diseases might be related to altered immunity in
elderly (23).

In the current era of personalized medicine combined with
the recent success of complement inhibitors in clinical trials,
it is essential to identify the influence of sex and age on
the complement system. Given that complement therapeutics
are an effective treatment for complement-mediated diseases,
individuals will need different doses in order to efficiently
block the complement system depending on the concentrations
and functional activity of the complement components. Factors
influencing the levels could be e.g., sex and age. Thus,
the aim of the present study was to explore the effect
of age and sex on the complement system in a healthy
Caucasian population by performing functional and quantitative
complement analyses. The current study also enables us to better
understand the complement system in different physiological
conditions.

MATERIALS AND METHODS

Serum Samples
Serum samples were obtained from a population of 120 healthy
Caucasian individuals from Norway, registered as blood donors.
From each sex, 12 samples were obtained per age decade between
20 and 70. Sixty females with a mean age of 44.7 years (range: 20–
69 years) and 60 males with a mean age of 45.1 years (range: 20–
65 years) were included. Serum samples obtained were directly
aliquoted and stored at−80

◦

C.

FIGURE 1 | Complement pathway activity according to sex. The activity of the

classical pathway (CP), alternative pathway (AP), and MBL-induced lectin

pathway (MBL-LP) was measured in 120 Caucasian healthy subjects, of which

60 males and 60 females. The solid lines indicate the median values in each

group. The differences between males and females was assessed by the

Mann Whitney test (***P < 0.001). CP/AP activity is referred to the left Y-axis in

linear scale whereas MBL-LP activity is referred to the right Y-axis in a

logarithm scale.

Assessment of Pathway Activity in Normal
Human Serum Samples
The complement kit (Complement System Screen Wieslab R©,
Eurodiagnostica, Malmö, Sweden) for assessment of CP, LP, and
AP activity was used according to the manufacturer’s instructions
(24, 25). In brief, strips of wells for CP were coated with IgM,
strips for MBL-LP were coated with mannan and strips for AP
were coated with LPS. Sera were diluted 1/101 for the CP and
MBL-LP assays and 1/18 for the AP assay in specific buffers
to ensure that activation of only the actual pathway occurred,
and were incubated for 1 h at 37◦C. After washing, alkaline
phosphatase-conjugated anti-human C5b-9 was added before
incubation at room temperature for 30min. Additional washing
was performed, substrate was added and the wells were incubated
for 30min. Finally, absorbance values were read at 450 nm. In
each assay standard positive and negative control sera, provided
in the kit as lyophilized material and reconstituted with distilled
water, were assessed. The positive standard serum was a pool of 5
sera from healthy individuals and the negative control consisted
of sera heat-inactivated at 56◦C for 20min. Complement activity
was calculated using the following formula: activity = 100% x
(mean A450 (sample)–mean A450 (negative control) / (mean
A450 (standard serum) - mean A450 (negative control). Samples
as well as standard serum and negative control serum were tested
in duplicate.

Serum Complement Concentrations
Assessment of MBL concentrations was performed using a
commercial MBL ELISA obtained from BIOPORTO Diagnostics
A/S (Hellerup, Denmark) and performed according to the
manufacturer’s instructions. C1q, C4, C3, and C1-inhibitor
concentrations were assessed using nephelometry on a
BN-Prospec, with validated diagnostic protocols provided
by the manufacturer (Siemens Healthcare Diagnostics,
Marburg, Germany), calibrated using a complement standard
serum provided by the manufacturer. C2 and factor B were
measured using rocket-immunoelectrophoresis as described by
Sjöholm et al. (26–28). Properdin and Factor D were assessed
by electroimmunoassay as previously described (29, 30).
Concentrations of C2, factor B, properdin and factor D were
expressed in arbitrary units (% of pooled human serum).

MASP-1, MASP-2, Ficolin-2, and Ficolin-3 levels were
determined using in-house ELISAs. For all in house ELISA’s
(Leiden University Medical Center, Leiden, the Netherlands)
a standard protocol was used. In brief, Nunc Maxisorb
plates (Nunc, Roskilde, Denmark) were coated using coating
buffer (100mM Na2CO3/NaHCO3, pH 9.6), for 16 h at
room temperature. After each step, plates were washed
three times with PBS containing 0.05% Tween 20. Residual
binding sites were blocked by incubation with PBS containing
1% BSA. Unless otherwise indicated, all subsequent steps
were incubated in PBS containing 0.05% Tween 20 and 1%
BSA, for 1 h at 37◦C. Detection antibodies were conjugated
to digoxigenin (Dig) using Dig-3-O-methylcarbonyl-ε-
aminocaproic acid-N-hydroxysuccinimide ester (from
Boehringer Mannheim, Mannheim, Germany), followed
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FIGURE 2 | Differences in complement components between sexes. In 120 subjects, consisting of 60 males and 60 females complement levels of (A) C3, (B)

Properdin, (C) Factor D, (D) MBL, (E) Ficolin-3 were measured. The solid lines indicate the median values in each group. The differences between males and females

was assessed by the Mann Whitney test (*P < 0.05, **P < 0.01, ***P < 0.001).

by detection using HRP-conjugated rabbit anti-Dig Abs
(Fab, from Boehringer Mannheim). Enzyme activity of HRP
was detected using 2,2′-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (Sigma) and absorption was measured
at 415 nm.

In more detail, for the detection of MASP-1 and MASP-
2, polyclonal antibodies were raised in rabbits against the
recombinant protease domain of MASP-1 and MASP-2,
respectively, kindly provided by Dr. Peter Gál (31). However,
based on the specificity of the anti-MASP-1 antibody it is likely
that the results from this ELISA represent the sum of MASP-1
and MASP-3 levels. ELISA plates were coated with rabbit
IgG anti-MASP-1 and rabbit IgG anti-MASP-2, respectively.

Patient samples were incubated in GVB/NaCl/EDTA (Veronal-
buffered saline containing 0.05 % Tween-20, 0.1 % gelatine,
0.5M NaCl, 10mM EDTA; pH 7.5), followed by detection
using the same antibodies, which were conjugated as described
above. Results were expressed in arbitrary units per ml using a
standard line of serially diluted pooled normal human serum
for calibration. For detection of ficolin-2, a similar protocol
was followed using mouse monoclonal antibody GN5. Results
were expressed in pg/ml as described previously (32). Both GN5
and 4H5 were kindly provided by dr. T. Fujita, Department of
Immunology, Fukushima Medical University, Fukushima,
Japan). For detection of ficolin-3, the standard ELISA
protocol was followed and the mouse monoclonal antibody
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4H5 was used for both coating and detection. Results were
expressed in arbitrary units/ml using pooled human serum for
calibration.

C4bp, C5, C8, and C9 were measured by ELISA as previously
described (33–35). C6 and C7 were measured using an in-house
ELISA assay as previously described (36). In brief, wells were
coated with an in house mouse monoclonal antibody against C6
(WU 6-4, Hycult, Uden, NL) and with an in house polyclonal
antibody against C7. For the detection, respective biotinylated
polyclonal antibodies were used. For the set-up of the ELISA,
purified C6 or C7 (Cytotech, San Diego, CA, USA) were used to
calibrate human serum as a standard.

The standards used in the different assays were not calibrated
to the official European complement standard.

Statistics
Statistical analysis was performed using IBM SPSS 22.0 (IBM
Corporation, Chicago, IL, USA). Concentrations of complement
proteins and pathway activity were presented as median with
interquartile range [IQR]. Differences between sexes were
assessed with the Mann Whitney U test. Correlation between
age and complement proteins or pathway activity was evaluated
using the Spearman Rank correlation coefficient (r). Univariate
and subsequent multivariate linear regression analysis were
performed to identify independent determinants of complement
pathway activity. Multivariate analysis models were constructed
using backward selection (Pout > 0.05) including complement
proteins that were associated significantly (P < 0.05) with
complement pathway activity in univariate analysis. P < 0.05
were considered statistically significant.

RESULTS

Differences Between Males and Females in
Complement Pathway Activity and
Components
CP, MBL-LP, and AP activity were determined by deposition of
C5b-9 in serum samples from 60 males and 60 females. CP and
MBL-LP activity were similar in both sexes (Figure 1). However,
AP activity was significantly lower in females compared to males.
The median AP activity for females was 69.5% compared with
81.0% for males (P < 0.001, Figure 1).

In accordance, the levels of C3 and properdin were also
significantly lower in women in comparison with men. Median
C3 concentrations in females were 1.37 mg/mL [1.19–1.59]
compared to 1.51 mg/mL [1.34–1.76] in males (P = 0.001,
Figure 2A), whereas median levels of properdin in females were
107% [91–128] vs. 120% [98–138] inmales (P= 0.03, Figure 2B).
Conversely, serum concentration of factor D showed an opposite
pattern (P < 0.001, Figure 2C), since levels were significantly
higher in females (140%, IQR: 115%−200%) than in males
(100%, IQR: 82%−137%). Males had higher levels of serumMBL
in relation to female subjects. Median MBL concentrations were
533 ng/mL [142–1,076] and 843 ng/mL [289–1,646] in females
and males, respectively (P = 0.03, Figure 2D). Likewise, female
subjects also had significantly lower levels of ficolin-3 compared

TABLE 1 | Levels of complement components that did not significantly differ

between the sexes.

Component Male Female P-value

C1q (in mg/L) 141 [1.28–1.49] 136 [125–142] 0.12

C1-INH (in mg/mL) 0.28 [0.25–0.30] 0.26 [0.23–0.30] 0.07

Ficolin-2 (in pg/mL) 1680 [1160–2235] 1568 [1063–2403] 0.64

MASP-1 (in AU/mL) 700 [603–906] 749 [611–919] 0.53

MASP-2 (in AU/mL) 856 [650–1620] 799 [609–1121] 0.14

C2 (in AU/mL) 126 [104–140] 123 [107–134] 0.58

C4 (in mg/mL) 0.28 [0.20–0.32] 0.23 [0.19–0.29] 0.07

C4bp (in µg/mL) 214 [197–248] 206 [177–245] 0.30

Factor B (in AU/mL) 103 [93–118] 98 [88–120] 0.22

C6 (in µg/mL) 44.6 [31.8–65.6] 37.9 [25.3–54.9] 0.08

The current table displays levels of components that were not significantly different.

Values are presented as median and interquartile range [IQR]. P-values represent the

difference between males and females tested by Mann Whitney test. Abbreviations: C1-

INH, C1-inhibitor; MASP, MBL-associated serine protease; C4bp, C4b-binding protein.

The standards used in the different assays were not calibrated to the official European

complement standard.

to male subjects, with a median of 830 AU/mL [676–1,034]
and 1042 AU/mL [883–1,192] in females and males, respectively
(P = 0.001, Figure 2E).

The rest of the components measured did not differ between
females and males (Table 1). In line with CP activity, serum
levels of C1q, C4, C2, C1-INH, and C4bp did not differ between
the sexes (Table 1). Furthermore, despite the fact that MBL-LP
activity was not significantly different between the sexes, a trend
was still seen for lower activity in females compared to males.
Additionally, 17% of the males were MBL deficient (0% MBL-LP
activity) whereas in females this was 23%. The threshold of MBL
concentration to result in zero activity was 130 ng/mL. The other
components from the LP such asMASP-1, MASP-2 and Ficolin-2
did not differ between both sexes (Table 1).

Quantification of the terminal complex components revealed
that all these components, except C6, were significantly lower in
female subjects compared to male subjects (P < 0.05, Figure 3).
The presented data show that in women, levels were 53, 15,
59, and 14% lower, for C5, C7, C8, and C9, respectively. For
C8, concentrations above 50µg/ml were exclusively observed in
males (65% of male subjects had concentrations of C8 above
50µg/ml).

Age-Related Changes in Complement
Pathway Activity and Components
Next, we determined the effect of age on the complement system
by correlating complement components and activity with age
in 120 healthy individuals with a mean age of 45 years ± 13.5,
ranging from 20 to 69 years old. Linear regression analysis
demonstrated a significant age-related effect for CP and AP
activity, but not for the MBL-LP activity (data not shown).
In accordance, age significantly correlated with CP activity
(r = 0.42, P < 0.001, Figure 4A) and AP activity (r = 0.30,
P< 0.001, Figure 4B), but not withMBL-LP activity (Figure 4C).
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FIGURE 3 | Differences in terminal pathway components between sexes. In 120 subjects, consisting of 60 males and 60 females, complement levels of (A) C5, (B)

C7, (C) C8, and (D) C9 were measured. The solid lines indicate the median values in each group. The differences between males and females was assessed by the

Mann Whitney test (*P < 0.05, ***P < 0.001).

However, when the twenty-five oldest individuals (mean age
62 ± 2.3 years) were compared to the twenty-five youngest
individuals (mean age 26 ± 3.3 years) significant differences
were observed in all pathways: higher CP activity (106 vs. 91%,
P < 0.001), lower MBL-LP activity (35 vs. 60%, P = 0.01) and
higher AP activity (83 vs. 74%, P = 0.01). Subsequently, we
analyzed the effect of age on the concentration of the different
complement components and factors. Regardless of statistics, a
correlation coefficient below 0.3 was not perceived as clinically
relevant (37). A significant effect of age was observed for C1-
INH, factor D, C5, C8, and C9 levels (Figure 5). C1-INH showed
an age-related rise (Figure 5A, r = 0.30, P = 0.001), whereas
factor D (Figure 5B, r = −0.32, P = 0.001) levels decreased
with age. Consistent with the age-related increase in CP and
AP activity, levels of C5 (Figure 5C, r = 0.40, P < 0.001), C8
(Figure 5D, r = 0.43, P < 0.001) and C9 (Figure 5E, r = 0.31,
P = 0.001) positively correlated with age. The comparison
between the oldest and youngest twenty-five individuals showed
that C5, C8, and C9 levels increased by 47% (P < 0.001),
60% (P < 0.001), and 24% (P = 0.001), respectively, with age.
Finally, if we correct for sex, the impact of age on CP and
AP activity remains significant. However, the age-related effect
on AP is predominantly found in female subjects (females:
r = 0.35, P = 0.05), whereas the effect of age on CP activity

was predominantly found in male subjects (males: r = 0.61,
P < 0.001).

The Relationship Between Complement
Components and Pathway Activity
To better understand the determinants of complement activity
of the different pathways, we related individual complement
components with their respective complement pathway
(Tables 2–4). CP activity correlated significantly with C2 levels
(Table 2, r = 0.51, P < 0.001), whereas MBL-LP activity
significantly correlated with MBL concentrations (Figure 6,
Table 3, r = 0.89, P < 0.001). Furthermore, for AP activity
significant correlations were seen with properdin (Table 4,
r = 0.35, P < 0.001), factor B (Table 4, r = 0.51 P < 0.001) and
C3 (Table 4, r = 0.42, P < 0.001). In addition, we correlated
terminal pathway components with complement activity of the
different pathways (Table 5). CP activity correlated significantly
with C5 (Table 5, r = 0.39, P < 0.001) and C9 (Table 2,
r = 0.42, P < 0.001), while AP activity correlated with C5
(Table 5, r = 0.56, P < 0.001), C8 (Table 5, r = 0.43, P < 0.001)
and C9 (Table 5, r = 0.38, P < 0.001). MBL-LP activity did
not correlate with any of the terminal pathway components
(Table 5). However, besides the correlation between individual
complement components with their respective complement
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FIGURE 4 | Correlations between complement pathway activity and age. In

120 healthy subjects age was correlated to the activity of the (A) classical

pathway (CP), (B) alternative pathway (AP) and (C) MBL-induced lectin

pathway (MBL-LP). These correlations were evaluated using the Spearman

Rank correlation coefficient. P < 0.05 were considered to be statistically

significant.

pathway, there were also correlations between different
complement components with each other. The latter could form
a possible confounder for the pathway analysis. Subsequently,
we performed a multivariate linear regression analysis and
found that levels of C2, C1-INH, and C5 were independent
determinants of CP activity (model R2 = 0.46, Table 6), whereas
MBL and MASP-2 were independent determinants of MBL-LP
activity (model R2 = 0.66, Table 6). Moreover, the multivariate
linear regression analysis demonstrated that only C3, factor B
and C5 were independent determinants of AP activity (model
R2 = 0.46, Table 6).

DISCUSSION

In the current study, we demonstrate in a healthy Caucasian
population that sex and age significantly impact the complement
system. Sex-related analysis revealed that females have lower AP
activity and lower AP and LP complement components, with an
exception for factor D. In addition, females showed significantly
lower levels of C3 and terminal pathway components. These
results demonstrate that females have significantly lower
complement activity and levels of complement components
compared to males. Furthermore, age-related analysis showed
that aging is associated with an enhanced functional activity
of the CP and the AP. Correspondingly, terminal pathway
components levels increased with age. Lastly, we analyzed
the determinants of functional complement pathway activity,
by relating individual complement components with their
respective complement pathway. In healthy individuals, CP
activity was determined by C2, C1-INH, and C5, MBL-
LP activity by MBL and AP activity by C3, factor B and
C5. These results support the relevance of age- and sex-
matched control cohorts in studies related to the complement
field, including the assessment of reference values used
in clinical laboratory diagnostics. Moreover, these results
suggest that age and sex should be taken into account in
complement-related pathology as well as in complement-targeted
therapies.

For the majority of complement components the liver is
the predominant source of production, and production of
complement proteins can be regulated by an acute phase response
(38). Other main production sites includes peripheral blood
mononuclear cells which are responsible for the production of
C1q, properdin and C7, adipocytes which produce factor D and
the lungs where ficolin-3 is mainly produced (39, 40). In fact,
most tissues and inflammatory cells are able to produce various
complement proteins, e.g., upon stimulation with cytokines (40).
Additionally, genetic environmental and lifestyle factors such
as obesity and smoking also influence complement levels (41–
43). Multiple complement deficiencies have been described and
associated with pathology (44). In addition, single-nucleotide
polymorphisms (SNP) can strongly affect the concentration
and/or function of various complement proteins, as have been
well-documented for e.g., MBL (45, 46). Yet, limited studies have
investigated the influence of sex and age on the complement
system (47–49).
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FIGURE 5 | Correlation of complement proteins with age. In 120 healthy subjects age was correlated to the concentration of (A) C1-INH, (B) Factor D, (C) C5. (D)

C8, and (E) C9. These correlations were evaluated using the Spearman Rank correlation coefficient. P < 0.05 were considered to be statistically significant.

The immune system varies between males and females and
differences in innate and adaptive immunity have already been
demonstrated. At least two factors are known to explain the
influences of sexual dimorphism in immunity: genetics (e.g., the

X chromosome) and hormonal differences (50). Remarkably, the
X chromosome contains genes that encode for several proteins
related to immune response such as toll-like receptors and
interleukins. Moreover, properdin is encoded on the short arm
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TABLE 2 | Correlations between classical pathway functional activity, complement levels, and age.

CP C1q C2 C4 C3 C1-INH Age

CP – – – – – – 0.42

P < 0.001

C1q 0.20 – – – – – −0.04

P = 0.03 P = 0.67

C2 0.51 0.30 – – – – 0.28

P < 0.001 P = 0.001 P = 0.002

C4 0.11 0.29 0.32 – – – 0.07

P = 0.27 P = 0.002 P = 0.001 P = 0.47

C3 0.20 0.37 0.45 0.65 – – 0.001

P = 0.03 P < 0.001 P < 0.001 P < 0.001 P = 0.99

C1-INH 0.24 0.23 0.52 0.44 0.42 – 0.30

P = 0.009 P = 0.01 P < 0.001 P < 0.001 P < 0.001 P = 0.001

C4bp 0.24 0.28 0.44 0.29 0.39 0.38 0.13

P = 0.009 P = 0.002 P < 0.001 P = 0.002 P < 0.001 P < 0.001 P = 0.17

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant correlations are highlighted. C1-INH, C1-inhibitor; CP,

classical pathway activity; C4bp, C4b-binding protein.

TABLE 3 | Correlations between MBL-lectin pathway functional activity, complement levels, and age.

MBL-LP MBL MASP-2 MASP-1 C2 C4 C3 C4bp Age

MBL-LP – – – – – – – – −0.16

P = 0.09

MBL 0.89 – – – – – – – −0.16

P < 0.001 P = 0.09

MASP-2 0.21 0.09 – – – – – – −0.03

P = 0.025 P = 0.32 P = 0.72

MASP-1 0.09 0.06 0.29 – – – – – −0.20

P = 0.33 P = 0.53 P = 0.001 P = 0.03

C2 −0.08 −0.07 −0.06 0.06 – – – – 0.28

P = 0.39 P = 0.44 P = 0.56 P = 0.52 P = 0.002

C4 −0.06 −0.07 0.05 −0.01 0.32 – – – 0.07

P = 0.53 P = 0.46 P = 0.63 P0.92 P = 0.001 P = 0.47

C3 −0.05 0.12 0.13 0.14 0.45 0.65 – – 0.001

P = 0.54 P = 0.19 P = 0.17 P = 0.12 P < 0.001 P < 0.001 P = 0.99

C4bp −0.08 −0.02 0.18 −0.04 0.44 0.29 0.39 – 0.13

P = 0.38 P = 0.83 P = 0.05 P = 0.66 P < 0.001 P = 0.002 P < 0.001 P = 0.17

C1-INH 0.08 0.15 0.03 −0.05 0.52 0.44 0.42 0.38 0.30

P = 0.12 P = 0.12 P = 0.77 P = 0.59 P = <0.001 P < 0.001 P < 0.001 P < 0.001 P = 0.001

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant correlations are highlighted.C1-INH, C1-inhibitor; C4bp,

C4b-binding protein; MBL, mannose-binding lectin; MBL-P, MBL-induced pathway activity; MASP, MBL-associated serine protease.

of the X chromosome (51). However, in our study, females had
lower properdin levels than males, demonstrating once more
that genetic factors do not solely determine the concentration
of the components. In addition, sex hormones are known to
influence innate and adaptive immunity. The majority of the cells
from innate and adaptive immunity express estrogen receptors
(52). However, data on the influence of sex on the complement
system remains limited. A study by Roach et al. demonstrated
that in children (age range 1–19 years) there were differences

in several complement components between boys and girls (49).
However, the differences found in this study were age-dependent.
Troldborg et al. studied complement proteins restricted to the
lectin pathway and showed comparable results to ours, showing
that female have lower complement levels than males (53).
Previously, an animal study demonstrated the influence of sex
hormones on the complement system by injecting estrogen and
testosterone in healthy and castrated mice from both sexes (54).
Mice treated with testosterone showed increased late acting
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TABLE 4 | Correlations between alternative pathway functional activity, complement levels, and age.

AP Properdin Factor B Factor D Age

AP – – – – 0.30

P = 0.001

Properdin 0.35 – – – −0.01

P < 0.001 P = 0.89

Factor B 0.51 0.24 – – 0.27

P < 0.001 P = 0.01 P = 0.003

Factor D 0.13 −0.02 0.05 – −0.32

P = 0.17 P = 0.85 P = 0.59 P = 0.001

C3 0.42 0.52 0.50 0.06 0.001

P < 0.001 P < 0.001 P < 0.001 P = 0.48 P = 0.99

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant correlations are highlighted. AP, alternative pathway

activity.

complement activity while mice treated with estrogen showed
diminished activity (48). In accordance, a recent animal study
demonstrated lower complement functionality in female mice
due to lower levels of terminal complement components (47).
This has been a reason for our group to perform complement-
related animals experiments solely in male rodents (55, 56).
Altogether, these results in rodents are in line with our findings
that females have lower terminal complement components and
lower functional activity. In our study, only Factor D was
significantly higher in woman. A possible explanation could
be a higher amount of adipose tissue in woman than in men,
resulting in enhanced production. Unfortunately, factor H and
factor I were not determined in our cohort. Previous studies
did not find significant differences between sexes in factor H
levels in adults (57). In addition, very recent work did not
observe an effect of sex or age in factor H levels in children
(54). However, since we observed a lower AP functional activity
in females, a possible explanation for this difference could be
higher levels of factor H and/or factor I. Nonetheless, the clinical
consequences of these differences remain to be elucidated. Yet,
some clues already indicate that sex could form a possible
confounder in complement-mediated diseases. For instance, in
a cohort of healthy people, low MBL levels were associated
with cardiovascular disease, however this association was seen
only in men and not in women (58). Moreover, in a study
of AMD, distinct alterations were shown between the sexes in
levels of AP components (59). Thus, more studies are needed to
clarify the significance of sexual dimorphism on the complement
system. In the future, these shortcomings could be addressed
by studying the complement system in transsexual subjects
undergoing hormonal replacement therapy. Nevertheless, an
important question that remains is: should we treat women and
men equally when it comes to complement therapeutics?

In the early phase of life, innate immunity plays a fundamental
role since adaptive immunity is still under development, whereas
during adolescence this is reversed (60). Immunity undergoes
severe deterioration with age (15, 60). Previous studies showed
that both for innate and adaptive immunity, the function
reduces with age (22, 61). Whether this decline in innate

FIGURE 6 | Correlation between MBL-LP activity and MBL levels. In 120

healthy subjects MBL levels were correlated to the activity of the MBL-LP (%).

This correlation was evaluated using the Spearman Rank correlation

coefficient. A p < 0.05 was considered to be statistically significant.

immune function is also true for the complement system was
still unknown. In a Japanese healthy cohort, C3 levels varied
according to different age ranges, however not in a continuous
way (62). Certain LP components were also investigated in a large
population and showed MBL levels are reduced in adults when
compared to children (63) Previously, in a cohort of centenarians,
MBL levels were reported to be reduced compared to the general
population (64). However, this reduction was based on a higher
prevalence of mbl2 gene mutations, suggesting a beneficial role
of intermediate levels of MBL for longevity. In our study, we
found that age had a minor effect on MBL-LP activity, but
significantly enhanced the activity of CP and AP. Accordingly,
in an earlier study in healthy subjects aged between 20 and 69
years old, increased CH50 activity during aging was observed
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TABLE 5 | Correlations between terminal pathway components, functional pathway activity and age.

AP CP MBL-LP C5 C6 C7 C8 Age

AP – – – – – – – 0.30

P = 0.001

CP 0.44 – – – – – – 0.42

P < 0.001 P < 0.001

MBL-LP 0.02 0.04 – – – – – −0.16

P = 0.87 P = 0.69 P = 0.09

C5 0.56 0.39 0.06 – – – – 0.40

P < 0.001 P < 0.001 P = 0.51 P < 0.001

C6 0.07 −0.03 −0.05 0.18 – – – 0.18

P = 0.44 P = 0.74 P = 0.61 P = 0.04 P = 0.04

C7 −0.09 −0.05 −0.01 0.10 0.32 – – 0.04

P = 0.34 P = 0.57 P = 0.94 P = 0.28 P < 0.001 P = 0.65

C8 0.43 0.27 0.00 0.59 0.20 0.22 – 0.43

P < 0.001 P = 0.003 P = 0.99 P < 0.001 P = 0.02 P = 0.01 P < 0.001

C9 0.29 0.42 −0.07 0.40 0.12 0.04 0.48 0.31

P = 0.001 P < 0.001 P=0.47 P < 0.001 P=0.18 P=0.65 P < 0.001 P=0.001

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant correlations are highlighted. AP, alternative pathway

activity, CP, classical pathway activity; MBL-LP, Mannose-Binding Lectin-induced pathway activity.

TABLE 6 | Univariate and multivariate determinants of functional complement

pathway activity.

Univariate Multivariate

Standardized β P-value Standardized β P-value

ALTERNATIVE PATHWAY ACTIVITY

Factor B 0.48 <0.001 0.28 <0.001

Properdin 0.35 <0.001

C3 0.50 <0.001 0.26 0.001

C5 0.51 <0.001 0.37 <0.001

C8 0.36 <0.001

C9 0.35 <0.001

CLASSICAL PATHWAY ACTIVITY

C1q 0.20 0.04

C2 0.63 <0.001 0.62 <0.001

C3 0.19 0.04

C1-INH 0.20 0.03 −0.14 0.04

C4bp 0.24 0.01

C5 0.39 <0.001 0.25 0.001

C8 0.22 0.02

C9 0.30 0.001

MBL PATHWAY ACTIVITY

MBL 0.79 <0.001 0.78 <0.001

MASP-2 0.23 0.01 0.18 0.001

Multivariate linear regression analysis was performed to identify independent determinants

of complement pathway activity. All variables described in Tables 2–5 were tested,

only variables with P < 0.05 in the univariate analysis are shown. Multivariate analysis

models were constructed using backward selection (Pout > 0.05) including complement

proteins that were associated significantly (P < 0.05) with complement pathway activity

in univariate analysis. C1-INH, C1-inhibitor; C4bp, C4b-binding protein; MBL, Mannose-

Binding Lectin; MASP-2, MBL-associated serine protease 2.

and associated with increased levels of individual components
of the CP (65). Moreover, in line with the enhanced functional
activity of CP and AP, the levels of terminal pathway components
C5, C8, and C9 also raised with age. However, an important
limitation of our results is that our study design is cross-sectional
and not longitudinal. Accordingly, our study is unable to
discriminate between true age-related changes or better survival
due to evolutionary advantages. Possible explanations for the
aging immune system could be epigenetic changes, metabolic
changes, changes in protein production and degradation and
accumulation of senescence cells. Finally, the increased levels of
terminal pathway components with age could be a mechanism
to compensate for the impaired clearance of pathogens and
apoptotic cells due to lower cellular immunity (66).

The current findings help to become conscious of changes
in complement function during physiological conditions.
Furthermore, the data obtained provide insight in the complex
teamwork of all the different complement proteins to achieve the
end goal, i.e., the production of the membrane attack complex
upon complement activation. To further study the contribution
of each individual component to their respective pathway(s) we
first correlated individual complement components with their
complement pathway function. However, since complement
components also correlated with each other, this could cause
a potential confounder. Thus, we next performed multivariate
regression analysis, to correct for other components and
confounders. In this analysis, MBL and MASP-2 levels were
independent determinants of MBL-P activity. For the CP activity,
C2 and C5 levels were the strongest determinants. In accordance,
C2 has previously been described as the rate-limiting factor
in the CP activation (67). In addition, C1-INH was also an
independent determinant of CP activity, however with a negative
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value, confirming that C1-INH acts as a negative regulator of CP
activation (68, 69). Furthermore, AP activity was dependent on
C3, factor B and C5. Factor D has previously been described as
the rate-limiting step of the AP, however the current study does
not confirm these results (67, 70). Our studies confirm the key
role of C5 as a rate limiting step for activation of the terminal
pathway of complement, both via the CP and via the AP.

Expression of complement genes and complement function
is at least partially genetically determined. In the present study,
the function of the MBL pathway was strongly determined by
the concentration of MBL, of which the expression of functional
molecules is largely genetically controlled by a number of SNP
in the promoter and coding region (45, 71). Our data also
show that the concentration of factor B is positively correlated
to the concentrations of C4 (r = 0.39) and C2 (r = 0.42),
suggesting co-regulation of the genes involved, which are located
in close proximity to each other in the MHC class III region
at chromosome 6 (72). Similarly, expression of C5 and C8 is
strongly correlated, suggesting co-regulation of expression of
genes for C5 and C8-gamma, located at chromosome 9q33.

The present study focused on complement function and
individual component concentration. It was out of the scope
to investigate complement activation products reflecting basic
ongoing in vivo complement activation. In contrast to differences
found in native component concentrations, we have previously
shown that a number of complement activation products did
not differ between female and male blood donors indicating
that the degree of physiologic activation not necessarily is
reflected by the different individual component concentrations
(73). Furthermore, the concentration of activation products did
not differ between the age groups divided in decades from 20
to 70 years (unpublished data). Others have shown that there is
an individual diurnal variation of complement components and
anaphylatoxins dependent of sleep (74).

We acknowledge that the present study has limitations.
Although our cohort includes a variety of subjects in different
age ranges, one limitation is the absence of age below and above
blood donor acceptance (i.e., 20 and 69 years). Additionally, we
did not have genetic and lifestyle background from the subjects
of the study, which could add valuable information. However, all
donors were accepted as blood donors according to the health
criteria for donating blood at the hospital, implying that they
represent the health part of the population. Furthermore, the
complement system comprises over more than 50 proteins and
we were therefore unable to determine all complement proteins.

Concerning LP, the current study only measured functional
activity of MBL and not from the other initiators such as
ficolins and collectins. Finally, the standards used in the different
assays were not calibrated to the official European complement
standard. However, this would not change our conclusions, just
the absolute values. On the other hand, strengths include the
number of complement proteins determined, the combination of
quantitative and functional analysis, the population size and the
in-depth performed statistical analysis.

In conclusion, there are important sex- and age-related
differences in the complement system. These changes should be
taken into account when studying complement-related diseases.
Furthermore, complement therapies that are now reaching the
clinical phase should be tested for the different sexes and age
ranges since different complement profiles might affect the
efficiency of a therapy.
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The complement, as part of the innate immune system, represents the first line of

defense against Gram-negative bacteria invading the bloodstream. The complement

system is a zymogen cascade that ultimately assemble into the so-called membrane

attack complex (MAC), which lyses Gram-negative bacteria upon insertion into the outer

membrane. Traditionally, serum has been used as complement source, for example

to study the bactericidal activity of monoclonal antibodies or antibodies raised upon

vaccination. Due to the significant donor to donor variability, as well as susceptibility

of complement factors to handling and storage conditions, assay reproducibility using

human serum is low. Moreover, the presence of pre-existing antibodies and antimicrobial

compounds are confounding factors. To remove antibodies from human serum, we

applied κ/λ-light chain specific affinity chromatography, however the method severely

reduced the complement activity due to the depletion of complement components.

Therefore, we attempted to reconstitute human complement—namely the alternative

(rAP) and the classical (rCP) pathways—from purified complement factors. We found that

adding C1-inhibitor to the mixture was essential to maintain a stable and functional C1

and thus to generate an active rCP. We further confirmed the functionality of the rCP by

testing the complement-dependent bactericidal activity of a humanmonoclonal antibody,

A1124 against an E. coli clinical isolate belonging to the ST131 clonal complex, and

that of a polyclonal IVIg against a laboratory E. coli strain (MG1655) not expressing LPS

O-antigen and capsule. Although the alternative pathway did not have any bactericidal

activity by itself, it enhanced MAC deposition induced by rCP and increased the overall

bactericidal activity against the ST131 E. coli strain. In conclusion, we report for the

first time the successful in vitro reconstitution of the classical pathway of the human

complement to establish a serum-free, complement dependent bactericidal assay.

This system offers high level of standardization and could support the study of the

complement in different research fields.

Keywords: C1-INH, bactericidal activity, monoclonal Ab, classical pathway, alternative pathway, E. coli ST131,

MG1655, complement system
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INTRODUCTION

As part of the innate immunity, the complement system
is one of the first lines of defense against Gram-negative
pathogens. Besides its direct bactericidal activity, the activation
of the complement system stimulates phagocytosis and triggers
pro-inflammatory signaling. The three different pathways—
alternative, classical and lectin—converge into the terminal
pathway (TP) that leads to the assembly of the C5b-9 complex,
also called Membrane Attack Complex (MAC). The alternative
pathway (AP) is spontaneously activated on the pathogen surface.
The classical (CP) and lectin pathways (LP), are induced by an
initial receptor-ligand recognition on the target surface. In case
of the CP, the antigen-antibody complex (or immune complex,
IC) activates the complement cascade by binding to C1, a
complex formed by C1q, C1r, and C1s. In the LP, various lectins
recognize specific sugar structures on the microbial surface
and activate the Mannose Binding Protein-Associated Serine
Proteases (MASPs) (1). Both CP and LP are negatively regulated
by the C1 inhibitor (C1-INH), which sequesters and inhibits C1r,
C1s, and MASPs (2). In the absence of C1-INH, C1 undergoes
spontaneous activation (3, 4). Cleavage and activation of the
various complement factors leads to the formation of the C5
convertase cleaving C5 to C5a and C5b, initiating the terminal
pathway. C5b, attached to the target surface, associates with C6,
C7, and C8 and induces the polymerization of C9 monomers,
forming the MAC. MAC is a pore forming complex able to
insert into lipid membranes, including the outer membrane of
Gram-negative pathogens to induce membrane damage and cell
lysis.

The different complement pathways interact with each
other establishing a complex network in the serum (1, 5,
6). This complexity is further increased by the presence of
additional serum bactericidal factors that may act in concert
with the complement, or work independently against the
invading pathogens (7–9). Therefore, it is difficult to dissect
the contribution of the different complement pathways to the
bactericidal action of the serum. It is especially relevant for
studies using human serum as complement source due to the
heterogeneity of the pre-existing antibody repertoires against
human pathogens (10) and complement activity (11). While
previous studies reported the successful reconstitution in vitro of
the alternative pathway from individual components (12, 13), up
to our knowledge, there have been no reports of a functionally
active reconstituted classical pathway, particularly not to study
its bactericidal activity.

We aimed to establish an in vitro model system with
purified human complement components that allows studying
complement without confounding factors.

METHODS AND MATERIALS

Bacterial Strains and Media
E. coli strains 81009 (14, 15) and MG1655 (16) were grown in LB
or on Trypticase soy agar (TSA) plates (bioMérieux). To prepare
overnight cultures, a single colony was inoculated in LB and

incubated at 37 ◦Cwith agitation at 200 RPMovernight.Mid-log-
phase bacterial cultures were obtained by diluting the overnight
cultures 1:100 in LB and incubating at 37◦C at 200 RPM until the
cultures reached an OD600 of∼0.5.

Complement Factors, Sera, and Reagents
Rabbit erythrocytes, Gelatin Veronal Buffer with or without
EDTA, as well as the complement factors C3 (A113c), H (A137),
I (A138), B (A135), P (A139), C5 (A120), C6 (A123), C7
(A124), C8 (A125), C9 (A126), C1 (A098), C2 (A112), C4
(A105c), and C1-INH (A140) were purchased from CompTech.
Dullbecco’s phosphate-buffer saline (DPBS) without (14190144)
or with calcium and magnesium (14040133) was obtained
from ThermoFisher Scientific. Human serum albumin (HSA)
(Albiomin, 200 g/L) was from Biotest. The monoclonal antibody
A1124, a humanized IgG1 targeting the LPS O25b-antigen of E.
coli ST131-H30 strains, as well as an isotype-matched control
mAb were expressed in CHO cells as described by Guachalla et al.
(17). Blood was taken from healthy volunteers into Vacutainer R©

clot activator tube (367896, Becton Dickinson and Company),
and the off-the-clot normal human serum (NHS) was separated
by centrifugation and aliquots were stored at −80◦C until use.
ClairYG R© (50 mg/mL) was obtained from LFB-Biomedicaments.

Determination of Complement Activity
The complement activity was measured by commercial ELISA-
based kits from Eurodiagnostica detecting C5b-9 deposition
specific to classical (Wieslab COMPL CP310 RUO), alternative
(Wieslab COMPL AP330 RUO) and MBP (Wieslab COMPL
MP320 RUO) pathways according tomanufacturer’s instructions.
Hemolytic activity of the complement was determined using
rabbit erythrocytes according to the manufacturer’s instructions
using NHS as positive control.

Removal of Antibodies From Human Serum
To remove antibodies from NHS, κ/λ-light chain specific affinity
chromatography was employed. The matrix was prepared by
mixing three parts of κ-light chain specific beads with one part
of λ-light chain specific beads (083310 and 084910, respectively,
Life Technology). To avoid clogging of the resin, NHS was
spin-filtered before incubating with double volume of resin
at 4◦C for 10min. The supernatant was separated from the
matrix by centrifugation (Ig depleted serum, Ig-dep). As control,
equivalent volume of serum was treated identically but without
the chromatography matrix (mock). Both Ig-depleted and mock
sera were concentrated with Vivaspin 500 (10,000 MWCO
PES, Sartorius). The dilution factor was determined based on
absorbance measurement at 405, 490, and 650 nm, compared to
that of untreated serum. To remove beads, fibers and precipitates,
the samples were spin-filtered. Bound antibodies were recovered
by washing the resin with DPBS with Ca/Mg, eluting with 0.1M
glycine pH 2.0 buffer and neutralizing with 1M Tris pH 8.0.
This immunoglobulin fraction was concentrated with Vivaspin
20 (10,000 MWCO PES, Sartorius) followed by Vivaspin 500
and finally spin-filtered. In all cases UltrafreeTM-MC Centrifugal
Filter Devices 0.22µm (EMD Millipore) was employed for spin-
filtration. Samples were stored at−80◦C.
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Preparation of Fab Fragment of Human
IVIg
Fab fragments of human IVIg (ClairYg R©) were prepared
by digestion with agarose-immobilized papain (20341,
ThermoFisher) according to the manufacturer’s instructions.
DPBS with 10mM EDTA pH 7.0 was used as buffer. The
uncleaved Igs and Fc fragments were removed by using
MabSelect Sure R© (17543801, GE Healthcare) according to the
manufacturer’s instructions. The flow-through, containing the
Fabs, was buffer exchanged in DPBS, concentrated (Vivaspin
500, Sartorius) and spin filtered (UltrafreeTM-MC Centrifugal
Filter Devices 0.22µm; EMD Millipore) to ensure sterility. An
untreated aliquot of ClairYg R© was buffer exchanged and treated
the same way to be used as control. The concertation of both
Fab and full IgG in DPBS was determined by bicinchoninic acid
(BCA) assay (23225, ThermoFisher).

Surface Staining of E. Coli
To detect surface binding antibodies, 108 CFU/ml bacteria were
incubated with various concentration of ClairYg R© or its Fab
fragments, followed by incubation with secondary detection
reagent Alexa Fluor 488 goat anti-human IgG Fcγ or Alexa
Fluor 488 goat anti-human Fab2 (109-546-170 and 109-546-097
respectively, Jackson Immuno) and stained with 5µM SYTO
62 nucleic acid stain (S11344, ThermoFisher). Samples were
measured in a CytoFLEX flow cytometer (Beckman Coulter) and
data were analyzed using the FCS Express Flow 5 (De Novo
Software).

Immunoblotting
Samples diluted 1:400 in Laemmli buffer were separated onMini-
PROTEAN TGX 4-20% gels (4561096 or 4561094, Bio Rad)
and blotted onto 0.22µm nitrocellulose membrane using the
high MW program of the TransBlot Turbo system (Bio Rad).
The membrane was blocked in 5 % skim milk in Tris Buffered
Saline (TBS, Fischer scientific), incubated with 1:50,000 diluted
horseradish peroxidase (HRP) conjugated goat anti-human IgG
(H+L) (109-035-088, Jackson ImmunoResearch) and 1:50,000
HRP conjugated goat anti-human albumin (PA1-28334, Pierce).
To detect C4 cleavage, the membrane was incubated with goat
anti-human C4 serum (1:2,000, A205, CompTech) as primary
antibody and with donkey IgG-HRP anti-goat-IgG (1:40,000,
6420-05, Southern Biotech) as secondary antibody. Blots were
developed with Amersham ECL Prime solution reagent (GE
Healthcare).

Determination of C1q and MBL2 Levels in
Human Sera
Concentrations of C1q and MBL2 were determined by ELISA
using a commercial kit according to the manufacturer’s
instructions (HK356 and HK323, respectively, HycultBiotech).
The serum samples were diluted 1:200 for C1q and 1:50 forMBL2
determination. The Ig depleted sera and the eluates were diluted
according to the estimated protein concentrations.

Preparation of C1/C1-INH Mixture
C1-INH was concentrated to about 2 mg/mL (Vivaspin 500,
Sartorius), mixed with about 0.2–0.4 mg/mL C1 and 25 mg/mL
HSA, and incubated for 10min on ice. This mixture or C1
alone was dialyzed twice against DPBS with Ca/Mg at 4◦C for
3 h followed by concentration to ∼1.3 mg/mL of C1 (Vivaspin
500, Sartorius). In the C1/C1-INH mixture, the C1-INH to C1
ratio was 1.8 times the physiological ratio. The samples were
spin filtered to ensure sterility (UltrafreeTM-MCCentrifugal Filter
Devices 0.22µm; EMDMillipore) and then aliquoted and stored
at −80◦C until use. At least of three different batches of C1/C1-
INH were prepared and used.

Complementation Assay With
C1q-Depleted Serum
C1 alone or premixed with C1-INH was incubated on ice or
at 37◦C for 60min, and added to C1q-depleted serum (A300,
CompTech). The activity of the classical pathway was measured
with the ELISA-based kit described above.

C4 Cleavage Assay
Heat-aggregated IgG (HAGG) was generated by incubating
ClairYg R© in DPBS with Ca/Mg at 63◦C for 30min as described
previously (18). C4 (200µg/mL), HSA (20 mg/mL) and HAGG
(750µg/mL) were mixed on ice (final concentration indicated).
C1 (67.5µg/mL) combined with C1-INH at various final
concentrations ranging between 68.5 and 685µg/mL was added
to the mixture. The concentration of Ca and Mg were kept
constant at 0.45mM and 0.25mM, respectively. After 5min on
ice, the reaction was started by incubation at 37◦C for 5min.
The reaction was stopped by boiling in reducing Laemmli buffer
(1610737, BIORAD for 5min. C4 cleavage was detected by
immunoblotting as described above.

Reconstitution of the Human Complement
The alternative pathway (rAP) was reconstituted as reported
by Schreiber et al. (12, 13). Briefly, C3, factor H and factor I
were incubated for 30min at 37◦C. After cooling the mixture
on ice, factor B, factor P, and the terminal pathway components
C5, C6, C7, C8, and C9 were added. For the reconstitution of
the rCP, C3 was incubated for 30min at 37◦C (analogous to
treatment in rAP), cooled on ice, then TP components, C2, C4,
and C1/C1-INH mixture were added, and then the solution was
supplemented with DPBS and HSA. For the combination of the
alternative and classical pathways (rAP+rCP), the alternative
pathway was reconstituted as above, then TP components, C2,
C4, and C1/C1-INHmixture were added, and finally the mixture
was supplemented with DPBS and HSA. In all experiments the
final concentration of Ca, Mg and HSA was 0.17mM, 0.09mM,
and 25 mg/mL respectively. The proteins were added in the order
described above. The final concentration of each factor matched
the physiological concentration of 50% diluted human serum
(3, 12): C3 at 600µg/mL, C5 at 36µg/mL, C6 at 32µg/mL, C7
at 27µg/mL, C8 at 27µg/mL, C9 at 29.5µg/mL, factor B at
100µg/mL, factor D at 1µg/mL, factor H at 235µg/mL, factor
I at 17µg/mL, factor P at 10µg/mL, C2 at 12.5µg/mL, C4 at
200µg/mL, C1 at 67.5µg/mL and C1-INH at 120µg/mL.
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Activity of rCP With or Without C1-INH
When the rCP with or without C1-INH was tested, the
preparations were treated as follows. Two mixtures of rCP with
or without C1-INH were prepared simultaneously as described
above, on ice and aliquoted into 5 tubes. One aliquot was snap
frozen in liquid nitrogen and stored at −80◦C. The remaining
four aliquots were incubated at 37◦C or on ice for 10min
or 60min and then snap frozen. For measuring complement
activity, the aliquots were thawed on ice at once and the assay
was started immediately.

Bactericidal Assay
Survival of bacteria was assayed as described previously (19).
Briefly, bacteria at about∼5× 104 CFU/mL (collected frommid-
log phase culture) were added to the reconstituted complement
and incubated at 37◦C with agitation. After 3 h, surviving
bacterial count was enumerated by plating. In case of E. coli
strain MG1655, the final concentration of each factor matched
the physiological concentration in 25% diluted human serum,
while in assays with the E. coli strain 81009, the factors were set
to 50% of the physiological concentration.

Stability of rCP
rCP mixture was divided into four aliquots; one was immediately
frozen at −80◦C (untreated control), one underwent 3 cycles of
freeze and thaw, one was stored at 4◦C for 48 h, and one was
incubated at 37◦C for 24 h before freezing at −80◦C. On the
day of the testing, the samples were thawed at once and their
complement activity was compared with the ELISA based kit as
described above.

Statistical Analysis
Data were analyzed with paired two-tailed t-test using GraphPad
Prism version 6. Difference was considered statistically
significant if P < 0.05.

RESULTS

Removal of Antibodies From Human Serum
Impairs the Complement
First, we tested the possibility of removing antibodies from
normal human serum (NHS) to generate a complement
source devoid of pre-existing antibodies for studying
complement-mediated bactericidal activity. We employed
affinity chromatography with Ig light chain (κ and λ) specific
resin to remove all isotypes of antibodies. Based on immunoblot
analysis, no IgGs could be detected in the depleted sera
(Figure 1A). Next, we determined whether Ig depletion affected
the complement activity of the human serum samples. The four
NHS tested had comparable classical and alternative pathway
activities prior to depletion, however, all had reduced or no
activity after incubation with the resin (Figure 1B). We detected
both MBL2 and C1q in the elution fractions together with the
antibodies (Supplementary Figure 1).

Given that depletion of antibodies from NHS was not
possible without compromising the complement activity, we

next attempted to reconstitute the classical and the alternative
complement pathways in vitro.

In vitro Reconstitution of the Alternative
Complement Pathway
First, we wanted to recapitulate the results of Schreiber et al.
(12) reported four decades ago demonstrating the functional
activity of reconstituted alternative pathway (rAP).We combined
purified complement components in the following order: C3,
factor H and factor I incubated at 37◦C, then adding factor B,
factor P, and the terminal pathway components C5, C6, C7, C8,
and C9. As a measure of complement activity, we detected C5b-
9 assembly by ELISA (Figure 2) or by the rabbit erythrocyte
lysis assay (Supplementary Figure 2). The activity of the rAP
measured by ELISA was in the range of the AP activity of
untreated NHS samples and the rabbit RBC lytic activity of rAP
was also comparable to that of NHS (Supplementary Figure 2).
The activity in both assays was specific, as it was completely
lost upon the exclusion of the C5 component from to the rAP
mixture.

C1-INH Is Required to Preserve the
Functionality of the Classical Pathway
Analogous to the generation of rAP, we attempted to reconstitute
the classical pathway (rCP) by combining all factors from C1 to
C9. First, C3 was incubated at 37◦C, and cooled on ice before
the terminal pathway components C5, 6, 7, 8 9, then C2, C4,
and finally C1 were added at concentrations equivalent to those
in 50% human serum. To test the stability of the reconstituted
classical pathway, the mixture was preincubated for up to 60min
at 37◦C, before being assayed for the C5b-9 deposition. To
resemble the physiologic activation, we measured the activity
of the classical pathway with an ELISA kit, with wells coated
with IgM, mimicking the immunocomplexes. Surprisingly, we
detected only a very low complement activity (approximately
20% that of human serum) that was even further decreased when
the mixture was incubated on ice or was completely lost after
incubation at 37◦C (Figure 3A).

Since the rAP, that shares many components with the CP, was
functionally active and stable, we focused our investigation on the
components specific for the classical pathway, particularly C1. To
assess the activity of C1, we employed a C1q depleted (C1q-dep)
serum preparation that lacked any CP activity and supplemented
this with C1. We found that C1 was able to rescue the classical
pathway activity of the C1q depleted serum, but with decreased
efficiency after pre-incubation of C1 at 37◦C (Figure 3B). These
data suggested that the purified C1 was functional, but it lost its
ability to induce the C5b-9 deposition upon incubation at 37◦C.

We speculated that the loss of C1 activity was due to the
spontaneous activation of C1 itself. Therefore, we assessed
whether the C1 inhibitor (C1-INH), a serine protease inhibitor
naturally present in human serum, would be able to stabilize
C1. Indeed, we observed that the supplementation of C1q-
depleted serum with C1 pre-incubated at 37◦C in the presence
of C1-INH, fully restored the CP activity (Figure 3B). Hence, we
added C1-INH to the rCP, and the experiment was repeated as
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FIGURE 1 | Depletion of Ig from normal human serum. (A) IgG (Fcγ-heavy chain, HC and light chain, LC) was detected by immunoblotting in normal human serum

(NHS) and in the corresponding sera depleted with light-chain specific resin (Ig-dep). Albumin (HSA) was used as loading control and detected with a specific

antibody. (B) Classical (CP), alternative (AP), mannose-binding lectin (MP) pathway activity was measured by ELISA in sera depleted with light chain specific resin

(Ig-dep), or in mock treated (mock) samples and compared to a positive control provided in the kit. Graph shows mean values obtained with sera from 4 donors

±SEM. C5b-9 deposition in Ig-dep was compared to the mock treated sample by two-tailed paired t-test (*P < 0.05; **P < 0.01). The circle, square, triangle and

diamond represent donor #3, #5, #12, and #25, respectively.

FIGURE 2 | Activity of reconstituted alternative pathway. The activity of the

reconstituted alternative pathway with all factors (rAP) or without C5 (rAP w/o

C5) was measured by ELISA. The bars show mean ± SEM of 3 independent

experiments performed with duplicates. Results were compared with paired

t-test (**P < 0.01).

described above. When adding C1-INH to the rCP, we observed
a full classical pathway activity, in all the conditions tested
(Figure 3A).

To monitor the C1 activity at the molecular level during the
incubation of rCP, we detected C4 and C3 cleavage products
by immunoblotting. We observed the proteolytic conversion of
both C4 and C3 α chains to α’-chain in the absence, but not in
the presence of C1-INH (Figure 3A). These data corroborated
that spontaneous activation of C1 led to activation of the CP,
which ultimately consumed the native complement factors in the
mixture. On the other hand, in presence of C1-INH we did not
observe any cleavage of C4 and C3, even after incubation for 1 h
at 37◦C (Figure 3A).

To examine whether the C1-INH concentration used in the
assay still allows the specific activation of C1 initiated by immune
complexes (IC), we monitored C4 cleavage triggered by heat-
aggregated Ig. We found that even large excess of C1-INH (up
to 10-fold the physiological C1-INH/C1 ratio) did not impair the
specific activation of C1 (Supplementary Figure 3).

We also tested the stability of rCP upon freeze-thaw
cycles or incubation at 37◦C or at 4◦C. As shown in
Supplementary Figure 4, the rCP is resistant to three
cycles of freeze and thaw, and stable at 4◦C for 48 h, but
incubation at 37◦C for 24 h significantly impairs the complement
activity.

rCP, Alone or in Combination With rAP, Is
Functional and Induces a Strong
Bactericidal Action
Next, we reconstituted the classical complement pathway in
combination with rAP. Both rAP and rCP were functionally
active when combined (rAP+rCP) (Figure 4A). However, when
measuring the classical pathway activity in the combined system,
it was lower than in the rCP alone (Figure 4A). These results
suggested that components present in the rAP (partially) inhibit
the classical pathway activity of rCP.

As proof of practical application, we tested the bactericidal
activity of the rAP, rCP or their combination (rAP+rCP) against
two different Escherichia coli strains in the presence of specific
antibodies.

ST131 strain 81009 expressing the O25b LPS O-antigen and
mAb A1124 specific for O25b (17) were co-incubated with the
reconstituted complement. In presence of the rCP, we observed
significant antibody-dependent bactericidal activity, while rAP
alone did not support bacterial killing (Figure 4B). Interestingly,
the mixture of rCP and rAP displayed enhanced bactericidal
effect (Figure 4B).

Another E. coli, the K-12 strain MG1655, not expressing
LPS O-antigen (rough), was incubated with a human IVIg
preparation (ClairYg R©) that was shown to contain antibodies
binding to the surface of this strain (Supplementary Figure 5).
In the presence of IVIg (500µg/ml), the MG1655 strain was
completely killed in rCP or rAP+rCP, while it survived in
the rAP (Figure 4C). MG1655 also survived and even grew in
rCP and rAP+rCP when incubated with ClairYg R©-derived Fab,
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FIGURE 3 | Preserving C1 activity by C1-INH. (A) The activity of the reconstituted classical pathway (rCP) was measured by ELISA. rCP with or without C1-INH was

pre-incubated (p.i.) for 10min or 60min, at 37◦C or on ice, before testing for C5b-9 deposition. Graphs show mean ± SEM from 3 experiments, compared with

two-tailed paired t-test (*P < 0.05; **P < 0.01; ***P < 0.001). The same samples were assayed for C4 and C3 cleavage by immunoblotting that is indicated by the

appearance of the α’-chain. (B) C1 incubated for 1 h at 37◦C or on ice was added to C1q-depleted serum. The classical pathway activity was measured by ELISA

detecting C5b-9 deposition. The results are expressed as % of signal compared to the positive control. Graph shows mean ± SEM from 4 independent experiments

compared with two-tailed paired t-test (*P < 0.05; ***P < 0.001).

FIGURE 4 | Complement and bactericidal activity of in vitro reconstituted complement pathways. (A) ELISA detecting the alternative (AP) or classical (CP)

pathway-dependent C5b-9 deposition by the in vitro reconstituted alternative (rAP) and classical pathway (rCP), alone or in combination (rAP+rCP). The results are

expressed relative to positive control. Graphs show mean values ±SEM of 6 independent experiments analyzed with two-tailed paired t-test (**P < 0.01;

***P < 0.001). (B) Survival of the E. coli strain 81009 in the presence of the reconstituted complement pathways with mAb A1124 after 180min incubation. The

survival is expressed relative to the survival with an unrelated control mAb. (C) Survival of the E. coli strain MG1655 in the presence of the reconstituted complement

pathways with ClairYg® after 180min incubation. The survival is expressed relative to the survival in presence of ClairYg®-derived Fab. Graphs (B,C) show mean ±

SEM of 3 and 2 independent experiments, respectively, analyzed with two-tailed paired t-test (*P < 0.05; **P < 0.01).

corroborating that the bactericidal activity was not intrinsic to the
rCP.

Low amounts of human IgG contamination was
detected in all three mixtures of reconstituted complement
(Supplementary Figure 6). Contaminants were—at least
partially—introduced with the human albumin. Despite the
presence of contaminating antibodies, we did not detect any
specific, surface binding antibodies against the two E. coli strains
(data not shown).

DISCUSSION

Serum bactericidal assay (SBA) is the gold standard in vitro
assay to assess complement-dependent bactericidal activity
of antibodies raised upon active immunization (10, 20)
or applied as passive immunization (17). In SBA, human
or rabbit serum is used as complement source and target
bacteria are incubated in presence of specific antibodies
or immune serum. In such assays, bacterial survival is
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FIGURE 5 | Activation of C1 in presence of C1-INH and immunocomplexes. C1-INH reversibly inhibits in fluid phase the pro-C1r and pro-C1s, when they dissociates

from C1-INH they can bind C1q, but this is disfavored. In presence of immunocomplexes (I.C.), the association of C1r2s2 to C1q is favored and stable, so C1q

activates C1r which in turn cleaves C1s. Afterwards, the activated C1r2s2 (indicated as C1r and C1s) is then displaced from C1q and irreversibily inhibited by C1-INH.

compared to those with a negative control antibody or
non-immune serum as well as an inactivated complement
source. Most often rabbit serum is preferred over human
serum, because baby rabbit sera lack pre-existing antibodies
(10, 20). Previous reports showed the possibility of
depleting human serum from pre-existing antibodies by
using Protein G affinity purification, with the drawback
that C1q and C5 were significantly depleted during the
process (21). Moreover, the method did not deplete IgM
or IgA, two isotypes also able to activate the complement
system (1, 22).

In this study, we aimed to establish a reproducible method
with a complement source free of antibodies. First, we depleted
human serum from all isotypes of immunoglobulins with a light
chain specific resin. While we were able to remove the majority
of IgGs, this treatment abolished activity of the classical and
lectin pathways due to the non-specific depletion of C1q and
MBL2, significantly impaired activity of the alternative pathway,
and potentially depleted other complement factors by the
resin.

In addition to antibodies, non-complement serum factors
can also significantly contribute to the killing of bacteria
in human serum (7, 8, 23). Therefore, we decided to test
a bottom-up approach and reconstituted the complement
system from its individual components. While reconstituted
cytolytic alternative pathway was reported by two papers of
Schreiber et al. ((12), (13)), up to our knowledge there are no
reports of successful reconstitution of the complete classical
pathway from C1 to C9, despite the significant amount of
work put into reconstituting parts of it (24–31). We aimed to
establish a method to reconstitute the classical pathway also in
combination with the alternative pathway, to be used in studying
complement mediated bactericidal activity. To make it available
for the broader scientific community, we used commercially
available factors purified from human serum.

First, we reproduced previous work of reconstitution of the
alternative pathway (12). This was primarily done to confirm that
the purified proteins were functionally active. The protocol was
slightly modified with the addition of human serum albumin as
carrier protein. The mixture of the AP components was active
based on the detection of the C5b-9 complex measured by ELISA
and the lysis of rabbit erythrocytes, and the activity was found
comparable to that of human serum (32).

When we mixed the factors of the classical pathway, we
detected very low CP activity. Furthermore, short incubation at
37◦C (10min) completely abolished this activity.

Apart from C1, C2 and C4, all components were already used
and proved to be active in rAP, therefore we tested the activity of
CP-specific factors. Importantly, the commercially available C1 is
supplied with EDTA and protease inhibitors, which inhibit the
activity of the complement factors, therefore, we had to remove
these inhibitors by buffer exchange. This treatment could have
affected activity or stability of the C1 or its components, like
C1q. In line with this, C1 pre-incubated on ice was able to
rescue the classical pathway in C1q-depleted serum, but not when
pre-incubated at 37◦C. This suggested that the buffer exchange
per se was not responsible for the impairment of C1 activity, but
rather affected its stability. Furthermore, we speculated that the
lack of C5b-9 deposition in both rCP and C1q depleted serum
was due to the spontaneous activation of C1r and C1s at 37◦C.
Indeed, in normal serum, the spontaneous activation of C1 is
prevented by C1-INH that has a dual role; it inhibits irreversibly
the zymogen form of C1s and C1r and in a reversible way the
pro-zymogen form of C1r and C1s. In the presence of ICs, C1-
INH disengages the pro-zymogens C1r and C1s, allowing their
activation (4) (Figure 5). Thus, we tested whether C1-INH was
able to maintain a functional C1 in an in vitro system as well
without affecting the specific activity of C1. A previous study by
Nielsen (33) showed that even large excess of C1-INH had no
effect on the activation of C1 by immune complexes. However,
the C1-INH preparation used in that work differed from the C1-
INH available for us (34, 35). Therefore, we set up a method to
detect the specific activation of C1 induced by heat-aggregated
gamma globulins. We observed that even a 10-fold excess of the
C1-INH did not impair the specific activation by IC.

Next, we showed that the classical pathway was fully rescued
when C1q-depleted serum was supplemented with C1 co-
incubated with C1-INH at 37◦C. Likewise, the presence of C1-
INH in rCP allowed full reconstitution of the classical pathway
that was unchanged even after 1 h of incubation at 37◦C. We
confirmed that in the absence of C1-INH, C4 was promptly
cleaved, even without specific activation. The cleavage of C4 led
to the cleavage of C3 as well, but with a slower kinetics. The
very low activity of the classical pathway in the rCP correlated
well with the amount of native C3 in the mixture. On the other
hand, when C1-INH was present, both C4 and C3 remained
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uncleaved (in native state). In conclusion, the very low level
of C5b-9 deposition by rCP in the absence of C1-INH is due
to the consumption of the downstream factors, rather than to
C1 instability. An interesting indirect proof for the requirement
of C1-INH in CP is the phenotype of hereditary angioedema
(HAE) type I and II. In HAE low activity of C1-INH leads to the
activation of the contact system (which induces edema) and the
collateral spontaneous activation of C1 and consumption of C4
and C2 (36).

While rCP appeared to remain active after three freeze-
thaw cycles and at 4◦C for 48 h, incubation at 37◦C impaired
the complement activity, in agreement with the observation by
Mollnes et al. (37).

When we combined alternative and classical pathways, we
found both to be active alone and in combination in the ELISA-
based complement activity assay. The lower CP activity of
rAP+rCP compared to rCP alone could be explained by the
presence of Factor H and I. Factor H acts as cofactor for factor
I to cleave C3b and C4b, and it can block the induction of the
downstream cascade (5). In addition, factor H alone could also
displace C1 from the ligand, as shown by Kishore and Sim (38).

After confirming the activity of the reconstituted in vitro
complement, we proved that this experimental system is suitable
for studying the complement mediated bactericidal activity of
monoclonal or polyclonal antibodies. Using an extra-intestinal
pathogenic E. coli strain 81009, we found that the rCP was able to
induce a strong and specific bactericidal activity in combination
with the specific mAb, A1124. The bactericidal activity was
further increased when alternative and classical pathways were
combined. This confirms that although the alternative pathway
alone does not induce bactericidal effect, it enhances the activity
of the classical pathway through the amplification loop. Of note,
in the ELISA based activity assay we did not observe an increase
in the classical pathway activity when rCP was combined with
rAP, however this was due to the use of different complement
dilutions in the two assays: in the ELISA the complement mixture
was diluted 1:101 (vs. the 1:2 dilution used in the bactericidal
assay) and at such a high dilution the contribution of the
alternative pathway could not be detected.

We found that IVIg ClairYg R© contained a significant amount
of antibodies against MG1655, as also reported by others (39);
therefore it was used as a source of Abs to target this strain.
MG1655 is a rough and non-encapsulated K-12 archetype strain,
extremely sensitive to the bactericidal activity of the serum. In

agreement with its sensitivity, the strain was completely killed in
both rCP and rAP+rCP in the presence of ClairYg R©. Despite of
the low content of contaminating antibodies in the reconstituted
complement pathways, we did not observe any killing when
no ClairYg R© was added to the mixture. In contrast with our
data, the K-12 derivative strain, W1485, was previously shown
to be killed by a reconstituted alternative pathway alone (12).
However, the growth conditions used in the two studies were
different, and previously also no carrier protein was added to
the reconstituted mixture. Moreover, it cannot be excluded that
the complement factors used previously differed in purity and
potentially contained bactericidal proteins.

To our knowledge, this is the first report of the successful
reconstitution of the classical pathway from individual
components. In this model system, it is possible to strictly
control the concentration of each component or to substitute
a factor with a mutated version, as well as to supplement the
assay with additional purified components, as demonstrated by
adding a specific antibody. By adding lectins and MASPs to the
C1/C1-INH mixture, we speculate that the system can be further
complemented with the lectin pathway.

We propose that the method could have a broad applicability
beyond the testing of complement mediated bactericidal activity
of antibodies. It was proposed that new methods are needed to
study the role of the complement in the activity of the anti-
CD20 mAB, rituximab in non-Hodgkin lymphomas (40). As
serumwas reported to display great donor to donor heterogeneity
in the killing of cancerous cells (41), the in vitro reconstituted
complement may offer a simple method to be used in cancer
studies. Similarly, this tool could be applied to study the role of
the complement in viral pathogenesis (42), transplant rejection
(43) and autoimmune diseases (44, 45).
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Collectin-11 (CL-11) is a pattern recognition molecule of the lectin pathway of

complement with diverse functions spanning from host defense to embryonic

development. CL-11 is found in the circulation in heterocomplexes with the homologous

collectin-10 (CL-10). Abnormal CL-11 plasma levels are associated with the presence

of disseminated intravascular coagulation, urinary schistosomiasis, and congenital

disorders. Although there has been a marked development in the characterization of

CL-11 there is still a scarcity of clinical tools for its analysis. Thus, we generated

monoclonal antibodies and developed a quantitative ELISA to measure CL-11 in the

circulation. The antibodies were screened against recombinant CL-11 and validated

by ELISA and immunoprecipitation of serum and plasma. The best candidates were

pairwise compared to develop a quantitative ELISA. The assay was validated regarding

its sensitivity, reproducibility, and dilution linearity, demonstrating a satisfactory variability

over a working range of 0.29–18.75 ng/ml. The mean plasma concentration of CL-11

in healthy controls was determined to be 289.4 ng/ml (range 143.2–459.4 ng/ml), highly

correlated to the levels of CL/10/11 complexes (r = 0.729). Plasma CL-11 and CL-10/11

co-migrated in size exclusion chromatography as two major complexes of ∼400 and

>600 kDa. Furthermore, we observed a significant decrease at admission in CL-11

plasma levels in patients admitted to intensive care with systemic inflammatory response

syndrome. By using the in-house antibodies and recombinant CL-11, we found that

CL-11 can bind to zymosan independently of calcium by a separate site from the

carbohydrate-binding region. Finally, we showed that CL-11/MASP-2 complexes trigger

C4b deposition on zymosan. In conclusion, we have developed a specific and sensitive

ELISA to investigate the ever-expanding roles of CL-11 in health and disease and shown

a novel interaction between CL-11 and zymosan.

Keywords: CL-11, collectin, complement system, lectin pathway, zymosan

INTRODUCTION

CL-11 (alias collectin-11 and CL-K1) is a pattern recognition molecule (PRM) of the lectin
pathway of complement with diverse functions such as pathogen recognition, tissue homeostasis,
and embryonic development (1–4). It is the most recently discovered member of the collectin
family, mammalian C-type lectins involved in the innate immune response of the host.
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Collectins recognize conserved pathogen-specific structures
and altered-self molecules and mediate their removal by,
among others, agglutination, complement activation, and
modulation of inflammatory and adaptive immune responses
(5). Collectins share a common bouquet-like structure, with
monomeric subunits that assemble into oligomers of trimers.
Each monomeric subunit is, in turn, composed of a cysteine-
rich N-terminal region, a collagen-like domain, an α-helical neck
domain, and a C-terminal carbohydrate recognition domain
(CRD). The biological functions of the collectins rely on the high-
avidity binding resulting from the oligomerization and clustering
of the CRDs.

CL-11 is a secreted collectin found in the circulation (6–8).
Elevated CL-11 plasma levels are associated with a decreased
risk of contracting urinary schistosomiasis (9) and the presence
of disseminated intravascular coagulation (8), characterized by
simultaneous clotting and bleeding that frequently leads to
multiple organ failure and death. CL-11 deficiency is one of
the causes of the 3MC (Malpuech, Michels, Mingarelli, and
Carnevale) syndrome (3, 10), a congenital disorder associated
with craniofacial dysmorphism, mental retardation, growth
deficiency, and physical abnormalities. CL-11 is expressed
ubiquitously in the body and it appears to play an important role
in maintaining homeostasis in the tissue of expression (1, 11).
During embryonic development, CL-11 is highly expressed in the
craniofacial cartilage and vertebral bodies, where together with
MASP-3 and CL-10, may act as a guidance cue for neural crest
cell migration (12). In the mature kidney, locally-produced CL-
11 appears to be critical for the development of renal injury after
hypoxic and hypothermic stress (13), while in the retina local CL-
11 facilitates phagocytosis of photoreceptor outer segments and
modulates cytokine production in the retina (4).

Recently, CL-11 has been observed to circulate in complex
with another member of the collectin family, CL-10 (collectin-
10, CL-L1), forming highmolecular weight heterocomplexes (i.e.,
CL-10/11) that interact strongly with the MASPs (14). Upon
binding of CL-11 or CL-10/11 heterocomplexes to carbohydrate
structures on the surface of microorganisms, the MASPs activate
complement by cleaving C4 and C2 and generating the lectin
pathway C3 convertase (C4b2a) (2, 15). Besides their role
as the central lectin pathway enzymes, the MASPs are also
involved in a variety of biological processes (16–18). MASP-1
has a particularly broad substrate-specificity and it is known to
participate in the coagulation cascade, inflammatory reactions,
and cell activation; MASP-2 is associated with the development
of renal ischemia/reperfusion injury; while MASP-3 might be
involved in the modulation of the alternative pathway by
activating pro-FD in resting blood.

The multiplicity of biological functions attributed to CL-11
results from its ability to both associate with the MASPs and to
interact with a broad range of self and non-self structures, such
as yeast, bacteria, viruses, and apoptotic cells (1, 6, 19). Glycan
array studies revealed that CL-11 has a preference toward high-
mannose oligosaccharides and a subset of fucosylated glycans
(10). This unusual binding specificity, different from the other
collectins, can be explained by the presence of an extended
binding site on the CRD that recognizes both the terminal and

the penultimate sugar. Moreover, CL-11 has been observed to
bind to certain ligands—e.g., nucleic acids (19), Aspergillus (2),
and 9-O-acetylneuraminic acid (10)—in the absence of calcium
via a binding site distinct from the carbohydrate-binding region.

Though the biological importance of CL-11 is evident, there
is still a scarcity of clinical tools for its analysis. In this study,
we generated monoclonal antibodies (mAbs) for the study of
human CL-11. The mAbs were screened against serum and
plasma using different immunological methods. Furthermore, we
developed a quantitative ELISA based on two mAbs to measure
the concentration of CL-11 in the circulation. The assay was
thoroughly validated and used to determine the levels of CL-11 in
plasma from healthy individuals. Ourmeasurements of CL-11 are
in good agreement with the literature and are tightly associated
with those of CL-10/11. By size exclusion chromatography of
plasma, we show that CL-11 forms complexes of 300–400 kDa
and>600 kDa with a distinct composition of CL-10 glycosylation
states and CL-11 isoforms. Finally, we demonstrate that CL-
11 recognizes zymosan in a calcium-independent manner, and
triggers C4b deposition in the presence of MASP-2.

MATERIALS AND METHODS

Buffers
The following buffers were used: PBS (10.1mM disodium
phosphate, 1.5mM monopotassium phosphate, 137mM NaCl,
2.7mM KCl), PBS-Tw (PBS, 0.5% Tween-20), TBS-Tw ±

Ca/EDTA/Mg-EGTA (10mMTris, 150mMNaCl, 0.05% Tween-
20,±2.5mMCaCl2/10mM EDTA/2mMMgCl2, 10mM EGTA),
sample buffer (TBS-Tw-EDTA, 0.1% v/v bovine serum), barbital-
Tw ± EDTA (4mM sodium barbitone, 145mM NaCl, 2.6mM
CaCl2, 2.1mMMgCl2, with 0.05% Tween-20,± 5mM EDTA).

Generation of Anti-CL-11 Monoclonal
Antibodies (mAbs)
Two outbred NMRI mice were immunized subcutaneously
three times with 25 µg of purified recombinant CL-11 (rCL-
11) (R&D, USA) adsorbed to Al(OH)3 and diluted 1:1 with
Freund’s incomplete adjuvant (Sigma-Aldrich, USA). Three days
prior to the fusion, the mice received a final intravenous
injection of 25 µg of antigen and adrenalin. The fusion and
subsequent selection were done according to the principles of
the hybridoma technology (20). Positive clones were screened
in MaxiSorp microtiter plates (Thermo Fisher Scientific, USA)
coated with 0.6µg/ml of polyclonal antibody (pAb) rabbit
anti-CL-11 (15269-1-AP, Proteintech, USA) and in-house rCL-
11 as antigen. Selected mAbs were purified using a HiTrap
Protein G column in an Äkta Pure system (both from GE
Healthcare, UK). Briefly, clarified hybridoma supernatant was
applied onto the column and washed until a stable UV reading
was observed. Bound antibodies were eluted with 0.5% citric acid
and neutralized with 0.1M Tris pH 9. Elution fractions were
pooled and dialyzed against PBS. MAbs were biotinylated with
20% w/w (+)-Biotin N-hydroxysuccinimide ester (Sigma, USA)
for 3 h at room temperature (RT), followed by dialysis against
PBS to remove unreacted biotin.
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Production of Recombinant Proteins
Recombinant CL-11 (rCL-11) and CL-10 (rCL-10) were
produced in Flp-InTM-CHO cells (Invitrogen, USA). The coding
sequences (NM_024027.4 and NM_006438.4, respectively)
were retrieved from the RefSeq NCBI nucleotide database
and cloned into pcDNATM5/FRT vectors flanked by two
Flp recombinase target (FRT) sites. Stable transfectants were
generated by co-transfecting the coding vectors with a pOG44
plasmid encoding the Flp recombinase. Positive clones were
selected for Hygromycin resistance and grown in Ham’s F-12
Nutrient Mix supplemented with 0.5% FBS, 0.1 mg/ml of
Penicillin/Streptomycin (Sigma) and 2mM of L-Glutamine
(all from Gibco, Thermo Fisher Scientific unless otherwise
stated) according to the manufacturer’s recommendations. The
concentration of rCL-11 in the supernatant was calculated using
commercially-available rCL-11 (R&D) as calibrator.

Immunoprecipitation
Anti-CL-11 mAbs Hyb-15 and Hyb-17 (described in section
Generation of Anti-CL-11 Monoclonal Antibodies and
Development of a CL-11 Specific Sandwich ELISA), or mouse
IgG1κ isotype control (BD Biosciences, USA) (2 µg each)
were coupled to 25 µl of sheep anti-mouse IgG Dynabeads
(Invitrogen) end-over-end for 30min at RT. The conjugated
beads were washed with PBS-Tw and incubated end-over-end 1 h
at RT with serum diluted 1:1 in TBS-Tw-EDTA. After washing
with PBS-Tw, bound CL-11 was eluted with 0.5% citric acid and
subjected to SDS-PAGE as described below.

SDS-Page and Western Blot
Denatured samples were separated by electrophoresis in
NuPAGE R© Tris-Acetate 3–8% gels (Invitrogen, USA)
according to the manufacturer’s recommendation. Proteins
were blotted onto a PVDF membrane (Amersham Bioscience,
UK). Membranes were blocked with 5% skim milk (Merck
Millipore, USA) and incubated overnight with 0.2µg/ml of
pAb rabbit anti-CL-11 (15269-1-AP, Proteintech) followed by
1 h incubation with pAb swine anti-rabbit-HRP (P0399, Dako,
Denmark) in a 1:5000 dilution. After thorough washing, the
membranes were developed with SuperSignalTM West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) and
imaged with Microchemi (Bio-imaging systems, Israel).

CL-11 Specific Sandwich ELISA
MaxiSorp microtiter plates were coated overnight at 4◦C with
2µg/ml mAb Hyb-17 in PBS. Serial dilutions of the calibrator,
serum and plasma samples in sample buffer were applied to
the plate and incubated for 2 h, followed a 2 h incubation with
2µg/ml of biotinylated mAb Hyb-15 in PBS-Tw. Streptavidin-
HRP conjugate (RPN1231V, Sigma) was added to the wells for
1 h in a 1:2000 dilution in PBS-Tw. TMB One (KemEnTec
Diagnostics, Denmark) was used as substrate. The reaction was
stopped with 0.2M H2SO4 and the optical density (OD) was
recorded at 450 nm using an ELx80 absorbance reader (BioTek,
USA). Plates were washed with PBS-Tw between steps and unless
otherwise stated all incubations took place at RT. The optimal
combination and concentration of mAbs was determined using

a two-dimensional of capture and detection antibodies against
serial dilutions of serum and plasma and rated according to their
signal intensity and signal-to-noise ratio. The optimal incubation
times and sample buffer composition were determined based on
the same criteria.

Assay Validation: Parallelism, Precision, Limit of

Detection, Working Range, and Variation
Supernatant from Flp-In CHO cells expressing rCL-11 was used
as calibrator. The calibrator was applied in a two-fold dilution
to generate an eight-point curve with a concentration ranging
from 37.5 to 0.29 ng/ml. OD values from serial dilutions of
the calibrator, commercial rCL-11 (R&D), serum and EDTA
plasma pools (25 and 10 donors, respectively) were logistically-
transformed and a log(agonist) vs. response equation was applied
to evaluate the parallelism between the best-fit hill slopes. The
calibrator was stored at −20◦C in single-use aliquots. The limit
of detection of the assay was expressed as the background
absorbance plus two times the standard deviation (SD). The
precision of the assay was evaluated by calculating the ratio
between the OD and the mean OD of the triplicates of five
donors over a 10-point dilution curve. The dilution linearity was
calculated as the ratio between the interpolated concentration for
each dilution and the mean concentration calculated from the
linear part of the curve. The working range was determined as the
concentrations for which both the ratio OD/mean OD and ratio
concentration/mean concentration had a coefficient of variation
(CV) <20%. Intra-assay variation was calculated as the CV of a
plasma pool in 40 wells of a single microtiter plate. To calculate
the inter-assay variation, serum and plasma pools were run in
triplicates on four separate plates over six different days.

Stability of CL-11 in Serum and Plasma Samples
Serum and plasma samples from three healthy individuals were
stored at 4◦C, RT, or 37◦C for up to 72 h. To study the effect of
repeated freeze-thaw cycles, serum and plasma samples from a
healthy donor were frozen at−80◦C and thawed at RT five times.
The levels of CL-11 were compared to a control sample subjected
to a single freeze-thaw cycle.

Measurement of CL-10/11 Complexes in
Plasma
MaxiSorp microtiter plates were coated overnight at 4◦C with
2µg/ml mAb anti-CL-10 (HM2356, Hycult) in PBS. Serial
dilutions of the calibrator and EDTA plasma 1:40 in sample
buffer were incubated for 2 h. Detection and development were
performed as described in section CL-11 Specific Sandwich
ELISA.

Serum and Plasma Samples
The concentration of CL-11 and CL-10/11 complexes in the
circulation was determined from blood of Danish healthy
volunteers (n = 126). In addition, CL-11 levels were measured
in plasma from patients at admission to an Intensive Care
Unit at Rigshospitalet diagnosed with systemic inflammatory
syndrome (n = 65). The patients have been described elsewhere
(21). Informed consent was obtained from the patients or their
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relatives in accordance with the Helsinki Protocol. The study was
approved by the local ethics committee for Copenhagen County
(record no. KA 96097). Serum and plasma were processed within
1 h of blood collection and stored at−80◦C. Plasma was obtained
by incubating fresh blood with EDTA, citrate, or hirudin—
a naturally occurring anticoagulant that binds to and inhibits
activated thrombin while maintaining complement activity in
blood.

Size Exclusion Chromatography
Serum (100 µl) from a pool of blood donors was applied into a
Superdex 200 HR 10/30 column (GE Healthcare) at a flow rate of
0.5 ml/min at RT with PBS 2mM EDTA. The relative molecular
weight of CL-11 and CL-10/11 complexes was estimated using
a gel filtration marker kit (29–700 kDa, Sigma). CL-11 and
CL-10/CL-11 levels in the elution fractions were measured
by ELISA as described previously. Results were confirmed by
western blotting following Trichloroacetic acid (TCA, Sigma)
precipitation. Briefly, elution fractions (500 µl) were incubated
30min on ice with 10% v/v TCA and centrifuged at 13,000 × g
for 30min at 4◦C. Supernatants were discarded and the pellet was
washed with ice-cold acetone (Sigma) at 13,000 × g for another
30min at 4◦C. Dry precipitates were resuspended in SDS loading
buffer and separated by SDS-PAGE as described above. Anti-
CL-10 (0.05µg/ml, HM2356, Hycult) and pAb rabbit anti-CL-
11 (0.05µg/ml, 15269-1-AP, Proteintech) were used as detection
antibodies with rCL-10 and rCL-11 (in-house) as controls.

Binding of rCL-11 to Ligands
Ligand interaction studies were performed in the fluid and
solid phase. Unless otherwise stated, all reagents were purchased
from Sigma. Fluid phase binding was analyzed by incubating
100 µl of zymosan particles (100 µg, Z4250), mannan-agarose
(M9917), D-mannose-agarose (M6400), and Sepharose CL-2B
(CL2B300) with 2.75 µg of rCL-11 in 500 µl of TBS-Tw-Ca
or TBS-Tw-EDTA for 1.5 h at RT in an end-over-end shaker.
Samples were washed thrice with their respective buffer and
centrifuged at 3000 × g for 30min. Pellets were resuspended
in SDS loading buffer and subjected to SDS-PAGE using
anti-CL-11 Hyb-6 (2µg/ml) and pAb anti-CL-11 (15269-1-AP,
Proteintech) as detection antibodies under non-reducing and
reducing conditions, respectively.

Solid-phase binding was determined on microtiter plates
coated with zymosan (Z4250), mannan (M7504), BSA (A2153),
and D-mannose-BSA (NGP1108, Dextra, UK) in two-fold
dilutions starting at 10µg/ml in PBS overnight at 4◦C. The
plates washed between steps with TBS-Tw, and unless otherwise
stated all incubations took place at RT. rCL-11 (1µg/ml) was
diluted in TBS-Tw-Ca, TBS-Tw-EDTA or TBS-Tw-Mg-EGTA
and incubated for 2 h. Hyb-15 (2µg/ml) in matching buffer was
used as detection antibody for 2 h, followed by 1 h incubation
with Streptavidin-HRP conjugate (RPN1231V) in a 1:2000
dilution. Development was performed as described previously.

To study the effect of soluble inhibitors on the binding to
zymosan and mannan, rCL-11 was incubated with two-fold
dilutions of L-fucose (F2252), N-acetyl-glucosamine (A3286), or

human genomic DNA (isolated in-house) in TBS-Tw-Ca or TBS-
Tw-EDTA for 1 h. Protein/ligandmixes were applied toMaxisorp
plates pre-coated with zymosan or mannan (10µg/ml) and were
allowed to bind for 2 h. Quantification of bound rCL-11 was
carried out as described before.

CL-11 Mediated C4 Deposition on
Zymosan
Microtiter plates were coated as for the solid-phase binding
studies. rCL-11 (2µg/ml) in barbital-Tw or barbital-Tw-EDTA
was applied to the wells and incubated for 2 h at RT, followed by
rMASP-2 produced in CHO DG44 cells (0.5µg/ml, in-house) in
barbital-Tw or barbital-Tw-EDTA for 4 h at 37◦C. Subsequently,
purified C4 (0.5µg/ml, CompTech, USA) in barbital-Tw was
added to the plate for 1 h 37◦C. Polyclonal rabbit anti-C4c
(2µg/ml, Dako) was used as a detection antibody for 1.5 h
at RT, followed by swine anti-rabbit-HRP (0.15µg/ml, P0399,
Dako). The plates were washed between steps with barbital-Tw.
Development and data recoding were carried out as before.

Statistical Analyses
Statistical analyses were performed using GraphPad Prism
version 7.02 (GraphPad Software, USA). Measurements of
samples and the calibrator were performed in duplicates unless
otherwise stated. The concentration of CL-11 in serum and
plasma was interpolated by regression analysis using a four-
parameter logistic curve fitting. Effect of storage of CL-11
concentration and differences between measured CL-11 in serum
and plasma samples was analyzed using two-way ANOVA
with Dunnett’s multiple comparisons tests. Two-tailed person
correlation coefficient was used to determine the correlation
between CL-11 and CL-10/CL-11 levels. Differences between CL-
11 levels in controls and SIRS patients were analyzed with the
Mann-Whitney test. The half maximal inhibitory concentration
(IC50) was calculated using the inhibitor concentration vs.
response equation on a nonlinear curve fitting constraining the
top and bottom parameter to equal 100 and 0, respectively.
The significance of observed differences on C4 deposition
on zymosan was assessed via one-way ANOVA with Tukey’s
corrections for multiple comparisons. Data are represented as
mean± SEM of three independent experiments.

RESULTS

Generation of Anti-CL-11 Monoclonal
Antibodies and Development of A CL-11
Specific Sandwich ELISA
Stable monoclonal hybridoma populations were generated by
several rounds of cloning by limiting dilution. Each cloning
round, culture supernatants were screened by indirect ELISA
with rCL-11. Selected positive clones were characterized further
by immunoprecipitation of native CL-11 from serum followed by
western blotting. As seen in Figure 1, under reducing conditions
both mAbs Hyb-15 and Hyb-17 precipitated a protein with an
apparent molecular mass of ∼34 kDa corresponding to the CL-
11 monomer. Under non-reducing conditions, a characteristic
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FIGURE 1 | Western blot of serum after immunoprecipitation using CL-11

specific mAbs Hyb-17 and Hyb-15 or a mouse IgG1κ isotype control antibody

under reducing and non-reducing conditions. Supernatant from CHO cells

expressing rCL-11 was used as positive control. The blots were developed

with pAb rabbit anti-CL-11.

ladder-like banding pattern is visible with a major protein band
around 180 kDa and several others larger than 250 kDa indicating
that CL-11 assembles into high molecular weight oligomers held
together by interchain disulfide bridges. rCL-11 used as positive
control appeared to form predominantly lower oligomeric forms.
An equivalent banding pattern was also seen with the other tested
mAbs (data not shown). No bands were apparent when using a
mouse IgG1κ control as precipitating antibody.

The best candidates were pairwise screened by sandwich
ELISA against a serum and plasma pool. The optimal
combination and concentration of mAbs was determined using
a two-dimensional of capture and detection antibodies and rated
according to their signal intensity and signal-to-noise ratio. Based
on their properties, Hyb-17 and Hyb-15 were selected as capture
and detection antibody, respectively. No signals were obtained
when an irrelevant mouse antibody was used as capture or
detection antibody (data not shown).

Assay Validation
Supernatant from CHO cells expressing rCL-11 was used as
calibrator. A four-parameter fit model using the equation
log(agonist) vs. response was applied to estimate the
concentration of rCL-11 in the supernatant (R2 > 0.996 for
all curves). Parallelism was observed between the slopes of the
calibrator and two batches of commercial rCL-11 (Figure 2A).
Log-transformed values fitted a linear regression with R2 > 0.98
and the slopes (ranging from 0.56 to 0.58) did not differ
significantly (p > 0.05). Parallelism was also observed between
the slopes of serial dilutions of the calibrator and serum and
plasma pools in the range 0.29–37.5 ng/ml, with slopes between
−0.7 and −0.77 that were not significantly different (p > 0.05)
(Figure 2B). The limit of detection, defined as the mean
background absorbance plus two times the SD, was 0.17 and
0.19 ng/ml in serum and plasma respectively. The precision
of the assay, evaluated using the ratio between individual OD
values and the mean OD values of triplicate measurements for
five different donors (Figure 2C), was found to be acceptable

(CV < 20%) for concentrations above 0.29 ng/ml. To determine
the dilution linearity the ratio between the interpolated
concentrations and the mean concentration of a plasma pool
was calculated for each dilution of a 10-point dilution curve
(Figure 2D). The dilution linearity was satisfactory in the range
0.15–18.75 ng/ml with a deviation under 20% from the mean
concentration. The working range of the assay—defined based
on the parallelism, limit of detection, precision, and dilution
linearity—was 0.29–18.75 ng/ml.

Intra- and inter-assay variation were calculated to estimate
the variation of the assay. The intra-assay CV, calculated by
measuring one sample forty times on the same plate, was 3.96 %
(Table 1). The inter-assay CV was 10.5%, measured in triplicates
on four plates analyzed on six different occasions.

Effect of Storage and Freeze-Thawing
The effect of temperature on the stability of CL-11 in blood
samples was evaluated on matched serum and plasma from three
different donors stored at 4◦C, RT, or 37◦C for up to three
days, whereas the effect of freezing and thawing was studied
on serum and plasma samples from a single donor over five
consecutive cycles. No significant trend on CL-11 levels was
observed when the samples were stored at 4◦C (Figure 3A)
or at RT (Figure 3B), nor after repeated freeze-thawing cycles
(Figure 3D). On the other hand, storage at 37◦C degrees caused
a highly significant drop in CL-11 concentration in citrate and
EDTA plasma (Figure 3C). CL-11 levels in serum and plasma did
not differ significantly.

CL-11 Levels in Plasma
CL-11 concentration in plasma was calculated from EDTA
plasma samples of 126 Danish blood donors (mean 289.4 ng/ml,
range 143.2–459.4 ng/ml) using rCL-11 as calibrator (Figure 4A).
Since it has been reported that a major fraction of CL-11
exists in complex with the homologous CL-10, we measured
the same samples by sandwich ELISA using an anti-CL-10
as capture antibody and anti-CL-11 Hyb-15 as detection. The
estimated mean concentration of CL-10/11 complexes in plasma
was 256.2µg/ml (range 37.89–622.7) and there was a strong
correlation between CL-11 and CL-10/11 levels (r = 0.729,
Figure 4B. A pool of EDTA plasma from 10 healthy individuals
was subjected to size exclusion chromatography followed by
sandwich ELISA in order to define the relationship of CL-11 and
CL-10/11 across their molecular weight distribution (Figure 4C).
CL-11 and CL-10/11 migrated as two major oligomerization
forms of approximately 400 and >600 kDa. ELISA results
were confirmed by western blot using anti-CL-11 (Figure 4D
above) and anti-CL-10 antibodies (Figure 4D below), where
most of the protein is observed in fractions 7–8 and 13–14. Under
reducing conditions, CL-10 migrates as a triple band of∼40 kDa.
CL-11 present in the high molecular weight complexes migrates
as a single band of ∼34 kDa, whereas in the lower oligomers
it appears as a double band—hinting at the occurrence of two
different isoforms.

In light of the tight association between CL-11 and CL-10,
we conclude that the ELISA developed in the current work is
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FIGURE 2 | Sandwich ELISA validation. Parallelism between serial dilutions of rCL-11 produced in CHO cells, used as calibrator, and two different batches of purified

rCL-11 (A) and a serum and plasma pool (B) over a 10-point serial dilution series using a log(agonist) vs. response equation (R2 > 0.99 for all curves). Error bars

indicate the standard deviation of the mean of duplicate measurements. (C) Precision of the assay on plasma from five donors calculated as the range of

concentrations for which the variation of the ratio OD/mean OD of the triplicates is <20% (i.e., > 0.293 ng/ml). (D) Dilution linearity on plasma from five donors

calculated as the range of concentrations for which the variation of the interpolated concentration/mean concentration of the triplicates is <20% (i.e.,

0.146–18.75 ng/ml).

TABLE 1 | Intra- and inter-assay variation of ELISA.

Sample n CL-11(ng/ml) SD CV(%)

Mean Range

INTRA-ASSAY VARIATION

Plasma 40 282.6 250.2–299.1 11.2 3.96

INTER-ASSAY VARIATION

Plasma 6 286.7 257–335.2 30.1 10.5

Serum 6 247.1 187.8–331.7 49.47 20.02

The intra-assay variation was calculated by measuring a plasma pool sample on the same

microtiter plate. The inter-assay variation was determined by comparing the mean of

triplicates of a serum and plasma pool on four microtiter plates on six different days.

accurate and relevant to describe the natural situation of CL-11
in the circulation.

CL-11 Levels in Patients With Systemic
Inflammatory Response Syndrome (SIRS)
Since CL-11 is expected to participate in the response
against invading pathogens by activating the lectin pathway
of complement, we measured the levels of CL-11 in 65
randomly selected plasma samples from patients admitted to
the intensive care unit with SIRS [reported elsewhere(21)]
(Figure 5A). Compared to healthy controls (n = 69), CL-11 was
significantly decreased in patients with SIRS and spanned a wider

range of concentrations (mean 276.4 ng/ml, range 136.2–511.7
vs. 240 ng/ml, range 73.76–876.4 ng/ml for controls and SIRS
patients, respectively). As observed in healthy individuals, the
concentration of CL-11 in SIRS plasma was strongly correlated
with that of CL-10/11 complexes (r = 0.915, Figure 5B).

Ligand Characterization
Using our validated antibodies, we studied the ligand binding
characteristics of CL-11 to identify a suitable ligand for in vitro
complement activation assays. Binding was performed in the
presence of calcium or EDTA (as cationic chelator) in the fluid
phase using zymosan particles, mannan-agarose, D-mannose-
agarose, and Sepharose as negative control. CL-11 displayed a
characteristic C-type lectin activity and bound to D-mannose
and mannan in the presence of calcium (1, 6) (Figures 6A,B).
Remarkably, CL-11 was also able to bind to zymosan in a
calcium-independent manner, suggesting an alternative ligand
recognition mechanism. We confirmed the results by coating
two-fold dilutions of mannan, zymosan, D-mannose-BSA, and
BSA as negative control (Figures 6C–F). Binding of rCL-11
(1µg/ml) was performed in the presence of calcium, EDTA,
and magnesium-EGTA (a commonly used buffer for alternative
pathway activation). As seen in the fluid-phase assay, calciumwas
required for binding to mannan and D-mannose (Figures 6C,E)
but not to zymosan (Figure 6D). No binding to BSA was
observed regardless of the buffer (Figure 6F).
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FIGURE 3 | Sample stability. Effect of temperature on CL-11 concentration in serum and plasma from three donors after storage at 4◦C (A), RT (B), or 37◦C (C) for

three days. (D) Effect of freeze-thawing cycles on CL-11 measurements serum and plasma from the same donor. *p < 0.05, **p < 0.01; ***p < 0.001; ¤, p = 0.0001.

In order to determine whether the observed binding profiles
are a result of the involvement of different binding sites for
mannan and zymosan, we compared the effect of L-fucose (a
strong ligand), N-Acetyl glucosamine (GlcNAc, a weak ligand),
and genomic DNA (a calcium-independent ligand) on the
binding to mannan and zymosan (Figure 7). Briefly, CL-11 was
co-incubated with serial dilutions of L-fucose or GlcNAc starting
in a 125mM, or human genomic DNA starting at 30µg/ml prior
to addition to coated plates. L-fucose was an effective inhibitor of
the binding to mannan in the presence of calcium with an IC50
of 36.48mM, whereas N-acetyl-glucosamine had just a minor
effect (IC50 > 125mM) (Figure 7A). On zymosan, L-fucose was
only a moderate inhibitor in the presence of calcium, forming
an apparent plateau around 50% inhibition, while GlcNAc had
no effect (Figure 7B). The limited effect of L-fucose suggests
the presence of two separate binding sites for zymosan and
carbohydrates.

CL-11 has been reported to bind to DNA in a calcium-
independent fashion via an alternative binding-site. Co-
incubation with DNA in the presence of calcium increased the
binding to mannan, suggesting a cooperative effect between both
molecules (see Discussion) (Figure 7C). DNA did not affect
zymosan binding under calcium conditions, whereas in EDTA
it showed a pronounced inhibition with an IC50 of 2.3µg/ml
(Figure 7D). These results indicate the presence of a shared
binding site for nucleic acids and zymosan. Bearing all of the
above in mind, we have identified a novel interaction with
zymosan independent of divalent cations that we hypothesize

may be relevant in environments where the binding to calcium
is impaired, such as the gastrointestinal tract.

CL-11-Mediated C4 Deposition on
Zymosan
To investigate if CL-11 bound to zymosan could trigger the
lectin complement pathway, we developed an in vitro assay using
rMASP-2 and purified C4 (Figure 8). CL-11/MASP-2 complexes
on zymosan caused a significant C4b deposition under calcium
conditions in a level comparable to mannan. In the presence of
EDTA, C4 activation was only seen on the zymosan ligand. No
C4b deposition was observed on BSA, nor in the absence of CL-11
and MASP-2.

DISCUSSION

We have generated mAbs against human CL-11 and established
a quantitative sandwich ELISA. The antibody-producing
hybridomas underwent successive selection rounds using first
rCL-11, and later serum and plasma by ELISA and western
immunoblotting. While all clones readily bound rCL-11, just
a few reacted strongly with native CL-11. This is probably
due to the existence of complexes in the circulation that
hide epitopes otherwise exposed in the homomeric rCL-11
used as immunogen. In fact, immunoprecipitation of serum
demonstrates that native CL-11 has a different oligomeric
distribution than our recombinant protein (Figure 1). The
best candidates were pairwise compared to develop a sandwich
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FIGURE 4 | Concentration and molecular weight distribution of CL-11 and CL-10/11 complexes in plasma. (A) CL-11 and CL-10/11 concentration in plasma of 126

Danish blood donors using the validated assay described here and a semi quantitative CL-10/CL-11 sandwich ELISA. Horizontal lines represent mean. (B)

Spearman’s rank correlation between measured CL-11 and CL-10/11 levels. (C) Detection of CL-11 and CL-10/11 complexes in the elution fractions of size exclusion

chromatography of plasma by sandwich ELISA. Relative levels of CL-11 and CL-10/11 complexes in the elution fractions are reported as arbitrary units (AU). Vertical

dotted lines indicate the molecular masses of thyroglobulin (669 kDa), apoferritin (443 kDa), β-amylase (200 kDa), alcohol dehydrogenase (150 kDa), BSA (66 kDA),

carbonic anhydrase (29 kDa). Western blot of elution fractions from size exclusion chromatography using Hyb-6 anti-CL-11 (D above) or anti-CL-10 (D below).

rCL-11 and rCL-10 produced in CHO cells were used as positive controls.

FIGURE 5 | CL-11 levels in plasma from patients with SIRS and controls. (A) CL-11 concentration was measured in 65 SIRS plasma samples and 69 controls using

the quantitative ELISA described here. Horizontal lines represent mean. (B) Spearman’s rank correlation between CL-11 and CL-10/11 concentration in SIRS plasma

samples.

ELISA. Two antibodies were selected as capture and detection
antibody in the basis of their signal-to-noise ratio. The assay
was validated in terms of linearity, variability, and precision,
demonstrating a satisfactory variability, and parallelism between
calibrator and serum and plasma across a working range of 0.29–
18.75 ng/ml (Figure 2). We observed no significant differences
between CL-11 concentration in serum and four different widely
used plasma preparations (Figure 3). Similarly, common storage

conditions and freeze-thawing procedures did not affect the
measurements of CL-11, highlighting the suitability of this assay
for routine measurements in the clinic. Of interest, some of the
mAbs cross-reacted with CL-11 from other species, granting the
possibility of forthcoming studies into CL-11 in animal models
of disease.

When optimizing the sandwich ELISA we noticed that EDTA
was required to detect native CL-11 in serum and plasma (but not
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FIGURE 6 | Characterization of CL-11 ligand binding. Western blot of rCL-11 co-precipitated with zymosan particles, mannan-agarose, D-mannose-agarose, or

Sepharose in the presence of Ca2+ or EDTA under non-reducing (A) and reducing conditions (B). Binding of rCL-11 (1µg/ml) to serial dilutions of coated

D-mannose-BSA (C), mannan (D), zymosan (E), and BSA (F) in the presence of Ca2+, EDTA, and Mg2+-EGTA. Data is reported as mean ± SEM of three

independent experiments.

rCL-11) (Supplementary Figures 1A–C). Moreover, Western
blot results following immunoprecipitation of serum CL-11
in a calcium-containing buffer vs. EDTA buffer resulted in a
different banding pattern (Supplementary Figure 1D). Calcium
stabilizes the tertiary structure of the CRD of CL-11 (10), and
is required for the association of the MASPs with the collagen
stalks of the PRMs (22, 23). To determine whether the EDTA-
dependent detection of native CL-11 was due to a change in
its three-dimensional structure or masking of the epitope by
bound MASPs, we incubated rCL-11 in the presence of calcium,
EDTA, and MASP-3. Calcium and MASP-3 had no effect on the
detection of rCL-11. It has been frequently observed that serum
can inhibit the binding of spiked collectins and ficolins to their

ligands (14). This inhibition is greatly reduced when using EDTA
in the dilution buffer. At the same time others have reported
the use of a calcium-dependent antibody for the purification
of native CL-10/11 complexes (24). Our hypothesis is that CL-
11 (or CL-10) exists in a calcium-dependent complex with a
hitherto unknown protein that both interferes with detection of
native CL-10/11 complexes at low serum dilutions and inhibits
the binding of spiked CL-11.

Since it appears that CL-11 is found in the circulation
associated with the homologous CL-10 (14), we used our
assay and a semiquantitative ELISA to compare the levels of
CL-11 and CL-10/11 complexes in plasma from Danish blood
donors (Figure 4). The mean plasma concentration of CL-11
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FIGURE 7 | Inhibition of binding of rCL-11 to coated mannan (A,C) or zymosan (B,D). Serial dilutions of L-fucose (L-fuc), N-acetyl-glucosamine (GlcNAc), or genomic

DNA were incubated with rCL-11 (1µg/ml) in the presence of Ca2+ or EDTA. Data is reported as percent binding compared to the well without inhibitor. Bound

rCL-11 was measured with biotinylated mAb anti-CL-11 Hyb-15. Connecting lines represent nonlinear regression fits using the equation inhibitor concentration vs.

response with variable slope. Data is reported as mean ± SEM of three independent experiments.

FIGURE 8 | C4 deposition on zymosan. CL-11 (2µg/ml) was allowed to bind to zymosan or mannan-coated plates (10 µ/ml) for 2 h in the presence of calcium or

EDTA, followed by incubation with rMASP-2 (0.5µg/ml) and purified C4 (0.5µg/ml) for 4 h and 1 h respectively at 37◦C. C4b deposition was measured using a pAb

anti-C4c. Data is reported as mean ± SEM of three independent experiments. Numbers between parentheses are columns compared by ANOVA. **p < 0.01;

****p < 0.0001.

was 289.4 ng/ml, range 143.2–459.4 ng/ml, in agreement with two
previously published Danish and Japanese cohorts (284 ng/ml
and 340 ng/ml, respectively) (7, 25), and equivalent to the
estimated concentration of CL-10/11 (256.2 ng/ml, range 37.89–
622.7 ng/ml). However, we want to remark that lacking a carefully
validated ELISA for CL-10/11, the later concentration is merely
an educated guess. There was a strong correlation between CL-11
and CL-10/11 levels in plasma (r = 0.729) apparent across a

wide range of molecular masses after subjecting plasma to size
exclusion chromatography and measuring the levels of CL-11
and CL-10/11 in the elution fractions by ELISA and western
blot. This tight association previously reported for CL-11 and
CL-10 (26–28), conforms with quantitative mass spectrometry
estimates suggesting that the CL-10/11 subunit is composed
of one CL-11 and two CL-10 polypeptide chains (14). Plasma
CL-11 and CL-10/11 eluted as two distinct peaks at 300–400
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kDa and >600 kDa that may correspond with tetramers of
trimeric subunits and higher forms, respectively. Although direct
area-under-the-curve comparisons suggest that most of CL-10
and CL-11 exist as high molecular weight complexes in the
circulation, the lack of resolution beyond 700 kDa makes it
impossible to differentiate hexamers of trimers from higher
oligomeric forms, that could otherwise elute in distinct peaks
with a similar area-under-the-curve as the ∼400 kDa peak.
Western blot of the elution fractions under-reducing conditions
revealed multiple monomer bands for CL-10 and CL-11 in
agreement with the observations of Henriksen et al. that CL-10

is found in the circulation as three glycosylated states and CL-
11 as two differentially-spliced isoforms (14). Detection of CL-11
demonstrated the presence of a second band in the lowmolecular
weight complexes, possibly corresponding to the shorter isoform
D. Of the five isoforms predicted to be secreted by in silico
analyses (29), only isoform A and D have been detected in
blood (1, 14, 25). Isoform D has a shorter collagen-like domain
(48 amino acids as opposed to 72 in isoform A) and lacks
the putative MASP-binding motif HGKIGP (Figure 9). Though
shorter, isoform D maintains intact the Gly-X-Y repeats of the
collagen-like domain required for the formation of interchain

FIGURE 9 | Exon and domain organization of CL-11 isoforms. The five isoforms predicted to be secreted are aligned from the N-terminus (A) with the missing amino

acids represented by tildes (∼), or from the cysteine pair in the neck domain (B). Exons 5 to 7, numbered according to isoform a, are shown once for they are

conserved between isoforms. Cysteines are highlighted in yellow, glycines in Gly-X-Y collagen repeats in blue, amino acids involved in carbohydrate binding in red.

Grey box, putative MASP-binding motif. Isoform a, NM_024027.4; isoform c, NM_001255982.1; isoform d, NM_001255983; isoform e, NM_001255984.1; isoform f,

NM_001255985.1.
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hydrogen bonds and stabilization of the collagen triple helix
(30, 31). Because the C-terminus of isoforms A and D are
identical, we hypothesize that the neck domain could direct
the assembly of a trimer with a ragged N-terminal region with
cysteines incapable of stabilizing high order oligomeric structures
(32). Detection of CL-10 in the elution fractions revealed that
non- or singly-glycosylated CL-10 was more abundant in the
∼600 kDa oligomers, while the doubly-glycosylated form was
more abundant in the∼400 kDa complexes. It has been suggested
that CL-11 stabilizes and facilitates secretion of CL-10 (14), in
part due to the difficulties of expressing the CL-10 recombinantly
(33, 34). In the current work we describe the production of
rCL-10 using stable transfected CHO cells. The protein was
secreted into the supernatant and appeared to form oligomers of
trimers (data not shown). Further studies in the characterization
of homomeric CL-10 and the influence of alternative spliced
variants and glycosylation states in the oligomerization of CL-
10/11 are guaranteed, as are studies on the effect (if any)
of the isoform D lacking the MASP binding motif in the
weak interaction of low molecular weight CL-10/11 with the
MASPs.

Based on the putative role of CL-11 in the modulation of
the immune response against pathogens (2, 9), we performed a
pilot study on randomly-selected plasma samples from patients
diagnosed with SIRS (Figure 5). Notably, the mean CL-11
plasma concentration was significantly decreased in SIRS patients
upon admission compared to healthy controls (p < 0.0001).
Nonetheless, we choose to remain cautious and refrain from
any biological interpretation until a thorough analysis of new
ongoing projects can be performed. The levels of homomeric
and heteromeric CL-11 were strongly associated in SIRS patients
(r = 0.915), as seen for healthy controls, reinforcing the current
opinion that CL-10 and CL-11 are co-regulated and exist as a
hybrid molecule.

CL-11 has been shown to bind to several microorganisms
(6), with a preference for complex sugars as opposed to other
collectins (10). Using the developed mAbs we confirmed that
our in-house recombinant protein displays the characteristics
of native CL-11 and binds to mannan and D-mannose in a
calcium-dependent manner (Figure 6). As expected, L-fucose—
but not GlcNAc—was an effective inhibitor of the binding to
mannan (IC50 = 36.48mM). Interestingly, rCL-11 also bound
to zymosan in a calcium-independent manner that could be
only partially inhibited by L-fucose in the presence of calcium.
Zymosan is a major constituent of the cell wall of the yeast
Saccharomyces cerevisiae. It is composed mainly of cross-linked
β-glucan and α-mannan, and has been widely used to elicit
immune and inflammatory responses (35–38). Several calcium-
independent ligands, such as nucleic acids, have been reported
for CL-11 reflecting complex interactions beyond its lectin
activity (2, 10, 19). Thus, we incubated rCL-11 with DNA and
measured the amount of bound CL-11 to coated mannan and
zymosan (Figure 7). On mannan DNA appeared to increase the
binding to the coated ligand. The same phenomenon has been
reported by Henriksen et al., where the authors concluded that
DNA may increase the avidity or align the CRDs in a more
favorable conformation (19). On zymosan, DNA had a minor
effect in calcium, while in EDTA buffer it was a moderately

effective inhibitor (IC50 = 2.3µg/ml). We propose that CL-
11 recognizes zymosan via two distinct mechanisms: a classical
calcium-dependent lectin activity, and an alternative calcium-
independent interaction shared with nucleic acids. Other C-type
lectins, such as dectin-1 and Reg family proteins III and IV,
are also capable of recognizing fungal and bacterial ligands in
a metal ion-independent fashion (39–41). Interestingly, it has
been proposed that the Reg family proteins evolved to bind
sugars without calcium to carry their antimicrobial function in
the gastrointestinal tract, where the low pHmay impair the ability
of classical C-type lectins to bind to carbohydrates. Similar low
pH, low calcium conditions result from infection-induced local
inflammation (42). Immunohistochemical analyses have revealed
that CL-11 is expressed (among others) in the stomach and the
intestines (11). At this stage we can only conjecture whether the
calcium-independent zymosan interaction may be of biological
relevance in acidic environments with low calcium availability.

Finally, we measured the ability of rCL-11 to trigger lectin
pathway activation on zymosan (Figure 8). It has been reported
that serum inhibits the binding of purified and recombinant
collectins and ficolins to their ligands (14). At the same time,
the relatively low concentration of CL-11 in circulation requires
using serum dilutions that would trigger complement activation
via the alternative pathway. To circumvent these limitations, we
employed a step-wise activation assay using recombinant and
purified proteins in a buffer that allows the cleavage of C4 by
MASP-2—the first step of the activation of the lectin pathway.
Binding of rCL-11 followed by incubation with rMASP-2 and
purified C4 resulted in the deposition of C4b on coated zymosan,
comparable to that on mannan. Calcium was not necessary for
the binding of rCL-11 to zymosan, but for the complex formation
with rMASP-2.We consider that not requiring calcium is an asset
when designing a specific assay to discriminate the contribution
of CL-11 from the other PRMs of the lectin pathway.

In conclusion, we have developed monoclonal antibodies and
a robust and sensitive sandwich ELISA for the quantification of
CL-11 in the circulation and used them to study native CL-11
in plasma and the binding characteristics of rCL-11 to different
ligands.
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Supplementary Figure 1 | Effect of calcium in the detection of native CL-11.

The concentration of CL-11 was measured in three different donors in a

three-fold dilution of serum (A) and plasma (B) or supernatant from CHO cells

(C) with and without EDTA the sample buffer. (D) Western blot of

immunoprecipitation (IP) of CL-11 from serum in a calcium or EDTA-containing

buffer under non-reducing conditions. Lanes 1 and 2, purified rCL-11 and

supernatant from CHO cells expressing rCL-11. Lane 3, serum before IP.

Lanes 4 to 9, serum after IP using CL-11 specific mAbs Hyb-15 and Hyb-17

or a mouse IgG1κ isotype control antibody. The blots were developed with

pAb rabbit anti-CL-11. ELISA, IP and Western blotting were performed

according to sections CL-11 Specific Sandwich ELISA, Immunoprecipitation,

SDS-page and western blot, respectively.
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cl-l1 and cl-K1 exhibit Widespread 
Tissue Distribution With high 
and co-localized expression 
in secretory epithelia and Mucosa
Soren W. K. Hansen1*, Josephine B. Aagaard 1, Karen B. Bjerrum1, Eva K. Hejbøl2,  
Ole Nielsen2, Henrik D. Schrøder 2, Karsten Skjoedt1, Anna L. Sørensen1,  
Jonas H. Graversen1 and Maiken L. Henriksen1

1 Institute of Cancer and Inflammation Research, University of Southern Denmark, Odense, Denmark, 2 Department  
of Pathology, Odense University Hospital, Odense, Denmark

Collectin liver 1 (CL-L1, alias collectin 10) and collectin kidney 1 (CL-K1, alias collectin 11) 
are oligomeric pattern recognition molecules associated with the complement system, 
and mutations in either of their genes may lead to deficiency and developmental defects. 
The two collectins are reportedly localized and synthesized in the liver, kidneys, and 
adrenals, and can be found in the circulation as heteromeric complexes (CL-LK), which 
upon binding to microbial high mannose-like glycoconjugates activates the complement 
system via the lectin activation pathway. The tissue distribution of homo- vs. heteromeric 
CL-L1 and -K1 complexes, the mechanism of heteromeric complex formation and in 
which tissues this occurs, is hitherto incompletely described. We have by immunohisto-
chemistry using monoclonal antibodies addressed the precise cellular localization of the 
two collectins in the main human tissues. We find that the two collectins have widespread 
and almost identical tissue distribution with a high expression in epithelial cells in endo-/
exocrine secretory tissues and mucosa. There is also accordance between localization 
of mRNA transcripts and detection of proteins, showing that local synthesis likely is 
responsible for peripheral localization and eventual formation of the CL-LK complexes. 
The functional implications of the high expression in endo-/exocrine secretory tissue and 
mucosa is unknown but might be associated with the activity of MASP-3, which has a 
similar pattern of expression and is known to potentiate the activity of the alternative 
complement activation pathway.

Keywords: collectin, complement system, 3Mc syndrome, mucosal immunology, innate immunity

inTrODUcTiOn

The innate immune system is a first line of defense and plays major roles in preventing microorga
nisms in settling and becoming pathogens, and also in the mounting of suitable immune responses 
against eventual pathogens. It often relies on recognition and binding to pathogenassociated 
molecular patterns by host pattern recognition molecules (PRMs). Based on an often observed 
association between microbial evasion of the complement system and pathogenicity (1), the 
complement system appears to play substantial roles in the innate immune system. The overall 
antimicrobial functions of the complement system are to tag microorganisms for elimination 
by phagocytes, to initiate inflammation and to lyse the microorganisms. The complement system 
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is a “selfamplificative“ cascade system, mainly found in the 
blood, and includes several PRMs; among which some activate 
a pathway known as the lectin activation pathway, via activation 
of serine proteases known as MBLassociated serine protease 
(MASP1, 2, and 3) (2, 3). Mannanbinding lectin (MBL) is 
probably the most studied PRM of the lectin activation pathway 
and binds to mannoserich glycoconjugates on the surface of 
microorganisms, initiating complement activation. In humans, 
MBL deficiency may increase susceptibility toward infections  
in certain situations but not in general (4), most likely contributed 
by coincidental activation of different complement activation 
pathways by a given microorganism.

Collectin liver 1 (CLL1) and collectin kidney 1 (CLK1) are 
“MBLlike” proteins that also are found in the circulation in 
association with MASPs and with specificity toward mannoserich 
glycoconjugates and negatively charged molecules (5–10). In the 
circulation they can be found as heteromeric molecules, referred 
to as CLLK, with superior complement abilities via MASP2 in 
comparison with their respective homomers (11). They are both 
synthesized in the liver by hepatocytes, in the adrenal glands and in 
the tubules of the kidney, in addition to other tissues as well (5–7). 
On the protein level, human CLK1 has been associated with the 
same tissues, while human CLL1 in the original study only was 
associated with hepatocytes, however, without examination or 
exclusion of other tissues and cells (6, 7). Among normal healthy 
populations of different origins, they both constitute average 
serum concentrations of 250–450 ng/ml, with a clear correlation 
between levels of CLL1 and CLK1, supportive of heteromeric 
complexes between the two or similar regulation (7, 12–15). 
The liver and adrenals are due to their endocrine nature and a 
relative high synthesis of mRNA believed to be the major organs 
contributing to the CLL1 and CLK1 found in the circulation. 
Partly due to the recently described characterization and associa
tion with complement, little is known about their roles in vivo. In 
a recent work using mice deficient of CLK1, Wakamiya and col
leagues showed that CLK1 protected mice against Streptococcus  
pneumonia infections induced via nasal inoculation (16). 
However, in another work there was no protective effect of CLK1/ 
CLLK in a mouse model for infection by Mycobacterium tuber-
culosis (17). CLK1 has been shown to bind with relative high 
affinity to the disaccharide Man(α12) and to negatively charged 
molecules, including nucleic acid ligands, and may also play a role 
in the opsonization of apoptotic cells by recognizing a combina
tion of carbohydrate and nucleic ligands (10, 18).

Recently, it was demonstrated that CLK1deficient mice 
partly were protected against destructive complementmediated 
inflammatory responses in post ischemic kidneys and that 
CLK1 further promoted development of renal fibrosis in the 
tubules (19, 20).

CLK1 and CLL1 are not regulated significantly by inflam
matory stimuli. Their plasma/serum levels do not correlate with 
increased levels of traditional inflammatory mediators, including 
CRP and TNFalpha (8, 9).

The two collectins play apparently also important roles for 
embryogenesis. Deficiency of CLK1 or CLL1 leads in humans 
to a rare congenital developmental syndrome known as 3MC 
(alias Malpuech facial clefting syndrome), an effect that the two 

collectins share with MASP3. It has been shown that CLK1 and 
CLL1 may act as attractants and guidance cue for neural crest 
cells, although the precise mechanism for embryonic involve
ment remains to be elucidated (21, 22).

A functional and complete activation of the complement 
system involves many complement factors and is in general only 
associated with the effect in the circulation or at inflamed sites, 
where blood components gain access. Most tissue expresses 
certain complement components, e.g., the lung and the intes
tinal system (23, 24). At such sites the complement system is 
believed to be partially functional or to mediate activation when 
inflammation progresses. In the quest of elucidating the func
tion of CLL1 and CLK1, we characterized their localization 
in human tissues. It appears that the previously characterized 
sites of localization in the circulation, adrenals, liver, and kidney,  
may have disparaged a compelling localization in especially exo
crine/endocrine tissues and mucosa, suggestive of that CLL1, 
CLK1, and CLLK may play roles in the periphery as well.

MaTerials anD MeThODs

general reagents and Buffers
Unless otherwise stated, reagents were obtained from Sigma
Aldrich, Denmark. Phosphatebuffered saline: 10 mM Na2HPO4, 
140  mM NaCl, and 2.7  mM KCl pH 7.4. Trisbuffered saline 
(TBS): 10 mM Tris and 145 mM NaCl. TNT buffer: 0.10 M Tris, 
0.15 M NaCl, and 0.05% Tween 20 pH 7.5.

generation of Mabs against cl-l1 and 
cl-K1
CLLK was purified from outdated plasma by calcium sensitive 
immunoaffinity chromatography as previously described (25). 
Purified CLLK (50  µg) was used for s.c. immunizations of 
outbred NMRI female mice using Gerbu as adjuvant. Three days 
before the fusion, mice were boosted (i.p.) with the same amount 
of CLLK. The fusion between spleen cells obtained from the 
CLLK immunized mice and myeloma cells (Sp2) was performed 
using polyethylene glycol essentially as described previously in 
Ref. (26). Positive clones were identified by ELISA using micro
titer plates coated with either purified recombinant CLK1 or 
CLL1 expressed in CHO cells as fulllength molecules without 
any tags. Cells from the positive wells were recloned at least thrice 
by the limiting dilution method. For antibody production and 
subsequent purification, hybridomas were grown and allowed to 
express the MAb in HybridomaSFM (Invitrogen). Monoclonal 
antibodies were purified by means of affinity chromatography 
using a HiTrap Protein G HP column (GE Healthcare) under 
previously described conditions and elution with 50 mM glycine, 
pH 2.3 (27). The two antibodies, MAb 111 (antiCLK1) and 
MAb 1613 (CLL1), which were superior in specificity and IHC 
sensitivity and applied in the following studies, were both of the 
isotype IgG1kappa.

sDs-Page and Western Blotting
SDSPAGE was performed according to the method of 
Laemmli (1970) using precasted NuPAGE 4–12% BisTris gels 
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FigUre 1 | Structure of CL-LK and antibody specificity. (a) Schematic illustration of the domain organization of CL-L1 and CL-K1 polypeptide chains. The symbol 
“*”on the CL-L1 polypeptide chain represent two N-linked glycosylation sites in the carbohydrate recognition domain. CL-K1 is found in the circulation in the form  
of two isoforms: CL-K1a represents full-length and CL-K1d represents an alternative spliced form devoid of a part of the collagen-like region. (B) Subunit of CL-LK 
and oligomeric structures. A total of three polypeptide chains of CL-K1 and CL-L1 join to form a heteromeric subunit, which may further oligomerize into structures 
ranging from dimers to hexamers of subunits, here illustrated by a tetramer. (c) Analysis of purified CL-LK by SDS-PAGE and visualization by silver staining. The 
three bands of CL-L1 represent non-, partially, and fully glycosylated forms of CL-L1. (D,e) Specificity of monoclonal antibodies by Western blotting of serum under. 
reducing conditions and visualization by ECL. (F–h) SPR analyses of monoclonal antibodies with immobilized CL-K1, CL-L1, and CL-LK as antigen, respectively. 
MAbs 16-13 (--) and 11-1 (---) were analyzed for binding to immobilized purified CL-L1 (F), CL-K1 (g), or CL-KL (h) MAb using concentrations ranging from 0.1 to 
10 µg/ml.
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(Invitrogen) and MES or MOPS SDS running buffer (Invitrogen) 
(28). Proteins were transferred to the HybondP polyvinylidene 
fluoride membrane (GE Healthcare) (29). The membrane was 
blocked in 5% nonfat dried milk and 0.1% HSA, and incubated 
with primary monoclonal antibodies (0.5 µg/ml). Subsequently, 
the membrane was washed and incubated with HRPconjugated 
rabbit antimouse antibody diluted (1:20,000) accordingly to the 
manufacturer’s recommendation (Dako, Denmark) and devel
oped by means of the ECL plus Western blotting detection kit 
(GE Healthcare). For specificity testing of applied antibodies, 1 µl 
of serum was applied to the gel per 4 mm well width.

surface Plasmon resonance
Binding characteristics of the monoclonal antibodies, 111 
and 1613, was investigated by SPR on a Biacore 3000 instru
ment (Biacore, Sweden) with immobilized CLK1, CLL1, and 
CLLK on a CM5 chip. The proteins were immobilized on EDC/
NHSactivated flow cells by injecting the collectin (10 µg/ml) in 
10 mM acetate pH 5.0 to a surface density ranging from 0.028 
to 0.042 pmol/mm2. One M of ethanolamine, pH 8.5 was used 
for capping. For binding experiments antibodies were diluted in 
running buffer (10 mM HEPES, 150 mM NaCl2, 5 mM EDTA, 
and 0.005% Tween20 pH 7.4) in a range from 2.08 to 166 nM. 
Each sample (40  µl) was injected with a flow rate of 5  µl/min. 

Regeneration was obtained for antibody 111 by injection of two 
cycles of 10 µl: 10 mM glycine, 20 mM EDTA, 500 mM NaCl, 
and 0.005% Tween20 pH 4.0. Regeneration was obtained for 
antibody 1613 by injection of two cycles of 10  µl: 100  mM  
glycine, 5 mM EDTA, 500 mM NaCl, and 0.05% Tween20 pH 
3.0. BIAevaluation software 4.0.1 was used for analysis of the 
data. The apparent dissociation constants were found by fitting 
the curves to a 1:1 binding model. All experiments were as a 
minimum conducted as triplicates of duplicates.

mabs’ impact on ligand Binding and 
complement activation
MaxiSorpTM 96well plate were coated with DNA (2  µg/ml, 
cat. no. D2001, SigmaAldrich) or mannan (20  µg/ml, cat. no. 
M3640, SigmaAldrich) in 1  M NaCl. Purified native CLLK 
(0.25 µg/ml) was preincubated in nonadsorbent wells for 1 h at 
RT in the presence of serum, mannose, or mAbs, diluted twofold 
from 10%, 200  mM, or 2  µg/ml respectively, and subsequently 
incubated on ligandcoated plates for 4  h. Bound CLLK was 
detected using biotinlabeled antiCLK1 mAb (0.5 µg/ml, Hyb 
1429, Nterminal specific) and streptavidinHRP (0.1  µg/ml). 
Samples were diluted in TBS (20 mM Tris, 125 mM NaCl, pH 7.4) 
with 2 mM CaCl2, 0.05% Tween 20, and 0.1% BSA. For assessing 
CLLKmediated complement activation plates were prepared 
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FigUre 2 | Characterization of mAbs’ impact on the ligand-binding and 
complement activity mediated by CL-LK. (a) Impact on ligand-binding. 
CL-LK was incubated on ligand-coated plates (mannan or DNA) in the 
presence or absence of the mAbs used for IHC (mAb 11-1 and mAb 16-13), 
mannose, or serum (known to interfere with the binding of CL-LK to ligands). 
mAb 131-1 (anti-MBL) was included as control. Bound CL-LK was detected 
with biotinylated mAb-anti-CL-K1 (compatible with the applied mAbs) and 
HRP-streptavidin. (B) Impact on CL-LK-mediated complement activation. 
Prior to incubation with MASP-2 and C4, plates were prepared with CL-LK 
and coated ligands (mannan or DNA) as above. Deposition of C4b was 
detected with biotin-labeled anti-C4b mAb and HRP-streptavidin. The results 
shown are representative of three independent experiments. Error bars refer 
to max and min of triplicate measurements. None of the tested mAbs 
interfered with ligand binding or complement activation. CL-LK binding to 
mannan and DNA occurs via two separate binding site, and the latter is not 
inhibited by mannose, whereas uncharacterized blood components inhibit 
both types of interaction (10, 11).
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as above. Purified native CLLK (2  µg/ml) was preincubated 
in nonadsorbent wells with mAbs (0.5 or 4 µg/ml) or mannose 
(50 or 200 mM) at 37°C for 1 h, and subsequently incubated on 
ligandcoated plates at 37°C overnight. Wells were washed and 
incubated with recombinant MASP2 (0.25  µg/ml for 3  h) fol
lowed by incubation with purified C4 (4 µg/ml, CompTech, Tyler, 
TX, USA, for 1 h) at 37°C. C4b deposition was detected using 
biotinylated antiC4 mAb (0.5  µg/ml, HYB 16202, BioPorto, 
Gentofte, Denmark). Samples were diluted in VBS (5 mM barbi
tal, 142 mM NaCl, pH 7.4) with 2 mM CaCl2, 1 mM MgCl2, 0.05% 
Tween 20, and 0.1% BSA.

human Tissue samples
Human tissue samples were obtained from the tissue bank at the 
Department of Pathology, Odense University Hospital (Odense, 
Denmark) and derived from surgically removed specimens fixed 
4% phosphate buffered formaldehyde for 12–48 h. Samples were 
conventionally dehydrated, and subsequently embedded in paraf
fin before sectioning (4–5 µm) and mounting on slides.

immunohistochemistry
Paraffinembedded, formalinfixed human tissue sections were 
deparaffinized and rehydrated through serial wash in xylene 
and decreasing concentrations of ethanol. Endogen peroxidase 
activity was blocked by incubation with 1.5% H2O2 for 10 min. 
Antigen retrieval was performed by microwave boiling in 
10 mM Tris base, 0.5 mM EDTA, and pH 9.0 buffer for 15 min. 
The tissue sections were washed in TNT buffer and incubated 
with primary antibodies MAb 1613 (2 µg/ml), 111 (0.5 µg/ml),  
and mouse MAb antichicken IgY (1  µg/ml) for 1  h. The tis
sue sections were washed in TNT buffer and incubated with 
EnVision  +  System HRPlabeled polymer (Dako) for 30  min. 
After wash in TNT buffer, the tissue sections were incubated 
with DAB+ (Dako) for 10 min followed by staining with hema
toxylin. The final immunohistochemical analysis was carried  
out using “multi block” sections comprising the following nor
mal tissues: the cerebellum, esophagus, fetal and adult liver, gall 
bladder, kidney, large intestine, lung, skeletal muscle, pancreas, 
parotid gland, placenta, prostate, pylorus, spleen, tonsils, thy
mus, thyroid gland, rectum, small intestine, testis, and urinary 
bladder. The adrenal gland was derived from a patient diagnosed 
with pheochromocytoma.

image acquisition
Histology slides were scanned at 20× (controls) or 40× mag
nification using a NanoZoomerXR (Hamamatsu Photonics, 
Japan). Image sections were acquired using NDP.view2 software 
(NanoZoomer Digital Pathology; Hamamatsu Photonics) and 
final JPG images were all uniformly adjusted for color saturation 
(+25) and light (−1) in Adobe Photoshop.

resUlTs

antibody specificity, affinities, and impact 
on complement activation
The reactivity of the applied MAbs was demonstrated by 
Western blotting using serum as source of antigens (Figure 1). 

This analysis showed that the applied MAbs 1613 (antiCLL1) 
and 111 (antiK1) only reacted with protein bands correlating 
with the molecular weight of CLL1 and CLK1, respectively 
(Figure 1) (7). There was no crossreactivity of the two antibod
ies, and both MAbs recognized all isoforms, ensuring detection 
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FigUre 3 | Immunohistochemical localization of CL-K1 and CL-L1 in formalin fixed and paraffin embedded sections of the liver (a,B), kidney (D,e), and lung  
(h,i). Italic letters within images refer to: for the liver h: hepatocytes, ch: centrilobular hepatocytes, and kc: Kupffer cells; kidney g: glomerulus, dt: distal tubules,  
pt: proximal tubules, and bc: Bowman’s capsule; lung I: type I pneumocytes, II: type II pneumocytes, and m: alveolar macrophages. Scale bars in large sections 
and in isotype control sections (c,F,g) correspond to 500 µm and in small sections to 50 µm.
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of all forms of CLK1 and CLL1 in the tissue sections. To fur
ther validate the specificity and reactivity, the two monoclonal 
antibodies were analyzed by SPR using immobilized purified 
collectins and antibodies in fluid phase. MAb1613 bound to 
CLL1 (KD  =  0.16  ±  0.007  nM, means  ±  SD) and to CLLK 
(KD = 0.14 ± 0.003 nM) but not to CLK1. MAb 111 bound to 
CLK1 (K1 KD = 5.4 ± 1.8 nM) and to CLLK (KD = 4.6 ± 1.9 nM) 
but not to CLL1. Again, crossreactivity was undetectable and 
binding affinities/avidities were of satisfactory strengths. In the 
characterization of the two applied MAbs, we found that they 
neither interfered with the binding activity of CLLK to suitable 
ligands nor did they modulate or inhibit the CLLKmediated 
complement activation via MASP2 (Figure 2).

immunohistochemical localization of 
cl-l1 and cl-K1
In the majority of the tested tissues we observed identical 
localization of CLK1 and CLL1, both in terms of tissue and 
cell types. Unless the difference in immunoreactivity between 
the two was striking, the colocalization is not commented 
further, neither is the absence of staining of the tissues incu
bated with isotype matched control antibody. Frequently, the 
immunoreactivity of the CLK1 MAb (111) was stronger than 

that of the CLL1 MAb (1613). This may not necessarily reflect 
an increase in CLK1 quantity in comparison with CLL1 but 
may originate from the nature of the antibodies (also discussed 
further below).

In the liver, immunoreactivity for CLK1 and CLL1 was asso
ciated with hepatocytes with absent staining of Kupffer cells. 
Staining intensities of CLL1 was pronounced in the centrilobular 
hepatocytes (Figure 3).

In the kidney, immunoreactivity for CLK1 and CLL1 was 
especially associated with the tubular system, with the most 
pronounced staining of the distal tubules (Figure  3), in com
parison with proximal tubules. CLL1 immunoreactivity was for 
some distal tubules distinctly associated with the brush border. 
Immunoreactivity for both collectins was also associated with 
the epithelial cells lining the Bowman’s capsules, whereas immu
noreactivity in the glomerulus itself mainly was associated with 
CLK1 and only minimally with CLL1. CLK1 immunoreactivity 
in the glomerulus was associated morphologically appeared to 
include both podocytes and mesangial cells.

In the lung, CLK1 immunoreactivity was associated with 
alveolar macrophages, type I and II pneumocytes (Figure  3). 
CLL1 immunoreactivity appeared only to be associated with 
alveolar macrophages.
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FigUre 4 | Immunohistochemical localization of CL-K1 and CL-L1 in formalin fixed and paraffin embedded sections of the thyroid gland (a,B), pancreas  
(D,e), and adrenal gland from a patient diagnosed with pheochromocytoma, (h,i). Italic letters within images refer to: for the thyroid gland tf, thyroid follicles  
and c, parafollicular C cells; pancreas il: islets of Langerhans and a: acinar epithelial cells. Scale bars in large sections and in isotype control sections  
(c,F,g) correspond to 500 µm and in small sections to 50 µm.
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In the thyroid gland, cuboidal epithelial cells lining the base 
membrane of thyroid follicles and parafollicular cells (Ccells) 
were associated with immunoreactivity for both CLK1 and CLL1 
(Figure 4). Most pronounced staining was observed for CLK1.

In the pancreas CLK1 and CLL1 immunoreactivity was 
associated with the islets of Langerhans and the pancreatic 
epithelial acinar cells and ducts (Figure 4). Within the islets, 
the vast majority of cells stained positive, indicating for sure 
that insulinproducing cells (beta cells) were associated with 
immunoreactivity and also most likely glucagonproducing 
cells (alpha cells) as well.

In the adrenal tissue section (Figure 4), derived from a patient 
diagnosed with pheochromocytoma, the histology was slightly 
unclear. However, as immunoreactivity for both CLK1 and 
CLL1 was associated with nearly all cells, it was deducted that the 
majority of adrenal cells, including both medullary and cortical 
cells, are associated with the two collectins, similar with previous 
findings for the localization of CLK1 (7).

In the gall bladder, immunoreactivity for both CLK1 and 
CLL1 was associated with columnar epithelial cells of the muco
sal folds, with increasing intensity toward the luminal side of the 
folds (Figure 5). Various cell types in the lamina propria stained 
weakly positive. We observed only scattered staining of cells in 
the muscularis and serosa layers.

In the duodenum, immunoreactivity for CLK1 and CLL1 
was associated with epithelial cells in both the mucosa and sub
mucosa. In the mucosal luminal membrane of the villi, especially 
columnar cells (enterocytes) stained positive (Figure 5). Further 
and intense immunoreactivity of the mucosa was associated with 
the crypts of Lieberkuhn, whereas the muscularis externa was 
only weakly positive for staining. In the submucosa, immuno
reactivity was associated with cells of the Brunner’s glands.

In the colon, CLK1 and CLL1 immunoreactivity was domi
nantly associated with mucosa and especially with columnar 
epithelial cells in the crypts of Lieberkuhn (tubular glands) 
(Figure 5). In the lamina propria, the staining was scattered and 
associated with various cells types. Within the layers of the mus
cularis externa and submucosa, staining was also associated with 
endothelial cells, best illustrated for the localization of CLK1.

In the testis, CLK1 immunoreactivity was associated with 
germinal epithelial cells lining the tunica propria of the seminif
erous tubules, spermatogonia (type A and B), and spermatocytes 
(primary and secondary) (Figure 6). These cells were embedded 
in the less immunoreactive Sertoli cells. In the interstitium 
between seminiferous tubules, Leydig cells and endothelial cells 
of capillaries stained weakly positive. CLL1 immunoreactivity 
was weak in comparison with that of CLK1, but the pattern of 
the two collectins followed each other.
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FigUre 5 | Immunohistochemical localization of CL-K1 and CL-L1 in formalin-fixed and paraffin-embedded sections of the gallbladder (a,B), duodenum  
(D,e), and colon (h,i). Italic letters within images refers to: for the gallbladder s: serosa layer, ms: muscularis layer, m: mucosa layer, lp: lamina propria, ce: 
columnar epithelial cells, and f: fibroblasts; duodenum and colon me: muscularis externica layers, sm: submucosa, mu: mucosa, cl: crypts of Lieberkuhn  
(tubular glands), mm: muscularis mucosa, and v/a: vein/artery. Scale bars in large sections and in isotype control sections (c,F,g) correspond to 500 µm and  
in small sections to 50 µm.
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In the prostate, CLK1 and CLL1 immunoreactivity was 
associated with epithelial cells of the prostatic glands, with 
staining of both acini and ducts (Figure  6). The staining was 
associated with both columnar pseudostratified and involuted 
luminal epithelial cells; however, with most intense staining of 
the basal epithelial cells. In the stroma, scattered staining was 
observed in various cells types, including staining of endothelial 
cells. In the ducts, secretory vesicles and concretized material 
stained weakly positive, especially for CLK1.

In the corpus uterus, CLK1 and CLL1 immunoreactivity 
was localized to the epithelial cells in the endometrial glands, 
glandular ducts, and at luminal surface, with comparable stain
ing of glandular structures in both the stratum functionalis 
(compactum and spongiosum) and stratum basale (Figure  6). 
Both stratified columnar and ciliated cells in the glands stained 
intensely. In the stroma, the immunoreactivity was moderate but 
associated with the majority of cells, with a pronounced staining 
of endothelial cells of the capillaries.

In the skin, CLK1 and CLL1 immunoreactivity was associ
ated with the sweat glands and ducts (Figure 7). CLK1 staining 
was further associated with the basal layer of the epidermis. In 
the sweat glands and ducts, especially epithelial cells, stained 
positive, while myoepithelial cells only stained weakly positive. 

Within the inner duct, staining was associated with the luminal 
part and eventual content in the duct. Staining of sporadically 
distributed and nonidentifiable cells in the dermis was also 
observed.

In the partoid salivary glands, immunoreactivity for CLL1 
and CLK1 was associated with both epithelial glandular (acini) 
and epithelial ductal cells (Figure  7). Immunoreactivity was 
localized dominantly to the epithelial cells constituting the 
salivary ducts and less with the secretory acini. However, the 
majority of serousproducing epithelial cells were associated 
with immunoreactivity. Basal epithelial cells of mucin pro ducing 
stained weakly positive. All three kinds of ducts: intercalated 
(minor), intralobulated (striated), and major showed equal  
and dominant immunoreactivity. The immunoreactivity of 
CLL1 in the salivary serous glands was superior to that of CLK1.

In the fullterm (mature) placenta, CLK1 and CLL1 immu
noreactivity was mainly associated with the syncytiotrophoblast 
layer, at the border of maternal and fetal circulation, and weakly 
with the underlying cytotrophoblasts associated with a villus 
(Figure 7).

Various levels of CLK1 and CLL1 immunoreactivity were 
also found to be associated with the following tissues: the thymus, 
spleen, tonsil (Figure S1 in Supplementary Material), esophagus, 
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FigUre 6 | Immunohistochemical localization of CL-K1 and CL-L1 in formalin-fixed and paraffin-embedded sections of the testis (a,B), prostate (D,e), and uterus 
corpus (h,i). Italic letters within images refers to: for the testis st: seminiferous tubules, e: endothelial cells, l: Leydig cell, tp: tunicapropria, ge: germinal epithelial 
cells, s: spermatogonia, sy: spermatocytes, and s: spermatids; prostate g: gland, d: duct, c: “concretized” material: a: acininar cells/acinus, s: stroma, and e: basal 
epithelial cells; uterus corpus sb: stratum basale, sf: stratum functionalis, ls: luminal surface, g: gland, d: duct, se: stratified columnar epithelial cells, and ce: 
ciliated epithelial cells. Scale bars in large sections and in isotype control sections (c,F,g) correspond to 500 µm and in small sections to 50 µm.
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stomach (Figure S2 in Supplementary Material), cervix uterus, 
portio uterus, abortus (Figure S3 in Supplementary Material), 
skeletal muscle, cerebellum, and urinary bladder (Figure S4 in 
Supplementary Material). A description of their detailed locali
zations is provided in the associated figure legends.

cl-K1 and cl-l1 mrna abundancies
To compare protein localization by IHC with site of synthesis 
for the two collectins, data were retrieved from the three major 
RNA expression databases HPA, GTEx, and FANTOM5 RNA. 
For comparison, expression levels were normalized and gradu
ated into four categories based on a logarithmic division (Tables 
S1 and S2 in Supplementary Material). Levels of immuno
reactivity were visually validated by three independent persons 
and categorized similarly (Table 1).

mRNA transcripts encoding CLK1 was detectable in all tested 
tissues and the major sites of synthesis, grouped in the “high” 
category, comprised the adrenals, gallbladder, and liver. In all 
the tested tissues, there was only minimal variance, in terms of 
a single category shift, i.e., “high” to “medium,” between CLK1 
mRNA levels and immunoreactivity, therefore we considered 
there to be an excellent accordance between site of CLK1 
synthesis and protein localization. mRNA transcript encoding 

CLL1 was not detected in as many tissues as CLK1. Some tis
sues were categorized with “extremely low/absent” number of 
CLL1 transcripts. However, by IHC quite a lot of these tissues 
were found to be associated with immunoreactivity, albeit in 
a “low” degree. The major site of CLL1 mRNA synthesis was 
the liver and placenta and in these tissues the protein was also 
readily detected. Similar to the observations for CLK1 and 
using the same criteria, there appeared in general to be accord
ance between site of CLL1 synthesis and protein localization 
(discussed further below).

To associate the protein localization with an eventual local 
functionality of the two collectins, mediated via the presence 
of MASPs, localization of MASPs (and MAps), and synthesis of 
their respective mRNAs were evaluated by the same approach. 
As the major RNA expression databases currently do not take 
alternatively splicing of the MASP genes into consideration, data 
were retrieved and gathered from the previous work by Thiel and 
colleagues and Garred and colleagues (30–33). MASP3 expres
sion appeared to both overlap and being as widely distributed 
as the two collectins, whereas the other MASPs and MAp had 
a restricted pattern of tissue localization, with the liver being a 
tissue of major synthesis and/or detection: an observation, which 
also applied for MBL.
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FigUre 7 | Immunohistochemical localization of CL-K1 and CL-L1 in formalin fixed and paraffin embedded sections of the skin (a,B), parotid gland (D,e), and 
placenta (h,i). Italic letters within images refers to: for the skin ed: epidermis, de: dermis, hd: hypodermis, sg: sweat glands, me: myoepithelial cells, and se: 
stratified cuboidal epithelia cells; partoid salivary gland d: duct, ed: epithelial ductal cells, sa: serous acini, ma: mucous acini, mj: major duct, il: intralobulated duct, 
and ic: intercalated duct; placenta v: villus, st: syncytiotrophoblast, ct: cytotrophoblast, and md: mesoderm. Scale bars in large sections and in isotype control 
sections (c,F,g) correspond to 500 µm and in small sections to 50 µm.
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DiscUssiOn

The present work describes the localization of CLL1 and CLK1 
in human tissues as determined by immunohistochemistry and 
summarizes further their mRNA tissue profiles derived from 
transcriptome databases. Both CLL1 and CLK1 were demon
strated in epithelial cells in a variety of tissue throughout the 
human body.

Of all the tested MAbs, MAbs 1613 (antiCLL1) and 111 
(antiCLK1) had the best sensitivity and specificity. The two 
MAbs demonstrated excellent immunoreactivity in the three tis
sues, the liver, kidney, and adrenals, wherein human CLK1 and 
CLL1 localization previously have been demonstrated (6, 7).  
The major positive cell types comprised, hepatocytes, renal 
epithelial cells of tubules, and medullary and cortical cells of 
the adrenals. In addition to the adrenals, tissues from other 
endocrine glands, i.e., pancreas, demonstrated a similar con
vincing excellent immunoreactivity for both collectins, derived 
from cells in the islets of Langerhans and epithelial cells of the 
ducts. Exocrine tissues of the digestive system comprising the 
gallbladder, duodenum, colon, and also partly the stomach and 
esophagus were also associated with epithelial and mucosal 
immunoreactivity for generally both collectins. Other exocrine 

tissues, comprising sexspecific organs, such as the testis, pros
tate, and uterus, had also excellent to moderate immunoreactivity 
for both collectins. Among all the analyzed tissues, the testis and 
uterus appeared to be the two tissues with the relative highest 
CLK1 immunoreactivity. Again, epithelial cells and mucosa in 
the uterus were the major source of immunoreactivity, whereas 
immunoreactivity in testis was associated with germinal epithe
lial cells of the tubules. Among the tissues analyzed, the highest 
CLL1 immunoreacti vity was observed in the liver, followed by 
the kidney and parotid gland, wherein immunoreactivity was 
also associated with epithelial cells. Our observation of CLK1 
synthesis in various tissues falls in line with previous work 
by Wakamiya and colleagues, who by immunofluorescence 
techniques demonstrated partly overlapping localization of 
CLK1 in murine tissues, using a polyclonal antimouseCL
K1 antibody (34). In general, we observed a stronger staining 
of CLK1 than of CLL1. This may reflect that CLK1 is more 
abundant than CLL1, although their levels in the circulation 
are approximately the same (12), or it may simply be a matter of 
affinities of the applied MAbs in combination with availability 
of antigen epitopes on the fixed and embedded tissue sections.

Retrieval and normalization of mRNA levels from three 
transcriptome databases demonstrated accordance between site 
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TaBle 1 | Levels of RNA expression: The symbols “+++,” “++,” “+,” and “– ”denote high, medium, low, and absent/extremely low expression, respectively, based on 
the criteria established in Figures S1 and S2 in Supplementary Material.

CL-K1 ihc/ 
rnaa

CL-L1 ihc/ 
rnaa

MASP-1 ihc/ 
rnab

MASP-3 ihc/ 
rnab

MAp44 ihcc/ 
rnad

MASP-2 ihce/ 
rnaf

MAp19 ihce/ 
rnae

MBL ihcg/ 
rnaa

Abortus ++/ +/
Adrenal +++/+++ ++/+ −/−
Cerebellum ++/+ +/− +/ −/−
Cervix uterus ++/+ +/− /+ /+++ /++ /− /− −/−
Colon ++/+ +/− /− /+++ /+ +/− /− −/−
Corpus uterus +++/ +/
Esophagus ++/+ −/− /++ /+ /− /− /− −/−
Fetal liver +/ ++/
Fetal muscle ++/ ++/
Gallbladder +++/+++ ++/+ +/−
Heart /++ /+ /++ /+++ +++/+++ /− /− +/−
Kidney ++/++ ++/+ /++ /++ /− ++/− ++/++ +/−
Liver ++/+++ +++/+++ /+++ /+++ +++/++ +++/+++ +++/+++ +++/+++
Lung ++/+ +/+ /++ /+++ /++ +/+ ++/− −/−
Muscle +/+ −/− /− /+++ ++/+++ /− /− −/−
Pancreas ++/++ +/- /− /+++ /− +/− −/−
Placenta +++/++ +/+++ /++ /+++ /− /− /− −/−
Portio uterus +/ −/
Prostate ++/+ +/+ /− /+++ /− /− +/− −/−
Salivary gland +/+ ++/− −/−
Skin ++/+ +/− −/−
Small intestine ++/++ +/+ /++ /+++ /− /++ /− −/−
Spleen ++/++ +/− /− /++ /− /− /− −/−
Stomach ++/+ +/− +/ +/−
Testis +++/++ +/− /− /++ /− /++ /− −/−
Thymus +/ −/ /− /++ /− /− /−
Thyroid +++/++ +/+ /− /− /− /− +/+++ −/−
Tonsil +/+ −/− −/−
Urinary bladder ++/++ −/+ /− /++ /− /− /− −/−

IHC immunoreactivity levels were judged arbitrarily into the same categories by three independent validations (persons). Missing symbols reflect that the tissue has not been 
analyzed. MASP-1, MASP-3, and Map44 derive all from the MASP1 gene. MASP-2 and MAp19 derive both from the MASP2 gene.
aRelative and normalized data from HPA, GTEx, and FANTOM5 RNA expression databases (Tables S1–S3 in Supplementary Material).
bRelative and normalized data from Seyfarth et al. (30) and Degn et al. (31) (Tables S4 and S5 in Supplementary Material).
cSkjoedt et al. (32).
dRelative and normalized data from Degn et al. (31) and Skjoedt et al. (32) (Table S6 in Supplementary Material).
eDegn et al. (33) (Table S7 in Supplementary Material).
fRelative and normalized data from Seyfarth et al. (30) and Degn et al. (33) (Table S8 in Supplementary Material).
gThe Human Protein Atlas Project (antibody CAB016782).
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of synthesis and protein localization. The only tissue, wherein 
there appeared to be a notable difference, was for CLL1 in the 
salivary gland. By IHC CLL1 localization was judged to be 
medium, whereas CLL1 mRNA appeared to be absent. Other 
CLL1specific antibodies showed varying staining of particular 
the salivary gland (data not shown), making us hypothesize that 
the observed disagreement could reflect some sort of uncha
racterized alternative splicing of CLL1 in this tissue.

Throughout the IHC staining it was evident that within 
the majority of the tissues, the localization pattern of two col
lectins was identical; meaning that exactly the same cells in  
a given tissue demonstrated immunoreactivity for both collec
tins. This is best exemplified when two neighbor sections were 
mounted and processed, as illustrated, e.g., with the corpus 
uterus (Figure  6). Thus, in the majority of tissues there is 
opportunity for the making of CLLK heteromeric complexes, 
and as previously described, this structure also appears to be 
the most thermodynamic stabile conformation (11). In some 
of the tissues, comprising the thyroid gland, skeletal muscle, 

skin, urinary bladder, and partly the testis and esophagus, 
CLK1 appeared to be present in large excess in comparison 
with CLL1, as judged by immunoreactivity; it is likely that 
CLK1 homomers will be the dominating form in these tis
sues. The precise distribution of homomers vs. heteromers in 
different tissues should not be judged by immunoreactivity 
and remains thus to be characterized in detail. Although the 
heteromers are eminent in their association with MASP2 
and C4b deposition, in comparison with the homomers, it is 
worth emphasizing that both types of homomers interact well 
with MASP1/3, and may mediate downstream complement 
activation via those alone (8, 11).

To further illustrate the presence of heteromers in different 
tissues we tried to establish a proximity ligation assay using 
antibodies usable on formalin fixed sections but without con
vincing results. By using purified and fixed CLLK it appeared 
that even the best combination of antibodies partly shadowed 
for each other in proximity ligation assays and were only 
capable of detecting the very high oligomers of CLLK, with a 
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sensitivity of only 0.2 µg of purified CLLK per ml immobilized 
onto polylysinetreated object glasses (data not shown).

The overlapping localization of the two collectins in the 
same cells justifies, with a few exceptions, possible assembly 
and presence of the heteromeric CLLK in most tissues. Based 
on a combination of previous observations and unpublished 
results by our laboratory, it appears that the oligomeric state 
of CLLK depends on the relative content of CLL1 and the 
ratio of the CLK1a/d isotypes (11). As all of our antiCLK1 
MAbs recognize the two isotypes equally well, the immunohi
stochemical results does not per se allow us to deduct any final 
conclusions on the variability of oligomers in different tissues. 
However, tissues with a relative large expression of CLL1 could 
potentially favor assembly of CLLK into large oligomers, rang
ing from 2 to 6 subunits.

We have previously demonstrated that the binding activity of 
CLK1 and CLLK, and hence also their complement activating 
ability, in serum/plasma is inhibited by unknown factors (11). 
This has made it difficult to comprehend the role of the two col
lectins as bona fida activators of complement. In the light of the 
widespread presence of CLK1 and CLL1 in various tissues, it is 
possible that binding activity in the periphery, in the absence of 
inhibitory blood components, may be more efficient.

As the hitherto described biological functions of CLK1 
and CLL1, in terms of complement activation or involvement 
in embryogenesis, appear to rely on MASPs it is relevant to 
investigate colocalization with MASPs in the periphery. 
However, there is a lack of suitable antibodies specific for the 
three products of the MASP1 gene, MASP1/3, and MAp44, 
but the summarized mRNA profile presented in Table 1 shows 
that MASP3 synthesis, in contrast with all other MASPs and 
MAps, appears to overlap greatly with the localization of 
CLK1 and CLL1. Thus, it is likely that the role of CLK1 and 
CLL1 in the periphery is mainly mediated via MASP3, which 
was recently shown to activate profactor D to factor D, and 
thereby potentiate the alternative pathway and amplification 
loop (35–37). Although (pro) factor D mainly is synthesized 
in adipose tissue (hence the alias “adipsin”) various tissues 
synthesize minor amounts of profactor D, which could be 
a target for MASP3 in complex with CLK1/L1/LK, and 
thereby potentiate the complement amplification loop in the 
periphery, upon encounter and binding of collectins to suitable 
(microbial) ligands. Alternatively, the two collectins may in the 
periphery, and in parallel with MBL and C1q, exert some of 
their functions by interacting with the metalloproteases bone 
morphogenic protein 1 and tolloidlike proteases, involved in 

extracellular matrix assembly and growth factor signaling (38). 
Interactions between CLK1, L1, or LK with these metallo
proteases remain to be investigated.

In the light of our (co)localization of CLK1 and CLL1 to 
peripheral tissues it appears that the previously focus on their 
roles in the circulation, liver, and kidney, may have disparaged a 
compelling localization in especially exocrine/endocrine tissues 
and mucosa, suggestive of that CLL1, CLK1, and CLLK may 
play roles on epithelial surfaces in general and in tissue characte
rized by a high degree of exocytosis. The localization of CLK1 
and CLL1 reminds also in many ways of the localization of the 
collectin surfactant protein D (39).
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Complement is activated as part of the innate immune defense against invading 
pathogens. Also, it helps to remove apoptotic debris and immune complexes from the 
circulation. Impaired complement function due to aberrant plasma levels of complement 
proteins may be indicative for complement-mediated diseases or can be involved in 
susceptibility for infections. To determine whether plasma levels are abnormal, reference 
intervals (RIs) are used from adult healthy donors. Since many complement-mediated 
diseases have an onset during childhood, it is important to know whether these RIs can 
be extrapolated to children. RIs of Factor H (FH), the crucial fluid-phase regulator, and 
the FH-related proteins (FHRs), its homologous counterparts, are unknown in healthy 
children. While FH is measured to diagnose and monitor therapy of patients with atypical 
hemolytic uremic syndrome, recent studies also implicated increased plasma levels of 
FHRs in disease. Here, we investigated the levels of FH and FHRs in healthy children 
using recently developed specific ELISAs. We found that levels of FH, FHR-2, and FHR-3 
were equal to those found in healthy adults. Levels of FHR-4A and FHR-5 were lower 
in children than in adults. However, only the FHR-5 levels associated with age. The RIs 
of these FH family proteins now serve to support the interpretation of plasma levels 
in prospective and retrospective studies that can be used for routine diagnostic and 
monitoring purposes including pediatric patient samples.

Keywords: normal ranges, complement, complement factor h, factor h-related proteins, pediatrics, diagnostics, 
reference intervals

inTrODUcTiOn

Complement is part of innate immunity, comprising a powerful cascade of proteins able to eradi-
cate invading pathogens and is important for removal of apoptotic debris and immune complexes 
from the circulation. Complement activation is tightly controlled and regulator proteins make sure 
that bystander damage to healthy host cells is kept to a minimum. Within the population, there 
is variation in the expression levels of these proteins and other complement components, leading 
to different steady-state complement activities in healthy individuals (1). Assessment of abnormal 
circulating levels can help to diagnose complement-mediated diseases such as atypical hemolytic 
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uremic syndrome (aHUS) and differences in expression levels can 
help in understanding the susceptibility for infectious diseases as 
described in retrospective studies (2).

To discriminate between normal and abnormal levels, and 
to interpret retrospective studies, clinical laboratory reference 
intervals (RIs) are needed. As many complement-mediated dis-
eases can have their onset during childhood, it is important to 
know whether adult levels can be extrapolated toward pediatric 
patients. For proteins such as C3 and C4, it has been determined 
that the normal ranges can be different in childhood compared 
to adults and between different ethnicities, and as such, adjusted 
RIs may be used (3–6). No pediatric RIs are known of Factor H 
(FH) and the FH-related proteins (FHRs), of which their plasma 
levels associate with various diseases.

Factor H is a crucial regulator of the alternative complement 
pathway and protects human host cells from unwanted comple-
ment activation. Genetic variants in complement regulator FH  
are associated with multiple diseases. Such variants can either alter 
protein functionality or induce variation in levels of expres sion. 
Many have been described to associate with aHUS or age-related 
macular degeneration, affecting the regulating fun ction of FH  
(7, 8). However, some genetic variants result in lower (insuffi-
cient) circulating levels of FH (9–11). Differences in steady-state 
FH protein levels are associated with susceptibility for meningo-
coccal disease and have recently been implicated as a marker of 
cardiovascular risk in chronic Chagas disease (12, 13). In general, 
low expression of complement regulators, such as FH, would 
make an individual more prone for chronic inflammation but 
more protected against infectious diseases, while high expression 
rather associates with risk of infectious diseases but less chronic 
inflammation (14).

Apart from FH, the FH protein family also includes the short 
splice variant of FH, FH-like-1 (FHL-1), and the FH-related 
(FHR) proteins, named FHR-1, FHR-2, FHR-3, FHR-4, and 
FHR-5, all of which are encoded by their own gene. FHR-4A and 
FHR-4B are the two splice variants of CFHR4, but FHR-4A is the 
only circulating variant found in human serum (15). While FHRs 
share homology with FH in its surface binding domains, they 
lack domains similar to SCR1-4 in FH and FHL-1, and for that 
reason are believed to have no complement-regulatory activity 
(16). Although limited data are available on the in vivo function 
of FHRs, many have shown associations of complement-mediated 
diseases with these FHR genes due to their copy number variations 
(17, 18), internal duplications (19–21), fusion proteins (22–26), 
or polymorphisms (27–30).

In addition, recent developments in the determination of 
circulating FHR levels in adults have led to the discovery of 
new associations with disease. FHR-1 levels were shown to be 
increased during IgA nephropathy (31, 32), although the authors 
report much higher levels than we and others have published 
(33, 34). FHR-3 levels were shown to be elevated during sepsis 
(35) and in systemic lupus erythematosus, rheumatoid arthritis, 
and polymyalgia rheumatica (36). Although Schäfer et  al. did 
not find increased FHR-3 levels in aHUS patients, a recent study 
demonstrated increased levels in a larger, well-characterized 
cohort (36, 37). FHR-2 and FHR-4A levels have, so far, not been 
studied except in healthy donors, although FHR-2 and FHR-4A 

are implicated in the acute phase of bacterial infections (van Beek 
et al., manuscript in preparation) (15, 33, 38). FHR-5 levels were 
shown to be decreased in patients with C3 glomerulonephropathy 
(C3G) (39) and was recently identified as an independent risk fac-
tor for IgA nephropathy (32, 40). In summary, assessment of FHR 
protein levels contributes to the understanding of various diseases.

To investigate whether different RIs should be used for FH 
and the FHRs in children, we assessed the circulating levels in a 
cohort of healthy Dutch children and adolescents (all referred to as 
children), covering various age categories. These RIs now serve to 
support the interpretation of plasma levels in retrospective stud-
ies that include children. Moreover, they can be used for routine 
diagnostic and monitoring purposes in pediatric patient samples.

MaTerials anD MeThODs

samples
Serum samples were obtained from anonymous, healthy children 
from a previous study, in accordance with Dutch regulations and 
approved by the Sanquin Ethical Advisory Board in accordance 
with the Declaration of Helsinki (41). Samples from adult healthy 
donors (n = 124 for FH and FHR-3, n = 120 for FHR-1, 2, 4A, 
and 5) were collected and measured during previous studies  
(15, 33, 35).

elisas
All ELISAs were performed as previously described for an adult 
healthy donor cohort (15, 33, 35). Briefly, the FH ELISA uses 
anti-FH.16, a monospecific mAb directed against SCR16-17, as 
a coat and goat anti-human-FH antiserum as detection. FHR-1/1 
homodimers were measured using anti-FH.02 (directed against 
SCR20 of FH and cross-reactive to SCR5 of FHR-1) both as 
catching and detecting mAb. FHR-1/2 homodimers were also 
caught by anti-FH.02, but detected with a commercially available 
anti-FHR-2 (R&D Systems). FHR-2/2 homodimer levels, as well 
as total levels of FHR-1 and FHR-2 were calculated based on the 
observed levels of FHR-1/1 and FHR-1/2 dimers. The FHR-3 
ELISA uses anti-FHR-3.1 (cross-reactive to FHR-4A) as a coating 
mAb and anti-FHR-3.4 (cross-reactive to FH) as a detecting mAb. 
FHR-4A was measured by catching with the monospecific mAb 
anti-FHR-4A.04 and detecting with rabbit anti-FHR-3 antiserum. 
FHR-5 homodimers were measured using two monospecific 
mAbs, anti-FHR-5.1 and anti-FHR-5.4. Two control sera were 
included in each plate to ensure limited inter assay variation.

statistics
GraphPad Prism software v7 was used to analyze data and perform 
statistics (GraphPad Software, La Jolla, CA, USA). Significant 
differences were assessed by unpaired t-test. Correlations were 
assessed with a parametric Pearson’s correlation test.

resUlTs

With this study, we obtained more insight in the normal ranges of FH 
and the FHRs in children. For this, we used a cohort of 110 healthy 
children, of which 53% were females (Table 1). The subjects were 
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Table 1 | General cohort characteristics.

cohort n Mean age (years)

Total children 110 10.3
Males 52 (47%) 9.2
Females 58 (53%) 11.2

age group (years) Males (n) Females (n)

0–3 8 1
3–6 13 13
6–9 8 8
9–12 3 9
12–15 8 7
15–18 5 17
18–21 7 3

FigUre 1 | Factor H (FH) family proteins in healthy children. (a–c,g–i) Show FH and FHRs as assessed by in-house ELISA. (D–F) Indicate calculated FHR-1 and 
FHR-2 levels. (D,F) Samples lacking FHR-1 (likely CFHR1 deficient) were excluded. Females are indicated by red circles, males by blue squares. Data were analyzed 
using Pearson’s correlation and unpaired t-tests (Table 2).
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evenly distributed across the age categories, aged 7 months up to 
251 months (20.9 years) (41). We compared the levels in children 
to the levels that we previously found in adult healthy Dutch donors 
(15, 33, 35).

We investigated the plasma levels of FH and the FHRs in 
these healthy children (Figure 1). We observed that the levels 
of FH and FHR-3 were similar between the two genders and 
independent of age (Figures  1A,G). Indeed, the levels are 
equal to those previously found in adult healthy Dutch donors 
(Table 2) (35).

Next, FHR-1 and FHR-2 were assessed using dimer-speci fic 
ELISAs (Figures 1B,C). The levels of FHR-1/1 homodimers were 
independent of age and gender, although we did find a minor, 
but significant, difference when comparing the FHR-1/1 levels 
to adults (Table 2, difference between means = 1.2 µg/mL) (33). 
FHR-1/2 heterodimers and FHR-2/2 homodimers were also 
found to be independent of age and gender but were similar to 
the adult healthy donors (Figure 1D; Table 2). This implied that 
only the FHR-1 plasma levels differed from the adults. Indeed, 
when we calculated the concentrations of total FHR-1 and FHR-2 
monomers, only FHR-1 levels were significantly lower [difference 
between means =  1.3 µg/mL (33 nM)] than the healthy adults 
(Figures 1E,F; Table 2).
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We recently demonstrated that FHR-4A is the only circulat-
ing form of FHR-4 and that no FHR-4B could be observed in 
serum (15). Therefore, we measured only FHR-4A in the children 
and found that FHR-4A levels were lower than expected based 
on levels found in adult healthy donors (Figure 1H; Table 2). It 
would, therefore, be expected that the levels showed an associa-
tion with age. Surprisingly, the FHR-4A levels did neither show an 
association with age, nor with gender, in the children.

Last, we assessed the levels of FHR-5/5 homodimers. Similar to 
the other FHR proteins, FHR-5 levels were independent of gender. 
However, the levels did increase with age (Figure 1I, Table 2), 
being approximately 0.5  µg/mL lower in the youngest children 
than in the oldest children. While the younger children indeed 
showed significantly lower levels, the older children presented 
with levels equal to the adult healthy donors.

As the CFHR genes originated as part of segmental duplica-
tions of the CFH gene, it would be possible that protein expression 
is similarly regulated (42). Therefore, we investigated whether 
FH plasma levels associated with plasma levels of the FHRs. 
We saw an association between FH and FHR-1/1 homodimer 
levels in adult donors, when they carry two copies of CFHR1 
(r  =  0.62, P  <  0.0001), in contrast to those who carry only 1 
copy of CFHR1 (r  =  0.09, P  =  0.67) (33, 35). Children who 
most likely carry two copies of CFHR1 [expressing > 10.1 µg/
mL FHR-1/1 homodimers, as determined by ROC analysis (area 
under the curve = 0.97)] showed a similar association (r = 0.49, 
P < 0.0001) (33). No association between FH and other FHR 
levels was noted. As a general conclusion, we observed no remark-
able differences compared to adult circulating levels of FH family  
proteins.

DiscUssiOn

We have determined RIs for FH and FHR-1 to 5 in Dutch healthy 
children. We were able to interpret the circulating levels of these 

FH family proteins in relation to adult healthy donors, which we 
have previously assessed (15, 33, 35). We found differences in 
some but not all of these proteins in the healthy children when 
compared with adults.

In contrast to FHR-1, FHR-4A, and FHR-5, no remarkable 
observations were made when analyzing the circulating levels of 
FH, FHR-2, and FHR-3. The three proteins were independent of 
age and gender, confirming a previous study on FH in Brazilian 
children (43). FH levels were previously found to be low in neo-
nates, suggesting that plasma levels reach adult ranges within the 
first 6 months after birth (44, 45). Unfortunately, no sera were 
available from children below the age of 6 months. Future studies 
should test cord blood and plasma of neonates for the presence of 
FHRs at birth and early infancy to investigate these protein levels 
in more detail.

FHR-1 levels were independent of age and gender. We did 
observe lower FHR-1 levels than previously seen in adults, 
although the biological relevance may be disputed. FHR-3 
levels were also trending toward significance, indicating that 
a minor difference in the copy number variation in CFHR3/
CFHR1 between the two cohorts might be affecting the results 
(33, 35).

We found lower FHR-4A levels in children than in adults, 
even though FHR-4A did not associate with age of the children. 
Our group demonstrated previously that FHR-4A is stable up to 
at least 10 freeze-thaw cycles (15). However, we cannot exclude 
the possibility that long-term storage of these samples may have 
suffered from breakdown of FHR-4A when kept at −30°C (15). 
New studies on more recent samples are needed to confirm or 
disprove this possible explanation.

For FHR-5, we observed an increase with age, indicating 
that normal ranges for FHR-5 are low in the youngest children 
and that RIs may need to be adjusted accordingly. As FHR-5 
levels positively associated with severity of IgA nephropathy in 
adults (32), and as IgA nephropathy is the main nephropathy in 

Table 2 | Factor H (FH) family normal ranges characteristics.

Fh  
(μg/ml)

Fhr-1/1  
(μg/ml)b

Fhr-1/2  
(μg/ml)b

Fhr-2/2  
(μg/ml)a,b

Fhr-1  
(nM)a,b

Fhr-2  
(nM)a,b

Fhr-3  
(μg/ml)b

Fhr-4a  
(μg/ml)

Fhr-5  
(μg/ml)

Median Male 286 11.2 5.1 0.6 351 96 0.58 0.92 1.2
Female 279 11.5 5.4 0.6 362 105 0.54 0.91 1.2

IQR (25%) Male 237.5 7.0 3.7 0.39 243 73 0.36 0.54 0.93
Female 237.3 7.2 3.6 0.34 245 65 0.34 0.46 0.92

IQR (75%) Male 426.5 13.5 6.7 1.1 439 150 0.81 1.6 1.48
Female 459.5 14.4 7.0 1.1 469 223 0.74 1.3 1.47

95% range Male 150–420 0–20 0–11 0–1.8 0–637 0–219 0–2.3 0.1–4.0 0.5–2.8
Female 157–445 0–20 0–11 0–1.6 0–669 0–209 0–1.5 0.1–3.6 0.6–2.7

Gender difference Unpaired t-test (P value) 0.84 0.28 0.75 0.87 0.51 1.00 0.42 0.26 0.99

Children vs age Pearson r 0.00 0.13 0.07 0.03 0.12 0.06 −0.14 −0.03 0.29
R squared 0.00 0.02 0.00 0.00 0.01 0.00 0.02 0.00 0.09
P value 0.97 0.20 0.48 0.73 0.22 0.54 0.15 0.76 0.002

Children vs adults Unpaired t-test (P value) 0.655 0.030 0.444 0.870 0.0498 0.873 0.100 <0.0001 <0.0001
Difference between means (μg/mL) 4.114 1.219 0.2173 −0.0095 32.66 nM 0.9862 nM 0.0952 1.438 0.3863

aValues of FHR-2/2 homodimers, and total levels of FHR-1 and FHR-2 monomers are calculated based on measured levels of FHR-1/1 homodimers and FHR-1/2 heterodimers.
bDonors lacking FHR-1, FHR-2 (in the adult donor cohort) or FHR-3 were excluded from correlations and unpaired t-tests
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Recent research has elucidated circulating levels of almost all factor H-related (FHR) 
proteins. Some of these proteins are hypothesized to act as antagonists of the
important complement regulator factor H (FH), fine-tuning complement regulation on 
human surfaces. For the CFHR4 splice variants FHR-4A and FHR-4B, the individual 
circulating levels are unknown, with only total levels being described. Specific reagents 
for FHR-4A or FHR-4B are lacking due to the fact that the unique domains in FHR-4A 
show high sequence similarity with FHR-4B, making it challenging to distinguish them. 
We developed an assay that specifically measures FHR-4A using novel, well-character-
ized monoclonal antibodies (mAbs) that target unique domains in FHR-4A only. Using 
various FHR-4A/FHR-4B-specific mAbs, no FHR-4B was identified in any of the serum 
samples tested. The results demonstrate that FHR-4A is the dominant splice variant 
of CFHR4 in the circulation, while casting doubt on the presence of FHR-4B. FHR-4A 
levels (avg. 2.55 ± 1.46 µg/mL) were within the range of most of the previously reported 
levels for all other FHRs. FHR-4A was found to be highly variable among the population, 
suggesting a strong genetic regulation. These results shed light on the physiological 
relevance of the previously proposed role of FHR-4A and FHR-4B as antagonists of FH 
in the circulation.

 

Keywords: factor h-related-4a, factor h-related-4B, factor h, factor h-related proteins, cFhr4 gene, the 
complement system

inTrODUcTiOn

The complement system is an evolutionarily ancient protein cascade which, through a series of 
events, recognizes, attacks, and kills foreign cells like bacteria, but can also target host cells [reviewed 
by Ricklin et  al. (1)]. In order to prevent damage of healthy host cells, humans possess several 
complement regulators. Some are membrane bound and expressed on the cell surface; however, 
one of the most important regulators, complement factor H (FH) circulates freely in plasma. FH 
is a 155 kDa glycoprotein that circulates in blood with a reported average concentration ranging 
from 233 up to 400 µg/mL or 1.5–2.6 µM (2–6). FH is a crucial regulator of the alternative acti-
vation pathway of the complement system, orchestrating complement activation toward foreign 
cells by specifically binding to and inhibiting complement on human cells. FH belongs to the FH 
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FigUre 1 | Characterization of anti-FHR-4A monoclonal antibodies (mAbs). (a) Cross-reactivity of the anti-FHR-4A mAbs to biotinylated rhFHR proteins and 
biotinylated plasma-derived FH was determined by ELISA. (B) Schematic representation of FHR-4A, FHR-4B, and the recombinant fragments of FHR-4A used  
for epitope mapping, with the duplicated SCR domains in FHR-4A depicted in black. Corresponding percentage of sequence identity between the domains in 
FHR-4A is indicated. Domains 1 and 6–9 of FHR-4A are completely identical to the domains of FHR-4B (indicated by gray shading). (c) Epitope mapping of 
anti-FHR-4A antibodies using the fragments of rhFHR-4A as depicted in (B), determined by ELISA. As a control, polyclonal anti-FHR-3 (poly), which cross-reacts 
with all FHR proteins was used. (D) Schematic representation of the epitope location of each of the anti-FHR-4A mAbs. Single epitope mAbs are listed above 
FHR-4A, mAbs with multiple epitopes below. Note that most cross-reactive mAbs have two epitopes in FHR-4A, due to the high sequence similarity of the SCR 
domains. (e) Competition ELISA with monospecific mAbs (anti-FHR-4A.02 and 4A.04) and cross-reactive mAbs (anti-FHR-4A.08 and 4A.11). Binding of biotinylated 
rhFHR-4A is expressed as relative to the binding of biotinylated rhFHR-4A without any competing mAb. Bars represent mean of independent replicates with error 
bars indicating SD. All graphs are representative of multiple independent experiments.
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protein family, which consists of eight proteins derived from 
six genes, encoded in tandem in the CFH locus. The CFH gene 
itself encodes two proteins, FH and its splice-variant FH-like 
1 (FHL-1). Next to FH and FHL-1, six factor H-related (FHR) 
proteins are found in plasma. Like FH and FHL-1, the FHRs are 
completely comprised of domains called short consensus repeat 
(SCR) domains. FHR-1, FHR-2, FHR-3, and FHR-5 are encoded 
separately by corresponding genes (CFHR1, CFHR2, CFHR3, 
and CFHR5), while FHR-4A and FHR-4B are splice variants 
encoded by CFHR4 (7, 8). FHR-4A is the largest FHR (86 kDa) 
and comprises nine SCR domains, while FHR-4B has been pre-
dicted to consist of five SCR domains (43 kDa) (7, 8). The five 
SCR domains of FHR-4B are completely identical to SCR 1 and 
SCRs 6–9 of FHR-4A (Figure 1B). The unique four SCR domains 

between SCRs 1 and 6 of FHR-4A appear to have arisen from an 
internal duplication in CFHR4 and are highly similar to the other 
SCR domains in FHR-4A and, therefore, also to FHR-4B (8). SCR 
1 is highly similar to SCR 5 (85%), 2–6 (90%), 3–7 (93%), and 
SCR 4 to SCR 8 (87%) in FHR-4A. This makes it challenging to 
specifically distinguish FHR-4A from FHR-4B in immunoassays.

It is still unclear what the role of FHR-4A and FHR-4B is 
within the complement system. Increasing evidence indicates 
that FHRs act as antagonists of FH, competing with FH for the 
binding to complement C3b and human cell surfaces [reviewed 
by Józsi et al. (9)]. FHR-4A and -4B seem to lack physiologically 
relevant complement inhibitory activities on their own. FHR-4A 
has been reported to enhance the co-factor activity of FH at sup-
raphysiological concentrations (10, 11). Furthermore, binding of 
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FHR-4A and FHR-4B instead of FH allows complement activa-
tion to occur on the surface (11) and FHR-4A and FHR-4B might 
act as a competitor of FH. This form of regulation might serve 
to fine-tune complement inhibition by FH on surfaces where 
balanced complement activation is required for clearance, such 
as on necrotic and apoptotic cells. This hypothesis would also 
explain associations between genetic variation in CFHR genes 
and various diseases. For instance, the lack of CFHR3 and CFHR1 
due to copy number variation (CNV) has been repor ted to be 
protective against age-related macular degeneration (12,  13). 
However, no such link with disease has yet been found for 
CFHR4. Like other FHRs, FHR-4A and FHR-4B bind to C3b and 
C-reactive protein, allowing complement activation to occur (11, 
14, 15). Furthermore, FHR-4A has been reported to recruit CRP 
to necrotic cells in vitro, allowing more complement activation 
to occur, and is found to be accumulated in necrotic tissue (14). 
However, in contrast to all other members of the FH protein 
family, FHR-4A and FHR-4B seem to lack any affinity toward 
heparin (16, 17).

Highly relevant for the proposed antagonistic properties of 
FHR proteins is their physiological concentration, especi ally 
in relation to FH. Recently, we have reported normal pro tein 
conc entrations for all FHRs in >100 healthy individuals, except 
for FHR-4A and FHR-4B. FHR-1/1 homodimers, FHR-2/2 
homodimers, and FHR-1/2 heterodimers circulate at average 
concentrations of 14.6 (±3.0), 0.7 (±0.4), and 5.8 (±2.4) μg/mL, 
respectively, in healthy donors with two CFHR1 copies, whereas 
FHR-5/5 homodimers circulate at 1.7 (±0.4) μg/mL in healthy 
donors (18). Of note, the FHR-1 total levels have recently also 
been reported to be 122 (±26) μg/mL, without distinguishing 
between homo- or heterodimers, nor fully describing the cali-
bration used (19). However, a third, independent, group recently 
reported combined, total FHR-1, FHR-2, and FHR-5 levels, 
measured in an immunoassay, to be 10.7 (±5.4) μg/mL, thus 
supporting the lower levels for FHR-1 and FHR-2 (20). FHR-3 
circulates at average concentrations of 0.7–1.1 µg/mL (6, 21). For 
FHR-4A and FHR-4B, only total FHR-4 levels ranging from 6.5 
to 53.9 µg/mL with an average concentration of 25.4 µg/mL have 
been described, measured in only 11 healthy individuals (11). 
These levels were determined without distinguishing between 
FHR-4A and FHR-4B. Therefore, in order to specifically measure 
FHR-4A and FHR-4B, as well as establishing normal levels in a 
larger cohort of healthy individuals, we have developed specific 
reagents for FHR-4A and FHR-4B. Monoclonal antibodies (mAbs) 
were used to specifically detect FHR-4A, but we were unable to 
detect any freely circulating FHR-4B in human serum, despite the 
use of various cross-reactive mAbs. Finally, we demonstrate that 
FHR-4A levels vary greatly among healthy individuals.

MaTerials anD MeThODs

samples
Healthy donor serum samples were collected as part of a previous 
study from anonymous, healthy volunteers with informed, written 
consent in accordance with Dutch regulations and this study was 
approved by the Sanquin Ethical Advisory Board in accordance 
with the Declaration of Helsinki (6). Normal human serum (NHS) 

pool comprises serum from 400 healthy donors. FHR-3-deficient 
serum pool comprises serum of four healthy donors previously 
genotyped by multiplex ligation-dependent probe amplification 
to carry no CFHR3 gene copies (6). Samples of patients with con-
firmed bacterial infections were collected as part of the EUCLIDS 
project (van Beek et al., manuscript in preparation). CRP levels 
were determined in these samples as part of routine testing.

Proteins and reagents
Rat anti-mouse kappa (RM-19) mAb was from Sanquin Reagents 
(Sanquin, Amsterdam, the Netherlands). High-performance 
ELISA buffer (HPE) was provided by Sanquin. Proteins were 
biotinylated according to the manufacturer’s instructions using 
EZ-Link Sulfo-NHS-LC-Biotin, No-Weigh Format (Thermo 
Scientific, Waltham, MA, USA), when indicated. Polyclonal anti-
FHR-3 antibodies and mAb clone anti-FHR-3.3 were obtained 
and characterized as part of a previous study (6). Recombinant 
human (rh) FHR proteins, containing a C-terminal 6×-histidine 
tag, were produced and purified as previously described (6). 
In short, proteins were expressed by transient transfection of 
pcDNA3.1 expression vectors in HEK293F cells, after which 
proteins were purified from the supernatant by Ni2+ affinity chro-
matography using HisTrap™ High Performance 1 mL columns 
(GE Healthcare Life Sciences, Freiburg, Germany). rhFHRs were 
filtered and concentrated using Amicon® Ultra Centrifugal Filter 
Devices (Merck Millipore, Darmstadt, Germany) according to 
the manufacturer’s instructions using appropriate molecular 
weight cut-offs. For rhFHR-4A, a 100 kDa cut-off Amicon® Filter 
was used to further purify rhFHR-4A from any high molecular 
weight aggregates observed after Ni2+ affinity chromatography 
purification (Figures S1A,B in Supplemental Material).

immunization, mab generation,  
and characterization
Anti-FHR-4A mAbs were generated, screened, and purified 
as previously described, using rhFHR-4A as immunogen (6). 
Isotypes of mAbs were determined by ELISA or with the use 
of the Mouse mAb Isotyping Kit (Hycult Biotech, Uden, the 
Netherlands) according to the manufacturer’s instructions. 
Cross-reactivity against other FH protein family members was 
determined as previously described (6).

epitope Mapping
The epitope location of each of the anti-FHR-4A mAbs was 
determined using rhFHR-4A, rhFHR-4B, and rhFHR-4A frag-
ments consisting of SCR domains 1–3, 2–4, 4–9, 5–7, or 8–9 as 
previously described (15). Proteins and fragments were coated 
(4 µg/mL in PBS) onto Nunc Maxisorp 96-well microtiter plates 
(Invitrogen, Life Technologies, Carlsbad, CA, USA) by over-
night (O/N) incubation at 4°C. Plates were washed three times 
with PBS + 0.02% (w/v) Tween-20 (PT) and blocked with 4% 
(w/v) BSA in PBS by incubation for 1 h. After another wash with 
PT, wells were incubated with the anti-FHR-4A mAbs diluted 
in PT for 1 h. Unbound anti-FHR-4A mAbs were washed away 
by washing the wells five times with PT, followed by incubat-
ing with 0.05% (v/v) HRP-conjugated rabbit anti-mouse IgG 
(Dako Agilent, Santa Clara, CA, USA) for 1 h and subsequently 
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washing the plates five times. The ELISA was developed using 
3,5,3′,5′-tetramethylbenzidine (TMB) solution and the reac-
tion was stopped using 50 µL 2 M H2SO4. As a positive control, 
FHR-4A fragments were detected using polyclonal rabbit anti- 
FHR-4A, followed by HRP-conjugated goat anti-rabbit IgG 
(Dako Agilent). All ELISA steps were performed with a final 
volume of 50 µL per well and incubated at room temperature 
while shaking unless stated otherwise. Absorption was measured 
at 450 nm and corrected for background absorbance at 620 nm.

competition elisa
To determine whether the mAbs competed for the binding of 
rhFHR-4A, Nunc Maxisorp 96-well microtiter plates (Invitrogen) 
were coated with 100 µL of 2 µg/mL anti-FHR-4A mAbs, in PBS, 
by incubating O/N at room temperature. Next, the plates were 
washed with PT. Biotinylated rhFHR-4A (0.1  µg/mL, in HPE) 
was incubated with 10 µg/mL of each mAb for 20 min, followed 
by incubation on the washed plate for 1  h. Next, unbound 
biotinylated rhFHR-4A was washed away and the wells were 
incubated with 0.01% (v/v) strep-poly-HRP (Sanquin), diluted 
in HPE, for 20 min. After washing, the assay was developed by 
addition of 100 µL of 100 µg/mL TMB in 0.11 M sodium acetate 
containing 0.003% (v/v) H2O2, pH 5.5. Substrate conversion was 
stopped after approximately 10 min by addition of 100 µL 2 M 
H2SO4. Absorbance was measured at 450 nm and corrected for the 
absorbance at 540 nm with a Synergy 2 Multi-Mode plate reader 
(BioTek Instruments, Winooski, VT, USA). All ELISA steps were 
performed with a volume of 100  µL per well and incubated at 
room temperature while shaking unless stated otherwise.

sucrose gradient
Sucrose gradients were described previously (18). In short, NHS 
or FHR-3-deficient serum (150  µL of 50%, v/v, pooled serum, 
diluted in PBS) were loaded on 5–32.9% (w/v) sucrose (Merck 
1.07654) gradients. Gradients were centrifuged for 20  h at 
160,000  ×  g after which they were fractionated in 24 fractions 
of 500 µL. Proteins were immunoprecipitated and visualized on 
Western Blots as described below.

immunoprecipitation (iP)
Factor H-related-4A and FHR-4B were immunoprecipitated from 
human healthy donor serum or sucrose gradient fractions using 
indicated mAbs. IP was performed by incubating 200 µL serum 
or 250  µL sucrose gradient fraction with 500  µL of 5  mg/mL  
CNBr-activated sepharose (GE Healthcare, Little Chalfont, UK) to 
which RM-19 was coupled (25 mg mAb per 1 g sepharose), and 
50 µL of 100 µg/mL mAb, diluted in PBS supplemented with 0.1% 
Tween-20, 0.1% BSA, and 10  mM EDTA. Following overnight 
incubation at 4°C, while rotating, the sepharose was washed three 
times with 1 mL PT and two times with 1 mL PBS. Precipitated pro-
teins were eluted by addition of 50 µL 1× NuPAGE Sample buffer 
solution (Invitrogen) and incubation at 70°C for 10  min. After 
spinning down the sepharose, SDS-PAGE under non-reducing 
conditions was performed using a Novex NuPAGE 10 or 4–12% 
Bis–Tris gel followed by Western Blot onto a nitrocellulose mem-
brane (Novex iBlot Gel Transfer kit, Invitrogen). Membranes were 
blocked with 1% (v/v) Western Blocking Reagent (WBR) (Roche, 

Basel, Switzerland) in PBS for 30 min and incubated with 1 µg/mL  
biotinylated polyclonal rabbit anti-FHR-3 in PBS  +  0.5% (v/v) 
WBR, O/N. After washing three times with PT, membranes were 
incubated with 0.1% (v/v) Strep-HRP in PBS + 0.5% (v/v) WBR. 
After 1 h, the membranes were washed three times with PT fol-
lowed by two washes with PBS. Western Blots were developed with 
the Pierce ECL 2 Western Blotting substrate kit (Thermo Scientific) 
according to the manufacturer’s instructions and analyzed using 
the ChemiDoc™ MP System (BioRad, Hercules, CA, USA).

Fhr-4a elisa
To measure FHR-4A in serum, RM-19 was coated (3 µg/mL in PBS) 
onto Nunc Maxisorp 96-well microtiter plates (Invitrogen) by O/N 
incubation at room temperature. After coating, plates were washed 
five times with PT, followed by incubation with 1 µg/mL anti-FHR-
4A.04 in HPE, for 1 h. After washing, samples, diluted in HPE, were 
added and incubated for 1 h. Following washing with PT, 0.5 µg/mL 
biotinylated polyclonal anti-FHR-3 (in HPE) was incubated on the 
plate for 1 h. Next, unbound conjugate was washed away and the 
wells were incubated with 0.01% (v/v) strep-poly-HRP (Sanquin), 
diluted in HPE, for 20 min. After washing, the assay was developed 
as described above using TMB and measuring absorbance at  
450 nm and correcting for the absorbance at 540 nm. All ELISA  
steps were performed with a volume of 100 µL per well and incub-
ated at room temperature while shaking unless stated otherwise. 
For the calibration of the FHR-4A ELISA, highly pure rhFHR-4A 
was used (Figure S1B in Supplemental Material) of which the con-
centration was determined by measuring the absorbance at 280 nm 
and using an absorbance coefficient of 2.134 (0.1% w/v solution).

statistical analysis
Analysis and statistical tests were performed using GraphPad 
Prism, version 7.03 (GraphPad Software, La Jolla, CA, USA).

resUlTs

characterization of mabs against Fhr-4a
We characterized 13 mouse mAbs raised against rhFHR-4A. 
All mAbs were first tested for cross-reactivity against all other 
members of the FH protein family (Figure 1A). The mAbs were 
named in order of increasing cross-reactivity: anti-FHR-4A.01 to 
4A.06 being mono-specific for rhFHR-4A, anti-FHR-4A.07, and 
4A.08 recognizing both rhFHR-4A and -4B, anti-FHR-4A.09 to 
4A.11 recognizing rhFHR-3, 4A, and -4B, anti-FHR-4A.12 binding 
rhFHR-2, -3, -4A, and -4B, whereas anti-FHR-4A.13 recognizes all 
rhFHRs except rhFHR-5. None of the anti-FHR-4 mAbs showed 
cross-reactivity with either FHR-5 or FH.

With the use of recombinant fragments comprising different 
FHR-4A domains (Figure  1B), the epitope location of almost 
all anti-FHR-4A mAbs were mapped. As expected, all FHR-4A-
specific mAbs (anti-FHR-4A.01 to 4A.06) bound to an epitope 
located in domains 2–5, which are unique for rhFHR-4A and not 
present in rhFHR-4B (Figures 1C,D). Of these FHR-4A specific 
mAbs, only anti-FHR-4A.04 recognized an epitope located in 
domain 5, whereas all other mAbs bound to an epitope in domain 2 
or 3. Anti-FHR-4A.01, 4A.02, 4A.03, 4A.05, and 4A.06, competed 

158

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


TaBle 1 | Anti-factor H-related (FHR)-4A monoclonal antibodies characterized in this study.

epitope location (domain)

Designation Mouse isotype 1st 2nd cross-reactivity competes with

Anti-FHR-4A.01 IgG1, Kappa 2–3 – None 4A.02, 4A.03, 4A.05, 4A.06
Anti-FHR-4A.02 IgG1, Kappa 2–3 – None 4A.01, 4A.03, 4A.05, 4A.06
Anti-FHR-4A.03 IgG1, Kappa 2–3 - None 4A.01, 4A.02, 4A.05, 4A.06
Anti-FHR-4A.04 IgG1, Kappa 5 – None None
Anti-FHR-4A.05 IgG2b, Kappa 2–3 – None 4A.01, 4A.02, 4A.03, 4A.06
Anti-FHR-4A.06 IgG1, Kappa 2–3 – None 4A.01, 4A.02, 4A.03, 4A.05
Anti-FHR-4A.07 IgG1, Kappa 2–3 6–7 rhFHR-4B None
Anti-FHR-4A.08 IgG1, Kappa 1 5 rhFHR-4B 4A.01, 4A.02, 4A.03, 4A.05, 4A.06
Anti-FHR-4A.09 IgG1, Kappa 8–9 – rhFHR-3, -4B None
Anti-FHR-4A.10 IgG1, Kappa 4 8 rhFHR-3, -4B None
Anti-FHR-4A.11 IgG1, Kappa 2–3 6–7 rhFHR-3, -4B 4A.01, 4A.02, 4A.03, 4A.05, 4A.06
Anti-FHR-4A.12 IgG1, Kappa 4 8 rhFHR-2, -3, -4B None
Anti-FHR-4A.13 IgG1, Kappa Unknown Unknown rhFHR-1, -2, -3, -4B 4A.09

FigUre 2 | Immunoprecipitation (IP) of plasma-derived factor H-related (FHR) proteins by the anti-FHR-4A monoclonal antibodies (mAbs). (a) Western blot 
following IP from pooled normal human serum using the indicated mAbs. For comparison, 100 ng rhFHR-4A and rhFHR-4B were loaded on the left side of the gel. 
Precipitated proteins are indicated with arrowheads on the right side of the blot. (B) As in (a), but with pooled serum of healthy donors who are deficient for CFHR3 
and CFHR1 and using only the cross-reactive anti-FHR-4A mAbs for IP. (c) IP using polyclonal anti-FHR-3 and serum of two healthy donors with either two CFHR3 
(CFHR3 suf.) or no CFHR3 (CFHR3 def.) gene copies. All Western blots were stained with cross-reactive biotinylated polyclonal anti-FHR-3. Precipitated proteins are 
indicated with arrowheads on the right side of each blot. Results are representative of multiple independent experiments.
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with each other for the binding of rhFHR-4A, indicating identical 
or partially overlapping epitopes (data not shown).

Of the mAbs that cross-reacted with rhFHR-4B and other 
FHR protein family members, most appeared to bind to either of 
two epitopes in rhFHR-4A, reflecting the high degree of similar-
ity between these SCR domains 2–5 in FHR-4A and the domains 
1, 6, 7, and 8 in FHR-4A and FHR-4B.

Only anti-FHR-4A.09 appeared to have one epitope in domain 
8 or 9, recognizing both rhFHR-4A and rhFHR-4B, while also 
cross-reacting with FHR-3.

The cross-reactive mAbs anti-FHR-4A.08 and anti-FHR-
4A.11 were able to block binding of rhFHR-4A to the mono-
specific FHR-4A mAbs; however, in the reverse setting, this 
cross-blocking was not achieved (Figure 1E). This is in line with 
the presence of two epitopes for anti-FHR-4A.08 and 4A.11 in 
rhFHR-4A. It indicates that one of the two epitopes for anti-FHR-
4A.08 and anti-FHR-4A.11 is partially overlapping or sterically 
hindering the binding site of the monospecific mAbs. The epitope 
location of anti-FHR-4A.13 could not be mapped due to a very 
low and ambiguous binding signal when the fragments were 

used. However, binding of rhFHR-4A to anti-FHR-4A.13 could 
be blocked with anti-FHR-4A.09, suggesting an epitope location 
in either domain 8 or 9 for anti-FHR-4A.13. An overview of 
the mAbs characteristics, the mapped epitope location, and the 
cross-reactivity is given in Table 1.

Only Fhr-4a is Detected in nhs
Next, we tested whether the anti-FHR-4A mAbs capture FHR-4A 
and FHR-4B from NHS. To this end, an IP followed by Western 
Blot was performed, which was developed with cross-reactive 
biotinylated polyclonal anti-FHR-3. Of the specific anti-FHR-4A 
mAbs, only anti-FHR-4A.04 seemed to efficiently capture FHR-4A 
from NHS, resulting in a clear protein band corresponding to 
the molecular weight of FHR-4A (86 kDa) (Figure 2A). Only a 
very faint FHR-4A band was visible in the precipitates of anti- 
FHR-4A.01, 4A.02, 4A.03, 4A.05, and 4A.06. In addition, both 
anti-FHR-4A.07 and anti-FHR-4A.13 were neither able to 
efficiently immunoprecipitate FHR-4A from serum nor any 
of the other FHR proteins with which these mAbs cross-react. 
A band corresponding to FHR-4B (43  kDa) in the IP with 
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FigUre 3 | Sucrose gradients of normal human serum (NHS) and CFHR3-deficient serum. Western Blots of immunoprecipitation (IP) of fractions (1–24)  
from a sucrose gradient with (a) NHS or (B) a serum pool deficient for FHR-3 (CFHR3−/−). IP was performed using anti-FHR-3.3, Western Blots were stained  
with biotinylated polyclonal anti-FHR-3 antibody. Fractions containing IgM (970 kDa, fractions 3–7), IgG (150 kDa, fractions 15–17), or albumin (66 kDa,  
fractions 17–21) are indicated above the blots and used as size reference. Identified proteins are indicated with arrowheads on the right side.
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anti-FHR-4A.08 also appeared to be missing, while the mAb was 
found to be cross-reactive with rhFHR-4B in the ELISA. A pro-
tein band corresponding to FHR-4B could not be distinguished 
in the IP of anti-FHR-4A.09 to anti-FHR-4A.12, as these mAbs 
also precipitated FHR-3 (43–50 kDa), which migrates at the same 
expected molecular weight and is also recognized by the poly-
clonal anti body. Therefore, to better visualize the IP of FHR-4B, 
an IP from a FHR-3-deficient serum pool was performed, using 
the cross-reactive mAbs. However, also in these conditions, 
no band corresponding to FHR-4B was detected in the IP of 
anti-FHR-4A.08 to anti-FHR-4A.12, which was unexpected 
given the cross-reactivity we observed with rhFHR-4B in ELISA 
(Figure 2B). On the other hand, anti-FHR-4A.12 did immuno-
precipitate FHR-2 from NHS, confirming the cross-reactivity 
results obtained with rhFHR-2. As a control, the IP was repeated 
with the cross-reactive polyclonal anti-FHR-3 using serum of two 
healthy donors, one with two CFHR3 gene copies, and one with no  
CFHR3 gene copies. This resulted in the precipitation of FH, 
FHL-1, FHR-3, and FHR-4A (Figure 2C). However, also with this 
set-up, no FHR-4B was detected.

Serum fractionated by sucrose gradients was previously used 
to investigate the molecular size of FHR proteins in their native 

state (18). Using a recently characterized anti-FHR-3 mAb that 
cross-reacts with FH, rhFHR-4A, rhFHR-4B, and FHL-1 (clone 
anti-FHR-3.3) (6), we investigated the circulating molecular size 
of FHR-4A relative to FH and FHR-3, by IP of these proteins 
from sucrose gradient fractions. As expected, FH was precipitated 
from the fractions also containing IgG, while FHR-3 was mainly 
present in the fractions containing albumin, corresponding with 
their respective molecular weights (155 and 50 kDa) (Figure 3A). 
FHR-4A was found in the fractions corresponding with its 
molecular weight (86 kDa), between the main fractions contain-
ing FH and FHR-3. Again, no bands corresponding with FHR-4B 
were found in the sucrose gradient fractions of neither the FHR-3 
sufficient nor the FHR-3-deficient serum pool (Figure 3B).

Fhr-4a levels Vary greatly Between 
individuals
As we could not detect FHR-4B in human serum, we next 
focused on specifically measuring FHR-4A by ELISA. FHR-4A 
was measured using the monospecific mAb anti-FHR-4A.04, 
captured on immobilized RM-19, and using biotinylated 
polyclonal anti-FHR-3 antibody as a conjugate. The specificity 
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FigUre 4 | Development of the factor H-related (FHR)-4A specific ELISA. (a) Representative result on the reactivity of the FHR-4A ELISA against rhFHR proteins 
and plasma-derived FH. Anti-FHR-4A.04 was used as monospecific catching mAb, and binding of antigen was detected using cross-reactive polyclonal anti- 
FHR-3. (B) Calibration of pooled normal human serum using rhFHR-4A (10 µg/mL) in the FHR-4A ELISA. (c) Comparison of FHR-4A levels in seven paired serum 
and EDTA plasma samples using the FHR-4A ELISA. Each point represents the mean of three independent measurements per sample. (D) Effect of multiple freeze/
thaw cycles. Each point represents the mean of three independent measurements per sample with error bars indicating SD. Dashed lines indicate 90–110% range. 
(e) Concentration of FHR-4A in 129 healthy donor sera, measured by ELISA. Each point represents the mean of three independent measurements per serum 
sample. Line indicates mean with SD. (F) Scatter plot of FHR-4A levels versus CRP levels determined in 78 patients with acute bacterial infection. Correlation  
was assessed using Spearman’s correlation test.
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of the FHR-4A ELISA was confirmed using rhFHR proteins 
and plasma purified FH, giving a clear signal for rhFHR-4A 
(Figure 4A). Both rhFHR-3 and rhFHR-4B were detected at the 
highest concentrations we tested, but the FHR-4A ELISA was 
found to be 843-fold and 1,490-fold more sensitive for rhFHR-
4A compared to rhFHR-4B or rhFHR-3, respectively. Next, using 
purified rhFHR-4A, we calibrated a NHS pool to contain 2.33 µg/
mL FHR-4A, which was subsequently used as a calibration curve 
in the FHR-4A ELISA (Figure  4B). FHR-4A levels in serum 
and plasma did not differ (Figure 4C, P >  0.05), nor were the 
levels affected by repeated freeze/thaw cycles (Figure 4D). Next, 
we measured the levels of FHR-4A in serum from 129 healthy 
donors. The average concentration of FHR-4A was found to 
be close to the concentration found in the NHS pool, being 
2.55 µg/mL or 29.65 nM. Moreover, FHR-4A levels were found 
to be highly variable with a SD of 1.46 µg/mL and ranging from 
0.26 up to 6.20  µg/mL (Figure  4E). We subsequently investi-
gated whether FHR-4A behaves as an acute phase protein. To 
this end, we measured FHR-4A levels in 78 patients during an 
acute bacterial infection. No correlation was found for FHR-4A 
with CRP levels (r = 0.024, P = 0.834, Figure 4F). Of note, no 
total deficiency for FHR-4A was found in any healthy donor or 
patient measured during this study.

DiscUssiOn

The FHR proteins are hypothesized to act as antagonists of 
complement regulator FH, competing for binding to ligands and 
allowing, instead of inhibiting, complement activation on surfaces 
(9). Several reports have shown that recombinant FHR-4A and -4B 
indeed bind to known FH ligands and allow complement activa-
tion to occur in vitro (11, 14, 15). To date, normal levels of FHR-1, 
FHR-2, FHR-3, and FHR-5 have been reported and were found 
to be circulating at much lower concentration as compared to FH 
(6, 18, 21, 22). In this report, we describe the circulating levels 
of FHR-4A in healthy individuals, using novel, well-characterized 
anti-FHR-4A mAbs. FHR-4B is apparently absent in blood, imply-
ing that FHR-4A is the dominant splice variant of CFHR4.

We obtained thirteen mAbs that were raised against rhFHR-
4A, of which, six were found to be monospecific for FHR-4A. 
Their epitopes were mapped to be located within the four SCR 
domains unique for FHR-4A (and absent in FHR-4B). Of the 
seven cross-reactive mAbs that could also recognize the rhFHR-
4B protein, six mAbs were found to bind to two epitopes within 
rhFHR-4A, corresponding to SCR domains that share high 
sequence similarity within rhFHR-4A because of the known 
internal gene duplication. The presence of two epitopes for 
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these mAbs in rhFHR-4A was further supported by competition 
experiments. The rhFHR-4A-specific mAbs (one epitope) were 
not able to prevent binding of rhFHR-4A to cross-reactive mAbs 
(two epitopes), whereas the cross-reactive mAbs blocked binding 
to the specific mAbs, indicating that one of the two epitopes of the 
cross-reactive mAbs is overlapping with the epitope of the specific 
anti-FHR-4A mAbs.

Seven mAbs (anti-FHR-4A.01, -4A.02, -4A.03, -4A.05, 
-4A.06, -4A.07, and -4A.13) seemed unable or very inefficient 
in immunoprecipitating FHR-4A from NHS. The lack thereof is 
indicative for a much lower binding affinity for plasma-derived 
FHR-4A compared to rhFHR-4A. Strikingly, the epitopes of anti-
FHR-4A.01, -4A.02, -4A.03, -4A.05, -4A.06, and -4A.07 are all 
located in SCR domains of FHR-4A that contain (multiple) puta-
tive N-linked glycosylation sites. While rhFHR-4A is produced by 
HEK293F cells and thus possesses glycans from human origin, it 
is possible that differences in the exact glycan composition from 
those found in vivo are involved in the apparent lack of binding 
affinity toward serum-derived FHR-4A. This might also be the 
case for anti-FHR-4A.13, for which we could not precisely map 
the epitope location.

We were unable to identify a band corresponding to FHR-4B 
in the IP by five different cross-reactive mAbs against rhFHR-4A 
and rhFHR-4B. These mAbs were able to precipitate FHR-4A from 
serum. Because anti-FHR-4A.08, -4A.10, -4A.11, and -4A.12 all 
recognized two epitopes in rhFHR-4A, it is possible that the lack 
of FHR-4B detection following IP was caused by a difference 
in binding avidity, favoring FHR-4A over FHR-4B. However, 
anti-FHR-4A.09, which also did not precipitate FHR-4B from 
human serum, only recognized one epitope in domain 8/9 or 4/5 
of FHR-4A and FHR-4B, respectively. Thus far, only one report 
has suggested the presence of FHR-4B in human serum, being 
distinguished from FHR-3 by Western blotting following 2D 
electrophoresis separation (23). These blots were stained using 
cross-reactive polyclonal antibodies, making it unclear whether 
it is truly FHR-4B that was originally detected or not. Even if 
present, the levels of freely circulating FHR-4B must be extremely 
low compared to FHR-4A, since it was undetectable in any of 
our assays. Our current results are supported by previous reports, 
in which Western Blot analysis of human plasma also seems to 
indicate that FHR-4A is the dominant splice variant (8, 24). 
Hence, we developed an ELISA capable of specifically measuring 
FHR-4A and determined the normal average concentration of 
FHR-4A at 2.55 µg/mL (i.e., 29.65 nM). This is a 67.5-fold molar 
difference compared to the ~2 μM concentration of FH in human 
serum. The FHR-4A levels reported here are in line with previous 
reported levels determined by mass spectrometry (25) but stand 
in great contrast with the FHR-4 concentration of 25.4 µg/mL, 
as determined previously by an immunoassay (11). As discussed 
above, it seems unlikely that FHR-4B, which in theory was also 
measured in the previous report, can account for this difference. 
Both ELISAs catch FHR-4A with a monoclonal antibody while 
detecting it with a polyclonal antibody. Hence, it is more likely 
that there is a difference in the Sf9-derived rhFHR-4A previously 
used (14) and the HEK293F-derived rhFHR-4A used here for 
the calibration of the assays. Considering the recently reported 
normal values for all other FHR proteins (6, 18, 21, 22), ranging 

from 0.7 to 12 µg/mL (with FHR-1 being the most abundant FHR 
protein), it seems the values that we report for FHR-4A are likely 
to be correct.

We found considerable variation in FHR-4A concentra-
tion among healthy individuals, which is in line with previous 
observations by others (8, 17). This high degree of variation 
is also found in FHR-3 (6). However, the variation in FHR-3 
levels can, to a major extent, be explained by the CFHR3/CFHR1 
deletion, which is relatively common with an allele frequency 
of about 20% in the Western population (12, 13, 26–30). The 
second known deletion in the CFH-CFHR locus, encompassing 
CFHR1 and CFHR4, is far less common with an allele frequency 
of about 0.9% in the Western population (31). Thus, it is unlikely 
that CNV of CFHR4 explains the variation seen in FHR-4A 
levels, suggesting that other as yet unknown genetic variations 
determine the concentrations of FHR-4A, which is independ-
ent of inflammation since FHR-4A did not behave as an early 
acute phase protein. Studies investigating the genetic variation(s) 
resulting in altered FHR-4A expression are currently ongoing.

In summary, we characterized novel anti-FHR-4A mAbs, 
which were employed to develop a highly specific FHR-4A ELISA. 
FHR-4A was found to be the dominant splice variant of CFHR4 
and circulates in healthy individuals at an average concentration 
of 2.55 (±1.46) μg/mL. Similar to the other FHR proteins, the 
circulating levels of FHR-4A are much lower as compared to FH 
(~0.03 versus ~2 μM, respectively).
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Medical Center, University of Amsterdam, Amsterdam, Netherlands, 2 Department of Pediatric Hematology, Immunology and 
Infectious Diseases, Emma Children’s Hospital, AMC, University of Amsterdam, Amsterdam, Netherlands, 3 Department of 
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The lectin pathway (LP) of complement activation depends on the activation of the 
MBL-associated serine proteases (MASPs) circulating in complex with mannan-binding 
lectin (MBL). MBL deficiency is the most common complement deficiency and has 
been associated with several pathological conditions. As we had previously shown, 
plasma-derived MBL (pdMBL) contains pre-activated MASPs that upon in vivo pdMBL 
substitution results in restoration of MBL concentrations but no LP functionality due 
to immediate inactivation of pdMBL–MASP complexes upon infusion. In this study, 
we analyzed MBL-sufficient and -deficient serum by size-exclusion chromatography 
for complexes of LP activation. In both sera, we identified non-bound free forms of 
MASP-2 and to lesser extent MASP-1/3. After addition of recombinant MBL (rMBL) to 
MBL-deficient serum, these free MASPs were much less abundantly present, which is 
highly suggestive for the formation of high-molecular complexes that could still become 
activated upon subsequent ligand binding as shown by a restoration of C4-deposition 
of MBL-deficient serum. Ficolin (FCN)-associated MASPs have been described to redis-
tribute to ligand-bound MBL, hereby forming new MBL/MASP complexes. However, 
reconstitution of MBL-deficient serum with rMBL did not change the relative size of the 
FCN molecules suggestive for a limited redistribution in fluid phase of already formed 
complexes. Our findings demonstrate that rMBL can associate with free non-bound 
MASPs in fluid phase while preserving full restoration of LP functionality. In contrast 
to pdMBL products containing pre-activated MASPs which become inactivated almost 
immediately, these current data provide a rationale for substitution studies using rMBL 
instead.

Keywords: recombinant MBl, MBl-associated serine protease, redistribution, mannan-binding lectin–MBl-
associated serine protease complexes, size-exclusion chromatography
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inTrODUcTiOn

The complement system is an intricate and subtle cascade com-
prising more than 50 soluble and cell-bound proteins to defend 
against a wide range of bacterial and fungal pathogens. The com-
plement system has an array of different functions, which includes 
opsonization and lysis of pathogens, elimination of immune 
complexes, and stimulation and chemotaxis of leukocytes (1, 2).

In general, the complement system is divided into three acti-
vating pathways, which all converge into the so-called terminal 
pathway. The antibody-dependent classical pathway (CP) is 
activated upon the binding of C1q to immune complexes. Upon 
binding of mannan-binding lectin (MBL) (or other collectins 
such as CL-L1 or CL-K1), or one of the three ficolins (FCNs), 
to pathogen-specific carbohydrates, the MBL-associated serine 
proteases (MASPs) are activated resulting in activation of the 
lectin pathway (LP). The alternative pathway is spontaneously 
activated on surfaces that lack complement regulatory proteins 
and can act as an amplification loop for both the CP and the LP. 
All three activating pathways converge at the level of C3 and can 
subsequently activate the terminal pathway to form the membrane 
attack complex for complement-mediated lysis of target cells.

Several LP pattern-recognition molecules (PRMs) have been 
identified. Most important are MBL and the so-called FCNs (3). 
In serum, the basic unit of MBL (a trimer of 32 kDa polypeptide 
chain) oligomerizes to form higher-order molecules ranging from 
dimers to hexamers (650 kDa) and higher (4, 5). MBL circulates 
in complex with the inactive zymogens of MASPs (4). The differ-
ent higher-order oligomeric forms of MBL may have a different 
composition of MASPs, possibly combining different MASPs in 
one complex (6, 7). There are two major MASPs: i.e., MASP-2 
and MASP-1. The 74-kDa MASP-2 is auto-activated upon ligand 
binding of the PRMs, and the activation is greatly increased in 
the presence of 77-kDa MASP-1 (8, 9). MASP-3 is a splice vari-
ant of the same MASP1/3 gene with catalytic activity and has an 
important role in the activation of factor D (10). Different MASPs 
can be present within a single oligomeric MBL–MASP complex 
(6, 8). The role of MASP-1 in the activation of MASP-2 suggests 
that a heterocomplex of these MASPs with MBL is required for LP 
activation (8, 9). Alternatively, smaller MBL–MASP complexes 
could bind in close vicinity to allow cross-activation of MASP-2 
by MASP-1 (6).

Mannan-binding lectin deficiency is a common complement 
deficiency. Depending on the definition up to 20% of the human 
population is affected, and MBL deficiency has been associated 
with several diseases (11–13). MBL deficiency in different vulner-
able patient groups, including pediatric oncology patients (12), 
neonates (14), and patients with cystic fibrosis (15), has shown 
an increased severity and frequency of infections. Earlier MBL-
substitution trials with plasma-derived MBL (pdMBL) in MBL-
deficient individuals have shown to be safe, without any major 
adverse event reported (11). Although MBL levels were restored, 
LP functionality remained unexpectedly low following in  vivo 
MBL substitution (16). This was found to be due to immediate 
interaction of inhibitors, such as C1-inhibitor (C1-INH), in the 
recipient blood with the pre-activated MBL–MASP complexes in 
the pdMBL product (17). Substitution with rMBL would restore 

the C4-deposition of MBL-deficient serum upon substitution 
(18), without the rapid inactivation seen in pdMBL. For this 
reason, there is renewed interest in the use of rMBL.

In this study, we analyzed the composition and size of 
LP-activating complexes in MBL-sufficient, MBL-deficient, 
and rMBL-reconstituted deficient serum in detail to deter-
mine whether rMBL associates with MASPs to act as effective 
LP-activating complexes upon MBL substitution.

MaTerials anD MeThODs

reagents
Mouse monoclonal antibodies (mAbs) against MBL (e.g., 
αMBL-1; murine IgG1) were generated at our department, and 
the properties have been described before (19–21). mAbs against 
MASP-1/3 (4H2A9; murine IgG1), MASP-2 (8B5; murine IgG1), 
FCN-2 (GN4; murine IgG1), and FCN-3 (4H5; murine IgG1) were 
obtained from Hycult Biotech (Uden, the Netherlands). A second 
mAb against FCN-3 (334; murine IgG1) was obtained from Enzo 
Life Sciences (Bruxelles, Belgium). Affinity-purified recombinant 
human MBL [rMBL at 3.1  mg/ml in 10  mM Tris–HCl with 
140 mM NaCl, pH 7.4, and 5 mM EDTA (TBS-E)] (22), recom-
binant human MASP-1 (rMASP-1 at 0.28 mg/ml), recombinant 
MASP-2 (rMASP-2) at 3.1 µg/ml (23), and recombinant MASP-3 
(0.425  mg/ml), all expressed in HEK cells, and mAbs against 
MASP-1/3 (4H2A9) and MASP-3 (38:12.3) were a kind gift of 
Professor J. C. Jensenius (Aarhus University, Aarhus, Denmark). 
High-performance ELISA buffer (HPE) and poly-HRP-labeled 
streptavidin (poly-HRP) were obtained from Sanquin (Amsterdam, 
the Netherlands). 3,5,3′,5′-Tetramethylbenzidine (TMB) was 
obtained from Merck (Darmstadt, Germany). Mannan and 
acetylated BSA were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Serum from healthy volunteers was obtained with informed 
consent and prepared as described elsewhere (24). Ethical review 
and approval were obtained for this study in accordance with the 
local legislation and institutional requirements (Sanquin Research 
Medical Ethical Committee). MBL status was determined by 
genotype and MBL serum levels. All serum aliquots were stored 
at −80°C until tested.

Monoclonal anti-MasP-2 antibody (mab 
12D12) and MasP-specific elisas
Monoclonal antibodies against pdMBL were obtained by a fusion 
of spleen cells from a mouse immunized with MBL purified from 
Cohn fraction III (20). We and others have described that during 
purification of MBL several other proteins are co-purified (17, 
25). During selection of the mAbs, several mAbs appeared to be 
non-responsive to recombinant MBL (rMBL). These mAbs were 
further characterized for their reactivity toward MASPs. Briefly, 
96-well Nunc Maxisorp microtiter plates were coated overnight 
with 0.5 µg/ml of different recombinant MASPs in PBS (MASP-1 
and MASP-2). All following steps were conducted in HPE. The 
reactivity of biotinylated mAbs obtained from the original 
immunization, and control (biotinylated) antibodies (αMASP-1 
4H2A9 and αMASP-3 38:12.3) were assessed by titration on the 
plate. After washing, plates were incubated with 0.01% poly-HRP 

165

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Keizer et al. rMBL Associates with Unbound MASPs

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1406

and developed using 0.1  mg/ml TMB in 0.1  M sodium acetate 
containing 0.03% (v/v) H2O2, pH 5.5. Absorbance was measured 
at 450 nm. In total, 42 non-MBL-binding mAbs were tested for 
their specificity. mAb 12D12 detected only MASP-2, and not 
MASP-1 and MASP-3 (Figure S1A in Supplementary Material). As 
a control for coating the MASPs, we also developed an assay with 
mAbs against MASP-1/3 (Figure S1B in Supplementary Material).

MBl serum levels and genotyping
Mannan-binding lectin concentration was measured by ELISA 
as previously described by Brouwer et al. (16). Briefly, mannan 
was coated to the solid phase, and biotinylated αMBL-1 was used 
as detection mAb. After washing, plates were incubated with 
0.01% poly-HRP and developed as described earlier. Samples 
were compared with the mean MBL serum level found in a pool 
of 3,000 healthy control sera (1.5 µg/ml MBL). MBL status was 
confirmed using genotyping, as described previously by Frakking 
et  al. (26) In short, a TaqMan assay with specific primers and 
minor groove binding for each SNP were used, hereby directly 
amplifying, using both forward and reverse allele-specific prim-
ers, the coding polymorphisms.

size-exclusion chromatography (sec)
Size-exclusion chromatography was performed in running buffer 
[veronal-buffered (VB) saline with added 140 mM NaCl]. MBL-
deficient serum was reconstituted with rMBL [final concentration 
50 µg/ml and incubated at room temperature (RT) for 60 min and, 
like MBL-sufficient and MBL-deficient sera, double filtered with a 
0.2 µM Whatman filter (GE Healthcare, Buckinghamshire, UK)], 
before 500 µl sample was applied to 23.5 ml, 10 mm × 300 mm 
Superdex™ 200 10/300 GL (GE Healthcare, Buckinghamshire, 
UK) prepacked column equilibrated and eluted with running buffer 
at a constant 0.5 ml/min flow rate. 500 µl fractions were collected 
in 96-deep well plates and stored at 4°C until tested. The column 
was calibrated with GE Filtration Calibration Kits (GE Healthcare, 
Buckinghamshire, UK) according to the manufacturer’s guidelines.

lP components Detected by elisa
All incubations were performed in 100 µl volume at RT, all washes 
in between incubation steps were done with water. Different 
fractions, obtained from SEC, were incubated at mannan-coated 
plates, as described earlier, and incubated for 60 min at RT. After 
washing, different components (MBL, MASP-1/3, and MASP-
2) were detected using specific biotinylated mAbs (αMBL-1, 
αMASP-1/3 4H2A9, and αMASP-2 12D12) by incubation for 1 h 
at RT. Finally, poly-HRP [0.01% in VB with added 10 mM CaCl2, 
2 mM MgCl2, 0.3% (v/v) BSA, and 0.02% (v/v) Tween-20 (VB2+ 
B/T)] was added to each well and incubated for 20 min at RT. 
Plates were developed as described previously.

To circumvent binding of already preformed MBL/MASP 
complexes and to detect the presence of MASP-1/3 and MASP-2 
in MBL-deficient serum, mannan-coated plates were incubated 
with a fixed amount of rMBL (0.2 µg/ml). Briefly, different frac-
tions were diluted (1:5) in VB saline with added 10 mM CaCl2, 
2 mM MgCl2, 0.3% (v/v), and 0.02% (v/v) Tween-20 (VB2+ B/T) 
and incubated for 1 h at RT. Plates were developed and detected 
as described earlier. Absorbance was measured at 450  nm and 
compared with a normal serum pool which was set to 100%.

The functional binding of FCN-1, FCN-2, and FCN-3 was 
determined by overnight coating with acetylated BSA (5 µg/ml 
in 0.1 M carbonate buffer, pH 9.6) in 96-well Nunc Maxisorp 
microtiter plates (Invitrogen, Breda, the Netherlands). After 
washing, different fractions were diluted 1:50 in VB2+ B/T and 
incubated for 60 min. The binding of FCN was determined by 
incubation for 60 min at RT with specific biotinylated mAbs: 
αFCN-1 (AF4209), αFCN-2 (GN4), and αFCN-3 (FCN334) in 
VB2+ B/T. Finally, plates were developed with poly-HRP (0.01% 
in VB2+ B/T) and developed by addition of 0.1  mg/ml TMB 
I 0.11  M sodium acetate, containing 0.003% (v/v) H2O2, pH 
5.5. Absorbance was measured at 450 nm and compared with 
a normal serum pool.

resUlTs

elution Profile of MBl-Deficient  
and MBl-sufficient serum
Serum of either MBL-sufficient or MBL-deficient donors was 
fractionated by SEC to determine the elution profile of MBL 
and the MASPs. MBL serum levels of MBL-deficient donor were 
below 0.1  µg/ml and confirmed by genotype (HYPD/LXPA). 
The MBL-sufficient donor had MBL serum levels of 6.4  µg/ml 
(genotype HYPA/LYQA). MBL-deficient serum was completely 
restored in LP functionality following in vitro substitution with 
rMBL, indicating the presence of normal levels of LP components 
(data not shown).

Before fractionation of serum, the column used in the SEC 
was equilibrated using running buffer and calibrated with 
low- and high-weight markers (Figure 1A). A direct correlation 
(r2 = 0.994) between elution volume and marker size was calcu-
lated (Figure 1B), allowing us to correlate the relative size of the 
protein based on the elution profile.

First, all fractions were incubated on mannan-coated plates, 
and bound MBL and complexed MASPs were detected. As 
expected, after fractionation of MBL-deficient serum, no LP com-
ponents were detected on mannan-coated plates (Figure  2A). 
Fractionation of MBL-sufficient serum showed the presence of 
MBL and MBL/MASP-2 complexes binding to the mannan-coated 
plate (Figure 2B). Mannan-bound MBL was mainly observed at 
550 kDa and around 80 kDa, corresponding to a polymeric and 
a trimer of the 32-kDa MBL protein. A single peak of complexed 
MBL/MASP-2, around 430  kDa, was observed, indicating that 
MASP-2 only associated with higher-order oligomers. We did not 
find any MASP-1/3 in the higher polymeric forms of MBL being 
not detected on mannan-coated plates in these experimental 
conditions.

redistribution of MasPs
To investigate whether MASP-1/3 and MASP-2 were able to 
redistribute from serum and associate to mannan-bound rMBL, 
all fractions were incubated on the mannan coat, which was first 
saturated with rMBL. Detection with mAb against MASP-1/3 
and MASP-2 revealed that both MASP-1/3 and MASP-2 from 
the MBL-deficient serum were able to associate with mannan-
bound rMBL (Figure 2C). MASP-1/3 that associated with rMBL 
on the plate was derived from fractions containing proteins 
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FigUre 1 | Direct correlation between elution fraction and size. (a) Elution profile of low-weight and height-weight markers on the Superdex™ 200 10/300 GL in 
veronal-buffered saline (1 M NaCl, pH 7.4). (B) A strong correlation (r2 = 0.994) is found between the elution volume and the marker size.
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with different molecular sizes, i.e., at around 100–130 and 
210–260  kDa. MASP-2 showed a similar elution profile with a 
peak around 440 kDa. Both MASPs were apparently also present 
in their monomeric free form, not bound to any collectin includ-
ing MBL, as indicated by the presence of the protein in fractions 
corresponding to a molecular size of 70 kDa.

MBL-associated serine protease-2 from the MBL-sufficient 
serum that associated with rMBL on the plate was derived from 
fractions containing high-molecular weight proteins (peak 
around 540  kDa) in which the polymeric MBL was present, 
and from fractions containing lower molecular weight proteins 
(65–84  kDa), corresponding to non-complexed monomers of 
MASP-2. In this serum, MASP-1/3 showed a more diffuse elu-
tion pattern with a peak around 430 kDa, which was at a higher 
molecular weight compared with that in MBL-deficient serum 
and could correspond to serum fractions containing FCNs. Like 
MASP-2, MASP-1/3 was also found in a fraction of MBL-sufficient 
serum with a relative size corresponding to a non-complexed, 
free monomeric form (Figure 2D).

restoration of MBl-Deficient serum  
by rMBl
The addition of rMBL to MBL-deficient serum can completely 
restore the LP functionality in vitro as shown by a recovery of 
C4-deposition (18). To investigate whether rMBL associates with 
free MASPs in fluid phase or MASPs that are in complex with other 
collectins (for instance, FCNs) may redistribute to rMBL, MBL-
deficient serum was reconstituted with rMBL and subsequently 
fractionated. rMBL contains primarily trimeric (225 kDa), tetra-
meric (300 kDa), and pentameric (375 kDa) oligomers (16, 27).  
All fractions were incubated on a mannan-coated plate and tested 
for the presence of MBL–MASP complexes.

Both MBL/MASP-1/3 and MBL/MASP-2 were detected in 
fractions containing high-molecular weight proteins (Figure 3A), 
indicating that in fluid-phase rMBL associated with MASP-1/3 
and MASP-2. MBL/MASP-1/3 complexes were found in a diffuse 
pattern, but the most prominent peaks were around 350 and 
710 kDa. MBL/MASP-2 complexes showed a similar pattern with 
a main peak around 710 kDa.
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FigUre 2 | Size-exclusion chromatography (SEC) of mannan-binding lectin 
(MBL)-deficient and MBL-sufficient serum. SEC of MBL-deficient serum (a,c) 
or MBL-sufficient serum (B,D). Serum was fractionated on a Superdex™ 200 
10/300 GL column (a,c). Fractions were tested for the presence of MBL, or 
MBL–MBL-associated serine protease (MASP)-1/3, MBL–MASP-2 complexes 
on mannan-coated plates and compared with a pool of normal human sera 
(NHS). (B,D) Mannan-coated plates were pre-incubated with fixed amount of 
recombinant MBL, and followed by the different fractions of MBL-deficient or 
MBL-sufficient serum, and the formation of new MBL–MASP-1/3 or MBL–
MASP-2 complexes was detected and compared with a pool of NHS.

FigUre 3 | Size-exclusion chromatography (SEC) of mannan-binding 
lectin (MBL)-reconstituted MBL-deficient serum. SEC of MBL-deficient serum 
reconstituted to 50 µg/ml MBL. (a) Fractions were tested for the presence 
of MBL–MBL-associated serine protease (MASP)-1/3 and MBL–MASP-2 
complexes on mannan-coated plates. (B) Mannan-coated plates were 
pre-incubated with MBL, and followed by the different fractions of 
reconstituted MBL-deficient serum, and the formation of MBL–MASP-1/3 
and MBL–MASP-2 complexes was detected.
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To determine the origin of the MASPs that associated with 
rMBL in fluid phase, all fractions were also analyzed on mannan-
coated plates saturated with rMBL (Figure 3B). Both MASP-1/3 

and MASP-2 were found in a distinct peak around a relative 
size of 440–560 kDa for MASP-1/3 and around 560–710 kDa for 
MASP-2. In contrast to the previously observed double peak for 
MASP-1/3, we now observed a single peak at a higher molecular 
weight with a noted absence of the non-complexed form of 
MASP, suggesting that free soluble MASP-1/3 and MASP-2 
associated with rMBL once added. However, our experimental 
setup was not able to distinguish between heterocomplexes of 
MASP-1/3 and MASP-2 within a single MBL protein or sepa-
rate complexes of either MBL-associated MASP-1/3 or MBL-
associated MASP-2.

Fcn/MasP complexes
We hypothesized that formation of MBL/MASP complexes more 
readily happens when MBL is bound to mannan, hereby attract-
ing MASPs from FCN/MASP complexes (Figure 2). We therefore 
investigated the presence of different FCNs in the fractions of 
MBL-deficient and reconstituted MBL-deficient serum. FCN-1 
was not detected in any of the fractions.

The fractions of MBL-deficient serum and reconstituted 
MBL-deficient serum showed the functional binding of FCN-2 
to acetylated BSA as a peak around 540 kDa (Figure 4A), which 
did not alter after rMBL-reconstitution. Similar observations were 
made for FCN-3 (Figure 4B). Neither FCN-2 nor FCN-3 showed a 
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FigUre 4 | Functional binding of ficolin (FCN)-2 and FCN-3. Effect on the 
distribution of FCN-2 and FCN-3 after reconstitution to 50 µg/ml mannan-
binding lectin (MBL). (a) Fractions were tested for the ligand binding of 
FCN-2 before and after reconstitution. (B) Fractions were tested for the 
ligand binding of FCN-3 before and after reconstitution.
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different elution profile after reconstitution with rMBL, suggesting 
that the detected MASPs, in the mannan-bound MBL assay, are not 
derived from FCN/MASP complexes but were unbound MASPs 
(low molecular fraction) that reacted with the ligand-bound MBL.

DiscUssiOn

In this study, we investigated the association of rMBL with 
MASPs in MBL-deficient serum. Our data demonstrated the 
unexpected presence of free non-complexed MASP-1/3 and 
MASP-2 that could associate to fluid-phase rMBL when added 
to MBL-deficient serum.

MBL-associated serine protease-1/3 and MASP-2 can associate 
with different LP PRMs. It has been hypothesized that MASPs are 
in equilibrium and can freely associate with the different available 
PRMs which act as carrier proteins (23, 28). We hypothesized 
that upon binding of these PRMs to their ligands the equilib-
rium of MASP binding would shift in favor of the ligand-bound 
protein, resulting in the formation of PRM/MASP complexes to 
initiate the complement activation cascade. In vitro substitution 
of MBL-deficient serum with rMBL restored the C4-deposition 
on mannan-coated plates, indicating the formation of functional 
rMBL/MASP complexes. Our findings showed the ability of 
mannan-bound rMBL to form new rMBL/MASP complexes in 
MBL-deficient serum and MBL-sufficient serum. Both MASP-1/3 
and MASP-2 were found to associate with mannan-bound rMBL. 
The relative size of the newly formed complexes suggested that 

MASPs are present as free non-complexed proteins as well as in 
a bound form, being associated with different LP complexes. A 
likely source of these LP complexes would be FCN-2 and FCN-3 
in MBL-deficient serum. This is different form previous published 
reports showing the tendency of MASPs to form a dimeric molecule 
following analysis of recombinant proteins or complexes (29–31), 
which could be related to the origin of the proteins analyzed.

The elution profile of MBL-sufficient serum showed immedi-
ate similarity with the previously published results of Dahl et al. 
(4) These authors described different polymeric forms of MBL, 
ranging from relative sizes of 275 kDa and smaller (MBL-I), to 
345–580  kDa (MBL-II), 580–900  kDa (MBL-III), and 900  kDa 
and above (MBL-IV). Although we were able to detect MASP-1 
in unfractionated MBL-sufficient serum, the different fractions 
obtained from SEC after fractionation showed no detectable 
signal on mannan-coated plates. We confirmed that MASP-2 
primarily associated with MBL-II in MBL-sufficient serum. After 
reconstitution of MBL-deficient serum, we were able to detect 
both MASP-1/3 and MASP-2 on mannan and mannan-bound 
MBL plates primarily in fractions corresponding to higher sizes, 
between 200 and 900 kDa. This suggests that an association takes 
place between other LP complexes and rMBL in fluid phase. We 
were unable to detect the presence of FCN-1 in our fractions, 
which was to be expected, given the low serum concentration of 
FCN-1 and further dilution during fractionation (32, 33). In con-
trast to FCN-1, higher-order oligomers of FCN-2 were detected in 
fractions corresponding to a relative size of 710 kDa, and FCN-3 
oligomers were detected in a broad range of sizes 400–900 kDa. 
Although Ohashi and Erickson (34) and Munthe-Fog et al. (35) 
have reported even larger sizes around 800–870 kDa, our column 
has a lower discriminatory sensitivity for the very high-molecular 
weights. The distribution patterns of FCN-2 and FCN-3 are 
similarly between MBL-deficient serum and reconstituted MBL-
deficient serum, supporting the hypothesis of MASP-2 preferen-
tially binding to a ligand-bound protein. This is also supported 
by Megyeri et al. (36) who showed an increased yield of MBL/
MASP complexes following addition of recombinant MBL and 
subsequent purification using mannan-sepharose. The pattern of 
FCN-2 and FCN-3 appear to correspond to the observed pattern 
of newly formed MASP complexes on mannan-bound MBL, we 
were unable to observe a relative change in size.

The presence of a non-complexed form of MASP-2 and MASP-1/3 
provides a new mechanism of restoration of the LP activity following 
MBL reconstitution. This non-complexed free form of MASP-2 and 
MASP-1/3 could no longer be detected following addition of rMBL 
to MBL-deficient serum, leading to the formation of a new complex 
with a larger molecular size indicating a redistribution of MASPs, 
which was suggested before by Megyeri et al. (36). Whether these 
different MASPs consist of homodimers or heterodimers before 
association with oligomeric MBL is still debated (6, 28, 37, 38).

Early MBL substitution studies in MBL-deficient patients 
have shown the safety of infusion of pdMBL (11), but a limited 
restoration of the LP functionality was observed despite reaching 
high plasma MBL levels (16). Analysis of pdMBL showed high 
levels of associated pre-activated MASP-2 (27), which is rapidly 
inactivated upon in  vivo infusion by natural inhibitors such as 
C1-inhibitor (17). The MBL-associated MASPs in the pdMBL 
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product are rapidly cleared within 24  h after substitution with 
limited restoration of the LP (16). By contrast, rMBL has been 
shown to efficiently restore the LP functionality as indicated by 
C4-deposition both in vitro (18) and in vivo (36). The potential 
therapeutic value of MBL replacement depends on the potential 
to form activating complexes with MASPs that are functional 
upon ligand binding. Our study showed the presence of a natural 
non-bound form of MASP-2 in serum to explain the mechanism 
by which rMBL can restore LP functionality in MBL-deficient 
patients. These rMBL–MASP complexes are not yet activated, in 
contrast to the pre-activated MASPs bound to MBL due to affin-
ity chromatography purification (17, 25). Our results indicate 
that rMBL—upon its formation of functional complexes after 
infusion—will not be promptly inhibited and cleared as we had 
previously observed for pdMBL (17). Both the fact that rMBL 
substitution was well-tolerated in a phase I trial (39) and the pres-
ence of non-bound forms of MASPs able to associate with rMBL 
and restore LP functionality provide a rationale to consider new 
clinical rMBL substitution studies in carefully selected patients.
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FigUre s1 | Specific monoclonal antibody (mAb) against MBL-associated serine 
protease (MASP)-2. Plates were directly coated with recombinant proteins, 
respectively, rMASP-1 (○), recombinant MASP-2 (rMASP-2) (■), and rMASP-3 (□). 
Coated proteins were detected using a titration of specific biotinylated mAbs against 
MASP-1/3 (4H2A9) (36), against MASP-2 (12D12) or against MASP-3 (38:12-3) (36). 
(a) mAb 12D12 binds only to MASP-2 and does not show cross-reactivity toward 
the other serine protease. (B) mAb 4H2A9 is able to detect both MASP-1 and 
MASP-3 bound to the plate, by binding to a shared epitope (40).

FigUre s2 | Reconstitution with recombinant MBL (rMBL) restores lectin 
pathway functionality. Plates were directly coated with mannan and a serum 
dilution of reconstituted mannan-binding lectin (MBL)-deficient serum with  
50 μg/ml rMBL (●), MBL-deficient serum (○), or MBL-sufficient serum was  
tested for their C4-converting function.
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Be on Target: Strategies of Targeting 
Alternative and Lectin Pathway 
Components in Complement-
Mediated Diseases
József Dobó, Andrea Kocsis and Péter Gál*

Institute of Enzymology, Research Centre for Natural Sciences, Hungarian Academy of Sciences, Budapest, Hungary

The complement system has moved into the focus of drug development efforts in the 
last decade, since its inappropriate or uncontrolled activation has been recognized in 
many diseases. Some of them are primarily complement-mediated rare diseases, such 
as paroxysmal nocturnal hemoglobinuria, C3 glomerulonephritis, and atypical hemolytic 
uremic syndrome. Complement also plays a role in various multifactorial diseases that 
affect millions of people worldwide, such as ischemia reperfusion injury (myocardial 
infarction, stroke), age-related macular degeneration, and several neurodegenerative 
disorders. In this review, we summarize the potential advantages of targeting various 
complement proteins with special emphasis on the components of the lectin (LP) and 
the alternative pathways (AP). The serine proteases (MASP-1/2/3, factor D, factor B), 
which are responsible for the activation of the cascade, are straightforward targets of 
inhibition, but the pattern recognition molecules (mannose-binding lectin, other collectins, 
and ficolins), the regulatory components (factor H, factor I, properdin), and C3 are also 
subjects of drug development. Recent discoveries about cross-talks between the LP 
and AP offer new approaches for clinical intervention. Mannan-binding lectin-associated 
serine proteases (MASPs) are not just responsible for LP activation, but they are also 
indispensable for efficient AP activation. Activated MASP-3 has recently been shown to 
be the enzyme that continuously supplies factor D (FD) for the AP by cleaving pro-factor 
D (pro-FD). In this aspect, MASP-3 emerges as a novel feasible target for the regulation 
of AP activity. MASP-1 was shown to be required for AP activity on various surfaces, first 
of all on LPS of Gram-negative bacteria.

Keywords: complement system, lectin pathway, alternative pathway, complement inhibitors, complement-related 
diseases

Abbreviations: 3MC syndrome, Malpuech–Michels–Mingarelli–Carnevale syndrome; aHUS, atypical hemolytic uremic 
syndrome; AMD, age-related macular degeneration; AP, alternative pathway; C4BP, C4b-binding protein; CARPA, complement 
activation-related pseudoallergy; CCP, complement control protein; CP, classical pathway; CNS, central nervous system; CR1, 
complement receptor 1; CR2, complement receptor 2; CRP, C-reactive protein; CUB, C1r/C1s, the sea urchin protein Uegf, and 
the human bone morphogenetic protein 1; CVF, cobra venom factor; EGF, epidermal growth factor; DAF, decay-accelerating 
factor; DAMP, damage-associated molecular pattern; FHL, FH-like protein; FHR, FH-related protein; FIMAC, FI membrane 
attack complex; GPI, glycosyl phosphatidylinositol; HAE, hereditary angioedema; HUVEC, human umbilical vein endothelial 
cell; LDLr, low-density lipoprotein receptor; LP, lectin pathway; MAC, membrane attack complex; MBL, mannose-binding 
lectin; MASP, MBL-associated serine protease; MCP, membrane cofactor protein; IGFBP-5, insulin-like growth factor-binding 
protein 5; IRI, ischemia–reperfusion injury; LPS, lipopolysaccharide; PAMP, pathogen-associated molecular pattern; PNH, 
paroxysmal nocturnal hemoglobinuria; PRM, pattern recognition molecule; SIRS, systemic inflammatory response syndrome; 
SP domain, serine protease domain; SLE, systemic lupus erythematosus; TAFI, thrombin-activatable fibrinolysis inhibitor; TSR, 
thrombospondin type repeat; TCC, terminal complement complex; VWA, Von Willebrand factor type-A.
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FiGURe 1 | Overview of the complement system. The components of all activation phases are listed in gray boxes, while their inhibitors in green boxes nearby. 
Serine proteases are indicated by red letters. Black arrows indicate the direction of the cascade. Certain enzymatic cleavages are emphasized by red arrows.  
The three activation routes merge at the cleavage of C3 highlighted by dark yellow background.
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BRieF OveRview OF THe COMPLeMeNT 
SYSTeM

initiation Phase
The complement system is a sophisticated network of serum pro-
teins (recognition molecules, proteases, modulators, inhibitors) 
as well as cell-surface regulators and receptors that constitute a 
key part of the host defense machinery. The complement system 
is a powerful effector component of the innate immunity and 
a vital modulator of the adaptive immune response (1–3). The 
complement system recognizes, tags, and eliminates microbial 
intruders and other dangerous particles such as immune com-
plexes, damaged, and altered self cells. The complement system 
is inactive (or at least shows a very low basic activity: “tickover”) 
until it is activated by various danger signals. There are three 
canonical pathways through which the complement system can 
be activated: the classical pathway (CP), the lectin (LP), and the 
alternative pathways (AP) (Figure  1). CP and LP have several 
features in common. In both cases, pattern recognition molecules 
(PRMs) bind to the danger-associated structures. The PRMs, 

like the other complement components, are modular proteins, 
consisting of multiple structural domains (Figure 2). C1q, the 
single PRM of the CP binds primarily to immune complexes 
containing IgG or IgM, and to C-reactive protein (CRP) via its 
C-terminal globular domains (4). These globular domains are 
fused to N-terminal collagen-like arms forming the characteristic 
“bunch-of-six-tulips” structure. The structure of the PRMs of the 
LP resembles that of C1q; globular heads and collagen-like arms. 
However, the recognition domains of mannose-binding lectin 
(MBL), other collectins, and ficolins bind to different structures. 
The C-type lectin domains of MBL recognize the carbohydrate 
pattern of the bacterial surfaces. Ficolins (ficolin 1, 2, and 3) 
bind to acetylated compounds, typically to acetylated sugars of 
bacteria, via their fibrinogen-like domains (5). Collectins (CL-
K1 and CL-L1) also recognize sugars and other potential danger 
signals. Unlike C1q, which has the well-established hexamer 
structure, MBL, ficolins, CL-K1, and CL-L1 exist in different 
oligomerization states, from dimer to hexamer; the tetramer 
being the dominant form at least for MBL. These PRMs circulate 
in complex with serine protease (SP) zymogens and monitor 
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FiGURe 2 | Domain structures of the complement components discussed in the article. Each domain type is represented by a different symbol listed at the bottom. 
Domain abbreviations are as follows: SP, serine protease; CCP, complement control protein; CUB, complement C1r/C1s, sea urchin Uegf and bone morphogenetic 
protein-1; EGF, epidermal growth factor-like; vWFA, von Willebrand factor type A; FIMAC, factor I/membrane attack complex; CD5, scavenger receptor cysteine-rich 
domain; LDLr, low-density lipoprotein receptor; MG, α-macroglobulin; TED, thioester domain; ANA, anaphylatoxin; LNK, linker; TSR, thrombospondin-type 1 repeat; 
TMD, transmembrane domain; CPD, cytoplasmic domain; CRD, carbohydrate recognition domain.
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continuously for dangerous particles the bloodstream. When 
the PRMs bind to the target surface, the associated SPs become 
activated and initiate a proteolytic cascade system, which ampli-
fies the initial signal tremendously. C1q is associated with two 
C1r and two C1s proteases (the so-called “tetramer”) to form 
the C1 complex of the CP (6). MBL/ficolin-associated serine 
protease 1 and 2 (MASP-1 and MASP-2) are the initial proteases 
of the LP (7, 8). These SPs, together with the third MBL/ficolin-
associated SP (MASP-3) form a protease family with the same 
domain structure (Figure 2) and similar function. The activation 
of the CP and LP results in the formation of the same enzyme 
complex, a C3 convertase (C4b2a) that cleaves C3, the central 
component of the complement system. The first enzymatic step 
in the CP activation is the autoactivation of C1r. Activated C1r 
then cleaves zymogen C1s, which in turn cleaves C4 and C2. In 
the LP, MASP-1 autoactivates first and then cleaves MASP-2 (9). 
MASP-2 is the enzyme of the LP that cleaves C4 (10, 11), while C2 

is cleaved by both MASP-1 and MASP-2. C3 and C4 are closely 
related thioester-containing proteins that form the basis of the 
convertase complexes (12, 13). Their function is to covalently 
attach the convertase to the activation surface and to capture the 
SP components of the enzyme complex. C2 is the SP component 
of the C3 convertase of the CP and LP. Activation of the AP is 
quite different from that of the CP and LP (14). When the CP/LP 
C3 convertase (C4b2a) cleaves C3, a smaller fragment is released 
(C3a). The larger fragment (C3b) covalently binds to the activa-
tion surface preferably through an ester or, less likely, through 
an amide bond due to the reaction of the exposed thioester bond 
(15, 16). The nascent C3b component binds factor B (FB), the SP 
component of the AP C3 convertase. FB is cleaved by FD, a SP 
which circulates predominantly in its cleaved form in the blood. 
The resulting C3bBb is the AP C3 convertase, which converts 
more C3 into C3b. The new C3b molecules serve as platforms 
for new C3 convertase complexes. In this way, a positive feedback 
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loop amplifies the initial signal tremendously generated either by 
the CP or the LP (17). According to the C3 tickover hypothesis, 
the AP can also initiate on its own without involvement of CP 
or LP (18). The circulating C3 molecules hydrolyze slowly and 
spontaneously in the bloodstream. The resulting C3(H2O) is a 
C3b-like molecule; it can bind FB and then form an “initiation” 
C3 convertase (C3(H2O)Bb). If this fluid-phase C3 convertase 
emerges near a surface, the nascent C3b molecules can bind to 
the surface and initiate the positive feedback loop. In this way, 
the AP continuously monitors the different surfaces and if it finds 
an activator surface, it launches efficient complement activation. 
The self-tissues are protected from AP-mediated damage by 
cell-bound and fluid-phase inhibitors (Figure 1). These inhibi-
tors dissociate the C3bBb complex and serve as cofactors for 
the serine protease factor I (FI) in the degradation of C3b (19). 
Decay-accelerating factor (DAF, CD55), membrane cofactor 
protein (MCP) (CD46), complement receptor 1 (CR1, CD35) 
are cell-surface-bound while the master regulator of the AP is 
the fluid-phase protein, factor H (FH). FH binds to cell-surface-
deposited C3b and facilitates its degradation to iC3b, C3c, and 
C3dg by FI. On endogenous cell membranes, which expose sialic 
acid, binding of FH is tight and the degradation of C3b is rapid, 
while on the so-called “protected surfaces” (e.g., bacteria, fungi) 
binding is weak and the amplification loop of AP can build up. 
There is a positive regulator of the AP, properdin, which increases 
the half-life of the C3bBb complex. Originally, at its discovery, 
properdin was regarded as a pattern recognition-like initiator 
molecule of the AP (20). Later, it was considered as a positive 
regulator (21); however, recently, the pattern recognition func-
tion of properdin has been reconsidered (22, 23).

From the Central Phase to the  
Terminal Pathway
The cleavage of C3 by the C3 convertases is the turning point 
of complement activation. At this point, the three activation 
pathways (CP, LP, and AP) merge into a unified terminal pathway 
(Figures 1 and 3). When the density of surface-deposited C3b 
reaches a certain level, the substrate specificity of the C3 con-
vertases switches to cleave the C5 component. The C4b2a(C3b)n  
and C3bBb(C3b)n convertases cleave the C5 component into a 
smaller (C5a) and larger (C5b) fragments. The C5a fragment, like 
the C3a fragment, is an anaphylatoxin. The anaphylatoxins bind to 
their receptors (C3aR and C5aR1/2) on leukocytes and endothe-
lial cells and initiate inflammatory reactions (24). Structurally, 
C5 is similar to C3 and C4 (although it does not contain thioester 
bond) (25). The cleavage of C5 is the last enzymatic step in the 
complement cascade. From this point, conformational changes 
drive the formation of a self-organizing protein complex that 
damages the membrane of the attacked cells [membrane attack 
complex (MAC)]. After cleavage, the nascent C5b undergoes 
a conformational change that enables it to bind the C6 and C7 
components (26). The resulting C5b–C7 complex binds to the 
cell membrane and captures C8. After conformational changes, 
C8 integrates into the membrane and pave the way to the integra-
tion of multiple copies of C9 molecules. The C9 molecules form 
a pore in the membrane, which results in the disintegration and 
destruction of the cell (27).

COMPLeMeNT-MeDiATeD DiSeASeS

The complement system is an extremely effective cell-killing and 
inflammation provoking machinery. To prevent excessive activa-
tion, the complement system is kept under strict control by the 
different inhibitory mechanisms. A delicate equilibrium between 
activation and inhibition is necessary to maintain the inflam-
matory homeostasis in the human body. When this equilibrium 
is disrupted by any reason, the self-tissues can be damaged and 
severe disease conditions can occur. There are many clinical 
disorders in which uncontrolled (or sometimes the insufficient) 
complement activation is involved. Usually, the etiology of these 
diseases is complex, and the unwanted complement activation is 
only one of the pathological factors. However, evidences obtained 
by using various disease models suggest that preventing or inhib-
iting the pathological complement activation can be a promising 
therapeutic approach.

insufficient Complement Activation
Since the complement system provides a first line of defense against 
invading pathogen microorganisms, deficiency of a complement 
component can lead to severe infections. The consequences could 
be more severe during childhood, when the adaptive immune 
system is not developed enough. Deficiency of the initial SPs of 
CP and LP (C1r, C1s, MASP-2) can result in pyogenic infections 
(28). Deficiency of MBL is the most common immunodeficiency 
in humans, affecting approximately 30% of the human population 
(29). It predisposes to recurrent infections in infancy; however, 
it is not a major risk factor in the adult population. Deficiency 
of the alternative and the terminal pathway components can 
severely compromise the defense against Gram-negative bacte-
rial infections (30). Deficiency of properdin or deficiencies in the 
components of MAC are associated with infections of Neisseria 
species causing meningococcal meningitis or sepsis (31–33).  
A very important function of the CP is the continuous removal 
of immune complexes and apoptotic cells. If this pathway is 
compromised in systemic lupus erythematosus (SLE) due to 
deficiency of C1q, or C4, or C1r/s, severe autoimmune reactions 
occur resulting in tissue injury in the kidneys.

excess Complement Activation
The majority of complement-related diseases are associated with 
overwhelming complement activation due to inappropriate con-
trol. The kidney is especially vulnerable for complement-mediated 
attacks. In the case of C3 glomerulopathy, C3 deposition occurs 
in the glomeruli without immunoglobulin deposition (34, 35). C3 
deposition in this case is likely the consequence of uncontrolled AP 
activation. In contrast to that, in the case of membranoprolifera-
tive glomerulonephritis, CP activation elicits C3 deposition, since 
immunoglobulins and C1q are also deposited (36, 37). The IgA 
nephropathy is characterized by deposition of polymeric IgA1, 
which triggers complement activation through the AP and the LP 
(38, 39). Atypical hemolytic uremic syndrome (aHUS) is also a 
complement-related disease, which can lead to end-stage renal failure 
(37, 40). The driving force behind aHUS is the inappropriate AP acti-
vation often due to variants of (41) or autoantibodies against (42) 
FH, the master regulator of the AP. aHUS is a form of thrombotic 
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microangiopathy accompanied with thrombocytopenia, hemolytic 
anemia, vascular damage, and thrombosis.

Another rare clinical condition associated with uncontrolled 
AP activation is paroxysmal nocturnal hemoglobinuria (PNH) 
(43, 44). In PNH patients, red blood cells are particularly prone 
to complement-mediated lysis due to the lack of two membrane-
bound regulator proteins: DAF (CD55) and CD59. This is the 
consequence of the defect in glycosyl phosphatidylinositol (GPI) 

synthesis in the cells. GPI is responsible for anchoring various 
proteins to the cell membrane including these inhibitors that 
regulate the activation of the AP (CD55) and the formation of 
MAC (CD59).

Age-related macular degeneration (AMD) is a complement-
related disease, which affects a large population (about 100 mil-
lion AMD cases) worldwide. It is the leading cause of blindness 
among the elderly in the developed world (45). Genetic analyses 
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strongly suggest that uncontrolled complement activation, espe-
ci ally that of the AP, plays a major role in the pathogenesis of 
AMD. Genetic variants of FH, C3, FB, FI, and C9 have been 
associated with AMD (46). In the center of the retina of AMD 
patients, the photoreceptor cells are gradually degraded due to 
a chronic inflammation, which manifests in the accumulation of 
immune deposits called drusen underneath the retinal pigment 
epithelium. The drusens (that contain activated complement 
components) compromise the transport of oxygen and nutrients 
to the photoreceptors facilitating their degeneration. Numerous 
attempts have been made to curb the unwanted AP activation in 
the eye with limited success (47). In order to efficiently influence 
complement activation in the eye, we have to reveal its exact 
mechanism, which could be different in the periphery than in 
the bloodstream.

Ischemia–reperfusion injury (IRI) can be considered as a 
severe autoimmune reaction (48), which plays a major role in a 
number of clinical conditions. When the blood flow in an organ 
stops temporarily for any reason, the deprivation of oxygen 
(hypoxia) induces changes in the tissues, which predisposes 
them for complement-mediated attack after reperfusion. The 
affected cells and tissues are recognized by the immune system as 
damaged self [damage-associated molecular pattern (DAMP)], 
and a complex inflammatory reaction is launched, in which 
the complement system plays a decisive role. IRI significantly 
contributes to the tissue damage in the case of myocardial infarc-
tion, stroke, transplant-induced inflammation, and it can cause 
a complication during coronary artery bypass graft surgery. 
Although the exact mechanism of complement activation in case 
of IRI is not fully clarified yet, a number of evidences suggest 
that inhibition of the LP could be therapeutically advantageous 
(49–53).

Artificial materials used in modern medicine, such as poly-
mer plastics and metal alloys, can also activate the complement 
system and trigger inflammation (54). Nanoparticles used as 
contrast agents or drug carriers can also activate the comple-
ment system, sometimes causing a severe adverse reaction, 
called complement activation-related pseudoallergy (55, 56). 
In this type of hypersensitivity reaction, IgE is not involved. 
Liposomal drugs directly activate the complement system lib-
erating C3a and C5a anaphylatoxins, which trigger mast cells 
and basophils.

If the immune system is exposed to an overwhelming amount of 
danger signals [pathogen-associated molecular patterns (PAMPs) 
or DAMPs], a systemic inflammatory reaction can occur, which 
could be more devastating than the original danger source. In the 
case of systemic inflammatory response syndrome, such as sepsis 
or polytrauma, the massive and systemic complement activation 
fuels a vicious cycle of hyperinflammatory events that can results 
in fatal tissue damage (57).

A growing number of evidences indicate that the complement 
system plays an important role in fundamental developmental 
processes. The lack of functional LP components (MASP-3, 
CL-K1, CL-L1) during embryogenesis results in the Malpuech–
Michels–Mingarelli–Carnevale (3MC) syndrome that manifest 
in characteristic craniofacial dysmorphism and multiple other 
anomalies (58, 59). It was shown that an intact CP is essential 

for postnatal brain development. Contribution of C1, C4, and 
C3 was demonstrated to synaptic pruning essential for proper 
neuron circuit formation (60). These complement components 
tag synapses and mediate their elimination during a discrete 
window of postnatal brain development. C1q or C3 deficiency in 
mice results in improper central nervous system (CNS) synapse 
elimination. If these processes, essential during normal brain 
development, are pathologically upregulated during adulthood, 
they can contribute to the development of neurodegenerative 
diseases, such as Alzheimer disease and frontal temporal demen-
tia (61). In addition to that, uncontrolled CP and LP activation 
in the CNS can also contribute to psychiatric disorders such as 
schizophrenia (62, 63).

CROSS-TALK BeTweeN THe AP  
AND THe LP

As described above, there are three canonical activation routes of 
the complement system. It is also obvious that the CP and the LP 
would not work efficiently without the amplification loop pro-
vided by the AP, hence, the three pathways are naturally intercon-
nected. It is also possible that homologous proteins C4 and C3, or 
C2 and FB can substitute each other to a certain degree; at least 
in  vitro experiments indicate a weak cross-reactivity between 
CP/LP an AP C3 convertase components (64). MASP-1 (65) and 
MASP-2 (66) have both been implicated to be able to directly 
cleave C3; however, the physiological relevance of these reactions 
is uncertain. MBL was also shown to be involved in AP activation 
without the requirement of C2, C4, and MASPs (67), but in the 
light of our recent results, the observed effect could be mediated 
by MASP-1 (68). In summary, the involvement of the LP or LP 
components in AP activation has been demonstrated in the lit-
erature before; however, some results still remain controversial. 
In the subsequent two sections, recent discoveries are presented 
regarding the role of MASP-3 during the very early stage of AP 
activation, and the requirement of MASP-1 for AP activation on 
various surfaces.

Active MASP-3 is the Professional  
Pro-FD Maturase in Blood
The first evidence that MASP-1 or MASP-3 might have an essential 
role in AP function came from the group of T. Fujita (69). They 
created MASP1 knock-out mice by replacing the second exon 
(8). Since this region encodes a common part of both MASP-1 
and MASP-3, the final homozygous mouse strain lacked both 
proteins. Surprisingly, these mice had pro-FD in their sera and 
had no AP activity (69). They suggested that MASP-1 acts as an 
essential enzyme for pro-FD maturation. At the time, it seemed 
like a logical assumption to favor MASP-1 over MASP-3 since 
MASP-1 is a more active enzyme in general with a relatively broad 
substrate specificity (70). Later, the same group suggested that 
MASP-3 might be more important than MASP-1 in pro-FD acti-
vation and suggested that even the proenzyme form of MASP-3 
can act as the activator (71).

Subsequent publications questioned the requirement of either 
MASP-1 or MASP-3 for AP activity. In the serum of a 3MC 
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syndrome patient lacking both proteins, functional AP was 
observed (72), and in mice deficient for MASP-1, MASP-3, and 
FH extensive, AP activation was observed, just like in mice defi-
cient for FH only (73).

To clarify the roles of MASPs in pro-FD activation, we set up 
a series of experiments. In vitro all active MASPs were shown 
to be able to cleave pro-FD efficiently to produce FD, whereas 
the MASP zymogens lacked such activity (74). We prepared 
fluorescently labeled pro-FD, added it to different types of human 
plasma and serum preparations and followed the conversion of 
pro-FD to FD. Pro-FD was efficiently cleaved in all types of blood 
preparations, even in citrated and EDTA plasma, where neither 
the complement nor the coagulation cascade is expected to be 
activated. This experiment established that at least one protease 
is present in normal human blood capable of converting pro-D to 
FD without the prior activation of the abovementioned proteolytic 
cascades. Using a MASP-1-specific and a MASP-2-selective 
inhibitor, these two enzymes could be excluded. After adding 
recombinant active catalytic fragments of MASPs to normal 
human plasma samples, the half-life of labeled pro-FD was mark-
edly reduced upon the addition MASP-3, whereas the other two 
enzymes had no effect (74).

The final “killer” experiment that established MASP-3 as the 
professional (near exclusive) activator of pro-FD came using a 
MASP-3 specific inhibitor, TFMI-3 (75). TFMI-3 blocked the 
conversion of labeled pro-FD to FD in citrated plasma, EDTA 
plasma, and hirudin plasma completely, while in serum, the half-
life was markedly increased. Another conclusion of our studies 
was that active MASP-3 must be present in the blood, since only 
the activated form of MASP-3 can convert pro-FD to FD. Later, 
we provided direct evidence for the extensive basal-level activa-
tion of MASP-3 in human blood by an unknown mechanism (76). 
Finally, the debate seems to have settled. A recent paper showed 
that in 3MC syndrome patients lacking MASP-3, predominantly 
pro-FD is present in their sera, and moreover, in healthy indi-
viduals, some pro-FD is also present beside the dominant active 
form (77).

The picture is now clear. Under normal circumstances, active 
MASP-3 is present in the blood, which activates pro-FD, therefore, 
continuously supplying active FD for the AP (Figure 3). However, 
MASP-3-deficient individuals are not completely defenseless. At 
least one coagulation enzyme can probably also provide low levels 
of FD for the AP, or when the LP is activated, MASP-1 or MASP-2 
might also contribute. These backup mechanisms also need some 
consideration when targeting MASP-3 to control AP activity, as 
it will be discussed later.

MASP-1 is Required for AP initiation  
on Certain Activating Surfaces
Despite the fact that molecular mechanisms of the complement 
system have been thoroughly examined in the past decades, still 
many questions remained about the early steps of the activa-
tion. MASP-1 as a promiscuous enzyme with broad substrate 
specificity (70) has the potential to replace other SPs or amplify 
enzymatic reactions. It has been reported that MASP-1 is indeed 
involved in biological processes beyond LP or even the comple-
ment system.

Recently, we have found a novel function of MASP-1 in AP 
activation apart from its role in the LP (Figure 3). This func-
tion suggests an unexpected linkage between the two pathways 
and also highlights the differences between various activation 
surfaces (68). Previously, specific and highly selective small-
protein inhibitors against all MASPs were developed from 
canonical inhibitor scaffolds using the phage-display technique. 
SGMI-1 is a specific MASP-1 inhibitor, whereas SGMI-2 
inhibits MASP-2, and TFMI-3 is a specific inhibitor of MASP-3  
(9, 75). Activation of the AP in  vitro can be carried out on 
ELISA microtiter plates coated by bacterial lipopolysaccharide 
(LPS) or yeast zymosan. These materials serve as models of the 
pathogenic surfaces. In the absence of Ca2+ using Mg2+-EGTA 
buffer, AP activation can be initiated without the involvement 
of CP and LP. Administration of the specific MASP-1 inhibitor, 
SGMI-1 in this system lead to surprising results. The activity 
of the AP was attenuated significantly through the inhibition 
of MASP-1. However, this effect was only seen on the bacterial 
surface represented by LPS, while zymosan-induced AP acti-
vation was not compromised. To rule out the possibility that 
SGMI-1 may impede other SPs, inhibitors of MASP-1 possess-
ing different mode of action were also tested. Anti-MASP-1-SP 
antibody, N-terminal domains of MASP-1 (M1_D1-3) (78), and 
serpin domain of C1 inhibitor resulted in the same, consider-
able reduction of AP activity but only on LPS. The activity of 
AP in MASP-1-depleted serum remarkably decreased on 
LPS-coated surface while on zymosan-coated surface, it was 
only moderately affected. The mechanism of C3b deposition, 
which is followed in our assay, can be divided to initiation and 
amplification phases. Time-course measurement of C3b deposi-
tion in the presence of subsequently added SGMI-1 inhibitor 
indicated that MASP-1 contributes to both phases of C3b gen-
eration. Although we proved unambiguously that MASP-1 has 
an effect on AP activation, there are still many puzzling details 
to be solved. First, we tested the known components of AP as 
possible reaction partners of MASP-1. It was clarified earlier 
that MASP-1 cleaves C3 only at a very low rate (11) and now 
we confirmed that MASP-1 does not react significantly with 
C3b-bound FB. The contribution of FD was also excluded since 
SGMI-1 does not inhibit FD, and MASP-1 is not the physiologi-
cal activator of pro-FD (74). Our results lead to the conclusion 
that the key player of MASP-1-driven AP activation is probably 
not among the core components of the AP.

Differences between the activating surfaces also need fur-
ther investigations since it seems to be likely that AP initiation 
occurs by various mechanisms. Using specific antibodies in the 
ELISA system, neither MASP-1 nor MBL could be detected 
on LPS surface in Mg2+-EGTA buffer (68). MASP-1 may be 
presented by some other PRMs, which do not necessarily 
require Ca2+ for binding (possibly ficolins). Another possible 
scenario is that MASP-1 forms a labile and transient complex 
with its reaction partners. One clue arises from the literature 
that properdin, which stabilizes C3bBb complex, is crucial 
for LPS-induced but not for zymosan-induced AP activation 
(79). Another coincidence is that LPS, rather than zymosan, 
binds FH with high affinity, which enhances the decay of C3 by 
FI activity. The ratio of these factors, which play a role in the 
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regulation of AP, may be influenced by MASP-1 through a yet 
unknown mechanism.

These new findings draw attention to MASP-1 in the promo-
tion of LPS-induced AP and, therefore, its role in the defense 
against Gram-negative bacteria.

COMPONeNTS OF AP AND LP  
AS POTeNTiAL DRUG TARGeTS

Pattern Recognition Molecules
The PRM of the CP and LP recognize danger signals (PAMPs 
and DAMPs) and provide the framework of the initiation multi-
molecular complexes (the C1 complex, MBL–MASP complexes, 
ficolin–MASP complexes). They have similar overall domain 
architecture: N-terminal collagen-like domains and C-terminal 
globular domains. The structure of C1q is different from that 
of the other PRMs, since the basic trimeric subunit of C1q is 
composed of three different polypeptide chains (A, B, and C 
chains), while that of MBL and ficolins consist of only one kind 
of polypeptide chain. In the case of collectins, collectin kidney 1 
(CL-K1) and collectin liver 1 (CL-L1), a heterotrimeric subunit 
was observed in human blood composed of one CL-L1 and 
two CL-K1 polypeptide chains (called CL-LK) (80). Another 
structural difference between C1q and the proteins of the col-
lectin/ficolin family is that the latter contain a short N-terminal 
cysteine-rich region and an α-helical coiled-coil neck region 
between the collagen-like and the globular domains facilitating 
trimerization of the polypeptide chains. The collagen sequences 
(Gly-Xaa-Yaa repeats) are interrupted at one point in C1q and 
MBL generating a flexible kink region that may play an important 
role in binding to the danger patterns and activating the associ-
ated SPs. The PRMs bind the associated SPs in a Ca2+-dependent 
manner. C1q binds the C1s-C1r-C1r-C1s tetramer, while MBL, 
ficolins, and CL-LK bind MASP dimers. It is probable that low 
oligomeric MBL and ficolins bind a single MASP dimer, while 
higher oligomers (pentamers, hexamers) can bind two MASP 
dimers simultaneously (81). There is a cross-interaction between 
the components of the CP and LP; MBL can bind the C1r2s2 
tetramer and C1q can bind the MASP dimers, although with 
reduced affinity compared to the cognate pairs (82). It is unlikely 
that these interactions have a physiological relevance (except 
maybe in deficiencies); however, the existence of these cross-
bindings proves that the interactions are analogous between 
the PRMs and the associated SPs among the components of the 
CP and LP. The binding of MBL and ficolins to their targets is 
Ca2+-dependent. The affinity of a single carbohydrate-binding 
domain to its target sugar is low (Kd in the millimolar range), 
whereas the avidity of the whole oligomeric molecule is high 
with a Kd in the low nanomolar range. It is very likely that the 
PRMs of higher oligomeric state activate the LP more efficiently 
than the low oligomeric PRMs due to the stronger binding to 
both the target surface and to the MASPs (83). The mechanism 
of activation of the C1 and MBL–MASP complexes is not fully 
clarified yet.

Theoretically, if we want to prevent or inhibit improper 
complement activation in a pathological situation PRMs of the 

initiation complexes are ideal targets; since by inhibiting the 
PRMs, we can shut off the entire amplification machinery of the 
complement system at the very first step. There are three pos-
sibilities to inhibit the function of the PRMs: (1) to prevent the 
binding of the PRMs to their target; (2) to prevent the binding of 
the associated SPs to the PRMs; (3) to prevent the conformational 
changes of the PRMs that are necessary for the activation of the 
SPs. Monoclonal antibodies that bind to the globular domains 
of the PRMs can efficiently interfere with the ligand binding. 
Anti-C1q and anti-MBL antibodies were successfully used to 
block the CP and LP activation, respectively (84). An anti-MBL 
monoclonal antibody (3F8) attenuated myocardial IRI in mouse 
expressing human MBL (85).

Anti-C1q antibodies have been recently reported to greatly 
reduce the inflammatory demyelinating lesions in a mouse 
model of neuromyelitis optica (86) and also to attenuate injury 
with a consequent neuroprotective effect in acute Guillain–Barré 
syndrome mouse models (87). A peptide agent (called 2J) was 
selected from a peptide library on the basis of C1q binding (88). 
This peptide was shown to bind to the globular domain of C1q 
and prevented the binding of C1q to IgG. The 2J peptide efficiently 
inhibited CP-mediated C4 and C3 deposition and MAC forma-
tion in vitro. Although this peptide was a promising candidate 
for therapeutic complement inhibition, no further studies were 
reported about its in vivo application.

Another possibility for inhibiting the CP and the LP is to 
disassemble the initiation complexes. In this respect, it is worth 
noting that in in vitro experiments the C1 complex dissociates in 
the absence of Ca2+ (in the presence of EDTA), or at high ionic 
strength (1  M NaCl), whereas in the case of the MBL–MASP 
complexes, both conditions should apply at the same time (89). 
Moreover, C1 inhibitor, which makes covalent complexes with 
the SPs, dislodges C1r and C1s from C1q, while it cannot disas-
semble the MBL–MASP complexes (90). Nevertheless, it was 
shown that there is a dynamic equilibrium between the different 
MBL/ficolin–MASP complexes in human serum, in other words, 
MASPs can migrate between the complexes (91). Recently, it 
was shown that asparaginase, which is used in oncological treat-
ments, inhibits the LP by reducing the amount of MBL–MASP 
complexes, very likely through dissociating the complexes (92). 
In this case, it is an adverse effect of the oncological treatment, but 
it indicates that a similar approach can be feasible in anticomple-
ment therapy. An anti-MASP-2 monoclonal antibody (OMS721, 
Omeros), which binds to a non-catalytic complement control 
protein (CCP) domain of MASP-2, successfully inhibited the LP 
in in vivo experiments, and also it could disassemble the MBL-
MASP-2 complexes.

There is a report about a viral-derived peptide (PIC1), which 
inhibits the classical pathway through binding to the collagen-
like region of C1q in the C1 complex (93). This peptide might 
lock the conformation of C1q and/or displace the tetramer. 
There is no other report in the literature about an agent, which 
can block the conformational change necessary for the proper 
function of the initiation complexes. A deeper understanding 
of the activation mechanism of the C1 and MBL/ficolin–
MASP complexes is needed to harness this possibility in the  
therapy.
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MASP-1
MASP-1 is the most abundant protease of the LP, and it plays 
a central role in complement activation. Its average serum con-
centration is 143 nM (11 µg/mL), which is 24-times higher than 
the serum concentration of MASP-2 (6 nM, 0.4 µg/mL) (94). The 
members of the C1r/C1s/MASP protease family share the same 
domain organization (Figure  2). At the N-terminus, there is a 
CUB domain (initially recognized in C1r/C1s, sea urchin protein 
Uegf, and human bone morphogenetic protein 1), followed by an 
epidermal growth factor-like (EGF) module and a second CUB 
domain. The MASPs are present as dimers in the circulation, 
and the N-terminal CUB1-EGF-CUB2 region is responsible for 
the dimerization. Another important function of this region is 
that it mediates the binding to the PRMs. The CUB and the EGF 
domains bind Ca2+, and both the dimerization and the PRM 
binding are Ca2+-dependent. The C-terminal region, which pos-
sesses the catalytic activity, consists of two CCP domains and a 
SP domain. The SP domain belongs to the chymotrypsin family 
(Family S1, MEROPS) and shows trypsin-like specificity cleaving 
after basic amino acids (Arg, Lys) in the polypeptide chain. The 
two CCP domains have at least two functions: they serve as spac-
ers between the CUB1-EGF-CUB2 region and the SP domain and 
they provide additional binding sites (exosites) for the substrates 
(13). Both functions have essential roles in the activation of the 
PRM–MASP complexes and in the cleavage of the subsequent 
components (C2 and C4).

MASP-1 has multiple roles in the innate immune response. 
Zymogen MASP-1 has a high autoactivation capacity, which 
plays a key role in the activation of the lectin pathway (95). When 
PRM–MASP complexes bind to the activation surface, zymogen 
MASP-1 autoactivates and the active MASP-1 activates zymogen 
MASP-2 (9, 72). In this way, MASP-1 is the initiator protease of the 
LP. Recently, it has been demonstrated that MASP-1 significantly 
contributes to AP activation on LPS surface through an unknown 
mechanism (68). MASP-1 is also capable of activating endothe-
lial cells by cleaving protease-activating receptor 4 (91, 96).  
The activated endothelial cells secrete cytokines (IL-6 and IL-8), 
and these cytokines promote the chemotaxis of neutrophil 
granulocytes (97). Moreover, MASP-1 treatment increased adhe-
sion between neutrophils and endothelial cells by upregulating 
E-selectin expression in human umbilical vein endothelial cells 
(HUVECs) (98). A genome-wide gene expression profiling study 
on HUVECs corroborated the role of MASP-1 in triggering 
inflammation (99). The analysis showed that MASP-1 up- and 
downregulated numerous inflammation-related genes bridging 
complement activation and endothelial-cell-related inflamma-
tory processes. It was also demonstrated that MASP-1 is able to 
cleave high-molecular-weight kininogen and liberate bradykinin 
(100). Bradykinin is a potent vasoactive, pro-inflammatory pep-
tide, which is responsible for the swelling attacks in hereditary 
angioedema (HAE), a disease associated with C1 inhibitor defi-
ciency (101). Uncontrolled activation of MASP-1 may contribute 
to the development of HAE attacks and worsening the symptoms 
of HAE patients. It was also recognized that MASP-1 serves as 
a link between the complement and the coagulation cascades. 
MASP-1 promotes coagulation by activating prothrombin, 
fXIII, and thrombin-activatable fibrinolysis inhibitor (102–104).  

The effect of MASP-1 on blood coagulation was confirmed by 
using a microvascular whole-blood-flow model (105). The physio-
logical relevance of this phenomenon is not quite clear; however, 
it is very likely that the proteolytic activity of MASP-1 contributes 
to pro-inflammatory and pro-thrombotic events facilitating the 
development of thrombotic complications under pathological 
conditions (106). As the above examples highlight, MASP-1 has 
a relatively broad substrate specificity (it has about 10 known 
substrates), which is quite unusual among complement proteases. 
It should be noted, however, that all the known substrates of 
MASP-1 are related to the innate immune response. Evolutionary 
considerations indicate that MASP-1 is an ancient enzyme of 
the complement system compared to the other members of the 
MASP/C1r/C1s family (107). The relaxed substrate specificity of 
MASP-1 is reflected in its 3D structure (70). The substrate-binding 
groove of MASP-1 is broad and accessible resembling that of 
trypsin, rather than those of other early complement proteases. 
The physiological inhibitors of MASP-1 are serpins. C1 inhibi-
tor, and in the presence of heparin antithrombin, attenuate very 
efficiently the activity of MASP-1 (108). Alpha2-macroglubulin, 
a pan-specific protease inhibitor in the blood was suggested to 
inhibit MASP-1 and consequently the LP (109), but this issue is 
controversial (108, 110). Another potential physiological inhibi-
tor of the LP is MAp44 (aka MAP-1), an alternative splice product 
of the MASP1 gene (111, 112). MAp44 contains the CUB1-EGF-
CUB2-CCP1 domains of MASP-1/3 plus a 17 amino-acid-long 
C-terminal peptide. Since MAp44 lacks the SP domain, it does 
not have proteolytic activity to initiate the LP, but it can dimerize 
and bind to the PRMs like the MASPs. MAp44 attenuates LP 
activity by competing with MASP-1 and MASP-2 for the PRMs 
and displacing them from the complexes. Recombinant MAp44 
was shown to protect against myocardial IRI in mouse models, 
preserving cardiac function, decreasing the infarct size, and pre-
venting thrombogenesis (113). Recombinant chimeric inhibitors 
were also designed and constructed by fusing MAp44 and the 
complement regulatory domains (1–5) of FH (114). One of these 
inhibitors showed simultaneous inhibition of the LP and AP.

Theoretically, the SPs are the most druggable targets in the 
complement system (115). The active sites of these enzymes can 
be easily targeted by small-molecule protease inhibitors. The 
main problem with this approach is the lack of specificity, since 
all the complement proteases and also the proteases of the other 
plasma cascade systems contain chymotrypsin-like SP domains 
(Figure 4). A small-molecule SP inhibitor, which blocks the activ-
ity of a particular complement SP, very likely will inhibit other 
complement proteases, as well as proteases of the coagulation, 
fibrinolysis, and kallikrein–kinin systems to some extent. For 
example, nafamostat mesilate (FUT-175 or Futhan) is a powerful 
inhibitor of the complement cascade, but it has a broad specificity. 
It was shown to attenuate renal and myocardial IRI (116, 117), but 
it also attenuates pancreatitis by inhibiting trypsin and other pan-
creatic enzymes (118), and also coagulation by inhibiting throm-
bin and other clotting enzymes (119). To enhance the specificity, 
the number of interactions should be increased between the SP 
and the inhibitor. A promising approach could be the fragment-
based drug discovery, which generates highly specific molecules 
via linking small chemical fragments (Mw < 300 Da) together that 
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FiGURe 5 | Structure of factor D (FD) in complex with a selective small-molecule inhibitor. The figure is based on the structure of FD in complex with “inhibitor 6” 
described by Maibaum et al. (120) (PDB entry 5FCK). Inhibitor 6 has multiple polar and hydrophobic interactions with the protein body. It is notable that inhibitor 6 
interacts with the self-inhibited conformation of FD, probably stabilizing FD in this form. Asp177 (blue) of the S1 pocket forms a salt bridge with Arg202 of the 
self-inhibitory loop (red). The catalytic triad is colored magenta. Numbers indicate amino acid positions in mature FD, while numbers in parenthesis reflect the 
traditional chymotrypsinogen numbering. Hydrogen bonds are indicated by yellow dashed lines. (A) FD shown by ribbon representation. (B) FD shown by surface 
representation.

FiGURe 4 | Specific inhibition of proteases requires multiple favorable contacts in a large contact area with an inhibitor. (A) The structure of MASP-1 in complex with 
a specific small-protein inhibitor, SGMI-1 (PDB entry 4DJZ). SGMI-1 was developed by phage-display (122). Amino acid residues in the randomized positions are 
colored magenta (P4, P2, P1′, P2′, P4′) and blue (P1). All amino acid residues in the randomized positions have contacts with the protease body; moreover, SGMI-1 
has other contact areas with MASP-1 in the non-randomized positions as well. (B) The structure of trypsin in complex with a non-specific small-molecule inhibitor 
(123) (PDB entry 3LJJ). The inhibitor is based on benzamidine. A two-headed arrow indicates the movement of the terminal cyclopentane moiety, which has two 
equivalent binding sites.
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bind only weakly on their own to the target. This approach was 
successfully used to develop specific small-molecule inhibitors 
against FD (120) (Figure 5), but there is no report about similar 
molecules against MASPs. Monoclonal antibodies and other 
biologics can also meet the specificity criterion. Highly selective 
MASP inhibitors were developed by the in vitro evolution of the 

interacting loop of canonical SP inhibitors. Sunflower trypsin 
inhibitor (SFTI) is a 14-amino acid-long cyclic peptide, which 
mimics the protease-interacting loop of the inhibitor scaffold 
of the Bowman–Birk inhibitor family. SFMI-1, an LP-selective 
peptide inhibitor was developed by phage-display selection of 
SFTI variants using MASP-1 as target (121). SFMI-1 proved to 
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be a strong MASP-1 inhibitor (Ki = 65 nM), and a weak MASP-2 
inhibitor (Ki = 1,030 nM). In order to further increase the speci-
ficity, a larger inhibitor scaffold was used in the phage-display 
selection. SGPI-2 (S. gregaria protease inhibitor-2) is a single 
domain small-protein inhibitor (35-amino acid-long) belonging 
to the Pacifastin family of canonical inhibitors. After randomiz-
ing six positions in the protease-interacting loop (P4, P2, P1, P1′, 
P2′, and P4′), a highly specific MASP-1 inhibitor (SGMI-1) was 
selected (122) (Figure 4). SGMI-1 inhibits MASP-1 very effec-
tively (Ki = 7 nM), and very selectively. This inhibitor was used 
to clarify the function of MASP-1 in the innate immune response 
using numerous in vitro and ex vivo assays. Although MASP-1 is 
a tempting target to halt unwanted LP activation and to prevent 
various pro-inflammatory processes, no pharmaceutical develop-
ment of a MASP-1 inhibitor has been reported to date.

MASP-2
MASP-2 is the only protease in the LP that can cleave C4. Its 
serum concentration is rather low (6 nM, 0.4 µg/mL), compared 
to the other complement proteases. These characteristics make 
MASP-2 an ideal target to inhibit pathological LP activation.

MASP-2 has identical domain organization with MASP-1 
and MASP-3 (Figure  2). Isolated MASP-2 has a tendency to  
autoactivate in a concentrated solution (11, 124). This autoac-
tivation capacity, however, cannot manifest in normal human 
serum, where the MASP-2 concentration is low, and each 
MASP-2 molecule is surrounded by MASP-1 molecules on 
the target surface. Under these circumstances, MASP-1 is the 
exclusive activator of MASP-2. The autoactivation ability of 
MASP-2 might be important in  situations, where there is no 
MASP-1 present (e.g., MASP-1 deficiency). It should be noted, 
however, that in the serum of a 3MC syndrome patient, where 
there was neither MASP-1 nor MASP-3 present due to a muta-
tion in the MASP1 gene, no LP activity could be detected (72). 
On the other hand, birds lack MASP-1, but have functional LP, 
suggesting that MASP-2 can independently drive LP activation 
(125). In the sera of these animals, however, the autoactivation 
capacity of MASP-2 must be much higher than that of human 
MASP-2 in normal human serum. A recent publication shows 
that MASP-2 can directly cleave C3 in the absence of C4 and/or 
C2 on LP-activating surfaces (66). MASP-2 was also suggested 
to promote fibrin polymerization by cleaving prothrombin (126). 
The MASP2 gene, like the MASP1 gene, has an alternative splice 
product MAp19 (aka sMAP, MAP-2) (127, 128). This truncated 
gene product contains only the CUB1 and EGF domains plus 4 
unique C-terminal residues. Since MAp19 can bind to the PRMs, 
it may regulate LP activity through displacing the MASPs from 
the complexes. Theoretically, the recombinant form of MAp19 
could be suitable to attenuate LP activity, in practice, the larger 
MAp44 was used for this purpose since it binds to the PRMs with 
higher affinity.

The pathological relevance of MASP-2 was demonstrated in 
MASP-2 knock-out mice, where the animals were significantly 
protected against myocardial and gastrointestinal IRI (50). In the 
hearts of MASP-2-deficient mice, the infarct volume was signifi-
cantly smaller than in those of the wild-type animals. Moreover, 
a recent study demonstrated that an inhibitory monoclonal 

anti-MASP-2 antibody successfully attenuated myocardial IRI 
in wild-type mice (129). An anti-MASP-2 antibody, OMS721, 
developed by Omeros Corporation, is under clinical trial for 
treating aHUS (130) and other thrombotic microangiopa-
thies (131), IgA nephropathy, lupus nephritis, membranous 
nephropathy, and C3 glomerulopathy (132). The mechanism of 
the protecting effect of MASP-2 inhibition in these diseases is 
not clear, since AP activation is believed to be the main driver of 
these conditions. Selective canonical inhibitors against MASP-2 
were also selected by phage-display using the SFTI and SGPI 
scaffolds (121, 122). Both inhibitors were highly specific: SFMI-2 
(Ki = 180 nM) and SGMI-2 (Ki = 6 nM) prevented LP activation 
efficiently, while they did not compromise the activity of the 
other two pathways.

MASP-3
MASP-3 was discovered as the third SP component of the LP 
(133). It has the same domain organization (Figure 2) as MASP-1 
and MASP-2, as described above; moreover, the amino acid 
sequence of its first five domains is identical with that of MASP-
1. This feature is the consequence of the fact that MASP-1 and 
MASP-3 are the alternative splice products of the same MASP1 
gene, along with a third protein MAp44 (111, 112). Variants of the 
MASP1 gene, resulting in the loss of the activity of MASP-3, cause 
the 3MC syndrome, characterized by serious craniofacial, genital, 
and often mental defects (58, 59, 134). The results indicate that 
MASP-3 is involved in neural crest cell migration in early embry-
onic development. Interestingly, the same phenotype is observed 
in patients carrying mutations in the COLEC11 gene (58) or the 
COLEC10 gene (135), both encoding LP components CL-K1 
(aka collectin-11) and CL-L1 (aka collectin-10). It is possible that 
MASP-3 is in complex with CL-K1/L1 when it exerts its function 
during embryogenesis, and it is likely that the proteolytic activity 
of MASP-3 plays an important role.

MASP-3 is different from MASP-1 and MASP-2 in several 
ways. MASP-3 does not autoactivate, does not cleave downstream 
LP/CP components, C4 and C2, and the active form has very low 
activity on most synthetic substrates (136). In vitro, it was shown to 
cleave insulin-like growth factor-binding protein 5; however, the 
relevance of this reaction is uncertain (137). It has also no natural 
inhibitor in the blood; therefore, control of its activity is prob-
ably achieved simply by its very restricted substrate specificity. 
MASP-3 is present in the blood as the mixture of the proenzymic 
and the activated forms; moreover, the activated form seems to be 
the more dominant variant (76). In this aspect, it also differs from 
MASP-1 and MASP-2, which are proenzymic. On the other hand, 
in many regards, MASP-3 has similarities to FD, which circulates 
predominantly in the active form, has no natural inhibitor, and 
has very restricted substrate specificity.

The function of MASP-3 in the blood had been mysterious 
until recently. Initially, it was considered simply as a negative reg-
ulator of the LP since it competes with MASP-1 and MASP-2 for 
binding to PRMs (133). This function may still be valid; however, 
now, strong evidences exist that the active form of MASP-3 is the 
primary physiological activator of pro-FD, producing FD, a key 
enzyme of the AP. The story was detailed in a previous section; 
therefore, we jump to the functional consequences of this activity.

182

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Dobó et al. Targeting AP and LP Components

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1851

It seems logical that the activity of the AP can be downregulated 
by the inhibition of MASP-3. Inhibition of MASP-3 would result 
in the accumulation of pro-FD in the blood with only very low 
levels of active FD, hence greatly attenuating AP activity. A study 
presented at 16th European Meeting on Complement in Human 
Disease (138) provided a strong evidence for this assumption.  
A single dose of a monoclonal antibody inhibiting the activity of 
MASP-3 suppressed the activity of the AP and shifted the active 
to zymogen ratio of FD toward the proenzyme, pro-FD, both in 
mice and in cynomolgus monkey. So far, two specific inhibitors 
against MASP-3 were developed. One of them is a canonical 
Kunitz-type recombinant protein, which is based on the second 
domain of tissue factor pathway inhibitor (TFPI) and developed 
by phage-display (75). The other is the abovementioned mono-
clonal antibody by Omeros Corporation (138).

What are the potential advantages of MASP-3 inhibition over 
FD inhibition? Inhibition of both proteins is expected to result in 
similar systemic effects in the blood. The plasma concentration of 
both proteins is similar, around 60 nM. This relatively low value is 
attractive for drug development. On the other hand, FD has a very 
high turnover rate. Its half-life in humans is less than 1 h (139). 
The turnover rate of MASP-3 is not yet known, but because of its 
size, it is most certainly lower compared to FD. This could mean 
that a lower daily dose of a drug candidate inhibitor of MASP-3 
would be required compared to a FD inhibitor.

Deficiency in the AP can result in potentially life-threatening 
meningococcal infections, and AP inhibition carries the same 
risk. Another potential benefit of MASP-3 inhibition would be 
that in this case, a pro-FD pool is still available. In case of a bacte-
rial infection, the LP can be activated, and the resulting active 
MASP-1 and MASP-2 molecules could locally convert pro-FD 
to FD, making the AP amplification possible. Nonetheless, this 
mechanism needs experimental validation.

In all, based on MASP-3’s requirement for the maturation 
of pro-FD, MASP-3 presents itself as a good target to attenuate 
the complement system, with several potential benefits over FD 
inhibition.

Factor D
Factor D (FD) is a single domain SP, which circulates in the blood 
predominantly in the active form (77, 140). It is synthesized 
mainly by adipocytes, hence the alternative name adipsin. In 
the 1970s, it was debated whether it is produced as a proenzyme 
or secreted in the active form (140, 141). Since only the active 
form could be isolated from blood (142), it was assumed that 
it might be activated even before secretion (143). Nevertheless, 
at the DNA level, after the signal sequence, an additional 5 to 7 
amino acid long propeptide is encoded. Now the consensus is that 
active MASP-3 converts the pro from of FD to the active form 
constitutively (74, 75, 77).

Although it is an active SP, FD has an extremely restricted 
substrate specificity. It has very low activity toward synthetic 
substrates, basically, it cleaves only certain thioester compounds; 
however, its natural substrate, FB in complex with C3b or C3b-
like molecules, is cleaved very efficiently (144). The free enzyme’s 
very low activity is due to a unique self-inhibitory loop (145), 
which is displaced when FD binds to C3bB (146).

It has a relatively low mass concentration of 1–4  µg/mL in 
humans (147–149), which in combination with early reports 
showing that FD is the bottleneck of AP activity (140), led to the 
assumption that FD could be the best target to achieve AP inhibi-
tion. However, FD is a small protein of only 25 kDa, so, its molar 
concentration of 40–160  nM combined with its high turnover 
(139) suggest that high daily doses of a FD inhibitor would be 
required to achieve complete sustained inhibition. Recent results 
also suggest that FD may not even be the bottleneck of AP activity. 
In the serum of FD-deficient mice, the addition of FD correspond-
ing to only about 1–2% of the normal FD level was sufficient for 
normal AP activity in vitro (147). In a 3MC syndrome patient, 
whose serum contained mostly pro-FD, some AP activity was still 
present (72), although lower than the normal level (134). These 
data together suggest that even if a potent and specific inhibitor 
is used, at least equimolar amount is required for AP inhibition, 
and even higher doses are necessary for sustained inhibition.  
A study with lampalizumab, a humanized monoclonal anti-FD 
IgG Fab fragment, showed similar observations (150).

One must also consider that, at least in vitro, plasma kal-
likrein was shown to be able to cleave the C3bB pro-convertase 
(151), hence a residual, low-level AP activity might still be 
present even during complete FD inhibition, or FD deficiency; 
however, the in vivo relevance of this cleavage needs further 
validation.

Nevertheless, FD remains a prime target within the comple-
ment system. Several FD inhibitor molecules are under develop-
ment, or in the clinical trial phase (152, 153) for PNH, aHUS, 
and AMD. Achillion developed several small molecule FD 
inhibitors that may be orally administered. A dose of 200 mg/kg 
of ACH-4471 per every 12 h resulted in complete AP inhibition 
in primates (154). An example of the combination of structure-
based and fragment-based drug development targeting FD was 
published recently. Modifying the structure of a small-molecule 
kallikrein inhibitor several compounds were developed that 
selectively inhibit FD (120). Figure 5 shows FD in complex with 
one of the compounds as an example.

Near complete inhibition of FD is expected to have a similar 
outcome as inhibition of MASP-3. Neisserial infection or other 
bacterial infections constitute a possible threat, which requires 
prophylactic treatment or treatment with antibiotics. This is actu-
ally valid for nearly all kinds of anticomplement drugs.

Factor B
Factor B (FB), a five-domain, 90 kDa glycoprotein, is composed 
of three CCP modules, a short connecting segment, a von 
Willebrand factor type A (vWFA) domain, and an SP domain 
(Figure 2). It circulates as a proenzyme, and its activation site 
(Arg234-Lys235) is hindered in the free enzyme from the cleavage 
by FD. FB can form a complex with C3b, or C3b-like molecules, 
to generate the AP pro-convertase, C3bB. The pro-convertase 
probably exists in two, closed and open conformations, in the 
latter, FB being accessible for FD cleavage (155). The FD-C3bB 
interaction facilitates both a shift toward the open conformation 
of C3bB, and a structural rearrangement in FD displacing its 
self-inhibitory loop (146). FD cleaves FB in the pro-convertase 
to release the Ba fragment. The other fragment, the catalytic 
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FiGURe 6 | C3c in complex with a compstatin analog. Compstatin, a cyclic 
peptide, was developed by phage-display. Since its discovery, several 
modified compstatin analogs have been developed. Compstatin and its 
analogs bind to C3, C3b, or C3c between the MG4 and MG5 domains. 
Compstatin sterically prevents the C3-convertase (C3bBb) to access its 
substrate C3. The depicted structure was determined using the Ac-V4W/
H9A-NH2 variant of the original peptide. The figure was prepared based on 
the structure by Janssen et al. (170) (PDB entry 2QKI). On the left, the whole 
structure is shown with C3c (brown) in surface representation and compstatin 
(magenta) with spheres. On the right, a close-up of the binding site is shown 
with compstatin represented by sticks. Hydrogen bonds are indicated by 
yellow dashed lines.
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Bb itself is still just a marginally active enzyme (156), it has full 
activity only as part of labile C3bBb complex (157). Once Bb 
dissociates from the convertase complex, it cannot re-associate 
with C3b (157).

FB is absolutely essential for the AP; therefore, it is a prime 
target for AP inhibition, but because of its high concentration 
(about 200–250 µg/mL, or 2–3 µM), it might not seem to be ideal 
at first sight. On the other hand, in order to prevent AP activa-
tion, only the newly formed C3bBb complexes may have to be 
inhibited. Using a potent inhibitor with low Kd toward C3bBb 
could completely block the amplification phase, thereby halting 
the activation process. While C3bBb might be a difficult target for 
testing small-molecule inhibitors, because of the transient nature 
of this complex, the cobra venom factor (CVF)-Bb complex is 
more stable; therefore, it presents itself as a viable target for the 
development of such molecules. It is also notable that at high pH 
(proenzymic), FB alone has significant, easily detectable activity 
toward C3 and certain para-nitroanilide substrates (158). Several 
substrate-analog aldehyde FB inhibitors were developed along 
the way (158).

Inhibitory antibodies might be more easily obtained. They 
only need to prevent access to C3, the very large substrate of 
C3bBb, which is attainable by a bulky antibody molecule binding 
near the catalytic site. However, it is possible that such antibody 
would also bind to free FB; therefore, higher doses might be 
required. Optimally, a small-molecule inhibitor or an inhibitory 
antibody should only bind to Bb, or even better only to the C3bBb 
complex, so that a relatively low dose of the molecule be sufficient 
for complement inhibition. A blocking antibody, binding to free 
FB, which prevents the formation of the pro-convertase complex, 
is also a feasible option. In this case, also high doses would be 
required for optimal effect.

A set of small-molecule inhibitors are under development by 
Novartis against FB (CVF-Bb) for indications such as AMD and 
other complement-mediated diseases (159, 160). Neutralizing 
monoclonal antibodies against Bb by Novelmed Therapeutics are 
under development for various indications (161, 162). A mono-
clonal antibody to mouse FB has been shown to be protective 
in a mouse model of renal IRI (163). Other approaches using 
antisense oligonucleotides (164), or a phage-display selected 
cyclopeptides (165) are other feasible options to control AP 
activation through FB.

While FB is a promising target, so far, no therapeutic agent hit 
the market, or is in the advanced state in clinical trials. As with FD 
or MASP-3 inhibitors, bacterial infections manifest a potential 
risk when patients are treated with FB inhibitors.

C3 and CvF
C3 is the central molecule of complement; the three activa-
tion routes are merged at the generation of C3b and continue 
together as the terminal phase (Figures 1 and 3). C3 circulates 
in the serum at high concentration (4–7 µM; 0.75–1.35 mg/mL). 
Native C3 is a 185 kDa protein containing 13 domains (Figure 2). 
C3 is composed of two chains, α and β. The core is built up of 8 
domains belonging to the α2-macroglobulin family. The thioester 
domain carries a buried thioester bond, which is prone to suffer 
hydrolysis or other nucleophilic attack.

Primary C3 deficiencies were described in a few families over 
the world. Mutation in C3 gene caused impaired C3 synthesis or 
secretion, which produced a low C3 level in the blood. These indi-
viduals are extremely susceptible to recurrent pyogenic bacterial 
infections, especially to Gram-negative but also to Gram-positive 
bacteria (166). Moreover, C3 deficiency impairs maturation of 
immune cells (dendritic cells, memory B  cells, certain T  cells) 
(166, 167). Furthermore, SLE and various renal diseases were 
also observed; however, their mechanism is not fully understood. 
Secondary C3 deficiency is due to malfunctioning of the comple-
ment regulatory proteins, typically FI and FH (168).

Complement activation can be blocked completely at the level 
of C3. On the other hand, C3 is the most abundant protein in the 
complement cascade; therefore, a large amount of an inhibitor 
would be needed to achieve a substantial effect. Compstatin, a 
promising complement-based therapeutic agent, was developed 
against C3 by phage-display using naïve library in 1996 (169). 
Compstatin is a cyclic peptide of 13 amino acids with a single 
disulfide bond. It blocks the access of the convertase to C3 
through steric hindrance. Crystal structure with C3c showed 
that compstatin forms expansive H-bonds with its partner 
(170) (Figure 6). Neither complement regulator proteins nor 
other structurally related proteins (C4, C5) bind compstatin. 
In the past 20 years, the compstatin family has been constantly 
developed. New generations of compstatin analogs possess better 
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pharmacokinetic and pharmacodynamic features. Compstatin 
derivatives were investigated in many complement-related 
animal diseases models and showed promising results (171). Just 
to mention a few, compstatins are efficient in primates in inflam-
matory diseases induced by cardiac surgery, cardiopulmonary 
bypass, or E. coli infection, in treatment of organ transplantation 
to reduce the possibility of xenograft rejection, and in sepsis. One 
of the compstatin derivatives (APL-2) already completed a Phase 
II clinical trial in treatment of AMD by Apellis Pharmaceuticals, 
and another one (AMY-101) started in 2017, the “first-in-human” 
clinical study against PNH by Amyndas Pharmaceuticals. Cer-
tainly, compstatins, as a peptide drug candidates, have their 
limitations especially considering oral administration. The rapid 
proteolytic degradation and poor biocompatibility make drug 
formulation challenging. On the other hand, the high specificity, 
the relatively low cost of production, and high variability gives 
the compstatin family members great potential to become widely 
used, effective, and safe complement therapeutics (171).

There are some other approaches to target complement activa-
tion through C3. Since 1970s, CVF is widely applied to deplete 
complement and to gain knowledge about its role in diseases. 
CVF is a structural and functional analog of C3, forms an AP 
convertase with Bb; however, it is resistant to the activity of 
FI and FH. Since decay of the convertase is abolished, C3 and 
C5 are rapidly exhausted from the blood. Nevertheless, CVF is 
immunogenic; therefore, it can be used only once to avoid anti-
body response. In the last decade, interesting results have been 
published about a chimeric protein, humanized CVF (172). It 
is a C3 derivative obtained by simply replacing the C-terminal 
part with the homologous sequence from CVF. This protein is 
safe and proved to be efficient in various animal disease models 
(AMD, collagen-induced arthritis, PNH, myasthenia gravis, etc.), 
and furthermore, no neutralizing antibody effect was detected in 
mice after prolonged usage (173).

Properdin
The only known positive regulator of the AP is properdin, also 
referred to as factor P. Properdin circulates in the plasma at 
20–125  nM (4–25  µg/mL) concentration as a cyclic polymeric 
glycoprotein. In contrast to most complement proteins, it is 
synthesized primarily by leukocytes and shows different activity 
depending on the type of producing cells. The properdin mono-
mer comprises six complete and one truncated thrombospondin 
type 1 repeat (TSR) domain in tandem connection. The 53 kDa 
monomer is able to form dimers, trimers, and even tetramers in 
a head-to-tail arrangement. Physiologically, the most abundant 
form is the trimer; however, properdin shows tendency to self-
aggregate into higher oligomers under conditions used for its 
preparation. It has an extremely high positive charge, hence it 
tends to bind via ionic interactions to polyanion structures.

Properdin has a significant and well-established role in the AP 
of complement by stabilizing the very labile C3bB and C3bBb 
complexes offering binding sites to C3b, and FB or Bb. Extending 
the half-life of the AP convertase by 5- to 10-fold is essential for the 
effective AP activity (174). Another role of properdin, serving as 
a PRM, was proposed about 10 years ago. A similar function was 
originally suggested by Pillemer, who discovered the “properdin 

pathway.” However, findings of this subject are controversial. 
Caution must be taken since repeated freezing and thawing 
resulted in highly polymerized, therefore, non-physiological, 
aggregated properdin, which binds non-specifically to surfaces. 
Experiments using unfractionated properdin could have led to 
physiologically not relevant observations (175). The binding 
abilities of properdin are also influenced by the contact surface 
and the presence of specific ligands. Experiments in properdin 
knock-out mice demonstrated that in the absence of properdin, 
bacterial LPS- and lipooligosaccharide-induced AP activation 
was absent, while zymosan or CVF-induced activation was only 
partially affected (79). Using compstatin and anti-FP antibody in 
ELISA assays, it has been shown that properdin does not attach 
directly to zymosan or Escherichia coli surfaces, but it contributes 
only to the stabilization of C3bBb complex (176). Recent stud-
ies showed that the binding of properdin to activating surfaces 
is always preceded by deposition of C3b (23), concluding that 
properdin can act as an initiator of AP only in a C3b-dependent 
manner.

Properdin deficiency especially in combination with the lack of 
other complement components (MBL, C2, etc.) causes unequivo-
cal susceptibility to bacterial infections. Disorder in properdin 
and one of the late complement components (C5–C9) increases 
the risk of Neisseria meningitidis infection by 1,000- to 10,000-fold 
(28). Interestingly, the lack of IgG G2m(n) allotype in properdin-
deficient persons also increased the susceptibility to meningo-
coccal disease (177).

Therapeutic application of properdin emerged recently. In 
mouse model, it has been shown that a highly polymerized form 
of recombinant properdin gives protection against N. menin
gitidis and Streptococcus pneumoniae. A single low-dose treat-
ment was enough to boost complement-activated lysis, which 
significantly reduced bacteremia and increased survival rates 
(178). We should note, however, that the recombinant proper-
din had histidine tag, which could influence its antimicrobial 
activity (179). Newly developed mouse monoclonal antibody 
against properdin was proved to be useful in sandwich-ELISA 
system to determine serum level of properdin in human samples 
(180). This antibody also successfully blocked AP activation in 
human sera.

The lack of properdin can efficiently abolish physiological or 
even unwanted AP activity. Inhibiting the AP through properdin 
can abate the amplification of deposited C3, hereby, the activity of 
the complement cascade. In contrast to C3, properdin is present 
at a relatively low concentration. Consequently, as an important 
regulator of the AP, it may turn out to be a promising therapeutic 
target to block complement activation. Novelmed is developing 
new drug candidates against the components of the AP, which 
do not interfere with the CP, as part of their effors, they evolved 
a new monoclonal antibody against the N-terminal fragment of 
properdin (181).

Factor i
Factor I has an outstanding role in the control of the complement 
system. Along with its cofactors, FI belongs to the regulators of 
complement activation. Although it possesses a low catalytic 
activity on its own, FI can downregulate all activation routes by 
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FiGURe 7 | Structure of the complex of C3b, mini factor H (FH), and factor I 
(FI). Mini FH is a potential drug candidate. In vitro, it is more effective than 
full-length FH in accelerating the decay of C3b by FI. The structure shows 
extensive contacts between the three proteins. The figure was made based 
on the structure of ternary complex of C3b-mini FH-FI (S525A) (184) (PDB 
entry 5O32). The colors of the legends match the depicted protein chains. 
The P1 residue (Arg1303) of the primary cleavage site in C3b by FI is indicated 
by sphere representation. Mini FH and the light chain of FI are shown by 
surface representation, whereas C3b and the heavy chain of FI are shown  
by ribbon representation.
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dismantling the central component of the complement cascade: 
C3b (and also C4b). FI contributes to the self-defense of host tis-
sues against complement damage through the acceleration of the 
decay of fluid-phase and surface-bound C3b to iC3b. Degradation 
products of C3b initiate the cellular immune response via their 
interaction with various receptors on immune cells.

FI is an 88  kDa glycoprotein synthesized as a single poly-
peptide chain by hepatocytes. It is a trypsin-like SP consisting 
of five domains; some of them are common in the components 
of the terminal pathway. The heavy chain contains the first 
four domains: FI membrane attack complex domain, CD5-like 
domain, low-density lipoprotein receptor 1 and 2 (LDLr 1 and 2)  
domains, and a small section called d-region with unknown 
homology (Figure 2). The light chain, which is attached to the 
heavy chain by a disulfide bond consists of the catalytically active 
SP domain.

FI has several unusual characteristics: it circulates as an 
“active” enzyme in the blood and does not have an inhibitor (19). 
These and some other features of FI resemble that of two other 
proteases of complement, Factor D (182) and MASP-3. FI has 
an extremely low catalytic activity toward synthetic substrates 
and also toward free C3b and C4b. In order to cleave C3b and 
C4b efficiently, FI needs cofactors. C4b-binding protein (C4BP) 
and FH are soluble cofactors of FI, while MCP (CD46) and CR1 
(CD31) are membrane-bound cofactors. Since no natural inhibi-
tor of FI is known, it is regulated by other mechanisms. First of 
all, the type of the substrate and also the type of its cofactor influ-
ences the activity of FI, and also the cleavage site on C3b or C4b  
and their degradation products. Second, structural data has 
proven recently that many crucial loops of the SP domain are 
disordered without the interacting partners (183). As the ternary 
complex of C3b-FH-FI is formed, ligand binding induces stabili-
zation of the SP domain and, therefore, FI obtains full proteolytic 
activity. After the cleavage of the first bond in C3b (Figure 7), 
the substrates rearranges and the second or third cleavage site 
becomes accessible, while the SP domain of FI endures only 
minor movements (184).

According to its important role in complement regulation, the 
absence of FI causes dangerous, even life-threatening conditions. 
Due to the lack of decay acceleration, increased amounts of C3b 
lead to uncontrolled AP activation. The more C3b molecules are 
present, the more C3 convertases are generated, which results in 
the rapid exhaustion of C3 from the plasma. Individuals with FI 
deficiency are prone to suffer from recurring bacterial infections, 
severe kidney diseases, and most of all AMD (185, 186). Recent 
studies show that identifying rare CR1 variants in combination 
with low serum level of FI can enable therapist to find patients, 
who are the most likely candidates to develop AMD (187). FI 
deficiency is often associated with aHUS. Symptoms frequently 
appear in early childhood after a severe infection or in young 
females shortly after pregnancy. Large international cohorts 
have been established to characterize all genetic variants and 
clinical outcomes. The prognosis of FI-associated aHUS is quite 
poor, in half of the cases, end-stage renal failure developed 
rapidly. Treatment with eculizumab, which is the major thera-
peutic for aHUS, resulted in partial remission in patients having 
FI-associated aHUS (188).

Another aspect that makes FI a potential drug candidate is 
the phenomenon of multiple polymorphisms in complement 
components that can affect the delicate balance between activa-
tion and regulation of an individual’s complement system. The 
inherited repertoire of the complement gene variants was dubbed 
complotype (189). Some variant alleles can result a more reactive 
complement, which usually appears in the increased activity of 
C3b feedback cycle. Hyperactive complotypes raise significantly 
the risk of complement-related diseases at later age. Lower serum 
level of FI compared to FH (along with FH-related proteins) is 
advantageous to produce an effect. Moreover, the administration 
of FI in the presence of cofactor CR1 also enhances the conver-
sion of inflammatory product iC3b to C3dg (190). Experimental 
data prove that increasing the amount of FI in serum of different 
complotypes can convert higher-risk to lower-risk activity. The 
extra amount of FI needed is approximately 50% of normal 
level, which would be a useful therapy in such patients (191). 
Comprehensive characterization of the complement regulatory 
genes in patients already suffering from complement-related 
disorders would enhance developments of personal and success-
ful therapies.
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TABLe 1 | Potential drug targets of the complement system discussed in this review.

Protein Role in complement activation expected effects of 
inhibition

Potential diseases Type of the drug candidate 
molecules

Reference

C1q Pattern recognition molecule (PRM) 
of the classical pathway (CP)

Blocking the CP Neurodegenerative diseases Antibody, peptide (84, 86–88)

MBL, ficolins PRM of the lectin pathway (LP) Blocking the LP Ischemia–reperfusion injury (IRI) Antibody (84, 85)

MASP-1 LP initiation, boosting the 
alternative pathway (AP)

Attenuation of the LP 
and LPS-driven AP

IRI Protein, small protein (113, 121, 
122)

MASP-2 LP initiation Attenuation of the LP IRI, renal diseases, atypical hemolytic 
uremic syndrome (aHUS)

Antibody, small protein (121, 122, 
129–132)

MASP-3 AP pre-initiation Attenuation of the AP AP-driven diseases Antibody, small protein (75, 138)

FD AP initiation Attenuation of the AP Age-related macular degeneration 
(AMD), renal diseases

Antibody, small molecule (120, 150, 
154)

FB Driving the AP Attenuation of the AP AMD, renal diseases Small molecule, antibody (158–165)

C3/C3b Component of the AP C3 convertase 
and both C5 convertases

Blocking of AP  
and TP

AMD, paroxysmal nocturnal hemoglobinuria 
(PNH), renal diseases, transplantation

Peptide, protein (169, 
171–173)

Properdin AP C3/C5 convertase stabilization Attenuation of the AP AMD, PNH Antibody (160, 181)

FI Regulation of all pathways via 
degradation of C3b and C4b

NA AMD, aHUS Protein (FI for replacement 
therapy)

(191)

FH AP regulation NA AMD, aHUS, transplantation Antibody, proteins (rec. FH 
constructs for replacement therapy)

(192–195)

NA, not applicable, because inhibition of negative regulators is generally not desirable; however, potentiation could be a feasible approach (195).
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Factor H, FH-Like, and FH-Related 
Proteins
Factor H (FH) is the major regulator of the AP. It is a fluid-phase 
molecule; however, it can bind to surface-deposited C3b and 
regulate the AP C3 convertase by several ways. By binding to 
C3b, it can prevent the capture of FB, consequently, the formation 
of the pro-convertase (C3bB). It has also a convertase decay-
accelerating activity by facilitating the irreversible dissociation 
of the C3bBb complex. Probably, the most important function of 
FH is the cofactor activity, which is necessary for the FI-mediated 
cleavage of C3b to iC3b, through which it prevents the build-up 
of the amplification feedback loop of the AP. FH is a glycoprotein 
of 115 kDa and it consists of 20 CCP (aka short consensus repeat 
or sushi) domains (Figure 2). These domains, which are about 
60 residues in length and contain two highly conserved disulfide 
bonds, are widespread among the complement proteins. Many 
complement regulatory proteins, such as FH and the FH-related 
proteins, CR1, CR2, MCP, DAF, C4BP, are composed predomi-
nantly or exclusively of these repeating structural motifs. The 
four N-terminal CCP domains of FH are responsible for the 
convertase decay-accelerating and cofactor activity. The other 
CCP domains take place in the interaction with different ligands. 
The C-terminal CCP 19–20 domains are indispensable for 
binding to self-surface deposited C3b. According to the current 
knowledge, FH recognizes the juxtaposition of C3b and car-
bohydrates containing sialic acid or glycosaminoglycan on the 
surface and binds strongly through the CCP 19–20 domains. The 
other domains may contribute to the binding to several ligands  
(e.g., heparin/CCP 7), but they are not indispensable for the func-
tion of FH. Based on this knowledge, minimal-size FH molecules 
were designed by combining the N- and C-terminal regions. 
Two constructs contain only six domains (CCP1-4 and 19-20) 

(192, 193). These mini FH molecules (Figure  7) showed more 
effective complement inhibition in different assay systems than 
the full-length FH molecule (192). Another, slightly extended 
construct containing CCP1–5 and 18–20 domains effectively 
inhibited complement activation in vivo and reduced abnormal 
glomerular C3 deposition in a FH-deficient mouse model of 
C3 glomerulopathy (194). Recently, a monoclonal anti-FH 
antibody has been found that could inhibit AP activation by 
potentiating FH (195). This potentiating antibody increases 
the affinity of FH for C3b and facilitates the degradation of the 
convertase by FH. There is an alternative splice product of the 
FH gene, which consists of only the CCP1-7 domains plus a 
four-amino-acid long C-terminus (196). This FH-like protein 
1 (FHL-1) has complement-inhibitory activity, and it may have 
important function in the periphery. It is supposed that FHL-1 
is able to penetrate through the Bruch’s membrane beneath the 
retinal pigment epithelial cells in the eye, while FH cannot. In this 
way, FHL-1 may have a crucial role in the protection of retinal 
cells against complement-mediated attack and prevention of the 
development of AMD (197). Besides FH and FHL-1, there are five 
FH-related proteins (FHR) in the human serum. These proteins 
are encoded by separate genes situated next to the FH gene, and 
these genes arouse very probably through partial gene duplica-
tions. These proteins are shorter than FH and usually consist of 
CCP domains homologs to CCP6-9 and CCP18-20 of FH. Since 
the FHRs lack the complement regulatory CCP1-4 domains, their 
physiological relevance was underestimated at the time of their 
discovery (198). Since then, increasing number of evidences have 
been accumulated demonstrating the physiological role of FHRs, 
although this area is still controversial. Since the FHRs contain 
domains sharing high sequence identity with CCP18-20 of FH, 
these proteins can bind to ligands of FH (e.g., C3b, heparin, CRP). 
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However, these molecules cannot efficiently inhibit the AP since 
they lack the N-terminal regulatory domains of FH (CCP1-4).

FHR-1 was reported to enhance, rather than to inhibit 
complement activation through binding to CRP (199). This 
phenomenon could explain the protective effect of FHR-1 defi-
ciency in AMD (200). FHR-4 was able to facilitate AP and CP 
activation by binding to C3b and CRP, respectively (201). FHR-5 
was also shown to promote complement activation by binding to 
pentraxin 3 (PTX3) and extracellular matrix and by enhancing 
C1q deposition (202). It is also possible that FHRs compete with 
FH on the surface of bacteria, thereby compromising the ability of 
the microorganism to evade complement-mediated attack (203). 
It has been demonstrated that FHR-3 acts as a decoy, being captured  
by N. meningitidis cells instead of FH (204). The level of protec-
tion against N. meningitidis infection may depend on the FH/
FHR-3 ratio in the serum. In general, the serum concentration of 
FH and the FHRs, and their affinity to various ligands may be a 
key factor in the fine tuning of complement-mediated opsoniza-
tion and inflammation. If the delicate balance between FH and 
FHRs is disturbed due to genetic variations, or the amount and 
the composition of the ligands changes in the course of a disease 
(infection, oxidative stress), improper complement activation can 
take place resulting in self-tissue damage.

CONCLUDiNG ReMARKS

The complement system was an appealing drug target even in the 
1970s. However, the early drug development efforts failed mainly 
because of two reasons. The first reason was the lack of specificity 
of the anticomplement compounds. At that time, there was no 
technology to design or select highly specific agents against the 
individual complement components. The advance of structure-
based and fragment-based drug design approaches made pos-
sible to generate selective and efficient small-molecule drugs.  

In addition to that, the modern biotechnological methods have 
provided highly specific biologics [monoclonal antibodies, 
recom binant proteins, nucleic-acid aptamers (205, 206), etc.] 
developed for anticomplement therapy. The most successful anti-
complement drug so far, eculizumab, is a monoclonal antibody, 
and many antibodies are in preclinical or clinical phase in the 
pipeline. The second reason, which hindered the introduction 
of anticomplement drugs in the clinical practice in the past, was 
the insufficient knowledge about the mechanism of action of 
complement in both health and disease. In the recent years, the 
mechanism of activation and regulation of the LP and AP has been 
revealed in more detail, and we got insight into the cross-talks 
between the individual pathways inside the complement system 
and also the cross-talks between the complement and other pro-
teolytic cascade systems (e.g., coagulation). New discoveries have 
also been made about the role of complement in the regulation of 
the adaptive immune system. Based on all of the above mentioned 
scientific and technical advances, essentially, all components of 
the LP and AP became targets of drug development (Table 1). 
It is likely that new drugs with more efficiency and less adverse 
effect will be approved for treating complement-related disorders 
in the near future.
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The complement system is a tightly regulated network of proteins involved in defense

against pathogens, inflammatory processes, and coordination of the innate and adaptive

immune responses. Dysregulation of the complement cascade is associated with many

inflammatory disorders. Thus, inhibition of the complement system has emerged as an

option for treatment of a range of different inflammatory diseases. MAP-1 is a pattern

recognition molecule (PRM)-associated inhibitor of the lectin pathway of the complement

system, whereas C4b-binding protein (C4BP) regulates both the classical and lectin

pathways. In this study we generated chimeric proteins consisting of MAP-1 and the first

five domains of human C4BP (C4BP1−5) in order to develop a targeted inhibitor acting

at different levels of the complement cascade. Two different constructs were designed

and expressed in CHO cells where MAP-1 was fused with C4BP1−5 in either the C- or

N-terminus. The functionality of the chimeric proteins was assessed using different in

vitro complement activation assays. Both chimeric proteins displayed the characteristic

Ca2+-dependent dimerization and binding to PRMs of native MAP-1, as well as the

co-factor activity of native C4BP. In ELISA-based complement activation assays they

could effectively inhibit the lectin and classical pathways. Notably, MAP-1:C4BP1−5

was five times more effective than rMAP-1 and rC4BP1−5 applied at the same time,

emphasizing the advantage of a single inhibitor containing both functional domains. The

MAP-1/C4BP chimeras exert unique complement inhibitory properties and represent a

novel therapeutic approach targeting both upstream and central complement activation.

Keywords: complement activation, lectin pathway, classical pathway, MAP-1, C4BP, complement inhibition,

chimeric protein

INTRODUCTION

The complement system constitutes a central effector arm of the vertebrate immune system
occupying a pivotal position as an early danger sensor and mediator of immunological and
inflammatory processes (1, 2). Complement is activated via three distinct pathways, i.e., the
classical (CP) the lectin (LP) and the alternative pathway (AP) that converge on the generation
and deposition of opsonins, release of anaphylatoxins, and generation of the terminal complement
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complex (TCC) which all together help coordinating the cellular
and humoral immune responses (3–6).

Initiation of CP is mediated mainly by the binding of C1q
to immune-complexes, but also to conserved pathogen-specific
structures, altered self-antigens or interaction with the pentraxins
(7) and leads to the activation of the serine proteases C1r
and C1s (8, 9). The LP is initiated by two groups of pattern
recognition molecules (PRM): c-type lectins, such as mannose-
binding lectin (MBL), collectin-10 (CL-10, CL-L1), and collectin-
11 (CL-11, CL-K1) and ficolins, i.e., ficolin-1 (M-ficolin), ficolin-
2 (L-ficolin), and ficolin-3 (H-ficolin or Hakata antigen). Binding
of PRMs to ligands activates the MBL-associated serine proteases
(MASPs), causing cleavage and activation of C2 and C4 (10). The
AP is constantly “probing” surfaces in a non-specific fashion by
means of a constitutive low level of spontaneous hydrolysis of
C3 into the C3b analog C3(H2O) (11). Maybe more importantly,
C3b generated from any of the three pathways is amplified
via the AP. In fact, AP amplification may account for up to
90% of the total complement activation independently of the
triggering pathway (7, 12). Whether the AP can be activated
via a similar PRM-dependent mechanism involving properdin
remains controversial (13, 14).

Complement is much more than a pathogen-sensing
system, with ties spanning into coagulation, inflammation and
embryonic development (2). In order to carry out its diverse
functions it relies on a delicate balance between activation and
inhibition by means of a set of membrane-bound and soluble
regulatory proteins (15), the latter including the LP inhibitor
MBL/ficolin/CL-associated protein 1 (MAP-1, also named
MAp44), and the LP and CP regulators C4b-binding protein
(C4BP) and C1 inhibitor (a protease inhibitor of the serpin super
family that inactivates C1r, C1s, MASP-1, and MASP-2) (16).

Two genes encode all five naturally-occurring MASP isoforms
in mammals (17): three proenzymes (i.e., MASP-1, -2, and
-3) and the two non-proteolytic proteins sMAP (MAp19) and
MAP-1. The proteolytic MASPs consist of a heavy chain—
comprised of two CUB domains separated by an epidermal
growth factor (EGF) domain, and two complement control
protein/short consensus repeats (CCP/SCR) modules—and a
light chain composed of the serine protease domain. MAP-1
differs from the proteolyticMASPs in that it lacks the second SCR
and SP domain and thus it cannot activate complement. MAP-1
competes with the MASPs in binding to recognition molecules of
the LP leading to decreased complement activation. This has been
demonstrated in vitro (18–20), and in multiple in vivo disease
models (21, 22).

C4BP is a soluble protein encoded in the regulator of
complement activation (RCA) gene locus of chromosome 1
(23) and possesses a unique structure among the RCA proteins
in being a polymer composed of several CCP containing
polypeptides. The most abundant isoform in the circulation
is composed of seven identical α-chains (75 kDa each) and

Abbreviations: CP, LP, AP, Classical, lectin, and alternative pathway; PRM,

Pattern recognition molecule; IC50, Half maximal inhibitory concentration; Kd,

half maximal binding concentration; SEM, Standard error of the mean; PTEC,

Proximal tubular epithelial cells.

one β-chain (45 kDa) linked together by a central core and
found in a high affinity complex with the anticoagulant vitamin
K-dependent protein S (24, 25). The complement regulatory
functions of C4BP are located within the first CCP domains of
the α-chains. C4BP binds to the negatively-charged surface of
C4b via the first three CCP domains of the α-chain preventing
the assembly of the classical and lectin pathways C3 convertases
(26, 27). Additionally, C4BP acts as a cofactor in the complement
factor I (fI)-mediated proteolytic inactivation of both soluble
and membrane bound C4b (28–30). By binding to C3b via the
first 4 CCP domains of the α-chain, C4BP also participates in
the fI-dependent C3b degradation to iC3b in the fluid phase
(31). Although it is difficult to speculate upon the genuine
physiological role of the inhibitory function of C4BP since no
C4BP deficiency has been diagnosed in humans (32), C4BP
injected peritoneally has been shown to alleviate inflammation
and tissue damage in collagen- and collagen antibody-induced
arthritis mouse models (33).

Since the US Food and Drug Administration approval of the
first complement-specific drug in 2007 (34), rational modulation
of the complement cascade using complement inhibitors has
gradually demonstrated its potential as a drug discovery strategy
and therapeutic treatment (35). Especially recombinant chimeric
proteins targeting different levels of the cascade are of great
interest in complement-mediated therapy and have previously
been created with success (36, 37). Here we aimed to create a
dual inhibitor with the ability to target initial activation by both
the lectin and classical pathways by combining full length MAP-
1 with the first five N-terminal CCP domains of the α-chain of
C4BP. This could provide a unique platform for a novel class of
complement inhibitor and thus contribute to the emerging field
of complement therapeutics.

MATERIALS AND METHODS

Buffers
The following buffers were used: PBS (0.2M Na2HPO4,
35mM K2HPO4, 0.15M NaCl, 15mM KCl), PBS/NaCl
(0.2M Na2HPO4, 35mM K2HPO4, 0.5M NaCl, 15mM KCl),
TBS/Ca2+ and TBS/Tw/Ca2+ (20mM Tris-HCl, 150mM NaCl,
5mM CaCl2, with/without 0.05% Tween-20), TBS/EDTA and
TBS/Tw/EDTA (20mM Tris-HCl, 150mM NaCl, 10mM EDTA,
with/without 0.05% Tween), VBS/Tw and sample buffer (4mM
C8H11N2NaO3, 145mM NaCl, 2.6mM CaCl2, 2mM MgCl2,
with 0.05% Tween-20 or 0.5% BSA respectively).

Design of Chimeric Proteins and
Transfection
The coding sequences for MAP-1 (NM_001031849.2) and C4BP
(NM_000715.3) were optimized for expression in Chinese
hamster ovarian (CHO) cells in terms of codon adaptation index,
mRNA stability, GC content, removal of cryptic splice sites, and
repeats, 5’ UTR, and signal peptide. All DNA manipulations
were performed in Visual Gene Developer (38). MAP-1:C4BP1−5

comprises the coding sequence of MAP-1 followed by the first
five CCP domains of the α-chain of C4BP (C4BP1−5). The
reverse construct C4BP1−5:MAP-1 was designed with the coding
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sequence of C4BP1−5 located in the N-terminus of MAP-1 and
separated by a flexible glycine serine linker (G4S)3. A control
construct consisting of C4BP1−5 alone was designed with a C-
terminal hexa histidine-tag. In all cases, the signal peptide of
MAP-1 was used to ensure secretion. The chimeric constructs
were cloned into the pcDNA5/FRT vector and transfected
into Flp-in CHO cells (both from Invitrogen, Thermo Fisher
Scientific, USA) according to the manufacturer’s instructions.
Positive transfectants were selected for Hygromycin resistance
in complete medium with Ham’s F-12 Nutrient Mix, 10%
fetal calf serum, 2mM L-Glutamine, 1% Penicillin-Streptomycin
(Sigma-Aldrich, USA), and 500mM of Hygromycin B (all from
Gibco, Thermo Fisher Scientific unless otherwise stated), and
maintained at 37◦C in a humidified atmosphere with 5% CO2.

Purification of Recombinant Proteins
The chimeric constructs were purified by immunoaffinity
chromatography using the monoclonal antibody (mAb) anti-
MAP-1 20C4 (39) coupled to cyanogen bromide-activated-
sepharose 4B (Sigma-Aldrich). Briefly, filtered cell culture
supernatants were applied to the column and washed in
PBS/NaCl. Bound protein was eluted with 0.5% (w/v) citric
acid (pH 2.5) and neutralized with 1M Tris-HCl (pH 9).
Elution fractions were applied on a NuPAGE bis-tris 4–12%
polyacrylamide gel (Invitrogen), followed by a direct protein
stain with Instant Blue (Expedeon LTD, UK) to assess the purity.
The concentration of the chimeric proteins was interpolated by
ELISA using rMAP-1 as standard. rC4BP1−5 was purified with a
HisTrap excel column (GE Healthcare, Denmark) according to
the manufacturer’s instructions.

SDS-Page and Western Immunoblotting
SDS-PAGE was performed using NuPAGE bis-tris 4–12% gels
with or without reducing agent and blotted onto HybondTM-
ECL nitrocellulose membranes (GE Healthcare) according to
the manufacter’s instructions. The membranes were probed with
0.5µg/ml anti-MAP-1 20C4 or 0.3µg/ml anti-human C4BP
polyclonal antibody (pAb; Abnova, 722-D01P, Taiwan) overnight,
followed by 1 h incubation with 0.4µg/ml rabbit anti-mouse-
HRP pAb (Dako, P0260, Denmark) or a 1:4000 dilution of
donkey anti-rabbit-HRP pAb (GE Healthcare, NA934V) for
MAP-1 and C4BP, respectively. The membranes were developed
with SuperSignal WestFemto (Thermo Fisher Scientific) and
analyzed with Microchemi (Bio-imaging systems, Israel).

Fluid Phase C4BP Cofactor Assay
The cofactor activity of C4BP, MAP-1:C4BP1−5, and
C4BP1−5:MAP-1 was assessed with an established fluid
phase cofactor activity assay (40, 41) measuring the fI-cofactor
activity of C4BP in the proteolytic inactivation of C4b and
C3b. Briefly, C4b and C3b were incubated with fI, complement
factor H (fH), and equimolar concentrations of full length C4BP
(all from Complement Technology Inc., USA), recombinant
MAP-1 (rMAP-1, produced in house), MAP-1:C4BP1−5, or
C4BP1−5:MAP-1 for 2 h at 37◦C. The reactions were stopped
with LDS sample buffer and reducing agent (both from
Invitrogen). Samples were subjected to electrophoresis and

immunoblotting as described above. Cleavage of C3b was
visualized by incubation with 1.6µg/ml rabbit anti-human C3d
pAb (Dako, A006302) followed by donkey anti rabbit-HRP
(GE Healthcare, NA934V) in a 1:5000 dilution. C4b cleavage
was assessed by incubation with 0.3µg/ml mouse anti-human
C4d mAb (Thermo Fischer Scientific) and 0.4µg/ml rabbit anti
mouse-HRP (Dako). Membranes were developed as described
previously.

Size Exclusion Chromatography (SEC)
The chimeric proteins (50 µg) were applied to a Superdex 200
HR 10/30 column (GE Healthcare) with a flow rate of 0.5 ml/min
in TBS/Ca2+ or TBS/EDTA. The eluate was collected in 1ml
fractions and analyzed by ELISA (see below).

ELISA
Assessment of Ca2+-Dependent Dimerization by

Sandwich ELISA Following SEC
Microtiter wells (MaxiSorp plate; Thermo Fisher Scientific) were
coated with anti-C4BP pAb (2µg/ml) in PBS overnight at 4◦C.
SEC fractions were applied in a two-fold dilution starting at
1:20 and incubated for 2 h. Biotinylated 8B3 mAb (2µg/ml),
recognizing the common heavy chain of MASP-1, MASP-3 and
MAP-1 (39), was used as detection antibody for 2 h. Streptavidin-
HRP conjugate (Sigma Aldrich, RPN1231V) (1:2000) was added
for 1 h and the plates were developed with substrate solution
TMB One (Kem Em Tek, Denmark). The reaction was stopped
with 0.2M H2SO4 and the absorbance was measured at 450 nm
using an ELx80 absorbance reader (BioTek, USA).

Binding of Chimeric Proteins to Ligand-Bound MBL

and CL-11
Microtiter wells were coated with 10 µg/ml mannan (Sigma
Aldrich) in PBS overnight at 4◦C followed by incubation
with recombinant MBL or recombinant CL-11 (rMBL and
rCL-11 produced in house; 2µg/ml) (42). Serial dilutions of
MAP-1:C4BP1−5, C4BP1−5:MAP-1, rMAP-1, and rC4BP1−5 in
TBS/Tween/Ca2+ or TBS/Tween/EDTA starting at 13.5 nM
were allowed to complex with rMBL for 2 h. Detection and
development were done as described above. Binding of rMBL
and rCL-11 to mannan was confirmed using biotinylated anti-
MBL Hyb-131-1 mAb and anti-CL-11 Hyb-15 mAb (2µg/ml),
respectively.

Complement Activation Assays
Inhibition of complement activation via the LP was determined
by an established ELISA-based assay (42) using specific
antibodies to detect the activated and deposited products of
C4, C3, and TCC. The chimeric proteins ability to inhibit
complement was tested in MBL defect serum (43) and normal
human serum (NHS). Mannan (10µg/ml) was immobilized onto
microtiter plates and incubated in PBS overnight at 4◦C followed
by incubation with 2µg/ml rMBL for 1.5 h. Serial dilutions
of rMAP-1, C4BP1−5:MAP-1, and MAP-1:C4BP1−5 starting at
667 nM were incubated with mannan/rMBL complexes for 1 h
prior to addition of 2% MBL defect serum. When using NHS as
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a complement source, serial dilutions of C4BP1−5:MAP-1, MAP-
1:C4BP1−5, MAP-1, and purified C4BP, starting at 667 nM, were
added to round bottom non-absorbent titration plates (Thermo
Fisher Scientific) with 2% NHS. The serum-protein mix was
incubated 30min at 4◦C, transferred to mannan (10µg/ml)
coated plates and incubated for 45min at 37◦C. Detection of
deposition fragments was quantified with 2µg/ml biotinylated
mouse mAbs anti-human C4 (Anti-C4) (Bioporto Diagnostics,
Denmark, Hyb 162-02), 2µg/ml anti-human C3bc BH6 (44),
and 1µg/ml anti-human C5b-9 (anti-TCC; Bioporto, Dia 011–
01) incubated for 2 h. Finally, Streptavidin-HRP conjugate was
added in a 1:2000 dilution for 1 h. Unless otherwise specified,
all washes and incubation steps were done with VBS/Tw.
Development was performed with substrate solution TMB
One. Data are represented as inhibition (%), calculated as
[(ODinhibitor –ODbackground)/(ODnoinhibitor –ODbackground)]100.

Total Complement Screen
The WieslabTM Complement System Screenkit COMPL 300
(Euro diagnostica, Sweden) (45), a standardized immunoassay
for measuring TCC formation by all three complement pathways,
was used to assess the inhibitory capabilities of the chimeric
proteins beyond the LP. MAP-1:C4BP1−5, C4BP1−5:MAP-1,
rMAP-1, rC4BP1−5, and rMAP-1 plus rC4BP1−5 (starting at
667 nM for LP and CP, and at 2667 nM for AP) were applied
in a two-fold dilution in non-absorbent titration plates in the
respective buffers for each pathway provided with the kit. NHS in
a 1:100 dilution for the CP and LP and a 1:20 for the AP was co-
incubated with the inhibitors for 30min at 4◦C. Protein/serum
mixes were transferred to pre-coated 96-well microtiter plates
and incubated 1 h at 37◦C. Following incubation the samples
were analyzed with the Wieslab Complement System Screenkit
according to the instruction from the manufacturer. Data are
represented as described in the previous paragraph without
background subtraction.

Flow Cytometry
Complement activation on kidney cells was studied by flow
cytometry using HK-2 cells (ATCC, CRL-2190), an immortalized
human proximal tubular epithelial cell (PTEC) line reported to
be a suitable alternative to freshly isolated PTCs (46). Cells were
cultured in Keratinocyte Serum Free Medium supplemented
with bovine pituitary extract, human recombinant epidermal
growth factor (all from Gibco) and 0.5% Penicillin-Streptomycin
(Sigma-Aldrich). On the day of the experiments, the cells
were detached with TryPLE Express Enzyme, washed with pre-
warmed Hank’s balanced salt solution (both from Gibco) with
calcium and magnesium, and transferred to polystyrene round
bottom tubes (Corning, USA). Data was collected using a Gallios
flow cytometer and analyzed by the Kaluza software 1.2 (both
from Beckman Coulter, USA). Values are reported as median
fluorescence intensities (MFI). To ensure analysis of single cells,
a forward scatter area vs. height gate was defined upon a
uniform gated population on the forward vs. side scatter (see
Supplementary Figure 1). A total of 10,000 events were recorded
per experimental condition.

Binding of MBL to Kidney Cells
HK-2 cells (1.0 × 105 cells/test) were incubated with serial
dilutions of rMBL for 30min at 4◦C in sample buffer with or
without EDTA. Prior to the addition of the detection antibody,
the cells were fixed in a 1% solution of paraformaldehyde (Sigma
Aldrich) for 10min. Bound rMBLwas detected using anti-human
MBLHyb 131-11mAb (2µg/ml) for 30min plus goat anti-mouse
PE conjugate (Sigma, P9670) in a 1:20 dilution for 20min in the
dark. The cells were washed with sample buffer at 300 × g for
5min in between steps and all manipulations were performed at
4◦C.

Complement Deposition on Kidney Cells
HK-2 cells (1.0 × 105 cells/test) were incubated with rMBL
for 30min, followed by 10% MBL defect serum for 1 h. The
cells were fixed with 1% paraformaldehyde for 10min. Surface-
bound C4 was measured with biotinylated anti-human C4c pAb
(2µg/ml) (Dako, Q036905) for 30min followed by Streptavidin
APC conjugate (1:400) (Invitrogen, SA1005) for 20min in
the dark. To study the impact of the chimeric inhibitors
on C4 deposition, serial dilutions of MAP-1:C4BP1−5, and
C4BP1−5:MAP-1, rMAP-1, and C4BP1−5 (200 nM) were allowed
to react with 10% MBL defect serum for 20min prior to
incubating with the rMBL-bound HK-2 cells for 1 h. After fixing
the cells C4 deposition was measured as described previously. All
washes and incubation steps were done in sample buffer at 4◦C.

Statistics
All statistical analyses were performed in GraphPad Prism
software 7.02 (GraphPad, USA). Kd values (i.e., ligand
concentration required to achieve half of the maximum
binding) were calculated using the equation specific binding with
Hill slope after subtracting the background OD and constraining
the Bmax (maximum number of binding sites) to a value shared
between all inhibitors (Figure 3). The half maximal inhibitory
concentration (IC50) was calculated using a global nonlinear
regression with the equation inhibitor concentration vs. response
constraining the top and bottom parameters to equal 100 and
0 respectively (Figures 4, 5, 8). The significance of inhibitory
differences was analyzed using one-way ANOVA with Tukey’s
corrections for multiple comparisons on the best-fit IC50 values
from data sets with an acceptable goodness-of-fit (adjusted
R-squared > 0.8). Significance of the binding of rMBL and
MBL-dependent C4 deposition on the surface of HK-2 cells was
assessed using a two-tailed t-test, while inhibition was analyzed
using multiple unpaired t-tests with the Holm-Sidak correction
for multiple comparisons. Data are represented as mean ± SEM
of three independent experiments.

RESULTS

Production and Purification of Chimeric
Proteins
We designed two differently-oriented chimeric inhibitors: MAP-
1:C4BP1−5, with the first five CCP domains of the α-chain
of C4BP (alias C4BP1−5) located in the C-terminus of MAP-
1; and C4BP1−5:MAP-1, where C4BP1−5 was placed in the

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1945197

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hertz et al. Dual Targeting of Complement Activation

N-terminus of MAP-1 via a flexible glycine-serine linker. A
control protein, C4BP1−5 without MAP-1, was designed with
a terminal hexa His-tag (Figure 1A). All three constructs were
cloned into a pcDNA5/FRT plasmid and transfected into Flp-In

CHO cells. MAP-1-containing chimeric proteins were purified
by antibody affinity chromatography and C4BP1-5 was purified
via immobilized metal ion affinity chromatography on a HisTrap
excel column. Under reducing conditions, the chimeric proteins

FIGURE 1 | Recombinant constructs and purified proteins. (A) Diagram of the domain distribution of MAP-1, C4BP α-chain and the recombinant proteins. (B) Instant

blue stain of purified MAP-1:C4BP1−5, C4BP1−5:MAP-1, and C4BP1−5via affinity chromatography. (C) The identity of the protein bands was confirmed by Western

blotting using anti-MAP-1 mAb and rMAP-1 as positive control.

FIGURE 2 | Gel filtration chromatography of chimeric proteins. (A) Gel filtration profile of MAP-1:C4BP1−5 (M:C) and C4BP1−5:MAP-1 (C:M) under physiological

calcium conditions or 10mM EDTA. The identity of the gel filtration profiles was confirmed by analyzing the elution fractions of M:C (B) or C:M (C) by sandwich ELISA

using anti-C4BP as capture antibody and anti-MASP-1/-3/MAP-1 as detection. Relative abundance of the chimeric proteins in the elution fractions following gel

filtration under calcium conditions or EDTA is expressed as OD. mAU, milli absorption units.
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FIGURE 3 | MAP-1:C4BP1−5 (M:C), C4BP1−5:MAP-1 (C:M) and MAP-1

binding to MBL (A) and CL-11 (B). rMBL and rCL-11 were immobilized onto

mannan-coated plates. Recombinant proteins were applied in a two-fold

dilution in the presence of calcium or EDTA. Binding was determined using an

anti-MAP-1 mAb. Connecting lines display nonlinear fitting using the equation

specific binding with hill slope. Results are representative of three independent

experiments and error bars represent minimum and maximum values of

triplicate measurements.

migrated as a single band with an apparent molecular weight
of ∼80 kDa, equivalent to the sum of rMAP-1 and rC4BP1−5

molecular weights (i.e., ∼44 kDa and ∼37 kDa respectively;
Figure 1B). The identity of the protein bands was confirmed by
Western blotting (Figure 1C).

MAP-1:C4BP1−5 and C4BP1−5:MAP-1 Form
Dimers and Associate With the Collectins
of the LP in the Presence of Calcium
The MASPs are known to form head-to-tail dimers via the
interaction of the CUB1 and EGF domains and to associate
with the recognition molecules of the LP in a Ca2+-dependent
manner (18, 47, 48). To study the effect of calcium in the
dimerization of our recombinant inhibitors, we performed gel
filtration with and without EDTA, a Ca2+-chelating agent. Both
chimeric proteins eluted in a single overlapping peak in fractions
6–8 under physiological calcium concentrations. In the presence
of EDTA, the previous peak was drastically reduced and a new
one appeared in fractions 7–9 indicating that both are capable of
assembling into dimers stabilized by Ca2+ (Figure 2).

Both chimeric proteins and MAP-1 were able to bind to
rMBL and rCL-11 in a dose-dependent manner with equivalent
dose-response curves in the presence of Ca2+ (Figure 3). On
rMBL, MAP-1:C4BP1−5 and C4BP1−5:MAP-1 exhibited a similar

FIGURE 4 | Chimeric and rMAP-1 complement inhibition after pre-incubation

on rMBL/mannan. Serial dilutions of MAP-1:C4BP1−5 (M:C),

C4BP1−5:MAP-1 (C:M), and rMAP-1 were allowed to form complexes with

mannan-bound rMBL prior to addition of MBL-defect serum as a source of

complement. Detection of C4 (A), C3 (B), and TCC (C) deposition was

quantified using anti-C4, anti-C3, and anti-TCC mouse mAbs. Connecting

lines are four parameters nonlinear fitting using the equation inhibitor

concentration vs. slope. Data are reported as

[(ODinhibitor-ODbackground)/(ODnoinhibitor-ODbackground)]100. Error bars

represent the SEM of three independent experiments, and the dashed line the

50% inhibition level. *P < 0.05; ***P < 0.001; ****P < 0.0001.

Kd of 0.35 and 0.56 nM respectively, slightly lower affinity
than rMAP-1 at the given conditions (0.14 nM; Figure 3A). The
same tendency, albeit with weaker interactions, was observed
with rCL-11 (Figure 3B): rMAP-1 displayed the lowest Kd
(1.65 nM), followed by MAP-1:C4BP1−5 (1.97 nM) and lastly
C4BP1−5:MAP-1 (5.49 nM). As expected, no binding could be
detected when the proteins were incubated in the presence of
EDTA.

Inhibition of LP Activation With MBL Defect
Serum and NHS
To study the effect of the chimeric constructs on LP-mediated
complement activation we used mannan-bound rMBL as
the activating PRM. MAP-1:C4BP1−5 and C4BP1−5:MAP-1
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FIGURE 5 | Chimeric and rMAP-1 complement inhibition after co-incubation

with NHS. Serial dilutions of MAP-1:C4BP1−5 (M:C), C4BP1−5:MAP-1 (C:M),

and rMAP-1 were co-incubated with 2% NHS in non-adsorbent titration plates

for 30min prior to addition to mannan-bound rMBL. Detection of deposition of

C4 (A), C3 (B), and TCC (C) was determined as described before. Connecting

lines are four parameters nonlinear fitting using the equation inhibitor

concentration vs. slope. Dashed line Data are reported as [(ODinhibitor –

ODbackground)/(ODnoinhibitor – ODbackground)]100. Error bars represent the

SEM of three independent experiments, and the dashed line the 50% inhibition

level. *P < 0.05; ***P < 0.001.

exhibited a strong dose-dependent inhibition on C4, C3, and
TCC level when they were allowed to form complexes with
rMBL prior to the addition of 2% MBL defect serum as
complement source (Figure 4). rMAP-1 was the most effective at
the C4 level: IC50 MAP-1 (0.14 nM) vs. IC50 MAP-1:C4BP1−5

(0.45 nM), non-significant; IC50 MAP-1 (0.14 nM) vs. IC50
C4BP1−5:MAP-1 (1.2 nM), P < 0.0001. Nonetheless, MAP-
1:C4BP1−5 outperformed the rest when measuring C3 (IC50
MAP-1:C4BP1−5

= 0.36 nM vs. 7.72 nM C4BP1−5:MAP-1, P <

0.05, and 3.35 nM MAP-1, non-significant) and TCC deposition
(IC50MAP-1:C4BP1−5= 0.17 nM vs. 0.92 nMC4BP1−5:MAP-1,
P < 0.0001, and 0.46 nMMAP-1, P < 0.05).

Next, we tested the inhibitors by directly incubating them
with 2% NHS in non-adsorbent titration plates before applying
the inhibitor/serum mix to mannan (Figure 5). Under these

conditions, both chimeric inhibitors demonstrated higher
inhibition than rMAP-1 alone in the later steps of the
complement cascade (i.e., C3 and TCC formation). MAP-
1:C4BP1−5 exhibited a more pronounced inhibition of C4 (non-
significant tendency), C3 (P < 0.05), and TCC deposition (P <

0.001). The other construct appeared to be less active but still
outperformed rMAP-1 at the C3 (non-significant trend) and TCC
levels (P < 0.05). No complement deposition was observed when
MBL defect serum was incubated without rMBL (Figure 4) or
with rMBL but no mannan (Figure 5).

C4BP Cofactor Activity in FI-Mediated
Cleavage of Soluble C4b/C3b
It has previously been reported that C4BP can act as a cofactor in
the fI-mediated proteolytic inactivation of C3b and C4b (29, 31,
49). Hence we examined whether our chimeric proteins retained
the fI cofactor activity of native C4BP.

When C4b was incubated with fI in combination with native
full length C4BP or one of the two chimeric proteins, the α-chain
of C4b was cleaved and a band corresponding to the smaller
cleavage product C4d appeared (Figure 6A). As expected no
full cofactor activity was observed for MAP-1 but the cleavage
product iC4b was observed when MAP-1 was in combination
with FI and C4b. Similarly, a low level proteolysis of C3b into
iC3b could be observed in the presence of fI and MAP-1. Both
are probably artifacts from the elevated fI concentrations used
in the assays. No C4b proteolysis was apparent in the absence
of cofactors or fI, with the notable exception of purified native
C4BP. When C4b was incubated with C4BP alone a cleavage of
the α-chain and generation of the iC4b was observed, hinting at
a possible contamination of the purified C4BP. We performed a
new immunoblotting with C4BP alone and in combination with
fI or C4b. The iC4b band was visible in all wells, suggesting that
iC4b had been co-purified with C4BP (data not shown).

A cleavage of the C3b α-chain band was observed together
with the appearance of a band corresponding to iC3b when C3b
was subjected to fI in combination with C4BP or one of the
two chimeric proteins (Figure 6B). Full cleavage of C3b to C3dg
could only be archived when fH was applied in combination with
C3b and fI. As expected no cofactor activity was observed for
MAP-1.

Reduction of MBL-Dependent C4
Deposition in Kidney Proximal Tubular
Epithelial Cells
The complement system, and in particular MBL, has been
documented as one of the key mediators of kidney injury
following renal ischemia (50–53). Proximal tubular epithelial
cells (PTECs), responsible for many regulatory and endocrine
functions, are especially vulnerable to complement-mediated
tissue damage (51). After demonstrating the efficacy of our
chimeric inhibitors in the previous ELISA-based assays, we
tested whether we could quench complement activation on
PTECs. A dose-dependent MBL binding was observed when
human PTECs were incubated with increasing concentrations
of rMBL (Figure 7A). Binding could be neutralized with the
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FIGURE 6 | Cofactor activity in factor I-mediated C4b and C3b cleavage. Purified C3b or C4b was incubated with fI and different cofactors for 2 h at 37◦C. The

reactions were stopped with LDS buffer and subjected to western blotting under reducing conditions using C4d and C3d antibodies. (A) Incubation of C4b with fI in

the presence of C4BP, fH or C4BP-containing chimeric proteins resulted in the generation of a band corresponding to the inactive degradation products iC4b and

C4d. (B) Incubation of C3b with fI in the presence of C4BP, fH or C4BP-containing chimeric proteins results in the generation of the 68 kDa degradation fragment.

M:C, MAP-1:C4BP1−5; C:M, C4BP1−5:MAP-1. The blots are representative of three independent experiments.

addition of EDTA in the sample buffer, suggesting a classical
c-type lectin interaction. Addition of 10% MBL defect serum
to MBL-bound PTECs led to C4 deposition on the cell surface
(Figure 7B) that was significantly reduced when rMAP-1 or the
MAP-1-containing chimeras were incubated in a concentration
of 200 nM with serum prior to addition to the MBL-bound
cells as compared to the no inhibitor control (Figure 7C).
Equimolar concentrations of rC4BP1−5 alone showed no
significant reduction of C4 deposition.

Total Complement Screen
We further assessed the ability of the chimeric inhibitors to
regulate all three complement pathways using the commercial
total complement screen assay Wielisa (45) (Figure 8). In
agreement with the above results MAP-1:C4BP1−5 was the
most effective construct, significantly outperforming all other
inhibitors in the LP (Figure 8A) and CP (Figure 8B) activation
assays, while C4BP1−5:MAP-1 demonstrated a more modest
activity. The combination of rC4BP1−5 and rMAP-1 displayed
an inhibitory potential comparable to C4BP1−5:MAP-1, and 5

to 10 times lower than MAP-1:C4BP1−5. In the AP however
(Figure 8C), MAP-1:C4BP1−5 had only a minor effect, with an
IC50 value comparable to rC4BP1−5 (alone or in combination
with rMAP-1). Inhibitors whose dose-response curves had a
fitting with an adjusted R-square value < 0.8 were excluded for
the analysis—such as rMAP-1 (Figures 8A,B) and all inhibitors
besides MAP-1:C4BP1−5 in the AP activation assay (Figure 8C).

DISCUSSION

The unique position of the complement system as an early
danger sensor and conductor of downstream humoral and
cellular responses makes complement modulation an attractive
pharmacological target (36, 54). Rational engineering of existing
complement regulators and novel recombinant inhibitors
targeting complement on different levels has proven to be a
successful strategy, such as mini-fH (41) and chimeric regulators
composed of the N-terminal domains of fH merged with CRIg
(55) or soluble CR2 (40). Complement factor H is the main
soluble regulator of the AP and with CRIg being a C3 regulator
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FIGURE 7 | Inhibition of complement deposition on tubular proximal kidney

epithelial cells. (A) HK-2 cells were incubated with increasing concentrations of

rMBL at 4◦C and bound MBL was determined using an anti-MBL mAb. (B)

Binding of MBL results in the deposition of C4. HK-2 cells were incubated with

rMBL followed by 10% MBL defect serum for 1 h at 4◦C. Bound C4 was

determined using an anti-C4c pAb. (C) rMBL-mediated C4 deposition after

MAP-1:C4BP1−5 (M:C), C4BP1−5:MAP-1 (C:M), rMAP-1 or full length C4BP

co-incubation with 10% MBL defect serum. Inhibition is reported as the ratio

of the MFI of the inhibitor to the MFI of the bank (MFIinh:MFIblank ). Significance

was tested for each concentration of the inhibitors compared to the blank.

Data are reported as the mean ± SEM of three independent experiments.

and CR2 an inhibitor of C3 deposition all these molecules
affect exclusively the alternative amplification loop. However,
increasing understanding of the involvement of complement in
highly diverse clinical conditions suggests a different approach
with complement-targeted drugs interfering at various stages
of the cascade (35). Our group has previously tested this
strategy by combining full length MAP-1 with the first five
CCPs of fH, generating a chimeric protein with the potential
to target initial recognition and at the same time down-
regulate AP amplification (37). We wanted to investigate this
approach further and designed two differently-oriented proteins

FIGURE 8 | Wielisa total complement screen. Serial dilutions of

MAP-1:C4BP1−5 (M:C), C4BP1−5:MAP-1 (C:M), rMAP-1, rC4BP1−5, and

rMAP-1 and rC4BP1−5 together (M+C) were incubated with NHS and

subsequently the protein/serum mix was applied to pre-coated Wielisa plates.

Complement activation was quantified using an anti-TCC mAb. (A) Lectin

pathway activation on mannan-coated plates. (B) Classical pathway activation

on IgM-coated plates. (C) Alternative activation on LPS-coated plates.

Connecting lines are nonlinear fitting using the equation inhibitor concentration

vs. slope. Values represent OD readings normalized to the OD of the wells

without inhibitor times 100. Significance was tested for best-fit IC50 values of

data sets with an adjusted R-squared > 0.8. Error bars represent the SEM of

three independent experiments, and the dashed line the 50% inhibition level.

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

by genetic engineering; MAP-1:C4BP1−5, with the sequence
of human C4BP1−5 fused directly downstream of full length
human MAP-1, and C4BP1−5:MAP-1, where C4BP1−5 was
located in the N-terminus and connected to MAP-1 via a
flexible glycine-serine linker. In theory, combining two existing
complement inhibitors could result in a synergistic effect, giving
rise to unique complement-regulatory and anti-inflammatory
properties. Furthermore, we hypothesize that the ability of
targeting both CP and LP activation may be especially beneficial
in multifactorial pathologies where both pathways are involved
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in driving tissue damage, such as ischemia/reperfusion injuries
(56).

MAP-1 forms head-to-tail homodimers (18) stabilized
by calcium, that upon complex formation with collectins
and ficolins downregulate LP activation (18, 57, 58). MAP-
1:C4BP1−5, C4BP1−5:MAP-1, and rMAP-1 displayed comparable
Kd values to rMBL (0.35, 0.56, 0.14 nM respectively) and rCL-11
(1.97, 5.49, and 1.65 nM respectively) in a solid-phase ELISA
setup. Hill slopes values above 1 indicate a multivalent binding
to MBL. The lower hill slope values observed with rCL-11 may
be a consequence of its limited oligomerization and reflect the
reduced number of collagen-stalks available for complexation
with the inhibitors. Addition of the calcium-chelating agent
EDTA completely inhibited binding. This clearly indicates that
the interaction of the chimeras with the PRMs is mediated
through their MAP-1 part in a calcium-dependent manner. No
binding was observed with rC4BP1−5 (data not shown).

To investigate the dimerization in detail both chimeras were
subjected to SEC in the presence of physiological calcium
concentrations or EDTA. We found that both constructs eluted
as a single peak in the presence of calcium, whereas when exposed
to EDTA-containing buffers the chimeras were separated into
monomers leading to a shift in their spectrophotogram profiles
toward a lower estimated molecular size. The identity of the
peaks was confirmed using a specific ELISA capturing C4BP and
detecting MAP-1. These results demonstrate that the constructs
maintain the calcium-dependent dimerization of native MAP-1
that is critical for its role as an LP inhibitor.

Our group and others have previously demonstrated that
rMAP-1 alone and as part of chimeric constructs inhibits LP
activation in vitro (18, 20, 21, 37, 39). Here we tested the
ability of the chimeric proteins to regulate LP activation in
different functional ELISAs. First we incubated the chimeric
proteins, rMAP-1, and C4BP1−5 with MBL bound to mannan-
coated plates, and subsequently added 2% MBL defect serum
as complement source. While rMAP-1 alone seemed more
effective at inhibiting C4 deposition, MAP-1: C4BP1−5

clearly outperformed rMAP-1 on the C3 and TCC levels.
C4BP1−5:MAP-1 was the least effective regulator of the three.
If C4 regulation is solely dependent on MAP-1, then differences
on C4 inhibition could be explained by their different binding
affinities toward MBL. In a more physiologically-relevant
ELISA setup the proteins were co-incubated with 2% NHS,
thus allowing direct competition between the inhibitors and
intrinsic MASPs for binding to MBL. Again, incubation with
MAP-1:C4BP1−5 caused a significant inhibition resulting in
the almost complete absence of C3, and TCC deposition.
While C4BP1−5:MAP-1 failed to provide the same inhibition
as MAP-1:C4BP1−5, it was still more effective than rMAP-1
alone. The difference in inhibition levels of rMAP-1 observed
in the two experimental setups is in agreement with other
studies (18, 37) and could be attributed to competition with
the MASPs on MBL binding. This phenomenon supports our
explanation that rMAP-1 occupies MASPs-binding sites at the
MBL molecules when pre-incubated (20), that would result
in either a lower concentration of catalytically-active MASPs
or/and a decreased intercomplex activation by spacing out
MBL/MASPs complexes (59). When added simultaneously

with serum, rMAP-1 may not be capable of displacing already
formed MBL/MASPs complexes (at least under our experimental
conditions).

It has been reported that the domains CCP1-4 of the α-chain
are critical for the fI cofactor activity of C4BP in the fI-mediated
C4b (28–30) and C3b proteolytic inactivation (31). Thereby we
expected that the chimeric proteins will manifest intact fI cofactor
activity. We showed that C4BP1−5-containing constructs were
as efficient as full length native C4BP in a fluid phase C3b/C4b
degradation assay. Moreover it appears that C4BP is a more
effective cofactor in the cleavage of C4b compared to C3b in
agreement with a previous study (49).

We next looked for a pathological condition where
complement injury was triggered by an initial recognition
by the LP. MBL has been documented to be directly involved
in kidney damage following renal ischemia (53). We used
immortalized human PTECs to test whether we could quench
the exacerbated complement activation observed on the tubular
epithelium, known to be especially vulnerable to complement
attack after reperfusion (51). In agreement with the literature
rMBL was capable of binding to the cell surface in a calcium-
dependent manner, suggesting a traditional c-type lectin
interaction (60). Binding to PTECs led to the deposition of C4
activation fragments. As seen on ELISA, the chimeras and rMAP-
1 presented comparable regulatory effects (even when using a
five times lower serum dilution than in ELISA). This to a degree
limited inhibition can be expected assuming that trace amounts
of PRM/MASPs complexes are sufficient to cause detectable C4
deposition, which in turn is mainly mediated by the MAP-1 part
while the effect on the late cascade (i.e., C3 and TCC) depends
on the combination of MAP-1 and C4BP. No C3 or TCC
deposition was observed (see Supplementary Figure 2). The
assay was performed at 4◦C, that while it allowed the cleavage
and deposition of C4, it did not result in the assembly of the
downstream convertases [62]. Incubation of MBL-bound cells at
37◦C led to the disappearance of C4 and MBL surface stain (data
not shown). It has been reported that binding of MBL to PTEC
causes its internalization followed by complement-independent
cell death (60). Thus, this assay may have some inherited
limitations to study downstream complement deposition, but
is suitable to study the initial inhibiting effect of PRM binding
inhibitors.

Finally, we tested the regulatory effect of the chimeric proteins
in all three complement pathways using Wielisa, a platform for
standardized complement activity measurements. In agreement
with our previous results, MAP-1:C4BP1−5 demonstrated a
strong dose-dependent inhibition of TCC deposition in the
LP (IC50 = 13.15 nM). Remarkably, it was also an efficient
CP inhibitor (IC50 = 4.83 nM), outperforming rMAP-1 and
C4BP1−5 alone or in combination. C4BP1−5:MAP-1 inhibited the
LP and CP to a lesser extent than MAP-1:C4BP1−5

, equivalent to
rMAP-1 and rC4BP1−5 added at the same time. The equivalent
regulatory effects of the chimeras in the LP and CP, together
with the moderate activity of rMAP-1 in the LP, suggests that
the observed LP-downregulation is mainly driven by the C4BP
part, reflecting a limitation of the assay as a model for LP-
mediated activation. Thus, in a physiological setting where both
functional domains of the chimeras would be involved, we may
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observe a more pronounced inhibition [as shown for rMAP-
1 (21)]. It should be noted that even though MAP-1 only
associates with the PRMs of the LP and not the CP, MAP-1-
containing chimeras were more effective than C4BP1−5 alone
in both CP and LP. This implies that the combination of two
regulators within a single molecule—in the right configuration—
enables the enhanced functionality of the constructs, and not
just displays the function of “free” MAP-1 or C4BP. In the AP
activation assay MAP-1:C4BP1−5 showed only a minor effect—
around 100 to 400-fold lower than in the LP and CP—that was
directly comparable to rC4BP1−5 (alone or in combination with
rMAP-1), suggesting that AP activity is solely mediated by the
C4BP part. It is important to highlight that the above-described
experiments were performed using diluted serum as a source
of complement. Experiments using animal models would be
necessary to demonstrate that the chimeric proteins are effective
complement inhibitors under physiological conditions.

The mechanism behind the observed differences in inhibitory
properties between MAP-1:C4BP1−5 and C4BP1−5:MAP-
1 remain unclear, although it could be explained by their
quaternary structure. Dimerization of C4BP1−5:MAP-1 could
result in MAP-1 bending away from C4BP1−5 via the flexible
region in the CUB2/EGF region and the artificial linker between
C4BP1−5 and MAP-1. This contorted folding could give rise to
a dimer with impaired ability to reach C4b/C3b and possibly
also hindering the complex formation with MBL. On the other
hand, MAP-1:C4BP1−5 may fold into an elongated dimer with
C4BP1−5 pointing outwards from a MAP-1 dimer core bound
to the collagen-like stalks of the PRMs similar to how the

serine domain in the MASPs is assumed to protrude when
bound to MBL. This conformation would enable both C4BP1−5

monomers to interact with deposited C4b/C3b in the vicinity
of the PRM binding site. We propose that the MAP-1 fragment

may “dock” the chimeric inhibitor to the PRMs directing the
multifunctional soluble inhibitor C4BP to the activating surface,

thus increasing the efficacy. While data presented by our group

in the present and past reports (37) provide a solid support
for our hypothesis, conclusive evidence will require precise

structural determination techniques, such as circular dichroism,
multi-angle light scattering, small-angle x-ray scattering, or x-ray
crystallography.

In conclusion, we have successfully developed a novel
complement inhibitor that harnesses the multifaceted
functionality of the fluid phase CP and LP regulator C4BP,
and directs it to danger foci by the specific association to
PRMs mediated by MAP-1. The combination of MAP-1
fused to C4BP1−5 presents unique complement regulatory
properties in vitro and represents a potential novel therapeutic
approach by targeting both upstream and central complement
activation.
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Supplementary Figure 1 | Gating strategy. HK-2 cells were defined as a uniform

population on the forward scatter (FS INT) vs. side scatter (SS INT) plot, and single

cells were selected gating on the forward scatter area or integral values (FS INT)

vs. forward scatter height or peak (FS PEAK).

Supplementary Figure 2 | MBL-dependent complement deposition on HK-2

cells. Cells were incubated with rMBL for 30min at 4◦C prior to addition of 10%

MBL defect serum for 1 h at 4◦C. Deposition of C4 (A), C3 (B), and TCC (C). Cells

incubated with no MBL, or with MBL but no serum were used as controls. X-Med,

median fluorescence intensity.
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Functional characterization of 
alternative and classical Pathway 
c3/c5 convertase activity and 
inhibition Using Purified Models
Seline A. Zwarthoff1, Evelien T. M. Berends1, Sanne Mol1, Maartje Ruyken1, Piet C. Aerts1, 
Mihály Józsi2, Carla J. C. de Haas1, Suzan H. M. Rooijakkers1*† and Ronald D. Gorham Jr.1†

1 Department of Medical Microbiology, University Medical Center Utrecht, Utrecht University, Utrecht, Netherlands, 
2 Department of Immunology, ELTE Eötvös Loránd University, Budapest, Hungary

Complement is essential for the protection against infections; however, dysregulation 
of complement activation can cause onset and progression of numerous inflammatory 
diseases. Convertase enzymes play a central role in complement activation and produce 
the key mediators of complement: C3 convertases cleave C3 to generate chemoattrac-
tant C3a and label target cells with C3b, which promotes phagocytosis; C5 convertases 
cleave C5 into chemoattractant C5a, and C5b, which drives formation of the membrane 
attack complex. Since convertases mediate nearly all complement effector functions, 
they are ideal targets for therapeutic complement inhibition. A unique feature of conver-
tases is their covalent attachment to target cells, which effectively confines complement 
activation to the cell surface. However, surface localization precludes detailed analysis 
of convertase activation and inhibition. In our previous work, we developed a model 
system to form purified alternative pathway (AP) C5 convertases on C3b-coated beads 
and quantify C5 conversion via functional analysis of released C5a. Here, we developed 
a C3aR cell reporter system that enables functional discrimination between C3 and 
C5 convertases. By regulating the C3b density on the bead surface, we observe that 
high C3b densities are important for conversion of C5, but not C3, by AP convertases. 
Screening of well-characterized complement-binding molecules revealed that differential 
inhibition of AP C3 convertases (C3bBb) and C5 convertases [C3bBb(C3b)n] is possible. 
Although both convertases contain C3b, the C3b-binding molecules Efb-C/Ecb and 
FHR5 specifically inhibit C5 conversion. Furthermore, using a new classical pathway 
convertase model, we show that these C3b-binding proteins not only block AP C3/C5 
convertases but also inhibit formation of a functional classical pathway C5 convertase 
under well-defined conditions. Our models enable functional characterization of purified 
convertase enzymes and provide a platform for the identification and development of 
specific convertase inhibitors for treatment of complement-mediated disorders.

Keywords: innate immunity, inflammatory disease, convertase enzymes, complement, complement therapeutics, 
multi-molecular proteases

inTrODUcTiOn

The human complement system comprises a family of proteins that are essential to the human 
immune response against infections (1). Complement recognizes microbes or damaged host cells 
and subsequently triggers an enzymatic cascade that mainly serves to (a) label target cells for 
phagocytosis by immune cells, (b) produce chemoattractants, and (c) directly kill target cells via 

207

https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01691&domain=pdf&date_stamp=2018-07-23
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01691
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:s.h.m.rooijakkers@umcutrecht.nl
https://doi.org/10.3389/fimmu.2018.01691
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01691/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01691/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01691/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01691/full
https://loop.frontiersin.org/people/573421
https://loop.frontiersin.org/people/365818
https://loop.frontiersin.org/people/560326
https://loop.frontiersin.org/people/364073


FigUre 1 | Complement convertases mediate C3 and C5 conversion. (a) Upon complement activation, C3 convertases consisting of either C4b2a (CP and LP)  
or (B) C3bBb [alternative pathway (AP)] form on the cell surface. Conversion of C3 results in deposition of C3b molecules via the thioester (red dot), which form the 
basis for new AP convertases (amplification loop) or associate with existing C3 convertases to form C5 convertases. These accessory C3b molecules (C3bn) enable 
efficient C5 conversion, however, the molecular mechanisms underlying this process are not clear. Shown are C4b (purple), C2a (blue), C3 and cleavage products 
C3b/C3a (gray), Factor B (orange), C5 and cleavage products C5b/C5a (green). (c) Structural models of the C3 convertase C3bBb with its substrate C3 before and 
after cleavage. Models are based on structures of the C3bBb-SCIN dimer (PDB: 2WIN). The convertase is shown in ribbon representation, with C3b in dark gray 
and Bb in orange. On the left, the substrate C3 (light gray surface) is shown before cleavage. On the right, the product C3b (light gray licorice) is shown after 
cleavage. The red dots highlight the thioester. (D) Structural model of the previously proposed AP C5 convertase with its substrate C5. At a high density of C3b 
molecules, C5 is recruited to the target surface and can be cleaved after binding of Bb to C3b. The exact molecular arrangement of the C5 convertases remains 
unknown. This structural model is based on the CVF-C5 crystal structure (PDB: 3PVM), with accessory C3b molecules added manually surrounding the convertase 
and C5. CVF (cobra venom factor) is a C3b homolog that lacks the thioester domain and forms stable C5 convertases when associated with Bb in solution. 
Structure is shown in ribbon representation with C3b (dark gray), Bb (orange), accessory C3b molecules (light gray licorice), and C5 (green surface).
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pore formation (2). Unwanted complement activation on the 
body’s own cells is a key pathological driver in a wide spectrum 
of immune diseases including autoimmune, inflammatory, and 
degenerative diseases (3–5). For current and future development 
of therapeutic complement inhibitors, knowledge of complement 
activation and how it can be regulated is of great importance.

Convertase enzymes fulfill a central role in the complement 
cascade as they cleave C3 and C5, which mediate nearly all com-
plement effector functions. C3 convertases cleave C3 into C3a, a 
chemoattractant molecule, and C3b, which covalently binds to 

target surfaces and triggers phagocytosis. C5 convertases cleave 
C5 into C5a, a potent mediator of leukocyte recruitment and 
inflammation, and C5b, the initiator of the membrane attack 
complex and cell lysis. The complement cascade begins via 
specific recognition of target cells in the classical (CP) and lectin 
(LP) pathways. In the CP, antibodies bind epitopes on the target 
cell and subsequently recruit the C1 complex (C1qr2s2). Upon 
binding to the antibody platforms (6), C1q-associated protease 
C1s converts C4 and C2 to generate a C3 convertase enzyme 
(C4b2a) on the cell surface (Figure  1A). Similarly, the lectin 
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pathway also forms C4b2a via activation of mannose-binding 
lectin-associated serine proteases. The resulting CP/LP C4b2a 
convertases cleave C3 into C3a and C3b. Following cleavage, a 
reactive thioester in C3b is exposed, which enables its covalent 
attachment to target cell surfaces, leading to recognition of 
the cells by phagocytes. The labeling of target cells with C3b 
is amplified by the alternative pathway (AP) in which surface-
bound C3b binds factor B (FB). The proconvertase C3bB is then 
cleaved by factor D (FD) to form an active C3 convertase com-
plex that consists of C3b and the protease fragment Bb (C3bBb) 
(Figure  1B). Since the resulting active AP C3 convertase 
(C3bBb) is comprised of C3b itself, substrate cleavage results in 
generation of additional convertases, further propagating C3b 
deposition (Figure  1B). When the density of C3b molecules 
on the cell surface becomes sufficiently high, the existing C3 
convertases (C4b2a and C3bBb) gain the ability to cleave C5, 
leading to formation of C5a and C5b (Figures 1A,B) (7, 8).

Selective inhibition of C3 and C5 convertases is of great thera-
peutic interest. Most complement inhibitors currently used  
in the clinic or in clinical development target precursor (not 
yet activated) complement proteins, that circulate through the 
body and do not mediate complement effector functions (4). 
Due to high concentrations of these precursor proteins, effective 
therapeutic concentrations of complement inhibitors are often 
quite high, and clearance of these molecules is enhanced due 
to rapid turnover of complement proteins. Furthermore, satura-
tion of precursor proteins is more likely to systemically suppress 
complement activation, leading to increased susceptibility to 
infection (4). Such therapies would be more effective if they 
specifically targeted active protein complexes like convertases 
that are primarily formed during complement activation on 
target cell surfaces. While some therapeutic molecules inhibit 
convertase function, these likely inhibit multiple convertase 
enzymes and block all effector functions of complement (4). 
In some cases, specific inhibition of C5 convertases is desirable 
for complement therapy, since blocking these would prevent 
unwanted formation of the major inflammatory trigger C5a 
but leave C3b deposition via C3 convertases intact and thus 
phagocytosis of bacteria. However, the molecular details of C5 
convertase formation and C5 cleavage remain poorly under-
stood, largely due to the transient nature of convertases and the 
fact that efficient C5 conversion is constrained to cell surfaces 
(7, 9). Several earlier studies successfully investigated individual 
convertases in purified or semi-purified environments (10–14), 
however, no single model can fully characterize activity and 
inhibition of both AP and CP C3 and C5 convertases in a 
puri fied and controlled environment. Herein, we extended our 
recently developed model system for AP C5 convertases (7) to 
also study surface-bound AP C3 convertases, in order to screen 
for specific inhibitors of convertase enzymes. Furthermore, we 
developed functional analyses to study CP C3 and C5 con-
vertases using purified complement proteins. Using these mod-
els, we can evaluate how known complement inhibitors affect 
C3/C5 conversion. In these analyses, we included bacterial and 
therapeutic complement inhibitors, and human complement 
regulatory proteins that protect healthy tissue from complement 
attack (8, 15–18). The analyses reveal that several C3b-binding 

molecules can discriminate between C3 and C5 convertases, 
suggesting that it is possible to develop more specific convertase 
inhibitors in the future. Through comparison of our inhibitory 
data with previously reported structural and biochemical data, 
we further postulate molecular models of convertase formation.

MaTerials anD MeThODs

complement Proteins
C3 and C5 were prepared from human plasma as previously 
described (7). For CP assays and inhibitor dose-response assays, 
recombinant C5 was used. C5 with a C-terminal His-tag was 
therefore cloned from gBlocks (Integrated DNA Technologies) 
using Gibson assembly (Gibco), expressed in HEK293 cells 
(U-Protein Express, Utrecht, The Netherlands) and purified on 
a HisTrap column (GE Healthcare). C3bH2O and C3b-PEG11-
biotin were prepared as previously described using 180  µg/ml 
maleimide-PEG11-biotin for the latter (Thermo Scientific Pierce 
Protein Research, IK, USA) (7). Methylamine-treated C3 (C3MA) 
was prepared by mixing 2.7 µM C3 with 300 mM methylamine 
hydrochloride (Sigma Aldrich) in VBS++ buffer (Veronal Buffered 
Saline pH 7.4, 0.25  mM MgCl2, 0.5  mM CaCl2). This reaction 
was incubated at 37°C for 1 h and dialyzed overnight to VBS++ 
buffer at 4°C. FB with N-terminal His-tag and FD were expressed 
recombinantly as previously described (U-Protein Express, 
Utrecht, The Netherlands) (7). C4 was isolated from blood from 
a healthy individual that was anti-coagulated with 20 mM EDTA. 
Plasma was collected and protease inhibitors (10 mM benzami-
dine, 1 mM PMSF, 7.5 µM SBTI, EDTA 5 mM, 2.1 mM Pefabloc 
SC, 30 µM NPGB) were added quickly, while stirring the plasma 
at 4°C. To remove large complexes, plasma was precipitated 
with 4% PEG 6000, which was added slowly to the plasma for 
45 min. After centrifugation, the supernatant was isolated from 
which plasminogen was removed by adding 20  mM EDTA 
and Lysine-Sepharose and incubation for 1  h at 4°C. From 
the supernatant, C4 was isolated by SourceQ anion exchange. 
Loading was performed in 50 mM Tris–HCl, 100 mM NaCl, pH 
8.0 (containing 1 mM benzamidine, 1 mM PMSF, 30 mM EACA, 
and 5 mM EDTA) after which C4 was eluted in a gradient of 
100–500 mM NaCl in 50 mM Tris–HCl, 100 mM NaCl, pH 8.0 
(containing 1 mM benzamidine, 1 mM PMSF, 30 mM EACA, 
and 5 mM EDTA). Fractions were analyzed by 10% SDS-PAGE 
following Instant Blue (Roche) protein staining according to the 
manufacturer’s instructions. C2 with a N-terminal His-tag was 
expressed in HEK293 cells stably expressing EBNA1 (HEK293E) 
as described (U-Protein Express, Utrecht, The Netherlands) 
(19). C2 was purified from expression medium via immobilized 
metal affinity chromatography using a HisTrap column (GE 
Healthcare). C1 was obtained from Complement Technology 
Inc. (TX, USA).

complement-Binding Molecules  
and Proteins
FH and C4b-binding protein (C4BP) were ordered via Com-
plement Technology Inc. (Tyler, TX, USA). FHR5 was purchased 
at R&D systems (Minneapolis, MN, USA). Eculizumab was 
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obtained via Genmab (Utrecht, The Netherlands). Cp40 was 
kindly provided by John Lambris. CRIg was kindly provided by 
Genentech (South San Francisco, CA, USA). OmCI was produced 
in HEK293E cells and purified as described previously (20). 
Efb-C and Efb-C mutant (Efb-C-R131E/N138E) were prepared 
as previously described (21, 22), as well as Ecb, Ecb mutant (Ecb-
N63E/R75E/N82E) (23), and SSL7 (24).

human Monoclonal antibodies
Monoclonal human anti-DNP-IgG1 was produced recom-
binantly in human Expi293F cells (Life Technologies). Therefore, 
the variable region of the heavy chain (>VH7007-DNP-G2a2: 
DVRLQESGPGLVKPSQSLSLTCSVTGYSITNSYYWNWIRQF  
P G N K L E W M V Y I G Y D G S N N Y N P  S L K N R I S I T R D T 
SKNQFFLKL NSVTTEDTATYYCARATYYGNYRGFAYWGQ
GTL VTVSA) and light chain (>VL7007-DNP-G2a2: DIRMTQT
TSSLSASLGDRVTISCRASQDISNYLNWYQQK PDG TVKLLIY
YTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQG
NTLPWTFGGGTKLEIK) (25) were cloned in the pFUSE-CHIg-
hG1 and pFUSE2-CLIg-hk vector, respectively, according to the 
manufacturer’s description (Invivogen). A KOZAK sequence and 
the HAVT20 signal peptide (MACPGFLWALVISTCLEFSMA) 
were included upstream each variable region. Human codon 
opti mized sequences were ordered as gBlocks (Integrated DNA 
Technologies) for Gibson assembly (Bioke). TOP10F′ E. coli were 
used for propagation of the plasmids. After sequence, verification 
plasmids were isolated using NucleoBond Xtra Midi plasmid 
DNA purification (Macherey-Nagel). Transfection of EXPI293F 
cells was performed using ExpiFectamine 293 reagent according 
to the manufacturer’s description (Life Technologies). 1 µg DNA/
ml cells was used in a 3:2 (hk:hG1) ratio. Cell supernatant was 
collected after 4 days of transfection and antibodies were isolated 
using a HiTrap protein A column (GE Healthcare).

U937 cell lines
U937 human monocyte cells and 293 T human embryonic kid-
ney cells were obtained from American Type Culture Collection 
and grown (37°C, 5% CO2) in RPMI (Lonza) supplemented  
with penicillin and streptomycin (Gibco) and 10% FCS (Gibco). 
For stable expression of human C3aR in U937 cells, a lentiviral 
expression system was used. The human C3aR cDNA was 
cloned in a dual promoter lentiviral vector, derived from no. 
2025.pCCLsin.PPT.pA.CTE.4x-scrT.eGFP.mCMV.hPGK.
NGFR.pre (kindly provided by Dr. Luigi Naldini, San Raffaele 
Scientific Institute, Milan, Italy) as previously described (26). 
This altered lentiviral vector (BIC-PGK-Zeo-T2a-mAmetrine; 
EF1A) uses the human EF1A promoter to facilitate potent 
expression in immune cells and expresses the fluorescent protein 
mAmetrine and selection marker ZeoR. Virus was produced in 
24-well plates using standard lentiviral production protocols 
and the third-generation packaging vectors pMD2G-VSVg, 
pRSV-REV, and pMDL/RRE. Briefly, 0.25  µg lentiviral vector 
and 0.25 µg packaging vectors were co-transfected in 293 T cells 
by using 1.5  µl Mirus LT1 tranfection reagent (Sopachem, 
Ochten, The Netherlands). After 72 h, 100 µl viral supernatant 
adjusted to 8 mg/ml polybrene was used to infect ~50,000 U937 
cells by spin infection at 1,000 g for 2 h at 33°C. U937-C5aR 

cells were a generous gift from Eric Prossnitz (University of  
New Mexico, Albuquerque, NM, USA).

c3 and c5 conversion in aP Model
Streptavidin-coated magnetic beads (Dynabeads M-270 Strep-
tavidin, Invitrogen) were washed once in VBS-T/Mg [Veronal 
Buffered Saline pH 7.4, 2.5  mM MgCl2, 0.05% (v/v) Tween]. 
To prepare fully loaded C3b-beads, beads (4 µl/sample) were 
resuspended in 0.4 ml VBS-T/Mg per sample with C3b-PEG11-
biotin (1 µg/ml) and incubated for 1 h at 4°C on roller. To load 
beads with different amounts of C3b, five different amounts of 
beads per sample (4, 8, 16, 32, or 64 µl beads) were incubated 
in 0.4 ml VBS-T/Mg with 0.6 µg/ml C3b-PEG11-biotin. After 
C3b-labeling, beads were washed three times and incubated in 
100 µl VBS-T/Mg per sample with FB (50 µg/ml) for 30 min 
at room temperature on roller. After FB incubation, beads 
were washed three times and incubated in 100 µl VBS-T/Mg 
per sample with FD (5 µg/ml) and either C3 (20 µg/ml) or C5 
(20  µg/ml) and with or without inhibitor at the desired con-
centration (1 µM or threefold dilution starting from 1 µM) for 
1  h at 37°C on shaker. After incubation, supernatant of each 
sample was collected and kept at −20°C until measurement in 
calcium mobilization assay.

c3 and c5 conversion in cP Model
Streptavidin-coated magnetic beads (Dynabeads M-270 Strep-
tavidin, Invitrogen) were washed once in PBS-TH [Phosphate 
Buffered Saline pH 7.4, 0.05% (v/v) Tween, 0.5% HSA]. Beads 
(4  µl/sample) were resuspended in 0.4  ml PBS-TH per sample 
with 1 µg/ml biotinylated 2,4-dinitrophenol [DNP-PEG2-GSGS 
GSGK(Biotin)-NH2; 1,186  Da; obtained from Pepscan Thera-
peutics B.V., The Netherlands] and incubated for 30 min at 4°C 
on roller. Beads were washed once in PBS-TH and incubated  
in 0.2 ml PBS-TH per sample with 10 nM human monoclonal 
anti-DNP-IgG1 for 30 min at 4°C on roller.

After one wash in PBS-TH, beads were incubated in 0.1 ml 
VBS++-TH [Veronal Buffered Saline pH 7.4, 0.25  mM MgCl2, 
0.5 mM CaCl2, 0.05% (v/v) Tween, 0.5% HSA] per sample with 
0.8 µg/ml C1 for 30 min at 37°C, shaking. Beads were washed 
three times in VBS++-TH and incubated in 0.1 ml VBS++-TH per 
sample with 10 µg/ml C4 for 30 min at 37°C, shaking. After three 
washes in VBS++-TH, beads were incubated in 0.1 ml VBS++-TH 
per sample with 10 µg/ml C2, 10 µg/ml C3, and 0.5 µg/ml C5 
with or without 1 µM inhibitor for 5 min at 37°C on shaker. After 
incubation, the supernatant of each sample was collected and 
kept at −20°C until measurement in calcium mobilization assay.

In some CP experiments, the amount of deposited C3b was 
influenced by adding lower concentrations of C3 (threefold 
decrease starting from 10  µg/ml). In one condition, C3 and 
C5 conversion were separated by incubating beads first in 
0.1  ml VBS++-TH per sample with 10  µg/ml C2 and 10  µg/ml 
C3 for 5 min at 37°C and subsequently, after washing, in 0.1 ml 
VBS++-TH with 10 µg/ml C2 and 0.5 µg/ml C5 for 5 min at 37°C. 
Supernatant of both C2 + C3 and C2 + C5 incubation were here 
collected and used for calcium mobilization in U937-C3aR and 
U937-C5aR cells, respectively. Controls were carried out with 
10 µg/ml C3bH2O or 10 µg/ml C3MA.
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calcium Mobilization assay  
With U937 cells
U937-C3aR and U937-C5aR cells were washed in RPMI/0.05% 
HSA and diluted to 5 × 106 cells/ml. Cells were incubated with 
0.5  µM Fluo-3-AM (Invitrogen) on roller in dark at room 
temperature for 20 min, washed and resuspended in RPMI/1% 
HSA to a final concentration of 1  ×  106 cells/ml. For calcium 
mobilization measurements, the labeled cells were stimulated 
with sample supernatant (ratio cells to supernatant is 9:1) while 
cell fluorescence is measured by flow cytometry (BD FACSVerse) 
from 10  s before until 40  s after addition of the sample. The 
absolute calcium mobilization was calculated by subtracting 
the cell mean fluorescence intensity (MFI) before cell activation 
(t = 5–15 s) from the MFI after stimulation (t = 30–50 s) using 
FlowJo software. Standard curves were obtained using 10-fold 
dilutions starting from 1 µM of C3a (Complement Technology 
Inc., TX, USA) or C5a (Bachem, Switzerland) as stimuli for the 
cells. As negative controls the calcium mobilization in U937-
C3aR and U937-C5aR cells induced by 0.1  µM C3 or C5 was 
measured.

c3b Binding to Beads
To determine the level of C3b-biotin bound to streptavidin-
coated beads in the AP model or the level of actively deposited 
C3b in the CP model, beads were washed three times in PBS-T 
(AP) or PBS-TH (CP) after the C3b-biotin or C3 incubation and 
incubated (4 µl beads/sample) in 100 µl PBS-TH per sample with 
1:100 FITC-conjugated goat-anti-human C3 (Protos) for 30 min 
at 4°C. Subsequently, beads were washed three times in PBS-T 
(AP) or PBS-TH (CP) and C3b binding was analyzed by flow 
cytometry (BD FACSVerse).

statistical analysis
Statistical analysis was performed with GraphPad Prism 6 soft-
ware. All calcium flux data are presented as mean  ±  SD from 
three independent experiments. C3b binding data are presented 
as geometric mean ± SD from three independent experiments.

resUlTs

Functional analysis of c3 conversion  
via Purified aP convertases
Previously, we described the development of a model system to 
study C5 convertases of the AP using purified components (7). 
The AP C5 convertase is formed when C3 convertases (C3bBb) 
cleave C3 into nascent C3b that covalently binds to target surfaces 
via the thioester (structural model in Figure 1C) (27). At a criti-
cal density of C3b molecules, multimeric C3bn complexes arise 
that have a high affinity for C5. These C3bn complexes, together 
with FB and FD, generate C5 convertases that bind and cleave C5 
(Figure 1D). We recently set out to mimic surface-bound high 
C3b-density using purified proteins. To establish this, we first 
labeled C3b with biotin via the thioester by activating plasma-
purified C3 into C3b in the presence of a biotinylation agent 
that reacts with the cysteine residue of the C3b thioester (28). 
These biotinylated C3b molecules were subsequently loaded onto 

small magnetic streptavidin (SA) beads (2.8 µm diameter) and 
incubated with FB and FD to form surface-bound convertases. 
C5 conversion was examined by quantifying the release of 
C5a using a flow cytometry-based calcium mobilization assay  
(29, 30). In short, U937 cells transfected with the C5a receptor 
(U937-C5aR) were exposed to sample supernatants containing 
C5a. Binding of C5a to the C5a receptor mediates intracellular 
calcium release, which is detected by a fluorescent indicator.  
To get more insights into convertase formation and inhibi tion, 
we here extended this model to also study C3 conversion by 
purified AP convertases. First, we transfected U937 cells with 
the C3a receptor (U937-C3aR) and showed that purified C3a, 
but not C3, successfully triggers the mobilization of intracellular 
calcium in U937-C3aR cells (Figure 2A). Low-level activation 
by purified C5a is likely due to low levels of endogenous C5aR 
expression in these cells (Figure  2A). Second, C3b-coated 
beads were incubated with FB, FD and C3 and release of C3a was 
determined in supernatants via calcium mobilization in U937-
C3aR (Figure  2B). C3a-dependent calcium flux specifically 
required all convertase components. In our previous study, 
we determined that high C3b-density is essential to effectively 
convert C5 (7). By maintaining a constant concentration of 
C3b in each sample while increasing the number of beads, 
we artificially lowered the local concentration of C3b on the 
surface (Figure S1 in Supplementary Material). Here, we find 
that while lowering C3b surface density reduces C5 conver-
sion by AP convertases, it does not lead to less C3 conversion 
(Figure 2C). These results demonstrate key differences in the 
conditions required for C3 and C5 conversion on a surface  
in the AP.

select c3b-Binding Molecules inhibit  
aP c5 but not c3 conversion
Having established a system to study both C3 and C5 conver-
sion by AP convertases, we could now dissect whether known 
convertase inhibitory molecules block cleavage of both sub-
strates. We focused on studying C3b- or C5-binding molecules 
for which the binding sites to C3b/C5 have been determined. 
Each of these molecules has been extensively characterized in 
previous studies and is known to influence convertase activity 
in physiological environments (Table 1). The structures of the 
C3b-binding molecules in complex with the C3bBb convertase 
are shown in Figure 3A. The inhibitors include naturally occur-
ring complement inhi bitors derived from humans [C3b-binders 
CRIg (31, 32), FH (33, 34), and FHR5 (35)], bacteria [homolo-
gous C3b-binders Efb-C (36) and Ecb (16, 23) and C5-binder 
SSL7 (37)], and ticks [C5-binder OmCI (20)], or therapeutic 
inhibitors eculizumab [Soliris, a clinically approved antibody 
against C5 (38)] and Cp40 [a compstatin analog, strong C3- and 
C3b-binding molecule (39)]. As expected, we observed that 
the three C5-binding molecules SSL7, OmCI, and eculizumab 
specifically interfered with C5 conversion but not C3 conver-
sion (Figure 3B). C4BP (40) was included as a negative control 
for inhibition, as it should not have an effect on AP C3 or C5 
convertases, since these convertases lack C4b (Figure 3B). Next, 
we analyzed the activity of C3b-binding molecules on C3 versus 
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TaBle 1 | Overview of complement inhibitors used in this study.

inhibitor Type Key 
references

c3b-binding molecules

Cp40 Compstatin (analog 
Cp40)

Cyclic peptide (39, 41, 42)

CRIg Complement receptor  
of immunoglobulin family

Human complement 
regulator protein

(31, 32)

FH Factor H Human complement 
regulator protein

(33, 34, 43, 
44)

FHR5 Factor H related-protein 5 Human complement 
regulator protein

(35, 45)

Efb-C (C-terminal region of) 
Extracellular fibrinogen 
binding protein

Staphylococcus aureus 
immune evasion protein

(21, 36, 46)

Ecb Extracellular complement 
binding protein (also 
known as Ehp)

Staphylococcus aureus 
immune evasion protein

(16, 23)

c5-binding molecules

SSL7 Staphylococcal 
superantigen-like  
protein 7

Staphylococcus aureus 
immune evasion protein

(37, 47, 48)

OmCI Ornithodoros moubata 
complement inhibitory 
protein

Ornithodoros moubata 
immune evasion protein

(20, 49, 50)

Eculizumab Also known as Soliris Humanized monoclonal 
antibody

(38, 51, 52)

c4b-binding molecules

C4BP C4b-binding protein Human complement 
regulator protein

(40, 53, 54)

FigUre 2 | Development of an alternative pathway (AP) C3 convertase 
model. (a) C3a specifically induces calcium mobilization in U937-C3aR cells, 
while C3 and C5 do not. (B) C3 conversion by AP convertases on beads  
was analyzed in a calcium mobilization assay with U937-C3aR cells. C3a 
could only be detected in the sample supernatant in the presence of all AP 
components. C5 conversion in the AP model did not induce calcium flux in  
the U937-C3aR cells. (c) AP C3 and C5 conversion were performed on 
beads coated with different densities of C3b and analyzed by calcium 
mobilization assay with U937-C3aR and -C5aR cells, respectively. A high 
density of C3b molecules on the target surface enhances C5 but not C3 
conversion. (a–c) Data of three independent experiments, presented as 
mean ± SD.
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C5 conversion. While C3b-binding molecules Cp40, CRIg, and 
FH blocked both C3 and C5 conversion by AP convertases, host 
regulatory protein FHR5, and staphylococcal immune evasion 
proteins Efb-C and Ecb specifically blocked C5 conversion, 
while leaving C3 conversion unaffected (Figure 3C). Mutants of 
Efb-C/Ecb proteins that cannot bind C3b could not inhibit C5 
conversion, confirming that the observed inhibition is mediated 
through interaction with C3b (Figure 3C) (21, 23). Furthermore, 
Efb-C, Ecb, and FHR5 all inhibit AP C5 conversion in a con-
centration-dependent manner (Figure 3E), but do not affect C3 
conversion (Figure 3D). As a control, we observed that Cp40, 
which showed inhibition of both AP C3 and C5 conversion at 
1 µM concentration, also inhibits both C3 and C5 conversion in 
a concentration-dependent manner (Figures 3D,E). Thus, these 
data suggest that by binding C3b, selective inhibition of AP C5 
convertases is possible. AP C5 convertases are similar to AP C3 
convertases, but contain accessory C3b molecules (C3bn) that 
enable efficient C5 conversion on surfaces. Since Efb-C, Ecb, and 
FHR5 only affect C5 (and not C3) conversion, they likely inhibit 
through affecting accessory C3b molecules on the bead surface. 
However, the fact that AP C3 and C5 convertases both contain 
C3b confounds the ability to independently study the role of 
accessory C3b molecules in C5 conversion.
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FigUre 3 | C3b-binding molecules FHR5 and Efb-C/Ecb selectively inhibit C5 conversion by alternative pathway (AP) convertases. (a) Structural models of the 
C3bBb convertase with C3b-binding molecules. The structure of C3bBb [from the C3bBb-SCIN dimer structure, PDB 2WIN (55)] is identical to the convertase 
shown in Figures 1c,D with C3b (gray) and Bb (orange) shown as ribbons, and in the same orientation, with the C3b–C3b dimerization site (as shown in 
Figure 1c, right) on the left side of the convertase. C3b-binding molecules are shown as molecular surfaces; Cp40 (magenta) is based on the C3c–compstatin 
complex structure [PDB 2QKI (41)], CRIg (dark red) is based on the C3b–CRIg complex structure [PDB 2ICF (31)], FH is based on the C3b–FH (1–4) structure [light 
blue, PDB 2WII (43)] and the C3d–FH (19–20) structure [dark blue, PDB 2XQW (44)], FHR5 (yellow) is modeled from the C3d–FH (19–20) structure [PDB 2XQW (44)], 
Efb-C (spring green) is based on the C3d–Efb-C structure [PDB 2GOX (21)], and Ecb (spring green) is based on the C3d–Ehp structure [PDB 2NOJ (23)]. For FH 
and FHR5 only some domains are structurally resolved. Additional domains are represented by colored ovals. (B–e) Conversion of C3 and C5 (0.1 µM) in the AP 
convertase model in the presence of complement-binding molecules measured by calcium mobilization in U937-C3aR and U937-C5aR cells, respectively. 
Conversion is shown as a percentage relative to the control without inhibitor. Data of three independent experiments, presented as mean ± SD. (B) C5-binding 
molecules SSL7, OmCI, and eculizumab (all 1 µM) inhibit AP C5 but not C3 conversion. C4b-binding protein has no effect in the AP model. (c) C3b-binding 
molecules Cp40, CRIg, and FH prevent both C3 and C5 conversion, while FHR5, Efb-C, and Ecb selectively inhibit C5 conversion. Mutant Efb-C and mutant Ecb 
are unable to bind C3b and thus do not exhibit inhibition. (D) FHR5, Efb-C, and Ecb do not affect C3 conversion, but (e) selectively inhibit C5 conversion in a 
dose-dependent manner. Cp40 was used as positive control, inhibiting both C3 and C5 conversion.
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Development of a Purified classical 
Pathway c3/c5 convertase Model
To more closely investigate convertase inhibitory mechanisms 
of complement inhibitors, we next developed a model to study 
C3/C5 conversion via purified CP convertases. In this pathway, 
modulation of accessory C3b molecules can be better analyzed 
since the CP C3 convertase (C4b2a) does not contain C3b. We 
have used a model that fully recapitulates the CP activation 
pathway using purified complement components. Streptavidin 
beads were labeled with biotinylated DNP antigen (Figure 4A) 
and sequentially incubated with recombinant human IgG1 
recognizing DNP, C1, C4, C2 and substrates C3 and C5. Similar 
to the AP, we detected the release of C3a and C5a in the sam-
ple supernatant via calcium mobilization in U937-C3aR and 
U937-C5aR cells, respectively. The lack of calcium mobilization 
by the sample supernatants in the absence of DNP, IgG or the 
individual complement proteins demonstrates the necessity 

of functional CP convertases on the bead surface for C3/C5 
cleavage (Figure 4B). Our results also showed that there was no 
cross-reactivity between mismatched ligands and receptors. The 
absence of calcium flux in U937-C5aR cells by samples lacking 
C5 (and thus C5a) showed that C3a generated in these samples 
does not interfere with C5a detection. As calcium mobilization 
levels in U937-C3aR cells were not affected by the presence of 
C5, interference of C5a with C3a-specific detection could be 
excluded, as well. Unlike our AP C5 convertase model where we 
artificially coupled C3b to the bead surface, deposition of C3b 
in the CP could only be established by natural C3 conversion 
via C4b2a. By adding different concentrations of C3 to beads 
with naturally formed C4b2a convertases, we influenced the 
level of C3 conversion and thus C3b deposition on the bead 
surface (Figures 4C,D). Indeed, CP C5 conversion was highly 
dependent on the level of deposited C3b (Figure  4E). As a 
control, we showed that C5 conversion specifically depends 
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FigUre 4 | Development of a classical pathway C3 and C5 convertase model. (a) In the CP convertase model, streptavidin beads are labeled with biotinylated 
DNP which serves as a model antigen. Addition of IgG1 recognizing DNP and complement proteins results in formation of C4b2a and C4b2a(C3b)n convertases  
on the bead surface, which convert C3 and C5. (B) Only in the presence of all CP components (antigen, IgG, and CP proteins) C3 and C5 are converted, as 
measured by calcium mobilization in U937-C3aR and U937-C5aR cells, respectively. (c) C3 conversion via CP convertases results in release of C3a in the 
supernatant (as shown by calcium mobilization) and (D) C3b deposition on the bead surface (as shown by flow cytometry). Identical amounts of the non-reactive  
C3 variants C3bH2O and C3MA do not bind to the bead surface. (e) C5 convertase activity increases with the level of deposited C3b molecules on the beads surface, 
but is not affected by C3bH2O or C3MA in solution. Uncoupling C3 and C5 conversion by introduction of an extra washing step does not alter C5 conversion, 
indicating that CP C5 conversion only depends on deposited C3b molecules around existing C3 convertases. (B–e) Data of three independent experiments, 
presented as mean ± SD.
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on covalently deposited C3b since addition of non-reactive 
C3 variants [C3bH2O in which the thioester had already reacted 
with water or methylamine-treated C3 (C3MA) (7, 56)] did not 
induce the convertase to cleave C5 (Figures 4C–E). In addition, 
introducing a washing step in between C3b deposition and C5 
conversion confirmed that only deposited C3b and not C3 or 
the active process of C3 cleavage is required for C5 conversion 
(Figure  4E). These results demonstrate the specificity of our  
CP convertase models in measuring the activity of CP C3 and 
C5 conversion.

c3b-Binding Molecules inhibit classical 
Pathway c5 conversion by Modulating 
accessory c3b
Next, we examined the effect of the above-tested C3b- and 
C5-binding molecules in the CP convertase model. Beads with 
actively formed C4b2a convertases were incubated with C2, C3, 

and C5 in the presence of complement binding molecules at a 
concentration of 1 µM and the C3a/C5a generated in the sample 
supernatant was measured. The known CP convertase inhibi-
tor C4BP effectively inhibited both CP C3 and C5 conversion, 
confirming the validity of our model (Figure 5A). Furthermore, 
C5-binding molecules OmCI and eculizumab potently inhibited 
CP C5 conversion but left C3 conversion unaffected (Figure 5A). 
SSL7 also inhibits CP C5 conversion, but to a lesser extent, which 
could arise from differences in the models or in the C5-binding 
sites involved in convertase recognition. Since C3b is not part 
of the CP C3 convertase, we hypothesized that C3b-binding 
molecules would not influence C3 conversion in the CP model. 
Accordingly, most C3b-binding molecules did not affect C3 
conversion, with the exception of Cp40, which showed potent 
inhibition (Figure 5B). The lack of C3 conversion in the presence 
of Cp40 can be explained by its strong affinity for uncleaved C3 
causing steric hindrance during C3 recognition by the convertase 
(57). Efb-C and Ecb, which can also bind C3, do not inhibit 
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FigUre 5 | The effect of inhibitors on classical pathway C3 and C5 conversion. Conversion of C3 (50 nM) or C5 (2.5 nM) in the CP model in the absence or 
presence of 1 µM complement-binding molecule measured by calcium mobilization in U937-C3aR and U937-C5aR cells, respectively. Conversion is shown  
as a percentage relative to the control without inhibitor. (a) C5-binding molecules OmCI and eculizumab inhibit CP C5 but not C3 conversion. SSL7 inhibits C5 
conversion, as well, but less efficiently. C4b-binding protein (C4BP) inhibits both CP C3 and C5 convertases. (B) None of the C3b-binding molecules, except  
for Cp40, affect CP C3 conversion, whereas all inhibit C5 conversion. Mutant Efb-C and mutant Ecb are unable to bind C3b and thus do not exhibit inhibition.  
(a,B) Data of three independent experiments, presented as mean ± SD.
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convertase activity in that manner, as further evidenced by lack 
of inhibition of AP C3 conversion. Interestingly, we found that 
all C3b-binding molecules can prevent C5 conversion in the CP 
model (Figure 5B). This establishes an important role for acces-
sory C3b in the formation and activity of CP C5 convertases. 
Moreover, the fact that FHR5, Efb-C, and Ecb exhibited similar 
effects on C5 conversion by the AP and CP convertases, indicates 
a similar role for accessory C3b in C5 conversion in both path-
ways. The CP model provides more detail about their inhibitory 
mechanism by showing that they can act specifically via acces-
sory C3b molecules. Similarly, the CP inhibition data show that  
CRIg and FH can inhibit C5 conversion specifically via accessory 
C3b. Overall, our data suggest that all C3b-binding molecules 
tested can inhibit C5 conversion (in both AP and CP) through 
interaction with accessory C3b molecules, but only some can 
inhibit the core convertase enzyme (C3bBb) itself.

DiscUssiOn

Since C3 and C5 convertase enzymes play such a vital role in 
propagating the cascade but also driving unwanted complement 
effector functions, it is essential to better understand mechanisms 
of convertase activation and inhibition. Since C5 convertases are 
largely constrained to cell surfaces, it has been difficult to study 
these enzymes with highly purified complement components. 
Here, we developed bead-based models to functionally charac-
terize both C3 and C5 convertases on a surface using purified 
components and in the absence of confounding factors from 
serum. These models serve several important purposes: (1) to 
understand the molecular biology of convertases, (2) to char-
acterize the mode of action of known complement inhibitors,  
(3) to characterize the role of disease-associated deficiencies and 
mutations of complement proteins, and (4) to screen for novel 
and specific convertase inhibitors.

In the past, several models have been developed to study 
convertase activation and inhibition. One of the most common 
models employs erythrocytes to serve as a platform for comple-
ment activation, using either serum or stepwise addition of 
purified complement components. Other studies have employed 
non-cellular surfaces, including SPR chips, to examine stepwise 
assembly and dissociation of convertases. While each of these 
models differ in many aspects, each has inherent advantages 
and disadvantages in addressing various aspects of comple-
ment function, and no single model can capture all molecular 
and physiological details of convertases or inhibition thereof. 
Our models offer the ability to (1) quantitatively compare 
activity and inhibition of AP and CP C3 and C5 convertases 
independently and (2) enable controlled formation and distri-
bution of convertases in a highly purified environment in the 
absence of complement regulators found in serum and on cells.  
In our model, we chose to quantify C3 and C5 cleavage through 
measurement of chemoattractants C3a and C5a, molecules that 
are released into solution and can be selectively and sensitively 
detected in a functional cell-based calcium mobilization assay 
using flow cytometry. Alternatively, C3a and C5a can be quanti-
fied by ELISA, however, this is not a direct functional readout, 
and one should exercise caution in selecting antibodies with high 
specificity for each chemoattractant molecule (58). Measurement 
of C3a via calcium responses allows a more accurate quantifi-
cation of C3 convertase activity than antibody detection of 
deposited C3b molecules. During C3 cleavage, the thioester of 
newly formed C3b molecules becomes exposed and can react 
with molecules on the cell surface. Rapid amplification results in 
dense clusters of C3b, which may deposit on top of each other, 
making accurate quantification difficult (59). Furthermore, many 
newly formed C3b molecules never attach to the surface (60).  
Therefore, immunodetection of deposited C3b is not the best 
measure of C3 conversion. In addition, since C3a and C5a are 
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FigUre 6 | Model for selective inhibition of C5 conversion. (a) Under normal conditions, high levels of accessory C3b (C3bn) deposition on a cell surface around 
existing C3 convertases enables binding and conversion of C5. All C3b molecules are tightly packed and aligned in the same vertical orientation, both of which are 
necessary for efficient C5 conversion. (B) Thioester domain (TED)-binding molecules (i.e., Efb-C and Ecb) act as a wedge to separate TED from the rest of C3b, 
which alters its surface conformation and prevents efficient C5 conversion. Colors of molecules correspond to Figures 1c,D and 3a, with Efb-C/Ecb shown in 
spring green. The red crosses indicate inhibition of C5 and C3bBb binding to surface-bound accessory C3b molecules (C3bn).
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hallmarks of complement-mediated inflammation, detection of 
these chemoattractants is a critical readout when screening for 
convertase inhibitors as potential therapeutic molecules and 
disease-associated mutants of complement factors in vitro. It is 
important to note that in more complex environments (i.e., serum 
or in vivo), measurement of functionally active C3a/C5a is chal-
lenging due to proteolytic cleavage and scavenging by receptors. 
In addition, our bead-based models enable addi tional readouts, 
including quantification of surface complement deposition and 
breakdown of complement opsonins through cofactor activity  
of inhibitory molecules (Figure S2 in Supplementary Material).

The models presented in this work may assist in obtaining 
better insights into the structural organization of convertase 
enzymes. While significant progress has been made in under-
standing the structural organization of C3 convertases and C3 
cleavage (Figure 1C) (55), the molecular details of C5 convertase 
formation remain poorly understood. Molecular models of 
C5 convertase activation have been proposed (Figure  1D)  
(47, 49, 61) but the exact organization of this complex remains 
unknown. It is known that C5 convertases form when C3 
convertases (C4b2a and C3bBb) deposit high densities of C3b 
molecules on the target surface (9). The non-catalytic subu-
nits of C3 convertases (C4b or C3b) are thought to associate 
with extra C3b molecules and form multimeric C4b-C3bn or 
C3b-C3bn complexes that have an increased affinity for C5 
(62, 63). In this study, we verified the requirement of high 
C3b densities for C5 conversion. In line with previous data, 
we also find that C3b density affects C5, but not C3 conversion 
by AP convertases (7). Interestingly, our data for Efb-C/Ecb 
and FHR5 also suggest that the orientation of C3b molecules 
on the surface is particularly important for conversion of C5, 
but not C3. We previously demonstrated that the (natural) 
surface attachment of C3b molecules via the thioester is crucial 
for efficient conversion of C5 (7). Here, we found that three 
molecules that interact with the C3b thioester domain (TED) 
(Efb-C, Ecb, and FHR5) selectively inhibit AP and CP C5 
convertases, while leaving C3 conversion unaffected. Among 
examined C3b-binding molecules, this selective inhibition of 

C5 conversion in the AP was specific for molecules interact-
ing with the TED of C3b. Several crystallographic structures of 
C3b revealed interdomain inter actions between TED and the 
MG1 domain, which facilitate the prototypical “upright” con-
formation of C3b attached to surfaces via its thioester (31, 43,  
55, 64–69). However, recent electron microscopy data reveal 
conformational flexibility of C3b under different conditions, 
and in particular, TED can exhibit markedly different positions 
(70–74). Hydrogen-deuterium exchange experiments demon-
strated a conformational change in C3b upon Efb-C binding 
to TED, suggesting that Efb-C acts as a wedge to disrupt the 
TED–MG1 interaction and affects the orientation of C3b on 
the surface (71). Although the exact binding interface of C3b 
and FHR5 is unknown, it does interact with TED (75), and 
therefore it is possible that FHR5 acts through a similar mecha-
nism. It is unclear whether FHR5 also interacts with other 
regions of C3b. Binding of C3b by FHR5 is different from that 
by FH, because FHR5 lacks domains homologous to the FH 
N-terminal C3b binding and complement regulatory domains. 
The results reported here confirm the previously reported lack 
of solid phase C3 convertase inhibition by FHR5 (45, 76), 
although inhibition of fluid phase C3 convertase was described 
(45). Why the C3b orientation is critical for C5 conversion 
but not C3 conversion remains to be determined. Potentially it 
supports the recently proposed model in which C5 needs to be 
“sandwiched” in between the C3 convertase and the accessory 
C3b molecule in order to be primed for convertase cleavage 
(49). One could envision that such “sandwiching” is affected 
by differently oriented C3b’s. Alternatively, C3b orientation 
may determine how closely C3b molecules can pack together. 
If tightly packed and aligned accessory C3b molecules are 
required for efficient C5 conversion, altered orientation may 
result in decreased conversion of C5 (Figure 6). The fact that 
Efb/Ecb and FHR5 also inhibit C5 conversion in the CP sug-
gests that the accessory C3b molecules have a similar function 
in the activation of both the CP and AP C5 convertases.

Functional analyses of well-defined complement inhibitors also 
reveal other important binding interfaces of C3/C5 convertases. 
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Our model demonstrates that the C3b–C3b dimerization site 
(Figure 1C, right) is important for activity of all C3b-containing 
convertases, including AP C3 and C5 convertases, as well as the 
CP C5 convertase. The C3b-binding molecules Cp40 and CRIg, 
which bind at this interface (Figure 3A), universally inhibit acti-
vity of C3b-containing convertases. These molecules likely inter-
fere with convertase-substrate binding (as in Figures 1C,D) and/
or surface-bound accessory C3b molecules (as in Figure  1D). 
Unlike CRIg, Cp40 inhibits all convertases, including the CP C3 
convertase, which lacks C3b. Since Cp40 can bind to both C3b 
and uncleaved C3, it could inhibit CP C3 conversion by binding 
to the substrate (C3) and preventing recognition by the CP C3 
convertase (57, 77). Substrate C3 binding can also explain the 
difference in inhibition of AP C3 and C5 conversion by Cp40 
(Figures 3D,E). In the AP C3 conversion assay, Cp40 can bind 
to both C3 and C3b, and therefore the concentration required 
to block C3 conversion is higher than for in the AP C5 conver-
sion assay, where C3 is not present. Next to CRIg, we also found 
that FH inhibits CP C5 convertases. Although FH is known as 
an inhibitor of AP C3/C5 convertases because it dissociates Bb 
from C3b, the mechanism of FH-mediated inhibition of CP 
C5 conversion is not known. Since FH is a large molecule with 
several distant binding sites on C3b (43, 44, 78) it likely interferes 
with binding C5 (79). Thus, our data for FH demonstrate that not 
only the C3b–C3b dimerization site, but also other sites on C3b,  
are important for its interaction with C5. Overall, C3b-binding 
molecules illustrate several key properties of convertase assembly 
and inhibition. While much of the data here are in line with 
pre vious inhibitor studies (Table  1), more extensive and com-
plementary studies are required to fully understand the physi-
ological modes of inhibition of these molecules.

Finally, the tools developed in this study can be used for 
identification of effective therapeutic convertase inhibitors. The 
ability to examine each convertase separately affords the oppor-
tunity to identify selective convertase inhibitors. The comple-
ment therapeutics landscape is rapidly expanding, as new roles 
for complement in disease continue to be uncovered. It is clear 
that not all complement-mediated diseases are created equal, 
and it is necessary to design therapeutics that target different 
points in the complement cascade. For example, diseases mediated 

primarily by C5a or MAC may benefit from selective inhibition 
of C5 conversion. Blocking the complement cascade upstream of 
the terminal pathway (i.e., inhibition of C3 cleavage) may unnec-
essarily increase patient susceptibility to infections by effectively 
inhibiting all complement effector functions. Our work now 
demonstrates the characterization of inhibitors that selectively 
inhibit C5 conversion, which may prove useful in treatment of 
MAC-mediated and inflammatory disorders of the complement 
system. Thus, these models provide a platform for the identifica-
tion of tailored next-generation complement therapeutics.
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Recent work in a murine model of ascending urinary tract infection has suggested that 
C5a/C5aR1 interactions play a pathogenic role in the development of renal infection 
through enhancement of bacterial adhesion/colonization to renal tubular epithelial cells 
(RTECs). In the present study, we extended these observations to human. We show 
that renal tubular epithelial C5aR1 signaling is involved in promoting uropathogenic 
Escherichia coli (UPEC) adhesion/invasion of host cells. Stimulation of primary cultures of 
RTEC with C5a resulted in significant increases in UPEC adhesion/invasion of the RTEC. 
This was associated with enhanced expression of terminal α-mannosyl residues (Man) 
(a ligand for type 1 fimbriae of E. coli) in the RTEC following C5a stimulation. Mechanism 
studies revealed that C5aR1-mediated activation of ERK1/2/NF-κB and upregulation of 
proinflammatory cytokine production (i.e., TNF-α) is at least partly responsible for the 
upregulation of Man expression and bacterial adhesion. Clinical sample studies showed 
that C5aR1 and Man were clearly detected in the renal tubular epithelium of normal 
human kidney biopsies, and UPEC bound to the epithelium in a d-mannose-dependent 
manner. Additionally, C5a levels were significantly increased in urine of urinary tract infec-
tion patients compared with healthy controls. Our data therefore demonstrate that, in 
agreement with observations in mice, human renal tubular epithelial C5aR1 signaling can 
upregulate Man expression in RTEC, which enhances UPEC adhesion to and invasion of 
RTEC. It also suggests the in vivo relevance of upregulation of Man expression in renal 
tubular epithelium by C5a/C5aR1 interactions and its potential impact on renal infection.

Keywords: c5ar1, uropathogenic Escherichia coli, renal tubular epithelial cell, bacterial adhesion/invasion, 
mannosyl residues

inTrODUcTiOn

Urinary tract infections (UTIs) remain among the most common infectious diseases worldwide (1). 
Globally, there have been estimated over 250 million cases of UTI each year (2). It is frequent in women 
and children and causes a particular problem for patients with diabetes and renal transplants as well 
as catheterized patients (3–5). The most common causative organism is uropathogenic Escherichia 
coli (UPEC), which is responsible for around 80% of all cases. UPEC express a variety of fimbrial 
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adhesins (e.g., type 1, P, and Dr fimbriae) that enable them to 
bind to glycoproteins or glycolipids on urinary tract epithelial 
cells (the critical initial step in early colonization). Upon contact 
with the epithelial cells, UPEC liberate toxins (e.g., α-hemolysin 
and cytotoxic necrotizing factor-1) which mediate direct injury 
to the cells, disrupting the epithelial barrier, and opening access 
to the underlying tissue. In addition, UPEC can be uptaken by 
the epithelial cells (6–8), which could evade host defenses and 
establish reservoir that may act as a potential source for recurrent 
infections (9).

Recent research has suggested that the epithelial cell lining of 
urinary tract is not simply a passive target for infection, oxidative 
stress, and toxical drug, but may actively participate in the innate 
immune response (10). For example, in response to the invasion of 
pathogen or other injuries, tubular epithelial cells produce a num-
ber of proinflammatory mediators, which can activate and recruit 
immune cells to the site of infection and injury, contributing to 
innate immunity; however, excessive inflammatory responses can 
also cause renal tubule cell injury (10–12). Human renal tubular 
epithelial cells (RTECs) produce various components of the comp-
lement system (e.g., C3, fB, and fH) (13–15), local production, 
and activation of complement have been implicated in the patho-
genesis of many renal tubular disorders (16, 17).

Complement is an important element in innate immunity 
against pathogens, mainly through direct killing, opsonization 
of pathogen, and induction of local inflammation, which are 
mediated by C5b-9, C3b, and C5a, respectively. However, most 
UPEC strains are resistant to complement-mediated killing (18). 
Previous studies by us and others have suggested that complement 
activation in UTI has harmful effects on the host (7, 8, 19). It has 
been shown that depletion of complement in non-human primate 
decreases the degree of tissue damage during renal infection (19) 
and mice deficient in C3, a pivotal component of the complement 
cascade, are protected from the development of renal infection (7). 
C3b-opsonized E. coli enhances the invasion of human tubular 
epithelial cells through interaction with a complement regulatory 
protein CD46 expressed on the epithelial cell membrane (8).

Further studies in murine models of acute and chronic pyelo-
nephritis have found that C5aR1 is required for the development 
of renal infection (20, 21). It has been shown that kidney infection 
is significantly reduced in mice with genetic deletion or through 
pharmacologic inhibition of C5aR1 following bladder inocula-
tion with UPEC. This is associated with reduced expression of 
terminal α-mannosyl residues (Man; a ligand for type 1 fimbriae 
of E. coli) on the luminal surface of renal tubular epithelium and 
reduction of early UPEC colonization in these mice. These studies 
strongly suggest that C5a/C5aR1 interactions are an important 
pathogenic mechanism of ascending UTI. However, the relevance 
of these findings to human remains unknown.

In the present study, we extended our observations made in 
murine models to human. We investigated whether renal tubular 
epithelial C5aR1 signaling has impact on UPEC adhesion to and 
invasion of RTEC using primary cultures of human RTEC. We 
also examined the potential mechanisms by which epithelial 
C5aR1 signaling influences bacterial adhesion. Furthermore, 
we performed several ex vivo experiments using human kidney 
biopsies and urine samples to assess the in  vivo relevance of 

in vitro observations. Our data demonstrate that epithelial C5aR1 
signaling promotes UPEC adhesion to and invasion of human 
RTEC through upregulation of MR expression in the RTEC. It 
also suggests the in vivo relevance of upregulation of Man expres-
sion in renal tubular epithelium by C5a/C5aR1 interactions and 
its potential impact on renal infection.

MaTerials anD MeThODs

Materials
We used the following reagents and materials: mouse anti-human 
C5aR1 (P12/1, for immunochemistry) (AbD Serotec, Oxford, 
UK), PE-conjugated anti-human C5aR1 (S5/1, for flow cytomet-
ric analysis) (Biolegend, San Diego, CA, USA); polyclonal rabbit 
anti-human ZO-1 and 4’,6-diamidino-2-phenylindole (DAPI) 
(Life Technologies Ltd., Beijing, China); goat anti-mouse alexa 
Fluor® 488 (Jackson ImmunoResearch Lab Inc., West Grove, PA, 
USA); fluorescein-labeled Galanthus nivalis lectin (GNL) (Vector 
Laboratories, Peterborough, UK); cytopainter F-actin staining kit 
(Abcam, Cambridge, UK). BD™ cytometric bead array human 
inflammatory cytokines kit (to measure TNF-α, IL-8, IL-1β, and 
IL-6) and human C5a ELISA kit II (BD OptEIA™) (BD Biosciences, 
San Jose, USA). Antibody reagents used in signaling pathway stud-
ies [i.e., anti-phospho-ERK1/2 (Thr202/Tyr204), -IκBα (Ser32), 
-SAPK/JNK (Thr183/Tyr185), -Akt (Ser473), and anti-ERK1/2, 
-IκBα, -JNK, and -Akt antibodies] and ERK1/2 inhibitor U0126 
were purchased from Cell Signaling Technology (Danvers, MA, 
USA). Cell culture medium, fetal calf serum (FCS), insulin- 
transferrin-selenium solution, gentamicin (Life Technologies Ltd.); 
recombinant human TNF-α (Peprotech, Suzhou, China); d-(+)-
Mannose, hydrocortisone, tri-iodothyronine and tetramethylrho-
damine (TRITC), protease inhibitor cocktail, LPS (from E. coli with 
serotype O55:B5, contains O antigen) (Sigma-Aldrich, Shanghai, 
China); collagenase type II (Worthington Bio. Co., USA); human 
recombinant C5a (with an endotoxin level of ≤0.1 EU per 1 µg 
of protein) (R&D systems). C5aR1 peptide antagonist [PMX53, 
Ac-Phe-cyclo (Orn-Pro-dCha-Trp-Arg)] and control peptide 
(random sequence) (synthesized by GenScript, Shanghai, China).

Bacterial strains
Uropathogenic E. coli strain J96 (serotype O4; K6), isolated from 
a human pyelonephritis patient was kindly provided by Dr. R. 
Welch, University of Wisconsin, USA. This strain expresses type 
1 and P fimbriae and secrets α-hemolysins and the cytotoxic 
necrotizing factor-1 (18).

human Kidney specimens and ethics
Normal human kidney specimens were prepared from the unaf-
fected pole of nephrectomized kidneys of patients who had renal 
tumors (n  =  4). Each patient gave an informed consent about 
the present study in accordance with the Declaration of Helsinki. 
The protocol was approved by the Hospital Research Ethics 
Committee.

cell cultures and Treatment
Human RTEC were isolated according to a previously described 
method (14). Briefly, renal cortical tissue obtained from normal 
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pole of tumor nephrectomy specimens was cut into small frag-
ments and digested with collagenase (type II, 750 U/mL) at 37°C 
for 15 min and passed through a series of mesh sieves. Tubular 
cells were isolated by centrifugation and grown in DMEM/F12 
with 5% FCS supplemented with insulin (5 µg/mL), transferrin 
(5  µg/mL), selenium (5  ng/mL), hydrocortisone (40  ng/mL), 
and tri-iodothyronine (10−12  M). The cultured cells exhibited 
cuboidal morphology (by phase contrast microscopy) and 
were positive for the expression of alkaline phosphatase and 
cytokeratin (Figure S1 in Supplementary Material). Experiments 
were performed with cells up to the sixth passage. Results 
were obtained from RTEC cultured from the kidney of three 
different donors. For expe riments, confluent layers of RTEC 
were incubated with C5a (0–50 nM), LPS (800 ng/mL), TNF-α 
(10 ng/mL), or C5aR1 peptide antagonist (PMX53, 5 µM) for 
24 h at 37°C.

assessment of Bacterial Binding and 
internalization
Bacterial plate count assay: The assay was performed as descri-
bed previously (8). Briefly, RTEC grown in 24-well plates were  
pre-incubated with or without C5a or other stimuli for 24 h and 
then incubated with bacteria [J96, 2 × 106 colony forming units 
(c.f.u.)/well] for an additional 1 h at 37°C. For bacterial binding, 
cells were vigorously washed to remove unattached bacteria and 
lysed with sterile H2O. For bacterial internalization, after incuba-
tion with bacteria for 1 h, RTEC were washed three times and then 
incubated in culture medium containing 100 µg/mL gentamicin 
for 1 h to kill extra-cellular bacteria. Cells were then washed and 
lysed with sterile H2O, the lysate was plated onto cysteine lactose 
electrolyte deficient (CLED) plates (Oxoid). The agar plates were 
incubated at 37°C for overnight and the colonies were manually 
counted. RTEC protein concentrations were measured using the 
Coomassie (Bradford) protein assay kit according to the manu-
facturer’s instructions. Results were expressed as colony c.f.u./mg  
of cell protein. In each experiment, assays were performed in  
quadruplicate.

Fluorescence microscopy analysis: RTEC monolayers grown 
on coverslips in 24-well plates were incubated with TRITC- 
conjugated J96 (2 × 106 c.f.u./well) for 1 h at 37°C. Cells were 
vigorously washed to remove unattached bacteria and stained 
with DAPI, then viewed and imaged with the Leica SP8 
system. Bound bacteria and RTEC numbers were counted at 
×200 magnification, and results were expressed as number of 
bacteria per 103 tubule cells. To confirm the intracellular loca-
tion of the bacteria, after incubation with labeled bacteria, the 
monolayers were washed then fixed in 4% formaldehyde and 
permeabilized with 0.1% TritonX-100 before incubating with 
green fluorescence -conjugated F-actin (Abcam) for 30  min. 
Confocal microscopy was carried out using cross-sectional 
analysis. To demonstrate the co-localization of bacteria with 
Man, after incubation with labeled bacteria, cells were vigor-
ously washed to remove unattached bacteria and stained with 
DAPI and fluorescein-labeled GNL, then viewed and imaged 
with the Leica SP8 system. Two to three viewing fields, ran-
domly selected from each coverslip at ×630 magnification, were 
examined.

assessment of Bacterial Migration  
in rTec
Renal tubular epithelial cell were cultured on 12-well transwell 
filters (with a 3 µm transparent membrane insert) (Corning) and 
allowed to grow to confluent monolayers for 10 days. The tight-
ness of the cell layers was verified by addition of 500 µL culture 
medium in the upper compartment followed by incubation at 
37°C for 6 h. No medium was found in the lower compartment 
when cells confluent. Cells were stimulated with or without C5a 
(10 nM) for 24 h and then incubated with J96 (2 × 106 c.f.u./
well) for up to 3 h at 37°C. Bacterial migration was measured 
by plating out the culture medium collected from lower cham-
ber on CLED plate and counting the colonies formed on the 
plate the next day. RTEC membrane integrity was assessed by 
immunochemistry and western blot analyses for tight junction 
marker ZO-1.

assessment of Man expression in 
cultured rTec
Man expression in cultured RTEC was assessed by a fluorescence 
intensity-based microplate assay or fluorescence microscopic 
analysis as we described previously (20). For the microplate assay, 
RTEC grown in 24-well plates were incubated with or without C5a 
and/or LPS for 24 h at 37°C, then with fluorescein-labeled GNL 
(20 µg/mL in PBS) for 1 h at 37°C. Cells were then vigorously 
washed and lysed with sterile H2O. The fluorescence in the lysate 
was measured using a fluorescence plate reader (SpectraMax i3, 
Molecular Devices) with an excitation wavelength of 490  nm 
and results expressed as relative fluorescence units. Fluorescence 
microscopic analysis was used to detect surface Man on RTEC. 
RTEC grown on the coverslips were pre-treated with C5a and/or 
LPS and stained with fluorescein-labeled GNL and DAPI. Images 
were taken by the confocal microscope (Leica SP8) under ×100 
magnification. The percentage of positive staining area in each 
image was calculated by using Image J software (Image J 1.41). 
Three to four viewing fields randomly selected from each coverslip  
were examined.

α-Mannosidase Treatment
Renal tubular epithelial cell were pre-incubated with FCS-free 
medium for 2 h and then incubated with α-mannosidase or con-
trol enzyme (β-galactosidase) (5 mM) in glycol buffer at 37°C for 
1 h. FCS-containing culture medium was added to neutralize the 
effect of mannosidase (22). Cells were then subjected to measur-
ing changes in Man expression and bacterial binding.

Western Blot
Human RTECs were primarily cultured on six-well plates and 
grown to confluence. Cells were incubated with C5a and lysed at 
indicated times. Equal amounts of protein (40 µg per lane) were 
subjected to SDS-PAGE electrophoresis, and transferred onto 
PVDF membranes. The membranes were incubated with primary 
antibody at 4°C overnight and followed by incubation with HRP-
conjugated secondary antibody. Protein bands were visualized by 
Amersham ECL Select™ detection reagent (GE Healthcare Life 
Sciences, USA).
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Detection of c5ar1 expression in Kidney 
Tissue by immunohistochemistry
Paraffin-embedded human kidney tissue sections (4  µm thick, 
from four different donors) were deparaffinized, rehydrated, and 
subjected to microwave-based antigen retrieval in citrate buffer. 
Endogenous peroxidases were blocked with 0.3% (v/v) H2O2 in 
PBS for 10 min. Non-specific immunoglobulin binding sites were 
blocked with normal goat serum. Sections were subsequently 
incubated with mouse anti-human C5aR1 primary antibody 
(P12/1, AbD Serotec) (1:300 dilution) at 4°C overnight. Non-
specific mouse IgG2a served as a negative control. Sections were 
then incubated for 1  h with HRP-conjugated goat anti-mouse 
secondary antibody (Jackson ImmunoResearch Lab Inc., 1:1,000 
dilution) at room temperature. The antibody staining was visual-
ized by DAB solution according to manufacturer’s instructions. 
The stained sections were imaged with automatic slide scanner 
(Axio Scan Z1, Zeiss, Germany).

UPec In Situ Binding to Kidney Tissue
Frozen sections (4 µm) of OCT-embedded human kidney sam-
ples (n = 4) were immobilized on Superfrost™ Plus microscope 
slides (Fisher Scientific) and were rehydrated in PBS for 5 min 
and incubated with PBS containing 0.1% BSA for 1 h, and then 
with TRITC-labeled J96 (2 × 107 c.f.u./mL, pre-incubated with 1 
or 5% Glucose or d-mannose for 30 min and resuspended in PBS 
containing 0.1% BSA) for 1 h at 37°C. Sections were then gently 
washed five times to remove unattached bacteria and stained with 
DAPI and fluorescein-labeled GNL, then viewed and imaged with 
the Leica SP8 system. Bacterial colonies were manually counted 
at ×200 magnification and results were expressed as number 
of colonies per field. Five viewing fields at cortex area for each 
kidney section were examined.

statistical analysis
Data are shown as mean ± SEM. Mann–Whitney test or Unpaired 
Student’s t-test was used to compare the means of two groups. 
One-way or two-way ANOVA was used to compare the means 
of more than two independent groups. All the analyses were 
performed using Graphpad Prism 7 software. P < 0.05 was con-
sidered to be significant.

resUlTs

c5a enhances UPec adhesion and 
invasion of rTec by stimulating the 
epithelial cells
We first examined the expression of C5aR1 in primary cultures 
of human RTEC by performing immunochemical staining, flow 
cytometry, and RT-PCR. C5aR1 expression was clearly detected 
in the RTEC by the three methods, further confirming that C5aR1 
is expressed in human RTEC (Figures S2A–C in Supplementary 
Material). We also examined whether C5R2 (an additional recep-
tor for C5a) is expressed in the RTEC by RT-PCR, which showed a 
negative result (Figure 2C in Supplementary Material). Therefore, 
any effects of C5a stimulation in our RTEC preparations likely 
through interaction with C5aR1.

Next we assessed the effects of C5a on bacterial adhesion and 
invasion in human RTEC by stimulation of the RTEC. RTEC 
were incubated with C5a, in the presence or absence of LPS, 
and then co-cultured with UPEC strain J96 and followed by a 
set of assays including bacterial binding, internalization, and 
transmigration. Bacterial binding to RTEC was assessed by plate 
count assay and fluorescence microscopy. C5a (alone) stimula-
tion of RTEC significantly enhanced bacterial adhesion to RTEC 
in a dose-dependent manner (Figure 1A). Combined treatment 
with C5a (10 nM) and LPS (800 ng/mL) is more effective than 
treatment with LPS alone, the combined treatment also appears 
more effective than treatment with C5a alone, though there is 
no statistically significant difference (Figures  1B–D). Besides 
promoting adhesion, C5a stimulation of RTEC also significantly 
increased bacterial internalization into RTEC, regardless of in the 
presence or absence LPS, assessed by bacterial plate count assay 
and fluorescence microscopy (Figures  2A–C). Furthermore, 
C5a stimulation increased bacterial transmigration through the 
monolayer of RTEC (assessed by c.f.u. of transmigrated bacteria) 
and caused more severe epithelial barrier damage (assessed by 
ZO-1 expression) (Figures 3A–D).

Collectively, these data demonstrate C5a enhances UPEC 
adhesion to and invasion of human RTEC by stimulation of 
the RTEC.

c5a-Mediated Upregulation of Man 
expression in rTec contributes  
to the enhancement of UPec adhesion  
to and invasion of rTec
We next examined molecular mechanism by which C5a medi-
ates the upregulation of bacterial adhesion/invasion in RTEC. 
Bacterial-host cell carbohydrate interactions are known to 
facilitate tissue invasion. Terminal α-Man are the carbohydrate 
ligand for type 1 fimbriae on UPEC (23, 24). Putative membrane 
proteins containing such ligands have been reported in the blad-
der in mouse and human (25). Our recent work has shown that 
terminal α-Man are also expressed in murine RTEC, the expres-
sion is upregulated by C5a stimulation. However, it is unknown 
whether this is true for human RTEC. We firstly confirmed the 
expression of Man in human RTEC by showing the cells were 
positively stained with fluorescence labeled GNL which specifi-
cally detects (α-1,3) Man (Figure S3 in Supplementary Material). 
We next assessed whether C5a influences the Man expression in 
human RTEC using two methods (i.e., fluorescence microscopy, 
fluorescence intensity-based microplate assay). Results obtained 
by both methods showed that C5a stimulation significantly 
increased Man expression in RTEC, the stimulatory effect was 
more profound in the presence of a small dose of LPS (800 ng/mL) 
(Figures 4A–C). Blockade of C5a/C5aR1 interactions with C5aR1 
antagonist (PMX53), significantly reduced C5a-upregulated Man 
expression in RTEC and bacterial adhesion (Figures 4D,E), sug-
gesting that C5a upregulates Man expression through interaction 
with C5aR1 in human RTEC.

We also verified adhesion of UPEC to the RTEC via binding to 
Man on cell surface. The confocal Z-stack images showed a spatial 
relation between Man and J96 on RTEC cell surface (Figure 5A).  
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FigUre 1 | Effect of C5a stimulating renal tubular epithelial cell (RTEC) on bacterial adhesion to the RTEC. RTEC were pre-treated with C5a (as indicated or 
otherwise 10 nM) and/or LPS (800 ng/mL) for 24 h and subjected to assessment of bacteria binding to RTEC. (a,B) Bacterial adhesion to RTEC, evaluated by 
bacterial plate count assay. (c,D) Bacterial adhesion to RTEC, evaluated by fluorescence microscopy analysis. (c) Representative fluorescence images of 
tri-iodothyronine and tetramethylrhodamine-labeled J96 adhesion to RTEC, J96 (red), and 4’,6-diamidino-2-phenylindole (blue). Scale bars, 50 µm.  
(D) Quantification of bacteria adhesion to RTEC corresponding to the images in (c). Results were expressed as number of bacteria per 103 RTEC.  
(a,B,D) data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test [(a) n = 12 individual wells per group, (B) n = 8 individual wells  
per group, (c) n = 6 individual images (×200 magnification) from two coverslips per group]. All results shown are representative of three independent  
experiments. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Addition of d-mannose [which binds to lectin (Fim H of type 
1 fimbriae)] in RTEC and UPEC co-culture led to a significant 
decrease in bacteria binding to RTEC (Figure 5B), demonstrating 
specific binding of bacteria to Man. Removal of surface Man from 
RTEC with α-mannosidase (which cleaves mannose containing 
glycoprotein and glycolipid) significantly reduced Man expres-
sion on RTEC and binding of J96 to RTEC (Figures  5C,D). 
Furthermore, removal of surface Man from RTEC inhibited the 
enhancement effect of C5a on Man expression and bacterial 
adhesion (Figures 5E,F), supporting the effect of C5a on bacterial 
adhesion is depended on upregulation of Man expression in RTEC.

Collectively, these data suggest that C5a/C5aR1 interaction-
mediated upregulation of Man expression in RTEC contribute to 
the enhancement of bacterial adhesion/invasion in RTEC.

investigate intracellular signaling/
Molecules responsible for the action  
of c5a on Man expression in rTec
Having demonstrated upregulation of Man expression in human 
RTEC by C5a/C5aR1 interactions, next we investigated which 
intracellular signaling pathways triggered by C5a could contribute 
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FigUre 2 | Effect of C5a stimulating renal tubular epithelial cell (RTEC) on bacterial internalization into the RTEC. (a) Bacterial uptake by RTEC, evaluated by 
bacterial plate count assay. RTEC were pre-treated with C5a (10 nM) and/or LPS (800 ng/mL) for 24 h and subjected to the assay. Data were analyzed by one-way 
ANOVA with Tukey’s multiple comparisons test (n = 8 individual wells) and representative of three independent experiments. (B,c) Bacterial uptake by RTEC, 
evaluated by fluorescence microscopy analysis. RTEC were pre-treated with or without C5a (10 nM) for 24 h and subjected to the assay. (B) Representative 
fluorescence images of (tri-iodothyronine and tetramethylrhodamine-labeled) bacteria internalization into RTEC. Bacteria (red), F-actin (green), and 4’,6-diamidino- 
2-phenylindole (blue) are shown. Scale bars, 25 µm. Lower panel image corresponding to the boxed region in the top-right image shows the cross-sectional views 
in z stack (bottom and side panel) of RTEC, F-actin, and bacteria, demonstrating J96 within the cytoplasm of RTEC. A representative of three experiments is shown. 
(c) Quantification of bacteria uptake by RTEC corresponding to the images in (B). Results were expressed as number of bacteria per 103 RTEC. Data were analyzed 
by unpaired two-tailed Student’s t-test (n = 15 individual images per group). *P < 0.05, ***P < 0.001, ****P < 0.0001.
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to the Man expression in human RTEC. C5aR1 is a G-protein-
coupled receptor for C5a, engagement of C5aR1 mediates various 
intracellular signaling events (e.g., PI3K, MAPKs, and NF-κB). 
We therefore examined phosphorylation of IκB [an indicator of 
NF-(κB activation), AKT (a downstream effector of PI3K), and 
ERK1/2 (a member of MAPKs)] in RTEC in response to C5a 
stimulation. Following C5a (10  nM) stimulation, the amount 
of p-ERK and p-IκB was increased and peaked at 5 and 60 min, 
respectively (Figures  6A,B). C5a stimulation had no effect on 

p-AKT (Figure S4 in Supplementary Material). We also assessed 
whether intracellular signaling of ERK1/2 responsible for the 
action of C5a on Man expression. Man expression in RTEC 
was significantly decreased by pre-treatment of the cells with 
specific inhibitor of ERK1/2 (U0126) (Figure  6C), indicating 
that intracellular signaling per se or through mediation of cellular 
inflammatory response could influence the Man expression in 
human RTEC. Further experiments were performed to examine 
cellular inflammatory responses to C5a stimulation in RTEC.  
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FigUre 3 |  Effect of C5a stimulating renal tubular epithelial cell (RTEC) on bacterial transmigration through the monolayer of RTEC. Bacterial transmigration in 
RTEC that had been pre-treated with or without C5a (10 nM) for 24 h, then incubated with or without bacteria up to 3 h. (a) Transmigrated bacteria recovered from 
the lower chamber of RTEC cultures, evaluated by plate count assay. Data were analyzed by two-way ANOVA with multiple comparisons (n = 4 individual wells per 
group). (B–D) Epithelial barrier damage, evaluated at 2 h after incubation with bacteria by reduction of tight junction marker ZO-1 expression. (B) Western blot 
analysis for ZO-1 in RTEC. Data were analyzed by unpaired two-tailed Student’s t-test (n = 3 individual images per group). (c) Representative fluorescence images 
of ZO-1 (green) staining in RTEC. Scale bars, 10 µm. (D) Quantification of ZO-1-positive cells, shown as C5a treatment relative to control, corresponding to the 
RTEC shown in (c). Data were analyzed by unpaired two-tailed Student’s t-test [n = 4 individual images (×200 magnification) per group]. *P < 0.05, ****P < 0.0001. 
All results shown are representative of three independent experiments.
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The results showed that C5a stimulation significantly increased 
gene and protein expression of a set of proinflammatory mediators 
in the RTEC (Figure S5 in Supplementary Material), among those, 
the effect of C5a on TNF-α was most prominent (Figures 6D,E). 
Together, these results suggest the possibility that TNF-α dri-
ven by intracellular signaling mediated by C5a modulates Man 
expression in human RTEC. To explore the possibility, we 
assessed the effect of TNF-α on Man expression in RTEC. TNF-α 
stimulation significantly increased Man expression (Figure 6F) 
and accordingly bacterial adhesion (Figures 6G,H), demonstrat-
ing an important role of TNF-α in modulating Man expression 

and bacterial adhesion in human RTEC. Thus, our data support 
that C5a-mediated intracellular signaling (e.g., ERK1/2, NF-κB) 
modulates Man expression in human RTEC through mediating 
inflammatory mediators (e.g., TNF-α).

clinical relevance of In Vitro Observations
To assess the in vivo relevance of our in vitro observations, we 
performed several ex vivo experiments using clinical samples. 
We examined the C5a levels in urine of 8 normal controls and 
10 patients with active UTI (predominantly cystitis) by ELISA. 
C5a was detected in all urine samples including from the healthy 
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FigUre 4 | C5a stimulation upregulates Man expression in renal tubular epithelial cell (RTEC). RTEC were pre-treated with C5a (10 nM) and/or LPS (800 ng/mL)  
or with C5a, in the presence of C5aR1 antagonist (PMX53, 5 µM) or vehicle (Ctrl) for 24 h and subjected to assessment of Man expression and bacteria binding  
to RTEC. (a,B) Fluorescence microscopy analysis. (a) Representative fluorescence images of Man expression in RTEC (non-permeabilized). Man (green) detected 
by fluorescein-labeled Galanthus nivalis lectin (GNL) and 4’,6-diamidino-2-phenylindole (blue) are shown. Scale bars, 25 µm. (B) Quantification of Man expression, 
shown as relative fluorescence intensity in GNL-positively stained area corresponding to the images shown in (a). (c,D) Fluorescence intensity-based microplate 
assay. (c) Man expression in RTEC that had been treated with C5a and/or LPS. (D) Man expression in RTEC that had been treated with C5a and PMX53.  
(e) Bacterial adhesion to RTEC, evaluated by bacterial plate count assay. (B–D) Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons  
[(B) n = 6 coverslips per group, under ×100 magnification, (c) n = 9 individual wells per group, (D,e) n = 6–8 individual wells per group]. All results shown are 
representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations: Ctrl, control; RFI, relative fluorescence 
intensity; RFU, relative fluorescence units.
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controls and UTI patients. However, the urinary C5a levels 
were significantly higher in UTI patients than that in healthy 
controls (median concentration 228.5 vs. 15,230 pg/mL, controls 
vs. patients, P < 0.0001) (Figure 7A). Because all the samples 
are single spot urine samples, the detected C5a levels may not 
accurately reflect the C5a concentrations in the urine due to dif-
ferences in urine flow rate over a day. Therefore, we examined the 
creatinine concentrations and determined the C5a/creatinine 
ratios in these urine samples, as urinary creatinine excretion in 

the presence of a table glomerular filtration rate is fairly con-
stant in a given patient. Creatinine concentrations in the urine 
samples of UTI patients were compatible to that in healthy con-
trols, but the C5a/creatinine ratios in the urine samples of UTI 
patients were significantly higher, compared with that in healthy 
controls (Figures  7B,C). Together, these results indicate there 
is increase in urinary C5a during UTI. In addition to detecting 
urinary C5a, we examined the expression of C5aR1 in (normal) 
human kidney biopsies. Immunohistochemistry showed that 
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FigUre 5 | Uropathogenic Escherichia coli adhesion to renal tubular epithelial cell (RTEC) through binding to Man on the cell surface of the RTEC. (a) Confocal 
microscopic images of bound bacteria in RTEC (non-permeabilized) that had been incubated with labeled J96 for 1 h. Bacteria (red), Man (green) detected by 
fluorescein-labeled Galanthus nivalis lectin and 4’,6-diamidino-2-phenylindole (blue) are shown. Left image: compressed image. Scale bars, 10 µm. Right image: 
corresponding to the boxed region in the left image show the cross-sectional views in z stack (bottom and side panel) of RTEC, Man, and bacteria, demonstrating 
association of Man and J96 at cell surface of RTEC. (B) Bacteria binding to RTEC, evacuated by bacterial plate count assay. RTEC were incubated with d-mannose 
or glucose (1 or 5%) for 30 min before the addition of bacteria. Data were analyzed by two-way ANOVA with multiple comparisons (n = 8 individual wells per group). 
(c,e) Man expression in RTCE that had been pre-treated without C5a (c) or with C5a (e) for 24 h and then treated with buffer alone (PBS) or containing α-
mannosidase (5 mM) or control enzyme (β-galactosidase) for 1 h, evacuated by fluorescence intensity-based microplate assay. Data were analyzed by one-way 
ANOVA with Tukey’s multiple comparisons (n = 6 individual wells per group). (D,F) Bacterial binding to RTEC that had undergone the same treatments as described 
in (c,e), evacuated by bacterial plate count assay. (D) Without C5a pre-treatment. (F) With C5a pre-treatment. Data were analyzed by one-way ANOVA with Tukey’s 
multiple comparisons (n = 8 individual wells per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All results shown are representative of three 
independent experiments.
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C5aR1 was clearly detected in the kidney tissue, mainly in renal 
tubules (Figure 7D). We also examined the Man expression in 
human kidney tissue and assessed the possibility that UPEC 
bind to renal tubular epithelium through Man by employing 
an in vitro model of kidney tissue infection. The human kidney 
was positively stained for GNL and positive signals were mainly 

found in the tubules of cortex and cortical medullary junction 
(Figure  8A). Fluorescence microscopy analysis showed that 
binding of UPEC to the tubular epithelium can be detected 
after 1  h infection (Figure  8B), blocking bacterial lectin by  
pre-incubation of UPEC with d-mannose markedly inhibited 
the binding of UPEC to tubular epithelium (Figure 8C), thus 
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FigUre 6 | Intracellular signaling/molecules responsible for the action of C5a on Mannosyl residue expression. (a,B) Western blot analysis for ERK1/2 and IκB 
phosphorylation in renal tubular epithelial cell (RTEC) after C5a (10 nM) stimulation for up to 60 min. In each set of blots, the top row of bands corresponds to 
incubating membrane with appropriate anti-phospho-antibody and the bottom row of bands corresponds to incubating membrane with appropriate total antibody. 
Relative amounts of protein phosphorylation are shown in the lower panel of each set of blots. Data were analyzed by one-way ANOVA (n = 3/group, resulting from 
three independent experiments). (c) Effect of inhibition of ERK1/2 pathway on Man expression in RTECs assessed by fluorescence intensity-based microplate 
assay. RTEC monolayers were pre-incubated with C5a for 24 h in the presence of ERK1/2 pathway inhibitor (U0126, 10 μM) and the vehicle control (DMSO) then 
were used for quantification of Man expression. Data were analyzed by unpaired two-tailed Student’s t-test (n = 9–12 individual wells per group). A representative 
result of three experiments is shown. (D,e) Production of TNF-α in RTEC that had been treated with C5a (10 nM) and/or LPS (800 ng/mL) for 24 h and subjected  
to RT-qPCR (D) and ELISA (e). Data were analyzed by one-way ANOVA with Tukey’s multiple comparisons (n = 3/group, resulting from three independent 
experiments). (F) Man expression in RTEC that had been pre-treated with recombinant human TNF-α (10 ng/mL) or vehicle control (BSA) for 24 h, evaluated by 
fluorescence intensity-based microplate assay. Data were analyzed by unpaired two-tailed Student’s t-test (n = 9 replicate wells/group). A representative result of 
three experiments is shown. (g,h) Bacterial adhesion to RTEC. (g) Representative microscopic images of bacteria adhesion to RTEC that had been pre-treated 
with TNF-α for 24 h, then incubated with tri-iodothyronine and tetramethylrhodamine-labeled J96 for 1 h. Bacteria (red), Man (green) detected by fluorescein-labeled 
Galanthus nivalis lectin, and 4’,6-diamidino-2-phenylindole (blue) are shown. Scale bars, 25 µm. (h) Quantification of bound bacteria corresponding to the images 
shown in (g). Data were analyzed by unpaired two-tailed Student’s t-test [n = 6 individual images (×200 magnification) from two coverslips per group].  
A representative result of three experiments is shown. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.
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FigUre 7 | Detection of C5a and C5aR1 in human urinary tract. (a–c) C5a and creatinine concentrations in urine from urinary tract infection (UTI) patients and 
healthy controls. (a) Urinary C5a concentrations. (B) Urinary creatinine concentrations. (c) Ratios of urinary C5a/creatinine concentration. Data were analyzed by 
Mann–Whitney U two-tailed test. **P < 0.01, n.s. no significant. (D) C5aR1 expression in human kidney tissue determined by immunochemical staining. Control: 
negative control, tissue stained with non-specific mouse IgG2a. Scale bar, 50 µm.
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supporting the involvement of Man in UPEC adhesion/coloni-
zation in renal tubular epithelium.

DiscUssiOn

Although it is well known that C5a/C5aR1 interactions mediate 
many cellular responses in different types of cells, its role in 
modulating surface carbohydrate expression of epithelial cells, 
thereby influencing bacterial adhesion/invasion is much less 
known. Our recent work in murine models of ascending UTI has 
suggested that C5aR1 signaling mediates upregulation of Man 
expression and subsequent bacteria adhesion contributes to the 
pathogenesis of renal infection (20, 21). In the present study, by 
using primary cultures of human RTEC and clinical samples (kid-
ney biopsy and urine), we evaluated the relevance of observations 
on mice to human UTI. Our results provide supporting evidence 
for that human renal tubular epithelial C5aR1 signaling enhances 
UPEC adhesion to epithelial cells through upregulation of Man 
expression and its clinical implications.

As controversial observations have been reported on the expres-
sion of C5aR1 in human RTEC (26), we further examined the 
expression of C5aR1 in human kidney biopsies and primary cultures 
of RTEC in the present study. Our results of immunohistochem-
istry and immunocytochemistry are consistent with the reported 

positive expression of C5aR1 in kidney tissue and isolated tubular 
epithelial cells by most studies (27–31). Detection of C5aR1 expr-
ession in RTEC by RT-PCR (presented in this study) (Figure S2 in 
Supplementary Material) and in kidney tissues by in situ hybridiza-
tion (reported previously) (31) further support for the expression of 
C5aR1 in human RTECs.

Consistent with observations in murine RTEC, in the present 
study we demonstrate that C5a/C5aR1 interactions upregulate 
Man expression and bacterial adhesion in human RTEC, sug-
gesting the signaling/molecule mechanisms responsible for the 
action of C5a on Man expression and bacterial adhesion, namely 
C5a/C5aR1 interactions mediate the activation of ERK1/2/
NF-κB signaling pathway and generation of proinflammatory 
cytokines, such as TNF-α, which upregulates Man expression 
and consequent bacterial adhesion. Although the issue of how 
TNF-α regulates surface Man was not addressed in our study, it 
has been shown that proinflammatory cytokines such as TNF-
α can upregulate surface Man expression in endothelial cells 
through regulating α-mannosidase activity (32). The same would 
be expected in RTEC driven by C5aR1/ERK1/2/NF-κB signaling 
pathway.

Binding of bacteria to epithelial cells can mediate bacterial 
invasion of host cells through internalization by epithelial cells 
and/or transepithelial migration. Bacterial internalization by 
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FigUre 8 | Man is required for type1 fimbriae-mediated in situ infection of human kidney tissues. (a) Fluorescence microscopy of normal kidney sections showing 
specific detection of Man (green) by fluorescein-labeled Galanthus nivalis lectin and counterstaining of nuclei with 4’,6-diamidino-2-phenylindole (blue). Man were 
mainly detected in the cortical and medullar tubules (top panel) and predominantly localized at the luminal surface of tubular epithelial cells (lower panel). Scale  
bars, 500 µm (top panel); 25 µm (lower panel). (B,c) Kidney sections were incubated with tri-iodothyronine and tetramethylrhodamine-labeled J96 (which  
were pre-treated with or without 5% d-mannose at 37°C for 30 min) for 1 h. Bacterial adhesion to tubular epithelium evaluated by fluorescence microscopy.  
(B) Represent images showing bacterial adhesion in the areas of cortical-medulla junction. Bacteria (red), Man (green), and nucleus (blue) are shown. Scale bars, 
25 µm. (c) Quantification of bacterial adhesion to renal tissues corresponding to the images shown in (B), results were expressed as number of colonies per field  
at ×200 magnification. Data were analyzed by unpaired two-tailed Student’s t-test (n = 15 viewing fields from three kidney sections per group). ****P < 0.0001.
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epithelial cells is increasingly recognized as an important feature 
of UTI. It can enhance bacterial survival by providing protection 
from host immune defenses and allow pathogens greater access 
to deeper tissues. Recent studies have suggested that intracellular 
E. coli can form a reservoir within the uroepithelium that may 
serve as a source for recurrent acute infections, a well-recognized 
clinical problem (4, 9). While epithelial barrier damage caused 
bacteria transmigration provides a route by which bacteria can 
access deeper structures and establish tissue-invasive infection. 
In the present study, we not only demonstrate the effect of C5a 
on bacterial adhesion, but also the effects of C5a on bacterial 
invasion, as evidenced by C5a stimulation caused an increase in 
bacteria within epithelial cells and transmigrated through epi-
thelial cells. The observed increase of bacteria within epi thelial 
cells is most likely to be the consequence of C5a/C5aR1 signaling-
mediated upregulation of Man expression and bacterial bind-
ing. However, we cannot exclude the possibility of C5a/C5aR1 

signaling-mediated enhancement of internalization through 
upregulating the expression of the receptors which have uptake 
functions, as we previously have shown that C3b-opsonized 
UPEC can interact with complement receptor (CD46) on the 
epithelial cell surface mediating UPEC internalization (8). 
In the case of bacteria transmigration, C5/C5aR1 signaling-
mediated enhancement of Man expression and bacterial binding 
could lead to bacteria transmigration. In addition, C5a/C5aR1 
signaling-mediated production of inflammatory mediators 
could cause epithelial barrier damage, thus facilitating bacteria 
transmi gration.

We recognized the limitations of using primary cultured 
RTEC in our study. RTEC that we prepared from cortex of kidney 
biopsies are not pure proximal tubular epithelial cells (which are 
thought to be a primary target of UPEC), which may contain some 
other types of tubule cells, such as distal tubule cells, as distal 
tubules are also located in renal cortex. Therefore, the variations 
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in cell responses among different RTEC preparations might be 
expected. However, renal cortex presents much more volumes 
of proximal tubules than distal tubules. In addition, we have 
tried to overcome the limitations by staining the cultured RTEC 
(permeabilized) with fluorescein-labeled Lotus Tetragonolobus 
Lectin (LTL) (a proximal tubular marker), only RTEC prepara-
tion that shows >75% of cells were positively stained with LTL 
were used for experiments.

In vitro findings in human RTEC promoted us to test the 
in vivo relevance. In the analyses of human kidney biopsies and 
urine, we made several observations, including: (i) urinary C5a 
levels are increased in UTI patients, (ii) C5aR1 is predominantly 
expressed in renal tubules, (iii) Man is readily detected in renal 
tubules across cortex and medullar in normal kidney biopsies, 
predominantly expressed in the luminal surface, (iv) UPEC 
binding to renal tubules in a mannose-dependent manner, 
which provide evidence supporting the possibility of C5a/
C5aR1 interactions modulate Man-dependent UPEC adhesion 
in vivo.

In summary, our results demonstrate that human renal tubular 
epithelial C5aR1 signaling has a role in facilitating UPEC adhe-
sion to and invasion of the epithelial cells through upregulation 
of Man expression and suggest that upregulation of Man is 
through C5aR1-mediated ERK1/2/NF-κB activation and release 
of proinflammatory cytokines, such as TNF-α. Our results from 
this study, together with our recent findings that C5aR1 has a 
pathogenic role in ascending UTI in mice (20, 21), suggest further 
studies to explore the therapeutic potential of targeting C5aR1 in 
UTI are warranted.
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Bacterial infections are frequent and severe in patients with diabetes mellitus. Whether

diabetes per se induces functional alterations in the complement system hampering

activation during infection is unknown. We investigated key elements of the complement

system during bacterial infections in patients with type 2 diabetes mellitus (T2DM)

and compared them to non-diabetic (ND) individuals. Using a prospective design,

we included 197 T2DM, and 196 ND subjects, all with clinical diagnosis of acute

community-acquired bacterial infections. Functional activities of the ficolin-3-mediated

lectin (F3-LP), mannose binding lectin-mediated lectin- (MBL-LP), classical (CP), and

alternative pathways (AP), as well as concentrations of complement activation products

C4d and sC5b-9 were determined. Functional in vitro activities of F3-LP and AP were

significantly higher in T2DM than in ND subjects, (median 64% vs. 45%, p = 0.0354

and 75 vs. 28%, p = 0.0013, respectively), indicating a decreased in vivo activation

and lack of consumption of F3-LP and AP in T2DM patients, whereas no difference in

functional capacities of CP andMBL-LPwere observed between T2DM andND subjects.

Diminished F3-LP and AP activation was most pronounced in diabetic patients with

urinary tract infections with positive microbiological culture results for Escherichia coli

bacteria. In the T2DM group 3-months mortality significantly associated with diminished

F3-LP and AP, but not with CP activation. Concentrations of C4d and sC5b-9 were

significantly lower in the T2DM than in ND patients. In conclusion, we found impaired

F3-LP activation and lack of AP amplification during bacterial infections in patients

with type 2 diabetes, compared to non-diabetic subjects, suggesting a diminished

complement mediated protection to bacterial infections in T2DM.

Keywords: ficolin-3, lectin pathway, alternative pathway, classical pathway, complement, type 2 diabetes,

bacterial infection, Escherichia coli
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INTRODUCTION

Diabetes is considered as an independent risk factor
for community acquired and nosocomial infections (1). It
increases the susceptibility to infectious diseases, moreover,
prolongs the infection-related hospitalization and may
enhance its mortality (2, 3). The background of this acquired
immunodeficiency is not completely clear (4, 5). Regarding
innate immunity, in vitro studies identified polymorphonuclear
neutrophil (PMN) dysfunction including impaired PMN
transmigration through barriers (6), reduced PMN chemotaxis
(7) and as the most convincing evidence, decreased microbial
killing (7–9). Available data are controversial for the adaptive
immunity. T-lymphocyte dysfunction seems to be dependent
on glycemic control, as T cell proliferation was impaired in
poorly controlled patients with type 1 diabetes (10). By contrast,
patients with relatively good metabolic control showed a robust
secondary immune response to standard antigens (11). With
regard to humoral immunity, glycationmay impair the biological
function of antibodies (12).

Only a few data are known about the activation of

the complement system in bacterial infections in diabetes.
Nevertheless, complement activation has been shown to be a
contributing factor to complications of diabetes (13). C3 as

a central component of complement and its activation may
contribute to diabetic nephropathy, retinopathy and neuropathy

(13–17). Regarding the macrovascular complications, Hess and
colleagues showed the possible role of C3 in diabetes related
cardiovascular risk, by proposing a mechanism in which C3
participates in a hypofibrinolytic, and thus prothrombotic state
(18). In a recent review, Ghosh and colleagues summarized
the body of evidence supporting the role of the complement
system and complement regulatory proteins in the pathogenesis
of diabetic vascular complications, with specific emphasis on
the role of the membrane attack complex (MAC) and of CD59,
an extracellular cell membrane-anchored inhibitor of MAC
formation that is inactivated by non-enzymatic glycation (19).

On the other hand a diminished complement-activating
capacity through the classical pathway in type 2 diabetes mellitus
was reported in the context of free sialic acid as a potential
modulator of complement activation (20). Regarding the effect
of high glucose on complement activation, in vitro assays showed
that classical and alternative pathway activities were not affected
by elevated glucose or other hexoses tested (21). However, high
glucose concentrations inhibited the complement activation via
the mannose binding lectin (MBL) mediated pathway (21).
The role of the complement system in infectious diabetic
complications has been studied scarcely.

Ficolins−1,−2,−3 and mannose binding lectin are pattern
recognition molecules playing an important role in activating the
lectin complement pathway (22–24). MBL binds directly to high
mannose or fucose structures on microbial surfaces and drives
activation of the lectin pathway (25). Ficolin-1 and ficolin-3 were
shown to bind carbohydrate structures of bacteria, especially N-
acetyl-galactosamine, and N-acetyl-D-glucosamine, additionally
ficolin-3 can associate also with glucose and fucose (26). Ficolin-
2 is the major 1,3-β-glucan-binding protein in human plasma

and can bind to lipoteichoic acid, thus, ficolin-2 may bind to
a wide variety of fungi and Gram-positive bacteria (27, 28).
Two patients with congenital ficolin-3 deficiency were reported
suffering from serious and life-threatening infections caused by
Haemophilus influenzae and Pseduomonas aeruginosa (29), and
necrotizing colitis (30). Despite these data, previously, ficolin-3
was identified to bind only a few common pathogenic bacteria
(31). Moreover, its potential to activate the lectin pathway
in vivo, and to augment phagocytosis, has been described only
for the opportunistic bacteria, Hafnia alvei (32) until now.
The role of ficolins in infections of patients with diabetes was
not studied earlier, despite that MBL, and ficolins recognize
specific carbohydrate patterns expressed by microorganisms, and
elevated blood glucose and/or protein glycation seen in diabetes
may alter such carbohydrate patterns.

Therefore, the aim of our study was to investigate complement
activation and consumption via the alternative, classical and
lectin pathways during bacterial infections in patients with type
2 diabetes (T2DM). Accordingly, the objective of our study was
to provide complex observational data on the lectin pathway
focusing on the ficolin-3-mediated pathway in diabetes mellitus
in the context of community acquired bacterial infections.

MATERIALS AND METHODS

Patients
In this prospective, observational study patients with clinical
diagnosis of bacterial infections were enrolled and divided
into two groups according to the presence [T2DM group,
based on WHO criteria (33) or absence of type 2 diabetes
mellitus (non-diabetic, ND group)]. Inclusion criteria were a
minimum age of 18 years and the need for hospitalization
on a general medicine ward due to acute community-acquired
bacterial infection. Patients with hematological, oncological or
immunological illnesses were excluded. Sepsis was defined in
case of at least two existing SIRS (systemic inflammatory
response syndrome) criteria from the following: 1. Temperature
>38◦C (100.4◦F) or <36◦C (96.8◦F), 2. Heart rate >90/min,
3. Respiratory rate >20/min or PaCO2 <32mm Hg, 4. WBC
>12.000/mm3, <4.000/mm3, or >10% bands (34, 35). To
ascertain post infection mortality rates, subjects were followed-
up after a 3-months period through their social insurance
identification number, and via interview on their-, or their family
member’s telephone number.

Data Collection
Clinical data of current symptoms and past medical history
were assembled from the patients’ medical records and a further
thorough interview after admission to the hospital.

Blood Sampling
Samples (serum, EDTA-anticoagulated plasma and sodium-
citrate-anticoagulated plasma) of both groups were collected
from antecubital venipuncture within the first 3 days of the
hospitalization, between September 2013 and December 2016.
Cells and supernatants were separated by centrifugation at 2000x
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g and the aliquoted serum and plasma samples were stored at
−70◦C until analysis.

Determination of Complement Parameters
For functional assessment of either the alternative pathway (AP,
reference range based on the values of healthy blood donors:
70–125%), or the MBL-mediated lectin pathway activation
(MBL-LP, measured by MBL activation with mannan, reference
range: 30–130%), as well as the ficolin-3-mediated lectin
pathway activation (F3-LP, measured by ficolin-3 activation with
acetylated BSA, reference range: 25–130%) in serum samples,
commercial ELISA kits (Wieslab, Eurodiagnostica, Malmö,
Sweden) detecting generation of terminal complement complex
(C9 neo-epitope) were used, according to the manufacturer’s
instructions. Total classical pathway activity (CP, reference range:
CH50 48–103 U/mL) was assessed with a home-made sheep-
erythrocyte hemolytic titration test, using serum samples. In
these standardized assays, the decreased or absent in vitro
functional activity of complement pathways may be related to
in vivo consumption (36). The concentrations of ficolin-1 (F1,
reference range: 10–1,890 ng/mL) (37), ficolin-2 (F2, reference
range: 1.00–12.20µg/mL) (38), ficolin-3 (F3, reference range,
3–54µg/mL) (39) and MBL (reference range: 0–5,000 ng/mL)
(40) were determined in serum by standard sandwich ELISA
techniques: monoclonal antibodies specific for each protein were
coated on the plates, and after the incubation of the samples,
biotinylated antibodies were applied, and streptavidin/HRP
complexes were used for detection.

Complement C3 (reference range: 0.90–1.80 g/L) and C4
(reference range: 0.15–0.55 g/L) levels were measured in serum
by turbidimetry (Beckman Coulter, Brea, CA), whereas, radial
immunodiffusion was performed to measure the antigenic
concentration of C1-inhibitor (reference range: 0.15–0.30 g/L)
using polyclonal goat anti-human C1-inhibitor (Quidel, San
Diego, CA, USA). Commercial ELISA kits were used to quantify
the levels of C4d (reference range: 0.70–6.30µg/mL) and sC5b-
9, the soluble form of the terminal pathway activation complex
(reference range: 110–252 ng/mL); both complement activation
products were measured in EDTA-plasma (Quidel, San Diego,
CA, USA).

Other Laboratory Measurements
C-reactive protein (hsCRP) levels were ascertained by
turbidimetry (Beckman Coulter, Brea, CA), other clinical
laboratory parameters were measured with Beckman Coulter
(Brea, CA) or the Cell-Dyn 3,500 hematology analyzer.
Blood glucose level was determined using the hexokinase
assay. Fructosamine was measured with Roche Fructosamine
colorimetric test kit (using nitrotetrazolium blue chloride on a
Beckman Analyzer AU680, reference range: 205–280 µmol/L).
HbA1c concentration was quantified with ion exchange high
pressure liquid chromatography (HPLC) method (reference
range: 4.0–6.0%). Advanced glycation end product (AGE)
levels of both groups were measured in skin by non-invasive
autofluorescence technique (AGE Reader mu, DiagnOptics);
according to the manufacturer’s instructions (41).

TABLE 1 | Clinical characteristics of the T2DM and the ND group.

Clinical characteristics T2DM

(n = 197)

ND (n = 196) Significance

Females (%) 52 55 NS

3-month survival (%) 83 80 NS

*Age (years) 73

[64.0–80.0]

73

[60.0–82.0]

NS

*Blood glucose on

admission (mmol/L)

10.7

[7.8–15.8]

6.6

[5.8–7.8]

p < 0.0001

*Fructosamine (µmol/L) 235.3

[208.7–314.6]

192.4

[169.1–205.4]

p < 0.0001

*HbA1c (%) 7.5

[6.4–8.7]

5.6

[5.3–6.0]

p < 0.0001

*AGEs- skin

autofluorescence (AU)

1.172

[1.1–1.4]

1.065

[0.9–1.2]

p = 0.0004

*BMI (kg/m2) 28.4

[25.1–33.5]

26.0

[22.0–29.4]

p < 0.0001

*Diabetes duration (years) 14.0

[6.0–23.8]

n/a n/a

*CRP (mg/L) 129.6

[61.3–228.8]

142.5

[84.6–220.9]

NS

*WBC (G/L) 12.5

[9.6–17.2]

13.8

[10.4–18.2]

NS

Prevalence of sepsis on

admission (%)

54 60 NS

Mortality rate: within 3 months after infection, BMI, Body mass index; AGEs, Advanced

Glycation End products; AU, Arbitrary Unit; CRP, C-reactive protein; WBC, white blood

cell count (total).

Sepsis was defined in case of at least two existing SIRS (systemic inflammatory response

syndrome) criteria from the followings:

1. Temp >38◦C (100.4◦F) or < 36◦C (96.8◦F), 2. Heart rate > 90/min, 3. Respiratory

rate >20/min or PaCO2< 32mm Hg, 4. WBC > 12,000/mm3, < 4,000/mm3, or >

10% bands.
*Values indicate medians [25–75% percentile] of the variables.

For comparison of the two groups Mann-Whitney test or chi-square test was performed.

The values in bold indicate the medians and the significant differences.

Statistical Analysis
Statistical calculations were carried out using GraphPad Prism
5 (Graphpad Software, USA; www.graphpad.com). Results are
presented as medians with 25–75% percentile, or numbers
(percentage). To compare variables in two independent groups
Mann-Whitney test or chi-square test, to analyze associations
between variables Spearman correlation was used. All statistical
analyses were two-tailed, significance threshold was set
at p= 0.05.

RESULTS

Clinical Characteristics of the Two Cohorts
A total of 197 T2DM and 196 ND subjects were included;
clinical characteristics of the two groups are presented in Table 1.
Blood glucose, glycation parameters reflecting short-, middle-,
and long-term blood glucose levels (fructosamine, HbA1c, AGEs)
and BMI were significantly higher (all p < 0.001) in the T2DM
group compared to the ND. No differences were found between
the two groups regarding age and gender distribution. Infection-
related laboratory markers (C-reactive protein, white blood
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TABLE 2 | Complement results of the T2DM and ND groups.

Complement parameters

(reference range)

T2DM

n = 197

ND

n = 196

Significance

Ficolin-3-mediated lectin

pathway (F3-LP)

(—% 25–130%)

64

[25-111]

45

[16–92]

p = 0.0354

F3 conc. - µg/mL

(3–54µg/mL)

36

[24–56]

34

[22–52]

NS

F1 conc. - ng/mL

(10–1890 ng/mL)

558

[354–983]

568

[327–943]

NS

F2 conc. - µg/mL

(1.00–12.20µg/mL)

1.60

[1.01–2.39]

1.50

[0.94–2.40]

NS

MBL-mediated lectin pathway

(MBL-LP)–% (30–130%)

73

[5–116]

50

[5–111]

NS

MBL conc. - ng/mL

(0–5000 ng/mL)

982

[178–2082]

888

[285–1963]

NS

Alternative pathway (AP) - %

(70–125%)

75

[18–98]

28

[0–92]

p = 0.0013

Classical pathway (CP)–CH50

- U/mL

(48–103 U/mL)

30.00

[13–63]

30.00

[13–60]

NS

C1-inhibitor – g/L

(0.15–0.30 g/L)

0.30

[0.26–0.34]

0.27

[0.22–0.31]

p < 0.0001

C3 conc. - g/L

(0.90–1.80 g/L)

1.87

[1.59–2.18]

1.76

[1.46–2.17]

p = 0.0482

C4 conc. - g/L

(0.15–0.55 g/L)

0.43

[0.34–0.52]

0.42

[0.33–0.53]

NS

C4d conc. - µg/mL

(0.70–6.30µg/mL)

6.51

[4.27–10.75]

7.87

[5.5–11.61]

p = 0.0063

sC5b-9 conc. - ng/mL

(110–252 ng/mL)

457

[341–643]

516

[410–669]

p = 0.0022

Values indicate medians [25–75% percentile] of the variables, conc.: concentration.

Mann-Whitney test was performed to compare study groups.

The values in bold indicate the medians and the significant differences.

cell count) were equally, substantially elevated in both groups
(average CRP concentration well-above 100 mg/L, and WBC
above 12 G/L), with at least half (54–60%) of subjects with
sepsis (Table 1).

Complement Parameters in the Study
Groups
In order to get a reasonably detailed profile on the complement
system, concentrations of recognition molecules (ficolin-
1,−2,−3, and MBL), levels of C1-inhibitor, C3, C4, C4d, sC5b-9,
as well as functional activity of the ficolin-3- or MBL-mediated
lectin pathway activation (referred to as F3-LP, or MBL-LP,
respectively), and of the classical (CP) and alternative (AP)
pathways were determined. As shown in Table 2 patients with
bacterial infections but without diabetes (ND) had marked,
strong complement activation, as reflected by the very high
terminal pathway activation marker sC5b-9 levels. Patients with
type 2 diabetes (T2DM) during infection had also elevated but
significantly lower sC5b-9 concentrations when compared to
ND (p = 0.0022). Regarding the complement activity of various
complement pathways, diabetic patients and the ND group had
similar classical pathway consumption (Table 2). In contrast,

in vitro activation of F3-LP and AP were more pronounced
in samples of patients with bacterial infections and diabetes
in comparison with ND group, as reflected by the difference
of F3-LP and AP activity (in average by 19–47% higher values
observed by the in vitro activation test in T2DM, p = 0.0354,
p = 0.0013, respectively) (Table 2). Note, that the higher in vitro
complement pathway activation reflects a lower in vivo activation
and/or consumption. The diminished in vivo activation of F3-LP
and AP in diabetic patients with bacterial infections was not
due to lower levels of ficolins or C4 as antigenic concentrations
of these recognition molecules and complement components
were similar in the two groups (Table 2). Concentrations of C3
were only slightly elevated in the T2DM group (p = 0.0482)
(Table 2). No difference concerning MBL concentration and
functional capacity of MBL-LP was observed between the two
groups (Table 2). Importantly, diminished activation of F3-LP
in patients with bacterial infections and diabetes was also
supported by the significantly lower C4d concentrations, when
compared to ND (p = 0.0063). Similarly, the significantly higher
concentration of C1-inhibitor in the T2DM group compared
to ND (p < 0.0001) may reflect the impaired activation and
consumption of F3-LP (Table 2).

To further explore the relationship between consumption of
different pathways during bacterial infections in diabetic patients
and non-diabetic individuals, analyses of parallel consumptions
were done. Consumption of various complement pathways such
as CP, AP and F3-LP were defined according to the lower limit
of the reference range, as indicated in Table 2 (<48 U/mL,
<70%, <25%, respectively). “No consumption” was considered
if the values were equal or above the lower limit of the
reference. As shown on Figure 1, distribution of complement
consumption was polarized in non-diabetic patients: a significant
percentage of ND patients fell into subgroups without any
consumption (38% for CP and AP, 41% for F3-LP and AP)
however, another significant percentage showed a consumption
of both pathways (45% for CP and AP, 44% for F3-LP and
AP) (Figures 1A,B). In contrast, diabetic patients with bacterial
infections showed different patterns: 42% fell into subgroups
without any consumption for CP and AP and 59% for F3-LP
and AP; while only 28% had a consumption of both pathways
for CP and AP and 21% for F3-LP and AP. The T2DM group
had less frequent parallel consumptions of F3-LP and AP in
comparison with the ND group (p = 0.0007) (Figure 1B), and
a similar finding was observed for CP and AP (p = 0.0079)
(Figure 1A). In addition, when analyzing all three pathways
together, 48% of ND patients, but only 27% of diabetic patients
had parallel activation and consumption of all three pathways
F3-LP, CP and AP (p = 0.037) (Figure 1C). This difference is
mainly attributable to the diminished activation of F3-LP and AP
in diabetes (Figure 1).

Activation and Consumption of F3-LP and
AP Among Different Types of Infections
To obtain a more detailed view on the diminished F3-LP
and AP activation in diabetic patients with bacterial infections,
subjects were allocated into subgroups, according to the
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FIGURE 1 | Occurrence of complement consumption in patients with bacterial infections, with (T2DM) or without (ND) diabetes mellitus. (A) Bars indicate percentages

of patients without complement consumption (None), with consumption of only one or both pathways for CP/AP. (p = 0.0518, chi-square test). (B) Bars indicate

percentages of patients without complement consumption (None), with consumption of only one or both pathways for F3-LP/AP. (p = 0.0007, chi-square test). (C)

Bars indicate percentages of patients without complement consumption (None), with consumption of any of the three pathways indicated above the graph.

(p = 0.037, chi-square test). Complement consumption was defined according to the lower limit of reference ranges, as indicated in Table 2. Chi-square test was

performed, stratified according to T2DM/ND and occurrance of 0, 1, or more consumed complement parameters. (CP, classical pathway; AP, alternative pathway;

F3-LP, ficolin-3-mediated lectin pathway).

anatomic location of infections: respiratory tract (Resp.), urinary
tract (UTI), skin and soft tissue (SSTI), and infections in
other locations.

The diminished in vivo activation (lack of consumption) of
F3-LP and AP among diabetic patients was most pronounced
in case of UTI (Tables 3, 4). Non-diabetic subjects had
in average 30% lower in vitro functional activity of F3-
LP than patients with diabetes (37% [8–79] vs. 67% [21–
102], p = 0.0456). Slight difference alike was observed in
patients with sepsis and UTI (27% [6–73] vs. 67% [20–
102], p = 0.038, Table 3). Note, that the observed lower
in vitro complement pathway activity reflects a higher in
vivo activation and/or consumption, and the higher in vitro
complement pathway activation means a lower in vivo activation
and/or consumption, as previously described. Similar results
were seen in the subgroups with respiratory infection, though
the difference between the groups did not reach statistical
significance (Table 3). Regarding SSTIs, SSTIs with sepsis, and
other localization of infections, no significant differences in F3-
LP activity were seen between the groups (Table 3). Similarly,
to the F3-LP, in vivo activation of AP was diminished among
diabetic patients having respiratory or urinary tract infections
(p = 0.0276 and p = 0.0092, respectively, Table 4). These

two locations represented the majority of patients in both
study groups.

Based on the pronounced difference in F3-LP and AP activity,
we aimed to further analyze the subgroup with UTI. As shown
on Figure 2, diabetic patients with positive culture results for
Escherichia coli (E. coli) had diminished F3-LP activation when
compared to those of non-diabetic subjects (70% [30–103]
vs. 33% [16–91], p = 0.0286). Similar results were observed
regarding AP (87% [77–99] vs. 6% [0–53], p= 0.0003). However,
no difference concerning F3-LP and AP was observed for those,
with non-E. coli UTIs. (Figure 2).

Association of Complement Activation and
Consumption With Clinical Parameters
To determine the relationship of complement activation and
consumption with clinical parameters including glycation-
related markers in T2DM, Spearman correlation analysis was
done. No associations of F3-LP or AP with blood glucose,
fructosamine, or HbA1c were found, however, an inverse weak
correlation of F3-LP with the long-term glycation marker
of AGEs (p < 0.05, r = −0.2765) was observed among
T2DM subjects.
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TABLE 3 | Activity of ficolin-3-mediated lectin pathway (F3-LP) in relation to

anatomic location of bacterial infections.

Infection

type

T2DM n = 197 ND n = 196 Significance

Respiratory Total:

n = 46

67

[23–132]

Total:

n = 74

44

[15–89]

NS

Sepsis:

n = 31

52

[12–103]

Sepsis:

n = 49

39

[9–74]

NS

UTI Total:

n = 60

67

[20–102]

Total:

n = 61

37

[8–79]

p = 0.0456

Sepsis:

n = 40

67

[20–102]

Sepsis:

n = 43)

27

[6–73]

p = 0.038

SSTI Total:

n = 75

53

[25–100]

Total:

n = 47

68

[18–114]

NS

Sepsis:

n = 31

53

[30–85]

Sepsis:

n = 21

72

[10–123]

NS

Other Total:

n = 16

59

[21–136]

Total:

n = 14

63

[21–117]

NS

UTI, Urinary tract; SSTI, Skin and soft tissue infections. Due to low case number, sepsis

subgroups for “Other” infections are not presented.

“n” indicates number of subjects. Values indicate medians [25–75% percentile] of F3-LP

(%). Mann-Whitney test was performed to compare study groups.

The values in bold indicate the medians and the significant differences.

Three-monthsmortality after bacterial infection was similar in
the diabetic and non-diabetic groups (Table 1), however, lack of
F3-LP activation and consumption with lack of AP amplification
were associated with mortality in the diabetic group (p = 0.012
and p = 0.025, respectively) (Figure 3). Whereas, activation of
CP, F3-LP and AP was present in 77, 62, and 76% of ND subjects
who died, respectively, the same was not observed for T2DM
patients. Although 60% of those diabetic patients who died had
CP activation and consumption, this proportion was only 29 and
25% for F3-LP and AP, respectively (Figure 3). There was no
difference in the occurrence of complement consumption among
the groups with sepsis only (Figure 3).

DISCUSSION

In our prospective study, we found decreased in vivo activation
of ficolin-3-mediated lectin and alternative pathways during
bacterial infections in patients with type 2 diabetes in comparison
with non-diabetic subjects. On the other hand, there was no
difference between the two study groups regarding the classical
pathway and the MBL-mediated lectin pathway activities. The
functional assays we used in case of F3-LP, MBL-LP, CP,
and AP detect the residual, inducible terminal complement
complex generation in the given sample, as these tests are based
on the in vitro activation of the samples using the specific
activators of the F3-LP (acetylated bovine serum albumin), the
MBL-LP (mannan), the CP (immune complexes) or the AP
(lipopolysaccharide). Therefore, the observed higher in vitro
activation capacity for F3-LP and AP activity found in the
T2DM cohort indicate that these complement pathways have
not been activated extensively in vivo. In accordance with
the diminished in vivo activation in the T2DM patients, less
increased sC5b-9 activation product concentrations were found

TABLE 4 | Activity of alternative pathway (AP) in relation to anatomic location of

bacterial infections.

Infection

type

T2DM n = 197 ND n = 196 Significance

Respiratory Total:

n = 46

77

[1–103]

Total:

n = 74

17

[0–71]

p = 0.0276

Sepsis:

n = 31

68

[0–101]

Sepsis:

n = 49

6

[0–72]

NS

UTI Total:

n = 60

73

[18–98]

Total:

n = 61

22

[0–83]

p = 0.0092

Sepsis:

n = 40

67

[8–96]

Sepsis:

n = 43

17

[0–91]

NS

SSTI Total:

n = 75

77

[18–89]

Total:

n = 47

82

[0–102]

NS

Sepsis:

n = 31

48

[6–81]

Sepsis:

n = 21

6

[0–102]

NS

Other Total:

n = 16

68

[27–110]

Total:

n = 14

32

[0–106]

NS

UTI, Urinary tract; SSTI, Skin and soft tissue infections. Due to low case number, sepsis

subgroups for “Other” infections are not presented.

“n” indicates number of subjects. Values indicate medians [25–75% percentile] of AP (%).

Mann-Whitney test was performed to compare study groups.

The values in bold indicate the medians and the significant differences.

in T2DM in comparison with the ND group. In addition,
the observed higher C1-inhibitor concentrations along with
the decreased C4d levels support a diminished in vivo F3-
LP activation.

When we analyzed the F3-LP, AP, and CP pathways
together, only 27% of diabetic patients had parallel
activation in contrast to 48% of ND cases. This difference
was mainly attributable to the diminished activation
of F3-LP and AP in T2DM. However, one limitation
of our study is that we do not have “baseline” (non-
infectious) data regarding complement profile of the
study subjects.

Regarding the different infection localizations, impaired F3-
LP and AP activations were found in T2DM with urinary tract
infections in comparison with the ND group. In diabetic patients
having respiratory tract infections diminished activation of AP
was seen, with a similar tendency regarding F3-LP activity.
However, no changes were found in case of skin or soft tissue,
or other types of infection locations between the two groups.
Whether the observed difference in the altered activation of F3-
LP and AP among the different localizations is explained by
the different body compartments and/or the diversity of the
etiological bacterial agents, still remains to be determined.

Recently, growing number of data have been published about
the complement system and diabetes mellitus however, most
of these studies have targeted chronic diabetes complications.
Based on these observations activation of the complement
system plays a role in diabetic vascular complications. C3 as
a central component of complement system and its activation
may contribute to chronic diabetic micro- and macrovascular
complications (14–18). In a recent review, Ghosh and colleagues
showed that increased complement activation may have an
impact on the pathogenesis of diabetic vascular complications
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FIGURE 2 | F3-LP and AP activity in subjects with UTI and a positive microbiological culture. Ficolin-3-mediated lectin (A) and alternative (B) pathway activations

(in vitro) of patients with UTIs and positive urine and/or blood cultures were chosen from both cohorts. Depending on the presence or absence of the E. coli bacterium

they were each once more divided into two subgroups. T2DM subjects with E. coli positive cultures had higher in vitro F3-LP levels than those of the ND cohort (70%

[30–103] vs. 33% [16–91], p = 0.0286). Similar results were found regarding AP (87% [77–99] vs. 6% [0–53], p = 0.0003). Difference between the groups was

analyzed with the Mann-Whitney test, *p < 0.05, and ***p < 0.001. Horizontal dashed lines indicate limits of reference ranges, horizontal red lines indicate median

values of the variables.

FIGURE 3 | Occurrence of complement consumption in patients with bacterial infections, with (T2DM) or without (ND) diabetes mellitus. Bars indicate percentages of

patients with consumption of classical (left), ficolin-3-mediated lectin (middle), or alternative (right) pathways, according to subgroups with or without sepsis and

mortality within 3 months. The group ’exit’ includes all patients who died, irrespective of the presence of sepsis. Left panel: p = 0.278, middle: p = 0.012, right:

p = 0.025, chi-square test.

(19). Remarkably, higher sC5b-9 values and renal deposition
in patients with diabetes were observed and were shown to
be related with diabetic nephropathy (42). On the other hand,
diminished complement-activating capacity through the classical
pathway in type 2 diabetes mellitus was reported in the context of
free sialic acid as a potential modulator of complement activation
(20). It has to be noted, that in these studies subjects were
involved in an infection-free period. Limited data were reported
about the complement system during infections in hyperglycemic
conditions: a previous study demonstrated that sera taken from
healthy donors in hyperglycemic conditions in vitro (glucose
concentration: 10–17 mmol/L) altered the interaction of C3 and
the pathogenic bacteria Staphylococcus aureus (43). To the best
of our knowledge our prospective study is the first publication
about a complex investigation of complement activation during

bacterial infections in diabetes compared to non-diabetic status.
Based on our detailed measurements, diminished activation of
F3-LP and AP in diabetic patients with bacterial infections
was not due to lower levels of ficolins, C4 or C3, as antigenic
concentrations of these complement components were similar
in the two groups, or even higher in case of C3 in the T2DM
group, in accordance with previous data (42, 44). Average
concentrations of components of the lectin pathway (LP) were
described previously (45–47) and several studies reported their
levels during ongoing infections, but not in T2DM (48–50).
Furthermore, it has to be highlighted, that concentrations of
these components may vary age-dependently (47), and different
comorbidities may have influence on them (51, 52), therefore, it
remains a subject of research, how different pathogens or severity
of infections could affect their levels.
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High glucose related alterations in glycation pattern of
complement components, or changes in tertiary structure of
complement components may represent a potential explanation
for the diminished F3-LP activation and AP amplification during
infections of diabetic patients. C3 mediated effector functions
were found to be inhibited in hyperglycemic conditions and the
elegant study of Hair et al. showed that the inhibition is related
to glucose induced changes in the tertiary structure of C3 (43).
In our study blood glucose levels, short- (fructosamine), middle-
(HbA1c) or long- (AGE) term glycation markers per se were
elevated in the T2DM group compared to ND group. However,
none of them were associated with activation and consumption
of F3-LP and AP, except an inverse correlation of the F3-LP
activity with the long-term glycation marker of AGEs in diabetic
subjects. One possible explanation for the missing association
with the short- and middle-term glycemic parameters could be
that despite their higher levels in the T2DM group, our diabetic
patients had a relatively good glycemic control around the time of
the infection, as shown by the acceptable levels of blood glucose,
fructosamine, and HbA1c.

We also evaluated associations of complement activation with
clinical parameters and observed that 3-months post infection
mortalities were similar in both groups. However, lack of
ficolin-3-mediated lectin pathway activation along with lack of
alternative pathway amplification were associated with mortality
only in the T2DM group. There was no difference in the
occurrence of complement consumption among the groups with
sepsis without fatal outcome.

Throughout the various types of bacterial infections, the most
remarkable difference between the two groups, regarding F3-LP
and AP activation, was found in patients with UTI, especially in
those suffering from E. coli infection. Ficolin-3 is one of the most
effective activator of the LP in vitro (53) although our knowledge
of ficolin-3 interaction with human pathogens is limited. Based
on previous studies some human pathogens, such as Hafnia
alvei (32) can activate the ficolin-3 mediated lectin pathway and
ficolin-3 is linked with growth inhibition of Aerococcus viridans
(54). Additionally, ficolin-3 recognized pathogenic Pasteurella
pneumotropica and two pathogenic E. coli (enteroaggregative
E. coli O71 and enteropathogenic E. coli O111 ab:H2) in an
interaction study (31), but Sorensen et al. did not find any binding
capacity of four prototypic enteroaggregative E. coli strains to
recombinant ficolin-3 (55). Complement evasion strategies of E.
coli, and altered factor H could also contribute to the diminished
F3-LP activation and AP amplification in T2DM patients having
E. coli related UTIs.

CONCLUSIONS

In summary, we found impaired ficolin-3-mediated lectin
pathway activation and decreased alternative pathway

amplification during bacterial infections in patients with
T2DM in comparison with non-diabetic individuals. Lack of
ficolin-3-mediated lectin pathway and alternative pathway
consumption in the T2DM group were associated with 3-months
mortality. Less diabetic patients had parallel consumption of
F3-LP, CP and AP compared to the non-diabetic subjects.
Our data suggest that ficolin-3-mediated lectin and alternative
pathway activations may have an impact on the clinical outcome
of patients with type 2 diabetes having bacterial infections.
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Enteroaggregative Escherichia coli (EAEC) causes acute and persistent diarrhea world-
wide. Still, the involvement of host factors in EAEC infections is unresolved. Binding 
of recognition molecules from the lectin pathway of complement to EAEC strains 
have been observed, but the importance is not known. Our aim was to uncover the 
involvement of these molecules in innate complement dependent immune protection 
toward EAEC. Binding of mannose-binding lectin, ficolin-1, -2, and -3 to four prototypic 
EAEC strains, and ficolin-2 binding to 56 clinical EAEC isolates were screened by a 
consumption-based ELISA method. Flow cytometry was used to determine deposition 
of C4b, C3b, and the bactericidal C5b-9 membrane attack complex (MAC) on the bac-
teria in combination with different complement inhibitors. In addition, the direct serum 
bactericidal effect was assessed. Screening of the prototypic EAEC strains revealed 
that ficolin-2 was the major binder among the lectin pathway recognition molecules. 
However, among the clinical EAEC isolates only a restricted number (n = 5) of the iso-
lates bound ficolin-2. Using the ficolin-2 binding isolate C322-17 as a model, we found 
that incubation with normal human serum led to deposition of C4b, C3b, and to MAC 
formation. No inhibition of complement deposition was observed when a C1q inhibitor 
was added, while partial inhibition was observed when ficolin-2 or factor D inhibitors 
were used separately. Combining the inhibitors against ficolin-2 and factor D led to 
virtually complete inhibition of complement deposition and protection against direct 
bacterial killing. These results demonstrate that ficolin-2 may play an important role in 
innate immune protection against EAEC when an appropriate ligand is exposed, but 
many EAEC strains evade lectin pathway recognition and may, therefore, circumvent 
this strategy of innate host immune protection.

Keywords: enteroaggregative Escherichia coli, complement, lectin pathway, ficolin-2, serum resistance

inTrODUcTiOn

Enteroaggregative Escherichia coli (EAEC) belongs to the group of diarrheagenic E. coli and is an 
increasingly recognized important cause of diarrhea. EAEC is known to cause watery and often 
persistent diarrhea in adults as well as children in both industrialized and developing countries. 
Though several virulence factors are reported, great heterogeneity among EAEC strains has made 
their molecular epidemiology unclear (1–3).
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Enteroaggregative Escherichia coli infection is initiated by 
colonization of the small and large bowel mucosal surfaces by 
aggregative adherence. This is followed by biofilm formation, 
induction of an inflammatory response, and release of toxins 
(1). The precise mechanisms of pathogenesis are still not fully 
understood, but a combination of several factors such as adhesins 
and toxins are described to contribute to disease (4, 5). However, 
none of these factors are conserved in all EAEC strains and a 
number of similar factors are found in other E. coli pathotypes, 
suggesting that EAEC pathogenesis does not depend on one  
particular protein, but is probably based on a combination of 
several virulence factors (2, 4).

Enteroaggregative Escherichia coli strains can be recovered 
from stool samples of apparently healthy individuals and 
despite studies finding strains associated with diarrhea, some 
studies have failed to show significant association between 
EAEC and disease (6–8). This suggests that host factors are 
involved in manifestations of gastrointestinal disease and fur ther 
investigations could be crucial for the understanding of EAEC  
pathogenesis.

The complement system is a complex surveillance system 
involved in innate immune protection against pathogens. It faci
litates opsonophagocytosis of pathogens, induces inflammatory  
responses, and can lead to bacterial lysis upon activation. Acti
vation can occur via three pathways: the lectin, the classical, and 
the alternative pathway. The complement system is primarily 
regarded to be of importance for systemic immune protection. 
But, also local production of complement components is recog
nized as being important as exudation of complement from  
the circulation during inflammation appears to be important for 
local innate immune protection (9).

In the lectin pathway, mannosebinding lectin (MBL) and 
ficolin1, 2 and 3 are patternrecognition molecules (PRMs) 
involved in initiation of complement activation (10). Recently, 
two other molecules collectin10 (CL10 or CLL1) and collec
tin11 (CL11 or CLK1) have to some degree been shown to 
mediate complement activation (11, 12). They interact with 
pathogenassociated molecular patterns on the surface of micro
bial pathogens and upon recognition activate the lectin pathway 
with help from lectin pathwayassociated serine proteases 
termed MASPs (13). The MASPs cleave C4 and C2 leading to 
the formation of the C3 convertase (C4b2a). The C3 convertase 
cleaves C3 into anaphylatoxin C3a and the strong opsonizing 
factor C3b. Activation through the classical pathway depends 
on antibody–antigen recognition, which then binds the PRM 
C1q and leads to cleavage of C4 and C2 by associated proteases 
C1r/C1s and to deposition of C3b. The alternative pathway is 
activated spontaneously by hydrolysis of C3, this allows binding 
of the factor B, which is then cleaved by factor D, forming the C3 
convertase of the alternative pathway (C3bBb). The alternative 
pathway works like an amplification loop for C3b formation 
and as C3b level rises the C5 convertase is formed (C4b2aC3b/
C3bBb3b) initiating formation of the terminal lytic C5b9 mem
brane attack complex (MAC) (14).

The involvement of complement in EAEC pathogenesis 
is unresolved, and though it has previously been shown that 
ficolin2 was able to recognize EAEC (15) the importance of 

the lectin pathway is yet unknown. Thus, we hypothesized that 
the lectin pathway molecules MBL, ficolin1, 2, and 3 could be 
involved in recognition and thus complement dependent protec
tion of EAEC bacteria.

MaTerials anD MeThODs

Bacterial strains
Four prototype EAEC strains, producing aggregative adherence 
fimbriae (AAF) I–IV, were investigated for binding of lectin 
pathway recognition molecules MBL, ficolin1, ficolin2, and 
ficolin3. The strains have been described previously (16).  
In addition, 56 EAEC strains isolated from stool samples 
of Danish adults suffering from diarrhea, at the diagnostic 
laboratory at Statens Serum Institut, were randomly selected. 
Stock cultures were frozen at −80°C in LuriaBertani broth 
(LB, SigmaAldrich) containing 10% (vol/vol) glycerol. Bacteria 
were cultivated in Dulbecco’s modified eagle medium containing 
4.5 g/l dGlucose (DMEMHG, Gibco™) overnight with shak
ing at 37°C until reaching an optical density (OD600 nm) of 1.8, 
corresponding to a bacterial concentration of approximately 
5 × 108 cells/ml.

Proteins
Expression and purification of recombinant proteins was per
formed as previously described (17). Briefly, MBL and ficolin1, 2,  
and 3 were expressed in CHODG44 cells cultivated in RPMI 
1640 medium (SigmaAldrich) supplemented with 10% fetal 
calf serum (FCS), 100 U/ml penicillin, 0.1 mg/ml streptomycin, 
2 mM lglutamine, and 200 nM methotrexate.

consumption assay
We screened four prototypic EAEC strains for binding of 
recombinant proteins, and 56 clinical EAEC isolates for bind
ing of serum ficolin2. The overnight bacterial cultures were 
centrifuged at 5,000  ×  g for 5  min and washed three times in 
phosphatebuffered saline (PBS, 137  mM NaCl, 2.7  mM KCl, 
2 mM KH2PO4, and 8.1 mM Na2HPO4, pH 7.4). The cell pellet was 
resuspended in BarbitalTween buffer (BarbT, 5  mM barbital 
sodium, 145 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, 0.05% Tween 
20, pH 7.5) [barbital buffer previously used by Rosbjerg et  al. 
(18); Hummelshøj et al. (19)] and incubated with 10% normal 
human serum (NHS) pool originating from four healthy donors, 
for 1 h at 4°C, or inhouse recombinant proteins for 2 h at 37°C, 
endoverend. Recombinant proteins were used in the follow
ing concentrations: recombinant ficolin1 (rficolin1) 2 µg/ml, 
rficolin2 0.5 µg/ml, rficolin3 0.5 µg/ml, and recombinant MBL 
(rMBL) 0.5 µg/ml. After centrifugation (5,000 × g, 5 min) the 
supernatant was transferred to quantification assays (described 
below) where the level of consumption was evaluated by compar
ing the amount of remaining protein in the supernatant with a 
control sample containing no bacteria. Serum ficolin2 screen
ings were performed using NAcetyldglucosamineAgarose 
(GlcNAc) beads (SigmaAldrich) as a positive binding control 
matrix.
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elisa—Determination of Unbound  
Protein Fraction
Maxisorp polystyrene microtiter plates (Thermo Scientific) 
were coated with 5 µg/ml acetylated bovine serum albumin or 
10 µg/ml mannan in PBS, overnight at 4°C. Plates were washed 
and blocked in BarbT before adding the supernatants (from 
the consumption assay) in serial dilutions and incubating over
night at 4°C. Plates were washed in BarbT, and detection was 
performed using the following primary monoclonal antibodies 
(mAb) in a concentration of 2  µg/ml at 20°C: antificolin1 
mAb (HP9039, Hycult biotech), antificolin2 mAb clone 
FCN219 (20), antificolin3 clone FCN334 (21), and HYB
13111 (Bioporto Diagnostics) for MBL detection. Plates were 
incubated 2 h at room temperature, shaking. Plates were washed 
and HRPconjugated rabbit antimouse polyclonal antibody 
(P0260, Dako) (1:1,500) was added for 45 min at room tempera
ture, shaking. Plates were thoroughly washed with BarbT and 
subsequently developed for 20 min with tetramethylbenzidine 
One (TMB ONE, KemEnTec Diagnostics). The reaction was 
stopped with 0.2 M sulfuric acid (H2SO4) and OD was measured 
at 450 nm.

Western Blot—Detection  
of Bound Proteins
The bacterial cell pellets (from the consumption assay) were 
washed thoroughly in BarbT and analyzed by western blotting. 
Bacteria were lysed with LDS sample buffer (Invitrogen) and 
the content was run on a 4–12% bisTris polyacrylamide gel 
(Invitrogen). Rficolin2 (0.25 µg) was used as a loading control. 
The separated proteins were blotted onto polyvinylidene difluoride 
membranes (GE Healthcare) and the membranes were probed 
with 0.5 µg/ml antificolin1 mAb FCN106 (cross reacting with 
ficolin2) overnight at 4°C (22). After washing, the membranes 
were incubated with rabbit antimouseHRP (1:10,000) (P0260, 
Dako) for 1 h at room temperature, shaking. Membranes were 
developed using SuperSignal West Femto Maximum Sensitivity 
Substrate (Thermo Scientific).

Flow cytometry—Detection  
of complement activation
Prior to assessing binding and activation with flow cytometry, 
strain C32217 was fixed in formalin. An overnight culture of 
C32217 was washed in PBS and the concentration was deter
mined by a colonyforming unit (CFU) count. Bacteria were fixed 
in 4% formalin for 40 min, washed in PBS, and resuspended in 
50% ethanol. The stock was kept at −80°C until use.

10% NHS diluted in Barbital buffer containing 1% heat
inactivated FCS (BarbFCS) were combined with the following 
inhibitors in a concentration of 5 µg/ml: ficolin2 inhibitory mAb 
FCN212 (18), antifactor D inhibitory mAb clone 31A9 (antiFD, 
a kind gift from Genentech), C1q inhibitory mAb clone 85 (C1q
85, Sanquin), and mock inhibitor mouse IgG1 (BD Biosciences). 
Besides, ethylene diamine tetraacetic acid (EDTA) 10  mM 
(324503, Calbiochem, Merck) was applied. 5 × 107 fixed cells/ml 
were added for 30 min at 37°C. Bacteria were washed in BarbFCS 
and spun down at 5,000 × g for 5 min at 4°C. Deposition of C4b, 

C3b, and C5b9 were measured using biotinylated antiC4c pAb 
(A0065, Dako), biotinylated antiC3c pAb (A0062, Dako) and 
biotinylated antiMAC mAb clone aE11 (23). Antificolin2 mAb 
FCN219 (20) was used to detect ficolin2. Primary antibodies 
were applied in a concentration of 5 µg/ml for 30 min at 4°C. The 
specificity of the primary antibodies were verified using a bioti
nylated rabbit IgG (Rb IgG, 10500C, Invitrogen) or biotinylated 
mouse IgG2 (mIgG2a, 553455, BD Pharmingen) isotype control. 
After washing, FITCconjugated streptavidin (StrepFITC, 
S3762, SigmaAldrich) were added for 30 min at 4°C. The samples 
were washed and the levels of bacterialbound C3, C4, and MAC 
were measured by flow cytometry using Gallios Flow Cytometer 
(BeckmanCoulter) and data were analyzed using Kaluza 1.2 
software (BeckmanCoulter).

Microscopy
Ficolin2 binding in the presence and absence of the ficolin2 
inhibitor FCN212 was assessed by microscopy. The residual 
EAEC cells from flow cytometry was placed on slides by cyto
spin (centrifugation for 5  min at 300 ×  g) and mounted with 
ProLong Diamond Antifade Mountant (P36965, Life Technolo
gies). Microscopy was performed using a Zeiss Axio Observer  
through a X63/1.40 oil DIC PlanApochromat objective. Imaging 
conditions were kept constant when acquiring images to be  
compared.

eaec serum resistance
An overnight bacterial culture of C32217 was diluted to an 
OD = 0.5 at 600 nm in PBS. 10% NHS were incubated in buffer 
containing the following inhibitors: FCN212 (5 µg/ml), antiFD 
(5  µg/ml), C1q85 (5  µg/ml) or mock inhibitor mAb Ciona  
(a mAb raised against an MBL homolog in Ciona intestinalis). 
In addition, we used a specific peptide inhibitor of C3 activa
tion, compstatin (CP40, 6 µM, a kind gift from professor John 
Lambris, Philadelphia, PA, USA), and C5 inhibitor eculizumab 
(50 µg/ml, Soliris, Alexion Pharmaceuticals). Heatinactivated 
NHS (IHS) (56°C, 30 min) was included as a negative control 
of complement activation. The baseline consisted of bacteria 
incubated only with buffer to assess the number of viable cells 
in the initial inoculum.

All tubes were preincubated at 37°C for 30 min to let the 
inhibitors work and to start the test approximately at human 
blood temperature. Then, 20 µl of the inoculum was added to 
each tube and the sample was homogenized. The samples were 
incubated at 37°C and 20 µl was spotted in a serial dilution of 
10−1 to 10−6 on LB agar plates and incubated at 37°C overnight 
before CFU was assessed. The control sample with viable 
cells of the initial inoculum was diluted and plated at 0 min 
incubation.

statistics
Statistical analyses were performed using GraphPad Prism 7 
(GraphPad Software, USA). The results represent the means ± SD 
of three independent experiments. For comparisons, we used 
an unpaired Student’s ttest (p-values: ns p  >  0.05; *p  ≤  0.05; 
**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001).
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FigUre 1 | Consumption of recombinant MBL (rMBL), rficolin-1, -2, and -3 by prototypic EAEC strains. EAEC prototype strains JM221, 042, C1010-00,  
and 55989 were incubated with (a) rMBL (0.5 µg/ml), (B) rficolin-1 (2.0 µg/ml), (c) rficolin-2 (0.5 µg/ml), or (D) rficolin-3 (0.5 µg/ml) and the unbound protein  
fraction was transferred to wells coated with mannan or acetylated bovine serum albumin and detected by specific mAb against mannose-binding  
lectin (MBL), ficolin-1, -2, or -3.
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resUlTs

Binding of rMBl and Ficolins  
to Prototypic eaec strains
Four prototypic EAEC strains were screened in a consump
tion assay for binding of rMBL, rficolin1, 2, and 3. Neither 
rficolin1 nor rficolin3 appeared to bind to any of the strains 
(Figures 1B,D), whereas rMBL showed binding to two of the 
strains (JM221 and 042) (Figure  1A). The strongest binding, 
however, was observed for rficolin2, which displayed high 
binding to two strains (55989 and C101000) and to a lesser 
degree to strain 042 (Figure 1C). We confirmed the binding by 
performing a Western blot on the eluates from the consumption 
assay (data not shown).

We found that rficolin2 displayed highest binding to the 
four prototypic EAEC strains and, therefore, decided to examine 
ficolin2 binding to 56 clinical EAEC isolates.

Binding of serum Ficolin-2 to 56  
clinical eaec isolates
56 clinical EAEC isolates obtained from adult patients suffer
ing from EAECrelated diarrhea were screened for binding of 
serum ficolin2 and the unbound fraction of serum ficolin2 

was measured. Five (8.9%) of the 56 isolates appeared to bind 
serum ficolin2 and especially one isolate, C32217, showed 
very strong binding (Figure 2). We furthermore verified that 
serum ficolin2 was bound to isolate C32217 by performing 
a Western blot on the bacterial pellet for C32217 and two 
isolates that were negative for ficolin2 binding according to 
the ELISA. The Western blot showed strong monomeric and 
oligomeric ficolin2 structures to be associated with C32217. 
The two isolates, E31065539 and H57553, which were nega
tive for ficolin2 binding in the ELISA displayed low levels of 
oligomeric ficolin2 binding, but no monomeric bands were 
observed (Figure 3).

Since isolate C32217 displayed high binding of ficolin2, we 
decided to use this isolate as a model for further investigation of 
EAECassociated complement binding and activation.

calcium Dependency of Ficolin-2 Binding
We examined whether ficolin2 binding to isolate C32217 was 
calcium dependent by preincubating NHS with 10 mM EDTA. 
Figure  4 shows the mean fluorescence intensities (MFI) when 
detecting ficolin2 binding in flow cytometry. Ficolin2 bind
ing was not reduced by EDTA providing evidence that that the 
binding was calcium independent. In fact, it seemed that EDTA 
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FigUre 2 | Consumption of serum ficolin-2 by 56 clinical Enteroaggregative Escherichia coli (EAEC) isolates. 56 clinical EAEC isolates and a control containing 
GlcNAc beads were incubated with 10% normal human serum and the unbound protein fraction was transferred to ELISA plates coated with acetylated bovine 
serum albumin, in twofold serial dilutions. Specific mAb were used to detect ficolin-2. Boxes show isolates binding ficolin-2 and * marks isolate C322-17  
showing high binding of ficolin-2.
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enhanced binding of ficolin2, perhaps due to elimination of 
other calciumdependent binding partners.

complement activation by Ficolin-2 
Through the lectin Pathway
The contribution of ficolin2 to lectin pathway complement 
activation was assessed by introducing FCN212, a ficolin2 
inhibitory mAb. Figures  5A,B shows inhibition of ficolin2 

binding to the bacterial strain C32217 in flow cytometry 
and fluorescence microscopy, respectively, when applying 
the inhibitor. Both techniques showed that the binding was 
reduced by the employed ficolin2 inhibitor. In flow cyto
metry, the inhibition was significantly reduced both when 
comparing to 10% NHS and to a mock ficolin2 inhibitor 
(p < 0.0001).

The effect of ficolin2 binding on complement activation 
was examined by looking at the deposition of C4b, C3b, and 
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FigUre 4 | Ficolin-2 binding is independent of calcium. Isolate C322-17  
was incubated with 10% normal human serum (NHS) in Barb-fetal calf serum 
(FCS), and 10% NHS in Barb-FCS + 10 mM ethylene diamine tetraacetic 
acid (EDTA). Binding of ficolin-2 was detected with specific biotinylated mAb 
against ficolin-2 and FITC-conjugated Streptavidin. Complement deposition 
was measured by flow cytometry and expressed as mean fluorescence 
intensity (MFI). Results represent the means of three independent 
experiments ± SD.

FigUre 3 | Western blot detection of bound serum ficolin-2 to isolate 
C322-17. Isolates C322-17 (high binding), E3-1065539 (low binding), and 
H57553 (low binding) was incubated with 10% normal human serum and  
the eluates were separated by SDS PAGE and detected by western blot. 
0.25 µg rficolin-2 was added as a positive control and specific mAb  
was used to detect ficolin-2.
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MAC in the presence and absence of the ficolin2 inhibitor. 
C4b deposition was significantly reduced by the inhibitor when  
comparing to both 10% NHS and the mock inhibitor (p = 0.0008  
and 0.0026, respectively). The same tendencies were observed 
for MAC deposition when comparing to 10% NHS and the 
mock inhibitor (p  =  0.0189 and 0.0134, respectively), sug
gesting an involvement of ficolin2 and the lectin pathway in 
complement activation (Figures 6A,C). We observed a small 
significant reduction in C3b deposition when comparing to 
10% NHS (p = 0.0495), but were unable to detect a significant 
reduction when comparing to the mock inhibitor (p = 0.0964), 
but overall the tendency followed that of C4b and MAC 

(Figure 6B). We also looked at MBL binding to see if this was 
involved in activation via the lectin pathway, but MBL did not 
bind to C32217 and thus does not contribute to activation 
(data not shown).

The classical Pathway Does not show 
involvement in complement activation
Since ficolin2 only seemed to be partially involved in comple
ment activation, we investigated whether the remaining activity 
was initiated via the classical pathway. When introducing an 
inhibitor of C1q, we saw no significant reduction in the deposi
tion of C4b, C3b, or MAC (p >  0.05) (Figures 7A–C, respec
tively) and, therefore, the classical pathway does not appear to 
be involved in the remaining complement activity.

The alternative Pathway contributes  
to complement activation
Next, we tested the involvement of the alternative pathway by 
applying an inhibitory antibody against factor D before detect
ing C3b and MAC deposition (Figure  8). We were unable to 
detect a significant reduction in C3b levels when introducing the 
factor D inhibitor alone. However, when combining the factor D 
inhibitor with the ficolin2 inhibitor, we observed a significant 
reduction in C3b deposition when comparing both to 10% NHS 
and to a sample where the ficolin2 inhibitor was exchanged 
with a mock inhibitor (p  =  0.0057 and 0.0002, respectively) 
(Figure 8A). The deposition of MAC was highly reduced by the 
factor D inhibitor alone (10% NHS p = 0.0058 and mock inhibi
tor p < 0.0001) and adding the ficolin2 inhibitor led to further 
reductions when comparing to the mock inhibitor (p = 0.0169) 
(Figure 8B).

These data suggest that both the lectin pathway and the 
alternative pathway are important in activation of complement 
on EAEC strain C32217 and emphasize the importance of the 
alternative pathway in generation of MAC.

Ficolin-2 and Factor D are involved  
in serum-Mediated eaec Killing
To further investigate the involvement of ficolin2 and the 
alternative pathway on bacterial clearance, we performed a 
serum resistance assay where bacteria were mixed with 10% 
NHS and the inhibitors of ficolin2, factor D and C1q, as well 
as the C3targeted complement inhibitor, compstatin, and 
the terminal complement inhibitor eculizumab that prevents 
MAC formation. We assessed the change in CFU/ml between 
10% NHS and the different parameters. There was a significant 
reduction when bacteria were grown in 10% NHS compared to 
the baseline (No NHS) (p =  0.0046). Heatinactivated human 
serum (IHS) was applied as a control of complement activity 
and did not only lead to rescue of bacterial growth, but could be 
interpreted to function as a growth medium for the bacteria. The 
C1q inhibitor did not rescue the bacteria (p = 0.6904), suggest
ing no involvement from the classical pathway in the observed 
serummediated killing. The ficolin2 inhibitor and the factor D 
inhibitor each led to significant bacterial rescue (p = 0.0029 and 
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FigUre 6 | Inhibitory effects of a ficolin-2 inhibitor on C4b, C3b, and membrane attack complex (MAC) deposition. 10% normal human serum (NHS) was  
combined with ficolin-2 inhibitor FCN212 (5 µg/ml) and incubated with isolate C322-17. Detection was performed with specific biotinylated monoclonal antibodies 
against (a) C4b, (B) C3b, and (c) MAC, followed by FITC-conjugated Streptavidin. Complement deposition was measured by flow cytometry and expressed  
as mean fluorescence intensity (MFI). Results represent the means of three independent experiments ± SD, ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
(unpaired Student’s t-test).

FigUre 5 | Inhibitory effects of ficolin-2 inhibitor on ficolin-2 binding. 10% normal human serum (NHS) was combined with ficolin-2 inhibitor FCN212 (5 µg/ml)  
and incubated with isolate C322-17. Detection was performed with specific biotinylated monoclonal antibodies against ficolin-2, followed by FITC-conjugated 
Streptavidin. (a) Ficolin-2 deposition was measured by flow cytometry and expressed as mean fluorescence intensity (MFI). (B) Residual EAEC cells from flow 
cytometry was placed on slides by cytospin and examined by bright field (BF) and fluorescent microscopy (FITC). Results represent the means of three  
independent experiments ± SD, ****p ≤ 0.0001 (unpaired Student’s t-test).
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0.0130, respectively), suggesting involvement of both the lectin 
and alternative pathway in serummediated killing. Combining 
the two inhibitors did not appear to further increase the rescue. 
Targeting C3 and MAC with inhibitors also led to significant 
rescue of bacterial growth (p = 0.0107 and 0.0038, respectively) 
(Figure 9).

DiscUssiOn

Enteroaggregative Escherichia coli (EAEC) is a wellknown 
diar rheagenic pathogen, causing acute and persistent diarrhea 

in children and adults worldwide. However, the molecular epi
demiology of EAEC still remains unclear and several studies 
have recovered EAEC from stool samples of apparently healthy 
individuals suggesting the involvement of host factors (2).

The lectin pathway of the complement system relies on 
PRMs to assist in the clearance of microbial intruders. Ficolins 
are a family of PRMs belonging to the lectin pathway. They 
bind structures such as Nacetylglucosamine (GlcNAc), 
Nacetylgalactosamine (GalNAc) and acetylated compounds 
on target cells (24). Although complement proteins are generally 
considered in the systemic compartment, recent studies show 
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FigUre 8 | Inhibitory effects of a factor D inhibitor on C3b, and membrane attack complex (MAC) deposition. 10% normal human serum (NHS) was  
combined with a factor D inhibitor (5 µg/ml) and incubated with isolate C322-17. Detection was done with specific biotinylated monoclonal antibodies  
against (a) C3b and (B) MAC, followed by FITC-conjugated Streptavidin. Complement deposition was measured by flow cytometry and expressed as  
mean fluorescence intensity (MFI). Results represent the means of three independent experiments ± SD, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 
(unpaired Student’s t-test).

FigUre 7 | Inhibitory effects of a C1q inhibitor on C4b, C3b, and membrane attack complex (MAC) deposition. 10% normal human serum (NHS) was combined 
with C1q inhibitor C1q-85 (5 µg/ml) and incubated with isolate C322-17. Detection was done with specific biotinylated monoclonal antibodies against (a) C4b,  
(B) C3b, and (c) MAC, followed by FITC-conjugated Streptavidin. Complement deposition was measured by flow cytometry and expressed as mean fluorescence 
intensity (MFI). Results represent the means of three independent experiments ± SD. No significant differences were detected between the C1q inhibitor  
and the mock inhibitor, ns p > 0.05 (unpaired Student’s t-test).
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production and secretion of complement components in human 
immune cells, as well as endothelial and epithelial cells (9). This 
makes the study of interactions between rare or nonsystemic 
pathogens and complement highly relevant and could potentially 
give a better understanding of host defense systems, as well as 
bacterial pathogenesis.

In this study, we assessed the involvement of the lectin comple
ment pathway on 56 EAEC strains isolated from patients suffer
ing from EAECrelated diarrhea. First, we applied a consumption 
assay to screen the binding of rMBL and ficolins to prototypic 

EAEC strains in an ELISA setup. We found that rficolin2 pre
sented with the highest binding capacities for the prototype 
EAEC strains, showing strong binding to prototype strains 55989 
and C101000, and to some degree to prototype 042. In a pre
vious study no binding of ficolin2 to prototype strain E. coli 042 
was detected, but they were using NHS (serum protein) and in 
a different E. coli growth medium (15). Using a different growth 
medium for EAEC could potentially change the gene expres
sion of the strain and lead to changes in surface presentation. 
Biofilm formation in some EAEC strains have shown to increase 
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FigUre 9 | Inhibitors of ficolin-2 and factor D reduce serum-mediated 
enteroaggregative Escherichia coli (EAEC) killing. Bacterial growth in normal 
human serum (NHS) measured by colony-forming unit (CFU)/ml. EAEC isolate 
C322-17 was incubated with 10% NHS in combination with complement 
inhibitors of ficolin-2, factor D, C1q, C3 (compstatin), and C5 (eculizumab).  
A baseline (No NHS) was established from an overnight culture under  
normal growth conditions without the presence of NHS or inhibitors. Results 
represent the means of three independent experiments ± SD. All conditions 
are compared to 10% NHS, ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01 (unpaired 
Student’s t-test).
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significantly when using a high glucose containing medium as 
compared to regular LB (25). This emphasizes the importance of 
the methodology employed when studying bacterial interaction 
with host factors.

Based on our initial screenings, we focused on the PRM 
ficolin2. Previous reports have described binding of ficolin2 
to Grampositive bacteria, such as group B streptococci, S. pneu-
moniae, S. pyogenes, and capsulated S. aureus (26–28), but very 
few studies have described binding of ficolin2 to Gramnegative 
bacteria. A study by SahagúnRuiz et  al. explored the binding 
capacity of serum ficolin2 and ficolin3 to Gramnegative 
bacteria including four EAEC strains. They found that ficolin2 
and ficolin3 recognized one EAEC strain (serotype O71),  
but not the other three. By testing binding to another EAEC 
serotype O71 they concluded that binding was not related to 
the bacterial LPS type (15), but did not determine the specific 
binding factor.

The binding capacity of the 56 clinical EAEC isolates was 
screened by incubating bacteria with 10% NHS. Ficolin2 bind
ing was only detected in five of the 56 EAEC isolates (8.9%). 
Complement evasion strategies are numerous and include 
mimicking or recruitment of complement regulators, inhibition 
of complement proteins, and enzymatic degradation leading 
to inactivation (29). Both Grampositive and Gramnegative 
bacteria are capable of evading complement by recruitment of 
complement regulators, such as factor H and C4bbinding pro
tein (C4BP) (30). The E. coli K1, causing neonatal meningitis, 
utilizes the outer membrane protein A (OmpA) as protection 

against complementmediated killing, and serum resistance 
was correlated with the binding of C4bP to OmpA (31, 32). 
Immune evasion has also been reported for EAEC by cleavage of 
complement proteins by Pic, which is a serine protease present 
in approximately 50% of clinical EAEC isolates (4, 5, 33, 34). 
In a study by Abreu et  al., they showed that Pic significantly 
reduced complement activation by cleavage of C3, C3b, C4, 
and C2, thereby affecting all three complement pathways (35). 
EAEC is known to cause persistent diarrhea, most likely due to 
the formation of a resilient biofilm. A study from 2013 showed 
that biofilm formation worked as an efficient way of evading 
complement detection (36) and could potentially be a way for 
EAEC to avoid complement. As part of the present study, we 
investigated whether ficolin2 binding could be related to the five 
EAEC characteristic AAF (I–V). By PCR, we characterized the 
presence of AAFs in the 56 clinical EAEC strains, but we were 
unable to find a link between binding of ficolin2 and the pres
ence of a specific AAF, the strains that bound ficolin2 harbored 
different AAFs (data not shown). We hypothesize that some 
bacterial strains are able to change their surface composition 
in order to avoid ficolin2 binding, thus escaping the initiating 
effect of complement.

It is important to mention that we did see a difference in detec
tion of ficolin2 binding when comparing ELISA with western 
blot. Two of the strains reported negative for binding in the 
ELISA, were run on a western blot where we were able to detect 
low levels of oligomeric binding. This should be tested further to 
determine the sensitivity of the ELISA.

Before assessing the complement activation potential of 
EAEC, we determined whether ficolin2 binding was calcium 
dependent. Xray crystallographic analysis has revealed 
four different binding sites in the fibrinogenlike domain of 
ficolin2, enabling binding to a wide variety of ligands (24). 
While some of these binding sites require the presence of 
calcium, others can bind calcium independently (10). Using 
isolate C32217 as a model for high level ficolin2 binding, we 
could show that ficolin2 binding to the bacteria was calcium 
independent.

We next showed that ficolin2 binding to EAEC can lead 
to activation of complement. The activation could be partially 
inhibited by a ficolin2specific inhibitor. Furthermore, activa
tion was independent of the classical pathway, thereby confirm
ing the involvement of the lectin pathway of complement. We 
also show that the alternative pathway contributes to activation 
and that the amplification loop contributes to a high produc
tion of C3b, possibly explaining the need to introduce both a 
ficolin2 inhibitor and a factor D inhibitor to see a decreasing 
effect on C3b levels. This observation is compatible with previous 
studies on fungi showing the importance of alternative path way 
amplification on lectin pathwayinitiated activation (18).

Finally, we show that ficolin2 and factor D are involved 
in serummediated killing of EAEC and that this killing is 
com pletely dependent on the formation of the MAC complex. 
Although EAEC is not common in sepsis infections, there have 
been reports of EAECinduced bacteremia (37, 38), and this 
could be due to lack of complement dependent systemic control 
of the infection.
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cOnclUsiOn

This study shows for the first time a crucial influence of ficolin2 
in the control of some strains of EAEC bacteria, but it also shows 
that only a fraction of the strains indeed binds ficolin2 by mecha
nisms that remain to be elucidated. This suggests that many EAEC 
strains may evade ficolin2 and probably other innate immune 
recognition mechanisms in their pathogenic survival strategies.
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Microbiology, Biotechnology and Immunology, University of Lodz, Lodz, Poland

Lipopolysaccharide (LPS, endotoxin), the main surface antigen and virulence factor of 
Gram-negative bacteria, is composed of lipid A, core oligosaccharide, and O-specific 
polysaccharide (O-PS) regions. Each LPS region is capable of complement activation. 
We have demonstrated that LPS of Hafnia alvei, an opportunistic human pathogen, 
reacts strongly with human and murine mannose-binding lectins (MBLs). Moreover, 
MBL–LPS interactions were detected for the majority of other Gram-negative species 
investigated. H. alvei was used as a model pathogen to investigate the biological 
consequences of these interactions. The core oligosaccharide region of H. alvei LPS 
was identified as the main target for human and murine MBL, especially l- glycero- 
d-manno-heptose (Hep) and N-acetyl-d-glucosamine (GlcNAc) residues within the 
outer core region. MBL-binding motifs of LPS are accessible to MBL on the surface 
of bacterial cells and LPS aggregates. Generally, the accessibility of outer core struc-
tures for interaction with MBL is highest during the lag phase of bacterial growth. 
The LPS core oligosaccharide–MBL interactions led to complement activation and 
also induced an anaphylactoid shock in mice. Unlike Klebsiella pneumoniae O3 LPS, 
robust lectin pathway activation of H. alvei LPS in vivo was mainly the result of outer 
core recognition by MBL; involvement of the O-PS is not necessary for anaphylactoid 
shock induction. Our results contribute to a better understanding of MBL–LPS inter-
action and may support development of therapeutic strategies against sepsis based 
on complement inhibition.

Keywords: lipopolysaccharide, endotoxin, anaphylactoid shock, complement, mannose-binding lectin, Hafnia

Abbreviations: Ab, antibody; AP, alternative pathway; CP, classical pathway; DS, disaccharide; LP, lectin pathway; LPS, 
lipopolysaccharide, endotoxin; MBL, mannose-binding lectin; MASP, MBL-associated serine proteases; MHP, mannose 
homopolymer; NHS; normal human serum; OS, oligosaccharide; O-PS, O-specific polysaccharide; PAMP, pathogen-associated 
molecular pattern; R-LPS, rough LPS; S-LPS; smooth LPS; TS, trisaccharide.
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inTrODUcTiOn

Mannose-binding lectin (MBL) is one of several pattern recogni-
tion molecules forming complexes with MBL-associated serine 
proteases (MASP) able to activate complement via the lectin 
pathway (LP). That process contributes to clearance of infection, 
but when excessive may be detrimental to the host (1).

Humans synthesize one type of MBL (hMBL), whereas mice 
(like the majority of mammals) synthesize two forms, MBL-A 
and -C, differing slightly in their specificity, serum concentration, 
activity, and local expression (2–5). Generally, hMBL recognizes 
carbohydrate patterns present on pathogens that are rich in 
d-mannose (d-Man), N-acetyl-d-glucosamine (d-GlcNAc), 
N-acetyl-d-mannosamine (d-ManNAc), or l-fucose (l-Fuc).

Lipopolysaccharide (LPS, endotoxin), the main surface anti-
gen of Gram-negative bacteria, may be a ligand of MBL. LPS is 
composed of lipid A linked to a core oligosaccharide (OS) con-
sisting of inner and outer regions that is further substituted with 
O-specific polysaccharide (O-PS) comprising oligosaccharide 
repeating units. O-PS is a very variable region that determines 
O-serotype, whereas core OS and lipid A are characterized by 
moderate structural variability. Smooth bacterial strains syn-
thesize highly heterogeneous LPS being the mixture of S-LPS 
built of all three regions and short R-LPS (devoid of the O-PS) 
(Figure  1). Rough bacteria synthesize exclusively R-LPS. Such 
factors as bacterial growth phase and temperature influence LPS 
heterogeneity (6).

Each LPS region may induce synthesis of specific antibodies 
(Ab), able to activate the classical pathway (CP) of complement 
activation. However, in the absence of Ab, lipid A may activate 
CP via direct binding of C1, while core OS-LP (MBL-dependent) 
and O-PS may activate the alternative pathway (AP) and/or LP 
(involving MBL or ficolins) (7–10). Recently, MASP-1 (crucial 
for activating MASP-2 and therefore initiation of the LP cas-
cade) was shown to participate in LPS-induced AP activation 
(11). Regarding core OS, l-glycero-d-manno-heptose (Hep) in 
the inner core region (characteristic for majority of LPS) and 
d-GlcNAc in the outer core region end (in Salmonella enterica 
serovar Minnesota) were reported as hMBL-binding motifs in 
R-LPS (12, 13). Although lipid A is considered the toxic principle 
of LPS, responsible for CD14–TLR-4–MD-2 complex-dependent 
immune cell response, the contribution of LPS polysaccharide-
induced complement activation seems to be important for 
development of septic shock. Unlike lipid A-dependent endo-
toxic shock, polysaccharide-induced anaphylactoid reactions 
can be evoked in LPS-hyporesponsive mice (14, 15). Intravenous 
injection of certain S-LPS (but not isolated lipid A or R-type 
LPS) leads to rapid accumulation of platelets in the lungs and 
liver, followed by their degradation and release of serotonin, and 
death within 15–60 min, preceded by characteristic symptoms 
like convulsions and unconsciousness (16). Complement acti-
vated by LPS–MBL may be responsible for the degradation of 
platelets (16). LPS having mannose homopolymers (MHP) as 
O-PS (e.g., Klebsiella pneumoniae O3) (17) are potent induc-
ers of anaphylaxis-like endotoxic shock in mice (16, 18). Some 
smooth bacteria (including Proteus vulgaris O25, S. enterica ser. 
Minnesota, and Abortusequi) have MBL-binding motifs within 

the core OS only and are capable of inducing a lethal early-phase 
shock (19, 20).

Hafnia alvei is an opportunistic human pathogen responsible 
for nosocomial mixed infections and sepsis (21). Most H. alvei 
LPS possesses smooth forms. So far, 40 O-serotypes (O-PS struc-
tures), and 4 types of core OS have been identified. H. alvei LPS is 
also an example of endotoxin having the E. coli-type structure of 
lipid A (22–24). A few strains of H. alvei synthesize LPS containing  
E. coli R4 [strains Polish Collection of Microorganisms (PCM) 23 
or 1222] or Salmonella Ra (strain PCM 1212) core types (Figure 1) 
(25, 26). The OS1 hexasaccharide is the predominant core OS for 
this species, with Hep and Kdo residues in its inner core region 
like most Gram-negative bacteria (Table 1, footnote f) (24, 27).

A peculiarity of H. alvei LPS is the presence of Hep-Kdo-
containing motifs also in the outer core region (24) (Figure 1). 
Branched trisaccharide (TS1), l-α-d-Hepp-(1→4)-[α-d-Galp6 
OAc-(1→7)]-α-Kdop-(2→, was identified, for example, at the 
outer core region of H. alvei 32 and PCM 1192 LPS (OS1-TS1 
core) (24, 31). Linear trisaccharide α-d-Galp-(1→2)-l-α-d-
Hepp-(1→4)-α-Kdop-(2→ (TS2) is characteristic for H. alvei 
PCM 1196 (OS1-TS2 core) (32). The disaccharide (DS), l-α-d-
Hepp3OAc-(1→4)-α-Kdop-(2→ was identified in H. alvei PCM 
1200 and 1209 (OS1-DS type core) (29). The presence of Hep-
Kdo-containing motifs in the outer core region makes H. alvei 
LPS similar to K. pneumoniae and P. vulgaris O25 LPS (28, 33). 
This similarity prompted us to examine the ability of H. alvei LPS 
to bind MBL, activate human and murine complement systems 
and induce anaphylactoid reactions in mice.

Here, we explicate the structural basis of interactions between 
MBL and core OS of a variety of H. alvei LPS. These interactions 
lead to the activation of complement via the LP. Moreover, 
complexes of H. alvei LPS with MBL were able to induce anaphy-
lactoid shock in BALB/c mice. LPS from 10 different species of 
opportunistic pathogens were tested to identify other examples of 
such interactions. We suggest that common interactions between 
core OS of LPS and MBL triggering LP activation might influence 
the course of Gram-negative infections, including nosocomial 
infections and sepsis. Therefore, consideration of surface antigen 
structure should be helpful in understanding pathogenicity and 
may influence development of new therapeutic strategies in 
Gram-negative sepsis.

MaTerials anD MeThODs

animals
BALB/c mice (males, 7–8 weeks old) were purchased from the 
animal facility of the Polish Mother’s Memorial Hospital, Research 
Institute, Lodz, Poland. The BALB/c mice were housed at the 
animal facility of the Ludwik Hirszfeld Institute of Immunology 
and Experimental Therapy (Wroclaw, Poland) and in  vivo 
experiments were approved by the Local Ethical Commission for 
Animal Experimentation (Wroclaw, Poland).

Bacteria
Hafnia alvei strains PCM 537, 1188, 1190, 1191, 1192, 1195, 
1196, 1200, 1203, 1204, 1205, 1206, 1207, 1208, 1209, 1210, 
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FigUre 1 | Schematic structures of selected Klebsiella pneumoniae, Hafnia alvei, and E. coli, and Salmonella spp. lipopolysaccharides (LPSs) relevant for an 
interpretation of human mannose-binding lectin–LPS interactions. All structures are grouped according to the schematic diagram of an LPS molecule (upper panel) 
built of lipid A, core oligosaccharide (inner and outer), and O-specific polysaccharide consisting of a varying number of oligosaccharide repeating units. Information 
about linkages and isomers was hidden to simplify an interpretation of structures and may be found in details in references (numbers in brackets).
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TaBle 1 | Structural characteristics of LPS and lectin blotting results of SDS-
PAGE separated Hafnia alvei LPS with serum-derived hMBL.a

lPs region of interaction Outer core Os motifs

O-Ps core Os/lipid a 
(core Os type)

Klebsiella  
pneumoniae O3

+ + (OS  
K. pneumoniae)

α-GlcN, α-Kdo, α-Hepb

H. alvei 23 − − (R4) nd
H. alvei 1190 + + (OS1f) Hep-Kdoc(DS)
H. alvei 1192 − + (OS1f) Hep-[Gal-]-Kdod(TS1)
H. alvei 1196 + + (OS1f) Gal-Hep-Kdoe(TS2)
H. alvei 1200 − + (OS1f) Hep-Kdoc(DS)
H. alvei 1209 − + (OS1f) Hep-Kdoc(DS)
H. alvei 1212 − + (Ra) nd
H. alvei 1222 − − (R4) nd

aAll LPS represent smooth type molecules. “+” or “−” indicate positive or negative 
interaction with hMBL, respectively. R4, Ra, and OS1 indicate core oligosaccharides 
present in LPS of E. coli R4, Salmonella spp. Ra, and typical H. alvei core OS, 
respectively (26, 27).
bTerminal residues present in outer core OS region (28).
cl-α-d-Hepp3OAc-(1→4)-α-Kdop (10, 23, 29).
dl-α-d-Hepp-(1→4)-[α-d-Galp6OAc-(1→7)]-α-Kdop (24).
eα-d-Galp-(1→2)-l-α-d-Hepp-(1→4)-α-Kdop (30).
fα-d-Glcp-(1→3)-α-d-Glcp-(1→3)-[l-α-d-Hepp-(1→7)]-l-α-d-Hepp4P-(1→3)-l-α-d-
Hepp4PPEtn-(1→5)-α-Kdo (27).
nd, not determined; LPS, lipopolysaccharide; hMBL, human MBL.
Schematic structures are presented in Figure 1.
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1211, 1212, 1213, 1214, 1218, 1220, 1221, 1222, 1224, and E. coli  
O55 were obtained from the PCM at the Ludwik Hirszfeld 
Institute of Immunology and Experimental Therapy (Wroclaw, 
Poland). Proteus spp. strains (P. mirabilis, P. vulgaris, P. penneri, 
P. myxofaciens, and P. genomospecies) came from the collection 
of the Laboratory of General Microbiology, University of Lodz 
(Poland). K. pneumoniae O3:K55− (strain 5505Δcps) was kindly 
provided by Prof. S. Kaluzewski (National Institute of Hygiene, 
Warsaw, Poland). H. alvei, E. coli, and K. pneumoniae were grown 
till exponential phase (8 h) in Davis medium as described (34), 
and Proteus spp. strains were grown in liquid nutrient broth con-
taining 1% glucose (35). They were stored in a glycerol mixture 
at −75°C.

sera
Sera obtained from BALB/c mice were used as a source of 
murine MBL and ficolins. Pooled normal human serum (NHS) 
was used as a source of hMBL and came from the collection 
of the Laboratory of Immunobiology of Infections, Institute 
of Medical Biology, Polish Academy of Sciences. Polyclonal 
rabbit sera anti-H. alvei core OS (OS1) conjugated with 
tetanus toxoid (OS1-TT) came from Laboratory of Microbial 
Immunochemistry and Vaccines (Ludwik Hirszfeld Institute 
of Immunology and Experimental Therapy, Wroclaw, Poland). 
Polyclonal rabbit immunoglobulins specific for TS (Hep-
[Gal]-Kdo) were isolated from antisera using an adsorption on 
bacterial mass as previously described (24). DS-specific Ab were 
isolated by two-step affinity chromatography of anti-H. alvei 
1209 serum (immunization with killed bacteria, DS-positive 
strain) on: (i) H. alvei 1209 core OS1-Sepharose 4B gel and (ii) 
H. alvei 1209 O-PS-Sepharose 4B gel. Both resins were prepared 

as previously described (10, 36, 37). Eluates containing anti-DS 
Ab were collected in sterile vials and stored at −20°C.

Preparation of lPs
Lipopolysaccharide were extracted from bacterial cells by the hot 
phenol/water method (38) and purified by ultracentrifugation as 
previously described (34, 35). Proteus spp. LPS were extracted 
from dried bacterial cells, as previously described (39), by the 
phenol–water procedure according to the method of Westphal 
and Jann (38) and purified with aqueous 50% trichloroacetic 
acid. For analyses of growth phase dependence of hMBL–bacteria 
interactions (SDS-PAGE and lectin blotting), LPS was isolated 
from bacteria by Tri-Reagent method (40). LPS of H. alvei 
strains 1, 2, 17, 23, 31, 32, 37, 38, 39, 114/60, 481L, 600, 744, 981, 
Edwardsiella anguillimortifera, Citrobacter (kindly provided by 
Prof. E. Katzenellenbogen), and E. coli came from the collection 
of the Laboratory of Microbial Immunochemistry and Vaccines 
(Ludwik Hirszfeld Institute of Immunology and Experimental 
Therapy, Wroclaw, Poland).

O-Pss, core Oligosaccharides, and lipid 
a isolation
Polysaccharides, oligosaccharides, and lipids A were isolated 
by mild acidic hydrolysis of H. alvei PCM 1190, 1192, and 
1200 LPS at 100°C for 45 min. Poly- and oligosaccharides were 
fractionated and purified as previously described using Bio-
Gel P-10 (10). The Hep-Kdo-containing fraction was isolated 
from the heterogeneous core OS fraction and analyzed by the 
use of liquid chromatography-electrospray ionization-tandem 
mass spectrometry (LC-ESI-MS) on SeQuant®ZIC®-HILIC 
column as previously described (41). Fractions 3 and 4 were 
pooled and used for surface plasmon resonance (SPR) analysis. 
Lipid A was isolated as a water-insoluble fraction of the LPS 
hydrolyzate. Prior to lectin blotting, lipids A were purified 
by extraction with 2:1:3 chloroform/methanol/water mixture 
(v/v/v) to remove membrane phospholipids and remains of 
LPS. Both water phase (w) and chloroform (ch) phase lipids A 
were collected (23).

sDs-Page
The LPS and lipids A were analyzed by SDS-PAGE. Briefly, 4.5 
and 15.4% polyacrylamide-bisacrylamide gels were used as the 
stacking and resolving gels, respectively. Glycolipids (3 µg) were 
mixed with sample buffer (65 mM Tris, pH 6.8, 2% SDS, 35% 
glycerol, 0.6  M DTT, ~0.1% bromophenol blue) in ratio 1:1 
(v/v). LPS/lipid A bands were visualized by the silver staining 
method (42).

lectin Blotting
SDS-PAGE-separated LPS were transferred onto polyvinylidene 
fluoride membranes (Bio-Rad, USA). Membranes were blocked 
with SuperBlock® Blocking Buffer (Thermo Scientific, USA) 
for 2 h, followed by overnight incubation at 4°C, with 25-fold 
diluted human or murine serum as previously described 
(10). Bound proteins were detected by immunostaining with 
different primary Ab: (i) monoclonal mouse anti-hMBL Ab 
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(clone HYB 131-01, BioPorto, Denmark), (ii) monoclonal 
rat anti-MBL-A (clone 2B4) and (iii) anti-MBL-C Ab (clone 
16A8) (both from Hycult Biotech, The Netherlands), (iv) rabbit 
anti-ficolin-A kindly provided by Dr. Yuichi Endo (Fukushima 
Medical University, Fukushima, Japan), and (v) reactions were 
detected with HRP-conjugated rabbit anti-mouse, anti-rat sec-
ondary IgG Ab (Dako, Denmark) or anti-rabbit IgG secondary 
Ab, and visualized with Immun-Star HRP Chemiluminescent 
Substrate Kit (Bio-Rad, USA) and G:Box chemiluminescent 
imaging system (Syngene, UK). Nonspecific interactions of 
secondary Ab were excluded by controls without the primary 
Ab or the serum as a source of hMBL.

elisa for lectin Binding
Interactions of hMBL, MBL-A, MBL-C, and murine ficolins 
A and B with H. alvei LPS were tested as previously described 
(10). Briefly, NUNC Maxisorp U96 plates were coated with 2 µg 
of LPS/well. After blocking with 0.1% BSA in TBS-Ca2+ buffer 
(10  mM Tris, 120  mM NaCl, 1  mM CaCl2, pH 7.4), NHS or 
murine serum (prediluted in 0.1% BSA/20 mM Tris, 1 M NaCl, 
10 mM CaCl2, pH 7.4) was added. After overnight incubation at 
4°C, the bound proteins were detected by using specific primary 
antibodies (mentioned in the lectin blotting procedure) and HPR-
conjugated anti-mouse, anti-rat, or anti-rabbit corresponding 
anti-IgG antibodies (Dako, Denmark). As substrate for  peroxidase, 
2,2′-azino-bis(3-ethylbenz-thiazoline-6-sulfonic)acid  
(ABTS) (Sigma, USA) was employed. Absorbance values were 
measured at 405 nm using Benchmark Plus microplate spectro-
photometer (Bio-Rad).

Determination of hMBl–MasP-2 and 
MBl–MasP-1 complex activity
Activity of lectin(s)-MASP-2 complexes was determined as previ-
ously described (43) with modification (44). LPS from various 
bacteria were used for coating of microtiter plates (Maxisorp 
U96, Nunc). The products of C4 activation were detected with 
rabbit anti-hC4c and HRP-conjugated anti-rabbit Ig (Dako). To 
test MBL-MASP-1 complex activity, VPR-AMC (Val-Pro-Arg-
aminomethylcoumarin) peptide (Bachem, Switzerland), as the 
substrate for MASP-1 was used as previously described (45) and 
the fluorescence was read using a Varioskan Flash reader (Thermo 
Scientific, USA).

Flow cytometry analysis of Binding of 
hMBl to Formaldehyde-inactivated 
Bacteria
Flow cytometry analysis was performed as previously described 
(10). Depending on experiment, bacteria were cultured and 
harvested at lag phase (3 h), log phase (6 h), or stationary phase 
(24 h) of growth. The growth phase of culture was determined 
on the basis of optical density measurement at 600 nm and the 
appropriate growth curve. Immediately before each experiment, 
bacterial cells were centrifuged, washed with PBS, and suspended 
in 10-fold diluted NHS (pool), used as a source of hMBL. 
Monoclonal anti-hMBL Ab (clone HYB 131-01) and fluorescein 
isothiocyanate-labeled anti-mouse IgG Ab (Dako) were used as 

detection system. The analysis of the FITC-labeled bacteria was 
performed using a Cytomics FC 500 MPL Beckman-Coulter 
(USA) flow cytometer. Bacteria were detected using log-forward 
and log-side scatter dot plot. Gating region was set to exclude 
debris and larger aggregates of bacteria. A total of 10,000 events 
were acquired.

induction of anaphylaxis-like  
endotoxic shock in muramyldipeptide 
(MDP)-Primed Mice
The BALB/c mice were treated i.p. with 100 µg of MDP in PBS 
(20), and after 4 h, animals received i.v. 100 µg of LPS. K. pneu-
moniae O3 and E. coli O55 LPS were used as a positive and nega-
tive control, respectively. Incidence, severity, and scoring of the 
anaphylaxis-like shock were recorded within 30 min: 0, no signs 
of shock; 1, staggering; 2, crawling and prostration; 3, prostration 
and weak convulsions; 4, prostration and strong convulsions (16). 
Subsequent mortality was recorded within 1 h and after 24 h after 
LPS injection.

surface Plasmon resonance
Surface plasmon resonance studies were assessed with a Biacore 
T200 system (GE Healthcare Bio-Science AB, Sweden). Carrier 
free recombinant hMBL (R&D Systems, USA) was immobilized 
in 10 mM sodium acetate, pH 4.0 on the CM5 series S sensor 
chip (GE Healthcare Bio-Science AB) at a flow rate 5 µl/min, to 
the level of 16,000 RU using the amine coupling chemistry. A 
flow cell with immobilized 240 RU of ethanolamine was used as a 
reference surface. HBS-P buffer (GE Healthcare Bio-Science AB) 
supplemented with Ca2+, Mg2+ ions (5 mM MgCl2, 5 mM CaCl2) 
was used as a running buffer. H. alvei O-PS (PCM 1190, 1196, 
1200, and 1209) and core hexasaccharides from H. alvei PCM 
1200 LPS at various concentrations were injected at a flow rate 
30 µl/min. 0.5% SDS injected for 30 s was used as a regenerator 
in all SPR experiments.

resUlTs

H. alvei lPs core Oligosaccharide is a 
common MBl Target
Screening for the presence of structural motifs recognized by 
hMBL was performed by lectin blotting for LPS isolated from 
39 different O-serotypes of H. alvei (Figure  2). LPS isolated 
from smooth strains gave a characteristic ladder-like multi-
band pattern after SDS-PAGE reflecting natural heterogeneity 
of LPS on the cell wall surface and facilitating core OS accessi-
bility (Figure 2A). The fast-migrating fractions originate from 
lipid A substituted with core OS, whereas the slow-migrating 
fractions show the length distribution of the polymer built 
up of lipid A-core OS substituted with varying numbers of 
O-PS repeating units. LPS isolated from K. pneumoniae O3 
strain 5505 (MHP as O-PS) was used as a positive control, 
where interactions were observed both in the core OS/lipid 
A and O-PS regions. hMBL recognized 34 out of 39 H. alvei 
LPS. Generally, reactivity was related to the fast-migrating 
fractions of the core OS-lipid A region. No interactions were 
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FigUre 2 | Silver stained SDS-PAGE (a) and lectin blotting analysis (B) of the interaction of human MBL (hMBL) with Hafnia alvei lipopolysaccharides (LPSs). 
Normal human serum (pool) was used as a source of hMBL. Lanes are depicted with the strain number in Polish Collection of Microorganisms. The number 5505 
represents Klebsiella pneumoniae O3:K55− LPS used as a positive control.
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observed for H. alvei 23, PCM 744, 1204, 1212, and 1222 LPS 
(Figure 2B).

Nine representative LPS, chosen on the basis of well-char-
acterized structure (Figure  1) and different hMBL-binding 
patterns (Figure  2B; Table  1), were selected for further 
experiments to explore human and murine MBL specificity 
(Figure  3). For H. alvei PCM 1192, 1200, 1209, and 1212, 
hMBL bound within the core OS region only. For H. alvei PCM 
1190 and 1196, hMBL bound within both the core OS and 
O-PS regions. For H. alvei 23 and PCM 1222, no binding was 
observed. These LPS–hMBL interactions were confirmed by 
ELISA (Figure 4). Eight H. alvei LPS (and K. pneumoniae O3 
LPS as positive control) were used as solid-phase antigens. The 
strongest reactions of serum hMBL were observed for LPS K. 
pneumoniae O3 and H. alvei PCM 1190, 1196, and 1209 LPS. In 
contrast to the lectin blotting, no reaction with H. alvei PCM 
1200 LPS was observed, what might be explained by competi-
tion between strong binding of O-PS-reactive ficolin-3 (10) 

and moderate binding of core OS-reactive hMBL. In addition, 
long O-PS chains of LPS 1200 might also hinder hMBL access 
to core OS.

Since murine model was chosen for further studies to test 
in vivo activity of LPS on complement-mediated anaphylaxis-
like endotoxic shock, the reactivity of LPS with murine MBL-A 
and MBL-C (as well as with ficolin A and ficolin B) was analyzed 
by lectin blotting (Figure 3). Murine MBL-C showed binding 
pattern very similar to hMBL within the core OS region. Strong 
reactions with H. alvei PCM 1190, 1196, 1200, 1209, 1212, and 
K. pneumoniae O3 LPS and negligible reactions with LPS 23, 
PCM 1192 and 1222 were noted. In addition, interactions with 
high molecular weight fractions (O-PS region) were easily vis-
ible for H. alvei 1190 and K. pneumoniae O3 LPS. For MBL-A, no 
reactivity was observed for PCM 1192 and 1222 and very weak 
reactivity for 23 (within O-PS). Binding of this lectin to LPS  
K. pneumoniae O3 and PCM 1209 strains was attributed to 
core OS only. Reactivity within both core OS and O-PS region 
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FigUre 4 | Recognition of selected Hafnia alvei lipopolysaccharides (LPSs) 
by human MBL. Microtiter plates were coated with LPS, incubated with NHS 
to measure interactions with hMBL. Black, gray, and white bars represent 
200-, 400-, and 800-fold dilutions, respectively. Data represent the mean 
values of four replicates and are marked by PCM strain number. Strain 5505 
represents Klebsiella pneumoniae O3:K55− LPS used as a positive control. 
Abbreviations: OD, optical density measured at λ = 405 nm; hMBL, human 
MBL; NHS, normal human serum; PCM, Polish Collection of Microorganisms.

FigUre 3 | Silver stained SDS-PAGE of representative Hafnia alvei 
lipopolysaccharides (LPSs) and lectin blotting of their interactions with human 
MBL (hMBL) and murine mannose-binding lectin (MBL)-A, MBL-C, ficolin-A, 
and ficolin-B. Normal human serum and BALB/c mice sera were used as a 
source of hMBL or murine MBL-A, MBL-C, ficolin A, and B, respectively. 
Lanes are depicted with the strain number in Polish Collection of 
Microorganisms. Strain 5505 represents Klebsiella pneumoniae O3:K55− LPS 
used as a positive control.
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such activity. Moreover, only traces of signal related to O-PS 
region were observed for interactions of ficolin A with PCM 
1200 and ficolin B with PCM 1222 (Figure 3). Interactions of 
MBL-A and MBL-C with H. alvei lipid A was excluded by lectin 
blotting (Figure 5B).

hep-Kdo Motifs in H. alvei lPs inner and 
Outer core are recognized by MBl
From lectin blotting (Figures 2 and 3), it was suggested that most 
H. alvei LPS were bound by hMBL via the core OS/lipid A region. 
SPR analyses confirmed interactions of hMBL with O-PS regions 
of PCM 1190 (46) and 1196 (47) and excluded O-PS of PCM 1209 
and 1200 LPS as targets for the lectin (Figure  5A). Data from 
lectin blotting with the use of purified lipid A fractions of H. alvei 
PCM 1190 and 1192 confirmed the lack of hMBL reactivity with 
that part of LPS (Figure 5B).

Next, we identified the core OS regions involved. Immuno-
staining with the use of OS1, DS- and TS1-specific Ab revealed 
four bands of low molecular weight fractions of migrating 
LPS (Figure  5C) attributed to lipid A-OS1 (two bands), lipid 
A-OS1-TS1, and lipid A-OS1-DS molecules. Two bands marked 
by lipid A-OS1 reflected OS1 heterogeneity related to ethanola-
mine, phosphate groups, and glycine substituents and are com-
mon for all three studied LPS (PCM 1192, 1200, and 1209). The 
band assigned as lipid A-OS1-DS was present in DS-expressing 
LPS of H. alvei PCM 1200 and 1209, while the lipid A-OS1-TS1 
band in LPS of H. alvei PCM 1192 LPS.

The ability of recombinant hMBL to bind different core OS 
fractions of H. alvei LPS was further investigated by SPR on 
Biacore T200 (Figure 5D). Core OS isolated from PCM 1200 
LPS were used as analytes. Both isolated OS1 and low molecular 

were observed for H. alvei PCM 1190, 1196, 1212, and 1200. 
Especially strong recognition of PCM 1200 LPS was unique for 
MBL-A, whereas MBL-C (similarly to hMBL) were devoid of 

261

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 5 | Identification of hMBL-binding regions in Hafnia alvei lipopolysaccharides (LPSs). (a) Surface plasmon resonance (SPR) analysis of interactions between 
recombinant hMBL and O-specific polysaccharides (O-PSs) of H. alvei PCM 1190, 1196, 1200, and 1209 LPS. The bars represent binding response of immobilized 
recombinant hMBL (immobilization level: 16,000 RU) to O-PS (0.5 mg/ml) in running buffer HBS-P supplemented with MgCl2 and CaCl2. (B) Silver stained 
SDS-PAGE and lectin blotting analysis of the interaction between H. alvei lipids A [water phase (w) and chloroform phase (ch) preparations] and serum-derived 
murine MBL-A, MBL-C, and hMBL. Lanes are depicted with the strain PCM number. (c) Silver stained SDS-PAGE and lectin blotting analyses of the interactions 
between LPS of H. alvei PCM 1192 (TS1-positive), 1200 (DS-positive), 1209 (DS-positive) and serum-derived hMBL, DS-specific rabbit serum, TS1-specific rabbit 
serum, and OS1-specific rabbit serum. M—molecular weight markers. Marked bands corresponded to different forms of R-LPS: LA-OS1, LA-OS1-DS, LA-OS1-
TS1, where LA stands for lipid A. (D) SPR sensograms for interactions of recombinant hMBL and OS1 and Hep-Kdo-containing OS isolated from H. alvei 1200 LPS. 
Sensor chip: CM5; Abbreviations: RU, response units; hMBL, human MBL; PCM, Polish Collection of Microorganisms; MBL, mannose-binding lectin.
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FigUre 6 | Growth phase-dependence of hMBL–Hafnia alvei interactions 
observed in FACS analyses. Binding of hMBL to inactivated smooth H. alvei 
PCM 1190, 1192, and 1209 bacterial cells at the lag (black bars), exponential 
(gray bars), and the stationary phases (white bars) of growth. Silver stained 
SDS-PAGE (inset) of LPS 1190, 1209, and 1192 isolated from bacterial mass 
collected at lag, log, and stationary phases. Data represent the mean 
values ± SD from three independent experiments. DS and TS1 stand for the 
disaccharide and trisaccharide outer core motif in LPS of selected H. alvei 
strains. Abbreviations: Nd, not determined; hMBL, human MBL; PCM, Polish 
Collection of Microorganisms; LPS, lipopolysaccharide.
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weight fraction of Hep-Kdo interacted with immobilized 
recombinant hMBL in a concentration-dependent manner, 
with higher affinity observed for OS1. It was also confirmed by 
ELISA inhibition assay with the use of both analytes (data not 
shown).

Bacterial growth Phase Determines the 
accessibility of lPs core region for MBl
Binding of hMBL to LPS on bacterial surface was further 
investigated by flow cytometry. Since bacterial growth phase 
may be associated with changes in LPS expression, accessibility 
of core OS regions for hMBL was examined using microbial 
cells collected at lag (3 h), log (6 h), and stationary phase (24 h) 
(Figure 6). Four strains were chosen for this study: (i) H. alvei 
PCM 1190 recognized by hMBL within DS-carrying core OS 
and O-PS regions, (ii) H. alvei PCM 1192 and 1209 with hMBL 
targets located in low molecular weight fraction of LPS (core OS1 
decorated with TS1 or DS, respectively), and (iii) H. alvei PCM 
1222 expressing LPS not recognized by hMBL. K.  pneumoniae 
O3 grown to the stationary phase was used as a positive control. 
The percentage of hMBL-labeled cells was confronted with 
R-LPS and S-LPS distribution examined by SDS-PAGE analysis 
of LPS extracted from cells at lag, log, and stationary phases 
(Figure 6, inset).

For all hMBL-reacting strains (PCM 1190, 1192, and 1209), 
the highest values of labeled cells were recorded for lag phase, 
where R-LPS represented the prevailing LPS population. The 
low content of O-PS chains facilitated access of hMBL to 
outer core regions of R-LPS (OS1 and DS). For strains PCM 
1190 and 1192, the proportions of labeled cells were inversely 

associated with the expression of the S-LPS population. The 
highest values, at each growth phase, were recorded for the 
PCM 1190 strain. This was expected since its LPS has MBL-
binding motifs not only in the core but also in O-PS region. 
PCM 1192 and 1209 LPS were recognized by hMBL within 
the core OS region only, whereby the most efficient binding 
was observed for bacteria at the lag phase (10.4 and 27.7% 
positive cells, respectively). In contrast to other strains, PCM 
1209 bacteria showed the lowest accessibility for hMBL at 
log but not stationary phase. That might be explained by a 
higher content of R-LPS forms with accessible OS1 and DS 
motifs at stationary phase contrary to log phase (as evidenced 
by SDS-PAGE). Performed experiments demonstrated that 
observed relationships clearly resulted from LPS structure, 
i.e., the length of O-PS chains that hindered structural motifs 
recognized by hMBL (OS1 and DS).

interaction of hMBl With H. alvei lPs 
leads to complement activation
The ability of selected LPS to initiate the complement cascade 
via the LP was tested by investigating activation of MASP-1 
(cleavage of synthetic substrate, VPR-AMC) and MASP-2 
(cleavage of C4) dependent on LPS recognition by LP 
molecules, especially hMBL. MBL–MASP-1 concentration-
dependent activation was triggered by H. alvei 23, PCM 1190, 
1192, 1196, 1200, 1209 LPS, as well as K. pneumoniae O3 
(control) (Figure 7). The deposition of C4 activation products 
was additionally noted for PCM 1212 and 1222 LPS. It is worth 
mentioning that procedure employed does not exclude activa-
tion of LP by complexes of ficolin-3 with MASP (as described 
previously for 23 and PCM 1200 LPS) (10) or other than MBL 
collectins. Contribution of ficolin-1 and -2 was excluded (10). 
The influence of CP was excluded by high ionic strength of the 
buffer that inhibits the binding of C1q to immune complexes 
and disrupts the C1 complex, whereas MBL complexes integ-
rity is maintained (48). The variations in reactivity profiles 
(Figures  4 and 7) may reflect differences in serum dilution 
used and sensitivity of assays.

interaction of MBl With H. alvei lPs core 
Oligosaccharide induces anaphylactoid 
shock
The biological consequences of in  vivo MBL interaction with  
H. alvei PCM 1190, 1192, 1200, 1209, and 1212 LPS were tested 
by ability to induce an anaphylactoid reaction in mice. K. pneu-
moniae O3 and E. coli O55 as well as H. alvei PCM 1222 LPS were 
used as positive and negative controls, respectively (14).

Intravenous injection of H. alvei PCM 1190, 1200, 1209, 
or 1212 LPS-induced rapid shock (within 30 min, score 3–4) 
leading to death of MDP-sensitized BALB/c mice (Table  2). 
The distinctive effect was observed for LPS of H. alvei PCM 
1200 that was strongly recognized by MBL-A within the 
O-PS region and moderately within the OS1-DS core region 
(Figure  3). The reaction, comparable to that provoked by 
K. pneumoniae O3 LPS, was also induced by H. alvei PCM 
1190 (OS1-DS core type) and 1212 (Salmonella Ra core type) 
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FigUre 7 | Activation of the human lectin pathway of complement by  
Hafnia alvei LPS. (Top) Human LPS-MASP-1 activity (ability to cleave a 
VPR-AMC peptide). Black, gray, and white bars represent 5-, 20-, and 
40-fold dilutions, respectively. (Bottom) Human LPS–MASP-1/2 complex-
dependent C4c deposition. Black, gray, and white bars represent 50-, 200-, 
and 800-fold dilution, respectively. Each dilution series is described by the 
strain number on the X-axis. Pattern recognition molecule states for MBL  
or other complement-activating collectin/ficolin present in serum. Data 
represent the mean values of four replicates. LPS were used as solid phase. 
Abbreviations: RFU, relative fluorescence units; OD, optical density measured 
at λ = 405 nm; LPS, lipopolysaccharide; MBL, mannose-binding lectin; 
MASP, MBL-associated serine proteases.
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moderately bound by MBL-A and MBL-C within the O-PS and 
core OS regions. H. alvei PCM 1209 LPS (OS1-DS core type) 
that was reactive for murine MBL-A and MBL-C within the 
core OS region only (Figure 3), still had a powerful ability to 
induce an anaphylactoid shock similar to K. pneumoniae O3. 
By contrast, mice treated with H. alvei PCM 1192 (OS1-TS1 
core type) or 1222 (E. coli R4 core type) LPS developed mild 
or no characteristic symptoms within the first hour and died 
in the late phase of endotoxic shock (lipid A-dependent) 
(Table  2), similar to animals injected with E. coli O55 LPS 
(negative control).

lPs core Oligosaccharide is a common 
MBl Target in Many gram-negative 
Bacteria
Screening for LPS from a variety of opportunistic pathogens  
(Table S1 in Supplementary Material), recognized by serum 
hMBL was performed with the use of lectin blotting. False 
positive reactions of primary and secondary detecting Ab were 
excluded. We found interactions between hMBL and LPS core 
regions to be very common: 13 of 15 K. pneumoniae, 11/22 P. 
vulgaris, 10/33 P. mirabilis, 7/15 P. penneri, 1/1 P. myxofaciens, 
5/10 E. coli (including R-LPS containing R2 and R3 core types), 
1/5 Citrobacter spp., and all of 4/4 Edwardsiella anguillimortifera 
LPS gave positive results.

DiscUssiOn

Lipopolysaccharide is a major pathogen-associated molecular 
pattern (PAMP) and virulence factor of Gram-negative bacteria, 
responsible for development of sepsis and septic shock. Whereas 
the role of lipid A in those life-threatening events is well-
documented (49), the influence of the polysaccharide region is 
poorly characterized. It is known that the carbohydrate moiety 
influences endotoxin clearance and biological activity of lipid A 
(50, 51). Recognition of LPS polysaccharide by a variety of pat-
tern recognition molecules may lead to complement activation 
via CP, AP, and/or LP, all involved in sepsis development (52).

The core OS-lipid A region is a target for such plasma proteins 
as LPS-binding protein, BPI (bactericidal/permeability-increasing 
protein), CAP18 (cationic antimicrobial protein), and lysozyme. 
Consequently, bactericidal and inflammatory processes are 
induced by the host immune system. Due to the high structural 
heterogeneity of O-PS, the number of innate immunity factors 
interacting with that region is much lower. One example is ficolin-3, 
recognizing H. alvei PCM 1200 O-PS resulting in LP activation 
(10). Ficolin-3 was also demonstrated to enhance agglutination, 
phagocytosis, and killing of H. alvei PCM 1200 bacteria (53). 
Another example is pulmonary surfactant collectin SP-D binding 
mannose-rich O-PS of K. pneumoniae O3 and O5 (54).

This study provided well-documented evidence that core OS 
is the main target for human and murine MBL. Depending on 
the assay, the binding of recombinant (SPR) or NHS or murine 
serum MBL (lectin blotting, ELISA, flow cytometry) was detected 
in presented studies. Thus, it is worth noting that the oligomer 
distribution may vary for recombinant and NHS-derived MBL 
according to purification procedure (55), what may influences 
binding affinity between MBL and target ligand. Notwithstanding 
similar oligomer distribution patterns were reported for both 
forms (55, 56), including trimeric and tetrameric forms. Even 
though proposed oligomerization models indicated a polypep-
tide dimer as the basic unit in this process for MBL (57), higher 
oligomeric states are usually detected in rMBL and NHS-derived 
MBL preparations that ensure complement activation (56).

Performing screening analysis, we have shown that interactions 
of serum hMBL with different core OS regions were prevalent 
among LPS isolated from numerous opportunistic pathogens, 
such as H. alvei, E. coli, K. pneumoniae, Proteus spp., Citrobacter 
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TaBle 2 | Ability of LPS from smooth strains of Hafnia alvei, E. coli, and Klebsiella pneumoniae to induce anaphylactoid shock and death in BALB/c mice.a

lPs (core Os type) lPs region recognized by shockb

MBl-a MBl-c incidence scorec 30 min Mortality

H. alvei 1200 (OS1-DS) O-PS/core OS Core OS 5/5 10 min: 4 0.5 h: 5/5
H. alvei 1209 (OS1-DS) Core OS Core OS 5/5 3–4 0.5 h: 4/5

1 h: 5/5
H. alvei 1212 (Ra) O-PS/core OS Core OS 4/4 3–4 0.5 h: 4/4
H. alvei 1190 (OS1-DS) O-PS/core OS Core OS 5/5 3 0.5 h: 5/5
K. pneumoniae O3d Core OS O-PS/core OS 5/5 3–4 0.5 h: 5/5
H. alvei 1192 (OS1-TS1) – – 4/4 0–1 0.5 h: 1/4

24 h: 4/4
H. alvei 1222 (R4) – – 5/5 0–1 0.5 h: 0/5

24 h: 5/5
E. coli O55 –e –e 0/4 0 0.5 h: 0/4

24 h: 4/4

aMice were sensitized with 100 µg of muramyldipetide (i.p.) and 4 h later injected with 100 µg of LPS (i.v.). Incidence, score, and mortality were recorded within 0.5 and 1 h after LPS 
injection.
bIncidence and mortality are shown as number/total.
cThe scoring of anaphylaxis-like endotoxic shock was as follows: 1, staggering; 2, crawling and prostration; 3, prostration and weak convulsions; 4, prostration and strong 
convulsions (16).
dThe O-PS of this LPS is composed of mannose homopolymer.
eDetermined only by inhibition of murine MBL–LPS O55 interaction in ELISA with LPS O55.
LPS, lipopolysaccharide; MBL, mannose-binding lectin.
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spp., and E. anguillimortifera representing different O-serotypes 
(O-PS structure) (Table S1 in Supplementary Material). Among 
145 LPS tested, as much as approximately 57% were recognized 
by hMBL within fast-migrating fractions (corresponding to 
R-LPS built up of lipid A-core OS), whereas the reaction with 
slow-migrating fractions (S-LPS containing O-PS) was found 
in approximately 10% only. Accordingly, hMBL interacted with 
34 (approximately 87%) out of 39 H. alvei LPS within the core 
OS region of LPS. Moreover, we also showed that highly purified  
H. alvei hexaacylated lipid A is recognized neither by human nor 
murine MBL. However, such interactions were previously sug-
gested by Ono et al. (58) and Shiratsuchi et al. (59) for commer-
cially available E. coli lipid A. This discrepancy may result from 
impurities of bacterial origin in the commercial preparations or 
the presence of MBL-binding motifs other than in the lipid A 
region of LPS (residuals of complete LPS after lipid A isolation 
by LPS hydrolysis).

Clinical isolates of Gram-negative bacteria are commonly of 
smooth type and therefore synthesize a highly heterogeneous 
pool of LPS, consisting of long-chain S-LPS, shorter S-LPS, and 
R-LPS unsubstituted by O-PS. We found that H. alvei PCM 1209 
core OS within R-LPS forms exposed on the bacterial surface is 
accessible for hMBL (Figure 6). SPR analysis (Figure 5A) clearly 
demonstrated that PCM 1209 O-PS is not the MBL target. The 
core OS accessibility may depend on natural LPS heterogeneity 
(coexistence of R-LPS and S-LPS in smooth strains), and is hin-
dered by core OS substitution with O-PS. It may be influenced by 
growth phase or environmental conditions. Generally, expression 
of R-LPS containing hMBL-binding motifs decreased with the 
culture progression (from lag to stationary phase) (Figure  6). 
Moreover, the immune response against O-PS may cause selec-
tive pressure on bacteria to lose the ability to express it (phase 
variation) (60, 61).

The LPS core OS region is relatively conservative and usually 
composed of an inner core and an outer core built up of Kdo 

and Hep residues and hexoses and hexosamines, respectively. 
For example, among Salmonella spp. strains one prevailing core 
type was described (Ra). Using mutants with defects in LPS core 
OS synthesis it was demonstrated that Hep residues in the inner 
core region are recognized by human and murine MBL due to 
their accessibility in truncated and incomplete core OS (12). Even 
though the inner core is common for the majority of enterobacte-
rial LPS and represents MBL-binding motifs, our results indicated 
also outer core structures as natural MBL ligands. Hep and Hep-
Kdo motifs were detected also in the latter region, for example, in 
P. vulgaris O25 and K. pneumoniae O3, O1, O2, O4, and O5 LPS 
(28, 33) as well as in numerous H. alvei strains (expressing DS, 
TS1, and TS2) (Figure 1). The lectin blotting (Figure 5C) and 
SPR analysis (Figure 5D) revealed recombinant MBL binding to 
DS-decorated H. alvei PCM 1200 OS1 and OS1 alone. Moreover, 
interaction of MBL with purified Hep-Kdo-containing motifs 
was also evidenced (Figure 5D), and determined by Hep residue 
(but not Kdo) according to the previous reports (12, 62). In spite 
of manno configuration, Kdo residues (even terminal) might be 
excluded as an MBL ligand, since deep rough mutants (Re) of S. 
enterica ser. Typhimurium or Yersinia enterocolitica O3, express-
ing LPS consisting of lipid A and one, two or three Kdo residues 
were not recognized (12, 63). Thus, Hep and D-GlcNAc present in 
outer core regions are the main MBL targets. Any steric obstacles 
within these motifs hinder MBL access, as was demonstrated for 
TS-OS1 core type of H. alvei. In TS1, the DS motif is substituted 
by terminal Gal residue that prevented hMBL binding to H. alvei 
PCM 1192 (Figure 5C).

Our results indicate a crucial role for MBL-binding motifs 
within the outer core OS in the recognition of H. alvei LPS by 
human and murine MBL, induction of an anaphylactoid reac-
tion and rapid death in MDP-sensitized mice. Previously, it was 
demonstrated that such events were induced by several LPS of 
smooth bacteria with O-PS that were homopolymers of mannose 
(K. pneumoniae O3 and O5), able to activate complement via 
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the LP (16). Among six H. alvei LPS with different O-serotypes 
tested, the intravenous injection of DS-containing LPS (PCM 
1200, 1209, and 1190) led to development of severe symptoms 
of an anaphylactoid reaction and resulted in the death of animals 
within 30 min. Furthermore, H. alvei PCM 1212 (synthesizing 
Ra core type, with d-GlcNAc residue in the outer core region) is 
as toxic for mice as the aforementioned LPS. By contrast, H. alvei 
PCM 1192 LPS with outer core OS1 substituted with TS1 (pre-
venting MBL binding) was not active. Interestingly, in the case of 
PCM 1200, 1212, and 1190 LPS, MBL-A was able to recognize not 
only the core OS (Ra or OS1-DS type) but also the O-PS region. 
Moreover, MBL-A showed the highest affinity to O-PS of H. alvei 
PCM 1200 LPS, which was found to be the most toxic (Table 2). 
Our results demonstrated that MBL-binding motifs in outer 
core region are sufficient to induce an anaphylactoid reaction in 
mice; however, the presence of S-LPS in the heterogeneous LPS 
preparation was mandatory. It might be suggested that similar to 
SP-D exhibiting O-PS-stabilized reactivity with common core OS 
of K. pneumoniae, E. coli, and S. enterica ser. Minnesota LPS, the 
O-PS–MBL interaction may also stabilize residual interactions of 
the collectin with the core OS region (54, 64).

The data presented here have extended the repertoire of LPS 
recognized by MBL, including rough forms present in endo-
toxin preparations from smooth bacteria (Figure  1). Generally, 
d-GlcNAc or Hep residues in the outer core were common ligands 
for the lectin. Those structures may be accessible to MBL in vivo not 
only when LPS O-PS is relatively short but also when endotoxin is 
released due to bacterial cell damage (for example, after treatment 
of host with antibiotics). We demonstrated also that the O-PS 
structure might augment immune responses when recognized by 
MBL (the example of PCM 1200). We believe that clarifying MBL 
specificity/affinity may contribute to a better understanding of the 
role of the LP in Gram-negative infections in general, including 
those leading to sepsis or endotoxic shock. Species of the family 
Enterobacteriaceae are responsible for 40–50% of hospital-acquired 
infections leading to sepsis and septic shock. Over half of cases 
in the USA is connected with bacteria of the genera Klebsiella, 
Escherichia, Proteus or Enterobacter, and mortality is in the range of 
20–50%. In some cases of invasive infections caused, for example, 
by K. pneumoniae, E. coli, or Proteus spp., MBL/ficolin-dependent 
complement activation by common core oligosaccharide regions 
or MHP might contribute to the severity of infections and sepsis. 
Although interaction of MBL (or other PAMPs) with LPS is gener-
ally beneficial for the host, it may be harmful under certain condi-
tions. Upon antibiotic treatment, aggregates of endotoxin (mixed 
S- and R-LPS) are released into the bloodstream and activate a 
host immune response (49). Furthermore, R-LPS was reported to 
exhibit higher potency in cell activation through the TLR-4/MD-2 
receptor (65). Although MBL deficiency has been associated with 
susceptibility to infections (especially in children or immunocom-
promised subjects), its contribution to life-threatening events (like 

post-operative SIRS) has also been proven (66). Our results con-
tribute to a better understanding of MBL–LPS interaction. They 
also support further development of therapeutic strategies against 
sepsis based on complement inhibition or complement-related 
replacement therapies.
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Virulence associated gene 8 of 
Bordetella pertussis enhances 
contact system activity by inhibiting 
the regulatory Function of 
complement regulator c1 inhibitor
Elise S. Hovingh1,2, Steven de Maat3, Alexandra P. M. Cloherty1, Steven Johnson4,  
Elena Pinelli2, Coen Maas3 and Ilse Jongerius1,2*†

1 Department of Medical Microbiology, University Medical Centre Utrecht, Utrecht University, Utrecht, Netherlands, 2 Centre 
for Infectious Disease Control, National Institute for Public Health and the Environment (RIVM), Bilthoven, Netherlands, 
3 Department of Clinical Chemistry and Haematology, University Medical Centre Utrecht, Utrecht University, Utrecht, 
Netherlands, 4 Sir William Dunn School of Pathology, University of Oxford, Oxford, United Kingdom

Bordetella pertussis is a Gram-negative bacterium and the causative agent of whooping 
cough. Whooping cough is currently re-emerging worldwide and, therefore, still poses 
a continuous global health threat. B. pertussis expresses several virulence factors that 
play a role in evading the human immune response. One of these virulence factors 
is virulence associated gene 8 (Vag8). Vag8 is a complement evasion molecule that 
mediates its effects by binding to the complement regulator C1 inhibitor (C1-INH). This 
regulatory protein is a fluid phase serine protease that controls proenzyme activation 
and enzyme activity of not only the complement system but also the contact system. 
Activation of the contact system results in the generation of bradykinin, a pro-inflammatory  
peptide. Here, the activation of the contact system by B. pertussis was explored. We 
demonstrate that recombinant as well as endogenous Vag8 enhanced contact system 
activity by binding C1-INH and attenuating its inhibitory function. Moreover, we show that 
B. pertussis itself is able to activate the contact system. This activation was dependent 
on Vag8 production as a Vag8 knockout B. pertussis strain was unable to activate the 
contact system. These findings show a previously overlooked interaction between the 
contact system and the respiratory pathogen B. pertussis. Activation of the contact 
system by B. pertussis may contribute to its pathogenicity and virulence.

Keywords: whooping cough, contact system, virulence associated gene 8, Bordetella pertussis, c1 inhibitor

inTrODUcTiOn

Bordetella pertussis is the causative agent of whooping cough, also known as pertussis, a contagious 
disease of the respiratory tract that is re-emerging worldwide despite high vaccination coverage. To 
date, pertussis is still ranked in the top 10 most deadly childhood diseases posing a serious health 
problem (1). The acellular pertussis vaccine (ACV), used in many industrialized countries, protects 
against disease for up to 7 years while natural infection confers protection for up to 20 years (2, 3). 
Alarmingly, the ACV does not prevent transmission of the pathogen (4). For this reason, it is widely 
accepted that an improved pertussis vaccine is needed (5). In order to improve the pertussis vaccine, 
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it is of great importance to better understand the interactions 
between the respiratory pathogen B. pertussis and the immune 
system.

The contact system is a key player in innate immunity and 
is part of the coagulation system (6, 7). The contact system 
consists of the two proenzymes factor XII (FXII) and plasma 
prekallikrein and the cofactor high-molecular weight kininogen 
(HK). In vitro, the contact system is activated when FXII binds 
to a negatively charged surface and is autocleaved forming FXIIa 
that is further processed to βFXIIa (8). Lessons from human 
pathology imply that analogous processes may take place on the 
surface of vascular endothelial cells (9) or platelets (10). FXIIa 
cleaves plasma prekallikrein forming active plasma kallikrein 
(PK). Activation of this protease subsequently mediates the 
cleavage of HK and formation of the pro-inflammatory peptide 
bradykinin (BK) (11). BK release triggers endothelial perme-
ability resulting in vasodilation and infiltration of leukocytes 
(7). Activation and activity of the contact system is regulated by 
the 105 kDa complement regulator C1 inhibitor (C1-INH) (12), 
which inhibits the activity of β-FXIIa, α-FXIIa, and PK, by form-
ing covalent complexes with its target proteases (13). C1-INH 
consists of a C-terminal protease inhibiting serpin domain and 
an N-terminal domain that is predicted to be heavily O- and 
N-linked glycosylated. Besides being involved in contact system 
regulation, C1-INH is also the main inhibitor of the classical and 
lectin pathways of the complement system where it inactivates 
the respective proteases necessary for activation of the comple-
ment cascade (14). Interestingly, the interplay between B. per-
tussis and the contact system remains unexplored even though 
Escherichia coli and Salmonella (15), Streptococcus pyogenes, 
Bacillus stearothermophilus, Bacillus subtilis, Porphyromonas 
gingivalis, Pseudomonas aeruginosa, Serratia maracescens, as 
well as several Vibrio species (16) have been shown to activate 
this system.

B. pertussis produces multiple virulence factors involved 
in immune evasion (17). It was recently shown that virulence 
associated gene 8 (Vag8) of B. pertussis binds to C1-INH (18, 
19). Vag8 is a 95  kDa autotransporter. Autotransporters are 
typically processed into a channel and a passenger domain 
(20). The passenger domain will pass through the channel and 
can either remain attached to the bacterial membrane or be 
secreted into the bacterial surrounding (21). Autotransporter 
proteins, including Vag8, are also present on the surface of outer 
membrane vesicles (OMVs) that are secreted by Gram-negative 
bacteria (18, 22, 23). We have recently shown that secreted 
Vag8 binding to C1-INH away from the bacterial surface leads 
to complement evasion. This binding result in consumption of 
complement components C2 and C4 via uncontrolled cleavage 
by the proteases C1r, C1s, and MASP-2, away from the bacterial 
surface (18).

Since C1-INH controls both the complement and the contact 
system, we here investigated whether Vag8 influences contact 
system activity. We demonstrate that both recombinant and 
endogenously secreted Vag8 enhanced contact system activity by 
attenuation of the inhibitory function of C1-INH. Moreover, we 
show that B. pertussis effectively activated the contact system by 
producing Vag8.

MaTerials anD MeThODs

Bacterial strains and growth conditions
B. pertussis wild type B1917 strain (isolated in 2000), the isogenic 
Vag8 knockout strain B1917ΔVag8 (18), the B0442 strain pro-
ducing a mutated lipooligosaccharide (LOS) that was isolated in 
1954 (24) and the pertactin-deficient B4418 and B4374 strains 
as well as the pertactin-producing B4430 and B4393 strains 
isolated in 2016 were grown at 35°C, 5% CO2 on Bordet Gengou 
plates containing glycerol and 15% defibrinated sheep blood (BD 
Biosciences, Franklin Lakes, NJ, USA). After 3–5 days of culture, 
the bacteria were collected in buffer containing 50 mM HEPES, 
2 mM CaCl2, 50 µM ZnCl2, 0.02% NaN3, and 0.05% Tween-20 
(pH 7.35) further referred to as buffer A, the optical density was 
measured at 600 nm and bacteria were washed in buffer A. OMVs 
of both strains were prepared by ultracentrifugation as described 
previously (18, 25, 26).

recombinant Production of histidine-
Tagged (his-tag) Vag8 and the negative 
control Bordetella resistance to Killing  
a (Brka) Passenger Domain
Recombinant his-tag passenger domain of Vag8 was produced 
as previously described (18). BrkA was cloned using prim-
ers 5′-ATATGGATCCCAGGAAGGAGAGTTCGAC-3′ and 
5′-ATATGCGGCCGCCTACTGCAAGCTCCAGACATG-3′ 
(restriction sites underlined) and ligated into a modified 
pRSET-B vector containing a non-cleavable six residue his-tag 
(MHHHHHHGS) at the N-terminus of the protein as described 
previously (18, 27). BrkA was expressed and purified as Vag8 (18).

surface Plasmon resonance (sPr)
SPR was performed using a Biacore T200 (GE Healthcare, Little 
Chalfont, UK). Recombinant passenger domain of Vag8 was 
dissolved in 50  mM sodium acetate pH 5.0 and immobilized 
using primary amine coupling onto a CM5 sensor chip (GE 
Healthcare). All binding experiments were performed at 25°C 
in 10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% 
(v/v) surfactant P20. Increasing concentrations (2.5–160 nM) of 
either full length C1-INH (C1-INHFL, Complement Technology) 
or C1-INH containing only the serpin domain (C1-INHNT98) (28) 
were injected over the flow channels at 30 µL/min. Dissociation 
was allowed for 300  s followed by surface regeneration with 
10 mM glycine pH 2.5. BIAevaluation software (GE Healthcare) 
was used to analyze the data.

size exclusion chromatography With 
Multi-angle light scattering analysis 
(sec-Mals)
100 µL of protein samples were injected onto an S200 increase 
10/300 column (GE Healthcare) equilibrated in 50 mM Tris pH 
7.5, 150 mM NaCl and eluted with a flow rate of 0.4 mL/min. Light 
scattering and refractive index changes were measured using a 
Dawn Heleos-II light scattering detector and an Optilab-TrEX 
refractive index monitor respectively. Analysis was carried out 
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using ASTRA 6.1.1.175.3.4.14 software assuming a dn/dc value 
of 0.186 mL/g.

ethics
The study was conducted using blood donation from ±50 healthy 
adults for plasma collection and according to the principles 
expressed in the Declaration of Helsinki. Written informed consent 
was obtained from all blood donors before collection and samples 
were used anonymously. Approval was obtained from the medical 
ethics committee of the University Medical Centre Utrecht.

Plasma
Blood was collected in blood tubes containing sodium citrate 
(Vacuette tube, Greiner Bio-one, Kremsmünster, Austria) from 
±50 healthy volunteers after written informed consent. Following 
collection, samples were centrifuged twice at 2,000 g for 10 min 
and plasma of all donors was pooled. The pooled plasma was 
stored in aliquots at −80°C until use.

activation of the contact system: 
chromogenic substrate assay
To determine whether Vag8 could interfere with the inhibitory 
function of C1-INH on βFXIIa and PK, we made use of the 
chro mogenic substrate H-D-Pro-Phe-Arg-pNA (L-2120, Sigma 
(Merck), Darmstadt, Germany) that can be cleaved by both 
proteases (29). All experiments were performed in 96-well PVC 
flat-bottom microplate (Corning GmbH, Wiesbaden, Germany). 
Activation of the contact system in the presence of Vag8 and 
BrkA was first analyzed in a purified system. βFXIIa (33.3 nM 
corresponding to 1  µg/mL, Enzyme Research Laboratories, 
South Bend, Ind, USA) or PK (5.81 nM corresponding to 0.5 µg/
mL, Enzyme Research Laboratories) was pre-incubated with 
or without serum-derived C1-INH (95.2 nM corresponding to 
10 µg/mL, Complement Technologies, Tyler, TX, USA) that was 
pre-incubated for 10 min at 37°C with, Vag8, BrkA, buffer A (for 
βFXIIa), or phosphate buffered saline (PBS) (for PK). Activity 
was measured following the addition of 0.5 mM L-2120 (Bachem, 
Bubendorf, Switzerland) (29). Activation of the contact system in 
a more complex system was studied in citrated human plasma. 
For these experiments, 60% plasma was activated with βFXIIa 
(16.7 nM corresponding to 0.5 µg/mL) in the presence of PBS 
(buffer control), Vag8, BrkA (concentrations indicated in the 
figures), or OMVs obtained from the B. pertussis wild type strain 
B1917 or knockout strain B1917ΔVag8 (60 µg/mL) with 10 min 
pre-incubation at 37°C before addition of the chromogenic 
substrate L-2120. For maximum contact system activity, referred 
to as control, βFXIIa was added to the plasma at the same time 
as the addition of L-2120 ensuring that C1-INH did not have the 
chance to inhibit the contact proteases. The substrate conversion, 
referred to as kallikrein-like activity, was measured in a kinetic 
fashion up until 30 min (Figure S1 in Supplementary Material) 
and reported at the 10 min time point. Substrate conversion was 
measured with a microplate reader at 405 nm at 37°C over time 
(VersaMax microplate reader, Molecular Devices, Sunnyvale, 
CA, USA).

Activation of the contact system by B. pertussis was assessed 
by incubating B. pertussis wild type strain B1917 or knockout 

strain B1917ΔVag8 (3 × 107 CFU each) with 60% plasma or buffer 
A. Plasma incubated with βFXIIa (16.7  nM corresponding to 
0.5 µg/mL, Enzyme Research Laboratories) or only buffer A was 
taken along as positive and negative controls, respectively. These 
experiments were performed with 5 min pre-incubation at 37°C 
before addition of the substrate L-2120. Substrate conversion was 
measured at 37°C every 30 s with a microplate reader at 405 nm 
over time (PowerWave XS Microplate Spectrophotometer, 
BioTek, Winooski, VT, USA).

cleavage of hK: immunoblotting
To determine cleavage of HK in plasma in the presence of Vag8, 
βFXIIa (16.7  nM corresponding to 0.5  µg/mL) was added to 
90% plasma and incubated with either PBS or Vag8 (1,017 nM 
corresponding to 60 µg/mL) for 10 min at 37°C. Samples were 
diluted 40 times in reducing sample buffer (15.5% glycerol, 
96.8 mM Tris–HCl, 3.1% SDS, 0.003% bromophenol blue, and 
25 mM DTT), incubated for 10 min at 100°C and separated on 
a 10% SDS-PAGE gel. Proteins were blotted onto PVDF mem-
branes. Membranes were blocked with 4% skimmed milk in 
PBS containing 0.05% Tween (PBS-T) and washed with PBS-T 
three times for 10 min at 37°C between each incubation step. The 
immunoblot was subsequently incubated with a primary goat 
anti-human HK antibody (3 µg/mL final concentration, Affinity 
Biologicals, Ancaster, ON, Canada) overnight at 4°C and a sec-
ondary donkey-anti-goat-HRP antibody (0.5  µg/mL, Southern 
Biotech, Birmingham, AL, USA) mainly reacting with the HK 
light chain (30) for 2 h at 37°C. All antibodies were diluted in 1% 
skimmed milk in PBS-T. For detection, the Pierce ECL Western 
Blotting Substrate (Thermofisher Scientific, Waltham, MA, USA) 
was used and visualized using the ImageQuant (GE Life Sciences, 
Chicago, IL, USA).

For assessment of HK cleavage upon incubation of plasma 
with B. pertussis, several bacterial strains (2  ×  109  CFU) were 
incubated with 50% plasma either alone or in the presence of the 
contact protease inhibitors aprotinin (31) (100 units/mL, Sigma), 
which inhibits PK and d-phenylalanyl-prolyl-arginyl chlorome-
thyl ketone (32) (PPACK; 200  µM, Hematologic Technologies, 
Essex Junction, VT, USA), a multi-target serine protease inhibitor 
which restricts auto activation and self-digestion of FXIIa, and 
sampled after 30 min at 37°C shaking at 300 rpm. Plasma samples 
incubated with βFXIIa (16.7 nM corresponding to 0.5 µg/mL) or 
only buffer A were taken along as positive and negative controls, 
respectively. Samples were analyzed as described above.

statistical analyses
Statistical analyses were performed using GraphPad Prism 6.02 
and the differences between groups were analyzed for signifi-
cance using the two-tailed Student’s t-test. A p-value of ≤0.05 was 
considered statistically significant.

resUlTs

Vag8 attenuates the role of c1-inh as 
inhibitor of βFXiia and PK
It was recently shown that Vag8 binds to C1-INH using both ELISA 
and gel filtration chromatography (18, 19). In order to further 

271

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 1 | Virulence associated gene 8 (Vag8) and complement regulator 
C1 inhibitor (C1-INH) interact to form a tight 1:1 complex. (a) Size exclusion 
chromatography with multi-angle light scattering analysis (SEC-MALS) of 
Vag8 (green), C1-INH (purple), and Vag8_C1-INH complex (blue). The 
masses calculated from the scattering are shown as lines across the peaks. 
Protein conjugate analysis demonstrates that the mass of complex (146 kDa) 
corresponds to 118 kDa of protein and 28 kDa of sugar. This is consistent 
with a 1:1 complex of Vag8 (60 kDa) and glycosylated C1-INH (58 kDa 
protein/28 kDa sugar). (B,c) SPR analyses of the binding between Vag8 on 
the chip surface and increasing concentrations of C1-INHFL (B) and 
C1-INHNT98 (c) in solution.
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characterize this interaction, we performed the combination of 
SEC-MALS on the individual proteins and the complex (Figure 1A). 
Both Vag8 and C1-INH behaved as monomers on the column. 
Addition of Vag8 to C1-INH shifted the elution position and calcu-
lation of the mass across the peak revealed that a 1:1 complex had 
been formed. We next performed SPR analysis to attempt to assess 
the affinity of the interaction (Figures 1B,C). Flowing increasing 
concentrations of C1-INHFL over Vag8 on the surface demonstrated 
clear binding. The almost non-existent off-rate of the interaction, 
combined with a slow enough on-rate that precluded reaching 
equilibrium, meant that we were unable to robustly calculate the 
KD of the interaction. However, attempts to fit the kinetics using a 
variety of binding models always produced KD values of 1 nM or 
lower, consistent with a tight interaction. In order to confirm that 
the interaction between Vag8 and C1-INH involved the serpin 
domain, we repeated the SPR with C1-INH lacking the N-terminal 
O-linked glycosylation domain. This construct interacted with Vag8 
with very similar kinetics to the full length protein (Figure 1C).

We have demonstrated that the binding of secreted Vag8 to 
C1-INH results in attenuation of the inhibitory effect of C1-INH 
leading to the cleavage of essential complement proteins away 
from the bacterial surface (18). Since C1-INH is also one of the 
main inhibitors of the contact system, we hypothesized that the 
interaction between C1-INH and Vag8 would have a similar effect 
on the activation of the contact system. To investigate the effect 
of Vag8 on the contact system, we first studied this in a purified 
system. Addition of Vag8 to purified βFXIIa and C1-INH resulted 
in a dose-dependent enhanced conversion of the chromogenic 
substrate. Addition of 10  µg/mL Vag8 (169.5  nM) is sufficient 
to completely neutralize C1-INH activity as comparable levels 
of activation as that of βFXIIa alone were reached (Figure 2A). 
This dose-dependent attenuation of inhibition by C1-INH was 
also observed upon the addition of Vag8 to a purified system 
containing PK and C1-INH (Figure  2B). A concentration of 
12.5 µg/mL Vag8 (203.4 nM) was sufficient to completely block 
the inhibitory capacity of C1-INH on PK activation. As a negative 
control we used BrkA. BrkA is another autotransporter protein of 
B. pertussis involved in complement evasion. BkrA has a similar 
structure and size as Vag8 and was produced in a similar way as 
Vag8 (33, 34). The inhibitory properties of C1-INH on βFXIIa 
and PK were not disturbed by the addition of BrkA at equimolar 
concentrations (Figure S2 in Supplementary Material). Taken 
together, Vag8 dose dependently attenuates the inhibitory effect 
of C1-INH on βFXIIa and PK in a purified system.

Vag8 enhances contact system activity in 
Plasma
Since we have shown that Vag8 can interfere with the regulatory 
activity of C1-INH on βFXIIa and PK in a purified system, we 
next assessed the effect of Vag8 in a more physiological setting. To 
this end, we incubated plasma either with buffer (pre-incubated 
plasma) or increasing concentrations of Vag8 in the presence of 
the contact system activator βFXIIa for 10 min before addition 
of the chromogenic substrate. This pre-incubation step is needed 
for C1-INH to inhibit the contact proteases βFXIIa and PK. 
Moreover, the chromogenic substrate was added immediately 
following βFXIIa addition (control plasma) indicating the 
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FigUre 2 | Virulence associated gene 8 (Vag8) interferes with the inhibition of βFXIIa and plasma kallikrein (PK) by complement regulator C1 inhibitor (C1-INH).  
(a) Vag8 (2.5, 5, 7.5, 10, 12.5, 15, and 30 µg/mL) dose-dependently enhances the activity of 1 µg/mL βFXIIa in the presence of 10 µg/mL C1-INH reaching similar 
activity as βFXIIa alone upon using 10 µg/mL of Vag8. (B) Vag8 (2.5, 5, 7.5, 10, 12.5, 15, and 30 µg/mL) dose-dependently enhances the activity of 0.5 µg/mL PK in 
the presence of 10 µg/mL C1-INH reaching similar activity as PK alone upon using 12.5 µg/mL of Vag8. Data represent the mean ± SEM of three separate 
experiments. ***p ≤ 0.001, ****p ≤ 0.0001, ns = non-significant compared to the black bar.
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maximum kallikrein-like activity. Figure  3A shows that Vag8 
dose-dependently attenuates the inhibitory function of C1-INH 
thus enhancing the activation of the contact system, referred to 
as kallikrein-like activity. Comparable levels as control plasma 
are reached upon using 7.5 µg/mL of Vag8 (127.1 nM), with no 
significant difference between the control plasma and addition of 
30 µg/mL of Vag8 (508.5 nM). The negative control, BrkA, did not 
show any effect on contact system activity (data not shown). To 
determine whether endogenously secreted Vag8 is also capable 
of mediating this effect, OMVs derived from B. pertussis wild 
type strain B1917 or the knockout strain B1917ΔVag8 (18) were 
incubated with plasma and βFXIIa. We show that the OMVs 
derived from B. pertussis wild type strain B1917 were capable 
of attenuating the inhibitory function of C1-INH resulting in 
enhanced contact system activity to levels observed in control 
plasma conditions, whereas the OMVs obtained from the knock-
out strain B1917ΔVag8 were not (Figure 3B).

As previously mentioned, activation of the contact system ulti-
mately results in the cleavage of HK and the subsequent release of 
BK. Also clinically, cleavage of HK is related to BK production (30). 
To investigate the effect of recombinant Vag8 binding to C1-INH 
on HK cleavage in plasma, βFXIIa was incubated with plasma in 
the presence or absence of Vag8 and was assessed by immunob-
lotting to visualize HK cleavage. Figure 3C shows increased HK 
cleavage as indicated by the decreased intensity of the ~120 kDa 
full length HK band (30) in the presence of Vag8 compared to 
incubation with βFXIIa alone as well as by the detection of the 
~46 kDa cLC-HK chain. This is the cleaved L-chain which is often 
used as a marker of extensive contact system activation in plasma 
(35). In conclusion, we show enhanced contact system activity 
in the presence of recombinant and endogenous Vag8, which is 
most likely due to Vag8 binding to C1-INH and hence hampering 
the inhibitory properties of C1-INH on βFXIIa and PK.

B. pertussis activates the contact system 
Predominantly Through Vag8 Production
Although several bacteria are known to activate the contact 
system (15, 36–42), the interaction between B. pertussis and the 
contact system has not been investigated. As shown above, Vag8 
of B. pertussis hampers the inhibition of the contact proteases 
by binding C1-INH and hence enhances contact system activity 
(Figures  2 and 3). Next, we investigated whether B. pertussis 
itself can effectively activate the contact system. We show that 
B. pertussis wild type strain B1917 successfully activates the 
contact system in plasma as an increase in kallikrein-like activity 
was observed over time (Figure 4A). This activation was further 
examined by assessment of HK cleavage using immunoblot. 
Figure 4B shows a representative immunoblot in which degrada-
tion of the ~120 kDa full length HK and appearance of a ~46 kDa 
cLC-HK chain (30) was observed when B. pertussis strain B1917 
was added to the plasma. To verify that the observed HK cleav-
age was the result of contact system activation, aprotinin (31) 
and PPACK (32) were added to the B1917 samples to prevent 
FXIIa and PK activity. Figure 4B shows a lack of HK cleavage 
upon addition of both these inhibitors to plasma incubated with  
B. pertussis wild type strain B1917 indicating that the HK cleavage 
observed in the presence of this bacterium can be attributed to 
the activation of the contact system. Next, we assessed whether 
Vag8 production was responsible for the activation of the contact 
system by B. pertussis. Figure 4C shows the lack of HK cleavage 
in the presence of the B. pertussis knockout strain B1917ΔVag8 by 
immunoblot. Even after 180 min of incubation, no activation of 
the contact system by the B. pertussis knockout strain B1917ΔVag8 
was observed (data not shown). This is further supported by 
the decreased kallikrein-like activity shown upon incubating 
plasma with the B. pertussis knockout strain B1917ΔVag8 when 
compared to incubation with wild type strain B1917 (Figure 4D). 
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FigUre 3 | Virulence associated gene 8 (Vag8) induces enhanced activation of the contact system in plasma. (a) 60% plasma was incubated with Vag8 (5, 7.5, 15, 
and 30 µg/mL) following 10 min pre-incubation with 0.5 µg/mL βFXIIa. Vag8 dose-dependently enhances the induced kallikrein-like activity reaching similar levels 
upon using 7.5 µg/mL of Vag8 as the maximum kallikrein-like activity observed by βFXIIa alone without pre-incubation. (B) Moreover, the kallikrein-like activity in 60% 
plasma was also enhanced in the presence of endogenous Vag8 on outer membrane vesicles (OMVs) (60 µg/mL) derived from the wild type Bordetella pertussis 
strain B1917 but not when using OMVs of the knockout strain B1917ΔVag8. (c) Enhanced contact system activation was also shown by immunoblot. 90% plasma 
was incubated with 0.5 µg/mL βFXIIa either in the presence of 60 µg/mL Vag8 or buffer for 10 min and analyzed using anti-high-molecular-weight-kininogen (HK). 
The presence of Vag8 results in increased cleavage of the ~120 kDa full length HK compared to βFXIIa alone and the detection of the ~46 kDa cLC-HK chain (note 
the second and third lane). Plasma alone at t = 0 (control) and without βFXIIa at t = 10 (buffer) showed no cleavage of HK. Data shown in panel (a) represent the 
mean ± SEM of three separate experiments, while panels B and c are representative of three separate experiments. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001, ns, non-significant compared to the black bar.
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Moreover, we show that contact system activation is not restricted 
to B. pertussis strain B1917. Incubation of plasma with the LOS-
mutant B0442 as well as clinical strains either producing (B4430 
and B4393) or not producing pertactin (B4418 and B4374) also 
shows contact system activation as indicated by the detection of 
the ~46 kDa cLC-HK chain (Figure 5). In summary, B. pertussis 
is capable of activating the contact system as demonstrated by the 
observed kallikrein-like activity as well as by the cleavage of HK 
detected by immunoblot. We show that this is mainly depend-
ent on the production of the autotransporter Vag8, which will 
bind to C1-INH and thus attenuate its inhibitory function, as the  
B. pertussis knockout strain B1917ΔVag8 showed no HK cleavage 
and decreased kallikrein-like activity compared to its isogenic 
wild type strain B1917.

DiscUssiOn

Recently, we unraveled the mechanism responsible for secreted 
Vag8-mediated complement evasion (18). We showed that bind-
ing of secreted Vag8 to C1-INH resulted in the release of the active 
proteases C1s, C1r, and MASP-2 since C1-INH could no longer 
bind and thus inhibit their proteolytic activity. The presence of 
active C1s, C1r, and MASP-2 proteases in the serum resulted in 
the degradation of the complement proteins C4 and C2 away from 
the bacterial surface (18). We suggest that B. pertussis uses this 
complement evasion strategy to aid in the prevention of opsoni-
zation and complement-mediated lysis. Vag8 is not only secreted 
but also present on the bacterial surface where it binds to C1-INH 
(19, 43). Binding of C1-INH to the bacterial surface could also 
result in the inhibition of complement activation which has been 
shown for other bacteria such as Borrelia recurrentis (44). The 

contact system is another innate immune component consisting 
of proteases (11). Here, we show that in addition to interacting 
with the complement system (18), Vag8 of B. pertussis induced 
enhanced activation of the contact system as demonstrated by 
increased contact system activity and HK cleavage. We propose 
that Vag8 mediates activation of the contact pathway by binding 
to C1-INH and attenuating its inhibitory function as we have 
previously shown for its effect on the complement system (18). 
C1-INH is the predominant fluid phase inactivator of FXIIa and 
PK. This serpin inactivates these proteases by irreversibly bind-
ing to them resulting in conformational changes that disrupt the 
active site of the target proteases (13). This process is hampered 
in the presence of Vag8, which we expect to bind to C1-INH, 
and consequently interfere with the protease inhibition allow-
ing for enhanced activation of the contact system (illustrated 
in Figure 6). As activation of the contact system by bacteria is 
often induced by membrane-bound components (16), Figure 6 
depicts the activation of the contact system on the bacterial 
surface. However, we cannot exclude that activation occurs both 
on the surface as well as in fluid phase. Our results indicate that 
blockage of protease inhibition is essential for B. pertussis wild 
type strain B1917 induced activation of the contact system as 
in the absence of Vag8, C1-INH is free to inhibit the contact 
system proteases and, therefore, activation of the contact system 
is not induced (Figure 3). Whether B. pertussis can also interact 
with the PK inhibitor alpha-2-macroglobulin (45) remains to be 
investigated.

Here we show for the first time that B. pertussis can activate the 
contact system, which as a bacterium is not unique (15, 36–42).  
Other bacteria have been shown to activate this system via 
polyphosphates, which are present on E. coli, Vibrio cholerae, 
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FigUre 4 | Bordetella pertussis activates the contact system mainly by Virulence associated gene 8 (Vag8) production. (a) B. pertussis wild type strain B1917 
(3 × 107 CFU) induces similar kallikrein-like activity in 60% plasma compared to addition of 0.5 µg/mL βFXIIa. (B) Contact system activation by B. pertussis wild type 
strain B1917 was also shown by immunoblot. 50% plasma was incubated for 60 min with B. pertussis wild type strain B1917 (2 × 109 CFU) alone or in combination 
with the contact system inhibitors d-phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK) or aprotinin and analyzed using anti-high-molecular-weight-kininogen 
(HK). Incubation with B. pertussis wild type strain B1917 resulted in almost complete cleavage of the ~120 kDa full length HK as indicated by the appearance of the 
~46 kDa cLC-HK chain. This feature was not observed in the presence of the inhibitors. (c) To determine whether Vag8 production was involved in contact system 
activation by this pathogen, 50% plasma was incubated either with B. pertussis wild type strain B1917 or with the knockout strain B1917ΔVag8 (2 × 109 CFU) and 
analyzed using anti-HK. The B. pertussis knockout strain B1917ΔVag8 was unable to activate the contact system as no cleavage of the ~120 kDa full length HK 
was detected. (D) This was also shown by the decreased kallikrein-like activity in 60% plasma upon incubation with the knockout strain B1917ΔVag8 (3 × 107 CFU) 
compared to the B. pertussis wild type strain B1917. Panels a–D are representative of three separate experiments.
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Corynebacterium diphtheria, and Haemophilus influenzae but 
also on B. pertussis (46, 47). Moreover, LPS present on Gram-
negative bacteria have been implicated in the activation of the 
contact system in  vitro (48, 49). Contact system proteins were 
furthermore shown to assemble on the bacterial surfaces of 
Salmonella typhimurium and E. coli resulting in the release of 
BK (15). An increase in BK at the site of infection may cause 
leakage of plasma and be beneficial for the bacteria as this will 
provide bacteria with nutrients (16). Nonetheless, BK triggers 
endothelial permeability resulting in infiltration of leukocytes 
(11). Moreover, cleavage of HK results in the generation of the 
antimicrobial peptide NAT-26 which could drive bacterial killing 
(38). Hence, whether activation of the contact system is beneficial 

or detrimental for the bacteria remains unclear. Contact system 
protein assembly on E. coli occurs on curli pili (42). As we do not 
observe HK cleavage in the presence of the B. pertussis knockout 
strain B1917ΔVag8, we expect that although the B. pertussis 
membrane-associated polyphosphates or LOS may trigger the 
contact system, attenuation of C1-INH via sequestration by Vag8 
is essential for full activation of this system. Alternatively, bacteria 
can express proteases that actively cleave contact system proteins 
such as staphopains of Staphylococcus aureus or streptokinase of  
S. pyogenes, which both cleave HK releasing BK (38, 50). B. pertus-
sis is unique in enhancing the activation of the contact system by 
producing a protein, Vag8, which inhibits the inhibitory function 
of the contact system regulator C1-INH.
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FigUre 6 | Proposed mechanism for Virulence associated gene 8 (Vag8) 
mediated activation of the contact system. Vag8, either on the bacterial 
surface as part of an outer membrane vesicles (OMVs) or as the secreted 
passenger, binds to complement regulator C1 inhibitor (C1-INH) (left panel). 
This results in the lack of inhibition of the contact system proteases FXIIa and 
plasma kallikrein (PK) by C1-INH. The lipooligosaccharide and 
polyphosphates present on the outer membrane of Bordetella pertussis are 
most likely responsible for FXII activation on the bacterial membrane as has 
been shown for other bacteria (15, 36–42). This activation, which cannot be 
inhibited by C1-INH as it is bound to Vag8, will result in the release of 
bradykinin (BK). In the absence of Vag8, C1-INH will inhibit FXIIa and PK 
when formed and high-molecular-weight-kininogen (HK) will remain intact 
away from the bacterial surface (right panel).

FigUre 5 | Various Bordetella pertussis strains activate the contact system. 
Contact system activation by B. pertussis strains B0442, B4418, B4430, 
B4393, and B4374 was shown by immunoblot. 50% plasma was incubated 
for 60 min with the B. pertussis strains (2 × 109 CFU) and analyzed using 
anti-high-molecular-weight-kininogen (HK). Incubation with all the B. pertussis 
strains resulted in cleavage of the ~120 kDa full length HK as indicated by the 
appearance of the ~46 kDa cLC-HK chain.
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Infection with B. pertussis results in the disease whooping 
cough, which is typically associated with fits of coughs (or 
paroxysms) followed by a typical high-pitched whoop. These 
coughing fits generally persist weeks after the bacterium has 
been cleared and contribute greatly to the morbidity caused by 
this disease (51). To date, it is not completely understood what 
causes this type of cough. The persistence of a chronic cough in 

the absence of a stimulus is not unique to pertussis but has also 
been observed in patients on angiotensin converting enzyme 
inhibitors (ACEi) that are being treated for hypertension (32). 
ACE, which is produced by lung endothelial cells, breaks down 
BK (52). The cough associated with ACEi often remains for 
several days or weeks after the patients have withdrawn from 
taking the drug. Although the mechanism of ACEi-induced 
cough remains unresolved, there are indications that BK, of 
which the levels are increased during ACEi treatment, might be 
involved (53). The contact system is not only present in plasma 
but also in the lungs (54) and respiratory administration of BK 
to guinea pigs but also humans evokes a paroxysmal cough 
much like the cough associated with pertussis (55). In guinea 
pigs, this cough was shown to be induced by BK activating the 
B2 receptors on the bronchopulmonary C-fibers (56). These 
receptors are also expressed in humans on epithelial cells, fibro-
blasts, and endothelial cells of the bronchial lamina propria 
(57). It is likely that B. pertussis infection results in increased 
levels of BK in the lungs as we have shown HK cleavage in 
the presence of B. pertussis wild type strain B1917 and BK is 
a cleavage product of HK. Consequently, we speculate that 
B. pertussis-induced activation of the contact system may be 
involved in the induction of pertussis-specific cough and thus 
transmission. Moreover, the activation of the contact system 
may also play a role in lung pathology. Lung lesions caused by 
an infection with S. typhimurium were shown to be prevented 
upon inhibition of the contact system in a rat model (40). Fatal 
B. pertussis infection is also characterized by lung lesions (58) 
and hence the increased BK levels in the lungs following an 
infection with B. pertussis may contribute to lung pathology. 
Further research needs to be conducted to really understand 
the role of the activation of the contact system on pertussis 
pathology.

In light of the re-emergence of pertussis, it has become evident 
that the development of a novel pertussis vaccine is necessary 
(5). One of the potential proteins that could be included in such 
a vaccine is Vag8. Vaccination with Vag8, which was previously 
only known as a complement evasion molecule of B. pertussis, 
has been shown to give rise to antibodies which protect mice 
from infection following a B. pertussis challenge (59). Moreover, 
Vag8-specific antibodies have been detected in pertussis patients 
indicating that Vag8 is produced by B. pertussis during human 
infection (60). Next to the proposed possibility of including 
Vag8 in a novel acellular pertussis vaccine, this protein is also 
a component of the OMV-based pertussis vaccine and the live 
attenuated BPZE1 vaccine that are currently being investigated 
(61, 62). Vag8 is highly present on OMVs of B. pertussis making 
up 34–50% of the total OMV proteins and can also be found on 
the bacterial membrane (18, 20, 23). Due to Vag8’s high abun-
dance on OMVs, presence on the outer membrane of B. pertussis 
and the protective effect of this protein as a potential vaccine 
antigen, the overactivation of the contact system described here, 
together with the degradation of essential complement protein 
described earlier (18) may have implications for the inclusion of 
Vag8 in novel pertussis vaccines. These side effects could include 
local C1-INH deficiency with consequences for complement 
and contact system mediated adverse reactions (63). Inhibition 
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of C1-INH could result in increased BK formation which may 
mediate increased inflammation at the site of vaccination. 
Moreover, consumption of complement proteins resulting in 
decreased complement activation following vaccination could 
have a negative effect on the induction of memory B-cells which 
are normally induced via interactions between C3d-tagged 
microorganisms or immune-complex antigens and complement 
receptor 2 (64, 65). It may be advisable to modify Vag8 before the 
potential inclusion of this antigen in novel pertussis vaccines in 
order to avoid side effects that could be induced by binding of 
Vag8 to C1-INH.

In conclusion, we show that Vag8 enhances contact system 
activity and is mainly responsible for the observed activation of 
the contact system induced by B. pertussis. We propose that this 
is the result of C1-INH binding by Vag8. This potent C1-INH 
inhibitor secreted by B. pertussis not only mediates complement 
evasion but also an overlooked interaction between the contact 
system and the respiratory pathogen B. pertussis that may con-
tribute to its pathogenicity and virulence.
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FigUre s1 | Substrate assay kinetics. Substrate conversion, referred to as 
kallikrein-like activity, was measured in a kinetic fashion up until 30 min.  
(a) 1 µg/mL βFXIIa was incubated alone or with 10 µg/mL complement regulator 
C1 inhibitor (C1-INH) alone or in combination with different concentrations of 
virulence-associated gene 8 (Vag8) (2.5, 5, 7.5, 10, 12.5, 15, and 30 µg/mL).  
(B) 0.5 µg/mL plasma kallikrein (PK) was incubated alone or with 10 µg/mL 
C1-INH alone or in combination with different concentrations of Vag8 (2.5, 5, 7.5, 
10, 12.5, 15, and 30 µg/mL). (c) 60% plasma was incubated with Vag8 (5, 7.5, 
15, and 30 µg/mL) following 10 min pre-incubation with 0.5 µg/mL βFXIIa. 
Incubation of plasma with βFXIIa alone either without or with pre-incubation 
served as a control. In the main text, substrate conversion is reported at the 
10 min time point. Data represent the mean of three separate experiments.

FigUre s2 | The negative control BrkA does not interfere with the inhibition of 
βFXIIa and plasma kallikrein (PK) by complement regulator C1 inhibitor (C1-INH). 
(a) Bordetella resistance to killing A (BrkA) (30 µg/mL) has no effect on the 
kallikrein-like activity of 1 µg/mL βFXIIa in the presence of 10 µg/mL C1-INH 
when compared to 1 µg/mL βFXIIa in the presence of 10 µg/mL C1-INH alone. 
(B) BrkA (30 µg/mL) has no effect on the kallikrein-like activity of 0.5 µg/mL PK in 
the presence of 10 µg/mL C1-INH when compared to 0.5 µg/mL PK in the 
presence of 10 µg/mL C1-INH alone. Data represent the mean ± SEM of three 
separate experiments.
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Background: Tuberculosis (TB) remains a major threat to global health. Currently,

diagnosis of active TB is hampered by the lack of specific biomarkers that discriminate

active TB disease from other (lung) diseases or latent TB infection (LTBI). Integrated

human gene expression results have shown that genes encoding complement

components, in particular different C1q chains, were expressed at higher levels in active

TB compared to LTBI.

Methods: C1q protein levels were determined using ELISA in sera from patients, from

geographically distinct populations, with active TB, LTBI as well as disease controls.

Results: Serum levels of C1q were increased in active TB compared to LTBI in four

independent cohorts with an AUC of 0.77 [0.70; 0.83]. After 6 months of TB treatment,

levels of C1q were similar to those of endemic controls, indicating an association with

disease rather than individual genetic predisposition. Importantly, C1q levels in sera of TB

patients were significantly higher as compared to patients with sarcoidosis or pneumonia,

clinically important differential diagnoses. Moreover, exposure to other mycobacteria,

such as Mycobacterium leprae (leprosy patients) or BCG (vaccinees) did not result in

elevated levels of serum C1q. In agreement with the human data, in non-human primates

challenged withMycobacterium tuberculosis, increased serum C1q levels were detected

in animals that developed progressive disease, not in those that controlled the infection.
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Conclusions: In summary, C1q levels are elevated in patients with active TB compared

to LTBI in four independent cohorts. Furthermore, C1q levels from patients with TB

were also elevated compared to patients with sarcoidosis, leprosy and pneumonia.

Additionally, also in NHP we observed increased C1q levels in animals with active

progressive TB, both in serum and in broncho-alveolar lavage. Therefore, we propose

that the addition of C1q to current biomarker panels may provide added value in the

diagnosis of active TB.

Keywords: complement, tuberculosis, C1q, infection, innate immunity, blood, mycobacterium

INTRODUCTION

Tuberculosis (TB) is a major global health threat, which is
caused by infection by Mycobacterium tuberculosis (M.tb) (1).
Current estimations indicate that a quarter of the global
population is infected with M.tb, with a life-long risk to develop
active TB disease. Particular regions, such as South-East Asia,
Western-Pacific, and Africa regions account for more than 80%
of infected individuals (2). Annually over 6 million people are
diagnosed with TB disease, a serious and highly contagious
condition, resulting in 1.3 million deaths in 2016 only (1). While
most infected individuals remain asymptomatic latently infected
(LTBI), a minority (5–10%) of these individuals progress to active
TB. Given the high rate of infections with M.tb in some regions
it is important to discriminate infection from disease, which is
difficult with the currently available tests. At present, only M.tb
detection in sputum using smear, PCR or culture is definitive
proof of TB disease. Early diagnosis and treatment of TB disease
is important to reduce transmission of infection and prevent
disease associated mortality (1).

Diagnosis of active TB is made by microbiological or genetic

detection of M.tb in sputum (or other specimens in case of

extrapulmonary TB), but this can be expensive and time-
consuming depending on bacterial burdens or requires complex

methodology and infrastructure. Current immunological tests
can detect infection with M.tb but often fail to discriminate
active disease from latent infection (3). Therefore, there is an
urgent need to identify biomarkers that can discriminate active
and latent TB infection in order to promptly initiate treatment
to prevent mortality and further spread of the pathogen, in
particular in areas where M.tb is highly endemic. Ideally, such
biomarkers should also be able to discriminate between TB and
other respiratory infections that present with similar symptoms
and abnormalities on chest X-rays.

Many studies have identified potential biomarkers that
discriminate active TB from LTBI, or that are predictive of
which individuals will progress to active TB (4–10). Differential
gene expression profiles between patients with TB and LTBI or
other (lung) diseases resulted in identification of an array of
potential biomarkers, such as FCGR1A (11–13) and GBP5 (5,
6, 14). Recently, complement has been highlighted as candidate
biomarker for active TB disease (15–19) also in the presence of
HIV co-infection (20). Most currently identified biomarkers have
been identified at the transcriptomic level; however, easy, robust

markers that can be measured at the protein level would be more
ideal candidates for application in the field. Therefore, validation
of markers previously identified at the mRNA level at the protein
level would provide important insights into the applicability of
such markers in clinical practice.

Next to biomarker studies in humans, there are various
experimental models to study the host-pathogen interaction.
The best available model is the non-human primate model
(NHP), infection of rhesus macaques with M.tb, resulted in TB
disease which closely resembles human TB as they experience
similar lesions and clinical courses as humans, suggesting a
common pathophysiology (21). The NHP model adds important
information on kinetics of disease development following M.tb
infection and can be manipulated with e.g., different dosages of
infection, different infecting strains, but also with vaccines.

The complement system is an important part of the innate
immune system and functions as a proteolytic cascade. The
classical complement pathway is initiated by binding of C1q
to ligands, such as immune complexes. Following the binding
of C1q to ligands, enzymatic processes lead to the release of
inflammation stimulating peptides, C3a and C5a, formation
of the opsonin C3b and formation of the membrane attack
complex, resulting in target cell lysis (22). Furthermore, C1q
can bind several receptors that contribute to other important
functions, such as phagocytosis or myeloid cell modulation,
outside traditional complement system activation (23, 24).
For instance, C1q is involved in neovascularization during
pregnancy, coagulation processes and neurological synapse
function (25). C1q is a 480 kDa protein composed of six
arms, each comprising one A, B and C peptide chain (26).
These three chains are encoded by individual genes, C1QA,
C1QB, and C1QC, located on chromosome 1p. In contrast to
most complement proteins, C1q is not produced by hepatocytes
but mainly by monocyte derived cells, such as macrophages
and immature dendritic cells (27–29) and by mast cells (30).
Increased expression of mRNA for C1q has been associated with
TB disease (16, 19).

Here, we analyzed differential expression of complement
genes in patients with TB. Since in publicly available datasets, C1q
expression was most pronouncedly upregulated, we validated
C1q at the protein level in samples from various patient groups
as a biomarker for active TB. Patients with active TB disease
were compared to latently infected individuals, vaccinnees and
to patients with clinical conditions that are important differential
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diagnoses in clinical practice. Finally, to obtain more insight in
the pathophysiology, kinetic analyses were performed samples
obtained from NHP animal models of TB.

MATERIALS AND METHODS

Patients and Controls
Demographic data and classification of the cohorts are presented
in Table 1. Below we have specified the specific inclusion criteria
per cohort.

Tuberculosis
Smear, GeneXpert or sputum culture positive pulmonary TB
patients, LTBI patients and treated TB patients as well as
endemic controls (in different combinations) were included from
various demographic locations: Italy (31), the Gambia, Korea
and South Africa (Table 1). Patients with active pulmonary TB
disease, referred to as “TB” in the manuscript, were diagnosed
based on local, routine methodology. Active pulmonary TB
was sputum-culture confirmed (BACTECTM, Becton-Dickinson,
USA), or based on positive Xpert Mtb/RIF assay (Cephaid
Inc., Sunnyvale, CA, USA), patients were included within 7
days of TB treatment initiation. Latent TB infection, LTBI, was
determined by Quantiferon TB Gold-in tube positivity (Qiagen,
The Netherlands).

In the cohort from South Africa people suspected for TB were
used as controls, these people were presenting with symptoms

TABLE 1 | Description of the cohorts.

Country Classification N Age mean

(range)

Sex

(%male)

Italy Control 15 38 (25–57) 40

Latent TB 18 37 (21–77) 33

Active TB 18 38 (23–67) 89

Treated TB 17 39 (18–70) 35

The Gambia Control 50 31 (15–60) 30

Active TB 50 34 (17–62) 62

Korea Control 10 23 (21–25) 90

Active TB 10 51 (24–77) 40

South Africa Suspect TB 31 32 (18–56) 26

Active TB 20 32 (19–57) 65

Multiple* Leprosy reactions 53 (18–69) 68

the Netherlands Leprosy
†

33 34 (18–57) 62

Sarcoidosis 50 43 (26–57) 60

Control 80 38 (21–67) 36

BCG vaccinated 12 27 (23–57) 33

Pneumonia (Leiden) 40 66 (23–93) 60

Pneumonia (Nieuwegein) 28 73 (34–91) 57

In the table the different cohorts are described regarding the country of origin of the

samples, the disease classification, and the total number of samples per group as well as

the demographic info on age and sex.
*Nepal, Brasil, Ethiopia.
†
Diagnosis made in the Netherlands.

compatible with active TB but had negative X-ray and negative
sputum cultures for TB. These suspected TB patients were
seen again after 2 months and had recovered spontaneously or
after appropriate (non-TB related) treatment. All TB patients
were HIV-negative, as were the endemic controls. Additionally,
from Italy both LTBI (QuantiFERON TB Gold-In-tube-positive
individuals) and successfully treated TB patients (2–72 months
after end of therapy) were included. TB patients from the Gambia
were followed over time (1, 2, and 6months after diagnosis), until
completion of successful treatment.

Other Mycobacterial Diseases and Vaccination
Leprosy patients (mostly immigrants with mixed ethnic
backgrounds) at diagnosis of primary leprosy were included
in the Netherlands. In addition, patients with type-1 reactions
were enrolled in Brazil, Nepal and Ethiopia. Furthermore, we
measured C1q in healthy Dutch individuals who were vaccinated
with BCG Danish strain 1331 (Statens Serum Institut, Denmark)
and followed over time (32).

Other Pulmonary Diseases
Patients with community acquired pneumonia were included
in the Netherlands, one cohort comprised patients admitted
to the intensive care unit in a tertiary care hospital in Leiden
(one patient was HIV-infected with a normal CD4 count and
one suffered from sarcoidosis) and the other cohort comprised
patients admitted to a hospital ward of a non-academic teaching
hospital in Nieuwegein. From both groups of pneumonia patients
paired samples from the time of diagnosis and after recovery
(10–124 days later) were available. Finally, samples were included
prior to initiation of treatment from sarcoidosis patients in the
Netherlands that had pulmonary involvement.

Additional Control Group
As a reference group we included a panel of Dutch healthy
controls, not suffering from major infections or autoimmune
disease.

Ethics Statement
Blood was obtained from individuals upon signing an informed
consent. All studies comply with the Helsinki declaration.
The use of the samples in this study was approved by local
ethical committees. For Italy, Ethical Committee of the L.
Spallanzani National Institute of Infectious diseases (02/2007
and 72/2015); The Gambia (SCC1333); Korea, Institutional
Review Board for the Protection of Human Subjects at YUHS;
South Africa, Health Research Ethics Committee of the Faculty
of Medicine and Health Sciences at Stellenbosch University
(N13/05/064); Brazil, National Council of Ethics in Research
and UFU Research Ethics Committee (#499/2008); Nepal,
Health Research Council (NHR#751); Ethiopia, Health Research
Ethical Review committee Ethiopia (NERC#RDHE/127-83/08);
The Netherlands leprosy patients, (MEC-2012-589); sarcoidosis
patients, Medical research Ethics Committees United of the
St Antonius (#R05.08A); BCG vaccinated individuals, Leiden
University Medical Center Ethics Committee (P12.087); control
group, (P237/94); pneumonia Leiden (P12.147); pneumonia
Nieuwegein (C-04.03 and R07.12).
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Gene Expression Analysis
Global transcriptomic analyses have been performed to compare
patients with active TB disease with latently infected individuals.
In addition, transcriptomes from patients with TB disease were
compared with patients with other diseases, such as sarcoidosis,
pneumonia or lung cancer (5–7, 33–37). Microarray data from
these studies, publically available in Gene Expression Omnibus
(GEO) (GSE37250, GSE19491, GSE39941, GSE28623, GSE73408,
GSE34608, GSE42834, GSE83456), were retrieved from GEO
and re-analyzed. Several of the studies described multiple
independent cohorts, which we analyzed separately for each
population [from Malawi (2), South Africa (3), United Kingdom
(2), Kenya (only TB vs. LTBI), The Gambia (only TB vs. LTBI),
USA and Germany (only TB vs. other diseases)]. All data were
extracted from GEO and compared in the same way using
GEO2R, thus not relying on the analysis performed in the
original manuscript. GEO2R compared two or more groups
of samples in order to identify genes that are differentially
expressed across experimental or clinical conditions. Here, lists
of differentially expressed genes between TB and LTBI or TB
and other diseases (with a significance of p > 0.05 and a
factorial change of >2 or <0.5) were generated. A list of
complement genes and two reference genes was used to assess
possible differential expression for each individual gene for
each study population. All studies/populations with significant
differential expression for a particular gene between patients
with TB compared to LTBI/other diseases were enumerated and
expressed as the percentage of the total number of comparisons
investigated. E.g., differential expression of C1QA between TB
and LTBI was observed in only 2/9 populations investigated
(22%) whereas C1QB differed in 8/9 populations (88%). For all
populations with significant differential expression, the factorial
change (the difference between gene expression in TB patients
compared to LTBI/other diseases) was calculated and plotted.

Animals
Non-human primate (NHP) serum was available from a biobank
of samples collected from earlier TB studies in healthy, purpose-
bred rhesus macaques (Macaca mulatta) for which ethical
clearance was obtained from the independent ethical authority
according to Dutch law. All housing and animal care procedures
were in compliance with European directive 2010/63/EU, as
well as the “Standard for Humane Care and Use of Laboratory
Animals by Foreign Institutions” provided by the Department
of Health and Human Services of the US National Institutes
of Health (NIH, identification number A5539-01). Longitudinal
banked serum samples were available for C1q analysis. Animals
were non-vaccinated or vaccinated with BCG [BCG Danish 1331
(Statens Serum Institute, Denmark)] (n= 23) and experimentally
infected via bronchoscopic instillation of 500 CFU ofM. Erdman.
Prior to infection and 3, 6, 12, 24, 36, and 52 weeks post-infection
samples were collected and stored. Animals were sacrificed when
reaching early humane endpoints (acute progressors) or after
reaching the pre-defined end-point (52 weeks; non-progressors).
Broncho-alveolar lavage (BAL) samples were available from six
animals infected with 1–7 CFU of M. Erdman prior to infection
and 6 or 12 weeks post-infection.

Detection of C1q by ELISA
C1q levels in sera were measured using an in-house developed
ELISA. Maxisorp plates (nunc) were coated overnight with
mouse anti-human C1q (2204) (38), Nephrology department,
LUMC) in coating buffer (0.1M Na2CO3, 0.1M NaHCO3,
pH9.6). Plates were washed and blocked with PBS/1%BSA
for 1 h at 37◦C. After washing, a serial dilution of a pool
of normal human serum (NHS) was applied as a standard
and samples were added in dilution to the plate, all in
duplicate, and incubated for 1 h at 37◦C. Human sera were
diluted 1:8,000 and NHP sera 1:4,000, the BAL fluids were
diluted 1:1. After washing, plates were incubated with rabbit
anti-human C1q (Dako cat#A0136) for 1 h at 37◦C and for
detection a goat anti-rabbit HRP (Dako cat#P0448) was used
which was also incubated for 1 h at 37◦C. All washing steps
were performed with PBS/1%BSA/0.05%Tween. Plates were
stained using ABTS and measured at absorbance of 415 nm, the
measured C1q is expressed in µg/mL as compared to a C1q
standard.

Immunohistochemical Staining of Lung
Tissue for C1q
Samples were collected at autopsy from patients with
fatal TB disease (n = 3), fatal pneumonia patients (n =

4) and a control that died of vascular disease (n = 1)
at the National Institute for Infectious Diseases, Rome,
Italy under local ethical approval (72/2015). Paraffin
sections of 4µm thickness were subjected to heat-induced
antigen retrieval using tris/EDTA (pH 9.0) at 96◦C for
30min, and then stained with rabbit anti-human C1q
(1:1,000; Dako cat#A0136) in PBS/1%BSA for 1 h at room
temperature, followed by an anti-rabbit Envision (Dako)
HRP conjugated antibody also for 1 h at room temperature,
with DAB+ as the chromogen. Negative control rabbit
immunoglobulin fraction (Dako) was used as a negative
control in the same concentration as the primary antibody.
Sections were counterstained with Haematoxylin (Klinipath;
4085.9001).

Statistics
Statistical analyses were carried out using SPSS statistics version
23 (IBM) or Graphpad Prism version 7. To compare C1q levels
the Mann-Whitney U test, Kruskall-Wallis and Dunn’s multiple
comparisons test were used. In all graphs the median is shown
unless indicated otherwise. Receiver operating characteristic
(ROC) analysis was performed to assess the sensitivity and
specificity of C1q as biomarker and was expressed as Area Under
the Curve (AUC).

RESULTS

C1Q Expression Is Upregulated in Patients
With Active TB Disease
Publically available microarray data from TB patients were
retrieved from Gene Expression Omnibus, all data were ranked
as differentially expressed between TB patients and either
LTBI or other diseases (5, 7, 33–37). These studies contained
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information from diverse populations (Malawi, South Africa,
United Kingdom, Kenya, The Gambia, USA, and Germany).
A list of complement gene expression patterns was generated
and the number of microarray studies that reported differential
complement gene expression between patients with TB and
LTBI (Figure 1A) or other diseases (Figure 1B) was enumerated.
Complement genes C1QB, SERPING1 were expressed at higher
level (more than 2-fold) in 8/9 (88%) of studies comparing
patients with active TB to LTBI (Figure 1A). C1QCwas expressed
at a higher level in TB patients in 7/9 studies (78%), whereas
C1QA expression was only increased in TB patients in 2/9
studies (22%; Figure 1A). The observed factorial changes in
the expression of these complement genes between TB patients
and LTBI individuals were comparable with the changes as
seen for FCGR1A and GBP5, which were previously described
as promising and highly consistent biomarkers of active TB
(Figure 1C). A similar pattern, although less pronounced, was
seen when comparing TB patients with patients having another
lung-disease (Figures 1B,D). As C1q is abundantly present, easy
to measure and stable, therefore we continued to analyse C1q
protein levels.

C1q Is Significantly Increased in Serum of
TB Patients
C1q protein levels were measured in sera from TB patients and
controls from independent and geographically distinct cohorts
(Figures 2A–D). The levels of C1q were significantly higher
in sera from patients with active TB as compared to their
respective controls in all cohorts: Italy (Figure 2A), The Gambia
(Figure 2B), Korea (Figure 2C) and South Africa (Figure 2D).
LTBI individuals and successfully treated TB patients had serum
C1q levels similar to controls (Figure 2A). Combined analysis of
all TB patients, control groups, LTBI and the successfully treated
TB patients from the different cohorts revealed that serum C1q
protein levels are significantly (p < 0.001) increased in active TB
(Figure 2E).

The Gambian TB patients were followed over time which
allowed us to investigate C1q levels during successful treatment.
At 1 month of treatment the median serum C1q level
was still increased, however, the level of C1q began to
decrease after 2 months (p = 0.0650), resulting in complete
normalization compared to the TB contacts after 6 months
of successful treatment (p < 0.001; Figure 2F). Thus, serum

FIGURE 1 | Differentially expressed complement genes in whole blood tuberculosis transcript signatures. Tuberculosis specific transcript signatures, from various

populations, were investigated for the presence of differentially expressed complement genes using a tuberculosis RNA biomarker database. Publically available

transcriptome data was retrieved from Gene Expression Omnibus (5–7, 33–37) and analyzed using GEO2R. Data were available for nine populations comparing active

TB with LTBI and for 8 populations comparing active TB with other diseases. For each population we determined if the complement family genes were differentially

expressed between TB and LTBI or other diseases. Differential expression was defined as an adjusted p-value <0.05 and more than 2-fold change. Differential

expression of a gene between TB and LTBI or other diseases was expressed as percentage of the total number of populations investigated. The differential expression

of complement genes was scored (A,B) as well as the mean factorial change for the C1q genes, C1QA, C1QB, and C1QC (C,D) for the comparisons TB vs. LTBI

(A,C) and TB vs. other diseases (B,D). As a reference two other highly upregulated potential diagnostic TB markers, FCGR1A, and GBP5, were included in the

analyses.
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FIGURE 2 | C1q serum levels are increased in patients with pulmonary Tuberculosis. C1q levels (µg/ml) were measured with ELISA in sera from TB patients (active

disease) and controls from different cohorts. First the results from the independent and geographically different cohorts are depicted. TB patients from Italy were

compared to Latent TB infected (LTBI), to Past TB (patients that were successfully treated for TB) and to endemic controls (A). TB patients from The Gambia were

compared to TB contacts (B). TB patients from Korea were compared to endemic controls (C). From South Africa the TB patients were compared to patients

suspected for TB but confirmed non-TB (D). Subsequently, data from the cohorts were pooled: control (CTRL) comprises Dutch healthy controls, combined with the

CTRL from Italy and Korea; moreover, healthy individuals prior to vaccination with BCG were included (n = 117). Latent TB infected (LTBI) comprises LTBI from Italy,

TB suspects (confirmed non-TB) from South Africa and TB contacts from the Gambia (n = 100). Active tuberculosis (TB) from Italy, the Gambia, Korea and South

Africa (n = 99); Past TB are patients that were successfully treated for TB and combined the past TB from Italy and the Gambia samples after 6 months of treatment

(n = 71) (E). From the Gambia the TB patients were followed over time during treatment, TB contacts are shown on the right (n = 50) (F). Results were analyzed using

the Mann-Whitney U test, >2 groups Kruskall-Wallis and Dunn’s multiple comparisons test. The treatment months were compared to TB diagnosis with Friedman Test

and Dunn’s multiple comparisons test.

C1q protein levels were significantly elevated in patients
with active TB, and levels decreased to the level of the
control population during successful treatment. This further
indicates that increased C1q levels are associated with active
TB disease and do not reflect genetic variation in C1q
expression.

Vaccination With BCG Does Not Increase
C1q Levels in Serum
To investigate if vaccination with M. bovis BCG, a live
replicating mycobacterium, induced a similar increase in
serum C1q levels, samples were taken before and after
BCG vaccination of healthy Dutch volunteers and C1q levels
were measured (Figure 3). Samples taken at screening and
directly before vaccination showed minimal variation in C1q
levels, reflecting normal variation within individuals. BCG
vaccination did not induce fluctuations in C1q levels larger
than this naturally observed variation. Thus, BCG vaccination
did not increase C1q levels in contrast to what was observed
in TB disease, despite the presence of live, replicating
mycobacteria.

C1q Levels Are Increased in Active TB
Compared to Other Diseases
To investigate the specificity of increased C1q levels for active
TB, sera from patients with other diseases with similar symptoms
and radiological abnormalities (pneumonia, sarcoidosis) and
sera from patients with other mycobacterial disease [leprosy,
primary disease or type 1 (acute pro-inflammatory) reactions]
were analyzed. C1q levels in sera from patients with TB were
significantly higher compared to sera from patients with leprosy,
pneumonia or sarcoidosis (Figure 4A, data from TB patients
and controls same as used in Figure 2E). Some individual
leprosy patients had C1q protein levels above the median of TB
patients but this was not related to either primary disease or
having type I reactions (Supplementary Figure E1A). Patients
with sarcoidosis showed a slight increase in C1q levels compared
to the controls. In contrast, patients with community acquired
pneumonia showed a significant decrease in C1q levels compared
to the control population. The reduced levels observed in patients
with pneumonia at diagnosis was associated with the disease state
since samples included from the same individuals at later time
points had normal C1q levels (Supplementary Figures E1B,C).
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FIGURE 3 | BCG vaccination does not induce a similar C1q upregulation.

Healthy individuals who were vaccinated with BCG (n = 13), were followed

over time and C1q serum levels were measured. C1q levels were first

calculated to µg/ml and for each individual set to 1 using the measurement of

the C1q level before vaccination. The dotted lines indicate the variation that is

present in C1q levels at the time of screening and prior to vaccination.

To assess the value of C1q as possible TB biomarker, the
sensitivity, specificity and the positive likelihood ratio (LR+)
were calculated fromC1q concentration cut-offs (10).With a cut-
off at the 95th percentile of the control population (300.2µg/ml
C1q) the sensitivity is 42% with a specificity of 91% resulting in
a LR+ of 4.96. Application of a cut-off at the maximum of the
control population (347.6µg/ml) resulted in a sensitivity of 29%
and a specificity of 97% resulting in a LR+ of 8.99. The capacity of
serum C1q to discriminate active TB from LTBI, pneumonia and
sarcoidosis was also analyzed using ROC analyses and expressed
as AUC (Figures 4B,C). The AUC of C1q levels for TB vs. LTBI
was 0.77, for TB vs. sarcoidosis 0.69, and for TB vs. pneumonia
even an AUC of 0.93 was achieved.

C1q Is Locally Present in the Lungs of TB
Patients
So far circulating RNA and protein levels of C1q have been
analyzed, which reflect the systemic response to TB. Additionally,
we analyzed the local C1q production or deposition in response
to M.tb infection by staining lung tissue. Staining lung tissue
from a control revealed scarce C1q staining with only few C1q
positive macrophage-like cells in the lung parenchyma and in
the intra-alveolar space (Figure 5). In contrast, lung tissue of
fatal TB patients revealed, next to the intra-alveolar C1q positive
cells also a pronounced C1q staining both in the necrotic centers
of the granulomas and in the surrounding lung tissue with
predominantly macrophage-like cells staining positive. Lung-
tissue from patients that succumbed from pneumonia showed
C1q staining predominantly in the intra-alveolar space. Staining
of consecutive sections with an isotype control did not reveal
any staining, also not in the necrotic centers, confirming specific
staining for C1q. Thus, C1q protein is locally detected at an
increased level in the lungs of TB patients (n = 3) compared to

tissue samples from a non-pulmonary disease control (n = 1) or
pneumonia patients (n= 4).

Non-human Primates With Active TB
Disease Also Display Increased Serum C1q
Levels
Non-human primate (NHP) M.tb infection models are widely
used to study pathogen-host interactions and for pre-clinical
evaluation of vaccine candidates (39). After infection, rhesus
macaques develop TB disease which closely resembles human
TB in most aspects. Sera banked over the course of a long-term
follow-up study in rhesus macaques were used to determine C1q
levels after experimental M.tb infection. 14 Out of 16 animals
with active progressive disease, that had reached an early humane
endpoint due to exacerbation of TB disease, had increased C1q
levels compared to their baseline C1q levels before infection
(Figure 6A). Such a rise in C1q levels was absent in six out of
seven animals that did not develop overt disease, but controlled
the infection over an extended period of time up to 1 year
post-infection (Figure 6A). Additionally, in an separate cohort
of M.tb infected NHPs we detected elevated C1q levels in five
out of six broncho-alveolar lavage (BAL) fluid samples taken
before necropsy, while no C1q could be detected in paired
BAL fluids taken prior to infection (Figure 6B). The observed
differences could not be explained by any differences in BAL
volume recovery and thus these data reflect a true local increase
in C1q afterM.tb infection.

DISCUSSION

The accurate and fast identification of patients with active TB
remains challenging, largely because of limitations in the current
diagnostic tools to differentiate active TB from other diseases,
as well as LTBI. Extensive searches for biomarkers that can
discriminate active TB from other diseases with similar clinical
presentation as well as from LTBI have been recently reported
(3, 40). Several studies reported genes encoding for complement
components to be upregulated in TB (15–19). Here, we compiled
available genome wide gene expression data for TB compared
to LTBI and TB compared to other lung diseases (5–7, 33–
37) and observed that in particular C1q encoding genes were
highly upregulated. Interestingly, these observations were made
in studies using RNA from whole blood, indicating increased
transcription of C1q genes in circulating blood cells, most likely
monocytes/macrophages. Since C1q is not a typical acute-phase
protein we were interested to confirm and validate these findings
at the protein level. We have therefore measured C1q protein
levels in serum and confirmed increased levels in patients with
active TB, but not in other diseases with a similar clinical
presentation, such as pneumonia or sarcoidosis, or mycobacterial
exposure. C1q protein is also present in the lung tissue of
deceased TB patients. The increased levels of local and circulating
C1q in TB were replicated independently in a NHP TB infection
model.

Literature suggests that expression of the three C1q genes
C1QA, C1QB, and C1QC is regulated in a similar manner (41).
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FIGURE 4 | Increased C1q serum levels are associated with TB. C1q was measured in various cohorts by ELISA. The pooled data from Figure 2E control population

(CTRL) and TB (active disease) is now compared to other diseases: leprosy (n = 86), sarcoidosis (n = 50), and community acquired pneumonia (n = 68) (A).

Differences between groups were analyzed using Kruskall-Wallis and Dunn’s multiple comparisons test. Both the leprosy and the pneumonia cohort comprise two

patient groups. The data for these individual groups is visualized in Supplementary Figure E1. ROC analysis of the ability of C1q to distinguish TB from CTRL, LTBI,

sarcoidosis, and pneumonia are plotted together (B) and for all comparisons the Area Under the Curve (AUC) was calculated and summarized in the table (C).

However, upon IFNγ-stimulation upregulation ofC1QB is higher
than C1QC, which is higher than C1QA (41). Similarly, our data
also showed upregulated expression of C1QB and C1QC genes
and C1QA was less frequently observed in active TB, also in the
analysis from Cai et al. the extend of increase in the expression
of C1QA was less pronounced as compared to the increase in
expression of C1QB and C1QC. Since C1q protein production
requires equal ratios of all three chains, the detected increase in
C1q protein levels in TB patients indicates that all chains are
expressed. The low detection of C1QAmay thus be technical and
reflect a poor capture of C1QA expression on the microarrays in
general.

Wemeasured C1q protein levels in four different geographical
cohorts from Italy, The Gambia, Korea and South Africa. C1q
levels were increased in patients with active TB compared to all
relevant control populations. Importantly, treatment normalized
serum C1q levels to those of endemic controls, indicating that
the upregulation of C1q was associated with the disease and not
intrinsic to the individuals. BCG vaccination, although being a
live replicating mycobacterial vaccine, did not induce increased

C1q levels. Although leucocytes of patients with leprosy reactions
were reported to express increased levels of C1QA, B, and C (42),
the cohorts analyzed here did not universal show increased serum
C1q levels. Individual patients might have somewhat increased
levels, both in this study (type 1 reaction) and a previous report
(type 2 reaction) (43), which warrants more detailed analyses.We
speculate that the different pathophysiologies of TB and leprosy,
in particular the different levels of systemic inflammation and
immune activation which are generally higher in active TB than
in leprosy are responsible for the difference in C1q levels between
the two diseases, even though both are caused by pathogenic
mycobacteria.

To further evaluate the potential of C1q as a biomarker for
active TB, C1q levels were compared to those of disease relevant
controls as patients with untreated pulmonary sarcoidosis or
pneumonia. Patients with TB had significantly higher circulating
C1q levels as compared to patients with sarcoidosis or patients
with pneumonia. Thus, the upregulation of C1q likely does
not reflect a general response to inflammation. Patients with
pneumonia rather had decreased C1q levels compared to
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FIGURE 5 | C1q accumulates in lung tissue of patients with fatal pulmonary TB. Lung tissue, obtained at autopsy from a non-pulmonary disease control (n = 1), fatal

active TB patients (n = 3), or patients with lethal pneumonia (n = 3) were stained for the presence of C1q. The left column shows the presence of C1q in a section of

the control, two active TB patients and a pneumonia patient, scale bar at 200µm. The middle column shows the same samples stained for C1q, while the right

column shows consecutive tissue slides stained with a matched control antibody, scale bars at 50µm. Necrotic areas that stain positive for C1q are highlighted with

an asterisk (*) and individual cells that stain positive for C1q are highlighted with arrows.

FIGURE 6 | Rhesus macaques infected with Mycobacterium tuberculosis display increased levels of C1q in serum and broncho-alveolar lavage fluid. C1q levels were

measured in serum samples from rhesus macaques (n = 23) which were infected with Mycobacterium tuberculosis and followed over time. C1q levels were first

calculated as Arbitrary Units (AU) per ml after which the C1q level of each animal at baseline was set as 1. Animals which controlled the infection are termed

non-progressors and animals reaching a premature humane endpoint due to active disease progression are termed acute progressors (A). Separately, C1q was

measured in broncho-alveolar lavage (BAL) fluid obtained from animals before and 6 or 12 weeks after infection with M.tb (n = 6) and calculated as AU/ml (B).
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controls. Treatment of pneumonia normalized the levels of
circulating C1q, suggesting that the observed decrease in C1q
is non-genetic and likely associated with the disease process.
ROC analysis indicated that C1q, even as a single marker, readily
discriminated active TB from all other diseases investigated here.
Furthermore, also in a setting of an experimental NHP model of
TB disease we observed in both sera and BAL fluid increased
C1q levels in animals with symptomatic TB disease compared
to the level prior to infection with M.tb. This was not seen in
animals that did not progress to TB disease, suggestion again an
association with TB disease rather than infection only. These data
fully agree with and support the observations described above in
the human cohorts.

Longitudinal follow up of TB patients during treatment
revealed that circulating C1q levels normalized to the level
of endemic controls. However, here protein levels did not
completely normalize until the 6 months time point. Previously
published data showed a rapid decrease in C1qmRNA expression
levels following treatment (16, 19). Cliff et al. show that already
after 1 week of treatment the blood C1q gene expression
decreased (16). Cai et al. reported a significant decrease in
the expression of the C1q genes at 3 months of anti-TB
chemotherapy whereas they also described a reduction in C1qc
protein levels after 6 months (19). Our data presented here
substantially expand the number of populations, including
populations from different regions of the world. Transcriptomic
analysis of genes encoding complement proteins were now
assessed in 9 independent populations from different TB endemic
as well as non-endemic regions, strongly supporting an increase
in expression of C1Q as well as SERPING1 during active
TB disease in cells present in peripheral blood. Moreover, 4
independent cohorts as well as the data obtained in the NHP
model show increased circulating C1q plasma levels during active
TB disease, but not infection. In addition to conforming the data
previously published for a Chinese population (Cai et al.) in 4
different TB cohorts, we also showed the specificity for TB disease
in comparison to clinically important differential diagnoses,
such as sarcoidosis and pneumonia. As C1q is produced by
cells of monocytic origin, it reflects another component of
the immune space compared to most currently applied TB
biomarkers, such as C-reactive protein and IP-10 (44–47). In
addition, C1q levels are technically easy to measure and the
C1q protein is not sensitive to degradation. Therefore, we
hypothesize that addition of C1q to current biomarker panels
or platforms, will have additive value in discrimination of TB
patients.

Low levels of C1q have been reported in several
inflammatory and autoimmune diseases, such as Systemic
Lupus Erythematosus. This is largely the result of C1q
consumption because of immune complex mediated disease
and in some rare cases caused by genetic C1q deficiency (26).
However, the increased levels of C1q, as occur in TB, are
observed very rarely. So far the only other clinical condition
in which increased levels of C1q have been reported is
Kala Azar (48). The mechanism behind the increased C1q
levels observed in TB patients, or the possible functional
consequences for the host are unknown, and will need

further investigation. The availability of the NHP model of
tuberculosis for C1q research, as demonstrated for the first
time in this study, should greatly accelerate and facilitate such
work.

In conclusion, we show here that circulating C1q expression is
increased in 9 different populations with TB disease, moreover,
elevated C1q plasma levels were observed in 4 cohorts of TB
patients compared to LTBI or endemic controls. Specifically,
C1q levels in TB patients were significantly increased compared
clinically relevant diseases, such as sarcoidosis, leprosy and
pneumonia. Moreover, we show that increased C1q levels
decreased to the level of the control population during successful
treatment. In analogy with human TB, C1q also validated
as a biomarker of TB disease in rhesus macaques, in both
serum and BAL. Increased C1q levels were only observed in
animals that progressed to active disease and not in those
that controlled the infection, suggesting a direct association
with disease rather than with infection. Therefore, we propose
that the addition of C1q measurements to current biomarker
panels may provide added value in the diagnosis of active
TB.
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Supplementary Figure E1 | C1q levels in leprosy and community acquired

pneumonia. From leprosy two different cohorts were measured, one consists out

of patients that were included in the Netherlands at the moment of diagnosis, the

other out of sera samples from patients included at the moment they presented

with a leprosy reaction. Reference C1q levels both the control groups as the

pooled data from the active TB patients are depicted from Figure 2E (A). For the

community acquired pneumonia cohorts, samples were available from the

moment the patientswere included and a follow up sample after recovery from

both in Leiden (B) and in Nieuwegein (C).
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Although neglected in the past, the interest on Zika virus (ZIKV) raised dramatically in the

last several years. The rapid spread of the virus in Latin America and the association of the

infection with microcephaly in newborns or Guillain-Barré Syndrome in adults prompted

the WHO to declare the ZIKV epidemic to be an international public health emergency in

2016. As the virus gained only limited attention in the past, investigations on interactions

of ZIKV with human complement are limited. This prompted us to investigate the stability

of the virus to human complement. At low serum concentrations (10%) which refers to

complement concentrations found on mucosal surfaces, the virus was relatively stable

at 37◦C, while at high complement levels (50% serum concentration) ZIKV titers were

dramatically reduced, although the virus remained infectious for about 4–5min under

these conditions. The classical pathway was identified as the main actor of complement

activation driven by IgM antibodies. In addition, direct binding of C1q to both envelope

and NS1 proteins was observed. Formation of the MAC on the viral surface and thus

complement-mediated lysis and not opsonization seems to be essential for the reduction

of viral titers.

Keywords: complement, Zika virus, C1q, IgM, MAC, lysis

INTRODUCTION

Within the genus Flavivirus (family Flaviviridae), several members were identified as human
pathogens including dengue (DEN), Japanese encephalitis (JE), tick-born encephalitis (TBE),West-
Nile, (WN), yellow fever (YF) and Zika (ZIK) viruses (1). The main route of infections is mediated
by arthropods such as mosquitoes or ticks (2, 3). The viruses contain a single stranded RNA of
positive polarity with a size of about 11 kb. The RNA is translated as a polyprotein and cleaved
by viral and host-encoded proteases into seven non-structural (NS) and three structural proteins,
including the capsid, membrane (prM/M) and envelope (E) protein (3). Interestingly, two flavivirus
proteins are characterized as main participants in interactions with the immune system. The E
protein binds to the cell surface and mediates fusion after endocytic virus uptake. The majority of
the neutralizing antibody responses is directed against the E protein. NS1 functions as regulator of
viral transcription and has been shown to antagonize the anti-viral immune response by interfering
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with the interferon pathway. In addition, NS1 interacts with
several proteins of the complement system (4, 5).

As a first line of the defense mechanism of the innate immune
system, complement activation triggers a proteolytic cascade
leading to release of anaphylatoxins, chemokines and cytokines,
opsonization and phagocytosis of invading pathogens and killing
by the formation of the membrane-attack complex (MAC) (6).
Upon viral entry, either the classical, the lectin or the alternative
pathway is initiated. The classical pathway is activated by binding
of C1q to immune complexes consisting of IgG or IgM bound
to the viral surfaces or by direct interactions of viral proteins
with C1q (7, 8). Carbohydrates expressed on the surface of
pathogens or ficolins bound to viral surfaces may be recognized
by the mannan-binding lectin (MBL) which triggers the lectin
pathway. The alternative pathway is constitutively activated due
to spontaneous hydrolysis of C3 and drives the amplification
of the classical and the lectin pathways. The three activation
pathways merge in cleavage of C3 into C3a and C3b by the
C3-convertases and the formation of the C5-convertase. Cleaved
and thus activated C5b initiates the lytic pathway. C5b becomes
associated with C6, C7, C8 and several C9 proteins, referred to as
membrane-attack complex (MAC) responsible for formation of
the lytic pore resulting in destruction of viral pathogens (6).

The interest for ZIK virus (ZIKV) raised only recently, due
to massive spread of the virus mainly in Latin America (9).
Infection may cause severe neurological complications mainly
in newborn children of infected mothers during pregnancy
(10) and is associated with Guillain-Barré Syndrome in adults
(11). As, in contrast to other members of the Flaviviridae
family, investigations on the interaction of ZIKV with proteins
of the complement cascade are limited, the aim of this study
was to assess the potential complement activating capacity of
ZIKV. A further aim was to identify proteins involved in
this putative ZIKV-complement interaction and to investigate
whether complement can reduce the viral titer.

MATERIALS AND METHODS

Cells and Viruses
Aedes albopictus C6/36 mosquito cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, USA)
supplemented with 10% heat-inactivated fetal calf serum (FCS),
antibiotic-antimycotic solution [10,000 units/mL penicillin,
10,000µg/mL streptomycin, and 25µg/mL Amphotericin B],
L-glutamine, and non-essential amino acids (Gibco, Dublin
Ireland) at 28◦C in 5% CO2.Alternatively, the human cell line
A549 was used and cultivated under the same conditions.
ZIKV strain MRS_OPY_Martinique_PaRi_2015 (GenBank:
KU647676) was provided by European Virus Archive (Marseille,
France). For propagation of ZIKV, cells were seeded in culture
plates to get confluence of about 80% at the day of infection.
Cells were washed with phosphate-buffered saline (PBS) and
ZIKV was added with a multiplicity of infection (MOI) of
0.1. After 1 h at 37◦C, cells were washed twice with PBS and
fresh medium was added. Depending on the growth kinetics
of the cell line, the supernatants were harvested and filtered
through a 0.45-µm filter to remove cell debris. To generate

high titer viral stocks the supernatants were centrifuged
overnight (Rotanta 460R Hettich; 4,600 rpm, 16 h, 4◦C). The
concentrated supernatants were aliquoted and stored at −80◦C.
All experiments were performed under bio-safety level-2
conditions.

Human Serum Samples
Normal human serum (NHS) was purchased from Dunn
Labortechnik GmbH (Ansbach, Germany) and stored in aliquots
at −80◦C. For experimental procedures, serum was thawed only
once and kept on ice. Some aliquots from the serum pool were
heat inactivated (hiNHS; 56◦C, 30min) and served as controls.
Complement C9-or C1q-depleted human serum and purified C9
or C1q were purchased from CompTech (Tylor, Texas USA).

Plaque Assay
To count plaque-forming units (PFU), the virus [total volume
100 µL/sample] was serially diluted 1:10 and added to Vero
cells grown in 6-well or 12-well plates. ZIKV samples were
incubated with the cells for 1 h at 37◦C and overlaid with
plaque agarose (Biozym Scientific GmbH, Hessisch Oldendorf,
Germany). Four days after incubation at 37◦C, viral plaques
were visualized by crystal violet staining. The viral titers were
expressed as PFU/mL, calculated as [(number of plaques per well)
× (dilution)]/(inoculum volume).

Serum-Sensitivity Assay
ZIKV [1 x 106 PFU/mL] was incubated with 10%, 20% or 50%
(final concentration) NHS, heat-inactivated NHS (hiNHS), or
DMEM (supplemented with FCS) as controls. When indicated,
complement-depleted sera were used instead of NHS. To block
the lectin pathway, a mixture of sunflower MASP inhibitor
(SFMI)-1 (3.2mM) and SFMI-2 (3.2mM) peptides was used
(Metabion, Planegg, Germany). These peptides are known to
selectively inhibit MBL-associated serine protease (MASP)-1 and
-2 (12). For some experiments, putative IgM in human serum
were blocked by an affinity purified goat IgG against human
IgM as recommended by the manufacturer (Bethyl Laboratories,
Montgomery, USA). After an incubation time of 1 h at 37◦C,
all samples were serially diluted and titrated on Vero cells to
determine the viral titer by plaque assay. When indicated, ZIKV
[1 x 106 PFU/mL] derived from A549 cells was used.

Inhibition of Complement Activation
To prevent activation of all complement pathways, ZIKV [1 x
106 PFU/mL] was incubated with 50% NHS in the presence of
EDTA [1, 2.5 or 5mM] or Mg2+-EGTA [5mM] for 1 h at 37◦C.
Immediately after, the virus-containing samples were serially
diluted and titrated on 12-well plates of overnight-plated Vero
cells. One h after incubation at 37◦C, plaque agarose was overlaid.
Four days post infection, the visualization and calculation of
PFUs were performed as described for Plaque Assay.

Inhibition of MAC Formation
The contribution of the MAC was determined by using C9-
deficient serum as follows: ZIKV (1 x 106 PFU/mL) was
incubated for 1 h at 37◦C in the presence of active or heat-
inactivated C9-depleted human serum. As a control, the depleted
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serum was reconstituted with purified C9 protein (60mg/mL).
The titration and plaque visualization were performed as
described above. In parallel, viral RNA was analyzed as described
below.

C1q Binding ELISA
To investigate the interaction of the complement component
C1q with ZIKV-derived proteins, 5µg/mL of recombinant ZIKV
envelope or NS1 protein [MyBioSource, San Diego, USA] or 100
µL of ZIKV supernatant derived from C6/36 cells [containing
5 x 106 PFU/well] were coated in carbonate buffer (pH 9.6)
on a 96-well flat-bottom plate (Maxisorp, Nunc, Roskilde,
Denmark) overnight at 4◦C. After washing thrice with 200 µL
PBS containing 0.05% Tween 20 (PBS-T), blocking solution
(3% non-fat dry milk in PBS) was added and allowed to
incubate for 30min at room temperature. Subsequently, 100 µL
of purified C1q protein was added as indicated in the figure
and incubated with gentle shaking for 2 h at room temperature.
The plates were washed five times with PBS-T, followed by
the addition of 50 µL/well of homemade polyclonal rabbit
antibody against the globular heads of human C1q (1:500). After
1 h at room temperature, the plates were washed again and
50 µL of a goat anti-rabbit IgG conjugated with horseradish
peroxidase (HRP) was added (1:10,000). The plates were again
incubated for 1 h at room temperature. For detection of
bound antibodies, 200 µL 3,3′,5,5′-tetramethylbenzidine (TMB)
solution were added following the manufacturer’s instructions.
The absorbance was measured at 450 nm, using a Bio-Rad plate
reader.

PCR to Determine the Relative Viral Titer
ZIKV [1 × 108 RNA copies/mL] was mixed with 10, 20,
or 50% (final concentration) NHS or hiNHS and DMEM
(supplemented with FCS) as controls. Additionally, 1 mg/mL
RNase A [Macherey-Nagel 740505, Dueren, Germany] was added
to digest the RNA of lysed viral particles. The mixture [total
volume 100 µL/sample] was incubated for 3 h at 37◦C in a
thermoshaker. Afterwards, the residual viral RNA of remaining
intact virions was harvested using the NucliSENS easyMAG
system (BioMérieux, Vienna, Austria) as recommended by the
manufacturer. To measure the ZIKV-specific RNA, a reverse
transcription-PCR (RT-PCR) was done, using the iScript One-
Step RT-PCR kit (Quanta; Biorad, Munich, Germany). Primer
and probe sequences as well as the thermal profile of the PCR
were performed according to the protocol of Lanciotti et al.
(13). The relative reduction of the viral RNA was calculated as
follows: ct-value of the heat-inactivated serum controls was set at
100%. As a reduction of 3.2 ct-units in the real-time PCR equals
1 log (=90%), changes of the viral RNA in active serum were
determined relative to the heat-inactivated serum controls.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0
software. All experiments were repeated at least three times in
duplicate. The difference between two groups was assessed by t-
test. When comparing more than two groups, ANOVA followed
by Bonferroni post-hoc tests was performed. A 95% significance

level (p < 0.05) was considered statistically significant and
indicated in the figures as follows: ∗p < 0.05 to p = 0.01, ∗∗p <

0.01 to p= 0.001, ∗∗∗p < 0.001 to p= 0.0001 and ∗∗∗∗p < 0.0001.

RESULTS

Serum Neutralization of ZIKV Particles
To analyze the stability of ZIKV in human serum, insect
(mosquito) cell line derived ZIKV was incubated with increasing
amounts of pooled NHS and the number of infectious
virions was quantified by plaque titration on Vero cells.
NHS was tested for the presence of flavivirus antibodies
(Supplementary Figure 1) to exclude antibody-mediated viral
neutralization. The titer of ZIKVwas reduced in a concentration-
dependent manner in the presence of NHS, compared to heat-
inactivated serum (hiNHS), which was used at a concentration
of 50% (Figure 1). The presence of 10% NHS did not affect
ZIKV infectivity (Figure 1), whereas 20% NHS yielded a
titer reduction of more than 0.5 log. Increasing the serum
concentration up to 50% resulted in a viral titer reduction
of approximately 2 log (Figure 1). As the plaque counts of
the hiNHS control were comparable to the initial viral load
[1 x 106 PFU/mL] of the mock medium (data not shown),
heat sensitive factors of human serum appear to be involved,
implicating the complement system as anti-viral factor for this
neutralization.

FIGURE 1 | Effect of human serum on ZIKV infectivity. ZIKV [1 x 106 PFU/mL]

was incubated with active normal human serum (NHS) or 50%

heat-inactivated NHS (hiNHS) for 1 h at 37◦C. Thereafter, 10-fold dilutions of

pre-incubated virus-serum mixtures were titrated on Vero cells. Plaques were

visualized 4 days post infection using crystal violet staining. Data were

analyzed with one-way-ANOVA with Bonferroni post-hoc comparison (***p <

0.001; ns indicates not significant). Mean data of at least 3 independent

experiments are shown. The error bars represent the standard deviation.
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Time-Dependent Stability of ZIKV
The transmission of ZIKV by mosquito species like Aedes aegypti
occurs at short time intervals (14). Consequently, the time frame
between viral inoculation into the skin and receptor-mediated
endocytosis by human cells will probably be shorter than the
preselected incubation time of 60min in the serum resistance
assays described above. The infectivity of ZIKV remained
unaffected for at least 4–5min. A decrease in plaque titers was
observed only after prolongation of the incubation time with
about 1 log reduction after 30min (Figure 2).

Antiviral Activity of Human Serum Is

Mediated Mainly by the Classical

Complement Pathway
The loss of anti-viral activity of human serum against ZIKV
(shown in Figure 1), when hiNHS was used, suggests that
a complement-dependent mechanism is involved. To confirm
this hypothesis, complement activation of all three pathways
was inhibited by adding the Mg2+ and Ca2+ chelator EDTA,
which inhibited complement-mediated lysis of ZIKV in a dose-
dependent manner (Figure 3A).

While the initial plaque titer was reduced up to 2 orders
of magnitude in 50% NHS, the addition of 5mM EDTA
fully inhibited the ZIKV neutralization activity of NHS. These
results indicate that the sensitivity of ZIKV to human serum is
mediated by complement activation. We further characterized
the participation of the classical and lectin pathways. As both
pathways are essentially linked to the availability of Ca+ ions,
the activation can be efficiently blocked with Mg2+-EGTA,
whereas the alternative pathway remains active (15). ZIKV
was incubated with NHS pretreated with 5mM Mg2+-EGTA
(Figure 3A). Like the 5mM EDTA treatment, Mg2+-EGTA fully
inhibited the ZIKV neutralization activity of NHS, excluding
the participation of the alternative pathway. Therefore, it is
likely that the anti-viral activity of human serum is mainly
mediated by the classical/lectin pathway of complement. To
further investigate the role of the classical/lectin pathway
in the complement-mediated viral neutralization, complement
activation was inhibited by C1 esterase inhibitor (C1-INH). The
serine protease inhibitor C1-INH is a natural regulator of the
activation of the classical and lectin pathways. The human serum
was pre-incubated with increasing amounts of C1-INH prior
to the serum resistance assay of ZIKV. The viral neutralization
was inhibited by C1-INH in a concentration-dependent manner,
further confirming the involvement of the classical and/or the
lectin pathway (Figure 3B). Additionally, C1q-depleted serum
was used to discriminate between activation of the classical and
lectin pathways. In the absence of C1q, the viral titer was nearly
unaffected. In contrast, addition of C1q at a concentration of
70µg/mL to the depleted serum restored the capacity of the
serum to reduce the viral titer (Figure 3C), indicating that the
classical pathway is the main trigger for the observed reduction
of the viral titer. To further investigate a putative contribution
of the lectin pathway, insect-derived ZIKV was incubated with
NHS in the presence of the peptides SFMI-1/2. Surprisingly,
these MASP-blocking peptides were unable to rescue the viral

FIGURE 2 | Time as a limiting factor on ZIKV infectivity. ZIKV [1 x 106 PFU/mL]

was mixed with 50% active or heat-inactivated NHS and incubated for different

time points (ranging from 1min to 1 h) at 37◦C. Virus-containing samples were

then serially diluted and titrated on Vero cells. After 1 h incubation at 37◦C, the

cells were overlaid with agarose. Viral concentration was determined 4 days

post infection using crystal violet staining. Mean data of 3 independent

experiments are shown. The error bars represent the standard deviation.

titer (Figure 3D). By contrast, no lysis was observed when ZIKV
was treated with SFMI-1/2 in C1q-depleted serum. These results
underscored the dominant role of the classical pathway for the
reduction of ZIKV load.

Neutralization of ZIKV Is Linked to Natural

IgM Antibodies
As a putative binding of IgM to viral particles may trigger
activation of the classical complement pathway (16), active
NHS was pre-incubated with anti-IgM antibodies prior to
ZIKV addition. As shown before (Figure 1), the titer of ZIKV
was reduced at about 2-logs in the presence of 50% (non-
treated) NHS, compared to hiNHS. Interestingly, the viral
titer was equivalent to the hiNHS control in the presence
of IgM-blocking antibodies (Figure 4), indicating that natural
IgM antibodies in human serum are involved in complement-
mediated neutralization of ZIKV. The presence of insect-specific
IgM antibodies in the serum pool was further confirmed by
FACS using the insect cell line C6/36, which gave a clear
positive signal, when incubated with the serum pool. In contrast,
cell lines of human origin, such as A549, remained negative
(Supplementary Figure 2).

C1q Binding to ZIKV Proteins
For WNV it has been reported that C1q directly interacts with
the E protein. Further, the NS1 protein of DENV is known to bind
C1q. These observations prompted us to test if the ZIKV E and/or
NS1 proteins may interact with C1q. The viral recombinant
proteins and entire viral particles were coated in an ELISA plate
and incubated with increasing amounts of C1q. As shown in
Figure 5, both recombinant viral proteins NS1 and the envelope
protein bound C1q in a dose-dependent manner similarly to
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FIGURE 3 | (A) EDTA inhibition confirms complement contribution to viral lysis. ZIKV [1 x 106 PFU/mL] was incubated with active or heat-inactivated human serum in

the presence of increasing amounts of EDTA or Mg2+-EGTA. DMEM (not shown) and hiNHS were used as controls. (B) To prevent activation of the classical and

lectin complement pathways, active or heat-inactivated human serum was pre-incubated with increasing amounts of C1 esterase inhibitor as indicated. (C) In the

absence of C1q, most of the virus remained infectious whereas addition of purified C1q (70µg/mL) restored the lytic effect on the virus. HiNHS was set to 100%. (D)

Blocking of the lectin pathway by synthetic peptides (SFMI-1/2) did not rescue the virus. Combination of C1q-depleted serum and SFMI-1/2 served as additional

control showing that the peptides had no effect on the infectivity of the virus. In all experiments, the viral titer was determined by plaque assays using Vero cells. Data

were analyzed with one-way-ANOVA with Bonferroni post-hoc comparison (**p < 0.005). All virus lysis experiments were conducted in duplicates and repeated three

times. The data represent mean values, and the error bars show standard deviations.

ZIKV particles, indicating that, beside IgM, a direct activation of
the classical pathway is possible.

Lysis of ZIKV Derived From a Human Cell

Line
As expected, NHS showed no reactivity against human A549
cells (Supplementary Figure 2). Thus, we concluded that a
contribution of IgM against ZIKV derived from human cells was
unlikely and provided a tool to investigate the significance of C1q
binding to the envelope proteins, at least in vitro. In addition,
the serum was tested negative for the presence of antibodies with
cross-reactivity against flaviviruses (Supplementary Figure 1),
which excluded a possible trigger of the classical pathway by
putative “contaminating” antibodies. As shown in Figure 6,
A549-derived ZIKV was sensitive to human serum, although
the reduction of the viral titer was less pronounced compared
to ZIKV harvested from insect cells. Again, the MASP-blocking
peptides were unable to rescue the virus. By contrast, incubation
of A549-derived ZIKV with C1q depleted serum had no effect on
the viral titer. As NHS was unable to reduce the amount of A549-
derived ZIKV in the presence of EGTA or Mg2+-EGTA (data not
shown), we concluded that a direct binding of C1q to the virus
significantly contributes to the control of ZIKV in NHS.

Complement Induces Lysis of ZIKV
Complement-mediated neutralization of ZIKV may be due to
deposition of proteins such as C3b fragments, which may hide
viral epitopes important for infection or, alternatively, may occur
by lysis of virions due to formation of the MAC. To analyze
whether complement-mediated viral neutralization is linked to
MAC assembly, we established an RNase digestion assay followed
by PCR. ZIKVwas incubated with NHS or hiNHS in the presence
of RNases. The formation of the MAC enables the entry of
RNases into the virions and digestion of viral RNA. By contrast,
intact ZIKV, which are opsonized with C3b, are not affected.
Quantification of the virus by real-time PCR (RT-PCR) showed
a reduction of RNA copies only when MAC formation occurred.
Similar to previous plaque titrations (Figure 1), the presence
of human serum induced a concentration-dependent reduction
of initial RNA levels (Figure 7). When serum was inactivated,
no significant changes in RNA copy number were observed,
compared to the virus incubated with mock medium (DMEM,
10% FCS; not shown). To further confirm the importance of
MAC formation for the reduction of viral titers, C9-depleted
serum was used. ZIKV was exposed to C9-depleted human
serum in the presence of RNases. As a control, the C9-depleted
serum was reconstituted with purified C9 protein adjusted to
its natural concentration in serum (60µg/mL). As expected,
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FIGURE 4 | Natural IgM blocking results in ZIKV rescue. Anti-human IgM

blocking antibodies were incubated with 50% NHS or hiNHS for 30min on ice

before ZIKV was added. After incubation of 1 h at 37◦C, the virus-serum

mixture was serially diluted and titrated on Vero cells. After 1 h r incubation at

37◦C, the cells were overlaid with agarose. Viral concentration was

determined4 days post infection using crystal violet staining. All virus lysis

experiments were conducted in triplicate, and the error bars show

standard deviations.

FIGURE 5 | Binding of C1q to recombinant ZIKV envelope (E) and NS1

proteins. ZIKV proteins or viral particles were coated to ELISA plates and

incubated with decreasing amounts of C1q as indicated. Bound C1q was

detected using a polyclonal anti-C1q antibody followed by a HRP-labeled goat

anti-rabbit IgG and visualized by TMB. The absorbance was measured at

450 nm, using a Bio-Rad plate reader. Data show the mean of two

experiments performed in duplicate.

complement-induced lysis was inhibited in the absence of C9
(Figure 8). When the serum was reconstituted with purified C9
protein, a decrease of RNA was observed, indicating that the lytic
function of complement was restored. Similarly, C9-depleted
serum had no effect in the plaque assay (data not shown). In line
with the results obtained by PCR, the neutralization capacity was
restored in the plaque assay when purified C9 was re-added to the
depleted serum (data not shown).

DISCUSSION

Our study focused on the anti-viral activity of NHS and
identified the complement system as an immediate innate

FIGURE 6 | Dissecting the role of the lectin and classical pathways on ZIKV

derived from the human cell line A549. NHS (50%) reduced the viral titer for

about one order of magnitude. Inhibition of the lectin pathway by a peptide mix

of SFMI-1 and 2 had no effect. By contrast, C1q depletion rescued the virus

and most of the virus remained infectious. Viral titer was determined by plaque

assays using Vero cells. Data were analyzed with one-way-ANOVA with

Bonferroni post-hoc comparison (**p < 0.005). All virus lysis experiments were

conducted in duplicates and repeated two times. The data represent mean

values, and the error bars show standard deviations.

FIGURE 7 | Reduction of viral infectivity is linked to decreased RNA levels.

After incubating ZIKV with active or heat-inactivated human serum, the viral

RNA was digested by addition of RNases. Three hours after incubation at

37◦C, the remaining genomic material was extracted and quantified by

RT-PCR. The RNA copy number was calculated from the amount of RNA

obtained by incubation of the virions with 50% hiNHS, which was set to 100%.

Results are given as % of RNA loss. Data were analyzed with one-way-ANOVA

with Bonferroni post-hoc comparison (****p < 0.0001). All virus lysis

experiments were conducted in triplicate. The data represent mean values,

and the error bars show standard deviations.

immune response against ZIKV. To mimic the environmental
conditions of infection in several compartments, different initial
concentrations of complement have been chosen for the in vitro
experiments. Once a blood-feeding female mosquito transmits
the virus, ZIKV is confronted with high concentrations of
complement. In contrast, sexual transmission exposes the virus
to lower levels of complement at mucosal surfaces. Thus, 10%
NHS followed by exposure to 20 and 50% NHS has been
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FIGURE 8 | Blocking the assembly of MAC leads to virus rescue. ZIKV [1 x

106 PFU/mL] was exposed to either 50% C9-depleted (C9dep) human serum

or 50% heat-inactivated C9-depleted (hiC9dep) serum for 1 h at 37◦C. As a

control, the depleted serum was reconstituted with purified C9 protein,

adjusted to its natural concentration in serum [60µg/mL]. During incubation,

the RNA of lysed ZIKV was digested by external RNase addition.

Subsequently, the amount of complement lysis-resistant virions was

determined by RT-PCR. The RNA copy number was calculated by incubation

of the virions with 50% hiNHS, which was set to 100%. Results are given as %

of RNA loss. All assays were performed in triplicate. The data represent mean

values, and the error bars show standard deviations.

used for the in-vitro studies. Experiments using Mg2+-EGTA
showed that the alternative complement pathway is not involved
in the reduction of the viral titer. The ZIKV neutralization
assays with NHS in the presence of C1-INH indicated that
the classical complement pathway is triggered. However, C1-
INH may also interfere with the lectin pathway by inhibiting
the MASP-1/MASP-2 proteases of the MBL-MASP complexes
(17). Therefore, experiments with C1q-depleted serum were
performed which clearly indicate that activation of the classical
pathway is mainly involved in the reduction of the viral titer.
This came by surprise as mosquito cell-derived virus exhibits a
mix of high-mannose and paucimannose glycans which should
favor binding of MBL (18). In addition, the participation of
the lectin pathway to the neutralization of different members of
the flaviviruses was shown in former studies. In line with these
observations, Fuchs et al. demonstrated direct binding of MBL
to WNV, which triggers the activation of MASP-2, followed by
opsonization of the virion surface, which finally hampers the viral
fusion with host membranes (19). Furthermore, Avirutnan et al.
confirmed the involvement of MBL, since around 80% of the
neutralizing capacity of all DENV serotypes was lost whenmouse
serum from MBL-A/C−/− mice was used (20). In addition,
they showed that MBL, but not C1q or C5, was necessary to
neutralize the virus, which states against the participation of the
classical complement activation pathway and the formation of
membrane attack complex. However, in our setting, blocking
of the lectin pathway by synthetic peptides (i.e., SFMI-1 and 2)
did not rescue the virus, indicating that the classical pathway is
mainly responsible for the reduction of the viral titer.

In line with our observation that ZIKV E interacts with
C1q, Douradinha et al. reported a direct binding of C1q to
recombinant E protein of DENV and viral particles (21). This
finding was confirmed by proteomic analysis demonstrating
that samples from DENV-infected patients as well as purified
domain III of DENV envelope protein bind several complement
components among which C1q (22, 23). As in addition, binding
of C1q to NS1 of DENV is described (24), we tested the
possibility of a direct interaction of C1q with viral particles
and purified recombinant NS1 and E proteins of ZIKV. Direct
binding of C1q to ZIKV or its recombinant proteins was indeed
observed, which prompted us to test if serum immunoglobulins
generate immune complexes able to trigger the classical pathway.
As we could exclude the presence of cross-reactive IgG from
other flaviviruses, we investigated the involvement of natural
antibodies. A first hint for the presence of anti-insect IgM
was obtained by FACS analysis showing that IgM antibodies in
the blood recognized insect cells, whereas cell lines of human
origin gave no signal. In addition, ZIKV derived from monkey
or human cell lines is more resistant to complement-mediated
lysis and complement activation is independent of IgM, further
indicating that insect-specific immunoglobulins are involved
(manuscript in preparation). This allows the conclusion that
neither flavivirus-specific IgG nor IgM is present in the serum
pool. Although IgM affinity is low for antigens compared to
antibodies of other isotypes (25, 26), it was previously shown
that natural IgM antibodies are involved in the elimination
of viruses like vesicular stomatitis virus (27, 28), lymphocytic
choriomeningitis virus (29) or influenza virus (16, 30–32). In this
regard, Beebe and Cooper reported that natural IgM antibodies
form virus-immune complexes induced activation of the classical
complement pathway. Once initiated at the viral surface, the
activation resulted in a massive deposition of C3b, hampering
the viral attachment to susceptible host cells (27). As the serum
pool used in the present study was tested for the absence of
flavivirus-specific antibodies, the natural IgM immunoglobulins
are probably directed against insect-like structures such as
glycosylation patterns or surface molecules. This is supported
by the FACS analysis, which indicated that the serum contained
IgM antibodies recognizing insect cells but not cells from human
origin. Further, blocking of IgM in the serum pool resulted
in complete rescue of the virus. However, these data should
be interpreted with caution, as the generated immune complex
between IgM and the goat anti-human IgM antibodies may
consume complement, which is thus no more available for lysis
of the virus. This may also explain, why blocking of IgM by
the Ab resulted in a complete rescue of the virus. Our results
are in contrast to in vivo WNV experiments by Diamond et al.,
who demonstrated that natural IgM were insufficient to provide
protection against WNV (virus derived from C6/36 cells). This
may be due to the experimental setting, as mice in animal
facilities may have no contact with mosquitos and therefore
probably lack IgM against insect antigens (33).

Our data provide evidence that the source of cells used for
cultivation of the virus is an important parameter. For lysis
induction of ZIKV derived from insect cells, probably both
IgM and direct binding of C1q to the virus may account
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for activation of the classical pathway. By contrast, ZIKV
derived from human cells may interact with C1q only. This
would explain why the titer of the virus from insect cells is
reduced in the order of two magnitudes, while ZIKV derived
from human cells is more stable toward complement mediated
neutralization.

Opsonization is discussed as a main factor of complement-
mediated flavivirus neutralization, as the efficiency of MAC
formation may be limited due to the small surface size of
the viral particle (5). These results contradict our findings of
the effect of C9-depletion on RNA level and in plaque assays,
which clearly indicated that the assembly of the MAC was
crucial for anti-viral activity by complement-mediated virolysis.
Our findings are supported by former in vivo studies of WNV
suggesting a contribution of all activation pathways (34–36).
The dependence on C9 for the reduction of the viral titer is
in contrast to previous observations by Mehlhop et al., who
highlighted that neither C5-depleted nor C5-deficient human
or mouse sera significantly affected antibody-independent
neutralization of WNV, indicating a C5-independent mechanism
(37). Opsonization of the viral surface by complement proteins,
which may cover viral proteins essential for infection, seems
to be sufficient to inhibit infection (37). However, opsonization
with purified C1q had no effect on the infectivity of the virus
(data not shown). Similarly, covering HIV and parainfluenza
virus by C3b seems to reduce infectivity of these viruses (38–
40). However, due to data obtained with C9-depleted sera, we
suggest that opsonization itself is not the major mechanism for
the reduction of the viral RNA level and infectious titers of ZIKV
in our experiments.

Nevertheless, our results indicate that natural IgM
antibodies may have a protective function against ZIKV.
Whether these natural IgM protect against infection by other
mosquito-transmitted viruses in vivo remains to be determined.
However, it would be interesting to test whether the mild disease
progression observed inmany ZIKV infected individuals is partly
due to the presence of natural IgM against insect components,
which trigger complement activation and thus reduce the viral
titer.

AUTHOR CONTRIBUTIONS

BS, SB, ZM, DD, IK, and ZB experimental work, data
interpretation, drafting the article, and final approval. NT, RW,
CS, KS, ES, and GW study design, data interpretation, critical
revision of the article, and final approval. HS study design, data
interpretation, drafting the article, critical revision of the article,
and final approval.

FUNDING

This study was supported by the FWF, Vienna Austria (HOROS
doctoral Program,W1253-B24) toHS and RW.CSwas supported
by the FWF (Project Nr. P26117-B20).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02177/full#supplementary-material

REFERENCES

1. Lindenbach BD, Rice CM. Molecular biology of flaviviruses. Adv Virus Res.

(2003) 59:23–61. doi: 10.1016/S0065-3527(03)59002-9

2. Kuno G, Chang GJ. Biological transmission of arboviruses:

reexamination of and new insights into components, mechanisms,

and unique traits as well as their evolutionary trends. Clin

Microbiol Rev. (2005) 18:608–37. doi: 10.1128/CMR.18.4.608-637.

2005

3. Hasan SS, Sevvana M, Kuhn RJ, Rossmann MG. Structural biology of

Zika virus and other flaviviruses. Nat Struct Mol Biol. (2018) 25:13–20.

doi: 10.1038/s41594-017-0010-8

4. Avirutnan P,Mehlhop E, DiamondMS. Complement and its role in protection

and pathogenesis of flavivirus infections. Vaccine (2008) 26(Suppl. 8):I100–7.

doi: 10.1016/j.vaccine.2008.11.061

5. Conde JN, Silva EM, Barbosa AS, Mohana-Borges R. The Complement

system in flavivirus infections. Front Microbiol. (2017) 8:213.

doi: 10.3389/fmicb.2017.00213

6. Holers VM. Complement and its receptors: new insights

into human disease. Annu Rev Immunol. (2014) 32:433–59.

doi: 10.1146/annurev-immunol-032713-120154

7. Thielens NM, Tacnet-Delorme P, Arlaud GJ. Interaction of C1q and

mannan-binding lectin with viruses. Immunobiology (2002) 205:563–74.

doi: 10.1078/0171-2985-00155

8. Huber G, Banki Z, Lengauer S, Stoiber H. Emerging role for

complement in HIV infection. Curr Opin HIV AIDS (2011) 6:419–26.

doi: 10.1097/COH.0b013e3283495a26

9. Oladapo OT, Souza JP, De Mucio B, De Leon RGP, Perea W, Gulmezoglu

AM, et al. WHO interim guidance on pregnancy management in the

context of Zika virus infection. Lancet Global Health (2016) 4:E510–1.

doi: 10.1016/S2214-109X(16)30098-5

10. Johansson MA, Mier-Y-Teran-Romero L, Reefhuis J, Gilboa SM, Hills

SL. Zika and the Risk of Microcephaly. N Engl J Med. (2016) 375:1–4.

doi: 10.1056/NEJMp1605367

11. Cao-Lormeau VM, Blake A, Mons S, Lastere S, Roche C, Vanhomwegen

J, et al. Guillain-Barre Syndrome outbreak associated with Zika virus

infection in French Polynesia: a case-control study. Lancet (2016) 387:1531–9.

doi: 10.1016/S0140-6736(16)00562-6

12. Kocsis A, Kékesi KA, Szász R, Végh BM, Balczer J, Dobó J, et al.

Selective inhibition of the lectin pathway of complement with phage

display selected peptides against mannose-binding lectin-associated serine

protease (MASP)-1 and−2: significant contribution of MASP-1 to lectin

pathway activation. J Immunol. (2010) 185:4169–78. doi: 10.4049/jimmunol.

1001819

13. Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ,

et al. Genetic and serologic properties of Zika virus associated with an

epidemic, Yap State, Micronesia, (2007). Emerg Infect Dis. (2008) 14:1232–9.

doi: 10.3201/eid1408.080287

14. PingenM, Bryden SR, Pondeville E, Schnettler E, Kohl A, Merits A, et al. Host

inflammatory response to mosquito bites enhances the severity of arbovirus

infection. Immunity (2016) 44:1455–69. doi: 10.1016/j.immuni.2016.

06.002

15. Des Prez RM, Bryan CS, Hawiger J, Colley DG. Function of the classical and

alternate pathways of human complement in serum treated with ethylene

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2177299

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02177/full#supplementary-material
https://doi.org/10.1016/S0065-3527(03)59002-9
https://doi.org/10.1128/CMR.18.4.608-637.2005
https://doi.org/10.1038/s41594-017-0010-8
https://doi.org/10.1016/j.vaccine.2008.11.061
https://doi.org/10.3389/fmicb.2017.00213
https://doi.org/10.1146/annurev-immunol-032713-120154
https://doi.org/10.1078/0171-2985-00155
https://doi.org/10.1097/COH.0b013e3283495a26
https://doi.org/10.1016/S2214-109X(16)30098-5
https://doi.org/10.1056/NEJMp1605367
https://doi.org/10.1016/S0140-6736(16)00562-6
https://doi.org/10.4049/jimmunol.1001819
https://doi.org/10.3201/eid1408.080287
https://doi.org/10.1016/j.immuni.2016.06.002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Schiela et al. Complement-Mediated Virolysis of Zika Viruses

glycol tetraacetic acid and MgCl2-ethylene glycol tetraacetic acid. Infect

Immun. (1975) 11:1235–43.

16. Jayasekera JP, Moseman EA, Carroll MC. Natural antibody and complement

mediate neutralization of influenza virus in the absence of prior immunity. J

Virol. (2007) 81:3487–94. doi: 10.1128/JVI.02128-06

17. Parej K, Dobo J, Zavodszky P, Gal P. The control of the complement lectin

pathway activation revisited: both C1-inhibitor and antithrombin are likely

physiological inhibitors, while alpha2-macroglobulin is not. Mol Immunol.

(2013) 54:415–22. doi: 10.1016/j.molimm.2013.01.009

18. Hacker K, White L, De Silva AM. N-linked glycans on dengue viruses

grown in mammalian and insect cells. J Gen Virol. (2009) 90:2097–106.

doi: 10.1099/vir.0.012120-0

19. Fuchs A, Lin TY, Beasley DW, Stover CM, Schwaeble WJ, Pierson TC,

et al. Direct complement restriction of flavivirus infection requires glycan

recognition by mannose-binding lectin. Cell Host Microbe. (2010) 8:186–95.

doi: 10.1016/j.chom.2010.07.007

20. Avirutnan P, Hauhart RE, Marovich MA, Garred P, Atkinson JP, Diamond

MS. Complement-mediated neutralization of dengue virus requires mannose-

binding lectin.MBio (2011) 2:e00276-11. doi: 10.1128/mBio.00276-11

21. Douradinha B, Mcburney SP, Soares De Melo KM, Smith AP, Krishna NK,

Barratt-Boyes SM, et al. C1q binding to dengue virus decreases levels of

infection and inflammatory molecules transcription in THP-1 cells. Virus Res.

(2014) 179:231–4. doi: 10.1016/j.virusres.2013.11.007

22. Fragnoud R, Flamand M, Reynier F, Buchy P, Duong V, Pachot A, et al.

Differential proteomic analysis of virus-enriched fractions obtained from

plasma pools of patients with dengue fever or severe dengue. BMC Infect Dis.

(2015) 15:518. doi: 10.1186/s12879-015-1271-7

23. Huerta V, Ramos Y, Yero A, Pupo D, Martin D, Toledo P, et al. Novel

interactions of domain III from the envelope glycoprotein of dengue

2 virus with human plasma proteins. J Proteomics (2016) 131:205–13.

doi: 10.1016/j.jprot.2015.11.003

24. Silva EM, Conde JN, Allonso D, Nogueira ML, Mohana-Borges R.

Mapping the interactions of dengue virus NS1 protein with human liver

proteins using a yeast two-hybrid system: identification of C1q as an

interacting partner. PLoS ONE (2013) 8:e57514. doi: 10.1371/journal.pone.

0057514

25. Ochsenbein AF, Fehr T, Lutz C, Suter M, Brombacher F, Hengartner H, et

al. Control of early viral and bacterial distribution and disease by natural

antibodies. Science (1999) 286:2156–9. doi: 10.1126/science.286.5447.2156

26. Ehrenstein MR, Notley CA. The importance of natural IgM: scavenger,

protector and regulator. Nat Rev Immunol. (2010) 10:778–86.

doi: 10.1038/nri2849

27. Beebe DP, Cooper NR. Neutralization of vesicular stomatitis virus (VSV) by

human complement requires a natural IgM antibody present in human serum.

J Immunol. (1981) 126:1562–8.

28. Tesfay MZ, Ammayappan A, Federspiel MJ, Barber GN, Stojdl D, Peng KW,

et al. Vesiculovirus neutralization by natural IgM and complement. J Virol.

(2014) 88:6148–57. doi: 10.1128/JVI.00074-14

29. Seiler P, Kalinke U, Rulicke T, Bucher EM, Bose C, Zinkernagel RM, et al.

Enhanced virus clearance by early inducible lymphocytic choriomeningitis

virus-neutralizing antibodies in immunoglobulin-transgenic mice. J Virol.

(1998) 72:2253–8.

30. Baumgarth N, Herman OC, Jager GC, Brown L, Herzenberg LA, Herzenberg

LA. Innate and acquired humoral immunities to influenza virus are mediated

by distinct arms of the immune system. Proc Natl Acad Sci USA. (1999)

96:2250–5. doi: 10.1073/pnas.96.5.2250

31. Baumgarth N, Herman OC, Jager GC, Brown LE, Herzenberg LA, Chen J.

B-1 and B-2 cell-derived immunoglobulin M antibodies are nonredundant

components of the protective response to influenza virus infection. J ExpMed.

(2000) 192:271–80. doi: 10.1084/jem.192.2.271

32. Choi YS, Baumgarth N. Dual role for B-1a cells in immunity to influenza

virus infection. J Exp Med. (2008) 205:3053–64. doi: 10.1084/jem.200

80979

33. Diamond MS, Sitati EM, Friend LD, Higgs S, Shrestha B, Engle M. A critical

role for induced IgM in the protection against West Nile virus infection. J Exp

Med. (2003) 198:1853–62. doi: 10.1084/jem.20031223

34. Mehlhop E, Whitby K, Oliphant T, Marri A, Engle M, Diamond MS.

Complement activation is required for induction of a protective antibody

response against West Nile virus infection. J Virol. (2005) 79:7466–77.

doi: 10.1128/JVI.79.12.7466-7477.2005

35. Mehlhop E, Diamond MS. Protective immune responses against West Nile

virus are primed by distinct complement activation pathways. J Exp Med.

(2006) 203:1371–81. doi: 10.1084/jem.20052388

36. Fuchs A, Pinto AK, Schwaeble WJ, Diamond MS. The lectin pathway

of complement activation contributes to protection from West Nile

virus infection. Virology (2011) 412:101–9. doi: 10.1016/j.virol.2011.

01.003

37. Mehlhop E, Fuchs A, Engle M, Diamond MS. Complement modulates

pathogenesis and antibody-dependent neutralization of West Nile virus

infection through a C5-independent mechanism. Virology (2009) 393:11–5.

doi: 10.1016/j.virol.2009.08.019

38. Vasantha S, Coelingh KL, Murphy BR, Dourmashkin RR, Hammer CH,

Frank MM, et al. Interactions of a nonneutralizing IgM antibody and

complement in parainfluenza virus neutralization. Virology (1988) 167:433–

41. doi: 10.1016/0042-6822(88)90105-5

39. Spear GT, Sullivan BL, Landay AL, Lint TF. Neutralization of human

immunodeficiency virus type 1 by complement occurs by viral lysis. J Virol.

(1990) 64:5869–73.

40. Spear GT, Takefman DM, Sullivan BL, Landay AL, Zolla-Pazner S.

Complement activation by human monoclonal antibodies to human

immunodeficiency virus. J Virol. (1993) 67:53–9.

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Schiela, Bernklau, Malekshahi, Deutschmann, Koske, Banki,

Thielens, Würzner, Speth, Weiss, Stiasny, Steinmann and Stoiber. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2177300

https://doi.org/10.1128/JVI.02128-06
https://doi.org/10.1016/j.molimm.2013.01.009
https://doi.org/10.1099/vir.0.012120-0
https://doi.org/10.1016/j.chom.2010.07.007
https://doi.org/10.1128/mBio.00276-11
https://doi.org/10.1016/j.virusres.2013.11.007
https://doi.org/10.1186/s12879-015-1271-7
https://doi.org/10.1016/j.jprot.2015.11.003
https://doi.org/10.1371/journal.pone.0057514
https://doi.org/10.1126/science.286.5447.2156
https://doi.org/10.1038/nri2849
https://doi.org/10.1128/JVI.00074-14
https://doi.org/10.1073/pnas.96.5.2250
https://doi.org/10.1084/jem.192.2.271
https://doi.org/10.1084/jem.20080979
https://doi.org/10.1084/jem.20031223
https://doi.org/10.1128/JVI.79.12.7466-7477.2005
https://doi.org/10.1084/jem.20052388
https://doi.org/10.1016/j.virol.2011.01.003
https://doi.org/10.1016/j.virol.2009.08.019
https://doi.org/10.1016/0042-6822(88)90105-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH

published: 08 October 2018
doi: 10.3389/fimmu.2018.02292

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2292

Edited by:

Robert Braidwood Sim,

University of Oxford, United Kingdom

Reviewed by:

Alexander William Tarr,

University of Nottingham,

United Kingdom

Christine Gaboriaud,

UMR5075 Institut de Biologie

Structurale (IBS), France

*Correspondence:

Maria Regina Tizzot

retizzot@gmail.com

Specialty section:

This article was submitted to

Molecular Innate Immunity,

a section of the journal

Frontiers in Immunology

Received: 22 May 2018

Accepted: 14 September 2018

Published: 08 October 2018

Citation:

Tizzot MR, Lidani KCF, Andrade FA,

Mendes HW, Beltrame MH, Reiche E,

Thiel S, Jensenius JC and

Messias-Reason IJd (2018) Ficolin-1

and Ficolin-3 Plasma Levels Are

Altered in HIV and HIV/HCV

Coinfected Patients From Southern

Brazil. Front. Immunol. 9:2292.

doi: 10.3389/fimmu.2018.02292

Ficolin-1 and Ficolin-3 Plasma Levels
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Hellen Weinschutz Mendes 1, Marcia Holsbach Beltrame 1, Edna Reiche 2, Steffen Thiel 3,

Jens C. Jensenius 3 and Iara J. de Messias-Reason 1

1 Laboratory of Molecular Immunopathology, Department of Medical Pathology, Federal University of Paraná, Curitiba, Brazil,
2Clinic Hospital, Estate University of Londrina, Londrina, Brazil, 3Department of Biomedicine, Aarhus University, Aarhus,

Denmark

The complement system is a key component of the innate immune system, participating

in the surveillance against infectious agents. Once activated by one of the three

different pathways, complement mediates cell lysis, opsonization, signalizes pathogens

for phagocytosis and induces the adaptive immune response. The lectin pathway is

constituted by several soluble and membrane bound proteins, called pattern recognition

molecules (PRM), including mannose binding lectin (MBL), Ficolins-1, -2, and -3, and

Collectin 11. These PRMs act on complement activation as recognition molecules

of pathogen-associated molecular patterns (PAMPs) such as N-acetylated, found in

glycoproteins of viral envelopes. In this study, Ficolin-1 and Ficolin-3 plasma levels were

evaluated in 178 HIV patients (93 HIV; 85 HIV/HCV) and 85 controls from southern Brazil.

Demographic and clinical-laboratory findings were obtained during medical interview and

from medical records. All parameters were assessed by logistic regression, adjusted for

age, ancestry, and sex. Significantly lower levels of Ficolin-1 were observed in HIV/HCV

coinfected when compared to HIV patients (p = 0.005, median = 516 vs. 667 ng/ul,

respectively) and to controls (p < 0.0001, 1186 ng/ul). Ficolin-1 levels were lower in

males than in females among HIV patients (p = 0.03) and controls (p = 0.0003), but no

association of Ficolin-1 levels with AIDSwas observed. On the other hand, Ficolin-3 levels

were significantly lower in controls when compared to HIV (p < 0.0001, medians 18,240

vs. 44,030 ng/ml, respectively) and HIV/HCV coinfected (p < 0.0001, 40,351 ng/ml)

patients. There was no correlation between Ficolin-1 and Ficolin-3 levels and age, HIV

viral load or opportunistic infections. However, Ficolin-3 showed a positive correlation

with T CD4 cell counts in HIV monoinfected patients (p = 0.007). We provide here the

first assessment of Ficolin-1 and−3 levels in HIV and HIV/HCV coinfected patients, which

indicates a distinct role for these pattern recognition molecules in both viral infections.
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INTRODUCTION

Infection by the Human Immunodeficiency Virus (HIV) leads to
a chronic disease and, when not treated, to Acquired Immune

Deficiency Syndrome (AIDS). HIV/AIDS currently affects 36.9
million people worldwide, with a high rate of mortality and

morbidity (1–3). The number of HIV cases has increased despite
the decrease in the number of new infection cases, which was
estimated to be 3.3 million in 2002 and 2.3 million people in
2012 (1, 2). The implementation of strategies which includes
prevention campaigns, increased access to treatment, and the use

of less toxic and more efficient anti-retroviral therapies (highly
active antiretroviral therapy- HAART), have all contributed to
increase the survival and decrease the infection rates in risk
groups, thereby changing theHIV infection epidemiologic profile
in the last decade (1, 2).

Coinfection with other pathogens such as hepatitis B virus
(HBV) and hepatitis C virus (HCV), and related diseases are
known to be aggravating factors in the clinical condition of HIV
patients (4–6). In addition, mortality related to chronic liver
diseases has increased significantly in the last decade in HIV
patients, with about 24% of AIDS mortality being due to end-
stage liver diseases (ESLD), where 66% were attributed to HCV
and 17% to HBV coinfection (7–11). It is important to note
that these viruses share the same transmission routes, including
sexual and blood, both contributing to the high prevalence
of HIV/HCV and HIV/HBV coinfection worldwide (6).

The complement system is a key element of innate immunity
which plays a crucial role in the host surveillance against
pathogens, including HIV and HCV (12–19). Complement
comprises a variety of membrane associated and soluble
recognition molecules, known as pattern recognition molecules
(PRM), and they include Ficolins (Ficolin-1, Ficolin-2, and
Ficolin-3), mannose-binding lectin (MBL) and Collectin 11
(CL-K1) (14). These PRMs are able to recognize a variety
of pathogen-associated molecular patterns (PAMPs), such as
carbohydrates, N-glycan, LPS and sialic acid residues at the
microorganism surface as well as endogenous altered cells and
double strand RNAs (12, 14), leading to complement activation.
This activation may occur through three different pathways:
the classic, the alternative and the lectin pathways, which result
in a proteolytic cascade that culminates in multiple biological
processes including opsonization and phagocytosis of pathogenic
agents and altered cells, production of cytokines, inflammation,
and induction of adaptive immune response and homeostasis
(14–16).

Ficolin-1 is a non-serum type Ficolin that is found as a
membrane-associated protein expressed mainly by monocytes
and granulocytes, being the less abundant Ficolin in plasma
(average of 1.07µg/mL) (12, 14, 20). On the other hand, Ficolin-
3 being the most abundant Ficolin in circulation (average
of 26µg/mL) is a serum type protein expressed in alveolar
macrophages type II, bronchial epithelial cells and hepatocytes
(12, 21). Several studies showed that Ficolins have an important
role in viral infections (17–19, 22–31). Denner et al. (31)
reported that incubation of mononuclear cells with HIV-1
immunosuppressive gp41 peptides resulted in low Ficolin-1

mRNA concentrations. The authors suggested that Ficolin-1
may be downregulated by the isu domain of gp41 thereby
preventing early local innate response, allowing infection and
virus replication (31). A possible role for Ficolin-1 in the
protection against HCV infection was proposed in a clinical study
by Urban et al. (30), who observed the upregulated expression
of Ficolin-1 in chronic HCV patients with IL28B rs12979860
CC genotype, which was associated to a favorable response to
pegylated interferon-α and ribavirin treatment (30). In addition,
Verma et al. (29), demonstrated in an experimental study the
binding of Ficolin-3 to influenza A virus which inhibited viral
infectivity thereby contributing to host defense against the virus
(29). However, there are no prior studies evaluating the role of
Ficolin- 1 and -3 in patients with HIV infection, with this now
being the first study.

MATERIALS AND METHODS

Subjects and Samples
This study was approved by the Human Research Ethic
Committee of the Clinical Hospital of the Federal University of
Parana (1409.074/2007-04). All patients gave written informed
consent in accordance with the Declaration of Helsinki. A total
of 178 HIV-1 patients (positive for anti-HIV-1, negative for anti-
HIV-2 according to Brazilian Ministry of Health guideline) (32)
were attending at the Ambulatory of Infectious and Parasitic
Diseases at the Clinical Hospital of the Federal University of
Parana, in Curitiba, and the Infectology Ambulatory at the
Clinical Hospital of the Londrina State University. Among
the patients 85 presented coinfection with HCV (Anti-HCV
antibody determination by immunoenzimatic micro assay with
chemiluminescence QMA Architect—Abbott, USA). As control
group, 85 HIV/HCV negative individuals without any clinical
complaints were included. The clinical epidemiology data was
obtained during the appointments with a questionnaire referring
to HIV risk factors and by retrospective analyses of medical
records. The following variables were analyzed: age, sex, date of
first HIV positive result, possible forms of virus transmission.
Same risk factors was also analyzed such as, injected drugs
usage, sexual activity, and blood transfusion history as well as
clinical progression, T CD4 counts, anti-retroviral treatments
and opportunistic diseases (Table 1).

FICOLIN-1 AND FICOLIN-3 PLASMA

LEVELS

Ficolin-1 plasma concentration was determined by the in-
house monoclonal antibody-based method of time-resolved
immunofluorometric assay (TRIFMA) and were carried out
at the Institute of Medical Microbiology and Immunology at
University of Aarhus, Denmark (20) on 178 patients (93 HIV
and 85 HIV/HCV) and 85 controls. Ficolin-3 plasma levels
were determined by the enzyme-linked immune-sorbent (ELISA)
assay HK 340 (Hycult Biotechnology, Uden, The Netherlands) in
79 patients (59 HIV and 20 HIV/HCV) and 85 controls. A total
of 10ml of peripheral whole blood was drawn and separated by
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TABLE 1 | Clinical and demographic characteristics of controls, HIV and HIV/HCV

patients.

Parameters Patients (n = 178) Controls (n = 85)

HIV (n = 93) HIV/HCV (n = 85)

Median age (years)

[min–max]

47 [20–76] 44 [22–71] 38 [18–57]

SEX

Female % (n) 43.5 (40/92) 36.9 (31/84) 41.2 (35/85)

Male % (n) 56.5 (52/92) 63.1 (53/84) 58.8 (50/85)

ANCESTRY

Euro-Brazilians % (n) 81.1 (73/90) 76.2 (64/84) 71.4 (60/85)

Afro-Brazilians % (n) 18.9 (17/90) 23.8 (20/84) 28.6 (24/85)

T CD4 cell Counts 193.5 (n = 82) 129.5 (n = 30) N/A

HIV Viral load 106500 (n = 64) 51100 (n = 23) N/A

AIDS % (n) 69.6 (62/89) 75.0 (24/32) N/A

Progression to AIDS

(years) median

[min–max]

8.8 [2.7–24] 9.41 [3.0–18.2] N/A

Opportunistic infection

% (n)

59.0% (49/83) 61.5% (16/26) N/A

Bacterial % (n) 19.1 (9/49) 12.5 (2/16) N/A

Viral % (n) 8.2 (4/49) 0 N/A

Parasitic/fungal % (n) 53.1 (26/49) 66.8 (11/16) N/A

centrifugation for 10min at 1,000–2,000 × g in plasma samples
using vacutainer plastic blood collection tubes with K2EDTA (BD
Vacutainer R© Blood Collection Tubes, Curitiba, Brazil).

Data Analyses
Clinical and demographic data was analyzed with GraphPad
Prism 3.0 Software (GraphPad Software, Inc., Califórnia, EUA).
The distribution of all quantitative variables was evaluated with
Kolmogorov-Smirnov and Shapiro-Wilk tests. When normal
hypothesis was rejected, medians were compared using non-
parametric Mann-Whitney and Kruskal-Wallis and Spearman
correlation tests. The associations of Ficolin-1 and -3 levels with
HIV and HIV/HCV infection were corrected by multiple logistic
regression analysis using STATA 9.2 (StataCorp, Texas, USA).
The age, sex, T CD4-cell count and viral load were included as
variables in the regression model when the univariate analyses
resulted in p < 0.2. Ficolin-1 and -3 levels descriptive statistics
were presented with medians and percentiles. P-values lower
than 0.05 were considered statistically significant.

RESULTS

Ficolin-1 plasma levels were significantly lower in HIV/HCV
coinfected when compared to HIV patients (medians of
516 ng/ml vs. 667 ng/ml, respectively; p = 0.005) and to controls
(medians of 516 ng/ml vs. 1,186 ng/ml, respectively; p < 0.0001).
HIV infected patients also presented lower levels of Ficolin-
1 when compared to controls (medians of 667 ng/ml vs.
1186 ng/ml, respectively; p < 0.0001) (Figure 1A). These values

were corrected for age and sex with logistic regression and were
still significant for the findings above.

The presence of AIDS, opportunistic infection and both T
CD4 counts and viral load did not alter Ficolin-1 levels in HIV
infected or coinfected patients (Figures 1B–E). There was also
no significant correlation between Ficolin-1 levels and AIDS
progression time, which was similar for both groups (medians of
8.8 years for HIV and 9.1 years for HIV/HCV patients; p= 0.4).

Lower Ficolin-1 levels were observed in males compared
to females both in controls (medians of 1,079 vs. 1,457 ng/ml,
respectively; p = 0.0003) and in HIV patients (medians of 500
vs. 859 ng/ml respectively; p = 0.03), but not in HIV/HCV
coinfected subjects (p= 0.6) (Figure 1F).

Ficolin-3 levels were significantly increased in HIV patients
(medians of 44030 vs. 18240 ng/ml, respectively; p < 0.0001)
and HIV/HCV coinfected patients (40351 ng/ml; p < 0.0001)
when compared to controls, with no difference between HIV
and HIV/HCV coinfected patients (medians of 44,030 vs.
40,351 ng/ml, respectively; p= 0.6) (Figure 2A).

The presence of AIDS was associated with lower Ficolin-
3 levels in HIV patients (medians of 20,658 vs. 28,306 ng/ml,
respectively; p = 0.02) (Figure 2B). A statistically significant
correlation was observed between Ficolin-3 levels and CD4 cell
counts in HIV patients (p = 0.007, r = 0.33) (Figure 2D). There
was no difference, however, for the presence of opportunistic
diseases in HIV or in HIV/HCV patients (Figure 2C), HIV viral
load (Figure 2E), and AIDS progression time in both patient
groups.

Male HIV/HCV patients presented higher Ficolin-3 plasma
levels compared to female (medians of 47,095 vs. 28,693 ng/ml,
respectively; p = 0.01), with the same trend in HIV (medians of
39,110 vs. 28,784 ng/ml, respectively; p = 0.06) but no difference
within the control group (p= 0.1) (Figure 2F). Ficolin-3 but not
Ficolin-1 plasma levels correlated with the age in both groups
of patients (p = 0.02, r = −0.27; HIV p = 0.009 r = −0.37,
e HIV/HCV p= 0.65 r =−0.04).

DISCUSSION

We presented here novel evidence that both Ficolin-1 and -3
plasma levels are altered in HIV and HIV/HCV coinfection.
Whereas Ficolin-1 levels were found lower inHIV andHIV/HCV
coinfected patients, Ficolin-3 were higher in these patients in
comparison to controls. Our results indicate that Ficolin-1 and
Ficolin-3 may operate as a PRM in a distinct manner facing HIV
infection and HIV/HCV coinfection.

These findings are in fact in accordance with the notion
that Ficolins—although presenting high structural andmolecular
homology and specification overlap to PAMPs binding—exhibit
differences in functional activities and in the pattern of tissue
expression, with consequences in the potential to activate
complement as well having other roles in the immune response
(14). Ficolins can interact with viral glycoproteins which are
constituted of N-Acetylglucosamine (GlcNAc), such as gp120 and
gp41, which are essential for cell binding and infection onset, but
is also a target for Ficolin-1 and Ficolin-3 (17–19). Considering
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FIGURE 1 | Ficolin-1 plasma levels in controls and HIV infected and HIV/HCV coinfected patients (A), considering the presence of AIDS (B) or opportunistic diseases

(C). Correlation between Ficolin-1 and T CD4 cell counts (D), Ficolin-1 and HIV viral load (E) (Values are in Log10 scale) in patients of HIV and HIV/HCV. Ficolin-1 levels

in male and female controls and patients (F).

that PRMs bind to these viral surface glycoproteins, they may
have a role in the process of HIV infection. In fact, complement
may play different activities in HIV pathogenesis, such as
blocking virus entrance into the cell, signalizing phagocytosis,
inflammation, as well as forming the lytic complex at the infected
cell membranes (17–19, 22–31). On the other hand, viruses may
bind to complement proteins impairing an effective adaptive
immune response thereby facilitating its entrance into target cells
through complement receptors (CR) (17–19, 22).

Studies relating the role of Ficolin-1 and -3 in viral
infections are scarce (29–31) and to our knowledge, this is the
first study evaluating the levels of Ficolin-1 and -3 in HIV
and HIV/HCV coinfected patients. The low Ficolin-1 levels
observed in HIV and HIV/HCV patients suggests possible

protein consumption due to viral infection. It is known that
neutrophil autocrine Ficolin-1 can bind to CD43 (a neutrophil
membrane sialoprotein) inducing neutrophil adhesion at the
beginning of an inflammatory response (14, 33). On the other
hand, in the late phase Ficolin-1 was shown to have strong
affinity to C-reactive protein resulting in downregulation of
pro-inflammatory cytokines (34, 35). In addition, Ficolin-1
levels could be reduced due to downregulation effect of the
viruses as described for HIV gp41 immunosuppressive (isu)
domain (31). Interestingly, Ficolin-1 levels were even lower in
HIV/HCV patients when compared to HIV. It is known that
HCV coinfection is an aggravating factor in the clinical condition
of HIV patient exacerbating the existing inflammatory process
(4–6), and that complement can interact with glycoproteins of
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FIGURE 2 | Ficolin-3 plasma levels in controls, HIV patients and HIV/HCV coinfected patients (A), considering the presence of AIDS (B) and opportunistic diseases

(C). Correlation between Ficolin-3 and T CD4 cell counts (D), Ficolin-1 and HIV viral load (E) (Values are in Log10 scale) in HIV and HIV/HCV patients. Ficolin-3 levels

in male and female controls and patients (F).

both virus (17, 19, 25). Thus, our results suggest that low Ficolin-
1 levels might be a consequence of the interaction with both
HCV and HIV in addition to an immunomodulatory effect due
to chronic inflammatory process.

Meanwhile, the elevated Ficolin-3 levels found in HIV and
HIV/HCV patients compared to controls may derive from
compensatory mechanisms of upregulation of this protein due
to its interaction with viral glycoproteins as well as complement
activation. Ficolin-3 binding to HIV or HCV has not yet been

reported, however, it is known that HIV gp120 is rich in fucose,
which is a particular ligand of Ficolin-3 (36). Still, high expression
of Ficolin-3 found in both viral infections could be related to the
inflammatory status seen in co-infected patients, contributing to
the chronic process of these conditions. Elevated Ficolin-3 levels
were also observed in ovarian tumor patients (37), related to
shorter graft survival after kidney transplantation (38), in patients
with Leprosy (39) and Systemic Lupus Erythematosus (40, 41), all
conditions associated with inflammatory process.
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Higher Ficolin-1 levels in female HIV patients and controls
corroborates previous findings (42), but, such difference was not
observed in HCV coinfected patients, what could be due to the
higher male frequency in this group. Ficolin-3 levels were higher
in males only in the co-infected group, a sex difference previously
observed in healthy subjects (42).

This study has some limitations. First, polymorphisms shown
association to Ficolin-1 (rs7857015, rs10120023, rs10117466) (43,
44) and Ficolin-3 (rs532781899, rs28362807, and rs4494157) (39)
concentrations, that could have contributed to the variation of
protein concentration in HIV and HIV/HCV patients, were not
assessed. Future studies in this cohort of patients should include
the investigation of these variants. Second, although Ficolins
concentration showed significant results among the groups the
relevance of these findings should be confirmed in a larger sample
of patients, and, in experimental studies showing Ficolins 1 and
3 interaction with both HIV and HCV. Third, the status of
HCV co-infection was based only on anti-HCV test, which is
an evidence for prior exposure to HCV. Since all patients were
attending the HIV ambulatory whose routine for HCV is based
on serology, molecular tests were not available at the time of the
study. In order to established direct evidence of current infection
both the presence of HCV RNA and a longitudinal follow-up in
HIV/HCV patients should be considered.

Nevertheless, our data represent a pioneer study on the role
of Ficolin-1 and -3 in HIV/HCV infections. This novel finding

suggests that these proteins contribute in a different manner to
host defense against these viruses and may be helpful for future
studies in understanding the function of Ficolins in HIV/HCV
infection as well as in the development of new therapeutic
targets.
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Members of the PfEMP1 protein family are expressed on the surface of

P. falciparum-infected erythrocytes (IEs), where they contribute to the pathogenesis of

malaria and are important targets of acquired immunity. Although the PfEMP1-specific

antibody response is dominated by the opsonizing and complement-fixing subclasses

IgG1 and IgG3, activation of the classical complement pathway by antibody-opsonized

IEs does not appear to be a major immune effector mechanism. To study the molecular

background for this, we used ELISA and flow cytometry to assess activation of the

classical component pathway by recombinant and native PfEMP1 antigen opsonized

by polyclonal and monoclonal PfEMP1-specific human IgG. Polyclonal IgG specific

for VAR2CSA-type PfEMP1 purified from a pool of human immune plasma efficiently

activated the classical complement pathway when bound to recombinant PfEMP1 in

ELISA. In contrast, no activation of complement could be detected by flow cytometry

when the same IgG preparation was used to opsonize IEs expressing the corresponding

native PfEMP1 antigen. After engineering of a VAR2CSA-specific monoclonal antibody

to facilitate its on-target hexamerization, complement activation was detectable in an

ELISA optimized for uniform orientation of the immobilized antigen. In contrast, the

antibody remained unable to activate complement when bound to native VAR2CSA

on IEs. Our data suggest that the display of PfEMP1 proteins on IEs is optimized to

prevent activation of the classical complement pathway, and thus represents a hitherto

unappreciated parasite strategy to evade acquired immunity to malaria.

Keywords: malaria, complement, evasion, PfEMP1, antibodies, knobs

INTRODUCTION

Malaria remains a major health problem with an estimated 219 million cases and 435,000 deaths
in 2017 alone (1). The human disease is caused by several protozoan parasites of the genus
Plasmodium, but P. falciparum is responsible for most severe cases and essentially all malaria
mortality (2).

308

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.03088
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.03088&domain=pdf&date_stamp=2019-01-07
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lhviid@sund.ku.dk
mailto:peter.garred@regionh.dk
https://doi.org/10.3389/fimmu.2018.03088
https://www.frontiersin.org/articles/10.3389/fimmu.2018.03088/full
http://loop.frontiersin.org/people/588867/overview
http://loop.frontiersin.org/people/652365/overview
http://loop.frontiersin.org/people/540828/overview
http://loop.frontiersin.org/people/552972/overview
http://loop.frontiersin.org/people/31408/overview


Larsen et al. Malaria Evasion of Complement Attack

The particular virulence of P. falciparum is related to the
unique ability of this parasite to express members of a family of
clonally variant surface antigens called P. falciparum erythrocyte
membrane protein 1 (PfEMP1) on the surface of the infected
erythrocytes (IEs) (3). This enables sequestration of IEs in
the microvasculature, mediated by interaction of PfEMP1 with
vascular host receptors such as CD36, endothelial protein C
receptor (EPCR), and oncofetal chondroitin sulfate (4–7). The
ensuing accumulation of IEs in tissues can lead to severe
disease, precipitated by excessive inflammation and circulatory
dysfunction.

The PfEMP1 antigens are important targets of naturally
acquired immunity to P. falciparum malaria, and semi-immune
individuals living in areas of stable parasite transmission possess
a broad repertoire of PfEMP1-specific antibodies, dominated by
the opsonizing and complement-fixing subclasses IgG1 and IgG3
(8, 9). It is therefore noteworthy that activation of the classical
complement pathway does not appear to play a major role in
acquired immunity to IEs, although acquired immunity leads
to activation of complement by antibody-opsonized sporozoites
andmerozoites (10, 11). Indeed, P. falciparum has evolved several
mechanisms to evade activation of the alternative and classical
pathways by hijacking soluble complement regulators to these
developmental stages, emphasizing the clinical importance of
complement-mediated attack on malaria parasites (12–16). The
display of PfEMP1 on the IE surface is normally restricted to
electron-dense protrusions known as “knobs” (17). Although
knob-less variants can express PfEMP1 and thrive in vitro, knob
expression is generally thought to be required for P. falciparum
survival in vivo, and the protection from falciparum malaria
afforded by several hemoglobinopathies is thought related to
abnormal knob formation on IEs (18). Nevertheless, the role of
knobs in P. falciparum survival remains unclear. In this article, we
investigate the hypothesis that the knob restriction of PfEMP1 on
the IE surface may have evolved to prevent classical complement
activation by preventing on-target hexamerization of IgG (19).
We show that although polyclonal, and even monoclonal, IgG
can activate the classical complement pathway when bound to
surface-bound recombinant PfEMP1, such activation does not
occur when the IgG is bound to native PfEMP1 expressed on the
IE surface.

MATERIALS AND METHODS

Recombinant Protein Production
The full-length ectodomain of the VAR2CSA-type PfEMP1
IT4VAR04 (FV2) was produced in ExpiCHO-S cells as a
recombinant C-terminal histidine-tagged protein, as described
elsewhere (20).

A recombinant version of the human monoclonal
IgG1 antibody (mAb) PAM1.4 (21), which is specific

Abbreviations: AU, arbitrary units; BSA, bovine serum albumin; FV2, full-

length ectodomain of the VAR2CSA-type PfEMP1 IT4VAR04; HAS, human serum

albumin; IE, infected erythrocyte; mAb, monoclonal antibody; NHS, non-immune

human serum; PfEMP1, Plasmodium falciparum erythrocyte membrane protein-1;

TCC, terminal complement complex.

for a conformational epitope in VAR2CSA-type PfEMP1,
was produced as described elsewhere by cloning and inserting
the variable domains of the antibody into plasmids encoding
the constant regions of the γ1-chain and the κ-chain (22).
This antibody has previously been shown to bind both plastic-
immobilized FV2 in ELISA and the corresponding native antigen
on the IE surface (20).

We also produced two variants of this antibody
(PAM1.4-E345K and PAM1.4-E430G) by introducing
single-nucleotide substitutions in the γ1-chain, using
the QuickChange site-directed mutagenesis kit (Agilent)
according to manufacturer’s instructions. Briefly, mutations
were introduced by a PCR reaction of the entire plasmid
with a high-fidelity DNA-polymerase and a complementary
primer pair with the desired mutation (E345K forward: 5′-
CCAAAGGGCAGCCCCGAAAACCACAGGTGTA-3′; E430G
forward:5′-CCGTGATGCATGGGCTCTGCACAACCACT-3′;
substitutions are underlined). Plasmids were subsequently
sequenced to confirm the introduction of the substitutions. All
the recombinant antibodies were produced in human embryonic
kidney cells (293-F; Gibco) according to manufacturer’s
instructions. Briefly, the cells were grown to∼1.5× 106 cells/mL,
and adjusted to 1 × 106 cells/mL 1 h prior to transfection, and
co-transfected with heavy- and light chain plasmids (0.5 µg
DNA/plasmid/mL culture) and FreeStyle MAX reagent (1 µL/µg
DNA). Cultures were incubated for seven days before harvesting
the supernatant. The recombinant antibodies were purified using
Protein G-coupled agarose beads (Pierce).

IgG Purification From Human Plasma
Samples
Total IgG was purified from pools of plasma from ten
Ghanaian donors with natural exposure to P. falciparum parasites
expressing VAR2CSA-type PfEMP1. The samples were collected
in a previous study approved by the Institutional Review Board
of Noguchi Memorial Institute for Medical Research, University
of Ghana (study no. 038/10-11) (23). Samples were collected
only after consent had been obtained in writing from each
participant. One pool consisted of the ten available samples with
the highest reactivities toward FV2, while the other consisted
of the ten available samples with the lowest FV2 reactivities.
IgG was purified from each pool of plasma using Gammabind
G sepharose (GE Healthcare), using standard methodology.
Affinity purification on FV2 was not employed, to allow direct
comparison of the pools with high and low FV2 reactivity.
However, previous studies have shown that PfEMP1 is the
dominant IE target antigen of naturally acquired IgG (24).

Classical Complement Pathway Activation
ELISA
Flat-bottomed 96-well plates (Nunc) were coated (4◦C, overnight
in PBS) with FV2 (2µg/mL), mAbs (PAM1.4; PAM1.4 E345K;
PAM1.4 E430G), purified human IgG (Invitrogen), or human
serum albumin (HSA; 10µg/mL; Sigma Aldrich). Wells were
blocked with PBS supplemented with TWEEN (0.05%) and BSA
(1%) and subsequently incubated (1 h on shaker, as all subsequent
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FIGURE 1 | Classical complement pathway activation in ELISA, using IgG with high and low FV2-reactivity and FV2 coated directly to plastic. Binding of C1q (A),

deposition of C4 (B) and C3 (C), and formation of TCC (D) to IgG purified from plasma pools with high (•) and low (◦) FV2-reactivity and bound to FV2 immobilized

directly on plastic. All data were normalized relative to control wells coated with HSA and incubated with rabbit anti-HSA. Data points representing the means and

standard deviations (error bars) of three individual experiment are shown.

steps) with the above-mentioned VAR2CSA-specific mAbs or
with control reagents [mAb AB01, specific for a non-VAR2CSA-
type PfEMP1 (25) or polyclonal rabbit anti-HSA (Dako)]. In
some experiments, 96–well plates pre-coated with nickel, pre-
blocked with BSA and coated with FV2 (5µg/mL) in PBS
supplemented with TWEEN (0.05%) were used (Pierce).

After incubation with antibody reagents, the plates were

washed four times in Barbital-Tween buffer [sodium barbital
(4mM), NaCl (145mM), CaCl2 (2.64mM), MgCl2 (2.12mM),

Tween (0.05%)] and incubated (1 h, 37◦C) in the same buffer

supplemented with non-immune human serum (NHS; 1%) as
source of complement components. After washing as above,

bound complement components were detected with polyclonal
rabbit anti-human C1q (2µg/mL; Dako), rabbit anti-human C4c
(1µg/mL; Dako), rabbit anti-human C3c (1µg/mL; Dako), or

monoclonal mouse-anti human-terminal complement complex
(TCC; 1 µg/L; clone ae11). All the complement-specific antibody
reagents were biotinylated prior to the experiments. After the last
washing as above, bound antibody was detected by incubation
with streptavidin-conjugated horse radish peroxidase (1:2,000;
GE Healthcare), followed by TMB ONE (ECO-TEK). The color
reaction was terminated with H2SO4 (0.2M), and quantified
at 450 nm. Arbitrary units (AU) were calculated as (ODTest -
ODBlank) / (ODControl - ODBlank).

P. falciparum Culture in vitro and Selection
for Expression of PfEMP1 and Knobs
The P. falciparum laboratory isolate IT4/FCR3 was cultured in
serum-free medium as described elsewhere (26).
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FIGURE 2 | Classical complement pathway activation on IEs, using IgG with

high and low FV2 reactivity. Binding of purified immune IgG (A) and C1q (B),

and deposition of C4 (C) to P. falciparum-infected erythrocytes selected in vitro

to express the VAR2CSA-type PfEMP1 IT4VAR04. Representative results of

two independent experiments using IgG with high (white) and low (gray)

FV2-reactivity are shown.

Parasites were selected by antibody panning and density
separation monthly to ensure expression of the VAR2CSA-type
PfEMP1 IT4VAR04 and IE surface knobs as described previously
(27). Briefly, cultures with primarily late trophozoite-stage IEs
were incubated (20min, 37◦C) in culture medium supplemented
with gelatin (0.75%) to separate late trophozoite-stage knobby
IEs from uninfected erythrocytes and ring-stage IEs. The late

trophozoite-stage IEs were then incubated with DynaBeads A
(DYNAL) that had been pre-incubated (30min) with saturating
amounts of PAM1.4 antibody. Bound IEs were isolated using a
DynaMag (DYNAL).

Classical Complement Activation on IEs
Late trophozoite-stage IEs were purified by magnet-activated cell
sorting (Miltenyi Biotec) in PBS supplemented with BSA (1%)
(28). The purified IEs (2× 106 cells/mL) were incubated (30min,
4◦C) with mAbs (10µg/mL) or purified pooled human IgG (1
mg/mL), followed by incubation (1 h, 37◦C) with NHS (1%) and
compstatin (6 nM; Tocris) (to inhibit cleavage of C3). As positive
and negative controls, type A and 0 erythrocytes were incubated
with type 0 NHS and compstatin.

Complement components were detected by incubation (4◦C,
30min) with the same antibodies as above, but at different
concentrations (anti-C1q: 30µg/mL; anti- C4c: 0.5µg/mL),
followed by incubation with FITC-conjugated goat anti-rabbit
IgG (1:150; Vector) and ethidium bromide (2µg/mL; to visualize
parasite DNA). Binding of human IgG to the IEs was detected
in a similar way, using FITC-conjugated goat anti-human
IgG (1:150; Jackson Immuno Research) (28). All incubations,
dilutions, and washes were done in PBS supplemented with
BSA (1%), except for the incubation with NHS and compstatin,
which was done in BSA-supplemented VBS++ buffer containing
Ca2+ and Mg2+ (Complement Technology). Samples were
run on a Cytomics FC500 flow cytometer (Beckman Coulter).
Single ethidium bromide-positive cells were analyzed for
complement components and antibody labeling by FlowLogic
(Inivai Technologies).

RESULTS

Human Specific IgG Bound to Immobilized
Recombinant PfEMP1 Activates the
Classical Complement Pathway
To our knowledge, the ability of PfEMP1-specific human IgG
to activate the classical complement pathway has not been
reported previously. Binding of C1q (Figure 1A), deposition of
C4 (Figure 1B) and C3 (Figure 1C), and formation of TCC
(Figure 1D) were detected in recombinant FV2-ELISA after
incubation with human IgG purified from a plasma pool with
known high FV2-reactivity, followed by NHS as a source of
complement components. When IgG from the pool of low-
reactive plasma was used instead of the highly FV2-reactive IgG,
no complement deposition was detected (Figure 1).We conclude
that naturally acquired PfEMP1-reactive IgG is able to activate
the classical complement pathway when bound to recombinant
FV2 that has been randomly immobilized on plastic.

Human Specific IgG Bound to Native
PfEMP1 on Infected Erythrocytes Does Not
Activate the Classical Complement
Pathway
We next assessed the ability of human IgG purified from the
same plasma pools to activate complement when bound to IEs
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FIGURE 3 | Classical complement pathway activation in ELISA, using FV2-specific monoclonal IgG with and without mutations enhancing on-target hexamerization,

coated directly to plastic. Binding of C1q (A), deposition of C4 (B) and C3 (C), and formation of TCC (D), using the FV2-specific mAbs PAM1.4 (•), PAM1.4-E345K (◦),

and PAM1.4-E430G (N) immobilized directly on plastic. Data representation as in Figure 1.

expressing the native PfEMP1 (IT4VAR04) represented by FV2.
IgG purified from the highly FV2-reactive pool efficiently labeled
the IEs, in contrast to the low FV2-reactivity IgG (Figure 2A).
However, essentially no binding of C1q (Figure 2B) or deposition
of C4 (Figure 2C) could be detected after incubation of IEs
with either IgG preparation. The functionality of the assay was
confirmed in experiments using uninfected type A and type
0 erythrocytes incubated with type 0 NHS (Figure S1). These
findings suggest that the distribution of PfEMP1 on IEs inhibits
classical complement activation, possibly due to the clustered,
knob-restricted distribution of the antigen.

Activation of Complement by Monoclonal
IgG Bound to Immobilized Recombinant
PfEMP1 Depends on Antigen Orientation
It was recently reported that complement activation by IgG
requires on-target, Fc-dependent hexamerization of the antibody
(19). We therefore proceeded to test whether the lack of
complement activation by PfEMP1-specific IgG bound to IEs
was due to an inability of the antibodies to form hexamers after
binding to native PfEMP1 on the IE surface. To do so, we used
IEs selected for surface expression of IT4VAR04, and a mAb

(PAM1.4) with specificity for VAR2CSA-type PfEMP1 (including
IT4VAR04). We also used two variants of this mAb (PAM1.4-
E345K and PAM1.4-E430G), where we had introducedmutations
in the Fc-region (E345K and E430G, respectively), known to
enhance on-target hexamerization of IgG (19, 29).

All three mAbs had similar ability to activate complement
when coated directly to ELISA plates, as binding of C1q
(Figure 3A), as well as deposition of C4 (Figure 3B), C3
(Figure 3C), and TCC (Figure 3D) could be detected
in a concentration-dependent manner. This agrees with
the observation that enhanced complement activation by
hexamerization-improved Fc mutants requires binding of
the antibodies to their cognate antigen (29). To confirm
this requirement directly, the mAbs were next applied
in a setup where the ELISA plates were first coated with
FV2 as in the experiments with purified immune IgG
above. However, neither PAM1.4 nor the Fc-mutated
variants of the mAb activated complement in this setup
(Figure S2).

In the studies first identifying the complement activation-
enhancing mutations, the assays involved cell lines over-
expressing the targeted antigen (19, 29). We therefore speculated
that the lack of complement activation in our setup with
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FIGURE 4 | Classical complement pathway activation in ELISA, using FV2-specific monoclonal IgG, bound to plastic coated with FV2 by His-tag::nickel interaction.

Binding of C1q (A), deposition of C4 (B) and C3 (C), and formation of TCC (D) on the FV2-specific mAbs PAM1.4 (•), PAM1.4-E345K (◦), and PAM1.4-E430G (N),

and the control mAb AB01 (1) in assays employing uniformly oriented FV2 immobilized by interaction between the C-terminal His-tag on FV2 and nickel-coated

plastic. Data representation as in Figure 1.

recombinant FV2 bound to plastic might be related to the
random orientation of the immobilized antigen, in contrast to
the usually uniform display of a given antigen on the surface
of cells. To approximate such an ordered display, we exploited
the fact that our FV2 protein has a C-terminal poly-histidine
tag, and immobilized the recombinant protein on ELISA plates
pre-coated with nickel. Because the nickel ions bind to the
FV2 poly-histidine tags, this should facilitate homogeneous
orientation of the antigen similar to the orientation of the native
protein on IEs, although the distribution of the FV2 would
remain more homogenous than the knob-restricted distribution
of native PfEMP1 proteins on IEs. In this setup, binding of C1q
(Figure 4A), and in particular deposition of C4 (Figure 4B) and
C3 (Figure 4C), could be detected in a concentration-dependent
manner for all three mAbs, whereas TCC formation was
minimal (Figure 4D). Although this might theoretically be due
to activation of the alternative pathway by binding of mannan-
binding lectin to glycosylation determinants on the recombinant

antibodies, this appears unlikely. Firstly, the glycosylation pattern
of the cells used to express the recombinant antibodies is very
similar to native human IgG (30). Secondly, the hexamerization-
enhanced Fc-region mutants, in particular PAM1.4-E430G, were
superior to PAM1.4 (if the binding of C4 and C3 were due to
activation of the lectin rather than the classical pathway, similar
activation by wildtype PAM1.4 and the two hexamerization-
enhanced mutants would be expected). When this improved
assay was used to test complement activation by purified immune
IgG, C4 deposition could be detected with both the high and the
low FV2-reactive preparation, although the highly FV2-reactive
IgG was superior (Figure S3).

Our data confirm that the E345K and E430G mutations in
the Fc-region enhance the ability of IgG to activate complement,
probably by facilitating on-target hexamerization. Furthermore,
the results highlight antigen orientation as an important
parameter in in vitro assays of classical complement pathway
activation.
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FIGURE 5 | Classical complement pathway activation on IEs, using

FV2-specific monoclonal IgG with and without mutations enhancing on-target

hexamerization. Binding of C1q (A) and deposition of C4 (B), using the

FV2-specific mAbs PAM1.4 (Top), PAM1.4-E345K (Second), and

PAM1.4-E430G (Third), or the control mAb AB01 (Bottom). Representative

results of two independent experiments are shown.

Hexamerization-Enhancing Fc Mutations
Do Not Lead to Activation of Complement
by Monoclonal PfEMP1-Specific IgG
Bound to Infected Erythrocytes
To investigate whether the lack of complement activation on
IEs (Figure 2) could be overcome by enhancing the antibody
capacity for on-target hexamerization, we tested the ability of
PAM1.4 and the two Fc mutants to activate complement when
bound to IEs. We did not detect C1q binding (Figure 5A) or
C4 deposition (Figure 5B) with any of the mAbs. It thus appears
that the distribution of native PfEMP1 prevents hexamerization

of monoclonal IgG in a way that could not be overcome by Fc
mutations enhancing the ability of PAM1.4 to form hexamers.
Although we cannot exclude that other mAbs might be able
to form hexamers when bound to PfEMP1 on the IE surface,
or that on-target hexamerization might occur with Fc-mutated
polyclonal IgG preparations, it seems most likely that PfEMP1
is distributed on the IE surface in a way that prevents the
interactions among Fc regions of adjacent IgG molecules that
would facilitate binding of C1q and activation of the classical
complement pathway.

DISCUSSION

IgG antibodies specific for the asexual parasites multiplying in
the blood are a key element in naturally acquired protective
immunity to P. falciparum malaria (31, 32). Antibodies to
antigens on the surface of the IEs – in particular PfEMP1 – are
of particular importance in this respect (3). This is probably due
to their ability to block the vascular sequestration of IEs, which
can otherwise cause inflammation and circulatory dysfunction
(33). Unsurprisingly, P. falciparum has evolved a range of
strategies to avoid PfEMP1-specific immunity, such as antigen
polymorphism, clonal antigenic variation, acquisition of soluble
host factors etc. (34).

The antibody response to P. falciparum asexual blood stage
antigens, including the VAR2CSA-type PfEMP1 studied here, is
dominated by IgG1 and IgG3 (35). It is therefore likely that
phagocytosis of merozoites and IEs opsonized by antibody and
complement also contribute significantly to parasite clearance.
Although the role of the complement system in P. falciparum
infections has been the focus of several recent studies, most
have focused on the alternative pathway. The ability of IEs (13),
merozoites (14), and gametocytes (12) to acquire the soluble
complement regulator Factor H to their surface thus clearly
suggests that this activation pathway is important in controlling
parasitemia, and likely has forced the parasites to evolve strategies
to evade this host defense. A very recent study indicates that
this host-parasite tug-of-war is even more complicated, and that
Factor H-related protein 1 may be involved in a host effort
to overcome malaria parasite evasion of complement attack by
acquisition of Factor H (36).

The clinical importance of classical complement pathway
activation following opsonization by IgG has been less studied,
although binding of C1q to IgG-coated merozoites and
sporozoites has been associated with protection of malaria in
patients from Oceania and Africa (10, 11). In addition, evasion
of such immunity by hijacking of C1-inhibitor by merozoites
was recently reported (15). The clinical relevance of antibody-
dependent complement attack on merozoites may be limited by
the fact that this free-living stage is only exposed to antibody and
complement for 1-2min before invading a new erythrocyte. It is
questionable whether this is long enough for antibody binding
and classical complement attack, as in vitro experiments required
>2.5min. before C3 deposition could be demonstrated (15).
By then, many merozoites would be expected to have safely
reinvaded (37). In the case of sporozoites, the parasite is exposed
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to antibody and complement for longer (38), and it therefore
seems more likely that complement plays a decisive role in the
immune response against this developmental stage. However,
the intra-erythrocytic parasites should theoretically be vulnerable
to classical complement attack for the ∼30 of the 48-h asexual
life cycle, where they express PfEMP1 on the IE surface to
facilitate tissue sequestration and avoidance of destruction in the
spleen (39). This notwithstanding, little is known about classical
complement attack on IEs, let alone parasite strategies to evade
this threat.

Here, we show that human IgG purified from plasma and
having high reactivity to PfEMP1 can activate the classical
complement pathway in ELISA. However, no complement
activation was seen when the same IgG was bound to the
corresponding native PfEMP1 on the surface of IEs. The
molecular dimensions of IgG and PfEMP1 molecules, combined
with estimates of the number of PfEMP1 molecules per IE
(40–46) suggest that on-target hexamerization [required for
efficient activation of the classical complement cascade by
IgG (19)] would occur if the PfEMP1 molecules were evenly
distributed over the IE surface. We therefore hypothesized
that the lack of activation is related to the knob-restricted
expression of PfEMP1 on the IE surface, which prevents on-
target hexamerization of IgG molecules bound to PfEMP1
molecules on neighboring knobs, as these are too far apart.
The clustered distribution might thus represent a hitherto
unidentified strategy by P. falciparum to evade acquired,
IgG-mediated protective immunity. However, the molecular
dimensions of knobs make on-target hexamerization of IgG
bound to different PfEMP1 molecules within a given knob
theoretically possible. We therefore produced two PfEMP1-
specific mAbs with substitutions in the Fc-region that enhance
their capacity for on-target hexamerization and complement
activation (19, 29). Although we could demonstrate enhanced
complement-activating capacity of Fc-mutated mAbs by ELISA,
the mutations did not suffice to activate complement following
binding of the mAbs to native PfEMP1 on the IE surface. Even
with polyclonal immune IgG containing IgG with specificity for
the many antibody epitopes that exist in VAR2CSA (21), we
did not find evidence of activation of the classical complement
cascade at the IE surface. Although the reason for the above
observations is not known, the simplest explanation is that
PfEMP1 molecules are not evenly distributed, even within the
confines of a single knob, but are instead clustered together.
Whether this is the case is not currently known, however.

Erythrocytes are inherently susceptible to complement attack,
and they therefore possess endogenous membrane-bound
complement regulators such as decay-accelerating factor (CD55)
and protectin (CD59) to prevent inadvertent phagocytosis and
lysis of complement-opsonized erythrocytes. Although CD59 has

been reported as the factor preventing complement-mediated
lysis of IEs (47), IE lysis is likely to be less important than
opsonization for phagocytosis. In this study, we decided to
focus on complement components upstream of the erythrocyte
membrane-bound complement regulators’ point of action, to
avoid complications imposed by the need to enzymatically
remove membrane-bound regulators.

To conclude, we report that although PfEMP1-specific IgG
can activate the classical complement pathway in a system where
the antigens are homogeneously distributed, this appears not to
happen at the IE surface, where PfEMP1 display is restricted
to well-defined knobs. The most parsimonious explanation for
this discrepancy is that the focal display of native PfEMP1
interferes with the on-target hexamerization of IgG, which is a
requirement for binding of C1q and activation of the classical
complement cascade. The knob-restricted display may thus
represent a hitherto unrealized strategy of P. falciparum to evade
acquired protective immunity.
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The complement system, an evolutionarily ancient component of innate immunity,

is capable of protecting hosts from invading pathogens, either directly, by lysis of

target cells, or indirectly, by mobilization of host immune mechanisms. However, this

potentially cytotoxic cascade must be tightly regulated, since improperly controlled

complement can damage healthy cells and tissues. The practical importance of this axis

is highlighted when impairment of complement regulators or bacterial mechanisms of

complement evasion result in pathogenic conditions. Recognition of complement as a

“double-edged sword” is widely acknowledged, but another, currently underappreciated

aspect of complement function has emerged as an important player in homeostatic

balance—the dual outcome of complement-mediated inflammation. In most cases,

the proinflammatory properties of complement are beneficial to the host. However,

certain pathogens have developed the ability to utilize local inflammation as a source

of nutrients and as a way to establish a niche for further colonization. Such a strategy

can be illustrated in the example of periodontitis. Interestingly, certain tumors also seem

to benefit from complement activation products, which promote a proangiogenic and

immunosuppressive microenvironment.

Keywords: inflamation, periodontits, cancer, Porphyromonas gingivalis, complement activation

INTRODUCTION

The term “inflammo-philic” (=loving or attracting inflammation) was introduced in 2014 by
George Hajishengallis to describe dysbiotic microbiome on the tooth surface below the gum line,
which thrive in the inflammatory environment of periodontal pockets (1). Remarkably, as described
in details later in this review, bacteria responsible for initiation and progression of periodontitis
(periodontopathogens) have the unique ability to manipulate the complement system to disengage
bacterial clearance from inflammation.

In general, the local inflammatory response to bacterial and fungal pathogens triggered by
complement activation is absolutely essential to eliminate invaders (2, 3). Therefore, all successful
pathogens developed a large variety of means to interfere with complement activation and/or
hinder complement-dependent bacterial clearance mechanisms (2–6) (Table 1). Unfortunately, if
inflammatory reaction triggered by pathogens escape the control it becomes highly detrimental
to the host as illustrated by invasive candidiasis [Candida albicans (7)], meningitis [Neisseria
meningitidis (8)], and sepsis [N. meningitidis (8), Staphylococcus aureus (9), and Streptococcus
pyogenes (10)]. It needs to be kept in mind that an overwhelming inflammatory response and
a dysregulated immune response to these infections is by no means the manifestation of an
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TABLE 1 | Exemplary complement evasion strategies used by microbes.

Mechanism Organism Protein or molecule/Host target

Recruitment of host soluble complement inhibitors: ->

support of proteolytic cleavage of C3b and C4b, acceleration

of convertases’ decay

Streptococcus pyogenes M protein family (b)

Factor H

C4BP

FH-binding proteins: fibronectin-binding protein (FbaA) (b) and

streptococcal collagen-like protein 1 (Scl1)(b)

Factor H

FH-related protein 1

Escherichia coli OmpA: Outer membrane protein (b) C4BP

Moraxella catarrhalisis Usp1, 2: Ubiquitous surface protein 1 and 2 (b)

C4BP

Borrelia burgdorferi BbCRASP-1 (b)

Factor H

Candida albicans Gpm1p (b)

C4BP

Streptococcus pneumoniae PspC (b)

Factor H

Physical barrier preventing Fc receptors on phagocytes to

contact complement-derived opsonins on bacteria

Streptococcus pyogenes hyaluronic acid capsule (b)

Blocking of receptor of complement components on immune

cells

Staphylococcus aureus Chemotaxis inhibitory protein of Staphylococcus aureus (CHIPS)

(s)

C5aR

Proteolytic inactivation of complement components Streptococcus pyogenes ScpA (s)

C3a, C5a

SpeB (s)

C1 inhibitor, C2, C3, C4, C5a C6, C7, C8, C9

Pseudomonas aeruginosa Pseudomonas elastase (PaE) (s)

C3

Staphylococcus aureus Staphylokinase (s)

C3b

Serratia marcescens 56kDa protease (s)

C5a

Porphyromonas gingivalis gingipains (s)

C3,C4,C5

Tannerella forsythia Mirolysin (s)

Mannan binding lectin (MBL), ficolins, C4, C5

Blocking of classical pathway initiation Streptococcus pyogenes endopeptidase O (PepO) (s)

IgG-C1q interaction

IdeS/Mac-1 (s)

IgG (degradation)

Staphylococcus aureus Staphylococcal protein A (SpA) (b)

Ig (binding)

Streptococcus sp. gr. G Protein G (b)

Ig (binding)

Interference/function-blocking of complement components Streptococcus pyogenes streptococcal inhibitor of complement (SIC) (s)

C5b-7

Vitronectin binding proteins (VnBPs) (b)

Vitronectin – C9 polymerization

(Continued)
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TABLE 1 | Continued

Mechanism Organism Protein or molecule/Host target

Staphylococcus aureus extracellular fibrinogen-binding protein (Efb) (s)

C3

staphylococcal superantigen-like protein 7 (SSL-7) (s)

C5

Staphylococcal complement inhibitor (SCIN) (s)

blocking of AP and CP/LP C3 convertases

Borrelia burgdorferi CD59-like protein (b)

C8, C9

Moonlighting proteins Streptococcus pyogenes GAPDH (b),(s)

binds and sequesters C5a

Filifactor alocis Acetylornithine transaminase (FACIN) (b)

binding to C3 and activated C3 in complex with factor B

(s), soluble protein/molecule.

(b), surface—bound protein/molecule. For original references see the review articles with reference numbers 2–6.

inflammophilic character of these pathogens since the controlled,
local inflammation is protective against these pathogens (9).
Therefore, the pathogenic strategy to endure inflammation but
in the same time to take advantage of it, seems to be limited to
periodontopathogens. It is fascinating that the apparently similar
strategy is employed by cancer and in both cases exploitation of
the complement system underlines pathology.

COMPLEMENT SYSTEM

The complement system is one of the oldest mechanisms of
immunity. Its essential components, such as the C3 molecule,
have existed through more than 500 million years of evolution
(11). A primitive complement system probably appeared in
the common ancestor of eumetazoa, and its original role was
limited to opsonization and the induction of inflammation.
Genetic events like the duplication-based appearance of pathway
specific components (e.g., factor B and C2) and the gain of
terminal pathway constituents (C5–C9) allowed the primodal
complement system to evolve into a an advanced and complex
defense system capable not only of promoting osmotic lysis of
target cells, anaphylaxis, and phagocytosis, but also of crosstalk
with other systems (e.g., coagulation) and signaling pathways
(e.g., Toll-like receptors) involved in the maintenance of bodily
homeostasis (12, 13). There are three independent complement
cascades, the evolutionarily older alternative and lectin pathway
(with basic elements like C3, MASPs, and factor B existing
in invertebrates) and the relatively younger classical pathway
developed in jawed vertebrates (11). The alternative complement
pathway is constitutively active at a low level due to the
spontaneous breakdown of C3 into anaphylatoxin C3a and the
active C3b fragment, which activate downstream steps in the
cascade. Therefore, propagation of the alternative pathway does
not depend on specific activation but relies on the lack of
inhibition by numerous endogenous regulators that differentiate

self and non-self surfaces. This mechanism ensures constant
monitoring of the body. In contrast to the alternative pathway,
the classical and lectin pathways require specific stimuli, such
as antibodies, C-reactive protein, phosphatydylserine, or certain
sugar moieties, to be present on the surface of target cells (14–
16). The upstream components of both pathways, including
C1q, mannan binding protein (MBL), and the ficolins, act as
sensors and thus can be considered soluble pattern recognition
molecules (PRMs) (17, 18). All pathways converge at the level
of the central complement molecule C3. C3 is processed by
enzymatic complexes called complement convertases into C3a
anaphylatoxin and the C3b fragment, which in turn forms
C5 convertases. C5 convertases cleave the C5 molecule into
C5a anaphylatoxin and the C5b fragment, which initiates the
common terminal pathway. Binding of C6, C7, C8, and C9
leads to formation of the membrane attack complex (MAC),
which targets the cell membrane and causes osmotic lysis. A
schematic representation of the complement system is shown
in Figure 1.

The binding of antibodies as a stimulus for the initiation
of the complement cascade bridges the innate and adaptive
immune systems. Moreover, opsonins like C3b and their
degradation products act as natural adjuvants, contributing to
proper presentation of antigens to lymphocytes and providing
a co-stimulatory and anti-apoptotic signal for B cells (19).
Deficiencies of complement, while relatively rare, emphasize
the importance of this multifunctional protein cascade (20).
The exact symptoms that develop depend on precisely which
complement components are lacking or impaired. Deficiencies
in essential components of the alternative pathway and the
terminal pathway result in higher susceptibility to recurrent
bacterial infections, especially these caused by Neisseriae
and incidence peak up in early childhood (20). The lack
of early components of the classical pathway predisposes
to systemic lupus erythematosus (SLE), a disease in which
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FIGURE 1 | A simplified representation of the complement system, divided into pattern recognition molecules (PRMs), pathway specific and common components as

well as inhibitors.

the scavenging function of complement is impaired, and
thus debris from dying cells persists and can act as a
source of autoantigens (21). Autoimmune diseases that stem
from direct damage of cells and tissues typically arise from
deficiencies in complement inhibitors that normally protect the
host from excessive or misguided complement attacks (22).
These include C3 glomerulopathies, atypical hemolytic uremic
syndrome (aHUS), age-related macular degeneration (AMD),
paroxysmal nocturnal hemoglobinuria (PHN), and many more
(20). Paradoxically, a deficiency of functional complement
inhibitors such as factor H (the main soluble inhibitor of
the alternative pathway) can also result in a deficiency of
complement activation. Factor H is the main soluble inhibitor
of alternative pathway, which prevents propagation of cascade
beyond the spontaneous breakdown of C3 and formation of C3
convertase (Figure 1). The lack of such inhibitor fuels a positive
feedback mechanism that unproductively depletes complement
and leaves the host without an important line of defense (23).
On the other hand, unwanted complement activation is an
effector mechanism in many inflammatory diseases, including
rheumatoid arthritis (24), diabetic nephropathy (25), and
ischemia/reperfusion injury (26). All these examples support a
perception of the complement system as a “double-edged sword,”
where a proper balance is pivotal for maintaining protection

while avoiding autoimmunity. Both microbial infections and
tumors influence this physiological equilibrium and employ
two main strategies for survival in a complement-saturated
microenvironment.

STRATEGY #1: TO COUNTERACT
COMPLEMENT

Innate immunity relies on recognition of a spectrum of
pathogen-associated molecular patterns (PAMPs), invariable
molecular determinants typical for the most common invaders,
including lipopolysaccharide (LPS), lipoteichoic acid, flagellin,
double-stranded RNA, β1-3 glucan, N-formylmethionine
peptides, and many more. The constant region of the antibody
heavy chain (Fc) also falls into this category of molecules.
Pathogen-associated molecular patterns (PAMPs) bind to
specific receptors on innate immune cells and activate effector
mechanisms such as complement or antibody-dependent
cell cytotoxicity (ADCC). Molecules that sense PAMPs and
trigger immune system activation are called pattern recognition
receptors (PRRs) and include Toll-like receptors (TLRs), C-type
lectins, and NOD-like receptors. Soluble molecules, which exert
an analogical role are termed as PRMs and the most upstream
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components of the classical and lectin pathways (C1 complex,
MBL, and ficolins) belong to this group (18). Complement is
therefore a multispecific and powerful defense system against
pathogens that is theoretically capable of eliminating every
cell unless constrained by endogenous complement inhibitors.
In practice, since complement co-evolved with pathogens
over millions of years, pathogens have developed various
mechanisms to evade complement attack. Pathogens employ
a variety of tactics for this purpose, including proteolytic
cleavage of complement components, mimicking and hijacking
host complement inhibitors, inactivation of the C3 molecule,
preventing of complement-mediated activation of immune
cells, depletion of antibodies, and unproductive exhaustion
of early complement components [reviewed in (2, 4, 27–29)].
Selected examples of abovementioned strategies are given in
Table 1.

Similarly to bacterial, fungal, or viral pathogens expressing
PAMPs, tumor cells are visible to the immune system due
to changes in their mutational or metabolic status, which
is reflected by changes in the expression of cell surface
molecules. The presentation of epitopes derived from mutated
proteins (so-called neoantigens) within MHC I molecules (30)

as well as the peroxidation of membrane lipids or changed
patterns of glycosylation distinguish tumor cells from normal
cells.

Spontaneous fixation of complement onto the surface of
tumor cells is of low physiological relevance due to the low titer
of naturally occurring antitumor antibodies and the expression
of complement inhibitors by tumor cells (31). The introduction
of antitumor monoclonal antibodies, which is considered a
breakthrough in tumor immunology, enabled researchers to
use the cytotoxic potential of the complement system to
combat cancer (32). Complement-activating therapeutics like
the anti-CD20 antibodies rituximab and ofatumumab are first-
line therapies in the treatment of B cell malignancies. However,
certain patients fail to respond or only partially respond to
antitumor antibodies, and one possible explanation is the
unfavorable ratio of the molecular target (e.g., CD20) to
membrane-bound complement inhibitors on the surface of
tumor cells (33, 34). Successful experiments in which bispecific
antibodies against CD20 and CD55 were used (35) or in which
complement inhibitors were silenced (36) support the theory
that inhibition of complement by tumor cells is an important
mechanism of cancer resistance. Expression of membrane-bound

FIGURE 2 | A schematic drawing of strategies utilized by tumor cells and inflammophilic bacteria to subvert complement activation.
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complement inhibitors like CD35 (Complement receptor 1,
CR1), CD46, CD55, and CD59 is typical for nucleated cells,
and the majority of cell types express at least one of these
molecules. In contrast, the production of soluble complement
inhibitors such as factor I, factor H, C4b-binding protein (C4BP)
is usually the domain of liver hepatocytes, and there are only
few extrahepatic sources of fluid-phase complement regulators
(37). However, the expression of soluble complement inhibitors
by tumor cells has been described, and it seems to provide an
additional level of protection, as shown in an in vitro model
of non-small lung cancer cell (NSCLC) lines expressing factor
I, C4BP, and factor H (38). The tumor-supporting effect of
endogenous factor H expressed by NSCLC cells was shown in
vivo in a mouse xenograft model (39, 40). Further evidence
for the pro-tumor effect of soluble complement inhibitors
comes from analysis of tissue microarrays of breast cancer
specimens. Expression of factor I was positively correlated with
tumor size, de-differentiation score (Nottingham scale), and poor
prognosis (cancer-specific survival and recurrence-free survival)
(41). Other investigators reported a correlation between factor I
expression and tumor aggressiveness in cutaneous squamous cell
carcinoma (42). In addition to expressing soluble complement
inhibitors, tumor cells can also hijack these proteins from the
plasma. Horl et al. showed that blocking factor H binding
to the surface of leukemia cells increased the cytotoxicity of
rituximab (43) and ofatumumab (44). Although factor H is
an inhibitor of the alternative complement pathway, it plays a
role in enhancing the complement cascade when it is initiated
via the classical pathway (such as by antitumor antibodies) at
the level of C3b formation. C3b gives rise to an amplification
loop (Figure 1) due to the formation of alternative convertases,
which are targets for factor H. Points of action of particular
complement inhibitors are indicated in Figure 1. Another
possible way to increase tumor cell resistance to complement
attack is removal of the MAC from the surface, a process
dependent on endocytosis or active rearrangement of the cell
membrane mediated by phosphorylation of essential signaling
proteins (45).

The logical consequence of complement inhibition by
microbes and tumor cells at various stages of the cascade
is a more aggressive and more drug-resistant phenotype,
as discussed above. However, the picture is not as simple
as it may originally seem, and another strategy used by
pathogens and tumor cells to evade complement has been
described.

STRATEGY #2: TO EXPLOIT THE
COMPLEMENT SYSTEM

Low oxygen concentration is a feature of rapidly growing solid
tumors, which cannot develop the vasculature necessary for
the efficient supply of nutrients to proliferating neoplastic cells.
Therefore, the expanding tumor mass sooner or later develops
hypoxic cores. Normal cells are equipped with a sensor of
oxygen concentration that works at the transcriptional level.
Hypoxia-inducible factor Iα (HIF-1α) can stabilize the p53 tumor

suppressor, triggering either apoptotic signaling or metabolic
reprogramming of the cell (46). Both of these processes lead to
changes in the molecules expressed at the cell surface, which
has the effect of making the tumor cell visible to the immune
system. Previous studies with human umbilical vein endothelial
cells (HUVECs) revealed that these cells activate the classical
complement pathway in response to hypoxia and as well as
during subsequent reoxygenation. At the same time, HUVECs
increased their surface expression of two membrane-bound
complement inhibitors, CD46 and CD55 (47), which induce the
proteolytic cleavage of activated complement components C3b
and C4b, respectively, and the dissociation of the corresponding
complement convertases. Another study showed a 3.6-fold
increase in HUVEC expression of complement receptor 1 (CR1
or CD35) after 48 h of hypoxia (48). These results suggest
that endothelial cells actively counteract complement activation
under hypoxic conditions, and therefore the expression of
complement inhibitors in hypoxic NSCLC cells was studied (49).
These cells not only expressed membrane-bound complement
inhibitors but also produced soluble inhibitors of complement,
including C4BP and factors I andH (38). In contrast to HUVECs,
NSCLCs significantly downregulated the mRNA expression of all
complement inhibitors tested except CD59 after 24 h of hypoxia,
but a drop in the mRNA expression of soluble complement
inhibitors was detected as early as 6 h after hypoxic challenge.
Importantly, this rapid decrease did not correspond to the
number of dying cells, which did not significantly increase in first
24 h (49). The conclusion is that unlike endothelial cells, NSCLCs
do not utilize protection mechanisms that prevent the deposition
of early complement components during hypoxia, but they do
maintain expression of CD59, which protects from the terminal
stages of complement attack (the insertion of the MAC into the
membrane) (47–49).

From the research reviewed above, it has become apparent
that lung cancer cells may benefit from the propagation of
local inflammation mediated by C3a and C5a. Possible scenarios
include the production of proangiogenic and growth factors
by tumor-infiltrating lymphocytes and macrophages as well as
the mobilization of immune suppressor cells that impair tumor
antigen presentation (50–53). Indirect support for this hypothesis
comes from studies done by Ajona et al. who reported elevated
C4d deposition in lung tumors and its correlation with decreased
survival (54). Moreover, high levels of soluble C4d in the plasma
could discriminate between patients with benign pulmonary
nodules and lung cancer (55), and were associated with reduced
survival of individuals with early and advanced lung cancer. C4d
levels in the plasma were also reduced after surgical removal
of the tumor (54). C4d is an end degradation product of the
activated C4b molecule, a hallmark of classical complement
pathway activation. For that reason, one can assume that the
survival and malignant potential of NSCLC cells is based on
stimulation of complement. Indeed, anaphylatoxin C5a is one
of the key players in complement-mediated support of lung
cancer growth. Corrales et al. found that C5 deposition and
subsequent C5a generation in NSCLC cells wasmuch higher than
in non-malignant bronchial epithelial cells in the presence of
serum (56). Interestingly, tumor cells but not non-transformed
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cells produced endogenous C5, and C5a generation took place
even in the absence of serum. C5a levels in the plasma of lung
cancer patients were also found to be elevated, similarly to
C4d levels. C5a also stimulated migration and tube formation
by HUVECs in vitro. Finally, the impact of C5a was tested
in a syngenic mouse model of 3LL lung cancer. Microvessel
density was compared in 3LL tumors in mice treated with a C5a
receptor (C5aR) antagonist. Tumors in the mice treated with the
C5aR antagonist showed significantly fewer microvessels (56).
Additionally, C5a signaling positively influenced the recruitment
of myeloid-derived suppressor cells (MDSCs; CD11b+, Ly6c+),
as blockade of C5aR reduced the number of MDSCs in tumor-
bearing mice. The authors also found decreased expression
of molecules associated with an immunosuppressive state and
silencing of the immune response (ARG1, CTLA-4, IL-10, LAG3,
and PD-L1) in C5aR antagonist-treated mice (57–59).

Importantly, the first evidence for the impact of C5a on the
mobilization of MDSCs into the tumor mass was shown by
Markiewski et al. in the TC-1 tumor model, a lung epithelial cell
line expressing human papilloma virus (HPV) E6 and E7 antigens
(60). The authors found that C5aR-deficient mice developed
smaller tumors than wild-type littermates, and the same effect
was observed when a C5aR antagonist was administered.
However, in this model, the slower rate of tumor growth in
C5aR antagonist-treated animals was not dependent on tumor
cell proliferation/apoptosis or angiogenesis, as evidenced by
analysis of end-point tumor specimens. Conversely, there were
differences in the infiltration of tumor tissue by cytotoxic T cells,
the main effectors of the antitumor immune response. Profiling
of MDSCs isolated from tumors and spleens of C5aR-deficient,
tumor-inoculated animals confirmed that C5a contributes to the
accumulation of MDSCs in peripheral lymphoid organs and
their migration into tumors. Of note, MDSCs isolated from
mice with disabled C5aR signaling were less able to suppress
T cell proliferation in vitro. This deficiency was linked to
lower production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) in mononuclear MDSC from C5aR-
deficient animals.

Similarly to lung cancer cells, endogenous C5a generation by
pancreatic and colon cancer cells was later reported. These cells
processed C5 with a cell surface-expressed serine protease and
expressed C5aR, suggesting autocrine activation of complement
(61). In ovarian cancer, endogenous production of complement
components and autocrine stimulation of the anaphylatoxin
receptors C3aR and C5aR was suggested to be an important
mechanism supporting tumor growth (62). The observed effect
was independent of infiltration by cytotoxic T cells, since
experiments with silenced expression of C3 yielded the same
result (i.e., reduced tumor growth) in CD8T cell-sufficient and
-deficient mice. A direct effect of C3aR and C5aR agonists on
proliferation, migration, and invasion of tumor cells has also
been reported. Finally, quantification of C3 mRNA in tumors
from patients with ovarian cancer showed that overall survival in
patients with low tumor expression of C3 was more than double
that of patients with high expression of C3 in the tumor (62).

In recent years, there has also been growing evidence for
the pro-tumor activity of anaphylatoxins and anaphylatoxin

receptors in either tumor cells or the tumor stroma in multiple
tumors types, including melanoma, breast, ovarian, cervical,
colon, and intestinal cancer, as well as sarcoma [reviewed in (63)].
Interestingly, in addition to the larger body of work focusing
on the role of C3a and C5a in promoting tumor growth, recent
studies have described a pro-tumor effect of factor B silencing
(64) as well as a complement-independent enhancement of
tumor growth, adhesion, and angiogenesis by C1q produced by
the tumor stroma (65). The concept of complement activation
supporting tumor growth provided the rationale for combined
inhibition of C5a and PD-1 (66, 67), suggesting that targeting
complement may be an effective anticancer treatment. These
novel discoveries may be perceived as contradictory to the
acknowledged theory that complement inhibits tumor growth.
For example, NSCLC cells, which have been shown to benefit
fromC5a generation (56), were previously shown to form smaller
tumors in a mouse xenograft model when their endogenous
expression of the complement inhibitor factor H was silenced
(40). In addition, potent complement activators such as the anti-
CD20 immunotherapeutics rituximab and ofatumumab are first-
line therapies for treatment of B cell malignancies (33). Notably,
solid and circulating tumors have different requirements for
growth. While sold tumors are typically depend on angiogenesis,
migration, degradation of extracellular matrix, liquid tumors
originate in the bone marrow, peripheral blood, or lymph nodes,
which are rich in both nutrients and complement. Even solid
tumors of the same origin can differ one from another in
their mutational status, basal expression of growth factors and
metalloproteinases, and metabolic rate. All of these parameters
can influence the overall effect of complement activation on
tumorigenesis and/or tumor progression. Finally, tumor cells
often produce both complement activators and complement
inhibitors. Thus, it seems as though tumor cells actively regulate
the complement system depending on microenvironmental
conditions, rather than simply avoiding constitutive inhibition or
activation of complement (68).

Despite the extremely long phylogenetic distance between
eukaryotic cells and bacteria, some prokaryotes have acquired
strategies similar to tumor cells, which utilize the host
inflammatory status to create favorable survival conditions.
Bacterial growth in the human body is less dependent on
neovascularization than tumor growth, and in contrast to tumor
cells, bacteria do not have to overcome internal mechanisms
controlling proliferation. Moreover, most bacteria can stand
much harsher conditions than eukaryotic cells in terms of pH,
oxygen tension, temperature, concentration of metabolites, etc.
Nevertheless, the common feature between bacteria and tumor
cells is the demand for nutrients and certain microelements.
While solid tumors induce angiogenesis to acquire a source of
nutrients, bacteria can successfully utilize products from the
breakdown of local tissue. Therefore, tissue-destructive processes
linked to local inflammation form permissive conditions for
prokaryotic pathogens, which can survive immune attack.
An additional benefit of this strategy is the elimination of
inflammation-sensitive bacterial species (human commensals or
normal microflora) that normally compete within the same niche
(69, 70).
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INFLAMMOPHILIC CHARACTER OF
PORPHYROMONAS GINGIVALIS, WHICH
PROPELS PERIODONTISIS

One of the most well-documented examples of bacteria hijacking
host immunity to create an environmental niche occurs in
periodontitis, a chronic inflammatory disease characterized
by dysbiosis that results in degradation of the gingiva and
tooth-supporting bone and ultimately leads to tooth loss (1).
Periodontal disease begins from dental plaque, amicrobial matrix
colonizing the gum line usually as a result of inefficient oral
hygiene (71). The next stage, gingivitis, is characterized by
local inflammatory response to microbial plaque. The switch
between non-destructive gingivitis and destructive periodontitis
involve dysbiosis of the normal oral microbiome. The dysbiotic
process results from an imbalance of homeostasis caused by
so-called keystone pathogens (72). A keystone pathogen is
usually a microorganism of low abundance that induces changes
in the composition of the local microflora by introducing a
new selective pressure, such as inflammation. In periodontitis,
the keystone pathogen is Porphyromonas gingivalis. However,
as shown by studies in mice, this Gram-negative bacteria
cannot establish periodontitis by itself, but requires commensal
microbes. These microbes are then converted from a symbiotic
into a dysbiotic community. Pivotal experiments showed that
bone loss was reduced when C3aR- or C5aR-deficient mice
were inoculated with P. gingivalis and that no changes in the
oral microbiota were observed in these knockout mice after P.
gingivalis inoculation, in contrast to wild-typemice (69). As some
tumor cells generate C5a through their surface enzymes, so does
P. gingivalis. It is equipped with gingipains, outer membrane-
anchored bacterial surface arginine-specific proteases with C5
convertase-like activity (73, 74). Importantly, gingipains release
C5a from C5, but at higher concentrations, they degrade the
larger fragment (C5b), thus preventing MAC formation (75).
C3 and C4 complement proteins are also degraded by high
concentrations of gingipains. Thus, human serum pre-incubated
with clinical strains of P. gingivalis but not mutants lacking
gingipains is devoid of bactericidal activity (74, 76). Additionally,
gingipains interact with the C1 complex and increase its
deposition onto bacteria surfaces (74). Based on these findings,
one can postulate a biphasic effect of P. gingivalis proteolytic
enzymes. A low abundance of bacteria initiates the classical
complement pathway, but increasing numbers of bacteria results
in the degradation of crucial complement components, leading
to osmotic lysis. C5 is present in gingival crevicular fluid at
concentration corresponding to 70% of that in serum and the
active C5a anaphylatoxin can be locally released by convertases
and bacterial proteases (77). C5a is a strong inflammatory
mediator that increases vascular permeability and attracts and
modulates the function of neutrophils, monocytes, and mast
cells. All these events are considered antimicrobial events.
Paradoxically, P. gingivalis’ strategy for immune subversion by
proinflammatory C5a involves targeted immunosuppression of
macrophages. C5a affects intracellular killing of engulfed P.
gingivalis by RNS and corrupts the crosstalk between C5aR

and TLR2, one of the most important PRMs in antibacterial
innate immunity (73). At the same time, C5aR-TLR2 crosstalk
results in release of proinflammatory cytokines such as IL-
1β, IL-6, and TNF-α, which accelerate bone resorption and
thus contributes to the pathological mechanism of periodontitis.
Similarly, P. gingivalis spoils intracellular killing mechanism
but not proinflammatory activity of neutrophils by degradation
of TLR2 adaptor molecule MyD88 provoked by concomitant
activation of TLR2 and C5aR (78).

Another functional similarity between P. gingivalis and
tumor cells, which produce either complement inhibitors or
complement components, is the fact that P. gingivalis not
only possesses the proteolytic machinery to generate C5a but
also expresses a unique enzyme, peptidyl arginine deiminase
(PPAD), which can citrullinate the C-terminal arginine in C5a,
a modification that results in substantial loss of anaphylatoxin
chemotactic activity (79). This suggests that the evolutionary
goal of pathogens like P. gingivalis is not constitutive activation
or inhibition of the complement system, but rather the
ability to actively control complement status depending on its
current needs. As a keystone pathogen, P. gingivalis is a low-
abundance species that plays a major role in remodeling the
local microbiota community (69). Following establishment of
P. gingivalis infection, a succession of other dysbiotic species
proliferates in the periodontal plaque. Some express their own
complement inhibitors, such as Tannerella forsythia, which
produces karilysin and mirolysin (80, 81), Filifactor alocis, which
produces FACIN (82), and Prevotella intermedia, which produces
interpain A (83). Of note, interpain A works in concert with
gingipains in the initial stages of infection, as both proteins
activate the C1 complex and increase its deposition onto the
cell surface. A dysbiotic bacterial community may promote a
transcriptomic response that further improves bacterial fitness
by regulation of nutrient acquisition and expression of virulence
factors (84). This process resembles the crosstalk between tumor
cells and the stroma, at least to a certain extent. Tumor cells
can drive the polarization of infiltrating immune cells (e.g., into
M2 macrophages), which in turn benefit the tumor cells by, for
example, expressing angiogenic cytokines (85, 86). In addition,
carcinoma-associated fibroblasts (CAF), which differentiate from
normal fibroblasts upon stimulation by cancer-derived cytokines
such as TGF-β, have emerged as important players in cancer
progression and metastasis (87, 88).

CONCLUDING REMARKS

The role of the complement system in combating bacteria
and cancer is more complicated than was initially believed.
Certain pathogens have evolved the ability not only to evade
complement attack but also to use it as a tool for establishing
their own niche, while remaining protected from complement-
mediated lysis. Such a strategy seems to be widespread in
nature and has been adopted by both bacteria and tumor cells
(Figure 2). It seems likely that additional pathogenic strategies
remain to be discovered, and thus one must be careful when
designing complement-based therapeutics. On the other hand,
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anti-complement approaches may be effective in the treatment
of infections caused by inflammophilic microbes.
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Complement is an effector of innate immunity and a bridge connecting innate immunity 
and subsequent adaptive immune responses. It is essential for protection against infec-
tions and for orchestrating inflammatory responses. Recent studies have also demon-
strated contribution of the complement system to several homeostatic processes that 
are traditionally not considered to be involved in immunity. Thus, complement regulates 
homeostasis and immunity. However, dysregulation of this system contributes to several 
pathologies including inflammatory and autoimmune diseases. Unexpectedly, studies 
of the last decade have also revealed that complement promotes cancer progression. 
Since the initial discovery of tumor promoting role of complement, numerous preclinical 
and clinical studies demonstrated contribution of several complement components 
to regulation of tumor growth through their direct interactions with the corresponding 
receptors on tumor cells or through suppression of antitumor immunity. Most of this 
work, however, focused on a role of complement in regulating growth of primary tumors. 
Only recently, a few studies showed that complement promotes cancer metastasis 
through its contribution to epithelial-to-mesenchymal transition and the premetastatic 
niche. This latter work has shown that complement activation and generation of com-
plement effectors including C5a occur in organs that are target for metastasis prior to 
arrival of the very first tumor cells. C5a through its interactions with C5a receptor 1 
inhibits antitumor immunity by activating and recruiting immunosuppressive cells from 
the bone marrow to the premetastatic niche and by regulating function and self-renewal 
of pulmonary tissue-resident alveolar macrophages. These new advancements provide 
additional evidence for multifaceted functions of complement in cancer.

Keywords: complement system proteins, cancer, metastasis, alveolar macrophages, myeloid-derived suppressor 
cells, epithelial–mesenchymal transition

iNTRODUCTiON

In both mouse models of cancer and patients, the expression of several complement genes is increased, 
resulting in higher than normal concentrations of complement proteins in plasma or other body 
fluids (1, 2, 3). In addition, complement activation is thought to occur in cancers because activated 
complement fragments are deposited within tumors (4, 5). This deposition of complement cleavage 
products and complement protein complexes including the C5b-9 terminal complement complex 
was observed in breast cancer (6) and in papillary thyroid carcinoma (7, 8). Complement activation 
through the lectin pathway was shown in colorectal carcinoma (9, 10). Complement fragments 
were detected in ascites from ovarian carcinoma patients (11). Complement activation in cancer 
patients is also supported by detection of C5a circulating in plasma of non-small cell lung carcinoma 
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patients (2). The early studies reporting upregulation and activa-
tion of the complement pathway led to a notion that complement, 
similar to lysing bacteria, may contribute to lysis of tumor cells 
and, consequently, participates in tumor immune surveillance. 
However, this is disputable because of the resistance of cancer 
cells to complement-mediated lysis, which, however, become 
obvious mainly in the context of use of monoclonal antibodies 
for cancer immunotherapy (12, 13). This resistance results from 
high expression of membrane complement regulatory proteins 
(CRPs) on tumor cells (14) and secretion of soluble complement 
regulators from these cells (15), especially in solid tumors (13, 16).  
In contrast, in hematologic malignancies, complement medi-
ated killing can be relevant, at least in the therapeutic context. 
For example, rituximab, a chimeric CD20 monoclonal antibody 
used to treat B  cell lymphomas utilizes complement-mediated 
cytotoxicity (CDC) to kill tumor cells. There is growing interest 
in targeting complement regulators to improve efficacy of mono-
clonal antibody therapy in cancer (13, 17). Another approach to 
improve complement-mediated killing of tumor cells is the use of 
the “hexabody” platform. This technology stems from a seminal 
discovery that IgGs form hexamers after binding to antigen on 
the activating surface. This process is mediated by noncovalent 
interactions between Fc fragments of IgGs (18). Engineering 
Fc segments can be utilized to enhance formation of hexamers 
and, consequently, improvement of CDC toward tumor cells 
(19). Additional example of antitumor complement functions is 
participation of the complement anaphylatoxins C3a and C5a in 
enhancing antitumor immunity after radiotherapy. Interestingly, 
dexamethasone, a drug often administrated during radiotherapy 
limited complement activation and, consequently, inhibited 
antitumor immunity (20).

In contrast to these beneficial outcomes of complement activ-
ity, it is conceivable that without the discussed here therapeutic 
interventions, complement enhances tumor growth through its 
proinflammatory properties (4, 5). This possibility is consistent 
with a well-established tumor promoting role of chronic inflam-
mation (21). Indeed, the first work to demonstrate tumor promot-
ing properties of complement showed that several complement 
deficiencies were associated with reduced tumor growth through 
mechanisms linked to improvement of antitumor immunity 
(22). Several follow-up studies demonstrated immunoregulatory 
properties of various complement proteins (23). In addition, 
complement enhances tumor growth through direct regulation 
of tumor cell proliferation and invasiveness through C3a and 
C5a receptors expressed on carcinoma cells (24). Interestingly, 
the receptors for anaphylatoxins are also expressed in several 
leukemia and lymphoma cell lines and the blasts from chronic 
myeloid leukemia and acute myeloid leukemia patients. These 
cells responded robustly to C3a and C5a stimulation in  vitro 
through chemotaxis and this process is negatively regulated by 
heme oxygenase 1 (HO-1) (25). These findings indicate that traf-
ficking and spread of tumor cells in hematologic malignancies 
is perhaps, at least partially, controlled by complement system, 
therefore, inhibiting complement or upregulating HO-1 offer a 
new therapeutic opportunity for hematologic malignancies.

Together, studies of the last decade provide compelling 
evidence for a pivotal role of the complement system in tumor 

growth and targeting complement for anticancer therapy. Inter-
estingly, recent developments point to regulation of cancer 
metastasis by complement, which appears, in some studies, to 
be independent from complement functions in primary tumors. 
This work links complement to a phase of metastatic process that 
only recently has been proved experimentally and is termed the 
premetastatic niche (26). We focus our discussion here on these 
new advancements on complement in metastasis. We also dis-
cuss contributions of complement to epithelial-to-mesenchymal 
transition (EMT), which initiates metastasis in primary tumors.

COMPLeX COMPLeMeNT

The complement system is an assembly of more than 50 pro-
teins that work together to provide immunity from infections, 
regulate several homeostatic processes, and trigger responses to 
tissue damage or injury (23). Although the textbook definition 
places complement in the center of innate immunity, recent 
developments demonstrated that this versatile system functions 
beyond limits of the immune system, regulating, for example, 
synaptic pruning (27), tissue regeneration/repair (28, 29), and 
bone homeostasis (30). In addition to its key function in innate 
immunity, complement regulates adaptive immunity. The recep-
tors for the complement activation fragments are expressed in B 
and T cells and their signaling is pivotal for maintaining efficient 
protection against infection (31, 32). The stimulation of the 
complement receptor 2 (CR2) through antigen coated with C3d 
reduces the threshold for B cell activation rendering costimula-
tion for best antibody production (33, 34). The studies on a role 
of complement in regulating T cell responses has led to surprising 
discovery that complement proteins in the cytoplasm regulate 
several intracellular process, mainly of a metabolic nature, essen-
tial for T cell homeostasis. The intracellular complement, termed 
“complosome,” interacts with other intracellular innate sensor 
systems to control processes that are fundamental for adaptive 
immune responses such as metabolic reprograming necessary for 
generation of effector T cells (35).

The complement system also includes soluble fluid-phase or 
membrane-bound proteins, cofactors, regulators, and receptors 
(36). Upon stimulation by either pathogen or danger-associated 
molecular patterns, or antibodies, a cascade of events occurs that 
leads to activation of complement through different complement 
pathways. The alternative pathway is initiated by bacterial sur-
faces or unconstrained fluid phase hydrolysis of the complement 
C3 thioester (37). The lectin pathway is triggered through binding 
of mannose binding lectin or the ficolins (termed ficolin-1, ficolin-2, 
ficolin-3) to particular carbohydrates or N-acteyl residues (38, 39).  
The classical pathway starts when C1q binds to at least two IgG 
molecules (or one IgM) in a complex with antigen (40). In addi-
tion, complement fragments can be cleaved and thus activated 
through proteolytic enzymes that are not traditionally linked 
to the complement system. We grouped these additional ways 
of complement activation under the “umbrella” of the “fourth 
extrinsic pathway” (41). All three traditional complement activa-
tion pathways lead to cleavage of a complement fragment C3, 
which results in generation of C3a anaphylatoxin (10 kDa) and 
a large component—C3b. The C3b is deposited on the bacterial 
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or other activating surfaces (42, 43). Following cleavage of C3 
by an enzymatic complex—C3 convertase, C5 is cleaved by C5 
convertase and similar to C3 cleavage, small C5a and large C5b 
fragments are generated. C3b and C4b opsonize pathogens, e.g., 
flag them for phagocytosis by myeloid professional phagocytes 
that express receptors for C3 cleavage fragments. The large C5 
cleavage product, C5b, binds to an activating surface and supports 
subsequent binding of C6, C7, C8, and finally C9 [membrane 
attack complex (MAC)]. The multiple C9 fragments polymerize 
and form a pore in the cell membrane resulting in cell lysis or 
cell activation in certain circumstances (44). The complement 
anaphylatoxins C3a, C4a, and C5a are potent mediators that 
orchestrate events of inflammation (41, 45).

Excessive complement activation can be deleterious; therefore, 
this process is tightly controlled by CRPs (46). There are both 
soluble and membrane bound CRPs that can be grouped into 
several functional categories: (i) CRPs with decay-acceleration 
activity that increases the rate of C3 convertase breakdown and 
(ii) with cofactor activity resulting in the cleavage of C3b and C4b, 
thus, stopping C3 convertase formation (47). Three additional 
important CRPs are factor H, C1 inhibitor (C1NH), and CD59. 
Factor H acts in the alternative pathway as a C3 convertase decay 
accelerator and as a cofactor for factor I-mediated cleavage of 
C3b. CD59 is the only CRP, which acts to prevent assembly of 
the MAC. C1NH acts in both the classical and lectin pathways 
by inactivating C1r, C1s, and mannose-binding lectin serine 
proteases (47, 48, 49).

COMPLeMeNT AND CANCeR

In 2008, complement C3, C4, and C5a receptor 1-deficient 
mice were shown to have slower tumor growth in a model 
of human papilloma virus-induced cancer (22). This paper 
was the first study to contradict a well-accepted, at that time, 
notion of complement participation in immune surveillance. 
Tumor promoting functions of complement, at least in this 
model, were linked to C5a/C5a receptor 1 (C5aR1)-mediated 
activation and recruitment of myeloid-derived suppressor cells 
(MDSC) to tumors and inhibition of antitumor immunity. 
At the time of this publication, concerns were raised that the 
observed phenotypes may be restricted to a single tumor model 
(4, 5, 50). However, multiple preclinical and clinical studies in 
the last decade supported tumor-promoting properties of dif-
ferent complement components (16, 49). For example, studies 
by Corrales and colleagues demonstrated that C5a regulates 
MDSC in a lung cancer model (2). The blockade of C5aR1 led 
to a reduction in expression of genes that suppress antitumor 
immunity including Arg1, Il-6, Il-10, Ctla4, Lag3, and Cd234 
(PDL1) (2). Recently, it has been shown that C3aR and C5aR1 
signaling have an important impact on the IL-10-mediated cyto-
toxic properties of CD8+ T cells infiltrating tumors in models of 
melanoma and breast cancer (E0771) (51). In this manuscript, 
tumor infiltrating CD8+ T  cells were shown to produce C3, 
which in autocrine manner inhibited the expression of IL-10. 
This cytokine appears to be essential for the cytotoxic properties 
of these cells. Mechanistically, IL-10 was associated with C3aR 
and C5aR1 signaling in CD8+ T  cells. Complement’s role in 

recruiting tumor-associated macrophages (TAMs) and control-
ling their proangiogenic characteristics was proposed in a work, 
exploring antitumor functions of pentraxin 3 (52).

In addition to research demonstrating contributions of 
complement to inhibition of antitumor immunity, several studies 
showed other mechanisms behind tumor promoting functions 
of complement. In ovarian carcinoma models, tumor cells were 
demonstrated to produce complement components. C3a and C5a 
generated through activation of complement fragments produced 
in tumor cells regulated proliferation and invasiveness of tumor 
cells in autocrine fashion (24). C1q deposited in several human 
malignancies and mouse tumors seems to accelerate tumor 
growth through its proangiogenic properties and direct regulation 
of tumor cell motility and proliferation (53). Of value, Ajona et. al  
recently demonstrated improved efficacy of programmed cell-
death 1 (PD-1) blockade in the presence of complement inhibition 
in reducing progression of tumors in a model of lung cancer (54). 
These new findings divulge a feasible path for targeting the com-
plement system with the use of immunotherapeutic agents along 
with T  cell check inhibitors. The detailed and comprehensive 
descriptions of a role in regulating tumor growth can be found in 
recent reviews (16, 23, 49). Here, we focus the discussion on the 
role of complement in regulating metastasis, a role that seems to 
involve different mechanisms.

MeTASTASiS A HALLMARK  
OF MALiGNANCY

Cancer metastasis is a process of relocation of tumor cells from 
a primary to a distant (disconnected from primary tumor) site, 
through lymph or blood. In fact, a metastatic potential deter-
mines the malignant character of primary growth (55). Cancer 
metastasis are responsible for approximately 90 percent of 
cancer-associated deaths, however, paradoxically, mechanisms 
regulating metastasis remain the most obscure aspect of cancer 
biology (56). The metastatic spread of cancer is a multistep and 
complex chain of alterations in tumor and host cells, and tumor 
stroma, known as the invasion-metastasis cascade (56, 57). This 
cascade involves processes in primary tumor sites, circulation, 
and metastasis-targeted organs. Some of the first steps in the 
metastatic cascade involve acquisition of the ability to migrate 
and invade and degrade the tumor stroma by tumor cells. This 
goal is achieved through triggering in tumor cells several cel-
lular programs that are collectively termed EMT, which is also 
an essential process during embryogenesis and wound healing 
(58). The EMT occurs perhaps in several malignancies; however, 
the current understanding of these cellular adaptations stems 
from studies in the models of epithelial-origin neoplasms car-
cinomas (59).

Complement has been linked to EMT in two recent studies 
(Figure  1) (60, 61). In the first study, increased expression of 
C5aR1 was found in hepatocellular carcinoma and hepatocellular 
carcinoma-derived cell lines and positively correlated with stage 
and invasion of liver capsule by tumor cells. The stimulation of 
C5aR1 via C5a induced EMT, as demonstrated by downregula-
tion of E-cadherin and Claudin-1 expression, and upregulation 
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FiGURe 1 | Overview of a role of complement in cancer metastasis. The C5a/C5aR1 axis contributes to the initial step of the invasion-metastasis cascade epithelial-
to-mesenchymal transition, which is essential for tumor cell motility, invasion of extracellular matrix blood vessels. C5aR1 signaling contributes to the formation of the 
premetastatic niche by recruiting immunosuppressive myeloid-derived suppressor cell from bone marrow to the lungs and by regulating self-renewal of alveolar 
macrophages that impair antitumor immunity via reducing antigen-presenting capacity of dendritic cells (APC) and polarizing T cell response toward Th2 phenotype.
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of Snail. Mechanistically, C5aR1-mediated EMT was linked to 
ERK1/2 signaling (61). In another study, C3 expressed in ovar-
ian carcinoma-derived cells reduced expression of E-cadherin 
through C3a and Krüppel-like factor 5. Interestingly, C3 expres-
sion in tumor cells is transcriptionally regulated by twist basic 
helix–loop–helix transcription factor 1 (TWIST1), which binds 
to the C3 promoter and enhances its expression. TWIST1 and 
C3 colocalized at the invasive tumor edges, and in the neural 
crest and limb buds of mouse embryos. Therefore, this work 
identified TWIST1 as a transcription factor that regulates C3 
expression during pathologic and physiologic EMT (60). The 
phenotypes associated with EMT program resemble phenotypes 
of cancer stem cells (CSCs) that are essential for metastatic 
spread. The recent work showed that CD10+ cancer-associated 
fibroblasts that express a second C5a receptor (C5L2) provide a 
survival niche for CSCs through C5L2-mediated NF-kβ activa-
tion (62). Through EMT, tumor cells reduce their attachment 
to neighboring tumor cells and surrounding stromal elements, 
increase motility, and acquire the ability to invade stroma, 
blood, or lymphatic vessels, thereby gaining access to the  
vasculature.

The invasion of blood or lymphatic vessels enables tumor cells 
to intravasate and enter the circulation. The histopathological 
identification of vasculature invasion is itself a poor prognostic 
factor and often correlates with advanced metastatic disease 
(63). The lymph node metastases are a critical factor in cancer 
staging and are independent prognostic factors in several malig-
nancies (64). However, mortality in cancer patients results from 
hematogenous spread to the vital organs including lungs, liver, 
and ultimately brain. Although initially lymph node metastases 
were thought to precede the subsequent hematogenous spread of 

cancer, evidence that draining lymph nodes are just temporary 
“parking” sites for cancer cells, before their departure to blood, 
is rather limited. It seems that lymph nodes represent a final 
destination for some cancer cells while other tumor cells, for 
unclear reasons, spread through the blood vessels (59). Upon 
successful intravasation, tumor cells move with the bloodstream 
to distant sites. However, only a small fraction of tumor cells that 
enter circulation safely reach their destination in the capillary 
beds of lungs and liver or cross the blood–brain barrier. This low 
efficacy of metastatic spread in blood results from hemodynamic 
stress and elimination of circulating tumor cells by the innate 
immunity, mainly natural killer (NK) cells (65). In contrast to 
NK cells, interactions with platelets (66) and neutrophils (67, 68) 
appear to facilitate metastasis.

After reaching their final destination, tumor cells are trapped 
in the capillary beds of the vital organs because their size is usu-
ally larger than the diameter of a single capillary. The halting of 
tumor cells in narrow capillaries facilitates their interaction with 
endothelium that is required for adhesion to endothelial cells and 
subsequent crossing of this endothelial barrier by extravasating 
tumor cells (transendothelial migration). Several substances 
secreted by tumor and host cells in the capillary beds enhance 
adhesiveness of tumor and endothelial cells and increase vascular 
permeability (69, 70), thereby, facilitating tumor cell extravasa-
tion. In the liver and kidneys, the fenestrated endothelium seems 
to facilitate seeding of these organs by metastasizing tumor cells. 
Perhaps the mechanisms contributing to extravasation of tumor 
cells in different organs vary, depending on the location and 
intrinsic properties of metastasizing cells.

After successful seeding of distant sites, tumor cells usually 
persist in an indolent state as single disseminated tumor cells 
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or subclinical microscopic metastases, sometimes for years. 
The reasons for tumor cells to remain in a dormant state are 
unclear; however, poor adaptation of tumor cells to new micro-
environment of metastasis-targeted organs seems to play a sig-
nificant role (59). In addition, transition to rapidly growing and 
clinically overt metastasis, known as metastatic colonization, 
requires robust angiogenesis and immune evasion that may not 
be evident during a dormant phase of metastatic progression 
(71). For breast, prostate, and kidney cancers, a dormant phase 
may last even for decades after initial therapy and eradica-
tion of a primary tumor (59). Therefore, dormant tumor cells 
need to find a microenvironment-niche that allows them to 
slowly self-renew, provides needed nutrients, and protects 
from anticancer drugs and elimination by the immune system 
(72). For example, prostate carcinoma cells often metastasize 
to bones where they compete for residence in the endosteal 
niche with hematopoietic stem cells (73). In multiple organs 
including lungs, bones, and brain, tumor cells reside in close 
proximity to blood vessels in a region known as the perivascular  
niche (72, 74).

Interestingly, as much as EMT is necessary to trigger the 
invasion-metastasis cascade in primary sites, the reversal of this 
process, called mesenchymal-to-epithelial transition (MET), 
contributes to metastatic colonization, which is a final stage of 
metastatic disease. In metastatic tumors, MET appears to be criti-
cal in restoring a complex and heterogonous structure resembling 
primary tumors (75). Metastatic colonization leads to develop-
ment of clinically overt and rapidly growing metastatic lesions, 
which are the ultimate reason for cancer-associated mortality. The 
transition from dormant to rapidly growing metastases requires 
acquisition of specific cellular programs by tumor cells, such as, 
discussed already MET, but also complex and well-orchestrated 
changes in the microenvironment of metastasis-targeted organs 
that include angiogenesis (72, 76), inflammation (77), remod-
eling of extracellular matrix (78, 79, 80), and evasion of antitumor 
immunity (81).

THe PReMeTASTATiC NiCHe

Surprisingly, in several mouse models of cancer, changes that 
appear to be essential for metastatic colonization, e.g., a final stage 
of the invasion-metastatic cascade, including vascular alterations, 
remodeling of extracellular matrix, inflammation, and immu-
nosuppression are observed in certain organs that seem to be 
marked for metastasis even before the arrival of the tumor cells. 
These alterations, collectively known as the premetastatic niche, 
are thought to facilitate seeding of these organs by disseminated 
tumor cells and their survival after they arrive to distant sites. 
The establishment of the premetastatic niche is triggered by the 
primary tumors (82) because efficiency of seeding of metastasis-
targeted organs by intravenously (i.v.) injected tumor cells is 
greatly enhanced by the presence of these tumors (3). Tumor-free 
mice i.v. injected with murine cancer cells developed significantly 
less lung metastases-derived from these i.v. injected cells than 
breast tumor-bearing mice i.v. injected with the same amounts of 
cells, indicating that the presence of primary breast malignancy 
facilitated seeding of the lungs by circulating (i.v. injected) 

tumor cells (3). It also appears that different types of cancer 
selectively prepare the premetastatic niche in different organs. 
This reflects the tendency of some malignancies to metastasize 
preferentially to specific locations. This specificity, known also 
as organotropism, was initially noted by Stephan Paget in 1889 
(82), however, mechanisms regulating organotropism remain 
unclear until now. These mechanisms perhaps involve complex 
interactions between tumor cells and metastasis targeted organs 
that were proposed by Paget in his “seeds (tumor cells) and soil 
(microenvironment of premetastatic sites) theory.” However, 
until seminal studies of the last decade (83, 84), which indeed 
established the field of premetastatic niche, the experimental 
proof for Paget’s theory was missing. It is increasingly accepted 
that the premetastatic niche is created by tumor-secreted factors 
and tumor-shed extracellular vesicles, mainly exosomes. These 
factors seem to collectively control the stepwise development of 
premetastatic niche that begins with vascular alterations and pro-
gresses through activation of resident cells, extracellular matrix 
remodeling, and recruitment of bone marrow-derived cells (85).

Secreted Factors
The evidence that tumor-secreted factors contribute to the pre-
metastatic niche and organotropism, was, perhaps, first provided 
by experiments showing that melanoma-conditioned medium 
injected into mice, directed the metastasis of Lewis lung car-
cinoma cells (which normally metastasize only to the lungs) 
to sites typical for experimental melanoma metastasis (84). 
Among several identified factors secreted by tumors, vascular 
endothelial growth factor A (VEGFA), placental growth factor 
(84), transforming growth factor β (TGF-β), and tumor necrosis 
factor (TNF) were first demonstrated to prepare “soil” for tumor  
cells (26, 83).

exosomes
Exosomes, small extracellular vesicles formed on the cell surface 
through a budding mechanism, contain diverse cargo that facili-
tates cell-to-cell communication and homeostatic cell regulation 
(86). However, in patients and mouse models, formation of 
exosomes by tumor cells is increased compared to normal cells 
(87). Tumor-derived exosomes were isolated from plasma of 
cancer patients and mice with experimental tumors and found 
to carry tumor-derived cargo that promotes disease progres-
sion (87). This exosomal cargo, which includes tumor-derived 
miRNA and proteins, reprograms the target cells toward a pro-
metastatic and pro-inflammatory phenotype, resulting in their 
contribution to the formation of the premetastatic niche. For 
example, melanoma B16-derived exosomes increase the expres-
sion of the receptor tyrosine kinase and MET in bone marrow 
progenitors, causing their exit from bone marrow and migration 
to the lungs, where they contributed to the premetastatic niche. 
Importantly, MET expression is also elevated in circulating 
CD45−C-KITlow/+TIE2+ bone marrow progenitors from patients 
with metastatic melanoma (87). B16-derived exosomes increase 
vascular permeability and enhance expression of TNF, S100A8, 
and S100A9, contributing to recruitment of bone marrow cells to 
the lung premetastatic niche. Of note, the source of S100 proteins 
was not identified in this study (87).

333

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Kochanek et al. Complement in Cancer

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1629

Abundant Complement
In contrast to tumor-derived secreted factors and exosomes, 
complement proteins are present in abundance in plasma 
and body fluids (41, 88) and, therefore, are readily available to 
participate in the premetastatic niche in patients or mice even 
with very small tumors. Increased concentration of complement 
components in plasma and other bodily fluids has been observed 
in both cancer patients and mouse models of cancer (1, 2, 3) sug-
gesting upregulation of the complement pathway. These higher 
amounts of complement proteins may be linked to enhanced 
expression and production of complement by the liver, however, 
local increases in expression of complement genes in tumors and 
organs targeted by metastasis contribute to augmented levels of 
complement fragments because endothelial and immune cells 
synthesize complement fragments (89, 90) and these cells are an 
integral component of the tumor microenvironment (81, 91) and 
the premetastatic niche (26). Thus, they are possible sites of origin 
for several complement proteins in tumors and metastatic sites. 
For example, in a mouse model of breast cancer with spontane-
ous metastatic spread mimicking human malignancy, increased 
concentrations of C3 were found in plasma and bronchoalveolar 
lavage indicating increased production of complement proteins 
(3). These higher levels of complement fragments correlated with 
increases in expression of C3 and C5 genes in the lungs (3, 92). 
Cytotoxic CD8+ T cells were found to synthesize C3 in mouse 
models of melanoma and breast cancer (51). Importantly, tumor 
cells also produce complement proteins. Mouse ovarian carci-
noma tumor cells and human ovarian carcinoma cell lines were 
demonstrated to produce C3 (24). In a squamous cell carcinoma 
model, expression of C3, factor B, and factor I were also dem-
onstrated (93, 94). Boire and colleagues recently demonstrated 
that C3 produced and secreted from tumor cells has prosurvival 
functions and facilitates leptomeningeal metastasis (95).

Complement proteins are secreted from cells in their inactive 
forms, as zymogens. To exert their functions, these fragments 
are activated through a series of proteolytic cleavages that form a 
complement cascade, which ends with generation of complement 
effectors (41). Therefore, if complement plays a role in regulating 
metastatic progression, complement activation in metastasis-
targeted organs or tumors is anticipated. This activation can be 
revealed by detecting deposited complement fragments in tissue 
or secreted effectors such as complement anaphylatoxins, C3a, 
C4a, and C5a. The cleavage fragments of C3 were found to be 
deposited in the lungs prior to metastasis, indicating complement 
activation and participation of the complement system in the 
lung premetastatic (3). These data were obtained through a use 
of a syngeneic mouse model of metastatic breast cancer (4T1), 
in which tumor cells are injected into the mammary fat pad, and 
breast tumors formed there subsequently metastasize to distant 
sites, similar to human malignancy (96). The deposition of C3 
cleavage fragments in the lungs correlated with increasing levels 
of C5a in plasma over time (Figure 1) (3).

vasculature
Increased vascular permeability is one of the earliest changes 
observed in the premetastatic niche and is associated with 

increased metastatic burden (97, 98). The factors secreted from 
primary tumors, including epithelial growth factor receptor ligand 
epiregulin, metalloproteinases MMP1, and MMP2, are known to 
impact vascular permeability in primary tumors and distant sites, 
helping tumor cells to intravasate in a primary and then extrava-
sate in a distant site, respectively (99). In a melanoma model, 
tumor cells secrete factors upregulating angiopoietin 2, MMP3, 
and MMP10 that synergistically destabilize vasculature in the 
premetastatic organs (97). Factors affecting vascular permeability 
can also be secreted from different cell populations recruited to 
the premetastatic niche. For example, myeloid cells were shown 
to produce MMP9 (100) and VEGFA (101). Endothelial cells, 
which are often targets for vasoactive substances, can themselves 
participate in vascular alterations in the premetastatic niche. 
VEGFA-dependent upregulation of E-selectin on the luminal 
surface of endothelium facilities adhesion of tumor cells to 
endothelium and subsequent extravasation (102).

The complement effectors, especially C5a, are powerful inflam-
matory mediators that are actively engaged in bringing leukocytes 
to sites of inflammation. C5a can achieve this goal, acting as a 
potent chemoattractant that causes cytoskeleton changes in leu-
kocytes that are responsible for cell movement (103). However, 
it also enhances (directly and indirectly) vascular permeability, 
further adding to accumulation of leukocytes in inflammatory 
foci (103). The complement C3 cleavage fragments were found 
to be deposited in the premetastatic lungs as early as 4 days after 
injecting tumor cells into the mammary fat pad in a model of 
breast cancer (before any tumor cells are present in the lungs). 
Since C3 is a central component of complement cascade, on 
which all complement activation pathways converge, deposition 
of C3 cleavage fragments indicates complement activation and 
subsequent generation of C5a (88), which indeed was present in 
sera of these mice (3). It is, therefore, conceivable that comple-
ment contributes directly to increased vascular permeability in 
the premetastatic niche similar to its participation in inflamma-
tory vascular alterations; however, a direct experimental evidence 
for these C5a functions in the premetastatic niche has yet to be 
provided. The indirect impact of complement on vascular changes 
can be attributed to recruitment of MDSC (3) because these 
cells can produce and release several vasoactive factors includ-
ing MMP9, which is intimately involved in regulating vascular 
integrity in the premetastatic niche (83, 84). Genetic ablation of 
Mmp9 was shown to normalize the aberrant vasculature in the 
premetastatic lungs and reduce metastatic burden (100). The 
seminal recent work has also demonstrated that cancer-cell-
derived C3/C3a through C3aR in the choroid plexus disrupts the 
blood–cerebrospinal fluid barrier. The increased permeability of 
this barrier facilities the entry of plasma proteins that are essential 
for tumor growth into the cerebrospinal fluid, thereby, facilitating 
leptomeningeal metastasis (95).

Resident Cells
Resident cells in metastasis-targeted organs are naturally suited 
to participate in the premetastatic niche because they are present 
before the arrival of tumor cells. Tumors can reach and potentially 
hijack these cells through several mechanisms including secreted 
tumor-derived factors, exosomes, and recruitment of bone 
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marrow-derived cells that subsequently interact with resident 
components of the premetastatic niche. Recent work also dem-
onstrated that complement activation regulates resident cells in 
the lungs (Figure 1) (92). As discussed already, endothelial cells 
are targets for several vasoactive substances whether derived from 
tumors, recruited cells, or generated locally. Fibroblasts contribute 
to remodeling of extracellular matrix through deposition of new 
extracellular matrix components or by secreting enzymes that affect 
preexisting components of the matrix (104). S100A4 expressing 
pulmonary fibroblasts incorporate exosomal cargo derived from 
breast cancer cells and through this mechanism upregulates S100 
proteins (82). Exosomal cargo from pancreatic carcinoma induces 
similar changes in the liver-resident macrophages, Kupffer cells 
(105). S100 proteins were linked to recruitment of myeloid-origin 
cells to the premetastatic niche (106). Similar to Kupffer cells in 
the liver, another population of tissue-resident macrophages, 
pulmonary alveolar macrophages, were recently demonstrated to 
contribute to the premetastatic niche (92).

These recent developments on participation of tissue-resident 
macrophages to metastasis are of particular interest because roles of 
these cells in cancer remain unclear, in contrast to very well-studied 
TAMs or inflammatory monocytes/macrophages recruited to the 
lungs with metastases by CCL2 (101). Several early studies yielded 
conflicting results on how liver Kupffer cells and lung alveolar mac-
rophages contribute to cancer progression (107). A role of these 
cells in cancer requires revision because recently published linage-
tracing data demonstrated that these cells have a different origin 
and biology than inflammatory macrophages (108). Unlike inflam-
matory macrophages and TAMs that are recruited from bone mar-
row to sites of inflammation or tumors, respectively, tissue-resident 
macrophages migrate to different organs during embryogenesis 
prior to hematopoiesis, and self-renew thereafter (109). Pulmonary 
alveolar macrophages are the resident macrophages of the lungs, 
and while they have well-known immunoregulatory and homeo-
static roles in healthy lungs (110), they appear to be well-suited to 
partake in preconditioning the lungs for metastasis through their 
immunoregulatory properties. In support of this notion, alveolar 
macrophages were found to accumulate in premetastatic lungs and 
this accumulation was the result of cell proliferation rather than 
recruitment from bone marrow (92). The mechanisms controlling 
proliferation of these cells were linked to C5aR1 signaling because 
tumor-bearing C5aR1-deficient mice presented with a lower total 
number of these cells in the lungs compared to tumor-bearing 
wild-type controls and this reduced cell number associated with 
reduced Ki-67 expression. Immunoregulatory functions of these 
cells appeared to be related to skewing effector CD4+ T  cells 
responses toward Th2 phenotype, which plays limited role in 
antitumor immunity in contrast to Th1 responses (92). In addition, 
alveolar macrophages in tumor-bearing hosts reduced number 
and antigen-presenting capacity of lung dendritic cells through 
regulation of TGF-β1 in lung infiltrating leukocytes (Figure 1). The 
depletion of alveolar macrophages reversed immunosuppression 
and reduced lung metastatic burden (92).

extracellular Matrix Remodeling
The continuous remodeling of extracellular matrix by tumor-
derived secreted factors, resident fibroblasts, and recruited bone 

marrow-derived cells is an integral part of the premetastatic 
niche (111). This remodeling is achieved through deposition 
of new extracellular matrix components or modification of 
existing components. For example, deposition of fibronectin 
produced by activated fibroblast provides a docking site for 
bone marrow-derived cells that express fibronectin receptor 
VLA-4 (84). These stromal fibroblasts, stimulated with tumor-
derived TGF-β, produce periostin in a mouse model of breast 
cancer (78). Periostin directly interacts with type I collagen, 
fibronectin, and Notch1 through its amino-terminal EMI 
domain and interacts with tenascin-C and BMP-1 through its 
fas I domains. These periostin interactions with mainly extra-
cellular matrix molecules occur at first intracellularly. In addi-
tion, periostin serves as a ligand for integrins such as αvβ3 and 
αvβ5 and promotes cell motility by acting outside the cell (112). 
Periostin was demonstrated to facilitate melanoma metastasis 
to wounds (113) and to regulate immunosuppressive functions 
of MDSC during early stages of breast cancer metastasis (114). 
MDSC (mainly monocytic-MDSC), which accumulated in 
the premetastatic lung of MMTV-PyMT spontaneous breast 
tumor-bearing mice, secrete versican, an extracellular matrix 
proteoglycan. Versican contributed to MET and the formation 
of macrometastasis in the lungs (115). Enzymatic modulation 
of extracellular matrix proteins also occurs in the premetastatic 
niche and is mediated mainly by metalloproteinases produced 
by cells that are recruited to the premetastatic niche. In 
addition, the members of the LOX family crosslink collagen 
type I and IV and this crosslinking facilitates adhesion of 
bone marrow-derived cells to the extracellular matrix of the 
premetastatic niche. These cells produce more metallopro-
teinases contributing to further remodeling of extracellular  
matrix.

Although complement was not directly linked to extracellular-
matrix remodeling in the premetastatic niche, studies in different 
model systems demonstrated that fibronectin can interact with 
several complement components including C1q (116) and C3 
cleavage fragments (117). C3 cleavage fragments can also bind 
to different components of extracellular matrix including col-
lagen (118). Interestingly, binding of C1q to fibronectin was not 
associated with complement activation but was connected to 
enhancement of phagocytosis of C1q coated particles through 
fibronectin. Therefore, functional significance of complement 
interactions with extracellular matrix proteins in the premeta-
static niche remain to be elucidated. However, it is reasonable 
to theorize that complement C3 cleavage fragments, bound to 
extracellular matrix proteins, interact with its receptors broadly 
expressed on myeloid-origin cells that are recruited to the 
premetastatic niche. The receptors for C3 degradation products 
include CR1, which binds C3b and iC3b, CR2 (CD21), which 
binds the degradation products of C3b (iC3b, C3dg, C3d), CR3 
(CD11b/CD18 or Mac-1), which binds iC3b, and CR4 (CD11c/
CD18), which binds iC3b, however, through a different domain 
than CR3 (119). C5a leads to upregulation of CR3 on MDSC, 
which may facilitate adhesion of these cells to endothelium and 
recruitment to tumors (22); however, it may also contribute to 
adhesion of MDSC to extracellular matrix in the premetastatic 
niches.
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Recruited Cells
The identification of bone-marrow derived cells in the premeta-
static niche and discovery of their roles in facilitating seeding of 
these niches by tumor cells, provided perhaps the first experi-
mental evidence confirming the “seed and soil” theory (83, 84). 
A seminal work by Hiratsuka and colleagues defined Mac1 (CR3) 
positive macrophages as a source of MMP9 in the lungs in addi-
tion to endothelial cells. These macrophages were recruited to 
the lungs because resident alveolar macrophages do not express 
CD11b (https://www.immgen.org/). The study by Kaplan and 
colleagues demonstrated recruitment of VEGFR1 and VLA-4 
expressing hematopoietic progenitors to the premetastatic lungs 
and their participation in the premetastatic niche (84). These 
studies opened an avenue for further investigations into discov-
ery of other recruited components of the premetastatic niche. 
Less than a decade later, MDSC, which were long recognized as 
modulators of the primary tumor microenvironment (120), were 
identified as contributors to the premetastatic niche (100, 115).  
However, these studies reported on metastasis promoting prop-
erties of MDSC linked to increased vascular permeability (100) 
and remodeling of extracellular matrix (115) rather than to their 
well-established immunoregulatory roles.

The C5aR1/C5a signaling axis recruits MDSC to primary 
tumors (2, 22), therefore, it was explored whether similar mecha-
nisms operate in the premetastatic niche. Utilizing a syngeneic 
mouse model of metastatic breast cancer, it has been demon-
strated that C5aR1 knockout or wild-type mice administrated 
with a specific C5aR1 inhibitor (PMX-53) had decreased lung and 
liver metastatic burden compared to control mice. Interestingly, 
C5aR1 appear to regulate only metastasis in this model because 
lack of C5aR1in mice did not affect primary breast tumors. The 
differences in lung metastasis were associated with differences 
in a degree of infiltration of the lungs and livers by MDSC. The 
lung infiltrating MDSC were found mainly in interavleolar septa 
and due to intensity of this infiltration, the morphological picture 
resembled interstitial pneumonia. Therefore, the term the prem-
etastatic pneumonia has been proposed to emphasize intensity of 
MDSC infiltration and specific localization of these cells in the 
lungs (3). These MDSC were recruited to the premetastatic sites 
through C5a since C5aR1 was expressed in blood MDSC and 
complement activation, leading to C5a generation, was observed 
in the premetastatic niche (Figure 1). To further investigate the 
role of C3 cleavage fragments and MDSC, tumor-draining lymph 
nodes from breast cancer patients were examined; they observed 
that C3 fragments’ deposition and local C3 production were both 
intensified in lymph nodes with metastases (3). The decreased 

metastasis in mice lacking C5aR1 resulted from improved 
antitumor immunity due to escalated infiltration of the lungs by 
CD8+ and CD4+ T cells. In addition, the increases in these T cell 
subsets were found in peripheral blood and C5aR1-deficiency 
favored Th1 response. Also observed was a decrease in Tregs 
in both the blood and the lungs in C5aR1-knockout mice. The 
T  cell subsets including CD4+ and CD8+ T  cells isolated from 
the lungs of C5aR1 knockout mice produced increased amounts 
of IFN-γ. The elimination of cytotoxic CD8+ T cells by neutral-
izing antibody erased the inhibitory effect of C5aR1-deficiency 
on metastasis, supporting notion that this effect was caused by 
stimulating antitumor immunity. Importantly, these data also 
indicate immunoregulatory functions of MDSC in the premeta-
static niche (3).

CONCLUDiNG ReMARKS

The evidence supporting contributions of complement to cancer 
metastasis is scarce and limited to a few recent papers. However, 
it appears that complement affects key steps in the invasion-
metastasis cascade including EMT and the premetastatic niche 
(Figure  1). Given ubiquitous presence of complement in body 
fluids and tissues, the potential contributions of complement 
to regulating metastasis are significant. Our recent work dem-
onstrated that C5aR1 regulates resident (alveolar macrophages) 
(92) and recruited (MDSC) (3) cells in the premetastatic niche. 
The significance of this regulation was underscored by complete 
protection from lung metastasis in mice depleted of alveolar mac-
rophages and treated with C5aR1 inhibitor (92). Thus, despite an 
early phase of studies on complement participation in metastasis, 
several complement fragments appear to be promising targets for 
therapies seeking to stop cancer metastasis.
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Background:MBL-associated serine proteases (MASP-1, MASP-2, MASP-3, MAp-44,

andMAp-19) are key factors in the activation of the lectin pathway of complement. Serum

levels of these components have been associated with recurrence and poor survival of

some types of cancer, such as colorectal and ovarian cancer. In this investigation, we

determined the serum levels of MASP-1, MASP-2, MASP-3, MAp-44, and MAp-19 in

patients with cervical cancer and cervical intraepithelial neoplasia (CIN).

Methods: A total of 351 women who underwent screening for cervical cancer or

treatment at the Erasto Gaertner Cancer Hospital in Curitiba-Brazil, were enrolled

in the study. Based on their latest cervical colposcopy-guided biopsy results, they

were divided into four groups: CIN-I: n = 52; CIN-II: n = 73; CIN-III: n = 141; and

invasive cancer: n = 78. All the serum protein levels were determined by time-resolved

immunofluorometric assay (TRIFMA).

Results: Patients with invasive cancer presented significantly higher MASP-2, MASP-1,

and MAp-19 serum levels than other groups (p < 0.0001; p = 0.012; p = 0.025

respectively). No statistically significant differences in MASP-3 and MAp-44 serum levels

were found between the four studied groups. In addition, high MASP-2, MASP-1, and

MAp-19 serum levels were significantly associated with poor survival in patients with

invasive cancer and relapse (p = 0.002, p = 0.0035 and p = 0.025, respectively).

Conclusion: High MASP-2, MASP-1, and MAp-19 serum levels were associated

with cervical cancer progression and worse disease prognosis. These novel findings

demonstrate the involvement of the serine proteases of the lectin pathway in the

pathogenesis of cervical cancer and future investigations should clarify their role in the

disease process.

Keywords: complement, lectin pathway, HPV, cervical intraepithelial neoplasia, cervical cancer
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INTRODUCTION

Human papilloma virus (HPV) is amongst the most common
worldwide viral infection transmitted sexually. And although

most HPV infections generally clear up on its own, a small
percentage of these infections caused by specific HPV types can
persist and evolve to cancer. The highest prevalence rate of HPV
is observed in women younger than 25 years and decreases at
later ages, but in many populations, there is a secondary peak

in peri-menopause (1, 2). Young infected patients can usually
eliminate the virus without presenting clear clinical evidence,
due to an effective cell-mediated immune response causing the
lesions to regress. The inability to develop an effective immune

response to clear or control infection results in persistent
infection that, in the case of oncogenic HPVs, creates a greater
likelihood of progression to high-grade cervical intraepithelial
neoplasia (CIN-2, CIN-3) and carcinoma. On the other hand,
about 50% of HPV infections in women with normal cytology
will resolve in less than 1 year, and approximately 90% of women
with either normal cytology or CIN-1 diagnoses will ultimately
resolve on their own (2).

It is known that HPV has a variety of strategies to evade
the immune response, and when this occurs, HPV replication
continues leading to persistent infection (1, 2). Among the
approaches used by HPV to evade the host immune response
are suppression of important inflammatory/immunological
pathways that enable virus escaping from host immune
surveillance (3). Due to suppression of some danger signals, HPV
infection does not produce cytolysis, cytopathic cell death or
interferon (IFN) release, leading to lower grade inflammation
(1, 4, 5).

Chronic inflammation in the tumor microenvironment
and evasion of the antitumor effector immune response are
two of the hallmarks required for oncogenesis and cancer
progression. The innate immune system not only plays a critical
role in perpetuating these tumor-promoting hallmarks but
also in developing antitumor adaptive immune responses (6).
Thus, understanding the dual role of the innate system in
cancer immunology is required for the design of combined
immunotherapy strategies able to tackle established tumors (6).
The lectin pathway of the complement system is part of innate
response, being triggered when pattern recognition molecules
(PRMs), including the two collectins [mannan-binding lectin
(MBL) and collectin-LK] and three ficolins (ficolin-1,-2,
and-3) initiate the complement activation upon binding to
carbohydrates present on the surfaces of microbes or altered
tissues. When this occurs, three MBL-associated proteases
(MASP-1,-2, and-3) provide activation of the complement
system, and two MBL-associated proteins (MAp44 and MAp19)
serve as natural endogenous competitive inhibitors (7). The
proteins MASP-1, MASP-3, and Map44 arise from the MASP1
gene by mutually exclusive splicing (8). In a similar mode,
MASP-2 and MAp19 arise from the MASP2 gene (7). All these
components are key factors in the activation of the lectin
pathway of complement. Serum levels of these components
were associated with recurrence and poor survival of some
types of cancer such as colorectal or ovarian cancer (9, 10).

Increased serum levels of MBL and MASP-2 were found in
patients with colorectal cancer, which were not explained by
genetic profiles (9, 10). So far, no study has addressed the
serine proteases of the lectin pathway proteins in relation to
cervical intraepithelial neoplasia and carcinoma. Our research
group had previously reported on the MBL concentrations
in women presenting with HPV-associated cervical lesions,
showing there was no statistically significant difference
between the median serum MBL concentrations in women
presenting with CIN-1, CIN-2, CIN-3 lesions or invasive cervical
cancer (11).

The aim of the present study was to investigate whether
MASP-1, MASP-2, MASP-3, MAp-44, and MAp-19 serum levels
are involved in the pathogenesis and progression of cervical
intraepithelial neoplasia by measuring their concentrations in
women presenting moderate grade of cervical intraepithelial
neoplasia and cervical invasive cancer.

SUBJECTS AND METHODS

This cross-sectional study was carried out at the Erasto Gaertner
Cancer Hospital (HEG) in Curitiba, southern Brazil, which is a
reference center for the treatment of gynecological malignancies.
The Institutional Ethics Committee approved the study.

All subjects were followed at the out-patient clinic of the
HEG and were consecutively included from January 2011 to
March 2012. Inclusion criteria were cervical cancer screening and
treatment at HEG. We also collected historical data on disease
progression from patients’ medical records. Exclusion criteria
were pregnancy, HIV-positivity, systemic infection, autoimmune
disease, and blood transfusion within the last 60 days. Written
informed consent was obtained from all patients.

A group of 344 women was included in this study. Based
on their latest cervical colposcopy-guided biopsy, the subjects
were divided into four groups: low grade CIN-1: n = 52 (control
group); moderate CIN-2: n = 73; CIN-3: n = 141; and invasive
cancer (Ca): n = 78. The loop electrical excision procedure
or cold-knife cone excision was used to confirm the previous
biopsy results. A 3-ml sample of venous blood was collected from
each subject and allowed to coagulate. The coagulated blood was
centrifuged, and the serum was separated, aliquoted (500 µl),
and stored at −80◦C, until use for MASP-1, MASP-2, MASP-3,
Map-44, and Map-19 concentration determinations.

The concentrations of MASP-1, MASP-2, MASP-3, Map-44,
and Map-19 were measured in according to published previously
(8, 12, 13). The assays used for protein determinations were
monoclonal antibody-based time-resolved immunofluorometric
assays (TRIFMAs) and were carried out in partnership with the
Institute of Medical Microbiology and Immunology, University
of Aarhus, Aarhus. The human MASP-1 assay was based on
competition fromMASP-1 in serumwith the interaction between
anti-MASP-1 antibody and a fragment of MASP-1 coated onto
microtitre wells. In the case ofMASP-2 concentration (“sandwich
ELISA”), rat anti-MASP-2 mAb (clone 8B5) was used for coating
while biotinylated rat anti-MASP-2/MAp19 mAb (clone 6G12).
MASP-3, Map-44, and Map-19 was determined by sandwich
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TABLE 1 | MASP-1, MASP-2, MASP-3, MAp-44, and MAp-19 serum concentrations in patients with cervical lesions and cancer.

CIN-1

(n = 52)

CIN-2

(n = 73)

CIN-3

(n = 141)

Ca

(n = 78)

p

MASP-1 (ng/mL) median (IQR) 5,636

(3,758–8,129)

6,083

(3,823–8,422)

4,714

(3,319–6,839)

6,435

(3,971–9,074)

0.012

MASP-2 (ng/mL) median (IQR) 232.2

(163–386)

264.5

(190–418)

282.5

(204–410)

354.4

(234–570)

0.001

MASP-3 (ng/mL) median (IQR) 3,846

(2,750–5,212)

3,984

(3,181–5,180)

4,053

(2,947–5,071)

3,954

(2,705–5,142)

0.829

Map-44 (ng/mL) median (IQR) 1,695

(1,343–2,248)

1,787

(1,471–2,271)

1,710

(1,434–2,099)

1,866

(1,598–2,171)

0.246

Map-19 (ng/mL) median (IQR) 214.2

(152–289)

239.3

(162–318)

234.4

(167–298)

309.9

(219–487)

0.025

IQR, Interquartile range; CIN, Cervical intraepithelial neoplasia; Ca, Cancer.

ELISA using specific antibodies. All the assays used Eu3+-
labeled streptavidin (Perkin Elmer, USA)—for detection. All
the antibodies were kindly provided by Prof. Jens C. Jensenius
(Aarhus University, Denmark).

Data were analyzed as frequency and contingency tables.
The Kolmogorov–Smirnov test was used to assess the data
distribution. Central tendency was expressed as mean and
standard deviation or median and interquartile range (IQR), and
the Mann–Whitney test was used to compare numerical data. A
receiver-operator characteristic curve (ROC) was also calculated
for MASP-2. Results were considered statistically significant at
p < 0.05. GraphPad Prism 7.0 software was used for statistical
analysis.

RESULTS

The serum concentration of MASP-1, MASP-2, MASP-3, MAp-
44, and MAp-19 proteins in the investigated groups is presented
in Table 1. Significantly higher MASP-2, MASP-1, and MAp-19
serum were observed in patients with invasive cancer compared
to other groups (p < 0.025). However, no significant differences
were observed for MASP-3 and MAp-44 levels.

Regarding clinical evolution, 41 (11.9%; mean age 51.4
years) patients died within 24–48 months. Surviving patients
had a mean age of 34.8 years. When serum concentrations
were evaluated, median MASP-2 levels were higher among
patients who died than among those who survived (439.4 ng/ml
× 278.3 ng/mL; p < 0.0001). For MASP-1 (6988 ng/mL vs.
5110 ng/mL; p= 0.0035) andMAp-19 (366 ng/mL vs. 234 ng/mL;
p= 0.012), the same trend was observed. Serum concentration of
MASP-3 andMAp-44 were not significantly different between the
two groups. When patients who died and those who experienced
relapse of CIN or cancer during follow-up were considered, only
MASP-2 and MAp-19 were significantly different (Table 2).

ROC curve was used to show the sensitivity and specificity for
MASP-2 serum concentrations in relation to the prognosis
of cervical cancer progression. High levels of MASP-2
(>291.9 ng/mL) showed a sensitivity of 71.3 and a specificity of
63.2 for worse prognosis of cervical lesions.

TABLE 2 | Association between MASP-1, MASP-2, MASP-3, MAp-44, and

MAp-19 serum concentrations and clinical evolution in patients with cervical

lesions.

Without death

or relapse

With

death or relapse

P*

MASP-1 (ng/mL) median 5,144 6,206 0.069

MASP-2 (ng/mL) median 273.7 382.4 0.002

MASP-3 (ng/mL) median 3,960 3,846 0.58

Map-44 (ng/mL) median 1,739 1,814 0.76

Map-19 (ng/mL) median 239.7 299.5 0.025

*Mann–Whitney test.

DISCUSSION

Our study demonstrates that MASP-2, MASP-1, and MAp-19
could have a role in the progression of cervical cancer. Patients
diagnosed with invasive cancer showed a significant increase
in the concentrations of these lectin pathway components.
In another study conducted by our group, we failed to
establish the relationship between serum concentration of
MBL and the evolution of cervical intraepithelial neoplasias
(10). These novel findings indicate possible involvement of
the lectin pathway in the immunopathogenesis of cervical
cancer, although it can result, in part, from activation of
the complement system due to the presence of tumor cells.
In fact, the participatory role of lectin pathway components
in defense against pathogens such as viruses, bacteria, or
fungi is much better known and studied: MASPs deficiencies
are associated with increased infection susceptibility, and
increased levels are associated with tissue injury (14). However,
studies about its role in the development of cancer are
scarce.

In a study of colorectal cancer, Ytting et al. (10) observed
higher MASP-2 serum concentrations in patients with cancer,
although no differences for MASP2 genotypes were detected
between patients with colorectal cancer and healthy controls.
Furthermore, serum levels of MASP-2 have been associated
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with post-operative infections, recurrent cancer, and poor
survival in colorectal cancer patients (9). These findings
suggest that increased MASP-2 serum concentrations may
occur due to factors other than genetics and that MASP-2
may play a role in cancer development and disease outcome.
Corroborating these observations, in our study high MASP-
2 serum concentrations were related to worse prognosis in
cervical cancer and interestingly, they were mainly altered in
patients who died and/or had disease recurrence. MASP-2 is
produced in hepatocytes, and its promoter is regulated by
cytokines such as interleukin (IL)-1b and IL-6 or transcription
factor STAT3 (15).It is possible that tumor tissue releases
mediators that may increase serum levels of MASP-2, however
this is a hypothesis that needs to be clarified. Studying
genetic polymorphism and MASP-2 serum levels in patients
with ovarian cancer, Swierzko et al. (9) concluded that
the expression of MBL and MASP-2 is altered in ovarian
cancer, possibly indicating involvement of the lectin pathway
of complement in the disease. Similar results of increased
MASP-2 serum levels were described in children with tumors
of the central nervous system (16) and in patients with
acute lymphoblastic leukemia and non-Hodgkin’s lymphoma
(16).

In our study, MASP-1 serum concentrations were
significantly higher in cancer patients than in other
studied groups. The normal MASP-1 concentration in
serum/plasma is approximately 20-fold higher than that of
MASP-2 (13). It is known that MASP-1 activates MASP-2
in heterocomplexes of large oligomeric MBL and produces
60% of the C2b responsible for C3 convertase formation
(17). Additionally, MASP-1 was reported to be essential for
the development of autoimmune-associated inflammatory
tissue injury by activating the alternative complement
pathway in an experimental model of inflammatory arthritis
(18). There are no studies on MASP-1 concentrations in
cancer.

Complement system and macrophages collaborate
synergistically to maintain progression of angiogenesis, and
create conditions of carcinogenesis such as dysregulation
of mitogenic signaling pathways, cellular proliferation,
angiogenesis, resistance to apoptosis, and escape from immuno-
surveillance. Macrophages release mediators that modulate
inflammation and acquired immunity response. In addition,
promote angiogenesis, tissue remodeling and tissue repair
(19). The tumor growth is sustained by the infiltration of
M2-tumor-associated macrophages, and high levels of C3a
and C5a. Macrophages have receptors for both C3a and C5a
on their cell surface, and this specific binding affects the
functional modulation and angiogenic properties (19). High
levels of MASP-2 and MASP-1 may increase activation of the
complement system by the lectin pathway, thereby augmenting
the release of C5a, a potent anaphylatoxin that activates
cellular responses involved in tumor growth and progression
(20). During cervical lesion progression, the number of M2
macrophages is significantly increased. The aggregation of M2
is a key event in the pathological process of carcinogenesis
(21). M2 macrophages increase vascular endothelial growth

factor (VEGF) and metalloprotease-9 secretion to aid in tissue
repair. On the other hand, complement system activation by
tumors may result in basement membrane disruption, tumor
growth, and metastasis (22). In vivo, HPV does not bind directly
to cells but requires contact with the basement membrane.
This contact can be accomplished by microabrasions on the
cervical surface, which reveal the basement membrane. The
most plausible receptor of the major capsid protein (L1) of HPV
appears to be the tissue-specific heparin sulfate proteoglycan,
which belongs to the basement membrane (23, 24). It is
possible that patients with higher serum levels of MASP-1
and/or MASP-2 present exacerbate activation of complement
leading to the disturbance of the basement membrane, and
ultimately to its damage or rupture and consequently, tumor
invasion.

Interestingly, HPV protein (E2, E6, E7) action on IL10 gene
leads to increased IL-10 levels which in turn increases HPV
E6 and E7 expression, leading to a vicious cycle (3, 22). IL-
10 is an anti-inflammatory cytokine that modulates cytokine
synthesis and exerts effects on resident and circulating immune
cells, suppressing the immune system; however, their role in
cancer remains controversial (3). On the other hand, activation of
complement system is clearly an inflammatory process that acts
to protect the host. However, to date, the majority of studies on
cancer and the lectin pathway have shown a relation with worse
prognosis when serum levels of components of this pathway
were increased (9, 16). Future studies should investigate how
complement interacts with the basement membrane and tumor
tissue along with the influence of cytokine network on this
system.

The limitations of this study are due to its cross-sectional
study design, which prevented the use of serial dosages
of the lectin pathway components over time to evaluate
the stability of component concentrations throughout disease
progression. Thus, future investigations evaluating the role
of the different components of the lectin pathway, including
collectins, ficolins and MASPs in the evolution of cervical
lesions should be encouraged. In addition, our study did
not include a healthy control group, for obvious reason,
since it would be very difficult to obtain a group of women
without HPV infection, either for ethical reasons or lack
of lab tests to prove this condition. Thus, we believe that
CIN-1 was the appropriate comparison group for our study,
especially considering that such patients show good immune
response against HPV and generally (>90%) do not progress to
cancer (2).

In conclusion, our study shows that high MASP-2, MASP-
1, and MAp-19 serum levels are associated with cervical cancer
progression and worse disease prognosis. Future investigations
should clarify the role of these complement components in
cervical cancer immunopathogenesis.
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Olga Brzezińska 6,7, Steffen Thiel 8, Jens C. Jensenius 8, Katarzyna Kasperkiewicz 9 and

Maciej Cedzyński 1*
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We conducted a prospective study of 312 patients (194 with multiple myeloma,

118 with lymphomas) receiving high-dose conditioning chemotherapy and autologous

hematopoietic stem cell transplantation (auto-HSCT). Polymorphisms of MBL2 and

MASP2 genes were investigated and serial measurements of serum concentrations

of mannose-binding lectin (MBL), CL-LK collectin and MASP-2 as well as activities

of MBL-MASP-1 and MBL-MASP-2 complex were made. Serum samples were

taken before conditioning chemotherapy, before HSCT and once weekly after (totally

4-5 samples); in minority of subjects also 1 and/or 3 months post transplantation.

The results were compared with data from 267 healthy controls and analyzed

in relation to clinical data to explore possible associations with cancer and with

chemotherapy-induced medical complications. We found a higher frequency of MBL

deficiency-associated genotypes (LXA/O or O/O) among multiple myeloma patients

compared with controls. It was however not associated with hospital infections or

post-HSCT recovery of leukocytes, but seemed to be associated with the most

severe infections during follow-up. Paradoxically, high MBL serum levels were a

risk factor for prolonged fever and some infections. The first possible association

of MBL2 gene 3′-untranslated region polymorphism with cancer (lymphoma) in

Caucasians was noted. Heterozygosity for MASP2 gene +359 A>G mutation was
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Świerzko et al. Collectins and MASP in Auto-HSCT

relatively frequent in lymphoma patients who experienced bacteremia during hospital

stay. The median concentration of CL-LK was higher in myeloma patients compared

with healthy subjects. Chemotherapy induced marked increases in serum MBL and

MASP-2 concentrations, prolonged for several weeks and relatively slighter decline in

CL-LK level within 1 week. Conflicting findings on the influence of MBL on infections

following chemotherapy of myeloma and lymphoma have been reported. Here we found

no evidence for an association between MBL deficiency and infection during the short

period of neutropenia following conditioning treatment before HSCT. However, we noted

a possible protective effect of MBL during follow-up, and suspected that to be fully

effective when able to act in combination with phagocytic cells after their recovery.

Keywords: CL-LK, collectin, complement, hematopoietic stem cell transplantation (HSCT), mannose-binding

lectin (MBL), MASP, mutliple myeloma, lymphoma

INTRODUCTION

Hematological cancers derive from various cells of the immune
system. Multiple myeloma (MM), a plasma cell malignancy,
is relatively common. It more often affects males than
females and is usually diagnosed at age >55 years. Although
incurable, treatment strategies including chemotherapy followed
by autologous hematopoietic stem cell transplantation (auto-
HSCT) allow marked prolongation of patients’ life expectancy
(1–5). The term “lymphoma” includes a variety of highly
heterogeneous lymphoid malignancies. Hodgkin’s lymphoma
(HL) accounts for approximately 1/10 of all lymphomas at
diagnosis. It is characterized by giant, multinucleated Reed-
Sternberg and large mononuclear Hodgkin’s cells (of B cell
lineage). Incidence of HL peaks during early adulthood (20–
34 years) and again at age >60 years; it is slightly commoner
in males, and most newly diagnosed patients are successfully
cured (6–9). Non-Hodgkin’s lymphomas (NHL) are also more
often diagnosed in men than in women (10–15). NHL usually
arise from the B cells lineage (>40 subtypes; >80% of cases)
although some T cell and NK cell lymphomas occur. Some NHL
are histologically aggressive with a high mortality rate, but NHL
are often curable when diagnosed and treated early.

Hematological malignancies obviously compromise the host
immune response. Intensive chemotherapy and/or radiotherapy,
adds further immunosuppression (mostly due to profound and
prolonged neutropenia). High-dose chemotherapy and auto-
HSCT is the standard first-line treatment for younger patients
with multiple myeloma as well as standard second-line treatment
in patients with Hodgkin’s lymphoma and aggressive non-
Hodgkin’s lymphomas (1, 6, 10, 16).

Due to severe immunocompromise caused by both the disease
and therapy, patients are at a high risk of morbidity andmortality
due to infections. It is estimated that up to 80% of patients have
fever, andmore than one third suffer fromwell-defined infections
(17–19). Septicemia is the commonest type of infection, and
some patients are affected by pneumonia or alimentary tract

Abbreviations:DLBCL, diffuse large B-cell lymphoma; HL, Hodgkin’s lymphoma;

HSCT, hematopoietic stem cell transplantation; LYMPH, lymphoma; MM,

multiple myeloma; NHL, non-Hodgkin’s lymphoma.

infections (19). Post-HSCT reconstitution of bone marrow after
conditioning therapy is usually attained in ∼3 weeks, but full
recovery of functional leukocytes takes longer (20, 21). During
the period of aplasia, patients have to be isolated, carefully
monitored and receive prophylactic/supportive medication (4,
18, 22).

Complement is a complex system of numerous components

that constitutes a crucial branch of the immune response.
It protects from a variety of infections and takes part
in clearance of host cells undergoing apoptosis, necrosis

or neoplastic transformation. However, dysregulation of its

activation may result in chronic or systemic inflammation and
possibly promotion of tumor growth. Therefore, involvement of

complement may have opposing effects in cancer. Furthermore,
some of its components may be considered as candidate

diagnostic or prognostic biomarkers of the disease (23, 24).
Pattern recognition molecules known to activate complement

via the lectin pathway are two collectins [mannose-binding lectin
(MBL) and CL-LK, composed of two peptides: collectin-10 (CL-

10, CL-L1) and collectin-11 (CL-11, CL-K1)] and ficolins (ficolin-

1,-2,-3). They form complexes with MASP (MBL-associated
serine proteases: MASP-1,-2,-3) and non-enzymatic related
proteins (MAp19, MAp44) (25–27).

The aim of our investigation was to estimate possible
association of complement-activating collectins (MBL, CL-LK)
and associated serine proteases with cancer (MM, LYMPH) itself
and with hospital infections after chemotherapy followed by
auto-HSCT.

Single-nucleotide polymorphisms, localized to codons 52
(A/D), 54 (A/B), and 57 (A/C) of the first exon of the
MBL2 gene, influence both MBL serum level and its activity.
The variant, dominant alleles (collectively designated O), are
associated with lower MBL levels compared with the A (wild-
type) one. Furthermore, promoter region polymorphisms (H/L
and Y/X at positions−550 and−221, respectively) also determine
MBL concentration to some extent, due to influence on gene
expression. The O/O and LXA/O genotypes are considered to be
associated with primary MBL deficiency [reviewed in (24)].

The role of MBL and clinical associations of its deficiency
apparently depend on clinical context, patient’s age, co-existence
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of other defects of the immune system, etc. Several reports and
review papers suggested that MBL2 A/O heterozygosity may
be advantageous for the host. Relative high frequency of such
genotypes in a variety of populations has been suspected to result
from an evolutionary, selective trend (28–31). It was observed
that MBL2 O alleles (and especially O/O genotypes) are less
common among centenarians than in general population. On
the other hand, in this age group, a relatively low frequency of
high MBL-producing haplotypes/genotypes was found. Similar
trends were noted in octo- and nonagenarians (32, 33). Therefore,
it was postulated that moderate MBL serum concentration may
be favorable to healthy aging while both MBL deficiency and
its hyper-reactivity may be deleterious for the host. The first
was related to variety of infectious which, especially when
severe or recurrent, may lead to the worsening of quality of
life and therefore to shortening of life expectancy. On the
other hand, high MBL may favor autoimmunity and/or promote
tumorigenesis. The latter is often associated with cachexia and
fatal outcome. That issue becomes even more complicated when
some opposing effects are considered: MBL deficiency may be
a risk factor for development of cancer (like childhood acute
lymphoblastic leukemia) while high MBL may facilitate some
intracellular pathogens to enter their target cells [reviewed in
(24, 33)].

Originally, Peterslund et al. (34) found a strong relationship
between MBL deficiency and serious infections in a relatively
small group of patients suffering from hematological
malignancies (n = 54, including 18 with MM and 13 with
NHL). Many subsequent studies failed to reproduce the strength
of this relationship although positive results were reported in
some studies but not others. It is clear that MBL does not have a
universal role in preventing infections following chemotherapy,
but any influence or lack of it is still controversial. Further studies
are therefore needed and should be carried out prospectively
with substantial numbers of patients. We have investigated
a large (n = 194) series of multiple myeloma patients and
compared them with a more heterogeneous group of lymphoma
patients (n = 118), as well as healthy controls (n = 267). In
addition to MBL, we have also extended our investigations to
include CL-LK and MASP-2 since those factors are also relevant
to collectin-mediated complement activation.

MATERIALS AND METHODS

Patients and Controls
Three hundred and twelve patients suffering from hematological
malignancies, undergoing auto-HSCTwere recruited. This group
included 194 persons diagnosed with multiple myeloma (MM;
95 females and 99 males; mean age: 58.9 ± 8.9 years), 27 with
Hodgkin’s lymphoma (HL; 6 females and 21 males; mean age:
40.8 ± 13.7) and 91 with non-Hodgkin’s lymphomas (NHL;
40 females, 51 males; mean age: 51.6 ± 11.9). For analyses,
HL and NHL groups were combined to form LYMPH (n
= 118; mean age: 49.3 ± 13.1). The NHL group included
patients with diffuse large B-cell lymphoma (DLBCL, n = 31),
mantle cell lymphoma (MCL, n = 18), follicular lymphoma
(FL, n = 13), Waldenström’s macroglobulinemia (WM, n =

TABLE 1 | Basic characterisation of patients and controls.

Group

Multiple

myeloma (MM)

Lymphoma

(LYMPH)

Control

(C)

N 194 118 267

Sex (F/M) 95/99 46/72 174/93

Age (years)
mean ± SD

range

58.9 ± 8.9

25-71

49.3 ± 13.1

21–73

48 ± 13

18–84

Conditioning therapy

(n)

MEL-200 (156)

MEL-140 (19)

MEL-100 (7)

Radiotherapy

alone (12)

BEAM (88)

BeAM (12)

Bendamustine (4)

CTX (13)

TBC (1)

Not applicable

Complications (n)

Infections

with bacteremia

with no bacteremia

Febrile neutropenia

None of above

74

45

30

39

81

72

35

38

10

36

Not applicable

1), non-follicular (diffuse) lymphoma, unspecified (NFL, n =

21), marginal-zone lymphoma (mucosa-associated lymphoid
tissue lymphoma, MALTL, n = 1), anaplastic large cell
lymphoma, kinase negative (ALCL ALK-, n = 1), anaplastic
large cell lymphoma, kinase positive (ALCL ALK+, n = 1),
angioimmunoblastic T-cell lymphoma (AITL, n = 2), peripheral
T-cell lymphoma (PTCL, n= 1), hepatosplenic T-cell lymphoma
(HSTL, n = 1). In total, the group of patients included 141
females and 171 males; mean age was 55.2 ± 11.7 years;
age range: 21–73). Basic demographic data are summarized in
Table 1.

With the exception of 12 persons suffering from MM
undergoing radiotherapy alone, patients were treated with
conditioning high-dose chemotherapy before transplantation
(Table 1). In 28 patients (24 LYMPH and 4MM), both
chemotherapy and radiotherapy were used. Standard treatment
for multiple myeloma was MEL-200 (melphalan at dosage 200
mg/m2) although in some instances lower doses (MEL-140,
MEL-100) were administered. The majority of LYMPH patients
were treated with BEAM: carmustine (300 mg/m2), etoposide
(800 mg/m2), cytarabine (1600 mg/m2), melphalan (140 mg/m2),
accompanied, or not by radiotherapy. For the remaining,
BeAM (carmustine replaced with bendamustine), bendamustine
(alone or accompanied by radiation), cyclophosphamide (CTX)
and radiotherapy or TBC combination (thiotepa, busulfan,
cyclophosphamide) were used (Table 1).

During hospital stay, crucial clinical parameters like white
blood cell (WBC) count, absolute neutrophil count (ANC),
platelet (PLT) count, inflammatory markers [C-reactive protein
(CRP), fibrinogen (FBG), and procalcitonin (PCT)] levels
and incidence of complications [infections (associated with
bacteremia or not), febrile neutropenia (FN); duration of fever
>38◦C] were recorded and used for analyses. Etiological agents
of infections are listed in Supplementary Table 1.

Frontiers in Immunology | www.frontiersin.org September 2018 | Volume 9 | Article 2153347

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
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One hundred age-matched controls (unrelated volunteers
with no history of cancer, autoimmune diseases, or recurrence
of infections) were recruited. Furthermore, DNA/serum samples
from 167 healthy adult subjects collected for our previous
projects were used, therefore control group included 267
individuals (174 females and 93 males; mean age: 48 ± 13; age
range: 18–84). Basic data are presented in Table 1. The study
was approved by the Ethics Committee of the Medical University
of Lodz. The written informed consent from patients/controls
was obtained. This work conforms to the provisions of the
Declaration of Helsinki.

Blood and Serum Samples
Blood samples for DNA extraction were taken into citrated tubes
before chemotherapy and stored at −80◦C. DNA was extracted
with the use of GeneMATRIX Quick Blood Purification Kit
(EURx Ltd, Gdansk, Poland), according to the manufacturer’s
protocol. Samples for serum isolation were taken into tubes with
clot activator before chemotherapy (sample 1), before HSCT
(sample 2; usually 3–7 days later) and once weekly till hospital
discharge (sample 3: usually 7 days after HSCT; mean 7.0 ± 0.8;
sample 4: usually 14 days after HSCT; mean 13.6 ± 1.2; in some
patients sample 5: 21 days after HSCT; mean 20.3 ± 2). Sixty-
three patients were additionally sampled∼45 days (mean 45.3
± 7.6; sample 45) while 59 were additionally sampled at ∼100
days (mean 104.1± 19.3; sample 100) after HSCT, during control
examination. Among them, 40 persons were sampled at “45” and
“100” points. Sera were stored at−80◦C until testing.

MBL2 Genotyping
Promoter (H/L, at position−550, rs11003125 and Y/X, at
position−221, rs7096206) and exon 1 (A/D, codon 52, rs5030737;
A/B, codon 54, rs1800450, and A/C, codon 57, rs1800451)
single nucleotide polymorphisms of the MBL2 gene were
investigated as previously described (35). SNPs of the same

gene, located within the 3
′

-untranslated region of the exon 4:
Ex4-1483 T>C (rs10082466), Ex4-1260 C>T (rs56009657), Ex4-
1067 G>A (rs10824792), Ex4-1064 G>T (rs35327474), Ex4-
1063 G>T (rs35768126), Ex4-1047 T>G (rs12254577), Ex4-
939 T>C (rs774307463), Ex4-901 A>G (rs2120132), Ex4-879
A>C (rs2120131), Ex4-845 C>T (rs2165813), Ex4-718 G>T
(rs2099903) and Ex4-710 A>G (rs2099902) were investigated
by direct sequencing. Briefly, PCRs were run on a C1000
Thermal Cycler (Bio-Rad, Hercules, CA, USA), using appropriate
spanning primers (designed with the use of PRIMER3 software,
http://bioinfo.ut.ee/primer3/):

forward: 5′-TTTCCCCATGGTTTTAATCTG-3′,
reverse: 5′-TCACTAAAACCACCAAAACAAGA-3′,
under the following conditions: 96◦C for 5min, then 35

cycles (96◦C for 40 s, 60◦C for 30 s, 72◦C for 45 s) and finally
72◦C for 5min. The PCR products were purified with the help
of EPPiC - Enzymatic Post-PCR Immediate Cleanup (A&A
Biotechnology, Gdynia, Poland). Samples thus prepared were
directly used as templates for sequencing, performed using
the GeneAnalizer-3000 sequencer (Applied Biosystems, Foster
City, CA, USA), reverse primer, BrightDyeTerminator Cycle
Sequencing kit (NimaGen BV, Nijmegen, The Netherlands) and

TABLE 2 | Frequency of MBL2 genotypes (SNP located within promoter and exon

1) within major groups.

Genotype Group

C MM LYMPH

A/A 180 (69.5) 132 (68) 80 (67.8)

YA/O 53 (20.5) 29 (14.9) 24 (20.3)

XA/O or O/O 26 (10) 33 (17)* 14 (11.9)

Percentages are shown in parentheses. *p = 0.034; OR 1.84; 95%CI (1.06-3.19) (vs. C).

BDX64 Sequencing Enhancement Buffer (MCLab, San Francisco,
CA, USA) according to themanufacturer’s instructions. Sequence
electropherograms were visually inspected to confirm base
calling at the SNP sites using novoSNP (36).

MASP2 Genotyping
The presence of missense mutation +359 A>G (Asp120Gly)
located within exon 3 of the MASP2 gene, rs72550870) was
investigated with the use of PCR-RFLP method, as described
previously (37).

For an investigation of +1111 A>C (exon 10, Asp371Tyr,
rs12711521) polymorphism, the PCR-RFLP procedure was
employed. PCR reactions were run on a C1000 Thermal Cycler
(Bio-Rad), using primers designed with the use of PRIMER3
software:

forward: 5′-TTATTTTCAGACCATGGGGG-3′,
reverse: 5′-TCTGGGTGGTTTCAAATTCC-3′.
The following conditions were applied: 95◦C for 3min, then

35 cycles (95◦C for 30 s, 61◦C for 20 s and 72◦C for 30 s), followed
by a final elongation (72◦C for 5min). After that, the PCR
products were treated with MboI enzyme (Fermentas), (37◦C,
2 h). The digestion products were further analyzed on a 6%
polyacrylamide gel. The PCR product (522 bp) corresponding to
C variant has two digestion sites while that corresponding to A
allele has only one. Consequently, the first underwent cleavage
into three (286, 176, and 60 bp) while the second was cleaved into
two (286 and 237 bp) fragments.

MBL Quantification and Determination of
MBL-MASP Activity
MBL concentration/activity was measured by ELISA based on
binding to solid-phase mannan and detection using monoclonal
anti-human MBL antibody (HYB131-1, BioPorto Diagnostics,
Copenhagen, Denmark) as previously described (38). MBL-
MASP-1 complex activity (39, 40) and MBL-MASP-2 activity
(40, 41), were measured using a fluorescence method and an
ELISA, respectively. VPR-AMC peptide (Bachem, Bubendorf,
Switzerland) was used as the substrate for MASP-1 (39). Rabbit
polyclonal anti-human C4c Abs (Dako, Glostrup, Denmark)
and corresponding goat HRP-conjugated secondary antibodies
(Dako) were used for detection of deposited C4 products after
incubation of the serum sample on mannan-coated wells, for
an estimation of MBL-MASP-2 complex activity (40). MBL
deficiency was taken as 150 ng/ml (42, 43). “High” MBL
concentration (>3000 ng/ml) was chosen based on the value
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Świerzko et al. Collectins and MASP in Auto-HSCT

TABLE 4 | Frequency of MASP2 genotypes (corresponding to polymorphisms

+359 A>G and +1111 A>C SNP) within major groups.

Group Polymorphism

+359 A/G +1111 A>C

C A/A: 233 (90) A/A: 179 (69.6)

A/G: 26 (10) A/C: 69 (26.8)

G/G: – C/C: 9 (3.5)

MM A/A: 175 (90.2) A/A: 125 (64.4)

A/G: 19 (9.8) A/C: 65 (33.5)

G/G: – C/C: 4 (2.1)

LYMPH A/A: 101 (85.6) A/A: 91 (77.1)

A/G: 17 (14.4) A/C: 26 (22)*

G/G: – C/C: 1 (0.8)*

Percentages are shown in parentheses. *Number of C allele carriers (A/C or C/C genotype)

significantly lower in comparison with MM patients: p = 0.023; OR 1.86; 95% CI

(1.11-3.13).

corresponding to the 95th percentile determined for the control
group (2978 ng/ml). For MBL-MASP-1 or-2 complex activities,
the value of 1 U/ml was arbitrarily assigned for the standard
serum (38, 40).

Assay for CL-LK
CL-LK concentration was determined by sandwich TRIFMA, as
described (44). Mouse anti-human CL-10 monoclonal antibody
(clone 4F97D) was used for coating while biotinylated rabbit
anti-human CL-10 mAb (clone P1), followed by Eu3+-labeled
streptavidin (Perkin Elmer, Waltham, MA, USA) was used for
detection. “Low” and “high” CL-LK levels were arbitrarily defined
as <242 ng/ml (corresponding to the 10th percentile within
control group) and >583 ng/ml (95th percentile determined for
controls), respectively.

Assay for MASP-2
MASP-2 levels were determined by TRIFMA, as described by
Moller-Kristensen et al. (45), with slight modification (37). Rat
antibodies of clone 8B were used for coating, while those of
clone 6G12 (biotinylated) were used for detection. “Low” and
“high” MASP-2 levels (based on 10 and 95th percentiles within C
group) were arbitrarily defined as <172 ng/ml and >627 ng/ml,
respectively.

Statistical Analysis
The Statistica (version 13.1, Dell Poland) software package
was used for data management and statistical calculations. The
medians of protein concentrations were compared using the
Mann-Whitney U-test. It was chosen because MBL, MASP-
2, MBL-MASP-1, and MBL-MASP-2 values were not normally
distributed (not shown). The same test was employed for CL-
LK (normally distributed), to make the analyses comparable.
Changes during hospital stay and after discharge were analyzed
by Friedman’s ANOVA test. The frequencies of low or high
levels, as well as genotypes/alleles were compared by two-
sided Fischer’s exact test (or χ2 when appropriate). Correlations

FIGURE 1 | Mannose-binding lectin serum concentrations in patients (before

conditioning chemotherapy) and controls. Blue bars present median values

(given below group descriptions). (A) controls (C) vs. multiple myeloma (MM)

patients; (B) controls vs. lymphoma (LYMPH) patients. MM-A, LYMPH-A:

patients who experienced infections with proven bacteremia; MM-B,

LYMPH-B: patients who experienced infections with no bacteremia; MM-C,

LYMPH-C: patients who experienced febrile neutropenia; MM-D, LYMPH-D:

patients who experienced none of afore-mentioned complications during

hospital stay.

were determined by Spearman’s test. P <0.05 were considered
statistically significant.

RESULTS

MBL2 Gene Polymorphisms Located
Within Promoter Region and Exon 1
The frequency of A/A homozygotes was similar in MM, LYMPH
and C groups. However, MBL deficiency-associated genotypes
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(LXA/O, O/O) were significantly more common in patients with
multiple myeloma (Table 2). Those genotypes did not appear
in the short term (2–3 weeks after HSCT) to be associated
with higher susceptibility to infection as their frequency did
not differ significantly between patients experiencing hospital
infections/febrile neutropenia compared with patients free of
those complications [MM: 15/114 (13.2%) vs. 18/80 (22.5%, p
= 0.12); LYMPH: 10/82 (12.2%) vs. 4/36 (11.1%, p = 1)]. The
high MBL-conferring genotypes (YA/YA) were associated with
a trend toward more prolonged fever during the neutropenic
period, with 47.1% of patients having fever of more than 4 days
duration being YA/YA, compared with 24.1% having fever for less
than 4 days and 30.1% who had no infection or FN. The LYMPH
group differed from the MM patients in having a high frequency
of the uncommon C allele (codon 57 SNP) (0.025 vs. 0.007 for C;
p= 0.049), but this was not associated with hospital infections.

One hundred and two MM patients were followed-up for at
least 6 months, of which six were hospitalized due to severe
infections. One was O/O and 2 were LXA/O; two of them died.
Other 3 persons (1 non-survivor) had A/A genotypes. Similarly,
from 59 LYMPH patients that were followed-up, three had severe
infections: two were MBL-deficient (O/O; one non-survivor) and
one A/A (survivor).

MBL2 Gene Polymorphisms Located
Within 3′-UTR Region (Exon 4)
Twelve polymorphic sites located within 3′-UTR region of the
MBL2 gene were analyzed. That allowed identification of 27
various genotypes, of which the 7 most common accounted
for nearly 95% of controls and cases (Table 3). The genotype
1 (gt1) was commonest in the C and MM groups, but for the
LYMPH group, genotype 2 was the most frequent. The difference
between LYMPH and C groups with regard to genotype 1 (23.7
vs. 37.2%; p = 0.01) was statistically significant, possibly the first
association of aMBL2 gene 3′-untranslated region polymorphism
with cancer to be observed in Caucasians.

MASP2 Gene Polymorphisms
When the +359 A>G mutation was investigated, no variant
homozygote (and therefore MASP-2/MAp19 deficient) was
found among individuals recruited to the study. The number of
heterozygotes (Table 4) did not differ among the major (C, MM,
LYMPH) groups, although a trend toward higher incidence of
heterozygosity was noted within LYMPH group (Table 4). That
primarily reflected relatively high frequency of A/G genotype
among LYMPH patients who had bacteremia during hospital stay
[8/34 (23.5%); p < 0.04 vs. C group].

For anotherMASP2 SNP,+1111 A>C, no differences between
patients and controls were found. However, this variant allele
was commoner within the LYMPH patients than within the MM
group (p= 0.023) (Table 4).

Serum MBL Concentration and Activity of
Its Complexes With Serine Proteases
The median values determined for samples taken before
chemotherapy did not differ significantly in either MM
(1027 ng/ml; n = 187) or LYMPH (1072 ng/ml; n = 116) groups

when compared with that found for healthy controls (789 ng/ml;
n = 265) (Figure 1). However, the median was higher in MM
patients who later experienced hospital infections (associated or
not with bacteremia) and LYMPH patients who suffered from
infections without bacteremia (Figure 1A).

As was expected from numerous other studies, the median
serum MBL for males and females in the healthy controls were
virtually identical (789 vs. 787 ng/ml), and the higher values

FIGURE 2 | Mannose-binding lectin serum concentrations in healthy controls

carrying most common 3
′

-UTR MBL2 genotypes (gt1-gt4; details are given in

Table 3). Blue bars present median values (given below group descriptions).

TABLE 5 | Serum MBL concentrations in controls and patients (sample 1),

corresponding to most common MBL2 genotypes (basing on 3′-UTR

polymorphisms).

Genotype Group (n) MBL concentration

(ng/ml)

Statistical significance

(vs. C)

Median IQR

gt1 C (93) 1307 683–1969 –

MM (59) 1681 804–2673 p = 0.066

LYMPH (27) 1745 1039–2280 p = 0.12

gt2 C (66) 373 181–1154 -

MM (41) 426 233–1213 p = 0.53

LYMPH (40) 466 188–1479 p = 0.67

gt3 C (47) 858 384–1360 -

MM (39) 1199 976–1858 p = 0.016

LYMPH (28) 1285 880–1875 p = 0.016
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found in the LYMPH group also showed no sex difference (1090
vs. 1054 ng/ml). However, male subjects in the MM group had
significantly higher (1213 vs. 729 ng/ml; p = 0.002) values, and
consequently male MM patients had higher average serum MBL
than male controls (p= 0.032).

Despite well-known association between MBL2 SNP
located within promoter and exon 1 with MBL concentration
(not shown), an influence of exon 4 polymorphisms has
been observed. When the four most common genotypes
were compared within the control group, significant
differences in corresponding median MBL levels were found
(Figure 2). Comparison of patients and controls showed MBL
concentrations significantly higher in patients with genotype 3
for both MM and LYMPH groups (Table 5).

In both MM and LYMPH groups, MBL concentrations
underwent significant changes (p < 0.000001; Friedman’s
ANOVA test) in relation to treatment (Figure 3A). The
changes were generally more evident in persons experiencing
complications during hospital stay (with the exception of
LYMPH patients with bacteremias). (Figure 3A). Data from
samples taken during control examinations (although from
limited number of patients) demonstrated that the concentration
of this lectin ∼100 days post-HSCT practically returns to the
initial (sample 1) value (Figure 4A). In the case of patients

suffering from lymphomas, MBL increased more rapidly than in
those with diagnosedMM, probably depending on chemotherapy
used (BEAM vs. MEL) (Figure 3A). Again, a decrease was
observed after discharge and data from sample 100 were
comparable to those from sample 1 (Figure 4A).

Unexpectedly, very high MBL concentration (>3000 ng/ml)
before treatment seemed to be associated with higher risk of
hospital-acquired infection in MM patients. Such a high level
of the protein was found in 9 of 71 (12.7%) MM patients who
experienced infections, compared with 13 of 265 controls (4.9%;
OR 2.81; p = 0.029). No such relationship was found for the
LYMPH group (8/116 cases, 6.9%). No difference was found in
the frequency of serum MBL deficiency (<150 ng/ml) between
controls (17.7%) and patients (MM: 17.6%; LYMPH: 16.4%).
independently of complications (not shown).

As expected, since correlation coefficients between
serum MBL and activity of its complexes with MASP-1 or
MASP-2 were ≥0.9, the latter activities gave similar results
(Supplementary Figure 1). Moreover, observed MBL variations
in MM patients, slightly but significantly, inversely correlated
with variations in WBC, ANC, PLT counts (changes in leukocyte
counts are demonstrated in Figures 4D–F). In contrast, relatively
strong, positive correlations with concentrations of such markers
of inflammation as CRP or PCT (but not FBG) were found

FIGURE 3 | Changes in concentrations of MBL (A), CL-LK (B), and MASP-2 (C) in patients, during treatment. 1–blood taken directly before conditioning

chemotherapy; 2 – blood taken directly before autologous hematopoietic stem cell transplantation; 3–blood taken 1 week after HSCT; 4—blood taken 2 weeks after

HSCT. Data from sample 5 (3 weeks after HSCT) are not shown due to relatively low number of cases within each subgroup. Median values for each time-point are

presented. MM-A, LYMPH-A: patients who experienced infections with proven bacteremia; MM-B, LYMPH-B: patients who experienced infections with no

bacteremia; MM-C, LYMPH-C: patients who experienced febrile neutropenia; MM-D, LYMPH-D: patients who experienced none of afore-mentioned complications

during hospital stay. C—controls (sampled once). Statistics: given p-values regard to Friedman’s ANOVA while asterisks (in colors corresponding to curves) mark

significant differences in comparison with sample 1 (Wilcoxon’s paired sample test). Graphs show data from complete sets (MBL levels measured in all 1-4 samples)

only. Numbers of patients are given in parentheses.
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FIGURE 4 | Relative (median fold to sample 1) changes in concentrations of MBL (A), CL-LK (B), and MASP-2 (C) and blood morphology: white blood cells (WBC)

count (D), absolute neutrophil count (ANC) (E) and platelet (PLT) count (F) in patients, during treatment. 1—blood taken directly before conditioning chemotherapy;

2—blood taken directly before autologous hematopoietic stem cell transplantation; 3—blood taken 1 week (mean 7.0 ± 0.8 days) after HSCT; 4—blood taken 2

weeks after HSCT (mean 13.6 ± 1.2 days); 5—blood taken 3 weeks after HSCT (mean 20.3 ± 2 days); 45—blood taken 45 days after HSCT (mean 45.3 ± 7.6 days);

100—blood taken 100 days after HSCT (mean 104.1 ± 19.3 days).

(Table 6). It should be mentioned that WBC/ANC/PLT were
checked routinely and regularly (taking samples 1-5 was
coordinated with that) while concentrations of inflammatory
proteins (especially FBG) were tested occasionally, in the case of
morbid indications. Therefore, even relatively high correlation
coefficient not always was associated with statistical significance
(Table 6).

Concentration of CL-LK
The median level of CL-LK in pre-treatment samples from MM
patients (423 ng/ml) was significantly higher than that from
the control group (385 ng/ml; p = 0.0002) (Figure 5A) or the
corresponding samples from LYMPH patients (388 ng/ml; p
= 0.009). This difference did not seem to be associated with
post-HSCT complications. No difference (p = 0.56) was found
between healthy subjects and patients suffering from lymphoma
(Figure 5B).

No significant differences in median CL-LK concentration
between males and females were apparent in MM patients (420
vs. 429 ng/ml) or healthy controls (368 vs. 400 ng/ml). However,
this value was significantly higher in LYMPH group females (430
vs. 371 ng/ml) compared with males (p= 0.004).

The highest CL-LK serum levels (>583 ng/ml) occurred as
frequently among MM patients (7%) and LYMPH patients (6%)
as controls (5.6%). However, low (<242 ng/ml) values were

under-represented within the MM group (2.1%) compared with
the C (5.6%, p = 0.002) or LYMPH (6%, p = 0.037) groups. It
should be stressed that low CL-LK was found in none of the MM
patients experiencing infections or febrile neutropenia (Table 7).

CL-LK concentration during treatment varied, but the
changes noted were not so striking as for MBL. They were
however significant when data from MM patients who suffered
from bacteremia or FN were analyzed (Friedman’s ANOVA: p
< 0.000001 and p = 0.008, respectively) (Figure 3B). Within
LYMPH group, variations were significant for persons affected
by bacteremia only (p= 0.035). The level of CL-LK was generally
lower at point 2 (before HSCT) compared with preceding and
following samples. Interestingly, data from minority of patients
who were sampled during control examinations suggested slight
but significant increase of CL-LK at 45 and 100th days after HSCT
(443 ng/ml; n = 26, p = 0.016 and 457 ng/ml; n = 23, p = 0.048
compared with data from sample 1). In the case of LYMPH, the
median corresponding to samples 100 (384 ng/ml) was similar to
that from samples taken before chemotherapy (Figure 4B).

Described variations were not associated with changes of
blood cell counts or inflammatory markers (Table 6).

An incidental finding was a lack of detectable CL-LK in a
healthy 45-year old woman. A repeat sample 2 months later
yielded only a trace (<40 ng/ml). Sequencing of the COLEC10
gene did not reveal homozygosity for any known variant allele
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TABLE 6 | Correlations (Spearman’s) between variations (samples 1–5) of concentrations/activities of tested proteins/complexes and selected clinical parameters

(significant positive and inverse correlations marked with blue and red, respectively).

Tested factor Blood cell counts Markers of inflammation

WBC ANC PLT CRP FBG PCT

A

MBL r = −0.09 r = −0.11 r = −0.08 r = 0.09 r = 0.07 r = 0.12

p = 0.013 p = 0.002 p = 0.029 p = 0.043 p = 0.63 p = 0.63

n = 792 n = 784 n = 790 n = 518 n = 49 n = 20

MBL-MASP-1 r = −0.09 r = −0.11 r = −0.07 r = 0.08 r = 0.06 r = 0.14

p = 0.015 p = 0.002 p = 0.052 p = 0.09 p = 0.69 p = 0.56

n = 791 n = 783 n = 789 n = 517 n = 49 n = 20

MBL-MASP-2 r = −0.06 r = −0.09 r = −0.07 r = 0.1 r = 0.11 r = 0.12

p = 0.11 p = 0.019 p = 0.072 p = 0.036 p = 0.46 p = 0.61

n = 744 n = 736 n = 743 n = 487 n = 48 n = 20

CL-LK r = −0.08 r = −0.09 r = −0.04 r = 0.1 r = 0.05 r = −0.13

p = 0.022 p = 0.01 p = 0.21 p = 0.025 p = 0.76 p = 0.57

n = 792 n = 784 n = 790 n = 518 n = 49 n = 20

MASP-2 r = −0.1 r = −0.09 r = −0.2 r = 0.2 r = −0.003 r = −0.08

p = 0.004 p = 0.015 p < 0.000001 p = 0.000005 p = 0.98 p = 0.75

n = 790 n = 782 n = 788 n = 516 n = 49 n = 20

B

MBL r = −0.03 r = −0.03 r = −0.09 r = 0.12 r = 0.03 r = 0.35

p = 0.51 p = 0.53 p = 0.06 p = 0.044 p = 0.82 p = 0.015

n = 463 n = 443 n = 462 n = 302 n = 72 n = 48

MBL-MASP-1 r = −0.02 r = 0.002 r = −0.07 r = 0.05 r = 0.06 r = 0.35

p = 0.62 p = 0.97 p = 0.12 p = 0.41 p = 0.65 p = 0.014

n = 462 n = 442 n = 461 n = 301 n = 72 n = 48

MBL-MASP-2 r = −0.005 r = 0.01 r = −0.08 r = 0.1 r = 0.15 r = 0.42

p = 0.92 p = 0.84 p = 0.01 p = 0.071 P = 0.21 p = 0.003

n = 441 n = 421 n = 440 n = 291 n = 71 n = 48

CL-LK r = −0.02 r = 0.01 r = 0.06 r = 0.03 r = 0.05 r = 0.33

p = 0.63 p = 0.77 p = 0.19 p = 0.56 p = 0.65 p = 0.02

n = 463 n = 443 n = 462 n = 302 n = 72 n = 48

MASP-2 r = −0.27 r = −0.27 r = −0.31 r = 0.32 r = 0.13 r = 0.27

p < 0.000001 p < 0.000001 p < 0.000001 p < 0.000001 p = 0.28 p = 0.066

n = 463 n = 443 n = 462 n = 302 n = 72 n = 48

A – patients suffering from multiple myeloma; B – patients suffering from lymphomas.

or “new” mutation when compared to the reference gene
sequence (NCBI Reference Sequence: NC_000008.11, accessed
from: https://www.ncbi.nlm.nih.gov/gene/10584) (not shown).

Concentration of MASP-2
No significant differences were found when pre-treatment
median MASP-2 serum concentrations from MM (357 ng/ml)
or LYMPH (359 ng/ml) were compared with that from healthy
controls (344 ng/ml) (Figure 6). However, a higher value was
observed in the subgroup of MM patients who had infections
with no bacteremia (478 ng/ml, p = 0.017 vs. C group).
Furthermore, median pre-treatment MASP-2 was higher in MM
patients suffering from infections with Gram-positive bacteria
(403 ng/ml) relative to those infected by Gram-negative bacteria
(343 ng/ml; p= 0.008).

Within the control group, a significant sex difference in
median MASP-2 level was found (372 vs. 330 ng/ml for males
and females, respectively, p = 0,019). No such relationship was
found in MM (360 vs. 352 ng/ml) or LYMPH (347 vs. 371 ng/ml)
groups.

When the frequencies of high (>628 ng/ml) MASP-2
concentrations were compared, no significant difference between
the groups was found (C: 5.1%, MM: 6.4%, LYMPH: 2.6%).
Similarly, the incidence of low (<172 ng/ml) MASP-2 was similar
among healthy subjects (10.2%), MM patients (13.4%), and
LYMPH patients (13.8%).

MASP-2 concentrations underwent highly significant
treatment-associated changes in both groups of patients,
independently of complications (Figure 3C). There was again an
increase after treatment, but the kinetics differed from those of
MBL. One and three months after discharge, median MASP-2
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Świerzko et al. Collectins and MASP in Auto-HSCT

FIGURE 5 | Collectin CL-LK serum concentrations in patients (before

conditioning chemotherapy) and controls. Blue bars present median values

(given below group descriptions). (A) controls (C) vs. multiple myeloma (MM)

patients; (B) controls vs. lymphoma (LYMPH) patients. MM-A, LYMPH-A:

patients who experienced infections with proven bacteremia; MM-B,

LYMPH-B: patients who experienced infections with no bacteremia; MM-C,

LYMPH-C: patients who experienced febrile neutropenia; MM-A, LYMPH-A:

patients who experienced none of afore-mentioned complications during

hospital stay.

concentration in LYMPH patients was still higher than at point
1 (386 ng/ml, n = 40, p = 0.0003 and 419 ng/ml, n = 36, p =

0.006) while for MM group, the difference was insignificant
(Figure 4C).

TABLE 7 | Frequency of low serum concentrations of collectin CL-LK in

investigated groups (for MM and LYMPH groups: data from sample 1, taken

before chemotherapy).

Group (n) % of

concentrations

<242 ng/ml

Statistical

significance

(vs. C)

C (227) 9.7 -

MM (187)* 2.1 p = 0.002; OR 0.2; 95% CI (0.07-0.6)

MM-A (41) 0 p = 0.031; OR 0.11; 95% CI (0.007-1.85)

MM-B (30) 0 p = 0.087

MM-A+B (71) 0 p = 0.003; OR 0.06; 95% CI (0.004-1.07)

MM-C (38) 0 p = 0.052

MM-D (78) 5.1 p = 0.25

LYMPH (116)* 7.8 p = 0.69

LYMPH-A (32) 9.4 p = 1

LYMPH-B (38) 7.9 p = 1

LYMPH-A+B (70) 8.6 p = 1

LYMPH-C (10) 20 p = 0.27

LYMPH-D (36) 2.8 p = 0.22

*MM-A, LYMPH-A: patients who experienced infections with proven bacteremia; MM-B,

LYMPH-B: patients who experienced infections with no bacteremia; MM-C, LYMPH-

C: patients who experienced febrile neutropenia; MM-D, LYMPH-D: patients who

experienced none of afore-mentioned complications during hospital stay.

In both MM and LYMPH groups, MASP-2 correlated
positively with CRP and inversely with WBC, ANC and
PLT counts (Table 6). In contrast to MBL, serum MASP-2
concentrations did not differ between either group of patients
and controls in relation to MASP-2 genotypes (Table 8).

DISCUSSION

Both cancer and its treatment impair immunity, but the role

of MBL and the significance of its deficiency in this context
are controversial since contrasting and apparently contradictory

findings have been reported. Particular attention has focused

on the effect of chemotherapy, both during the immediate
neutropenic period and during longer periods of follow-up. Here

we have demonstrated with a large series of multiple myeloma
patients given similar therapy (and more heterogeneous
lymphoma group), that MBL deficiency has no influence on
the incidence of infections/febrile neutropenia. However, over
a 6-month period of follow-up, MBL deficiency was over-
represented in the small number of patients experiencing
very severe infections. Our findings with a substantially
larger series are not inconsistent with the studies of Molle
et al. (46, 47) with a broadly similar group of myeloma
patients.

These results could be interpreted as meaning MBL
has little influence during the period of chemotherapy-
induced cytopenia (and does not affect post-HSCT recovery
of leukocytes, Supplementary Figure 2), but could have a
protective effect when able to act in combination with
phagocytic cells. That interpretation could explain why for
patients receiving chemotherapy in general, MBL is found
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FIGURE 6 | MASP-2 serum concentrations in patients (before conditioning

chemotherapy) and controls. Blue bars present median values (given below

group descriptions). (A) controls (C) vs. multiple myeloma (MM) patients;

(B)—controls vs. lymphoma (LYMPH) patients. MM-A, LYMPH-A: patients who

experienced infections with proven bacteremia; MM-B, LYMPH-B: patients

who experienced infections with no bacteremia; MM-C, LYMPH-C: patients

who experienced febrile neutropenia; MM-A, LYMPH-A: patients who

experienced none of afore-mentioned complications during hospital stay.

to be effective in studies with a medium to long follow-up
period (48, 49) but ineffective in short-term follow-up studies
(50, 51).

In this study we confirmed the observation of others that
chemotherapy is generally followed by an increase in MBL
concentration (46, 48, 52). We found that after several weeks
it returns to the initial level. A new observation was an
association between MBL deficiency and myeloma itself at the

TABLE 8 | Serum MASP-2 concentrations in controls and patients (sample 1),

corresponding to MASP2 genotypes (+1111 A>C SNP).

Genotype Group (n) MASP-2

concentrations (ng/ml)

Statistical

significance (vs. C)

Median IQR

A/A C (171) 312 238–415 –

MM (120) 320 231–404 p = 0.83

LYMPH (89) 332 233–417 p = 0.86

A/C or C/C C (73) 410 340–513 –

MM (67) 437 335–544 p = 0.46

LYMPH (27) 455 376–506 p = 0.23

genetic level. Furthermore, our data suggest a protective effect
of “gt1” from lymphoma. If and when confirmed, this would
be the first association of a MBL2 gene 3′-untranslated region
polymorphism with cancer in Europeans [those SNPs were
previously reported to have associations with breast or colon
cancer in African-Americans but not in Caucasians (53, 54)].
The influence of 3′-end variant on serum MBL concentration
was originally reported by Bernig et al. (53, 55). They suggested
that Ex4-1067A haplotype corresponds to high MBL. Indeed,
in our study A/A homozygotes (“gt1” genotype) had higher
median than A/G heterozygotes (“gt3”) while, consequently,
heterozygotes (“gt2”) had higher values than G/G homozygotes
(“gt4”) (Figure 2). The Ex4-710/901/1067/1483 SNP were found
to be components of a haplotype block (28, 54, 55). Our data
(Table 3) are in agreement with that finding. Therefore, in
general (although with very few exceptions), analyzing of one
polymorphic site may provide information about the others
(including also Ex4-718/845/879) (Table 3). Interestingly, the
C allele corresponding to Ex4-1483 (associated with Ex4-
1067G) is responsible for interaction with miR-27a, a microRNA
molecule which was suspected to predict lower MBL plasma
concentration (54, 56). Again, it has been to some extent
confirmed here: “gt1” and “gt3” carriers (T/T homozygotes)
have generally higher MBL than “gt2” and “gt4” (T/C genotype)
(Figure 2). Obviously, an interplay between 3′ block and 5′

one (promoter/5′-UTR/exon 1) has to be taken into account in
considering genotype-phenotype relationships (28, 54, 56). For
example, strong linkage disequilibria of Ex4-1067 with promoter
H/L and Y/X SNP were proven [LDmatrix (https://analysistools.
nci.nih.gov) (57)]. It is therefore noteworthy that the majority of
“gt1” genotype carriers (74/95 controls and 61 of 87 patients)
had YA/YA (“high MBL-producing”) genotypes. Interestingly,
the most prevalent 5′ end variant associated with “gt3” was
YA/XA (34/47 controls and 52/69 patients; majority of remaining
individuals carried at least one LXA allele) (not shown). That
altogether confirms apparent links between Ex4-1067A and
promoter (position−221) Y alleles as well as G and X variants,
respectively.

MBL, naturally complexed with MASP has been evidenced
(employing animal model) to contribute to mobilization of
hematopoietic cells from bonemarrow to peripheral blood). That
complex is able to trigger both complement and coagulation
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systems activation, cross-talking in mobilization process (58–
60). It has been suggested that MBL-deficient patients may be
poor HSPC (hematopoietic stem progenitor cells) mobilizers
even upon stimulation for transplantation (58, 59). It however
has not been confirmed in our study: most of MBL deficient
individuals (confirmed by both genotyping andMBL serum level)
responded normally (not shown). It may be speculated that
MBL deficiency is, at least partially, compensated by other lectin
pathway-associated pattern-recognition molecules when MASP
function is normal. Furthermore, it seems not to affect markedly
recovery of leukocytes (at least when their counts recorded at
∼14th day after HSCT, see Supplementary Figure 2).

Another collectin, CL-LK (as mentioned being a complex
of CL-10 and CL-11), was found at higher concentrations
in myeloma patients compared with controls. One and three
months after discharge (samples 45 and 100) its level exceeded
an initial one. However, no clinical significance of extremely
high or low CL-LK was apparent. This is the first possible
association of CL-LK with a hematological malignancy to
have been noted. During hospital stay, CL-LK underwent
marked changes in myeloma patients affected by bacteremia or
febrile neutropenia suggesting involvement of this collectin in
the immune response against some potentially life-threatening
events.

The results of a retrospective study indicated that higher
MASP-2 serum concentrations are associated with a longer
event-free survival (EFS) in children with lymphoma (especially
HL) (61). We have conducted a prospective study, and
collected data from follow up longer than 3–6 months from a
relatively low number of patients. Furthermore most of them
survived that period and had no relapse so our results cannot
easily be compared with the previous report. As with MBL,
higher serum level of its associated serine protease-2 before
chemotherapy seemed to be associated with hospital infections,
at least in MM patients and Gram-positive bacterial agents.
Earlier, MASP2 variant allele (SNP at position +1111) was
suggested to be protective against DLBCL (62). Among 31
DLBCL patients studied here, 7 (22.6%) were heterozygotes
(no difference in comparison to C group). It should however
be stressed that relatively high incidence of MASP2 +359
A/G heterozygosity was noted among LYMPH patients who
experienced bacteremia while relatively low - of +1111 A/C
heterozygosity in LYMPH group in general. Both mentioned
genotypes influence MASP-2 serum concentration (but not
MBL-MASP-2 complex activity when measured as C4 cleaving
potency; not shown). The MASP2 +359G variant abolishes
the formation of the MBL-MASP-2 complex and heterozygotes
present approx. half MASP-2 concentration in serum. However,
this level suffices for full activity of the MBL pathway
(37).

Cancers studied here seem in general to affect concentrations
of complement activating collectins and MASP-2 disparately in
males and females. As previously demonstrated by Troldborg
et al. (63), MBL, CL-10, and CL-11 average levels do not
differ between men and women while MASP-2 is higher in
men. That was fully confirmed here for controls only. Neither
in MM nor LYMPH group the latter differed depending on

sex while MBL was found significantly higher in MM males
compared with females and opposite effect was noted for
CL-LK.

To summarize, we have studied the complex cross-talk
between numerous endogenous and exogenous factors in the
process of treating patients suffering from MM and LYMPH.
Monitoring was started immediately before conditioning
chemotherapy and continued for several weeks. The investigated
factors, involved in activation of the complement and coagulation
cascades, are undoubtedly important players in the events
investigated, influencing disease/treatment course and outcome
and also being influenced by disease itself and therapeutic
procedures. Our data indicate multiple MBL involvements.
We found its primary deficiency to be associated with MM
risk but not hospital infections during cytopenia. Moreover,
high MBL-conferring genotypes and high serum MBL were
to some extent associated with adverse effects. Later, during
follow-up, MBL deficiency seemed to predict higher morbidity
and mortality due to infections. Additionally, we reported

the first possible clinical association of a MBL2 3
′

-UTR
polymorphism (protective effect of “gt1” from lymphoma) in
Caucasians.
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Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired syndrome characterized by 
intravascular hemolysis, thrombosis, and bone marrow failure. The disease is caused 
by a mutation in the PIG-A gene that leads to the lack of glycosylphosphatidylinositol- 
anchored complement regulatory molecules CD55 and CD59 on affected blood cell 
surfaces. In previous studies, spontaneous clinical remissions have been described. The 
disease manifestations are very heterogeneous, and we wanted to examine if true remis-
sions and disappearance of the clone occur. In a follow-up of a nation-wide cohort of 
106 Finnish patients with a PNH clone, we found six cases, where the clone disappeared 
or was clearly diminished. Two of the patients subsequently developed leukemia, while 
the other four are healthy and in clinical remission. According to our data, spontaneous 
remissions are not as frequent as described earlier. Since the disappearance of the PNH 
cell clone may indicate either a favorable or a poor outcome—remission or malignancy—
careful clinical monitoring in PNH is mandatory. Nevertheless, true remissions occur, 
and further studies are needed to understand the immunological background of this 
phenomenon and to obtain a better understanding of the natural history of the disease.

Keywords: paroxysmal nocturnal hemoglobinuria, aplastic anemia, spontaneous remission, leukemia

inTrODUcTiOn

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired syndrome characterized by intravas-
cular hemolysis, thrombosis, and bone marrow (BM) failure (1). The disease is caused by a mutation 
in the PIG-A gene that leads to the lack of glycosylphosphatidylinositol (GPI)-anchored molecules, 
including the complement regulatory proteins CD55 and CD59 from the surface of a clonal lineage 
of blood cells (2–4). In addition, rare forms of PNH with mutations in the CD59 gene have been 
described indicating the key role of the absence of CD59 in the disease (5, 6).

The diagnosis of PNH is made by analyzing GPI-anchored molecules or the anchor itself on 
blood cells by flow cytometry. The disease course is often unpredictable, and the therapeutic options 
are limited. While in previous studies spontaneous remissions have been reported to occur in up to 
15–30% of cases (7, 8), there are only few detailed case reports published on these patients. Recently, 
four cases of spontaneous remission were described in two different studies (9, 10), but doubts exist 
whether remissions really occur in PNH patients. In particular, it would be important to distinguish 
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Table 1 | Patients and treatments.

age at Pnh 
diagnosis (year)

age at aa/bM 
failure diagnosis 
(year)

Treatment

Patient 1 23 years (1990)a 19 years (1986) Androgens, corticosteroids
Patient 2 56 years (1998) Hypoplastic BM

57 years (1999)
Androgens, corticosteroids

Patient 3 24 years (1998) 21 years (1995) Antithymocyte globulin, 
prednisolone, cyclosporine, 
granulocyte growth factor

Patient 4 25 years (1998) 19 years (1992) Cyclosporine, androgens
Patient 5 43 years (2000) 43 years (2000) Antithymocyte globulin, 

prednisolone, cyclosporine
Patient 6 44 years (1998) 43 years (1997) Prednisolone, cyclosporine

PNH, paroxysmal nocturnal hemoglobinuria; AA, aplastic anemia; BM, bone marrow.
aDiagnosis by Ham’s test. First flow cytometry in 2001. For further clinical information, 
please see the text.

Korkama et al. Spontaneous Remission in PNH

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1749

true remissions from other developing disorders, especially from 
malignancy, because in both cases the PNH diagnostics may give 
a negative result.

Because of the variable clinical course of PNH, we wanted 
to explore whether true spontaneous remissions occur in PNH 
in the Finnish patient material that we have collected during a 
long period of time. A nation-wide study of all PNH patients 
diagnosed in Finland since 1995 and an extended follow-up time 
(up to 20 years) have provided a unique opportunity to perform 
a detailed analysis of the course of the disease in our patients.

PaTienTs anD MeThODs

In a nation-wide project, we collected patients from all Health 
Care Districts in Finland (with a total population of 5.6 million). 
The sources of information included the Helsinki University 
Central Hospital Laboratory (HUSLAB) databases, flow cytom-
etry analysis of red blood cells (RBCs) and leukocytes, patients’ 
medical records, and a patient questionnaire. The patients were 
evaluated until September 2016, and the remission cases were 
followed until June 2017. In total, 106 patients with a CD59-
deficient cell clone in flow cytometry were included in the study.

Besides the flow cytometry analysis the laboratory parameters 
included levels of hemoglobin (Hb), lactate dehydrogenase, hap-
toglobin, erythrocytes, leukocytes, platelets, inflammation mark-
ers (CRP, ESR), D-dimer, fibrinogen, coagulation factor VIII, 
creatinine, and ventricular natriuretic peptide. In addition, the 
glomerular filtration rates and BM analyses were performed. The 
clinical data included the symptoms and conditions attributable 
to PNH: hemoglobinuria, thrombotic events, infections, fatigue, 
renal failure, pulmonary hypertension, abdominal pain, dyspha-
gia, dyspnea, erectile dysfunction, anemia, and the co-existence 
of PNH with aplastic anemia (AA), myelodysplastic syndrome 
(MDS), or leukemia.

An ethical permission for the study was provided by the coor-
dinating ethical committee at the Helsinki University Hospital 
Health Care District. A research permission was also obtained 
from the National Institute of Health and Welfare (THL, Helsinki, 
Finland), and the patients gave written informed consents for the 
study.

resUlTs

In a cohort of 106 Finnish patients with a PNH clone, we found 
6 cases, where the clone disappeared or clearly diminished (to a 
level equal or below 1.5%). Two of the six patients subsequently 
developed leukemia (acute myeloid leukemia and chronic 
myelomonocytic leukemia), while the other four are in clinical 
remission (Table 1).

Patient number 1 was diagnosed with AA in 1986 during a 
twin pregnancy. The patient had pre-eclampsia and a cesarean 
section was performed. The PNH diagnosis was made by Ham’s 
test in 1990 at the age of 23 years. The first flow cytometry test 
was performed in 2001 (24% CD59-negative erythrocytes) 
(Figure 1A). The patient was first treated with steroids without 
any positive outcome and with androgens for 2 years. In 1994, the 
patient was diagnosed with multiple sclerosis. In the mid 90s, the 

patient got several blood transfusions and twice more in 2005 and 
2006. No thrombotic complications occurred. The patient was 
given anticoagulation treatment. Low molecular-weight heparin 
was used postoperatively after a gynecologic operation in 2006, 
and since 2008 the patient used aspirin. In 2012, erythrocytes, 
monocytes, and neutrophils were analyzed by the flow cytometry 
test, and no PNH clone was detected. The patient had no longer 
signs of hemolysis. In the same year, however, the patient was 
diagnosed with MDS and later with acute myeloid leukemia. The 
patient died of leukemia in 2013 at the age of 45 years.

Case 2 (female) was diagnosed with PNH in 1998 at the age of 
56 years (30% CD59-negative erythrocytes by flow cytometry). At 
the time of diagnosis, the Hb level was 70 g/L, and the numbers 
of leukocytes 2.5 × 109/L and platelets 6 × 109/L. The patient had 
a tendency for bruising, petechiae, and bleeding on probing. In 
1999, the patient’s BM sample showed hypoplastic features. The 
patient was treated with corticosteroids from 1998 until 2005. 
Androgen treatment was stopped because of elevated liver values. 
The CD59-negative erythrocyte clone peaked in 1998 after which 
it gradually declined. In 1999, the patient received cyclosporine 
treatment, which had a good effect on the anemia. In 2007, the 
patient recurrently developed anemia and thrombocytopenia. At 
that time, the RBCs had a normal CD59 expression level on flow 
cytometry (Figure 1B). The BM sample showed myelodysplastic 
changes and a systemic mastocytosis with c-KIT mutation was 
observed. In 2010, the patient was diagnosed with chronic myelo-
monocytic leukemia and azacytidine treatment was started. In 
2011, the patient died because of acute ischemic heart disease 
during the leukemia treatment.

Case 3 (female) was diagnosed with AA in 1995 at the age of 
21 years. At the time of diagnosis, the Hb level was 50 g/L, leuko-
cytes 1.9 × 109/L, and platelets 8 × 109/L. The patient was treated 
with antithymocyte globulin, prednisolone, cyclosporine, and 
granulocyte growth factor. In 1996, 8% of the erythrocytes were 
CD59 deficient. When the flow cytometry was performed next 
time in 1998, 50% of the erythrocytes was type I CD59-deficient 
cells and 30% type II (partially CD59 deficient) cells (Figure 1C). 
No thrombotic complications or bleeding have occurred at any 
time of the disease history. The lactate dehydrogenase level was 
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elevated earlier, but has been normal since 2006 (Figure 1C). The 
patient had two deliveries, in 2003 and 2007. During the first 
delivery, the patient was given blood transfusions and suffered 
from postpartum endometritis. The second delivery was without 
complications. In the 1990s, the patient had periods of hemoglo-
binuria. In 2012, the cyclosporine treatment was stopped, and 
only 0.2% of the erythrocytes were CD59 negative. Since 2013 
the expression of CD59 has been normal on erythrocytes and 
the GPI-negative clone in neutrophils and monocytes has been 
0.3–0.6% and the patient is symptom free.

Patient 4 (male) was diagnosed with AA in 1992, and the 
PNH diagnosis was made in 1998 when the patient was 25 years 
old (10% CD59-negative erythrocytes in flow cytometry). 
Before that the patient had had a small CD59-negative RBC 
clone (1.7–7%) since 1996. In 1992, the patient got several RBC 

and platelet transfusions. Cyclosporine and androgen treatment 
were started in 1992 with a good response leading to recovery 
from the cytopenias. The androgen treatment was discontinued 
in 2003 and cyclosporine treatment in 2012. Since then the 
patient has had no symptoms, and the laboratory parameters 
have been in the normal range. In 2010, CD59 expression on the 
erythrocytes was normal. In later controls, the expression has 
been either fully normal or the CD59-negative erythrocyte cell 
clone has been small (between 0.2 and 1.4%) (Figure 1D). The 
GPI-negative clone in neutrophils and monocytes has been in 
the range 0.2–1.5%.

Case 5 (male) was diagnosed with AA and PNH in 2000 at 
the age of 43 years. Fifty-three percent of the erythrocytes were 
totally CD59 deficient. In addition, 10% had a decreased expres-
sion (type II cells). In the BM sample, the cellularity was 25–30% 
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of normal. At the time of diagnosis, the Hb level was 54  g/L, 
neutrophils 0.3  ×  109/L, and platelets 26  ×  109/L. The patient 
was initially treated with prednisolone for a short time. Later, 
the patient was given antithymocyte globulin treatment and 
cyclosporine for 1 year. Initially, the response to the immunosup-
pressive treatment was not sufficient, and an allogeneic stem cell 
transplantation with register donor was already being planned. In 
2002, the transplantation was canceled because of a late response 
to the treatment. At that point, the Hb level was 122 g/L, neu-
trophils 0.77 × 109/L, and platelets 96 × 109/L. The patient had 
hemolysis and hemoglobinuria, fatigue, and erectile dysfunction. 
No thrombotic complications occurred. The anemia was com-
pensated, and there was no transfusion dependency. Since 2009 
the patient has been symptom free and the lab values stable, Hb 
level 155 g/L. The PNH clone has been declining (Figure 1E). In 
2017, it was below 1% in both RBCs and neutrophils.

Patient 6 (male) was diagnosed with AA at the age of 43 years 
in 1997. At that time, the patient had pancytopenia and 5.4% of 
RBCs were CD59 deficient. The patient was treated with cyclo-
sporine with a good response. In 1998, the size of the PNH clone 
was 52%. The patient had tendency for bruising, hemoglobinuria, 
and erectile dysfunction, but no thrombosis. Since 2009 the LD 
values normalized, and the patient did not report hemoglobi-
nuria any more. In 2010, the size of the PNH clone had already 
clearly diminished, and in 2013, it was 0.3% in RBCs and 0.8% in 
neutrophils (Figure 1F).

Among all the six patients, the median time from the diagnosis 
until the remission was 12.5  years (range 6–15  years). For the 
two patients who developed leukemia, the diagnosis was made 
26 and 12 years after the initial PNH/AA diagnosis, respectively. 
In one patient, the CD59-deficient cell clone disappeared 3 years 
earlier, and for the other one in the same year leukemia was 
diagnosed. For all six patients, the median CD59-deficient RBC 
clone size was 64% at highest (range 30–91%) (Figure 1). Four of 
the patients had classical PNH with signs of hemolysis. None of 
the patients received eculizumab therapy since it was not avail-
able at the time of diagnosis. All patients had underlying AA or 
another type of BM failure. Four of the patients were treated with 
cyclosporine, three with androgens, and five with corticosteroids. 
Two of the remission cases also got antithymocyte globulin, and 
one was given granulocyte growth factor. None of the patients 
was heavily transfusion dependent.

DiscUssiOn

Paroxysmal nocturnal hemoglobinuria is a potentially serious 
illness with variable manifestations and outcomes. Reliably 
defined complete remissions from the disease have only rarely 
been described, and doubt exists whether a permanent cure 
from the disease can occur. In Finland, it has been possible to 
conduct a nation-wide study because it has a relatively small 
population (5.6 million) with a comprehensive public healthcare 
system, where rare cases are centralized to specialized healthcare. 
Thus, for this study, we were able to collect all patients diagnosed 
with PNH from a period of over 20 years, altogether 106 PNH 
patients. Indeed, among these we found six cases, where the 
PNH cell clones disappeared. In four cases, this was accompanied 

with spontaneous clinical remission, as well. By contrast, in two 
other cases—showing apparently the disappearance of the PNH 
clone—the disease developed into malignancy.

Our data show that spontaneous remissions are not as 
frequent as previously described, and the disappearance of the 
PNH cell clone can be related to dramatically different outcomes. 
In a Spanish patient cohort, spontaneous remission was reported 
to occur in as many as 30% of the patients (17/56), but the cases 
were not characterized further, and the spontaneous remission 
was not defined (8). We considered that the patients were in 
remission when they had no clinical signs of disease (i.e., no 
cytopenias, signs of hemolysis, or thrombosis) and no flow 
cytometry evidence for PNH. For the latter, a threshold level 
of 1.5% for GPI-anchor negative RBCs was employed, because 
levels lower than this may be artifacts due to staining or trans-
portation. Small PNH-like clones may also be seen in healthy 
individuals (11). In a British material from the year 1995, spon-
taneous clinical remissions were reported in 15% of the patients 
(12/80) (7). The patients had a negative Ham’s test. In five cases, 
flow cytometry was later performed, and in all cases, the RBCs 
expressed normal levels of GPI-linked proteins. However, pos-
sible misdiagnoses with the earlier less specific Ham’s test cannot 
be excluded.

Nevertheless, as our study shows, true remissions occur, but the 
patients need to be carefully followed up for a potential emergence 
of malignancy. Among the six patients, where the PNH clone 
disappeared, four are healthy and have no treatment. The actual 
mechanisms or the reasons for the remissions are unknown. They 
may be spontaneous, have an immunological background, or be 
related to therapy. A proposed explanation has been that the PNH 
clone has a finite lifespan and that normal stem cells are capable 
of repopulating the BM (7). Recently, a case was described, where 
a decrease in the PNH clone did not restore normal hematopoiesis 
but instead was associated with clonal replacement (9). Notably, 
however, in this case, the PNH clone did not disappear but 
remained at a 15% level. All of our six patients had an underly-
ing BM failure. Patients received treatments (e.g., cyclosporine, 
androgens, steroids, CSF, or antithymocyte globulin) that may 
also have affected the PNH cell clone or the cell clone could have 
lost its growth advantage (12) after repopulating the BM.

Paroxysmal nocturnal hemoglobinuria has previously been 
considered to be a monoclonal disorder, and the expansion of 
the GPI-deficient clone has been explained by extrinsic fac-
tors (13). Recent studies have shown that multiple clones are 
present, and a number of additional somatic mutations in the 
PNH clones have been detected (14, 15). The latter may lead 
to clonal selection. Partially, CD59-deficient type II cells are 
thought to emerge because of only a partially defective or absent 
PIG-A enzyme. As PNH is currently regarded as a multiclonal 
disease with clonal hierarchy (14) and a large number of cells 
are involved, a repairing mutation can not be the explanation 
for remission. In our view, the most likely possibility is that the 
immune system is eliminating cells through complement attack 
and/or by the formation of antibodies or by a cell-mediated 
immune response. If antibodies against cells develop, as may 
occur after blood transfusions, the clearance of CD59-negative 
cells could be further boosted. Cells lacking CD59 and CD55 
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would, after all, be more susceptible to complement-mediated 
clearance. Some antibodies may even be targeted against unique 
epitopes on GPI-anchor deficient cells.

Paroxysmal nocturnal hemoglobinuria is known to be a very 
variable disease, and this is also typical among the remission 
cases. The fact that the clone disappears may be related to dif-
ferent outcomes, total recovery, or BM suppression and devel-
opment of leukemia. This provides a challenge to the clinician. 
Careful follow-up is needed to determine the direction to which 
the disease is progressing. Further studies on the mechanisms of 
spontaneous remissions could also provide clues for finding a 
curative treatment for PNH in the future.
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Overactivity of alternative Pathway 
convertases in Patients With 
complement-Mediated renal 
Diseases
Marloes A. H. M. Michels1, Nicole C. A. J. van de Kar1, Marcin Okrój2, Anna M. Blom3, 
Sanne A. W. van Kraaij4, Elena B. Volokhina1,4† and Lambertus P. W. J. van den Heuvel1,4,5*† 
On Behalf of the COMBAT Consortium

1 Department of Pediatric Nephrology, Radboud Institute for Molecular Life Sciences, Amalia Children’s Hospital,  
Radboud University Medical Center, Nijmegen, Netherlands, 2 Department of Medical Biotechnology, Intercollegiate Faculty 
of Biotechnology, University of Gdańsk and Medical University of Gdańsk, Gdańsk, Poland, 3 Medical Protein Chemistry, 
Department of Translational Medicine, Lund University, Malmö, Sweden, 4 Department of Laboratory Medicine,  
Radboud University Medical Center, Nijmegen, Netherlands, 5 Department of Pediatrics/Pediatric Nephrology and 
Department of Development and Regeneration, University Hospitals Leuven, Leuven, Belgium

Overactivation of the alternative pathway of the complement system is associated with 
the renal diseases atypical hemolytic uremic syndrome (aHUS) and C3 glomerulopathy 
(C3G). C3 nephritic factors (C3NeF) play an important role in C3G pathogenesis by 
stabilizing the key enzymatic complex of complement, the C3 convertase. However, the 
reliability of assays detecting these autoantibodies is limited. Therefore, in this study, we 
validated and optimized a prototype hemolytic method for robust detection and charac-
terization of factors causing convertase overactivity in large patient cohorts. The assay 
assesses convertase activity directly in the physiological milieu of serum and therefore 
is not restricted to detection of stabilizing autoantibodies such as C3NeF but may also 
reveal genetic variants resulting in prolonged convertase activity. We first defined clear 
cutoff values based on convertase activity in healthy controls. Next, we evaluated 27 C3G 
patient samples and found 16 positive for prolonged convertase activity, indicating the 
presence of factors influencing convertase stability. In three patients, the overactive con-
vertase profile was persistent over disease course while in another patient the increased 
stability normalized in remission. In all these four patients, the convertase-stabilizing 
activity resided in the purified immunoglobulin (Ig) fraction, demonstrating the autoan-
tibody nature. By contrast, the Igs of a familial aHUS patient carrying the complement 
factor B mutation p.Lys323Glu did not reveal convertase stabilization. However, in serum 
prolonged convertase activity was observed and segregated with the mutation in both 
affected and unaffected family members. In conclusion, we present a robust and reliable 

Abbreviations: aHUS, atypical hemolytic uremic syndrome; AP, alternative pathway; C3G, C3 glomerulopathy; C3GN, C3 
glomerulonephritis; C3NeF, C3 nephritic factor; CR1, complement receptor 1; DAF, decay-accelerating factor; DDD, dense 
deposit disease; EDTA, ethylenediaminetetraacetic acid; EDTA–GVB, EDTA–gelatin veronal buffer; FB, complement factor B; 
FD, complement factor D; FH, complement factor H; FHaAb, FH autoantibodies; FI, complement factor I; Ig, immunoglobulin; 
MAC, membrane attack complex; MCP, membrane cofactor protein; Mg–EGTA, magnesium–ethylene glycol tetraacetic acid; 
NHS, pooled normal human serum; NHP, pooled normal human plasma.
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method for the detection, characterization, and evaluation over time of factors prolong-
ing convertase activity (C3NeF or certain mutations) in patient cohorts. This assay may 
provide new insights in disease pathogenesis and may contribute to the development of 
more personalized treatment strategies.

Keywords: complement system, alternative pathway, convertase, c3 nephritic factor, c3 glomerulopathy, atypical 
hemolytic uremic syndrome, complement factor B mutation

amplification loop of the AP can also be induced by C3b mol-
ecules generated by C3 convertases from the other two activation 
pathways. In this way, the AP can account for over 80% of total 
complement activity. Thus, besides being a surveillance system, 
the AP acts as an important amplifier of initiated complement 
responses (1, 4, 5).

The powerful action of the AP requires sophisticated regula-
tion to prevent damage by excessive activation or self-attack. 
Therefore, human cells express membrane-bound complement 
inhibitors, including decay-accelerating factor (DAF), membrane 
cofactor protein (MCP), and complement receptor 1 (CR1). 
Together with the soluble regulatory proteins complement factor 
H (FH) and complement factor I (FI), which can act in fluid phase 
or can be recruited to surfaces, these complement regulators 
prevent the formation of potent C3 convertases on healthy host 
surfaces and keep AP activity in control. The inhibitors of the C3 
convertase can act via two ways. The first is by accelerating the 
convertase decay and is fulfilled by DAF, CR1, and FH. These reg-
ulators can also compete with FB for binding to C3b and thereby 
inhibit new convertase formation. The second is by preventing 
convertase formation via acting as cofactors for FI-mediated 
inactivation of C3b. This action is supported by MCP, CR1, and 
FH (7–9). However, genetic aberrations in complement genes 
and/or autoantibodies against complement components may, in 
combination with triggering events, disturb this sophisticated 
regulation, causing overactivation of the system. A dysregulated 
AP has been particularly associated with the renal diseases the 
atypical hemolytic uremic syndrome (aHUS) and the disease 
entity C3 glomerulopathy (C3G) (10–15).

C3 glomerulopathy is a recently defined umbrella classification 
for severe renal diseases that are characterized by C3 accumula-
tion in the glomeruli without or with sparse immunoglobulin 
(Ig) deposition. The main two diseases encompassed by C3G 
are dense deposit disease (DDD) and C3 glomerulonephritis 
(C3GN) (16). Up to 50% of patients progress to end-stage renal 
disease within 10  years after first presentation (17). The most 
important pathogenic factors in C3G are autoantibodies against 
the C3 convertase of the AP named C3 nephritic factors (C3NeF), 
although pathogenic variants in complement genes have also 
been reported (14, 15). By binding to neoepitopes of the formed 
C3bBb(P), C3NeF stabilizes the otherwise labile convertase and 
thereby prolongs its half-life (18). C3NeF has been detected 
in approximately 80–90% of DDD patients (15, 19, 20) and in 
40–50% of patients with C3GN (15, 21).

Atypical HUS is a form of thrombotic microangiopathy and is 
not associated with C3NeF, but pathogenic mutations in comple-
ment genes or autoantibodies against FH are the most common 
cause of improper complement regulation (22–25). Blocking 

inTrODUcTiOn

The complement system, a cornerstone of innate immunity, 
provides the body with protection against invading pathogens 
and dangerous host cells (1, 2). The system can be activated via 
three pathways—the classical, lectin and alternative pathway 
(AP)—depending on the initial trigger that is encountered. All 
pathways converge at the central event of complement activation: 
the cleavage of C3 by C3 convertases. This enzymatic reaction 
supports further activation of the complement cascade with the 
release of various anaphylatoxins and opsonins, and eventually 
the formation of the membrane attack complex (MAC). These 
events all contribute to inflammation, phagocytosis and the dam-
age of susceptible targets (1–3).

In contrast to the classical and lectin pathway, which are 
only activated upon pattern recognition, the AP is continuously 
mildly activated and therefore specifically serves as a surveillance 
mechanism. C3 is subjected to spontaneous hydrolysis of its 
internal thioester bond at a very low rate, and this generates the 
active C3(H2O) molecule. Hydrolyzed C3 can bind to comple-
ment factor B (FB), which is subsequently cleaved by complement 
factor D (FD) to form an initial, fluid phase AP C3 convertase, 
C3(H2O) Bb, that is capable of converting native C3 into the 
active C3a (anaphylatoxin) and C3b (opsonin) fragments. This 
mechanism providing a persistent low level of active C3 in the 
blood is known as “tick-over” and allows constant responsiveness 
to potential danger. Besides the tick-over mechanism, the AP 
may also be initiated by C3 convertases of the classical and lectin 
pathway that generate active C3b (1, 4, 5). Furthermore, C3 may 
be cleaved into C3b by certain non-specific proteases, especially 
at sites of inflammation, coagulation, and infection (6).

Activated C3b molecules expose a reactive thioester moiety 
via which they can subsequently bind to hydroxyl or amino 
groups on target surfaces in close proximity to the activation site. 
This C3b binding, and thus initiation of AP activity, is preferen-
tially triggered by certain carbohydrate structures on microbes 
and other foreign surfaces, e.g., LPS and zymosan. By interacting 
with FB and FD, target-bound C3b can subsequently form new 
surface-bound convertases (C3bBb) that can be further stabilized 
by properdin (C3bBbP). Properdin has also been proposed 
to act as a pattern recognition molecule able to initiate the AP 
on certain targets by recruiting C3b and FB. Once formed, AP 
C3 convertases can massively amplify the immune response by 
converting more C3 molecules into C3b, which in turn support 
new convertase formation. Incorporation of C3b into existing 
C3 convertases generates C5 convertases (C3bBbC3b), which 
cleave C5 into the potent anaphylatoxin C5a and the fragment 
C5b that initiates the assembly of the MAC (C5b-9) complex. The 
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C5 and terminal pathway activation with the C5-directed anti-
body eculizumab is a very effective treatment for this disease. 
Eculizumab became the first approved complement-inhibiting 
drug for aHUS in 2012 (26, 27). By contrast, trials of eculizumab 
treatment in C3G patients have shown contradicting outcomes so 
far. Thus, the value of eculizumab as a therapy for C3G requires 
further investigation (17, 28, 29).

Detection of C3NeF is not only helpful in diagnosis of C3G 
but also in choice of therapy for the patient, especially in the light 
of upcoming complement-inhibiting strategies. Nevertheless, 
a robust and reproducible method for C3NeF detection is still 
lacking. A recent European quality assessment round reported 
a success rate of only 50% among the participating laboratories 
(30). This also hampers our understanding of the exact role of 
C3NeF in C3G pathogenesis. C3NeF are functionally heterogene-
ous (31) and conflicting associations have been found between 
its presence and the patient’s disease state and progression (20, 
32–34). Some reports even describe C3NeF in healthy individuals 
(35, 36).

Recently, we described a new hemolytic method for measure-
ment of convertase activity in the physiological milieu of whole 
serum. This assay allows the robust detection of factors prolong-
ing convertase stability in a direct way, such as C3NeF, and/or 
in an indirect way by impairing the regulation of the convertase 
(37). For convenience, we will use the term convertase-stabilizing 
factors for both these types of factors that are either directly or 
indirectly prolonging the convertase half-life. The assay uses 
C5-blocking agents [eculizumab or the tick protein Ornithodoros 
moubata complement inhibitor (OmCI) (37, 38)] to strictly 
separate the complement cascade into two steps: the formation 
of C3/C5 convertases by test sera in a first step and the forma-
tion of lytic MAC complexes in a standardized second step for 
readout. Dynamics of convertase assembly and decay in the first 
step are then monitored in time. In this work, we further modified 
this convertase activity assay to screen for convertase-stabilizing 
factors in patient cohorts by defining clear cutoff criteria based 
on healthy controls. In addition, we showed expanded analysis 
of clinical samples with different types of convertase-stabilizing 
factors and their presence over disease course.

MaTerials anD MeThODs

sample collection
Whole blood was obtained from patients and healthy controls 
and processed within 1 h after sampling. For serum, blood was 
allowed to clot at room temperature for 30–45 min followed by 
centrifugation (10 min, 2,500 g, 4°C). To obtain plasma, blood 
was drawn into tubes with the anticoagulant ethylenediamine-
tetraacetic acid (EDTA) that were immediately placed on ice 
and subsequently centrifuged according to the same procedure. 
Afterward, the serum and EDTA plasma fractions were collected, 
aliquoted, and stored at −80°C until use. For the healthy controls, 
following exclusion criteria were applicable: fever, bacterial/
viral infection in previous 2 weeks, chronic illness, inherited or 
acquired immune disorders, and immunosuppressive medica-
tion. In addition, pooled normal human serum (NHS) and 

pooled normal human plasma (NHP) were made by pooling 
15 and 12 individual control samples, respectively. This study 
was carried out in accordance with the recommendations of the 
appropriate version of the Declaration of Helsinki. All subjects 
gave written informed consent, and the protocol was approved by 
the ethical committee of the Radboud University Medical Center 
(FH 06979).

erythrocyte Working suspensions
Rabbit erythrocytes (RbE) in Alsever’s solution were obtained 
from Envigo (Venray, the Netherlands). The working suspensions 
of RbE were prepared by washing them with magnesium–ethyl-
ene glycol tetraacetic acid (Mg–EGTA) buffer (2.03 mM veronal 
buffer, pH 7.4, 10  mM EGTA, 7  mM MgCl2, 0.083% gelatin, 
115 mM d-glucose, and 60 mM NaCl) until there was no visible 
hemoglobin left in the supernatant. To standardize the number of 
erythrocytes in each experiment, these working suspensions were 
calibrated so the absorbance measured at 405 nm of 10× diluted 
erythrocytes in water was between 0.8 and 1.2.

ig Purification
The Ig fractions from NHP and from the EDTA plasma of 
patients P24, P25, P26, and P27 (Table 1) were isolated by affin-
ity purification using NAb™ protein A/G 5  mL spin columns 
(Thermo Fisher Scientific, Waltham, MA, USA) according to 
the manufacturer’s protocol. In short, 0.85–1.0  mL of EDTA 
plasma was diluted with binding buffer (0.1  M phosphate, 
0.15 M sodium chloride, and pH 7.2) to 10 mL and loaded on the 
columns. Unbound fractions were washed with binding buffer, 
and thereafter bound Igs were eluted using 0.1 M glycine, pH 2.5 
followed by immediate neutralization with 1/10 volume 1 M Tris, 
pH 8.5. Subsequently, Ig fractions were dialyzed against phos-
phate buffered saline using SnakeSkin® dialysis tubes (Thermo 
Fisher Scientific, Waltham, MA, USA) with a 10 kD molecular 
weight cutoff and concentrated to the initial plasma sample 
volume using Amicon® Ultra-15 centrifugal filter devices (Merck 
Millipore, Billerica, MA, USA) with similar cutoff. Total protein 
concentrations in these samples were measured using NanoDrop 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and varied between 4.73 and 12.48  mg/mL, which are 
within the normal range for Igs.

convertase activity assay
Detection of AP convertase-stabilizing factors in human serum 
was achieved using a two-step hemolytic assay as previously 
described (37) and as further specified in Figure 1. Briefly, per 
experimental time point 10  µL of prepared RbE were mixed 
with 20  µL Mg–EGTA containing 150  nM of the C5 inhibitor 
eculizumab (Alexion Pharmaceuticals, Cheshire, CT, USA), after 
which at different time points an additional 20 µL Mg–EGTA con-
taining test serum or Ig fractions mixed 1:1 with NHS was added 
for convertase assembly (5, 10, 15, 20, 30, 40, 50, or 60 min). Final 
concentrations of serum were optimized per batch of erythrocytes 
and were generally 3.75 or 5%. Subsequently, cells were washed 
with 150 µL 40 mM EDTA–gelatin veronal buffer (EDTA–GVB, 
4.41 mM veronal buffer, 0.1% gelatin, 130 mM NaCl, pH 7.4) and 
collected by centrifugation (2 min, 1,000 g, room temperature). 
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TaBle 1 | Clinical and genetic data.

Patient/subject gender 
(M/F)

age at time of 
study (years)

Diagnosis genetic aberrationsb convertase-
stabilizing factors 
present (Y/n)

c3 levelsg  
(mg/l; 700–1500)

(a) c3g cohort

P1 M 63 DDD N NA
P2 M 10 C3GN N NA
P3 M 66 C3GN N 588
P4 M 52 DDD C3 c.26T>C (p.Leu9Pro)c located in signal sequence N NA
P5 M 43 C3GN N Normal
P6 F 42 C3GN N Normal
P7 M 37 C3GN N 941
P8 F 33 C3Ga N NA
P9 M 6 DDD N 644 
P10 M 9 C3Ga N 660
P11 M 11 C3GN N 530 
P12 F 44 C3GN Y 102
P13 M 7 DDD CFI c.1217G>A (p.Arg406His)d (39) Y Decreased
P14 F 19 C3Ga CFH c.2850G>T (p.Gln950His)e (15), f(40) Y NA
P15 M 27 C3GN C3 c.962G>A (p.Gly321Glu)c Y NA
P16 F 6 C3GN CFH full length deletionc Y 500
P17 F 7 C3Ga Y NA
P18 M 10 C3GN Y 220
P19 M 7 DDD Y 210
P20 F 9 DDD Y 100
P21 F 7 DDD Y 510
P22 M 5 DDD Y 110
P23 M 15 C3GN Y NA
P24 F 8 C3GN CFHR5 c.542G>C (p.Arg181Thr)c Y 110
P25 M 9 DDD Y 82
P26 F 5 C3GN Y 830
P27 M 15 C3GN Y 70

(b) Family with complement factor B mutation and ahUs

II. 5 M 41 – N
II. 6 F 40 – CFB c.967A>G (p.Lys323Glu)f (41, 42) Y
III. 1 F 22 – N
III. 2 M 18 – N
III. 4 F 14 aHUS CFB c.967A>G (p.Lys323Glu)f (41, 42) Y
III. 5 F 7 – N
III. 6 F 4 aHUS CFB c.967A>G (p.Lys323Glu)f (41, 42) Y 260

aNo distinction possible into C3GN or DDD, since no electron microscopy was performed or no data available.
bAll genetic variants found were heterozygous.
cTo the best of our knowledge, not previously reported in context of C3G.
dPreviously reported in a DDD patient.
ePreviously reported in C3GN patients.
fPreviously reported in aHUS patients.
gC3 levels were measured by nephelometry with the normal range indicated between brackets. Data given are those available as closest to the time of convertase activity 
assessment. For samples obtained from peripheral centers and from which C3 data were accessible, results are presented as “normal” or “decreased” since normal ranges vary 
between centers.
aHUS, atypical hemolytic uremic syndrome; C3G, C3 glomerulopathy; C3GN, C3 glomerulonephritis; DDD, dense deposit disease; NA, not available.
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Thereafter, cells were incubated for 60 min with 50 µL of 2.5% 
guinea pig serum (Envigo, Venray, the Netherlands) in EDTA–
GVB and another 50 µL of Mg–EGTA buffer to develop MAC 
and subsequent hemolysis. All incubation steps were performed 
at 37°C, with 600 rpm agitation in a VWR® Incubating Microplate 
Shaker with 3 mm orbit (VWR International, Radnor, PA, USA) 
in V-shaped 96-well plates (Greiner Bio-One, Kremsmünster, 
Austria). Finally, supernatant was collected by centrifugation 
and transferred to flat-bottom 96-well plates (Greiner Bio-One, 
Kremsmünster, Austria). Hemolysis was quantified as percentage 
of full lysis by an equal amount of erythrocytes in water: (A405 test 
sample − A405 blank)/(A405 full lysis − A405 blank) × 100.

statistical analysis
Where indicated, data were analyzed using two-way analysis of 
variance with Bonferroni’s post test using GraphPad Prism 5.03 
for Windows (GraphPad Software, San Diego, CA, USA).

resUlTs

study cohort
A group of 27 patients diagnosed with C3G and referred to the 
Radboud University Medical Center were included in the study. 
Diagnosis was suspected based on presence of clinical features such 
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FigUre 1 | Principles of the convertase activity assay for detecting convertase-stabilizing factors in serum. In step 1, rabbit erythrocytes (RbE) are incubated in an 
alternative pathway (AP)-permissive buffer with test serum mixed 1:1 with pooled normal human serum (NHS) to compensate for possible C3 depletion in the test 
sample. The C5 inhibitor eculizumab is added to halt complement activation at the level of the C3/C5 convertases. Convertase assembly and decay are followed 
over time using different incubation times (5–60 min). Convertase-stabilizing factors present in the sample, e.g., C3 nephritic factor (C3NeF), may interfere at this 
point with convertase decay. Before proceeding to step 2, erythrocytes are washed to remove remaining complement factors and C5 inhibitor. Then, convertase-
bearing erythrocytes are incubated for 60 min with guinea pig serum as a source of membrane attack complex (MAC) components. The presence of 
ethylenediaminetetraacetic acid (EDTA) disables de novo formation of convertases from guinea pig serum and assures that only preformed convertases of the first 
step may initiate MAC formation and subsequent hemolysis. The released hemoglobin is quantified by spectrophotometric measurement and reflects the activity of 
the preformed convertases in step 1 per experimental time point. These data are used to generate convertase activity profiles over time. *If desired, immunoglobulin 
fractions may be added to NHS to dissect the nature of the stabilizing factor (see Materials and Methods).
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as hypertension, proteinuria, and nephrotic/nephritic syndrome, 
possibly combined with low serum C3. Diagnosis was confirmed 
after pathological judgment of renal biopsy following the recom-
mendations defined in the consensus report of the first C3G Meeting 
(16). Subdivision of C3G into C3GN and DDD was solely based on 
electron microscopy appearance. In total, 9 patients were diagnosed 
with DDD, 14 with C3GN, and in 4 patients no distinction between 
the C3G subforms could be made since data required for subdivi-
sion were not available. In this C3G cohort (age range: 5–66 years; 17 
children, 10 adults), no FH autoantibodies (FHaAb) were detected, 

and 6 patients carried mutations in complement (regulating) genes 
(Table 1a). Besides samples from C3G patients, sera from a female 
patient with familial aHUS and six of her affected and non-affected 
family members were available for analysis. In total, three of these 
family members were carrier of the heterozygous FB p.Lys323Glu 
mutation and two of them were also affected with aHUS (Table 1b).

convertase activity in healthy Donors
To define normal convertase activity, we tested the sera of 15 
healthy controls (Figure 2). Due to low serum C3 levels in vivo, 
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FigUre 2 | Convertase activity in serum samples of healthy controls. 
Samples collected from 15 healthy controls were mixed 1:1 with pooled 
normal human serum (NHS) to an end concentration of 3.75%. Heat-
inactivated NHS (ΔNHS) and an NHS sample from which guinea pig serum 
was omitted during the second part of the assay (no step 2) served as 
negative controls for the first and second steps, respectively. Means are given 
of ≥2 independent experiments for each control. Error bars were omitted for 
better visibility of the graph. Hemolysis levels are presented as percentage of 
full lysis of erythrocytes in water.
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many C3G samples show low hemolytic activity. To compensate 
for this possible complement consumption, all samples in this 
study, including those from controls, were diluted 1:1 with NHS. 
We previously showed that this approach restored hemolytic 
activity while still allowing the detection of convertase-stabilizing 
factors in patient serum (37) (also see Figure S1 in Supplementary 
Material). The convertase activity profiles of healthy controls 
demonstrated a constant pattern, which was comparable to that of 
NHS. Convertase activity reached its maximum after 10–15 min 
of incubation, and at 30  min activity returned to background 
levels in all control samples.

The ratio between the highest achieved hemolysis (top) and the 
lysis at the point at which controls have returned to background 
levels, in this case at t = 30 min (t30), was 5.4 ± 2.7 (mean ± 2 SD) for 
healthy controls. Prolonged convertase activity, i.e., delayed decay, was 
defined as a top/t30 ratio below the mean − 2 SD of controls, here <2.7. 
Because samples with a low hemolytic activity overall are also likely to 
be positive for this criterion, only samples that have a total area under 
the curve equal to or higher than that of NHS are considered positive.

convertase activity in Patients
Next, we analyzed convertase activity in the cohort of 27 C3G 
patients. Samples were first screened at t30 in a single time point 
screening (Figure  3A). The 21 samples that at t30 showed lysis 
above that of NHS (18.7%) were selected for further analysis of 
convertase activity over time. All other samples were considered 
negative for the presence of convertase-stabilizing factors.

Of the 21 patients who were selected for analysis of the 
convertase activity profile, 16 showed a top/t30 ratio below 
2.7 (Figure  3B). These samples were considered positive for 
convertase-stabilizing factors. The other five samples, selected 
in the initial screening as possibly positive, did not meet these 
criteria and were therefore considered to have normal convertase 
activity profiles (Figure 3C).

convertase activity Over Disease course
Subsequently, we investigated whether convertase activity pro-
files could change over disease course. From four patients who 
showed increased convertase stability, P24–P27 (Table 1), serum 
samples were available derived over different periods of their 
disease, e.g., from active disease states and/or (partial) remission 
periods. The active disease state samples of P24 and the active dis-
ease and partial remission samples of P27 all displayed prolonged 
convertase activity (Figures 4A,B). Also P25 showed a persistent 
stabilized convertase profile in both active disease and in partial 
and complete remission (Figure 4C). By contrast, the prolonged 
convertase activity shown for P26 was only detected in the acute 
phase and normalized in remission (Figure 4D).

Prolonged convertase activity due to 
autoantibodies
For these four patients, we then investigated whether the 
convertase-stabilizing effect was due to autoantibodies such 
as C3NeF (Figure  5). To this end, the Ig fractions from these 
patients were purified using protein A/G affinity chromatogra-
phy. Samples were concentrated in phosphate buffered saline to 
the initial plasma sample volume. Addition of an equal volume 
of the purified Ig fractions to NHS revealed comparable stabiliz-
ing effects on the convertases as seen for these patient’s serum 
samples. This stabilization could not be observed when healthy 
control Igs were added to NHS. Thus, in these patients prolonged 
convertase activity could be attributed to autoantibody activity.

Prolonged convertase activity due to FB 
Mutation in ahUs Family
Previously, we described prolonged convertase activity in the 
serum of an aHUS patient carrying the p.Lys323Glu mutation in 
FB (37). In this study, we analyzed convertase activity in available 
serum samples of affected and unaffected family members of this 
patient (Figure  6A). Stabilized convertase profiles segregated 
with the FB mutation in both affected and non-affected family 
members (Figure 6B). When purified total Igs of the index patient 
were added to NHS, no stabilization of the C3 convertase could 
be observed (Figure 6C), unlike Ig fractions from C3G patients 
(Figure  5). This indicates that in these individuals, prolonged 
convertase activity could be attributed to the FB mutation rather 
than to autoantibody activity.

DiscUssiOn

Previously, we described proof-of-concept of a robust method 
to measure C3 convertase activity allowing detection of factors 
influencing convertase activity in whole serum. Here, we further 
standardized assay conditions for screening in patient cohorts 
and for critical evaluation of convertase-stabilizing factors in 
clinical samples.

We showed low variation among healthy controls in the 
assay (Figure 2) and based on this defined clear cutoff criteria 
for assessing the presence of convertase-stabilizing factors in 
patient samples. The samples were considered positive when they 
showed a top/t30 ratio lower than the mean  −  2 SD of healthy 
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FigUre 3 | Screening for convertase-stabilizing factors in patients with C3 glomerulopathy (C3G). (a) Convertase activity of 27 patients with C3G as measured in a 
single time point screening with 30 min of incubation time. Samples showing hemolysis above that of pooled normal human serum (NHS), represented by the dotted 
line, are indicated with colored symbols and were selected for further analysis of convertase activity over time. (B,c) Convertase activity profiles of the 21 patients 
selected from the t30 screening in panel (a). Samples positive for convertase-stabilizing factors (top/t30 ratio < 2.7) are given in panel (B); samples negative for the 
presence of convertase-stabilizing factors (top/t30 ratio > 2.7) in panel (c). Results given are from a single assay set representative for at least two performed on 
each sample. (a–c) Serum samples were all tested mixed 1:1 with NHS to a final concentration of 3.75%. Colors and symbols correspond to the same patients in 
all panels. Hemolysis levels are given as percentage of full lysis of erythrocytes in water.
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controls in their convertase activity profile. Cutoff values have to 
be evaluated for each laboratory individually. When large cohorts 
of patients have to be analyzed, the samples may be first screened 
for high lysis at a single time point (e.g., t30) and compared with 
NHS (Figure 3A). This efficient approach allows to save both time 
and patient material, but we underline that it should supplement 
and not replace the evaluation of a complete convertase activity 
profile to confirm positivity. In this work, we only used serum 
samples to assess convertase activity, but from our unpublished 
data we know that EDTA plasma samples may be used as well; no 
complement-inhibiting effects of EDTA are observed under the 
described test conditions (Figure S2 in Supplementary Material). 
Furthermore, as an alternative for eculizumab, which is expensive 
and may be difficult to access, the tick protein OmCI [or its com-
mercially available variant Coversin (43)] may be used for C5 
blockage in the first step of the assay (37, 38). Future research 
may benefit from cheaper alternative C5-blocking agents.

The positive samples showed high variation in the degree 
of convertase stabilization: where some sera showed active 
convertases up to t60, other sera showed delayed decay with 
breakdown of convertases between 30 and 60 min (Figure 3B). 

First of all, this may be attributed to the heterogeneity of C3NeF 
autoantibodies, which recognize different neoepitopes of the con-
vertase complex. All C3NeF prevent the natural intrinsic decay 
of the convertase (44), but they vary in the degree of resistance 
they provide against extrinsic decay mediated by complement 
regulators (31, 44–47). Two reports described C3NeF that were 
completely unable to interfere with complement regulators and 
the authors indicated them as likely less pathogenic in vivo, since 
patients with these C3NeF did not present with hypocomple-
mentemia (31, 47). Besides, the interaction of C3NeF with the 
convertase can be dependent on properdin or be independent of 
this positive complement regulator. Properdin-dependent and 
-independent C3NeF types may differ in the degree of convertase 
stabilization they provide (31) and have been related to different 
degrees of terminal pathway activation observed in patients (48, 
49). A recent study identified properdin-dependent C3NeF as 
C5NeF: nephritic factors stabilizing C5 convertases (50). Since in 
our assay whole serum conditions are used in which properdin is 
present, our assay should be able to detect those factors as well. 
Furthermore, few previous reports described autoantibodies 
against the individual components of the convertase, i.e., FB and 
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FigUre 4 | Convertase activity profiles of patients with C3 glomerulopathy over disease course. Patient serum samples of P24 (a), P27 (B), P25 (c), and P26 (D) 
from different collection dates associated with different disease states were tested mixed 1:1 with pooled normal human serum (NHS) to a final concentration of 
3.75% in experiments shown in panels (c,D) or 5% in the experiments shown in panels (a,B), since they were performed using different batches of erythrocytes. 
Abbreviations: Acu, acute phase at first clinical presentation of disease; Act, active disease; Part Rem, partial remission; Rem, remission. Heat-inactivated NHS 
(ΔNHS) and an NHS sample from which guinea pig serum were omitted during the second part of the assay (no step 2) served as negative controls for the first and 
second steps, respectively. Representative data are given. Hemolysis levels are given as percentage of full lysis of erythrocytes in water.
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C3b, which may also increase the convertase half-life (19, 51–53). 
However, not much is known of the role of these autoantibodies 
and their occurrence in C3G patients, which tends to be lower than 
the occurrence of C3NeF (19, 52). In addition, our previous work 
indicated that samples of aHUS patients positive for FHaAb may 
also show C3NeF-like stabilizing activity in the assay (37). In this 
cohort, we also checked for presence of FHaAb, but no patients 
were found positive. In conclusion, this variety in factors influenc-
ing convertase activity via different mechanisms may reflect the 
heterogeneity of the stabilized convertase activity profiles in our 
cohort. To distinguish between these factors, additional methods 
using purified components, e.g., enzyme-linked immune sorbent 
assay (ELISA) techniques, are needed.

In total, 16 out of the 27 patients (59%) of the C3G cohort were 
positive in this assay (Figure 3B); 67% positive in DDD patients, 
57% in the C3GN patients, and 50% in the C3G patient group that 

could not be subdivided into DDD or C3GN. Of these 16, 13 were 
children and 3 were adults. Considering that of all convertase-
stabilizing factors described earlier C3NeF is most common in 
C3G, our data are in line with the numbers of C3NeF positive 
patients reported by other studies (15, 19–21, 54).

Commonly used assays for C3NeF are often based on studying 
isolated interactions of C3NeF with convertases assembled out of 
purified proteins on artificial surfaces (ELISA) or on sheep erythro-
cytes (semiquantitative hemolytic assay). In contrast to RbE, these 
do not naturally activate the AP and therefore require complex and 
time-consuming steps to build up the enzyme. Furthermore, in 
some studies, different detection assays were used alongside each 
other. Patients can be variably positive in these different assays, 
again indicating the heterogeneous nature of C3NeF (19, 31).

An important advantage of our method is the direct assess-
ment of convertase stability in whole, unhandled serum, which 
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FigUre 5 | Identification of convertase-stabilizing factors in immunoglobulin (Ig) fractions of patients with C3 glomerulopathy. Serum samples of P24 (a), P27 
(B), P25 (c), and P26 (D) were tested mixed 1:1 with pooled normal human serum (NHS) to a final concentration of 5%. Alternatively, the Ig fractions of these 
patients or of pooled normal human plasma (NHP) were added to 5% NHS in an equal volume. Data were collected from three independent experiments; means are 
given with error bars showing SDs. Statistical analysis for test samples compared with NHP Ig from t = 20 to t = 60 as calculated using two-way analysis of variance 
is given for the patient Igs only: **P < 0.01, ***P < 0.001, ns not significant. Heat-inactivated NHS (ΔNHS) and an NHS sample from which guinea pig serum were 
omitted during the second part of the assay (no step 2) served as negative controls for the first and second steps, respectively. Hemolysis levels are given as 
percentage of full lysis of erythrocytes in water.
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allows easy screening for any factor directly or indirectly affecting 
convertase stability, not limited to C3NeF. Moreover, convertases 
are studied in their physiological surroundings where (negative 
and positive) complement regulators and other serum factors 
are present to interact with the convertases. For this reason, we 
believe our method is particularly suited to detect functionally 
relevant C3NeF and other stabilizing factors. The assay is also 
well suited to screen for convertase-influencing factors in other 
pathologies associated with complement dysregulation, such as 
age-related macular degeneration, immune complex-mediated 
membranoproliferative glomerulonephritis, postinfectious glo-
merulonephritis, systemic lupus erythematosus, and acquired 
partial lipodystrophy (30, 55, 56). However, future research may 
focus on further adaptation of the assay with human (renal) 
cells as platforms for convertase assembly, since they best 
reflect physiological circumstances regarding the expression of 
membrane-bound inhibitors and binding places for the soluble 
inhibitor FH.

A limitation of our assay’s serum approach is that it does not 
directly give insight into the nature (autoantibody or genetic 
variant) and mechanism of the convertase-stabilizing factor 
present in the patient’s serum. When clinically relevant, e.g., to 
evaluate whether B cell-depleting therapy may be indicated, this 
nature can be dissected by assessing stabilizing activity in puri-
fied Ig fractions, screening for FHaAb, and genetic analysis, as we 
described in this study.

We have shown that the convertase-stabilizing activity in 
patients P24–P27 resides in the Ig fraction (Figure 5), indicating 
the presence of stabilizing autoantibodies. For these patients, we 
also described the convertase activity during disease progression. 
In three of them (P24, P27, and P25; Figures 4A–C), convertase-
stabilizing factors were present in all samples taken during the 
different stages of disease. By contrast, the stabilizing Igs detected 
in the acute phase of P26 became undetectable in remission 
(Figure 4D). These data are in line with several previous reports 
on C3G/membranoproliferative glomerulonephritis cohorts that 
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FigUre 6 | Assessment of convertase activity in a family with complement factor B (FB) mutation and atypical hemolytic uremic syndrome (aHUS). (a) Pedigree 
with carriers of the FB p.Lys323Glu mutation and/or aHUS. No genetic information of this variation was available for I. 2 who is deceased. (B) Analysis of convertase 
stability in available samples from seven family members. The sera were tested mixed 1:1 with normal human serum (NHS) to a final concentration of 5%. Data for 
each test sample were obtained from three independent experiments; means are given with error bars showing SDs. Statistical analysis for test sera compared with 
NHS from t = 20 to t = 60 as calculated using two-way analysis of variance is given: *P < 0.05, ***P < 0.001, ns not significant. (c) Assessment of the presence of 
convertase-stabilizing factors in the immunoglobulin (Ig) fraction of aHUS patient III. 6. Purified Igs from patient plasma or pooled normal human plasma (NHP) were 
added in an equal volume to 5% NHS. Data were collected from three independent experiments; means are given with error bars showing SDs. (B,c) Heat-
inactivated NHS (ΔNHS) and an NHS sample from which guinea pig serum were omitted during the second part of the assay (no step 2) served as negative controls 
for the first and second steps, respectively. Hemolysis levels are given as percentage of full lysis of erythrocytes in water.
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showed a fluctuation in C3NeF activity over disease course in 
at least one-third of all positive patients (15, 20, 34). Whereas 
in some patients C3NeF were persistently present, in others 
they appeared or disappeared during follow-up. Above that, in 
these studies no correlation was found between C3NeF presence, 
plasma C3 levels, and clinical recovery. More longitudinal stud-
ies are needed to further examine the contribution of C3NeF to 
disease progression and to establish its value as a (prognostic) 
disease biomarker.

Even though we did not find patients positive for FHaAb in the 
described cohort, it is important to screen for these autoantibod-
ies, since they may also indirectly increase convertase stability by 
impairing the convertase regulation by FH (37). FHaAb occur 
in around 10% of C3G cases and have different characteristics 
than those occurring in aHUS cases, for example, regarding their 
target epitope on FH and their pathological consequences (57, 
58). Moreover, FHaAb have been previously reported in simul-
taneous presence of C3NeF, but the combined role of these two 
autoantibodies in mediating AP activation remains unclear and 
requires further investigation (58).

Increased stability of convertases cannot only be caused by 
autoantibodies but may also be due to genetic aberrations. We 
confirmed that the stabilizing C3NeF-like activity detected in 
the aHUS patient with known FB mutation (p.Lys323Glu) is 
due to its aberrant FB activity: increased convertase stability in 
serum segregated with the FB mutation in both affected and 
non-affected family members (Figure  6B), while the purified 
Igs from this patient did not support convertase stabilization 
(Figure  6C). This increased convertase half-life associated 
with the FB mutation is in line with previous functional assays 
showing that this particular variation causes resistance of the C3 
convertase to decay by FH and DAF (41). The fact that a carrier 
of the mutation shows increased convertase stability in our assay 
while not being affected with aHUS is supportive for the theory 
of the incomplete penetrance of mutations in complement genes 
in aHUS. This theory postulates that multiple (environmental) 
triggers are required for the actual development of the disease 
(24). Thus, we show that our assay is also capable as a functional 
assay for identifying gain-of-function mutations in the building 
blocks of the AP convertase.
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In conclusion, we present optimization of an efficient, robust, 
and reliable assay for detection and characterization of convertase-
stabilizing factors (C3NeF and some genetic changes) in patients 
with complement-mediated renal diseases and for monitoring 
these patients during treatment. This assay can be used for study-
ing the role of these factors in the pathophysiology of C3G or 
related disorders and may contribute to the development of more 
personalized treatment strategies.
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Membranous nephropathy is an immune kidney disease caused by IgG antibodies 
that form glomerular subepithelial immune complexes. Proteinuria is mediated by 
complement activation, as a result of podocyte injury by C5b-9, but the role of specific 
complement pathways is not known. Autoantibodies-mediating primary membranous 
nephropathy are predominantly of IgG4 subclass, which cannot activate the classical 
pathway. Histologic evidence from kidney biopsies suggests that the lectin and the 
alternative pathways may be activated in membranous nephropathy, but the pathogenic 
relevance of these pathways remains unclear. In this study, we evaluated the role of 
the alternative pathway in a mouse model of membranous nephropathy. After inducing 
the formation of subepithelial immune complexes, we found similar glomerular IgG 
deposition in wild-type mice and in factor B-null mice, which lack a functional alternative 
pathway. Unlike wild-type mice, mice lacking factor B did not develop albuminuria nor 
exhibit glomerular deposition of C3c and C5b-9. Albuminuria was also reduced but not 
completely abolished in C5-deficient mice. Our results provide the first direct evidence 
that the alternative pathway is necessary for pathogenic complement activation by glo-
merular subepithelial immune complexes and is, therefore, a key mediator of proteinuria 
in experimental membranous nephropathy. This knowledge is important for the rational 
design of new therapies for membranous nephropathy.

Keywords: membranous nephropathy, glomerulonephritis, albuminuria, alternative pathway, membrane attack 
complex, factor B, complement c5, mouse models

inTrODUcTiOn

Membranous nephropathy (MN), one of the leading causes of nephrotic syndrome in adults, is an 
antibody-mediated kidney disease clinically characterized by proteinuria, often heavy and persistent. 
MN is a disease of heterogeneous etiology, defined histologically by immune complexes deposited 
on the subepithelial side of glomerular basement membrane (GBM), together with GBM thickening 

Abbreviations: AP, alternative pathway; GBM, glomerular basement membrane; MN, membranous nephropathy; PLA2R, 
phospholipase A2 receptor; THSD7A, thrombospondin type-1 domain-containing 7A.
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and podocyte foot process effacement, but little glomerular 
inflammation. The most prevalent form is primary MN, now 
understood as an autoimmune disease in which IgG autoantibod-
ies (predominantly of IgG4 subclass) form subepithelial immune 
complexes with autoantigens expressed on podocyte cell surface 
(1, 2). About 70% of patients with primary MN have autoanti-
bodies targeting phospholipase A2 receptor (PLA2R), and an 
additional 3–5% have autoantibodies targeting thrombospondin 
type-1 domain-containing 7A (THSD7A) (3, 4). Secondary MN 
can occur when circulating antibodies bind to antigens planted 
in the subepithelial space, such as cationic bovine serum albumin 
of dietary origin (5).

In the current paradigm for the pathogenesis of MN, comple-
ment activation is a major effector mechanism of subepithelial 
immune complexes (1, 6). Complement activation is initiated by 
three canonical pathways. The classical pathway is triggered by 
immune complexes and the lectin pathway—by certain danger 
patterns, while the alternative pathway (AP) is constitutively 
active and self-amplifies on foreign surfaces. The AP also ampli-
fies activation that is initiated through the other two pathways. 
All three pathways converge toward the assembly of C3 and C5 
convertases, which generate pro-inflammatory anaphylatoxins 
(C3a, C5a), opsonins that mediate immune adhesion (C3b, iC3b), 
and the membrane attack complex (C5b-9), which lyses cells. 
In human MN, C3 fragments and C5b-9 are present alongside 
IgG in subepithelial deposits, while urinary excretion of sC5b-9 
associates with immune disease activity (7–9). Studies in passive 
Heymann nephritis, a faithful rat model of MN, have specifically 
implicated C5b-9 as a key mediator of podocyte injury and 
proteinuria (10, 11). However, the role of different complement 
pathways upstream of C5 activation in human and experimental 
MN remains largely unknown.

How immune complexes activate complement in MN remains 
a conundrum because the autoantibodies implicated in primary 
MN are predominantly of IgG4 subclass (6, 12–14). Although 
immune complexes typically bind C1q and activate the classi-
cal pathway, IgG4 does not bind C1q and is considered unable 
to activate complement—at least not via the classical pathway 
(15–17). In kidney biopsies from patients with primary MN, 
glomerular staining for C1q is almost always weak or absent, 
while staining for mannan-binding lectin (MBL) and C4d is 
usually positive (except in patients with MBL deficiency), con-
sistent with the activation of the lectin pathway (18–20). Beck 
and Salant proposed that the lectin pathway may be activated 
by IgG4 glycoforms that lack terminal galactose and sialic acid, 
and, therefore, can bind MBL (1, 6). However, the occurrence 
of primary MN in patients with MBL deficiency shows that the 
lectin pathway is not absolutely required (21). Glomerular depo-
sition of properdin and factor B—which is indicative of the AP 
activation—is also common in MN (18, 21), but the pathogenic 
relevance of this pathway is not known.

The goal of this study was to determine the contribution of 
the AP to glomerular injury and proteinuria mediated by sub-
epithelial immune complexes. For this purpose, we used a mouse 
model that recapitulates clinical and morphologic features of 
human MN (22–25) and which was found to exhibit proteinuria 
exacerbated by C5 activation. Using Cfb−/− mice, which lack 

factor B (an essential component of the AP), we found that the 
absence of a functional AP prevented complement activation by 
subepithelial immune complexes (as assessed from the glomeru-
lar deposition of C3c and C5b-9) and abolished proteinuria. 
These findings provide the first direct evidence implicating the 
AP activation in the pathogenesis of MN. This knowledge may 
provide a framework for developing new therapeutic strategies 
for MN.

MaTerials anD MeThODs

Materials
The recombinant non-collagenous (NC1) domain of human 
α3(IV) collagen (rh-α3NC1) was expressed in HEK293 cells and 
purified as described (26).

animal experiments
DBA/1J (D1), DBA/2J (D2), and C57Bl/6J (B6) mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME, USA). 
Breeding pairs of Cfb−/− mice backcrossed on the B6 background 
for more than nine generations (B6.Cfb−/−) were obtained from 
Dr. Joshua Thurman and maintained by homozygous breed-
ing. D1.Cfb−/− mice were generated by backcrossing onto the 
D1 background for four generations and then intercrossing F4 
heterozygous mice. Mice were housed in a specific pathogen-free 
facility with free access to food and water. The study was carried 
out in accordance with the recommendations of the National 
Institutes of Health Guide for Care and Use of Laboratory 
Animals and the protocol was approved by the local Institutional 
Animal Care and Use Committee.

To induce experimental membranous nephropathy, mice 
(6–10 weeks old, both male and female) were immunized subcu-
taneously at two sites on the back with rh-α3NC1 antigen (30 µg 
in 50 µL sterile phosphate-buffered saline) emulsified in an equal 
volume of Complete Freund’s Adjuvant (Sigma, St. Louis, MO, 
USA). D1 and D2 mice received one booster immunization with 
the rh-α3NC1 antigen in Incomplete Freund’s Adjuvant (Sigma, 
St. Louis, MO, USA) on day 21 after the first immunization. B6 
mice were boosted four times with rh-α3NC1 in Incomplete 
Freund’s Adjuvant, at 10 days interval starting on day 14 after the 
first immunization. As negative controls, some mice were immu-
nized with adjuvant alone in each experiment. Unless otherwise 
indicated, mice were euthanized at 8 weeks (for D1 and D2 mice) 
or 12  weeks (for B6 mice) after the initial immunization, and 
tissues and blood were collected for further evaluations.

evaluation of Kidney Function
Spontaneously voided spot urine samples were collected by 
placing mice over 96-well microtiter plates and then analyzed 
as follows. Urinary albumin was measured by capture ELISA 
using a mouse albumin quantitation kit (Bethyl, Montgomery, 
TX, USA). Urine creatinine and blood urea nitrogen levels 
were measured using Infinity creatinine and urea liquid stable 
reagents (Thermo Fisher Scientific, Middletown, VA, USA), 
according to the manufacturer’s protocols. To account for urine 
tonicity, albuminuria was expressed as urinary albumin-to-
creatinine ratio (ACR).
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evaluation of Mouse igg autoantibody 
Production
Sera were assayed for the presence of IgG antibodies to rh-α3NC1 
by ELISA. Briefly, 96-well microtiter plates (Nunc MaxiSorp) were 
coated overnight with rh-α3NC1 (100 ng per well) in carbonate-
bicarbonate buffer, pH 9.6. After blocking with 1% bovine serum 
albumin, the wells were incubated for 1 h with mouse sera diluted 
1/5,000 for detection of total IgG, 1/2,000 for detection of IgG1, 
or 1/500 for detection of IgG2a and IgG2b. Secondary antibod-
ies were alkaline phosphatase-conjugated goat anti-mouse IgG 
(Rockland Immunochemicals, Gilbertsville, PA, USA) and 
horseradish peroxidase-conjugated goat anti-mouse IgG1, IgG2a, 
IgG2b, or IgG2c (Bethyl, Montgomery, TX, USA). Plates were 
developed with p-nitrophenol phosphate or tetramethylbenzidine 
(Sigma, St. Louis, MO, USA) as substrate, and absorbance was 
read at 405 nm with a SpectraMax ELISA plate reader (Molecular 
Devices, Sunnyvale, CA, USA).

renal histopathology and 
immunofluorescence Microscopy
For light microscopy, portions of mouse kidneys were fixed in 
10% buffered formalin, dehydrated through a graded ethanol 
series, and embedded in paraffin. Paraffin sections (2 µm thick) 
were stained with periodic-acid Schiff reagent. Transmission 
electron microscopy was performed as described (27). For 
immunofluorescence, portions of mouse kidneys embedded 
in OCT were snap-frozen in isopentane and stored at −70°C. 
Cryosections cut at a thickness of 5  µm were fixed in cold 
acetone for 10  min. Mouse IgG was visualized using FITC-
conjugated goat anti-mouse IgG (BD Bioscience Pharmingen, 
San Jose, CA, USA). Complement C3 was visualized using FITC-
conjugated goat anti-mouse C3c (Nordic Immunology, Tilburg, 
Netherlands). Kidney deposition of rh-α3NC1 was visualized 
with rat IgG mAb RH34 (a gift from Dr. Yoshikazu Sado, Shigei 
Medical Research Institute, Japan), which is specific for human 
but not mouse α3NC1 (28). Mouse C5b-9, properdin, factor 
H, and C4 were visualized using rabbit anti-C5b9 (Abcam; 
Cambridge, MA, USA), rabbit anti-properdin (Santa Cruz, CA, 
USA), rat IgG anti-mouse C4d mAb (HyCult, Netherlands), and 
rat IgG anti-mouse factor H mAb (MAB4999, R&D Systems, 
Minneapolis, MN, USA). Nephrin was visualized using guinea 
pig anti-nephrin (Progen, Germany). Heparan sulfate chains 
were visualized with mouse IgM mAb JM403 (29). Agrin was 
visualized using a rabbit anti-agrin polyclonal antibody (kindly 
provided by Dr. Takako Sasaki, Oita University, Japan), as 
previously described (27). Secondary antibodies were Alexa 
Fluor 488-conjugated goat anti-rabbit IgG, goat anti-rat IgG, 
donkey anti-guinea pig IgG, goat anti-mouse IgM (Invitrogen, 
Carlsbad, CA, USA), and FITC-goat anti-rat IgG (BD Bioscience 
Pharmingen, San Jose, CA, USA). Sections were mounted with 
anti-fade reagent (Invitrogen, Carlsbad, CA, USA), then cover-
slipped and observed using a fluorescence microscope (Nikon 
Eclipse E800). Photomicrographs were captured with a digital 
camera attached to the microscope, using the same exposure 
settings for each primary antibody. For quantitative analyses, 
images were analyzed with Image J software, as described (30). 

All sections from one experiment were stained and analyzed at 
the same time.

In Vitro complement activation
Fresh frozen normal mouse serum, collected from DBA/1 mice, 
and stored in aliquots at −70°C, was used as a source of comple-
ment. Cryosections of mouse kidneys fixed in cold acetone were 
incubated overnight at 37°C with normal mouse serum diluted 1:3 
in veronal buffered saline (Sigma, St. Louis, MO, USA) containing 
0.1% Tween 20 and supplemented with: (a) 2.5 mM calcium chlo-
ride and 0.7 mM magnesium chloride; or (b) 2.5 mM magnesium 
chloride and 6.2 mM EGTA; or (c) 25 mM EDTA. Complement 
activation was visualized by staining with FITC-conjugated goat 
anti-mouse C3c, as described above.

statistical analyses
Analyses were performed using GraphPad Prism 7.00 software 
(San Diego, CA, USA). ACRs were log transformed. The signifi-
cance of differences was determined by unpaired t test or by one-
way analysis of variance (ANOVA) with Dunnett’s correction 
for multiple comparisons. A value of P  <  0.05 was considered 
statistically significant. Values are presented as means ± SEM.

resUlTs

complement c5 Deficiency ameliorates 
albuminuria induced by subepithelial 
immune complexes in Mice immunized 
With α3nc1
DBA/1 (D1) mice immunized with α3NC1 develop kidney dis-
ease recapitulating clinical and morphologic features of human 
MN (22–25). This model exhibits proteinuria associated with 
subepithelial immune complexes and glomerular deposition of 
IgG, C3, and C5b-9, but the role of complement activation in 
proteinuria is not known. We reasoned that if C5b-9 is pathogenic 
in this mouse model (analogous to the rat Heymann nephritis 
model), then, proteinuria would be ameliorated by the genetic 
deficiency of complement C5, which occurs naturally in several 
inbred strains of mice (31). To test this conjecture, we induced 
experimental MN in C5-deficient DBA/2 (D2) mice, which are 
nearly 95% genetically identical to C5-sufficient D1 mice (32).

Compared to D1 mice, D2 mice immunized with α3NC1 
developed much milder albuminuria (Figure  1A). At week 8 
after the first immunization, the endpoint for this experiment, 
the urine ACR in α3NC1-immunized D2 mice (2.4 ± 0.96) was 
significantly lower (P < 0.001) than that in α3NC1-immunized 
D1 mice (77.1  ±  20.8), albeit greater than in control D2 mice 
immunized with adjuvant alone (ACR 0.16 ± 0.07) (Figure 1B). 
Blood urea nitrogen levels did not increase over the baseline 
(mean values at week 0 and at week 8 were 23.1 and 20.3 mg/dL  
for D1 mice, 27.8 and 25.4 mg/dL for D2 mice), indicating that 
the renal function did not decline during the duration of the 
experiment. Serum levels of mouse IgG anti-α3NC1 antibodies 
were similar in D1 and D2 mice (data not shown). Kidneys were 
collected at 8 weeks post-immunization for morphologic evalua-
tion. By light microscopy, kidneys from α3NC1-immunized mice 
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FigUre 1 | C5 deficiency protects against albuminuria in experimental MN. 
(a) Time course of urinary albumin-to-creatinine ratio (ACR) in D1 mice 
(circles) and D2 mice (squares) immunized with α3NC1 (N = 5–7 per group). 
Control D2 mice (triangles) were immunized with adjuvant alone (N = 3). 
Shown are means and SEM. (B) Scatterplot depicting the final ACR values 
(at week 8). The significance of differences among groups was analyzed by 
one-way ANOVA with Dunnett’s correction for multiple comparisons. 
***P < 0.001, ****P < 0.0001. n.s., not significant. (c) Light microscopy 
shows normal appearance of glomeruli and tubules in α3NC1-immunized D2 
and D1 mice (periodic acid–Schiff staining; original magnification 400×). (D) 
Transmission electron microscopy shows subepithelial electron dense 
deposits (arrowhead), areas of glomerular basement membrane (G) 
thickening, and effacement of podocyte (Po) foot processes. Original 
magnification 7,500×.

FigUre 2 | Analysis of glomerular immune complexes and complement 
deposition in D1 and D2 mice immunized with α3NC1. Kidneys were 
collected at week 8 post-immunization from adjuvant immunized D2 mice 
(left), α3NC1-immunized D2 mice (middle), and α3NC1-immunized D1 mice 
(right). (a) Direct immunofluorescence staining shows mouse IgG binding 
along the glomerular basement membrane (GBM) in α3NC1-immunized D1 
and D2 mice. Control mice show non-specific mesangial deposition of 
mouse IgG. (B) Mean fluorescence intensity (MFI) of IgG staining, expressed 
in arbitrary units (AU), was compared in α3NC1-immunized D2 and D1 mice. 
The difference was not significant (n.s.) by t test. (c) Indirect 
immunofluorescence staining with mAb RH34 shows GBM deposition of 
exogenous antigen in all α3NC1-immunized mice, which is absent in 
adjuvant-immunized mice. (D) Direct immunofluorescence staining reveals 
C3c deposition along the capillary loops in α3NC1-immunized D1 and D2 
mice. In control mice, C3c staining is positive in the Bowman’s capsule and 
kidney tubules. (e) Indirect immunofluorescence shows capillary loop staining 
for C5b-9 in α3NC1-immunized D1 mice. A weak background of non-specific 
immunofluorescence is observed in adjuvant-immunized and α3NC1-
immunized D2 mice. Original magnification 400×.
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appeared relatively normal, with little glomerular inflammation 
(Figure  1C); however, electron microscopy revealed areas of 
thickened GBM surrounding subepithelial deposits and podocyte 
foot process effacement (Figure 1D).

Immunofluorescence microscopy showed mouse IgG staining 
along the GBM in all α3NC1-immunized mice (Figure 2A). The 
IgG staining intensity was similar in D1 and D2 mice (Figure 2B).  
Staining with an antibody that binds to human but not mouse 
α3NC1 (mAb RH34) showed capillary loop deposition of 
exogenous antigen in α3NC1-immunized but not control mice 

(Figure 2C). GBM staining for C3c, which indicates recent com-
plement activation, was also found in all α3NC1-immunized 
mice (Figure  2D). However, glomerular deposition of C5b-9 
was only found in α3NC1-immunized D1 mice (Figure 2E), as 
expected based on the C5 deficiency in D2 mice. A decrease 
in nephrin staining in α3NC1-immunized D1 mice compared 
to D2 mice confirmed an injured podocyte phenotype (not 
shown). These results imply that C5 activation exacerbates 
proteinuria induced by subepithelial immune complexes in 
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FigUre 3 | Histologic evidence of AP activation in experimental MN. 
Glomerular deposition of properdin (a), factor H (B), and C4d (c) was 
evaluated by indirect immunofluorescence staining of frozen kidney sections 
from α3NC1-immunized D1 mice and adjuvant-immunized control mice. 
Properdin and factor H staining along the capillary loops was found in 
α3NC1-immunized D1 mice, but not in adjuvant-immunized mice. Mesangial 
C4d staining was found in all mice, while weaker segmental staining for C4d 
along capillary loops was also present in α3NC1-immunized mice.

FigUre 4 | B6.Cfb−/− mice immunized with α3NC1 are protected against 
albuminuria despite developing subepithelial immune complexes. (a) Time 
course of urinary albumin-to-creatinine ratio (ACR) in B6.Cfb+/+ mice (circles) 
and B6.Cfb−/− mice (squares) immunized with α3NC1 (N = 7 per group). 
Control B6 mice (triangles), including both genotypes, were immunized with 
adjuvant alone (N = 7). Shown are means and SEM. (B) Scatterplot depicts 
the ACR values at the endpoint of this experiment (week 12). The significance 
of differences among groups was analyzed by one-way ANOVA with 
Dunnett’s correction for multiple comparisons. ***P < 0.001, ****P < 0.0001. 
n.s., not significant. (c) Morphology of kidneys from α3NC1-immunized 
B6.Cfb−/− and B6.Cfb+/+ mice appears normal by light microscopy (periodic 
acid–Schiff staining, original magnification 400×). (D) Transmission electron 
microscopy shows subepithelial electron dense deposits (arrowhead), 
expansion of the glomerular basement membrane (G), and podocyte (Po) 
foot process effacement. Original magnification 7,500×.
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α3NC1-immunized mice, presumably as a result of podocyte 
injury by C5b-9.

evidence of the aP activation by 
subepithelial immune complexes
To determine which complement pathways may be activated by 
subepithelial immune complexes, we assessed glomerular deposi-
tion of properdin, factor H, and C4d. Properdin and factor H 
are positive and negative regulators of the AP, respectively, while 
C4d is a marker of the classical and lectin pathway activation. 
Capillary loop staining for both properdin (Figure 3A) and factor 
H (Figure 3B) was found in α3NC1-immunized D1 mice but not 
in control mice. All mice had staining for C4d in a non-specific 
mesangial pattern (Figure 3C), also commonly seen in normal 
human glomeruli (33). In addition, α3NC1-immunized mice 
also had segmental staining for C4d along the capillary loops, 
suggesting that subepithelial immune complexes formed in these 
mice activate multiple complement pathways, similar to what is 
observed in human MN (18). While these results are indicative 
of the AP activation, the pathogenic relevance of the AP cannot 
be inferred from morphologic findings alone.

B6.cfb−/− Mice immunized With α3nc1 
Develop subepithelial immune complexes 
but are Protected against albuminuria 
and Do not exhibit glomerular 
complement Deposition
The absence of a functional AP in Cfb−/− mice afforded a strategy 
to investigate the role of the AP in experimental MN. We initially 
obtained Cfb−/− mice backcrossed on the B6 background for nine 
generations (B6.Cfb−/−), which allowed us to compare the course 

of albuminuria induced by α3NC1 immunization in B6.Cfb−/− 
mice to congenic wild-type B6 mice (B6.Cfb+/+) (Figure  4A). 
At the endpoint in this experiment (i.e., at 12  weeks after the 
initial immunization), the urinary ACR in α3NC1-immunized 
B6.Cfb−/− mice (0.11  ±  0.05) was similar to that in adjuvant-
immunized B6 mice (0.057  ±  0.011); both were significantly 
lower (P < 0.0001) than the urine ACR in α3NC1-immunized 
B6.Cfb+/+ mice (10.6 ±  5.9) (Figure  4B). Two mice from each 
group were observed for an additional 4  weeks; albuminuria 
further increased in Cfb+/+ mice but not in Cfb−/− mice. In both 
groups of α3NC1-immunized B6 mice, kidney morphology mice 
appeared relatively normal by light microscopy (Figure  4C). 
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FigUre 6 | Analysis of glomerular immune complexes and complement 
deposition in B6 mice immunized with α3NC1. Kidneys from adjuvant-
immunized B6 mice (left), α3NC1-immunized B6.Cfb−/− mice (middle), and 
α3NC1-immunized B6.Cfb−/− mice (right) were collected at week 12 after the 
initial immunization. (a) Immunofluorescence staining for mouse IgG shows 
glomerular basement membrane (GBM) staining in α3NC1-immunized 
B6.Cfb−/− and B6.Cfb+/+ mice. Adjuvant-immunized mice show non-specific 
mesangial IgG deposition. (B) Mean fluorescence intensity (MFI) of IgG 
staining, expressed in arbitrary units (AU), was compared in α3NC1-
immunized B6.Cfb−/− and B6.Cfb+/+ mice. Significance was evaluated by t 
test (n.s., not significant). (c) Staining with mAb RH34 shows GBM 
deposition of exogenous antigen in α3NC1 immunized B6.Cfb−/− and B6.
Cfb+/+ mice, which is absent in control mice. (D) Direct immunofluorescence 
staining reveals C3c deposition in a capillary loop pattern in α3NC1-
immunized B6.Cfb+/+ mice. C3c staining is absent in B6.Cfb−/− mice. (e) 
Indirect immunofluorescence shows C5b-9 deposition along the GBM in 
α3NC1-immunized B6.Cfb+/+ mice, but not B6.Cfb−/− mice. Original 
magnification 400×.

FigUre 5 | Analysis of circulating anti-α3NC1 mouse IgG antibodies. The 
levels of circulating mouse IgG, IgG1, IgG2b, and IgG2c antibodies binding  
to rh-α3NC1 were measured by indirect ELISA. Mouse sera were diluted 
1/5,000 for total IgG, 1/2,000 for IgG1, and 1/500 for IgG2b and IgG2c.  
The significance of differences between Cfb−/− (KO) and Cfb+/+ (WT) mice  
was evaluated by t-test (n.s., not significant).
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Electron microscopy showed features of MN including sub-
epithelial deposits, GBM expansion, and foot process effacement 
(Figure 4D).

Humoral immune responses to α3NC1 were comparable in 
immunized B6.Cfb−/− and B6.Cfb+/+ mice, as shown by similar levels 
of circulating mouse IgG, IgG1, IgG2b, and IgG2c anti-α3NC1 anti-
bodies (Figure 5). Immune complexes and complement deposition 
were evaluated by immunofluorescence microscopy (Figure  6). 
GBM staining for mouse IgG was found in all α3NC1-immunized 
mice (Figure 6A), with similar intensity in B6.Cfb−/− and B6.Cfb+/+ 
mice (Figure  6B). GBM deposition of exogenous antigen in 
α3NC1-immunized mice was indicated by positive staining with 
mAb RH34 (Figure 6C). Deposition of C3c along the GBM was 
found in α3NC1-immunized Cfb+/+ mice but was completely 
absent in immunized Cfb−/− mice (Figure 6D); as also found for 
C5b-9 (Figure 6E). These results indicate that the absence of factor 
B does not affect the formation of subepithelial immune complexes 
but prevents glomerular complement activation and abolishes 
proteinuria induced by immunization with α3NC1.

absence of Proteinuria and glomerular 
complement Deposition in D1.cfb−/− Mice 
immunized With α3nc1 corroborates  
the Pathogenic role of the aP in 
experimental Mn
We sought to verify whether the ablation of the AP also prevents 
albuminuria in D1 mice, which are more susceptible to MN. 
Results in B6 mice cannot be directly compared to those in D1 
and D2 mice because B6 mice are more resistant to experimental 
kidney disease and develop milder proteinuria requiring repeated 
immunizations with α3NC1. After backcrossing to D1 for four 
generations, we generated D1.Cfb−/− mice, which had about 
94% D1 genetic background (comparable to almost 95% genetic 
similarity between D1 and D2 mice).

D1.Cfb−/− mice were resistant to development of albumi-
nuria induced by α3NC1 immunization (Figure  7A). At the 
final time point (at week 8 post-immunization), urine ACR in 
α3NC1-immunized D1.Cfb−/− mice (0.36 ±  0.12) was similar 
to that in adjuvant-immunized D1 mice (0.078  ±  0.023); 
both were significantly lower (P < 0.0001) than urine ACR in 
α3NC1-immunized D1.Cfb+/+ mice (78.8 ± 18.1) (Figure 7B). 
Morphologic analyses of the kidneys collected at week 8 largely 
recapitulated the findings from B6 mice. Light microscopy did 
not show major glomerular abnormalities (Figure  7C), while  
electron microscopy showed subepithelial deposits with GBM 
thickening and effaced podocyte foot processes (Figure  7D). 
GBM staining for mouse IgG was found in all α3NC1-
immunized but not control mice (Figure  8A). The IgG 
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FigUre 7 | D1.Cfb−/− mice immunized with α3NC1 are protected against 
albuminuria despite developing subepithelial immune complexes. (a) Time 
course of urinary albumin-to-creatinine ratio (ACR) in D1.Cfb+/+ mice (circles) 
and D1.Cfb−/− mice (squares) immunized with α3NC1 (N = 7–8 per group). 
Control D1 mice (triangles), including both genotypes, were immunized with 
adjuvant alone (N = 5). Shown are means and SEM. (B) Scatterplot depicts 
the ACR values at the last time point (week 8). The significance of differences 
among groups was analyzed by one-way ANOVA with Dunnett’s correction 
multiple comparisons. ***P < 0.001, ****P < 0.0001, n.s., not significant.  
(c) Morphology of kidneys from α3NC1-immunized D1.Cfb−/− (left) and D1.
Cfb+/+ mice (right) appeared normal by light microscopy (periodic acid–Schiff 
staining, original magnification 400×). (D) Transmission electron microscopy 
shows subepithelial electron dense deposits (arrowhead), thickening of the 
glomerular basement membrane (G), and podocyte (Po) foot process 
effacement. Original magnification 15,000×.

FigUre 8 | Analysis of glomerular immune complexes and complement 
deposition in D1 mice immunized with α3NC1. Kidneys were collected from 
adjuvant immunized D1 mice (left), α3NC1-immunized D1.Cfb−/− mice 
(middle), and α3NC1-immunized D1.Cfb−/− mice (right) at week 8 after the 
initial immunization. (a) Immunofluorescence staining for mouse IgG shows 
glomerular basement membrane (GBM) staining in α3NC1-immunized 
D1.Cfb−/− and D1.Cfb+/+ mice. Adjuvant-immunized control mice show 
non-specific mesangial IgG deposition. (B) Mean fluorescence intensity  
(MFI) of IgG staining, expressed in arbitrary units (AU), was compared in 
α3NC1-immunized D1.Cfb−/− and D2.Cfb+/+ mice. The difference was not 
significant (n.s.) by t test. (c) Staining with mAb RH34 shows the GBM 
deposition of exogenous antigen in both groups of α3NC1-immunized mice, 
which is absent in control mice. (D) Direct immunofluorescence staining 
reveals capillary loop deposition of C3c in α3NC1-immunized D1.Cfb+/+  
mice, while C3c staining is absent in D1.Cfb−/− mice. (e) Indirect 
immunofluorescence shows C5b-9 deposition along the GBM in  
α3NC1-immunized D1.Cfb+/+ mice but not D1.Cfb−/− mice. Original 
magnification 400×.

Luo et al. Alternative Pathway Mediates Membranous Nephropathy

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1433

staining intensity was similar in D1.Cfb−/− and D1.Cfb+/+ mice 
(Figure 8B). Staining with mAb RH34 showed GBM deposition 
of exogenous antigen in these mice (Figure 8C). Capillary loop 
deposition of C3c (Figure 8D) and C5b-9 staining (Figure 8E) 
was observed in α3NC1-immunized D1.Cfb+/+ mice but was 
absent from α3NC1 immunized D1.Cfb−/− mice. These results 
confirm that the AP is essential for pathogenic complement 
acti vation by subepithelial immune complexes and further 
show that the ablation of the AP abolishes proteinuria to a  

greater extent than C5 deficiency under comparable experimental  
conditions.

subepithelial immune complexes activate 
complement In Vitro via the aP
Since α3NC1-immunized Cfb−/− mice had glomerular IgG but 
not C3c deposition, we investigated whether immune complexes 
formed in these mice can activate complement in vitro. To this 
end, kidney cryosections from D1.Cfb−/− mice were incubated 
with normal mouse serum as a source of complement. As shown 
in Figure  9, glomerular capillary loops deposition of C3c was 
found after incubation with normal mouse serum in the presence 
of Ca2+ and Mg2+ (in which all three pathways are active), and also 
in the presence of Mg2+ and EGTA (conditions under which the 
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FigUre 10 | Decreased glomerular basement membrane (GBM) staining  
by anti-heparan sulfate mAb JM403 in experimental MN. (a) Immuno-
fluorescence staining with anti-heparan sulfate mAb JM403 revealed intense 
staining in the GBM of control mice, which was markedly decreased in 
α3NC1-immunized B6.Cfb+/+ mice. (B) GBM staining for agrin core protein 
was similar in both groups.

FigUre 9 | In vitro complement activation by glomerular immune complexes 
from α3NC1-immunized Cfb−/− mice. Immunofluorescence analysis of C3c 
deposition onto kidneys cryosections from α3NC1-immunized D1.Cfb−/−  
mice (left) and control non-immunized wild-type DBA/1 mice (right), after 
incubation with 33% normal mouse serum in buffer containing Ca2+ and Mg2+ 
(a), Mg2+ and EGTA (B), or EDTA (c). Complement pathways active in each 
buffer are indicated on the left, according to the key shown at the bottom.

Luo et al. Alternative Pathway Mediates Membranous Nephropathy

Frontiers in Immunology | www.frontiersin.org June 2018 | Volume 9 | Article 1433

alternative pathway is active, but the classical and lectin pathways 
are inhibited), but not in the presence EDTA (which inhibits all 
thee pathways). In control experiments using kidney cryosec-
tions from a non-immunized wild-type mouse (i.e., without 
glomerular IgG deposits), no C3c deposition along the capillary 
loops was observed under any conditions. Similar results were 
obtained using human serum as complement source (not shown). 
These results indicate that glomerular immune complexes formed 
in vivo in α3NC1-immunized Cfb−/− mice have the intrinsic abil-
ity to activate complement via the AP.

The loss of gBM heparan sulfate in 
experimental Mn May affect the local  
aP regulation
Activation of the AP on extracellular matrices, which are not pro-
tected by intrinsic complement regulators, is largely controlled by 
factor H. Factor H selectively inhibits the AP on host surfaces by 
recognizing polyanions such as heparan sulfate as markers of self. 
The normal GBM contains heparan sulfate chains attached to the 
agrin core protein, but the GBM staining for heparan sulfate epitopes 
is markedly decreased in human MN and rat Heymann nephritis 
(34–36). We investigated whether similar changes occur after the 
induction of experimental MN in mice. Compared to adjuvant-
immunized control mice, α3NC1-immunized B6 (Figure 10)  
and D1 mice (not shown) with proteinuria had almost complete 

loss of GBM staining by anti-heparan sulfate mAb JM403, while 
staining for agrin core protein was not changed. These results 
demonstrate the loss of heparan sulfate epitopes from the GBM 
of α3NC1-immunized mice, which may locally dysregulate the 
AP by reducing the recruitment of factor H (37).

DiscUssiOn

Whereas podocyte injury by C5b-9 is a major effector mechanism 
of the subepithelial immune complexes that lead to proteinuria 
in MN, the role of specific complement pathways upstream of C5 
activation remains poorly understood. Glomerular deposition of 
complement components specific to the AP in human MN raises 
the question of whether the AP activation is pathogenically 
relevant or just an epiphenomenon. We addressed this question 
by evaluating how the absence of a functional AP affects kidney 
disease in a mouse model of MN. We found that Cfb−/− and Cfb+/+ 
mice immunized with α3NC1 developed subepithelial immune 
complexes, with similar IgG deposition. However, Cfb−/− mice 
were protected against proteinuria and did not exhibit glomerular 
deposition of C3c and C5b-9. These results imply that the AP is 
required for glomerular complement activation by subepithelial 
immune complexes, which in turn is necessary for proteinuria. 
We thus provide the first direct evidence implicating the AP in 
the pathogenesis of experimental MN.

Complement activation can contribute to kidney disease at 
several levels, by causing direct injury at the glomerular filtration 
barrier, and also by augmenting the production of pathogenic 
antibodies (38). The latter appears unlikely in our model, as the 
levels of circulating anti-α3NC1 antibodies and kidney-bound 
IgG were similar in Cfb−/− and wild-type mice. Hence, the more 
likely mechanism by which the absence of factor B protects against 
proteinuria is via the reduced complement activation at the level 
of C3 and C5, as implied by the absence of glomerular C3c and 
C5b-9 staining in Cfb−/− mice despite the presence of subepithelial 
immune deposits. While immune complexes typically activate 
complement via the classical pathway, the AP is secondarily 
activated and forms an amplification loop. In a quantitative assay 
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of complement activation initiated via the classical pathway  
(by IgM or aggregated IgG), the AP accounted for more than 
80% of the C5 activation products (C5a, sC5b-9) generated in 
the assay (39). This amplification explains the pathogenic role of 
the AP in various animal models of immune complex-mediated 
diseases, including lupus nephritis (40–42). An increased genera-
tion of C3b would exacerbate the formation of C5b-9, which is 
pathogenic in MN, because C5 binding to C3b is a prerequisite 
for C5 activation, and very high affinity C5 convertases only form 
at high surface density of C3b (43, 44).

How glomerular immune complexes activate complement 
depends on several factors, including their ultrastructural locali-
zation and immunoglobulin composition. In human anti-GBM 
disease, IgG1 auto-antibodies that bind to α345(IV) collagen in  
the human GBM (usually specific for α3NC1) cause severe glo-
merulonephritis, often featuring C3 deposition along the GBM 
(45). By contrast, in wild-type mice, human or murine IgG 
antibodies that bind to α345(IV) collagen in the mouse GBM are 
insufficient to cause local complement activation or glomerular 
injury (46, 47). It is, therefore, remarkable that subepithelial 
immune complexes formed by mouse IgG anti-α3NC1 antibod-
ies with exogenous rh-α3NC1 antigen (via a planted antigen 
mechanism) are able to activate complement in vivo and in vitro, 
even though anti-α3NC1 antibodies are predominantly of mouse 
IgG1 subclass. Mouse IgG1 functionally resembles human IgG4 
(the predominant IgG subclass in human primary MN), in that 
neither binds C1q to activate the classical pathway (48). However, 
mouse IgG1 can activate the AP (49), as do human IgG2 and 
IgA (50). Whether human IgG4 can activate the AP remains an 
important question yet to be solved. In preliminary studies, we 
found that the AP amplifies in  vitro complement activation by 
immune complexes formed by human anti-PLA2R IgG autoanti-
bodies (Dorin-Bogdan Borza and Laurence H. Beck, unpublished  
observations).

The extent to which the AP is activated is also modulated by 
the local microenvironment. Although the AP is constitutively 
active and self-amplifies on foreign surfaces, its activation on 
self-surfaces is normally restricted by host complement regula-
tory proteins that inactivate C3 and C5 convertases. In glomeruli, 
podocytes are protected by membrane-bound regulators such as 
CR1, while plasma factor H is recruited to inhibit the AP in the 
GBM (51). Studies in the nephrotoxic nephritis model, in which 
the AP contributes to chronic but not acute kidney injury, suggest 
that the mechanisms controlling the AP may be impaired over 
time by the persistence of antibodies or by glomerular injury (52). 
One mechanism that could locally dysregulate the AP is the loss 
of heparan sulfate chains, which factor H normally recognizes as 
markers of self (37). Decreased GBM staining by anti-heparan 
sulfate mAb JM403 occurs in α3NC1-immunized mice (this 
study) and also in human MN (53) and a rat model of MN, active 
Heymann nephritis (36). The loss of GBM heparan sulfate may 
be the result of enzymatic cleavage by heparanase, which is often 
upregulated in glomerular disease (54), including in Heymann 
nephritis (55). It may also be due to other mechanisms (56). An 
apparent loss of heparan sulfate occurs in lupus nephritis due to 
masking by immune complexes (57). Besides factor H, heparan 
sulfate can also bind properdin, thus serving as a platform for AP 

activation on some surfaces, such as the apical surface of kidney 
tubules or apoptotic T cells (58, 59). In our model, given the loss 
of GBM heparan sulfate, glomerular deposition of properdin is 
more likely due to properdin binding to C3b and stabilization of 
the C3bBb convertase (60). Elucidating the relationships among 
the loss of GBM heparan sulfate, local complement regulation 
and proteinuria is an area for future investigations.

The role of C5b-9 in proteinuria induced by subepithelial 
immune complexes has been demonstrated in passive Heymann 
nephritis (11), but not validated in other models of MN to date. 
In this study, we found that C5-deficient DBA/2 mice developed 
significantly less proteinuria than C5-sufficient DBA/1 mice, 
which further supports the paradigm that C5 activation mediates 
glomerular injury by subepithelial immune complexes. Cleavage 
of C5 generates C5b, a precursor for C5b-9, and also C5a, a 
pro-inflammatory anaphylatoxin. Although our results cannot 
formally exclude a pathogenic role for C5a in the MN model used 
in this study, there is currently no evidence to implicate C5a as 
meditator of glomerular injury in MN, and inflammatory cells are 
usually not detected in glomeruli in MN.

An unexpected finding in this study was that the absence of 
factor B abolished proteinuria to a greater extent than the absence 
of complement C5. Under similar experimental conditions, 
albuminuria in C5-deficient D2 mice (ACR 2.38  ±  0.96) was 
reduced by a factor of about 30 compared to C5-sufficient D1 
mice (ACR 77.1 ±  20.8), while albuminuria in D1.Cfb−/− mice 
(ACR 0.36 ± 0.12) was reduced by a factor of about 200 compared 
to D1.Cfb+/+ mice (ACR 78.8 ± 18.1)—a sixfold difference. This 
difference may be explained by the fact the absence of C5 only 
prevents events downstream of C5 activation (such as C5b-9 for-
mation), while the absence of factor B also inhibits complement 
activation at the level of C3. Indeed, glomerular C3c deposition 
was absent in Cfb−/− mice but present in C5-null mice. These 
results suggest that complement activation at the level of C3 may 
also contribute to proteinuria in MN, independently of C5b-9-
mediated glomerular injury.

Our study has some limitations. The role of the AP in experi-
mental MN was only investigated using genetic approaches. 
Further corroboration by pharmacologic inhibition of the AP in 
a clinically relevant setting is desirable. This is evaluated in ongo-
ing studies. Another potential caveat is that subepithelial immune 
complexes induced by immunization with α3NC1 are formed 
by a planted antigen mechanism, recapitulating secondary MN 
rather than primary MN. Nonetheless, glomerular deposition of 
factor B occurs not only in primary but also secondary MN (6), 
suggesting that the AP is involved regardless of how subepithelial 
immune complexes form. We expect that future studies will 
address the pathogenic role of the AP in emerging animal models 
of MN, which target autoantigens implicated in human disease. Of 
interest in this regard, mice injected with human anti-THSD7A 
antibodies develop mild proteinuria with histologic features of 
MN (61). However, efforts to develop models of MN targeting 
PLA2R have been hampered by the fact that rodents (unlike 
humans) do not express PLA2R on podocytes.

A better understanding of the complement-mediated mecha-
nisms of injury in MN may help develop novel therapies for 
MN. MN is a common cause of nephrotic syndrome in adults, 
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and up to 40% of patients eventually develop end-stage renal 
disease (62). Current therapies use non-specific immunosup-
pressive drugs, which have significant toxic side effects and are 
ineffective in about 25–30% of patients (2, 63, 64). Therapeutic 
inhibition of complement may be a viable approach for treating 
MN (65), especially in patients who do not respond to conven-
tional therapy or have rapid deterioration of renal function. One 
anti-complement agent already in clinical use is eculizumab, 
a humanized IgG2/IgG4 anti-C5 monoclonal antibody that 
blocks C5 activation. An early, unpublished clinical trial of 
eculizumab in primary MN did not find a significant remis-
sion of proteinuria after 16 weeks of treatment, which may be 
explained by the insufficient dosage of the drug. Indeed, a recent 
study has found that C5 inhibition by eculizumab is incomplete 
at high C3b density (44), a setting relevant to MN. Compared 
to eculizumab, which does not prevent potentially harmful C3 
activation, agents that inhibit complement at the level of both 
C3 and C5 may offer additional therapeutic benefit. The results 
of this study identify the AP as a novel target for therapy in MN. 
Inhibition of the AP has the advantage of leaving the classical 
and lectin pathways intact for defense against pathogens and 
other homeostatic functions.

In summary, our results suggest that the AP is necessary 
for sustained complement activation by subepithelial immune 
complexes, leading to glomerular deposition of C3c and C5b-9. 
Furthermore, the activation of the AP is essential for the devel-
opment of proteinuria in experimental MN. These findings may 
provide a framework for the rational design of new therapies for 
MN.
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essential roles for Mannose- 
Binding lectin-associated serine 
Protease-1/3 in the Development  
of lupus-like glomerulonephritis  
in Mrl/lpr Mice
Takeshi Machida1†, Natsumi Sakamoto1†, Yumi Ishida1, Minoru Takahashi1, Teizo Fujita2 
and Hideharu Sekine1*

1 Department of Immunology, Fukushima Medical University, Fukushima, Japan, 2 Fukushima Prefectural General Hygiene 
Institute, Fukushima, Japan

The complement system, composed of the three activation pathways, has both protec-
tive and pathogenic roles in the development of systemic lupus erythematosus (or lupus), 
a prototypic autoimmune disease. The classical pathway contributes to the clearance 
of immune complexes (ICs) and apoptotic cells, whereas the alternative pathway (AP) 
exacerbates renal inflammation. The role of the lectin pathway (LP) in lupus has remained 
largely unknown. Mannose-binding lectin (MBL)-associated serine proteases (MASPs), 
which are associated with humoral pattern recognition molecules (MBL or ficolins), are 
the enzymatic constituents of the LP and AP. MASP-1 encoded by the Masp1 gene 
significantly contributes to the activation of the LP. After the binding of MBL/ficolins to 
pathogens or self-altered cells, MASP-1 autoactivates first, then activates MASP-2, and 
both participate in the formation of the LP C3 convertase C4b2a, whereas, MASP-3, the 
splice variant of the Masp1 gene, is required for the activation of the zymogen of factor D 
(FD), and finally participates in the formation of the AP C3 convertase C3bBb. To inves-
tigate the roles of MASP-1 and MASP-3 in lupus, we generated Masp1 gene knockout 
lupus-prone MRL/lpr mice (Masp1/3−/− MRL/lpr mice), lacking both MASP-1 and 
MASP-3, and analyzed their renal disease. As expected, sera from Masp1/3−/− MRL/lpr 
mice had no or markedly reduced activation of the LP and AP with zymogen forms of 
complement FD. Compared to their wild-type littermates, the Masp1/3−/− MRL/lpr mice 
had maintained serum C3 levels, little-to-no albuminuria, as well as significantly reduced 
glomerular C3 deposition levels and glomerular pathological score. On the other hand, 
there were no significant differences in the levels of serum anti-dsDNA antibody, cir-
culating ICs, glomerular IgG and MBL/ficolins deposition, renal interstitial pathological 
score, urea nitrogen, and mortality between the wild-type and Masp1/3−/− MRL/lpr mice. 
Our data indicate that MASP-1/3 plays essential roles in the development of lupus-like 
glomerulonephritis in MRL/lpr mice, most likely via activation of the LP and/or AP.

Keywords: systemic lupus erythematosus, lupus nephritis, complement, MasP-1/3, lectin pathway, alternative 
pathway, murine models
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inTrODUcTiOn

The complement system, which consists of over 30 soluble and 
membrane-bound proteins, plays protective roles in host defense 
and a role in some immune regulatory functions via activation 
of the three different initial complement pathways: the classical 
pathway (CP), lectin pathway (LP), and alternative pathway (AP) 
(1). Each pathway follows a sequence of reactions to generate a 
C3 convertase (C4b2a in the CP and LP or C3bBb in the AP), and 
subsequently a C5 convertase (C4b2a3b or C3bBb3b). The ter-
minal sequence of complement activation involves C5b, C6, C7, 
C8, and C9, which interact sequentially to form the membrane 
attack complex.

Activation of the CP is initiated by the binding of a C1 com-
plex (C1q, C1r, and C1s), in which C1q recognizes IgM or IgG of 
antigen (Ag)–antibody complexes, followed by the activation of 
C1r and C1s, subsequently C4 and C2, resulting in the creation 
of C3 convertase C4b2a (2). However, activation of the LP is 
initiated by the binding of the LP pattern recognition molecules 
(PRMs), such as mannose-binding lectin (MBL), ficolins (-1, 
-2, -3 or M-, L-, H-, respectively), collectin (CL)-10, and CL-11 
(3). The function of MBL or ficolins in opsonophagocytosis 
and in the complement pathway is similar to that of C1q. MBL-
associated serine proteases-1 and -2 (MASP-1 and MASP-2), the 
enzymatic constituents of the LP, form a complex with the LP 
PRMs. After binding of the LP PRMs to carbohydrates typically 
found on the surface of microorganisms, MASP-1 autoactivates 
first, and subsequently activates MASP-2 (4). Activated MASP-2 
cleaves both C4 and C2, resulting in the creation of C3 convertase 
C4b2a (5). However, activated MASP-1 cleaves MASP-2 and C2 
but not C4 (6). Unlike the CP and LP, initiation of the AP does 
not require recognition molecules, and is thought to occur by a 
process termed “tickover,” the spontaneous thioester hydrolysis 
of C3 (7). The product, C3(H2O), interacts with factor B (FB), 
and the subsequent cleavage of FB by the serine protease factor 
D (FD). This results in the creation of C3 convertase C3(H2O)
Bb, which cleaves C3 generating metastable C3b. The thioester 
bond in metastable C3b mediates covalent attachment of C3b to 
the surface of self (i.e., host) or non-self (i.e., microorganisms) 
cell membrane. C3b bound to the host cells is subject to pro-
cess inactivation by multiple complement-regulatory proteins, 
present in plasma and on host cell membranes. By contrast, 
C3b bound to microorganisms is subject to process a chain 
reaction-like amplification loop that can bind large numbers of 
C3b molecules on the cell surface after the initial C3b binding. 
Notably, uncontrolled activation of the AP is associated with 
multiple inflammatory diseases, such as systemic lupus erythe-
matosus (SLE or lupus).

Our group previously provided a fundamental link between 
the LP and AP. To investigate the role for MASP-1 for complement 
activation, we generated C57BL/6 mice deficient for MASP-1 by 
targeting of the Masp1 gene that transcribes two serine proteases, 
MASP-1 and MASP-3, and MAp44, which lacks a serine protease 
domain. In addition, MAp44 has been suggested to act as a com-
petitive inhibitor of LP activation. Unexpectedly, our previous 
studies reported that Masp1/3−/− mice had little-to-no activation 
of both the LP and AP with an inactive form of FD (pro-FD) in 

their sera, indicating that MASP-1 and/or MASP-3 play essential 
roles in LP and AP activation (4, 8). We also reported that recom-
binant MASP-3 cleaved pro-FD in mouse serum (9), suggesting a 
role for MASP-3 in AP activation. Furthermore, a recent in vitro 
study using selective inhibitors against MASPs demonstrated 
that the monospecific MASP-1 inhibitor, SGMI-1, completely 
inhibited LP activation in human resting blood, and it was more 
potent than the monospecific MASP-2 inhibitor SGMI-2 (10). 
Another recent publication using SGMI-1 showed that MASP-1 
is essential for LPS-induced but not for zymosan-induced AP 
activation under a Ca2+-chelating condition, suggesting the roles 
for MASP-1 in AP activation in addition to LP activation (11). 
On the other hand, the monospecific MASP-3 inhibitor TFMI-3 
did not inhibit any of the three complement pathways in normal 
human serum, but completely blocked pro-FD activation in 
normal human plasma (12).

Systemic lupus erythematosus is a prototypic human systemic 
autoimmune disease involving aberrant complement activation 
that is initiated by immune complexes (ICs) formed by autoan-
tibodies (auto-Abs) directed against a broad range of self Ags, 
including dsDNA and nuclear proteins. The kidney is a major site 
of IC formation and/or deposition, and lupus nephritis is a major 
cause of mortality in both human SLE and murine models of 
lupus. The roles of each complement pathway in the development 
of lupus nephritis have been investigated using serum and biopsy 
samples from lupus patients or murine models of lupus. CP 
activation is assumed to play a role in initial pathogenic comple-
ment activation in lupus nephritis since both lupus patients and 
lupus-prone mice exhibit significant glomerular IC deposition 
consisting of auto-Ag–auto-Ab complexes (e.g., dsDNA-anti-
dsDNA Ab complexes) and C1q, a recognition molecule for the 
CP. Paradoxically, patients with homozygous deficiency of the 
CP components, including C1 (C1q, C1r, or C1s), C4, or C2, 
have a high risk of lupus or lupus-like disease (13, 14). Previous 
studies on murine models of lupus showed that mice deficient 
for C1q or C4 exhibited high titers of serum antinuclear Ab, thus 
increasing the incidence and prevalence of glomerular disease 
associated with multiple apoptotic bodies or lupus-like glomeru-
lonephritis, as well as increased mortality (15–17). These results 
clearly indicate that the CP plays both pathogenic and protective 
roles against the development of lupus, including IC-mediated 
glomerulonephritis.

On the other hand, there is strong evidence that AP activation 
plays an exacerbating role in the development of lupus glomeru-
lonephritis, either through direct initiation of the pathway or the 
magnifying effects of the amplification loop. Deficiency of the 
AP components in lupus-prone MRL/lpr mice, such as FB (18) 
and FD (19), exhibited significantly decreased glomerular C3 
deposition levels, maintained serum C3 levels, and improved glo-
merular pathological score. Furthermore, Sekine et al. reported 
the benefit of the selective inhibition of the AP for renal disease 
in lupus-prone MRL/lpr and NZM2410 mice by therapeutic 
administration of a targeted and selective inhibitor of the AP 
CR2-fH, compared to CR2-Crry, which inhibits all complement 
pathways (20, 21).

In contrast to the extensive evidence on the CP and AP,  
little is known in regard to the involvement of the LP in lupus. 
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Previous human genetic studies in lupus have shown that there 
are five polymorphic sites in MBL, a recognition molecule for 
the LP, and are associated with serum levels of MBL and the 
development of lupus (22–24). Villareal et  al. reported that 
Spanish patients carrying a genetic variant in codon 54 of MBL, 
one of the previously reported five variants, had a high risk of 
developing lupus (25). Furthermore, Seelen et al. (26) supported 
the data described above by investigating the LP activation 
and several serum auto-Ab levels in lupus patients with all 
five MBL variants. They indicated that patients carrying MBL 
variant alleles exhibited impaired serum activation levels of the 
LP, increased serum anti-cardiolipin and anti-C1q antibodies, 
and similar levels of serum MBL when compared to patients 
without those variant alleles. They concluded that the mutant 
MBL may have low-binding activity to apoptotic cells, and result 
in defective clearance of auto-Ags, suggesting a protective role 
for MBL or the LP in auto-Ab production in lupus. Recently, 
Sato et al. reported that lupus patients with MBL/L-ficolin and 
properdin deposition in their glomeruli had significantly higher 
urinary protein excretion levels compared to patients without 
glomerular deposition, suggesting pathogenic and exacerbating 
roles for the LP and AP in the development of lupus glomerulo-
nephritis (27). Collectively, whether the role of the LP in lupus 
pathogenesis is protective or exacerbating remains unclear. 
Also, direct evidence on the role of the LP in SLE has yet to be 
demonstrated. In this context, an association between the LP 
and SLE that involves complement activation is assumed and 
should be elucidated.

Since total blockade of all complement pathways is apparently 
not appropriate as a therapeutic strategy for SLE, an individual 
role for the three different complement pathways should be 
clarified. In the present study, we generated lupus-prone MRL/lpr 
mice that were genetically deficient for MASP-1/3 by using a 
backcrossing strategy and confirmed that their sera lacked both 
LP and AP complement activity. We then analyzed their lupus-
like disease serologically and renal pathologically.

MaTerials anD MeThODs

Mice
MRL/MpJ-Faslpr/J (MRL/lpr; stock no. 000485) was purchased 
from The Jackson Laboratory. Masp1/3−/− C57BL/6 mice (4) 
were backcrossed for seven generations with MRL/lpr mice to 
generate an eighth backcross generation of Masp1/3+/− MRL/lpr 
mice. For efficient and precise backcrossing, each generation of 
backcrossed offspring was checked for 12 microsatellite mark-
ers corresponding to disease-susceptibility regions (D4Mit12, 
D4Mit17, D5Mit13, D5Mit24, D5Mit145, D7Mit39, D7Mit57, 
D7Mit211, D10Mit11, D10Mit20, D17Mit16, and TNF) (28), 
and the Fas genotype by PCR with genomic DNA was used as 
a template. The eighth generation was bred to yield Masp1/3+/+, 
Masp1/3+/−, and Masp1/3−/− MRL/lpr mice. All animal experi-
ments that included housing, breeding, and using the mice were 
reviewed and approved by the Animal Experiments Committee 
of Fukushima Medical University (approval no. 26001 and 
28012), and were performed in accordance with the guidelines 

for the care and use of laboratory animals established by the 
Committee.

assays for c4 Deposition Onto  
Mannan-coated Microtiter Plates
The LP activity in sera was determined by C4 deposition assay 
onto a mannan-coated microplate according to a method by 
Takahashi et al. (4). A Nunc 96-well optical bottom plate was 
coated with 100  µL of 10  µg/mL mannan (Sigma-Aldrich) 
diluted in 50 mM Na-carbonate/bicarbonate buffer (pH 9.5) by 
overnight incubation at 4°C. The wells were blocked with 1.0% 
BSA in Tris-buffered saline (TBS) containing 0.1% Tween-20 
and 5 mM CaCl2 (TBST/Ca) for 1 h at room temperature (RT). 
After washing three times with TBST/Ca, serially diluted serum 
samples in TBS/Ca buffer were added to each well and incubated 
for 1 h at RT. After washing three times with TBST/Ca, diluted 
purified human C4 (5  µg/mL in TBS/Ca) was added to each 
well, and incubated for 30 min at 4°C. After washing three times 
with TBST/Ca, horseradish peroxidase (HRP)-conjugated anti-
human C4 Ab (MP Biomedicals) was added to each well. After 
incubation for 1 h at RT, a TMB Microwell Peroxidase Substrate 
2-Component System (Kirkegaard & Perry Laboratories) was 
added to each well and incubated for 10 min at RT in the dark 
for color development. An equal volume of 1  M phosphoric 
acid was added to the substrate solution to stop the color 
development of TMB, and then the absorbance at 450 nm was 
measured by a spectrophotometer DTX880 (Beckman Coulter). 
The LP activity in the TBS/Ca buffer was also measured as a 
blank experiment, and the activity in sera was expressed as the 
difference between A450 in the serum samples and that in the 
blank experiment.

assays for c3 Deposition Onto  
Zymosan-coated Microtiter Plates
The AP activity in sera was determined by zymosan assay accord-
ing to a method by Takahashi et al. (8). A Nunc 96-well optical 
bottom plate (Nunc) was coated with 100 µL of 20 µg/mL zymosan 
(Sigma-Aldrich) suspended in 50 mM Na-carbonate/bicarbonate 
buffer (pH 9.5) by overnight incubation at 4°C. The wells were 
blocked with 1.0% BSA in phosphate-buffered saline containing 
0.1% Tween-20 (PBST) for 1 h at RT. After washing three times 
with PBST, serially diluted serum samples in BBS buffer (0.2 M 
boric acid, 0.14 M NaCl, pH 8.0) supplemented with Mg2+-EGTA 
were added to each well and incubated for 1 h at RT. The wells 
were then washed with PBST three times, and HRP-conjugated 
anti-mouse C3 polyclonal antibodies was added to each well 
and incubated for 1 h at RT, followed by the color development 
of TMB. The AP activity in BBS buffer was also measured as a 
blank experiment, and the activity in sera was expressed as the 
difference between A450 in the serum samples and that in the blank 
experiment.

immunoprecipitation and Western Blotting 
for FD
Mouse sera appropriately diluted in TBS were incubated for 1 h at 
4°C with 2.5 µg of affinity-purified rabbit anti-FD IgG and 10 µL of 
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protein A-agarose (GE Healthcare). The beads were washed four 
times with TBS, and then denatured at 100°C for 5 min in 40 µL 
of TBS containing 0.1% SDS and 50  mM β-mercaptoethanol. 
Denatured samples were mixed with 2 µL of 10% Triton X-100 
and 0.2 µL of N-glycosidase F (Merck Millipore) and incubated 
for 2 h at 37°C. After centrifugation, supernatants were separated 
by SDS-PAGE and analyzed by western blotting. FD and pro-FD 
were detected with peroxidase-conjugated affinity-purified rabbit 
anti-FD raised in rabbit (8). Images were visualized by chemilumi-
nescence with an ECL Prime Western Blotting Detection Reagent 
(GE Healthcare) according to the manufacturer’s instruction.

Determination of serum anti-Double-
stranded Dna igg levels
As previously described by Gilkeson et  al. (29), Nunc 96-well 
optical bottom plate was coated with 100  µL of 1  µg/mL S1 
nuclease-digested calf thymus DNA diluted in 1 ×  SSC (0.3  M 
sodium citrate, 0.03 M NaCl, pH 7.0) by overnight incubation at 
37°C. Wells were blocked with 1% BSA in PBST (BSA-PBST) for 
1  h at RT. After washing three times with PBST, 1/100-diluted 
serum samples were added to each well, and incubated for 1 h at 
RT. After washing three times with PBST, bound anti-dsDNA IgG 
was detected with HRP-conjugated goat anti-mouse IgG (γ-chain 
specific; Sigma) followed by the color development of TMB. Serum 
anti-dsDNA IgG levels were expressed as the difference between 
A450 in the serum samples and that in the blank experiment.

Determination of serum circulating ic levels
Serum circulating IC levels were determined by ELISA accord-
ing to a method by Stanilova and Slalov (30) with some modi-
fications. A Nunc 96-well optical bottom plate was coated with 
100  µL of 1  µg/mL goat anti-mouse C3 Ab (MP biomedicals) 
diluted in 50 mM Na-carbonate/bicarbonate buffer (pH 9.5) by 
overnight incubation at 4°C. The wells were blocked with 1% BSA 
in 50 mM Tris–HCl (pH 7.2) supplemented with 0.05% Tween-20 
(Tris–HCl/tw) for 20 min at RT. After washing with Tris–HCl/
tw, serially diluted serum samples were added to the wells, and 
incubated for 1 h at RT. After washing three times with Tris–HCl/
tw, bound circulating IgG-IC was detected with HRP-conjugated 
goat anti-mouse IgG Ab (γ-chain specific; Sigma) followed by the 
color development of TMB. Serum circulating IgG-IC levels were 
expressed as the difference between A450 in the serum samples  
and that in the blank experiment.

Determination of serum c3 levels
A Nunc 96-well optical bottom plate was coated with 100 µL of 
1  µg/mL goat anti-mouse C3 polyclonal Ab (MP biomedicals) 
diluted in 50  mM Na-carbonate/bicarbonate buffer (pH 9.5). 
The wells were blocked with BSA-PBST for 20 min at RT. After 
washing with PBST, serially diluted serum samples were added to 
the wells and incubated for 1 h at RT. After washing three times 
with PBST, bound C3 was detected with HRP-conjugated anti-
mouse C3 polyclonal Ab (MP biomedicals) followed by the color 
development of TMB. The mouse complement C3 calibrator 
(Kamiya biomedical company) was used to determine the serum 
C3 concentration.

evaluation of albuminuria
Urine samples were collected every 2 weeks beginning at 12 weeks 
of age by placing the mice in metabolic cages for 24  h. Urine 
collection was performed with ampicillin, chloramphenicol, 
and gentamycin in the bottom of a collection tube to prevent 
bacterial growth. A Nunc 96-well optical bottom plate was coated 
with 100 µL of 2.5 µg/mL rabbit anti-mouse albumin polyclonal 
antibody (MP biomedicals) in 50 mM Na-carbonate/bicarbonate 
buffer (pH 9.5). Wells were blocked with BSA-PBST for 1  h at 
RT. After washing with PBST, serially diluted urine samples in 
BSA-PBST were added to the wells, and incubated for 1 h at RT. 
After washing three times with PBST, bound urinary albumin was 
detected with HRP-conjugated anti-mouse albumin polyclonal 
antibody in BSA-PBST followed by the color development of 
TMB. Mouse albumin was used as a standard. Urinary albumin 
excretion was expressed as milligrams of albumin per mouse per 
day.

assessment of renal Pathology
Masp1/3+/+ and Masp1/3−/− MRL/lpr mice were sacrificed at 
24  weeks of age for pathological evaluation. At the time of 
sacrifice, kidneys were recovered and divided into two sections. 
One section was placed in buffered formalin for subsequent 
embedding in paraffin, sliced, and stained with H&E. The H&E-
stained slides were assessed via light microscopy for glomerular 
(glomerular inflammation, proliferation, thickness basement 
membrane, epithelial reactivity, crescent formation, and necrosis)  
and interstitial pathologies. Pathological scores from 0 to 4+ 
(0, none; 1+, mild; 2+, moderate; 3+, moderate to severe; 4+, 
severe) were assigned for each of these features and then added 
together to yield a final score, and an overall glomerular score 
was derived.

immunofluorescence staining
The other kidney section from Masp1/3+/+ and Masp1/3−/− 
MRL/lpr mice was embedded in an OCT compound and frozen 
in liquid nitrogen for cryosections. The frozen sections were 
cut into 5-µm slices, fixed with acetone, and stained with FITC-
conjugated antibodies: goat anti-mouse IgG, C1q, MBL-A, MBL-C,  
Ficolin-A, Ficolin-B, and C3 diluted 1:100. The severity of glo-
merulonephritis and IC deposition was determined in a blind 
manner. Scores ranged from 0 to 4+, where 0 corresponded to a 
non-autoimmune healthy mouse and 4+ to the maximal altera-
tion observed in the study.

Determination of serum Urea nitrogen 
(Un) levels
Serum UN was determined using a UN Colorimetric Detection 
Kit (Arbor Assays) according to the manufacturer’s instructions. 
Serum from BALB/c mice was subjected to the assay as an indica-
tor for a normal level of serum UN.

statistical analysis
Statistical analysis was performed using a GraphPad Prism 6  
software for Mac OS X (GraphPad Software, San Diego, CA, USA). 
Single groups were compared using an unpaired two-tailed t test.
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FigUre 1 | Inability of the lectin pathway (a) and alternative pathway (B) activation in sera from 10- to 14-week-old Masp1/3−/− MRL/lpr mice.  
Values are means ± SD (n = 3).
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resUlTs

ability of lP and aP activation  
in sera From Mrl/lpr Mice
Our group had previously demonstrated that mice deficient for 
MASP-1/3 had little-to-no activation of both the LP and AP with 
an inactive form of FD in their sera at the C57BL/6 background 
(8). In the current study, we first tested if lupus-prone MRL/lpr 
mice also had altered activation of the LP and AP in MASP-
1/3-deficient serum. To assess the activity of the LP and AP in  
MRL/lpr mice, we performed the C4 deposition assay with 
mannan-coated plates and C3 deposition assay with zymosan-
coated plates. As expected, sera from Masp1/3+/+ wild-type 
MRL/lpr mice had C4 deposition activity on the mannan-coated 
plates and C3 deposition activity on the zymosan-coated plates in 
a dose-dependent manner (Figure 1). In contrast, both C4 and C3 
deposition from the sera of Masp1/3−/− MRL/lpr mice were sig-
nificantly lower than those in the wild-type MRL/lpr mice. These 
results indicate that MASP-1 and/or MASP-3 is involved in the 
activation of the LP and AP in MRL/lpr mice as in C57BL/6 mice.

It has been shown that circulating FD in Masp1/3−/− C57BL/6 
mice is a zymogen (inactive form of FD or pro-FD) that can 
be distinguished from the active form of FD by the difference 
in molecular weight, as activated FD lacks N-terminal peptide 
QPRGR, which pro-FD possesses (8). As shown in Figure 2, the 
deglycosylated FD in the Masp1/3−/− mice both at the MRL/lpr 
and C57BL/6 background was slightly larger than that in the 
wild-type mice. These results demonstrate that lupus-prone 
MRL/lpr mice deficient for MASP-1/3 had little-to-no activation 
of both the LP and AP with an inactive form of FD in sera.

serum levels of igg anti-dsDna  
auto-abs, circulating ics and c3  
in Mrl/lpr Mice
Production of IgG anti-dsDNA auto-Ab is strongly associated 
with lupus-like renal disease in MRL/lpr mice. To assess the 
effect of MASP-1/3 deficiency in anti-dsDNA Ab production, we 
measured the serum levels of IgG anti-dsDNA Ab in MRL/lpr 
mice by ELISA starting from 12 to 24 weeks of age. As shown 
in Figure 3A, there was a progressive rise in serum anti-dsDNA 

Ab levels both in the wild-type and Masp1/3−/− MRL/lpr mice 
after 12  weeks of age. There was a trend toward lower serum 
anti-dsDNA Ab levels in the Masp1/3−/− MRL/lpr mice compared 
to the wild-type MRL/lpr mice; however, the difference did not 
reach statistical significance at any point in time until 24 weeks of 
age. These results indicate that there was minimal or no impact of 
MASP-1/3 deficiency on serum auto-Ab levels in MRL/lpr mice.

We next assessed serum levels of circulating IgG-ICs in 
MRL/lpr mice by anti-C3 anti-mouse IgG sandwich ELISA start-
ing from 12 weeks of age. As shown in Figure 3B, there was no 
statistically significant difference between the groups at any point 
in time until 24 weeks of age.

Serum C3 levels in patients with SLE is known to show an 
inverse correlation with disease activity due to its consumption 
following activation of the complement cascade. We measured 
serum C3 levels in the MRL/lpr mice starting from 12 weeks of 
age. Those levels in the wild-type MRL/lpr mice decreased as 
the mice aged and showed an inverse correlation with serum 
IgG anti-dsDNA Ab levels (Figure 3C). In contrast, the serum 
C3 levels in the Masp1/3−/− MRL/lpr mice were maintained at 
constant levels, and were significantly higher than those in the 
wild-type MRL/lpr mice at 16 weeks of age, and continued to be 
higher until the time of sacrifice (Week 24). These results show 
that there was a significant effect of MASP-1/3 deficiency on the 
reduction of serum C3 consumption in MRL/lpr mice.

albuminuria in Mrl/lpr Mice
Urinary albumin or protein excretion in SLE reflects glomerular 
damage to the charge/size barrier between the capillary lumen 
and urinary space, and, therefore, through the glomerular 
capillary endothelial cells, glomerular basement membrane, and 
podocytes in glomeruli. To evaluate the effect of MASP-1/3 defi-
ciency on renal function, we measured 24 h of urinary albumin 
excretion levels of MRL/lpr mice, starting at 12  weeks of age. 
As shown in Figure  4, the wild-type MRL/lpr mice developed 
a high level of albuminuria after 18  weeks of age. In contrast, 
the MRL/lpr mice deficient for MASP-1/3 had significantly less 
albuminuria remaining at less than 0.1  mg/mouse/day during 
the tested period compared to wild-type littermates. These results 
suggest a significant role for MASP-1/3 in the development of 
glomerular disease in MRL/lpr mice.
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FigUre 3 | Serum levels of IgG anti-dsDNA Ab (a), circulating IgG-immune 
complex (IC) (B), and C3 (c) in 12- to 24-week-old MRL/lpr mice. Values are 
means ± SD (n = 6–8). Values with asterisks are significantly different at 
*p < 0.05 against values from age-matched WT MRL/lpr mice.

FigUre 2 | Immunoblotting for factor D (FD) in sera from 10- to 14-week-old 
MRL/lpr and C57BL/6 mice. Serum FD were purified by immunoprecipitation 
with a rabbit anti-mouse FD antibody, deglycosylated with N-glycosylase F, 
separated by SDS-PAGE, and blotted onto a PVDF membrane. Purified 
pro-FD (26.1 kDa) and FD (25.5 kDa) were detected with a horseradish 
peroxidase-conjugated rabbit anti-mouse FD antibody. Consistent with our 
previous report on C57BL/6 mice (8), serum FD in Masp1/3−/− MRL/lpr mice 
was in an inactive form (pro-FD) when tested for serum samples from three 
independent Masp1/3−/− MRL/lpr mice (#1–3). In contrast, serum FD in WT 
MRL/lpr mice was in an active form as well as in WT C57BL/6 mice.
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glomerular Deposition of ics and 
complement in Mrl/lpr Mice
To determine the mechanistic effect of the absence of MASP-1/3 
on the reduction of albuminuria observed in MRL/lpr mice, mice 
were sacrificed at 24 weeks of age, and their kidneys were recovered 
for pathological analysis. To assess glomerular ICs (IgG), C1q, 
MBL-A, MBL-C, Ficolin-A, Ficolin-B, and C3 deposition, frozen 
kidney sections were stained with fluorescein-conjugated Abs 
against mouse IgG, C1q, MBL-A, MBL-C, Ficolin-A, Ficolin-B, 
or C3. There was no significant difference in glomerular IgG, 
C1q, MBL-A, or MBL-C deposition levels between wild-type 
and Masp1/3−/− MRL/lpr mice, while glomerular deposition 
levels of Ficolin-A and Ficolin-B were low or undetectable in 
these mice (Figure 5; Table 1). It was indicated that wild-type 
and Masp1/3−/− MRL/lpr mice had similar deposition levels of the 
CP and LP recognition molecules in their glomeruli. Importantly,  
glomerular C3 deposition was readily evident in wild-type 
MRL/lpr mice, while Masp1/3−/− MRL/lpr mice had significantly 
reduced levels of glomerular C3 deposition compared to their 
wild-type littermates. These results suggest that acceleration of the 
LP and/or AP activation, which is mediated by MASP-1/3, rather 
than CP activation, plays an important role in C3 consumption 
in murine lupus.

renal Pathology in Mrl/lpr Mice
Kidney sections were stained with H&E and assessed by histo-
logical scoring for overall glomerular proliferative changes, 
crescent formation and necrosis, and interstitial inflammation. 
As expected, the wild-type MRL/lpr mice exhibited diffuse glo-
merulonephritis, including cellular proliferation, inflammation, 
glomerular expansion, fibrocellular crescents, and interstitial 
inflammation (Figure 6A). The Masp1/3−/− MRL/lpr mice, how-
ever, had significantly less pathological features of glomerular 

395

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 4 | Urinary albumin excretion levels in 12- to 24-week-old MRL/lpr 
mice. Values are means ± SD (n = 6–8). Values with asterisks are significantly 
different at *p < 0.05 against values from age-matched wild-type MRL/lpr 
mice.

FigUre 5 | Assessment of glomerular depositions of IgG and complement 
components. Glomerular depositions of IgG, C1q, MBL-A, MBL-C, Ficolin-A, 
Ficolin-B and C3 were evaluated using kidney sections from 24-week-old WT 
and Masp1/3−/− MRL/lpr mice. Similar results were obtained from five 
independent mice in each group, and representative images were shown 
here. Original magnification 400×.
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disease compared to their wild-type littermates, with a reduction 
in mesangial expansion, glomerular inflammation, focal hyper-
cellularity, and crescent formation (reflected in the renal score, 
Figure 6A, p < 0.05). On the other hand, both strains exhibited 
renal interstitial inflammation with no significant difference in 

disease score between the two groups (Figure 6B). These results 
indicate that MASP-1/3 is intimately associated with progression 
in glomerulonephritis, but not with renal interstitial inflamma-
tion in MRL/lpr mice.

serum Un levels in Masp1/3−/− Mrl/lpr 
Mice
To evaluate renal function, serum UN levels of Masp1/3+/+ and 
Masp1/3−/− MRL/lpr mice were measured using serum obtained 
at 24 weeks of age. As shown in Figure 7, serum UN levels of 
Masp1/3+/+ MRL/lpr and Masp1/3−/− mice were significantly 
higher than those of non-autoimmune BALB/c mice, while there 
was no statistically significant difference of the serum UN levels 
between Masp1/3+/+ and Masp1/3−/− MRL/lpr mice.

Mortality of Mrl/lpr Mice
Despite having significantly less albuminuria and pathological 
features of glomerular disease in the Masp1/3−/− MRL/lpr mice, 
the absence of MASP-1/3 had no significant beneficial effect on 
survival in the MRL/lpr mice until the time of sacrifice (week 24) 
(Figure 8).

DiscUssiOn

To determine the role of MASP-1/3 in lupus nephritis, we back-
crossed MASP-1/3-deficient C57BL/6 mice into lupus-prone 
MRL/lpr mice for eight generations, and then intercrossed the 
Masp1/3+/− mice. The results presented in this report indicate 
that the absence of MASP-1/3 in MRL/lpr mice has a significant 
effect on the activation of the complement and development of 
lupus-like glomerulonephritis. Consistent with previous results 
in Masp1/3−/− C57BL/6 mice (4, 8), the MASP-1/3-deficient 
MRL/lpr mice of the current study had little-to-no activation of 
the LP and AP, and significantly reduced glomerular C3 deposi-
tion, albuminuria and pathologic renal scores compared with 
their wild-type MASP-1/3-producing littermates.

To date, mice deficient for different complement components 
have been generated, and the roles for each complement com-
ponent in the development of lupus or lupus-like disease have 
been analyzed. In lupus nephritis, activation of the complement 
system is thought to be triggered via the CP. This is because the 
presence of autoantibodies is a requirement for the development 
of lupus nephritis (31), and deposition of complement proteins 
including the CP components C1q, C4, and C3 in the glomeruli 
are key features of lupus nephritis. However, as summarized in 
Table 2, mice deficient for C1q or C4 showed high antinuclear 
antibody titers, anti-DNA autoantibody levels, and glomeru-
lonephritis with impairment in the clearance of apoptotic cells 
(15–17, 32). Although the severity of serum autoantibody levels 
or glomerular disease is genetic background-dependent, C1q and 
C4, the complement components of the CP, provide an important 
protective role against the development of lupus or lupus-like 
glomerulonephritis in mice. This observation is consistent with 
patients with homozygous genetic deficiencies of an early compo-
nent of the CP (i.e., C1q, C1r, C1s, C4A/C4B, and C2), which are 
strongly associated with the risk of developing SLE or a lupus-like 
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FigUre 6 | Assessment of glomerular (a) and renal interstitial (B) pathologies stained with hematoxylin and eosin. Glomerular pathology was graded from the sum 
of scores for glomerular inflammation, thickness of basement membrane, epithelial cell reactivity, crescent formation, and necrosis. Interstitial pathology was graded 
using the sum of scores for perivascular inflammation and inflammatory cell infiltration. Scores were graded as 0 to 4+ (0, none; 1+, mild; 2+, moderate; 3+, 
moderate-high; 4+, high). Original magnification 200× for glomerular pathology, and 40× for interstitial pathology.

TaBle 1 | Scores for glomerular deposition of IgG and complement in 24-week-old MRL/lpr mice.

genotype igg c1q Mannose-binding lectin (MBl)-a MBl-c Ficolin-a Ficolin-B c3

WT 1.6 ± 1.0 1.4 ± 1.2 2.2 ± 1.2 2.4 ± 1.1 n.d. n.d. 2.5 ± 0.6
Masp1/3−/− 1.7 ± 1.0 0.9 ± 0.6 2.2 ± 0.7 2.7 ± 0.7 n.d. n.d. 1.3 ± 0.7*

All glomerular immunofluorescence images were interpreted by three independent persons in a blinded manner, and graded from 0 to 4+ (0, none; 1+, mild staining; 2+, moderate 
staining; 3+, moderate-high staining; 4+, high staining) for fluorescence intensity. All values are means ± SD (n = 5). Values with asterisks were significantly different at *p < 0.05 
against values from age-matched WT mice. n.d., not detected.

FigUre 7 | Serum urea nitrogen (UN) levels in MRL/lpr mice. UN levels were 
measured using sera from WT and Masp1/3−/− MRL/lpr mice at the age of 
24 weeks (n = 6 in each group). Sera from 25-week-old WT BALB/c mice 
(n = 3) were used as a healthy control.

FigUre 8 | Survival curves for WT (n = 17) and Masp1/3−/− (n = 8) MRL/lpr 
mice. Mortality was recorded from 12 weeks old to the time at which the 
mice were sacrificed (24 weeks).
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disease (33). As for C3, the converging point for activation of all 
three complement pathways, C3−/− mice in (129 × C57BL/6)lpr 
background exhibited no difference in serum autoantibody  
levels, glomerular IgG deposition levels or glomerular pathological 

scores compared to C3+/+ (129 × C57BL/6)lpr mice (16). Similarly, 
C3-deficient lupus-prone MRL/lpr mice exhibited no difference 
in serum autoantibody levels, glomerular pathological scores, or 
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survival, but had significantly increased levels of glomerular IgG 
deposition and albuminuria (34). These results suggest that C3 
plays a beneficial role in lupus-like glomerular disease via clear-
ance of ICs. Indeed, there is an association of inherited human C3 
deficiency with IC-related disorders, including membranoprolife-
rative glomerulonephritis, SLE, and vasculitis (35).

In contrast to the complement component of the CP and C3, 
no association of the deficiencies of the complement factors of the 
AP with the risk of developing lupus in humans has been reported, 
suggesting at least that there are no protective roles for the AP 
complement factors against the development of lupus. To address 
the question whether the AP complement factors play protective 
or exacerbating roles in the development of lupus, MRL/lpr mice 
deficient for the AP complement factors, FD or FB, were gener-
ated, and their lupus-like disease was analyzed. As summarized in 
Table 2, both the FB- and FD-deficient MRL/lpr mice exhibited 
reduced glomerular C3 deposition levels, maintained serum C3 
levels, and improved glomerular pathological scores compared to 
the wild-type MRL/lpr mice (18, 19). Interestingly, the MRL/lpr 
mice exhibited somewhat different disease phenotypes between 
FB−/− and FD−/− genetic backgrounds. Similar to the FB−/− 
MRL/lpr mice, the FD−/− MRL/lpr mice exhibited maintained 
serum C3 levels, significantly reduced glomerular C3 deposition 
levels and improved pathological renal scores. However, the 
FB−/− MRL/lpr mice exhibited some additional beneficial effects 
on reduced levels of serum anti-DNA antibody and glomerular 
IgG deposition, proteinuria, as well as reduced IgG3 cryoglo-
bulin production and renal vasculitis (18). We hypothesize that 
these additional improvements observed in the FB−/− MRL/lpr 
mice are unlikely due to the absence of FB itself but likely due 
to MHC-linked effects. MRL/lpr mice deficient for the FB gene, 
which was located on the MHC class III region, were carrying 
the H2b/b MHC haplotype, whereas wild-type or FB+/+ MRL/lpr 
mice were carrying the H2k/k MHC haplotype (18). These differ-
ences perhaps affect Ag presentation leading to differences in 
pathogenic autoantibody production or immunoglobulin isotype 
switching. In addition, the MHC-linked effects on MRL/lpr mice 
were tested by generating H2b/b FB+/+ congenic MRL/lpr mice  
(36, 37). Those studies showed that, similarly to H2b/b FB−/− MRL/lpr 
mice, 70% of H2b/b FB+/+ MRL/lpr mice spontaneously developed 
serum IgG3 deficiency with reduced anti-dsDNA autoantibody 
levels and exhibited significantly reduced albuminuria compared 
to wild-type (H2k/k FB+/+) MRL/lpr mice. Production of IgG3 
in MRL/lpr mice is one of the major factors responsible for the 
development of glomerulonephritis in such mice (38). Therefore, 
H2b/b haplotype-linked IgG3 deficiency accounts for at least part 
of the reduced proteinuria observed in H2b/b FB−/− MRL/lpr mice.

In the present study, the Masp1/3−/− MRL/lpr mice, lacking the 
LP and AP, had significantly reduced glomerular C3 deposition, 
pathological glomerular disease and albuminuria compared to 
their wild-type littermates. Similarly, the FD−/− MRL/lpr mice had 
significantly reduced glomerular C3 deposition and improved 
renal pathology but had no protective effect on albuminuria. 
Thus, it is possible that the reduced albuminuria observed in the 
Masp1/3−/− MRL/lpr mice was in part dependent on the inability 
of LP activation. Involvement of the LP in the development of glo-
merulonephritis in human lupus is largely unknown. Previously Ta
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contribute to the development of proteinuria. Furthermore, a 
significant association of MASP-1 in cellular immunity has been 
reported. MASP-1 can cleave protease activated receptors on the 
surface of endothelial cells, which results in the pro-inflammatory 
activation of endothelial cells, followed by local infiltration of 
neutrophils and endothelial cell damage (49). These tissue dam-
ages could also occur on glomerular endothelial cells in lupus 
patients with glomerular MBL-MASP-1 deposits. Taken together, 
the absence of MASP-1 in addition to the absence of MASP-3 is 
highly beneficial to protect lupus patients from the development 
of glomerulonephritis.

The absence of MASP-1/3 showed significantly reduced 
glomerulonephritis and albuminuria in the MRL/lpr mice of 
the present study; however, it did not improve their serum BUN 
levels or survival rate. One possible reason is that, similar to the 
wild-type MRL/lpr mice, the Masp1/3−/− MRL/lpr mice devel-
oped tubulointerstitial nephritis. Moreover, elevated serum BUN 
levels reflect tubulointerstitial damage and progression of renal 
failure as well as decreased glomerular filtration rates (50, 51).  
This observation suggests that the mechanism(s) underlying 
glomerular disease, which is significantly associated with 
MASP-1/3, are distinct from that of in tubulointerstitial nephri-
tis in this model, and the absence of MASP-1/3 alone may not 
be enough to improve overall renal function in MRL/lpr mice. 
Another possible reason is that MASP-1/3 plays an important 
role in ontogenesis. Deficiency of MASP-1/3 or its complex 
partner CL-K1 leads to the development of 3MC syndrome (52), 
which is characterized by unusual facial features and problems 
affecting other tissues and organs of the body. Indeed, the total 
body weight of the Masp1/3−/− MRL/lpr mice in the current 
study was significantly lower than that of the age-matched 
wild-type MRL/lpr mice (Figure S1 in Supplementary Material). 
Therefore, it is possible that Masp1/3−/− MRL/lpr mice, which 
lack MASP-1/3 congenitally, have lowered resistance against 
stress-related autoimmune response. The direct effect of MASP-
1/3 regarding complement activation on lupus may be elucidated 
in further studies using anti-MASP-1/3 agents, such as a specific 
inhibitor and anti-MASP-1/3 Ab, by suppressing MASP-1/3 
therapeutically.

In summary, our experiments revealed that MASP-1/3 is 
required for the development of glomerulonephritis in MRL/lpr 
mice. The major role of MASP-1/3 for glomerular disease in this 
model is supposed to be in the activation of the AP that is initially 
activated via the CP. In addition, glomerular MBL deposition 
observed in MRL/lpr mice suggests that the activation of the 
LP, in which MASP-1 plays a significant role, was also involved 
in their glomerular disease. Moreover, the absence of MASP-1, 
which also directly plays roles in coagulation, the kinin genera-
tion system and endothelial cells, may contribute an additional 
beneficial effect to protect from glomerular damage. Therefore, 
the absence of both MASP-1 and MASP-3 is protective against the 
development of glomerulonephritis in MRL/lpr mice. Although 
further experiments including analysis in different murine lupus 
strains are required, both proteases are potential therapeutic tar-
gets for glomerulonephritis in murine lupus models and possibly 
in human lupus patients.

reported genetic analyses of lupus patients showed that gene  
polymorphism of MBL, the recognition molecule of the LP, 
is linked to lupus susceptibility (22–24). A reduced functional 
activity of the LP, in relation to the expression of MBL variant 
alleles, is associated with increased levels of serum autoantibodies 
(26). These observations suggest a beneficial role of MBL in the 
clearance of apoptotic material that is somewhat similar to the 
role of the CP recognition molecule C1q. Meanwhile, previously 
reported pathoclinical analyses of lupus patients demonstrated 
deposition of the LP recognition molecules in their glomeruli; 
MBL in 82%, L-Ficolin in 63.6% (39). In that report, patients with 
glomerular MBL deposition had a higher mean of proteinuria 
than patients without glomerular MBL deposition, suggesting 
involvement of the LP in the development of proteinuria. Another 
study reported that lupus patients with glomerular MBL/L-ficolin 
and properdin deposition, which is deposits of the LP and AP 
components, had significantly higher levels of proteinuria than 
patients without these glomerular depositions (27). Consistent 
with our results, that report showed the significance of glomeru-
lar activation of the LP and AP in lupus nephritis.

In addition to MBL and ficolins, collectin-10 (CL-10 or 
CL-L1) and collectin-11 (CL-11 or CL-K1) are known to be 
MASP-1/3-associated collectins (40, 41). Recently, Wu et  al. 
reported a pathogenic role for collectin-11 in the develop-
ment of tubulointerstitial fibrosis in murine models of renal 
ischemia-reperfusion injury (42). However, the contribution of 
collectin-10 and/or collectin-11 to the development of lupus glo-
merulonephritis is largely unknown. In the present study, we did 
not evaluate collectin-10 or collectin-11 deposits in glomeruli or 
tubulointerstitial regions of MRL/lpr mice. Further studies are 
needed to clarify their contribution to the development of renal 
injury in lupus.

The association of LP serine proteases MASPs (MASP-1, MASP-2,  
and MASP-3) and MBL-associated proteins MAps (MAp19 and 
MAp44) with lupus characteristics has also previously been 
assessed (43). MAp19 and MAp44, the splicing variants of the 
Masp2 and Masp1 genes, respectively, are thought to have a 
regulatory function in LP activation (44, 45). Interestingly, plasma 
concentrations in lupus patients were higher than the healthy con-
trols regarding MASP-1, MASP-3, and MAp44, but not MASP-2. 
These results suggested that the association of MASP-1 and/or 
MASP-3 with lupus characteristics goes beyond the role of com-
plement activation. Indeed, unlike MASP-2 or MASP-3, MASP-1 
has many substrates including non-complement proteins, and 
the roles of MASP-1 other than in complement activation have 
been reported. For example, MASP-1 directly digests fibrinogen 
and factor XIII, playing a role in coagulation (46, 47). Besides the 
complement and the coagulation system, MASP-1 plays a role 
in the kinin generation system, where recombinant MASP-1 or 
natural MBL-MASPs are able to cleave high-molecular-weight 
kininogen and liberate bradykinin (48). Although the efficiency 
of MASP-1-mediated cleavage in the kinin generating system is 
low compared to that of the plasma kallikrein-mediated cleav-
age, it could be important when the LP activates locally, such as 
in the glomeruli in lupus patients. Local activation of the LP in 
glomeruli could lead to local bradykinin production that could 
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C3 glomerulopathy (C3G) results from acquired or genetic abnormalities in the

complement alternative pathway (AP). C3G with monoclonal immunoglobulin (MIg-C3G)

was recently included in the spectrum of “monoclonal gammopathy of renal significance.”

However, mechanisms of complement dysregulation in MIg-C3G are not described and

the pathogenic effect of the monoclonal immunoglobulin is not understood. The purpose

of this study was to investigate the mechanisms of complement dysregulation in a cohort

of 41 patients with MIg-C3G. Low C3 level and elevated sC5b-9, both biomarkers of C3

and C5 convertase activation, were present in 44 and 78% of patients, respectively.

Rare pathogenic variants were identified in 2/28 (7%) tested patients suggesting that

the disease is acquired in a large majority of patients. Anti-complement auto-antibodies

were found in 20/41 (49%) patients, including anti-FH (17%), anti-CR1 (27%), anti-FI

(5%) auto-antibodies, and C3 Nephritic Factor (7%) and were polyclonal in 77% of

patients. Using cofactor assay, the regulation of the AP was altered in presence of

purified IgG from 3/9 and 4/7 patients with anti-FH or anti-CR1 antibodies respectively.

By using fluid and solid phase AP activation, we showed that total purified IgG of

22/34 (65%) MIg-C3G patients were able to enhance C3 convertase activity. In five

documented cases, we showed that the C3 convertase enhancement was mostly

due to the monoclonal immunoglobulin, thus paving the way for a new mechanism of
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complement dysregulation in C3G. All together the results highlight the contribution of

both polyclonal and monoclonal Ig in MIg-C3G. They provide direct insights to treatment

approaches and opened up a potential way to a personalized therapeutic strategy based

on chemotherapy adapted to the B cell clone or immunosuppressive therapy.

Keywords: complement, alternative pathway activation, C3 glomerulopathies, monoclonal gammopathy,

autoantibodies

INTRODUCTION

C3 glomerulopathy (C3G) is a heterogeneous group of rare
glomerular diseases, characterized by predominant C3 deposition
in glomeruli (1–3) and resulting from dysregulation of the
complement alternative pathway (AP) (4–6). In physiological
conditions, the complement AP is continuously activated at a
low level and is amplified on activating surfaces, such as bacteria
or dying cells (7). To avoid undesirable auto-amplification, the
AP is tightly regulated in the fluid-phase and on cell surfaces
by the plasma regulatory proteins factor H (FH), factor I
(FI), membrane cofactor protein (MCP, CD46), complement
receptor 1 (CR1, CD35), and decay accelerating factor (DAF,
CD55) (8). Together, these regulators act by preventing the
formation of and by dissociating the AP C3 convertase (FH,
CR1, and DAF) and by serving as cofactors for FI-mediated
inactivation of C3b to iC3b (FH, MCP, and CR1). Properdin
is the only positive regulator of the AP, stabilizing the AP
C3/C5 convertase (8, 9). Many of these factors are involved in
complement dysregulation in C3G. Rare pathogenic variants in
AP genes are identified in ∼25% of C3G patients (5, 6, 10).
In most cases, complement dysregulation is acquired, induced
by the presence of Nephritic Factors (C3NeF and C5NeF), i.e.,
autoantibodies targeting the AP C3/C5 convertase (6, 10) or
anti-FH antibodies (11, 12). Recently, C3G has been proposed
to be included in the spectrum of monoclonal gammopathy of
renal significance (MGRS) because of the high prevalence of
monoclonal immunoglobulins (MIg) in C3G patients aged over
50, without criteria for multiple myeloma, that reached 30–71%
in two small series, and 65% in the French C3G cohorts (13–
16). Although this association and the favorable effect of clone-
targeted therapy on renal outcomes (16) suggests a role of MIg in
the occurrence of the renal disease, the exact pathophysiological
link between MIg and AP dysregulation remains to be
elucidated.

The aim of the current work was to determine the mechanism
of acquired complement AP dysregulation in patients with
MIg-C3G in order to clarify the causal relationship between the
MIg and the occurrence of C3G.

METHODS

Study Population
Between 2000 and June 2014, 201 plasma samples from
patients aged over 18 were received at the Laboratory of
Immunology (European Hospital Georges Pompidou) for
complement exploration in the context of C3G. The diagnosis
of C3G was assessed by immunofluorescence according to

consensus recommendations, with bright diffuse predominant
C3 glomerular staining (≥2+), of at least two orders of
magnitude greater than any other immune reactant (i.e., Ig).
Patients with trace or weak amounts of IgM staining on
glomerular sclerotic lesions were included, but those with weak
staining for IgG, IgA or Ig light chains were excluded (2).
The diagnosis of DDD was confirmed by demonstration of
diffuse, highly electron-dense osmiophilic deposits within the
lamina densa by EM. By contrast, the diagnosis of C3GN was
established in patients showing deposits of lesser density without
the characteristic distribution and “sausage shape” appearance of
DDD (1). All patients with positive hepatitis B or C serology,
antinuclear antigen autoantibodies, anti- double-stranded DNA
antibodies, or cryoglobulinemia are excluded from the French
C3G registry.

Search for monoclonal gammopathy was performed by
immunofixation in all patients aged over 40. Of the 201 adult
patients in the French registry of C3G, 60 patients (G1-G60)
had a detectable MIg. Among them, 50 were included in a
retrospective clinical study regarding the effect of chemotherapy
on renal outcomes (16). In the current study, 41/60 MIg-
C3G patients with available blood samples were included
(Supplemental Figure 1). Two of 28 patients screened for genetic
abnormalities carried a rare variant of undetermined significance
(p.Asp130Asn in CFH and p.Glu548Gln in CFI), as previously
described (16). As 96% of MIg-C3G patients displayed a C3GN
pattern on kidney biopsy, 107 adult patients with C3GN without
MIg extracted from the French cohort of C3G, and 8 patients with
MIg without kidney disease, were used as control population.
The local ethics committee approved the study and the study was
approved by the Commission Nationale de L’informatique et des
Libertés (CCP number 192 12 23) and all legal representative
of children gave written informed consent for genetic
analysis.

Assays for Complement Component and
for C3 and C5 Nephritic Factors
EDTA plasma samples were obtained from all patients.
Plasma protein concentrations of C3, C4 were measured by
nephelometry (Dade Behring, Deerfield, IL, USA). Soluble C5b-
9 level determination was done using the MicroVue sC5b-
9 Plus EIA Assay (Quidel, San Diego, CA), according to
manufacturer instructions. Normal values were established from
plasma samples from 100 healthy donors. C3NeF and C5NeF
activities were determined by assessing the ability of purified
plasma IgG to stabilize the membrane-bound C3bBb and
C3bBbP convertases (6).
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ELISA Detection for anti-FH, anti-FI,
anti-CR1, anti-C3b and anti-FB Antibodies
ELISA plates were coated with 10 to 15µg/ml of FH (11), FI,
FB, C3b (17) (all from Complement Technologies, Tylor, Texas),
CR1 (RandD System) in PBS for 1 h, followed by blocking of
the plates with PBS-0.4% Tween 20. Plasma was diluted 1/200
in PBS-0.1% Tween 20 and applied for 1 h. Bound IgG or IgA
was revealed by anti-human IgG antibody conjugated with HRP
(Southern Biotech) or anti-human IgA antibody conjugated with
HRP (Sigma) diluted in PBS-0.1% Tween 20, followed by TMB
substrate system.

Study of IgG Binding to CR1 by Surface
Plasmon Resonance (SPR)
The interaction of patient IgG with CR1 was analyzed in
real time using a ProteOn XPR36 SPR equipment (BioRad,
Marne-la-coquette, France). CR1 (RandD System) was covalently
immobilized to a GLC sensor chip (BioRad) following the
manufacturer’s procedure. Protein G purified IgG from the
patients or healthy donors (at 100µg/ml) were injected for
300 s in PBS 0.005% Tween 20 containing running buffer.
The dissociation was followed for 300 s. The signal from the
interspots, reflecting the background binding was subtracted, as
recommended by the manufacturer.

Study of C3b Interaction With CR1 in
Presence of Patients IgG by Surface
Plasmon Resonance
IgG from patients with anti-CR1 antibodies were tested for
their capacity to alter the C3b binding to CR1 using SPR. CR1
was coupled to individual flow channels of GLC biosensor chip
using standard amine-coupling, according to the manufacturer’s
instruction. Total purified IgGwere flowed at a concentration 100
mg/ml followed by injection of C3b (Complement Technologies)
at concentrations starting from 1µg/ml. Five concentrations
and a running buffer were injected at 30 µl/min in HEPES
buffer (10mM Hepes, 25mM NaCl, Tween 0.005%, pH 7.4)
for 300 s across the immobilized ligand. Data were analyzed
using ProteOn Manager software and the data from the blank
channel were subtracted. Kinetic parameters were calculated by
fitting the obtained sensorgrams into a two-state interaction
model.

Determination of Light Chain and Heavy
Chain Isotype Specificity of
Anti-complement Protein Antibodies
The light chain (LC) isotype of antibodies was determined by
ELISA. After plasma incubation and washing, isotype-specific
goat antibodies directed against kappa and lambda LC (Southern
Biotech), diluted in PBS-0.1% Tween 20 were incubated 1 h.
Bound Ig was revealed by a Rabbit anti goat IgG Ab (Santa
Cruz) diluted in PBS-0.1% Tween 20, followed by TMB substrate
system. The ratios of the optical densities obtained with the anti-
k and anti-l Abs (k/l) were calculated for all samples. A k/l ratio
< 0.1 or >3 indicated the predominance of anti-complement
autoantibody of lambda or kappa LC specificity respectively, as

previously described. A ratio between 0.1 and 3 indicated both
kappa and lambda reactivity (11). The heavy chain (HC) IgG
subtypes of anti FH and anti CR1 IgG Ab were determined by
an anti-FH or anti-CR1 ELISA. After plasma incubation and
washing, isotype-specificmouse antibodies directed against IgG1,
IgG2, IgG3, and IgG4 (NL16 for IgG1, GOM2 for IgG2, ZG4 for
IgG3, and RJ4 or IgG4) (Unipath, Bedford, UK), diluted PBS-
0.1% Tween 20 were incubated 1 h. Bound IgG was revealed
by a rabbit anti mouse IgG Ab (Jackson ImmunoResearch)
diluted in PBS-0.1% Tween 20, followed by TMB substrate
system.

Determination of LC and HC Isotype
Specificity of Monoclonal Immunoglobulin
The analysis of serum MIg of 29/41 patients was performed by a
western blotting. Serum dilutions were adjusted to normalized
gamma globulin levels. Proteins were separated by high-
resolution thin layer agarose electrophoresis and transferred
on nitrocellulose sheets. After saturation with skimmed milk,
the blots were probed with polyclonal antibodies specific for
a, g, m, k or l Ig chains or with monoclonal antibodies
specific for IgG subclasses with NL16 for IgG1, GOM2 for
IgG2, ZG4 for IgG3, and RJ4 or IgG4 (Unipath, Bedford, UK),
followed by peroxydase coupled rabbit anti mouse IgG antibodies
(Jackson ImmunoResearch). The signal was developed by chemo
luminescence using ECL kit (Perkin Elmer) and MyECL Imager
(Thermo Scientific).

IgG Purification
Total IgG Purification
IgG were purified from plasma of MIg-C3G patients or from
plasma of control patients (healthy donors, patients with positive
C3NeF and patients with MIg but without kidney disease) by
using Protein G beads (GE Healthcare), as recommended by the
manufacturer. The concentration of the IgG was determined by a
Nanodrop spectrophotometer.

Purification of Monoclonal And Polyclonal Igs by

Chromatography
Monoclonal and polyclonal Ig fractions of 5 patients (with
monoclonal IgG) were purified using ion exchange column
chromatography. Each plasma sample was dialyzed against
10mM Tris (pH8). Prepaked diethyl-aminoethyl (DEAE)
trisacryl column (Life Science) was equilibrated with 10mM
Tris (pH8). The dialyzed samples were loaded onto the column
followed by elution with a 0–0.2M NaCl gradient in 10mM
Tris buffer (pH8). Serial 1ml fractions were collected and
assayed for protein concentration (280 nm OD). The fractions
were tested by agarose electrophoresis and immunofixation
to determine which fractions contained polyclonal
or MIg.

Cofactor Assays
C3 protein (20µg/ml; Calbiochem) was incubated at 37◦C for 0,
1, 5, or 10min with FI (10µg/ml; Complement Technologies)
and FH (20µg/ml; Complement Technologies, Tylor, Texas),
or soluble CR1 (10µg/ml; RandD Systems) in 10mM Tris,
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150mM NaCl, pH 7.4 in presence of 100µg/ml of total purified
IgG. Samples were boiled and the cleavage of the C3 was
probed by a Western blot, using SNAP system (Millipore).
After blocking with Tris 10mM, NaCl 150mM, 0.1% Tween,
1% BSA, the blots were probed with a 1:5,000 dilution of goat
anti-human C3 IgG (Calbiochem) followed by HRP-conjugated
rabbit anti-goat IgG (Santa Cruz). The signal was developed by
chemiluminescence using ECL kit (Perkin Elmer) and MyECL
Imager (Thermo Scientific). Cleavage efficiency was evaluated

TABLE 1 | Comparison of immunological findings in 41 MIg-C3G patients and

107 C3GN adults patients without MIg.

MIg-C3G Adults C3GN p-value

N = 41 N = 107

IMMUNOLOGICAL FINDINGS

C3 (mg/L) 703 (78-1220) 781 (67-1760) 0.86

Low C3 level, n(%) 18 (44%) 56 (40%) 0.71

C4 (mg/L) 250 (104-575)* 252 (94-751)* 1

sC5b-9 (ng/mL) 848 (164-2880) 478 (94-2582) 0.005

Elevated sC5b9 (upper

420ng/mL)

29/37 (78%) 47/76 (62%) 0.09

Elevated sC5b-9 (upper

twice the normal)

15/37 (41%) 13/76 (17%) 0.01

C3NeF, n(%) 3 (7%) 44/98 (45%) 0.0001

C5NeF, n(%) 0/12 (0%) 11/21(52%) 0.002

Anti-FH Abs, n(%) 9 (17%) 10/91 (11%) 0.09

Anti-FI Abs, n(%) 2 (5%) NA -

Anti-CR1 Abs, n(%) 11 (27%) 3/84 (4%) 0.0001

GENETIC ANALYSIS

Pathogenic variants 2/28(7%) 27/99 (27%)** 0.02

* C4 level was normal in all patients

**99 on 107 C3GN patients without monoclonal gammopathy were screened for genetics

abnormalities of complement proteins. Results are described in Servais et al. (4) and

Marinozzi et al. (6).

by the appearance of the α43 band and the disappearance
of the α-chain at 10min and quantitated by densitometry of
the scanned images. The ratio between α43 and the β bands
(representing the % of C3b cleaved) was plotted vs. the time of
incubation.

C3 Convertase Formation in Normal
Human Serum in Presence of Patients’ IgG
Purified total IgG from patients or healthy donors were
incubated for 30min at 37◦C with normal human serum diluted
1:3 in presence of EGTA-Mg to block the classical pathway
(10mM MgCl2,10mM EGTA, 40mM NaCl Hepes buffer). The
generation of C3a was quantified by the Micro Vue C3a Kit
(Quidel) according to the manufacturer’s instructions. IgG from
8 patients with MIg without kidney disease were used as
controls.

Fluid Phase C3 Convertase Activation in
Presence of Patients’ IgG
Total purified IgG (100µg/ml) were incubated for 45min at 37◦C
with C3 (25µg/ml), FB (0 to 50 ng), FD (0.05µg/ml) (all from
Complement Technologies, Tylor, Texas) in Hepes, 40mMNaCl
supplemented with 10mM MgCl2. The reaction was stopped
by adding DTT-containing sample buffer. The cleavage of C3
was probed by a Western blot, using SNAP system (Millipore).
After blocking with Tris 10mM, NaCl 150mM, 0.1% Tween,
1% BSA, blots were probed with a 1:5,000 dilution of goat
anti-human C3 IgG (Calbiochem) followed by HRP-conjugated
rabbit anti-goat IgG (Santa Cruz). The signal was developed by
chemiluminescence using ECL kit (Perkin Elmer) and MyECL
Imager (Thermo Scientific). Percentage of C3 cleavage revealing
convertase formation was characterized by the appearance of α’-
band and quantitated by densitometry of the scanned images.
The ratio between α’ and the β bands was calculated at 50 ng
of FB. The same experiment was reproduced with monoclonal
and polyclonal Ig fractions of 5 patients and with IgG of 3

FIGURE 1 | C3 and s C5b9 levels in C3G patients. (A) Plasma levels of C3 and (B) sC5b-9 of 41 patients with MIg-C3G (including 39 with C3GN and 2 with DDD

pattern) and adult C3GN patients without MIg (n = 107). For measurement of sC5b9, 76/107 C3GN patients were tested. Fifty healthy controls were used to calculate

the normal range of sC5b-9 (below 460 ng/ml). The mean ± standard deviation of each group is indicated.
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FIGURE 2 | Detection of auto-antibodies against complement proteins. (A–F) Reactivity of Ig in plasma samples against FH, C3b, FB, CR1, FI, and C3 convertase

(C3NeF assay). Samples from 41 MIg-C3G patients and 38 healthy individuals were tested. Results of C3NeF and other antibodies are expressed as percentage of

residual stabilization, and in arbitrary units (UA), respectively. For anti-FH, anti-C3b and anti-FB antibodies, we used positive controls as previously described (one

patient positive for anti-FH auto-antibodies in the setting of atypical HUS and one patient positive for both anti-C3b and anti-FB auto-antibodies) (11, 17). For the

other ELISA assays, results were considered as positive when the OD was upper the mean +2SD (of the OD obtained with IgG from healthy donors). The patient’s

sample with the higher OD value was then used to determine the UA.

MIg-C3GN patients after chemotherapy adapted to the B cell
clone. IgG from 8 patients with MIg without kidney disease
were used as controls. The same experiment was reproduced
with monoclonal and polyclonal fractions of 5 MIg-C3G patients
IgG.

C3 Convertase Activation on Immobilized
Patient IgG
Coating of ELISA plate was performed at 20µg/ml of purified
IgG in PBS for 1 h followed by a blocking of the plates by
PBS-0.4% Tween 20. After washing, C3 convertase was formed
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FIGURE 3 | Functional consequences of anti-complement antibodies. (A) Plasma levels of C3 and (B) sC5b-9 of 22 MIg-C3G patients with anti-complement protein

antibodies and 19 MIg-C3G without antibodies. (C-D) Analysis of Factor I-dependant cofactor activity of FH in presence of IgG from patients positive for anti-FH

antibodies and (E-F) of CR1 in presence of IgG from patients positive for anti-CR1 antibodies. Cleavage of C3b to iC3b was indicated by the generation of α43

fragment and decrease of the α-chain. The percentage of C3b cleaved was determined by the ratio α43/β chain (n = 3 experiments). *p < 0.05.

by adding C3 (25µg/ml), FB (0–50 ng), FD (0.05µg/ml) (all
from Complement Technologies, Tylor, Texas) diluted in Hepes,
40mM NaCl supplemented with 10mM MgCl2. The cleavage of
C3 was probed by a Western blot and quantified as described
above.

Statistical Analyses
Data are expressed as median (with range) for continuous
variables and percentage for categorical variables. Statistical
analyses were performed using the Mann-Whitney and Kruskal-
Wallis tests, as appropriate, for comparison of continuous
variables. Chi-square or Fisher’s exact tests were used for
comparison of categorical variables. P-values below 0.05 were
considered significant. Results were analyzed using the Graph
Pad Prism software.

RESULTS

MIg-C3G Is Associated With Biomarkers of
C3/C5 Convertase Activation
Forty-one patients from the French registry of C3Gmet inclusion
criteria (Supplemental Figure 1). Baseline clinical data and

complement biomarkers are detailed in Supplemental Table 1

and Table 1. At diagnosis, 18/41 (44%) MIg-C3G patients had a
low C3 level and a normal C4 (Table 1). Median C3 level of MIg-
C3G patients and C3GN patients without MIg were similar (p =
0.86) (Figure 1A). Soluble C5b-9 was increased in 29/37 (78%)
MIg-C3G patients and in 47/76 (62%) C3GN patients without
MIg (p = 0.09) (Table 1). Median sC5b-9 level was significantly
higher in MIg-C3G patients compared to patients without MIg
(p= 0.005) (Figure 1B).

Detection of Anti-complement Protein
Auto-antibodies in MIg-C3G
Samples were screened for C3 NeF/C5 NeF and auto-antibodies
targeting 5 proteins of the AP (Figures 2A-F). Anti-FH auto-
antibodies, C3NeF and anti-FI auto-antibodies were detected
in 17% (9/41), 7% (3/41), and 5% (2/41) of MIg-C3G patients,
respectively. None had anti-C3b, anti-FB antibodies or C5NeF.
Eleven patients were positive for anti-CR1 auto-antibodies
(11/41, 27%) (Figure 2E and Supplemental Figure 2A). The
characteristics of the binding of anti-CR1 positive IgG to
CR1 by Surface Plasmon Resonance (SPR) are provided
(Supplemental Figures 2B-C). Overall, anti-complement
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TABLE 2 | Heavy and light chain characterization of anti-complement protein Ab

and monoclonal immunoglobulin.

Patient MIg Anti-complement protein Ab Similar HC and

LC specificity

between Ab

and MIg
Spécificity HC LC

G30 IgG1λ Anti FH γ3 κ and λ No

G22 IgG4k Anti FH γ2 κ and λ No

G38 IgG2k Anti FH γ2 κ Yes

G55 IgAk Anti FH α κ Yes

G8 IgG4l Anti CR1 γ1 κ and λ No

G13 IgG1k Anti CR1 γ1 κ and λ No

G15 IgG1λ Anti CR1 γ1, γ4 κ and λ No

G35 IgG3k Anti CR1 γ1 κ and λ No

G28 IgG2k Anti CR1 γ1 κ and λ No

G54 LCk Anti CR1 γ1 κ and λ No

G40 IgAk Anti FI α κ Yes

G20 IgG2λ Anti FH/CR1 Anti-FH γ1 and κ and λ No

Anti-CR1

G32 IgG4l anti FH/anti CR1 Anti-FH γ2 and κ and λ No

Anti-CR1 γ1

Abbreviations: Ab, antibody, HC: heavy chain, LC: light chain, MIg: monoclonal

immunoglobulin

auto-antibodies were detected in 20/41 (49%) MIg-C3G
patients, including 4 patients with combined anti-FH
and anti-CR1 antibodies and 1 with anti-FI and anti-FH
antibodies.

C3 and sC5b9 levels were similar in patients with or without
antibodies (Figures 3A,B). Compared to C3GN patients without
MIg, MIg-C3G patients had significantly lower frequency of
C3NeF [3/41(7%) vs. 44/98(45%); p = 0.0001] and C5NeF
(p = 0.002), higher frequency of anti-CR1 auto-antibodies
[11/41(27%) vs. 3/84(4%); p = 0.0001] and similar frequency of
anti-FH auto-antibodies (Table 1).

Functional studies were carried out in patients with anti-
FH, anti-CR1 and anti-FI antibodies. We studied the impact of
anti-FH antibodies on AP regulation by studying the capacity
of FI to cleave C3b in iC3b in presence of FH. We performed
a fluid phase cofactor assay in presence of total IgG purified
from patients with anti-FH antibodies or healthy donors (HD).
The C3b cleavage was revealed by Western Blot and ratio α43-
chain on β-chain of C3b, determined by densitometry, was
used to determine the % of C3b cleavage. C3b cleavage was
significantly decreased in 3/9 patients with anti-FH antibodies
(Figures 3C,D).

We next studied the functional properties of anti-
CR1 antibodies. The presence of anti-CR1 antibodies
resulted in decreased capacity (from 12 to 25%) of C3b
to bind CR1, as demonstrated by SPR-based technology
(Supplemental Figures 2D–F). Moreover, by Western blot,
significant reduced CR1 cofactor activity for FI was obtained
in presence of IgG purified from 4/7 anti-CR1 positive patients
(Figures 3E,F). In 2 patients with anti-FI antibodies, C3b
cleavage by FI in presence of FH was not decreased (data not
shown).

Study of Light and Heavy Chain Isotype
Specificity of Anti-complement Protein
Antibodies
MIg heavy chain (HC) and light chain (LC) isotype
specificities were determined by immunoblot in 29 patients
(Supplemental Table 2).

Using ELISA, we determined heavy chain (HC) and light
chain (LC) isotype specificity of anti-complement antibodies in
13 positive patients. In 3 cases, anti-FI IgA, anti-FH IgG or anti-
FH IgA antibodies displayed similar HC and LC restriction as
the MIg. In 10/13 (77%) positive patients, the MIg HC (all of
IgG isotype) and/or LC did not match those of the respective
auto-antibodies (Table 2).

Patients’ Ig Induce Fluid-Phase and
Solid-Phase AP Convertase Activation
To test the capacity of total purified IgG (containing the MIg)
of MIg-C3G patients to activate complement AP, we measured
C3a release in normal human serum (NHS) by ELISA after
incubation with patients’ IgG or IgG from healthy donors
(Supplemental Figure 3). For 10/32 patients’ IgG, C3a level was
above the mean+2SD cut-off obtained with IgG from healthy
donors (Supplemental Figure 3A). C3a release was similar in
MIg-C3G patients with or without anti-complement protein
auto-antibodies (Supplemental Figure 3B).

To demonstrate that IgG of MIg-C3G patients directly
enhance the C3 cleavage into C3b without the influence of
auto-antibodies, purified C3, FB, FD were incubated with total
IgG from controls (Healthy-donors (HD) and patients with
MIg without kidney disease) and MIg-C3G patients and tested
in solution or on IgG-coated plate in presence of EGTA-
Mg2+. The % of C3 cleavage into C3b was determined by

Western blot, by measuring the ratio between α
′

chain and
βchain of C3b, determined by densitometry. Mean % of C3
cleavage was 38% in the presence of IgG from HDs in solution
(mean + 2DS of the ratio = 56%) and 39% on HD-IgG-
coated plate (mean + 2DS of the ratio = 59%). Cleavage of
C3 was increased (higher than mean+2SD) in presence of
12/34 MIg-C3G patients’ IgG in solution (Figures 4A,B) and
on 13/34 IgG-coated plates (Figures 4C,D). Total IgG purified
from 3 patients increased C3b formation both in solution and
on coated IgG. Patients’ IgG that activated the C3 convertase
in solution or on coated phase were named “C3-activating
IgG.” Altogether 22/34 tested patients’ IgG displayed capacity
to cleave C3. In both experimental conditions, C3b formation
was significantly higher compared to that obtained in presence
of total IgG from patients with MIg but without kidney
disease (Figures 4B,D). C3 cleavage was similar in MIg-C3G
patients with or without anti-complement protein antibodies
(Supplemental Figures 3C,D).

C3 levels were significantly lower in patients positive for C3-
activating IgG than in those negative (P = 0.03) (Figure 4E),
whereas there was no difference for sC5b9 in plasma (p = 0.94)
(Figure 4F). Plasma sC5b9 levels were upper than twice the
normal value in 12/22 (57%) patients with C3-activating IgG and
in 3/14 (21%) patients without this capacity (p= 0.04).
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FIGURE 4 | AP convertase activation in presence of patients’ total purified IgG. (A) MIg-C3G patients’ IgG were tested for their capacity to enhance fluid phase AP

C3 convertase formation. Cleavage of C3 to C3b by fluid phase C3 convertase was measured by the generation of the α’ chain. Result of patient G12 is provided

compared to Healthy donor (HD) (B) C3 convertase activity was significantly increased in presence of MIg-C3G patients’ IgG compared to Ig from HD or Ig from

patients with MIg without kidney disease (MIg w/o KD). In presence of Ig from 12/34 patients, % of C3 cleavage was significantly increased [above the cut-off

(mean+2SD)]. (C) MIg-C3G patients’ IgG coated on well plates were tested for their capacity to enhance AP C3 convertase formation. Cleavage of C3–C3b by fluid

phase C3 convertase was measured by the generation of the α’ chain. Result of patient G38 is provided compared to HD (D) C3 convertase activity was significantly

increased in presence of MIg-C3G patients’ IgG compared to Ig from healthy donors or Ig from patients with MIg without kidney disease (MIg w/o KD). IgG from

patients able to enhance C3 convertase in fluid phase or on well plate were named “C3-activating” Ig (E) C3 level of patients with “C3-activating” IgG was significantly

increased compared to patients without “C3-activating” IgG. (F) sC5b9 level of patients with “C3-activating” IgG was similar to patients without “C3-activating” IgG.

Monoclonal Ig Are Able to Enhance Fluid
Phase C3 Convertase Overactivation
To identify the components involved in the AP activation, the
MIg was separated from polyclonal Ig by chromatography in
2 patients with C3-activating IgG (G12, G20) and 3 patients
without C3 activating IgG in fluid phase (G38, G40, G24).
In samples from patients G12 and G20, C3b formation was
increased in presence of the MIg compared to the polyclonal Ig
(Figures 5A,B).

We also investigated whether the capacity of total IgG
to activate the AP disappeared after complete hematological
response (as assessed by negative serum immunofixation)
following chemotherapy. Blood samples from 3 patients (G5,
G37, G53) in whom total IgG were responsible for C3 cleavage

in solution were available. In all three cases, C3 cleavage was
significantly reduced in presence of total IgG purified from blood
after treatment compared to that obtained with IgG from the
same patients at diagnosis (Figures 5C–E).

DISCUSSION

We described for the first time the mechanisms of complement
alternative pathway dysregulation in a peculiar group of
patients with C3G associated with monoclonal immunoglobulin
(MIg-C3G). We found anti complement antibodies in more
than 50% of patients but with different target compare to
C3G patients without monoclonal gammopathy suggesting
that the two diseases are distinct. Moreover, our results
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FIGURE 5 | Monoclonal Ig promotes fluid phase C3 convertase activation. (A) Polyclonal and monoclonal Ig fractions of 5 MIg-C3G patients were tested for their

capacity to enhance fluid phase AP C3 convertase. Cleavage of C3 to C3b by C3 convertase was indicated by generation of the α’ chain. (B) In 2 out 5 patients (G12,

G20), C3 cleavage was increased in presence of the monoclonal Ig fraction (white bars) compared to polyclonal fraction (black bars) (n = 3 experiments). In the

samples with C3-activating IgG on coated plate, negative for the tests in solution (G38 and G40) and “non C3-activating IgG (G56), C3 convertase activity was similar

in presence of the monoclonal and polyclonal Ig fractions. (C–E) C3 cleavage by a fluid phase C3 convertase was decreased in 3 patients with “fluid phase activator ”

Ig (G5, G37, G53) in presence of Ig purified from plasma collected after hematological response (HR) compared to Ig purified from plasma collected at diagnosis of

C3G (n = 3 experiments).

highlight a contribution of both monoclonal and polyclonal
Ig in the inappropriate activation of complement AP in
MIg-C3G patients, paving the way to new therapeutic
strategies.

In the French cohort of adult C3G without detectable MIg,
impaired complement control is driven by C3NeF and by genetic
variation in complement genes in 45 and 27%, respectively.
Genetic abnormalities were identified in only 7% of tested MIg-
C3G patients, suggesting that genetic factors do not play a
major role in MIg-C3G. This result is in agreement with those
of a recent study in which none of 21 tested patients had
any genetic abnormalities (18). Exhaustive screening identified
auto-antibodies targeting complement proteins in about 50%
of MIg-C3G patients. However, the targets of anti-complement
auto-antibodies were different between C3G patients with and
without MIg. Indeed, C3NeF was found in only 7% of MIg-
C3G patients. This is in agreement with previous small cohort
studies, which identified C3NeF in 0/6 and 2/9MIg-C3G patients
(14, 15). The presence of C5NeF stabilizing the C5 convertase
has been recently described in 56% of patients with C3GN (6).
Interestingly, despite elevated sC5b-9 level in 80% of MIg-C3G
cases, C5NeF was negative in all tested patients. The frequency
of anti-FH auto-antibodies was low and similar to C3G patients
without MIg (11, 12). In contrast, we found that 27% of MIg-
C3G patients had anti-CR1 auto-antibodies, undetectable in C3G
patients without MIg. Interestingly, CR1 which is expressed by
podocytes, emerges as a novel disease-relevant target in C3G (19)
and auto-antibodies targeting CR1 have been found in patients
with multiple myeloma (20). We further explored functional

consequences of these antibodies. Cofactor activity of both CR1
and FH was decreased in 4/7 and 3/9 patients positive for
anti-FH or anti-CR1 antibodies, respectively, whereas it was
normal in two patients with anti-FI antibodies suggesting that
these antibodies have limited functional consequences on AP
regulation. C3 and sC5B9 levels were similar in patients with
or without anti-complement protein antibodies, confirming the
weak contribution of these antibodies in AP dysregulation in
MIg-C3G.

The initial assumption was that autoantibodies targeting
complement proteins were monoclonal. Indeed, in 1999,
Jokiranta et al. demonstrated that a dimeric monoclonal
lambda LC, identified in a patient with glomerulonephritis
and predominant C3 deposits, was able to bind FH as an
auto-antibody, resulting in uncontrolled AP activation in vitro
(21). In the current study, we showed a concordance in the
heavy and light chain isotypes of MIg and anti-complement
protein auto-antibodies in only 3/13 patients. Therefore, our
results suggest that in most cases anti-complement protein
reactivity is not borne by the MIg. This result is in agreement
with other kidney diseases mediated by auto-antibodies,
where the implication of monoclonal autoantibodies remains
exceptional (22, 23).

Further, we tested a new hypothesis according to which the
MIg could serve directly as a complement-activating surface.
We designed an experiment to study C3 cleavage without
interference with the regulatory proteins and thus without the
contribution of anti-complement protein antibodies. In 22/34
(65%) of cases, patients’ IgG enhanced C3 cleavage, and therefore
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they could be considered as C3-activating IgG. Interestingly, C3
level was significantly lower in patients with C3-activating IgG
than in those without. Moreover, the percentage of patients with
sC5b9 levels higher than twice the normal value was significantly
increased in patients with C3-activating IgG compared to those
patients without C3-activating IgG. Interestingly, the capacity of
patients’ IgG to enhance C3 cleavage was not increase in patients
with MIg but without kidney disease and the link between an
ongoing complement activation in MIg-C3G patients and the
MIg remains speculative. The direct role of the MIg in AP
activation was strongly suggested in 5 patients. Indeed, in 3
of them, we demonstrated the disappearance of the capacity
of total IgG to activate the C3 convertase once the MIg had
become undetectable after chemotherapy. In 2 patients, we
showed the increased capacity of the MIg to enhance fluid
phase C3 convertase activity compared to the polyclonal IgG
from the same patients. It is well established that MIg have
peculiar physicochemical properties due to different profiles of
glycosylation or mutations/deletions of the variable or constant
domain (24). These peculiarities are likely to account for the
variable capacity of these MIg to enhance C3 convertase in vitro.
It is tempting to speculate that the nascent C3b, generated by slow
fluid phase activation of C3, binds to MIg and forms a starting
point for the subsequent assembly of C3 convertase.

In a recent clinical study, we demonstrated that achievement
of rapid and deep hematological response with clone-targeted
chemotherapy significantly improved renal survival in MIg-
C3G patients and that C3 levels in patients with hematological
response were significantly higher compared with pretreatment
C3 levels (16). The present provides more support for a link
between the monoclonal Ig and renal disease. Therefore targeting
the responsible clone should be a therapeutic goal to preserve or
improve renal function in these patients.

Our study has some limitations. It is a retrospective study
with a relatively low number of patients. Most patients had low
amounts of MIg making the MIg purification process difficult
or even impossible. These limitations did not allow us to
investigate the direct contribution of MIg in AP dysregulation
in all patients, and further studies are needed to depict the full
pathophysiological spectrum of MIg in C3GP.

In conclusion, our study highlight different complement AP
activation mechanisms in C3G associated with MIg compared to
C3G without MIg.We demonstrated that IgG isolated fromMIg-
C3G patients directly activate the AP in 65% of cases and our
findings provide further evidence that monoclonal gammopathy
is a cause of the disease, particularly in patients with very high
levels of sC5b9 at diagnosis. Our results highlight the need to
consider chemotherapy targeting the B cell clone in the treatment
strategy of MIg-C3G patients.
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Membranoproliferative glomerulonephritis (MPGN) was recently classified as C3

glomerulopathies (C3G), and immune-complex (IC) mediated MPGN. Dysregulation of

the complement alternative pathway, driven by acquired and/or genetic defects, plays a

pathogenetic role in C3G. However, alternative pathway abnormalities were also found

in IC-MPGN. The most common acquired drivers are the C3 nephritic factors (C3NeFs),

heterogeneous autoantibodies that stabilize the C3 convertase, C3bBb. C3NeFs are

traditionally detected by hemolytic assays based on sheep erythrocyte lysis, which

however do not provide a direct molecular estimation of C3bBb formation and decay. We

set up a microplate/western blot assay that specifically detects and quantifies C3bBb,

and its precursor, the C3 proconvertase C3bB, to investigate the complex mechanistic

effects of C3NeFs from patients with primary IC-MPGN (n = 13) and C3G (n = 13).

In the absence of properdin, 9/26 patients had C3NeF IgGs stabilizing C3bBb against

spontaneous and FH-accelerated decay. In the presence of properdin the IgGs of all

but one patient had C3bBb-stabilizing activity. Properdin-independent C3NeFs were

identified mostly in DDD patients, while properdin-dependent C3NeFs associated with

either C3GN or IC-MPGN and with higher incidence of nephrotic syndrome. When we

grouped patients based on our recent cluster analysis, patients in cluster 3, with highly

electron-dense intramembranous deposits, low C3, and mostly normal sC5b-9 levels,

had a higher prevalence of properdin-independent C3NeFs than patients in clusters 1 and

2. Conversely, about 70% of cluster 1 and 2 patients, with subendothelial, subepithelial,

and mesangial deposits, low C3 levels and high sC5b-9 levels, had properdin-dependent

C3NeFs. The flexibility of the assay allowed us to get deep insights into C3NeF

mechanisms of action, showing that: (1) most C3NeFs bind strongly and irreversibly to

C3 convertase; (2) C3NeFs and FH recognize different epitopes in C3 convertase; (3)

C3NeFs bind rapidly to C3 convertase and antagonize the decay accelerating activity

of FH on newly formed complexes; (4) C3NeFs do not affect formation and stability
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of the C3 proconvertase. Thus, our study provides a molecular approach to detecting

and characterizing C3NeFs. The results highlight different mechanisms of complement

dysregulation resulting in different complement profiles and patterns of glomerular injury,

and this may have therapeutic implications.

Keywords: C3 glomerulopathy, membranoproliferative glomerulonephritis, complement alternative pathway, C3

nephritic factors, terminal complement complex, C3 convertase, factor H

INTRODUCTION

Membranoproliferative glomerulonephritis (MPGN) is a rare
chronic kidney disorder associated with thickening of the
glomerular capillary wall and mesangial expansion, which are the
result of the deposition of immune-complexes and complement
factors (1, 2). Evidence of the participation of the third fraction
of complement C3 in this type of lesion, dates back to the middle
of the last century (3, 4). Traditionally, on the basis of electron
microscopy localization of electron-dense deposits relative to the
glomerular basement membrane, MPGN was divided into type
I, with subendothelial deposits (5), type II or Dense-Deposit
Disease (DDD), with intramembranous highly electron-dense
deposits (6), and type III, with subendothelial and subepithelial
deposits (7).

An advanced approach toward an etiology-based diagnosis

of this disease arose from the more recent immunofluorescence
(IF)-based classification that distinguishes between immune-

complex-mediated MPGN (IC-MPGN), with glomerular
IgG and C3 deposits, and C3 glomerulopathy (C3G) with

predominant C3 deposits (8, 9). C3G is further divided into

DDD, with distinctive highly electron-dense deposits within the
glomerular basement membrane; and C3 glomerulonephritis

(C3GN), with mesangial, intramembranous, subendothelial and
sometimes subepithelial deposits (1, 6, 10, 11). According to the
current classification, IC-MPGN derives from the deposition
of immune-complexes that form in the context of infections,
autoimmune diseases and malignancies, and trigger the classical
complement pathway (8). C3G instead arises from abnormalities
in the control of the complement alternative pathway (8).
However the distinction of IC-MPGN as an immune-complex
mediated disease and C3G as an alternative pathway-mediated
disease leaves a number of questions open. In up to 25–30%
of cases classified as IC-MPGN based on the IF finding, an
underlying condition could not be identified (11, 12). In
addition, in about 16% of patients undergoing repeated kidney
biopsies the diagnosis shifted from IC-MPGN to C3G and
vice versa (11, 13). Finally, genetic and acquired alternative
pathway abnormalities have been found as frequently in patients
with IC-MPGN as in those with C3G (14–16), suggesting that
dysregulation of the complement alternative pathway may play a
role in both conditions.

The most common acquired drivers in primary IC-MPGN
and C3G are the C3 nephritic factors (C3NeFs) (17–20) a
heterogeneous group of autoantibodies that bind to neoepitopes
of the C3 convertase complex C3bBb, the key amplifying enzyme
of the complement alternative pathway that cleaves C3 to C3a

and C3b (21, 22). C3NeFs stabilize both the fluid-phase and the
cell-bound C3 convertase (23), markedly increasing its half-life
and inhibiting the accelerated decay mediated by complement
regulators such as factor H (FH), decay-accelerating factor (DAF)
and complement receptor 1 (CR1) (20, 24, 25). C3NeFs are
present in 40-50% of patients with IC-MPGN or C3GN and in
70–80% of patients with DDD (14, 16, 26).

A consensus regarding the detection and characterization
of C3NeFs is lacking. Few specialized laboratories routinely
measure C3NeFs using different methods: they predominantly
use hemolytic assays based on the evaluation of the lysis
of sheep erythrocytes carrying preformed alternative pathway
C3 convertase (27). There is still uncertainty regarding the
pathogenetic role of C3NeFs in IC-MPGN and C3G. C3NeF
activity, as measured by the hemolytic assays correlates
poorly with disease activity and with circulating complement
parameters. Some C3NeFs induce C3 consumption in the fluid
phase, but do not always enhance the activation of the terminal
pathway (28, 29), other C3NeFs are even associated with normal
or near normal C3 levels (30). Recent studies have explored
the mechanisms of action of C3NeFs in patients with C3G
using several functional assays based on ELISA (31), surface
plasmon resonance (31) and modified hemolytic assays (26,
28), which confirmed the heterogeneous nature of C3NeFs.
Some C3NeFs were found to require the presence of properdin
to carry out their stabilizing activity on the C3 convertase
(26, 28, 31) and were called C5NeFs since they also activated
the terminal complement pathway, while other C3NeFs were
properdin-independent and had no effect on C5-cleavage. In
one study, some correlation was found with complement profile
and histology diagnosis: indeed, properdin-dependent C3NeFs
(C5NeFs) were more frequent in patients with C3GN and high
plasma levels of the soluble terminal complement complex sC5b-
9, while properdin-independent C3NeFs were associated with
DDD and complement activation restricted to the C3 level
(28). However, electron microscopy examination was lacking in
about half of patients, which questions regarding the distinction
between C3GN and DDD. In addition, the above published
studies did not include patients with IC-MPGN.

In this study we set up a user-friendly method that
specifically detects and quantifies the alternative pathway C3
convertase, C3bBb, and its precursor, the C3 proconvertase
C3bB, to investigate the complex mechanistic effects of C3NeFs
in the pathogenesis of complement dysregulation in patients
with IC-MPGN and C3G. The specific aims were: (1) to
characterize and quantify C3NeF activity in stabilizing C3
convertase and its FH-mediated accelerated decay; (2) to
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investigate the effect of properdin on the activity of C3NeFs;
(3) to evaluate whether the results of C3NeFs assays correlate
with complement profile, clinical features and histological
diagnosis.

Through unsupervised hierarchical clustering we recently
identified, among IC-MPGN and C3G patients, four clusters,
indicating the existence of different pathogenetic patterns
underlying complement activation and glomerular injury (15).
A large majority of patients carrying C3NeFs, as measured
by the hemolytic assay, were included in clusters 1–3, while
patients in cluster 4 had a very low prevalence of C3NeFs. In
addition, clusters 1–2 included patients with alternative pathway
activation at the C3 and C5 levels, as highlighted by low serum
C3 and high plasma sC5b9 levels; while patients in cluster
3 had alternative pathway activation mainly at the C3 level
(15). Thus, a further aim of this study was to use the new
method to compare the activity of C3NeFs between patients
in clusters 1–3.

Finally we investigated the mechanisms by which C3NeFs
antagonize the FH-mediated regulatory activity on C3 convertase
and whether C3NeFs had any effect on the formation and decay
of the C3 proconvertase, issues that have not been investigated in
depth so far.

MATERIALS AND METHODS

Patients and Controls
Twenty-six patients with primary IC-MPGN or C3G were
selected from the previously described cohort (15) based on
positivity for C3NeF by hemolytic assay (>20%) (27), as well as
on the availability of suitable amounts of serum samples collected
outside of treatment with steroids, immunosuppressive drugs or
eculizumab.

A diagnosis of MPGN was established in patients with the
typical light microscopy pattern with mesangial hypercellularity,
endocapillary proliferation, and capillary wall remodeling (1).
Patients with glomerular immunoglobulin and C3 deposits at IF
were considered IC-MPGN (8). C3G was diagnosed based on
the presence of MPGN or mesangial proliferative patterns with
“dominant C3” glomerular staining (C3c staining intensity at
least two orders of magnitude greater than any other immune-
reactant including IgG, IgM, IgA, and C1q on a 0 to 3 scale)
(10). Based on electron microscopy, C3G was further classified as
DDD or C3GN. Patients with MPGN secondary to autoimmune
diseases, monoclonal gammopathy, infections (HBV, HCV and
HIV), neoplasia or atypical hemolytic uremic syndrome were
excluded.

Control sera were obtained from 26 donors with no history
of renal disease. Twelve patients with primary IC-MPGN or
C3G (IC-MPGN, n = 5; C3GN, n = 4; DDD, n = 3) without
C3NeF activity by hemolytic assay were also studied as additional
controls. The above patients were selected to be homogenously
distributed among clusters 1 to 4 (n= 3 for each cluster) (15).

All participants provided informed written consent. The study
adheres to the Declaration of Helsinki and was approved by the
Ethics Committee of the Azienda Sanitaria Locale of Bergamo
(Italy).

Serum and Plasma Complement Profile
and Genetic Analysis
Complement C3 levels in serum were measured by
nephelometry. SC5b-9 and C3d levels were evaluated in
plasma by MicroVue sC5b-9 Plus EIA (sC5b-9 Plus; Quidel),
and ELISA (Human complement C3d ELISA kit Assaypro LLC),
respectively. For the latter tests, blood was collected in ice-cold
EDTA tubes and immediately centrifuged at 4◦C to avoid ex vivo
complement activation. Plasma was quickly separated and frozen
at −80◦C until assayed. Normal ranges were defined as follows:
C3, 90–180 mg/dl (mean ± 2 SD of the laboratories of the ASST
Papa Giovanni XXIII, Bergamo, Italy); sC5b-9, 127–400 ng/ml
(mean ± 2 SD of 50 healthy control subjects); C3d/C3 ratio,
0.01-0.09 (mean± 2SD of 15 healthy control subjects).

Screening for CFH, MCP, CFI, CFB, C3 and THBD coding
sequences was performed by amplicon-based next generation
sequencing (14). Rare functional variants (missense, nonsense,
indel, or splicing variants with minor allele frequency, MAF
<0.001 in 1,000Genomes and ExAC databases) were selected and
defined as likely pathogenetic, or pathogenetic when published
functional studies were available. Anti-FH autoantibodies were
measured in plasma by ELISA (32).

Selective C3bB C3 Proconvertase and
C3bBb C3 Convertase Formation and
Decay Assays
For the generation of alternative pathway C3bBC3 proconvertase
and C3bBb C3 convertase we first tried an ELISA assay previously
described by Hourcade et al. (33, 34). ELISA plates (Nunc-
Immuno Maxisorp) coated with 3µg/ml C3b (Complement
Technology Inc., Tyler, TX) were incubated at 37◦C for 2 h
with different concentrations of FB (0–500 ng/ml, Complement
Technology Inc.) in the absence or in the presence of FD
(25 ng/ml, Complement Technology Inc.), respectively, both
diluted in assay buffer (8.1mM Na2HPO4, 1.8mM NaH2PO4,
4% BSA, 0.1% Tween20, and 75mM NaCl) containing 2mM
NiCl2. After washes with wash buffer (8.1mMNa2HPO4, 1.8mM
NaH2PO4, 0.1% Tween20 and 25mM NaCl) supplemented with
2mM NiCl2, the C3bB and C3bBb complexes were detected by
ELISA using polyclonal goat anti-human FB antibody (Quidel,
San Diego, CA) diluted 1:10,000, followed by HRP-conjugated
anti-goat antibody (1:40,000; Sigma Aldrich), both diluted in
antibody buffer (8.1mM Na2HPO4, 1.8mM NaH2PO4, 4% BSA,
0.1% Tween20 and 25mM NaCl) supplemented with 2mM
NiCl2. Color was developed using 3,3

′, 5, 5′-teramethylbenzidine
(TMB) substrate (Tema Ricerca srl, Bologna, Italy) and stopped
with H2SO4 2M, and absorbance was measured at 450 nm.
Each reaction was performed in duplicate and the OD values
averaged. As shown in Supplementary Figure 1A, the ELISA
curves from the reaction of coated C3b with either FB alone
or FB plus FD showed dose-dependent superimposable profiles,
indicating that the ELISA assay cannot selectively discriminate
between C3bB and C3bBb formation. To specifically generate
either C3bB or C3bBb complexes, we exploited the selective
stabilization abilities of Mn2+and Mg2+, respectively (35, 36).
For the generation of C3bB(Mn2+) or C3bBb(Mg2+) complexes,
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C3b-coated microtiter wells were treated as above, except that
the incubation was performed in the presence of 2mM MnCl2
for 2 h at 37◦C (Supplementary Figure 1B) or 10mM MgCl2
for 30min at 25◦C (Supplementary Figure 1C), respectively. In
either condition the amount of the complexes formed was too
small to be detected by ELISA, likely due to dissociation of FB
and Bb from C3bB(Mn2+) and the C3bBb(Mg2+) respectively,
during post-reaction incubations with primary and secondary
antibodies and the intercurrent washing steps.

Thus we used a combined microplate and western blot
(WB) technique to specifically detect C3bB and C3bBb (37).
Briefly, C3bB(Mn2+) complexes were formed by incubating C3b-
coated wells at 37◦C for 2 h with FB (1,000 ng/ml), diluted
in the assay buffer (8.1mM Na2HPO4, 1.8mM NaH2PO4,
0.1% Tween 20, and 75mM NaCl) supplemented with 4%
BSA, and 2mM MnCl2. C3bBb(Mg2+) complexes were formed
by incubating C3b-coated wells at 25◦C for 12min with FB
(1,000 ng/ml) and FD (10 ng/ml,) both diluted in assay buffer
supplemented with 0.5% BSA and 10mM MgCl2. After washes,
the protein complexes were detached from microtiter wells
with EDTA 10mM and SDS 1% for 1 h, subjected to 10%
SDS-PAGE, and transferred by electroblotting to Hybond-
P hydrophobic polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences, GE Healthcare, Euroclone Spa, Milano
Italy). Proteins were detected with a polyclonal goat anti-
human FB antibody (Quidel, San Diego, CA) followed by
HRP-conjugated anti-goat Ab (Sigma Aldrich) and the ECL
system (Amersham Biosciences, GE Healthcare, Euroclone Spa,
Milano Italy). C3-proconvertase and C3-convertase formation
were evaluated by the visualization by WB of the FB (93 kDa) or
the Bb band (60 kDa), respectively (Supplementary Figure 1D).
Images were acquired by the Odyssey Imager instrument (Licor).

For the generation of C3bB(Ni2+) and C3bBb(Ni2+)
complexes, C3b-coated wells were incubated at 37◦C with FB
(1,000 ng/ml) and FD (10 ng/ml) in assay buffer containing 2mM
NiCl2 for 30min. Then the Ni2+-protein complexes formed in
the presence or in the absence of FD were evaluated by WB as
described above. In the presence of FD, both FB (93 KDa) and
Bb (60 KDa) bands were visualized (Supplementary Figure 1D)
indicating that only a portion of C3bB was converted to C3bBb.

The intensity of the bands detected in WB was estimated by
densitometry using NIH Software ImageJ (NIH, USA).

To study spontaneous or FH-mediated decay of C3
convertase and C3 proconvertase over time, C3bBb(Mg2+)
and C3bB(Mn2+) were allowed to form for 12min at 25◦C
and 2 h at 37◦C, respectively, as reported above. In some wells
the formed complexes were detached from microtiter wells
with EDTA 10mM and SDS 1%, subjected to WB analyses as
described above and used as baseline.

Additional wells were then washed and the formed complexes
were incubated with selective assay buffers in the presence or in
the absence of FH (2,640 ng/ml; physiological molar ratio FB:FH
= 1:1.6; Merck) for the following time periods: C3bBb(Mg2+), 2,
8, 16, and 32min; C3bB(Mn2+), 30, 60, 120, and 240min.

To study the spontaneous or FH-mediated decay of C3bB
and C3bBb simultaneously, C3bB(Ni2+) and C3bBb(Ni2+) were
formed together during a 30min period at 37◦C. In some

wells the formed complexes were detached from microtiter wells
with EDTA 10mM and SDS 1%, subjected to WB analyses,
and used as baseline. Additional wells were then washed and
spontaneous and FH-mediated decay of the formed complexes
were monitored by incubating the wells at 37◦C with assay
buffer alone or with FH (2,640 ng/ml) for 5, 30, 60, and 120min.
Following washes, the remaining complexes were detached from
microtiter wells with EDTA 10mM and SDS 1% and subjected
to WB analyses. The percentage of residual Bb or B band was
calculated as the ratio of the densities (in Pixel2) of the Bb or B
bands after decay and the corresponding baseline Bb or B band
density before decay x 100.

C3NeF C3 Convertase-Stabilizing Activity
Assays
IgGs were isolated from sera by the Melon Gel IgG Purification
Kit (Thermo Scientific, VWR International PBI srl, Milano Italy)

To evaluate the ability of C3NeF IgG to stabilize the alternative
pathway C3 convertase, C3bBb, against spontaneous and FH-
mediated decay, we adapted the microplate/WB described above.
Three protocols were set up. Each C3NeF IgG sample was
analyzed three times.

Protocol 1. C3b-coated wells were incubated for 12min at
25◦C with 1,000 ng/ml FB, 10 ng/ml FD, 100µg/ml IgGs purified
from patients or controls, and 10mM MgCl2, in the absence or
in the presence of 2,640 ng/ml FH. In some wells the formed
complexes were detached with EDTA 10mM and SDS 1%, and
subjected to WB analyses. The amount of C3bBb formed in the
absence of FH was used as the baseline.

In additional wells, the complexes formed in the absence
of FH were washed and C3NeF IgG C3 convertase-stabilizing
activity (CSA) was evaluated by incubation for 32min at 25◦C
with buffer alone (sCSA) or with buffer containing 2,640 ng/ml
FH, (FH-CSA). Following washes, the residual C3bBb C3
convertase complexes were detached from microtiter wells with
EDTA 10mM and SDS 1% and subjected to WB analyses.
The intensity of the band detected in WB was estimated by
densitometry using NIH Software ImageJ (NIH, USA). The
percentage of residual Bb band was calculated as the ratio
of the densities (in Pixel2) of each Bb band after decay
and the corresponding baseline Bb band density before decay
x 100.

Protocol 2. C3b coated wells were incubated for 12min at
25◦C with 1,000 ng/ml FB, 10 ng/ml FD, and 10mM MgCl2.
After washing, the complexes formed were incubated for 32min
at 25◦C in the presence of 100µg/ml IgGs purified from
patients or healthy controls without (spontaneous decay) or
with (FH-mediated decay) 2,640 ng/ml FH. Following washes,
the residual C3bBb C3 convertase complexes were detached
from microtiter wells. The C3NeF IgGs C3 convertase stabilizing
activity was calculated as the ratio of the densities (in Pixel2)
of Bb bands after decay in the presence of patient IgGs
and the Bb bands after decay in the presence of control
IgGs.

Protocol 3. The C3 convertase-stabilizing activity assay with
properdin (PCSA) assay, is similar to the CSA, with the only
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difference that properdin (P; purified from human serum,
Complement Technology Inc.) is included in the protocol
during C3 convertase formation. Briefly, C3b-coated wells were
incubated for 12min at 25◦C with 1,000 ng/ml FB, 10 ng/ml
FD, 100µg/ml IgGs purified from patients or healthy controls
and 10mM MgCl2, in the presence of 500 ng/ml properdin
(Complement Technology Inc.). The C3 convertase formed,
C3bBbP, was allowed to decay in the absence (sPCSA) or in the
presence of FH (FH-PCSA) for 32min at 25◦C. After washes,
the following steps were identical to those described above. The
percentage of residual Bb band was calculated as the ratio of
the densities (in Pixel2) of each Bb band after decay and the
corresponding baseline Bb band density before decay x 100. For
FH detection, WB membranes from all three protocols were
labeled with a goat anti-FH antibody (Calbiochem, Billerica,
MA, dil 1:10,000) followed by HRP-conjugated anti-goat Ab
(Sigma Aldrich, dil 1:10,000) and the ECL system (Amersham
Biosciences, GE Healthcare).

Effect of C3NeF on C3bB(Mn2+),
C3bB(Ni2+), and C3bbb(Ni2+) Decay
C3b-coated wells were incubated for 2 h at 37◦Cwith 1,000 ng/ml
FB, and 2mMMnCl2 in the presence of 100µg/ml IgGs purified
from patients P5 and P10 or healthy controls. In some wells
the formed complexes were detached from microtiter wells with
EDTA 10mM and SDS 1%, and subjected to WB analyses as
described above. In additional wells, the C3bB proconvertase
formed, C3bB(Mn2+), was allowed to decay in the absence or
in the presence of FH for 30, 60, 120, and 240min at 37◦C.
Following washes, the residual C3bB(Mn2+) complexes were
detached and subjected to WB analyses. The intensity of the B
band detected in WB was estimated by densitometry using NIH
Software ImageJ (NIH, USA). The percentage of residual B band
was calculated as the ratio of the densities (in Pixel2) of each B
bands after decay and the corresponding baseline B band density
before decay x 100.

C3bB(Ni2+) and C3bBb(Ni2+) were formed together during
a 30min period at 37◦C, incubating C3b-coated wells with
1,000 ng/ml FB, 10 ng/ml FD, and 2mMNiCl2 without (baseline)
or with 2,640 ng/ml FH in the absence or in the presence
of 100µg/ml IgGs purified from patients P5 and P10 or
healthy controls. In some wells the formed complexes were
detached from microtiter wells with EDTA 10mM and SDS 1%,
subjected to WB analyses, and used as baseline. Additional wells
were washed and spontaneous and FH-mediated decay of the
complexes formed without FH were monitored by incubating the
wells at 37◦C with assay buffer alone or with FH (2,640 ng/ml)
for 30min. Following washes, the remaining complexes were
detached from microtiter wells and subjected to WB analyses.
The percentage of residual Bb or B band was calculated as the
ratio of the densities (in Pixel2) of the Bb or B bands after decay
and the corresponding baseline Bb or B band density before decay
x 100.

For FH detection, WB membranes were labeled with a goat
anti-FH antibody followed by HRP-conjugated anti-goat Ab and
the ECL system.

Statistical Analysis
Continuous variables were analyzed by ANOVA. The Fisher
Exact test was used for categorical variables. Linear regression
analysis was used for correlations of continuous variables. P
values < 0.05 were considered to be statistically significant.
Analyses were performed using the R platform v.3.5.0, and
the MedCalc v.12.2.1.0 software. The intra and inter-assay
coefficients of variation were calculated as SD/mean x 100.

RESULTS

Description of Patients
The clinical, histologic and biochemical data of the 26 C3NeF+

patients are shown in Table 1. According to the IF-based
classification, 13 patients had IC-MPGN and 13 had C3G (C3GN
n = 4, DDD, n = 9). Age of onset ranged from 4.9 to 30.6 years
and did not differ among histology groups (C3GN: 12.6±4.2;
DDD: 12.2 ± 5.4; IC-MPGN: 12.9 ± 6.8 years). Males accounted
for 50, 56, and 54% of the C3GN, DDD, and IC-MPGN patients,
respectively. At onset all patients had hematuria (micro or gross
hematuria) and/or proteinuria. Urinary protein excretion levels
did not significantly differ between histology groups (C3GN:
1.8 ± 1.4; DDD: 2.4 ± 2.6; IC-MPGN: 4.7 ± 4.4.g/24 h). Renal
function at onset was normal or near normal in all patients
(serum creatinine: C3GN: 0.68 ± 0.2; DDD: 0.56 ± 0.2; IC-
MPGN: 0.72 ± 0.2 mg/dl) (Table 1). C3 levels at onset were
low and did not differ between histology groups (C3GN: 40 ±

11; DDD: 19 ± 19; IC-MPGN: 21 ± 15 mg/dl), while plasma
sC5b-9 levels were higher in C3GN (1249 ± 736 ng/ml) and IC-
MPGN (1895 ± 1291 ng/ml) than in DDD (416 ± 374 ng/ml, P
< 0.01) (Table 1). No significant correlation was found between
serum C3 (r = −0.31, P = 0.15) or plasma sC5b-9 (r =

0.30, P = 0.15) levels and urinary protein excretion at onset.
Complement gene likely pathogenetic variants were identified
in 4 patients (1 in CFH, 2 in CFB, and 1 in THBD, Table 2).
Anti-FH autoantibodies were identified in two patients (P26 with
homozygous CFHR3/CFHR1 deletion and P15 with two copies of
CFHR3/CFHR1) (Table 2). All patients were positive for C3NeF
by the hemolytic assay, as per inclusion criteria (Table 2).

Effect of C3NeFs From Patients With
C3G/IC-MPGN on AP C3 Convertase Decay
To evaluate the ability of C3NeF IgGs to stabilize the alternative
pathway C3 convertase, C3bBb, and investigate the underlying
molecular mechanisms, we developed a microplate/WB assay
that specifically detects the Bb component of the C3bBb
convertase, exploiting the selective stabilization properties of
Mg2+ on C3bBb.

Since C3NeFs are known to stabilize the C3 convertase
against both spontaneous and/or FH-mediated decay (25, 31)
we first studied the kinetics of spontaneous or accelerated C3
convertase decay. C3bBb(Mg2+) was allowed to form for 12min
on C3b-coated wells in the presence of FB and FD (baseline).
In additional wells the formed complexes were subsequently
incubated for different time intervals with buffer alone or with
buffer containing FH at a physiological ratio with FB. As shown
in Figure 1A, in the absence of FH, C3bBb(Mg2+) dissociated
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in a time-dependent manner. The decay of C3bBb(Mg2+) was
strongly accelerated in the presence of FH. Indeed, no Bb band
could be visualized after 8min of decay with FH (Figure 1A),
confirming that FH is very efficient in Bb displacement from
C3b (21). In order to analyze the effect of C3NeFs on the
stabilization of the C3bBb(Mg2+) C3 convertase complexes, the
above experiments were repeated forming C3bBb(Mg2+) in the
presence of 100µg/ml IgGs purified from a C3G patient (P5)
strongly positive for C3NeF or from a healthy subject (CTR)
(protocol 1, Figure 2A). Results showed that IgGs fromP5 greatly
stabilized C3bBb(Mg2+) complexes by preventing spontaneous
decay (Figure 1B), as documented by the intensity of the Bb
band, which did not substantially change vs. baseline (before the
decay). Similarly, P5 IgGs greatly prevented FH-mediated decay
(Figure 1B). As shown in Figure 1C, the capability of P5 IgGs to
stabilize C3bBb was dose-dependent. At variance, control IgGs
did not affect either spontaneous or FH-accelerated C3bBb decay
(Figures 1C,D).

Thereafter, 100 µg/ml IgGs from 26 patients who were
C3NeF-positive in the hemolytic assay were tested for C3bBb
stabilizing activity. IgG from 26 healthy donors were used to
set the detection thresholds. Results were considered positive
when the percentage of residual C3 convertase after spontaneous
or FH-mediated decay was ≥ 37% or ≥12 % of baseline
(> mean + 2SD of results from samples with control IgG,
Supplementary Figures 2A,B), respectively.

Of the 26 tested patients’ IgGs, 9 (35%) had C3 convertase-
stabilizing activity (CSA) against both spontaneous (sCSA+)
and FH-accelerated decay (FH-CSA+), one stabilized only
spontaneous decay (P8), and one only the FH-mediated
decay (P14) (Table 2). IgGs from all the C3G/IC-MPGN
controls without C3NeF activity were sCSA− and FH-CSA−

(Supplementary Figures 2A,B). The mean intra- and inter-assay
CVs were 12.5 and 20.6% respectively for sCSA, and 12.4 and
18.4%, respectively for FH-CSA.

Because all components not bound to well surface were
removed before the decay, following C3 convertase formation,
the positivity in the above test indicates stable interaction
between C3NeF IgGs and C3 convertase.

Figures 2B,C are representative images of WB analyses
showing the effect of IgGs isolated from 3 patients (P19, DDD;
P24, C3GN, and P25 IC-MPGN) and one healthy control on C3
convertase stabilization against the spontaneous and accelerated
decay. P19 IgG strongly stabilized C3bBb(Mg2+) complexes
by preventing both spontaneous and FH-mediated decay. In
contrast, P24 and P25 IgGs failed to prevent spontaneous and
accelerated decay.

We observed a trend toward a higher prevalence of sCSA+

and FH-CSA+ C3NeF IgGs among patients with DDD than in
patients in the other histology groups but the difference did not
reach statistical significance (Table 3A).

A clear-cut difference in the C3 convertase-stabilizing activity
of IgGs was found when we grouped the patients according to
recently reported cluster analysis (15). Nine patients (the 4 with
C3GN, 1 with DDD and 4 with IC-MPGN) fell into cluster 1
and were characterized by low serum C3 and very high plasma
sC5b-9 at onset, and subendothelial and frequently subepithelial

and mesangial deposits (Tables 1, 4). Eight patients (all with
IC-MPGN) were grouped in cluster 2, and showed low serum
C3, high plasma sC5b-9, prevalent subendothelial deposits and
stronger glomerular staining of IgG and C1q (P < 0.01) than
patients in clusters 1 and 3 (Tables 1, 4). Finally, the 9 patients
of cluster 3 (8 with DDD and 1 with IC-MPGN) had low serum
C3 and normal plasma sC5b-9 levels (P < 0.01 vs. clusters 1
and 2). Cluster 3 patients, including the one with a diagnosis
of IC-MPGN, were characterized by intramembranous highly
electron-dense deposits (Tables 1, 4).

A significantly higher prevalence of patients who fell
within cluster 3 had C3NeF IgGs that stabilized the C3
convertase against spontaneous (sCSA+) and FH-accelerated
(FH-CSA+) than did patients from clusters 1 and 2 (Table 3A).
Levels of sCSA and FH-CSA activities of C3NeF IgGs
were significantly higher in cluster 3 than in clusters 1
and 2 (Figures 3A,B), while no significant difference in
C3NeF IgGs activities was observed between histology groups
(Figures 3C,D).

C3 convertase-stabilizing activity values of C3NeF IgGs
negatively correlated with plasma sC5b-9 levels (r = −0.49, P
= 0.01 for both sCSA and FH-CSA activities) measured at the
time of IgG isolation, whereas no correlation was found between
C3NeF activity measured by hemolytic assay and plasma sC5b-9
(r = 0.15, P = 0.48). Neither C3 convertase-stabilizing activities
nor C3NeF activity by hemolytic assay correlated with C3d/C3
ratios (sCSA, r=−032, P = 0.14; FH-CSA, r=−0.27, P = 0.21;
hemolytic assay, r = 0.01, P = 0.98). C3 convertase-stabilizing
activity values did not correlate with results of the hemolytic
assays (sCSA, r= 0.27, P = 0.19; FH-CSA, r= 0.31, P = 0.12).

Effect of C3NeF on Preformed C3
Convertase
In order to evaluate the ability of C3NeF IgGs to stabilize
preformed C3 convertase, we modified the above assays by
adding the IgGs after C3 convertase formation, only during
the decay step (protocol 2, Figure 4A). Results were considered
positive when the ratio of residual convertase in the sample
with C3NeF IgGs vs. residual convertase in the sample with
control IgGs run in parallel was >1.9 or >2.3 for spontaneous
or FH-mediated decay, respectively (ratios between the mean
+ 2SD and the mean of residual Bb band in the reactions
with IgGs from 26 healthy subjects). Of the 26 tested patients’
C3NeF IgGs, all those that prevented both spontaneous and
FH-mediated decay when added during C3 convertase assembly
in protocol 1, also stabilized preformed C3 convertase in
protocol 2.

Notably, IgGs from P24 stabilized C3 convertase against
both spontaneous and FH-mediated decay only when added
during decay (protocol 2, Figure 4A and Table 2), suggesting
that these IgGs interacted weakly with C3 convertase. The IgGs
from the other C3NeF+ patients and from all the C3G/IC-
MPGN controls without C3NeF activity by hemolytic assay
(Supplementary Figures 2E,F) were negative in protocol 2.
Representative images of the results of the assay on preformed
C3 convertase are shown in Figures 4B,C.
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FIGURE 1 | Spontaneous and FH-mediated decay of the C3bBb(Mg2+) C3 convertase in the absence or in the presence of IgGs from a DDD patient or a healthy

control, by microplate/Western blot (WB) assay. (A) Time course of spontaneous and FH-mediated decay of C3bBb(Mg2+). The complexes were formed by

incubating for 12min at 25◦C C3b-coated wells with 1,000 ng/ml FB, 10 ng/ml FD, and 10mM MgCl2 (baseline). In additional wells after washing, the formed

complexes were further incubated for 2, 8, 16, and 32min in the absence (-) or in the presence (+) of 2,640 ng/ml FH. (B) C3bBb(Mg2+) was formed in the presence

of IgGs from P5 patient with DDD during 12min at 25◦C (baseline). The complexes were allowed to decay for 2, 8, 32, and 60min in the absence (–) or in the

presence of 2,640 ng/ml FH (+). (C) C3bBb(Mg2+) was formed in the presence of IgGs (P5-IgGs, 50, and 100µg/ml) from patient 5 or from an healthy subject

(CTR-IgGs, 100µg/ml) for 12min at 25◦C. Spontaneous or FH-mediated decay was monitored by further incubation for 32min at 25◦C with buffer alone (–) or added

with 2,640 ng/ml FH (+), respectively. (D) C3bBb(Mg2+) was formed in the presence of IgGs from a healthy subject (CTR-IgGs) for 12min at 25◦C. The complexes

were allowed to decay for 2, 8, 32, and 60min in the absence (–) or in the presence of 2,640 ng/ml FH (+). The percentage of residual Bb band (visualized by an

anti-FB antibody) was calculated as the ratio of the densities (in Pixel2) of each Bb band after decay and the density of the corresponding baseline Bb band before

decay x 100 and results are reported in the bottom graphs. Results of a representative microplate/WB experiment of n = 3 for each sample are shown.
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FIGURE 2 | Effect of patient and control IgGs on decay of the C3bBb(Mg2+) C3 convertase by microplate/Western blot (WB) assay. (A) Experimental design (protocol

1) (B-C) Representative images of the assay. C3bBb(Mg2+) complexes were formed by incubating at 25◦C for 12min C3b-coated wells with 1,000 ng/ml FB,

10 ng/ml FD, 100µg/ml IgGs purified from patients or healthy controls and 10mM MgCl2 in the absence (–, baseline) or in the presence of 2,640 ng/ml FH.

Spontaneous or FH-mediated decay of the complexes was monitored by further incubation of C3bBb(Mg2+) formed in the absence of FH for 32min at 25◦C with

buffer alone (decay –) or 2,640 ng/ml FH (decay +), respectively. The percentage of residual Bb band (visualized by an anti-FB antibody) was calculated as the ratio of

the densities (in Pixel2 ) of each Bb band after decay and the corresponding baseline Bb band density before decay x 100 and results are reported in the bottom

graphs. The membranes were then incubated with an anti-FH antibody and FH band could be visualized at 150 KDa (top). Results of a representative microplate/WB

experiment of n = 3 for each sample are shown.
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TABLE 3A | Prevalence of patients with C3NeF IgGs with C3 convertase stabilizing activity (CSA) against spontaneous (s) or FH-mediated (FH) decay in the absence

(sCSA, FH-CSA) or in the presence of properdin, (sPCSA, FH-PCSA) among histology groups or clusters.

C3GN DDD IC-MPGN p Cluster 1 Cluster 2 Cluster 3 p

sCSA+ 25% 67% 23% 0.115 22% 13% 78% 0.017

FH-CSA+ 25% 67% 23% 0.115 22% 13% 78% 0.017

sPCSA+ 100% 100% 92% 1.000 100% 88% 100% 0.571

FH-PCSA+ 100% 78% 85% 1.000 89% 75% 89% 0.653

Bold characters indicate statistically significant values.

TABLE 3B | Prevalence of patients with C3NeF IgGs with properdin (P) independent (CSA+/PCSA+) or dependent (CSA–/PCSA+) C3 convertase stabilizing activity

against spontaneous (s) or FH-mediated (FH) decay among histology groups or clusters.

C3GN DDD IC-MPGN p Cluster 1 Cluster 2 Cluster 3 p

Spontaneous sCSA−/sPCSA− 0% 0% 8% 1.000 0% 13% 0% 0.308

sCSA−/sPCSA+ 75% 33% 69% 0.239 78% 75% 22% 0.040

sCSA+/sPCSA+ 25% 67% 23% 0.115 22% 13% 78% 0.017

FH-mediated FH-CSA−/FH-PCSA− 0% 22% 15% 1,000 11% 25% 11% 0.653

FH-CSA−/FH-PCSA+ 75% 11% 62% 0.026 67% 63% 11% 0.042

FH-CSA+/FH-PCSA+ 25% 67% 23% 0.115 22% 13% 78% 0.017

Bold characters indicate statistically significant values.

TABLE 4 | Comparison of clinical, and biochemical parameters at onset and histology features between clusters.

Feature Cluster 1 (n = 9) Cluster 2 (n = 8) Cluster 3 (n = 9) P

Gender (male %) 56% 38% 67% 0.547

Age at onset (y) 13.6 (±3.55) 12.6 (±8.1) 11.6 (±5.72) 0.777

Serum C3 (mg/dl) 27 (±16.8) 22.2 (±17.2) 20.9 (±18) 0.739

Plasma sC5b9 (ng/ml) 1800 (±1150)* 1820 (±1210)* 296 (±118) 0.003

u-Protein (g/24h) 3.3 (±3.1) 5.7 (±4.9) 1.7 (±1.9) 0.099

s-Creatinine (mg/dl) 0.68 (±0.18) 0.71 (±0.19) 0.59 (±0.26) 0.426

C3 at IF 2.94 (±0.17) 2.94 (±0.18) 2.72 (±0.36) 0.137

IgG at IF 0.67 (±1.12) 2.50 (±0.54)◦ 0.28 (±0.44) 9.6E-06

C1q at IF 0.50 (±0.71) 1.50 (±0.89)◦ 0.278 (±0.44) 0.003

Mesangial deposits at EM 67% 38% 56% 0.547

Subepithelial deposits at EM 78%* 38% 11% 0.016

Subendothelial deposits at EM 100%* 100%* 0% 6.4E-07

Intramembr. highly dense deposits at EM 11% 0% 100%# 6.4E-06

EM, electron microscopy; u-protein, proteinuria; s-Creatinine, serum creatinine.

Data are expressed as mean ± SD or as % of positive patients.
*Significantly different vs. cluster 3.
◦Significantly different vs. clusters 1 and 3.

#Significantly different vs. clusters 1 and 2.

Bold characters indicate statistically significant values.

Effect of Properdin on C3NeF Stabilizing
Activity on C3 Convertase
Previous studies indicated that some C3NeFs need properdin to
exert their stabilizing activity on C3 convertase (26, 28, 31, 38,
39).

In order to investigate the possible synergic effect of properdin
(P) with C3NeF IgGs in stabilizing C3 convertase, P (at
a physiological molar ratio with FB) was added during C3
convertase formation together with FB, FD and IgGs in C3b-
coated wells for 12min (protocol 3, Figure 5A). Thereafter,
the C3bBbP complexes were allowed to dissociate for 32min

in the presence or in the absence of FH. Results were

considered positive when the percentage of residual convertase
after spontaneous or FH-mediated decay was ≥ 42 or ≥10 %,
respectively (> mean + 2SD of results from samples with IgGs
isolated from 26 healthy donors, Supplementary Figures 2C,D).
We found that of the 17 C3NeF IgGs that did not stabilize
the C3 convertase in the assay without properdin (protocol
1), 13 had stabilizing activity both on spontaneous and FH-
accelerated decay of C3bBbP C3 convertase in the presence
of properdin (sPCSA+ and FH-PCSA+), three (P2, P9, and
P16) prevented C3bBbP spontaneous decay only (sPCSA+ and

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2329423

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Donadelli et al. Mechanisms of Complement Activation by C3NeFs

FIGURE 3 | Distribution of the C3NeF IgG C3 convertase-stabilizing activities in the absence of properdin according to the clusters and the histology groups. Box

plots show significantly higher C3 convertase stabilizing activities against spontaneous (sCSA) and FH-mediated (FH-CSA) decay (protocol 1) in patients of cluster 3

than cluster 1 and 2 patients (A,B). No significance difference was observed among histology groups (C,D). The boxes represent the values from the 25th to 75th

percentiles. The horizontal bars are the medians. Vertical lines are the 95% confidence intervals. Empty circles are values outside the 95% confidence intervals. The

dashed horizontal lines show the limit of positive values (set at >mean+2SD of results with control IgGs from 26 healthy subjects). **P < 0.01.

FH-PCSA−), while one (from P29) had no effect. The latter
patient carries a likely pathogenetic variant in CFB and showed
low C3NeF activity in the hemolytic assay (Table 2). Finally,
the C3NeF IgGs that stabilized C3 convertase in the absence of
properdin also stabilized the C3 convertase in the assay with
properdin (Table 2 and representative images in Figures 5B,C).
IgGs from all the C3G/IC-MPGN controls without C3NeFs
were negative also in the C3 convertase stabilizing assay with
properdin (Supplementary Figures 2C,D). The mean intra- and
inter-assay CVs were 8.2 and 18.6% respectively for sPCSA, and
6.7 and 23%, respectively for FH-PCSA.

C3NeF IgGs with properdin-dependent C3 convertase-
stabilizing activity (sCSA−/sPCSA+ and/or FH-CSA−/FH-
PCSA+) were more frequently found among patients with

C3GN (3 of 4 for both) or IC-MPGN (sCSA−/sPCSA+: 9 of
13 and FH-CSA−/FH-PCSA+: 8 of 13 patients) than among
patients with DDD (sCSA−/sPCSA+: 3 of 9 and FH-CSA−/FH-
PCSA+: 1 of 9 patients) (Table 3B), however, difference reached
statistical significance only for stabilization against FH-mediated
decay.

The difference in properdin-dependence of C3NeFs was more
evident between clusters: patients who fell within clusters 1
and 2 were more likely to have properdin-dependent C3NeFs
(cluster 1: sCSA−/sPCSA+: 7 of 9 and FH-CSA−/FH-PCSA+:
6 of 9 patients; cluster 2: sCSA−/sPCSA+: 6 of 8 and
FH-CSA−/FH-PCSA+ 5 of 8 patients) than patients in cluster
3 (sCSA−/sPCSA+: 2 of 9 and FH-CSA−/FH-PCSA+: 1 of 9
patients) (Table 3B).
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FIGURE 4 | Effect of patient and control IgGs on preformed C3bBb(Mg2+) C3 convertase by microplate/Western blot (WB) assay. (A) Experimental design (protocol

2). (B,C) Representative images of the assay. C3bBb(Mg2+) complexes were formed by incubating at 25◦C for 12min C3b-coated wells with 1,000 ng/ml FB,

10 ng/ml FD, and 10mM MgCl2. The complexes formed were then incubated in the presence of 100µg/ml IgGs from patients or healthy controls without

(spontaneous decay, decay –) or with (FH-mediated decay, decay +) 2,640 ng/ml FH. The C3NeF IgG C3 convertase-stabilizing activity was quantified as the ratio of

the densities (in Pixel2 ) of Bb bands (visualized by an anti-FB antibody) after decay in the presence of patient IgGs/ Bb band after decay in the presence of control

IgGs (ratio patient Bb band/control Bb band) and results are reported in the bottom graphs. The membranes were then incubated with an anti-FH antibody and FH

band could be visualized at 150 KDa (top). Results of a representative microplate/WB experiment of n = 3 for each sample are shown.

Patients carrying C3NeFs with properdin-dependent

C3 convertase-stabilizing activity (sCSA−/sPCSA+ or FH-

CSA−/FH-PCSA+) had higher plasma sC5b-9 levels than
patients carrying C3NeFs that were also active in the assay

without properdin (sCSA+/sPCSA+ or FH-CSA+/FH-PCSA+,
Figures 6A,B, Table 5 and Supplementary Table 1). C3d/C3
ratios were significantly higher (P < 0.01) than in healthy
subjects (0.05 ± 0.02, n = 15) in the overall group of C3NeF+

patients (0.24 ± 0.20, n = 23) as well as in the subgroups of
patients with properdin-dependent or properdin-independent
C3NeFs (Figures 6E,F and Table 2). C3 and C3d/C3 values
did not significantly differ between patients with properdin
dependent and properdin independent C3NeFs (Figures 6C–F).

In the presence of properdin, levels of spontaneous C3
convertase stabilizing activity (sPCSA) of C3NeF IgGs did not
differ between histology groups or clusters (Figures 7A,C), while
stabilizing activity against FH-mediated decay (FH-PCSA) was
significantly higher for C3NeF IgGs from cluster 3 vs. clusters 1
and 2 (Figures 7B,D).

Clinical and Histology Parameters in
C3G/IC-MPGN Patients According to Type
of C3 Convertase Stabilizing Activity
We compared clinical parameters at onset and during
follow-up and bioptic findings in the groups of patients
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FIGURE 5 | Effect of properdin on C3 convertase-stabilizing activity of C3NeF IgGs. (A) Experimental design (protocol 3). (B,C) Representative images of the assay.

C3bBb(Mg2+) complexes were formed by incubating at 25◦C for 12min C3b-coated wells with 1,000 ng/ml FB, 10 ng/ml FD, 100µg/ml IgGs from patients or healthy

controls and 10mM MgCl2 in the presence of 500 ng/ml Properdin (P) (baseline). In additional wells after washing, spontaneous or FH-mediated decay of the formed

complexes was monitored by further incubation for 32min at 25◦C with buffer alone (decay –) or buffer added with 2,640 ng/ml FH (decay +), respectively. The

percentage of residual Bb band was calculated as the ratio of the densities (in Pixel2 ) of each Bb band (visualized by an anti-FB antibody) after decay and the

corresponding baseline Bb band density before decay x 100, and results are reported in the bottom graphs. The membranes were then incubated with an anti-FH

antibody and FH band could be visualized at 150 KDa (top). Results of a representative microplate/WB experiment of n = 3 for each sample are shown.

with properdin-dependent vs. patients with properdin-
independent C3 convertase-stabilizing activity. Patients
with properdin-dependent activity (sCSA−/sPCSA+ or FH-
CSA−/FH-PCSA+) were more likely to have subendothelial
deposits in kidney biopsy, and to develop nephrotic syndrome

during disease course, while intramembranous highly
electron dense deposits were more prevalent in patients
with properdin-independent activity (sCSA+/sPCSA+

or FH-CSA+/FH-PCSA+) (Figure 8, Table 5 and
Supplementary Table 1).
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FIGURE 6 | Distribution of serum C3 and plasma sC5b-9 levels and plasma C3d/C3 ratios in patients according to results of C3 convertase stabilizing-activities in the

absence or in the presence of properdin. (A,B) Plasma sC5b-9 levels. Box plots show that patients carrying C3NeFs with properdin-dependent C3

convertase-stabilizing activity against spontaneous (A, sCSA−/sPCSA+) and/or FH-mediated (B, FH-CSA−/FH-PCSA+) decay had higher plasma sC5b-9 levels than

patients carrying C3NeF with properdin-independent activities (A,B, sCSA+/sPCSA+ and/or FH-CSA+/FH-PCSA+). No significant difference was found in C3 levels

and in C3d/C3 ratios (C–F). The boxes represent the values from the 25 to 75th percentiles. The horizontal bars are the medians. Vertical lines are the 95%

confidence intervals. Empty circles are values outside the 95% confidence intervals. The horizontal dashed lines show the upper limits of normal range of plasma

sC5b-9 (A,B) and of the C3d/C3 ratio (E,F), and the lower limit of serum C3 (C,D) in healthy subjects.
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TABLE 5 | Clinical features, complement assessment, genetic screening and histologic features in patients classified according to the type of C3 convertase stabilizing

activity (spontaneous decay).

Variable sCSA−/sPCSA− sCSA−/sPCSA+ sPCSA+/sPCSA+ Overall p-value −/+ vs. +/+ p-value

N 1 15 10

Gender (% males) 0% 40% 80% 0.068 0.099

Data at onset

Age (y) - Mean (SD) 5.3 12.8 (±5.1) 13 (±6.8) 0.454 0.953

Microhematuria 100% 87% 89% 1.00 1.00

Gross hematuria 0% 20% 60% 0.087 0.087

Proteinuria 0% 100% 90% 0.031 0.400

Nephrotic syndrome 0% 53% 30% 0.526 0.414

Renal impairment 0% 7% 0% 1.00 1.00

Familiarity for nephropathy 0% 13% 0% 0.538 0.500

Serum C3 (mg/dl) 36 24.5 (±17.2) 21.6 (±16.5) 0.705 0.682

Serum C4 (mg/dl) 15 17.3 (±8.8) 23.8 (±9) 0.190 0.083

Plasma sC5b-9 (ng/ml) 1600 1731 (±1277) 581 (±623) 0.047 0.015

Low serum C3 and normal serum C4 100% 73% 90% 0.689 0.615

C3NeF positive 100% 100% 100% 1.00 1.00

LPV carriers 100% 20% 20% 0.270 1.00

Data during follow-up

Nephrotic syndrome 0% 87% 40% 0.016 0.028

High blood pressure 0% 47% 56% 1.00 1.00

Chronic kidney disease 0% 20% 40% 0.546 0.378

ESRD 0% 7% 10% 1.00 1.00

Histological features

Time Onset to Biopsy (year) 5 1 (±1.8) 1.3 (±2.1) 0.145 0.693

Light microscopy

Sclerotic glomeruli 8% 0% (±2%) 0% (±1%) 6.0 × 10−4 0.809

Crescents 0% 2% (±6%) 15% (±30%) 0.277 0.123

Degree of mesangial proliferation* 1 1.3 (±1.3) 1.6 (±0.7) 0.839 0.642

Degree of endocapillary proliferation* 0 0.9 (±0.9) 1.1 (±1.1) 0.556 0.665

Degree of interstitial inflammation* 0 0.8 (±0.8) 0.6 (±0.5) 0.485 0.456

Degree of interstitial fibrosis* 1 0.3 (±0.6) 0.2 (±0.4) 0.424 0.791

Degree of arteriolar sclerosis* 0 0.1 (±0.3) 0.1 (±0.3) 0.913 0.755

Immunofluorescence

C3* 3 2.8 (±0.4) 2.8 (±0.4) 0.741 0.604

IgA* 2 0.4 (±0.6) 0 (±0) 0.001 0.040

IgG* 3 1.5 (±1.3) 0.7 (±1) 0.125 0.142

IgM* 2 1.2 (±0.9) 0.7 (±0.7) 0.230 0.186

C1q* 0 1.1 (±1) 0.6 (±0.9) 0.352 0.262

Fibrinogen* 3 0.4 (±0.6) 0 (±0) 4.4 × 10−5 0.076

Electron microscopy

Mesangial deposits 0% 64% 30% 0.157 0.098

Subepithelial deposits 100% 36% 30% 0.494 1.00

Subepithelial hump-like deposits 0% 17% 20% 1.00 1.00

Subendothelial deposits 100% 86% 30% 0.009 0.010

Intramembranous granular deposits 0% 57% 30% 0.227 0.240

Intramembranous highly electron-dense deposits 0% 21% 70% 0.034 0.035

*Degree of mesangial proliferation, endocapillary proliferation, interstitial inflammation, interstitial fibrosis, and arteriolar sclerosis, as well as IF findings were graded using a scale of

0 to 3, including 0, trace (0.5+), 1+, 2+, and 3+. Quantitative variables are expressed as mean (±S.D.) unless otherwise specified. Serum C3, reference 90-180 mg/dl; serum C4,

reference 10-40 mg/dl; plasma sC5b-9, reference ≤400 ng/ml. LPV, Likely pathogenetic variants. sCSA-/sPCSA-, patients without C3 convertase stabilizing activity; sCSA-/sPCSA+,

patients with properdin-dependent C3 convertase stabilizing activity; sPCSA+/sPCSA+, patients with properdin-independent C3 convertase stabilizing activity. Bold characters indicate

statistically significant values.
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C3NeFs Do Not Prevent FH Interaction
With C3 Convertase
To investigate the mechanisms by which C3NeFs stabilize
the C3 convertase, we then evaluated whether IgGs from
patients with C3G/IC-MPGN prevent the interaction of FH
with C3 convertase. For this purpose, WB membranes of
products recovered after the decay of C3bBb(Mg2+) complexes
with C3NeF IgGs or control IgGs added either only during
C3bBb(Mg2+) formation in the absence or in the presence of
properdin (protocols 1 and 3) or only during decay (protocol
2), were labeled with an anti-FH antibody. As shown in the top
of the representative WB images of Figures 2B,C, 4B,C, 5B,C,
FH band could be clearly seen in all samples with no relevant
difference between C3NeF IgGs and control IgGs. These results
were confirmed with all the C3NeF IgGs of the 26 tested patients.

Altogether, the above results suggest that (1) C3NeF IgGs
added during C3 convertase formation did not affect the
interaction of FH with C3b and with nascent C3 convertase; (2)
C3NeF IgGs added during decay did not compete with FH for the
interaction with the C3 convertase.

Effect of C3NeF on C3 Convertase
Formation
To evaluate whether C3NeFs had an effect on C3bBb(Mg2+)
formation in the presence or in the absence of FH, we analyzed
the density of the Bb bands at the baseline of protocol 1
experiments, in which the IgGs were added during the C3bBb
formation. In the reactions with control IgGs the amount of
C3bBb(Mg2+) formed in the presence of FHwas lower compared
to C3bBb(Mg2+) formed in the absence of FH (ratio Bb band +

FH /Bb band without FH: 0.32 ± 0.08). FH-mediated inhibitory
effect on C3bBb(Mg2+) formation was significantly attenuated
in the presence of C3NeF IgGs that in protocol 1 stabilized C3
convertase against FH-accelerated decay (FH-CSA+ IgGs: ratio
Bb band +FH /Bb band without FH: 0.58 ± 0.19, p < 0.05 vs.
control IgGs).

At variance, FH-CSA− C3NeF IgGs did not affect FH-
mediated inhibitory effect on C3bBb(Mg2+) formation (ratio Bb
band+ FH /Bb band without FH: 0.32± 0.07).

Representative images are shown in Figures 2B,C.

Effect of C3NeF on C3bB C3 Proconvertase
To evaluate whether C3NeF IgGs stabilized the alternative
pathway C3 proconvertase C3bB, we modified the
microplate/WB assay, exploiting the selective stabilization
properties of Mn2+. C3bB was formed on C3b-coated wells in
the presence of FB and Mn2+ buffer, and we detected by WB the
B component of the C3bB(Mn2+) proconvertase recovered from
wells. The kinetics of C3bB(Mn2+) assembly and decay and the
effect of FH at physiological molar ratio with FB, are shown in
Figures 9A,B. In these experimental conditions, no Bb band of
the C3 convertase was observed either during assembly or after
decay, since C3bBb(Mn2+) is highly unstable and once formed it
rapidly dissociates (35).

C3bB(Mn2+) proconvertase did not spontaneously decay, as
shown by the intensity of B band that did not change over

240min incubation. FH band could be detected in the WB of
the products detached from the wells after each time interval,
indicating that FH binds C3bB. However, FH did not affect either
C3bB(Mn2+) formation or decay (Figures 9A,B), suggesting that
in our condition FH neither competed with FB for the interaction
with C3b nor displaced FB from C3b.

We then repeated the above experiments using C3NeF IgGs
from two patients (P5 and P10) selected for being strongly
positive in stabilizing C3 convertase C3bBb(Mg2+). As shown in
Figures 9C,D, C3NeF IgGs added during C3bB(Mn2+) assembly
did not modify the intensity of the B band at any time point either
in the absence or in the presence of FH.

Finally, we performed additional microplate/WB experiments
by incubating C3b-coated wells with FB, FD in the presence of
Ni2+ buffer, a condition that stabilizes both C3bB and C3bBb, as
demonstrated by the detection of B and Bb bands on WB after
30min assembly (Supplementary Figure 1D).

The complexes were allowed to decay by incubation for
different time points with buffer alone or buffer containing
FH. We observed a slight spontaneous decay of C3bB(Ni2+)
at 30min, thereafter the intensity of B band remained stable
(Figure 10A). FH did not affect C3bB(Ni2+) formation or decay
(Figures 10A,B), confirming the results obtained in the Mn2+

ion selective conditions. At variance, FH reduced C3bBb(Ni2+)
convertase formation and accelerated the decay, as shown by
progressive disappearance of the Bb band on WB (Figure 10A).

Next, we assessed the effect of C3NeFs on the formation
and decay of C3bB(Ni2+) and C3bBb(Ni2+). For this purpose,
IgGs from P5 or P10 or from a healthy control were added
to C3b-coated wells with FB and FD in the presence or in the
absence of FH, followed by 30min of decay. As observed in
Mn2+ experiments, C3NeFs from P5 and P10 did not affect
C3bB(Ni2+) assembly and decay substantially (Figures 10B,C).
At variance, P5 and P10 IgGs strongly limited FH-mediated
C3bBb(Ni2+) decay, and attenuated FH-mediated inhibitory
effect on C3bBb(Mg2+) formation, as compared with control IgG
(Figures 10B,C).

DISCUSSION

To characterize the diverse mechanisms through which the
heterogeneous autoantibodies C3NeFs influence the function
and regulation of the alternative pathway C3 convertase in
primary IC-MPGN and C3G, we established a WB-based assay
that monitors the formation and the spontaneous and regulated
decay of the C3bBb convertase, through specific detection of the
Bb band. The assay turned out to be very flexible and allowed
us to study the effect of C3NeFs on spontaneous and/or FH-
accelerated C3bBb decay, disclosing a subgroup of properdin-
dependent C3NeFs and investigating the mechanisms underlying
C3NeF activity. Finding that IgGs from all C3G/IC-MPGN
controls without C3NeFs by hemolytic assay did not have C3
convertase stabilizing activity, supports the specificity of the new
WB-based assays for analyzing C3NeFs.

Several methods have been reported in the literature for the
evaluation of C3NeFs. Classic and modified hemolytic assays
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FIGURE 7 | Distribution of the C3NeF IgG C3 convertase-stabilizing activities in the presence of properdin according to the clusters and the histology groups. Box

plots show that C3 convertase-stabilizing activity against spontaneous (sPCSA) (A,C) decay did not differ among clusters or histology groups. C3

convertase-stabilizing activity against FH-mediated decay (FH-PCSA) (B,D) was significantly higher in patients of cluster 3 than in patients of clusters 1 and 2. The

boxes represent the values from the 25 to 75th percentiles. The horizontal bars are the medians. Vertical lines are the 95% confidence intervals. Empty circles are

values outside the 95% confidence intervals. The dashed horizontal line shows the limit of positive values (set at >mean+2SD of results with control IgGs from 26

healthy subjects). **P < 0.01.

(26–28, 31, 40), performed on the surface of C3b-coated sheep
erythrocytes are laborious and require expertise. In addition
the read-out, based on the release of hemoglobin from lysed
sheep erythrocytes, is an indirect measure of the terminal
complement activation by residual C3 convertase sites on the
cell surface and does not make it possible to directly evaluate
the molecular mechanisms through which C3NeFs stabilize the
C3bBb complex.

Functional molecular assays of C3NeFs have recently been
reported. Surface Plasmon resonance with flowing C3NeFs, FB

and FD over C3b immobilized on the chip allowed real-time
analysis of C3 convertase stabilization (31), but this method is not
universally available and required purified patients’ IgG at high
concentration.

Other, simpler ELISA-based assays have been described,
in which C3b-coated microplate wells are incubated with FB
plus FD in Mg2+ buffers, followed by detection with anti-
FB antibodies. These assays detect the capacity of C3NeFs to
stabilize the C3 convertase in the absence or in the presence of
properdin (31). To analyze the effect C3NeFs on C3 convertase
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FIGURE 8 | Kaplan-Meyer analysis of the event nephrotic syndrome during the disease course. The analysis shows that patients with properdin dependent C3

convertase stabilizing activity against spontaneous (A, Group −/+: sCSA−/sPCSA+) or FH-mediated (B, Group −/+: FH−CSA−/FH−PCSA+) decay, have higher risk

to manifest nephrotic syndrome than patients with properdin-independent activities (A, Group +/+: sCSA+/sPCSA+; B, Group +/+: FH+CSA+/FH+PCSA+.

dissociation and on its accelerated decay mediated by FH
and other complement regulators (31) the ELISA assays are
done in the presence of Ni2+, which prolongs the half-life
of C3bBb. However, this experimental condition does not
distinguish between the alternative pathway C3 convertase and
C3 proconvertase, because through WB analysis of the ELISA
products of the reaction with Ni2+ in the presence of FD, here
we visualized both the Bb and the B bands of C3bBb and C3bB
complexes. The latter finding is consistent with earlier evidence
that Ni2+ strongly stabilizes the proconvertase C3bB (41).

To overcome these issues, we took a step forward and
modified the microplate assay, combining the selectivity of Mg2+

for C3bBb with the high sensitivity of the WB technique. In
the absence of exogenous properdin, the Mg2+ microplate/WB
assay revealed C3NeF IgGs capable of stabilizing C3bBb in 11
of 26 IC-MPGN or C3G patients. The finding that 9 of these
C3NeFs had dual action, preventing both spontaneous and FH-
accelerated C3 convertase decay, confirms published data that
the large majority of C3NeFs also impair the decay-accelerating
activity of regulatory proteins (25, 31). Since C3NeF IgGs were
added during the first step of C3 convertase formation and
unbound IgGs were washed out before the decay, the positivity
in the microplate/WB test would suggest that C3 convertase-
stabilizing IgGs rapidly and irreversibly bound to nascent C3bBb
complexes. Essentially the same results were obtained when
the assay was repeated adding C3NeF IgGs only during decay,
indicating that C3 convertase-stabilizing IgGs also efficiently
interacted with preformed C3bBb. One C3NeF IgG that was
negative in the first protocol turned positive in the second setting,
suggesting that it may act through reversible interaction with C3
convertase.

It is relevant that in the presence of exogenous properdin
all but one patients’ IgGs had C3 convertase-stabilizing activity,
including IgGs negative in the assay without exogenous
properdin, which confirms previous evidence that some C3NeFs
require additional stability conferred by properdin to block C3
convertase decay (26, 28, 31). Properdin is the only known
positive regulator of the alternative pathway of complement,
and acts by extending the half-life of the C3 convertase 10-
fold (42). It also facilitates the switch of the C3 convertase to
the C5 convertase and stabilizes the C5 convertase complex
(43, 44). The finding that C3NeFs with properdin-dependent
C3 convertase-stabilizing activity associated with higher plasma
sC5b-9 levels than C3NeFs with properdin-independent activity
may be explained considering previous studies with hemolytic
assays modified to interrogate C5 convertase stabilization, which
demonstrated that in the presence of properdin a subset of
C3NeFs enhances C5 cleavage and terminal pathway activation
(28, 29, 45). In a cohort of patients with C3GMarinozzi et al. (28)
found that plasma sC5b-9 levels correlated with C5 convertase-
stabilizing activity of C3NeFs, which is consistent with our
data. In addition, Paixao-Cavalcante et al. (31) showed that
properdin-dependent C3NeFs enhanced C5 convertase activity
while properdin-independent C3NeFs had no effect on C5
convertase activity. The former C3NeFs efficiently cleaved C3,
but were “weak” C3 convertase binders and required the addition
of properdin for the detection of their C3 convertase stabilizing
activity (31).

We speculate that C3NeFs, which in the microplate/WB assay
presented here were active in the assay without added properdin,
recognize epitope(s) in the C3 convertase that are absent and/or
masked in the C5 convertase complex, and cause C3-restricted
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FIGURE 9 | Formation and decay of C3bB(Mn2+) C3 proconvertase in the absence or in the presence of C3NeF IgGs, by microplate/WB assay. (A) Time course of

C3bB(Mn2+) C3 proconvertase formation. The complexes were obtained incubating C3b-coated wells at 37◦C for 1, 2, 4, and 8 h with 1,000 ng/ml FB and 2mM

MnCl2 in the absence (-) or in the presence (+) of 2,640 ng/ml FH. The amount of C3bB formed was calculated as the density of B band (93 KDa), and reported in the

bottom graph as Pixel2 * 106. (B–D) Time course of C3bB(Mn2+) C3 proconvertase spontaneous and FH-mediated decay. C3bB(Mn2+) complexes formed in 2 h at

37◦C in the absence (B) or in the presence of C3NeF IgGs purified from patients P5 (C) and P10 (D), were further incubated with buffer alone (decay –) or with buffer

added with 2,640 ng/ml FH (decay +), respectively, for 30, 60, 120, and 240min at 37◦C The percentage of residual B band was calculated as the ratio of the

densities (in Pixel2 ) of each B band after decay and the corresponding baseline B band density before decay x 100 and results are reported in the bottom graphs. The

membranes were then incubated with an anti-FH antibody and FH band could be visualized at 150 KDa (top). Results of a representative microplate/WB experiment

of n = 3 are shown.

complement activation in vivo, as reflected by low C3 and normal
sC5b-9 levels. At variance properdin-dependent C3NeF would

bind different epitopes that are present both in the C3 and
the C5 convertase, resulting in vivo in complement activation
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FIGURE 10 | Formation and decay of C3bB(Ni2+) C3 proconvertase and C3bBb(Ni2+) C3 convertase in the absence or in the presence of patient IgGs, by

microplate/WB assay. (A) The time course of spontaneous and FH-mediated decay of C3bB(Ni2+) and C3bBb(Ni2+), both formed during 30min at 37◦C (baseline) by

incubation of C3b coated wells with FB (1,000 ng/ml), FD (10 ng/ml), and NiCl2 (2mM), was monitored by further incubation at 37◦C for 5, 30, 60, and 120min with

(Continued)

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2329433

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Donadelli et al. Mechanisms of Complement Activation by C3NeFs

FIGURE 10 | buffer alone (decay –) or buffer added with 2,640 ng/ml FH (decay +). (B-C) C3bB(Ni2+) and C3bBb(Ni2+) were formed for 30min at 37◦C in NiCl2
buffer without (baseline –) or with 2,640 ng/ml FH (+) in the presence of IgGs purified from an healthy subjects (CTR-IgGs, B) or from patients P5 and P10 (C, P5-IgGs

and P10-IgGs). The complexes formed in the absence of FH were then allowed to decay for 30min (C) at 37◦C with buffer alone (decay –) or buffer added with

2,640 ng/ml FH (decay +). The percentage of residual B (93 KDa) or Bb (60 KDa) bands was calculated as the ratio of the densities (in Pixel2 ) of each B or Bb band

after decay and the corresponding baseline B or Bb band density before decay x 100 and results are reported in the bottom graphs. The membranes were then

incubated with an anti-FH antibody and FH band could be visualized at 150 KDa (top). Results of a representative microplate/WB experiment of n = 3 are shown.

until the terminal pathway with low C3 and high sC5b-9
levels.

Remarkably, we found that 6 of the 9 patients with DDD
carried C3NeF IgGs that exerted C3 convertase-stabilizing
activity also without properdin addition, and had normal sC5b-
9 levels. In line with our data, using a modified hemolytic assay
Zhang et al (26) reported that of 32 patients with DDD, 88%
of those with C3NeF activity were positive in the assay without
properdin. In another report (28), 63% of C3NeF-positive DDD
patients had C3NeFs targeting the C3 convertase but not the C5
convertase.

As for properdin-dependent C3NeFs, we identified them
mostly in patients with either C3GN [3 of 4] or primary
IC-MPGN (9 of 13) and high plasma levels of sC5b-9. The
association of properdin-dependent C3NeFs with C3GN and
terminal complement pathway activation in vivo is consistent
with recent findings that in most (67%) C3GN patients, C3NeFs
target both the C3 and C5 convertases (28), and that circulating
markers of terminal pathway activity are altered more in C3GN
than in DDD (46). Another study documented low properdin
levels in C3NeF negative C3G patients and serum properdin
consumption was a marker of C5 convertase dysregulation,
indeed properdin levels inversely correlated with sC5b-9 in
plasma (47). Properdin levels were normal in C3G patients with
C3NeF (47).

To the best of our knowledge, no other studies have
formally explored the mechanisms of action of C3NeFs in
IC-MPGN yet. Old reports proposed an association between
properdin-dependent C3NeFs and MPGN type I and III (38,
39), but they antedated the current IF-based classification.
Finding comparable properdin-dependency and comparable
levels of C3 convertase-stabilizing activity in C3GN and primary
IC-MPGN patients here would suggest the existence of a
common pathogenetic mechanism that causes complement
alternative pathway dysregulation in the two histology groups.
We hypothesize that in IC-MPGN patients, disease was initiated
by an as yet unidentified trigger (11, 12), causing glomerular
immune-complex deposition and possibly the formation of
C3NeF IgGs, the latter resulting in a switch from acute classical
complement pathway-driven disease to chronic alternative
pathway-driven disease. Although the IF-based classification
of C3G/IC-MPGN is an advance toward an etiology-based
approach of these diseases, it is likely too simplistic to rely only
on C3 dominance for distinguishing patients with abnormalities
of complement activation and those with immune complex-
mediated disease, as suggested by a recent review (48). Our
results highlight the need of a more advanced classification,
based on the underlying pathogenetic patterns of complement

activation. Along this line are data that the stratification of
patients according to C3NeF activity was more clear-cut when we
compared patients grouped on the basis of cluster analysis (15).
Thus, patients in cluster 3, characterized by highly electron-dense
intramembranous deposits, low C3 levels and mostly normal
sC5b-9 levels, had a higher prevalence of C3NeFs stabilizing C3
convertase and higher stabilizing activity in the assay without
properdin than patients in clusters 1 and 2. Instead, about
70% of patients in clusters 1 and 2, with a high prevalence
of subendothelial, subepithelial and mesangial deposits, had
properdin-dependent C3NeFs, which fits with low C3 levels and
high sC5b-9 levels measured in vivo [(15) and present data].
Altogether these findings highlight two different mechanisms
of complement dysregulation by C3NeFs, with different degrees
of unchecked activity of the C3 and C5 convertases resulting
in different complement profiles and different patterns of
glomerular injury. Thus, prevalent dysregulation of the C3
convertase by properdin-independent C3NeFs may result in
the constant, slow accumulation of C3 breakdown products
in the GBM, generating denser intramembranous deposits. In
patients with properdin-dependent C3NeFs, both C3 and C5
convertase dysregulation is high, and terminal complement
activation products are sequestered in the glomerulus and
participate in the formation of more amorphous deposits
along the glomerular membrane layers. The significantly higher
prevalence of nephrotic syndrome during disease course in
patients with properdin-dependent C3NeFs supports the role of
a pathogenetic mechanism involving the terminal complement
pathway in altering glomerular permselectivity properties.

Another important observation from this study is that the
stabilizing effect of both properdin-independent and properdin-
dependent C3NeFs against FH-mediated C3 convertase decay is
not due to competition between C3NeFs and FH, because in the
microplate/WB assays the binding of FH to either nascent C3bBb,
during the formation step, or to preformed C3bBb during the
decay step, was not reduced in the presence of C3NeFs. This
finding indicates that C3NeFs and FH bind different molecular
domains in the C3bBb complexes, and may be relevant for
further studies aimed at identifying the neopitope(s) recognized
by the different C3NeFs, an issue that remains ill-defined (49).
Considering that FH binds C3b (50), and is very efficient in
Bb displacement from C3b (21), it is possible to speculate that
C3NeFs could be directed against epitopes on Bb, as previously
proposed (51).

Notably, the C3NeFs that stabilized C3 convertase against FH-
accelerated decay also partially but significantly prevented the
inhibitory effect of FH on C3 convertase formation. This effect
could not be attributed to an antagonistic effect of C3NeFs with

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 2329434

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Donadelli et al. Mechanisms of Complement Activation by C3NeFs

FH, since C3NeFs do not interact with the single C3 convertase
component proteins, as demonstrated by earlier studies with C3b,
FB, and Bb immobilized on microwell plates (31), nor do they
prevent FH binding in the assays reported here. We hypothesize
that C3NeFs rapidly stabilized C3 convertase to prevent
the FH-induced dissociation of newly formed C3 convertase
complexes.

Whether C3NeFs can have any effect on the complement
alternative pathway C3 proconvertase enzyme is not known.
To address this issue, two of the C3NeFs that exhibited the
highest stabilizing activity on C3 convertase were tested in the
microplate/WB assay with Mn2+ buffer, designed to selectively
interrogate C3 proconvertase stabilization. C3bB complexes did
not undergo FH-accelerated decay, which is consistent with other
data in the literature (52, 53), and the addition of C3NeFs did not
alter the amount of residual C3bB complexes. The results were
not restricted to experiments with theMn2+ buffer, because when
we repeated the test in Ni2+ buffer, no effects of either FH or
C3NeFs were observed on C3bB proconvertase decay, while in
the same conditions FH dissociated the C3bBb C3 convertase and
C3NeFs antagonized the FH-mediated decay-accelerating effect.

Intriguingly, we observed that independently of the ions
(Mn2+ or Ni2+) used in the reaction buffer, C3 proconvertase
complexes formed in the same amounts in the absence and in
the presence of FH, suggesting that FH did not compete enough
with FB for binding to C3b as to prevent C3bB assembly. A
plausible explanation for these results derives from biophysical
studies showing that the binding affinity between C3b and FH
molecules is lower compared with the affinity between C3b and
FB (35, 50). FH binding to negatively charged proteoglycans in
cell glycocalyx and on cell surfaces shifts FH from a latent to an
active conformation, which significantly increases the affinity for
C3b (54). It is possible that in a cell-based context proteoglycans
could influence the interactions of C3b with FB or FH in favor of
the latter (55).

In summary, our study provides a mechanistic approach to
detecting and characterizing C3NeFs in patients with C3G and
IC-MPGN and identifies two distinct pathogenetic mechanisms
through which C3NeFs may cause complement dysregulation
and glomerular disease, confirming at molecular level previous
studies with hemolytic and ELISA-based assays (28, 31). C3NeFs
that stabilize C3 convertase in the assay without properdin
associate with prevalent dysregulation of the C3 convertase
and the formation of highly electron-dense deposits in the
GBM, while properdin-dependent C3NeFs result in both C3
and C5 convertase dysregulation, high plasma sC5b-9 levels
and more amorphous and broadly distributed glomerular
deposits.

The identification of different types of C3NeFs with
distinct functional specificities may have an impact on patient
management. Our results suggest that a therapy inhibiting C5

activation (56–58) or targeting properdin (59) could potentially
benefit patients with properdin-dependent C3NeFs. Patients with
properdin-independent C3NeFs might benefit from emerging
drugs, such as FD or FB inhibitors that target the C3 convertase
of the complement alternative pathway (60).

Finally, results of mechanistic studies highlighted new
information, which will be relevant to further studies aimed
to clarify the way by which C3NeFs induce complement
dysregulation: (1) most C3NeFs bind strongly and irreversibly to
C3 convertase; (2) C3NeFs and FH recognize different epitopes
in C3 convertase; (3) C3NeFs bind rapidly to C3 convertase and
antagonize the decay-accelerating activity of FH on newly formed
complexes; (4) C3NeFs do not affect the formation and stability
of the C3 proconvertase.
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Pericytes are one of the principal sources of scar-forming myofibroblasts in chronic 
kidneys disease. However, the modulation of pericyte-to-myofibroblast transdifferenti-
ation (PMT) in the early phases of acute kidney injury is poorly understood. Here, we 
investigated the role of complement in inducing PMT after transplantation. Using a swine 
model of renal ischemia/reperfusion (I/R) injury, we found the occurrence of PMT after 
24 h of I/R injury as demonstrated by reduction of PDGFRβ+/NG2+ cells with increase in 
myofibroblasts marker αSMA. In addition, PMT was associated with significant reduction 
in peritubular capillary luminal diameter. Treatment by C1-inhibitor (C1-INH) significantly 
preserved the phenotype of pericytes maintaining microvascular density and capillary 
lumen area at tubulointerstitial level. In vitro, C5a transdifferentiated human pericytes in 
myofibroblasts, with increased αSMA expression in stress fibers, collagen I production, 
and decreased antifibrotic protein Id2. The C5a-induced PMT was driven by extracellular 
signal-regulated kinases phosphorylation leading to increase in collagen I release that 
required both non-canonical and canonical TGFβ pathways. These results showed that 
pericytes are a pivotal target of complement activation leading to a profibrotic maladap-
tive cellular response. Our studies suggest that C1-INH may be a potential therapeutic 
strategy to counteract the development of PMT and capillary lumen reduction in I/R injury.

Keywords: complement system, pericytes, ischemia–reperfusion, tubulointerstitial fibrosis, capillary rarefaction, 
c1-inhibitor, c5a

Abbreviations: I/R, ischemia/reperfusion; PMT, pericyte-to-myofibroblast transdifferentiation; C1-INH, C1-inhibitor; CTRL, 
control group; TGF-β1, transforming growth factor beta 1; PDGFRβ, beta-type platelet-derived growth factor receptor; NG2, 
neuronal glial antigen 2; Id2, inhibitor of DNA binding 2; ERK, extracellular signal-regulated kinases; SMAD, small mother 
against decapentaplegic; MMP9, matrix metallopeptidase 9; ADAMTS1, a disintegrin and metalloproteinase with thrombos-
pondin motifs 1; CTGF, connective tissue growth factor; MAPK, mitogen-activated protein kinase.
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inTrODUcTiOn

Ischemia/reperfusion (I/R) injury remains an unavoid-
able consequence after renal transplantation and the principal 
cause of delay graft function (DGF) (1). After brain death, 
the decreased blood flow induces a persistent rarefaction in 
peritubular capillaries (2, 3), whereas the following reperfusion 
exacerbates the pro-inflammatory response by activation of 
complement and coagulation (4). Pharmacologic treatments 
to prevent graft deterioration after I/R are currently lack-
ing. Recently, genetic fate-mapping studies have identified 
pericytes as the major source of scar-forming myofibroblasts 
during progressive chronic kidney disease (5–8). Pericytes are 
mesenchymal-derived cells embedded in the capillary base-
ment membrane and in direct contact with endothelial cells 
(9). Pericytes contribute to microvessel stability and show 
regeneration potential; renal pericytes regulate cortical and 
medullary flow by contracting or dilating in response to vari-
ous stimuli released by the neighboring endothelial and tubular 
cells (10). Interestingly, data on cerebral ischemia showed that 
pericytes died “in rigor,” causing an irreversible constriction of 
capillaries that exacerbates the hypoxia (11, 12). Renal pericytes 
are PDGFRβ+/NG2+ cells that during their abnormal transdif-
ferentiation in myofibroblasts upregulated the pro-fibrotic 
marker αSMA. The physiological role of the receptor tyrosin 
kinase PDGFRβ is to bind the platelet-derived growth factor  
B (PDGF-B) released by endothelial cells. The PDGFRβ sign-
aling promoted the pericytes activation, migration, and the 
recruitment to the vascular wall of newly formed blood vessels. 
Nerve/glial antigen 2 (NG2) is a proteoglycan associated with 
pericytes during vascular morphogenesis (13).

Complement plays a pivotal role in renal I/R injury mediat-
ing tissue damage and amplifying innate and adaptive immune 
response (14–17). C1-esterase Inhibitor (C1-INH) blocks 
complement activation of the classical, lectin (14, 18, 19), and 
alternative pathways (20–22). Currently, C1-INH is used as 
treatment for hereditary angioedema (23), but several studies 
are evaluating the therapeutic potential in renal transplantation 
(24–26). In previous studies, we demonstrated that C1-INH is 
able to prevent the C5b-9 deposition along peritubular capillar-
ies, limiting endothelial dysfunction and renal fibrosis during 
I/R (18, 27). The aim of our study was to investigate the involve-
ment of complement in pericyte activation in the early phase of 
I/R injury.

MaTerials anD MeThODs

animal Models
Animal studies were carried out under protocol approved by 
Ethical Committee of the Italian Ministry of Health. Briefly, 
I/R was induced in pig by clamping the renal artery for 30 min 
followed by reperfusion, as described previously (18). A biopsy 
was performed before ischemia (T0). Pigs were divided into two 
groups: control (CTRL, n = 5, vehicle infused) and C1 Inhibitor 
treated group (C1-INH, n = 5). Five minutes before the begin-
ning of the reperfusion, rhC1-INH was injected in the ear vein 

(500 U/kg). Biopsies were performed at 15, 30, and 60 min and 
24 h after reperfusion. All animals were sacrificed 24 h after the 
procedure. Controlateral kidney was not removed for ethical 
concerns. A mouse model of renal bilateral I/R was performed 
in C5aR1−/− mouse with C57BL/6 backgrounds, as previously 
described (28).

immunohistochemistry
Renal sections underwent deparaffination and heat-mediated 
antigen retrieval (citrate buffer, pH  =  6.00) as previously 
described (18). For caspase3 and Ki67 detection, sections were 
permeabilized with Triton 0.25% for 5  min, then blocked by 
Protein Block Solution (DakoCytomation, USA) for 10  min. 
Incubation was performed with antibodies against: Caspase-3 
(Novus Biologicals, Abingdon Science Park, UK), PDGFRβ 
(Abcam, Cambridge UK), Ki-67 (Novus Biologicals), and 
detected by the Peroxidase/DAB Dako Real EnVision Detection 
System (Dako, Glostrup, Denmark). The peroxidase reaction 
was shown by a brown precipitate, counterstained with Mayers 
hematoxylin (blue). Negative controls were prepared by incuba-
tion with a control irrelevant antibody. Images were scanned by 
Aperio ScanScope CS2 device and signals were analyzed with 
the ImageScope V12.1.0.5029 (Aperio Technologies, Vista,  
CA, USA).

analysis of Peritubular capillaries area
The peritubular capillaries area was calculated by Image J soft-
ware. The cortical area of the entire biopsy acquired by Aperio 
ScanScope was analyzed in a stepwise fashion as a series of 10 
consecutive fields, avoiding the arterioles, venules, and capil-
laries, which has a diameter upper than 50 µm. Values from all 
consecutive images for each biopsy were averaged.

cell culture
Human placental-derived pericytes (PromoCell, Heidelberg, 
Germany) were grown in Serum Free Pericyte Growth Medium 
(PromoCell) at 5% CO2 and 37°C. Once they have reached the 
70%, confluence cells were stimulated with human recombinant 
C5a (Biovision, San Francisco, CA, USA) at 10−7 M and human 
recombinant TGFβ-1 (10  ng/ml, Biovision). All experiments 
were performed at early P3–P5 passages. For pERK inhibi-
tion, cells were pretreated with SC1 (Pluripotin, Abcam) at 
1–3–5  µM for 6–24  h, the cells were stimulated by C5a for 
indicated times. For C5aR inhibition assay, mouse monoclonal 
anti-C5aR (Abcam) was preincubated (1:10) for 1 h before the 
C5a exposition.

confocal laser scanning Microscopy
Renal sections and cultured pericytes were stained or double 
stained for αSMA (Santa Cruz Biotechnologies), PDGFRβ, 
NG2 (Abcam), C3 (HycultBiotech), and C5b-9 (Dako). For C3 
and C5b-9 stainings, frozen kidney slides were used. For each 
experiment, 5 × 104 cells were seeded on a cover slip, grown to 
70% confluence, and fixed in 3.7% paraformaldehyde for 5 min. 
After blocking, slides were incubated with primary antibodies, 
overnight at 4°C and with secondary antibodies (Alexa Fluor, 
Molecular Probes, Eugene, OR, USA). TO-PRO-3 was used to 
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Table 1 | List of primers used for qPCR.

gene sequence 5′ → 3′

Connective tissue growth factor (CCN2) F-TTGGCCCAGACCCAACTA
R-GCAGGAGGCGTTGTCATT

C5aR1 F-GAGCCCAGGAGACCAGAACATG
R-TACATGTTGAGCAGGATGAGGGA

ADAMTS1 F-GCACTGCAAGGCGTAGGAC
R-AAGCATGGTTTCCACATAGCG

GAPDH F-GAAGGTGAAGGTCGGAGTCA
R-CATGGGTGGAATCATATTGGA
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counterstain nuclei. Negative controls were prepared by isotype 
control antibody. Image acquisition was performed with confocal 
microscope Leica TCS SP2 (Leica, Wetzlar, Germany).

Facs analysis
After incubations, cells were washed, detached by ice cold PBS-
EDTA, permeabilized by Intraprep reagents (Instrumentation 
Lab), then incubated with FCR blocking reagent (Miltenyi 
Biotec) for 10 min at RT and with APC-conjugated anti-PDGFRβ 
(LSBio), FITC-conjugated anti-collagen I (Millipore, Millimarck) 
or mouse monoclonal anti-C5aR unconjugated (Abcam) for 
20 min at RT in the dark. After washing, cells were re-suspended 
in FACS buffer. For apoptosis analysis, 5  ×  105  cells for each 
condition were washed with cold PBS 1× and double-stained 
with FITC-conjugated Annexin V/Propidium Iodide. Data were 
obtained using a FC500 flow cytometer (Beckmann Coulter) and 
analyzed by Kaluza software. Three independent experiments 
were performed. The area of positivity was determined using an 
isotype-matched mAb.

MTT assay
Cultured pericytes proliferation was measured by MTT Cell 
Proliferation Assay Kit, according the manufacturer instruc-
tions (Sigma-Aldrich). Briefly, 2  ×  104  cells/well were seeded 
in a 96-well plate, and then cells were treated with C5a, TGFβ1  
(as indicated), PDGFBB (10 ng/ml) for 24 h.

rna extraction and qPcr analysis
RNA from pericytes was extracted using the miRNeasy 
Kit (Qiagen), 500  ng of total RNA was retrotranscribed 
with QuantiTect Kit (Qiagen). qPCR was carried out with 
SsoAdvanced™ Universal SYBR® Green Supermix (Biorad) and 
the Light Cycler@96 (Roche). Primer list sequence in Table 1.

Western blot
Protein lysates were homogenized by RIPA buffer with phos-
phatase and protease inhibitors. Proteins (30 µg) were separated 
in 4–15% polyacrylamide gel and then transferred to PVDF 
membrane (0.2  mM) by Trans-Blot Turbo (BioRad, Hercules, 
CA, USA). After blocking in BSA at 5%, the membranes were 
incubated overnight with the following primary antibodies: 
pSMAD2/3 (Abcam), SMAD 2/3, pERK, extracellular signal-
regulated kinases (ERK), Id2, matrix metallopeptidase (MMP9) 
(Santa Cruz Biotechnology, Inc.) and then with secondary 

antibody (hrp-conjugated, Santa Cruz). The same membrane was 
probed with mouse monoclonal anti-βactin antibody (1:20,000; 
Sigma). The electrochemiluminescence system was used to detect 
the antibody binding (Amersham, UK). The chemiluminescent 
signal was acquired by Chemidoc and quantified using Image J 
software.

statistical analysis
Graphs were displayed using GraphPad Prism Software 5. Data 
were expressed as median  ±  interquartile range (IQR) and 
compared with a Mann–Whitney test for tissue immunostain-
ings. For FACS, qPCR, MTT, and WB data were expressed as 
the mean ± SD. Statistical analysis was assessed using unpaired 
Student’s t-test. A p-value of <0.05 was considered significant.

resUlTs

c1-inh Treatment Preserved Pericytes 
Phenotype after renal i/r injury
To investigate the possible dysfunction of renal pericytes during 
I/R injury, biopsies were analyzed for the expression of PDGFRβ, 
a marker of pericyte (Figure  1). Under normal condition (T0, 
Figure 1A), PDGFRβ+ cells were detected in interstitial peritu-
bular capillaries (Figure  1A, zoom1), in arterioles (Figure  1A, 
zoom2), mesangial cells, and Bowman’s capsule (Figure  1A, 
zoom3). I/R injury caused a significant decrease in PDGFRβ 
expression of pericytes in peritubular capillaries, a process that 
in the CTRL group began after 30 min and persisted until 24 h 
after reperfusion (Figures 1B,D,F). Treatment with C1-INH was 
unable to prevent early PDGFRβ downregulation (Figures 1C,E) 
but gave a significant preservation of peritubular PDGFRβ 
expression at 24  h after I/R injury (Figure  1G compared to 
Figure 1F). Notably, the PDGFRβ expression of mesangial cells 
was not significantly down regulated.

Next, we used PDGFRβ and NG2 co-expression to spe-
cifically label pericytes (Figure 2). In swine kidney, pericytes 
markers were localized in the interstitial peritubular capillaries 
(Figure  2A). We found that all the perivascular NG2+ cells 
were PDGFRβ+; on the contrary, we found that mesangial 
cells were PDGFRβ+/NG2−. After 24 h of I/R, the total num-
ber of PDGFRβ/NG2 double positive pericytes significantly 
decreased; in accordance with Figure  1F, PDGFRβ+/NG2+ 
cells were barely detectable in the interstitial peritubular capil-
laries after I/R (Figures  2B,E). In contrast, C1-INH treated 
pigs were protected in pericytes phenotype as shown by a 
significant recovery in the number of PDGFRβ+/NG2+ cells 
in the interstitial peritubular capillaries regions. Interestingly, 
after 24 h from the C1-INH treatment, other PDGFRβ+/NG2− 
cells (i.e., vascular smooth muscle cells) were protected from 
the PDGFRβ downregulation.

To further confirm the complement deposition at peritubular 
capillary level, we investigated the co-localization of PDGFRβ 
with C3 and C5b-9 after 30  min of reperfusion (Figures S1 
and S4 in Supplementary Material) on frozen renal tissue. We 
found C3 and C5b-9 deposition around peritubular regions after 
30  min; interestingly, C1-INH significantly counteracted this 
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FigUre 1 | C1-INH treatment prevented PDGFRβ downregulation after I/R injury. PDGFRβ expression on paraffin sections at T0 (before ischemia) [(a), zoomed in 1, 
2, 3 at right], at 30 min (b,c), 60 min (D,e), and 24 h (F,g) after reperfusion. The groups analyzed were the CTRL (b,D,F) and C1-INH-treated pigs (c,e,g). In the 
normal kidney (a), PDGFRβ+ cells were localized in peritubular capillaries (1), in arterioles (2), in mesangial cells, and Bowman capsule (3). (b–F) Stainings showing 
that I/R injury induced the PDGFRβ downregulation in the peritubular areas, whereas 24 h of C1-INH treatment protected from pericytes loss. Arrowheads point to 
representative peritubular capillaries PDGFRβ+ cells. (h) Isotype control for PDGFRβ staining. Magnification 630×, scale bar = 50μm. (i) PDGFRβ+ staining area was 
expressed as the median ± interquartile range of five independent pigs for each group. (F) *p < 0.05.
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complement activation (Figures S1C–E and S4 in Supplementary 
Material).

i/r injury Did not affect Pericytes  
Viability In Vivo
To study the possible occurrence of pericyte apoptosis during I/R 
injury as observed in cerebral ischemia (12), we stained 30 min, 
60 min, and 24 h serial sections for PDGFRβ and for the active 
form of Caspase 3 (Casp3) (Figure  3). After 30 and 60  min 
from reperfusion, no PDGRFβ/Casp3 double positive cells were 
detected in peritubular capillaries (Figures  3A,B arrowheads). 
As previously shown (18), apoptosis occurred predominantly in 
tubular epithelial cells (Figures 3A,B right, brown nuclei) (Figure 
S1A in Supplementary Material), and not in pericytes that were 
PDGFRβ+/Casp3−. In addition, we investigated whether renal 
pericytes proliferation could be detected, labeling serial sections 
for PDGFRβ and Ki-67, an antigen that marked nuclei in G1, S, 
and G2 cell cycle phases (29). Remarkably, 24 h after I/R injury, 
no Ki-67 positive cells could be found in interstitial peritubular 
capillaries (Figures 3C,D). In conclusion, in our model, cellular 
apoptosis and proliferation occurred at the level of tubular epi-
thelial cells and not within cells of peritubular capillaries (Figure 
S1B in Supplementary Material).

complement Modulation abrogated i/r 
injury-induced PMT and attenuated 
capillary lumen reduction
Next, we investigated the possible occurrence of PMT after I/R. 
Normal kidney showed αSMA expression predominately in 
smooth muscle cells (wall of renal arteries, Figures 4A,D, dotted 
arrow). Before ischemia, we found PDGFRβ+/αSMA− pericytes 
in interstitial peritubular capillaries (Figures 4A,B). After 24 h 
from I/R injury, perivascular cells upregulated αSMA together 
with an intense reduction in PDGFRβ expression, indicating 
PMT (Figures 4C,D). The co-localization of these two markers 
was more evident in arterioles and peritubular capillaries as 
shown in Figure 4D. Mesangial cells, which originate from the 
same FOXD1+ embryonic mesenchymal precursors of pericytes, 
expressed PDGFRβ (30, 31). However, PDGFRβ expression 
by mesangial cells remained unaffected and no increase of 
PDGFRβ+/αSMA+ was detected in glomerular cells (Figure 4H). 
C1-INH treatment significantly reduced the number of 
PDGFRβ+/αSMA+ cells in the peritubular capillaries, preserving 
the physiological pericytes phenotype (Figures  4E–G). These 
data demonstrate that that inhibition of C1 activity is associated 
with decreased PMT. Interestingly, we assessed the occurrence of 
PMT in a mouse model of renal I/R injury. In the Wtype sham, we 
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FigUre 2 | C1-INH preserved phenotype of double-positive PDGFRβ/NG2 pericytes after I/R injury. Renal tissues were double stained for the pericyte markers 
PDGFRβ (green) and NG2 (red). (a,D) Normal kidney, before ischemia (T0) showed the colocalization of the two signals in peritubular capillaries [arrowhead in  
(a,D) in merged images shown the overlap between PDGFRβ and NG2]. The number of peritubular capillaries-pericytes was reduced after 24 h of I/R (b,e), in 
contrast, 24 h of C1-INH treated pigs showed PDGFRβ/NG2 marker restoration (c,F). (h) Results are expressed as median ± interquartile range of the numbers  
of PDGFRβ+/NG2+ cells/high power fields (HPF) of five independent pigs for each group, *p < 0.05. Magnification, 630×, scale bar = 50 μm. (g) Isotype control 
staining for NG2.
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detected the PDGFRβ expression at level of peritubular capillaries, 
where PDGFRβ+/αSMA− cells were detected (Figure 5A). One 
day after reperfusion, a significant reduction of PDGFRβ and an 
increase of aSMA in the peritubular capillaries were observed in 
the Wtype (Figure 5B). On the contrary, C5aR1−/− mice showed 
significantly lower number of PDGFRβ+/αSMA+ cells compared 
with the Wtype (Figures 5C,I).

To investigate the possibility that the occurrence of PMT might 
influence microvessel luminal diameter, capillaries lumen area 
was measured in PDGFRβ-stained renal sections (Figure  5G). 
Compared to T0 (Figure  5D), we found that PDGFRβ down-
regulation was evident in the interstitial capillaries characterized 
by lumen reduction (Figure  5E; % area fraction: T24CTRL 

3.95 ± 2.36% versus T0 11.30 ± 2.6%). Interestingly, the treatment 
with C1-INH restored basal capillary area fraction (Figure 5F; 
T24 C1-INH 12.06  ±  3.8% versus T24 CTRL). We found that 
the restoration of capillary lumen was statistically significant 
(Figure 5H).

c5a induced PMT Without affecting 
Pericytes Viability In Vitro
To validate our findings in vitro, we next evaluated the PDGFRβ 
expression in pericytes culture stimulated with the comple-
ment anaphylotoxin C5a and TGFβ, a classic mediator of PMT 
(7, 32). After C5a stimulation, we found that the number of 
PDGFRβ+-pericytes significantly decreased indicating the 
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FigUre 3 | Ischemia/reperfusion injury did not induce pericytes apoptosis in vivo. IHC analysis of CTRL group serial sections labeled for PDGFRβ and Casp3  
(a,b) and for PDGFRβ and Ki-67 (c,D). PDGRβ+ peritubular capillaries-cells were detected by brown cytoplasmic staining. Apoptotic Casp3+-cells shown nuclear 
brown signal, while Casp3− cells had blue nuclei. Double positive PDGFRβ+/Casp3+ peritubular pericytes were barely detected at early time after reperfusion [T30  
in (a) and T60 in (b)], boxed area was enlarged at right. Magnification 20×, scale bar = 50 μm. Arrowheads indicate representative PDGFRβ+-pericytes (brown 
cytoplasmic cells) that showed negative Casp3 in the right panel. Immunohistochemical split diagram showing PDGFRβ+/Ki-67− peritubular cells at T0 and T24h 
(c,D). Arrowheads indicate representative PDGFRβ+-pericytes that did not show positivity for Ki-67 staining (blue nuclei) [(c), right]; arrowheads indicate not 
proliferating perivascular cells [(D), right]; asterisk indicates Ki-67+ tubular cells. G, glomeruli; T, tubuli; V, vessel.
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phenotypic occurrence of PMT (Figures 6A,B PDGFRβ+ peri-
cytes: C5a 48.32 ± 7.89 versus basal 79.98 ± 10.45%, p < 0.05). 
This activation persisted even after 48 h from stimulation (data 
not shown). By using the AnnexinV/Propidium Iodide and MTT 
test, we also found that pericytes did not undergo to early and 
late apoptosis upon C5a activation (Figure 6C, early apoptosis: 
C5a 14.57  ±  0.82% versus Bas 11.19  ±  1.52%, ns, Figure S2A 
in Supplementary Material) nor downregulated their prolifera-
tive response (Figure  6D). On the contrary, TGFβ stimulation 
upregulated the percentage of early apoptotic cells during peri-
cytes activation.

We also observed that C5a-stimulated pericytes acquired 
spindle-like shape morphology similar to fibroblasts. Performing 
immunofluorescence analysis, we found an increased expression 
of αSMA in stress fibers (PDGFRβ/αSMA, Figure 7A), indicat-
ing the acquirement of a contractile phenotype. Moreover, the 
morphologic changes were accompanied by increased collagen 
I protein synthesis (Figure 7B, C5a 24 h: 63.17 ± 8.22% versus 
basal: 19.86  ±  15.07%, p  <  0.05) as well as connective tissue 
growth factor mRNA expression (Figure 7C). Interestingly, C5a 
increased metalloproteinase MMP9 protein level and ADAMTS1 
gene expression, which are usually involved in pericytes 
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FigUre 4 | C1-INH significantly modulate the occurrence of PMT in Vivo. Confocal images showing interstitial peritubular capillaries pericytes co-labeled with 
PDGFRβ (green) and αSMA (red). In T0, PDGFRβ+/αSMA+ perivascular cells were barely detectable [(a), boxed area was zoomed in (b)], and αSMA was localized  
in the wall of arteries [dotted arrows (a,D)]. After 24 h of ischemia/reperfusion injury [(c), rectangle area was zoomed in (D)], the number of PDGFRβ+/αSMA+ cells 
increased predominately at peritubular capillaries level [(D), arrowhead]. C1-INH treatment limited the αSMA increase (e,F). The PDGFRβ decrease occurred at 
peritubular capillary level and did not affect the PDGFRβ+-mesangial cells [T24 CTRL in (h)]. Results are expressed as median ± interquartile range of the numbers 
of PDGFRβ+/αSMA+ cells/high power fields (HPF) of five independent pigs for each group (g). Magnification, 630×.
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FigUre 5 | Continued
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FigUre 6 | C5a induced PDGRFβ downregulation without affecting pericyte viability. (a) Immunofluorescence analysis showed the downregulation of PDGRβ  
after 24 h of treatment with C5a compared to basal. Magnification, 630×. (b) For FACS analysis; permeabilized cells were incubated with APC-conjugated  
PDGFRβ antibody. (c) After stimulation, pericytes were double stained with Annexin V-FITC and propidium iodide and analyzed to detect early, late apoptosis,  
and necrosis. The number of apoptotic cells was not increased. H2O2 100 µM for 24 h was used as positive control (not showed). (D) Pericytes treated with C5a, 
TGFβ1, PDGF-BB (10 ng/ml), or medium alone were plated in 96-well plate and MTT assay was performed. Data represent the mean ± SD; n = 3.

FigUre 5 | PMT is modulated by C5aR1 and associated with capillary lumen reduction 1 day after ischemia/reperfusion (I/R) injury. Renal I/R injury was performed 
for 24 h in C5aR1-deficient mice as showed in (a–c,i) and in a swine model treated with C1-INH as showed in (D–h). (a) Confocal images showing interstitial 
peritubular capillaries pericytes in a mouse model of I/R injury co-labeled with PDGFRβ (green) and αSMA (red). In the Wtype sham, PDGFRβ+/αSMA+ perivascular 
cells were barely detectable. After 24 h of I/R injury (b), the number of PDGFRβ+/αSMA+ cells increased predominately at peritubular capillaries level. (c) C5aR1−/− 
mice were protected from PDGFRβ loss and αSMA increase. Results are expressed as median ± interquartile range (IQR) of the numbers of PDGFRβ+/αSMA+ cells/
high power fields (HPF) of five independent mouse for each group (i). Magnification, 50×. Representative IHC images of PDGFRβ-stained renal biopsies used to 
measure the peritubular capillaries area (D,g). After 24 h of I/R injury (e), microvessels appeared constricted with a significant decrease in luminal diameter. (F) The 
treatment with C1-INH restored basal capillary area fraction. Scale bar, 100 µM. (g) Schematic panel showing the calculation of capillary lumen area using Image J 
Software. (h) Graph indicating the mean of capillary lumen area. Results are expressed as median ± IQR of the capillary area fraction (%), n = 3 for each group.
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detachment during PMT in experimental UUO (Figures S2B,C 
in Supplementary Material) (33).

Finally, we evaluated the modulation of Id2, a critical DNA-
binding protein implicated in the regulation of the profibrotic/
mesenchymal terminal differentiation (34–36). As expected, Id2 
was highly expressed in normal cultured pericytes. By 6 h from 
C5a stimulation, we found a significant downregulation of Id2 in 
pericytes undergoing PMT; the downregulation was still detect-
able at 18 h and was comparable to the effects of TGFβ, a negative 
modulator of Id2 (Figure 7D).

c5a signaling induces PMT by canonical 
and non-canonical TgFβ Pathway via 
perK
To identify the intracellular signaling involved in the C5a-induced 
PMT, cultured pericytes were incubated with complement 

anaphylotoxin and TGF-β1 (Figures 8 and 9). TGFβ contributes 
to renal fibrosis by the activation of canonical (SMAD 2/3) 
pathway and non-canonical [mitogen-activated protein kinase 
(MAPK)] pathways (37) (Figure S3 in Supplementary Material). 
Since also C5a, by interaction with the C5aR, induces the activa-
tion of ERK/MAPK pathway (38–40), we evaluated pERK protein 
modulation, as a possible common mediator of TGFβ and C5a 
signaling. We found by FACS analysis that pericytes expressed 
the C5aR at cytoplasmic and membrane level (Figure  8A).  
In addition, pericytes significantly upregulated the C5aR1 mRNA, 
which increased after 18 h of stimulation (Figure 8B). As shown 
in Figure 8C, C5a increased ERK phosphorylation after 15 and 
30 min.

Next, we investigated whether the C5aR-induced signaling 
could play a role in promoting the PMT. We used anti-C5aR 
specific neutralizing antibody to inhibit the C5a binding to 
C5aR. Anti-C5aR prevented the increase of collagen I induced 
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FigUre 7 | C5a induced PMT in vitro. Pericytes were incubated with C5a and TGFβ1 for 24 h. (a) Immunofluorescence showed a drastic remodeling of αSMA-
stress fibers (b) FACS analysis showed increased collagen I expression in permeabilized cells, after C5a exposition. (c) mRNA expression levels of connective tissue 
growth factor (CTGF) (CCN2) were determined by qPCR. C5a stimulated pericytes showed a significant increase after 3 and 6 h of incubation. The fold change of 
CTGF expression was normalized to GAPDH. The histograms represent the mean ± SD, n = 3. (D) Western Blot showed a significant reduction of Id2 protein 
compared to basal condition, β-actin protein expression was used for normalization (*p < 0.05, **p < 0.01).
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by C5a exposition (Figure  8D, bottom right). These results 
indicate that pericytes expressed the C5aR and that C5aR 
activation via pERK (non-canonical TGFβ pathway) might 
promote PMT. To further validate that pERK pathway was also 
pivotal in TGFβ-canonical signaling, we evaluated the effect 
of C5a stimulation on SMAD2/3 phosphorylation. First, we 
found the C5a increased the amount of pSMAD2/3 at 15 and 
30 min (Figure 9A). Further time course at 6 and 18 h revealed 
that C5a led to a persistent increase of total SMAD2/3 complex 
(Figure 9B). Finally, we tested the effect of SC1 (Pluripotin) 
on C5a-induced PMT. SC1 is a dual kinase (ERK1, MAPK3) 
inhibitor that blocks ERK1/2 phosphorylation of at Thr-202/
Tyr-204 (41). Analysis of ERK phosphorylation showed an 

inhibition at the concentration of 1 µM for 24 h (0.26 ± 0.18-
fold compared to untreated cells 2.4 ± 1.18); higher concen-
trations (3–5  µM) interfered with cellular viability and were 
not considered. Pretreatment of pericytes with 1 µM SC1 for 
24  h reduced ERK phosphorylation (Figure  8C), blocked 
C5a-induced SMAD3 phosphorylation at 15 min (SC1 1 µM 
SC1 for 24  h  +  C5a 15  min: 0.69  ±  0.32 compared to C5a 
15  min: 1.32  ±  0.25) (Figure  8D) and significantly reduced 
the C5a-induced collagen I production at 12 h (SC1 1 µM SC1 
for 24  h  +  C5a 12  h: 33.10  ±  12.15 compared to C5a 12  h: 
8.34 ± 4.39) (Figure 8D, left bottom). These data support the 
role of C5a in promoting PMT by the activation of both TGFβ-
canonical and non-canonical pathway.
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FigUre 8 | C5aR pathway activation contributes to PMT in human pericytes by extracellular signal-regulated kinases (ERK) phosphorylation. (a) Human pericytes 
expressed C5aR. Pericytes were assessed for presence of C5aR. FACS analysis showed both intracellular and extracellular C5aR expression in permeabilized 
(intracellular) and not permeabilized pericytes (extracellular) in basal condition. n = 3, MFI, mean fluorescence intensity. (b) qPCR analysis showed an increased 
expression of C5aR1 gene transcripts in pericytes after 18 h of C5a incubation. Expression levels were normalized by GAPDH. The histograms represent the 
mean ± SD, n = 3 (**p < 0.01, *p < 0.05, unpaired t-test versus basal for each time point). (c) Western blot of pericytes stimulated by C5a and TGFβ for 15 and 
30 min. C5a increased the phosphorylation of ERK. Expression levels of pERK were normalized by total ERK (n = 3, *p < 0.05 versus basal). (D) FACS analysis of 
pericytes after C5aR blocking showing reduced collagen I production (in bottom right). Anti-C5aR (mouse monoclonal) was used to inhibit the binding of C5a to 
C5aR, before the C5a exposition. Basal (in top, right), C5a 12 h (in bottom left) n = 3, p < 0.05.
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DiscUssiOn

In the present study, we demonstrated that inhibition of the 
complement system in I/R injury prevents the occurrence of 

PMT and the reduction of peritubular capillaries lumen areas. 
In particular, C5a had a pro-fibrotic activity driving pericytes 
toward a maladaptive dysfunctional phenotype by modulation of 
pERK activation.
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FigUre 9 | TGFβ canonical pathway is activated by C5a and modulated by pERK. (a) Western blot of pericytes stimulated by C5a and TGFβ. C5a increased the 
phosphorylation of SMAD 2/3 complexes after15 and 30 min (b) and upregulated the total SMAD 2/3 expression after 6 and 18 h. pSMAD2/3 and total SMAD 
2/3-protein expression was normalized by β-actin. (c) Pericytes were cultured with or without SC1 (Pluripotin) pretreatment to inhibit extracellular signal-regulated 
kinases (ERK) phosphorylation. Time course of ERK phosphorylation at 6 and 24 h using increasing SC1 concentrations (1–3–6 µM) was performed. The relative 
density of the bands was normalized to total ERK. Pretreatment with SC1 1 µM for 24 h blocked C5a-induced SMAD3 phosphorylation after 15 min of incubation 
and the C5a-induced collagen I production after 12 h. (D,e). Expression levels of pSMAD 3 were normalized by total SMAD. Graphs show mean ± SD, n = 3.
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Pericytes are mesenchymal-derived cells that interact with 
endothelial cells, releasing trophic factors such as VEGF and 
PDGF-BB (42). Recently, several studies demonstrated that 
pericytes are one of the myofibroblast precursors during 

development of tissue fibrosis (6, 43–45). Our results showed 
that complement is involved in transdifferentiation of pericytes 
in the early phases after kidney transplantation. Complement 
system is a key player in renal I/R injury (17, 46, 47), and C1-INH,  
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a serine protease inhibitor used for the therapy of hereditary 
angioedema (23) might offer a new strategy for the preven-
tion of I/R injury (25, 48, 49). Previously, it has been shown 
C1-INH treatment significantly prevents fibrosis, improves 
early and long-term renal function (26) and protected from 
TGFβ pathway activation (49). In our swine model of I/R, we 
found at early time after reperfusion (30 min) the deposition 
of complement components (i. e C4d, C3c, and C5b-9), along 
the peritubular capillaries (18), the areas where pericytes niche 
are localized. We also found the co-localization of PDGFRβ 
together with C3 (Figure S1 in Supplementary Material) and 
C5b-9 (Figure S4 in Supplementary Material). In accordance, 
starting from 30 min, the downregulation of PDGFRβ in our 
model began exactly along peritubular capillaries, without 
involvement of PDGFRβ expression in mesangial cells and 
larger arteries. The treatment with C1-INH, reduced the C4d 
peritubular deposition (18), and significantly restored pericytes 
markers expression, thereby accelerating the pericytes recovery. 
Even if pericytes identification requires transmission electron 
microscopy and fate-tracing analysis (5) several studies sug-
gested that a PDGFRβ+ perivascular cell population is involved 
in collagen release, since specific PDGFRβ blocking reduced 
fibrosis development (32). Additionally, NG2 (50–52) was used 
to specifically label pericytes. We demonstrated a significant 
reduction in PDGFRβ/NG2 double positive cells after 24 h of 
I/R. Interestingly, our data are in line with Hosaka and col-
leagues (53) showing that in the PMT occurring during the 
tumor growth and metastasis, the loss of PDGFRβ and NG2 
is not due to pericytes death nor proliferation. We found that 
renal I/R injury did not induce apoptosis of pericytes but 
their activation characterized by a maladaptive response not 
leading to cellular death but transdifferentiation toward a 
myofibroblast phenotype. In accordance, complement system 
did not affect pericytes viability in  vitro. Furthermore, our 
data on renal pericytes are different compared with a model 
of cerebral ischemia in vivo, were pericytes died by apoptosis  
in rigor mortis and induced an irreversible constriction of 
micro vessel (12). Another difference in our data regarded the 
pericyte proliferation in the early stage of I/R. Using a rat model 
of I/R (54) and a transgenic reporter mice to determine the 
contribution of pericytes to fibrosis, previous reports described 
the increased proliferation of pericytes, starting from 48 to 
72 h after injury (5). This difference might be explained by the 
fact that our analysis was conducted at 24  h; in addition, we 
analyzed a swine model.

Several studies revealed the importance of kidney pericytes for 
peritubular capillary integrity (55) and the microvascular rarefac-
tion following ischemic acute kidney injury (AKI) (56, 57). After 
I/R, microvessels showed CD31 reduction and αSMA increase 
indicating the occurrence of endothelial-to-mesenchymal transi-
tion, which also contributes to kidney fibrosis (2, 27, 53); in this 
contest, αSMA, a marker of activated myofibroblasts, amplifies 
cell contractility with reorganization of stress fibers(9, 58). Here, 
we demonstrated that αSMA increase is also associated to micro-
vascular pericytes. In accordance with Gomez and colleagues 
(59), we hypothesized that PMT might lead to direct constriction 

of vessels with reduction of capillaries density and lumen area. 
This process has been described in cerebral I/R injury where 
pericytes led to irreversible constriction of capillaries, exacerbat-
ing tissue hypoxia (11, 12). Interestingly, we found that treatment 
with C1-INH was capable to maintain the capillary lumen area 
by counteracting PMT. We recognized that C1-INH, beyond 
targeting classical and lectin pathway can inhibit the contact, 
coagulation, and fibrinolytic pathway involved in blood flow 
dysfunction (24). This can result in a reduced thrombi forma-
tion and a systemic improvement of vascular stability. However, 
PMT inhibition by C1-INH could provide a new mechanism to 
preserve graft from capillary rarefaction and reduction of lumen 
area.

Ischemia/reperfusion injury is primarily mediated by 
complement activation, with C5a playing a pivotal role also 
in inflammation response and allograft rejection (14, 15, 17, 
60, 61). In this paper, we demonstrated for the first time that 
C5a can induce PMT with important pro-fibrotic effects. We 
stimulated cells with C5a because represents the most potent 
pro-inflammatory and chemotactic mediator (62) with specific 
receptors demonstrated at the level of renal resident cells. 
Nevertheless, despite the C5a pivotal pathogenic role, in clinical 
trials, the C5 inhibition by the human monoclonal antibody 
Eculizumab has been shown not to be sufficient to prevent DGF 
as well as antibody-mediated rejection (63, 64). Specifically, 
even after Eculizumab treatment, a residual C5 activity has 
been demonstrated (65). This could explain why not all patients 
benefit of an anti-C5 therapy in C3-mediated kidney diseases 
or during strong complement activation (24). Therefore, strate-
gies that act upstream of C5 activation to prevent opsonization 
and generation of C3 activated products (i.e., C3a, iC3b, C3b, 
and later C5a) have been evaluated (24). As endogenous serine 
protease inhibitor, C1-INH has an excellent safety compared to 
Eculizumab (66, 67) and indirectly inhibits the release of the 
reactive late component C5a (68).

The C5a/C5aR pathway has extensively shown to cause 
recruitment of neutrophils and macrophages and exacerbate 
tubular injury in acute kidney injury. C5aR deficiency on renal 
cells or circulating leukocytes can significantly ameliorate renal 
injury (14, 16, 28, 39, 69).

The C5a-induced PMT was characterized by: the acquirement 
of αSMA stress fibers, the production of extracellular matrix 
proteins as collagen I, the downregulation of the antifibrotic 
BMP7-Id2 signaling (70–72), and finally by the activation of 
TGFβ canonical and non-canonical pathway (70–77). Our data 
connecting complement activation with fibrosis are in accordance 
with other disease model such as lung fibrosis where complement 
might lead to SMAD2/3 dependent and independent pathway 
activation, shifting the initial acute inflammatory response in a 
chronic profibrotic state (77).

We also analyzed ERK activation at early times after C5a 
stimulation, since ERK is a common downstream mediator of 
C5aR, TGFβ non-canonical signaling, and a possible inducer of 
TGFβ canonical pathway (73, 75) (Figure S3 in Supplementary 
Material). First, we showed that human pericytes expressed the 
C5aR, both at cytoplasmic level and on membrane surface. Second, 
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by blocking the C5aR, we demonstrated that C5aR signaling is 
involved in collagen I release. As observed by other group (77), 
C5a can activate SMADs proteins, independently from TGFβ. In 
this signaling, ERK could act as bifurcation point to induce both 
the non-canonical and the canonical TGFβ pathways (78). After 
ERK phosphorylation blockade by SC1 (pluripotin), a dual kinase 
(ERK1, MAPK3) inhibitor (41), we found a significant reduction 
of C5a-induced SMAD3 activation and of C5a-induced collagen 
production. In accordance with recent evidences (79, 80), these 
results suggest that ERK might regulate TGF-β/Smad signaling. 
Therefore, next to TGFβ (81), also innate immune signaling (59) 
(i.e., anaphylotoxins) might lead to an amplification of interstitial 
extracellular matrix accumulation by generating myofibroblast 
via PMT after AKI (82). In accordance with our in vitro findings, 
the in vivo C5aR1 deficiency protected from PMT, indicating that 
C5a/C5aR1 is involved in tubulointerstitial fibrosis as shown by 
Martin et al. (83).

In conclusion, our data suggest that in the early phase of I/R 
injury, renal pericytes are a major target of complement activa-
tion resulting in maladaptive response and PMT. Considering the 
pivotal role of renal pericytes in preserving vascular homeostasis 
and maintaining blood perfusion, our data offer new insight 
into the pathogenic mechanisms regulating vascular capillary 
reduction and fibrosis development in AKI with potential future 
therapeutic application.
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FigUre s1 | Ischemia/reperfusion (I/R) injury did not induce apoptosis  
or proliferation within perivascular compartment. Quantification of Casp3+  
(a) and Ki-67+ (b) cells by IHC after I/R injury with distinction between tubular 
and perivascular cells. At different times from reperfusion, the Casp3+ and 
Ki-67+ were detected predominately at tubular level. Results are expressed  
as mean ± SD of Casp3+ or Ki-67+ cells/high power fields (HPF). 
Immunofluorescence images showing interstitial peritubular capillaries  
pericytes co-labeled with PDGFRβ (green) and C3 (red). In T0, PDGFRβ+/C3+ 
perivascular cells were barely detectable (c). After 30 min of I/R injury  
[(D), rectangle area was zoomed in (g)], the number of PDGFRβ+/C3+ cells 
increased predominately at peritubular capillaries level [(D), arrowheads]. 
C1-INH treatment limited the C3 deposition (e). Isotype control staining was 
used as negative control (F). Results are expressed as median ± interquartile 
range of the numbers of PDGFRβ+/C3+ cells/HPF of five independent pigs for 
each group (h). Magnification, 50×.

FigUre s2 | C5a did not trigger apoptosis and activated expression of matrix 
metallopeptidase (MMP9) and ADAMTS1 in pericytes. Human pericytes were 
treated with C5a and TGFβ for 6, 18, and 24 h. (a) Cell apoptosis or necrosis 
was analyzed by flow cytometry after Annexin V/propidium iodide (PI) staining. 
The units of the Y and X axes are fluorescence intensity. Early apoptotic cells are 
Annexin-V+/PI−; late apoptotic cells are both Annexin-V + 7/PI+; and necrotic 
cells were Annexin-V−/PI+. Data are expressed as apoptosis (early and late %) 
or necrosis (%) (as indicated in Figure 5c). (b) Western blotting demonstrated 
the increased expression of active form (85 kDa) of MMP9. (c) qPCR 
demonstrated the upregulation of ADAMTS1 mRNA after C5a and TGFβ 
exposition. p < 0.05 versus basal.

FigUre s3 | Schematic pathway showing the possible cross-talk between 
C5aR and TGFβ canonical and non-canonical pathway. C5aR, a G protein-
coupled receptor for C5a anaphylotoxin, promotes the MAPK signaling 
activation (Ras/Raf/MEK), inducing the extracellular signal-regulated kinases 
(ERK) phosphorylation and transcription of pro-inflammatory and pro-fibrotic 
genes. pERK activation is also one of the final effector factors of SMAD-
independent TGFβ pathway (non-canonical pathway) that include various 
branches of MAP kinase pathways, Rho-like GTPase signaling pathways  
and phosphatidylinositol-3-kinase/AKT pathways (not showed). Independently 
from TGFβ presence, C5a could activate SMAD-independent signaling leading 
to activation of profibrotic pathway. In addition, pERK could be involved in the 
activation of SMAD-dependent TGFβ pathway (canonical pathway, green arrow 
and factors) inducing the SMAD2/3 phosphorylation (red dotted arrow). As 
common downstream mechanisms, the C5a exposition led to transcription  
of profibrotic gene and proteinase for detachment. Blocking of pERK, by SC1 
(Pluripotin) a dual kinase (ERK1, MAPK3) inhibitor of Thr-202/Tyr-204 
phosphorylation could interferes with C5a-induced transcription of pro-
inflammatory and with SMAD3 phosphorylation. This could lead to the decrease 
of extracellular matrix protein accumulation by perivascular pericytes (C5aR, 
complement component C5a Receptor 1; MAPK, mitogen-activated protein 
kinase, ERK, extracellular signal-regulated kinases; SMAD, small mother against 
decapentaplegic).

FigUre s4 | C5b-9 deposition occurred at peritubular capillary level and is 
modulated by C1-INH after 30 min of ischemia/reperfusion (I/R) injury. 
Immunofluorescence images showing interstitial peritubular capillaries pericytes 
co-labeled with PDGFRβ (green) and C5b-9 (red). In T0, PDGFRβ+/C5b-9+ 
perivascular cells were barely detectable (a). After 30 min of I/R injury, the 
number of PDGFRβ+/C5b9+ cells increased predominately at peritubular 
capillaries level and glomerular level (b). C1-INH treatment limited the C5b-9 
deposition (c). Results are expressed as media ± SEM of the numbers of 
PDGFRβ+/C5b-9+ cells/high power fields of five independent pigs for each  
group (g). Scale bar in (a–c): 100 µm. Boxed area was enlarged in  
(D–F) (scale bar: 50 µm).
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Complement synthesis in cells of origin is strongly linked to the pathogenesis and

progression of renal disease. Multiple studies have examined local C3 synthesis in renal

disease and elucidated the contribution of local cellular sources, but the contribution of

infiltrating inflammatory cells remains unclear. We investigate the relationships among C3,

macrophages and Th17 cells, which are involved in interstitial fibrosis. Here, we report

that increased local C3 expression, mainly by monocyte/macrophages, was detected

in renal biopsy specimens and was correlated with the severity of renal fibrosis (RF)

and indexes of renal function. In mouse models of UUO (unilateral ureteral obstruction),

we found that local C3 was constitutively expressed throughout the kidney in the

interstitium, from which it was released by F4/80+macrophages. After the depletion

of macrophages using clodronate, mice lacking macrophages exhibited reductions in

C3 expression and renal tubulointerstitial fibrosis. Blocking C3 expression with a C3

and C3aR inhibitor provided similar protection against renal tubulointerstitial fibrosis.

These protective effects were associated with reduced pro-inflammatory cytokines, renal

recruitment of inflammatory cells, and the Th17 response. in vitro, recombinant C3a

significantly enhanced T cell proliferation and IL-17A expression, which was mediated

through phosphorylation of ERK, STAT3, and STAT5 and activation of NF-kB in T cells.

More importantly, blockade of C3a by a C3aR inhibitor drastically suppressed IL-

17A expression in C3a-stimulated T cells. We propose that local C3 secretion by

macrophages leads to IL-17A-mediated inflammatory cell infiltration into the kidney,

which further drives fibrogenic responses. Our findings suggest that inhibition of the

C3a/C3aR pathway is a novel therapeutic approach for obstructive nephropathy.

Keywords: complement component 3, macrophage, renal fibrosis (RF), IL-17A, IgAN

INTRODUCTION

Renal fibrosis (RF) has become an important worldwide health problem and represents a major
economic burden to society. IgA nephropathy (IgAN) is one of the most common causes of
chronic kidney disease (CKD), and the prognosis of IgAN is more closely associated with the
severity of interstitial injury and fibrosis than that of glomerular lesions (1). As the common
consequence of all forms of CKD, RF is characterized by deposition of extracellular matrix and
associated with inflammatory cell recruitment, angiogenesis, lymphangiogenesis, an myofibroblast
formation (2–4). Although researchers have confirmed that chronic inflammation, oxidative stress,
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proteinuria, and abnormal activation of complement are involved
in the development and progression of CKD, the pathogenesis of
RF remains largely unknown (5–8).

The complement system is a crucial part of the immune
system and consists of multiple categories of components.
The complement component 3 (C3), a 180 kDa glycoprotein,
plays a central role in activation of the complement system.
Its activation is required for both classical and alternative
complement activation pathways. Circulating C3 is produced
by the liver, and its extrahepatic production has been observed
in other specialized cells, including mast cells, fibroblasts,
smooth muscle cells, and macrophages (9, 10). These cells
synthesize C3, presumably through their bioactive products,
and have an important role in regulating other aspects of
autoimmunity, inflammation, and pathogen host defense. Studies
have confirmed that locally synthesized C3 appears to have
a stronger influence on rejection than circulating C3 (11).
Other reports have demonstrated that the epithelial and vascular
tissues at local sites of inflammation could secrete complement
components (12). Despite Xavier and Cui have demonstrated
that complement C3 activation and macrophage infiltration may
play important roles in the progression of interstitial fibrosis in
UUO mice and human hypertensive nephropathy, the specific
mechanism of local synthesis in renal interstitium by immune
cells has not been thoroughly investigated (13, 14).

As early as the 1970s, Pepys first discovered the interactions
between complement and adaptive immunity by observing
complement-depleted mice that were unable to mount potent
antibody responses (15). Previous studies have found that
complement C3 deficiency is associated with impaired T cell
responses in several disease models, including infections, tumors,
autoimmune disease, and renal transplantation (16). More
recently, researchers observed that the complement components
C3, fB, fD, and C5 were upregulated as regulators of T cell
immunity, as well as the C3a receptor and C5a receptor. In
some kidney transplant studies, the absence of C3 was correlated
with defective T cell priming, reduced T cell proliferation, and
cytokine production after donor-specific restimulation (17, 18).
Moreover, C3 deficiency or blockade was shown to attenuate
the expansion of Ag-specific CD4+ and CD8+ T cell responses
to Listeria monocytogenes in mice, and the regulation of T
cell functionality by C3 might not involve the C5aR signaling
pathway (19).

In this study, we aimed to identify the roles of locally
synthesized C3 in the development of RF in a unilateral ureteral
obstruction (UUO) model and determine whether this synthesis
contributes to M1 cell responses. In addition, we studied the
relationships among C3, macrophages and Th17 cells, which are
involved in interstitial fibrosis.

MATERIALS AND METHODS

Renal and Blood Samples From Patients
With IgAN
Between December 2016 and July 2017, patients aged 18–63 years
who underwent kidney biopsy at Tongji Hospital were recruited,

and renal biopsy specimens were examined retrospectively.
Forty-one patients (20 men and 21 women; mean age = 38.10 ±
12.03 years) with a pathologic diagnosis of IgAN were enrolled.
Their renal and/or blood samples were obtained at the time of
diagnosis. Patients were excluded from this study if they met the
following conditions: <18 years of age, an inability to provide
informed consent, presence of active infection, and pregnancy.
Our protocol was approved by the institutional review board or
ethics committee at each center. Written informed consent was
obtained from all patients.

Animal Model
The animals were purchased from Charles river Laboratories
(Beijing, China). Unilateral ureteral obstruction (UUO) is a
popular experimental model of renal injury. Mice aged 6–
8 weeks were anesthetized followed by a lateral incision
on the back of the mouse. Subsequently, the left ureter
was exposed and tied off with two 4.0 silk suture. Sham-
operated mice underwent an identical procedure but without
ureteric ligation. The therapeutic experiment was performed
with the Compstatin analog Cp40 (dTyr-Ile-[Cys-Val-Trp(Me)-
Gln-Asp-Trp-Sar-His-Arg-Cys]-mIle-NH2;1.7kDa) which was
produced by solid-phase peptide synthesis (GL Biochem
Co., Ltd., Shanghai, China), and SB290157, a C3a receptor
antagonist, which was purchased from Sigma-Aldrich. UUO
and sham-operated mice were treated with Cp40 (1 mg/kg) via
subcutaneous injection every 12 h and SB290157 (30 mg/kg) via
intraperitoneal injection daily. After 7 or 14 days, the mice were
sacrificed by cervical vertebra dislocation, and then, peripheral
blood, spleen, and renal tissues were collected. The mouse
kidneys were fixed in 4% formalin for 24 h, processed through
dehydration in a graded series of alcohol and embedded in
paraffin (Wuhan Goodbio Technology Co., Ltd., Wuhan, China).
The remaining sample was frozen in liquid nitrogen for later
use. All animal studies were performed in accordance with our
university’s guidelines for animal care.

IHC and Immunofluorescence
Paraffin-embedded renal sections (3µm) were subjected to
Masson’s trichome staining as previously reported (20). Paraffin-
embedded renal sections (4µm) were deparaffinized in xylene
and rehydrated in graded alcohol. The endogenous peroxidase
activity was blocked with 3% H2O2 at room temperature for
15min, and non-specific proteins were blocked with 10% goat
serum for 30min. Sections were then incubated overnight with
antibodies against F4/80, α-SMA (Abcam, Cambridge, MA,
USA), C3 (Novus, Littleton, Colorado, USA), iNOS (Santa Cruz,
Dallas, Texas, USA), CD68 (Long Island Biotech, Shanghai,
China), CD3, CD4, and CD8 (Thermo Scientific, Waltham,
MA, USA) at 4◦C, followed by incubation with an HRP-
conjugated secondary antibody and subsequently visualized with
diaminobenzidine substrate and hematoxylin counterstaining.
For double-labeling immunofluorescence studies, following
incubation with primary antibody, sections were incubated with
FITC-conjugated goat anti-rabbit (1:100; Abcam) and Goat anti-
rat Alexa Fluor 594 (1:100; Invitrogen Corporation, Carlsbad,
CA) for 45min at 37◦C and then counterstained with DAPI
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(Vector Laboratories). C3 expression was quantificated by the
percentages of positive area at ×400 magnification on 10 fields
exclusive of blood vessels and glomerulus per section from six
mice in each group. All scorings were carried out by observers
blinded to the experimental groups.

Western Blotting
Protein concentrations were quantified by a BCA protein assay
kit (Beyotime Institute of Biotechnology, Shanghai, China), and
20 µg of protein was used for gel loading. GAPDH primary
antibody (mouse, Santa Cruz, USA) was used at a dilution of
1:3,000, and TGF-β1, collagen I, PDGFR-β, and α-SMA (Abcam,
Cambridge,MA,USA) primary antibodies were used at a dilution
of 1:2,000. C3 primary antibody (rabbit, Novus, USA), p-ERK,
ERK, p-p65, p-STAT3, and p-STAT5 (rabbit, CST, USA) were
used at a dilution of 1:1,000. iNOS primary antibody (mouse,
Santa, USA) and Arginase1 (rabbit, Santa, USA) were used at
a dilution of 1:200. C3aR primary antibody (mouse, Abcam,
USA) was used at a dilution of 1:1,000. The secondary antibody
was used at a dilution of 1:3,000. Western blotting analysis
was performed as previously described (21). The signals were
detected using enhanced chemiluminescence (ECL) (Amersham
Pharmacia Biotech, Piscataway, NJ).

Mouse Cell Preparation
C57BL/6 mice were euthanized by cervical vertebra dislocation,
and then, the whole body vasculature was flushed with a 20ml
injection of fresh PBS through a cardiac puncture. Kidneys were
harvested and cut into small pieces and placed in RPMI1640
medium containing 2 mg/ml collagenase IV (GIBCO) and
100 mg/ml DNase I (Roche) for 45–60min at 37◦C with
intermittent agitation. After tissue disaggregation, cells were
filtered through a 40µm cell strainer (BD Falcon, Franklin Lakes,
NJ). Mononuclear cells from kidneys were then washed with cold
PBS, counted, and used for flow cytometry.

PBMC Isolation
Patients and normal subjects donated 5ml of blood collected in
heparinized tubes. Blood was diluted 1:1 with PBS and overlaid
onto lymphocyte separation medium (TBD sciences, Tianjin,
China). After centrifugation, 3ml of the interface containing the
PBMCs was collected and diluted to 6ml with PBS, then washed
twice with cold PBS and counted. The PBMCs were collected for
flow cytometric analysis.

CFSE Labeling
A CFSE stock solution (5mM) was prepared fresh by dissolving
lyophilized CFSE (Sigma-Aldrich, USA) in DMSO. Splenocytes
were obtained from the spleens of naïve mice, and labeled
with CFSE at 5µM in PBS for 15min at 37◦C. Excess CFSE
was quenched by adding three volumes of ice-cold FBS and
incubating the cells for 5min on ice. CFSE labeled cells were
then washed three times with PBS and cultured with or without
stimulation.

T Cell Activation
The 96-well assay plate precoated with anti-CD3 and anti-CD28
Ab (BD Pharmingen) was incubated at 37◦C for 4 h. Splenocytes

(1 × 106 cells/well) were obtained from the spleens of naïve
mice and were cultured for 3 days in 96-well plates in medium
containing IL-2 (10 ng/mL; R&D Systems) as well as IL-12
(10µg/mL; R&D Systems), or IL-4 (4 ng/mL; BD Pharmingen).

Flow Cytometric Analysis
A single renal cell suspension was prepared and stimulated
with PMA/Ionomycin/Golgi-plug for 4 h. The cells were
incubated with different primary antibodies or the appropriate
isotype control antibodies at 4◦C for 30min. The following
antibodies were used PerCP/Cy5.5-conjugated anti-human
CD14 (Biolegend), PerCP/Cy5.5-conjugated anti-mouse CD4
(Biolegend), APC-conjugated anti-mouse F4/80 (Biolegend), and
PerCP/Cy5.5-conjugated anti-mouse CD11b (Biolegend).After
cellular surface staining, cells were fixed and permeabilized
with Cytofix/Cytoperm Soln Kit for intracellular staining with
Alexa Fluor 488-conjugated anti-human C3 (Abcam) and PE-
conjugated anti-mouse IL-17A (eBioscience). All flow cytometric
analyses were performed using an LSR II Flow Cytometer
(Beckman-Coulter) and Flowjo software.

ELISA
To quantify IL-17A levels in the kidney, samples were analyzed
using a mouse IL-17A ELISA (R and D Systems) according to the
manufacturer’s instructions. All measurements were performed
in duplicate.

Real-Time PCR
Real-time PCR was performed as previously described (22). Real-
time PCR was carried out using the LightCycler 480 system
(Roche, Pleasanton, CA, USA) with the following primers: mouse
C3, forward 5′-ACTGTGGACAACAACCTACTGC-3′, reverse
5′-GCATGTTCGTAAAAGGCTCGG-3′; mouse IL-6, forward
5′-TAGTCCTTCCTACCCCAATTTCC-3′, mouse reverse 5′-T
TGGTCCTTAGCCACTCCTTC-3′; mouse IL-1β, forward 5′-
GAAATGCCACCTTTTGACAGTG-3′, reverse5′-TGGATGCT
CTCATCAGGACAG-3′; mouse TNF-α, forward 5′-CCTGTA
GCCCACGTCGTA G-3′, reverse 5′-GGGAGTAGACAAGGTA
CAACCC-3′; mouse MCP-1, forward 5′-TTAAAAACCTGGA
TCGGAACCAA-3′, reverse 5′- GCATTAGCTTCAGATTTAC
GGGT-3′; mouse Collagen 1, forward 5′-GTCCTAGTCGAT
GGCTGCTC-3′, reverse 5′-CAATGTCCAGAGGTGCAATG-3′;
mouse α-SMA, forward 5′-GGAGAAGCCCAGCCAGTCGC-3′,
reverse 5′-AGCCGGCCTTACAGAGCCCA-3′; mouse PDGFR-
β, forward 5′-GGGTCCGTTCCAGAAAATGT-3′, reverse 5′-GA
CAAGGGACCGGGGTCCAA-3′; mouse Arginase, forward 5′-A
GCGCCAAGTCCAGAACCATA-3′, reverse 5′-CCATGCAAG
TTTCCACTTGT-3′; mouse iNOS, forward 5′-TGGAGCGAGT
TGTGGATTGTC-3′, reverse 5′-GTGAGGGCTTGGCTGAGTG
A-3′; mouse GAPDH, forward 5′-AGGTCGGTGTGAACGGA
TTTG-3′, reverse 5′-GGGGTCGTTGATGGCAACA-3′; mouse
C3, forward 5′-ACGGCATCCTCTGTCATCT-3′, reverse 5′-A
CGGCATCCTCTGTCATCT-3′; TGF-β1, forward 5′-CGCAAC
AACGCCATCTATGA-3′, reverse 5′-ACCAAGGTAACGCCAG
GAAT-3′. The relative amounts of mRNA were normalized to
GAPDH and were calculated using the 2−11Ct approach as
previously reported (23).
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Statistical Analysis
All statistical analyses were conducted using SPSS 12.0 (SPSS,
USA). The values are expressed as the mean ± SEM. Graphpad
Prism 5 software (GraphPad Software, La Jolla, CA, USA) was
used for the statistical analysis with Student’s t-test or one-
way ANOVA where appropriate. The threshold for statistical
significance was set at P < 0.05.

RESULTS

Renal Complement C3 Expression Is
Elevated and Correlated With Infiltrating
CD68+ Monocytes/Macrophages in Human
IgAN Biopsies
Complement was previously shown to play a key role in IgAN
pathogenesis, which involves the aberrant activation of the
classic, alternative, and mannose-binding lectin pathways. We
recruited IgAN patients whose renal biopsy specimens were
reassessed blindly by a single pathologist using the Oxford
classification. Notably, in renal biopsy specimens, C3 expression
was observed in both renal tubules and the interstitium, and
a positive correlation was found between pathologist-assessed
Masson’s trichrome staining and C3 expression, although the
correlation between C3 expression in the interstitium and serum
C3 was not statistically significant (Figures 1A,B). However,
the intensities of C3 in the interstitium were significantly
positively correlated to BUN, serum creatinine (SCr), and
urine proteinuria/UCr (ACR) and negatively correlated to the
eGFR (Figure 1B). No correlation was found between the
intensities of C3 in the interstitium and ALB. In addition,
along with exacerbated RF and enhanced mononuclear leukocyte
infiltration, C3 expression increased significantly (Figure 1C).

However, evidence of local secretion of complement
components by infiltrating cells during IgAN is still absent.
To address this, we assessed C3 expression in renal tissues
and performed flow cytometric analysis of C3 secretion in
peripheral blood of patients with IgAN. C3 secretion was
increased significantly in peripheral blood monocytes from
IgAN patients (Figures 1D,E). Accordingly, C3 expression
and monocyte infiltration were examined in paraffin-
embedded sections of IgAN tissues by immunofluorescence
staining. C3 expression was detected in the interstitium with
significant co-staining of macrophages, which was observed as
double-positive cells in patients, while healthy individuals
showed little or no co-staining (Figure 1F). Altogether
these results suggest that infiltrating macrophages as well
as monocytes are a major source for C3 synthesis in kidney
tissue.

Renal Expression of C3 Is Upregulated in
the Mouse UUO Model
C3 deposits within the glomerulus have been well-characterized
in previous studies. To assess whether expression of C3 in
the renal interstitium and kidney tubules is upregulated
following UUO-induced renal injury, we performed
immunochemical staining, real-time PCR, and Western

blot analyses to measure its expression. Extensive stromal
fibrosis was detected by Masson’s trichrome staining, and
increased C3 synthesis, α-SMA expression, and infiltrating
macrophages were detected by immunohistochemistry
(IHC) in mouse kidneys after the operation compared with
those of the sham-operated mice; these parameters peaked
on day 14 (Figures 2A–C, Supplement Figures 1B–E).
Consistent with the histopathological results, C3 mRNA
(Supplement Figure 1A) and protein (Figures 2D,E)
levels were significantly increased after 7 and 14 days
of UUO. Meanwhile, elevated MCP-1, IL-6, IL-1β, and
TNF-α mRNA expression was also observed in UUO mice
(Figure 2F).

Macrophages Are the Major Source of
Complement C3 Production in the Kidney
Following Obstructive Injury
Our IHC studies showed C3 overexpression in the interstitium
of obstructed kidneys. To further define which cells were the
major source of C3 production in UUO kidneys, we performed
immunofluorescence staining using CD3, ly6G, F4/80, and α-
SMA to identify T cells, PMNs,macrophages, andmyofibroblasts,
respectively. Figure 2A shows macrophages detected in the
interstitium with significant C3 co-staining, shown as double-
positive cells, in UUO mice, while the sham group showed
little or no co-staining. Given that macrophages with different
activation phenotypes play distinct roles, we then proceeded
to verify which subset of macrophages expressed C3 in vitro.
Bone marrow-derived macrophages (BMDMs) were assessed
after 7 days of culture with L929 supernatant. As previously
reported, classically activated macrophages (M1) expressed high
levels of iNOS and little Arginase-I, and alternatively activated
macrophages (M2) expressed high levels of Arginase-I and
little iNOS (Figure 3A). We found that C3 was primarily
expressed by M1 cells, as shown by immunofluorescence
staining and Western blotting (Figures 3B,C). Our results
show that both tubules and interstitial cells secrete C3.
Macrophages in the interstitium are likely to be affected in
the microenvironment. As shown in Figure 3D, the addition
of C3 to the induced differentiated macrophages in vitro
could stimulate increased iNOS, IL-6, and IL-1β expression
and decreased Arginase-I, TGF-β, and TNF-α expression,
indicating that C3 could induce macrophage differentiation into
M1.

Macrophage Depletion Reduces
Complement Expression and Renal
Fibrosis
Our above results showed that macrophages, especially M1
macrophages, contribute significantly to C3 secretion. We
depleted F4/80+ macrophages using clodronate liposomes in
UUO mice. As depicted in Figure 4A, mice were sacrificed after
7 and 14 days of UUO, and the results showed that macrophages
were reduced in UUO mice injected with clodronate compared
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FIGURE 1 | C3 levels were increased in renal tissues and blood samples from patients with IgAN (A) Masson’s trichome staining showing collagen deposition; IHC

analysis of C3 expression in the kidney. n = 41 patients with IgAN. (B) Relationships between C3 in the interstitium with Masson’s trichome staining, BUN, the eGFR,

Scr, ACR, ALB, and serum C3. (C) Relationships between C3 in the interstitium with the degree of inflammatory cell infiltration. Error bars represent SEM. *P < 0.05.

(D) Flow cytometric analysis showing the percentages of C3+CD14+ in PBMC of patients with IgAN. The data shown are representatives of FACS profiles. (E) The

histograms show the increased the percentages of C3+CD14+ in peripheral blood mononuclear in the IgA patients (n = 41) compared with the healthy (n = 37). The

error bars represent the SEM. **P < 0.01. (F) Immunofluorescence staining of CD68 (red) and C3 (green) in the kidney. Scale bar, 50µm.
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FIGURE 2 | Complement C3 is increased in the obstructed kidney. (A) Masson’s trichrome staining indicates collagen deposition. IHC staining showing α-SMA

expression in the sham control and UUO mice; Immunofluorescence staining showing increased C3 (green) expression in UUO kidneys in the interstitium on days 7

and 14 and colocalization (white arrows) with F4/80 (red) original magnification, ×400. Quantitative positive area of interstitial fibrosis (B) and a-SMA (C) positive were

shown as mean ± SEM. n = 6 per group, Scale bar, 50µm. (D) The expression levels of C3 and fibrotic markers (α-SMA, PDGFR-β, and Collagen I) were detected by

Western blot, and (E) the histogram shows the relative intensity for each marker normalized to GAPDH. n = 6 per group. (F) Real-time PCR showing relative renal

mRNA levels of MCP-1, TNF-α, IL-6, and IL-1β in sham and UUO mice. The error bars represent the SEM. **P < 0.01; ***P < 0.001.

to those injected with control PBS liposomes. Similarly,

UUO mice treated with clodronate exhibited significantly

decreased C3 expression. The reduction in C3 expression was
associated with reduced α-SMA expression and decreased

tubulointerstitial fibrosis measured by Masson’s trichrome
staining (Figures 4B–F). In addition, the mRNA and protein
levels of C3, α-SMA, and PDGFR-β were reduced in UUO mice
receiving clodronate liposomes (Supplement Figure 2). These
results further support the pathogenic function of macrophage

infiltration with increased C3 expression, which leads
to RF.

C3 Deficiency Attenuates Fibrosis and
Infiltration of Inflammatory Cells in
UUO-Induced Renal Fibrosis
To investigate the role of C3 in the pathogenesis of UUO,
we used a peptidic C3 inhibitor, Compstatin analog Cp40, to
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FIGURE 3 | Macrophages are the major source of C3 in the obstructed kidney. (A) The protein isolated from BMMs treated for 24 h with either IFN-γ or IL-4 were

analyzed by Western blot analyses, and (B) the histogram shows the relative intensity for each marker normalized to GAPDH. (C) Immunofluorescence staining

showing increased C3 (green) primarily expressed in M1 with colocalization with iNOS (red) (original magnification × 400). Scale bar, 50µm. (D) The effect of

exogenous C3 on the subtype of macrophage by real-time PCR. The histogram shows the relative mRNA levels of iNOS, IL-6, IL-1β, Arginase, TGF-β, and TNF-α in

these groups. n = 3. The error bars represent the SEM. *P < 0.05; **P < 0.01; ***P < 0.001. The data were pooled from three independent experiments.

block C3 activation. Masson’s staining and α-SMA expression
analysis showed that UUO mice injected with 1 mg/kg
Cp40 had much less severe interstitial fibrosis than control
peptide-injected mice (Supplement Figures 3A–D). Western
blot analysis also indicated that the α-SMA and PDGFR-
β levels were decreased in the Cp40-injected UUO mice
(Supplement Figures 3E,F). In addition to the attenuated
tubulointerstitial fibrosis, renal infiltration of F4/80+

macrophages, CD3+T cells, CD4+T cells, and CD8+T cells
was significantly reduced in Cp40-injected UUO mice compared
with peptide-injected mice (Figures 5A–E). Meanwhile,
elevated MCP-1, IL-6, IL-1β, and TNF-α mRNA expression
in UUO mice was markedly limited by Cp40 (Figure 5F).
These data indicate that C3 mediates the infiltration of T cells
and macrophages into the kidney in response to obstructive
injury.

C3aR Blockade Substantially Attenuates
Renal Fibrosis in UUO Mice
C3a is one of the proteins formed by the cleavage of C3
and plays a large role in the immune response. Given that

increased generation of C3 was observed in IgAN patients
and UUO mice, we proceeded to investigate whether the
renal parenchymal loss in UUO mice could be attenuated
by C3aR antagonism, SB290157. SB290157 is a selective
antagonist of complement anaphylatoxin C3a receptor, a
74 amino acid proinflammatory mediator and chemotactic
peptide. It effectively blocks C3aR in humans, rat, guinea
pig, and mouse. As shown in Figures 6A–C, the progression
of renal interstitial fibrosis was dramatically retarded by
daily i.p., injection of SB290157, which was initiated on
day 7 after the UUO operation. And injection of SB290157
did not affect C3 expression in renal interstitium of UUO
mice. Similarly, along with attenuated RF and TGF-β1
release were significantly reduced by treatment with C3aRA
(Figures 6D,E). In addition, we showed that renal infiltration of
F4/80+macrophages, CD3+T cells, CD4+T cells, and CD8+T
cells was significantly reduced in SB290157-injected UUO mice
compared with that in peptide-injected mice (Figures 6F–G).
Additionally, elevated MCP-1, IL-6, IL-1β, and TNF-α mRNA
expression in UUO mice was markedly limited by SB290157
(Figure 6H). Taken together, these data suggest C3-C3aR
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FIGURE 4 | Macrophage depletion protects against renal fibrosis by inhibiting C3 expression. UUO mice were intravenously injected with clodronate liposomes and

control liposomes. On days 7 and 14, mice were sacrificed, and the left kidneys were collected. (A) Scheme of clodronate liposome-mediated macrophage depletion.

(B) Masson’s trichrome staining indicates collagen deposition. IHC staining showing α-SMA, F4/80, and C3 protein expression in these groups (n = 6); original

magnification, ×400. Scale bar, 50µm. Quantitative analysis of interstitial fibrosis(C), a-SMA(D), F4/80 (E), and C3 (F) positive cells were shown as mean ± SEM.

*P < 0.05; **P < 0.01; ***P < 0.001.

signaling promotes RF, and C3aR may be a therapeutic target for
renal disease.

Blocking C3-C3aR Signaling Attenuates
Renal Fibrosis by Inhibiting IL-17A
Production in UUO Mice
As shown in Figure 7A, renal mRNA levels of IL-17A were
substantially increased in UUO mice compared with sham
control mice. In addition, IL-17A levels in the serum of
UUO mice were significantly increased in the early and late
stages compared with those in the serum of sham control
mice (Figure 7B). Consistent with the ELISA and mRNA data,
the FACS results revealed that 8.48 and 10.9% of CD4+

renal cells in obstructed kidneys expressed IL-17A following
UUO, respectively, whereas ≤5.3% were IL-17A+ in sham-

operated mice, and this effect was strongly inhibited by Cp40

and SB290157 (Figures 7C–H). In addition, we performed
analysis of CD11b+F4/80+IL-17+ cells ratio in kidney from

C3 blockade UUO mice and UUO mice. The results showed

that CD11b+F4/80+IL-17+cells were around 1% inmononuclear
cells in two groups, and only slightly changed after blockade

C3 with CP40 (Supplement Figures 4A,B). Similar results were

confirmed in 14 days of UUOmice (Supplement Figures 4C,D).
Thus, we identified that the main producer of IL-17A in the UUO

mice were T cells, which were strikingly increased after unilateral

ureteral ligation.
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FIGURE 5 | C3 deficiency reduces C3 expression, inflammatory infiltration and fibrosis in kidney during UUO. UUO mice were subcutaneously injected with control

peptide and Cp40. On days 7 and 14, mice were sacrificed, and the left kidneys were collected. (A) IHC staining showing F4/80 macrophages, CD3+T cells, CD4+T

cells, and CD8+T cells in these groups (n = 6); original magnification, ×400. Scale bar, 50µm. Quantitative analysis of F4/80 (B), CD3 (C), CD4 (D), and CD8 (E)

positive cells were shown as mean ± SEM. (F) Real-time PCR showing relative renal levels of MCP-1, IL-6, IL-1β, and TNF-α in these groups (n = 6). The error bars

represent the SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

To investigate the mechanism by which C3a promotes
IL-17A expression, we isolated spleen cells from naïve wild-
type mice on anti-CD3/anti-CD28-coated plates in vitro.
We extended our CFSE dilution assay using splenocytes,
and T cells exhibited high levels of proliferation in the
presence of mC3a. Inhibition by SB290157 abrogated T
cell proliferation; therefore, mC3a is required for T cell
proliferation (Figures 8A,B). More importantly, blockade
of C3a by the C3aR inhibitor drastically suppressed IL-17A
expression in C3a-stimulated T cells (Figures 8C,D). In this
study, we found that C3 deficiency significantly reduced
the IL-17A production in obstructed kidneys. Given that
IL-17A can stimulate chemokine expression in renal and
immune cells, our findings establish C3a as a mediator by
which IL-17A initiates infiltration of inflammatory cells
during obstructive injury. Thus, complement C3 activation
represents a key event for triggering the production of

IL-17A during obstructive injury, thereby shaping renal
microenvironments.

As the ERK signaling pathway was reported to be
indispensable for C3a-mediated effector responses during
kidney transplant, we defined the role of ERK signaling in
IL-17A release upon C3a stimulation. The results showed that
exposure to C3a led to phosphorylation of ERK, STAT3, and
STAT5 and activation of NF-kB in T cells (Figures 9A–D).
To further conformed the impact of C3a on activation of
ERK signaling pathway, we knocked down endogenous
C3aR in T cells by using specific small-interfering RNAs
(siRNAs). As shown in Supplement Figure 5, two siRNAs
targeting C3aR specifically knocked down endogenous C3aR
protein in T cells. siRNA # 2 with higher efficiency was
chosen for the subsequent studies. The results showed that T
cells depleted in C3aR can inhibit phosphorylation of ERK,
STAT3, and STAT5 and activation of NF-kB, which active
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FIGURE 6 | C3aR blockade reduces inflammatory infiltration and fibrosis during UUO. UUO mice were intraperitoneally injected with vehicle and SB290157. On day 7,

mice were sacrificed, and the left kidneys were collected. (A) Masson’s trichrome staining indicates collagen deposition. IHC staining showing α-SMA and C3 protein

expression in these groups (n = 6); original magnification, ×400. Scale bar, 50µm. Quantitative analysis of interstitial fibrosis (B), a-SMA (C), and C3 positive cells (C)

were shown as mean ± SEM. (D) The expression levels of C3, TGF-β1, and fibrotic markers (α-SMA, PDGFR-β, and Collagen I) were detected by Western blot. (E)

The histogram shows the relative intensity for each marker normalized to GAPDH. (F) IHC staining showing F4/80 macrophages, CD3+T cells, CD4+T cells, and

CD8+T cells in these groups (n = 6); original magnification, ×400. Scale bar, 50µm. (G) Quantitative analysis of F4/80, CD3, CD4, and CD8 positive cells were

shown as mean ± SEM. (H) Real-time PCR showing relative renal levels of MCP-1, IL-6, IL-1β, and TNF-α in these groups (n = 6). The error bars represent the SEM.

*P<0.05; **P<0.01; ***P<0.001.
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FIGURE 7 | The expression of IL-17A is induced in UUO mice. Mice were subjected to unilateral ureteral obstruction (UUO) by left ureteral ligation for 7 and 14 days (n

= 6 per group). (A) IL-17A mRNA in whole kidneys measured by real-time PCR; **P < 0.01 vs. sham operation; n = 6. (B) Production of IL-17A in obstructed kidneys

was determined by CBA and was normalized to total protein content for each sample; **P < 0.01, *P < 0.05 vs. sham operation; n = 6. Flow cytometric analysis

(C,E,G) and quantification (D,F,H) of kidney cell suspensions from the obstructed kidneys injected with or without Cp40/SB290157 during the time course of UUO;

n = 6. Cells were stimulated in vitro with PMA/Ionomycin/Golgi-plug for 4 h. Specific staining of cell markers (anti-CD4) and intracellular staining for IL-17A were

performed. Plots are gated for live CD4+ IL-17A+ lymphocytes; numbers indicate events in the quadrants as percentages of all gated events. The error bars represent

the SEM. *P < 0.05; **P < 0.01; ***P < 0.001. The data were pooled from three independent experiments.

by C3a (Figures 9E–H). Taken together, our data indicated
that C3a could induce ERK and STAT3 signaling pathway
activation and promote the IL-17A production in T cells
in vitro.

Combined with the data obtained from the mouse and cell
experiments, the results obtained from IgAN patients further
support the notion that local C3 secretion by macrophages leads
to renal fibrogenic responses (Figure 10).
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FIGURE 8 | C3a acts as regulator for renal IL-17A. Splenocytes stimulated with recombinant C3a (20 nM) for 72 h in the presence or absence of SB290157.

(A) Average T cell proliferation increased in response to mC3a, while T cell proliferation decreased in SB290157-treated cultures compared to those containing only

mC3a. (B)The histograms show the blockade of C3a drastically suppressed T cell proliferation stimulated with C3a. The error bars represent the SEM. ***P < 0.001.

(C) Splenocytes were double-stained for CD4 and IL-17A. Representative dot plots are presented, and the numbers in the quadrants represent the percentage of

each population. (D) Quantifications of CD4+ IL-17A+cells as percentages of splenocytes isolated from the WT mice. The error bars represent the SEM. **P < 0.01;

***P < 0.001. The data were pooled from three independent experiments.

DISCUSSION

In human samples, we showed that circulating and local C3
was highly expressed in peripheral blood and renal tissues
from patients with IgAN. Then, we observed that most of
the C3 deposited in the interstitium and its expression were
associated with the severity of renal interstitial fibrosis. Previous
studies have predominantly investigated C3 glomerulopathy,
which is defined as a kidney disease caused by complement
dysregulation that results in variable glomerular inflammation
(24–26). In most of the cases, C3 deposition in the glomeruli,
as shown by immunofluorescence, had no immunoglobulins due
to alternative pathway activation. However, further elucidation
of C3 deposition in the renal interstitium is needed for a better
understanding of its initiation and exacerbation. In our study,
the contribution of C3 secretion by macrophages that infiltrated
in the kidney appeared to be more important than C3 in the
intravascular space as shown by IHC and immunofluorescence
in renal tissues. (1) Immunofluorescence of human patients
showed that C3 expression was more intense in macrophages

than parenchymal cells, and (2) C3 was barely expressed in
renal tubules of UUO mice. We further showed that local C3
levels were highly correlated with RF. Consistent with these
results, cultured mouse BMDMs under stimulations mimicking
the inflammatory microenvironment, M1 and M2 all showed
strongly increased secretion of C3. Furthermore, we found that
C3 facilitates IL-17A production in T cells, contributing to the
development of renal inflammation and fibrosis in UUOmice. In
addition, blockage of C3 by Cp40 attenuated RF of UUO mice.
Our proposed mechanistic network for the pathogenic role of C3
in the development of RF is also summarized in Figure 10.

Renal fibrosis is considered to be a common end point
of various types of CKD, and its biological significance
depends on the cell types contributing to collagenous and
non-collagenous extracellular matrix production (27–33).
The associated processes include vascular leakage, leukocyte
recruitment, angiogenesis, and the appearance of myofibroblasts.
Currently, most data have focused on the precursor cells of
renal myofibroblasts, including circulating bone marrow-derived
cells, or the transition from epithelial or endothelial cells,
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FIGURE 9 | C3a/C3aR signaling promotes the IL-17A production in T cells in vitro. (A,C) Splenocytes stimulated with C3a (20 nM) for 30min in the presence or

absence of SB290157. Extracellular signal-regulated kinase-1/2 (ERK1/2), signal transducers and activators of transcription-3/5 (STAT3/5), and nuclear factor (NF)-kB

p65 subunit phosphorylation were detected by Western blotting. (B,D) The histogram shows the relative intensity for each marker normalized to Actin. (E,G) T cells

were knocked down endogenous C3aR by using siRNAs, and stimulated with C3a (20 nM) for 30min, p-ERK, p-STAT3, p-STAT5, and p-p65 were detected by

Western blotting. (F,H) The histogram shows the relative intensity for each marker normalized to Actin. The error bars represent the SEM. **P < 0.01; ***P < 0.001.

pericytes, and resident fibroblasts (34–39). However, these types
of transdifferentiation were all triggered by innate and adaptive
immune responses through production of proinflammatory
and profibrotic molecules. As a model of tubulointerstitial
fibrosis, UUO model was thought best for this approach, as
it is a rapid and reproducible model of RF in mice, and it
mimics the main steps of tubulointerstitial fibrosis in humans
(40–42). In this study, we explored the interactions between
the innate and adaptive immune systems in the process of
promoting RF. In the early stage during the pathogenesis of
RF, macrophages are present at the affected areas (43). As an
essential component of innate immunity, macrophages also
regulate adaptive immune responses by recruiting other immune
cells, such as neutrophils, mast cells and lymphocytes (44–49).
Our results confirmed that depletion of kidney macrophages
by clodronate significantly attenuated RF and function in
UUO models, which has been demonstrated by previous
reports.

Macrophages are highly heterogeneous cells subdivided
according to their distinct functions (50, 51). In CKD, M1
macrophages are increased during early injury and inflammation
and persistently surround regions of damaged tissue.
Subsequently, macrophages switch to an anti-inflammatory
(M2) phenotype and contribute to resolution of inflammation
(43). Our evidence showed that resident kidney macrophages
can secrete C3, and M1 macrophages secrete higher amounts of
C3 than M2 macrophages.

Prominent roles of CD4+T cells in chronic diseases have been
reported in previous studies (52, 53). Our colleagues showed
that massive CD4+T lymphocyte infiltration was observed in
the fibrotic kidneys of patients and UUO mice (54). After
antibodies were used to deplete CD4+ T cells, HE and Masson’s
trichrome staining results showed less inflammatory infiltrates
and attenuated interstitial fibrosis in CD4+T lymphocyte-
depleted mice compared with UUO mice. When we depleted
C3 and C3a, the infiltrating inflammatory cells, including
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FIGURE 10 | Model summarizing the role of local C3 in the development of renal fibrosis. Local C3 secretion by macrophages may be contributed to the

pathogenesis of renal TILs, involving the production of IL-17A and activation of ERK and STAT3 signaling pathway.

macrophages, CD3+T cells, and CD4+T cells, decreased in
UUO mice, as demonstrated by IHC and flow cytometric
analyses, indicating that CD4+T cell differentiation occurs
after UUO. The data suggest that the C3a/C3aR signaling
pathway.

In inflammatory kidney diseases, IL-17A producing by T
lymphocytes contributes significantly to the pathogenesis of RF
(55). A newly-published study has shown that IL-17 acts an
inhibitory factor in TGF-β-induced renal fibroblast activation
using the UUO model with IL-17−/−mice (56). The explanation
for this discrepancy might be that the IL-17 cytokine family
consists of six members (IL-17A–F), and the potential effect
of the other IL-17 family members in renal autoimmunity
and inflammation is unknown. Another study has shown that
macrophages and neutrophils are major source of IL-17 in
different diseases (57–60). But Tamassia noted that the human
neutrophils are unable to express and produce IL-17A, IL-
17B, or IL-17F in vitro (61). Our data show that IL-17A was
mainly produced by CD4+Tcell, rather than F4/80+macrophages
in UUO mice, which was consistent with previous reports
(55, 62).

In addition, IL-17A, which is secreted by CD4+T cells, has
been shown to play a major role in post-transplantation allograft
rejection and in immune responses in the kidney (63–65). In the
presence of TGF-β and IL-6, T cells differentiate into Th17 cells.
In this regard, we observed the expression of chemokines (MCP-
1, IL-1β, and IL-6) and lymphocyte infiltration in the obstructed
kidneys of mice on days 7 and 14 after UUO and IL-17A secretion
by CD4+T cells in the UUO mice. The production of IL-17A
is negatively regulated by the anaphylatoxins, and C3a signaling
elevates Th17 responses, while C5a signaling suppresses Th17 cell
differentiation in experimental allergic asthma. As illustrated in

Figure 7, we found that C3a could promote proliferation of T
cells and increase IL-17A secretion by CD4+T cell and activation
of the ERK and STAT3 signaling pathways in vitro. These
phenomena can be suppressed by a C3aR inhibitor, suggesting
that the C3a/C3aR pathway participates in the pathogenesis of
UUO injury by modulating IL-17A expression, consequently
promoting local inflammation and RF.

Combined with the data obtained from patient samples,
relevant animal experiments and cell models, our study defines a
novel mechanism by which C3 participates in renal inflammation
and fibrosis. In response to injury, local C3 secretion by
macrophages leads to IL-17A-mediated inflammatory cell
infiltration into the kidney, which further drives fibrogenic
responses. Our findings suggest that inhibition of the C3a/C3aR
pathway could constitute a novel therapeutic approach for
obstructive nephropathy.
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Supplement Figure S1 | Complement C3 is increased in the obstructed kidney.

(A) Real-time PCR showing relative renal mRNA levels of C3, fibrotic markers

(α-SMA, PDGFR-β, and Collagen I) in sham control and UUO mice. (B) IHC

staining showing F4/80 and C3 protein expression in the sham control and UUO

mice; original magnification, ×400. Quantitative analysis of F4/80 (C) and C3

(D) positive cells were shown as mean ± SEM. n = 6 per group, Scale bar,

50µm. (E) High magnification of C3 expression in IgA Patient and UUO mouse.

The error bars represent the SEM.∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Supplement Figure S2 | Macrophage depletion protects against renal fibrosis by

inhibiting C3 expression. UUO mice were intravenously injected with clodronate

liposomes and control liposomes. On days 7 and 14, mice were sacrificed, and

the left kidneys were collected. The expression levels of C3 and fibrotic markers

(α-SMA, PDGFR-β, and Collagen I) were detected by real-time PCR (A) and

Western blot analyses (B), respectively. (C)The histogram shows the relative

intensity for each marker normalized to GAPDH. n = 6 per group. The error bars

represent the SEM. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Supplement Figure S3 | C3 deficiency reduces C3 expression and fibrosis

during UUO. UUO mice were subcutaneously injected with control peptide and

Cp40. On days 7 and 14, mice were sacrificed, and the left kidneys were

collected. (A) Masson’s trichrome staining indicates collagen deposition. IHC

staining showing α-SMA and C3 protein expression in these groups (n = 6);

original magnification, ×400. Scale bar, 50µm. Quantitative analysis of interstitial

fibrosis (B), a-SMA(C) and C3(D) positive cells were shown as mean ± SEM. (E)

The expression levels of C3, TGF-β1, and fibrotic markers (α-SMA, PDGFR-β, and

Collagen I) were detected by Western blot. (F) The histogram shows the relative

intensity for each marker normalized to GAPDH. n = 6 per group. The error bars

represent the SEM. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Supplement Figure S4 | CD11b+F4/80+macrophages are not the main

producer of IL-17A in kidney of UUO mice. Flow cytometric analysis of kidney cell

suspensions from the obstructed kidneys injected with or without Cp40 at (A) 7

days and (C) 14 days post UUO; n = 6. Cells were stimulated in vitro with

PMA/Ionomycin/Golgi-plug for 4 h. Specific staining of cell markers (anti-F4/80,

anti-CD11b) and intracellular staining for IL-17A were performed. The F4/80+

cells were gated. Among them, the CD11b+ IL-17+cells were further gated for the

analysis. Plots are gated for live CD11b+F4/80+ IL-17A+ macrophages; numbers

indicate events in the quadrants as percentages of all gated events. (B,D)

Quantifications of CD11b+F4/80+ IL-17A+ cells as percentages of all kidney cells

isolated from the C3 blockade UUO mice and UUO mice. The error bars represent

the SEM. ∗∗∗P < 0.001. The data were pooled from three independent

experiments.

Supplement Figure S5 | T cells were knocked down endogenous C3aR by using

three small-interfering RNAs (siRNAs). (A) The expression levels of C3aR was

detected by Western blot. (B) The histogram shows the relative intensity for each

marker normalized to Actin. n = 3 per group. The error bars represent the SEM.
∗∗∗P < 0.001.
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Significant advances have lead to a greater understanding of the role of the complement 
system within nephrology. The success of the first clinically approved complement inhib-
itor has created renewed appreciation of complement-targeting therapeutics. Several 
clinical trials are currently underway to evaluate the therapeutic potential of complement 
inhibition in renal diseases and kidney transplantation. Although, complement has 
been known to be activated during dialysis for over four decades, this area of research 
has been neglected in recent years. Despite significant progress in biocompatibility of 
hemodialysis (HD) membranes and peritoneal dialysis (PD) fluids, complement activation 
remains an undesired effect and relevant issue. Short-term effects of complement acti-
vation include promoting inflammation and coagulation. In addition, long-term complica-
tions of dialysis, such as infection, fibrosis and cardiovascular events, are linked to the 
complement system. These results suggest that interventions targeting the complement 
system in dialysis could improve biocompatibility, dialysis efficacy, and long-term out-
come. Combined with the clinical availability to safely target complement in patients, 
the question is not if we should inhibit complement in dialysis, but when and how. The 
purpose of this review is to summarize previous findings and provide a comprehensive 
overview of the role of the complement system in both HD and PD.

Keywords: complement, kidney, dialysis, hemodialysis, peritoneal dialysis

iNTRODUCTiON

An estimated 2.6 million people are treated for end-stage kidney disease (ESKD) worldwide (1). 
The majority of ESKD patients are dialysis-dependent. The choice between peritoneal dialysis (PD) 
and hemodialysis (HD) involves various determinants. Nonetheless, there is no major difference in 

Abbreviations: AP, alternative pathway; C1-INH, C1 esterase inhibitor; C3aR, C3a-receptor; C5aR, C5a-receptor; C5aRA, 
C5a-receptor antagonist; CARPA, complement activation-related pseudo allergy; MCP, membrane cofactor protein; CD55, 
decay accelerating factor; CD59, membrane attack complex-inhibitory protein; CP, classical pathway; CR1, complement 
receptor 1; CR3, complement receptor 3; CRP, C-reactive protein; CV-event, cardiovascular event; DAF, decay accelerating 
factor; ESKD, end-stage kidney disease; HD, hemodialysis; IgG, immunoglobulin G; IgM, immunoglobulin M; IL, interleukin; 
LDL, low-density lipoprotein; LP, lectin pathway; MAC, membrane attack complex; MBL, mannose-binding lectin; MCP-1, 
monocyte chemoattractant protein-1; PD, peritoneal dialysis; sC5b-9, soluble C5b-9; sCR1, soluble complement receptor 1; 
TGF-β, tumor growth factor beta; TNF-α, tumor necrosis factor alfa.
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mortality between HD and PD patients (2). Although consider-
able progress has been made in survival rates of dialysis patients, 
cardiovascular morbidity and mortality remain extremely high 
(3). Both traditional risk factors (such as hypertension, dys-
lipidemia, and diabetes), as well as non-traditional risk factors 
(such as oxidative stress, endothelial dysfunction and chronic 
inflammation), contribute to the high cardiovascular risk (4). In 
order to lower the high morbidity and mortality rates in dialysis 
patients, the chronic inflammation seen in these patients must 
be tackled. The systemic inflammation in dialysis patients can 
be attributed to the (remaining) uremia, the underlying renal 
disease, comorbidities, and dialysis-related factors (5). The latter 
represents an issue that has been present in dialysis throughout 
history, and still remains unresolved, namely bioincompatibility.

BiOCOMPATiBiLiTY

The term “biocompatible” refers to the “capacity of a material/
solutions to exist in contact with the human body without causing 
a (inappropriate) host response” (6). The biocompatibility of the 
materials used in dialysis remains an important clinical challenge. 
In HD, the membrane provokes an inflammatory response, as it is 
the site where blood has direct contact with a foreign surface (7). 
Additionally, PD fluids containing high glucose levels, hyperos-
molarity and acidic pH are considered biologically “unfriendly” 
and this lack of compatibility causes peritoneal membrane damage 
(8). Improving biocompatibility in HD and PD is a critical factor 
to ensure dialysis adequacy and enable long-term treatment (7–9). 
The challenge of biocompatibility is not confined to dialysis but 
equally important for other medical devices in contact with either 
tissue or blood (10). The incompatibility reaction is complex and 
poorly understood; however, platelets, leukocytes, the comple-
ment, and the coagulation system have been shown to be involved 
(11, 12). In general, incompatibility will lead to inflammation, 
thrombosis, and fibrosis (11–13). These events will negatively 
impact the clinical performance and lead to adverse events. The 
complement system is an important mediator of incompatibility 
because it can discriminate between self and non-self (14). In 
accordance, complement has been shown to be activated during 
cardiopulmonary bypass (15), low-density lipoprotein (LDL) 
apheresis (16), plasmapheresis (17), and immunoadsorption 
(18). Additionally, the complement system is also involved in 
biomaterial-induced complications of medical devices that are not 
in direct contact with the circulation, such as surgical meshes and 
prostheses (19, 20). Yet, it should be emphasized that the trigger 
by which complement is activated is different and depends on the 
properties of the biomaterial used (20). Proposed mechanisms of 
indirect complement activation include: (1) immunoglobulin G 
binding to the biomaterial initiating the classical pathway (CP); 
(2) lectin pathway (LP) activation by carbohydrate structures or 
acetylated compounds; or (3) activation of the alternative pathway 
(AP) by altered surfaces, e.g., plasma protein-coated biomaterials. 
In addition, complement initiators can also directly bind to the 
biomaterial, leading to complement activation (20). Irrespective 
of the pathway, complement activation always leads to the cleav-
age of C3, forming C3a and C3b (Figure 1). Increased levels of 
C3b result in the generation of the C5-convertase, cleaving C5 

in C5a, a powerful anaphylatoxin and chemoattractant, and C5b. 
Next, C5b binds to the surface and interacts with C6–C9, forming 
the membrane attack complex (MAC/C5b-9) (14).

HeMODiALYSiS

Hemodialysis is a general term including several techniques such 
as low or high-flux HD (diffusion-based dialysis) and online 
haemodiafiltration (combined convective and diffusive therapy). 
Overall, HD remains the most-used form of renal replacement in 
adult ESKD patients (1). The dialysis membrane can be divided 
into two main groups, cellulose-based and synthetic membranes 
(7, 21). In the past, HD membranes were based on cuprophane 
(a copper-substituted cellulose) because these were inexpensive 
and thin-walled. The disadvantage of cellulose-based membranes 
was the immunoreactivity due to the many free hydroxyl-groups. 
Subsequently, modified cellulosic membranes were developed to 
improve biocompatibility by replacing the free hydroxyl-groups 
with different substitutions (especially acetate). The following 
step was the development of “synthetic” membranes, such as 
polyacrylonitrile, acrylonitrile-sodium methallyl sulfonate, poly-
sulfone, polycarbonate, polyamide, and polymethylmethacrylate 
membranes. Nowadays, synthetic membranes are the most 
commonly used in clinical practice (21). The benefits of these 
membranes are the varying pore size and reduced immunoreac-
tivity. The complement system is critical in the bioincompatibility 
of extracorporeal circulation procedures, because complement is 
abundantly present in blood. Moreover, innate immune activa-
tion during HD is a neglected but potentially vital mechanism 
that contributes to the high morbidity and mortality in these 
patients (4).

Complement Activation in HD
In the 1970s, HD was already known to affect the complement 
system (22). Several studies have since then looked at comple-
ment activation during HD, the complement pathway responsible 
and additional mechanisms contributing to complement activa-
tion. In the past, an important adverse event in dialysis was the 
“first-use syndrome,” named after the fact that these reactions 
were most severe with new dialyzers. This incompatibility reac-
tion was the result of complement activation by the membrane 
and closely resembles the pseudo-anaphylactic clinical picture 
that is nowadays known as complement activation-related pseu-
doallergy (CARPA) (23, 24). Furthermore, these early studies 
provided important information on the kinetics of complement 
activation. During HD, C3 activation, resulting in the generation 
of C3a, peaks during the first 10–15 min, whereas terminal path-
way activation, resulting in C5a and C5b-9 formation occurs at a 
later stage of dialysis (25). Over the past decades, membranes have 
been developed with improved biocompatibility. Nonetheless, 
even with modern “biocompatible” HD membranes significant 
complement activation still occurs (23, 26, 27). During a single 
HD session soluble C5b-9 (sC5b-9) levels and C3d/C3-ratios in 
the plasma increase up to 70% (23, 26). Yet, this is most likely 
an underestimation of the amount of complement activation, 
since these values represent fluid phase activation. Complement 
activation takes place in the plasma (the fluid phase), but also on 
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FigURe 1 | The complement system. A schematic view of activation of the complement system and its regulation. The classical pathway (CP) is initiated by C1q 
binding to immune complexes or other molecules (e.g., CRP), thereby activating C1r and C1s resulting in the cleavage of C2 and C4 thereby forming the 
C3-convertase (C4b2b). The lectin pathway (LP) is initiated by mannose-binding lectin (MBL), ficolins, or collectin-11 binding to carbohydrates or other molecules 
(e.g., IgA), thereby activating MASP-1 and MASP-2, forming the same C3-convertase as the CP. Subsequently, the C3-convertase cleavages C3 into C3a and C3b. 
Activation of the alternative pathway (AP) occurs via properdin binding to certain cell surfaces (e.g., LPS) or by spontaneous hydrolysis of C3 into C3(H2O). Next, 
binding of factor B creates the AP C3-convertase (C3bBb). Increased levels of C3b results in the formation of the C5-convertases, which cleaves C5 in C5a, a 
powerful anaphylatoxin, and C5b. Next, C5b binds to the surface and interactions with C6–C9, generating the membrane attack complexes (MAC/C5b-9). Several 
complement regulators (either soluble and membrane-bound) prevent or restrain complement activation. C1 esterase inhibitor (C1-INH) inhibits the activation of early 
pathway activation of all three pathways, while C4b-binding protein (C4BP) controls activation at the C4 level of the CP and LP. Factor I and factor H regulate the C3 
and C5-convertase. Furthermore, the membrane-bound inhibitors include complement receptor 1 (CR1), membrane cofactor protein (MCP) that acts as an 
co-factors for factor I and decay accelerating factor (DAF) which accelerates the decay of C3-convertases. The membrane-bound regulator Clusterin and CD59 
prevents the generation of the C5b-9.

Poppelaars et al. Complement Activation in PD and HD

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 9 | Article 71

surfaces (the solid phase) (14). Fittingly, in addition to fluid phase 
activation, complement depositions have also been shown on the 
surface of the HD membranes (28).

Different studies have tried to dissect the pathway responsi-
ble for complement activation in HD. Early evidence emerged 
from a study by Cheung et  al., demonstrating AP activation 
by cellulose membranes (29). Initially, the involvement of the 
CP or LP was excluded, since it was reported that plasma C4d 
concentrations remained unaffected during HD (30). However, 
others were able to show C4 activation by cellulose membranes 
(31, 32). The increase in C4d levels correlated with the rise in C3d 
levels, implying that the CP or LP is (at least partly) responsible 
for the complement activation seen in HD (32). More recently, a 
role for the LP was demonstrated in complement activation by 
polysulfone membranes (33, 34). An elegant study by Mares et al., 
using mass spectrometry, showed a 26-fold change in eluate-to-
plasma ratio for ficolin-2 (previously called L-ficolin), suggesting 
preferential adsorption by the membrane (33). A follow-up study 
using proteomics analysis of dialyzer eluates revealed that C3c, 

ficolin-2, mannose-binding lectin (MBL) and properdin were 
most enriched (28). In addition, plasma ficolin-2 levels decreased 
by 41% during one HD session, corresponding with the excessive 
adsorption to the membrane. The decrease in plasma ficolin-2 
levels was associated with C5a production and leukopenia during 
HD (28). The adsorption of properdin to the dialyzer, confirms 
earlier studies regarding AP activation by HD (28, 29). To sum-
marize, the principal mechanism of complement activation in 
HD is the binding of MBL and ficolin-2 to the membrane, result-
ing in LP activation; while, simultaneously, properdin and/or C3b 
bind to the membrane resulting in AP activation (Figure 2). The 
latter is supported by the evidence that in C4-deficient patients, 
systemic complement activation and C3b deposition on the HD 
membrane are reduced during dialysis but not abolished (31). 
These results show the importance of the LP, while demonstrating 
the crucial contribution of the AP.

A second mechanism that could modulate complement 
activation during HD is the loss of complement inhibitors via 
absorption to the membrane. In HD, polysulfone membranes 
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FigURe 2 | Proposed model for complement activation in hemodialysis (HD). The principal mechanism leading to complement activation in HD is the binding of 
ficolin-2 to the membrane, resulting in lectin pathway activation. Simultaneously, properdin and/or C3b bind to the membrane resulting in alternative pathway 
activation. Complement activation will result in the formation of anaphylatoxins (C3a, C5a), opsonins (C3b, iC3b), and the membrane attack complex (C5b-9). First, 
complement activation leads to the upregulation of complement receptor 3 (CR3) allowing leukocytes to bind C3 fragments deposited on the membrane, leading to 
leukopenia. Second, CR3 on neutrophils is also important for the formation of platelet-neutrophil complexes, which contributes to thrombotic processes. 
Furthermore, C5a generation during HD leads to the expression of tissue factor and granulocyte colony-stimulating factor in neutrophils, shifting HD patients to a 
procoagulant state. Third, complement activation also promotes recruitment and activation of leukocytes resulting in the oxidative burst and the release of 
pro-inflammatory cytokines and chemokine’s. More specifically, the activation of neutrophils by C5a leads to the release of granule enzymes, e.g., myeloperoxidase 
(MPO).
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were shown to absorb factor H and clusterin (28, 33). Factor H 
is an important inhibitor of C3, while clusterin prevent terminal 
pathway activation thereby stopping the formation of C5a and 
C5b-9 (Figure 1) (14). The loss of these inhibitors would cause 
dysregulation of the AP, leading to further complement activation 
in the fluid phase (i.e., in the circulation) in HD patients.

effector Functions and Clinical 
implications of Complement Activation
Complement activation will lead to the generation of effector 
molecules, which can result in a variety of biological responses 
(14). In HD, the most important effector functions of complement 
activation are the induction of inflammation, promoting coagula-
tion and impaired host defense due to accelerated consumption 
of complement proteins (20, 35, 36).

The generation of C3a and C5a during HD promotes recruit-
ment and activation of leukocytes (37, 38). Leukocyte activation 
results in the oxidative burst and the release of pro-inflammatory 
cytokines and chemokine’s, such as interleukin (IL)-1β, IL-6, IL-8, 
tumor necrosis factor-α, monocyte chemoattractant protein-1, 
and interferon-γ. More specifically, the activation of PMNs by 
C5a leads to the release of granule enzymes such as myeloperoxi-
dase and elastase (39–41). Furthermore, complement activation 
in HD patients results in the upregulation of adhesion molecules 
on leukocytes, especially complement receptor 3 (CR3). The 
C5a-activated leukocytes will then bind C3 fragments (iC3b) 
deposited on the membrane via CR3, leading to leukopenia 
(20, 28, 39). Likewise, CR3 on PMNs is also important for the 
formation of platelet–PMN complexes, which can contribute to 
both inflammatory and thrombotic processes (42). The crosstalk 
between activation of the complement and coagulation system 
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has correspondingly been described in HD. It has been demon-
strated that C5a generation during HD leads to the expression of 
tissue factor and granulocyte colony-stimulating factor in PMNs, 
shifting HD patients to a procoagulative state (35). In conformity, 
plasma C3 levels have been shown to positively correlated with a 
denser clot structure in HD patients (43). On the other hand, the 
coagulation system has also been shown to impact complement 
activation (44).

Inflammation and coagulation are principally involved in the 
pathogenesis of cardiovascular disease. Accordingly, comple-
ment has been associated to the susceptibility to cardiovascular 
disease in HD patients (26, 27, 45–47). Plasma C3 levels, prior to 
a HD session, were found to be higher in patients who develop a 
cardiovascular event (CV-event) than HD patients who remained 
event-free. Moreover, an association was found between C3 levels 
and the development of CV-events (27). A similar trend of higher 
C3 levels in HD patients who develop a CV-event was seen in our 
study (26). A possible explanation would be that higher C3 levels 
prior to HD might reflect the potential for HD-evoked comple-
ment activation. Additionally, another association was found for 
baseline sC5b-9 levels with the occurrence of CV-events as well as 
mortality. This association was complex and showed an U-shaped 
relationship, indicating that both high and low sC5b-9 levels led 
to a higher risk, whereas HD patients with mid-range values were 
protected (27). Furthermore, a common factor H gene polymor-
phism was found to be an independent predictor of cardiovascu-
lar disease in HD patients (47). Homozygous HD patients for the 
Y402H polymorphism had an odds ratio of 7.28 for the develop-
ment of CV-events compared to controls. This polymorphism 
affects the binding sites for heparin and C-reactive protein (CRP) 
and it has, therefore, been hypothesized that the reduced binding 
of factor H to the patient’s endothelial cells would increase their 
risk of a CV-event. Alternatively, the link between the factor H 
polymorphism and the cardiovascular risk in HD patients could 
be mediated through CRP, since factor H binds CRP and thereby 
undermines its pro-inflammatory activity (48, 49). The Y402H 
polymorphism of factor H results in inadequate binding to CRP 
and thus leaves the pro-inflammatory activity of CRP unchecked. 
Furthermore, several studies have demonstrated that CRP levels 
in HD patients are associated to cardiovascular mortality (50–52). 
Buraczynska et al. revealed that in HD patients the complement 
receptor 1 (CR1) gene polymorphism C5507G is independently 
associated with the susceptibility for cardiovascular disease (46). 
Whether this effect is mediated via the complement inhibitory 
capacity of CR1 or via the recently discovered function of CR1 in 
the binding and clearance of native LDL remains to be elucidated 
(53). Another study showed that low serum C1q-adiponectin/
C1q ratios were linked to cardiovascular disease in HD patients 
(45). The mechanism behind this connection is not understood 
but it has been demonstrated that adiponectin protects against 
activation of C1q-induced inflammation (54). Thus, in HD 
patients increased complement activation, as well as increased 
complement activity and the loss of complement inhibitors have 
all been linked to a higher risk of cardiovascular disease (Table 1). 
Recently, our group showed that low MBL levels are also associ-
ated with the occurrence of cardiovascular disease in HD patients 
(26). The higher risk in these patients was attributed to CV-events 

linked to atherosclerosis. In support of this, low MBL levels have 
been linked to enhanced arterial stiffness in HD patients (55). 
Accordingly, Satomura et al. demonstrated that low MBL levels 
were an independent predictor of all-cause mortality in HD 
patients (56). We, therefore, postulate that in HD patients, low 
MBL levels promote cardiovascular disease by enhancing athero-
sclerosis due to the inadequate removal of atherogenic particles.

In HD patients, little is known about the changes in comple-
ment components overtime. The plasma levels of C3 have been 
shown to decrease after 12 months compared to baseline (27). In 
this study, the C3 levels also negatively correlated with the dialysis 
vintage. In addition, the ability to activate complement has also 
been shown to be decreased in HD patients compared to healthy 
controls (23). In theory, these acquired deficiencies of comple-
ment proteins could explain the higher infection and sepsis 
risk seen in HD patients. Conversely, there was no association 
between low MBL levels and the risk of infection in HD patients 
(57). However, the authors concluded that this might be due to 
a compensation mechanism of higher ficolin-2 and MASP-2 
levels in MBL-deficient individuals. Furthermore, another 
study found that long-term HD patients have decreased levels 
of clusterin, factor B and factor H compared to short-term HD 
patients (58). Thus far, no study has analyzed the link between 
HD-acquired complement deficiencies and infection risk. The 
clinical consequences of the HD-induced ficolin-2 reduction 
would be the most interesting to examine (28, 33). It is highly 
likely that this reduction would have a tremendous impact on HD 
patients’ health and outcome. A genetic deficiency in ficolin-2 
has not been reported to date, highlighting the essential function 
of this component within host defense. In conformity, ficolin-2 
has been shown to be involved in the elimination of numerous 
pathogens (59).

Therapeutic Options
Several types of interventions have been proposed or tested in 
HD patients to decrease inflammation or target cardiovascular 
risk factors with mixed success. Hence, the clinical need for bet-
ter therapeutic options that limit the inflammation and decrease 
cardiovascular risk in HD patients is on-going. The complement 
system is considered to be a promising target during HD to 
limit the inflammation and decrease cardiovascular risk (60). 
Therapies modulating HD-induced complement activation have 
focused on three treatment strategies: (1) reduction in the com-
plement activating-capacity of the HD membrane; (2) the use of 
non-specific complement inhibitors (e.g., anticoagulants with a 
complement inhibitory property); and (3) specific complement-
directed therapies.

Prevention is better than cure; therefore, creating a truly 
biocompatible membrane would, therefore, be ideal to prevent 
complement activation during HD. Much progress has been 
made with the development of more biologically compatible 
membranes by surface modifications and reducing protein reten-
tion. Today, the most common HD membranes contain sulfonyl-
groups (7). To further improve biocompatibility, it is vital to 
understand the structures that initiate complement activation as 
it has the potential to develop HD membranes with enhanced 
biocompatibility. In modern HD membranes, ficolin-2 seems to 
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TABLe 1 | The association between complement proteins and morbidity and mortality in HD patients.

Study Complement 
protein

Outcome Associationa Possible mechanism

Poppelaars et al. 
(26, 67)

MBL levels CV-events Low MBL levels OR = 3.98 
(1.88–8.24)

Low MBL levels promote atherosclerosis due to the inadequate removal 
of atherogenic particles

Satomura et al. (56) MBL levels All-cause 
mortality

Low MBL levels OR = 7.63 
(2.24–25.96)

Low MBL levels promote atherosclerosis due to the inadequate removal 
of atherogenic particles

Kishida et al. (45) C1q-adiponectin 
levels

CV-events Low C1q-adiponectin levels Adiponectin protects against activation of C1q-induced inflammation

Lines et al. (27) C3 levels CV-events Higher C3 levels (per 0.1 mg/ml) 
HR = 1.20 (1.01–1.42)

Increased complement activity

Lines et al. (27) sC5b-9 levels CV-events Low and high sC5b-9 levels (1) Increased complement activation.
(2) Complement depletion by local complement activation on the HD 

membrane
U-shaped relationship

All-cause 
mortality

Low and high sC5b-9 levels
U-shaped relationship

Buraczynska et al. 
(47)

Factor H gene 
polymorphism 
(Y402H)

CV-events The CC genotype OR = 7.28 
(5.32–9.95)

(1) The loss of complement inhibition, leading to complement 
activation.

(2) Reduced binding of factor H to endothelial cells.
Buraczynska et al. 
(46)

CR1 gene 
polymorphism 
(C5507G)

CV-events The GG genotype OR = 3.44 
(2.23–5.3)

(1) The loss of complement inhibition, leading to complement 
activation.

(2) Reduced binding and clearance of native low-density lipoprotein by 
CR1.

aData are presented as hazard or OR plus 95% confidence interval.
OR, odds ratio; HR, hazard ratio; HD, hemodialysis; MBL, mannose-binding lectin; CR1, complement receptor 1; CV-event, cardiovascular event; sC5b-9, soluble C5b-9.
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be an important mediator in HD-induced complement activa-
tion (28, 33). Ficolin-2 is unfortunately a highly promiscuous 
molecule with numerous binding partners, several of which are 
acetylated compounds (59).

Anticoagulants have been used extensively to render biomate-
rial-blood incompatibility, through inhibition of the coagulation, 
contact and complement system. The effect of citrate anticoagula-
tion on complement activation has widely been studied in HD. 
Citrate has calcium-chelating properties and thereby reduces 
complement activation (61, 62). During the initial phase of HD 
with cellulose membranes, citrate anticoagulation reduced C3a 
levels by almost 50% compared to heparin (63). However, no com-
plement inhibition was seen by citrate anticoagulation during HD 
in other studies with cellulose or synthetic membranes (64–66). 
Heparinoids are also known to prevent complement activation, 
although this inhibition is strictly concentration dependent (67). 
Although heparin has been tested extensively in HD, sadly none 
of these studies determined the effect on complement activation.

In the past decade, numerous complement inhibitors have 
been developed; two are currently used in the clinics and others 
are now undergoing clinical trials. Purified C1 esterase inhibitor 
(C1-INH) is a protease that is clinically used to treat hereditary 
angioedema. Eculizumab, a C5 antibody is used for the treatment 
of paroxysmal nocturnal hemoglobinuria and atypical hemolytic 
uremic syndrome (14, 68). In HD, specific complement-directed 
therapies have predominantly been evaluated in experimental 
settings, still valuable information has been uncovered and shown 
that the use of complement inhibitors are a promising tool to 
reduce the inflammatory response and subsequent consequences 
in these patients (60). The potential of complement inhibition in 
HD is further underlined by the successful use of complement 
inhibitors for biomaterial-induced complement activation in 
cardiopulmonary bypass systems (19). In patients undergoing 

cardiopulmonary bypass surgery, treatment with soluble CR1 
(sCR1/TP30), an inhibitor of C3, lead to a decrease in mortality 
and morbidity as well as a reduced need for intra-aortic balloon 
pump support (69). Consequently, soluble complement inhibi-
tors may be equally effective in HD, since there is the recurrent 
need of complement inhibition for short periods. Specifically, the 
short half-life of sCR1 matches the need for restricted comple-
ment inhibition in HD, which is only needed during dialysis, 
after which complement activity should be reestablished between 
sessions. This approach would also prevent complications of 
long-term immunosuppression. In a pre-clinical monkey model 
of HD, another C3-inhibitor (compstatin) was used to attenu-
ate HD-induced complement activation (70). Despite the use 
of HD membranes with high biocompatibility and standard 
heparin treatment in their study, severe complement activation 
still occurred in monkeys. In this study, animals received a bolus 
injection prior to the HD and a continuous infusion of compsta-
tin during the 4 h HD procedure. Treatment completely blocked 
complement activation and C3 activation products stayed at basal 
levels throughout the HD session. Strikingly, a second treat-
ment regimen with only a bolus injection of compstatin at the 
start of the session was also sufficient to abolished complement 
activation throughout the procedure. Furthermore, complement 
inhibition lead to the increase of IL-10, an anti-inflammatory 
cytokine. Unfortunately, the effect of complement inhibition on 
other inflammatory markers could not be assessed, since one HD 
session was insufficient to induce substantial levels of pro-inflam-
matory cytokines. Next to inhibition of the central component 
C3, blockage of early complement components may be equally 
successful. C1-INH forms a therapeutic option, since HD leads to 
LP activation and C1-INH could attenuate this (67). Additionally, 
C1-INH also affects the coagulation and contact system, which 
could add to the success of this therapeutic approach. Given the 
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strong involvement of complement activation effector molecules 
in HD, more specifically C5a, another attractive option would be 
the inhibition of C5 or C5a-receptor antagonists (C5aRA) (35). 
This could be either done by the anti-C5 antibody or by C5aRA. 
Eculizmab blocks the generation of C5a and C5b-9 and could 
thus be more effective than C5aRA. However, the long half-life 
and the high costs form important disadvantages. In contrast, 
C5aRA tends to be more cost-effective (71). These drugs could 
significantly reduce activation of leukocytes and thereby inflam-
mation in HD. Currently, the most likely candidate to be used in 
HD is PMX-53, a C5aRA, since this compound is currently tested 
in different clinical trials (72). Another promising approach is 
coating biomaterials with complement inhibitors (20). One of 
these molecules, the 5C6 peptide is a molecule that has strong 
binding affinity toward factor H without modifying its inhibitory 
activity. More importantly, polystyrene surfaces coated with 5C6 
were shown to bind factor H and thereby prevent complement 
activation when exposed to human plasma, thus enhancing 
biocompatibility (73). However, it is unknown whether the 
reduction of systemic factor H levels by 5C6 during HD could 
have undesirable consequences, such as seen in factor H-deficient 
individuals. Finally, the cost of the different complement inhibi-
tors should be taken into account, considering the high frequency 
of treatments required in HD patients.

PeRiTONeAL DiALYSiS

Peritoneal dialysis is the most common used dialysis technique 
at home and is equally effective as HD for the treatment of CKD 
(74). Nevertheless, the advantages of PD include; better preserva-
tion of residual renal function, lower infectious risk and higher 
satisfaction rates. Despite the good results seen with PD, this 
dialysis technique remains underused (1). In PD, unlike in HD, 
no synthetic membrane is used. In contrast, the peritoneum in 
the abdominal cavity of the patients acts as a semi-permeable 
membrane allowing diffusion between the dialysis fluid and 
the circulation. The osmotic gradient during PD is based on 
high glucose levels in the dialysate. However, glucose acts as a 
double edge sword, since it serves as an osmotic agent but it is 
also responsible for the incompatibility reaction. The peritoneal 
membrane is made up of an inner mesothelial layer and these 
cells are, therefore, directly in contact with the dialysis fluid. 
Long-term exposure to dialysate leads to tissue remodeling of this 
layer resulting in peritoneal fibrosis (75). This progressive fibrosis 
forms a major limitation for chronic PD treatment. Another 
common complication in PD is peritonitis (76). Patients who 
develop peritonitis can have irreversible peritoneum damage, 
PD failure and significant morbidity or even mortality. For this 
reason, avoiding PD failure due to peritonitis or fibrosis remains 
a challenge for nephrologists (77).

Complement Activation in PD
The link between the complement system and PD seems less 
obvious, because there is no direct contact with blood. However, 
mesothelial cells produce and secrete different complement fac-
tors, including C4, C3, and C5 till C9 (78, 79). In accordance, 
different studies have found the presence of complement in the 

peritoneal dialysate. Additionally, the amount of C3 in the PD 
fluid does not depend on the serum concentration, suggesting 
that the C3 originates from local production (80). The study by 
Oliveira et  al. found strong protein abundance of Factor D in 
six adult PD patients (81), whereas a similar approach in 76 PD 
patients by Wen et al. found significant protein expression of C4 
and C3 only (82). Altogether, proteomic analyses of the dialysate 
of healthy PD patients has revealed the presence of C4, C3, Factor 
B, Factor D, Factor H, Factor I, and C9 (81–85). Proteomic profil-
ing in the peritoneal fluid of children identified a total number 
of 189 proteins, of which 18 complement components (84). The 
discrepancies between the various proteomic studies could be 
explained by differences in the underlying cause of renal failure, 
since diabetic patients on PD have been shown to have lower 
levels of C4 in the dialysate compared to controls (83). Obviously, 
other patient’s characteristics such as ethnicity and differences in 
the accuracy and sensitive of the analysis have to be taken into 
account as well. Complement production by mesothelial cells 
has been shown to be increased in uremic patients and it can 
be further stimulated upon exposure to PD solutions containing 
glucose (78, 79). Next to complement production; mesothelial 
cells also express important complement regulators; e.g., MCP, 
DAF, and CD59 (79, 80).

Systemically, PD patients have lower MBL levels compared 
to HD patients and healthy controls, even after adjusting for the 
effect of mutations (86). This could indicate loss of systemic MBL 
via the peritoneal route, independent of the reduced renal func-
tion. However, MBL has so far not been assessed in peritoneal 
dialysates. Furthermore, serum levels of C1q, C4, C3d, factor D, 
and properdin were shown to be higher in pediatric PD patients 
compared to healthy controls, however, not in comparison to 
patients with ESKD (87). Overall, the higher plasma levels of the 
complement components are likely caused by increased synthesis 
by the liver due to the pro-inflammatory state in ESKD patients. 
Moreover, the increased levels of C3d in PD patients are believed 
to be the consequence of reduced elimination of factor D by the 
kidney, creating enhanced AP activation. However, while sys-
temic complement activation (the fluid phase) is similar between 
PD patients and patients with ESKD, higher intravascular com-
plement depositions (solid phase) have been shown in children 
with PD compared to non-PD children with ESKD. Omental and 
parietal arterioles from PD patients demonstrated a higher pres-
ence of C1q, C3d, and C5b-9 (88).

Evidence has also been provided for complement activation 
in the peritoneal cavity in PD patients (80, 89). Previously, it was 
demonstrated that the dialysate/serum ratios of factor D and C3d 
were elevated in PD, whereas the dialysate/serum ratios of C3, 
C4, and properdin were decreased (89). The high dialysate levels 
of C3d demonstrate local complement activation, while the com-
paratively low dialysate/serum ratios of complement components 
are likely caused by intraperitoneal complement consumption. In 
accordance, the presence of sC5b-9 in the peritoneal dialysate has 
also been shown. In the dialysate of PD patients, sC5b-9 levels 
up to 200 pg/µg of total protein level have been reported (80). 
Considering the high molecular weight of sC5b-9 (>1,000 kDa), 
it is very likely that the sC5b-9 in the dialysate is produced in 
the peritoneal cavity and does not originate from the circulation.
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FigURe 3 | Proposed model for complement activation in peritoneal dialysis (PD). In PD patients, mesothelial cells produce and secrete different complement 
factors. One of the proposed mechanisms of complement activation in PD patients is that PD therapy decreases the expression of complement regulators such as 
CD55 and CD59 on the peritoneal mesothelium, leading to local complement activation. In addition, cellular debris as a result of direct peritoneal damage by 
bioincompatible PD fluids as well as antibodies against microorganisms could contribute to local complement activation during PD. Complement activation will result 
in the formation of anaphylatoxins (C3a, C5a), opsonins (C3b, iC3b), and the membrane attack complex (C5b-9). First, complement activation leads to the influx of 
leukocytes, predominantly neutrophils. Second, complement activation increased the production of thrombin anti-thrombin complexes and fibrin exudation on the 
surface of the injured peritoneum. Altogether, these events indicate the activation of the coagulation system. Third, complement activation during PD leads to direct 
damage of the peritoneum. Moreover, recent evidence suggests that complement activation promotes the progression to fibrosis after tissue injury. In PD, 
complement activation could stimulate mesothelial cells to undergo epithelial-to-mesenchymal transition, resulting in the accumulation of myofibroblasts and 
consequently peritoneal fibrosis.
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One of the proposed mechanisms of complement activation 
in PD patients is that PD therapy modifies the expression of 
complement regulators on the peritoneal mesothelium, lead-
ing to local complement activation (Figure  3). In accordance, 
CD55 expression is lower on mesothelial cells from PD patients 
than non-CKD patients and the reduced expression of CD55 is 
accompanied by higher peritoneal levels of sC5b-9 (80). Likewise, 
complement regulators were also shown to be downregulated in 
arterioles of PD patients. Furthermore, the C5b-9 deposition 
seen in the arterioles of PD patients correlated with the level of 
dialytic glucose exposure (88). However, this is probably not the 
only mechanism responsible for complement activation in PD 
patients. Hypothetically, cellular debris as a result of direct peri-
toneal damage by bioincompatible PD fluids as well as antibodies 
against microorganisms could contribute to local complement 

activation during PD. Unfortunately, most of the reviewed studies 
are relatively old and there is, therefore, a need for novel studies 
to assess the effect of newer PD solutions on complement produc-
tion and activation.

effector Functions and Clinical 
implications of Complement Activation
During PD, complement activation occurs locally within the 
peritoneal cavity and leads to the generation of opsonins, ana-
phylatoxins, and the MAC. The effects of complement activation 
during PD include the induction of tissue injury, inflammation, 
coagulation, and fibrosis. However, complement activation in PD 
patients has also been linked to long-term effects such as cardio-
vascular risk (88). In different experimental models, complement 
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activation during PD leads to direct damage of the peritoneum. 
The complement-induced peritoneal damage seems to be medi-
ated via activation of the terminal pathway, specifically C5a and 
C5b-9 (90–92). Additionally, complement activation leads to 
inflammation. In a rat model of peritoneal fluid infusion, the 
numbers of neutrophils increased significantly overtime, and this 
process was largely dependent on C5 activation. In conformity, 
intraperitoneal injections with C3a and C5a in mice lead to the 
influx of leukocytes, predominantly neutrophils (93). The effect 
of C5a is mediated via C5aR1, while the effect of C3a is presum-
ably mediated via the C3a-receptor. The crosstalk between activa-
tion of the complement and coagulation system has also been 
described in PD. Thrombin anti-thrombin complexes increased 
significantly in experimental models of PD and this process was 
partly dependent on C5 activation (92). Mizuno et al. showed that 
intraperitoneal complement activation leads to fibrin exudation 
on the surface of the injured peritoneum (94). Altogether these 
findings indicate that activation of the coagulation system by the 
PD therapy is at least (partly) complement dependent. The fibrin 
exudate can also be a sign of PD-associated fibrosis.

The link between fibrosis and complement is relatively new; 
nevertheless, recent evidence suggests that complement activa-
tion promotes the progression to fibrosis after tissue injury (95). 
In PD, high peritoneal transport is associated with progression of 
peritoneal fibrosis (96). Proteomics analysis of PD fluid showed 
enhanced expression of C3 in patients with high transporter 
status, while expression of C4 is lower in low transporters (82, 
97). Furthermore, in PD mesothelial cells undergo epithelial-
to-mesenchymal transition, resulting in the accumulation of 
myofibroblasts and consequently peritoneal fibrosis (98). In 
other disease models, complement has been shown to induce 
epithelial-to-mesenchymal transition (99). This effect is medi-
ated via the C5aR1, since in rodent models of infection–induced 
peritoneal fibrosis C5aR1−/− mice were protected against fibrosis 
(100). The C5aR1 is also involved in the production of profibrotic 
and inflammatory mediators by peritoneal leukocytes (100). In 
addition, Bartosova et al. reported that in the peritoneal arterioles 
of PD patient’s, high abundance of complement deposition was 
found to correlate with TGF-b signaling (88). More specifically, 
C1q and C5b-9 deposition were associated with an increased 
phosphorylation of SMAD2/3, and enhanced vasculopathy. 
Interestingly, the TGF-b–SMAD pathway has also been recently 
linked to cardiovascular disease (101). Encapsulating peritoneal 
sclerosis is another long-term complication of PD, which is the 
result of abnormal thickening and fibrosis of the peritoneum, 
leading to a fibrous cocoon thereby encapsulating the intestines 
causing obstruction (102). The exact cause of this rare complica-
tion is unknown, but it is linked to the bioincompatibility of the 
glucose-based PD solutions (103). The bioincompatibility of these 
solutions presumably promotes the expression TGF-b, thereby 
stimulating the transition of mesothelial cells to myofibroblasts. 
Recently, a prospective proteomics study identified complement 
components as a possible biomarker of encapsulating peritoneal 
sclerosis (85). Factors B and factor I were elevated in the PD fluid 
of patients up to 5 years prior to developing encapsulating perito-
neal sclerosis. In patients with stable membrane function, factor 
I was present in the PD fluid in lower amounts and decreased 

overtime, while factor B was barely detectable in the PD fluid of 
controls. However, whether the elevated levels of these comple-
ment factors are merely an acute phase response or involved in 
the pathogenesis remains to be investigated. Yet, based on the 
current literature, complement activation is likely to play a role 
in the mechanisms of peritoneal fibrosis. Nevertheless, additional 
studies are needed to further elucidate the specific role of the 
complement system in this process.

Peritonitis is another common complication with significant 
morbidity and mortality. Complement has been proposed to be 
involved in the risk of PD patients for peritonitis. First, a variation 
in the FCN2 gene was shown to be more prevalent in PD patients 
with a history of peritonitis (104). In addition, local activation 
will lead to a further decline of already low levels of complement 
components in PD fluid and may thereby additionally impair 
host defense. Complement activation products have also been 
suggested as a biomarker during peritonitis. Mizuno et al. showed 
that C4, C3, and sC5b-9 levels in the peritoneal fluid are signifi-
cantly higher in PD patients with poor prognosis after peritonitis 
(105). Complement markers in peritoneal fluid have, therefore, 
the potential to serve as a biomarker for the prediction of the 
prognosis of PD-related peritonitis. Finally, the risk of peritonitis 
could form a major Achilles heel for complement inhibition in PD.

Therapeutic Options
Treatment aimed at attenuating or blocking complement activa-
tion in PD has mostly focused on the terminal pathway. The 
advantage of this approach is the elimination effector functions 
of C5a and/or C5b-9, while proximal complement functions stay 
intact. In vitro, inhibition of the C5aR1 on peritoneal leukocytes, 
isolated from PD fluid, reduced bacteria-induced profibrotic 
(TGF-β) and inflammatory (IL-6 and IL-8) mediator produc-
tion (100). In addition, the systemic administration of a C5aR1 
antagonist in a rat model of PD prevented influx of inflammatory 
cells and reduced tissue damage of the peritoneal cavity (91). 
Furthermore, blockage of C5 in PD improved ultrafiltration 
and additionally reduced activation of the blood clotting system 
(92). Other studies have confirmed these results; showing that 
C5 blockade significantly increased the ultrafiltration volume via 
reduced peritoneal glucose transport, most likely by preventing 
C5a-induced vasodilatation (106). In contrast, C3 inhibition 
through complement depletion by cobra venom factor, also led 
to diminished chemoattractant release, neutrophil recruitment 
and enhanced ultrafiltration (106). Anticoagulants have also 
been tested for the treatment of the inflammatory reaction to PD 
fluids (106, 107). The addition of low-molecular-weight heparin 
to the PD fluid not only prevented thrombin formation but also 
inhibited the complement activation, neutrophil recruitment, 
and improved ultrafiltration (107). In brief, results about comple-
ment inhibition in PD look promising, but many hurdles remain 
to be solved.

CONCLUSiON

In conclusion, biocompatibility remains an important clinical 
challenge within dialysis. Due to bioincompatibility, comple-
ment is systemically activated during HD, while PD leads to local 
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complement activation. Moreover, important effector functions 
of complement activation include promoting inflammation and 
coagulation. In addition, long-term complications of dialysis, 
such as infection, fibrosis, and cardiovascular events, are linked 
to the complement system. These results indicate the possibility 
for complement interventions in dialysis to improve biocompat-
ibility, dialysis efficacy, and long-term outcome.
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Background: Hemodialysis (HD) is a life-saving treatment for patients with end

stage renal disease. However, HD patients have markedly increased rates of

cardiovascular morbidity and mortality. Previously, a link between the complement

system and cardiovascular events (CV-events) has been reported. In HD, systemic

complement activation occurs due to blood-to-membrane interaction. We hypothesize

that HD-induced complement activation together with inflammation and thrombosis are

involved in the development of CV-events in these patients.

Methods: HD patients were followed for the occurrence of CV-events during amaximum

follow-up of 45 months. Plasma samples were collected from 55 patients at different

time points during one HD session prior to follow-up. Plasma levels of mannose-binding

lectin, properdin and C3d/C3 ratios were assessed by ELISA. In addition, levels of von

Willebrand factor, TNF-α and IL-6/IL-10 ratios were determined. An ex-vivomodel of HD

was used to assess the effect of complement inhibition.

Results: During median follow-up of 32 months, 17 participants developed CV-events.

In the CV-event group, the C3d/C3-ratio sharply increased 30min after the start of the

HD session, while in the event-free group the ratio did not increase. In accordance, HD

patients that developed a CV-event also had a sustained higher IL-6/IL-10-ratio during

the first 60min of the HD session, followed by a greater rise in TNF-α levels and von

Willebrand factor at the end of the session. In the ex-vivo HD model, we found that

complement activation contributed to the induction of TNF-α levels, IL-6/IL-10-ratio and

levels of von Willebrand factor.

Conclusions: In conclusion, these findings suggest that early intradialytic complement

activation predominantly occurred in HD patients who develop a CV-event during

follow-up. In addition, in these patients complement activation was accompanied
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by a pro-inflammatory and pro-thrombotic response. Experimental complement inhibition

revealed that this reaction is secondary to complement activation. Therefore, our data

suggests that HD-induced complement, inflammation and coagulation are involved in

the increased CV risk of HD patients.

Keywords: complement, kidney, cardiovascular risk, hemodialysis, biocompatibility, innate immunity, C1-inhibitor

INTRODUCTION

Renal replacement therapy (RRT) represents a cornerstone in
the treatment of patients with end stage renal disease (ESRD).
Hemodialysis (HD) remains the most common form of RRT
(1). Despite being lifesaving, HD comes with a risk (2). The life
expectancy and quality of life of patients on dialysis is inferior
to the general population. Overall, HD has been associated with
increased cardiovascular morbidity and mortality (3). Previous
studies have suggested that the innate immune system plays a key
role in the development of cardiovascular disease in HD patients
(4).

The complement system is a major component of innate
immunity and activation of this system induces an inflammatory
response (5). Complement activation can occur via three
pathways: the classical pathway (CP), lectin pathway (LP), and
alternative pathway (AP). Regardless of the trigger, all pathways
lead to the cleavage of C3 resulting in the formation of C3b, the
large fragment and C3a, an anaphylatoxin. Ultimately, C3b is
broken down progressively to iC3b and then to the more stable
fragment C3d. The functions of the complement system were
thought to be limited to opsonization and lysis of pathogens.
However, nowadays this system is known to have numerous
functions and complement has been shown to be involved in the
pathogenesis of various diseases (6).

For decades, HD has been known to activate the complement
system (7). In dialysis, complement activation ismainly caused by
the interaction of blood with the HD membrane (4). Regardless
of the efforts to improve biocompatibility, complement activation
still occurs in HD, even with modern membranes (8–10). It
has been hypothesized that complement activation leads to HD-
induced inflammation and thereby increases the subsequent
cardiovascular risk (4). In accordance, several studies have
shown an association between complement and cardiovascular
events (CV-event) (8, 11–14). However, the link between
complement activation products and CV-events remains poorly
characterized (15). Only Lines et al. reported an association
in HD patients between soluble C5b-9 and cardiovascular risk
(15). Furthermore, previous experimental studies proposed a link
between HD-induced complement activation, pro-inflammatory
cytokines, and the coagulation system (10, 16).

Abbreviations: AP, Alternative pathway; BSA, Body surface area; C5b-9,

Membrane attack complex; CV-event, Cardiovascular event; ESRD, End stage

renal disease; ELISA, Enzyme-linked immunosorbent assay; HD, Hemodialysis;

IL-6, Interleukin 6; IL-10, Interleukin 10; LP, Lectin pathway; MBL, Mannose-

binding lectin; RRT, Renal replacement therapy; PCI, Percutaneous coronary

intervention; TNF-α, Tumor necrosis factor-α; vWF, Von Willebrand factor

We hypothesize that an unfavorable complement profile is
seen in HD patients who will develop a CV-event. To investigate
the mechanism of increased cardiovascular risk in HD, we
measured complement activation, pro-inflammatory cytokines
and pro-thrombotic factors during one HD session in patients
that developed a CV-event during follow-up and compared this
to patients without a CV-event during follow-up. Furthermore,
we used an ex-vivo model of HD to further elucidate the role
of complement activation as a trigger for inflammation and
coagulation in HD.

MATERIALS AND METHODS

Study Population and Design
A cohort of 55 hemodialysis patients from Dialysis Center
Groningen and the University Medical Center Groningen were
followed for a maximum of 45 months. The original cohort was
composed out of 109 patients; however, due to a lack of samples
only 55 patients could be included for this study. The protocol has
been previously described (2). In short, patients were included if
the duration of HD therapy was longer than 3 months. Patients
with severe heart failure (NYHA class IV) were excluded. Patient
characteristics were extracted from patient records.

Dialysis Settings
Patients were on maintenance HD treatment for three times
a week with a low-flux polysulfone hollow-fiber dialyzer (F8;
Fresenius Care, Bad Homburg, Germany). The hemodialysis
sessions lasted for 4 h. The blood and dialysate flow rates were
250–350 and 500 mL/min, respectively. A constant ultrafiltration
rate was used. Dialysate composition was as follows: acetate,
3.0 mmol/L; bicarbonate, 34 mmol/L; calcium, 1.5 mmol/L;
chloride, 108 mmol/L; glucose, 1.0 g/L; magnesium, 0.5 mmol/L;
potassium, 1.0 or 2.0 mmol/L; sodium, 139 mmol/L The dialysate
temperature was kept on 36.0 or 36.5◦C. Blood samples were
taken just before the start of the dialysis session, and after 30, 60,
180, and 240min.

Definition of Endpoint
The end-point of the study was defined as the time to the first CV-
event. CV-events included cardiac, cerebrovascular, or peripheral
vascular events. Occurrence of a cardiac event was defined as
a ischemic heart disease (unstable angina pectoris, myocardial
infarction, Coronary Artery Bypass Grafting (CABG) and/or
Percutaneous Coronary Intervention (PCI), sudden cardiac
death and congestive heart failure. In order to classify as acute
myocardial infarction, two out of the following three criteria
had to be present: clinical status, elevated heart enzymes, and
EKG changes. Cerebrovascular events were defined as stroke,
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ischemic insult, or newly diagnosed >70% stenosis of the
extracranial carotid artery. Strokes and ischemic insults had
to be verified by CT or MRI. Peripheral vascular disease was
defined as having intermittent claudication with angiographically
or sonographically proven stenosis >50% of the major arteries
of the lower limbs or ulcers caused by atherosclerotic stenosis or
surgery for this disorder. Transplantation was a censoring event
and the transplantation date was considered as the final follow-up
date (17).

Ex-vivo Model of Hemodialysis
An ex-vivomodel of HDwas used as previously described (18). In
brief, a closed circuit was assembled using a pediatric polysulfone
hollow-fiber dialyzer (FX paed; Fresenius Care, Germany) and
blood lines (SN-Set ONLINEplus BVM 5008-R, Fresenius Care,
Germany). The total volume of the circuit was approximately
50mL. Perfusion was achieved using a Masterflex R© peristaltic
pump (Cole-Parmer, USA) and was flow-controlled (TS410
tubing flow module, Transonic systems Inc, USA) to reach
a perfusion flow of approximately 140 to 160 mL/min. The
temperature was kept constant at 37◦C and controlled by an
external heater. Whole blood was taken from healthy volunteers
(n = 3) and anticoagulated with low-molecular weight heparin
(1 U/mL). Initially, the circuit was primed with NaCl 0.9% and
perfused for approximately 20min to remove air bubbles. Prior
to perfusion, the dialysate compartment was filled with NaCl
0.9% and closed. Next, freshly drawn heparinized blood was
added to the circuit, while the same volume of the saline solution
was discarded. The system was perfused with recirculating blood
for 4 h. Samples were collected at the start of the perfusion
and after 30, 60, 120, 180, and 240min. To investigate the
effect of complement inhibition, two consecutive sessions were
performed for each healthy volunteer. During one session, 200

units of C1-inhibitor (Cinryze©, Viropharma, USA) were added
to the blood prior to perfusion, whereas the other session without
C1-inhibitor (C1-INH) served as a control.

Inflammatory Markers and Pro-thrombotic
Factors
In the HD cohort, TNF-α was measured by Quantikine HS
Human Immunoassay (R&D System Inc., USA). Furthemore,
IL-6 and IL-10 were determined using a quantitative sandwich
enzyme immunoassay technique (R&D System Inc., USA).
Lastly, Von Willebrand Factor (vWF) was measured by enzyme-
linked immunosorbent assay (Dakopatts, UK). In the ex-vivo
HD model, TNF-α, IL-6, IL-10, and vWF were measured using
a human magnetic luminex assay (R&D Systems Inc, USA)
according to the manufacturer’s instructions.

Quantification of Complement Proteins
C3d was measured by sandwich enzyme immunoassay as
previously described (19). Quantitative antigenic assay for C3
was performed by the radial immunodiffusion technique with
monospecific anti-sera (19). The C3d/C3 ratio was determined
by dividing the C3d values in µg/mL by the C3 concentration in
mg/mL. Additionally, Properdin and MBL concentrations were
measured as described earlier (19, 20).

Statistics
Statistical analysis was performed using IBM SPSS 22.0 (IBM
Corporation, Chicago, IL, USA). Normally distributed data
are presented as mean ± standard deviation, whereas non-
normally distributed data are shown as median with interquartile
range. Nominal data are displayed as total number of patients
with percentage [n (%)]. Differences between two groups were
assessed with the student t-test, whereas the paired t-test was
used to compare values of a single variable during different time
points within the HD session. A one-way ANOVA was used
when assessing for differences in multiple groups, followed by
Bonferroni’s post-hoc comparisons tests. The association between
different variables and the incidence of CV-event were assessed
by Cox proportional hazard regression. The Harrell’s C statistic is
the equivalent of the area under the ROC curve, if the outcome is
binary (21).

Ethics
This study was performed in accordance to the Declaration of
Helsinki and was approved by the Medical Ethical Committee
from the University Medical Center Groningen. All participants
signed informed written consent.

RESULTS

Patients Characteristics
Blood samples from 55 patients on maintenance HD were
available, of which 35 were male and 20 female (Table 1). The
mean age was 62 ± 15 years and baseline dialysis vintage was
1.2 years [IQR: 0.6–3.9 years]. The median follow-up of the study
was 32 months and during this time 17 patients (31%) developed
a CV-event, whereas 16 patients died (29%). In our study, the
causes of death were cardiovascular (44%), infection (12.5%),
discontinuation of the HD treatment (12.5%), or unknown
(31%). Among the patients that developed CV-events, 35% had
acute coronary syndrome, 17% needed coronary artery bypass
surgery, 11% developed congestive heart failure, 17% had a
cerebro-vascular accident and 17% developed peripheral vascular
disease. Next, we created two different groups; the 17 patients that
developed a CV-event during follow-up (CV-event group) and
the 38 patients that remained event-free (event-free group).

Complement Activation in the HD Patients
To assess complement activation, we determined the C3d/C3-
ratio in 55 patients during one HD session at the start of the
follow-up. The C3d/C3-ratio at baseline was not statistically
different between the patients that would develop a CV-event
(7.0 ± 6.2) compared to the patients that would not (9.0 ±

7.4). Surprisingly, at the end of the HD session the C3d/C3-ratio
was also not statistically different between the two groups (CV-
event group: 11.8± 8.5, event-free group: 12.9± 10.0). However,
when the intradialytic C3d/C3-ratios were compared between the
two groups, clear differences were seen (Figure 1 and Table 1).
At 30min intradialysis, there was a significant increase in the
C3d/C3-ratio in the CV-event group compared to the patients
who remained event-free. During these initial 30min, the
C3d/C3-ratio increased by 3.29 fold in the CV-event group and
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TABLE 1 | Baseline characteristics of our study population of hemodialysis patients with and without a cardiovascular event.

Patients Univariable

All (n = 55) CV-event (n = 17) No CV-event (n = 38) P* St. beta P#

C3d/C3 RATIO

0min 5.9 [4.8–9.3] 5.6 [4.7–8.1] 6.1 [4.8–11.5] 0.2 −0.02 0.6

30min 9.8 [7.3–17.0] 12.0 [10–33.5] 8.4 [6.8–13.4] 0.01 0.05 0.002

60min 8.4 [5.4–12.4] 7.8 [4.4–11.9] 8.9 [5.6–16.2] 0.2 −0.04 0.2

120min 8.6 [5.5–14.5] 7.4 [5.2–12.7] 9.1 [5.6–16.4] 0.3 −0.03 0.3

240min 8.4 [5.8–17.9] 8.6 [5.9–20.0] 8.3 [5.8–17.9] 0.8 −0.04 0.8

DEMOGRAPHICS

Age, years 62.7 ± 15.8 66.5 ± 11.4 61.0 ± 17.2 0.2 0.01 0.3

Male gender, n (%) 35 (63) 11 (64) 24 (63) 0.9 −0.22 0.6

Current diabetes, n (%) 10 (18) 5 (29) 5 (13) 0.2 0.51 0.3

Hypertension, n (%) 48 (87) 14 (82) 34 (89) 0.2 −0.99 0.1

Cardiovascular history, n (%) 11 (20) 5 (29) 6 (15) 0.2 0.64 0.2

BSA, m2 1.8 ± 0.3 1.7 ± 0.5 1.9 ± 0.2 0.08 −2.04 0.02

HEMODIALYSIS

Dialysis vintage, months 14.1 [7.3–47.3] 12.2 [8.6–50.4] 16.4 [4.7–47.5] 0.5 0.002 0.8

Ultrafiltration volume, L 2.5 ± 0.7 2.4 ± 0.6 2.5 ± 0.7 0.9 0.00 0.7

Ultrafiltration rate, ml/kg/h 8.1 ± 2.3 7.9 ± 1.8 8.2 ± 2.5 0 7 −0.01 0.8

PRIMARY RENAL DISEASE, n (%)

Hypertension 12 (22) 4 (23) 8 (21) 0.8 0.02 0.9

Diabetes 5 (9) 3 (17) 2 (5) 0.1 0.65 0.3

ADPKD 7 (13) 1 (6) 6 (16) 0.3 −0.96 0.3

FSGS 6 (11) 2 (12) 4 (10) 0.8 0.89 0.2

IgA nephropathy 3 (6) 0 (0) 3 (7) 0.2 −3.15 0.4

Chronic pyelonephritis 1 (2) 1 (6) 0 (0) 0.1 2.02 0.06

Glomerulonephrytis 6 (11) 1 (6) 5 (13) 0.4 −0.75 0.4

Other Diagnosis 9 (16) 3 (18) 6 (16) 0.8 0.35 0.6

Unknown 5 (9) 2 (12) 3 (7) 0.8 −0.34 0.9

LABORATORY MEASUREMENTS

Hematocrit, % 34.4 ± 3.7 34.0 ± 4.2 34.6 ± 3.5 0.6 −5.98 0.3

HbA1C, mmol/mol 5.56 ± 0.9 5.7 ± 1.1 5.5 ± 0.8 0.4 0.17 0.4

Albumin, g/L 38 [37-41] 38 [37-41] 38 [36-42] 0.9 0.004 0.9

Calcium, mmol/L 2.32 ± 0.2 2.31 ± 0.1 2.32 ± 0.2 0.8 −0.55 0.6

Phosphate, mmol/L 1.74 ± 0.5 1.70 ± 0.4 1.75 ± 0.6 0.7 0.009 0.9

hsCRP, mg/L 5.5 [1.5–8.8] 5.0 [2.3–11.8] 5.8 [1.4–8.8] 0.5 0.01 0.3

MEDICATION

Aspirin, n (%) 34 (62) 8 (47) 26 (68) 0.2 −0.80 0.09

Calcium channel blockers, n (%) 12 (22) 4 (23) 8 (21) 0.8 −0.14 0.7

β-Blocker, n (%) 31 (56) 10 (59) 21 (55) 0.8 0.24 0.6

ACE inhibitor, n (%) 5 (9) 1 (5) 4 (10) 0.6 −0.44 0.6

AT2–receptor antagonists, n (%) 8 (14) 2 (12) 6 (16) 0.7 −0.41 0.6

Statin, n (%) 13 (24) 2 (12) 11 (29) 0.2 −0.88 0.2

Diuretics, n (%) 5 (9) 2 (12) 3 (7) 0.7 1.11 0.2

P* indicates P-value for the difference in baseline characteristics between the patient with and without a cardiovascular-event. Differences were tested by Student’s t-Test or Mann–

Whitney U test for continuous variables and with χ2 test for categorical variables. Data are presented as mean ± SD or median [IQR]. P# indicates P-value for univariate Cox-regression

for the occurrence of CV-event. Data are presented as beta coefficient with corresponding P-value.

CV, cardiovascular; BSA, body surface area; ADPKPD, autosomal dominant polycystic disease; FSGS, focal segmental glomerulosclerosis; HbA1c, Hemoglobin A1c; hsCRP, high

sensitive C-reactive protein; ACE inhibitor, angiotensin-converting-enzyme inhibitor; AT2-receptor antagonists, Angiotensin II receptor antagonists.

by only 1.26 fold in the event-free group (P < 0.01). In addition,
Cox regression analysis was performed to assess the association
between C3d/C3 ratio at 30min and occurrence of a CV-event

(Table 2). In the crude model, C3d/C3 ratios were associated
with a hazard ratio of 1.06 (95% CI 1.02-1.09; P < 0.001).
After adjustment for age and gender, variables with P < 0.1
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FIGURE 1 | The C3d/C3-ratio during hemodialysis. Course of plasma C3d/C3 ratio in patients that developed a cardiovascular event (CV-event) during follow-up and

in those that remained CV-event free (no CV-event). The data is presented as mean ± SEM and C3d/C3-ratio was calculated by dividing the C3d values (µg/mL) by

the C3 levels (in mg/mL). The C3d/C3-ratio was determined at the start of hemodialysis session and 30, 60, 180 and 240min after. Differences between the two

groups were assessed by the student t-test and a one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests was used to compare C3d/C3 ratios at

different time points within one group (**P < 0.01). The hashtag above the bars denotes a significant difference between the two groups (#P < 0.05), whereas the

asterisk above the bars denotes a significant difference compared to baseline within the group. The number of subject is 17 in the “CV-event group” and 38 in the “No

CV-event group”.

TABLE 2 | Associations of intradialytic complement activation with outcome.

Cardiovascular events

C3d/C3 ratio at 30 min

HR 95% CI P

Model 1 1.06 1.02–1.09 <0.001

Model 2 1.06 1.03–1.09 0.001

Model 3 1.04 1.01–1.08 0.03

Model 4 1.06 1.02–1.09 0.001

Model 5 1.07 1.02–1.09 0.002

Model 1: crude. Model 2: adjusted for age and gender. Model 3: adjusted for BSA, aspirin

and primary chronic pyelonephritis. Model 4: adjusted for DM, cardiovascular history and

hypertension. Model 5: adjusted for HD vintage , UF rate and UF volume.

Data are presented as hazard ratio (HR) plus 95% confidence interval (CI). BSA, body

surface area; DM, diabetes mellitus; HD, Hemodialysis; UF, ultrafiltration rate.

in univariate analysis (BSA, chronic pyelonephritis as primary
renal disease and use of aspirin), cardiovascular risk factors
(CV history, DM and hypertension) or characteristics of HD
(Ultrafiltration rate, ultrafiltration volume and dialysis vintage),
the association between C3d/C3 ratio at 30min and CV-event
remained significant. Subsequently, the Harrell’s-C statistics was
determined to further confirm the potential relationship between
complement activation and CV-events. Plasma C3d/C3 ratio at

30min had a Harrell’s-C statistics of 0.71 (95% CI 0.55–0.88;
P = 0.01).

We next set out to assess the contribution of the AP and LP
to HD-induced complement activation. Due to a lack of samples,
properdin and MBL levels were measured in a subgroup of 30
patients (Figure 2). In this subgroup, there were 11 patients in
the CV-event group and 19 patients in the event free group. MBL
and properdin levels were comparable between the two groups at
the start and at the end of the HD session. Conversely, at 30min
intradialysis, MBL levels decreased significantly in the event-free
group but not in the CV-event group (P < 0.05). Furthermore,
properdin levels were significantly lower at 30min in the CV-
event group, compared to the event-free group. To summarize,
MBL consumption was seen in the event-free group implying
LP activation, while lower properdin levels were observed in the
CV-event group suggesting AP activation.

Inflammatory and Pro-thrombotic Factors
in the HD Patients
We determined cytokines and Von Willebrand factor (vWF)
to investigate if complement activation during HD was
accompanied by a pro-inflammatory response and a pro-
thrombotic state. During HD, distinct time-courses for levels of
vWF were observed between the two groups (Figure 3). In the
CV-event group, vWF levels increased steadily during the session
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FIGURE 2 | Intradialytic levels of properdin and Mannose-binding lectin. Course of plasma mannose-binding lectin (MBL) and properdin in patients that developed a

cardiovascular event (CV-event) during follow-up and in those that remained CV-event free (no CV-event). The data is presented as mean ± SEM. (A) The levels of

MBL were determined at the start of hemodialysis session and 30 and 240min after. (B) The levels of properdin were determined at the start of hemodialysis session

and 30 and 240min after. Differences between the two groups were assessed by the student t-test and a one-way ANOVA followed by Bonferroni’s post-hoc

comparisons tests was used to compare levels at different time points within one group (*P < 0.05). The hashtag above the bars denotes a significant difference

between the two groups (#P < 0.05), whereas the asterisk above the bars denotes a significant difference compared to baseline within the group. The number of

subject is 11 in the “CV-event group” and 19 in the “No CV-event group”.

(P < 0.05). Furthermore, compared to the event-free group, the
CV-event group had significantly higher levels of vWF at 180
and 240min intradialysis (P < 0.05). Cytokines such as tumor
necrosis factor-α (TNF-α) may initiate inflammation and are
therefore believed to play a role in dialysis-related cardiovascular
risk. Levels of TNF-α rose significantly during the HD session in
both groups (Figure 4A). In the CV-event group, levels peaked
at 180min after the start of the HD session (P < 0.01) and
were significantly higher than in the event-free group (P < 0.05).
Furthermore, in the event-free group, the maximum TNF-α
levels were reached at the end of the session (P < 0.001).

To evaluate the relation between anti-inflammatory cytokines
and pro-inflammatory cytokines, we determined the IL-6/IL-
10 ratio (Figure 4B). Interestingly, IL-6/IL-10 ratios were the
highest in both groups at the start of the HD session and
showed a decreasing trend during the dialysis session, although
not significant compared to baseline. Moreover, at 60min
intradialysis an important decrease in the IL-6/IL-10 ratio
occurred in the event-free group, indicating a shift toward a
less inflammatory profile. However, IL-6/IL-10 ratios remained
elevated in the HD patients that developed a CV-event during
follow-up, revealing a significant difference between the groups
at this time point (P < 0.05). Overall, enhanced levels of pro-
inflammatory and pro-thrombotic mediators seem to prelude the
development of CV-events in HD patients.

Ex-vivo Model of Hemodialysis
To further evaluate the effect of HD-induced complement
activation on inflammation and coagulation, we used an ex-vivo
model of HD. During the 4 h of perfusion, the C3d/C3 ratio
increased progressively from 4.7 ± 0.6 at baseline to 55.8 ±

12.5 after 240min (Figure 5A). MBL and properdin levels were
determined to discriminate between complement activation via
the AP and/or the LP. Both MBL and properdin levels decreased

FIGURE 3 | Levels of von Willebrand factor during hemodialysis. Course of

von Willebrand factor (vWF) in patients that developed a cardiovascular event

(CV-event) during follow-up and in those that remained CV-event free (no

CV-event). The data is presented as mean ± SEM. vWF was determined at the

start of hemodialysis session and 60, 180 and 240min after the start of the

session. Differences between the two groups were assessed by the student

t-test and a one-way ANOVA followed by Bonferroni’s post-hoc comparisons

tests was used to compare levels at different time points within one group

(*P < 0.05, **P < 0.01). The hashtag above the bars denotes a significant

difference between the two groups (#P < 0.05), whereas the asterisk above

the bars denotes a significant difference compared to baseline within the

group. The number of subject is 17 in the “CV-event group” and 38 in the “No

CV-event group”.

significantly over time. After 4 h, MBL levels were reduced by
55.2% (P < 0.05) and properdin levels by 34.4%, respectively
(Figure 5). We next assessed inflammatory and pro-thrombotic
factors. Similarly to complement activation, the HD model
resulted in a significant increase in TNF-α, IL-6/IL-10 ratio, and
vWF levels after 240min of dialysis (Figure 6).
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Finally, we evaluated the effect of complement inhibition in
our model to test if complement activation acts as a trigger
for inflammation and coagulation in HD. C1-INH was added
and significantly reduced C3d/C3 ratios compared to controls,
namely from 55.8 ± 13 to 33.1 ± 24 (Figure 5A; P < 0.05). HD-
induced consumption of properdin and MBL was not prevented
by the use of C1-INH.Furthermore, TNF-α levels were 1654
± 631 ng/mL after 240min in the control session, while in
the session with C1-INH levels were reduced to 48.7 ± 74.7
ng/mL(Figure 6A). Correspondingly, a similar trend was seen
after 240min in the IL-6/IL-10 ratio (control session 1086 ± 630
pg/mL, C1-INH session 51± 78 pg/mL; Figure 6C) and for vWF
levels (control session: 98.2 ± 22.7 pg/mL, C1-INH session: 1.7
± 3.3 pg/mL) when the control session was compared to C1-INH
session (Figure 6B). To summarize, C1-INH addition was able to
inhibit HD-induced complement activation and thereby reduce
vWF, TNF-α and IL-6/IL-10 by 98, 97, and 95% respectively.

DISCUSSION

Hemodialysis treatment comes with the balance between the
dangers of advanced uremia and the inherent risks related to
this form of RTT (22, 23). The higher cardiovascular risk seen
in this population is not only related to ESRD but it is also
associated with the HD procedure itself (2). Innate immunity
has been proposed to be the missing link in the mechanism of
CV-events in HD patients (4). We observed distinct differences
in molecular profiles during HD of patients that will later
develop CV-events compared to those who remained event-
free during follow-up. At the start of dialysis, a unique peak in
complement activation was only seen in patients in the CV-event
group. Furthermore, enhanced inflammation and coagulation
accompanied the complement activation seen in HD patient that
will develop CV-events. Moreover, these processes arose long
before the actual development of the CV-event. Altogether these
three elements showed different dynamics, with complement
activation possibly initiating these processes. In accordance,
complement inhibition in our ex-vivo model not only decreased
complement activation but also diminished pro-inflammatory
and pro-thrombotic mediators.

Despite significant advances in the biocompatibility of HD
membranes, complement activation remains an undesired but
relevant issue (8, 15). Higher levels of complement components
as well as loss of complement inhibitors have been associated with
a higher risk for cardiovascular disease in HD patients (8, 11–
14). Recently, complement activation prior to a HD session was
associated with the occurrence of CV-events in HD patients
(15). Here, we showed that activation of C3 during dialysis is
linked to the development of CV-events. Our study is the first,
to our knowledge, to assess the relationship between intradialytic
complement activation and subsequent outcome. In accordance,
previous studies have shown that activation of the complement
system peaks during the first 15 to 30min of the HD session
(24). However, the mechanism by which complement activation
increases the risk for cardiovascular disease remains largely
unknown.

The LP and AP initiate complement activation during HD
(25, 26). In our study, we only found MBL consumption in
the event-free group, implying that this decrease is actually
beneficial. In accordance, MBL has been proposed to be
involved in the removal of atherogenic particles, thereby
decreasing atherosclerosis. Our previous data showed that higher
MBL levels in HD patients were associated with protection
against cardiovascular disease (9). We also found a rise in
properdin levels in the event-free group. Properdin, unlike other
complement factors, is produced by leukocytes, predominately
neutrophils (27). Therefore, the increase in properdin is
presumably the result of leukocyte activation by the HD
membrane leading to degranulation (28). Since, this rise was
not seen in the CV-event group, we speculate this was due to
properdin consumption by AP activation in these patients.

We found higher TNF-α levels and IL-6/IL-10 ratios in
patients that would develop a CV-event. TNF-α and IL-6 are
potent cytokines that can initiate a powerful pro-inflammatory
reaction (29, 30). If this response is not contained, it can lead
to hypotension, organ dysfunction, and eventually result in
death. Elevated levels of these cytokines have also been related
to an increased risk for CV-events in the general population
and in HD patient (31–34). In contrast, IL-10 is a major
anti-inflammatory cytokine with the ability to suppress the
production and secretion of pro-inflammatory mediators in
leukocytes, thereby effectively controlling the inflammation (35).
The IL-6/IL-10 ratio has previously been linked to outcome
after inflammatory disorders and to the development of HD-
induced left ventricular dysfunction (36–38). In ex-vivo models,
the induction of IL-6 during the bio-incompatibility reaction
was shown to be completely complement-dependent, while the
induction of TNF-α was only partially complement-dependent
(16). In addition, in a primate model of HD, complement
inhibition lead to enhanced levels of IL-10, demonstrating the
relationship between the two systems (39).

Thrombosis is a key element in the development of
cardiovascular disease. Previously, Péquériaux et al. reported that
vWF is a good predictor of CV-events in patients undergoing
RRT (40). Von Willebrand factor is a glycoprotein involved in
hemostasis but vWF is also a marker of endothelial cell activation
(41). We found significantly higher levels of vWF in the group of
patients who developed CV-events, which could be evidence of
a prothrombotic state. vWF is produced in endothelial cells and
megakaryocytes, but also stored in the granules of platelets (42).
Considering our ex-vivo lacks endothelial cells, the vWF is most
likely derived from platelets. The release of vWF could either be
the direct effect of complement activation or via C5a-activated
leukocytes (43, 44). The link between the complement system
and thrombosis is not new in HD (45). Complement receptors
on leukocytes are important for the formation of platelet-
leukocytes complexes, which contributes to thrombotic processes
(46). In addition, complement activation during HD induces the
production of pro-coagulation factors (47). Moreover, plasma
levels of C3 correlated with a denser clot structure in HD patients
(48).

The complement system is a strong mediator of the
bioincompatibility reaction. Therefore, we proposed that
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FIGURE 4 | Levels of tumor necrose factor alpha and the ratio of interleukin-6 to interleukin-10 during hemodialysis. Course of tumor necrose factor alpha (TNF-α)

and ratio of interleukin-6 (IL-6) to interleukin-10 (IL-10) in patients that developed a cardiovascular event (CV-event) during follow-up and in those that remained

CV-event free (no CV-event). The data is presented as mean ± SEM. (A) The levels of TNF-α were determined at the start of hemodialysis session and 60, 180 and

240min after the start of the session. (B) Levels IL-6 and IL-10 were determined at the start of hemodialysis session and 60, 180, and 240min after. The IL-6/IL- 10

ratio was calculated by dividing the IL-6 (in pg/mL) values by the IL-10 levels (in pg/mL). Differences between the two groups were assessed by the student t-test and

a one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests was used to compare levels at different time points within one group. (*P < 0.05, **P < 0.01,

***P < 0.001). The hashtag above the bars denotes a significant difference between the two groups (#P < 0.05), whereas the asterisk above the bars denotes a

significant difference compared to baseline within the group. The number of subject is 17 in the “CV-event group” and 38 in the “No CV-event group”.

FIGURE 5 | Complement levels during ex vivo hemodialysis. Two different sessions were performed with whole blood of three healthy donors; one session with

C1-inhibitor (C1-INH) and one session without, the control session. The data is presented as mean ± SEM. (A) C3d/C3 ratios were measured to determine

complement activation. (B) MBL levels significantly decrease over time during the session. (C) Properdin levels were reduced during the session, although not

significantly. Differences between the two groups were assessed by the student t-test and a one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests

was used to compare levels at different time points within one group (*P < 0.05, **P < 0.01). The hashtag above the bars denotes a significant difference between the

two groups (#P < 0.05), whereas the asterisk above the bars denotes a significant difference compared to baseline within the group.
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FIGURE 6 | Levels of tumor necrose factor alpha, ratio of interleukin-6 to interleukin-10 and vWF during ex vivo hemodialysis. Two different sessions were performed

with whole blood of three healthy donors; one session with C1-inhibitor (C1-INH) and one session without, the control session. The data is presented as mean ±

SEM. (A) TNF-α levels significantly increased in the control session, but not in the session with C1-INH. (B) Correspondingly, vWF showed a significant rise in the

control session, while C1 INH additionlead to significantly lower levels. (C) The IL-6/IL-10 ratio progressively increased over time, although not statistically significant.

Differences between the two groups were assessed by the student t-test and a one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests was used to

compare levels at different time points within one group (*P < 0.05). The hashtag above the bars denotes a significant difference between the two groups

(#P < 0.05), whereas the asterisk above the bars denotes a significant difference compared to baseline within the group.

complement activation has an essential role in orchestrating the
inflammatory response in HD. In accordance with the result
observed in the HD patients; our ex-vivo model demonstrated
that the dialyzer induces complement activation, inflammation
and enhances coagulation. We then wondered if HD-induced
inflammation could be attenuated by complement inhibition.
Addition of C1-INH to the ex-vivo HD model significantly
diminished HD-induced complement activation and also
almost completely abolished the induction of TNF-α levels,
L-6/IL-10 ratios and vWF levels. Similarly, Kourtzelis et al,
also demonstrated in an ex vivo model of HD the induction of
coagulation during 2 h of perfusion. In their study, compstatin
was used to block complement activation at the level of C3
(10). We postulate that HD-induced complement activation
results in the formation of anaphylatoxins, thereby resulting
in the activation of peripheral blood mononuclear cell and
platelets initiating a pro-inflammatory and pro-thrombotic
response. Previously, several reports demonstrated that
bioincompatibility-induced inflammation relies mainly
on complement, whereas granulocyte enzyme release was
predominantly C3-dependent, leukocyte activation and pro-
thrombotic mediators were largely dependent on C5 (16, 46).
Altogether, our results support the hypothesis of the complement
system as a key component in HD-induced inflammation and
coagulation, which subsequently leads to a higher risk for
CV-events.

We are aware that our study has strengths and limitations.
Although the study has a long follow up, the samples were only
collected during a single hemodialysis session. Our study could
have benefited from a second assessment of these parameters
during another dialysis session in the same patients, to assess
reproducibility and increase reliability. Furthermore, while
complement activation was seen in the patients during HD as
well as in our ex-vivo model, clear differences were present.
Moreover, in patients a significant peak of complement activation

was seen during the first 30min of HD. In contrast, in our
ex-vivo model a continuous rise of complement activation was
seen until the end of the session. Obviously these discrepancies
arise due to the differences of in-vivo to ex-vivo. For instance,
in the ex-vivo model blood recirculates without re-entering the
human body, therefore it lacks the interaction with endothelial
cells, liver and other organs. Lastly, the size of our cohort could
be considered small and therefore might impact the statistical
analysis. However, due to the long follow up, we achieved a
relatively high number of CV-events which increases the power
of the study in the comparisons between the CV-event group and
the event free group.

There is a growing body of data supporting a role for
the complement system in the development of cardiovascular
disease. Ekdahl et al. proposed that complement activation
initiates an inflammatory cascade and amplifies pro-thrombotic
processes (4). For the first time, to our knowledge, we
demonstrated intradialytic differences in complement activation,
inflammation and a pro-thrombotic factor in HD patients that
will develop a CV-event compared to HD patients that will not.
Furthermore, we showed that complement inhibition during HD
resulted in decreased levels of the pro-inflammatory and pro-
thrombotic mediators. Future studies have to determine what the
ideal target is to inhibit complement in HD to attenuate these
processes and to determine if this decreases the risk of CV-events
in HD patients.
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The complement system is a major component of the immune system and plays a 
central role in many protective immune processes, including circulating immune com-
plex processing and clearance, recognition of foreign antigens, modulation of humoral 
and cellular immunity, removal of apoptotic and dead cells, and engagement of injury 
resolving and tissue regeneration processes. In stark contrast to these beneficial roles, 
however, inadequately controlled complement activation underlies the pathogenesis 
of human inflammatory and autoimmune diseases, including rheumatoid arthritis (RA) 
where the cartilage, bone, and synovium are targeted. Recent studies of this disease 
have demonstrated that the autoimmune response evolves over time in an asymptomatic 
preclinical phase that is associated with mucosal inflammation. Notably, experimental 
models of this disease have demonstrated that each of the three major complement 
activation pathways plays an important role in recognition of injured joint tissue, although 
the lectin and amplification pathways exhibit particularly impactful roles in the initiation 
and amplification of damage. Herein, we review the complement system and focus on 
its multi-factorial role in human patients with RA and experimental murine models. This 
understanding will be important to the successful integration of the emerging comple-
ment therapeutics pipeline into clinical care for patients with RA.

Keywords: complement, arthritis, classical pathway, lectin pathway, alternative pathway, mannose-binding 
protein-associated serine proteases, inflammation

COMPLeMeNT SYSTeM AND iTS ACTivATiON

It was Buchner who, at the University of Munich, discovered a blood born substance that was able 
to destroy bacteria. He named it “alexin.” The term “complement” was subsequently introduced 
by Ehrlich as part of his grand model of the immune system (1–6). Although initially considered 
primarily in the context of resistance to infection, the complement system, as an important arm of 

Abbreviations: CP, classical pathway; LP, lectin pathway; MBL, mannose-binding lectin; AP, alternative pathway; CICs, 
circulating immune complexes; CRDs, carbohydrate recognition domains; FLS, fibroblast-like synoviocytes; CII, bovine 
type II collagen; PAD2 or PAD4, peptidyl arginine deiminase type 2 or 4; CDA, clinical disease activity; RF, rheumatoid 
factor; ACPA, anti-citrullinated protein antibodies; anti-CarP, anti-carbamylated protein; CIA, collagen-induced arthritis; 
PIA, pristane-induced arthritis; ZIA, zymosan-induced arthritis; PGIA, proteoglycan-induced arthritis; SCWA, streptococ-
cal cell wall arthritis; CAIA, collagen antibody-induced arthritis; mBSA, methylated bovine serum-induced arthritis; KBxN 
STA, KBxN serum transfer model of arthritis; Crry, mouse complement receptor-related gene y; MASP-1, mannose-binding 
lectin-associated serine protease-1; MASP-2, mannose-binding lectin-associated serine protease-2; MASP-3, mannose-binding 
lectin-associated serine protease-3; MAp44, mannose-binding lectin-associated protein of 44 kDa a.k.a. MBL/ficolin/CL-11-
associated protein-1 (MAP-1); FCNs, ficolins; FCN A, ficolin A; FCN B, ficolin B; CL-11, collectin liver 11; mAb, monoclonal 
antibody; MAC, membrane attack complex.
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FiguRe 1 | Complement system with four different activating pathways, i.e., classical, lectin, alternative, and C2/C4 bypass. Only major complement inhibitors 
of the classical pathway, lectin pathway, and alternative pathway, i.e., Cl-INH, mannose-binding lectin-associated protein of 44 kDa a.k.a. MBL/ficolin/CL-11-
associated protein-1, and FH, respectively, have been shown. All pathways converse to cleave C3 and C5 to initiate the terminal pathway of the complement 
system, i.e., membrane attack complex (C5b-9). Adapted from Ref. (10). Copyright 2017. The American Association of Immunologists, Inc.
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the innate immune system, has been long recognized to play an 
important role in tissue damage in many autoimmune diseases, 
including rheumatoid arthritis (RA). Thus, the complement 
system responds not only to microorganisms but also mediates 
inflammation through the orderly activation of a cascade of 
multi-protein enzymes and proteases.

Key functions of the complement system include clearance of 
foreign microorganisms through specific recognition, opsoni-
zation, and lysis (7). The system also plays major roles in the 
clearance of circulating immune complexes (CICs), apoptotic 
cells, apoptotic bodies, and dead cells (8, 9). Out of three differ-
ent types of CICs (small, intermediate, and large), intermediate 
CICs typically cause the most damage as they get trapped in the 
tissues or in the joints. These protective functions provide potent 
properties for the benefit of the host, even in the absence of an 
adaptive immune response.

Although the complement system limits its pro-inflammatory 
and anti-inflammatory activities, through action of many 
inhibitors under normal physiological conditions, these natural 
complement inhibitors are not enough when the complement 
system gets over-activated during acute inflammatory conditions 
and thereby causes more damage than good. The functions of 
the complement system are not only limited to serum or plasma 
where these are found in abundance but to each and every tis-
sue or organ of the body which are the direct target of various 
complement components.

Most proteins of the complement system are normally 
present in the circulation in an inactive (zymogen) form to be 

activated via proteolytic processing upon the recognition of 
danger. Interestingly, there exists multiple pathways by which the 
complement system may be activated, each employing different 
recognition molecules, which underscores its great complexity. 
The complement system is activated by three different major 
pathways: the classical pathway (CP), the lectin pathway (LP), 
and the alternative pathway (AP) and one minor pathway, the 
C2/C4 bypass (10) (Figure 1). All of these pathways are activated 
by various antibodies, ICs, molecules or microorganisms, or 
spontaneously as discussed below.

Classical Pathway Activation
The CP is activated by binding of C1q to the heavy-chain crystal-
lizable fragment (Fc) domain of immunoglobulin (Ig). In mice, 
IgM, IgG1, IgG2a, and IgG2b all have complement activation 
sites, and these can form CICs when combined with an antigen 
and complement. C1q leads to the activation of C1r, followed by 
activation of C1s. C1s cleaves and activates C4 into C4a and C4b 
and also C2 into C2a and C2b, leading to the formation of C4b2a 
(CP C3 convertase), which itself cleaves C3 into C3a and C3b 
(11). C3b further binds to C4b2a to generate the C5 convertase 
of the CP. This initiates the formation of C5b-9, the membrane 
attack complex (MAC) (12).

Through its recognition mechanisms, C1 can help to distin-
guish self from non-self, which is important for the maintenance 
of self-tolerance and homeostasis (13). Conversely, its pathologic 
activation has been implicated in many inflammatory and 
autoimmune diseases, and its activation is limited by C1 esterase 
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inhibitor (C1-INH) (14). Recently, it has been shown that C4a 
is a ligand for protease-activated receptor (PAR) 1 and PAR4, 
extending the direct link between the complement and coagula-
tion systems (15). In addition, MAC assembly has been shown on 
the surface of parasites, and to eliminate Gram-negative bacteria 
and unwanted host cells (16–18). The MAC can rupture cells with 
varied composition of lipids and once MAC assembly initiates on 
cell surfaces other factors can still block it (16). Interestingly, sub-
lytic levels of MAC either causes the release of pro-inflammatory 
mediators or in other circumstances acts to increases the protec-
tion of cells to avoid further innocent bystander cell lysis (19, 20).

Lectin Pathway Activation
The recognition components of the LP, mannose-binding lectins 
(MBLs), ficolins (FCNs), and collectins (CLs) bind directly to 
microbial and other surfaces with exposed carbohydrates and 
N-acetyl groups and activate complement via MBL-associated 
serine proteases (MASPs) (21–23).

Ficolins, which contain a carbohydrate recognition domain 
(CRD), consist of collagen-like and fibrinogen-like domains and 
preferentially bind to N-acetylglucosamine (GlcNAc) (24–26). 
There are two mouse FCNs: ficolin A (FCN A) (27) and ficolin 
B (FCN B) (28); by contrast, humans express three FCNs; ficolin 
M (FCN-M a.k.a. FCN 1), ficolin L (FCN-L a.k.a. FCN 2), and 
ficolin H (FCN-H a.k.a. FCN 3) (29–33). Mouse FCN A, but not 
FCN B, exhibits a splice variant known as FCN A variant (34). 
FCN A is present in the serum and expressed in liver hepatocytes 
(35). Mouse FCN B was originally found in the lysosomes of 
macrophages, similar to human FCN-M, which is also found in 
the secretary granules of monocytes and neutrophils (36, 37). We 
have reported that FCN B is also present in the circulation of mice 
suggesting that it is secreted from macrophages (38).

Mannose-binding lectin is a C-type lectin containing a CRD as 
well as a collagen-like domain (21, 22). MBL binds to mannose-
containing molecules as well as N-acetylglucosamine (21, 22). 
There are two types of mouse MBLs, i.e., MBL-A and MBL-C, 
whereas there is only one type in human (39). Four different types 
of MASPs called mannose-binding lectin-associated serine pro-
tease-1 (MASP-1), mannose-binding lectin-associated  serine 
protease-2 (MASP-2), mannose-binding lectin-associated serine 
protease-3 (MASP-3), and sMAP (also called Map19) (small 
MBL-associated protein) circulate complexed with MBL, FCNs, 
and CL (40). Although no specific function has been assigned 
to sMAP by generating sMAP−/− mice, it was shown that the 
expression of MASP-2 was also decreased in the sera of these 
mice because of the MASP-2 gene disruption (41). These authors 
have also shown by using sera from sMAP−/− mice that sMAP 
plays a regulatory role in the activation of the LP but it is not 
clear whether sMAP plays a regulatory role before or after the 
LP activation. sMAP and MASP-2 compete to bind to MBL, and 
sMAP has the ability to downregulate the LP (41). MAp44 (also 
called MAP-1), an alternatively spliced product of the MASP-1/3 
gene, is a natural inhibitor of the interactions between MBLs and 
FCNs and serves as a major regulator of the LP (42, 43). MASP-1, 
MASP-2, and MASP-3 consist of an A chain (1CUB, EGF, 2CUB, 
1CCP, 2CCP, and the linker region) linked by a disulfide bond to 
a B-chain (serine protease domain).

Both the CP and LP share C2 and C4 complement components. 
Similar to the CP, the LP forms the C3 and C5 convertases leading 
to the formation of MAC. A recent additional breakthrough has 
been the finding that MASP-3, which is an alternative spliced 
form of MASP-1/3 gene, is a positive regulator of the AP of 
the complement system (44) and MASP-3 exclusively enables 
FD maturation (45). It has been shown that both MASP-1 and 
MASP-2 can activate MASP-3, but MASP-3 in resting human 
blood is also present in an active form (46). In vitro, not in vivo 
studies, have shown that MASP-1 is essential for bacterial LPS 
but not Zymosan-induced AP activation (47), indicating that 
MASP-1 can regulate a specific AP activation mechanism but not 
the entire AP.

The third class of LP initiators, designated CLs, are similarly 
C-type lectins containing CRDs (48). Three different human CLs 
have been identified: Collectin-10 (a.k.a. collectin liver 1, CL-L1, or 
CL-10), Collectin 11 (a.k.a. collectin kidney 1, CL-K1, or CL-11), 
and Collectin-12 (collectin placenta 1, CL-P1, or CL-12) (49–52). 
CL-K1 is present in various human and mouse tissues (49, 53). It 
has also been shown that CL-K1 acts as a soluble pattern recogni-
tion receptor for Mycobacterium tuberculosis (54). Additionally, it 
binds to l-fucose beside other potential ligands (55). In a renal 
injury model, CL-11 expression was rapidly upregulated and 
recognized the abnormal presentation of l-fucose leading to 
complement activation and tissue injury (56). Interestingly, both 
CL-11 and MASP-2 have been shown to generate C3d on injured 
cells (56). All of the abovementioned collectins play an important 
role in an innate immunity because these can bind to the LPS 
from various species of bacteria (57–60).

Alternative Pathway Activation
The original properdin-dependent pathway, now called the AP 
of the complement system, was discovered in the 1950s (61). 
The AP consists of four proteins, factor B (FB), factor D (FD), 
Properdin (Pf or P), and C3. In contrast to the CP and LP, the 
AP is activated spontaneously through hydrolysis of C3, thereby 
generating C3(H2O), which can associate with FB, resulting 
in the cleavage of FB into Ba and Bb by FD. Therefore, the AP 
does not require a specific recognition molecule in order to be 
activated. Nevertheless, as C3 hydrolysis (a.k.a. C3 “tick over”) is 
always happening regardless of the presence of FB or FD (62), the 
system is always poised for activation. In that process, FB binds 
to C3(H2O), and can be cleaved by FD to generate C3(H2O)Bb 
(C3 convertase). The cleavage is much slower without properdin, 
which is a positive regulator of the AP convertase and can also 
independently promote the activation of the AP on certain 
surfaces (63). C3b bound to Bb on a surface is a potent C3 con-
vertase and can cleave C3 to generate more C3b and C3a. The C3 
convertase can also combine with another C3b molecule forming 
an AP C5 convertase. The latter can start the formation of the 
MAC after cleaving complement component C5 into C5b and 
C5a. In contrast to activation, complement factor H (FH) is the 
natural regulator of the AP, and in addition to solution phase AP 
blockade the binding of this molecule to one or more of the host 
marker recognition sites enables it to control surface activation 
of the AP (64). There are also several membrane-bound inhibi-
tory proteins described below which determine the location and 
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activity of the complement system (65). Finally, regardless of the 
activation route, all of these pathways generate two major potent 
pro-inflammatory molecules; C3a and C5a, via C3 and C5 con-
vertases, respectively, which play a vital role in the pathogenesis 
of arthritis.

C4/C2 Bypass Pathway Activation
A fourth pathway has also been found to be important in the gen-
eration of complement pro-inflammatory mediators and termed 
the “C4/C2 bypass pathway” or “C2-independent” pathway (66). 
Initially, it was shown that C4 and C2 complement components 
were not necessary to lyse cells by the CP (67–69) despite the fact 
that C4 and C2 are important constituents of the C3 convertase. 
More recently, it was shown that the components of the LP such 
as MBL in the absence of C2, C4, or MASP-2 induce C3 deposi-
tion (70). This could be mediated by LP ligands such as MBL or 
FCNs. These could activate the AP directly via MASP-3, which 
cleaves proFD into FD (10). C3 activation in the absence of C2, 
C4, or MASP-2 requires FB as well as a high concentration of 
serum (70). C3 activation on adherent anti-collagen (anti-CII) 
antibodies, was also reported at a high concentration using sera 
from mice lacking C4 by an unknown mechanism (71). This C3 
activation on adherent anti-CII antibodies was fully inhibited 
by an anti-FB inhibitory antibody (71), confirming specific AP 
activation in the absence of C4. Even in human serum lacking C4, 
MASP-2-dependent C3 activation was reported via a C4 bypass 
route (72). So, this C4/C2 bypass pathway is operative without 
forming conventional CP or LP C3 convertases. It has been 
shown that thrombin is capable of generating the complement 
activation product C5a in the complete absence of C3 (73), which 
represents another bypass mechanism to generate C5a and C5b. 
Recently it has been shown that in the absence of C4, the CP 
cannot be activated however, LP still retains the capacity to cleave 
C3 into C3a and C3b. This residual C4/C2 bypass is dependent 
on MASP-2 (74). This study further demonstrated that MASP-2 
dependent cleavage of C3 was inhibited by MASP-2-specific 
inhibitors. All of these studies are consistent with the presence 
of a backup or bypass complement pathway that works in vivo in 
the absence of C4 or C2. Whether this pathway, like CP, LP, and 
AP, is controlled by the well-described complement regulators is 
not known. Importantly, the relative importance of the C4/C2 
bypass pathway in relation to arthritis models has recently been 
shown (10), and other studies have revealed its importance in 
some ischemia/reperfusion-related models (72).

Complement Mediators of inflammation 
and Their Receptors
Regardless of the activation pathway, cleavage of C3 is followed by 
generation of C3a, C3b, iC3b, C3d, C5a, C5b, and MAC (75, 76). 
Recently, it has been shown that human plasma kallikrein directly 
cleaves C3 into C3a and C3b and triggers an amplification loop 
(77). Interestingly, the cleavage site within C3 is identical to that 
recognized by C3 convertase and is also inhibited by FH. The 
cleavage of C3 and C5 by kallikrein or thrombin appears to rep-
resent a coordination between the complement system and the 
coagulation pathways (78). C4 cleavage leads to the generation 

of C4a, another anaphylatoxin but it is not clear whether it is a 
chemoattractant. C3a, C4a, and C5a are called anaphylatoxins 
because they are able to carry out pro-inflammatory activities 
even at a very low concentration. Thus, complement can contrib-
ute to the inflammatory injury through many mechanisms.

Previously, it has been shown that C3a is less potent than C5a 
while C3a desArg (a.k.a. acylation-stimulating protein) has no 
inflammatory activity. It has also been shown that C3a is not 
a chemoattractant for neutrophils but can cause migration of 
eosinophils (79). But this view has shifted based on new findings. 
C3a binds C3aR expressed on the surface of neutrophils, eosino-
phils, and basophils, monocytes/macrophages, and mast cells 
(80, 81). C3a and C5a can bind and equally activate through their 
receptors C3aR and C5aR, respectively, present on the surface of 
basophils and mast cells (82).

C4a is very weak anaphylatoxin which is formed by the cleavage 
of C4 into C4a and C4b. The view whether or not C4a is a classical 
anaphylatoxin has been recently questioned because evidence has 
been provided that C4a is a ligand for PAR1 and PAR4 (15). These 
authors have shown that C4a showed no activity toward known 
anaphylatoxin receptors but it acted as a non-traditional agonist 
for both PAR1 and PAR4.

C5a is a cleaved by-product of C5 after complement activation. 
C5a is rapidly converted by carboxypeptidases to less potent C5a 
desArg but still has biological activity, and the view regarding C5a 
desArg potency has also been challenged. Most of the C5a found 
in the circulation is in the C5a desArg form (83). The binding 
affinity of C5a to C5aR been reported 100-fold higher than that of 
C5a desArg for C5aR (84). Although C5a is considered as the trig-
gering molecule but it has been shown that C5a desArg also acts as 
an important molecule triggering of local inflammation and also 
maintain blood surveillance and homeostatic status. This study 
has elegantly shown that C5a desArg induce cell activation in even 
higher than C5a, which was dependent on the C5aR because it was 
inhibited by PMX-53, a C5aR antagonist (85). C5a acts as a chemo-
tactic factor of neutrophils and increases neutrophil adhesion to 
endothelium (86, 87). C5a binds to C5aR (C5aR1 or CD88) and 
C5L2 (C5aR2 or GPR77) present on many cells leading to chemo-
taxis of inflammatory cells, vascular permeability, phagocytosis, 
and release of pro-inflammatory cytokines and chemokines. C5a 
amplifies tissue injury and inflammation by triggering release of 
oxygen free radicals and arachidonic acid metabolities (88). C5a is 
an essential component of the inflammatory response to bacterial 
infection. Porphyromonas gingivalis expresses a peptidyl arginine 
deiminase (PAD) with a strong preference for the C-terminal 
arginine of C5a, disabling protein function resulting in decreased 
chemotaxis of human neutrophils (89). It has been shown that 
C5a, released at sites of inflammation, upregulates FcγRIIIa and 
downregulates FcγRIIb simultaneously (90, 91).

The biological and pathological role of the second C5a recep-
tor, C5L2 is controversial. C5L2 does not bind C3a or ASP/
C3adesArg. C5L2 also binds to C5a and C5a desArg. C5a desArg 
binds 20-fold to 30-fold with higher affinity with C5L2 than C5aR 
(84, 92). Although C5L2 binds to C5a with the same high affinity 
as C5aR but function may depend on the cell type, species, and 
disease context (93). While C5aR is a G protein-coupled receptor, 
C5L2 is not which led to the hypothesis that C5L2 functions as 

498

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Holers and Banda Complement and Arthritis

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 1057

a decoy receptor. This view is not universally accepted, however. 
Evidence has been generated linking C5L2 to both anti-inflam-
matory and pro-inflammatory functions (93). We have found no 
evidence for C5L2 playing a role in RA; however, so we will leave 
this fascinating topic for others to review.

Membrane attack complex formation is the final step of the 
terminal pathway after cleavage of C5 by C5 convertases of the 
CP/LP or of the AP leading to the formation of the pore consist-
ing of C5b–C9 complement proteins (94). MAC formation may 
lead either to necrosis or apoptosis, in part depending on the 
number of pores formed. The choice of necrosis vs. apoptosis 
is clinically relevant as necrosis is invariably pro-inflammatory, 
while apoptosis can lead to the resolution of an inflammatory 
response (95, 96). In general, eukaryotic cells require more pores 
than prokaryotic cells to induce death. Interestingly, low numbers 
of MAC, rather than leading to cell death, induce inflammatory 
signaling events such as the release of TNF-α and IL-1 (97).

Additionally, complement receptor 1 (CR1 or CD35), comple-
ment receptor 2 (CR2 or CD21), complement receptor 3 (CR3 
or CD11b/CD18), complement receptor 4 (or CD11c/CD18), 
and complement inhibitors such as FH, decay-accelerating factor 
(DAF or CD55), membrane cofactor protein (or CD46), and pro-
tectin (CD59) have been shown to play an important role in the 
complement-mediated injury and also, as we will discuss below, 
in the pathogenesis of arthritis.

Measurement of Complement Activation 
in inflammation
Classical pathway activity is commonly measured using the CH50 
test. Here, serum can be used to lyse sheep erythrocytes coated 
with anti-sheep antibodies, and degree of hemolysis is measured. 
By contrast, the AH50 is the best screening test used to measure 
the proper functioning of the AP. Low levels in either test indicate 
a deficiency of one or more components of the CP or AP of the 
complement system, respectively (98). Function of the LP can be 
measured by enzyme-linked immunosorbent assay pre-coated 
with mannan particles, and here C4d bound to mannan can be 
measured. Furthermore, the CP component C4d has been used 
as a measure to explore the activation of the CP. Bb levels have 
been used to as a measure to explore the activation of the AP. 
Tissue bound or soluble MAC levels have been used as measure 
of the activation of all pathways of the complement system thus 
as the most important indicator of complement activation within 
a microenvironment. To measure complement activation and its 
split products in serum or plasma, there are excellent standard 
protocols. Conversely, results can be obtained by using fee for 
services complement focused laboratories and commercially 
available kits (99–102).

Most of the stable complement components are measured 
in serum whereas activated split products are measured in 
plasma (EDTA-anticoagulated blood) due to the interference of 
the  coagulation system enzymes leading to erroneous results. 
Furthermore, most measurements of complement activity are 
focused on serum or plasma with no attention paid to specific cells 
or tissues (e.g., synovial fluid). Since, in clinical disease, comple-
ment causes damage locally, more work must be done to assess 
complement activity on tissue surfaces and within sequestered 

regions such as synovial fluid. Measurements of CICs along with 
complement products such as C1q, C3b, C3d, C3dg, and MASPs 
levels in the serum and synovial fluid of RA patients along with 
rheumatoid factor (RF), anti-citrullinated protein antibodies 
(ACPA), and anti-carbamylated protein (anti-CarP) antibodies 
can provide a better picture of the local production and their role 
in the RA pathogenesis. Sometimes it is hard to make any conclu-
sion from measuring C3 or C4 levels alone using serum or plasma 
or synovial fluid because excessive production due to inflamma-
tion masks their consumption and results are confounded by the 
coagulation pathway. Furthermore, endogenous complement 
inhibitors of the CP, LP, and AP work only under normal physi-
ological conditions but these are ineffective under pathophysi-
ological conditions due to the hyper-activation of complement. 
Therefore, their measurement provides less useful information.

iNiTiATiON OF RHeuMATOiD ARTHRiTiS

Rheumatoid arthritis is a chronic inflammatory systemic disease 
that primarily affects peripheral joints, thereby leading to synovial 
inflammation followed by cartilage and bone destruction. During 
the development of the disease, the synovium undergoes prolif-
eration, thickens, and incorporates a large number of infiltrating 
immune cells to become a new tissue called pannus that causes 
cartilage and bone damage (103–105). Although the exact origin 
or initiation or development of RA is unknown, studies have 
shown associations in patients with active RA with infections in 
the temporomandibular joints (106, 107) or in the gums due to 
severe periodontitis (108). Dysbiosis of the microbiome in the 
oral or gut regions has also been strongly associated with onset of 
RA (109). Furthermore, interstitial lung disease (110), infections 
by alphaviruses (mosquito-transmitted viruses) such as Ross 
River virus (111), Chikungunya virus (112), and HBV (113) are 
also associated with a risk for the development of RA. RA also 
exhibits a genetic predisposition, with approximately 50% of this 
genetic risk contributed by certain HLA-DR alleles (114). Many 
other genes have been shown to contribute to RA pathogenesis 
(115). Additionally, environmental exposures such as air pol-
lution, occupational exposure to silica, active smoking, wood 
burning, and mineral oil have been shown to acts a risk factor for 
initiating and/or developing RA (116, 117). The hypothesis that 
smoking and pollution lead to an increased risk of RA paved the 
way to the hypothesis that initial inflammation and production of 
RA-related autoantibodies (called ACPA anti-citrullinated pro-
tein/peptide antibodies) in the lungs may lead to RA (116, 118). 
So far, there are no studies showing the direct migration of ACPA 
from lungs to the peripheral joints to precipitate disease. ACPA 
is the most reliable and specific biological marker to diagnose 
RA and these antibodies are increased in RA patients sera almost 
10 years prior to clinical diagnosis (116, 118–121). Hundreds of 
citrullinated proteins have been found in the synovial fluid of RA 
patients which might contribute to the RA pathology (122–125) 
but why only few autoantigens such as enolase, fibrinogen, and 
vimentin generate autoantibodies is not clear. How these citrulli-
nated proteins present locally in the synovial fluid interact directly 
with various complement proteins and activate the complement 
system is also unknown.
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FiguRe 2 | A slow snapshot of the early histopathological analysis from the 
knee joints of wild-type (WT) mice with collagen antibody-induced arthritis 
(CAIA) for C3 and FH deposition on the surface of cartilage and in the 
synovium. A mixture of four monoclonal antibody (mAb) to CII (8 mg/mouse) 
was injected i.p. to induce arthritis, and mice were sacrificed at 0.5, 1, 2, 4, 
8, 24, 72, 96, 120, and 144 h later. A low level of FH was present on the 
surface the cartilage and in the synovium at all time points with slight 
non-significant increases at 72, 96, 120, and 144 h. By contrast, C3 
deposition on the cartilage surface showed a large increase over baseline 
beginning at 8 h after injection of the anti-CII mAbs and peaking at 120 h. 
Thus, an imbalance exists between FH deposition and C3 deposition in the 
early stages of disease leading to failure to protect the knee joints in mice 
with CAIA. Histopathologic scoring for inflammation (black solid circle) and 
cartilage damage (white empty circle) from the knee joints (right and left) was 
performed following tissue processing and Toluidine-blue staining of sections. 
C3 deposition in knee joints in the synovium (red solid circle) and on the 
surface of cartilage (red empty circle) is illustrated, as is FH deposition in the 
synovium (blue solid circle) and on the surface of cartilage (blue empty circle). 
The data are expressed as mean of disease/baseline ± SEM (n = 3 each time 
point). Baseline = background levels of inflammation, cartilage damage, and 
C3 and FH deposition in the knee joints of WT mice without treatment with 
mAb to CII (n = 3). Adapted from Ref. (156). Copyright 2013. The American 
Association of Immunologists, Inc.
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It has been shown that there is a relationship between ACPA, 
RF, and systemic bone loss in early RA patients (101). The pres-
ence of citrullinated antigens on the surface of osteoclastic linage 
cells makes these cells the main targets of circulating ACPA lead-
ing to pro-osteoclastic events (126, 127). There is an argument 
for complement involvement in this process. Bacterial antigens, 
perforin, and the MAC cause calcium influx leading to cytolysis. 
PAD enzymes that convert peptidylarginine into peptidyl citrul-
line are calcium-dependent (128–131). Interestingly, perforin 
and the MAC have been shown to reproduce identical patterns of 
hypercitrullination seen in the neutrophils present in the synovial 
fluid of RA patients (132). A huge number of neutrophils are 
present in the synovial fluid of RA patients and are the major 
source of intracellular citrullination and PADs for extracellular 
citrullination (132–136). These data suggest that citrullinated 
proteins along with activation of the complement system might 
be contributing to the initiation of RA.

Complement Activation on Articular 
Cartilage Surface and in Synovium in 
Rheumatoid Arthritis
Earlier studies have shown that autoantibodies to type II col-
lagen present in the serum of RA patients bind to the cartilage 
components or to antigen present on the surface of articular 
cartilage (137). Articular cartilage is a hyaline cartilage and con-
nective tissue of the joints. The main cellular component of adult 
articular cartilage is the chondrocyte. These cells, which make 
up approximately 1% of the tissue, function to organize collagen 
into ordered structures and secrete extracellular matrix (ECM) 
components. The ECM is composed of water, collagen type II, 
proteoglycans, non-collagenous proteins, and glycoproteins 
(138, 139). Complement activation due to antibody–cartilage 
surface interaction in RA patients have shown the abundant co-
deposition of IgGs and activated complement components (140). 
Interestingly chondrocytes can also synthesize complement 
components including C1 and C1 inhibitor (141, 142).

An important piece of evidence linking complement activa-
tion to pathogenesis in RA was that C1 staining was negative 
in normal articular cartilage and positive in degenerating car-
tilage biopsies from all RA patients examined (143). This study 
strongly implicated the involvement of the CP in the pathogen-
esis of RA. C3b was also present on the cartilage surface of RA 
patients; thus, this study clearly showed that C1s can activate the 
downstream complement cascade thereby causing irreversible 
damage. It has also been shown that the level of C1q in serum 
correlates with clinical disease activity (CDA) in RA patients 
(144–146). In mouse model of RA, C3b gets deposited first on 
the surface of cartilage vs. synovium and increased rapidly from 
4 to 120  h (Figure  2). Interestingly, during this time, there is 
not enough FH availability on the surface of cartilage as well as 
in the synovium to protect them from complement-mediated 
damage (Figure 2). The presence of C2, C3, C4, and C5 in rheu-
matoid synovial fluid had been shown previously (147). Levels of 
properdin and FB of the AP were depressed. An increase in the 
levels of C3d, C4d, Ba, and MAC has been found in the synovial 
fluid of RA patients (148, 149). Normally, IgG containing ICs 
and also C3 split fragments can be found in the joints of more 

than 90% of RA patients (140, 150) and mediate complement 
activation. IgG with C3d has been present in the synovial fluid 
of RA patients and also MAC and Bb levels are elevated in the 
synovial fluid of RA patients (151, 152). No statistical differences 
in the levels of C3c and C4 in serum and in the synovial fluid of 
RA patients have been seen in a cross-sectional study although 
significant differences were seen in the CICs in both biological 
fluids (153). DAF expression is increased in RA synovium, while 
the expression of CD59 significantly decreased in the synovial 
lining (154, 155). The presence of split components of the com-
plement system on the cartilage surface and in the synovium 
of RA patients indicate that local complement presence/and or 
synthesis and activation can attract macrophages for phagocy-
tosis of chondrocytes which can further damage the cartilage 
and synovium.

Complement Activation due to 
glycosylation, Citrullination, and/or 
Carbamylation in Rheumatoid Arthritis
It has been documented that IgG is the most abundant 
immunoglobulin isotype comprising ~75% of the total serum 
immunoglobulins (157). IgG triggers its effector function (i.e., 
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complement activation via its Fc). Therefore, any change due to 
posttranslational modification in the Fc region such as glycosyla-
tion will influence the effector function of IgG mediated by the 
FcγR (158–162). The glycosylation of the Fc is characterized by 
presence of a single chain N-linked glycan attached to each heavy 
chain at asparagine 297. It has been shown that the lack of fucose, 
sialic acid, and galactose residues on the Fc-N-linked glycans 
increases the inflammatory capacity of IgG in mice (163–166). 
IgG in RA patients contains less galactose and sialic acid (167). 
Interestingly, the glycosylation pattern of ACPA changes before 
the onset of RA skewing toward more inflammation (168, 169). 
Pregnancy-induced spontaneous improvement of RA as well as 
flares after delivery has been linked to pregnancy-related changed 
in the glycosylation of IgGs (170–172). This study was the first 
natural evidence of that changes in IgG galactosylation can 
cause disease pathogenicity in humans. Later on, it was shown 
that agalactosyl IgG is pathogenic in mice and arthritis could 
be transferred in mice by injecting agalactosyl IgG (173). The 
LP pathway component, MBL was shown to be associated with 
the pathogenicity of agalactosyl IgG (159). Not only the Fc but 
also the Fab domains of IgG has also been reported to contain 
N-glycosylation consensus sequences (174). It has been reported 
that more than 90% of ACPA-IgG molecules carry Fab glycans 
that are highly sialylated (175). More interestingly, ACPA-IgG 
purified from synovial fluid of RA patients, could even exceed 
100% Fab glycosylation implying that multiple glycans can be 
attached to the variable domain (176). What role Fab-glycan plays 
in the functionality of ACPA-IgGs is unknown so far, but studies 
have shown that ACPA-IgG in RA have a pro-inflammatory Fc 
glycosylation pattern with reduced galactosylation and sialylation 
levels (177, 178). It has been shown that ACPA have the capacity 
to activate the CP and AP of the complement system (179). Thus, 
ACPA reduced galactosylation and sialylation have more capac-
ity to activate the complement system to generate more vigorous 
effector response.

Citrullination is a normal physiological process which occurs 
inside apoptotic cells. Normally, apoptotic cells are scavenged by 
macrophages. If this system is defective, then PAD enzymes and 
citrullinated proteins can become externalized to influence the 
immune system (180).

There are five PAD isoenzymes (PAD1–4 and 6) that regulate 
key cellular processes (181). The PAD enzymes will citrullinate 
proteins by converting arginine into citrulline. Cl-amidine is the 
most widely used pan-PAD inhibitor (182, 183). During inflam-
mation many cells die, and it is common to find citrullinated 
proteins at the inflamed sites such as in the inflamed synovium 
of RA patients, suggesting that ACPA could be generated as 
part of an immune response to self-proteins (184). In filaggrin, 
fibrin, and vimentin, anti-cyclic citrullinated peptide antibody 
(ACPA a.k.a. anti-CCP) recognizes the arginine residues modi-
fied by PAD enzymes to citrulline (185, 186). The presence of 
citrullinated proteins, as mentioned above, does not always mean 
generation of ACPA, however (180). The combination of high 
specificity (90–99%) and high sensitivity (66–88%) of anti-CPP 
for diagnosing RA, and above all, correlation with radiological 
damage has led to the conclusion that these antibodies have a 
pathological connection to the initiation of RA (185, 187–192). 

The clinical measure of above 20 U/ml suggests the possibility of 
RA. Additionally, approximately 20% RA patients are anti-CCP 
negative. Despite the radiological damage association with anti-
CCP antibodies, the levels are not being used to determine the 
progression of disease since even during remission most of the 
subjects remains anti-CCP positive. This raises question regard-
ing the direct pathogenicity of these antibodies in RA. It is not 
clear whether anti-CCP antibodies are the cause or the result 
of inflammation in RA patients. Whether anti-CCP antibodies 
are the result of defective coagulation system in RA patients is 
also not clear. Defective coagulation can in principle modulate 
the generation of anti-CCP autoantibodies. This is due to the fact 
that thrombin cleaves fibrinogen into fibrin followed by a clot 
formation but if fibrinogen is citrullinated then thrombin cannot 
cleave it resulting in anti-CCP immune response. The target pro-
tein is not one citrullinated protein but hundreds of citrullinated 
proteins as mentioned above.

One study has shown that anti-CCP antibodies activate the 
complement system in vitro via the CP and the AP but not by 
the LP in RA (179). In this study, anti-CCP antibodies from all 
60 patients activated the complement system. This important 
observation leads to the evidence that complement activation 
can play very important role in the pathogenesis of RA in ACPA-
positive patients but not all RA patients are ACPA-positive. Later 
on, it has been shown that citrullination locally in the joints can 
increase inflammation indicating the direct target of ACPA (193) 
and it will be consistent with the accepted paradigm that comple-
ment activation at the site of antibody recognition of citrullinated 
antigens can cause damage.

Furthermore, IgM RF and IgA RF amplify complement activa-
tion mediated by ACPA-IC (194). These authors concluded that 
ACPA-IC incorporating IgM or IgA RF participate in the trig-
gering of the inflammation-promoting activation of complement 
cascades occurring in RA joints. The ACPA test has been used 
to classify the RA into two disease subsets, i.e., ACPA-positive 
(which includes the HLA-DR shared epitope subset) and ACPA-
negative (no HLA shared epitope association is present) (195). 
These authors concluded that ACPA-positive RA is genetically 
different from the ACPA-negative RA. The possibility remains 
that ACPA-positive and ACPA-negative RA patients have dif-
ferential level of IgG galactoyslation and carbamylation patterns, 
thereby activating different pathways of the complement system. 
This area has not been explored in-depth and it could provide 
some clues regarding the direct role of complement system in the 
pathogenesis of ACPA-negative patients.

Recently, anti-CarP antibodies have been described in 16% 
ACPA-negative RA patients (196) and up to 46% patients with 
RA in various clinical studies. This led to the hypothesis that 
anti-CarP are closely related ACPA. ACPA recognize targets that 
are the result of the enzymatic process whereby arginine is con-
verted into citrulline, while anti-CarP antibodies are the result 
of a chemical process in which lysine have been converted into 
homocitrulline (196). A few studies have shown that, similar to 
ACPA, anti-CarP antibodies are found before the onset of clinical 
symptoms of arthritis (119, 196). Anti-CarP antibodies have been 
found even in animal models of arthritis prior to the onset of dis-
ease, and its relevance will be discussed later (197). Furthermore, 
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the significant association with radiological progression of anti-
CarP IgG in ACPA-negative RA patients strongly suggested that 
anti-CarP antibody can also be used as a biological marker to 
diagnose a high risk RA population (196). Anti-CarP antibodies 
recognize many carbamylated antigens including human serum 
albumin, fibrinogen, and alpha-1 antitrypsin (196, 198–201). The 
comparative importance of anti-CarP vs. ACPA in the initiation 
of RA is unknown.

MOuSe MODeLS OF HuMAN 
RHeuMATOiD ARTHRiTiS

Mouse models are commonly used to study human autoimmune 
diseases, including RA. Although mice do not develop arthritis 
naturally, arthritis that shares phenotypic, biochemical, physi-
ological, and immunological properties similar to human RA 
can be induced in mice. Human RA often develops rapidly as an 
inflammation in one or more joints which is then followed by the 
development of the pannus. This acute inflammatory response 
to some extent has been replicated in some mouse models of 
inflammatory arthritis such as pristane-induced arthritis (202), 
zymosan-induced arthritis (203), proteoglycan-induced arthritis 
(204), streptococcal cell wall arthritis (205), the SKG mouse model 
of arthritis (206), and methylated bovine serum-induced arthritis 
(207). Several models are more adaptive immune-mediated or 
related, and include collagen-induced arthritis (CIA) (208), col-
lagen antibody-induced arthritis (CAIA) (209), and the KBxN 
serum transfer model of arthritis (KBxN STA) (210, 211). Others 
are induced entirely by cytokines and include TNF-α transgenic 
mice (212) and IL-1Ra knockout mice (213). While some of these 
models are quite similar, in aggregate they possess different clini-
cal, pathological, and mechanistic features that each representing 
a subset of the different aspects of human RA. With that caveat, 
here we will discuss the initiation and evolution of disease in 
three mouse models of human RA which are dependent on the 
complement system.

Collagen-induced Arthritis and 
Complement Activation
Approximately 50 years ago, CIA was first reported in rats follow-
ing an intradermal injection of CII emulsified in Freund adjuvant 
(214), and later on in many susceptible strains of mice (208) as 
well as in non-human primates (215, 216). At present, CIA has 
become one gold standard mouse model of human RA and is used 
in many laboratories to examine the effect of therapeutics for treat-
ment of RA. Immunization with bovine type II collagen/Freund’s 
complete adjuvant (CFA) or with chicken CII/CFA results in a 
severe polyarthritis disease after 3 weeks. Often a second injection 
is given on day 21, in some cases consisting of a second dose of 
CII/CFA and in some cases simply CII. The re-exposure to CII 
antigen continues to activate T and B cells and, in mice with the 
appropriate H2 alleles, creates an autoimmune disease attacking 
self-CII. In joints, CIA like human RA is characterized by the pres-
ence of activated synovial fibroblast like cells, pannus formation 
(multi-layered synovium), periosteal bone formation, cartilage 
surface damage, fibrin deposition, infiltration of macrophages 

and neutrophils, and finally ankylosis of one or more joints (208, 
214). Similar to the anti-CII antibodies generated due to the pres-
ence of CII autoantigens in mice, similar antibodies to native or 
citrullinated CII are also present in human RA and appear to have 
pathophysiological significance (137, 140, 217).

In CIA, recombinant TNF-α induced an increase in anti-CII 
antibody levels indicating TNF-α contributes to disease devel-
opment by both initiation of inflammation and production of 
autoantibodies (218). Anti-CII autoantibodies are generated in 
CIA mouse model arthritis and accumulated before the initia-
tion of clinical signs of disease after the booster injection (219). 
This is somewhat similar situation in human RA where ACPA 
are present in the early evolution of RA before clinical signs 
of the disease, thereby suggesting that anti-CII or ACPA first 
accumulates to initiate the arthritis. In this regard, it has been 
observed that ACPA levels show an increase 3–5  years before 
the onset of clinical disease and then stabilize at a high levels 
(220). Perhaps, a certain threshold level of autoantibodies must 
be reached in a preclinical stage both in CIA and in human RA 
to develop disease. Additionally, in RA anti-CII autoantibodies 
were significantly associated with increased radiographic damage 
at the time of diagnosis (221).

It is interesting that not all strains of mice are equally suscepti-
ble to the CIA. Mice with the H-2q allele (MHC class II molecule) 
are highly susceptible to CIA, for example. It is thought that a 
particular immunodominant CII peptide region binds to this 
particular MHC allele with high affinity leading to a powerful 
anti-CII response (222–225). It is possible that a similar immu-
nodominant CII peptide region binds to human RA associated 
allele HLA-DR (DR1*0401) (222, 226). The efficacy of abatacept 
(Orencia®), a fusion recombinant protein consisting of extracel-
lular domain of T  lymphocyte-associated antigen 4 linked to 
modified Fc of human IgG1, in human RA, clearly implicates T cell 
activity as important for disease progression, which is mirrored 
by the requirement for T cell help in CIA. Abatacept selectively 
inhibits T cell activation by two mechanisms, i.e., by blocking the 
specific interaction of CD80/CD86 receptors to CD28 and also by 
binding to CD80 and CD86 receptors on the antigen-presenting 
cells, thereby inhibiting B cell immune response. Immunization 
of mice with CII results in activation of CII-specific B cells fol-
lowed by generation of IgG2a as a part of the humoral response 
(227, 228). The induction phase of CIA through activation of the 
CP leads to the activation of the adaptive immune response and 
the generation of anti-CII antibodies. These anti-CII antibodies 
then bind to cartilage, thereby leading to the effector phase via 
ICs formation and the activation of complement on the cartilage 
surface. So CIA pathology like human RA is dependent on both 
humoral and cell-mediated immunity (224, 229).

A vital role for complement in CIA was first suggested by 
studies in rats, in which injection of cobra venom factor (CVF), 
inducing marked activation followed by depletion of comple-
ment components, led to a delay in the onset of arthritis until 
serum C3 levels returned to normal (230). Both IgG and C3 are 
deposited on the cartilage surface in CIA (231), and C3 deple-
tion (a.k.a. de-complementation) of recipient rats with CVF also 
prevented passive transfer of CIA with anti-collagen Ig (232).  
Pretreatment of rats with soluble complement receptor type  1 
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(sCR1), an inhibitor of the classical and AP C3 convertases, led 
to a delay in the development and progression of CIA (233). 
Whereas CVF could not alter the course of established CIA, sCR1 
injections attenuated inflammation during active disease. Soluble 
CR1 binds to both C3b and C4b, leading to inhibition of C3 and 
C5 convertases and decreased activation of both C3 and C5. 
Furthermore, in CII-immunized mice, gene therapy with sCR1 
delayed the development of CIA and decreased its severity (234). 
In addition, those mice expressing sCR1 exhibited decreased 
levels of anti-CII as well as markedly reduced lymph node and 
splenocyte proliferative responses to CII in vitro. Recent studies 
have shown that human TT32 (CR2-CR1), a potent CP and AP 
inhibitor, compared with human sCR1-10 attenuated CDA in 
mice with CIA (235). Normally, CR1 is expressed on many cells 
but a soluble form of CR1 is also present in human plasma there-
fore synthesized lacking the transmembrane and cytoplasmic 
domains (236). CR1 consists of four long homologous repeats 
(A–D), each containing seven SCR repeats (237). The first 10 
SCR domains (1–10) of CR1 contain all important modalities 
required for pan-complement inhibition, acting as cofactors for 
irreversible proteolytic cleavage of C3b or C4b as well as decay 
accelerators for AP and CP convertases.

At that point, the relative importance of the CP or LP or AP of 
the complement system was not clear. One study clearly showed 
that complement activation by both the CP and the AP plays 
a deleterious role in CIA (224). Here, it was shown that C3−/− 
and FB−/− mice were highly resistant to CIA and demonstrated 
decreased CII-specific IgG Ab response. Repeated injection of CII 
for 3 weeks in C3−/− mice eventually resulted in the development 
of a low level of arthritis. Thus, C3 and FB deficiency ameliorate 
CIA, but do not fully protect against the development (224). 
Mouse complement receptor-related 1 gene/protein y (Crry), a 
C3 convertase inhibitor, plays a somewhat similar complement 
regulatory role as CR1. Transgenic mice overexpressing soluble 
Crry were generated and used for various complement related 
studies (238). Nonetheless, the AP activity in Crry-Tg mice was 
not inhibited as originally expected (238).

There was a suppression of CIA in Crry-Tg mice due to enhanced 
synthesis of Crry locally in the joint with decreased production of 
pro-inflammatory cytokines (239). The mice transgenic for Crry 
exhibited more inhibition of CIA than was recently observed in 
mice treated with a recombinant Crry-Ig fusion protein (219). It 
was concluded from these studies that the effects of Crry in CIA 
may be due both to inhibition of B cell function as well as to local 
blockade of production of pro-inflammatory cytokines.

More effective suppression of the complement system in dis-
ease may result from enhanced levels of complement regulatory 
proteins locally (knee joints) in tissues. Endogenous expression 
of complement regulatory proteins appears to be important in 
resistance to inflammatory disease as blockade of both Crry 
and CD59 led to more severe CIA in rats (240). These studies 
show that inhibition of an up-stream complement C3 or its C3 
convertase can demonstrate profound effects on the initiation 
of CIA.

To show the role of downstream complement components 
such as C5 or C5a-C5aR axis in CIA, administration of anti-C5 
inhibitory (BB5.1) antibody was used and was found to both 

prevent the initiation and decrease the severity of arthritis (219, 
241). This inhibitory anti-C5 antibody prevented the cleavage of 
C5 into C5a and C5b, thereby blocking the terminal pathway. 
Furthermore, mice lacking C5 were partially resistant to CIA 
(242). However, in other studies, C5-deficient mice were not 
resistant to the CIA (243–245). So which component of the 
complement system C3 or C5 is important for the development 
of arthritis? Of the several components of complement, current 
evidence still points to the component C5-generated C5a as the 
strongest inducer of inflammation (246).

The greater inhibitory effects on CIA of an inhibitory anti-
C5 antibody in comparison with Crry-Ig may be attributable to 
decreased levels of IL-1β and TNF α mRNA in the joints (219). 
To support ongoing clinical development and clinical trials, an 
inhibitory anti-C5aR monoclonal antibody not only completely 
inhibited the disease progression including reduced cartilage 
and bone destruction but also reduced TNF-α, IL-6, and IL-17A 
(247). Attempts have been made to design a recombinant vac-
cine to prevent CIA and also other mouse models of RA by 
inducing C5a-specific neutralizing antibodies without effecting 
C5/C5b (248). Injection of anti-rat CD59 induced spontaneous 
complement-dependent arthritis (240) and mice lacking CD59 
are susceptible to antigen-induced arthritis (249). Thus, CIA is a 
valuable model of human RA to examine therapeutic intervention 
to block the upstream and downstream pathological by-products 
of the complement activation.

Collagen Antibody-induced Arthritis and 
Complement Activation
Collagen antibody-induced arthritis can be induced in mice 
by injecting a mixture of five monoclonal antibodies known as 
ArthritoMab™ or Arthrogen-CIA® to different epitopes of the 
CII (250, 251). These antibodies binds to CII epitopes C11b, 
J1, D3, and U1 and spread across the entire CII region such as 
CB8, CB10, and CB11 fragments for better immune complex 
on the surface of cartilage to initiate arthritis.1,2 To induce CAIA 
in certain strains of mice and to get a 90–100% penetrance rate, 
the immunization with LPS following a mixture of four or five 
ArhritoMabs is essential (156). CAIA, like CIA, does not require 
the involvement of T and B cells for the priming phase and thus 
represents only the effector phase (252). There is evolving con-
sensus that ACPAs predict the development of human RA (197, 
253–255). It has been shown that arthritis can be introduced in 
mice by injecting a panel of mouse ACPAs (ACC1, ACC3, and 
ACC4) directed against citrullinated CII epitope (253, 256, 257). 
In a subset of human patients, ACPAs appears many years before 
the onset of disease. Furthermore, ACPAs from RA patients have 
been shown to activate complement via both the CP and the AP 
(179), but serum from RA patients failed to induce arthritis in 
mice. A somewhat similar experiment also failed to induce arthri-
tis in DBA mice by transferring mouse mAbs against citrullinated 
fibrinogen (258). Nonetheless, these anti-citrullinated fibrinogen 
mAbs enhanced the suboptimal disease already established by 

1 www.mdbioproducts.com (Accessed: March 26, 2018).
2 www.chondrex.com (Accessed: March 26, 2018).
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the development of citrullinated antigens in the joint that are 
induced by the mixture of anti-CII (258). Thus, mouse models 
of RA clearly shows the importance of B cell generating anti-CII 
Abs or ACPAs which trigger the effector phase by activating the 
complement system. There is no mouse model of RA yet devel-
oped showing that anti-CarP autoantibodies such as anti-CII Abs 
can induce arthritis in mice through complement dependence. 
Nonetheless, similar to ACPA, their presence has been shown in 
mice and rhesus monkeys with arthritis (197, 200). Although the 
presence of ACPA in mice with arthritis is controversial, nonethe-
less the effector functions of anti-CII antibodies in mouse models 
have provided a clear picture of the pathophysiological processes 
or events likely to be involved in the initiation of human RA. 
One study has shown, using a rabbit arthritis model, that first 
anti-CarP antibodies might be generated from homocitrulline 
followed by ACPA (259). This observation alone related to the 
presence of anti-CarP before ACPA can have a huge impact to 
understanding the initiation of RA in ACPA-positive and ACPA-
negative subset of patients.

It has been debated which pathway of the complement system 
is relevant in RA and how this pathway gets activated in human 
RA. CAIA using complement component gene-deficient mice 
has proven very useful to answer many of these questions. 
Some  previous studies have shown that AP of the complement 
system is the main contributor because there were correlations 
between Bb and ICs levels (260, 261). The AP can be activated 
by IgA (261,  262) consistent with the current views regarding 
the mucosal (gut or lung) origin of the RA. Studies in CAIA 
mice have shown that the AP of complement is necessary and 
sufficient for the development of arthritis (263). In this study, 
C57BL/6 mice genetically deficient in either the AP protein FB 
(FB−/−) or in the CP component C4 (C4−/−) were used. CDA was 
markedly decreased in FB−/− compared with wild-type (WT) 
mice. Conversely, disease activity scores were not different 
between C4−/− and WT mice. Analyses of joints showed that C3 
deposition, inflammation, pannus, cartilage, and bone damage 
scores were all significantly less in FB−/− as compared with WT 
mice. There were significant decreases in mRNA levels of C3, C4, 
CR2, CR3, C3aR, and C5aR in the knees of FB−/− as compared 
with C4−/− and WT mice with arthritis; mRNA levels for comple-
ment regulatory proteins did not differ between the three strains. 
The authors concluded that the AP is absolutely required for the 
induction of arthritis following injection of anti-CII Abs (263). 
In a subsequent study, it was shown that arthritis was not altered 
in C1q−/− or MBL A/C−/− or in C1q−/−/MBL A/C−/− (no CP no 
LP) mice. These in vivo CAIA results proved the ability of the AP 
to carry out pathologic complement activation in the combined 
absence of intact CP and LP (71). In this study, C3 activation 
results confirmed the ability of the AP to mediate IC-induced C3 
activation using sera from C4−/− or C1q−/−/MBL A/C−/− or both 
C1q−/−/MBL A/C−/− mice (71).

From these studies, it was concluded that the AP amplification 
loop, with its ability to greatly enhance C3 activation, is necessary 
to mediate inflammatory arthritis induced by adherent ICs. Then, 
it was questioned whether CP or LP alone mediate CAIA. Later 
on, it was reported that FD−/− (CP and LP), C1q−/−/FD−/− (no CP 
no AP), and MBL A/C−/−/FD−/− (no LP no AP) mice all these 

gene-deficient mice failed to develop to CAIA (264). One thing 
was common among these gene-deficient mice that there was lack 
of the AP of complement system. But whether AP is sufficient to 
initiate and sustain RA in humans is unknown. The AP alone on 
adherent anti-CII antibodies was capable of generating C5a to a 
level equal to that observed with WT sera. However, the CP alone, 
in the absence of the AP, generated 71% less C5a than was observed 
with WT sera; the LP alone generated minimal C5a (264). Huge 
activation of C5a using sera from C1q−/−/MBL A/C−/− (only AP) 
equivalent to sera from WT mice and their huge susceptibility 
to CAIA further suggested that enzymes/and or proteases inde-
pendent from the MBL might be activating or regulating the AP 
(264). To this end, it was also confirmed by using MBL A/C−/−/
FCN A−/−, and FCN A−/− mice that these ligands plays no role in 
CAIA (38). Mice lacking FCN B were partially protected while 
mice lacking Collectin 11 were susceptible to CAIA (10). FCN 
B is generated by the macrophages and macrophages infiltrate 
in the joints in mice with CAIA. These data solidify the role of 
LP as does the FCN B and MASP-1/3 in regulating the AP of the 
complement system.

While we have demonstrated that the AP plays a critical role 
in CAIA, we do not yet understand how it is activated in any 
molecular detail. Given our data, we suspect that factors indepen-
dently from the LP ligands (MBL, FCN, and Collectins) such as 
such as MASPs might be activating the AP in CAIA.

Almost a decade ago, a landmark discovery was made regard-
ing a LP enzyme, MASP-1/3 that entirely shifted the paradigm 
to the in-depth understanding of the interaction between the 
LP and AP of complement (265–267). It was shown by using 
in vitro studies that MASP-1/3 can cleave proFD (inactive) into 
FD (active). In this fashion, it seems that a MASP involved with 
the recognition of pathogens via the LP is also a critical activator 
of FD, a major component of the AP (265). Consistent with this 
observation, mice lacking the MASP-1/3 gene have no LP and 
also have a defective AP (265, 266). Relating this to CAIA, we 
found that both FD−/− and MASP1/3−/− mice were resistant to 
CAIA (268) and there was no change in the status of proFD in 
MASP-1/3−/− mice before or after the induction of CAIA (38), 
confirming the in vivo role of MASP-1/3 in the cleavage of proFD 
into FD. In vitro, adherent anti-CII antibodies failed to fully 
restore C3 activation using AP-defective sera from MASP-1/3−/− 
or FD−/− mice (268) consistent with the in vivo CAIA resistance. 
It was further shown, using ex vivo cartilage microparticles 
(CMP), that MASP-1/3 proteases can cleave proFD in the knee 
joint microenvironment (269). Here, cultured differentiated 3T3 
adipocytes were used as a surrogate for synovial adipose tissue. 
They produce proFD but not mature FD. On the other hand, 
fibroblast-like synoviocytes (FLS) derived from CIA synovium, 
were the main source of MASP-1/3 and were expected to process 
proFD to mature FD. Using CMP coated with anti-CII mAb 
and serum from MASP-1/3−/− mice as a source of FB, proFD 
in 3T3 supernatants was cleaved into mature FD by MASP-1/3 
in FLS supernatants. The mature FD was eluted from the CMP 
and was not present in the supernatants from the incubation 
with CMP, indicating that cleavage of proFD into mature FD by 
MASP-1/3 occurred on the CMP. These results demonstrated that 
pathogenic activation of the AP may occur in the joint through 
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IC adherent to cartilage along with the local production of neces-
sary AP proteins by adipocytes and FLS (269). To provide another 
proof-of-concept experiment, in vivo reconstitution of MASP-1 
or MASP-3, by liver derived from FD−/− mice, transplanted under 
the kidney capsule of MASP-1/3−/− mice and restored the cleavage 
of proFD into FD in the circulation of MASP-1/3−/− mice (270). 
Consistent with this, we found that sera from MASP-1/3−/− mice, 
which have defective AP, only after transplantation restored the 
full AP activity (270). These data confirmed that MASP-1/3 
proteases of the LP are essential for the activation of the AP in 
mice. A new concept evolved from these studies that liver (gener-
ating MASPs) and adipose tissue (generating proFD) might acts 
in concert to activate the AP, thereby playing a vital role in the 
development of CAIA in mice (38, 43, 264, 270).

There are a number of ligands which can activate the LP. 
Presumably, the LP contribution to CAIA involves a subset of 
ligand interactions. Known candidates include MBL A, MBL C, 
FCN A, FCN B, and collectin 11. To address this, we examined 
CAIA in FCN A−/−, FCN B−/−, and CL-11−/− mice as mentioned 
earlier (10). These studies showed the important role of FCN B 
ligand of the LP in directly activating MASP-1 or MASP-3 to 
activate the AP. By contrast, we also observed partial protection 
in MASP-2/sMAp−/− mice. This was likely due to the involvement 
of the C4/C2 bypass pathway in CAIA (10). Given that MASP-1 
and MASP-3 are splice variants derived from a single MASP-
1/3 gene, it has been difficult to separate the two functionally. 
Nonetheless, our most recent data suggest that MASP-3, com-
pared with MASP-1 or MASP-2, is the main driver of the AP 
and thus CAIA (271). In these studies, MASP-3 siRNA inhibited 
CAIA compared with MASP-1 or MASP-2 siRNAs (271). All of 
the above, in vivo CAIA studies, show that MASP-3 proteases of 
the LP regulate the AP, a finding that has also been confirmed 
by using in vitro studies by various research groups (44, 45, 265, 
268, 272). There is a possibility that this amplification driven 
phenomena is surface-specific or disease specific as MASP-1/3 
deficiency did affect kidney pathology in MASP-1/3−/−/FH−/− 
mice (273) whether this kidney pathology is different from 
FD−/− mice is unknown. It has been reported that mechanism of 
AP activation depends on the activator surface (47). Here, it was 
shown that MASP-1 inhibition prevent AP activation as well as 
prevent already initiated AP activity on the LPS surface but not 
for zymosan-induced AP activation (47). Overall, it appears that 
AP is not one holistic linear pathway as previously thought but 
it is an interwoven network of multiple pathways regulated by 
the LP enzymes.

Using CAIA, the effector roles of C3aR and the C3a–C3aR 
axis, C5aR, and the C5a–C5aR axis, and MAC deposition have 
also been dissected. Mice lacking C5aR were more resistant to 
CAIA than C3aR- or MAC-deficient mice, confirming the pivotal 
role C5–C5aR axis (274). These results are consistent with the 
concept of the predominant role of C5 over the role of C3 in the 
pathogenesis of CAIA and that the C5–C5aR axis is essential for 
CAIA, although C3aR and the MAC also played important roles. 
Consistent with this conclusion, C3−/− mice were partially pro-
tected from CAIA (71) while C5−/− failed to develop CAIA (242).

By contrast, why the inhibitory anti-human C5 antibody 
(Eculizimab, Soliris®) was not effective against RA in clinical 

trials is not known. There is a possibility that C5 is generated in 
high quantities in RA, so even high doses of antibody do not pre-
vent C5a generation in the joints. Alternatively, it may be the case 
that complement plays a more important role early in disease and 
that eventually RA evolves to a state where complement is only 
one of several drivers that can each compensate for the other.  
In this scenario, it might be the case that only certain RA patients 
would be effectively treated by Eculizimab. While the liver is the 
major source of C5, neutrophils, macrophages, and T cells are 
all known to be sources of C5. Blocking of C5aR in human neu-
trophils using the small molecule inhibitor; PMX-53, resulted in 
a dose-dependent block of C5a-mediated activation but why it 
was unsuccessful and very disappointing in RA clinical trial is 
unknown (275). Possibly, the drug was cleared rapidly and never 
reached the joints. No doubt that preclinical studies support 
targeting C5aR in RA because C5a and C5aR are elevated in the 
joints of RA and psoriatic arthritis patients and their blockade 
attenuate leukocyte migration to the synovial fluid (276). Almost 
complete inhibition of CIA was reported using anti-mC5aR 
inhibitory antibody (247). Based on these preclinical studies, a 
fully human antibody that blocks the binding of C5a to C5aR 
was developed and tested in RA patients by Novo Nordisk, a 
pharmaceutical company. This company has conducted two 
Phase I clinical trials in Europe with anti-C5aR in patients with 
RA, where a good drug safety profile was demonstrated.3 Further 
results regarding the success or failure related to the phase II 
clinical trials by Novo Nordisk using anti-C5aR therapeutic anti-
body in RA patients are unknown at this points. Therefore, it is 
too early to make any conclusions regarding the therapeutic use 
of anti-C5aR antibody in the clinical settings. Furthermore, mice 
treated with GalNAc C5siRNAs targeting liver C5 are resistant 
to arthritis (277). Recently, with a new approach, CAIA mice 
injected with anti-C5aR antibody conjugated with C5siRNA 
inhibited arthritis in mice identical to the C5aR−/− mice with an 
inhibition of more than 80% of the disease (278). These results 
in CAIA are promising, showing selective and simultaneous 
inhibition of both C5aR activity and C5 mRNA production 
within the C5a–C5aR axis can dampen inflammatory response 
and attenuate arthritis in mice. Intriguingly, it has been shown 
in an experimental mouse model of autoimmune hemolytic 
anemia that C5aR activation does not necessarily involve C5 and 
C5a (279). This striking observation suggests that we must also 
consider the coordinate modulation of the FcγR system when 
interpreting the role of C5aR in RA.

Factor H is known to regulate the AP and due to the concurrent 
absence of C3 through uncontrolled complement activation in 
the fluid phase, FH−/− mice are resistant to CAIA (156). There is a 
variant of human FH gene, i.e., factor H-like-1 (FHL-1). There are 
five different forms of FHR proteins in humans (FHR-1 to FHR-5) 
(a.k.a. complement factor H-related proteins). Of these, FHL-1 
and FHR are believed to counteract the effects of FH. At present, 
little is known of the effect of FHL-1 or FHR on CAIA due to the 
lack of experimental models. FH and FHL-1 have been shown to 
be expressed and secreted by synovial fibroblasts and were present 

3 http://ClinicalTrials.gov Identifier: NCT02151409 (Accessed: March 26, 2018).
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in synovial fluid derived from patients suffering from rheumatoid 
or reactive arthritis (280). Endogenous FH is capable of inhibiting 
activation of the AP of complement on cartilage and synovium 
in joints in vivo exposed to a submaximal level of anti-CII mAb 
(156). This conclusion was derived from experiments in CAIA, 
with mice treated with rFH19-20 to prevent engagement of full-
length endogenous FH. This takes advantage of the observation 
that domains 19 and 20 of rFH bind to cartilage. By treating with 
rFH19-20, the interaction of FH with cartilage is inhibited. To 
evaluate the in  vivo importance, it was found that competitive 
blockade by murine rFH19-20 of the binding of endogenous fluid 
phase FH to either cartilage or an injured FLS surface significantly 
increased CAIA in WT mice. Further support for the conclusion 
that FH plays a key role in regulating AP-induced complement 
deposition on cartilage and cell surfaces in the joint is derived 
from studies with FH± heterozygous-deficient mice. These mice 
exhibit lower circulating levels of FH but are not more susceptible 
to CAIA unless they are treated with rFH19-20 to disrupt tis-
sue binding of endogenous FH. Recombinant fH19-20 impairs 
only surface control of the AP by FH and does not influence the 
systemic activation of the complement system as indicated by 
unchanged serum levels of C5a. Thus, FH controls AP activation 
on cartilage and injured FLS in vivo in a manner dependent on the 
FH SCR19-20 domain, indicating that the AP can be regulated on 
these joint surfaces. Mice lacking FH do not develop arthritis due 
to the lacking of C3 present in the circulation (156).

In contrast to FH, there are no studies showing the direct role 
of mouse FHR proteins which shows some sequence homologies 
to FH in the pathogenesis of inflammatory arthritis in mice. In 
mice, various transcripts of FHR proteins have been reported 
such as FHR-A, FHR-B, and FHR-C (278, 281, 282). One study 
has shown that recombinant mouse FHR-B bound to human C3b 
and was able to compete with human FH for C3b binding. FHR-B 
supported the assembly of AP convertase via its interaction with 
C3b. The authors concluded that mouse FHR-B similar to human 
FHR-1 and FHR-5 promoted complement activation via interac-
tion with C3b and via competition with mouse FH (283). Similarly, 
it has been shown that mouse FHR-A and mouse FHR-B proteins 
antagonize the protective function of FH using sheep erythrocyte 
hemolytic assays and in two cell lines, kidney proximal tubular cell 
line and a human retinal pigment epithelial cell line (ARPE-19) 
(284). Lack of mouse FHR-C has been linked to an autoimmune 
disease (278). Still none of these above FHR studies have shown 
the direct role mouse FHR-A, FHR-B and FHR-C in mice with 
arthritis for FH−/− are resistance to CAIA and depletion of C3 in 
these mice occurs in FH−/− mice even in the presence of all mouse 
FHR proteins when there is no absolute competition.

These findings related to the role of AP in CAIA are very likely 
to be relevant to the initiation and perpetuation of arthritis in 
humans (103). Recent preclinical studies have shown that human 
TT32 (CR2-CR1), a potent CP and AP inhibitor, compared with 
control human sCR1-10 also significantly attenuated CDA in mice 
with CAIA (235). In man, circulating autoantibodies, including 
anti-CII Abs, are present for several years prior to the onset of 
clinically apparent arthritis (221). Substantial evidence suggests 
that in RA joint-based inflammation is initiated through Ag/Ab 
complexes that are present on the cartilage surface (285). The 

observation that only injured FLS, but not normal FLS expressing 
complement regulatory proteins, could exhibit C3 binding sug-
gests that cartilage damage may precede injury to the synovium. 
Initial complement activation by solid phase immune complexes 
in the cartilage may lead to secondary damage to the FLS and thus 
to subsequent development of synovitis. Therefore, potent CP 
and AP inhibitors might be helpful clinically to attenuate cartilage 
damage seen in human RA. This strategy of using complement 
inhibitors can be very useful during the early development of RA 
because once ACPA antibodies are present in subjects without 
clinical signs of joints damage then there are 50% chances of 
developing RA with 3-year period. Such clinical trials “Strategy 
for the Prevention of Onset of Clinically-Apparent RA” or a.k.a. 
StopRA4 are already in progress.

K/BxN Serum Transfer Mouse Model of 
Arthritis and Complement Activation
About 20 years ago, an additional mouse model of RA, i.e., K/
BxN serum transfer arthritis (STA) was discovered (210). It is also 
being used extensively to examine the role of effector pathways 
of the autoantibodies. This RA mouse model is different from the 
CIA and CAIA models as disease is driven by activation of T cells 
that recognize a self-peptide (i.e., glucose-6-phosphate isomer-
ase, G6PI) (286). These T cells then help B cells to generate IgG 
antibodies against G6PI which induces arthritis. Furthermore, 
either purified IgGs or serum alone from K/BxN arthritic mice, 
when injected into naïve mice, is capable of inducing severe 
arthritis (287). So G6PI autoantibodies target the G6PI antigen 
in the joints thereby inducing arthritis by binding to cartilage. In 
this model, a pooled serum from several arthritic K/BxN mice 
is transferred into naïve mice to induce arthritis. The isotype of 
G6PI autoantibodies is IgG1 which does not activate comple-
ment as compared to the anti-CII antibodies used for CAIA 
(288). Whether G6PI antibodies present in RA patients have 
any practical diagnostic value is unknown. One study has shown 
the presence of anti-G6PI antibodies in sera but there were no 
marked differences in the levels of anti-G6PI antibodies among 
RA, non-RA patients, and healthy controls. Also, there was no 
significant difference G6PI antibody levels between the active 
phase and the inactive phase in RA patients (289). It is also con-
troversial as to whether synovial fibroblasts from RA patients can 
secrete G6PI. One study has been published showing the presence 
of a distinct population of cells at the surface of the synovial lining 
of inflamed RA joints that has a high concentration of G6PI (290). 
This cell population could be T cells present in the RA synovium 
(291). Interestingly, serum G6PI concentration, C1q/G6PI-CIC, 
and G6PI mRNA levels within peripheral blood mononuclear 
cells were significantly higher in active RA than that in non-active 
RA (292). This is controversial for it has been shown that G6PI is 
not a specific autoantigen in RA and only few autoimmune sera 
contains G6PI (293, 294).

Using the K/BxN STA mouse model, the severity of inflam-
mation has been correlated with the expression of PAD2 and 
PAD4 in the close proximity of citrullinated fibrinogen (295). 

4 http://ClinicalTrials.gov NCT02603146 (Accessed: March 26, 2018).
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Two isotypes of PAD2 and PAD4 have been shown to be highly 
expressed in the synovium of RA patients (295) and infiltrating 
cells neutrophils, macrophages, and mast cells are the major 
source these enzymes indicating local citrullination in the joints 
can take place. Moreover, anti-PAD4 autoantibodies are present 
in a subset of RA patients (296). Perhaps these autoantibodies 
are generated to inhibit the excessive conversion of arginine 
to citrulline as a defensive mechanism. Interestingly, although 
PAD4 is required for citrullination, PAD4-deficient mice were 
not protected from arthritis in the K/BxN STA model (295). 
Once again, human RA clinical studies reflect a different picture 
of the GPI autoantibodies and also the role PAD4 than the mouse 
models of K/BxN STA.

Despite the lack of activation of complement by anti-G6PI 
antibodies, it is fascinating to note that complement activation 
is still required for K/BxN mice to progress to RA. Studies have 
examined mice lacking complement components, C3 or FB or 
C5 in the context of the K/BxN model and have established that 
these genes are required for disease development (287, 297, 298), 
thereby showing that the AP of complement is required. Mice 
lacking C1q, C4, CR1, and CR2 remained susceptible to disease 
development in the context of K/BxN STA (287, 297, 299). These 
studies have shown that CP is not required for disease progres-
sion in K/BxN STA. Properdin deficiency rescued mice from 
complement-mediated injury and ameliorated disease in K/BxN 
STA and Ab neutralization of properdin in WT mice similarly 
protected mice from arthritis (300). Mice lacking MAC also were 
not protected using K/BxN STA (287) showing that MAC is not a 
significant mediator of disease in this model. By contrast, C6 defi-
ciency has been shown to partially protect mice from CAIA (274) 
indicating MAC, i.e., the terminal pathways of the complement 
can play important role. Overall, K/BxN STA have provided very 
important information regarding the role complement in RA and 
illustrates the complex nature of human RA. Furthermore, most 
of the data in K/BxN STA are consistent with CAIA regarding the 
role of AP in the initiation of arthritis.

MOuSe MODeLS OF HuMAN 
RHeuMATOiD ARTHRiTiS AND 
COMPLeMeNT iN THe PReSeNT AND 
FuTuRe

Human RA is a complex disease. This becomes readily apparent 
when one considers that some patients respond well to TNF-α 
blockade while others do not and instead respond to T or B cell 
inhibition. In this regard then, it is useful to have multiple mouse 
models, each of which uses a different driver to ultimately pro-
duce synovitis. Given that all three models require a functional 
complement system, it suggests that the actions of complement 
are fundamental components of disease progression.

We might divide the process of disease progression in RA 
into two general subprocesses: initiation and the effector phase. 
During initiation, autoantibodies find their way to the cartilage 
and synovial space. These may be generated in response to a 
pathogen such as P. gingivalis or as a response to altered self (i.e., 
citrullination). ACPA or anti-CarP antibodies in human patients 
are detected years before disease becomes apparent. In CIA, bovine 

CII is introduced causing the production initially of anti-bovine 
CII and then of anti-self-CII. In CAIA, anti-self-CII antibodies 
are directly introduced. We believe that these autoantibodies 
serve to initiate the complement cascade either through the CP 
or the LP. This early activation of complement then initiates an 
inflammatory response via the production of C3a and C5a. As the 
autoantibodies are located in the joint space, the response is syno-
vitis. The epitope to which the antibody is directed appears to be 
mutable. Thus, CIA mouse model replicate somewhat an identical 
chain of early events mostly in RA patients in the initial phases of 
arthritis. While, ACPA is present in many RA patients, there exist 
a population of ACPA-negative RA patients which presumably 
have initiated disease via a different mechanism. Although this 
finding challenges a universal pathogenic model for a key role of 
autoantibodies in all types of RA, but our preliminary data from 
CAIA show that even a tiny amount of anti-CII autoantibodies 
can still bind to the cartilage surface when these autoantibodies 
are completely absent in the circulation. Therefore, one cannot 
rule out the presence of a very low levels, i.e., below threshold 
levels of ACPA or anti-CarP or anti-CII autoantibodies in other 
body secretions such as nasal secretions or sputum or gingival 
crevicular fluid or saliva, when autoantibodies are completely 
absent in the circulation.

Once other immune cells have infiltrated the joint, synovio-
cytes have proliferated, and pannus has formed, RA has entered 
into the effector phase. Here, pannus secretes matrix metal-
loproteinases which act to destroy bone and cartilage while also 
secreting a complex mixture of cytokines, prostaglandins, and 
complement components to maintain the inflammatory state. 
Complement can play a role here as well, although this may be 
less prominent. Such a later stage role can be seen in the K/BxN 
STA model of RA. Anti-G6PD antibodies are of the IgG1 type 
which do not serve to activate complement. Thus here, RA is 
initiated by a different mechanism. However, as discussed above, 
components of the AP appear to be necessary for disease in this 
model. We suspect that in this model complement is required for 
the formation of pannus and thus acts in the effector phase of RA. 
Indeed, we find that components of the AP are essential for CAIA 
to progress as well.

Considering commonalities among the various mouse models 
of RA, it seems that the AP of complement is universally shared. 
Here FD cleaves and activates FB, which in turn is necessary 
for the formation of the C3 convertase on surfaces to amplify 
the complement response. MASP-3 generated by the liver has 
recently been identified as the protease critical for the cleavage of 
proFD and thus for the activation of the AP. In this regard, it we 
believe that MASP-3 may serve as an important clinical target for 
the treatment of human RA.
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introduction/objectives: In 2012, hypocomplementemia was included in the classifi-
cation criteria of systemic lupus erythematosus (SLE). The suggested measurement of 
C3 or C4 often reflect disease activity poorly. Our objective was to establish an assay 
measuring C3dg, which is generated following complement activation, and to evaluate 
the assay in a cross-sectional SLE cohort.

Method: We included SLE patients (n = 169) and controls (n = 170) and developed 
a modified C3dg assay where C3dg fragments were separated from the large plasma 
proteins by polyethylene glycol (PEG), and the supernatant containing the C3dg frag-
ment was used for analysis in an antibody-based sandwich-type assay. Gel permeation 
chromatography and western blotting were used to establish the optimal conditions for 
PEG precipitation.

results: 16% PEG was optimal for separating C3dg from C3 and the larger protein 
fragments. The assay showed a high degree of stability when using EDTA plasma, 
and measurements correlated well with commercially available complement activation 
assays. SLE patients had higher concentrations in plasma of C3dg than controls 
(p < 0.05). ROC analysis showed that the C3dg activation fragment of C3 with an AUC 
of 0.96 (CI 0.94–0.98) was superior to C3 (AUC 0.52) in differentiating between patients 
and controls.

conclusion: Our results present a modified assay for the measurement of C3dg. We 
demonstrate that C3dg was superior to conventional C3 measurements in discrimi-
nating SLE patients from controls. We suggest that C3dg should be considered as a 
complement activation measurement in the SLE classification criteria.

Keywords: complement system, complement activation, systemic lupus erythematosus, biomarker, diagnostics

inTrODUcTiOn

Systemic lupus erythematosus (SLE) is an autoimmune disease involving loss of tolerance to 
self-antigens, which is manifested in the production of autoantibodies and deposition of com-
plement-fixing immune complexes in injured tissue (1). Activation of the complement system 
has for decades been known as a significant contributor to SLE pathogenesis (2). However, not all 
mechanisms leading to complement activation are understood.
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In 2012, new classification criteria of SLE were published by 
the SLICC group (Systemic Lupus International Collaborating 
Clinics) (3), and expert consensus included low comple-
ment protein 3 and 4 (C3 and C4) or low CH50 [complement 
hemolytic activity (4)] in the classification criteria. There is no 
explanation for this choice, but it reflects what has been done in 
the clinic for years. No suggestions of type of assays were given 
for the measurements of C3, C4, and CH50 in relation to the 
classification criteria.

The complement system, comprising more than 40 soluble and 
membrane bound proteins, is activated through three pathways: 
the classical, the alternative, and the lectin pathway (5). The 
classical and the lectin pathways are activated through pattern 
recognition. Serine proteases bound to a pattern-recognition 
molecule are activated upon recognition of a fitting pattern and 
through several enzymatic reactions this lead to the activation 
of the classical and lectin pathway C3-convertase (C4b2a) (6). 
The alternative pathway is in a state of constant activation, but is 
at the same time inhibited. There is a continuous hydrolyzes of 
C3 in the circulation, which potentially can lead to complement 
activation via the alternative pathway of complement activation. 
Under normal circumstances, this process is inhibited both in the 
circulation and at the cell surface (7, 8).

There are several ways to measure complement activation. 
One way is quantification of C3 and C4 protein (9) or fragments 
of the cleaved complement factors, e.g., C5a or C3a (10). Other 
assays estimate capacity of erythrocyte lysis (11) or estimate the 
level of soluble membrane attack complex (12, 13).

The central component in complement activation is C3 (14). 
When activated, C3 is cleaved into two fragments: C3a and C3b 
(14). C3b is further cleaved by factor I into iC3b and finally to 
C3dg and C3c (14). The smallest fragments C3a has a short half-
live (15), while the larger fragment C3dg (37 kDa) has a longer 
plasma half-life of 4 h (16). C3c showed a shorter half-life than 
C3dg. Because of its size, C3dg can relatively easy be separated 
by size from the larger C3 molecules that also comprise the C3dg 
part [C3, C3(H2O), C3b, and iC3b]. These molecules will collec-
tively here be termed C3′. A method for measuring the C3 split 
product C3dg was previously introduced using precipitation with 
11% polyethylene glycol (PEG) to separate C3dg from C3′ (17). 
It has, however, not gained routine use. The same is the case for 
the modified rocket immuno-electrophoresis (18). The so-called 
double-decker rocket immuno-electrophoresis is used in a few 
clinical laboratories despite its technical challenges (19).

Our objective was to optimize an assay for the measurement of 
C3dg using precipitation with PEG followed by C3dg determina-
tion in the supernatant by immune assays. Furthermore, to evalu-
ate if C3dg was superior to conventional C3 in discriminating 
between SLE patients and healthy controls in a cross-sectional 
cohort of SLE patients.

MaTerials anD MeThODs

Patients
A cross-sectional cohort of 169 SLE patients were included 
consecutively at the out-patient clinic at the Department of 
Rheumatology, Aarhus University Hospital (November, 2015 

to August, 2016). Inclusion criteria were fulfilment of the 1997 
American College of Rheumatology (ACR) classification crite-
ria for SLE (20), age 18 or above, understanding and speaking 
Danish. Exclusion criteria were infection, ongoing cancer treat-
ment, and incapacitation. After written consent, clinical data 
including disease activity, SLE disease activity index (SLEDAI) 
(21), accumulated organ damage, SLICC/ACR (22), and treat-
ment information were collected. Serum and plasma samples 
for research purposes were drawn at the same time as samples 
for routine biochemical assessments. Control samples (n = 170) 
were collected from blood donors at the blood bank of Aarhus 
University Hospital, Denmark (December, 2014 to January, 2015) 
as previously described (23).

Blood collected in EDTA plasma tubes (8 ml) and polystyrene 
serum tubes (10 ml) (Alere #367525 and #367896) were centri-
fuged at 2,000  g for 10  min. Plasma and serum were collected 
and frozen immediately at −80°C. Maximum time from blood 
drawing until freezing was 2 h.

assays for c3dg
Time-Resolved Immuno Fluorometric Assay 
(TRIFMA)
A standard for the assay was generated by activation of serum 
according to the recommendations of the study group for the 
manufacture of the International Complement Standard #2 
(24). Ten milliliters of serum were incubated for 4 h at 37°C after 
the admixture of 1  ml heat aggregated human IgG (#007815; 
CSL Behring GmbH, Germany, 10  mg/ml TBS, aggregated at 
63°C for 1 h) and 0.1 g zymosan (Sigma #Z4250). The activation 
was stopped by adding 550 µl 0.4 M EDTA and 200 µl Futhan 
(Sigma, 10  mg/ml H2O). Following precipitation with 11% 
PEG 6000 (w/v), the sample was centrifuged at 10,000  g 4°C 
for 30 min. The supernatant was collected and used as standard 
for the assay.

The standard curve was made by dilution of the activated 
serum standard 1/300 in Tris-buffered saline [0.14  M NaCl, 
10 mM Tris, 14 mM sodium azide, with 0.05% (v/v) Tween 20 
(TBS/Tween)], and further seven threefold dilutions.

Test samples (EDTA plasma) were pre-diluted 1/4 in TBS, 
and 40 µl was added to 60 µl TBS, 10 mM EDTA. Samples were 
kept on ice throughout mixing and dilution to inhibit comple-
ment activation. One hundred microliters of 32% PEG in H2O 
(w/v) were admixed and samples incubated for 1 h followed by 
centrifugation at 4,000 g 4°C for 15 min. The supernatants were 
withdrawn and diluted 1/200 in TBS/Tween, reaching a 2,000-
fold dilution of the starting plasma sample. Duplicates of 100 µl 
were added to Fluoro Nunc MaxiSorb microtiter plates (Nunc, 
#437958 or #43791) previously coated by incubation overnight 
at room temperature (RT) with 100 µl rabbit anti-human C3dg 
(DAKO cat. no. A0063), mistakenly termed “anti-human C3d” 
(confirmed by correspondence with DAKO), at 5 µg/ml PBS and 
blocked by incubation with HSA at 1 mg HSA/ml TBS followed 
by wash with TBS-Tween. After each step, the wells were washed 
three times with TBS/Tween. Development after incubation 
overnight at 4°C was with the same anti-C3dg antibody as used 
for coating only now the antibody was biotinylated as previously 
described (25). One hundred microliters of biotin-anti-C3dg, 
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1 µg/ml TBS/Tween, were added to the wells and incubated 2 h 
at RT. After washing, 25 ng of Eu3+-streptavidin (Perkin Elmer 
#1244-360) in 100 µl TBS/Tween, 25 µM EDTA was added and 
incubated for 1 h at RT. After washing, 200 µl enhancement buffer 
(Ampliqon laboratory reagents #Q99800) was added to each well. 
Plates were read by time-resolved fluorometry using a DELFIA-
reader Victor5 + (Perkin Elmer®) full TRIFMA protocol can be 
found Data Sheet 2 in Supplementary Material.

Enzyme-Linked Immune Sorbent Assay (ELISA)
The assay was also tested in an ELISA format identical to the 
above, except after incubation with biotinylated antibody and 
wash, 100 µl horseradish peroxidase (HRP)–streptavidin (DAKO 
#PO397) diluted 1/500 in TBS/Tween was added and incubated 
1 h at RT. After washing, 100 µl substrate (Sigma #P4922-capsules 
and #A9941-tablets) was added and incubated for 30 min at 37°C. 
Plates were read at 405 nm on Victor5+ full ELISA protocol can 
be found Data Sheet 1 in Supplementary Material.

assay for c3′
The assay was performed analogous to the C3dg TRIFMA (exclud-
ing PEG precipitation). Wells were coated with rabbit anti-human 
C3c (DAKO #Q0368, 1 µg/ml TBS), and the development was 
with the same antibody biotinylated in-house at 1  µg/ml. The 
standard curve was constructed with dilutions of the serum pool 
assigned a value of 1 AU C3/ml. The test plasma samples were 
diluted 750,000-fold in TBS/Tw, 5 mM EDTA.

Optimizing the Peg Precipitation
Plasma proteins were precipitated with increasing concentrations 
of PEG from 10 to 19% (w/v). Precipitations were done as in the 
assay described above with PEG being added at 20–38% (w/v). 
C3dg in the supernatants was estimated as described above.

gel Permeation chromatography (gPc)
Samples of serum, supernatant of PEG precipitated activated 
serum and EDTA-plasma supernatant after precipitation with 
either 11 or 16% PEG (w/v), were subjected to GPC on a Superose 
6 10/300 GL column (GE Healthcare). The running buffer was 
TBS/Tween, 5  mM EDTA. Samples were diluted 1:1 in buffer 
and 200 µl was loaded on the column. Fractions of 0.25 ml were 
collected in pure polystyrene microtiter plates (Nunc #249570), 
which were pre-blocked by incubation with TBS-Tween. C3dg in 
the fractions was quantified as described above.

Western Blots
Samples of supernatants and precipitates after admixture of  
PEG were added to 1/4 volume sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer 
[30  mM Tris–HCl, 10% (v/v) glycerol, 8  M urea, 3% (w/v) 
SDS, 0.1% (w/v) bromophenol blue, pH 8.9]. TBS/Tween was 
added to reach the desired sample volume (30–45  µl). One-
tenth volume of dithiothreitol (DDT), 0.6  M, was added to 
the samples to be reduced, and iodoacetic acid, 1.4  M, 1/10 
vol, was added to all samples applied to gels containing both 

reduced and non-reduced samples. Samples were denatured 
at 100°C for 3 min. Proteins were separated on 4–15% gradi-
ent gels (Bio-Rad, Criterion TGX gels #567-1083). Following 
electrophoresis, the proteins were blotted onto nitrocellulose 
membranes (Bio-Rad #170-4159). The membranes were then 
blocked by incubation for 30  min at RT in TBS with 0.1% 
Tween (v/v), washed, and developed with polyclonal rabbit 
anti-human-C3dg (DAKO #0063) at 1  µg/ml or polyclonal 
rabbit anti-human-C3c (DAKO #0368) in primary buffer 
[Tris-buffered saline, 1 mM EDTA, pH 7.4, with 1 mg human 
serum albumin (CSL Behring #109697) and 100 µg human IgG 
(CSL Behring #007815) per ml]. Membranes were subsequently 
washed and incubated with HRP-conjugated goat anti-rabbit 
IgG antibody (DAKO #P0448) diluted 1/3,000 in secondary 
buffer (TBS/Tween, 100 µg human IgG/ml, 1 mM EDTA, pH 
7.4). After washing, the blots were developed with SuperSignal 
West Dura extended-duration substrate (Pierce), and emission 
recorded by a charge-coupled device camera.

storage, Freeze/Thaw, and Diurnal 
Variation
To test the stability of the assay, regarding handling of samples, 
we initially tested both serum and EDTA plasma. Samples were 
tested after 0, 1 h, and 5 h at RT, and at 1 and 5 h at 37°C. Blood 
collected in EDTA was left for 5 h at RT or 5 h at 37°C before 
centrifugation and collection of plasma.

To test the stability of the samples to freezing/thawing 
cycles, a pool of EDTA plasma was aliquoted in 500 µl sam-
ples, frozen at −80°C, and thawed 1–9 times. Each thaw cycle 
was 1 h at RT.

Influence of diurnal variation on complement activation was 
investigated on six healthy individuals with samples taken at 4 h 
intervals through 24 h.

comparison With commercial assays
Immunoassays were bought from Hycult Biotech, estimating a 
C3c neo determinant (# HK368-02), Nordic Biosite, estimating 
a C3d neo determinant (#KSP-305) and Quidel, estimating C4d 
(#A008). Seventeen SLE samples and seventeen controls were 
randomly picked and run on all assays according to the manu-
facture’s description.

Twelve SLE patients were randomly picked to have C3d  
measured at the hospital of Vejle, Denmark, using a double-
decker rocket immuno-electrophoresis method (19).

statistics
Checking the data for normality by Q–Q plots and histograms 
revealed that Gaussian distribution could not be assumed. 
Log-transformation did not improve normality significantly. 
Therefore, non-parametric tests were used for the statistical 
analysis. The Mann–Whitney U-test was used for comparison of 
plasma levels of the proteins in patients and controls and correla-
tion analysis was performed calculating Spearman’s rank correla-
tion coefficient. For comparison of repeated measurements, the 
Kruskal–Wallis test was used. p-Values <0.05 were considered 
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TaBle 1 | Systemic lupus erythematosus patient demographics.

Patient demographics

Patient number 169
Age at inclusion, mean (SD) 45.4 (14.9)
Age at diagnosis, mean (SD) 33.5
Gender F (%) 90
Ethnicity: Caucasian (%) 97

american college of rheumatology (acr)  
criteria (cumulative)
Number of ACR criteria, mean (SD) 6.3 (1.2)
Malar rash (ACR1) (%) 65.7
Discoid lupus (ACR2) (%) 5.3
Photosensitivity (ACR3) (%) 67.5
Oral/nasal ulcers (ACR4) (%) 44.4
Arthritis (ACR5) (%) 91.7
Serositis (ACR6) (%) 34.9
Nephritis (ACR7) (%) 31.4
CNS (ACR8) (%) 8.4
Hematological (ACR9) (%) 89.9
Immunological (ACR10) (%) 90.5
ANA (ACR11) (%) 98.2

clinical and biochemical data at time of inclusion
SLE disease activity index at inclusion, mean (SD) 3.9 (3.3)
SLICC, mean (SD) 0.9 (1.2)

Treatment at time of inclusion
Hydroxychloroquine treatment (%) 79.6
Prednisolone treatment (%) 57.4
Other immuno-suppressives (%) 39.5
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statistically significant. Stata version 12 and GraphPad Prism 
software package (version 6.0) were used for data management 
and statistical calculations.

ethics
Clinical investigations were conducted according to the Decla-
ration of Helsinki. The Danish Data Protection Agency and The 
Regional Committee on Health Research Ethics approved the 
study (case #1-10-72-214-13).

resUlTs

Patients and controls
The cohort of SLE patients (Table  1) was comparable to other 
Caucasian cohorts. Controls had a mean age of 45 (SD 15) at 
inclusion and 90% were female making them comparable to our 
SLE cohort with respect to age and gender.

assay
To test whether the activation of our standard was successful, 
we ran GPC of non-activated serum and supernatant of PEG-
precipitated serum (Figure  1A). Before activation (red) most 
C3dg is found in the large fragments (C3′), whereas after activa-
tion and precipitation of the activated serum, the supernatant 
(blue) contained only the smaller C3dg fragment. We further 
PEG-precipitated EDTA plasma to find out which PEG% would 

be the best to separate C3dg from C3′ (Figure  1B) and found 
a plateau at 16% PEG, suggesting this would be the optimal 
concentration.

To compare the previously suggested PEG concentration of 
11% (w/v) to our choice of 16% (w/v), we ran GPCs of samples 
after precipitation with both PEG concentrations (Figure  1C) 
(17). Using 16% PEG-precipitation reduced the C3′ peak (blue 
Figure  1C) and showed the supernatant predominantly con-
tained C3dg.

We then investigated the efficiency of precipitation with 11 
and 16% PEG by western blotting. The result shown in Figure 1D 
illustrate that 16% PEG is superior to 11% in precipitating all 
fragments larger than C3dg. We observed that both free C3dg 
and larger C3dg-containing components, C3′, were present 
in the supernatant after PEG-precipitation with 11% (lane 2), 
whereas precipitation with 16% PEG (lane 1) yielded a much 
cleaner separation of free C3dg from the other components, 
supporting the results illustrated in Figures  1B,C. A more 
detailed analysis by western blot is presented in Figure S1 in 
Supplementary Material in which fragments of C3 is visualized 
in different samples developed with either anti-C3c or anti-C3d 
antibodies.

We observed that the concentration of C3dg in serum 
increased with both the time and the temperature to which 
the samples were exposed (Figure 2A). By contrast, no signifi-
cant increase in C3dg was seen in EDTA plasma (Figure 2B). 
Freeze–thaw cycles of EDTA-plasma showed an increase 
in C3dg concentration in samples after four freeze–thaw 
cycles (p < 0.05) (Figure 2C). The concentration of C3dg in 
plasma did not display significant diurnal variation (p = 0.19) 
(Figure 2D).

The performance of our assay was compared to three com-
mercially available assays for complement activation products 
(Figures 2E–G). Significant correlations (p < 0.05) were observed 
with all assays. Furthermore, our C3dg results were compa red 
with the results obtained by double-decker rocket immuno- 
electrophoresis on plasma from 12 randomly picked patients 
(Figure 2H) (r = 0.74, p < 0.05).

As ELISA is used more frequently than TRIFMA, it was 
considered expedient to subject the analysis of the PEG 
supernatants to assay by ELISA. The results were similar when 
comparing the two assays (r = 0.91, p < 0.0001) (Figure 3).

complement activation in sle Patients 
and controls
No significant difference was observed between SLE patients 
and controls for C3′, the value routinely determined as the C3 
concentration (p  =  0.211, Figure  4A). SLE patients showed 
higher C3dg concentrations in plasma compared with controls 
(p  <  0.0001, Figure  4B). The C3dg/C3′ ratio was calculated 
for SLE patients and controls and showed a clear difference 
(p < 0.0001, Figure 4C).

C3dg and SLEDAI did not show any correlation (r  =  0.03, 
p = 0.71). C3dg/C3′ correlated to SLEDAI (r = 0.28, p < 0.001) 
as did C3 (r = −0.49, p < 0.001), which was no surprise, since C3 
is part of the SLEDAI score.
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FigUre 1 | Separation of C3dg from the larger C3 fragments. Measurements of C3 molecules encompassing the determinants of the segment C3dg, i.e., C3  
and all degradation molecules containing this part of C3. (a) The figure illustrates C3dg measurement on gel permeation chromatography (GPC) fractions of  
serum before activation (red line) and supernatant of polyethylene glycol (PEG)-precipitated activated serum (blue line). (B) Test for the optimal concentration of  
PEG for precipitation. Increasing concentrations of PEG were added to EDTA plasma and C3dg was estimated in the supernatants. (c) GPC of supernatant after 
precipitation of EDTA plasma with 11% (red) and 16% (blue) PEG. C3dg in the fractions was measured. The 11% supernatant shows two major peaks, the first 
corresponding to C3 and larger C3 components, and the second corresponding to free C3dg. After precipitation with 16% PEG the first was significantly reduced. 
Panel (D) shows the results of western blotting of supernatants of EDTA-plasma precipitated with 16% (lane 1) or 11% (lane 2) PEG. The samples (corresponding to 
0.1 µl plasma) were run non-reduced on the SDS-PAGE. The blot was developed with anti-C3d antibody. It can be seen that the 11% PEG supernatant still contains 
appreciable amounts of larger C3dg-encompassing molecules. This was repeated three times with similar results.
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ROC-curves were made based on the measurements of C3, 
C3dg, and C3dg/C3 (Figure 5). C3dg was superior in separat-
ing patients from controls with an area under the curve of 0.96 
(CI 0.94–0.98) (Figures 5A,B). When estimating sensitivity and 
specificity based on different cutoffs, C3dg yielded the best com-
bination of both high sensitivity and high specificity (Figure 5C), 
revealing a much larger complement turnover in SLE patients 
than reflected by the C3 measurements.

DiscUssiOn

Low complement C3, C4, and CH50 were introduced into the 
classification criteria of SLE in 2012 (3), reflecting an inter-
national acceptance of the importance of complement in the 
diagnosis. However, in many cases of SLE, low C3 or C4 poorly 
reflect disease activity, as patients often present with low levels 
irrespectively of disease activity (26, 27). Our newly developed 
C3dg assay was clearly superior to the conventional C3 measure-
ment in discriminating SLE patients from controls both with 

regards to specificity and sensitivity. Thus, C3dg may be a valu-
able diagnostic biomarker in SLE.

Instead of simply estimating C3 or C4 and interpreting low 
levels as evidence for complement activation or consumption, it 
seems more relevant to directly evaluate ongoing complement 
activation. Several assays have been published for estimating 
complement activation products without being widely imple-
mented. With a half-life of 4  h, C3dg is an ideal candidate for 
evaluating ongoing complement activation. As mentioned in the 
Section “Introduction,” some procedures for estimating C3dg 
use precipitation of large proteins with PEG, followed by various 
assays for measurement of C3dg in the supernatant, have been 
published. The PEG concentration suggested in the first paper 
describing this idea (17), i.e., 11%, has been used in all the subse-
quent reports. We here re-addressed this issue and as illustrated 
with both GPC and western blot (Figures  1B–D), it appears 
expedient to increase the PEG concentrations to separate the 
large C3 components, here termed C3′, from C3dg (Figure 1). 
The PEG-C3dg assay has also been applied to samples from SLE 
patients. Significantly higher levels of C3dg have consistently 
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FigUre 2 | C3dg measured on samples handled in different ways from the time of blood withdrawal until measurement. (a) shows the result using serum and  
(B) shows the results using EDTA plasma. Each sample was diluted 100 (tall columns) and 1,000-fold (short columns). (a) Samples frozen t = 0, (B) samples  
frozen after 60 min at room temperature (RT), (c) samples frozen after 60 min at 37°C, (D) samples frozen t = 5 h at RT, (e) samples frozen t = 5 h 37°C, (F) EDTA 
plasma left 1 h at RT before centrifugation, (g) EDTA plasma left 5 h at RT before centrifugation. (c) The samples were tested for sensitivity to freeze/thaw cycles 
using six EDTA plasma samples. Samples were frozen up to 10 times each followed by thawing at RT for 1 h. C3dg was measured after 2nd, 4th, 6th, 8th, and  
10th thawing. (D) C3dg diurnal variation. Six controls had blood drawn at six time points during 24 h, and C3dg was estimated. For comparison of the repeated 
measurements, the Kruskal–Wallis test was used. (e) Comparison between our assay and enzyme-linked immune sorbent assay (ELISA) kit from Hycult Biotech 
(C3c-neo determinants). (F) Comparison with ELISA kit from Nordic Biocite (C3d). (g) Comparison to ELISA kit from Quidel (C4d). 34 samples [17 systemic lupus 
erythematosus (SLE) and 17 controls] were analyzed in all kits. (h) Twelve randomly chosen SLE samples had C3d measured using the double rocket immuno-
electrophoresis (19). The same samples were measured in our C3dg assay. To assess the correlation between the assays, Spearman correlation was used.
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FigUre 4 | Comparison of concentrations in plasma of (a) C3, (B) C3dg, and (c) C3dg/C3 ratio in systemic lupus erythematosus (SLE) patients and  
healthy controls (measured by time-resolved immuno fluorometric assay). The Mann–Whitney U test was used for the comparison.

FigUre 3 | Time-resolved immuno fluorometric assay (TRIFMA) and enzyme-linked immune sorbent assay (ELISA) C3dg assays compared. (a) shows the  
standard curve of the assay carried out using europium-label (TRIFMA) and (B) as ELISA. (c) Correlation (Spearman) between measurements of C3dg on EDTA 
plasma samples using our assay as TRIFMA and as ELISA.

FigUre 5 | Separation of systemic lupus erythematosus patients from controls using C3, C3dg, and C3dg/C3. (a) demonstrates ROC-curves for C3 (light gray), 
C3dg (black), and C3dg/C3 (dark gray). (B) represents calculations of area under the curve with 95% confidence intervals for each of the curves in Figure 1B.  
(c) shows calculations of sensitivity, specificity, and likelihood ratios for C3, C3dg, and C3dg/C3 using two different cutoffs for each measurement.
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been reported in patients compared with controls (11, 17, 19, 26, 
28, 29). Also, the improvement gained using the C3dg/C3 ratio 
have been reported (11). Considering the sizable literature on this 
subject, it seems surprising that C3dg assays have received little 
clinical attention.

The C3dg estimation proved stable using EDTA-plasma. 
It is clear, however, that even with the addition of EDTA, 
complement activation is not completely inhibited unless 
samples are kept cold and not thawed multiple times. This 
underlines the necessity of handling samples similarly when 
comparing cohorts (30). Control samples were stored for 
approximately a year longer than patient samples, and at 
least for EDTA plasma, storage at minus 80°C seemed to stop 
complement activation, as controls displayed considerable 
lower C3dg than patients. Another concern, when using 
blood for measurements is whether or not the component of 
interest displays diurnal variation. This is the case for several  
proteins and hormones (31, 32). We, however, observed 
no significant diurnal variation in complement activation 
reflected by C3dg.

The plasma concentration of C3 and C4 show inter-indi vidual  
variation (33). Concentrations depend to a large extend on 
synthesis; however, SLE patients often show low levels of C4 
due to a partial genetic defect (34, 35). Low C4, therefore, does 
not necessarily reflect consumption. Thus, it is dubious to use 
a single complement measurement for diagnostic/clinical pur-
poses. Intuitively, therefore, it makes sense to use the C3dg/C3′  
ratio, as previously suggested by Röther et  al. (29). If initial 
concentration of intact complement components influences the 
concentration upon activation, it is reasonable to correct for this 
by calculating the C3dg/C3 ratio. Whether this measurement 
can be used for clinical purposes, e.g., to rule out a flare, remains 
to be tested on a prospective cohort. We demonstrated that the 
use of C3, as suggested in the SLE classification criteria, was 
not optimal for the SLE diagnosis. We found that C3dg was 
significantly higher in SLE patients than in healthy controls, 
whereas this was not the case for C3. C3dg showed superiority 
with regard to both sensitivity and specificity compared with 
C3. The performance of C3dg as a criterion for classification of 
SLE should be further evaluated by comparing SLE with other 
diseases.

The study raises the question of why most SLE patients have 
higher C3dg concentrations in plasma than controls (Figure 4). 
It likely indicates that in most patients there is complement 
turnover, even under conditions where patients are regarded 
as having inactive disease (36). The alternative pathway is an 
essential amplification loop in the activation of the complement 
system (37, 38). We know that lack of control of the alterna-
tive pathway potentially leads to devastating disease (39, 40). 
A possible explanation for higher C3dg in patients could be a 
relative lack of inhibition of the alternative pathway, making 
it easier to tip the balance to non-inhibition in cases of infec-
tion, cancer, sun exposure, and trauma, all known causes of 
SLE flares. Studies on lupus-prone mice have demonstrated 
exacerbation of disease with inadequate cell level complement 

inhibition (41). In line with this, low factor H has been associ-
ated with lupus nephritis (42). Another possible explanation 
could be anti-C3-antibodies. As reported by Vasilev et  al., 
anti-C3-antibodies bind to the C3c part of C3 and thus bind 
C3, iC3b, C3b, and C3c (43). The antibodies likely compete for 
the same binding site as factor H, thereby hindering inhibition 
at the cell surface (43). Thus, one would expect patients with 
anti-C3-antibodies to have higher levels of C3dg because of 
more complement activation. Future studies are warranted to 
elucidate this in SLE patients.

We present a modified assay for measuring C3dg. The assay 
is simple, inexpensive, and stable. The estimation of C3dg 
directly reflects complement turnover independently of activa-
tion pathway. The assay differentiated excellently between SLE 
patients and healthy controls. We propose that C3dg measure-
ments should be evaluated as a standard complement activation 
measurement in patients with SLE particularly with respect to 
classification.
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The complement system is a fundamental part of the innate immune system, playing a 
crucial role in host defense against various pathogens, such as bacteria, viruses, and fungi. 
Activation of complement results in production of several molecules mediating chemo-
taxis, opsonization, and mast cell degranulation, which can contribute to the elimination 
of pathogenic organisms and inflammation. Furthermore, the complement system also 
has regulating properties in inflammatory and immune responses. Complement activity 
in diseases is rather complex and may involve both aberrant expression of complement 
and genetic deficiencies of complement components or regulators. The skin represents 
an active immune organ with complex interactions between cellular components and 
various mediators. Complement involvement has been associated with several skin 
diseases, such as psoriasis, lupus erythematosus, cutaneous vasculitis, urticaria, and 
bullous dermatoses. Several triggers including auto-antibodies and micro-organisms 
can activate complement, while on the other hand complement deficiencies can con-
tribute to impaired immune complex clearance, leading to disease. This review provides 
an overview of the role of complement in inflammatory skin diseases and discusses 
complement factors as potential new targets for therapeutic intervention.

Keywords: complement, dermatology, skin diseases, innate immunity, psoriasis, hidradenitis suppurativa, lupus 
erythematosus, bullous pemphigoid

iNTRODUCTiON

The Complement System
The complement system consists of a network of more than 50 different plasma and membrane-
associated proteins. It is a part of the innate immune system and plays a key role in host defense 
against pathogens as well as in tissue homeostasis. The complement system can be activated through 
three distinct pathways: the classical, lectin, and alternative pathway (Figure 1). Classical pathway 
activation occurs after binding of the first component C1q to antibody-antigen complexes, cell 
particles, or certain acute phase proteins such as C-reactive protein or serum amyloid P. Once 
the complement activation cascade is initiated, the attached serine proteases C1r and C1s become 
activated. This is followed by cleavage of, respectively, C4 and C2, leading to the formation of a C3 
convertase (C4b2a) that can activate C3 (1). The lectin pathway is activated when mannan binding 
lectin (MBL), ficolins, and/or collectins interact with carbohydrate structures predominantly pre-
sent on invading pathogens. Consequently, this activates MBL-associated serine proteases 1 and 2 
(MASP1 and MASP2), subsequently cleaving C4 and C2. The classical and lectin pathways generate 
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FigURe 1 | Schematic overview of the complement system: activation and regulation.
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the shared C3 convertase C4b2a, which in turn generates the 
opsonin C3b and anaphylatoxin C3a through cleavage of native 
C3. In contrast to the classical and lectin pathways, the alterna-
tive pathway is activated by low grade spontaneous hydrolysis of 
systemic native C3 (“C3 tickover”) or via properdin binding to 
certain cell surfaces (e.g., bacteria). Hydrolyzed C3 [C3(H2O)] 
can associate with Factor B (FB), which is subsequently activated 
by Factor D. This results in the formation of a C3 convertase 
(C3H20Bb) that can finally cleave C3. This fluid phase C3 con-
vertase cleaves C3 to generate C3a and C3b. C3b can covalently 
bind to nearby structures and provides the basis for generation 
of the surface bound C3 convertase C3bBb. Alternative pathway 
activation can also be initiated as an amplification loop when 
C3b, generated by either one of the three pathways, is deposited 
on the triggered surface and binds to FB, which also results in 
the formation of the surface bound C3 convertase C3bBb. C3 
convertases can be stabilized by factor P (properdin). C3b, gen-
erated by the classical, lectin, or alternative pathway, combines 

with the C3 convertases to form the C5 convertases (C4b2aC3b 
and C3bBbC3b), initiating the terminal complement cascade. 
C5 convertases cleave C5 into C5b and anaphylatoxin C5a, 
eventually resulting in the assembly of C5b-9 by combining C5b 
with C6-C9. C5b-9 can form channels into the cell membrane 
causing cell lysis. In addition to the capacity to generate C5b-9, 
complement split products iC3b and C3dg are known to have 
immunomodulating functions (1–3).

Several soluble and cell-bound regulators are capable of medi-
ating complement regulation on different levels of the comple-
ment cascade to limit damage to self-cells (Figure 1). C1-esterase 
inhibitor (C1-INH), C4b binding protein (C4BP), FH, FI, 
vitronectin, and clusterin are the soluble regulators. However, 
if complement components still manage to deposit on the cell 
membrane, inactivation of complement can be achieved by cell-
bound regulators. These include decay-accelerating factor (DAF/
CD55), membrane cofactor protein (MCP/CD46), complement 
receptor-1 (CR1), and CD59 (protectin) (4).
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Complement System and the Skin
Plasma complement proteins are predominantly synthesized in the 
liver by hepatocytes, although extrahepatic complement can also 
be produced by other cell types such as endothelial cells, epithelial 
cells, and immune cells. Furthermore, complement receptors and 
membrane regulators can also be synthesized by other types of 
cells, such as leukocytes, fibroblasts, adipocytes, and endothelial 
cells (5). An important role of extrahepatic synthesized comple-
ment components is the protection against micro-organisms and 
inflammation at tissue or organ level.

The skin is the body’s largest organ that serves as an immune 
and physical barrier against pathogenic organisms, irritant, xeno-
biotics, allergens, UV-irradiation, and mechanical injury. The 
epidermis is an active immune organ equipped with immune-
competent cells, including Langerhans cells, keratinocytes, 
dendritic epidermal T-lymphocytes, and melanocytes, of which 
the keratinocyte is the predominant cell type. The dermis harbors 
many immune cells such as dermal dendritic cells (DC) and mast 
cells. Multiple reports have demonstrated that human keratino-
cytes are able to produce several complement proteins including 
complement components C3, C4, and FB of which synthesis can  
be regulated and enhanced by interleukin- 1α (IL-1α), interferon-γ 
(IFN-γ), and tumor necrosis factor-α (TNF-α). Furthermore, 
keratinocytes can also synthesize soluble complement regulators 
such FH and FI, complement receptors CR1, cC1qR, C5aR1, and 
CR2 and cell-bound complement regulator proteins MCP, DAF, 
and CD59. Importantly, IFN-γ can enhance the production of 
FH and FI locally, thereby preventing epidermal damage which 
could be caused by locally produced C3, C4, and FB (6, 7). Besides 
keratinocytes, also melanocytes express cell-bound complement 
regulator proteins DAF, MCP, and CD59, making these cells less 
vulnerable to autologous complement attack. For example in 
vitiligo, melanocytes and keratinocytes seem to express less cell-
bound regulators, which adds to the cells susceptibility to lysis (8). 
Langerhans cells and DC are the antigen-presenting cells, which 
have the capacity to initiate primary immune responses. Human 
DCs are able to produce most of the complement components and 
are also qualified to identify soluble and cell-bound complement 
effector molecules. Interestingly, the functional development of 
DCs depends on complement production and activation. Hence, 
T-cell differentiation can be indirectly determined by comple-
ment, in particular the anaphylatoxins C3a and C5a (5).

The skin is colonized by a diversity of microbes including com-
mensals and potential pathogens. The skin plays an important 
role in restraining the invasion of opportunistic or pathogenic 
organisms. The complement system may partly impact this 
microbial ecosystem by regulating complement C5aR1 signaling. 
Inhibition of C5aR1 signaling results in lower microbial diver-
sity, making the skin less resistant to pathogenic organisms (2). 
Moreover, inhibiting C5aR1 signaling also decreases expression 
of various chemokines, cytokines, anti-microbial peptides, and 
pattern recognition receptors (2). In particular, downregulation 
of IL-12 by complement might impact the differentiation and 
development of T cells (9).

Overall, the complement system forms an important bridge 
between the innate and adaptive immune system. Complement acti-
vation products are known to mediate chemotaxis, opsonization,  

and mast cell degranulation, which can contribute to the elim-
ination of pathogenic organisms. Aberrant expression and gen-
etic deficiencies of complement components or regulators are 
associated with certain skin diseases. Complement activation in 
different skin diseases has experienced a first period of high-level 
attention already in the 1970s and 1980s. However, in the fol-
lowing decades the interest in complement has declined, paral-
leling intensified research into lymphocyte function, adaptive 
immunity, and immunogenetic associations in skin diseases. The 
introduction of immunosuppressive agents targeting the adap-
tive immune system, for example, cyclosporine in the treatment 
of psoriasis, shifted the interest from innate to adaptive. A second 
“wave of attention” in complement occurred after the develop-
ment and introduction of several new complement inhibiting 
agents. These complement inhibitors are now effectively being 
used in clinical practise in several diseases, for example, in the 
treatment of renal disease. The main purpose of this review is to 
provide an overview of the role of complement in inflammatory 
skin diseases and to discuss the rationale and potential targets 
for pharmacological intervention using complement inhibiting 
therapeutics.

PSORiASiS

Psoriasis is a chronic skin disease, affecting approximately 2–4% 
of the Western population. Although the exact etiology of psoria-
sis remains unclear, it is considered a multifactorial disease with 
genetic, environmental, and behavioral factors playing a role in 
the pathogenesis and course of the disease. Psoriasis vulgaris 
(plaque psoriasis) is the most common form of the disease (affect-
ing 70% of the patients) and usually presents as symmetrical 
erythematous papules or plaques covered with thick silvery scales 
located on the extensor side of the elbows and knees, scalp, and 
lumbosacral area. The scales are a consequence of a hyperpro-
liferative epidermis, which is reflected on histology by parakera-
tosis, alternating regular hyperplasia with elongation of the rete 
ridges, loss or absence of the granular layer, and dilated capillaries 
of the papillary dermis (Figure 2). In addition, the epidermis may 
show transepidermal migration of neutrophils, and to a lesser 
extent lymphocytes, to the corneal layer that results in the forma-
tion of Munro microabscesses (10, 11). A Munro microabscess 
is a collection of neutrophils in the stratum corneum and can 
be considered as one of the characteristic histological findings 
of psoriasis. Inflammation in the dermis is characterized by a 
superficial perivascular infiltrate of lymphocytes.

Already in the 1970s and 1980s, several research groups have 
examined the scale extracts from psoriatic lesions, unraveling 
the underlying mechanisms of transepidermal leukocyte migra-
tion, and Munro microabscess formation. It was found that 
psoriatic scales exhibit chemotactic and chemokinetic proper-
ties compared with scales from non-psoriatic patients (12, 13). 
Subsequently, the presence of C3a in the extracts of psoriatic 
scales was demonstrated (14). Deposition of C3b in the presence 
of immunoglobulins in stratum corneum of skin biopsies from 
psoriasis patients suggested activation of the classical pathway of 
complement (15). Furthermore, also C5a was found in psoriatic 
leukotactic factor (PLF) and appeared to be the most potent 
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FigURe 2 | Psoriasis vulgaris. Confluent parakeratosis, psoriasiform epidermal hyperplasia [(A), EH], hypogranulosis, and influx of numerous neutrophils  
in the corneal layer [(A), arrow]. (B) Transepidermal migration of neutrophils from the dermis to the corneal layer (arrows).
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chemotactic factor in psoriatic scales. Several subsequent studies 
were able to confirm these findings by monitoring elevated levels 
of anaphylatoxins (C3a, C4a, C5a, C5a des-Arg) in scales of psori-
atic lesions (16–19). Deposition of complement and the presence 
of complement activation products in psoriatic scales might be 
explained by locally produced and activated complement. In 
addition, systemic derived complement components and/or sys-
temic complement activation could also be an important source 
of complement deposition in psoriasis.

Regarding systemic complement activation, sera, and plasma 
from psoriasis patients showed elevated levels of complement 
components, complement split products, and regulator proteins 
including FB, Bb, C3, C3a, C3b, C4, C4a, C4d, C5b-9, C1-INH, 
C4BP, FH, and FI. These results suggest involvement of both clas-
sical and alternative pathways in systemic complement activation 
(20–24). Marley et  al. demonstrated low-circulating properdin 
levels in psoriatic patients, also indicating alternative pathway 
activation (25). Ohkohchi et al. found that, although circulating 
levels of classical complement pathway regulators C1-INH and 
C4BP were slightly increased, marked increase of alternative 
pathway regulator proteins were found and associated with dis-
ease activity and skin involvement (23). Altogether, these findings 
support a prominent role for systemic alternative pathway activa-
tion in psoriasis. However, the most convincing and controlled 
study was performed by Fleming et al., taking into account and 
excluding confounders that could potentially bias results from 
the previously described studies. These included discrepancy in 
the involved pathways, infection, and different types of psoriasis. 
It was found that circulating C5b-9 levels did not correlate with 
the extent and disease activity. More importantly, the absence of 
specific associated components, such as the immune complexes 
C1r-C1s-C1-INH and C3bBbP, in the plasma of psoriasis patients 
with elevated C5b-9 levels is a direct evidence that systemic com-
plement is not activated in psoriasis (20).

Thus, previously cited literature shows that local comple-
ment is activated in psoriatic scales but systemic complement is 
unlikely to be activated in psoriasis. Therefore, it is reasonable to 
assume that complement activation products in the circulation 
originate from spillover of local products into the circulation (26). 
Important questions in this respect are: what are the triggers for 

local complement activation and what is the overall contribution 
of complement activation in the pathogenesis of psoriasis.

There are several hypotheses that might explain the activation  
of complement and the inherent generation of C5a in psoriatic 
scales. Firstly, natural auto-antibodies are directed against carbo-
hydrate antigens in the stratum corneum and this results in IgG, 
C3b, and/or C4b deposition, reflecting classical pathway activation 
(27, 28). However, one study provided evidence that IgG and C3b 
binding to stratum corneum also occurred in other parakeratotic 
lesions such as verruca vulgaris and lichen simplex chronicus. Yet 
these parakeratotic lesions do not evolve into psoriatic lesions, 
suggesting that immunoglobulin binding and complement activa-
tion within the lesional stratum corneum might not be a conse-
quential pathogenic event in psoriasis (15). Secondly, complement 
is activated independent of immunoglobulins via direct cleavage 
of C5 by serine proteinases present in the stratum corneum or 
via alternative pathway activation. The alternative pathway can be 
activated when serum comes in direct contact with the stratum 
corneum after traumatic injury (29, 30). Thirdly, complement is 
activated by microbial products, which is supported by the fact 
that infections can trigger the exacerbation of psoriasis in a much 
higher number of patients than was previously believed (26, 31). 
Lastly, complement is activated in the dermis, pervades into the 
epidermis, causing neutrophils to migrate, and damage epidermal 
cells (32). Although previously cited studies have shown local 
complement activation in psoriatic scales, one should argue 
what is the source of complement in the upper epidermis. In the 
literature, there have been several reports of keratinocytes being a 
rich source of producing complement components including C3, 
FB, FH, and FI. Regarding the terminal complement components 
(C5–C9), a study revealed keratinocytes to express and release 
C7 and C9 (33). Moreover, both TNF-α and IFN-γ have been 
shown to augment the production of C3 by keratinocytes (34). 
Although systemic complement activation is unlikely to play a 
role in psoriasis as previously described, circulating complement 
components could also be a rich source for local activation.

Whatever the cause of complement activation in psoriasis 
might be, it is interesting to speculate about the concept that com-
plement might be one of the initiating factors in the pathogenesis 
of psoriasis. Psoriasis is regarded as an auto-immune disease and 
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therefore therapy in psoriasis has mainly focused on targeting 
the adaptive immune system. Clinical and mechanistic stud-
ies are generally conducted in patients with stable plaque type 
psoriasis (psoriasis vulgaris), characterized by an adaptive T-cell 
predominant phenotype. However, to study the pathogenesis of 
psoriasis, one has to take into account the stage, activity, and type 
of psoriasis. Early psoriatic lesions are characterized clinically by 
pinpoint papules, papulopustular lesions or as pustular psoriasis. 
Histologically, early psoriatic lesion show influx of neutrophils 
in the dermal papillae, transepidermal migration of neutrophils 
(squirting papillae), dermal capillary activation, tortuous dilata-
tion, and angiogenesis (35–37). Importantly, this stage is charac-
terized by predominance of neutrophils, in particular in pustular 
psoriasis. The pathogenesis is auto-inflammatory and driven by 
innate immune activation, in contrast to lymphocyte predomi-
nant auto-immune activation in stable plaque type psoriasis. In 
the complex immunopathology of psoriasis, it is thought that 
during innate immune activation, plasmacytoid dendritic cells 
(pDCs) are activated together with IL-1β and TNF-α producing 
keratinocytes in response to dendritic Toll-like receptor activation 
by DNA (LL-37). In this initiating phase, neutrophil recruitment 
has mainly been attributed to the release of IL-1β and TNF-α. 
However, anaphylatoxin C5a is the most potent chemo-attractant 
for various inflammatory cells including neutrophils, monocytes, 
and macrophages. It was hypothesized that in the earliest psori-
atic neutrophil predominant lesions, complement is activated in 
the stratum corneum, C5a is released which can activate immune 
cells and keratinocytes. C5a can migrate to the dermal microvas-
culature, activating endothelial cells, and mast cell degranulation, 
which results in capillary tortuous dilatation, so characteristic 
for (early) psoriasis. To investigate this hypothesis, Tagami et al. 
analyzed the effect of intradermal PLF (mainly consisting of 
C5a) injections in guinea pigs. Light microscopy of skin biopsies 
revealed features reminiscent of actual psoriasis lesions and com-
parable with injection of C5a in vivo in healthy human volunteers 
(38). These histological features included dense infiltration of 
neutrophils in the dermis followed by increased epidermopoiesis, 
epidermal proliferation, and degeneration. In contrast, PLF/C5a 
did not induce proliferation or influenced the viability of cultured 
human epidermal cells (32). These results suggest that PLF/C5a 
requires specific circumstances necessary to exert its effect on 
skin, most probably the presence of neutrophils from the circula-
tion. Altogether, besides IL-1β and TNF-α, C5a is likely to play a 
role in the early neutrophil predominant and auto-inflammatory 
phase of psoriasis. Following auto-inflammatory initiation, the 
response is shifted toward auto-immune activation including 
activation of the IL-23/IL-17 axis characteristic for stable plaque-
type psoriasis. However, more and more evidence points toward 
bimodal immune activation in psoriasis. Alternating waves of 
auto-inflammatory bursts of neutrophils coexist with T-cell 
driven auto-immune activation (37). Complement might be one 
of these factors linking innate auto-inflammatory and adaptive 
auto-immune responses in psoriasis. Two recent studies have 
provided evidence supporting this theory. Treatment of mice 
with siRNA targeting C3 reduced skin disease in a mouse model 
of psoriasis (39). Furthermore, using the imiquimod-induced 
model of psoriasis, it was found that C3 deficient mice showed 

significantly reduced levels of IL-1β, TNF-α, IL-17a, and IL-23 in 
the skin and draining lymph nodes and decreased infiltration of 
neutrophils (40). These studies clearly show a link between com-
plement activation and activation of IL-23/IL-17 axis of adaptive 
immunity. Clinical studies targeting complement activation 
might investigate whether flares of psoriasis can be prevented by 
targeting innate immunity instead of treating adaptive immune 
activation in well-established psoriatic plaques.

ACNe vULgARiS AND HiDRADeNiTiS 
SUPPURATivA (HS)

Acne vulgaris
Acne vulgaris is a common cutaneous disorder and its pathogen-
esis is multifactorial including genetic, infectious, and hormonal 
factors. The distribution of the skin lesions in acne vulgaris 
reflects that of sebaceous glands. Patients present with comedones 
predominantly on the face, nose, forehead, and chest (sebaceous 
areas). Light microscopy reveals open and closed comedones, 
which are a result of excessive sebum secretion, hyperkeratosis 
of the sebaceous duct, and follicular infundibulum, subsequently 
followed by hair follicle dilatation. Excessive dilatation of the fol-
licular infundibulum eventually results in rupture of the epithe-
lial layer. Besides distension, epithelial damage is also attributed 
to overgrowth of Propionibacterium acnes (P. acnes) in the hair 
follicle lumen. P. acnes is an anaerobic bacterium and a habitual 
follicular resident. Although data exist implicating P. acnes in the 
initiation of follicular distension and obstruction, the bacterium 
is primarily involved in the subsequent inflammatory response 
of the hair follicle. Once ruptured, secondary inflammatory 
changes occur, such as granulomatous inflammation in response 
to epithelial fragments, and chronic-active inflammation (41, 42).

Today, it is still not known what is the sequence of events that is 
responsible for evolution of a non-inflamed into an inflamed acne 
lesion. Evidence exists that complement activation could be one 
of the primary triggers in this inflammatory response in acne. In 
1966, Puhvel et al. revealed that high levels of complement fixing 
antibodies are present in patients with severe acne compared 
with patients with mild or no acne (43). Scott et al. analyzed non-
inflamed (white- and black heads) and inflamed (papules and 
nodules) acne lesions. The most frequent finding was perivascular 
granular and/or linear pilosebaceous basement membrane zone 
(of affected units) deposition of C3b in both non- and inflamed 
acne lesions (44). Similar findings were reported by Dahl et al. 
in early acne lesions (12). In non-inflamed acne lesions, C3b 
deposition preceded influx of mononuclear cells while inflamed 
lesions showed both C3b deposition as well as mononuclear 
inflammation. Kligman et  al. observed that microscopic hair 
follicle rupture precedes clinical inflammation. In uninvolved 
skin of patients with acne sometimes microcomedones are seen 
with early inflammatory changes, with migration of neutrophils 
into intact follicular epithelium. In a later stage, the follicular 
epithelium becomes spongiotic and small foci of neutrophils can 
be found in the hair follicle lumen (45). These findings suggest 
that in the early stages of acne chemotactic factors are released 
from the intact hair follicle to recruit neutrophils. Complement 
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FigURe 3 | Hidradenitis suppurativa. Sinus tracts [(A), arrow], active inflammation, and rupture [(B), asterisks] of the follicular epithelium with “floating” hair 
fragments [(B), arrow]. Subsequently, a secondary inflammatory response is induced with influx of numerous neutrophils [(C), arrows] and granulomatous  
foreign body reaction with giant cells [(C), asterisks].
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activation products, in particular C5a, is the most likely factor 
involved in the chemokinesis of neutrophils that initiates the con-
version of a non-inflamed into an inflamed lesion. Interestingly, 
C3b deposition was almost exclusively found without concurrent 
immunoglobulin or C1q deposition, suggesting that the alterna-
tive pathway might be primarily involved in the development 
of acne vulgaris. A candidate triggering factor for complement 
activation might be P. acnes, since bacteria are well known to 
activate complement. It has been shown that both the alternative 
and classical complement pathways can be activated in normal 
human serum upon interaction with comedonal contents as well 
as P. acnes (46–49). Another possibility is the direct activation of 
the alternative pathway by the stratum corneum (30). Both Dahl 
et al. and Scott et al. only found isolated granular C3b deposi-
tion or granular C3b with immunoglobulin deposition along the 
dermo-epidermal junction in a few biopsies. This could hypo-
thetically represent immune complex formation with P. acnes 
and possibly subsequent classical pathway activation (12, 44). 
Whatever the trigger or route of complement activation might 
be, C5a is released acting as a potent chemokinetic factor in the 
recruitment of neutrophils. Therefore, it is plausible to hypoth-
esize that the increased influx of neutrophils in acne vulgaris is, 
at least in part, dependent on complement activation and may 
therefore be amenable to complement inhibiting therapies.

Hidradenitis Suppurativa
Hidradenitis suppurativa (synonym: acne inversa) is a severe 
inflammatory follicular skin disease causing severe patient 

discomfort and psychosocial burden. HS is a common, yet unrec-
ognized and underdiagnosed disease with a prevalence of 1–4%  
of the European population. Patients present in the acute stage 
with painful inflamed nodules (boils) in the inverse apocrine 
bearing regions of the body such as the groin and axilla. In a late 
stage, sinus tract formation occurs with formation of abscesses 
and scarring. Importantly, systemic therapy with immunosup-
pressive agents (systemic corticosteroids, dapsone, and cyclo-
sporin) has been investigated in the past decade and has shown 
limited efficacy.

Although the exact pathogenesis of HS still has yet to be 
unraveled, different theories have been proposed during the 
last decade. In general, it is believed that HS is a multifactorial 
disease in which genetic, environmental factors (such as smok-
ing, microbial colonization, and obesity) and the immune system 
interact. Follicular occlusion is thought to be the primary event in 
HS and is caused by follicular infundibular epithelial hyperplasia 
and hyperkeratosis. It is hypothesized that this could be a result 
of microbial overgrowth due to a deficient follicular skin immune 
system or, in contrast, an overactive immune system that reacts 
to normal skin flora. Eventually, follicular plugging and occlu-
sion will result in hair follicle rupture. Upon rupture, classical 
histological features are observed as seen in a ruptured epidermal 
cyst or comedone such as granulomatous inflammation on kera-
tin fibers and chronic inflammation (Figure 3). Although such 
material is rapidly cleared in ruptured epidermal/acne cysts, the 
inflammatory response in HS persists, leading to chronicity with 
formation of sinus tracts and scarring (50–52).
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Although “HS” is a misnomer since involvement of sweat 
glands is not a central event in the pathogenesis of HS, HS is 
indeed characterized by suppuration with deep abscess forma-
tion. Although not classified as a neutrophilic dermatosis, influx 
of numerous neutrophils is a characteristic histological feature of 
HS. However, it is uncertain whether this is an early or late event 
in the pathogenesis of this disease. The inflammatory response in 
HS is characterized by increased levels of IL-1β and TNF-α, both 
in (peri)lesional skin biopsies as well as circulating levels in HS 
patients (53). The important role of these cytokines is illustrated 
with the clinical improvement observed after treatment with 
TNF-α antagonists infliximab and adalimumab (54). Recruitment 
of neutrophils has been mainly attributed to TNF-α and IL-1β, 
however, the role of complement activation has only recently been 
studied. Blok et al. found induction of complement pathway genes 
in lesional HS skin biopsies, indicating involvement of the com-
plement system in this disease (55). An open label phase 2 study 
is currently underway with the C5a inhibitor IFX-1 in patients 
with moderate to severe HS (NCT 03001622). Recent results from 
this study demonstrated systemic complement activation in HS 
patients reflected by increased circulating levels of C5a and C5b-9 
(56). Furthermore, increased C5a serum levels in HS patients 
were able to activate neutrophils, thereby contributing to HS 
symptoms. Up to 83%, HS clinical response rate was achieved at 
the endpoint of anti-C5a treatment in this phase 2 clinical study. 
Thus, targeting the C5a–C5aR axis may represent a promising 
therapeutic strategy for HS patients, most probably via inhibition 
of systemic neutrophil activation. Besides systemic activation, 
also local complement could potentially be activated in HS since 
commensal follicular skin bacteria, similar to acne vulgaris, might 
function as pathogen-associated molecular patterns that can acti-
vate classical and alternative complement pathways. Furthermore 
and in a later stage after hair follicle rupture, cellular fragments 
might function as danger-associated molecular patterns, which 
can also activate complement. Whether complement activation, 
and aberrant immune activation in general in HS, is a primary 
or secondary event to an initial hair follicle process remains to 
be investigated.

SYSTeMiC AND CUTANeOUS LUPUS 
eRYTHeMATOSUS (Le)

Lupus erythematosus is a heterogeneous auto-immune disease, 
which is characterized by the presence of elevated immune 
complexes, high titers of auto-antibodies against nuclear and 
cytoplasmic components and consumption of complement 
components. Deposition of immune complexes within various 
organs causes tissue damage, producing a broad spectrum of 
clinical manifestations ranging from systemic to solely cutaneous 
lesions. Epidemiological studies have estimated the prevalence 
of systemic LE (SLE) to be around 0.2–0.7% occurring predomi-
nantly in patients older than 40 years of age, with a female/male 
ratio of 9:1 (57). The cause of SLE is multifactorial with genetic, 
environmental, and hormonal contributions, also integrated in 
the American College of Rheumatology (ACR) guideline for 
SLE. This guideline requires at least four of the 11 clinical and 

laboratory components to be present before diagnosing SLE. 
Whereas the revised classification Systemic Lupus International 
Collaborating Clinics requires four components with one clinical 
and one immunologic item (58). Studies have shown that skin 
involvement will eventually develop in about 70% of patients with 
SLE, although primary cutaneous LE (CLE) mainly develops in 
the absence of systemic features. The probability of progression 
from CLE to SLE is approximately 20% (59). There are a few sub-
sets in which CLE can be classified: acute LE, subacute (SCLE), 
and chronic cutaneous LE (CCLE), of which CCLE can be further 
subdivided into discoid LE, LE profundus, LE tumidus, chilblain 
lupus, and bullous LE (60).

Literature over the years suggests that the pathogenesis of 
SLE and CLE might share common features, along with the 
developmental consequences of genetic, environmental factors, 
and immune dysregulation. Several haplotypes and certain alleles 
of the major histocompatibility complex (MHC) have shown 
association with different subtypes of CLE. From a mechanistic 
point of view, MHC polymorphisms may lead to an increase of 
auto-reactive T-lymphocytes mediated by a selection error in 
the thymus (61). Furthermore, a panel of single nucleotide poly-
morphisms (SNPs) has been shown to be associated with CLE, 
including TYK2, IRF5, and CTLA4. These polymorphisms may 
have an influence on the IFN cytokine signaling (62).

A well-known trigger of CLE is ultraviolet light (UVL), also 
one of the ACR criteria of SLE, included as photosensitivity. 
Firstly, UVL can penetrate through different layers of the skin, 
causing acute inflammation as well as damage to the DNA, 
thereby inducing keratinocyte apoptosis (63). Accumulation of 
apoptotic material due to decreased clearance can result in the 
formation of immune complexes, which in turn can enhance 
the IFN-α production by pDCs. IFN-α is an important cytokine 
in the recruitment of Th1 and cytotoxic T cells (62). Secondly, 
UVL directly increases the production of TNF-α, interferons, 
and several interleukins of keratinocytes and dermal fibroblasts. 
These cytokines are responsible for the infiltration of leukocytes 
in skin biopsies of CLE (61).

Numerous auto-antibodies, resulting from impaired clearance 
of immune complexes, can be found in patients with CLE. The 
role of auto-antibodies in CLE is not completely understood, 
although some auto-antibodies have been found to be useful 
indicators in the prognosis of the disease. Patients with anti-RNP, 
anti-Sm, and anti-aPL antibodies are closely associated with high 
prevalence of malar rash, while patients with only anti-Ro/SSA anti-
bodies demonstrated to have an increased risk for nephritis (62).

Besides genetic variation in certain MHC class I and II alleles, 
congenital deficiencies of classical complement pathway com-
ponents C1q, C1r, C1s, C4, and C2 are strongly associated with 
the development of SLE (62). In addition, a homozygous SNP of 
the C1QA gene appears to be highly associated with SCLE (64). 
Boeckler et  al. were the first to demonstrate a high prevalence 
of partial deficiency of C2, C4 and combined C2/C4 in patients 
with CLE (65). Furthermore, C4 copy number variation of C4A 
and C4B genes is also associated with the risk of SLE (extensively 
reviewed elsewhere) (66). Two concepts could potentially explain 
the development of SLE in patients deficient in classical pathway 
components. Firstly, early classical pathway components are 
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involved in the induction of immune tolerance in germinal centers 
of lymph nodes. It is well known that CD35/CR1 and CD21/CR2 
on follicular DC bind and present complement factors to virgin 
B-cells in order to differentiate self from non-self B-cells. More 
specifically, it was demonstrated that CD21, CD35, or C4 defic-
ient mice resulted in high levels of anti-nuclear antibodies and 
severe lupus-like disease (67). Therefore, complement deficiency 
results in the breach of self-tolerance and subsequently the devel-
opment of SLE. Secondly, complement deficiency results to the 
inability of efficiently clearing apoptotic cells/debris and could 
render them to become auto-antigens, induce auto-antibody for-
mation and thereby SLE. Most research has been performed on 
the latter concept, in particular the role of C1q deficiency in LE. 
There are three sets of findings that link C1q to the development 
of SLE. Firstly, congenital C1q deficiency is the strongest genetic 
risk factor known for the development of SLE (68). Secondly and 
paradoxically, circulating levels of C1q are strongly decreased in 
SLE as a result of classical complement activation. Thirdly, anti-
C1q antibodies can be found in approximately 33% of the patients 
with SLE and usually coincides with classical pathway activation 
(69, 70).

One of the main functions of C1q is to act as an opsonin to 
stimulate removal of apoptotic cell fragments. C1q can directly 
bind to the surface of apoptotic keratinocytes through its globu-
lar heads, which results in the formation of C3 convertases. This 
is followed by cleavage of C3 and the release anaphylatoxin C3a 
and the opsonin C3b which results in the clearance of apoptotic 
cells by phagocytosis (71). Furthermore, the collagenous region 
of C1q can bind to the calreticulin/CD91 complex, which is 
expressed on the surface of phagocytes. This binding enhances 
phagocytosis, leading to ingestion of C1q coated apoptotic cells 
(72). C1q deficiency therefore directly interferes with the clear-
ance of apoptotic cell debris. Although this is interesting from a 
mechanistic point of view, most SLE patients are C1q sufficient 
and therefore other mechanisms underlie the impaired clearance 
of apoptotic debris in SLE. Impaired clearance of apoptotic cells 
could lead to secondary necrosis, causing disintegration, and 
high expression of potential auto-antigens on the surface of 
apoptotic bodies and blebs (73). This induces the production of 
auto-antibodies against these “lupus auto-antigens” by B-cells. 
In turn, auto-antibody-antigen complexes bind C1q thereby 
activating the classical pathway of complement (74). Together 
with classical pathway activation as a result of C1q bound to 
apoptotic blebs, this explains the paradox that SLE patient show 
strong ongoing complement activation with low and sometimes 
undetectable serum complement levels (secondary hypocomple-
mentemia). Furthermore, it is thought that prolonged exposure 
of C1q bound to the surface of apoptotic blebs could become 
antigenic due to impaired clearance that consequently induces 
production of auto-antibodies to C1q (75). Recent studies have 
demonstrated that anti-C1q specifically interacts with C1q bound 
to early apoptotic cells and not to C1q bound to immunoglobu-
lins or immune complexes. Antigen-C1q-anti-C1q complexes 
induce classical pathway activation also causing secondary 
hypocomplementemia. Besides, this results in interference 
of the uptake of apoptotic cells and impaired C1q-dependent 
phagocytosis (76, 77).

The deposition of auto-antibody-antigen complexes can be  
visualized in skin biopsies by immunofluorescence in the 
so-called “lupus band test,” demonstrable as granular or linear 
deposits of IgG, C3b and occasionally IgA and IgM along the 
dermo-epidermal junction. The lupus band test can be applied 
to differentiate SLE from CLE and also as a prognostic parameter 
for patients with LE. A positive reaction can be observed in both 
lesional as well as non-lesional skin in SLE. However, in CLE only 
lesional skin shows a positive lupus band test. More importantly, 
sun-exposed skin biopsies of healthy individuals may also exhibit 
a positive lupus band test; therefore, it is essential to perform direct 
immunofluoresence on sun-protected skin (78). Interestingly, also 
MBL deposition was recently found in lesional skin of patients 
with SLE, indicating involvement of the lectin pathway (79).

Lastly, there seems to be no clear difference in the role of comp-
lement between SLE and CLE. The complement system, especially 
C1q, appears to play a crucial role in the pathogenesis of SLE and 
CLE. The absence of functional C1q can lead to impaired clear-
ance of apoptotic cells, resulting in expression of auto-antigens, 
and induction of auto-antibody generation. Furthermore, C1q 
can eventually bind to these surface blebs stimulating the produc-
tion of auto-antibodies to C1q itself. Despite the increased knowl-
edge concerning the pathogenesis of SLE, it remains a complex  
disease in which multiple mechanisms are of significance.

CUTANeOUS SMALL veSSeL  
vASCULiTiS (CSvv)

Cutaneous small vessel vasculitis is defined as inflammation of 
the postcapillary venules in the skin. CSVV without presence 
of systemic vasculitis is currently named as single organ CSVV, 
according to the updated Chapel Hill Nomenclature for Vasculitis 
(80). There are also other subtypes of CSVV with systemic involve-
ment such as anti-neutrophil cytoplasmic antibodies (ANCA)-
associated vasculitis and cryoglobulinemic vasculitis. CSVV is  
the most common type of vasculitis with an incidence of 15 per  
million. The majority of the patients are adults with a slight pref-
erence for females (81). Over the years, numerous studies have 
revealed multiple factors taking part in the development of CSVV. 
The disease seems to be associated with drugs, infections, and 
systemic disorders such as SLE, RA, or malignancy. However, in 
many patients there is no identifiable cause and in these cases 
CSVV is then considered as a primary idiopathic entity (82, 83).

The classical presentation of CSVV usually occurs 7–14 days 
after exposure to a triggering agent. Palpable purpura are the hall-
mark of CSVV, and appear as red-purple discolorations on the 
skin varying from 2 to 5 mm in size. However, CSVV presents as 
many clinical variants, depending on the severity and duration of 
the disease including urticaria, pustules, erosions, and ulcers (81).

The histopathologic pattern observed in CSVV is leukocyto-
clastic vasculitis (LCV), which is characterized by a superficial 
infiltrate surrounding the postcapillary venules predominantly 
composed of neutrophils, leukocytoclasis, endothelial swelling, 
extravasation of erythrocytes, and eventually fibrinoid necrosis 
(Figure 4) (82). Moreover, the presence of eosinophils can be an 
indicator of drug-induced CSVV.
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FigURe 4 | Small vessel leucocytoclastic vasculitis. The section shows all 
features of leucocytoclastic vasculitis. A mixed inflammatory cell population 
surrounding the postcapillary venules of the superficial dermis. The infiltrate 
consists of neutrophils with nuclear dust (dashed arrows) and shows high 
affinity for the vessels. Features of vascular injury are shown including 
fibrinoid necrosis (asterisks) and erytrocyt extravasation (solid arrows).
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activation of neutrophils and upregulation of several adhesion 
molecules (E-selectin, ICAM-1, and V-CAM) on the surface of 
endothelial cells, allowing neutrophils, and other inflammatory 
cells to migrate from the circulation into the site of inflammation 
(87). Activated neutrophils can secrete reactive oxygen species 
and also dysregulate the expression of serine proteinases elastase 
and cathepsin G, which eventually leads to endothelium damage 
(88). Additionally, decreased tissue plasminogen activator (t-PA) 
in response to released cytokines due to vascular damage leads to 
abnormal fibrinolysis and may eventually result in fibrin deposi-
tion as reflected on histology (89). Under physiologic conditions, 
various regulators secreted or/and expressed by endothelial 
cells maintain control of complement activation. These include 
C1-INH, FH, FI, vitronectin, clusterin, and CD55/DAF (90). 
Interestingly, Boom et  al. observed that DAF expression on 
endothelial cells of cutaneous vasculitis was almost completely 
absent, while DAF expression on intraluminal erythrocytes was 
unaffected. Expression of DAF on the surface can restrain assembly 
of the terminal cascade by binding to C3b, and thereby interfering 
with the C5 convertases. The authors suggest that the absence of 
DAF might be the consequence of local downregulation of DAF 
synthesis and might play an important role in the pathogenesis of 
CSVV (91). However, there is only sparse literature available about 
potent downregulators of DAF.

In aggregate, the complement system appears to be associated 
with the development of CSVV. The interaction between comple-
ment components and activation products, and the endothelial 
cells seem to play an essential role in the pro-inflammatory 
response seen in CSVV. Activation of classical pathway of com-
plement has been recognized in CSVV, regarding to the immune 
complex-mediated process. In particular, the effects of C5a and 
MAC on endothelial cells and neutrophils may eventually lead to 
structural and functional damage of the endothelium resulting 
in CSVV.

URTiCARiA AND URTiCARiAL 
vASCULiTiS (Uv)

Urticaria
Urticaria is widely held to be one of the most common skin dis-
eases, affecting up to approximately 20% of the population during 
lifetime. Urticarial lesions are characteristically pruritic, edema-
tous, erythematous papules, or wheals often with pale centers, 
which can merge into larger plaques and usually resolve within 
24 h. Urticaria consists of a wide spectrum ranging from local-
ized wheals to widespread recurrent wheals with angioedema. 
Coexisting episodes of angioedema appear to be present in 
approximately 40% of patients with urticaria (92). Angioedema 
can be characterized as edema in the deep dermal layer and 
subcutaneous or submucosal tissues. Acute urticaria is defined 
by disease duration of less than 6 weeks, whereas recurrent urti-
carial lesions persisting for a period beyond 6 weeks is defined as 
chronic urticaria (CU). CU can be further divided into chronic 
inducible urticaria and chronic spontaneous urticaria (CSU). 
Inducible urticaria is caused by a response to external triggers, 
including cold, heat, allergens, sunlight, sweat, and pressure (92). 

Accumulating evidence has indicated that the complement 
system plays a significant role in the pathogenesis of CSVV. 
Immunofluorescence studies have supported this hypothesis by 
demonstrating deposits of immunoglobulins of IgM- and IgG 
classes, C3c and fibrinogen in, and around dermal vessel walls 
in LCV. Grunwald et  al. demonstrate these immunoreactants 
in skin biopsies of early, mature, and healing stages of vasculi-
tis (84). Detection of vascular IgA deposition is defined for 
Henoch–Schonlein purpura (85). Vascular immunoglobulin and 
complement were also detected in non-lesional skin, suggesting 
that deposition of these immunoreactants is a primary event, and 
not secondary to endothelial damage (81). In addition, Dauchel 
and colleagues reported that C3d and C5b-9 were significantly 
increased in plasma of patients with LCV compared with controls, 
whereas C3, C1q, C2, C4, and FB were within normal ranges. 
These findings indicate local as well as systemic complement 
activation in patients with LCV. Moreover, the increased level of 
C3d and C5b-9 has been shown to correlate with vasculitis activ-
ity. Interestingly, circulating C3d and C5b-9 levels did correlate 
with disease activity but not with the intensity of perivascular 
cutaneous depositions, suggesting that C3d and C5b-9 plasma 
levels are caused by systemic complement activation instead of 
passive diffusion from cutaneous lesions into the circulation (86).

The most widely accepted concept of the pathogenesis is 
deposition of immune complexes in postcapillary venules, with 
inflammation occurring after complement activation. As men-
tioned previously, multiple etiologies can trigger the formation of 
circulating immune complexes. These consist of foreign antigens 
and antibodies in slight excess of antigen, and therefore easily 
get trapped and subsequently deposited in small vessels. These 
immune complexes lead to activation of the complement cascade 
via the classical pathway. Among the activated complement 
products, C5a and C5b-9 seem to be mainly responsible for the 
endothelial damage observed in CSVV (82, 83). C5a induces 
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FigURe 5 | Urticaria. Dermal edema [solid arrows in (A,B)] and a sparse superficial predominantly perivascular and interstitial infiltrate of lymphocytes and 
eosinophils without signs of vasculitis (dashed arrow).
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CSU is mainly idiopathic, although researchers have identified a 
subpopulation with an auto-immune etiology. The histopathol-
ogy of an urticarial lesion mostly involves changes in the upper 
dermis, consisting of mild dermal edema, and sparse perivascular 
and interstitial mixed inflammatory infiltrate composed of a vari-
able number of lymphocytes, monocytes, mast cells, eosinophils, 
and neutrophils (Figure 5) (93). The pathophysiological events 
in the formation of wheals involve activation of dermal mast 
cells and basophils by various triggers, including anaphylatoxins 
C3a and C5a, and also physical stimuli. It is well established 
that binding of antigen to antigen-specific IgE on mast cells and 
basophils activates and degranulates these inflammatory cells 
(type 1 hypersensitivity reaction). The most important active sub-
stance in urticaria is histamine. Histamine induces vasodilation, 
increases vascular permeability, and stimulation of sensory nerve 
endings leading to pain or itching. Other important mediators 
such as TNF-α, leukotrienes, platelet-activator, and prostaglandin 
D2 may also promote an inflammatory response (94). The exact 
trigger or cause of histamine release has not been identified in 
most patients with CSU. Evidence of an auto-immune etiology 
in approximately 45% of patients has been presented. Patients 
with CSU have shown to possess circulating IgG auto-antibodies 
directed against the α subunit of IgE (anti-FcεR1α) and IgE recep-
tor in their sera, corresponding to a type 2 hypersensitivity reaction 
(95). Additionally, increased frequency of thyroid dysfunction 
and thyroid auto-antibodies (anti-microsomal peroxidase and 
anti-thyroidglobulin) are found in patients with CSU (96).

IgG auto-antibodies bound to IgE or IgE receptor on mast cells 
results in the activation of complement via the classical pathway 
followed by generation of C5a and C5b-9. Subsequently, C5a can 
mediate mast cell activation via C5aR1 ligation with subsequent 
degranulation and release of mediators, resulting in urticarial 
wheals (97, 98). Accumulated evidence has shown that comple-
ment is involved in degranulation of mast cells and basophils in 
some patients with CSU (97). Firstly, one study demonstrated 
that heat inactivation of serum complement of patients with 
CU, decreased the capacity of serum to release histamine from 
basophils (99). Ferrer and colleagues found that unless serum 
containing C2 and C5 was added to IgG derived from CU 
sera, histamine is not released from mast cells, implicating that 

activation of the classical complement pathway is required for 
mast cell degranulation (100). In parallel with early studies, the 
presence of complement, especially C5a, had a role in augmenting 
IgG-dependent histamine release from basophils (101). Although 
the immune reaction in urticaria is regarded as a type 1 and type 
2 hypersensitivity reaction, also local complement deposition can 
be found in about one-third of chronic urticarial lesions without 
signs of systemic activation, suggesting a type 3 hypersensitivity 
reaction as well (102–105).

Urticarial vasculitis
Urticarial vasculitis is a relatively uncommon disease with an 
estimated prevalence of 5%, occurring more often in women. 
Clinical cutaneous manifestations of UV consist of erythematous 
urticarial papules and plaques that last 24–72 h with a tendency 
to heal with purpura or hyperpigmentation. Patients with UV can 
be classified as normocomplementemic UV (NUV) or hypoc-
omplementemic UV (HUV) depending on serum complement 
levels. Although NUV is mostly idiopathic, HUV is associated 
with a more severe form of disease and can indicate an underly-
ing disease like SLE or hypocomplementemic urticarial vasculitis 
syndrome (HUVS) (106). HUVS is characterized by urticaria with 
hypocomplementemia, arthralgia/arthritis, glomerulonephritis, 
recurrent abdominal pain, and obstructive lung disease (107). 
According to retrospective observations, there seems to be no 
transition among UV subtypes (108). Histopathologically, lesions 
of UV reveal combined features of urticaria with superimposed 
vascular damage. In contrast to LCV, vascular damage in UV is 
more subtle with endothelial activation, sparse karyorrhexis, and 
focal fibrinoid necrosis present in only the minority of cases (109).

Various reports support the hypothesis that UV is an immune 
complex-mediated disease. Deposits of immunoglobulins, com-
plement, and/or fibrinogen in the vessel walls are often observed by 
immunofluorescence in patients with UV. Additionally, imm une 
complexes are also regularly detected in the blood circulation of 
patients with UV. There are numerous etiologies that can trigger the 
formation of immune complexes in UV, including auto-antibodies, 
infections, and medications. Formation of immune complexes 
leads to activation of the complement cascade via the classical 
pathway and subsequently generation of C3a, C5a, and C5b-9. 
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FigURe 6 | Bullous pemphigoid. Subepidermal blistering [solid arrows in (A,B)] and influx of inflammatory cells including eosinophils and neutrophils in the  
dermis [solid arrow (C)] and blister cavity [dashed arrows (C)]. In (C) also deposition of fibrin is noted (asterisks).
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Release of C5a can lead to a chain of events, including activation 
of neutrophils, mast cell degranulation, and eosinophil degranula-
tion, which in turn can result in endothelial damage (106).

Wisnieski et al. were the first to suggest that the pathogenesis 
of HUVS might involve abnormal genetic background (110). 
Subsequently, one study found that genetic mutations in the 
DNASE1L3 gene are associated with a familial form of HUVS and 
SLE. The protein encoded by this gene functions as endonuclease, 
which is possibly responsible for the removal of DNA during 
apoptosis (111). This finding supports the link between SLE and 
HUVS. Another similar feature in both diseases is the presence 
of auto-antibodies against C1q that can be detected in 100% of 
the patients with HUVS and in approximately one-third of the 
patients with SLE (69, 108). Anti-C1q antibodies bind to the 
collagenous region of C1q and usually coincide with decreased 
levels of classical pathway complement components as a result of 
complement activation. Additionally, decreased levels of CH50, 
C2, and C4 were also found in patients with HUVS (106). These 
findings implicate that complement might contribute to the 
pathogenesis of HUVS.

To summarize, UV consist of a wide spectrum of cutaneous, 
systemic features ranging from urticaria with mild vasculitis 
to systemic vasculitis combined with hypocomplementemia. 
Classical activation of complement is involved in the pathogen-
esis of UV and HUVS.

BULLOUS PeMPHigOiD (BP)

In this section, we will review the role of complement in the 
most common auto-immune bullous dermatosis, BP. Although 

complement has also been shown to be involved in the pathogen-
esis of other auto-immune bullous dermatoses, such as mucous 
membrane pemphigoid, epidermolysis bullosa acquisita, derma-
titis herpetiformis, and bullous systemic LE, the reader is referred 
elsewhere to more detailed publications on this topic (112–114).

Bullous pemphigoid is the most frequently encountered 
acquired auto-immune blistering disease most commonly affect-
ing the elderly. Clinically, patients present with tense pruritic 
dome-shaped fluid filled blisters measuring up to several centim-
eters in diameter. The most commonly recognized BP antigens 
are BP180 (BPAG2) and BP230 (BPAG1) and less frequently, anti-
bodies can be found against plectins and LAD1. Most antibodies 
in BP are directed against the NC16A domain of BP180, which is a 
major non-collagenous extracellular antigenic site. Separation in 
BP occurs at the level of the lamina lucida. A skin biopsy from an 
established blister reveals a subepidermal blister, often accompa-
nied by a superficial dermal infiltrate of lymphocytes, eosinophils, 
neutrophils, mast cells, and monocytes/macrophages (Figure 6). 
These inflammatory cells are also found in the blister fluid in 
the cell-rich variant of BP. Immunofluorescence demonstrates 
specific linear IgG and/or C3b deposition along the basement 
membrane zone. Although deposition of complement fragments 
such as C3c and C1q is routinely used for diagnostic reasons, 
activation of the complement system has also been shown to play 
a crucial role in the development of disease.

Complement components and activation fragments including 
C1q, C3, C3c, C3d, C4, C4d, C5, C5b-9, FB, FH, and properdin 
have been found at the basement membrane zone and blister 
fluid in BP. These findings indicate involvement of both classical 
and alternative pathways in the pathogenesis of BP (115–117). 
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Recently, complement split products C3d and C4d have been 
shown to be deposited along the basement membrane zone in 
formalin fixed paraffin embedded tissue and might be a potential 
substitute for direct immunofluorescence in the near future 
(118–122).

Liu et al. developed an experimental mouse model of BP using 
a rabbit antibody against murine BP180NC14A, a homolog of 
human BP180NC16A, which is, however, very poorly conserved 
in murine protein. This antibody was passively transferred in 
neonatal mice and developed a subepidermal blistering disease 
closely mimicking clinical BP. This experimental model of BP 
has demonstrated a critical role for complement activation in 
BP. Mice deficient of C5 or depleted of complement by cobra 
venom factor showed no clinical or histological evidence of BP in 
contrast to wild-type (WT) or complement sufficient mice. Also, 
injection of F(ab’)2 fragments prepared from the pathogenic rab-
bit anti-murine BP180 did not show induction of BP, indicating 
a crucial role for the IgG Fc portion in BP. It is the Fc portion 
of antibody that expresses antigen-binding sites for C1q, thereby 
initiating classical complement activation (123). Using the same 
BP model, C4 deficient and WT mice pretreated with anti-mC1q 
were resistant to develop BP, also strongly indicating a crucial role 
for classical complement activation in BP. However, FB deficient 
mice developed delayed and less intense blisters, indicating that 
also the alternative pathway is involved in BP, probably acting 
in concert with classical pathway activation via the amplification 
loop (124, 125). The complement-mediated development of BP 
appeared to be dependent on mast cells and neutrophils. Mice 
depleted of circulating neutrophils did not develop BP after 
injection of anti-mBP180. Reconstitution with C5a or injection 
with neutrophil chemokine IL-8 in C5 deficient mice regained 
susceptibility to BP (126). These findings indicate that neutrophil 
recruitment in BP is C5a dependent. However, mice deficient 
in mast cells or C5aR1 deficient mast cells failed to develop BP, 
despite the activation of complement and in the presence of 
neutrophils. The passive transfer model exhibits extensive mast 
cell degranulation, preceding neutrophil infiltration, and sub-
epidermal blistering. It was found that complement-dependent 
chemokinesis of neutrophils is, at least in part, dependent on 
mast cell degranulation via C5aR1 (124, 127).

Although interesting, it is questionable whether this mice 
model can be easily translated to the human situation since 
BP180NC14a is poorly preserved in mice. Therefore, a human-
ized mice model was developed in which mouse BP180NC14A 
was replaced with the homologous human BP180NC16A epitope 
cluster region. Mice injected with anti-human BP180NC16A 
subsequently development BP (128). A similar model was 
developed by Nishie et al. introducing the human COL17 cDNA 
transgene into Col17-null mice (129). Importantly, the previous 
findings of complement-dependent development of BP were 
confirmed (128).

Notably, although complement plays an important role in 
the pathogenesis of BP, more and more evidence emerges that 
also complement-independent mechanisms exist. Several groups 
have shown direct pathogenic effects of auto-antibodies leading 
to depletion of COL17 in keratinocytes and contributing to skin 
fragility in a complement-independent manner (130–132).

Most of the previously cited studies were performed in animal 
or in  vitro models, making interpretation of the data limited. 
However, in a large cohort (n = 300) patient study, Romeijn et al. 
have shown that in the majority of BP skin biopsies, complement 
deposition could be demonstrated. More interestingly, deposition 
of complement was related to clinical and serological disease 
activity strengthening the crucial role of complement in this 
disease (133).

COMPLeMeNT iNHiBiTiNg STRATegieS 
iN SKiN DiSeASeS

For years, many attempts in producing complement-specific drugs 
have been made with limited success. The main challenge in creat-
ing complement-specific drugs has been to discover the balance 
between sufficient blocking of complement activity in order to 
prevent local tissue damage and preserving the protection of this 
system. As outlined in the current review, clinical and experimen-
tal studies have demonstrated variable roles of complement in the 
pathogenesis of skin diseases. The findings and proposed triggers 
for complement activation in different skin diseases are summa-
rized in Table 1. With the impending recognition of neutrophil 
driven auto-inflammatory diseases, IL-1β and TNF-α inhibitors 
have now been proven beneficial for the treatment of specific 
auto-inflammatory diseases such as the use of adalimumab in the 
treatment of HS (54). The successful use of these agents is primar-
ily based on the inhibition of neutrophil chemotaxis. As described 
previously, C5a acts as a potent recruiter of neutrophils by binding 
to C5aR1 expressed primarily by neutrophils. Moreover, C5a can 
trigger increased vascular permeability on endothelial cells and 
activate the adaptive immune system. Therapeutic intervention 
in C5a–C5aR axis could therefore be a promising target for the 
treatment of neutrophil driven skin diseases such as psoriasis and 
HS as well as other neutrophilic dermatoses. Selective neutraliza-
tion of the C5a–C5aR interaction offers opportunities to inhibit 
complement activation without interfering with membrane 
attack complex formation and thereby the defensive potential of 
complement. A decade ago, C5aR antagonist PMX53 has already 
been evaluated and trialed in psoriasis with initial encouraging 
results. Orally administered cyclic peptidomimetic PMX-53 was 
tested in a phase 1b/2a trial in 10 patients with psoriasis and posi-
tive results in many disease measures were obtained. However, 
unfortunately, this drug has a very short half-life of only 70 min 
which severely limits its use in clinical practice (134). Besides 
psoriasis, intervention in C5a–C5aR axis has very recently been 
shown to beneficial in the treatment of HS. Blockade of C5a by an 
anti-C5a antibody demonstrated up to 83% HS clinical response 
rate at the endpoint of anti-C5a treatment in a phase 2 clinical 
study, indicating the importance of complement in this disease 
(NCT03001622). Furthermore, a promising new therapeutic 
agent is a small molecule C5aR inhibitor CCX168 (Avacopan). 
The drug can be orally administered, shows a relatively long half-
life, has shown limited side effects and promising results in other 
neutrophil driven diseases, for example, in ANCA-associated 
vasculitis (135). These therapeutic agents are preferred over the 
use of Eculizumab (Soliris) which is a recombinant humanized 
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TABLe 1 | Overview of complement in skin diseases and the proposed triggers of complement activation.

Skin 
disease

Species System Findings related to complement Proposed triggers of complement  
activation and/or results

Reference

Psoriasis Human Scale extracts Elevated:
C3a, C4a, C5a, C5a-des-Arg

1. Natural anti-SC antibodies
2. C5 cleavage by serine proteases in SC
3. Microbial products
4. Alternative pathway activation after trauma

Tagami et al. (14, 32)
Ohkohchi et al. (17)
Schröder et al. (18)
Takematsu et al. (19)
Mrowietz et al. (16)

Human Skin biopsies Deposition:
C3b

IgG, IgM, IgG deposition Weiss et al. (15)

Human Serum Elevated:
FB, Bb, C3, C3a, C3b, C4, C4a, C4d, 
C5b-9, C1-INH, C4bBp, FH, FI
Decreased: properdin
Normal:
C3bBb, C1s-C1-INH

Systemic complement is not activated based  
on normal circulating C3bBb and C1s-C1-INH 
complexes (20)

Fleming et al. (20)
Kapp et al. (21)
Ohkohchi et al. (22, 23)
Rosenberg et al. (24)
Marley et al. (25)

Mice IMQ psoriasis 
model, C3−/−

Elevated:
C3 gene expression in WT mice  
after IMQ treatment

Trigger: unknown
Results: protection against development  
of psoriatic phenotype in C3−/− mice

Giacomassi et al. (40)

Acne 
vulgaris

Human Skin biopsies C3b deposition 1. P. Acnes
2. Natural anti-SC antibodies
3. Immune complexes

Scott et al. (44)
Dahl et al. (12)

HS Human Skin biopsies Gene induction of complement pathways Trigger: unknown Blok et al. (55)

Human Serum Elevated:
C5a, C5b-9

PAMPs and DAMPS Kanni et al. (56)

LE Human Genome Congenital deficiency of C1q,  
C1r, C1s, C4, C2.
C4 copy number variation

1. Breach of self-tolerance and auto-antibody formation
2. Inefficient clearing of apoptotic cells/debris

Racila et al. (64)
Boeckler et al. (65)
Chen JY et al. (66)

Human Serum Elevated:
anti-C1q auto-antibodies

Immune complexes, (anti-C1q) auto-antibodies Prodeus et al. (67)
Antes et al. (69)
Hoekzema et al. (70)

CSVV Human Skin biopsies C3c deposition in vessel wall Immune complexes Grunwald et al. (84)

Human Serum Elevated:
C3d, C5b-9

Immune complexes Dauchel et al. (86)

CU Human Serum Complement-dependent histamine  
release from basophils and mast cells

Type 2 hypersensitivity reaction: auto-antibodies  
against IgE-FcεR1α and IgE receptor

Zweiman et al. (99)
Ferrer et al. (100)

UV Human Serum Elevated:
Anti-C1q auto-antibodies
Hypocomplementemia

(Anti-C1q) auto-antibodies, immune complexes Wisnieski et al. (108)

BP Human Skin biopsies
Blister fluid

Deposition:
Linear basement membrane deposition 
of C1q, C3b, C3c, C3d, C4, C4d, C5, 
C5b-9, FB, FH, properdin

Anti-BP180 and BP230 auto-antibodies Dahl et al. (115)
Jordon et al. (116, 117)
Chandler et al. (118)
Kassaby et al. (119)
Magro et al. (120)
Pfaltz et al. (121)
Villani et al. (122)

Mice C4−/−
C5−/−
FB−/−
Anti-mC1q
CVF depletion

Linear basement membrane C3  
deposition in WT animals

Mechanism: anti-BP180 and BP230 auto-antibodies 
→classical pathway activation, alternative pathway 
activation (amplification loop)
Results in complement −/− mice: protection  
against development of BP

Liu et al. (123)
Heimbach et al. (124)
Nelson et al. (125)
Liu et al. (128)
Nishie et al. (129)

SC, stratum corneum; IMQ, imiquimod; HS, hidradenitis suppurativa; PAMPs, pathogen-associated molecular patterns; DAMPs, danger-associated molecular patterns; LE, lupus 
erythematosus; CSVV, cutaneous small vessel vasculitis; CU, chronic urticaria; UV, urticarial vasculitis; BP, bullous pemphigoid.
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monoclonal antibody directed against C5. Eculizumab intercepts 
the complement cascade at the terminal effector pathway by bind-
ing tightly to C5 and preventing cleavage to C5b. Consequently, 
this suppresses the formation of the C5b-9, increasing susceptibil-
ity to infection (136).

Besides therapeutic intervention in C5a–C5aR axis in auto-
inflammatory diseases, intervention in complement activation is 
likely to be beneficial in BP. This review discussed several experi-
mental mouse studies of BP that demonstrated a crucial role of 
complement activation in this auto-immune bullous disease. 
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Noteworthy, currently two trials with complement inhibitors are 
ongoing in BP: TNT-009 is a monoclonal antibody against C1s 
(NCT02502903) while coversin targets C5 and leukotriene B4 
(http://adisinsight.springer.com/trials/700284185).

Altogether, intervention in C5a–C5aR axis and the inherent 
inhibition of neutrophil recruitment might be the most interest-
ing treatment for complement-mediated inflammatory skin 
diseases.

CONCLUSiON

The complement system represents far more than the originally 
thought function as a non-specific defense mechanism against 
micro-organisms. By virtue of extensive murine model studies 
and genome-wide association studies, our knowledge regarding 
the functions and hidden connections of complement has greatly 
expanded. Besides the protective role of complement, improper 
regulated activation of complement can lead to extensive tis-
sue damage. Local and systemic complement activation has 
been demonstrated in several skin diseases; however, whether 

complement activation has pathogenic significance in different 
skin diseases remains to be investigated. Although not all trig-
gers of complement activation are fully elucidated in different 
skin diseases, antibody, and immune complex deposition play 
an important role in (classical) complement activation. However, 
earlier and more recent experimental studies using mice deficient 
in complement components have shown involvement of com-
plement in the pathogenesis of BP and experimental psoriasis. 
Furthermore, preliminary results of a phase IIa clinical study in 
HS shows promising results using a monoclonal anti-C5a anti-
body. These result indicate that complement mediates, at least in 
part, inflammatory skin diseases, in particular neutrophil driven 
diseases. Therefore, inhibition of neutrophil recruitment through 
intervention in the C5a–C5aR axis might be the most interesting 
target of intervention in inflammatory skin diseases.
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The complement system is a dynamic subset of the innate immune system, playing

roles in host defense, clearance of immune complexes and cell debris, and priming the

adaptive immune response. Over the last 40 years our understanding of the complement

system has evolved from identifying its presence and recognizing its role in the blood

to now focusing on understanding the role of local complement synthesis in health

and disease. In particular, the local synthesis of complement was found to have an

involvement in mediating ischaemic injury, including following transplantation. Recent

work on elucidating the triggers of local complement synthesis and activation in renal

tissue have led to the finding that Collectin-11 (CL-11) engages with L-fucose at the

site of ischaemic stress, namely at the surface of the proximal tubular epithelial cells.

What remains unknown is the precise structure of the damage-associated ligand that

participates in CL-11 binding and subsequent complement activation. In this article,

we will discuss our hypothesis regarding the role of CL-11 as an integral tissue-based

pattern recognition molecule which we postulate has a significant contributory role in

complement-mediated ischaemic injury.

Keywords: collectin-11, lectin pathway, complement system, innate immunity, renal ischaemia, renal

transplantation

INTRODUCTION

We have seen over many years that innate immune defense systems mounted at epithelial surfaces
perform multiple and often non-immune roles. The toll-like receptor system is a classic example
that has transformed our perception about the origins of innate immunity and its roles in insect
development (1, 2), antimicrobial defense (3) and in the pathogenesis of some inflammatory
conditions (4–6). The complement system Figure 1 has been known about for longer (7), but
the diversity of function and, in particular, its role at the interface between innate and adaptive
immunity can now be re-visited as a typical model for innate immune function as well as a
therapeutic target in a growing number of medical disorders.
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FIGURE 1 | The complement system. The complement system is activated through three main pathways: classical, lectin and alternative. The classical and lectin

pathways are activated by pattern recognition molecules binding to pathogen cell surfaces as well as infected and/or damaged cells. In the case of the classical

pathway this manifests as C1q binding, most commonly via immunoglobulin. However, C1q can also bind other immune surveillance molecules or directly to

disrupted structures via pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs). Meanwhile, the lectin pathway is

initiated by binding of collectins, such as MBL and CL-11, as well as ficolins, to PAMPs or DAMPs expressing carbohydrate ligands. Also shown in the diagram is a

C4-bypass mechanism in which MASP-2 in association with lectin molecules directly cleaves C3. The alternative pathway is activated by C3b binding to cell surfaces

and acts as an amplification process for the central complement component, C3, upon which both the lectin and classical pathways converge upon. Recently,

MASP-1/3 was also shown to trigger the alternative pathway as well. Through a number of complement convertases the effectors of the complement system are

generated. These are the anaphylatoxins, C3a and C5a, the membrane attack complex (MAC, C5b-9) as well as C3b and its metabolite C3d which mediate antigen

opsonisation and cell-cell adhesion (NB This is a generalized overview of the complement system as it specifically relates to the focus of this manuscript and is not

meant to be a comprehensive depiction of all parts of the complement system).

EARLY BEGINNINGS—LOCAL

COMPLEMENT SYNTHESIS

For us, the story begins with early reports detailing the
significance of local complement synthesis. Colten et al.
authored a number of publications that highlighted the
capacity of macrophages for producing a wide range
of complement components (8, 9). Well cited papers
on skin cells, neural cells, gut cells, cardiac cells, and
others came into vision, showing that the principle
of local synthesis was almost universal in resident

parenchymal cells and migratory leukocytes (10–17). Our
interest, as a nephrology group starting up in the late
1980s, was caught by kidney expression of a number of
complement genes in the context of inflammatory renal
disease (18, 19).

It became apparent that among the variety of intrarenal
cells studied, the renal tubule cells were a prolific source
of complement components. The renal tubule supports vital
functions in maintaining health and blocking invasive pathogens
such as uropathogenic Escherichia coli. The capacity of renal
tubule cells for complement synthesis was first characterized
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through the work of Daha and others (20–22) in Leiden
and further confirmed through histological examination of
both healthy and diseased tissue by several research groups
(23–25). The link between inflammatory conditions primarily
affecting the renal tubules and a high degree of intrarenal
complement expression was striking. Notably, these diseases
included ischaemic injury of the newly transplanted kidney and
transplant rejection (26–28).

At the time, the techniques of tissue- or cell-specific gene
deletion were not well enough established to allow interrogation
of local complement gene function, in the way that would be
pursued now. However, we found that we could harness skills
in mouse kidney transplantation to swap kidneys between wild-
type and gene-deleted mice, in both directions, to illuminate
the relative importance of local complement synthesis (29–31).
Our initial focus was on C3, the central and most abundant
component of the complement cascade in blood. We had already
shown, in human kidney transplantation, that C3 has a significant
contribution to the systemic complement pool through intrarenal
synthesis (32).

COMPLEMENT AND THE TRANSPLANTED

KIDNEY

The summation of the research including knockout mouse
transplant studies and clinical observational studies has
demonstrated a number of important principles. Namely,
it showed that local synthesis of C3 had a disproportionate
influence on ischaemia-reperfusion injury relative to the
systemic pool (30), and an impact was also observed in the
process of cell mediated rejection of MHC mismatched kidney
transplants (31). It was evident from the analyses that the renal
tubule cell was the primary target for complement deposition in
these conditions, and the tubule cell was also the primary site of
C3 expression (30).

The evidence additionally highlighted the role of donor
antigen-presenting cells (APCs) as a source of complement (33).
These cells, also known as donor passenger cells, reside in the
interstitial space of the donor kidney, specifically around the
renal tubules. Within the first 24 h after transplantation, these
cells migrate into the recipient lymphoid system where they
immunize the recipient against donor MHC antigen (34). Local
production of complement was shown to modify the capacity
of the APC to prime the antigen-specific T cells that mediate
rejection (31, 35–37).

Considerable work has gone into identifying the complement
effectors generated downstream of C3 that mobilize the
inflammatory and adaptive immune functions against the
transplant [reviewed in (38)]. These investigations have resulted
in a deeper understanding both of the roles of the anaphylatoxins,
C3a and C5a, (39) and the membrane attack complex (C5b-9) on
immune cells and parenchymal tissue (40).

In addition to expressing core complement components and
activating enzyme-precursors, tissue-resident andmigratory cells
also display receptors that detect a range of biologically active

complement products formed downstream of C3 cleavage (41–
43). This emphasizes the ability for cross talk between tissue-
resident and migratory cells within the transplant setting. It is
helpful to think of the different cells that produce and detect
complement as nodes in a local network, whose functions bring
together and amplify the innate immune response and regulate
adaptive immunity.

LOCAL TISSUE DEFENSE

Presumably, the local synthesis of complement components
serves to enhance the defense against invasive organisms. For
example, the synthesis of C3 by renal tract epithelium potentially
increases the efficiency with which locally invasive organisms
are opsonised and subsequently eliminated at the point of
entry. There is strong evidence for such a role, as the renal
tubular epithelium constitutively expresses complement, and the
production is rapidly upregulated in the presence of infection (44,
45). Further testament to this mechanism is that many common
urinary pathogens have developed resistance to complement,
including clinically relevant strains of gram negative pathogens
(46–48). Not only have these strains been found to resist
complement mediated lysis but they can also utilize complement
to invade complement receptor expressing tubular epithelial cells
(44, 49, 50). The C3b receptor, CD46, is one such receptor used
by uropathogenic E. coli to evade extracellular defenses (45, 51)
and is an illustration of themeans by which complement resistant
strains can gain an advantage against the host. Thus, the local
pool of complement can be both a protector against infection and
a source of tissue injury.

EMERGENCE OF COLLECTIN-11

Whereas the last 20-years of research has taught us much
about the effector functions of locally derived complement, our
knowledge of the trigger mechanisms that localize tissue injury
to a particular tissue compartment has lagged behind. This may
be because the changes that induce complement activation are
different for each organ and as such the studies in different organs
have produced mixed and sometimes contradictory results [for
more information refer to (52)]. Alternatively, it could be
that the focus on circulating complement has not led us to
the local mechanisms that drive complement-mediated disease.
It is a common observation that measurement of circulating
complement does not closely correlate with biopsy evidence of
complement activation within an affected organ, and this may
have delayed our understanding of local disease mechanisms.
If only we understood more about the structures that triggered
complement activation and how they are recognized in an organ
such as the kidney, we would knowmore about how to detect and
regulate harmful signals for health benefit.

We recently reviewed the evidence for the different pattern
recognition molecules that could trigger complement activation
in renal ischaemia-reperfusion injury and transplantation (52,
53). There, we considered whether the classical or lectin pathways
could mediate the onset of ischaemia-reperfusion injury and
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found no conclusive evidence of a role for the classical pathway
in the genesis of the renal injury within a murine model (54,
55). The lectin pathway also, at first, seemed not to have a
key role in the induction of ischaemic renal injury, since the
injury—at least in mice–was independent of C4, which is a
component shared by both the classical and lectin pathways
(56). However, we now believe that more recent findings on CL-
11 and the coupled enzyme MBL associated serine protease-2
(MASP-2) reconcile these observations, both in the context of
renal ischaemic epithelial cell damage and very possibly in retinal
epithelial ischaemic damage (57–59).

CL-11 is a recently described member of the lectin family
of pattern recognition molecules, with known antimicrobial
functions and ability to trigger complement activation via the
lectin pathway (60). Reported in 2006, CL-11 was at first named
kidney collectin, or CL-K1, for its abundant expression in normal
renal tissue (61, 62). The renaming of CL-11 is appropriate, since
it is now known that the molecule is widely expressed (60). The
most obvious expression site in the kidney is the renal tubule,
for this structure encompasses the largest volume in the kidney,
though CL-11 is also present in the glomerular mesangium
and epithelium. Despite its strong presence in the kidney, the
mean concentration of CL-11 in serum is just 284 ng/mL, by
ELISA measurement. Furthermore, CL-11 is known to form
heteromeric complexes with Collectin Liver 1 (CL-10) in the
serum. Interestingly, this heterocomplex, CL-LK, has been shown
to activate complement in vitro (63). However, we hypothesize
that it is the local production of complement that accounts for
tissue injury. Indeed, CL-11 has been shown to be produced by
renal epithelial cells, whereas CL-10 has not been definitively
shown to be expressed in the kidney (64) thereby making it less
likely that the CL-LK heterocomplex is participating in renal
injury.

CL-11 monomers have a similar structure to other C-type
lectins such as MBL and consist of a globular head followed by
a neck and a collagenous tail. The head contains a carbohydrate
recognition domain (CRD), and the tail contains binding sites for
MASPs which are required for complement activation. The CL-
11 monomers form a triplet structure that self-combines to form
oligomers with higher avidity of binding to ligand (65). Since
hypoxia- or hypothermia-treated epithelial cells appear to bind
CL-11 avidly (57–59), it is proposed that a change in presentation
of the stress-induced cellular ligand for CL-11 underpins strong
attachment of the oligomeric CL-11 complex. Whether this
stress-induced pattern could involve a change in orientation or
distribution of ligand, or increased expression or alteration of
biochemical structure, is currently under investigation. However,
clues to potential binding motifs or patterns can be gleaned from
understanding the binding properties of other lectins. Mannose-
Binding Lectin (MBL) is a well characterized C-type lectin similar
to CL-11 in that it shares a similar structure with a CRD and
collagenous tail, and binds oligosaccharide ligands in a calcium-
dependent manner. In particular, MBL has a higher affinity
for ligands that contain mannose or N-Acetyl-D-glucosamine
residues (66). More recently, information has been gathered
which further characterizes theMBL-oligosaccharide interaction,
specifically in relation toMBL binding of lipopolysaccharide (67).

Thus, our understanding of potential CL-11 ligands could be
narrowed by considering and applying our knowledge of the
glycan motifs that MBL recognizes.

Many molecules are normally glycosylated to some extent.
In particular, fucosylated molecules are widely synthesized in
normal tissues (68), and what is interesting to us is that L-
fucose, the preferred monosaccharide recognized by CL-11, is
also abundant in the proximal renal tubule (57). These are the
very cells that express complement components in abundance.
Therefore, the core components of the complement system
including C3, C5 (23) and a lectin pathway trigger (CL-11) are
expressed within the same hypoxia-sensitive segment of the renal
tubule, where a potential binding ligand for CL-11 is also present.
In vivo and ex vivo studies of epithelial cell injury suggest that
hypoxia- or hypothermia-induced binding of CL-11 is followed
by complement activation on the injured cell surface at sites
that are specifically marked by CL-11. In a murine model of
hypoxia-induced renal tubule cell stress, complement deposition
was prevented by CL-11 deletion or by L-fucose blockade of the
carbohydrate recognition domain of CL-11 (57). The protective
effect of L-fucose blockade could also be demonstrated in wild
type mice undergoing renal ischaemic insult (unpublished data).
A similar injury mechanism also appears to occur in retinal
pigmented epithelial cells, where hypoxia-induced membrane
attack complex formation and CL-11 deposition correlate with
sites of L-fucose expression (59). Thus, these findings may have
potentially broad implications for diseases where complement
mediated injury is thought to play a significant role.

CLOSING THE GAP

David and colleagues originally described the ability of renal
tubule cells to spontaneously activate complement in the
presence of normal human serum, and they attributed this
to activation of the alternative complement pathway (69, 70).
However, subsequent understanding of the lectin pathway and,
in particular, the role of CL-11 now suggests another explanation
(57). It points to a role for pattern recognition by CL-11 in
contact with a damage-associated ligand on hypoxia-activated
cells, and in turn the subsequent activation of the complement
cascade by lectin-pathway associated serine proteases, i.e.
MASPs. Although the alternative pathway may still play a role
in hypoxia-mediated renal injury, the emerging data suggests
that CL-11 is indispensable for triggering complement activation.
Secondary activation of the alternative pathway could then occur
either after the formation of C3b (which is an acceptor for factor
B of the alternative pathway), or byMASP-1/3-mediated cleavage
of complement factor D, which in turn cleaves factor B (60, 71).
In the current model, CL-11 is expressed at physiological levels
in the kidney and only substantially increases in binding to the
tubule following cell stress. Complement activation then occurs
at the sites where CL-11-MASP complexes form.

MASP-2 and its relationship with CL-11 are thought to play an
essential role in this model. MASP-2 is one of the three MASPs
that are physically linked with complement-activating lectins,
including CL-11. MASP-2 differs from MASP-1 and MASP-3, in
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FIGURE 2 | Hypothesis of local complement activation triggered by CL-11 on stressed epithelial cells. We hypothesize that under steady state conditions, CL-11 is

produced and released from the basolateral surface and likely the luminal surface of epithelial cells (e.g., renal tubular epithelial cells and retinal pigmented epithelial

cells). Upon stress, damaged epithelial cells display an abnormal pattern of L-fucose resulting in CL-11 binding to cell surface. CL-11/MBL-associated serine protease

(MASP 1, 2 & 3) complexes become activated promoting downstream complement activation. In particular, MASP-2 is a key player at the site of tissue injury cleaving

C3 in a C4-independent manner. During this process, the anaphylatoxins C3a and C5a are generated and C5 cleavage initiates the terminal pathway that culminates

in the formation of the membrane attack complex (MAC). C3b formed by the lectin pathway can covalently bind to target cells and initiate the alternative pathway. C3b

bound to factor B (C3bB) is cleaved by factor D to form the alternative pathway C3 convertase.

that only MASP-2 can directly cleave C3 in human and murine
sera (64, 72). It is only recently that studies in gene-deleted
mice have not only confirmed the importance of MASP-2 in
mediating renal, cardiac and intestinal ischaemic injuries, but
have shown that the injury in each case was C4-independent
(30, 58, 73). The evidence supports a pathway of injury in
which stress-induced ligand presentation leads to CL-11 binding
and subsequent MASP-2-mediated triggering of complement
activation using a route that involves the direct cleavage of C3
by MASP-2 (60, 71, 74). As indicated above, MASP-1/3-mediated
activation of the alternative complement pathway could be a
supplementary mechanism of injury triggered by CL-11.

In total, the evidence suggests that the renal epithelial cell
behaves as a unit of host defense and inflammation, in which
CL-11 appears to integrate the detection of cell stress signals
with activation of the complement system. We envisage that CL-
11 is primarily a tissue-based pattern recognition molecule that
binds damage associated molecular patterns (DAMPs) Figure 2.
In the presence of tissue stress from non-infectious causes, the
effector actions of CL-11 appear to be misdirected by glycan
ligands that are inappropriately exposed on the renal tubule
cell surface. Similar cellular responses to stress such as hypoxia
probably exist at other surfaces, such as the retinal epithelium,

where hypoxia-induced complement activation in the presence
of CL-11 is also described (59). What remains unclear is the
biochemical structure of the damage-related glycan ligands (and
carrier molecules) recognized by CL-11. Future studies will need
to elucidate the nature of the stress signal on cells and how
it is induced by hypoxia to fully validate the hypothesis, and
show whether the same or similar mechanism operates at other
epithelial surfaces. As the identity of these DAMPs begin to
emerge, it will be important to determine whether and how
those exposed on renal tissue differ from the CL-11 ligands on
other tissues and microbial structures, or indeed on developing
tissues targeted by CL-11. There is little doubt that investigating
CL-11 will provide new tools to prove the wider functions of
immune surveillance at different sites, with the potential to
develop new clinical agents for detecting or blocking specific
patterns.
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Atypical hemolytic uremic syndrome (aHUS) is a severe disease characterized by

microvascular endothelial cell (EC) lesions leading to thrombi formation, mechanical

hemolysis and organ failure, predominantly renal. Complement system overactivation

is a hallmark of aHUS. To investigate this selective susceptibility of the microvascular

renal endothelium to complement attack and thrombotic microangiopathic lesions, we

compared complement and cyto-protection markers on EC, from different vascular beds,

in in vitro and in vivo models as well as in patients. No difference was observed for

complement deposits or expression of complement and coagulation regulators between

macrovascular and microvascular EC, either at resting state or after inflammatory

challenge. After prolonged exposure to hemolysis-derived heme, higher C3 deposits

were found on glomerular EC, in vitro and in vivo, compared with other EC in culture and

in mice organs (liver, skin, brain, lungs and heart). This could be explained by a reduced

complement regulation capacity due to weaker binding of Factor H and inefficient

upregulation of thrombomodulin (TM). Microvascular EC also failed to upregulate the

cytoprotective heme-degrading enzyme heme-oxygenase 1 (HO-1), normally induced by

hemolysis products. Only HUVEC (Human Umbilical Vein EC) developed adaptation to

heme, which was lost after inhibition of HO-1 activity. Interestingly, the expression of KLF2

and KLF4—known transcription factors of TM, also described as possible transcription

modulators of HO-1- was weaker in micro than macrovascular EC under hemolytic

conditions. Our results show that the microvascular EC, and especially glomerular EC,

fail to adapt to the stress imposed by hemolysis and acquire a pro-coagulant and

551

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.03008
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.03008&domain=pdf&date_stamp=2018-12-20
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:marie.frimat@chru-lille.fr
mailto:lubka.roumenina@crc.jussieu.fr
https://doi.org/10.3389/fimmu.2018.03008
https://www.frontiersin.org/articles/10.3389/fimmu.2018.03008/full
http://loop.frontiersin.org/people/498242/overview
http://loop.frontiersin.org/people/211378/overview
http://loop.frontiersin.org/people/498035/overview
http://loop.frontiersin.org/people/653016/overview
http://loop.frontiersin.org/people/517111/overview
http://loop.frontiersin.org/people/582308/overview
http://loop.frontiersin.org/people/203575/overview


May et al. Heme and Glomerular Thrombotic Microangiopathy

complement-activating phenotype. Together, these findings indicate that the vulnerability

of glomerular EC to hemolysis is a key factor in aHUS, amplifying complement

overactivation and thrombotic microangiopathic lesions.

Keywords: atypical hemolytic uremic syndrome, complement system, endothelial cells, heme, heme oxygenase-1,

thrombomodulin

INTRODUCTION

The atypical hemolytic uremic syndrome (aHUS) is a rare,
kidney-predominant, thrombotic microangiopathy (TMA)
associated with the formation of fibrin-platelet clots in
microvessels which trigger mechanical hemolysis (1). A
dysregulated complement alternative pathway (AP) plays a
key role in aHUS, as suggested by genetic abnormalities in AP
proteins found in up to 60% of patients (2, 3) and the efficacy of
anti-C5 therapy (4). Although the complement overactivation is
systemic, a particular renal tropism of the TMA lesions exists,
and injury of others organs is unusual in aHUS (5–10% of
patients) (2, 5).

This susceptibility of renal endothelial cells (EC) to
complement overactivation remains poorly understood. Despite
the morphologic and functional differences between glomerular
EC and other microvascular EC, no major differences were
observed in the basal expression of complement regulators or
complement component C3 deposits in resting state (6–10). The
high expression of complement proteins in kidneys could explain
the greater susceptibility of glomerular EC to complement attack.
The EC-derived C3 and Factor B are, however, present at lower
concentrations in kidney compared to the liver-derived C3 and
FB in blood, to which endothelium is exposed in vivo. Additional
factors are necessary to fully explain the vulnerability of the
glomerular endothelium to complement-mediated injury and
TMA in aHUS.

Cell-free hemoglobin and heme, released during hemolysis,
are potent promoters of pro-inflammatory and pro-oxidant
effects (11–13) and can induce EC phenotypical changes,
affording them complement activating properties (8, 14,
15). Under hemolytic conditions EC also up-regulate the
cytoprotective heme-degrading enzyme heme oxygenase 1
(HO-1) (15), and this overexpression was associated with
increased resistance to complement activation in HUVEC (16).
Nevertheless, the implication of HO-1 in the protection of
glomerular endothelium has not, to our knowledge, been studied.

We here show that endothelial heterogeneity is apparent
under hemolytic conditions: the microvascular EC, and
particularly the glomerular EC, become vulnerable to injury
through differences in their C3 regulation and heme degradation
compared with macrovascular EC. These results might explain,
at least in part, the renal tropism of complement-mediated TMA
lesions in aHUS.

MATERIALS AND METHODS

Reagents
The oxidized form of heme (hemin, ferriprotoporphyrin
IX), designated as heme, (Sigma or Frontier Scientific) and

Sn(IV) mesoporphyrin IX (SnMPIX) (Frontier Scientific) were
suspended at 10mM in 50mM NaOH, 145mM NaCl, and
therafter diluted in the appropriate vehicle (medium for culture
cells, PBS for animal experimentation).

Animal Experimentation
All experiments were conducted in accordance with the
recommendations for care and use of laboratory animals of the
French Ministry of Agriculture and with the approval of the
Charles Darwin Ethics Committee for animal experimentation
(Paris, France) number APAFIS#3764-201601121739330v3.
Six to eight-week-old female C57Bl/6 mice from Charles
River Laboratories (L’Arbresle, France) were treated with
intraperitoneal injection of 200 µL phosphate buffer saline (PBS,
Dulbeco) or freshly prepared heme (40µmol/kg corresponding
to 27µg/g body weight) at day 0 and 1. At day 2 mice were culled
and the organs were then recovered: kidneys, lungs, heart and
skin (1 cm²) were preserved directly in plastic molds containing
optimal cutting temperature (OCT) compound, placed on dry
ice and frozen. Brains were otherwise frozen in isopentane at
−70◦C to preserve the tissue architecture before being placed in
OCT and frozen.

Immunohistochemistry (IHC) and
Immunofluorescence (IF)
Frozen organs sections (6µm)were fixed in acetone. The primary
antibodies were: Heme Oxygenase-1 (HO-1; rabbit anti-mouse,
Abcam Ab13243, 5µg/ml), C3b/iC3b (rat anti-mouse, Hycult
biotech, HM1065, 1µg/ml), Thrombomodulin (TM; rabbit
anti-mouse, R&D systems, MAB3894, 20µg/ml), CD31 (rat
anti-mouse, Abcam Ab7388, 2µg/mL), von Willebrand Factor
(vWF; sheep anti-mouse, Abcam, Ab11713, 1/100). Staining was
revealed by goat anti-rabbit AF647 (Thermoscientific, A21244,
5µg/mL) or goat anti-rat AF555 (Thermoscientific, A21434,
5µg/mL). Slides were scanned by Nanozoomer (Hamamatsu)
and AxioScan (Zeiss) for IHC and IF, respectively.

Endothelial Cells Assays
Cells Culture
Human umbilical vein endothelial cells (HUVEC—a model
of macrovascular EC), a human dermal EC line (HMEC—a
microvascular EC model), conditionally immortalized (GENC)
and human primary (HRGEC) glomerular EC were compared.
HUVEC (n= 7 donors) were obtained from CHU Lille (France),
HMECwere fromATCC (17) (US), GENCwere fromDr. Satchell
(Bristol, UK) (18) and HRGEC (n = 3) were from iCelltis
(Toulouse, France). Cells were cultured as previously described
(9, 10, 18): briefly, the growth medium was M199 20% fetal calf
serum and 20% EGM2-MV (Lonza) for HUVEC, and EGM2-
MV for the other cell types. HUVEC and HRGEC were used for
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experiments until passage 4, HMEC between passages 2–7 and
GENC between passages 23 and 30. Cells were exposed to heme
at indicated doses overnight or for 30min in serum-free medium
OPTI (Thermo Fisher), or overnight to the pro-inflammatory
cytokines TNFα and IFNγ (PeproTech) at 10 ng/ml and 103

U/ml in complete medium, respectively. Alternatively, HUVEC
were exposed to heme or SnMPIX overnight before being re-
challenged, or not, with 50µMof heme. Dead cells were removed
by washing. Normal human serum (NHS) was used as a source of
complement.

Flow Cytometry
Cells were washed, detached, labeled and analyzed by flow
cytometry (BD LSR II), and the data assessed using FCS
Express software (De Novo software). Antibodies were diluted
in PBA (PBS, BSA 0.5%, Azide 0.1%): anti-C3c (Quidel, A205,
10µg/ml), anti-FH (antiFH#1, Quidel, A229, 55µg/ml), anti-
MCP-PE (Bio Rad, MCA2113, 10µg/ml), anti-DAF (Bio Rad,
MCA1614, 10µg/ml). Staining was revealed by goat anti-mouse
IgG PE (Beckman Coulter, IM0551). Cell viability was followed
by annexin V-APC/DAPI staining (BD Bioscience).

RTqPCR
RNA extraction from cells was performed with a Qiagen
kit. Quality and quantity of RNA were measured by an
Agilent 2100 Bioanalyzer (Agilent Techonologies). RNA
Integrity Number was considered acceptable if >9. After
standard RT-PCR, amplification of cDNA was proceeded with
following probes: actin-4332645, TM-hs00264920-s1, HO-1-
hs01110250_m1, KLF2-Hs00360439_g1, KLF4-Hs00358836_m1,
NRF2-Hs00975961_g1, BACH1-Hs00230917_m1. Data were
analyzed by SDS2.3 and RQ manager software. The mean cycle
threshold (CT) values for both the target and internal control
(β-actin) were determined for each sample. The fold change
in the target gene, normalized to β-actin and relative to the
expression of untreated HUVEC, was calculated as 2–11CT
(19).

Western Blot (WB)
Cells were lysed in RadioImmunoPrecipitation Assay (RIPA)
buffer and deposited at 10µg/ml on 10% pre-casted gels
(Life Technology). After transfer, the HO-1 and actin were
probed by a rat anti-human HO-1 IgG2b (R&D systems,
MAB3776, 2µg/ml) and a rabbit anti-actin (Sigma Aldrich,
A2066, 1/10000). Secondary antibodies were goat anti-rat IgG-
HRP (R&D systems, HAF005, 1/5000) and goat anti-rabbit IgG-
HRP (Santa Cruz Technology, sc-2004, 1/10000). Blots were
revealed by chemiluminescence (Super Signal West, Extended
Duration Substrate, Thermoscientific myECL).

Study of C3b Cleavage
To study the contribution of TM to the cleavage of C3b by
Factor I (FI) in the presence of Factor H (FH) as a cofactor,
purified C3b (Calbiochem), diluted in Tris buffer (10mM, NaCl
40mM, pH7.4) at 20µg/ml (300 µl), was incubated with human
albumin (CSL Behring, 10µg/ml), TM (R&D Systems, 10µg/ml,
10 µl), or without protein for 10min on ice. FH (20µg/ml, 10

µl) was added on ice for 10min. Each sample was separated into
4 tubes, and 4 µl of FI (10µg/ml) was added per tube. DTT-Blue
Reducing sample buffer (13µL) was added at t= 0, 30 s, 2min or
10min to stop cleavage of C3b. Samples were denatured, resolved
on a 10% gel and transferred onto a nitrocellulose membrane.
The antibodies used for visualization by WB were an anti-C3
polyclonal goat antiserum (Merck Millipore, 204869, 1/5000)
and a goat anti-rabbit antibody IgG-HRP (Santa Cruz, sc-2004,
1/5000).

Patients’ Kidney Biopsies
Biopsies from two aHUS patients - P1 carrying C3 p.R161W [C3
gain of function (9)] and P2, having homozygous FH mutation
p.C564F (FH deficiency)—were retrieved from the archive of the
Pathology Institute of CHU Lille, France. P1 had a hemolytic
anemia and histological analysis described typical lesions of
glomerular and arteriolar TMA. Hemolysis was corrected at the
moment of P2 biopsy, which reported predominant chronic
TMA lesions, characterized by vessel wall thickening and
thrombotic occlusion of many arterioles. Perls’ Prussian blue
staining identified hemosiderin deposits. Immunohistochemical
analysis for HO-1 (rabbit anti-HO-1, Abcam) was performed
on deparaffinized slides using Ventana XT autostainer (Ventana
Medical systems). Immunofluorescence with rabbit anti-C3c
(Dako) was performed on frozen slides. Secondary antibodies
were coupled to Fluorescein IsoThioCyanate—FITC (Sigma
Aldrich). A normal protocol, kidney allograft biopsy performed
3 months after transplant was used as a negative control and
biopsies of two patients with chronic hemolysis (hemolysis
associated with prosthetic heart valve) were used as positive
controls for hemosiderin detection and tubular staining of
HO-1 (20). Whole slides were scanned or analyzed by an
Olympus microscope (Life Sciences Solutions) or Nanozoomer
(Hamamatsu).

Statistics
Statistical analysis was performed with R software (21). The
ggplot2 package (22) was used for graphical representations.
Data are presented as medians and interquartile ranges. After a
Kruskal-Wallis test, a Dunn’s test was used for multiple pairwise
comparisons. A p-value <0.05 was considered significant.

RESULTS

Heme-Induced C3 Fragment Deposition
With a Particular Renal Tropism in vivo
We performed a comparative analysis of the deposition of C3
activation fragments in mouse organs under control conditions
(injection of PBS) and after administration of heme using IF
(Figure 1) and IHC (Supplementary Figure 1). No structural
differences were detected in the kidneys or livers of heme-
injected mice (Periodic Acid Schiff (PAS) and hematoxylin,
eosin, saffron (HES) staining), in agreement with previous
observations (13).

IHC staining for C3 activation fragments revealed
minimal/absent staining in the three tested organs: kidney,
heart and liver of PBS-injected mice. In heme-injected mice,
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FIGURE 1 | Heme-induced complement C3 fragment deposition with a particular renal tropism in vivo. (A-F) C3b/iC3b staining (red), wWF staining (green) and

colocalization vWF—C3b of frozen kidney x15 (A), heart x15 (B), liver x8 (C) brain x8 (D), skin x15 (E), and lung x5 (F); sections of mice treated with PBS (negative

control, upper panel) or heme (lower panel) studied by immunofluorescence. Representative images of 3 independent experiments with 3 or 5 mice per group.

significant deposits were observed in kidney glomeruli,
while only minimal effects were observed in heart or liver
using this technique (Supplementary Figures 1A–C). We
also studied the C3 fragment deposition using the more
sensitive IF method. C3 staining was detected in kidneys
of PBS-injected mice, located along the tubular basement
membrane and in the Bowman’s capsule (Figure 1A); it
was minimal/absent in heart, liver, brain, skin and lungs
of these mice (Figures 1B–F). In the presence of heme,

strong C3b/iC3b staining was detected in kidneys (Figure 1A,
Supplementary Figure 1D) contrary to heart and brain
(Figures 1B,D). To a lesser extent, deposits were also revealed
in liver, skin and lungs (Figures 1C,E,F). In the heme-exposed
kidneys themselves, C3 fragment deposits were observed in
vessels, intra-glomeruli, along the tubular basement membrane
and in the Bowman’s capsule. C3 deposits were detected on the
glomerular EC, as seen by double staining for C3b/iC3b and
vWF (Supplementary Figure 1D).
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Long-Term Exposure to Heme Rendered
Glomerular Endothelial Cells Susceptible
to Complement Activation in vitro
We then tested whether the particular susceptibility of the
glomerular endothelium to C3 activation fragment deposition
could be reproduced in vitro, using cultured human EC from
different vascular beds (Figure 2A). We compared human
primary (HRGEC) and conditionally immortalized (GENC)
glomerular cells with HUVEC (as a macrovascular EC model)
and human microvascular EC line (HMEC), for their capacity

to activate complement after exposure to heme. In accordance
with the in vivo data, C3 deposits were significantly higher

on glomerular EC (GENC and HRGEC) than on HUVEC and
HMEC (p < 0.05). Overnight exposure to 50µM heme increased

C3 deposition on average ∼2.6 fold on HUVEC, ∼4 fold on
HMEC, ∼7.5 fold on GENC and ∼6 fold on HRGEC compared
with the baseline. No significant difference was observed in terms
of C3 fragment deposition at resting state on the tested EC
(Figures 2B,C).

Others TMA-related stimuli were tested, such as exposure to
pro-inflammatory cytokines TNFα and IFNγ (deemed pertinent
as the primary trigger for aHUS could be an infection) or brief
exposure (30min) to heme [since hemolysis has been proposed as
a secondary hit for aHUS (8)]. In both cases HUVEC and GENC
showed a similar response profile, with increased C3 fragment
deposition from NHS, but without significant difference between
the cell types in either the resting state or in the 30min heme-
exposed cells, while GENC had lower levels of C3 deposition
compared to HUVEC after activation by the pro-inflammatory
cytokines (p < 0.0001) (Figure 2D).

The Increase of C3 Deposition on
Glomerular EC Correlates With a Weaker
FH Binding
Most cells adapt over the long term to resist to heme overload.
Therefore, we compared the binding/expression of complement
regulators after overnight exposure to heme (Figure 3). We
detected a heme-concentration-dependent increase of FH
binding from NHS, significantly higher on HUVEC, compared
with the glomerular EC (p < 0.05) (Figures 3A,B). The
expression of MCP and DAF did not differ among the four tested
EC types at resting state (Supplementary Figures 2A,B), while
under hemolytic conditions MCP decreased to a similar level for
the four cell types and DAF displayed a heterogeneous behavior
(Figures 3C,D).

TM Is Inefficiently Upregulated on
Heme-Exposed Microvascular EC in vivo

and in vitro
The susceptibility of microvasculature to TMA could be
related not only to lower resistance to complement but
also to inefficient thromboresistance or regulation of the
coagulation cascade. TM is a key factor in reducing blood
coagulation, but may serve also as complement regulator
(23). Here, TM accelerated the cleavage of C3b to iC3b by

FI, leading to the appearance of the α43 fragment at 30 s
with a time-dependent increase; this band was invisible in
the presence of albumin (irrelevant protein) or buffer at
30 s, appearing later (2min) with a time-dependent increase
(Figure 4A).

In vitro, the expression of TM did not differ among the four
tested EC types at resting state (Supplementary Figure 3). After
prolonged exposure to heme, TM gene expression (Figure 4B)
increased in HUVEC (gene expression ∼6.1 fold at 50µM
heme, compared to baseline), while it was significantly lower
in HMEC, GENC, and HRGEC (p < 0.05) compared with
HUVEC. The TM level was also evaluated in different organs
of heme-injected mice (Figure 4C). No difference was detected
in glomeruli (strong basal staining) nor in heart or brain
of heme- vs. PBS-injected mice. In contrast, a tendency
toward an increase of TM was detected in skin, and a
significant 18-fold increase of TM staining was found in the
large vessels of the livers from heme-injected mice compared
with PBS controls (p < 0.05). Surprisingly, an over 30-fold
decrease of TM was seen in the lungs’ microvasculature of
heme-injected mice compared with controls (p < 0.0001)
(Figure 4C).

Heme Oxygenase-1 (HO-1) Is Inefficiently
Upregulated on Microvascular and
Particularly on Glomerular Endothelium by
Heme in vitro and in vivo
The susceptibility of the kidney to TMA lesions could be also
related to a reduced resistance to oxidative stress and inefficient
heme-degradation. HO-1 is the major heme-degrading enzyme
and its expression is inducible after cell stress (15).

In mice, at basal condition (PBS), HO-1 staining was negative
in the kidney (Figure 5A) as well as in others studied organs
(Figures 5B–F). After heme injection, HO-1 staining was intense
in the proximal tubules, but remained negative in glomeruli
(Figure 5A, Supplementary Figures 4A,B). The same results
were observed by IHC. Onlyminimal HO-1 staining was detected
in some cases in heme-exposed glomeruli, corresponding to
the glomerular epithelial cells and not endothelial cells in
agreement with previous reports for human glomeruli (24); HO-
1 expression was not detected in the brains of the heme-treated
mice either. HO-1 labeling was positive in heart, liver, skin
and lungs of heme-treated animals (Figures 5B–F), and visual
colocalization with blood vessels was observed. In the skin, the
HO-1 expression was particularly strong in the vessels of the hair
follicles.

In vitro, heme-treatment induced ∼92.3 fold increased
HO-1 gene expression on HUVEC, compared to baseline
(Figure 6C).This increase was weaker in the other cell types:∼5.9
fold on HMEC (p < 0.05), ∼26.6 fold on GENC (p < 0.05)
and ∼17 fold on HRGEC (p < 0.05). HO-1 protein expression
level in HUVEC, and to a lesser extent HMEC, increased with
increasing heme concentration (Figures 6A,B—note that HMEC
are derived from cells isolated from human foreskins and lack
hair follicles). Meanwhile, HO-1 expression on both glomerular
EC types was only weakly detected.
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FIGURE 2 | Influence of heme and cytokines on C3 fragment deposits on cultured human EC. (A) Experimental settings of figures (B–D) study by flow cytometry of

C3b/iC3b deposition on cultured human EC (HUVEC, HMEC, GENC, HREGC), pretreated with medium only, TNFα/IFNγ overnight, or 50µM of heme (30min or

overnight) before incubation with 33% NHS diluted in M199 culture medium and non-enzymatic detachment. (B) C3b/iC3b fragment deposits on resting EC (gray

histograms) or EC treated overnight with 50µM of heme (red histograms). Isotype control IgG1 appears as a black histogram (Iso). Representative histograms of 3

independent experiments. (C) Quantification of C3b/iC3b fragments deposition on the four EC types, studied as a function of the dose of heme overnight (n = 3–5).

(D) Quantification of C3b/iC3b fragments deposition on HUVEC and GENC pretreated with medium only, TNFα/IFNγ overnight, or 50µM of heme (30min) (n = 3–5).
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FIGURE 3 | Influence of heme on C3 convertase regulators on cultured human EC. Experimental settings are similar with Figure 2. (A) Binding of FH on resting EC

(gray histograms) or EC treated overnight with 50µM of heme (red histograms) before incubation with sera. FH binding was analyzed by flow cytometry. Isotype

control IgG1 appears as a black histogram (Iso). Representative histograms of 3 independent experiments. Quantification of the (B) FH, (C) MCP, and (D) DAF

staining, studied as a function of the dose of heme (n = 3–5).

HO-1 Is Inefficiently Upregulated in
Patients’ Glomerular Endothelium
In kidney biopsies of patients with hemolysis—aHUS or
with prosthetic cardiac valve—IHC with anti-HO-1 revealed
a tubular staining proportional to the degree of hemolysis
observed by hemosiderin deposition by Perls’ Prussian blue
staining (Figure 6D). Glomerular endothelium HO-1 staining
was negative (Figure 6E). No hemosiderin deposition, HO-
1 mesangial or tubular stainings were detected in negative

controls. It should be noted that all biopsies, even negative
controls, displayed non-specific staining due to capture
of the antibody by erythrocytes. Positive staining was
nevertheless detected on podocytes, in agreement with
previous observations (25). Similar to the mouse results,
weak positive C3 staining was detected in some glomeruli
of cardiac valve patients, while intense deposits were
observed in the patients with complement abnormalities
(Figure 6F).
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FIGURE 4 | Influence of heme on the TM expression in vitro on cultured human EC and in mice. (A) Functional activity of TM as complement regulator, studied using

purified protein by western blot. C3b is composed of 2 chains, α and β, visible by WB as 2 bands. The α chain is cleaved by FI to give two new bands: α67 and α43.

The intensity of these bands reflects the level of C3b conversion to iC3b. Incubation of C3b with FH and FI led to cleavage of C3b to iC3b in a time-dependent

manner. Addition of TM accelerates the cleavage of C3b compared to albumin and buffer controls. (B,C) HUVEC, HMEC, GENC, and HRGEC were incubated with

increasing concentrations of heme overnight and mRNA was extracted. Gene expression of (B) TM was measured by RTqPCR, (n = 3). (C) TM staining (in red) was

studied by IF in frozen kidney (x15), heart (x15), liver (x8), brain (x8), skin (x15), and lung (x5) sections of mice treated with PBS (negative control) or heme.

Representative images of 5 mice per group. Lower panels: quantification of TM staining in organs sections of PBS (white) and heme-injected mice (gray).
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FIGURE 5 | Comparison of HO-1 expression in different organs after heme injection in mice. (A-F) vWF (green) staining, HO-1 (red) staining and colocalization on

frozen kidney (x15), heart (x15) liver (x8), brain (x8), skin (x15), and lung (x15) sections of mice, injected with PBS (upper panel) or heme (lower panel), studied by IF.

Representative results of 3 independent experiments with 3 or 5 mice per group.

Glomerular EC Fail to Accommodate a
Second Challenge With Heme and Show
Enhanced C3 Deposition
The HO-1 up-regulation is accompanied by accommodation

and a gain in complement resistance in HUVEC (16). We

here compared the C3 deposition on the four EC types after

incubation overnight with different doses of heme (to induce

HO-1 upregulation), followed by a second challenge with 50µM

of heme for 30min and exposure to serum (Figure 7A). The

30min heme-exposure caused about a 2-fold increase of the C3
deposition on EC not receiving heme overnight (not shown).
Exposure to heme overnight followed by 50µM heme for
30min produced a dose-dependent decrease in C3 deposition
on HUVEC, but an increase on glomerular EC (Figure 7B).
C3 deposits decreased by ∼50% on HUVEC, while they
significantly increased by ∼8 fold on GENC and ∼3 fold on
HRGEC (p < 0.05) compared with HUVEC. HMEC showed
an intermediate phenotype with C3 deposition comparable to
baseline.
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FIGURE 6 | Influence of heme on the HO-1 expression in vitro in cultured human EC and HO-1 expression and C3b deposition in human kidney biopsies under

hemolysis (A–C) HUVEC, HMEC, GENC, and HRGEC were stimulated with increasing concentrations of heme overnight. (A) HO-1 protein level studied by western

blot (n = 2–5). (B) Quantification of the western blots (n = 2–5), ratio of the band of HO-1, relative to the band of actin. (C) HO-1 gene expression measured by

RTqPCR (n = 3). (D) Hemolysis level on human kidney biopsies was evaluated by the hemosiderin deposits, revealed by Perls’ coloration. (E) HO-1 (brown) and (F)

C3 (green) staining were performed by IHC and IF, respectively. A normal protocol, kidney allograft biopsy performed 3 months after transplant was used as a negative

control. Biopsies of a patient with chronic hemolysis (hemolysis associated with prosthetic heart valve) were used as a positive control. Two patients with aHUS

carrying complement mutations were tested.
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To find out to what extent this protective effect in HUVEC
was HO-1 dependent, the HO-1 expression was induced by
pre-incubation with another porphyrin of similar structure to
heme (SnMPIX) but which blocks its activity (26–28). Overnight
exposure of the cells to SnMPIX caused HO-1 expression, albeit
2–3 fold weaker than that induced by exposure to heme, and
no increase of C3 deposition (data not shown). After a second
challenge with heme, no protective effect against complement
of the pre-incubation with SnMPIX was detected at any of the
tested doses (up to 50µM), contrary to heme which produced a
protective effect after cells were exposed at 12.5µM heme (p <

0.05) (Figure 7C).

TM and HO-1 Expression May Be Parallel
Phenomena, Dependent on the
Transcription Activity of KLF2 and KLF4
HO-1 expression is mainly dependent of the transcription factors
NRF2 and BACH1, but no major differences were found for their
expression between the four EC types (Figures 7D,E), except
for a slightly lower expression of NRF2 at resting state for the
glomerular HRGEC (p < 0.05).

We then studied transcription factorsKLF2 and KLF4 because
they control the expression of TM (29), and KLF4 could also
modulate HO-1 expression (30). For KLF2, a strong dose-
dependent effect was noted in HUVEC with ∼9.8-fold increase
compared with untreated cells after exposure to 50µM of heme
(Figure 7F). The increase in the other cell types was lower
compared to HUVEC, with only ∼2, ∼3.3, and ∼3.8-fold after
exposure to 50µM heme for HMEC, GENC, and HRGEC,
respectively. StrongKLF4 gene expression was also observed with
increases in heme concentration (Figure 7G). Exposure to 50µM
heme induced ∼25-fold increase of KLF4 level in HUVEC,
but only ∼1.26, ∼1.1, and ∼1.48-fold in the microvascular
HMEC, GENC, and HRGEC, respectively. These results may be
explained, at least in part, by the shared profile of TM and HO-1
expressions in microvascular EC.

DISCUSSION

In this study, we discovered a dichotomy in the phenotypic
adaptation to hemolysis of macro- vs. microvascular
endothelium. Macrovascular EC adapted to heme-overload
by up-regulating the heme-degrading HO-1 and the coagulation
and complement regulator TM, as well as exhibiting enhanced
binding of the complement regulator FH. On the contrary,
the microvascular EC, and in particular glomerular EC, were
less efficient at each of these processes (Figure 8A), which
resulted in a susceptibility of glomerular endothelium to heme-
driven complement overactivation. These observations may
help to explain the microvascular and renal tropism of the
complement-mediated TMA lesions of aHUS (Figure 8B).

The tropism of TMA lesions for small vessels is a defining
feature of this group of syndromes, but the mechanisms remain
poorly described. Our results and data from the literature suggest
that resting microvascular EC express similar or even higher
levels of complement regulators and TM (6, 31, 32), failing thus to

explain their susceptibility to TMA lesions. It is well-established
that the presence of shiga toxin in typical HUS, complement
abnormalities in aHUS, or ADAMTS13 deficiency in thrombotic
thrombocytopenic purpura (TTP) are necessary but not sufficient
in themselves to trigger TMA (1, 33). Inflammatory insult is
a frequently described TMA-trigger. Nevertheless, our results
showed that inflammatory mediators increased complement
activation and decreased TM expression in both micro- and
macrovasular EC, in accordance with previous studies (6, 33–
35). Secondary hits are needed to overcome the tolerable EC
stress and to promote overt endothelial injury and disease
manifestation. Since hemolysis is a hallmark of TMA, it is
tempting to speculate that oxidative stress and cell activation will
be particularly noxious for the microvessels, in the kidney as well
as other organs, amplifying cell damage, complement activation
and thrombosis, contrary to macrovessels.

Hemolysis alone also does not induce renal TMA lesions
(13) but may present a secondary challenge in the presence
of deregulated complement, as in the case of aHUS (7, 8);
indeed, heme activates complement AP directly in serum
and this contributes to the C3 deposits found on EC (8,
11, 36–39). In support of this hypothesis, injection of heme
resulted in a marked renal C3 deposition in mice, localized
predominantly in the glomeruli, and similar to what has been
observed for intravascular hemolysis and injection of cell-free
hemoglobin (39). In contrast to kidneys, our examination of the
heart, liver, brain, skin and lungs showed them to be largely
unaffected by injection of heme, or to have exhibited only
small increases in C3 deposits after injection (summary in the
Supplementary Table 1). In agreement with these in vivo data,
overnight exposure to heme induced stronger C3 deposition
on glomerular EC compared with the macrovascular (HUVEC)
and microvascular (HMEC) cell models. Together, these in
vivo and in vitro observations point toward a vulnerability
of the glomerular endothelium to complement deposition in
the presence of heme. However, the inefficient adaptation to
hemolysis in terms of HO-1 expression and TM up-regulation
was also observed in other microvascular EC, both in vitro and in
vivo, while only glomerular EC were subject to deposition of very
high levels of C3 activation fragments upon exposure to heme.

These particularly elevated complement deposits in kidneys
and glomerular cells may be explained by reduced binding
of FH, the main regulator of the AP of complement (3),
which is the most frequently affected among aHUS patients
[genetic or acquired abnormalities found in >40% of patients
(2, 40, 41)]. Moreover, we confirmed that FH is assisted
by TM in the inactivation of C3b (23, 42, 43) and that
the lower level of TM can further aggravate the inefficient
complement regulation. The underlying mechanism(s) behind
this reduced FH binding require further investigation, but the
combination of decreased FH binding to glomerular EC under
hemolytic conditions with FH mutations or autoantibodies
could contribute to the susceptibility of glomerular EC to TMA
lesions. Interestingly, a recent study also showed that renin, an
enzyme produced specifically in the kidney, could cleave C3
and exacerbate the complement activation (44). The hemolysis-
mediated complement activation could be an additional key
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FIGURE 7 | Influence of porphyrin pre-incubation on C3 fragments deposition on EC and expression of HO-1 and TM transcription factors (A) Experimental settings

of B and C: C3 fragments deposition study, on cultured human EC pretreated overnight with medium only or pre-incubated with porphyrin (heme or SnMPIX) and then

rechallenged by 50µM of heme during 30min, followed by incubation with 33% NHS. C3b/iC3b staining was analyzed by flow cytometry. (B,C) C3 fragments

deposition under the experimental conditions described above as a function of the dose of heme during the pre-incubation step (B) on EC, and as a function of the

dose of heme or SnMPIX (C) during the pre-incubation step on HUVEC (n = 3). (D–G) HUVEC, HMEC, GENC, and HRGEC were stimulated with increasing

concentrations of heme overnight. (D) NRF2, (E) BACH1, (F) KLF2, and (G) KLF4 gene expression measured by RTqPCR (n = 3).
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FIGURE 8 | Schematic representation of our model to explain the glomerular vulnerability to complement-mediated TMA. (A) Heat map, illustrating the variations of

the studied parameters between the four EC types. Results of the fold difference of gene or protein expression or binding with exposure to 50µM heme were analyzed

using Genesis software. White color indicates no difference (fold change 1), blue indicates reduction and red an increased expression/binding. (B) Proposed model to

(Continued)
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FIGURE 8 | explain the microvascular/glomerular cell susceptibility of TMA lesions. Our results suggest that hemolysis is a key factor in the vulnerability of the

glomerular EC complement overactivation and TMA. The glomerular EC have a weaker capacity to adapt to hemolysis and to up-regulate cytoprotective and

stress-response genes, such as HO-1 and TM, compared to EC from other organs. This could be related to the lower levels of the transcription factors KLF2 and

KLF4. The inefficient degradation of heme due to the lack of HO-1 will result in stronger heme-mediated complement activation on the endothelium. The weaker

expression of TM will on the one hand contribute to the pro-coagulant phenotype of the EC, and on the other hand contribute to inefficient degradation of the

anaphylatoxins C3a and C5a and assist FH and FI in degradation of C3b. Finally, FH will bind less to heme-exposed glomerular EC compared to EC of other organs.

This will be further exacerbated in case of complement overactivation, as in aHUS, leading to EC suffering and TMA.

element in this vicious circle, linking renin secretion, vascular
damage and renal failure. Thus, the C3 deposits described in
aHUS kidney biopsies, which are generally considered non-
specific (45, 46), could reflect the complement activation due
to hemolysis and deregulated complement, this last condition
explaining why the C3 deposits are greater in aHUS patients than
in cases of isolated hemolysis (cardiac valve).

The cells’ capacity to express HO-1, to degrade heme and then
detoxify it to cytoprotective metabolites biliverdin and CO, plays
a key role in vascular protection (15, 47). In vitro studies have
shown heme-mediated HO-1 expression in HUVEC (48, 49),
and there is clear evidence for endothelial HO-1 expression in
large vessels of patients with sickle cell disease (50), as well as
in animal models of hemolysis or other stress inducers (51–55).
In contrast, we found only HO-1 upregulation to be minimal
or absent in glomerular EC (in vitro or in vivo), in aHUS
and hemolytic patients, as well as in heme-injected mice. This
observation is in agreement with published images of aHUS
and under other hemolytic conditions (20, 24, 25, 56, 57)
and indicates that glomerular endothelium does not have the
capacity to efficiently up-regulate HO-1 in presence of heme.
HO-1 production is, however, indispensable to the glomerular
protection, as suggested by reported early damages of glomeruli
in case of HO-1deficiency in murine model or in human (47, 58,
59). Mesangial proliferation and thickening of the capillary wall
in accordance with endothelial swelling and detachment were
indeed described in a HO-1 deficient young boy. This early aspect
of mesangioproliferative glomerulonephritis was confirmed from
sequential kidney samples (at 2, 5 and 6 year-old), while tubulo-
interstitial damages advanced more progressively. This could
to be related to the fact that the production of HO-1 within
kidneys would be mainly tubular, while in the glomeruli the
major HO-1 source would be the infiltrating macrophages, not
the intrinsic glomerular cells (60). Further studies are needed
to extend our knowledge on the different ways, that the EC
from different vascular beds manage heme homeostasis, based
on their specific ability to accumulate it, to transport it within
the cell by FLVCR1, to express ferritin, store iron and to
produce reactive oxygen species. Some of these parameters have
been studied for HUVEC and HMEC, especially in the context
of deficiency of the heme transporter FLVCR1a, but data on
glomerular EC are lacking (61). Moreover, a recent study in
the context of leukemia demonstrated that C3a and C5a trigger
phosphorylation of MAPK, followed by downregulation of HO-1
expression in malignant cells (62). If such phenomenon operates
in HO-1 expressing endothelium, complement activation by
intravascular hemolysis and heme release may weaken the
endothelial resistance. In such context, inhibitors of MAPK
(such as SB203580) will result in upregulation of HO-1 and

enhance resistance to hemolysis-derived products as well as to
complement.

A protective role of HO-1 against immune complexes-
mediated complement overactivation has also been described on
HUVEC (16). Here, our results demonstrated a complement-
protective effect of pre-incubation with heme in HUVEC. Ideally,
this phenomenon should be confirmed after HO-1 silencing. In
contrast, the glomerular EC showed a marked increase in C3
deposition. These results, together with the loss of this protective
effect upon HO-1 inhibition in HUVEC, suggest that HO-1
activity for heme degradation contributes to protection against
complement activation in this cell type—a phenomenon which is
not operational in the glomerular endothelium. It is important
to note that glomerular EC were able to upregulate HO-1
after incubation with a very potent inducer, such as CoPPIX
(data not shown), suggesting that the machinery needed for its
synthesis is present and can be triggered after potent stimulation.
Nevertheless, induction of massive hemolysis in vivo was not
strong enough to mediate HO-1 staining in glomerular EC,
contrary to tubuli and podocytes [(13) and data not shown].
Our in vivo experiments also showed that the brain endothelium
failed to upregulate HO-1 after heme injection, but this was
not associated with concomitant deposition of C3 fragments.
Sartain et al. recently demonstrated that brain microvascular
EC express higher levels of complement regulators, compared
to glomerular EC, and had a better capacity for suppressing
the alternative pathway in vitro (32). These findings may help
to explain the occurrence of lower levels of cerebral vessels’
complement deposits and the fact that in aHUS, as well as in
shiga toxin HUS, brain manifestations were found in only a
small fraction of patients (63). On the other hand, the inefficient
upregulation of HO-1 in the brain vasculature may contribute
to the cerebral manifestations of TTP (also a TMA disease).
The possible role of HO-1 expression in TTP pathophysiology
requires further studies.

Interestingly, KLF2 (64, 65), and KLF4 (66), which are known
transcription factors of TM, have also been shown to serve as
modulators of HO-1 expression (30). Therefore, the weaker up-
regulation of TM and HO-1 we observed in microvascular EC
could at least in part be related to differences in transcription
regulation. Consistent with these data, other workers have
reported that KLF2 and KLF4 were not significantly upregulated
in glomeruli of aHUS patients compared with controls (67).

The observed differences in gene expression and phenotype
among the tested EC here confirm the utility of HUVEC
and HMEC as model EC types for macro- and microvascular
endothelial, but highlight unique features and responses to
activation in glomerular EC, which could perhaps be better
modeled by glomerular (primary or cell line) EC in culture. A
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limitation of our work is that, although we observed correlations,
we do not provide direct evidence linking HO-1 and complement
deposits in vitro, for which the knock out/knock in strategy
would have been useful. Also, providing in vivo evidence that
up-regulation of HO-1 could prevent complement activation and
TMA lesions in a mouse model of aHUS was outside the scope of
this study.

In conclusion, we have shown that when compared with
macrovascular EC, microvascular EC, and glomerular EC in
particular, are vulnerable to complement-mediated TMA at
least in part because of their failure to adapt to hemolysis,
to up-regulate cytoprotective and stress-response genes such as
HO-1 and TM, and to bind FH (Figure 8B). We hypothesize
that local, subclinical microthrombosis due to a primary
triggering event (infection, pregnancy) will cause mechanical
hemolysis in the kidney. By amplifying complement activation
and pro-thrombogenic traits, heme will exacerbate endothelial
activation. Once the threshold of tolerance is reached, this
heme-induced endothelial and complement overactivation could
sustain and perpetuate the TMA lesions. Together, our
results indicate that the vulnerability of the glomerular
EC to hemolysis is a key factor, predisposing them to
complement overactivation and TMA, as seen in aHUS. The
heme scavenger protein hemopexin has been efficient in
preventing hemolysis-mediated C3 deposition in kidneys in a
mouse model of intravascular hemolysis and on endothelial
cells in vitro (39), as well as in models of stasis in
sickle cell disease (68) or other hemolytic conditions (69).
Therefore, heme-blocking agents may be explored as novel
therapeutic strategies to prevent microvascular injury in TMA
diseases.
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Acute myocardial infarction (AMI) remains a leading cause of morbidity and mortality in 
modern medicine. Early reperfusion accomplished by primary percutaneous coronary 
intervention is pivotal for reducing myocardial damage in ST elevation AMI. However, res-
toration of coronary blood flow may paradoxically trigger cardiomyocyte death second-
ary to a reperfusion-induced inflammatory process, which may account for a significant 
proportion of the final infarct size. Unfortunately, recent human trials targeting myocardial 
ischemia/reperfusion (I/R) injury have yielded disappointing results. In experimental models  
of myocardial I/R injury, the complement system, and in particular the lectin pathway, 
have been identified as major contributors. In line with this, C1 esterase inhibitor (C1INH), 
the natural inhibitor of the lectin pathway, was shown to significantly ameliorate myocar-
dial I/R injury. However, the hypothesis of a considerable augmentation of myocardial I/R 
injury by activation of the lectin pathway has not yet been confirmed in humans, which 
questions the efficacy of a therapeutic strategy solely aimed at the inhibition of the lectin 
pathway after human AMI. Thus, as C1INH is a multiple-action inhibitor targeting several 
pathways and mediators simultaneously in addition to the lectin pathway, such as the 
contact and coagulation system and tissue leukocyte infiltration, this may be considered 
as being advantageous over exclusive inhibition of the lectin pathway. In this review, we 
summarize current concepts and evidence addressing the role of the lectin pathway as 
a potent mediator/modulator of myocardial I/R injury in animal models and in patients. 
In addition, we focus on the evidence and the potential advantages of using the natural 
inhibitor of the lectin pathway, C1INH, as a future therapeutic approach in AMI given its 
ability to interfere with several plasmatic cascades. Ameliorating myocardial I/R injury by 
targeting the complement system and other plasmatic cascades remains a valid option 
for future therapeutic interventions.

Keywords: C1 esterase inhibitor, complement system, complement inhibition, ischemia/reperfusion injury, 
mannose-binding lectin, myocardial infarction, inflammation
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iNTRODUCTiON

Ischemic heart disease is still a major cause of morbidity and mor-
tality worldwide. In the United States, more than 700,000 episodes 
of acute myocardial infarctions (AMIs) are diagnosed annually (1). 
AMI is the consequence of rupture or erosion of a vulnerable ath-
erosclerotic plaque in the coronary arteries subsequently leading to 
total or partial occlusion and tissue ischemia. In patients with total 
occlusion, emergency reperfusion of ischemic myocardial tissue 
is the cornerstone of therapy to salvage ischemic tissue from per-
manent damage. However, abrupt restoration of coronary blood 
flow with reperfusion of ischemic myocardium may itself trigger 
additional injury, which is known as ischemia/reperfusion (I/R) 
injury and may lead to the death of previously viable cardiac tissue 
(2). Estimates from previous experimental studies suggest that I/R 
injury may account for a significant (up to 50%) proportion of 
the final infarct size (3). Several mechanisms and mediators of I/R 
injury have been previously identified including oxidative stress, 
inflammation, and endogenous salvage kinase pathways (4). Despite 
promising results in experimental and early phase human studies  
(5, 6), interventional strategies targeting cardiac I/R injury have 
not been successful including the phase 3 trials of cyclosporine 
or pexelizumab before percutaneous coronary intervention in 
patients with AMI (7, 8).

Regarding inflammation as one mediator of I/R injury, experi-
mental and clinical studies have shown that reperfusion after 
transient ischemia results in activation of endothelial cells, the 
contact and the complement system and attraction of neutrophils 
to the site of infarction (9, 10). The complement system is a major 
component of innate immunity, which is involved in both recogni-
tion and response to pathogens (11). It is further implicated in an 
increasing number of homeostatic and disease processes such as 
the immune complex catabolism, the clearance of dead and dying 
cells and the modulation of adaptive immune responses (12). 
Three pathways can activate the complement cascade: the classi-
cal, the alternative, and the lectin pathway. After initiation, these 
three pathways converge at the level of cleavage and activation 
of complement component C3, which subsequently leads to the 
generation of the anaphylatoxins (C3a, C5a) and the membrane 
attack complex (MAC; C5b-9). This review focuses on the role of 
the lectin pathway in myocardial I/R injury and the potential ben-
efit of therapeutic application of its natural inhibitor, C1 esterase 
inhibitor (C1INH). In particular, we will focus on the potential 
advantages of C1INH as a promising candidate for future trials  
of salvage strategies of hypoxic myocardial tissue after AMI.

THe LeCTiN PATHwAY OF COMPLeMeNT

The lectin pathway can be activated by the pattern-recognition 
receptors (PRR), mannose-binding lectin (MBL), ficolin-1, fico-
lin-2, ficolin-3, collectin 10 (CL-10), and collectin 11 (CL-11 or 
CL-K1). These glycoproteins bind to carbohydrate patterns, acetyl 
groups, or immunoglobulin M exposed on microorganisms or 
dying host cells (13, 14). In plasma, lectin pathway PRR complex 
together with MBL-associated serine proteases (MASPs)-1, -2, -3,  
and two non-protease peptides, sMAP (Map19) and MBL/ficolin-
associated protein-1 (MAP-1 or Map44). Whereas MAP-1 was 

shown to be a natural inhibitor of the lectin pathway (15), the 
exact function of sMAP is still unknown. After binding of the PRR 
to their target structures, MASP-1 is activated which in turn acti-
vates MASP-2, which is required for generating the C3 convertase 
(C4b2a) (16). The C3 convertase cleaves C3 into the opsonin 
C3b and the anaphylatoxin C3a, initiating the formation of an 
additional anaphylatoxin (C5a) and the MAC (C5b-9). Whereas 
the function of MASP-2 is strictly limited to the activation of the 
lectin pathway, several proteolytic functions have been observed 
for MASP-1, such as cleavage of fibrinogen, factor XIII, prothrom-
bin and thrombin-activated fibrinolysis inhibitor (coagulation 
cascade), cleavage of kininogen (kallikrein-kinin cascade), and 
activation of protease-activated receptors on endothelial cells 
(neutrophil attraction) (17). Although the proteolytic activity of 
MASP-1 toward these proteins is much lower compared with the 
primary cleaving or activating enzymes of these proteins or com-
pared with the primary lectin and classical pathway target proteins 
of MASP-1, it may still be of relevance in vivo. For example, a pro-
longed bleeding time and decreased arterial thrombogenesis was 
observed in a MASP-1 knock-out rodent model (18, 19). In the 
context of AMI, activation of the lectin pathway of complement 
after AMI may impact on I/R injury not only through activation 
of the complement cascade but also via promotion of clot forma-
tion (coagulation and fibrinolytic system) and of inflammation 
(kallikrein-kinin cascade, activation of endothelial cells, and 
attraction of neutrophils). Hence, inhibition of the lectin pathway, 
particularly at the level of MASP-1/-2 seems to be advantageous 
over downstream inhibition of the complement.

C1 eSTeRASe iNHiBiTOR

The most important natural inhibitor of the lectin pathway of 
complement is C1INH. C1INH, a member of the serpin superfam-
ily of serine protease inhibitors, is an acute-phase protein that has 
manifold targets and biological functions. Although the primary 
function of serpins involves the inhibition of proteases, they are 
also implicated in additional biological interactions, such as the 
inhibition of leukocyte rolling and interactions with endothelial 
cells and microorganisms (20). For example, treatment with 
C1INH was shown to limit the activation of endothelial cells 
and their subsequent transition into a procoagulatory and antifi-
brinolytic state after I/R injury (21). Proteases that are inactivated 
by C1INH include C1r, C1s (classical pathway of complement), 
MASP-1 and MASP-2 (lectin pathway), factor XII and plasma 
kallikrein (contact system), factor XI and thrombin (coagulation 
system), and plasmin and tissue plasminogen activator (fibrino-
lytic system) (22, 23) (Figure 1). Binding of C1INH to any of its 
target proteases leads to tight complexes which are subsequently 
cleared from the circulation and can be summarized as suicide 
inhibition (9). Decreased plasmatic antigenic levels of C1INH 
result in uncontrolled production of vasoactive peptides, which 
leads to the characteristic episodes of local soft tissue swelling 
observed in hereditary angioedema (HAE) (24).

Regarding the complement system, MASP-1 and -2 seem 
to be the major target of C1INH with less effective inhibition 
of the classical pathway (25). Interestingly, the lectin pathway 
and in particular MASP-1 have been recently implicated in the 
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FigURe 1 | Interaction of C1INH with plasmatic cascades. Abbreviations: HK, high molecular weight kininogen; FXII, factor XII (Hageman factor); PK, prokallikrein; 
BK, bradykinin; t-PA, tissue plasminogen activator; MAC, membrane attack complex.
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pathophysiology of HAE, which underscores the central role of 
C1INH in controlling the activation of the lectin pathway. C1INH 
deficiency seems to cause uncontrolled activation of MASP-1, 
which may aggravate HAE (26).

Currently, three C1INH preparations are approved for the treat-
ment and/or prevention of HAE, two plasma-derived, pasteur-
ized, and nanofiltered (pdC1-INH, Berinert® and Cinryze®), and 
one recombinant product [rhC1-INH, Conestat alfa (Ruconest®), 
derived from the breast milk of transgenic rabbits]. Conestat alfa 
shares an identical protein structure with plasma-derived C1INH, 
but has a different glycosylation pattern of the amino-terminal 
domain of the protein (containing abundant oligomannose 
residues), which is responsible for a markedly shorter half-life 
compared with plasma-derived C1INH (3 vs. 30 h) (27). In fact, 
the unique glycosylation pattern introduced by the production of 
Conestat alfa in the mammary gland of transgenic rabbits may 
have additional, yet undiscovered consequences. For example, 
artificial variation of the glycosylation pattern of pdC1INH was 
previously shown to selectively impact on its target proteases 
with little impact on C1s inhibition in contrast to its interaction 
with kallikrein (28). Moreover, an important regulatory function 
of the amino-terminal domain of C1INH has been identified 
preventing inhibition of MASP-1-mediated alternative pathway 
activation (29), which may be influenced by the glycosylation 
pattern of C1INH. Although comparable inhibition for most 
target proteases was demonstrated (including C1s, factor XIa, 
XIIa, and Kallikrein) (30), Conestat alfa seems to target MBL and 
activation of the lectin pathway more effectively compared with 
plasma-derived preparations (31). This may be related to the fact 
that oligomannose-type glycans on average account for 15% of 
the total amount of glycans of Conestat alfa (compared with less 
than 1% in pdC1INH) (32), which may expedite the targeting 

and subsequent inhibition of MBL-MASP-1/MASP-2 complex by 
Conestat alfa.

Despite the rather broad interference with several cascades and 
targets, major adverse events or unique toxicities have not been 
demonstrated in previous studies, with the exception of a potential 
risk of allergic reactions in patients with rabbit dander allergy 
receiving Conestat alfa. Previous concerns of an increased throm-
botic risk of pdC1INH (33) have not been confirmed in recent 
trials and registry data of both, pdC1INH and rhC1INH (34, 35). 
Common side effects described in trials include headache, nausea, 
and diarrhea. Currently, C1INH is evaluated in interventional clini-
cal trials in the context of transplantation, acute antibody-mediated 
rejection after transplantation, and contrast-induced nephropathy.

THe LeCTiN PATHwAY iN eXPeRiMeNTAL 
MYOCARDiAL i/R iNJURY

Many animals and a limited number of human studies support 
the concept, that activation of the complement system and in par-
ticular the lectin pathway contributes to tissue injury observed 
after reperfusion of ischemic myocardial tissue (Table  1). 
Collard et al. were the first to report lectin pathway-dependent 
local activation of the complement system after myocardial 
I/R injury (36). Co-localized deposition of MBL and C3 in rat 
hearts was detected following myocardial I/R but not after sham 
surgery or myocardial ischemia only. Shortly thereafter, the same 
group demonstrated in a rat model of myocardial I/R injury that 
selective inhibition of MBL-A decreased infarct size and limited 
tissue injury and C3 deposition (37). In addition, infiltration 
of reperfused myocardial tissue by neutrophils was attenuated. 
Walsh et al. were the first to demonstrate the crucial involvement 
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TABLe 1 | Experimental studies investigating the role of the lectin pathway in murine myocardial I/R.

Reference intervention/setting i/R model Species effect

Collard et al. (36) n/a 30 min LAD occlusion, 30 min reperfusion
60 min LAD occlusion

Rat I/R: strong C3 and MBL staining throughout ischemic area
Ischemia only: minimal C3 or MBL deposition

Jordan et al. (37) Anti-MBL-A mAbs  
(P7E4, 14C3.74)

30 min LAD occlusion, 4 h reperfusion
Pretreatment with mAbs (5 min before ischemia)

Rat P7E4: ↓ local C3 deposition, infarct size, accumulation  
of PMN and expression of pro-inflammatory genes
14C3.74: no effect

Walsh et al. (38) MBL−/−
C1q−/−
C2/fB−/−
fD−/−
C1q/fD−/−
Anti-C5 mAb

30 min LAD occlusion, 3 h reperfusion 
pretreatment with mAb (5 min before ischemia)
Reconstitution with C2 or rhMBL

Mouse MBL−/−, C2−/−, anti-C5 mAb: ↓ infarct size, effect lost 
after reconstitution with rhMBL or C2
C1q−/−, C1q/fD−/−, fD−/−: no effect; co-localization  
of MBL and C3 in ischemic area

Busche et al. (40) Streptozotocin-induced 
diabetic MBL−/−

15 or 30 min LAD occlusion, 4 h reperfusion Mouse ↓ hyperglycemia induced myocardial remodeling and loss  
of cardiac progenitor cells
↓ cardiac tissue injury and local PMN infiltration after I/R 
injury

Busche et al. (41) sIgM/MBL−/− 30 min LAD occlusion, 4 h reperfusion 
reconstitution with MBL null, sIgM null,  
or sIgM/MBL null plasma

Mouse ↓ cardiac tissue injury, loss of ventricular function,  
local C3 deposition and PMN infiltration; effect lost after 
reconstitution with MBL null, sIgM null or sIgM/MBL  
null plasma

Schwaeble et al. (42) MASP-2−/−
C4−/−

30 min LAD occlusion, 2 h reperfusion Mouse MASP-2−/−: ↓ infarct size and cardiac tissue injury
C4−/−: no effect

Pavlov et al. (15) MBL−/− MAP-1 45 min LAD occlusion, 4 h reperfusion 
pretreatment with rhMBL and/or MAP-1

Mouse MAP1: ↓ loss of ventricular function, infarct size and local  
C3 deposition; prevention of occlusive arterial 
thrombogenesis
MBL−/−: ↓ loss of ventricular function and infarct size

Pavlov et al. (44) hMBL2 expressing 
mouse
Anti-MBL2 mAb

45 min LAD occlusion, 4 h reperfusion 
treatment with mAb at or 15 and 30 min after 
reperfusion

Mouse ↓ loss of ventricular function, infarct size  
(time dependent protection) and myocardial fibrin  
deposition; prevention of occlusive arterial thrombogenesis

Clark et al. (43) Anti-MASP-2 mAb 30 min LAD occlusion, 2 h reperfusion 
pretreatment with mAbs (12–18 h before 
ischemia)

Mouse ↓ infarct size

fB, factor B; fD, factor D; I/R, ischemia and reperfusion; LAD, left anterior descending artery; mAbs, monoclonal antibodies; MBL, mannose-binding lectin; rhMBL, recombinant 
human MBL; PMN, polymorphonuclear leukocytes; sIgM, secreted immunoglobin.
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of the lectin pathway when compared with the classical and 
alternative pathway in myocardial I/R injury (38), an important 
finding, which contradicted earlier studies that had implicated 
the classical pathway as the most important mediator of tissue 
injury after I/R (39). According to Walsh et al., myocardial I/R 
injury was strongly attenuated in MBL knock-out mice, whereas 
mice with an intact lectin pathway but lacking C1q, the PRR of 
the classical pathway, or factor D of the alternative pathway were 
not protected. Reconstitution with recombinant MBL abrogated 
the protective effect. These results were replicated in a mouse 
model of diabetes with two weeks of hyperglycemia followed by 
myocardial I/R injury (40).

As a previous study had suggested a sequence of binding of IgM 
to stressed endothelial cells followed by complement activation of 
the lectin pathway, the same group studied myocardial I/R injury in 
reconstitution experiments using mice lacking natural IgM and MBL 
(41). Interestingly, both, MBL and IgM were found to be required 
for increased myocardial C3 deposition, neutrophil infiltration, 
and loss of left ventricular function after reperfusion of ischemic 
myocardial tissue. Hence, binding of natural IgM to neoepitopes 
in ischemic tissue was suggested as a prerequisite for subsequent 
MBL-mediated complement activation and tissue injury.

Schwaeble et  al. investigated myocardial tissue injury in 
MASP-2 and C4-deficient mouse models, i.e., in the absence 
of any residual lectin (MASP-2) and presumably of any classi-
cal/lectin pathway activity (C4), and further downstream after 
binding of MBL or other lectin pathway PRR to stressed and 
injured cardiomyocytes (42). Lack of MASP-2 but not of C4 
led to significantly less I/R-induced myocardial damage, which 
suggests that MASP-2-mediated activation of the lectin pathway 
is a major requirement for the inflammatory myocardial tissue 
damage after I/R. Activation of the two other complement path-
ways does not seem to be sufficient in the absence of any lectin 
pathway activity. Importantly, the authors identified a MASP-
2-dependent, C4-independent route of complement activation, 
which likely also involves MASP-1 (29). This finding highlights 
the importance of inhibiting the activation of the complement 
system as far upstream as possible. In line, treatment of mice 
with an anti-MASP-2 monoclonal antibody (mAb) administered 
12–18 h before coronary artery occlusion and reperfusion led to 
significantly smaller infarct sizes (15 vs. 26% in isotype control 
treated animals) (43). Similarly, treatment with MAP-1, an 
endogenous lectin pathway inhibitor, which displaces MASP-2 
from the MASP-MBL/ficolin-3 complex and inhibits MBL- and 
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TABLe 2 | Analysis of lectin pathway proteins in patients with AMI.

Reference Study type Condition included patients Analyzed complement proteins Relevant findings

Haahr-Pedersen et al. (47) Observational Acute STEMI 74 Plasma MBL and sC5b-9 ↑ risk of cardiac dysfunction 
(LVEF < 35%) in patients with 
MBL ≥ 0.8 µg/ml and  
sC5b-9 ≤ 160 µg/ml

Trendelenburg et al. (48) Post hoc analysis 
of RCT

Acute STEMI 890 Serum MBL ↓ 30-day mortality in patients with MBL 
deficiency (≤0.1 μg/ml); no association 
with cardiac tissue injury

Schoos et al. (50) Observational Acute STEMI 55 Plasma MBL, ficolin-2 and -3, MAP-1 ↑ left ventricular dilatation/remodeling 
in patients with high ficolin-2 and 
combined ficolin-2/MBL or ficolin-2/
MAP-1 baseline levels; no association 
with infarct size

Zhang et al. (51) Observational AMI (STEMI  
and NSTEMI)

AMI: 29
Healthy controls: 50
Stable CAD: 27

Plasma MASP-2 levels ↓ MASP-2 levels in patients with AMI 
compared with healthy individuals or 
stable CAD patients

Frauenknecht et al. (52) Observational AMI AMI: 49
Healthy controls: 50
Stable CAD: 104

Plasma MASP-1, -2, -3, and MAP-1 ↓ MASP-2 and ↑ MASP-1 levels in 
patients with AMI compared with healthy 
individuals or stable CAD patients; no 
difference in MASP-3 and MAP-1 levels

Holt et al. (53) Post hoc analysis 
of RCT

Acute STEMI STEMI: 192
Healthy controls: 140

Plasma MAP-1, MASP-1, MASP-3 ↑ MASP-1,-3 and MAP-1 levels in 
STEMI patients compared with healthy 
individuals; no association with infarct 
size

CAD, coronary artery disease; LVEF, left ventricular ejection fraction; MBL, mannose-binding lectin; NSTEMI, non ST-elevation myocardial infarction; RCT, randomized controlled trial; 
STEMI, ST elevation myocardial infarction; AMI, acute myocardial infarction.
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ficolin-3-dependent complement activation in vitro, was associ-
ated with a decreased infarct size and C3 deposition in both, wild-
type (WT) and MBL-supplemented MBL knock-out mice (15).

Finally, Pavlov et al. confirmed the concept of targeting MBL to 
attenuate myocardial I/R injury in a humanized mouse model (44). 
These humanized mice produce functional human MBL while 
lacking murine MBL-A and -B. Inhibition of human MBL by a 
monoclonal anti-human MBL antibody preserved cardiac func-
tion after myocardial I/R, attenuated myocardial fibrin deposition, 
and prevented ferric chloride-induced arterial thrombogenesis.

Summarizing the evidence from experimental models, the 
lectin pathway was shown to be crucially involved in mediating 
myocardial I/R injury. Conceptually, myocardial I/R injury seems 
to be initiated by binding of natural IgM to neoepitopes on stressed 
or dying cardiomyocytes with subsequent binding of MBL to 
IgM and activation of MASP-1/-2 during reperfusion. The latter 
is a major requirement for subsequent complement-mediated 
inflammation including formation of the membrane-attack 
complex, induction of apoptosis, and attraction of neutrophils. 
The significance of other lectin pathway PRR in acute myocardial 
I/R injury remains to be determined.

THe LeCTiN PATHwAY iN HUMAN 
MYOCARDiAL i/R iNJURY

Inter-individual serum concentrations of lectin pathway PRR 
and proteases show a considerable degree of variability in 
humans (45). In particular, the distribution of MBL plasma levels 

is huge and ranges from undetectable to approximately 10 µg/ml  
secondary to well-characterized exon and promoter polymor-
phisms in the MBL2 gene (46). Very low (<0.1 μg/ml, resembling 
a knock-out setting in murine models) and low (<0.5  µg/ml) 
MBL levels are found in approximately 10 and 30% of the popu-
lation worldwide, respectively. Several studies have investigated 
associations of lectin pathway protein levels, in particular MBL, 
with outcome after AMI to confirm the evidence from murine 
studies (Table 2).

In a pilot study of 74 patients with ST elevation myocardial 
infarction (STEMI) and successful reperfusion, sufficient plasma 
MBL levels (defined as >0.8 µg/ml) were independently associated 
with a significant cardiac dysfunction [defined as left ventricular 
ejection fraction (LVEF) <35%] (47). In line with the concept of 
downstream complement activation following binding of MBL to 
stressed endothelial cells and/or cardiomyocytes and subsequent 
consumption of complement components, plasmatic sC5b-9 
levels were significantly lower in patients with cardiac dysfunc-
tion. In the largest analysis to date, MBL levels were investigated 
in 890 patients with STEMI receiving placebo in the setting of a 
randomized controlled trial of the C5 inhibitor pexelizumab (48). 
In this study, MBL deficiency was defined as a level ≤0.1 µg/ml.  
Interestingly, 30-day mortality was markedly lower in MBL 
deficient patients (0.8 vs. 5.5%), whereas creatine kinase levels, 
a marker of myocardial injury and infarction size, and comple-
ment activation product levels were similar in the two groups. 
The authors speculate that the observed reduction in mortality 
was mainly driven by protection from fatal arrhythmias in MBL-
deficient patients, a well-appreciated consequence of reperfusion 
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injury (49). However, these results have not yet been confirmed 
in a cohort of STEMI patients undergoing percutaneous coronary 
interventions with contemporary stents and antithrombotic 
therapy.

In a small cohort of 55 STEMI patients, Schoos et al. inves-
tigated the association of ficolin-2/-3, MBL, and MAP-1 levels 
with left ventricular remodeling and infarct size as assessed by 
cardiac magnetic resonance imaging after percutaneous coronary 
intervention and at 6-month follow-up (50). Ficolin-2 levels 
significantly increased from admission to day 4 in contrast to 
other lectin pathway proteins, which may indicate consumption 
of ficolin-2 during STEMI. Higher baseline ficolin-2 levels were 
associated with left ventricular dilatation after STEMI. A similar 
finding was observed for the combination of higher ficolin-2 and 
MBL levels or higher ficolin-2 and lower MAP-1 levels indicating 
that the overall activation of the lectin pathway (rather than higher 
or lower levels of a single lectin pathway protein or protease) may 
be the key parameter influencing left ventricular dilatation after 
STEMI. However, lectin pathway proteins were not associated 
with infarct size, left ventricular function, or remodeling after 
6 months, similar to the lack of association between MBL and 
infarct size observed in the larger study of Trendelenburg et al. 
(48). Zhang et al. investigated the role of MASP-2 in myocardial 
ischemia in the setting of AMI and separately in open heart 
surgery (51). For the purposes of this article, we only report the 
results of 29 AMI patients being described in this study. MASP-2 
levels determined within two days after admission were almost 
50% lower compared with healthy individuals or patients with 
stable coronary artery disease (CAD). This may be consistent 
with activation of the lectin pathway during AMI with subse-
quent consumption of MASP-2, similar to the previously cited 
observation of reduced ficolin-2 levels on admission. Although 
follow-up samples were lacking, it seems unlikely that genetically 
determined lower MASP-2 levels were already present before the 
AMI or that a temporary change in MASP-2 levels triggered the 
AMI in these patients.

In another study, lower MASP-2 and higher MASP-1 levels 
were observed in patients with myocardial infarction compared 
with patients with stable CAD and healthy controls (only MASP-1)  
(52), whereas MAP-1 levels were similar in these groups. However, 
the sample size was limited (n = 49 AMI patients) and protein  
levels were not associated with the severity of cardiovascular 
disease. Finally, levels of MAP-1, MASP-1, and -3 were analyzed 
in 192 AMI patients and 140 healthy controls (53). Whereas pro-
tease levels were significantly higher in AMI patients compared 
with healthy controls, they did not correlate with final infarct size 
or LVEF at 30 days. Importantly, results were in agreement with 
the previous study by Holt et  al. only with regards to elevated 
MASP-1 levels but not with regards to observed MAP-1 levels. 
Again, follow-up samples were not available, and hence it remains 
to be determined if the observed changes in lectin pathway proteins 
are the consequence or the cause of the initial AMI event.

In summary, results from the cited studies indicate a potential 
involvement of the lectin pathway of complement in human 
myocardial I/R injury. In particular, levels of the PRR ficolin-2 
and the activating protease MASP-2 were significantly lower in 
AMI patients on admission, whereas the levels of the endogenous 

inhibitor MAP-1 were higher (in only one of two studies), which 
may indicate activation of the lectin pathway during AMI with 
consumption of MASP-2 and ficolin-2. With regards to the 
observed increased MASP-1 concentrations in AMI patients, it 
remains to be determined if this is a result of an acute-phase reac-
tion or if higher levels of MASP-1 may itself trigger an AMI event 
under certain circumstances given its clot promoting activity (54).

Importantly, associations of lectin pathway proteins with myo-
cardial dysfunction, infarct size, and outcome were mostly lacking 
with the exception of an association of higher MBL levels and a 
higher net activation of the lectin pathway with mortality and 
ventricular dilatation after STEMI, respectively. However, involve-
ment of MBL as a major initiator of the lectin pathway has not 
been demonstrated at the tissue level after human myocardial I/R 
injury to date. Future studies are required to investigate in more 
detail if PRR or protease levels are indeed associated with outcome 
after AMI and are causally involved in I/R injury in humans.

In general, evidence for the involvement of the lectin path-
way in humans is much weaker than in animal studies, which 
is related to the limited samples size in most studies, a lack of 
analysis of a contemporary cohort of patients, and that most 
individual lectin pathway proteins have only been analyzed in a 
single study (with the exception of MBL, MASP-1, and MAP-1) 
and results have not yet been confirmed in subsequent studies. 
Although the significant variation of MBL levels in humans 
permits an analysis of complement-deficient patients in analogy 
to the analysis of knock-out compared with WT animals, this 
requires large cohorts. Evolutionary, other PRR may have evolved 
as a consequence of MBL deficiency and may compensate and in 
the case of I/R injury augment tissue injury independent of MBL. 
Unfortunately, experimental data regarding the significance of 
ficolins or collectins in myocardial I/R injury are lacking.

C1iNH iN eXPeRiMeNTAL MYOCARDiAL 
i/R iNJURY

The complement system was thought to play a major role in 
initiating an inflammatory response secondary to ischemia and 
reperfusion following studies 30 years ago (55). In particular, the 
classical pathway had initially been implicated in reperfusion 
damage of the heart (56, 57). To inhibit the classical pathway and 
subsequent complement activation at an early step, several stud-
ies examined the effects of treatment with C1INH on myocardial 
tissue damage, long before the central role of C1INH in the 
inhibition of the lectin pathway on the one hand and the pivotal 
role of the lectin pathway in myocardial I/R injury on the other 
hand was discovered (Table 3).

In a feline model of myocardial infarction, administration of 
pdC1INH before reperfusion led to a 65% reduction in cardiac 
tissue injury, and a markedly attenuated increase of creatine kinase 
compared with treatment with buffered saline solution (39). In 
addition, neutrophil activity/accumulation in the reperfused 
myocardial tissue was significantly reduced, which may be related 
to the interaction of C1INH with activated endothelial cells or a 
reduction in locally generated leukocyte chemo-attractants such 
as C3a and C5a. The latter was subsequently confirmed in a pig 
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TABLe 3 | Effect of C1INH in murine models of myocardial I/R injury.

Reference intervention/
setting

i/R model Species effect

Buerke et al. (39) pdC1INH 90 min LAD occlusion, 4.5 h reperfusion
75 IU/kg pdC1INH 10 min before reperfusion

Feline  ↓ infarct size cardiac, tissue injury and PMN infiltration

Murohara et al. (59) pdC1INH sCR1 20 min LAD occlusion, 24 h reperfusion
75 IU/kg pdC1INH or sCR1 1 min before reperfusion

Rat C1INH: ↓ cardiac tissue injury and PMN infiltration
sCR1: non significant decrease in cardiac tissue injury and 
PMN infiltration

Horstick et al. (58) pdC1INH 60 min LAD occlusion, 2 h reperfusion
Intracoronary application of 20 IU/kg pdC1INH at 
reperfusion

Swine ↓ infarct size, tissue injury, and local C3a production

Buerke et al. (60) pdC1INH 20 min LAD occlusion, 24 or 48 h reperfusion
10, 50, or 100 IU/kg pdC1INH 2 min before 
reperfusion

Rat 100 IU/kg: ↓ tissue injury, PNM accumulation, local 
expression of adhesion molecules
50 and 10 IU/kg: less or no effect, respectively

Horstick et al. (33) pdC1INH 60 min LAD occlusion, 2 h reperfusion
40, 100, or 200 IU/kg pdC1INH 10 min before 
reperfusion

Swine 40 IU/kg: ↓ infarct size, tissue injury and local C3a and C5a 
production
100 IU/kg: no effect
200 IU/kg: severe coagulopathy leading to death

Buerke et al. (70) C1s-INH-248 
pdC1INH

60 min LAD occlusion, 3 h reperfusion
100 or 200 IU/kg pdC1INH or 0.1–1 mg/kg C1s-
INH-248 5 min before reperfusion

Rabbit C1s-INH-248: ↓ infarct size, tissue injury and PNM 
accumulation (dose dependent)
C1INH: ↓ infarct size (smaller effect than C1s-INH-248)

Schreiber et al. (71) pdC1INH 2 h LAD occlusion with cardiopulmonary bypass after 
1 h, 2 h reperfusion
Approximately 15 IU/kg pdC1INH into aortic root at 
reperfusion

Swine No effect on ventricular function or infarct size

Fu et al. (63, 64) pdC1INH 30 min LAD occlusion, 3–72 h reperfusion
40 IU/kg pdC1INH before ischemia

Rat ↓ myocardial apoptosis, local C3 expression, PNM 
accumulation and tissue injury

Lu et al. (65) C1INH
iC1INH
C1INH−/−
C3−/−

30 or 60 min LAD occlusion, 4 h reperfusion
400 IU/kg 5 min before reperfusion

Mouse C1INH and iC1INH in WT mice: ↓ infarct size, tissue injury 
and PMN accumulation
C1INH in C1INH−/− and C3−/− mice: similar effect as in 
WT mice

pdC1INH, plasma-derived C1 esterase inhibitor; iC1INH, inactive C1INH; C1s-INH-248, selective C1s inhibitor; PMN, polymorphonuclear leukocytes; cardiac CK, cardiac creatine 
kinase; LAD, left anterior descending artery; LAD left anterior descending artery; sCR1, soluble complement receptor 1; WT, wild-type.
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model of myocardial I/R injury (58) administering pdC1INH as 
an intracoronary bolus before reperfusion. Local C3a production, 
which markedly increased after reperfusion, was significantly 
attenuated in the C1INH group compared with the placebo group 
indicating that C1INH may indeed suppress local complement 
activation. In a rat model of myocardial infarction, Murohara 
et al. sought to investigate the differential role of the classical and 
alternative complement pathway in myocardial I/R (59). Rats 
were treated with either pdC1INH or an alternative pathway 
inhibitor (soluble complement receptor 1) immediately before 
reperfusion. Interestingly, C1INH treatment was associated with 
a significantly attenuated creatine kinase release and neutrophil 
accumulation in ischemic myocardial tissue, whereas targeted 
inhibition of the alternative pathway was clearly inferior in this 
model. Finally, Buerke et al. confirmed the cardioprotective effect 
of different doses of plasma-derived C1INH in a rat model (60). 
Release of creatine kinase and local accumulation of neutrophils 
was attenuated in a step-wise fashion depending on the dose of 
C1INH with the greatest effect observed for the highest dose 
(100  U/kg). In addition, expression of adhesion molecules in 
the affected vascular endothelium was markedly reduced after 
administration of C1INH, which may explain the decreased local 
accumulation of neutrophils (61).

As a consequence of serious thromboembolic events in 13 
newborns and babies who had received 500 IU/kg of pdC1INH to 
prevent capillary leakage after cardiopulmonary bypass operation, 
Horstick et al. investigated the effect of systemic administration of 
different doses of plasma-derived C1INH in the same pig model 
as had been previously used (33). In contrast to their previous 
model, pdC1INH was administered intravenously 10 min before 
reperfusion (40, 100, or 200  IU/kg) and without concurrent 
heparin. Experiments with 200  IU/kg were terminated after 
the first three pigs had developed severe coagulation disorders. 
Interestingly, while 40 IU/kg of C1INH reduced infarction size 
to a similar degree as in the previous model (>50%), there was 
a lack of beneficial effect with higher doses. The severe adverse 
events associated with the higher dose may be related to the 
significant inhibition of bradykinin release and of activators of 
the fibrinolytic system. The latter may have been prevented by 
co-administration of heparin, a principal anticoagulation agent 
in human STEMI patients (62).

In a rat model of AMI, Fu et al. observed a reduced C3 expres-
sion and apoptosis in the affected myocardial area associated 
with the administration of pdC1INH (63, 64). Interestingly, the 
amino-terminal domain of C1INH was implicated in the anti-
apoptotic effect and not the protease activity.
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As C1INH is a multi-action multiple-target inhibitor, it is dif-
ficult to identify the most important pathway or target protease 
inhibited by C1INH and responsible for the observed beneficial 
effect in myocardial I/R injury. While results from previous 
studies consistently demonstrated a clear benefit of C1INH in 
myocardial I/R injury, which was at least partly attributable to 
its inhibitory effect on complement activation, three studies have 
left more questions than answers with regards to the mechanism 
of action of C1INH and its effectiveness in cardioprotection 
after myocardial I/R injury. In particular, the study by Lu et al. 
questioned the importance of the complement system in mediat-
ing myocardial I/R injury in comparison to other mechanisms 
such as neutrophil influx (65). In their mouse model, a large 
dose of pdC1INH (400 IU/kg) or inactive C1INH (iC1INH) was 
administered intravenously 5  min before coronary reperfusion. 
iC1INH was generated by trypsin incubation, which results in the 
loss of its reactive center (66) and hence its ability to inhibit target 
proteases such as C1s. Interestingly, both C1INH and iC1INH 
similarly reduced myocardial damage and myocardial neutrophil 
influx in WT mice. In addition, C1INH treatment was effective 
even in C3 knock-out mice. These data are consistent with a 
mainly complement-independent cardioprotective mechanism of 
action of C1INH with the exception of its potential influence on 
protease-independent actions of the PRR of the lectin pathway 
[such as direct induction of apoptosis (67)] or its influence on 
lectin proteases via its glycosylated amino-terminal domain. The 
authors speculate that C1INH mainly acts via the inhibition of 
neutrophil influx across endothelial cells interacting with selectin 
ligands, which may be mediated by its sugar moieties rather than 
its proteolytic function. Two aspects warrant further comments. 
First, the dose of both preparations of C1INH used in the study 
was very high compared with previous animal models, which may 
be associated with additional modes of action, particularly in the 
case of iC1INH. Second, while the authors’ dismissed a reaction 
of iC1INH with C1s of the classical pathway, their work does not 
fully exclude a residual protease activity of MASP-1/-2 after trypsin 
digestion. This may be of importance, as activation of MASP-1 
in particular may mediate inflammatory actions independent of 
downstream complement activation (68). The beneficial effect of 
C1INH in the C3 knock-out model may be mediated by a similar 
mechanism, i.e., inhibition of MASP-1 and its pro-inflammatory, 
complement cascade-independent function. Third, previous work 
has identified C1INH functions that are independent of its pro-
teolytic activity and mediated by its glycosylated, amino-terminal 
nonserpin domain, such as its interaction with the endotoxin 
lipopolysaccharide (69) or with selectins on endothelial cells 
(20). Similar nonserpin actions of C1INH on lectin pathway PRR 
and proteases have not yet been examined or described, but may 
contribute to the effect observed in the study by Lu et al. (65).

Similarly, Buerke et al. investigated the effect of a C1s-specific 
C1INH preparation (C1s-INH-248) in a rabbit model of myo-
cardial I/R injury (70). This novel molecule is a specific inhibitor 
of the classical pathway of the complement system but does not 
inhibit MASP-1, kallikrein, and activated factors XII and XI. 
C1s-INH-248 was associated with attenuated myocardial injury 
as demonstrated by diminished plasma creatine kinase activity 
and local neutrophil accumulation. In addition, C1s-INH-248 

was more effective than pdC1INH administered at doses up of 
200  IU/kg. The authors speculated that cardioprotective effects 
of C1s-INH-248 may be related to the inhibition of the classical 
pathway and of the interaction of neutrophils with endothelial 
cells, and that the lectin pathway does not play a dominant role in 
their model. Again, the authors do not provide evidence of a total 
lack of interference of this C1s-specific C1INH with functions of 
the lectin pathway (in particular with MASP-2).

Finally, Schreiber et al. observed a lack of effect of intracoronary 
application of C1INH in a pig model of acute myocardial ischemia 
followed by urgent coronary bypass grafting (71). In contrast to all 
previous studies, C1INH did not reduce infarct size or release of 
creatine kinase, which may be explained by several ways. First, the 
dose of C1INH administered was rather low compared with pre-
vious studies (approximately 11–15 IU/kg). Second, C1INH was 
only administered locally and 60 min after induction of CPB. CPB 
is well known to systemically trigger activation of the complement 
system (72, 73), and hence late and local administration of C1INH 
was probably not able to prevent systemic (and even local) com-
plement activation. In addition, evidence of an epicardial shunt 
was found which again may have impacted on the limited effect 
of locally applied C1INH. Ideally, C1INH should be administered 
before institution of CPB in models of coronary bypass grafting, 
as this would be practicable in the human setting, too.

In summary, significant cardioprotection by C1INH was evi-
dent in all but one experimental myocardial I/R injury studies. 
Limitations include the use of different doses, routes of admin-
istration, and AMI models with different durations of ischemia 
and reperfusion. However, due to its manifold actions, the exact 
mechanism of C1INH being responsible for the observed attenu-
ated injury remains to be elucidated. Apart from the inhibition of 
complement activation, attenuated infiltration, and accumulation 
of neutrophils in ischemic tissue and a reduction of endothelial 
cell activation may be the dominant modes of action of C1INH. 
Unfortunately, experimental studies examining the impact of 
C1INH administration on the lectin pathway of complement and 
its consequences in myocardial I/R models are lacking. This is of 
importance, as a link between the lectin pathway of complement 
and activation of endothelial cells and subsequent recruitment 
of leukocytes has been previously demonstrated (16, 17, 68), and 
protease-independent actions of the PRR of the lectin pathway 
[such as direct induction of apoptosis (67) or amplification of 
inflammation via the alternative pathway] may play a role in myo-
cardial I/R injury. A limitation of modified C1INH preparation 
as used in previous studies is that the difference in its function 
compared with original C1INH has not been comprehensively 
elucidated, in particular toward its effect on the lectin pathway 
and regarding a potential unwanted modification in the amino-
terminal glycosylation.

C1iNH iN HUMAN MYOCARDiAL i/R 
iNJURY

Although multiple experimental studies have demonstrated the 
beneficial effect of complement inhibition in general and of C1INH 
in particular, no complement inhibitor is currently approved for 
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TABLe 4 | Effect of C1INH in clinical trials of AMI.

Reference Study type Condition included patients Treatment Relevant findings

Bauernschmitt et al. (74) Case series Emergency 
CABG after 
myocardial 
infarction

3 pdC1-INH
2,000 IU before CPB weaning

Hemodynamic stabilization and 
improved ventricular function

de Zwaan et al. (75) Open-label,  
dose-escalation 
study

STEMI STEMI: 22
Historical controls: 18

pdC1-INH
50 or 100 IU/kg loading dose 
continuous infusion of 1.25–2 IU/kg/h 
for 48 h

↓ troponin T and creatine kinase 
levels compared with historical control 
cohort

Thielmann et al. (76) Randomized,  
open-label study

STEMI 
followed by 
emergency 
CABG 

57 pdC1-INH
40 IU/kg loading dose before aortic 
unclamping
20 IU/kg 6 h after surgery

↓ decline in C1INH activity and 
troponin T increase (only when treated 
less than 6 h after symptom onset)

Fattouch et al. (77) Randomized, 
double-blind study

STEMI 
followed by 
emergency 
CABG 

80 pdC1-INH
500 IU loading dose 10 min before 
aortic unclamping
Continuous infusion of 500 IU over 
3 h

↓ decline in C1INH levels, increase in 
C3a, C4a, and toponin I levels, length 
of stay in ICU and hospital, duration of 
mechanical ventilation
↑ cardiac contractile function

CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; ICU, intensive care unit; pdC1INH, plasma-derived C1 esterase inhibitor; STEMI, ST elevation myocardial 
infarction; AMI, acute myocardial infarction.
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the treatment of AMI or other I/R injuries. Interventions specifi-
cally and exclusively targeting the lectin pathway of complement 
are lacking in humans, whereas the effect of C1INH has been 
already investigated in three clinical trials and one case series 
(Table 4). Similar to the above-mentioned experimental studies, 
only pdC1INH was used. Bauernschmitt et al. were the first to 
report on the experience of pdC1INH treatment in three patients 
undergoing emergency coronary artery bypass grafting (CABG) 
after failed percutaneous coronary intervention (74). All three 
patients developed severe postoperative myocardial dysfunction 
which impaired weaning from CPB. Termination of CPB in all 
three patients was associated with the administration of a single 
dose of pdC1INH, which led to improved left ventricular func-
tion and hemodynamic stabilization.

In an open-label, dose-escalation study, de Zwaan et al. treated 
22 patients with acute STEMI with pdC1INH during 48 h (75). 
The majority of patients had received antifibrinolytic therapy 
at least 1–2.5  h before C1INH administration, and only three 
patients underwent acute percutaneous coronary intervention. 
Drug-related adverse events were not observed, but creatine 
kinase and troponin T levels were reduced in comparison to a 
historical control population.

In a randomized, open-label study 28 patients undergoing 
emergency CABG after STEMI were treated with pdC1INH 
at aortic unclamping followed by another bolus dose 6  h later, 
and were compared with 29 similar patients receiving placebo 
and 10 patients undergoing elective CABG without evidence of 
recent STEMI (76). Again, drug-related adverse events were not 
observed. Administration of C1INH prevented the significant 
decline in C1INH activity (indicating consumption of C1INH) 
observed in placebo and control patients, whereas there was no 
difference in complement fragments. Interestingly, postoperative 
troponin T increase was only attenuated in patients receiving 
C1INH and surgical revascularization less than 6 h after symptom 
onset but not in patients with a longer ischemic interval.

In the largest study to date, Fattouch et  al. randomized 80 
patients with STEMI undergoing emergency CAGB to treatment 
with C1INH or placebo in a double-blind manner (77). C1INH 
was administered as an intravenous bolus before aortic unclamp-
ing followed by an intravenous infusion of 500 IU over 3 h after 
surgery. C1INH treatment resulted in significantly lower troponin 
T levels, an attenuated increase in complement activation frag-
ments (C3a and C4a) and a shorter intensive care unit stay. Again, 
a significant decline of C1INH activity was only prevented in the 
active comparator group, and adverse events related to C1INH 
were not observed.

In summary, clinical studies of pdC1INH in human myo-
cardial I/R suggest, that treatment of pdC1INH is safe and 
potentially effective in this setting. Of note, there is a lack of 
studies investigating C1INH in patients with AMI undergoing 
contemporary management with drug-eluting stents and state-
of-the-art antithrombotic therapy. Mortality of AMI has signifi-
cantly declined over the last decades as a result of modern drug 
and interventional treatment (78) and thus a potential benefit of 
pdC1INH as demonstrated in studies more than 10 years ago may 
not imply a similar positive effect in contemporary AMI patients. 
In addition, adverse drug reactions of C1INH administration 
must be meticulously evaluated in future studies given the poten-
tial of an increased bleeding but also thrombotic risk in the era of 
potent antithrombotic therapy and drug-eluting stents.

DiSCUSSiON

Acute myocardial infarction remains a leading cause of morbidity 
and mortality worldwide despite early and successful reperfusion 
strategies, which have been shown to significantly limit the size of 
the myocardial infarct and improve clinical outcomes. Although its 
existence remains controversial, reperfusion injury after restora-
tion of blood flow has been regarded as a critical contributor to 
myocardial damage paradoxically limiting the beneficial effects 
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of myocardial reperfusion. With respect to the modulation of the 
complement response, several complement inhibitors targeting dif-
ferent proteins of the complement cascade have been successfully 
investigated in experimental models of myocardial I/R injury (79). 
These models have underscored the potential of attenuating myo-
cardial tissue damage and ventricular remodeling by complement 
inhibition. However, with the exception of a single randomized 
placebo-controlled phase 3 trial, there is a lack of high-quality 
clinical studies of complement inhibition in human AMI (8). In 
addition, single-target interventions such as inhibition of C5 are 
probably inadequate to address the manifold inflammatory reac-
tions via several cascades and pathways after AMI. For example, 
pexelizumab only attenuated the increase in C5 and interleukin-6 
levels but had no impact on the increase and decrease of several 
other pro- and anti-inflammatory proteins, respectively (80).

FUTURe PeRSPeCTiveS

Based on the data as outlined above, we would like to suggest two 
potential strategies of complement inhibition for future clinical 
trials that are not mutually exclusive.

The first strategy involves targeted inhibition of the lectin 
pathway of complement. As the activity of the lectin pathway 
essentially depends on MASP-2 as the central enzyme (81), 
selective inhibition of MASP-2 shortly after myocardial ischemia 
and before reperfusion seems like an obvious next step. However, 
several caveats have to be considered apart from the availability of 
a suitable anti-MASP-2 antibody for future clinical trials.

MASP-2 inhibition, although effective in the above mentioned 
animal model, may be partially bypassed by the function of at 
least two lectin pathway proteins, such as MBL and MASP-1. For 
example, targeted MAPS-2 inhibition will not impact on several 
pro-inflammatory functions of MASP-1 such as endothelial cell 
activation (82) and the promotion of clot formation (54) via 
cleavage of thrombin substrates and the activation of platelets 
(68). Most importantly, evidence regarding the significance of 
the lectin pathway in human AMI is still premature and limited. 
Hence, a strategy that again only targets a single protein of the 
complement system (although further upstream in the comple-
ment cascade as in the pexelizumab trials) may be of limited 
or uncertain benefit in clinical trials of AMI. The complement 
system has also been implicated as a mediator of regenerative 
processes after myocardial tissue injury (83), and hence it is 
imperative to study the effect of short-term complement inhibi-
tion on outcomes after at least 30 days.

Treatment with C1INH may be regarded as a potential solution 
to this challenge. There are several advantages of using C1INH 
compared with isolated MASP-2 inhibition but also some caveats. 
In contrast to the previously mentioned strategies of complement 
inhibition, C1INH is a multiple-target, multiple-action inhibitor. 
Myocardial I/R injury is not mediated or caused by a single 
protein or even pathway, rather the opposite is true, i.e., several 
pathways are activated simultaneously and act in parallel. In 
addition, the relative contribution of each involved protein and 
pathway to the net damage is unknown and may vary in the line 
with the significant heterogeneity of AMI itself and of the diverse 
patient populations that suffer from AMI.

Evidence from multiple experimental studies mentioned in the 
present review point to a relevant and protective effect of C1INH 
in myocardial I/R injury. Moreover, results from small clinical 
trials, though conducted more than 10 years ago, seem to confirm 
findings from animal models. Similarly important as effectiveness 
is the fact that adverse drug reactions of C1INH administration 
were not reported in the setting of human AMI (75–77) and of 
acute rejection following renal transplantation (84–86).

Potential disadvantages of C1INH include unwanted effects 
when interfering with the coagulation and the fibrinolysis system 
at the same time. As a matter of fact, thromboembolic complica-
tions were noted in neonates receiving high-dose C1INH during 
cardiopulmonary bypass surgery and in an animal model of 
myocardial I/R injury (33). However, there was no safety signal 
in the above-mentioned clinical trials of C1INH.

When designing clinical trials of C1INH in AMI several aspects 
and pitfalls have to be addressed such as the required duration of 
treatment. In the previous pexelizumab trial in STEMI patients, 
complement inhibition was sustained for at least 24  h with its 
activity having returned to baseline after 48 h. However, elevated 
serum complement levels have been demonstrated during the 
first 10 days after AMI (87).

The second question is which type of C1INH should be inves-
tigated in future clinical trials of AMI. PdC1INH seems to be the 
obvious choice since it has been utilized in every experimental and 
human myocardial I/R injury study to date. Another advantage 
is its significantly longer half-life compared with Conestat alfa 
(30 vs. 3 h) (88). However, Conestat alfa significantly decreased 
ischemic damage when administered up to 18 h after induction 
of cerebral ischemia and reperfusion, whereas pd1INH was only 
effective when given at the time of reperfusion (31, 89). Similarly, 
the formation of plasmatic functional MBL/MASP-2 complexes 
after transient cerebral ischemia was attenuated only in mice 
receiving Conestat alfa but not pdC1INH.

Another important aspect involves the requirement of inhibit-
ing target proteases and non-protease targets at the site of acute 
inflammation. To maximize effectiveness and minimize adverse 
reactions, an ideal C1INH preparation should exert its inhibitory 
function preferably or exclusively in ischemic and/or reperfused 
myocardial tissue similar to the concept of targeting cancer cells 
by mAbs. In contrast to cancer, the speed of inactivation is also 
crucial in I/R injury, as for example MBL-MASP-1/-2 complexes 
clustered together on ischemic endothelial or myocardial cells 
may escape inactivation by C1INH long enough to activate 
downstream effector molecules.

Whereas the protein structure is identical, the glycosylation 
pattern of Conestat alfa at the amino-terminal domain is mark-
edly different from pdC1INH preparations (32). In particular, 
exposed mannose residues are significantly more prevalent in 
Conestat alfa compared with pdC1INH (15 vs. <1%), which may 
influence the binding preference toward lectins and in particular 
to MBL. Indeed, Gesuete et al. demonstrated high-affinity binding 
of Conestat alfa to MBL but not of pdC1INH (31). Although this 
may not directly influence the degree of inhibition by its serpin 
domain, it may potentially impact on the speed and location of 
inhibition in the human body. By binding to MBL, Conestat alfa 
may be hijacked to the primary site of inflammation, where it may 
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immediately inhibit its target proteases before they are able to 
activate downstream effector molecules. By contrast, pdC1INH is 
certainly able to limit random complement activation in plasma 
but may allow considerable escape of inactivation of complement 
complexes at the tissue level. Interestingly, Conestat alfa remained 
confined on the ischemic endothelial wall in co-localization to 
MBL, whereas pdC1INH was also found in the area around the 
ischemic vessels (31).

However, due to the lack of comparative studies of pdC1INH 
vs. Conestat alfa in myocardial I/R injury it is premature to draw 
any definitive conclusions about any difference in efficacy of the 
two preparations in the setting of AMI.

SUMMARY AND CONCLUSiON

In this review, we have summarized current concepts and 
evidence addressing the role of the lectin pathway as a potent 
regulator of myocardial I/R injury in murine models and the 
human setting. As it still remains to be determined if administra-
tion of a complement inhibitor after myocardial ischemia and 
before reperfusion is effective, we may have to leave the beaten 
path and “should strike out on new paths” (John D. Rockefeller, 

1839–1937) avoiding single-target interventions and investigate 
pleiotropic compounds such as the natural inhibitor of the lectin 
pathway, C1INH, that also interferes with other important pro-
inflammatory pathways. Given the evidence from several animal 
models and previous small clinical trials and the lack of major 
concerns regarding adverse events, there is ample reason to 
embark on larger clinical trials with C1INH in STEMI patients. In 
our opinion, ameliorating myocardial I/R injury by targeting the 
lectin pathway of complement remains a valid option for future 
therapeutic interventions.
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The overpowering effect of trauma on the immune system is undisputed. Severe trauma is

characterized by systemic cytokine generation, activation and dysregulation of systemic

inflammatory response complementopathy and coagulopathy, has been immensely

instrumental in understanding the underlying mechanisms of the innate immune system

during systemic inflammation. The compartmentalized functions of the innate and

adaptive immune systems are being gradually recognized as an overlapping, interactive

and dynamic system of responsive elements. Nonetheless the current knowledge of the

complement cascade and its interaction with adaptive immune response mediators and

cells, including T- and B-cells, is limited. In this review, we discuss what is known about

the bridging effects of the complement system on the adaptive immune system and

which unexplored areas could be crucial in understanding how the complement and

adaptive immune systems interact following trauma.

Keywords: complement, trauma, innate immunity, adaptive immunity, T-cells, B-cells

COMPLEMENT ACTIVATION DRIVES INNATE IMMUNITY EARLY

AFTER POLYTRAUMA

Well-known ancient physician and philosopher Hippocrates from Kos (ca. 460–370 B.C.) had
defined some interventions in trauma care, which had been radical at that time, eventually, some of
them proving to be clinically relevant (1). Hippocratic Medicine followed the humoral pathology
and defined the “four humors” or fluids of the body (among them blood), which had to be
rebalanced to achieve healing. Almost as a foresight of the complement response after trauma,
Hippocrates clearly pointed out the importance of humoral components in the pathophysiological
course of diseases, thus being the first to indicate the involvement of the fluid phase and its
potential relevance. Drawing on this age-old concept, complement activation was formerly defined
as “disseminated intravascular multiple systems activation” following trauma as in a major burn
injury (2). The cellular immune system with “pre-programmed responses” had been proposed to
be of less importance after severe tissue injury compared to the mediator systems of complement
components and other opsonins (3). Supporting this observation, activation of the humoral
systems, including the coagulation and complement systems, was described to occur early after
multiple injury because complement activation products, the anaphylatoxins C4a and C3a, were
elevated and associated with injury severity and infectious complications (4, 5). These preliminary
observations stimulated a growing interest in trauma-associated complement activation, which
extended from temporal to spatial activation tendencies. Two studies are of relevance in this regard.
In one clinical study, early after trauma (< 48 h) including multiple fractures, blunt abdominal
trauma and blunt chest trauma with rib fractures, high C3a/C3 ratio was useful to segregate
adult respiratory distress syndrome (ARDS) from non-ARDS patients (6). In a later study, plasma
samples from patients were obtained as early as 30min post-trauma comprising of penetrating
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injury or severe head injury and with a mean injury severity score
(ISS) of 17, without any resuscitative fluid replacement therapy.
Here it was found that the soluble terminal complement complex
(TCC) sC5b-9 and Bb (activated factor B) were associated with
high ISS (7). On comparing the two studies, several similarities
and discrepancies can be summarized. Both studies identified an
early activation of the alternative pathway, however, opposing in
whether classical complement activation preceded or followed
alternative pathway activation. Interesting to note in here is
the difference of time-points in the two studies (30min vs.
<48 h post-trauma) and the fluid resuscitation that was received
by patients in the former study as opposed to none received
when blood samples were collected for the latter. Apart from
this temporal association, the site and pattern of injury could
also modulate activated complement factors and complexes
differentially, as was described in a small cohort study proposing
that the appearance of the TCC and C3dg as early as 24 h after
trauma was mainly seen in patients who had suffered a thorax
trauma (8).

When complement activation products were individually
implicated in trauma-induced local and systemic trauma
complications, several groups found that early C3a generation
and depletion of C3 with a resultant increase in the C3a/C3
ratio were associated with the development of acute lung injury,
ARDS, sepsis, multiple organ dysfunction and consequently a
poor prognosis (6, 9–12). Likewise, anaphylatoxin C5a appears
in the circulation of humans within 20min post polytrauma and
its levels have been related to the mortality rate (10). Exposure to
C5a may result in significantly delayed neutrophil apoptosis early
after trauma, thereby causing enhanced host damage through
the recruitment and accumulation of neutrophils at the injury

Abbreviations: Apaf-1, Apoptotic protease activating factor 1; APC, antigen

presenting cell; ARDS, Adult respiratory distress syndrome; ATP, adenosine

triphosphate; BCR, B-cell receptor; BLK, B-cell lymphocyte kinase; BLNK,
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site (13). The underlying causes of rapid local and systemic
complement activation via all pathways may be manifold and
some remain speculative, for example, tissue hypoperfusion
with acidic (micro)environments, natural antibodies, reactive
oxygen species, coagulation-complement crosstalk, release of
non-specific proteases with subsequent cleavage of complement
components, exposure to pathogen-associated molecular
patterns (PAMPs) in a synchronic shock situation, artificial
surfaces like catheter materials and transfusion of blood
products, including complement components in fresh frozen
plasma among others (14–18). Uncontrolled complement activity
can be further augmented by dysregulated levels of complement
regulators, including C4b-binding protein and factor I (10).
Additionally, an early depletion of central complement
components causing trauma-induced complementopathy with
declining complement hemolytic activity and manifestation of
signs of immunodeficiency have been reported (10, 19).

While the complement system itself maybe dysregulated
in the post-traumatic pathophysiology, activation of various
other serine proteases, including proteases of apoptotic systems,
like granzyme B and cathepsin D, may intensify the extent
of complement activity. Damaged cells can also activate
factor VII-activating proteases which, together with other
proteases, rapidly cleave the complement factors C3 and C5
and generate the respective anaphylatoxins C3a and C5a
(Figure 1) (16, 20). In addition to the autonomous action
of the complement system after trauma, this ancient fluid-
phase innate immune system is intimately associated with
the cellular immune responses (13, 21–23). C5a functions not
only as an effective chemoattractant for neutrophils, but also
upregulates various adhesion molecules on the endothelium,
evoking the classical signs of inflammation. C5a exposure leads
to various acute defensive functions in neutrophils, including
enhancement of phagocytic activity, mounting of an oxidative
burst, further inflammatory mediator release and generation
of neutrophil extracellular traps. On the contrary, after severe
trauma or during prolonged systemic inflammatory conditions
that promote complement activation, C5a may become “too
much of a good thing” (24, 25). C5a-activated neutrophils
have been shown to induce endothelial and mesothelial
autologous tissue destruction, for example, of the human
omentum, which performs several basic innate and adaptive
immune functions (26). Recent studies have indicated that
C5a also results in a profound morphological polarization of
neutrophils and immunometabolic changes by enhancement
of the glycolytic flux (27, 28). C5a was able to generate an
alkalotic intracellular milieu in neutrophils and a local lactic
acidosis microenvironment despite the absence of an ischemic
condition or oxygen debt (27). Yet, it remains unclear to
what extent these effects may contribute to known metabolic
changes and acidosis after severe trauma. By contrast, deficiency
in complement-related factors have also been reported in
trauma. Blood neutrophils from trauma patients, which appeared
unresponsive to C5a, displayed an impaired oxidative burst
activity, less C5aR expression, increased C3b binding activity,
and clinically more (infectious) complications (Figure 1) (29).
Chemotactic desensitization of neutrophils to C5a was observed
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FIGURE 1 | Overview of post-trauma complement activation bridging altered cellular responses of the innate and the adaptive immune system. Trauma alters one or

more cellular responses of neutrophils, monocytes, and B-cells and by directly modulating complement regulatory proteins on T-cells, apart from robust activation of

complement factors. Though there is a direct effect of trauma on T-cells and B-cells, involvement of mediating complement factors are unreported. CR1, complement

receptor 1; HLA-DR, human leukocyte antigen—antigen D Related; MAPK, mitogen-activated protein kinase; PAMP, pathogen-associated molecular pattern.

in patients with multiple trauma, burn injury or sepsis, indicating
dysfunctional danger associated molecular pattern (DAMP)
sensing by neutrophils upon excessive complement exposure
(29, 30). In accordance with this, loss of C5aR1, C5aR2, and
C3aR on neutrophils after multiple injury was found clinically
and was correlated to infectious complications and multiple
organ dysfunction (31–33). An integrated clinico-transcriptomic
approach investigating RNA from leukocytes revealed that lower
C5-expression on day 1 after polytrauma was associated with
the development of nosocomial infections (34). Monocytes
and macrophages are also major players in the orchestrated
post-traumatic immune response and are highly responsive
to complement factors. C5a is capable of priming peripheral
blood mononuclear cells via p38 mitogen-activated protein
kinase (MAPK) pathway activation (Figure 1), which in turn
results in a significantly enhanced inflammatory mediator release
upon secondary exposure to PAMPs (35). In previous studies,
the migratory responsiveness of monocytes to C5a but not
to fMLP had been found to be suppressed, with a maximum
depression from 5 to 7 days after major injury (36, 37). The
authors proposed these findings as an explanation for the
predisposition of trauma patients to infection and poor wound
healing.

When the “first line of defense” represented by physiological
barriers, including the skin, is injured, the “second line

of defense,” represented by innate immune cells and the
complement system is challenged. Proteomic analyses of wound
fluids after (surgical) trauma revealed the presence of key
complement components including C3 and factor B, in addition
to a discrete proteomic leukocyte signature, indicating that
as part of the second line of defense, both leukocytes and
complement implement the clearance of wound debris and
regenerative processes (38). Currently, the role of complement in
regard to the “third line of defense,” as formed by the adaptive
immune system, is less well known, more so in the context of
trauma.

TRAUMA: WHERE DO COMPLEMENT AND

ADAPTIVE IMMUNITY MEET?

The complement system and the adaptive immune responses
after trauma have been described separately in various literature.
Nonetheless, post-traumatic complement activation and its
effects on lymphocyte phenotype and function remain elusive.
At present, few studies mainly involving trauma injury like
traumatic brain injury (TBI), burn injury, and splenectomy
after blunt abdominal trauma, have brought the complement
system and the adaptive immunity on to a common platform.
Injury to the central and peripheral nervous system like TBI,
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peripheral nerve injury and spinal cord injury (SCI) have
offered suitable opportunities to partially understand the basis
of complement—adaptive immunity cross-talk. In a murine
SCI model, IgM was proven to drive not only the recognition
of neoepitopes on damaged cells, but also facilitated on-site
complement activation and C3d deposition correlating with
injury severity (39). This relation of complement activation to
the injury was further bolstered through multiple studies, like,
controlled brain contusion performed on strain-specific rats was
found to have significant local C3 expression and high T-cell
infiltration 3 days thereafter (40, 41). Implicating that mature
T- and B-cells could be a pre-requisite for the generation of
activated complement factors, Rag1(-/-) mice used to perform a
closed head injury study had significantly decreased C3a levels
compared to wild-type (WT) mice with no intergroup difference
in injury severity (42). Thus, due to this experiential dependence
of injury severity on complement activation, healing could also be
achieved with complement inhibition. In post reperfused stroke
it was seen that treatment with C3aR antagonist diminished
infiltration of C3aR-expressing T-cells at the ischemic site,
helping in neurogenesis (43). Pain responses due to peripheral
nerve injury induced by partial ligation of the rat sciatic nerve
could also be attenuated by intraperitoneal injection of soluble
sCR1, with diminished macrophage and T-cell recruitment at the
injury site (Figure 1) (44). However, the scope of these studies
was limited as they did not investigate the cause/s of the observed
effects.

Blunt abdominal injury is another example of trauma injury
where patients frequently undergo splenectomy. The function of
the complement system in attuning adaptive immune responses
in the spleen has been underscored by two studies where the role
of dendritic cells (DCs) and B-cell responses due to complement
factors or receptors in the splenic marginal zone (MZ) has
been described. The uptake and transfer of self-antigens by DCs
to secondary lymphoid organs serves the crucial purpose of
tolerance induction. However, proven through in vitro studies,
CD8α+ DCs resident in splenic MZ can also actively uptake and
internalize circulating iC3b opsonized apoptotic leukocytes and
these cells require complement receptor (CR) 3 and not CR4
for this purpose (45). Coming to B-cell mediated responses, C4
deficient mice had higher immune complex localization in the
splenic MZ and impaired antibody response and class-switching,
which was restored when antigen was directed to the splenic MZ
(46). Hence, complement seemed to play a role in modulating
self-antigen localization such that peripheral B-cell tolerance is
maintained. Splenectomy post-trauma affected immune function
in terms of reduced T-cell response to phytohemagglutinin,
decreased number of lymphocytes, decreased IgM levels, and no
changes in C3, C4, and C5 levels (47). Contradicting this former
study, other studies concluded that either serum IgM levels did
not vary (48) or there was an increase in B-cell population (49).
The commonality among them being the unchanged levels of
complement factors, a stark demerit of these conclusions was that
activated complement fragments were not measured, rendering
one inconclusive as to what exact role the complement system
might have had in insinuating the adaptive immune responses.
In a later study including polytrauma patients, investigation

of complement regulatory surface proteins on lymphocytes
from the patients showed significantly high CD59 expression
120 and 240 h post trauma and significantly decreased CD46
expression up to 48 h after trauma, with or without splenectomy
(Figure 1) (31). Whether an impairment or augmentation of
lymphocyte activity is a cause of deregulated complement
activation post-trauma was confirmed from burn injury studies,
like, generation of C1q degradation peptides in burn patients
having an immunosuppressive effect on lymphocytes (50). Serum
obtained from major burn injury patients, when subjected
to complement inactivating temperatures in vitro could affect
mitogen-associated lymphocyte blastogenesis, establishing the
fact that complement is putatively necessary for lymphocyte
development in a trauma event (51). Extending on this concept,
in a pig burn wound model (described as 8 burn wounds
inflicted for 20 s with a 170◦C heated copper rod over a 4 ×

4 cm area on two flanks), systemic C3 increased significantly
from day 9 and up to 60 days post injury, C4 increment
was delayed after burn and a concomitant increase in T-
cell infiltration at the wound site was seen on day 3 which
declined 21 days post burn injury (52). Additionally, a local
increase in C3 and C4 was observed 9 and 4 days post
burn respectively, though both decreased after 21 and 9 days,
respectively.

As evident from the paucity of relevant studies is that the
causality of the complement—adaptive immunity interaction
after trauma is still missing. In the following discussion, we focus
on aspects of adaptive immunity, from antigen presentation to
T- and B-cell functions, which have been proven to be under
complement-mediated regulation and vice versa, and how such
mechanisms are of importance in the “traumatic” context.

COMPLEMENT SYSTEM AND ANTIGEN

PRESENTATION

Antigen presentation is the first and foremost step in priming
lymphocytes for their effector functions. This includes processing
of exogenous foreign particles, which are in turn presented
by major histocompatibility complex (MHC) class II to CD4+
T-cells and endogenous foreign particles are presented by
MHC class I to CD8+ T-cells. MHC class II molecules are
principally expressed on professional antigen presenting cells
(APCs) e.g., macrophages, DCs and B-cells, while all nucleated
cells express MHC class I on their surface. However, in
addition to conventional antigen-presentation modes, MHC
class I can also cross-present, i.e., exogenous antigens can be
presented on MHC class I of professional APCs (53). Reduced
antigen-presentation functions were initially reported in post-
injury macrophages, further having been frequently described
in trauma studies (54, 55). For example, reduced antigen
presentation and interleukin (IL)-12 and interferon (IFN)-G
production after surgical trauma, a diminished population of
HLA-DR+ monocytes early in trauma patients and attenuated
IL-15 production by DCs following trauma hemorrhage have
been reported (56–58). TBI and its impact could be lessened
by targeted inhibition of class II-associated invariant peptide,
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an essential component in MHC antigen presentation (59).
Therefore, antigen processing, presentation and co-stimulation
of T-cells could well be under the regulation of activated
complement factors, particularly in the event of excessive
complement activation which has been observed after trauma.
Few studies from the last decade could help one get an
idea of the role played by complement factors in the uptake
of antigens, self or non-self, through DCs and their effect
in generating T-cell responses. The extensively convoluted
pathophysiology of trauma can contribute to cellular apoptosis
as seen in the spleen, thymus, and the gut and also in
neurons after TBI and SCI (60–63) and requires resolution
of unwarranted proinflammatory responses. Conversely, the
said physiological mechanism can also yield in an imbalance
of the inflammatory responses so generated. Suppression of
proinflammatory response was identified to be mediated by
DCs when a study found C1q and mannose binding lectin
as receptors aiding apoptotic cell uptake by immature DCs
(iDCs) (64). In connection to this, apoptotic cell removal
by microglial cells, which are central nervous system tissue
resident DCs, brings about inhibition of IL-6, IL-1α, TNF-
α, and IL-1β as opsonization with C1q targets apoptotic cells
to DC (65). Another study described that C1q opsonized
apoptotic cell uptake by iDCs reduced their surface expression of
CD86 costimulatory molecule along with diminished subsequent
Th1 and Th17 cell proliferation, generating a contracted
inflammatory response (66). This may explain the observed
delayed development of immune paralysis in trauma patients,
giving rise to poor prognosis as well as the susceptibility
to sepsis (67). In a human study, severely injured patients
have demonstrated monocyte deactivation, decreased HLA-
DR expression on B-cells and dramatically influenced T-cell
activation (68). Furthermore, a study showed increase in
splenic T-cell and decrease in splenic B-cell 26S proteasome
activity concomitant with changes in NF-κB expression after
trauma-hemorrhage, suggesting the essential involvement of
proteasomes in the regulation of signal transduction in splenic
T- and B- cells (69). However, this study did not further
describe if the antigen presentation machinery in B-cells is
affected anyhow, as proteasome degradation is a key step in
cytosolic antigen processing pathway of antigen presenting
cells (53).

A complement-enriched environment is necessary for antigen
presentation and T-cell differentiation, which is strongly
dependent on the type of complement activation products
generated (70, 71). Self-antigen presentation after degradation
of apoptotic cells is guided by activated C3, contributing to
MHC class II antigen processing and presentation (72). In
several studies, the role of CR1 and 2 in prolonged antigen
presentation have been described for antigen-specific B-cells and
macrophage-mediated antigen presentation to T-cells (73–77).
Studies have also attempted to describe the mechanistic pathway
of antigen-loading efficiency of tetanus toxin-opsonized by C3b
and C4b particles (78–80), though the type of antigen spoken
hereof is of pathogenic source and may not necessarily explain
mechanisms applicable in the context of trauma. Yet, the
dynamics of C3 fragment mediated opsonization in purportedly

regulating antigen processing is an intriguing premise. C3
activation fragments bound to antigen can delay its degradation
in the cytosol by evading its fusion with lysosomes and
maintain the antigen-loaded internalized cargo within DCs,
a process which modulates T-cell responses to self-antigens
(72). Additionally, antigens complexed with C3b were shown
to form more stable MHC class II complex, modulating
the antigen processing pathway in the late endocytic stage, the
loading of the antigen onto MHC and the presentation of the
antigen to T-cells resulting in T-cell proliferation (72, 78, 79,
81, 82). Furthermore, high intracellular cAMP in C3aR- or
C3-deficient APCs impaired antigen presentation (83). While
antigen presentation is facilitated by complement activation
products, DC maturation could also be inhibited by iC3b,
which exerts its effect by increased extracellular signal-regulated
kinase 1/2 (ERK 1/2) phosphorylation and reduced p38 MAPK
phosphorylation, resulting in decreased IL-12p70 and increased
IL-10 (84). Even anaphylatoxin C5a is a potent effector in priming
lymphocytes, because modified C5a peptide EP54 (response-
selective agonist peptide) was identified as an adjuvant in
DC-mediated T-cell priming (85). In addition to activated C3
and C5 products, elucidated effects of another complement
factor C1q have been shown to drive DC-mediated functional
activation of T-cells and cross-presentation of exogenous antigen
to CD8+ T-cells resulting in greater CD8+ T-cell proliferation
(86, 87). The gradual momentum gained by these evidences
puts forward a need to confirm the same in trauma. While
different experimental confirmations have brought forth the
importance of complement activation and degradation products
on antigen processing and presentation pathways, in vivo
and in vitro analyses could help in further elaborating how
high levels of C3 and C5 activation and/or degradation
products generated during trauma could affect these downstream
mechanisms.

COMPLEMENT AND ADAPTIVE IMMUNITY

Accumulating evidences supporting a possible interaction
between the complement system and T-cells have been discussed
in some reviews extensively (88–91). In this section we will
discuss the relevant studies and recent developments with
respect to complement—adaptive immunity crosstalk from the
perspective of trauma-immunology.

Anaphylatoxin-Regulated Th17 Response
Trauma severity and its outcome appear to be associated
with elevated levels of the anaphylatoxins C3a, C4a, and C5a
as well as other activated factors, including factor B and
TCC (7, 92). Therefore, these intermediates could affect the
resolution of the trauma response when adaptive immunity is
involved. Invariably, there are obvious differences between sterile
inflammation (like trauma) and infectious inflammation (like
sepsis), which although can show similar effects, may or may
not employ identical pathways to the resultant observed effect.
Therefore, the origin of the antigens involved to enunciate the
immune response is important. These antigens can be foreign
(e.g., PAMPs), self yet foreign or DAMPs, or self-antigens. In
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PAMP-driven sepsis mice, treatment with anti-C5a antibodies
displayed significantly reduced IL-17 levels compared to control-
treated sepsis mice (93). C5a can also increase IL12+ DC
migration from the peritoneal cavity to the periphery and
could prime both Th1 and Th17 T-cells (94). Delving deeper
into the exact effect of Th17 T-cells it was seen that, elevated
level of IL-17 is generally observed in sepsis and this can
be abrogated by a Rho-kinase inhibitor designating it as a
participating downstream signaling mediator (95). Th17 cells
mediating proinflammatory responses in trauma have been
already reviewed extensively, and a few recent studies have
investigated into theirmodulation by the complement system like
elevated recruitment of the proinflammatory Th17-cell cohort
in a trauma setting, whose inhibition proved to be protective
and supported healing (66, 96–98). Interestingly, the DAMP-
driven trauma and its associated Th17 responses is caught up
in various contradictory results, albeit without the clarification
of an intervening involvement of the complement system.
When Inatsu et al., obtained peripheral blood mononuclear
cells (PBMCs) from third degree thermal injury patients to
culture and stimulate these PBMCs with Candida albicans
hyphae in vitro, they found that PBMCs from burn patients
had impaired Th17 differentiation (99). Notwithstanding this
reported impairment in Th17 phenotype acquisition, subsequent
murine studies showed in third degree burnmodel that Th17 cells
were highly recruited at the site of wound as early as 3 h (100) and
even 7 days post-injury (101). Few clinical and murine studies
could support this conclusion as well for example increased
circulating population of CD4+ Th17 T-cells 5 days after trauma
in patients with an ISS > 20 (102) and greater IL-17 production
by splenocytes in mice which were given an acute scald burn
injury of 5 s at 95◦C (103). Apart from systemic effects, the local
response to trauma hemorrhage was found to effectively increase
the Treg:Th17 ratio in the mesenteric lymph nodes, highly
likely due to the concomitant decrement observed in circulatory
CD103+ DCs (104). A recent clinical study where 114 trauma
hemorrhagic shock (THS) and 50 control patients were recruited
also showed that, THS patients who developed sepsis later on
had lower Th17:Treg cell ratio (105). As sepsis is a common
development in later time-points post-trauma, the relevance of
IL-17 as a prognostic marker (67) and the contextual relevance
of complementopathy in regulating this response could be
further validated. IL-17 has also been identified to predict organ
damage through computational network analysis of systemic
inflammatory markers in blunt injury patients and neutralizing
IL-17A attenuated organ damage in a trauma/hemorrhage mouse
model (106). Therefore, it is a prerequisite to disentangle the
gradually building yet convoluted concept of how exactly Th17
responses are under intricate modulation/s following trauma.
This could be dependent on the time and type of injury, local
to systemic differences and the inherent inconsistencies found
in human and murine systems, apart from the proven role
of complement in sepsis as opposed to the unexplored one
in trauma. Complement factors and its regulatory components
could also be one of those modulators in trauma injury
and its yet untapped functions is an opportunity for further
investigations.

Other Complement-Mediated T-Cell

Responses
Gδ T-cells have been recently associated in a few trauma-related
burn injury and fracture studies for example in regulation of
fracture healing, high recruitment of Gδ T-cells at the site of
the wound, wound healing through modulation of myeloid
cells and higher neutrophil recruitment in the lungs after
trauma-hemorrhage (107–109). A recent study demonstrated
how mitochondrial DAMPs can directly interact with Gδ T-cells
and induce synthesis of proinflammatory cytokines, including IL-
1β and IL-6 (110). Though unavailable in the context of trauma,
complement system’s role has been elaborated in PAMP-driven
systemic inflammatory response like sepsis. Gδ T-cells obtained
from cecal-ligation puncture (CLP) mice and transferred to
recipient CLP mice followed by in vivo treatment with anti-
C5a improved survival rates of the recipients (93). When these
T-cells were obtained from anti-C5a pre-treated CLP mice
and transferred to recipient CLP littermates, the recipients
displayed reduced survival, indicating that the pathogenic role
of Gδ T-cells was modulated by C5a (93). Extending upon
the effect of C5a, increased C5a generation was shown to
stimulate neutrophil release of histones, which in turn can
induce lymphocyte apoptosis (111). This study used WT and
C5aR1 knockout (C5aR1-/-) mice to induce CLP-sepsis and
stained apoptotic cells in the spleen by TUNEL, whereby
WT CLP-sepsis mice had up to 5 times higher apoptotic
cells per view field. The complement—lymphocyte connection
could be confirmed for other complement factors as well, like,
functionally defective Tregs, along with defective DCs and
impaired B-cell switching were found in a 2 year old male
patient with C3 deficiency (112). Hence, the concomitant over-
activation of complement factors and following consumptive
effect that trauma has on them could very well impede the
functioning of the adaptive immune system. A seldom explored
complement regulatory protein in traumatic conditions is the
decay acceleration factor (DAF), which exerted a protective effect
in a pig hemorrhage model and was seen to be upregulated in
human neutrophils early after polytrauma (31, 113). Imitating
central nervous system inflammation by injecting myelin
oligodendrocyte glycoprotein (35–55) peptide showed that Daf1
transgenic mice with a higher cell-surface DAF expression
displayed an attenuated disease phenotype and reduced antigen-
specific Th1 and Th17 responses, further emphasizing on the
role of DAF in T-cell-mediated proinflammatory functions
(114). Hence, the robust involvement of complement factors
in generation of T-cell responses could affect the mechanisms
that are modulated downstream and the evidences explaining
these potential mechanisms have been a recent addition to our
understanding.

Potential Mechanisms in T-Cells
Severe tissue trauma and hemorrhagic shock (HS) is often
associated with a significant oxygen deficit as reflected by
lactate acidosis and a drop in the base excess (13). The
decrease in pH can be manifested systemically and be even
more pronounced locally. Low pH environments are known
to activate key complement factors and thereby generate
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C3 and C5 activation products (115) which in principle
can contribute to the complement activation and modulation
of lymphocyte intracellular mechanisms. Metabolic effects of
activated complement at lower concentrations functionally
modulated CD4+ T-cells in terms of glutamine utilization
and enhanced oxidative capacity of T-cells; whereas a higher
concentration of complement resulted in cell death by ATP
depletion (116). A combination of TCC and immune complexes
trigger CD4+ T-cell activation by inducing phosphorylation of
ζ-chain, ZAP-70, Syk, Src, and Lck along with the arrangement
of the actin cytoskeleton and effector T-cell functions (117,
118). Upon stimulation, T-cells in C3 knock-out mice have
also been shown to display attenuated T-bet transcription
factor expression, a factor which determines lineage specificity
in CD4+ T-cells (71). Nevertheless, the complement—T-cell
association is not just restricted to this. In the last few years,
the intimate association of complement mediated signals in
T-cell phenotype acquisition has been elaborated through a
series of important studies. It was seen that, absence of C5aR
and C3aR signaling caused CD4+ T-cells to acquire a Treg
cell phenotype in the absence of DCs, through induction of
TGF-β and downregulation of complement factor expression
by T-cells (119). Thus, autocrine complement activity of T-
helper cells gained relevance with a following study showing
the generation of intracellular C3a to be driven primarily
by cathepsin-L protease synthesized by T-cells (120). A
subsequent more recent study in this context showed how T-cell
effector function results from intracellular metabolic alterations,
modulated by intracellular synthesis of complement products
and surface-expressed CD46 (121). Intracellular generation of
C3 cleavage products and binding of C3b to CD46 drives
the upregulation of glucose and amino-acid transporters and
ragulator complex protein LAMTOR which affects cell growth
(121). Even intracellular activation of C5 and its effect on
NLRP3 inflammasome signaling are necessary for Th1 cell IFN-
G synthesis (122). Considering these evidences, it would be
interesting to see how and where these mechanisms are affected,
when the aforementioned downregulation of CD46 occurs on T-
cells following trauma (31) and the role of intracellular C5aR1 in
CD4+ T-cells thereafter.

Complement-Mediated B-Cell Responses
Raad et al. has extensively reviewed how autoantibody generation
is a common observation after central nervous system trauma
(103). The review discusses in depth the origin of such
autoantigen synthesis, which may result due to generation
of autoreactive T-cells or even B-cell hyperactivation. Here,
the role of the complement system in expediting lymphocyte
sensitization and their responses to self-antigens generated
following profuse tissue damage after trauma is left to be
explored in detail. Ischemia-reperfusion (IR) injury is a common
consequence of trauma where the role of complement has been
confirmed together with humoral immune responses (51, 52).
Clonally specific B-cells and the activated classical complement
pathway were shown to be involved in injury pathogenesis,
with IgM implicated as the key mediator (53). Additionally,
the relevance of CR2 has been demonstrated in inducing IgG

and IgM antibody production and their concomitant effects
in IR injury pathogenesis (54). Inhibition of spleen tyrosine
kinase (Syk), a membrane signaling protein found in B- and
T-cells, elicited protective effects by reducing C3 and IgM
deposition in tissues in a model of mesenteric IR injury with
remote lung injury (55). Opposing existing concepts, C3 was
subsequently shown not to be involved in IR injury, whereby
a study revealed that surface-expressed CR2 on marginal-zone
B-cells did not require C3 activation products to generate IR
injury-induced antibodies (56). While nonspecific and specific
humoral immune responses have been evaluated in burn injury
and SCI, additional observations have been made in major
trauma models (123–125). A study by Faist et al. evaluated B-
cell function in 30 patients following major trauma over a 21-
day period (126). Although the number of circulating B-cells
in the trauma patients was not decreased following injury, the
number of terminally maturing CIg+ B-cells were significantly
decreased compared to controls up to 21 days post-trauma. B-
cells obtained from the recruited patients in this study were
analyzed in vitro and synthesis of IgA, IgM, and IgG by these
B-cells were significantly reduced on day 1 after trauma. Later,
IgG synthesis decreased on day 3 though total IgG levels were
supra-normal. IgM synthesis was diminished throughout the
study as compared to the controls (126). This post-traumatic
IgM deficiency has also been described in other studies, a
fact which is supported by the lack of the lymphokine IL-2
found in patients with multiple trauma (127, 128). Additionally,
B-cell derived autoantibodies after SCI are co-localized with
C1q on injured neurons, though it remains unclear whether
complement activation modulates the production of these
autoantibodies (50).

The complement system is furthermore involved in the
maintenance of homeostasis by clearing debris, apoptotic bodies,
and immune complexes (129). It regulates effector functions
of natural antibodies, and C3 cleavage products participate
in the opsonization and transport of antigen to the B-cell
compartments of the secondary lymphoid tissue (130–132). A
detailed role of complement regulators has been realized of late,
like CR2/CD21 and CR1/CD35 expression by follicular DCs
(FDCs), which function to retain the antigen in the lymphoid
follicles required for the activation, proliferation, and antibody
generation of B-cells (133, 134). CR1/2 and complement C3
support the localization of IgM-immune complexes in the
splenic MZ (135), where B-cells concentrate the IgM-immune
complexes onto FDCs. Supporting this, decreased MZ B-cells
dramatically diminish the amount of IgM-immune complex
on FDCs. The localization of antigen on FDCs has been
implicated in optimizing the formation of germinal centre,
memory B-cell formation, somatic hypermutation, and IgG class
switching (135). Furthermore, in the FDCs of the peripheral
lymphoid tissues, including the spleen and lymph nodes, CR1
and CR2 assist in autoreactive B-cell clone anergy by binding
and presenting the self-antigen to these B-cells (136). This
clearly points toward the differential expression of these two
antagonistic complement regulators during the development
of human B-cells, a phenomenon which may influence the
maintenance of peripheral B-cell tolerance. Deficiencies in
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upstream complement molecules, including C1q, C2, and C4,
may result in inefficient clearance, in the absence of which
these products become a source of autoantigens for B-cells
and a probable source of an autoimmune response (137). In
addition to complement receptors, attachment of C4b to self-
antigen and localization of these complexes to CD35 on stromal
cells within the bone marrow also regulate the selection of
potentially autoreactive B-cells (138). B-cell maturation and self-
tolerance being the major foreground of the few players from
the complement arsenal, B-cell class switching was shown to be
regulated by C3, as C3-deficient patients had abnormal variation
in IgG isotypes, including high IgG3, low IgG2, and no IgG4
response (139). These isotypes can in turn modulate the type
of adaptive immune responses generated, having an overall
effect in subsequent inflammatory responses generated in the
said individuals. This indicates but does not yet prove how
complement imbalance post-trauma could contribute to altered
B-cell responses though further studies could help explain the
same.

Complement-Mediated B-cell Signaling
The antigen receptors on B-cells, similar to T-cells, are present
as multiprotein complexes. Binding to their cognate ligand
initiates an intracellular signaling cascade involving translocation
to the nucleus and changes in gene expression that dictate
the response of the lymphocyte. C3d has been extensively
described in mediating signaling pathways, thus linking the
innate to the adaptive immunity (140). In this regard, CR1
and CR2 are the best characterized complement regulators that
mediate complement-dependent B-cell signaling. C3d interacts
with both CR2 and the B-cell-receptor (BCR), causing activation
and proliferation of B-cells and the production of specific
antibodies. Studies have demonstrated that C3d can bind to
CR2, which mobilizes the B-cell signaling complex consisting of
CR2, CD19, CD81, and leu-13. Studies in mice lacking either
CD19 or CR2 revealed that the CD19-CR2 complex is essential
for proper immune function. This B-cell signaling complex
confers important co-receptor activities to the BCR. The BCR
consists of a non-signaling membrane immunoglobulin and
a transmembrane immunoglobulin heterodimer Igα and Igβ
bearing immunoreceptor tyrosine activation motifs (ITAMs).
BCR stimulation activates two classes of tyrosine kinases: Src-
family kinase (Src-protein-tyrosine kinase [PTK], including Lyn,
Fyn, Blk, or Lck) and Syk kinase (141). Active Src-PTKs
facilitate the phosphorylation and consequent activation of Syk.
Activated Syk phosphorylates numerous intracellular substrates
mediating B-cell activation, including the ITAMs of Igα and
Igβ, and various adaptor proteins, including B-cell linker protein
[BLNK or SH2-domain containing leukocyte protein of 65 kDa
(SLP-65)]; which in turn leads to the recruitment of Bruton’s
tyrosine kinase (Btk) and phospholipase C-G(PLC-G) (142–
146). Subsequent phosphorylation of PLC-G generates IP3. This
molecule orchestrates a cascade of events resulting in Ca2+

release from intracellular stores and activation and nuclear
localization of the nuclear factor of activated T-cells (NFAT) and
nuclear factor “kappa-light-chain-enhancer” of activated B-cells
(NF-κB) pathways (147–152).

CD19 is the only molecule within the B-cell signaling complex
capable of intracellular signaling. It acts as a membrane adaptor
molecule by recruiting signaling intermediaries, including
Vav and phosphotidylinositol-3 kinase (PI3K), which enhance
Ca2+ flux, activation of ERK 1/2, and ultimately B-cell
proliferation (153). C3d-opsonized Ag can co-ligate BCR with
CR2, consequently improving antigen uptake (74, 154). This
complex recruits several copies of CR2 and the B-cell signaling
complex, upregulating intracellular Ca2+ mobilization and in
turn decreasing the threshold of B-cell activation (4). In
conclusion, C3d-CR2 binding resulting in CR2-BCR co-ligation
reduces the threshold for cell activation by 10- to 100-fold (155)
BCR-CR2 co-ligation is also able to inhibit first apoptosis signal
(Fas)-mediated apoptosis. In this context, co-ligation results in
increased expression levels of anti-apoptotic proteins, including
Bcl-2 and the cellular FADD-like interleukin-1-ß-converting
enzyme inhibitory protein short form. Invariably, the increase in
Bcl-2 appears to inhibit Apaf-1-mediated apoptosis (156).

Whereas the role of human CR2 in B-cell activation is
relatively well-established, much less is known about the
exact function of CR1 (CD35). In contrast to CR2, CR1
has been described to mediate inhibitory signals (157–159).
CR1 ligands include aggregated C3 and aggregated C3(H2O),
which in contrast do not bind to CR2. Furthermore, CR1
binds to the complement components C3b and C4b and
has co-factor activities in their cleavage by factor I to iC3b,
a substrate for CD21, and iC4b, respectively (160). It was
demonstrated that CR1 strongly reduced the intracellular Ca2+

level and phosphorylation of cytoplasmic proteins. Importantly,
this inhibitory activity also occurs in the presence of the
costimulatory cytokines IL-2 and IL-15 (157).

In trauma, impaired cellular function, including B-cell
activation and antibody production, has been described. A
recent study showed that the absence of CR1 and CR2 was
protective toward secondary damages following closed head
injury, including reduced IgM deposition at the injury site
(161), though it was not sufficient to gather how are the
downstream signaling mechanisms regulated to confer that
protection. Further studies could attempt at deconstructing this
yet unexplored premise.

FUTURE PERSPECTIVES

Considerable knowledge regarding interaction of the
complement system with the adaptive immune system has
accumulated over time. Nevertheless, there is a scope for
experimental and clinical studies to provide an insight into
the biology of complement and B- and T-cell interactions
particularly after tissue trauma. It is well established that
complement receptors are involved in B- and T-cell signaling
and function. In the context of trauma, the broadly described
role of CR2 in B-cell-signaling cascades could be investigated
upon. While CR2 mediates activation of B-cell signaling, CR1
has B-cell inhibitory functions. In addition to CR1 and CR2,
studies have also revealed a minor expression of CR3 and CR4
on B- and T-lymphocytes (162). Their expression on leukocytes,
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especially macrophages has important functions in inflammatory
conditions, including tissue trauma and infection, where CR3
and CR4 enhance antimicrobial functions by potentiating
leukocyte cell adhesion (163), though their function on B-
and T-lymphocytes remains undetermined. Because CR3 is
expressed by cytotoxic T-cells, it can be speculated that this
receptor may play an important role in lymphocyte functions
(162). Like complement regulatory proteins, the receptors
for the anaphylatoxins (C3aR, C5aR) appear to be crucial for
proper cellular functions of monocytes and neutrophils, though
their respective roles in adaptive immune cells have not been
fully understood. An early study found C3aR on neutrophils,
monocytes, and eosinophils, but not on B- lymphocytes, whereas
another study found expression of both anaphylatoxins on
tonsillar B-cells (164, 165). While a recent study found C3aR
expression both at the mRNA and protein levels within the B-cell
(166), to date it remains unclear whether they express C5aR
(167).

Several studies have gone on to describe the direct and
indirect involvement of the complement system in modulating
B-cell responses, albeit not as a consequence of trauma. For
example, C3 is required for memory B-cell differentiation and
locally generated C5a by peritoneal macrophages is required for
chemokine ligand 13 synthesis which is further needed for B1-
cell homeostasis (168, 169). Activation of the BCR increased the
amount of intracellular C3aR though it could not be detected
on the cell surface even after activation. Additionally, B-cell-
derived C3 and C3aR appear to have a positive impact on
allogeneic stimulation of T-cells (166). Studies of T-lymphocytes
have confirmed surface expression of C3aR and C5aR, and
revealed that C3aR and C5aR signaling have an important impact
on functions of T-cell subpopulations, including Th1 and Th17
responses (170). The effects of trauma on lymphocytes has
been barely investigated. Only a limited number of publications
indicate that B- and T-cell functions are impaired after trauma,
but currently no study exists to clarify the role of the complement
system in it. This could indicate that different forms of trauma
may affect different pathways of complement and lymphocyte
activation, but we do not have any evidence to explain which
mechanisms are involved in this putative functional cross-talk.
In this context, DAMPs appear to be undermines T-cell survival.
Severe injury with consequent tissue damage leads to excessive
release of self-DAMPs, including histones (21). Histones released
by the effect of C5a on neutrophils have also been described
to induce T-cell apoptosis (Figure 2). Therefore, it may be
rational to propose that post-traumatic enhanced histone levels
is an indirect effect of C5a anaphylatoxin and contribute to
T-cell death by apoptosis. Additional investigation is desirable to
understand whether post-traumatic C3aR and C5aR signaling is
affected. Regarding cells of the innate immune system, C5a can
induce C5aR1-mediated morphological changes of neutrophils
together with altered chemotactic activity and neutrophils from
septic shock patients even displayed decreased C5aR1 expression
(28, 171). Activation of C5aR has been described to also
enhance proinflammatory Th1 responses and to reduce anti-
inflammatory Th2 responses, which should be also addressed in
the context of trauma. Because trauma induces a shift toward

the Th2 phenotype, it may be speculated that C3aR and C5aR
signaling is impaired or their expression is decreased (Figure 2).

With regard to lymphocyte signaling, T-cells have been
described to generate intracellular C3 and C5, which in turn
can be cleaved and activated and are able to bind to receptors,
including C3aR, C5aR, and CD46, thus altering signaling, cell
growth, and T-cell responses. What remains unclear is whether
autocrine- and/or systemically-generated C3 and C5 cleavage
products (e.g., by trauma) may play predominant roles in
signaling. It is well established that trauma generates excessive
complement activation products. Because complement interferes
with receptors on different T-cell subpopulations, including
Th1, Th2 and Tregs, it is important to investigate how trauma
induces changes to T-cell signaling, function and activity. In
this regard, CD46 appears to represent an important receptor
in the regulation of T-cell activation and function. For Th1
responses, C3b binding to CD46 and subsequent signaling has
also been described to play a critical role in cytokine generation
including IFN-G, IL-10, and granzyme-B production in Th1 cells
and in their metabolic processes (121, 172). Kolev et al. further
established that changes in metabolism influence the resulting
CD4+ T-cell functions (i.e., IFN-G and IL-10 production),
which may also be influenced in trauma (121). Excessive C3b
generation after trauma may alter CD46 function or even
expression on T-cell and consequently the functioning of T-
cells. Following trauma, the presence of CD46 was found to
be decreased on T-lymphocytes (31). Trauma may additionally
change the concentrations of intracellular C3 and C5 and their
activation, so that an autocrine loop alters CD46 signaling
and thus T-cell activation. Further investigations could analyze
whether excessive complement activation products after trauma
influence T-cell survival, because complement products have
been described to induce ATP depletion with subsequent T-cell
apoptosis (Figure 2).

Nonetheless, no study to date has provided a mechanistic
explanation of a trauma-induced impact on B-cell signaling. One
interesting research field may be inhibitory receptors bearing
immunoreceptor tyrosine-based inhibitory motifs (ITIMs),
which are required for the regulation of B-cell immune responses.
To date, numerous inhibitory receptors including CD22 and
FcRII have been characterized as possessing one or more ITIMs
within their cytoplasmic domain, which generate and transduce
inhibitory signals (173). It may be speculated that after trauma,
B-cell activation is impaired through a compensatory mechanism
to protect the host from further immune reactions mediated by
the adaptive system. It could also be possible that in addition
to complement interaction with CR1 and CR2, the complement
components may interact with these inhibitory receptors on B-
cells, reinforcing inhibitory B-cell signaling and thus impairing
B-cell activation. Further investigations in relation to the
interaction of complement components with other receptors,
particularly those with ITIMs could be considered.

Regarding complement therapeutic strategies, several specific
and effective approaches have been recently evaluated for their
clinical use in inflammatory disorders, including trauma, HS,
and sepsis (21). The majority of these investigations focused on
the influence of trauma on innate immune responses, including
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FIGURE 2 | Speculated T-cell and B-cell responses following complement activation after trauma. Activation and dysregulation of complement factors and receptors

following trauma may modulate key pathways in T-cells and B-cells. Trauma associated generation of activated complement products have been depicted with dotted

lines. All these pathways are discussed in text and are potential areas where trauma research can focus upon. Apaf-1, Apoptotic protease activating factor 1; ATP,

adenosine triphosphate; BCR, B-cell receptor; BLNK1/SLP-65, B cell linker protein 1; CD, cluster of differentiation; DNA, deoxyribonucleic acid; FAS: Fas cell surface

death receptor; GATA3, GATA3 binding protein; Glut1, Glucose transporter 1; IFN-I, type-I interferon; IL, interleukin; IP3, inositol trisphosphate; ITAMs,

immunoreceptor tyrosine-based activation motifs; LAMTOR, lysosomal adaptor and mitogen-activated protein kinase and mammalian target of rapamycin [mTOR]

activator/regulator; LAT1, L-type amino acid transporter 1; Lck, Tyrosine-protein kinase Lck; MAC, membrane attack complex; NAD, nicotinamide adenine

dinucleotide; PARP, poly (ADP-ribose) polymerase; PI3K, phosphoinositide 3-kinase; PLC-G, phospholipase C- G; Src, Proto-oncogene tyrosine-protein kinase Src;

Syk, spleen tyrosine kinase; Th, T helper; VaV, Proto-oncogene vav; ZAP-70, Zeta-chain-associated protein kinase 70.

on neutrophil and macrophage function, but less, if at all, on
the modulation of adaptive immunity. Therefore, it remains to
be investigated to what extent neutrophils, macrophages and
also adaptive immune cells contribute to metabolic changes
after trauma and whether C5a as a “metabolic switch” may
be influenced by specific inhibition (27). C5 cleavage could be
inhibited ex vivo by small peptide inhibitors, which require future
in vivo testing for their clinical potential (174). Whereas systemic
inflammatory processes after trauma or during infection appear
to significantly benefit from central complement blockades, there
is no overall benefit for all injured tissues (22, 175, 176). For
example, C5aR1 blockade failed to improve uneventful fracture
healing, where femoral osteotomy was performed in mice
following which immediate and post-12 h, a C5aR antagonist
treatment was given (175). Early blockade of C5aR ameliorated
both, the IL-6 levels and neutrophil recruitment at the site of
injury, but late blockade did not effect in the same. Therefore,
the compartmentalized immune response after trauma, involving

most likely both innate and adaptive immune reactions, appears
to require a specific complement intervention in the future
with both adequate spatial and temporal resolution (177).
Elaborating on the temporal aspect, the treatment with anti-
C5a early post-blunt chest trauma in rats ameliorated subsequent
leukocytosis, reduced white blood cell recruitment in the lung,
and also decreased trauma induced TNF-α levels (178). As for
local effects, 12 h after blunt chest trauma coupled with sepsis
induction, C5 deficient mice exhibited decrease in cytokines IL-
6 and monocyte chemotactic protein-1 levels in the lung tissue
(179). Local healing processes are actively under the regulation
of C5a, as its cognate receptor C5aR1 deficiency (C5aR1-/-)
affected fracture healing in a mouse model of femoral fracture
(180). A remarkable finding in this same study was that, 14
days after fracture in C5aR2 deficient mice, the recruitment of
CD8+ T-cells was significantly higher compared to C5aR1-/-
mice with fracture, indicating the differences in the elicited
function of C5aR1 and C5aR2. Hence, targeted inhibition of
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complement at the damaged-tissue site is already partly realized.
For example, the chimeric CR2-fH construct (mTT30), which
can inhibit neuroinflammatory response after traumatic brain
injury (181). Similarly, other complement blockers like TCC
inhibitors C6 antisense oligonucleotide (OMCI) (182) and CD59-
2a-CRIg (183) could turn out to be promising inhibitors and
as a result, modulators of the adaptive immune responses.
However, in the future, such damage-targeted principles need
clinical translation and must not only consider the innate
immune response but also the adaptive immune response after
trauma, thereby aiming to improve any observed B- and T-
cell dysfunction. Another emerging field represents vaccines
that influence B- and T-cells in the context of prevention or
treatment of infectious morbidity and mortality after traumatic
injury, including soft-tissue wounds, human or animal bites, or
after splenectomy (184). New effective therapeutics on the C3
level, for example, by compstatin as a small peptide inhibitor
and on the C5 level, for example, by NDT9513727 as a non-
peptide inverse agonist of C5aR1, need to be tested in the
trauma context not only on the innate immune responses but
also on the adaptive immune changes (185–187). In the clinic,

dysfunctional adaptive immunity after severe tissue trauma
requires improved and timely diagnosis. A first approach is

represented by clear definition of the persistent inflammation–
immunosuppressive catabolism syndrome with its innate and
adaptive immune-suppressive characteristics (188). Up until
now, the underlying mechanisms remain unclear and need to be
elucidated to improve the long-term quality of life of a patient
after severe trauma. Overall, complement may represent an
innovative therapeutic target in trauma and critically ill patients,
because it principally bridges innate and adaptive immunity.
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Rheumatic fever (RF) and its subsequent progression to rheumatic heart disease

(RHD) are chronic inflammatory disorders prevalent in children and adolescents in

underdeveloped countries, and a contributing factor for high morbidity andmortality rates

worldwide. Their primary cause is oropharynx infection by Streptococcus pyogenes,

whose acetylated residues are recognized by ficolin-1. This is the only membrane-bound,

as well as soluble activator molecule of the complement lectin pathway (LP). Although

LP genetic polymorphisms are associated with RF, FCN1 gene’s role remains unknown.

To understand this role, we haplotyped five FCN1 promoter polymorphisms by

sequence-specific amplification in 193 patients (138 with RHD and 55, RF only) and

193 controls, measuring ficolin-1 serum concentrations in 78 patients and 86 controls,

using enzyme-linked immunosorbent assay (ELISA). Patients presented lower ficolin-1

serum levels (p < 0.0001), but did not differ according to cardiac commitment. Control’s

genotype distribution was in the Hardy-Weinberg equilibrium. Four alleles (rs2989727:

c.−1981A, rs10120023: c.−542A, rs10117466: c.−144A, and rs10858293: c.33T ),

all associated with increased FCN1 gene expression in whole blood or adipose

subcutaneous tissue (p = 0.000001), were also associated with increased protection

against the disease. They occur within the ∗3C2 haplotype, associated with an increased

protection against RF (OR = 0.41, p < 0.0001) and with higher ficolin-1 levels in

patient serum (p = 0.03). In addition, major alleles of these same polymorphisms

comprehend the most primitive ∗1 haplotype, associated with increased susceptibility to

RF (OR = 1.76, p < 0.0001). Nevertheless, instead of having a clear-cut protective role,

theminor c.−1981A and c.−144A alleles were also associated with additive susceptibility

to valvar stenosis and mitral insufficiency (OR = 3.75, p = 0.009 and OR = 3.37,

p= 0.027, respectively). All associations were independent of age, sex or ethnicity. Thus,

minor FCN1 promoter variants may play a protective role against RF, by encouraging

bacteria elimination as well as increasing gene expression and protein levels. On the other

hand, they may also predispose the patients to RHD symptoms, by probably contributing

to chronic inflammation and tissue injury, thus emphasizing the dual importance of

ficolin-1 in both conditions.

Keywords: FCN1, ficolin-1, polymorphism, haplotype, rheumatic fever, rheumatic heart disease
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INTRODUCTION

Rheumatic fever (RF) is an immune-mediated disease occurring
in genetically susceptible individuals, as a sequelae of
group A (GAS) Streptococcus pyogenes pharyngitis. It affects
predominantly children and adolescents in low-income and
developing countries, where it remains a considerable public
health problem (1, 2).

Five major manifestations reflect target tissue involvement
in RF, including synovium (inflammatory arthritis), heart
valves (endocarditis), brain (Sydenham’s chorea), skin (erythema
marginatum), and subcutaneous tissue (nodules). Repeated or
severe RF episodes can result in permanent damage to the
heart valves, leading to rheumatic heart disease (RHD), the
most common acquired cardiovascular disease in young adults
(3, 4). Rheumatic heart disease (RHD) is associated with high
morbidity and mortality, causing 9 million disability-adjusted
life years lost, 33 million cases (5) and 275,000 deaths each year
(6). This multifactorial disorder involves multiple genetic and
environmental factors, not yet fully elucidated. Well-designed
case-control studies strive to unravel the genetic susceptibility to
this disease, given that the only genome-wide association study
done with RHD has rendered no relevant results (7).

Autoimmunity is known to play a role in the pathogenesis
of RF and RHD, with tissue damage being mediated by
autoantibodies resulting from molecular mimicry between GAS
and heart tissue proteins. It has been shown that GAS molecules
such as N-acetyl-β-D-glucosamine (GlcNAc) and M protein
display cross reactivity with valve and myocellular contractile
proteins of the host. GlcNAc is the immunodominant cell
wall antigen of GAS, recognized by ficolins, molecules that
comprise important pattern-recognition receptors (PRRs) of the
complement (2, 5, 8, 9).

The complement system plays an important role, both
in the defense against GAS infection, as well as in the
development of autoimmunity in RHD. This system promptly
responds to any pathogen, bridging innate and adaptive immune
responses (10–14). Ficolins initiate one of the three complement
activation pathways, known as the lectin pathway, along with
collectins, as mannose-binding lectin (MBL). They occur in
oligomeric structures of a basic homotrimer, where each chain
is formed by a collagenous strand and a C-terminal fibrinogen-
like recognition domain. The oligomers are complexed with
homodimers of serine proteases (MASP-1 or MASP-2). Ficolin
oligomers bind specific patterns of acetylated residues on the
surface of pathogens or altered cells (8, 15). MASP-1 then
autoactivates, transactivating MASP-2 leading to subsequent
cleavage of downstream complement components [reviewed by
Boldt et al. (16)]. The lectin pathway, along with the classical and
alternative pathways, converge at the cleavage of C3 and C5, with
subsequent C3b opsonization and pathogen phagocytosis or its

Abbreviations: RF, Rheumatic Fever; RHD, Rheumatic Heart Disease; RFo,

Rheumatic Fever only; FCN1, ficolin-1 gene; LP, Lectin Pathway; CRP, C-Reactive

Protein; MAC, Membrane Attack Complex; GAS, Group A Streptococcus; LD,

Linkage Disequilibrium; GlcNAc, N-acetyl-β-D-glucosamine; MBL, Mannose-

binding lectin.

destruction by membrane attack complex (MAC) pores on the
cell membrane (17).

Three human ficolins have been described: ficolin-1 (M-
ficolin), ficolin-2 (L-ficolin), and ficolin-3 (H-ficolin, Hakata
antigen) (15). Unlike any other PRRs, ficolin-1 is expressed
by myeloid cells, being found in monocytes, neutrophils and
macrophages of the lung and spleen (8). It is also the only one that
occurs in both soluble form (0.05–1.0µg/mL in serum) and on
the cell membrane (18–20). Apart from other acetylated residues,
ficolin-1 has the unique ability to bind sialic acid to capsular
polysaccharides of pathogens including Streptococcus agalactiae,
as well as to the surface of immune cells (21, 22).

Ficolin-1 is encoded by the FCN1 gene on chromosome 9q34
and contains nine exons. Among the several SNPs described
for the FCN1 gene, at least eight are associated with Ficolin-
1 levels, four of them are located in the promoter and
one in the first exon (23). Polymorphisms of collectin and
ficolin genes have been repeatedly associated with infectious
and autoimmune diseases (23–28). FCN1 polymorphisms were
associated with increased fatal outcome in patients with
systemic inflammation (29), susceptibility to rheumatoid arthritis
(28) and leprosy (26). Gene polymorphisms of the lectin
pathway have already been associated with RF in case-control
association studies withMBL (30–32), Ficolin-2 (33), andMASP-
2 (34). Within this context, we are the first to investigate
a membrane-bound molecule of the lectin pathway, able to
activate the complement. More specifically, we evaluated the
association of FCN1 polymorphisms and haplotypes, as well
as Ficolin-1 serum levels, with the susceptibility to RF and
RHD.

MATERIALS AND METHODS

Subjects and Samples
This study was approved by the local medical ethics committee
(CEP/HC 2658.265/2011-11). All patients and control subjects
provided written informed consent in accordance with the
Declaration of Helsinki. We investigated a total of 193 patients
with a history of RF, all of them with ASO (anti streptolysin
O) titers higher than 250 units, characterizing a precedent
streptococcal infection and diagnosed according to Jones’
modified criteria; 55 (28.5%)males and 138 (71.5%) females; with
a mean age of 37 years (range = 7–76 years). Among them,
138 had RHD, confirmed by the transthoracic echocardiogram
showing rheumatic involvement of the mitral or aortic valves
(Table 1), and 55 did not present RHD, but had RF history
and were designated as “rheumatic fever only” (RFo) patients.
None of the patients presented other inflammatory disease,
neoplasia, infective endocarditis, or other infections at the time
their blood was collected. Values of high-sensitivity C-reactive
protein (hs-CRP) levels, C3 levels and C4 levels, previously
published by our group, are shown in Table 1 (30). The control
group included 193 blood donors from The Clinical Hospital
of the University Federal of Paraná, with a mean age of 37
years (range = 18–64 years), 68 (35%) males, and 125 (65%)
females.
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FCN1 Genotyping
DNA extraction from peripheral blood was performed using The
QIAamp DNA Blood Mini Kit, QIAGEN (Hilden, Germany),
following the manufacturer’s instructions. The genotype method
was adapted from a previously described multiplex PCR-SSP
(sequence-specific amplification) method (30). Five FCN1 single
nucleotide polymorphisms (SNPs) were genotyped: rs2989727
SNP (c.–1981G > A) in the distal FCN1 promoter, rs10120023
(c.–542G > A), rs17039495 (c.–399G > A), rs10117466 (c.–144C
> A), and rs10858293 (c.+33T > G) SNPs in the proximal FCN1
promoter, with primers listed in Table S1.

TABLE 1 | Clinical characteristics of patients.

Total patients 193

Males 55 (25.5%)

Females 138 (71.5%)

Mean age 37 years

Rheumatic fever only (RFo) 55 (28.5%)

Rheumatic heart disease (RHD) 138 (71.5%)

Mitral stenosis 83 (60.1%)

Aortic stenosis 25 (18.1%)

Tricuspid stenosis 4 (2.9%)

Mitral insufficiency 67 (48.5%)

Aortic insufficiency 41 (29.7%)

Tricuspid insufficiency 31 (22.5%)

hs-CRP level (mg/dL) 0.83* (0.03–26.10)

C3 level# (mg/dL) 109.2* (50.3–198)

C4 level# (mg/dL) 22.7* (6.82–45.4)

hs-CRP, high-sensitivity C-reactive protein. Normal reference values for hs-CRP: <0.1

mg/dL, for C3: 82-160 mg/dL, for C4: 12-36 mg/dL. *mean; #Data already published by

Schafranski et al. (30).

FCN1_Prom-1981Af or FCN1_Prom-1981Gf were conjugated
with the FCN1_Prom_r reverse primer to generate a fragment
of 729 bp. PCR conditions were as follows: 0.2µM of SSP
primers, 1X Coral Load PCR buffer (Qiagen, Hilden, Germany),
1.6mM MgCl2 (Qiagen, Hilden, Germany), 0.5% glycerol,
0.2mM deoxyribonucleoside triphosphate (dNTP) (Invitrogen,
São Paulo, Brazil), 0.03 U/uL of Taq polymerase (Invitrogen, São
Paulo, Brazil), 0.1µg/mL DNA, ultrapure water for 15 µL. The
amplification protocol starts with a 5min denaturation step at
94◦C, followed by 10 cycles of 20 s at 94◦C, 30 s at 60◦C, and 30 s
at 72◦C; 10 cycles of 20 s at 94◦C, 30 s at 56◦C, and 30 s at 72◦C; 10
cycles of 20 s at 94◦C, 30 s at 52◦C, and 30 s at 72◦C, concluding
with 5min at 72◦C in the final DNA extension step.

FCN1_Prom-542Af or FCN1_Prom-542Gf were conjugated
with the FCN1_Prom-144Ar or FCN1_Prom-144Cr to generate
a fragment of 434 bp. PCR conditions differed from those
previously mentioned as follows: 0.6µM of SSP primers,
1.7mM MgCl2, and 1.5% glycerol. The amplification protocol
differed from the previous one only by the annealing primer
temperatures, which were 57◦C in the first 10, 55◦C in the next
10, and 53◦C in the last 10 cycles.

FCN1_Prom-399Af or FCN1_Prom-399Gf were conjugated
with the FCN1_Prom+33Gr or FCN1_Prom+33Tr to generate
a fragment of 470 bp. PCR conditions differed from those
previously noticed, as follows: 0.4µM of SSP primers, 1.75mM
MgCl2, 0.5% glycerol. The amplification protocol differed from
the first one only by the annealing primer temperatures, which
were 58◦C in the first 10, 56◦C in the next 10 and 54◦C in the
final 15 cycles.

Interpretation was based on the electrophoretic pattern of
the amplified fragments, on agarose gels 1.5% stained with
Sybrsafe (Invitrogen, São Paulo, Brazil). This bispecific PCR-SSP
approach allows the identification of 8 haplotypes: ∗1 (GGGCG),
∗3A (AGGCG), ∗3A.3C2.A (AGGCT), ∗3A.3C2.B (AGACT),

FIGURE 1 | Linkage disequilibrium between FCN1 single nucleotide polymorphisms. There was strong linkage disequilibrium (LD) between the SNPs rs10120023

(−542G > A) and rs10117466 (−144C > A), as indicated by the correlation coefficient values (r2). An evidence of recombination was found between the SNP

rs10858293 (+33T > G) in exon 1 and the promoter variants in patients.
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∗3B2 (AAGCG), ∗3C1 (AAGCT), ∗3C2 (AAGAT), and ∗3C2.3A
(AGGCG), as previously described (26).

Ficolin-1 Measurement
Ficolin-1 serum concentrations were measured in 78 patients and
86 controls using enzyme-linked immunosorbent assay (ELISA)
SEA786Hu Cloud-Clone Corp. (Texas, USA).

Statistics
Allele, haplotype and genotype frequencies were obtained by
direct counting (the phase between distantly situated SNPs
could be deduced due to the strong LD between the variants,
and were verified with the Expectation-Maximization algorithm
implemented in the PLINK software. Exact tests of Guo
and Thompson for testing the hypothesis of Hardy-Weinberg
equilibrium were accomplished using ARLEQUIN v.3.5.2.2
(http://cmpg.unibe.ch/software/arlequin35/). The investigated
polymorphisms were evaluated for regulatory effects on gene
expression, using information from The Genotype-Tissue
Expression (GTEx) Project. Associations with alleles were tested
by the Exact Fisher test using the SISA quantitative skill tables
and including genotypes and haplotypes, by multivariate binary
logistic regression with the software package STATA v. 9.2.
Correction for associated demographic factors (sex, age) and
clinical factors were applied in the reduced logistic regression
model where sample size was adequate, and p-values ≤ 5%
were considered significant. Distributions of ficolin-1 levels were
tested for normality with the Shapiro-Wilk test. Since ficolin-1
levels presented a non-normal distribution, the two-tailedMann-
Whitney test was used to compare ficolin-1 levels between groups
(GraphPad Prism v.7.03).

RESULTS

FCN1 Alleles and Haplotypes Association
With RF
Genotype distribution was in equilibrium with the Hardy-
Weinberg model in both controls and patients, except for SNPs
rs10120023 (c.−542G > A) and rs10117466 (c.−144C > A) in
patients (p = 0.017 and p = 0.024, respectively). A total of
eight haplotypes were found in patients and seven, in controls.
The phase between the variants in the proximal promoter was
determined with bispecific PCR-SSP and the phase of these
variants with the SNP c.−1981G > A could be deduced due to a
strong linkage disequilibrium (LD). Evidence for recombination
was found between the SNP rs10858293 (c.33G > T) in exon 1
and promoter variants in patients (Figure 1).

The c.−1981A, c.−542A, c.−144A, and c.33T alleles were
associated with an increased level of protection against RF,
presenting an additive effect with homozygotes protecting more
than heterozygotes. All four are also known to be associated
with higher FCN1 expression in adipose subcutaneous tissue.
Three of them present the same effect in peripheral blood
cells (GTex portal) (35). All the protective alleles occur within
the ∗3C2 haplotype (AAGAT). As expected, this haplotype was
also associated with increased protection against RF under the
additive model (OR = 0.41, p < 0.0001). On the other hand,
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the common alleles of these SNPs compose the phylogenetically
ancestral ∗1 (GGGCG) haplotype, which was associated with
increased susceptibility to RF (OR= 1.76, p < 0.0001, Table 2).

In contrast, the c.−1981A allele was associated with increased
susceptibility to valvar stenosis (5/19 or 26.3% vs. 6/89 or 6.7%
A/A homozygotes and 13/19 or 68.4% vs. 39/89 or 43.8% A/G
heterozygotes in patients with moderate to severe, vs. light or no
valvar stenosis, respectively: OR = 3.75 [95%CI = 1.39–10.15],
p = 0.009). Similarly, the c.−144A allele presented an increased
susceptibility effect formitral insufficiency (2/12 or 16.7% vs. 1/75
or 1.3% A/A homozygotes and 1/12 or 8.3% vs. 4/75 or 5.3%
A/C heterozygotes in patients with moderate to severe vs. light or
no mitral insufficiency, respectively: OR = 3.37 [95%CI = 1.15–
9.92], p = 0.027). Although no other allele or haplotype were
associated either with RHD or other clinical manifestation, this
may be due to the relatively small sample size of RHD patients in
our setting.

Ficolin-1 Levels
Ficolin-1 serum levels were lower in patients (median:
800.5 ng/mL [324.6–1,715 ng/mL]), compared to controls
(1,208 ng/mL [488–2,852 ng/mL, p < 0.0001), but did not differ
between RHD and RFo patient groups (Figure 2).

Patients with the ∗1 (GGGCG) “susceptibility” haplotype
presented lower ficolin-1 levels, than those with the ∗3C2
(AAGAT) “protective” haplotype (p = 0.03, medians 770.8 and
975.9 ng/mL, respectively) (Figure 3).

DISCUSSION

The complement system plays an important role both in the
defense against GAS infection, as well as in the development
of RHD (28, 36, 37). Among studies focusing on complement
genetic polymorphisms (30–34), this is the first considering
the role of a complement membrane-bound molecule of the
lectin pathway in the development of RF and RHD. Our results

FIGURE 2 | Ficolin-1 serum levels in controls and RF patients. RHD,

Rheumatic Heart Disease; RFo, Rheumatic Fever only (not present RHD).

indicate that FCN1 polymorphisms may play a dual role in the
physiopathology of RF. On one hand, they increase resistance to
GAS infection and on the other hand, predispose the patient to
RHD symptoms, once the infection is established.

A protective role for FCN1 promoter variants against RF
has been observed (Figure 4). Among the investigated FCN1
alleles, those four occurring within the ∗3C2 haplotype that
were associated with RF protection and ficolin-1 levels have
also been associated with higher FCN1 gene expression (GTEx
Portal) and ficolin-1 serum levels in other studies (23, 26, 29).
Indeed, it has been suggested that the minor alleles −542A
and −144A may facilitate the binding of transcription factors,
causing amplified gene expression (29). Thus, it is conceivable
that higher FCN1 gene and protein expression could increase
resistance against GAS infection due to ficolin-1 anti-bacterial
properties. In fact ficolin-1 is able to bind sialic acid on Group
B Streptococcus bacteria (20, 38) as well as GAS’s carbohydrate A
(GlcNAc) which is a preferable ficolin ligand. GAS recognition
by ficolins may culminate in complement activation, despite
the described complement evasion mechanisms of the bacteria,
e.g., through C5a, as well as C2–C9 cleavage (39). Moreover,
it is known that GAS infection occurs through fibronectin
binding in the extracellular matrix (39). Fibronectin is also a
ligand for ficolin-1 (40), thus competition for fibronectin binding
sites may occur. Additionally, ficolin-1 anchors to GPCR43, a
G-protein coupled receptor on monocytes. Ficolin-1/GPCR43
activation results in signal transduction through NFkB and
interleukin-8 (IL8) gene expression. IL8 is a chemokine that
attracts phagocytes to the infection site, enhancing bacterial
elimination (20). Taken together, these events corroborate the
eventual protective effect of ficolin-1 in the development of
RF.

On the other hand, these FCN1 variants associated with high
ficolin-1 expression may contribute to excessive complement
activation, leading to chronic inflammation and tissue injury,
thereby predisposing the patient to RHD symptoms such as
valvar stenosis and mitral insufficiency in the advanced phase
of the disease. In addition, exposure to neoepitopes on bacteria-
damaged valvar tissue would not only induce autoantibody
production, but also promote complement activation with MAC
deposition, thereby increasing tissue injury. C9, the last MAC
complement, was indeed exclusively found in RHD patients
with mitral stenosis, compared to control subjects (13). Thus,
in the advanced phase of the disease, high ficolin-1 levels would
probably not be beneficial. Even though ficolin-1 levels did
not differ between RHD and RFo patients, it is possible that
the quantification of ficolin-1 in serum does not reflect the
levels of membrane-bound ficolin-1, and that the valvar damage
could be instead related to this last ficolin-1 form. Keeping
this balance—pathogen elimination vs. host preservation, has
proven to be very difficult in circumstances where ineffective
pathogen elimination induces chronic persistence of the infection
with autoimmune features, as is the case of RF/RHD. This
would explain other apparently opposite associations of ficolin-
1, reported formerly in leprosy for −542A, −144C, and +33T
(26), −1981A in rheumatoid arthritis (28) and earlier chronic
Pseudomonas aeruginosa colonization in cystic fibrosis patients
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FIGURE 3 | Ficolin-1 serum levels in controls and RF patients, according to FCN1 genotype. *1: carriers of the *1 “risk” haplotype (GGGCG). Not *1/*3C2: carriers of

*3C2 “protective” haplotype (AAGAT ), but not of the *1 “risk” haplotype. In red: *3C2/*3C2 homozygotes. In blue: *1/*1 homozygotes. Subjects carrying the other

FCN1 haplotypes are not represented in the figure (Controls N = 26, Patients N = 8).

FIGURE 4 | Hypothetical actions of Ficolin-1 in RF/RHD. (A) Exon structure and correspondence to domains in the structural trimeric ficolin-1 subunit: gray –

untranslated region, purple – N-terminal trimerization domain, orange – collagenous stalk, green – neck region, blue – fibrinogen C-domain. Approximate location of

the investigated polymorphisms is given according to number of base pairs, counting from the first transcribed nucleotide. (B) Higher ficolin-1 levels, associated with

certain FCN1 alleles in the promoter region, improved resistance against GAS infection, slowing down the process by which autoantibodies are produced due to

exposure of neoepitopes in damaged tissue and structural homology of GAS’s M protein with myosin/tropomyosin. This may occur through competition for fibronectin

binding in the extracellular matrix; recognition of GlcNAc in GAS carbohydrate A by phagocyte membrane-bound ficolin-1 and consequent bacteria internalization;

complement activation, despite GAS’s abilities to cleave C5a, as well as C2-C9; ficolin-1/GPCR43 activation on monocytes, transducing signals through NFkB and

activating interleukin-8 (IL8) gene expression, leading to chemoattraction of more phagocytes to the infection site. (C) After established infection, structures on

damaged/altered cells recognized by membrane-bound or soluble ficolin-1 mediate complement activation and increases tissue injury, which may become irreversible

in the cardiac valves.
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(27), as well as ficolin-1 deficiency in a mouse model of collagen
Ab-induced arthritis (41).

Lower ficolin-1 levels were found in RF patients, an effect that
might purely indicate considerable ficolin-1 consumption in RF.
In contrast to our study, ficolin-1 serum levels were higher in
patients with vasculitis syndrome or rheumatoid arthritis, than in
those with myositis, whereas no difference was observed among
patients with systemic lupus erythematosus and Behcet’s disease
(42). Ficolin-1 levels further correlated with several inflammatory
markers, including C-reactive protein (CRP), serum amyloid
protein (SAP) and complement factor C3 (42) and strongly
associated with the severity of ischemic stroke, in another
group (43). Interestingly, part of the benefit of intravenous
immunoglobulin (IVIG) therapy relies on ficolin-1 pulldown
(reported for Kawasaki disease, the most common form of
acquired heart disease in childhood) (44). IVIG therapy has also
been proven beneficial for Sydenham’s Chorea associated with
rheumatic fever (45). Moreover, anti-ficolin-1 mAb ameliorated
symptoms of collagen antibody-induced arthritis (CAIA) in
animal model (42). Additionally, acute injury leads to higher
FCN1 gene expression, due to specific regulatory proteins such
as hypoxia factor HIF-1a (46). This collection of evidence is in
line with our results associating high-FCN1 producing promoter
variants with heart damage, in later stages of the disease.

This study has some limitations, especially regarding sample
size of individuals with measured ficolin-1 levels which probably
affected some of the results. Increased ficolin-1 levels were
observed in patients carrying the ∗3C2 haplotype, however this
effect was not evident among controls possibly due to low
sample size. In addition we cannot dismiss the possibility that
there may be other causal variants responsible for modulating
FCN1 expression, not investigated in this study, such as
rs12377780 (in intron 1), rs7857015 (5′ upstream) and rs7858307
(3′UTR) (http://raggr.usc.edu/). Well-designed case control
studies including higher number of individuals and different
FCN1 gene polymorphisms are necessary to better define the

action of ficolin-1in RF. Concluding, we suggest a role for ficolin-
1 in fighting GAS infection, with a possible damaging effect
when infection succeeds, due to excessive complement activation.
Inhibiting the final steps of complement activation may be a
therapeutic clue for preventing valvar damage in patients with
RHD.
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Background: Elevated interleukin-6 (IL-6) and complement activation are associated

with detrimental effects of inflammation in coronary artery disease (CAD). The

complement anaphylatoxins C5a and C3a interact with their receptors; the highly

inflammatory C5aR1, and the C5aR2 and C3aR. We evaluated the effect of the

IL-6 receptor (IL-6R)-antagonist tocilizumab on the expression of the anaphylatoxin

receptors in whole blood from non-ST-elevation myocardial infarction (NSTEMI) patients.

Separately, anaphylatoxin receptor expression in peripheral blood mononuclear cells

(PBMC) from patients with different entities of CAD was investigated.

Materials andMethods: NSTEMI patients were randomized to one dose of tocilizumab

(n = 28) or placebo (n = 32) and observed for 6 months. Whole blood samples

drawn at inclusion, at day 2, 3 and after 6 months were used for mRNA isolation.

Plasma was prepared for analysis of complement activation measured as sC5b-9

by ELISA. Furthermore, patients with different CAD entities comprising stable angina

pectoris (SAP, n = 22), non-ST-elevation acute coronary syndrome (NSTE-ACS, n = 21)

and ST-elevation myocardial infarction (STEMI, n = 20) were included. PBMC was

isolated from blood samples obtained at admission to hospital and mRNA isolated.

Anaphylatoxin-receptor-expression was analyzed with qPCR using mRNA from whole

blood and PBMC, respectively.
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Results: Our main findings were (i) Tocilizumab decreased C5aR1 and C5aR2 mRNA

expression significantly (p < 0.001) and substantially (>50%) at day 2 and 3, whereas

C3aR expression was unaffected. (ii) Tocilizumab did not affect complement activation.

(iii) In analyzes of different CAD entities, C5aR1 expression was significantly increased

in all CAD subgroups compared to controls with the highest level in the STEMI patients

(p < 0.001). For C5aR2 and C3aR the expression compared to controls were more

moderate with increased expression of C5aR2 in the STEMI group (p < 0.05) and C3aR

in the NSTE-ACS group (p < 0.05).

Conclusion: Expression of C5aR1 and C5aR2 in whole blood was significantly

attenuated by IL-6R-inhibition in NSTEMI patients. These receptors were significantly

upregulated in PBMC CAD patients with particularly high levels of C5aR1 in STEMI

patients.

Keywords: complement, C5a receptors, C3a receptor, IL-6, myocardial infarction, inflammation

INTRODUCTION

Inflammation plays a pivotal role in the pathophysiology of

coronary artery disease (CAD) from the establishment of the

atherosclerotic plaque through rupture or erosion of the plaque
leading to partial or total occlusion of the coronary vessel. This

might lead to myocardial necrosis and thereby a myocardial
infarction (MI). A total occlusion typically leads to ST-elevation

in the electrocardiogram whereas a partial occlusion or an

occlusion with collateral circulation doses not show these changes
and are classified as unstable coronary syndromes. Unstable

coronary syndromes with elevated levels of Troponin T, a marker

of myocardial necrosis, are classified as non-ST-elevation MI
(non-STEMI) whereas without rice in TnT are classified as non-

ST-elevation acute coronary syndromes (1). Rapid restoration
of coronary blood flow by re-opening of the occluded coronary
vessel with percutaneous coronary intervention (PCI), has
considerably improved outcome following MI. However, CAD is
still associated with considerable morbidity and mortality (2).

Both the myocardial necrosis and the reperfusion of
the infarcted myocardium activate inflammatory mechanisms.
Innate and adaptive immune mechanisms are involved in this
process and act together to orchestrate a response to damage
(3). A balanced inflammatory response is required for proper
healing following myocardial infarction (MI), whereas excessive
inflammation could give rise to collateral tissue damage with
detrimental effects on the myocardium (4). The complement
system is an important sensor and effector system of innate
immunity and plays a role in all phases of CAD (5). The
complement system exerts its main inflammatory functions
through proteolytic activation of C3 and C5, which upon
cleavage liberate the complement anaphylatoxins C5a and C3a.
The anaphylatoxins bind to their respective receptors: the
C5a receptor 1 and 2 (C5aR1, C5aR2) and the C3a receptor
(C3aR) (6), and the C5a-C5aR1-axis seems to be involved in
atherogenesis and CAD (7–9). C5aR inherits an inflammatory
role following tissue injury stimulating the release of cytokines
like tumor necrosis factor (TNF), interleukin (IL)-1β, IL-6, and

chemokines, e.g., IL-8 (10), and induce thrombogenicity by
upregulation of tissue factor (11). The effect of activating C5aR2
and C3aR are more diverse and the effect of activating these
receptors in the context of acute coronary syndromes (ACS) is
at present less clear.

IL-6 and complement may both contribute to the progression
of cardiovascular diseases (5, 12, 13) but there are limited data
on the interaction between these inflammatory proteins. In a
mouse sepsis model, IL-6 inhibition reduced the expression
of tissue C5aR (14), but to the best of our knowledge
the effects of IL-6 inhibition on the anaphylatoxin receptor
expression in human CAD have not been investigated. In a
recent study, the IL-6 receptor (IL-6R) antagonist tocilizumab
reduced C-reactive protein (CRP) and percutaneous coronary
intervention (PCI)-related troponin T (TnT) release in patients
with non-ST-elevation myocardial infarction (NSTEMI) (15).
In the present study, we aimed to investigate the expression
of the anaphylatoxin receptors in a sub-group of this patient
cohort (15). Additionally, anaphylatoxin receptor expression was
investigated in samples from patients with different entities of
CAD before any intervention was initiated.

MATERIALS AND METHODS

In this study we included two different patient cohorts: one
cohort consisting of NSTEMI-patients randomized to anti-
inflammatory treatment with an IL-6R antagonist or placebo
where blood was sampled from inclusion, before treatment and
with repeated measurements, and another cohort consisting of
patients with different entities of CAD where blood samples
were drawn at hospital admission, before treatment was
given.

NSTEMI Patients Treated With Tocilizumab
The present work is a sub-study of a previously published
double-blind, placebo-controlled two-center study on patients
(n = 117) admitted with NSTEMI randomized to treatment
with the IL-6R inhibitory monoclonal antibody tocilizumab
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(n = 58) or placebo (n = 59) (ClinicalTrails.gov, NCT01491074)
(15). Tocilizumab was administrated as a single dose of 280mg
immediately prior to coronary angiography. This dose provides
a complete IL-6 blockade for approximately 2 weeks (15).
Briefly, patients between 18 and 80 years of age with NSTEMI
scheduled for coronary angiography were included. Exclusion
criteria were clinically significant cardiac disease other than CAD,
disease or medication affecting inflammation, contraindications
to the treatment drug and clinically unstable patients. Patients
were included at a median of 2 days after symptom onset.
There were no significant between-group differences in baseline
characteristics (15). Fifteen age and sex-matched healthy controls
were included. A flow chart describing the whole patient
population randomized to tocilizumab or placebo and the
number of patients with or without PCI, and with early (≤2 days)
vs. late (>2 days) inclusion after symptoms onset is shown in
Figure 1.

We evaluated the expression of anaphylatoxin receptors
(C5aR1, C5aR2, and C3aR) in 60 of the patients treated with
tocilizumab (n = 28) or placebo (n = 32). These patients
represent all patients included at one of the two study centers (St.
Olavs hospital). Due to lack of resources, we only investigated
patients from half of the original study population. In this
subgroup of patients, there was a significant difference in gender,
but no other differences in baseline characteristics were found
(Table 1). The whole study population (n = 117) was included
for plasma complement activation analysis.

Patients With Various CAD Entities
Three patient groups with different entities of CAD, described
in detail elsewhere (16), were examined with respect to
anaphylatoxins receptor expression in blood samples obtained

at admission to hospital. CAD was defined as coronary artery
stenosis >50% verified by coronary angiography. The three
patient entities were defined as: (i) stable angina pectoris (SAP)
(n= 22), defined as episodes with reversible ischemic chest pain,
referred to elective coronary angiography. (ii) Non-ST-elevation
acute coronary syndromes (NSTE-ACS) that included unstable
angina and NSTEMI patients (n = 21), defined as angina at rest
or crescendo angina, referred to urgent coronary angiography
within 48 h. (iii) STEMI (n= 20) defined as elevated plasma levels
of Troponin T (TnT; at least one value above the 99th percentile)
together with ischemic symptoms and ST-segment elevation or
new left bundle branch block in the electrocardiogram referred
to immediate coronary angiography and PCI if indicated (16).
Patients that had malignant or chronic inflammatory diseases,
intercurrent infections, or were treated with glucocorticosteroids
were not included. Age and sex-matched healthy controls
(n= 29) were also included.

Blood Sampling Protocol
NSTEMI Tocilizumab Study
Blood samples drawn at the time of inclusion, i.e., before study
medicine was given and angiography performed, at day 2 and
3 following inclusion and after 6 months were included in this
sub-study. Blood was collected in EDTA vacutainer tubes (BD
Biosciences, Plymouth, UK), kept on crushed ice and centrifuged
within 30min at 2,500 g for 20min at 4◦C. Plasma was stored
at −80◦C until analyzed, and samples were thawed only once.
Whole blood (3mL) was collected in Tempus Blood RNA tubes
(ThermoFischer, Paisley, UK) from patients and healthy controls
ensuring immediate lysis of all blood cells and stabilization of
RNA. Tempus Blood RNA tubes were stored at−80◦C until RNA
preparation.

FIGURE 1 | Flow chart showing the total number of patients and randomization to tocilizumab and placebo groups. (A) Number in each group with or without PCI.

(B) Number in each group included early (≤2 days) or late (>2 days) from the onset of symptoms. NSTEMI, non-ST-elevated myocardial infarction.
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TABLE 1 | Clinical and biochemical characteristics of the study population 1

(n = 60).

Characteristics Placebo Tocilizumab p-value

Total number, n 32 28

Male sex, n (%) 32 (100) 23 (82) 0.02

Age, years, mean (SD) 59 (9) 58 (6) 1.00

Body mass index, kg/m2, median

(IQR)

27 (25, 29) 28 (27, 30) 1.00

Hypertension, n (%) 10 (31) 15 (54) 0.12

Diabetes mellitus, n (%) 5 (16) 5 (18) 1.00

Previous myocardial infarction,

n (%)

5 (16) 3 (11) 0.70

Current smoking, n (%) 13 (41) 9 (32) 0.60

Systolic blood pressure, BL,

mmHg (SD)

135 (14) 138 (17) 1.00

Diastolic blood pressure, BL,

mmHg (SD)

82 (11) 83 (10) 1.00

PCI, n (%) 23 (72) 21 (75) 1.00

LMWH BL, n (%) 29 (91) 26 (93) 1.00

CRP, BL, mg/L, median (IQR) 2.2 (0.7, 7.9) 3.3 (1.2, 6.7) 1.00

Troponin-T, BL, ng/L, median (IQR) 187 (87, 485) 107 (630) 1.00

Creatinine, BL, µmol/L, median

(IQR)

77 (71, 90) 75 (63, 89) 1.00

Peak CRP, mg/L, median (IQR) 5.4 (1.2, 8.3) 5.4 (1.4, 18.7) 1.00

Peak Troponin-T, ng/L, median

(IQR)

242 (92, 836) 128 (66, 937) 1.00

Peak Creatinine, µmol/L, median

(IQR)

86 (74, 93) 81 (71, 95) 1.00

Data are given as mean with (standard deviation, SD) or median with (25 and 75th

percentile, IQR) and number with (%). BL, baseline values; PCI, percutaneous coronary

intervention; LMWH, lowmolecular heparin administered before baseline; CRP, C-reactive

protein; R, receptor. Bold value indicate statistical significance.

Patients With Different CAD Entities and Healthy

Controls
Venous blood was drawn from healthy controls and patients
with SAP and NSTE-ACS before angiography. Arterial blood
was drawn from the arterial cannula immediately before
coronary angiography in patients with STEMI. Peripheral blood
mononuclear cells (PBMCs) were isolated from heparinized
blood in all three patient groups and the healthy controls by
Isopaque-Ficoll (Lymphoprep, FreseniusKabi Norge AS, Oslo,
Norway) gradient centrifugation within 1 h after sampling, stored
at−80◦C as cell pellets until RNA isolation was performed.

RNA Isolation and Quantitative PCR (qPCR)
NSTEMI Tocilizumab Study
Whole blood RNA purification was performed by Aaros Applied
Biotechnology, Aarhus, Denmark. mRNA from the healthy
controls was isolated using Tempus Spin RNA isolation Kit
(ThermoFischer, Paisley, UK). cDNA was produced using the
high capacity cDNA reverse transcriptase kit (Applied Biosystem,
Foster City, CA). TaqMan qPCR primers (FAM-MGB dye-
labeled) were purchased from Applied Biosystems for the
following genes: C5aR1 (HS00704891), C5aR2 (Hs01933768)

and C3aR (Hs0026963). Beta-2-microglobulin (HS 00187842)
was stably expressed and used as endogenous control. Each
sample was analyzed in triplicate and the reaction was run in 96
well-MicroAmp optical reaction plate on a StepOnePlus system
(Applied Biosystems).

Patients With Different CAD Entities
RNA from PBMC was isolated using RNeasy Mini Kit (Qiagen,
Hilden, Germany). cDNA was synthesized using qScript cDNA
SuperMix (Qantabio, BeverlyMA). SybrGreen primers were used
for qPCR (primer sequences can be given upon request) with
GAPDH as endogenous control. Each sample was analyzed in
duplicate in 384 well-optical reaction plate on a 7900 HT Fast
Real-time PCR system.

Complement Activation
Plasma complement activation was evaluated by quantification
of the terminal complement complex (TCC) in its soluble form
(sC5b-9) using an enzyme-linked immunosorbent assay (ELISA)
previously described in detail (17). Briefly, the mAb, aE11,
which binds to a neoepitope exposed in C9 when incorporated
into the C5b-9 complex, was used as capturing antibody and
a biotinylated monoclonal anti-C6 (clone 9C4) was used for
detection. The level was related to the International Complement
Standard #2, defined to contain 1,000 complement arbitrary units
(CAU) per mL (17).

Data Presentation and Statistical Analysis
Statistical analysis was performed with IBM SPSS Statistics 24
(Armonk, NY) or Graph Pad Prism, version 7 (San Diego,
CA). Differences between two groups were tested with t-test
or Mann-Whitney U test when the data were not normally
distributed. Differences between more than two groups were
tested with ordinary one-way ANOVA or with Kruskal-Wallis
test dependent on distribution. Change from baseline was
calculated for each time point (e.g., time point-baseline).
Longitudinal data were analyzed with Friedman test followed by
Wilcoxon signed-rank test to compare the specific time point
with baseline levels within each treatment group. To compare
differences in categorical data between groups the Chi-square test
was used. Correlation analysis was measured by the Spearman
correlation test. Bonferroni correction was used to correct for
multiple testing. Results are given as median with interquartile
range or mean with 95% confidence interval (CI). All tests were
two-sided and a p-level of <0.05 was regarded as statistically
significant.

Ethics
Both studies were approved by the Regional Committee for
Medical and Health Research Ethics of South-Eastern Norway
and the tocilizumab study also by The Norwegian Medicine
Agency and both studies were conducted in accordance with
the Declaration of Helsinki. All participants provided written
informed consent.
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RESULTS

The Effect of IL-6R Inhibition on
Anaphylatoxin Receptor Expression in
Whole Blood From NSTEMI Patients
C5aR1
Expression of C5aR1 was significantly lower in the tocilizumab
group compared to the placebo group at day 2 and 3 (Figure 2A).
Compared to baseline and the healthy controls, the expression of
C5aR1 at day 2 and 3 was significantly lower in the tocilizumab
group, whereas no difference was observed for the placebo group.
After 6 months the expression of C5aR1 in the tocilizumab group
was still significantly lower compared to baseline, which was not
the case for the placebo group. Compared to healthy controls
there was no difference at baseline or after 6 months in any of
the two patient groups (Figure 2A).

C5aR2
Expression of C5aR2 was significantly lower in the tocilizumab
group compared to the placebo group at day 2 and 3 (Figure 2B).
Compared to baseline levels, the expression of C5aR2 was
significantly lower in the tocilizumab group at day 2 and 3,
whereas no such difference was observed in the placebo group.
There were no differences between the two patients groups
at baseline or after 6 months. Compared to healthy controls,
C5aR2 expression was significantly decreased in the tocilizumab
group and the placebo group during the whole study period
(Figure 2B).

C3aR
C3aR expression behaved strictly different from the C5a
receptors. There were no differences in receptor expression
between the tocilizumab group and the placebo group at any

FIGURE 2 | Effect of tocilizumab on the expression of C5aR1, C5aR2, and C3aR in NSTEMI patients. The effect of tocilizumab, a monoclonal antibody inhibiting

interleukin 6 receptor (IL-6R), on the expression of the three complement anaphylatoxin receptors [C5aR1 (A), C5aR2 (B), and C3aR (C)] was investigated in patients

with non-ST-elevation myocardial infarction (NSTEMI). mRNA levels were quantified by qPCR and related to the reference gene beta-2-microglobulin. The tocilizumab

group (gray bars, n = 28) and the placebo group (white bars, n = 32) are presented at four different time-points. Baseline levels show the receptor expression at

inclusion, i.e., after hospital admission, before treatment was given. Follow-up time points were day 2 and 3, and 6 months. A group of healthy individuals (n = 15)

were included as controls. The qPCR results were quantified using the 2−11CT method, normalized to reference genes and presented as fold change with the

healthy controls as calibrator. Data are given as median and 95% CI. *P < 0.05, ***P < 0.001 vs. healthy controls. †P < 0.05, †††P < 0.001 differences in change

from baseline between tocilizumab and placebo. §p < 0.05, §§§p < 0.001 vs. baseline.
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of the time points (Figure 2C). In the tocilizumab group there
was a significantly higher expression of C3aR at day 2 and 3
when compared to baseline, whereas both patients groups had
significantly higher levels at day 2 and 3 compared to healthy
controls (Figure 2C). At baseline and after 6 months, there were
no differences in C3aR expression between the patient groups
and health controls (Figure 2C).

Effects of Coronary Intervention and Time
From Symptom Onset to Inclusion on the
Expression of Anaphylatoxin Receptors
The effect of tocilizumab could potentially depend on whether
the patients were treated with PCI or not, or whether they
were included early (≤2 days) or late (>2 days) from the
onset of symptoms. However, the pattern of the C5aR1, C5aR2
and C3aR expression was virtually identical in patients with or
without PCI (Figures 3A–C) and in patients included early or late
(Figures 3D–F). A flow chart of the patients is shown in Figure 1.

Systemic Complement Activation in
NSTEMI Patients
To see if inhibition of IL-6R affected complement activation,
sC5b-9 was evaluated in all patients in the tocilizumab study
(n = 117) from baseline to day 3, and at 6 months follow up.
Plasma concentration of sC5b-9 did not change over time in
the NSTEMI patients (Figure 4A). Tocilizumab had no effect on
the degree of systemic complement activation. The same pattern
was seen regardless of PCI treatment or not (Figure 4B) and
independent of early (≤2 days) or late (>2 days) inclusion from
the onset of symptoms (Figure 4C).

Association Between the Expression of
Anaphylatoxin Receptors and Key
Biomarkers in the NSTEMI Patients During
Hospitalization
The original tocilizumab study found a fall in leukocytes
in the tocilizumab-group, primarily caused by a decrease in

FIGURE 3 | Effect of coronary intervention and time of inclusion on the expression of C5aR1, C5aR2, and C3aR in NSTEMI patients. Expression level of complement

anaphylatoxin receptors C5aR1 (A,D), C5aR2 (B,E), and C3aR (C,F) in patients with non-ST-elevation myocardial infarction (NSTEMI) receiving placebo (n = 32) or

tocilizumab (n = 28) divided into two groups according to percutaneous coronary intervention (PCI) (23 placebo and 21 tocilizumab, gray bars) or not (7 placebo and 9

tocilizumab, white bars) (A–C), and divided into two groups according to inclusion ≤2 days (22 placebo and 15 tocilizumab, gray bars) or >2 days (10 placebo and 13

tocilizumab, white bars) from symptom onset (D–F). Baseline levels show the receptor expression at inclusion, i.e., after hospital admission, before treatment was

given. Follow-up time points were day 2 and 3, and 6 months. A group of healthy individuals (n = 15) were included as controls. The qPCR results were quantified

using the 2−11CT method, normalized to reference genes and presented as fold change with the healthy controls as calibrator. Data are given as median and 95%

CI. *P < 0.05, **P < 0.01, ***P < 0.001 vs. healthy controls. †P < 0.05, †††P < 0.001 differences in change from baseline between tocilizumab and placebo.
§p < 0.05, §§p < 0.01, §§§p < 0.001 vs. baseline.
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FIGURE 4 | Systemic complement activation in NSTEMI patients treated with tocilizumab or PCI. Complement activation, as evaluated by plasma sC5b-9, is shown

for NSTEMI patients (total n = 117) treated with tocilizumab (n = 58; closed circles) or placebo (n = 59; open circles) (A). Complement activation, as evaluated by

plasma sC5b-9, is shown for the same population of NSTEMI patients further divided into two groups according to percutaneous coronary intervention (47 placebo

and 41 tocilizumab) or not (12 placebo and 17 tocilizumab) (B), and according to inclusion ≤2 days (36 placebo and 30 tocilizumab) or >2 days (23 placebo and 28

tocilizumab) from symptom onset to inclusion (C). The dotted line represents normal upper level of sC5b-9 in healthy blood donors. Data are given as mean and 95%

CI. ††P < 0.01, †††P < 0.001 differences in change from baseline between tocilizumab and placebo. §p < 0.05, §§p < 0.01, §§§p < 0.001 vs. baseline.

neutrophils from baseline to day 3 which led to a significant
between-group difference in change from baseline (15). The
same statistical differences were also found in the sub-group
of patients studied here (Table 2). We found no correlation
between change in neutrophils and change in expression level
of any of the three anaphylatoxin receptors in the treatment
group (Supplementary Table 1). However, in the placebo group
there was a significant correlation between change in neutrophils
and change in the expression level of C5aR1 and C5aR2
(Supplementary Table 1).

In the original tocilizumab study, IL-6 and sIL-6R increased
significantly from baseline to day 3 in the tocilizumab-
treated patients (15). A similar pattern was found in the
sub-group of patients investigated in this study (Table 2).

In the tocilizumab group no correlation was found between
change in expression for any of the anaphylatoxin receptors
and IL-6 in the tocilizumab. sIL-6R correlated with the
expression of C3aR in the tocilizumab-treated patients
(Supplementary Table 1). In the placebo group we found
a significant correlation between all three anaphylatoxin
receptors and IL6 whereas no correlation was found for sIL-6R
(Supplementary Table 1).

Associations Between the Anaphylatoxin
Receptors and CRP and TnT in the NSTEMI
Patients During Hospitalization
We evaluated whether AUC for the three anaphylatoxin
receptors showed any correlation with AUC for CRP and
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TnT representing the primary and most important secondary
endpoint, respectively, in the original tocilizumab study (15)
(Table 3). There was a significant correlation between C5aR1 and
C3aR, but not C5aR2, and CRP in the placebo group, whereas
only C3aR was correlated with CRP in the tocilizumab group
(Table 3; Supplementary Figure 1). TnT correlated significantly
with all three receptors in the placebo group, whereas only
C5aR1 correlated with TnT in the tocilizumab group (Table 3;
Supplementary Figure 1). All correlations between receptor
expression and CRP and TnT were positive. The regression
plots, however, show negative regression lines since the
statistics were calculated on delta-CT values and a decrease
in the delta-CT value represents an increase in receptor
expression.

Expression of Anaphylatoxin Receptors in
PBMC From Patients With Different CAD
Entities
In order to explore whether the expression of anaphylatoxin
receptors is dependent on the severity of CAD, independent

TABLE 2 | Baseline values and values at day 3 for different relevant biomarkers in

the NSTEMI patients.

Group Baseline Day 3

IL-6 pg/mL Placebo 3.0 (1.2–5.1) 3.2 (1.7–6.3) †

Tocilizumab 2.4 (1.3–4.5) 22(14.3–29)***

sIL-6R ng/mL Placebo 71 (13) 70 (11) †††

Tocilizumab 64 (11) 88 (8.4)

Leukocytes (109/L) Placebo 7.6 (1.7) 7.6 (1.3) †††

Tocilizumab 8.0 (2.4) 4.9 (1.6)

Neutrophils (109/L) Placebo 4.5 (3.3–5.7) 4.3 (3.7–5.2) †††

Tocilizumab 5.1 (3.2–6.0) 1.9 (1.2–2.7)

Monocytes (109/L) Placebo 0.7 (0.2) 0.7 (0.6–0.9)

Tocilizumab 0.7 (0.5–0.9) 0.6 (0.2)

Lymphocytes (109/L) Placebo 2.0 (0.5) 2.1 (0.6)

Tocilizumab 2.0 (0.7) 1.9 (1.6–2.5)

Data are given as mean with (standard deviation, SD) or median with (25 and 75th

percentile, IQR). IL, interleukin; R, receptor; s, soluble.

***p < 0.001 comparing differences within group from baseline.
†p < 0.05, †††p < 0.001 comparing between-group differences in change from baseline.

TABLE 3 | Spearman Rho correlation between AUC during hospitalization for

CRP and TnT and the three anaphylatoxin receptors in the NSTEMI patients.

AUC AUC AUC

C5aR1 C5aR2 C3aR

AUC CRP Placebo 0.431* 0.214 0.506**

Tocilizumab 0.264 0.082 0.338

AUC TnT Placebo 0.399* 0.494** 0.400*

Tocilizumab 0.534* 0.315 0.259

AUC, area under the curve; TnT, troponin T; CRP, C-reactive protein; R, receptor.

Data: Spearman Rho correlation coefficient with *p < 0.05, **p < 0.01. Bold values

indicate statistical significance.

on any intervention, we investigated the expression of these
receptors in PBMCs in samples obtained from patients admitted
to hospital comprising three different entities of CAD: SAP
(n= 22), NSTE-ACS (n= 21), and STEMI (n= 20).

Whereas C5aR1 expression was significantly increased in all
CAD subgroups compared to healthy controls with the highest
levels in the STEMI patients (Figure 5A), the increase in C5aR2
and C3aR were more moderate, showing significantly increased
levels as compared with controls in the STEMI group (C5aR2)
and NSTE-ACS group (C3aR) only (Figures 5B,C).

DISCUSSION

This study demonstrates for the first time that inhibiting IL-
6R profoundly attenuated the expression of C5aR1 and C5aR2
in peripheral whole blood in NSTEMI patients. Treatment with
PCI is known to cause a reperfusion injury, which in itself can
enhance inflammation. However, the effect on the anaphylatoxin
receptor expression seen in this study was independent of
treatment with PCI or time between debut of symptoms and
inclusion. In contrast, C3aR expression was not affected by
the IL-6-inhibitory treatment. Moreover, changes in C5aR1 was
significantly correlated with changes in TnT during tocilizumab
treatment suggesting the beneficial effect of IL-6R inhibition at
least partly could involve downregulation of the inflammatory
C5aR1.

Inflammation plays a pivotal role in the wake of a MI being
essential for cardiac repair (18). However, sustained and excessive
inflammation may contribute to increased tissue damage and is
associated with worse prognosis in ACS (19). Elevated levels of
inflammatory markers like CRP, IL-6 and C5a are related to the
detrimental effects of inflammation in CAD (5, 13, 19–22) and
anti-inflammatory treatment is suggested to improve outcome
after MI (23). Genetic studies suggest that inhibiting either IL-
6 or complement could prove beneficial in patients with CAD
(24–26), and it has recently been shown that a single dose of
tocilizumab attenuates the increase in CRP and PCI-related TnT
release in NSTEMI patients (15).

The activation of C5aR1 induces pro-inflammatory effects like
recruitment and activation of inflammatory cells and enhanced
cytokine and chemokine production. Experimental studies have
shown reduction in infarct size and inflammation when the
C5a/C5aR1-axis has been attenuated (27–30). Furthermore, lack
of C5aR1 on circulating leukocytes led to reduced infarct size
and improved clinical outcome in an in vivo mouse model
of MI (31). IL-6 inhibition is previously shown to attenuate
expression of anaphylatoxin receptors in an experimental
model of sepsis (14). Herein, we show a similar pattern in
NSTEMI patients with a significant downregulation of C5Ra1
by tocilizumab in the first days following NSTEMI. Notably, this
downregulation was significantly correlated with TnT release in
the tocilizumab group suggesting that downregulation of C5aR1
might contribute to the attenuated TnT release by tocilizumab
seen in these patients (15). The gradual increase in C5aR1
expression in the different CAD subgroups from SAP through
NSTE-ACS with the highest level in STEMI patients may further
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FIGURE 5 | Expression of C5aR1, C5aR2 and C3aR in patients with various

entities of CAD. Expression of the C5aR1 (A), C5aR2 (B), and C3aR (C) in

three different patients groups with verified coronary artery disease (CAD):

stable angina pectoris (SAP, n = 22), non-ST-elevation acute coronary

syndromes (NSTE-ACS, n = 21) and ST-elevation myocardial infarction

(STEMI, n = 20). A group of healthy age and sex-matched individuals were

included as controls (Ctrls, n = 29). mRNA levels were quantified by qPCR

using the 2−11CT method, normalized to reference genes (GAPDH) and

presented as fold change with the healthy controls as calibrator. Data are given

as median and 95% CI. Statistical significant differences are indicated between

the patient populations and the healthy controls. *p < 0.05, **p < 0.01,

***p < 0.001 vs. healthy controls.

support a role for this receptor in plaque progression and
destabilization.

C5aR2, previously considered a non-signaling receptor, has
been shown to have both pro- and anti-inflammatory effects and
its function seems to be dependent on cell type, disease context

and species (32). In experimental studies of CAD, there is some
evidence that antagonizing C5aR2 might have beneficial effects
(9). In the present study we showed a downregulation of C5aR2
by tocilizumab in NSTEMI patients. However, changes in C5aR2
were not correlated with changes in TnT during tocilizumab
treatment, and in contrast to C5aR1 expression, the changes in
C5aR2 expression in PBMC in the different CAD subgroups were
rather modest.

In the NSTEMI patient group, a reduction in C5aR2
expression was observed both in the tocilizumab group and
the placebo group, throughout the whole study period. The
expression of C5aR2 is known to be attenuated in the context
of inflammation (33) and the reduced level of C5aR2 in both
the placebo group and the tocilizumab group even observed at
inclusion might be due to the inflammatory response caused
by the MI itself. We did not find the same reduction in C5aR2
expression compared to controls in the PBMC CAD group. The
reason for this is unknown, but might be due to differences in
time of sampling in relation to the myocardial injury, different
expression level in different cell types or different methods. The
effect on C5aR2 seen after 6 months might be related to the
enhanced inflammation caused by the reperfusion injury caused
by treatment with PCI. Also attenuating IL-6, which is a pleiotrop
cytokine, might indirectly change the expression of C5aR2. Thus,
the effects of C5aR2 in the setting of CAD and myocardial
damage are still unclear and needs further investigations.

C3aR was previously regarded as a pro-inflammatory receptor
but recent studies support a more complex effector function for
this receptor with anti-inflammatory effects in the acute phase
of inflammation by preventing neutrophil mobilization from
the bone marrow (34). In an experimental study of intestinal
ischemia and reperfusion injury, C3aR was shown to ameliorate
ischemia-reperfusion injury in mice (35). Herein, we found a
marked increase in C3aR expression in NSTEMI patients that
was not modulated by tocilizumab. Moreover, C3aR, but not the
two C5a receptors, correlated positively with changes in CRP
during IL-6 receptor inhibition. Whatever the effect of C3aR,
these findings suggest that IL-6 differently affect the expression
of the C5a receptors and C3aR.

There was a reduction in the number of leukocytes and
particularly neutrophils in the tocilizumab-treated NSTEMI
patients as demented in the original study (15). This could,
however, not explain the decreased C5aR1 and C5aR2 expression.
First, there was no correlation between the change in receptor
expression and change in neutrophil levels in the tocilizumab
group. Second, the amount of mRNA in all samples was identical
coming mainly from granulocytes, lymphocytes and monocytes,
which constitute themain amount of nucleated cells in peripheral
blood. Also lymphocytes and monocytes express anaphylatoxin
receptors. Lymphocytes have previously been found to express
C5aR1 (36–39) and the two C5a-anaphylatoxin receptors are
typically co-expressed (33). Monocytes also express all three
anaphylatoxin receptors shown for the CAD-population in this
study. Third, the decrease was explicitly seen for the C5a
receptors and not for the C3aR, indicating that the decrease
was selective. Taken together this supports a real reduction in
expression of C5aR1 and C5aR2.
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In the present study, we used whole blood and PBMC,
precluding us for detecting individual cell populations as would
have been possible using cell sorting. There is, however, an
advantage of using whole blood for this purpose, since the cells
are less manipulated and in vitro changes in cell activity is
reduced and the changes are to a greater extent reflecting the
in vivo situation.

No correlation between IL-6 or sIL-6R and the three different
anaphylatoxin receptors in the tocilizumab-treated patients, were
observed. Tocilizumab was administrated in doses high enough
to give a total IL-6 blockade for about 2 weeks (15) thus the
level of IL-6 or sIL-6R is rather irrelevant since the effect of the
cytokine is totally blocked in all patients during the hospital stay.
We did find a correlation between the anaphylatoxin receptors
and IL-6 and sIL-6R in the in the placebo group consistent with
rather little change in both IL-6 and the anaphylatoxin receptors
during the time course in this group.

sC5b-9 did not increase in the present study which most likely
was due to the relatively small MIs in the NSTEMI patients.
Complement is however constantly activated at a low level and
acts in the circulation as a humoral alarm system ready to respond
to any danger threatening the host (40). Importantly, the absence
of significant systemic complement activation does not preclude
the presence of local activation with the ability to act at the site
of damage. Thus, downregulation of the receptors for C5a might
have beneficial effects both locally and systemically.

The present study has some limitations. The number of
patients was rather low. Also, the lack of protein data on the
anaphylatoxin receptor expression may weaken our conclusions.
Finally, it should be emphasized that correlations do not
necessarily mean any causal relationship and more mechanistic
studies are needed to further explore the role of anaphylatoxin
receptors in CAD.

In conclusion, a substantial and statistically highly significant
reduction of C5a receptors was observed in NSTEMI patients
treated with tocilizumab, and as for C5aR1, the downregulation
correlated with attenuated TnT release. C5aR1 expression in
PBMC did also reflect disease severity in another separate
CAD population. The cross-talk between complement
C5aR1 and IL-6 might contribute to the attenuated TnT
release during tocilizumab treatment in these NSTEMI
patients.
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Miscarriage is the most common complication of pregnancy. Approximately 1% of cou-
ples trying to conceive will experience recurrent miscarriages, defined as three or more 
consecutive pregnancy losses and many of these cases remain idiopathic. Complement 
is implicated both in the physiology and pathology of pregnancy. Therefore, we hypoth-
esized that alterations in the C3 gene could potentially predispose to this disorder. We 
performed full Sanger sequencing of all exons of C3, in 192 childless women, with at 
least two miscarriages and without any known risk factors. All exons carrying non- 
synonymous alterations found in the patients were then sequenced in a control group of 
192 women. None of the identified alterations were significantly associated with the dis-
order. Thirteen identified non-synonymous alterations (R102G, K155Q, L302P, P314L, 
Y325H, V326A, S327P, V330I, K633R, R735W, R1591G, G1606D, and S1619R) were 
expressed recombinantly, upon which C3 expression and secretion were determined. 
The L302P and S327P were not secreted from the cells, likely due to misfolding and 
intracellular degradation. Y325H, V326A, V3301I, R1591G, and G1606D yielded 
approximately half C3 concentration in the cell media compared with wild type (WT). We 
analyzed the hemolytic activity of the secreted C3 variants by reconstituting C3-depleted 
serum. In this assay, R1591G had impaired hemolytic activity while majority of remaining 
mutants instead had increased activity. R1591G also yielded more factor B activation 
in solution compared with WT. R1591G and G1606D showed impaired degradation by 
factor I, irrespectively if factor H, CD46, or C4b-binding protein were used as cofactors. 
These two C3 mutants showed impaired binding of the cofactors and/or factor I. Taken 
together, several alterations in C3 were identified and some of these affected the secre-
tion and/or the function of the protein, which might contribute to the disorder but the 
degree of association must be evaluated in larger cohorts.

Keywords: reproductive immunology, miscarriage, complement system, c3, mutation

inTrODUcTiOn

Spontaneous pregnancy loss, or miscarriage, is the most common complication of pregnancy and 
includes all pregnancy losses from conception until 24 weeks of gestation. It is believed that as many 
as 50% of all conceptions and 15% of clinically recognized pregnancies end up in miscarriage (1). 
The definition of recurrent spontaneous pregnancy loss (RSPL) differs among international societies. 

Abbreviations: AMD, age-related macular degeneration; C4BP, C4b-binding protein; HEK, human embryonic kidney; RSPL, 
recurrent spontaneous pregnancy loss; WT, wild type.
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The American Society for Reproductive Medicine defines RSPL 
as two or more pregnancy losses (2), affecting around 5% of 
couples trying to conceive, while The European Society for 
Human Reproduction and Embryology defines it as three or 
more consecutive losses (3), affecting around 1% of couples 
trying to conceive. Over the years, various etiologies have been 
identified, such as genetic, structural, autoimmune, endocrine, 
thrombophilic abnormalities, together with infections. However, 
approximately 40–50% of the cases still remain idiopathic (1).

Pregnancy is a complex process, where on the one hand 
significant adaptations of the immune system is needed to 
tolerate the semiallogenic fetus but on the other hand, an active 
immune system is needed to defend the mother and fetus from 
infections. The complement system, which is a pivotal part of 
our innate immunity, has been shown to play an important role 
for a successful pregnancy. Studies have shown that too little 
or too much complement at the wrong time during pregnancy 
can have devastating consequences for the pregnancy outcome. 
Too much complement activation in the placenta may lead to 
placental damage, with a potential risk of fetal loss and therefore 
complement inhibition in the placenta is of great importance. 
Complement inhibitors, such as CD46, CD55, and CD59, are 
expressed in the placenta and on the surface of the trophoblast 
(4–6), and the critical role of these inhibitors is demonstrated by 
the embryonic lethality in mice deficient in Crry (7), an impor-
tant mouse complement inhibitor that resembles human CD46. 
Previously, we hypothesized that alterations in the complement 
inhibitors C4b-binding protein (C4BP), CD46, and CD55 might 
be associated with an increased complement activation, at the 
trophoblastic maternal interface, leading to pregnancy loss. 
Several alterations in C4BP and CD46 were identified and some 
of these caused altered expression and/or function of the proteins 
(8). However, complement is not only needed for fighting infec-
tions during pregnancy but also for proper placental and fetal 
development. Despite the complement inhibitors presence in the 
placenta, some degree of complement activation is seen during 
normal pregnancy. One example of this importance is that mice 
deficient in C1q, had abnormal development of the placenta, 
reduced litter size and fetal weight (9). These mice demonstrated 
a preeclamptic-like phenotype with proteinuria and increased 
blood pressure, which indicates that C1q plays an important role 
for a successful pregnancy. Furthermore, C1q in human placenta 
has also been implicated in preeclampsia (6).

Complement component C3 is the key protein of the comple-
ment system and composed of two polypeptide chains, α- and 
β-chain. The importance of C3 is demonstrated by the high 
plasma concentration of 1–1.5 mg/ml (10). The cleavage of C3 
by C3-convertases is the central reaction of all three complement 
pathways and results in the biologically active components C3a, 
an anaphylatoxin and C3b, a potent opsonin. C3b has an exposed 
thioester bond, allowing C3b to rapidly bind covalently to cell 
surfaces and promote further complement activation. C3b will 
participate to form the C5-convertase and in the final step of the 
complement cascade, the membrane-attack complex is formed, 
which has the ability to lyse some target cells, e.g., Gram-negative 
bacteria (11). Activation of complement can be limited by deg-
radation and inactivation of C3b by factor I, in the presence of 

different cofactors, such as factor H, CD46, and C4BP (12). C3, 
along with C3b and most importantly iC3b (the inactivated form 
of C3b), has been shown to be embryotrophic factors. These fac-
tors are mainly derived from the uterus and promote embryonic 
growth prior to the development of the placenta. In humans, the 
most abundant embryotrophic factor is embryotrophic factor 3 
and this was later found to contain mainly C3, C3b, and iC3b 
(13). It has also been demonstrated that rat C3 on the visceral yolk 
sac is important for early embryonic development and in explant 
rat embryo culture, adding intact C3 significantly favors develop-
ment, without the requirement of C3 activation (14). C3 knock-
out mice also demonstrate smaller blastocysts, higher resorption 
rates, and smaller sizes of the placenta (15). In humans, C3 levels 
was shown to be higher in patients suffering three consecutive 
miscarriages, compared with women who went on having a live 
birth after two miscarriages (16). In vitro data also suggest that 
mutations in FOXD1, a transcription factor that directly seems to 
target C3, leading to both decreased and increased C3 expression, 
were deleterious (17). Genetic variants in the C3 gene have also 
been reported to be associated with severe preeclampsia (18). 
Thus, C3 appears to have an important physiological role in the 
early phase of pregnancy and in placental development and a sub-
tle fine-tuning of the C3 level is necessary for optimal function.

Due to the role of C3 in the physiology and pathology of 
pregnancy, we hypothesized that maternal mutations and poly-
morphisms in C3 might be associated with pregnancy loss. Herein, 
we performed full Sanger sequencing of all coding exons of C3 
in women experiencing idiopathic RSPL and we found several 
heterozygous non-synonymous alterations. The C3 mutants were 
expressed recombinantly and some of the alterations affected 
the secretion and/or the function of the protein, which might 
contribute to the disorder.

MaTerials anD MeThODs

Patients and controls
Our cohort was previously described in detail (8). Briefly, patients 
with recurrent pregnancy losses were referred to the Department 
of Gynecology and Obstetrics or the Hematology Laboratory, 
University Hospital of Nîmes, France. In total, 1,359 women 
were pre-selected but the focus was on the 962 most severe cases, 
defined by at least three consecutive embryonic losses before the 
10th gestational week, or two consecutive fetal losses at and beyond 
the 10th gestational week, all occurring in childless women. These 
women were screened for classical risk factors for pregnancy loss, 
such as abnormal parental karyotypes, infectious diseases during 
pregnancy, uterine anatomical abnormalities, diabetes mellitus, 
thyroid dysfunction, hyperprolactinaemia prior to luteal phase 
defects, erythroblastosis fetalis, immune thrombocytopenic 
purpura, feto-maternal alloimmune thrombocytopenia, and 
antiphospholipid antibodies. Women were excluded from the 
study if they had any of the above classical risk factors, previous 
occurrence of superficial or deep vein thrombosis, were positive 
for constitutional thrombophilia, preeclampsia, or were of non-
Caucasian origin, since this might have introduced consistent 
confounding heterogeneities in the local frequencies of the 
polymorphisms and mutations under focus. In the end, 453 
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women fulfilled all of the criteria and after informed consent was 
obtained, 429 patients were finally recruited. DNA samples from 
controls were obtained from women referred to the Department 
of Gynecology and Obstetrics for a systematic medical exam such 
as implementation of a new contraception or evaluation of the 
pelvic floor after pregnancy. Women with no previous pregnancy 
loss but with at least two uneventful pregnancies were selected 
(n = 261) and similar to cases, these controls were also screened 
for classical risk factors for pregnancy loss. In total, 224 controls 
were finally recruited, after informed consent was obtained.

Dna sequencing
All exons of C3 were sequenced in 192 patients by Polymorphic 
DNA Technologies (Alameda, CA, USA). A nested PCR ampli-
fication of the specific exons preceded the Sanger dideoxy 
sequencing. The primers used are listed in Table 1. The identified 
non-synonymous alterations found in the patients were then ana-
lyzed in a control group of 192 women. All patients and controls 
were randomly chosen from the cohort defined above. There 
were no statistical differences in baseline characteristics (age, 
BMI, ethnicity, and risk factors for vascular diseases) between the 
patients and controls (Table 2). The NHLBI Exome Sequencing 
Project database1 was used for investigating the frequencies of 
the identified C3 non-synonymous alterations in the general 
population. The PolyPhen software2 was used for determining 
the potential effect on the protein function. The sequencing data 
have been deposited at DDBJ/EMBL/GenBank Targeted Locus 
Study project under the accession KCDD00000000. The version 
described in this paper is the first version, KCDD0100000.

Proteins
Factor B, factor D, factor H, C3, and properdin were purchased 
from Complement Technology. Factor I (19), C4BP (20), CD55 
(21), and CD46 (21) were expressed recombinantly and purified, 
as described previously.

expression of c3 Variants
The non-synonymous C3 variants of interest (Table  3) were 
expressed recombinantly. cDNA coding for human C3 was used 
as template and the mutations were introduced by site directed 
mutagenesis, according to the manufacturer’s instruction (Quik-
Change Lightning, Agilent Technologies). The primers used for 
mutagenesis are listed in Table 4. Automated DNA sequencing 
confirmed the correct mutations and the constructs were cloned 
into the mammalian expression vector pCEP4 (Thermo Fisher 
Scientific). The constructs were transiently transfected into either 
human embryonic kidney-293 adherent cells (ATCC) using 
Lipofectamine 2000 (Thermo Fisher Scientific) or Freestyle 293-F 
cells (Thermo Fisher Scientific) using FreeStyle MAX reagent 
(Thermo Fisher Scientific). To evaluate the expression and secre-
tion levels of the mutants, the C3 concentration in the superna-
tants and cell lysates after transient transfection in adherent cells, 
were determined by ELISA (described below). The same volume 

1 http://evs.gs.washington.edu/EVS (Accessed: 20 February, 2018).
2 http://genetics.bwh.harvard.edu/pph2/ (Accessed: 20 February, 2018).

(5  µl) of these cell supernatants was also analyzed by Western 
Blotting, both under non-reducing and reducing (25 mM DTT) 
conditions. A polyclonal goat anti-human C3 antibody (Quidel), 
followed by a HRP-conjugated rabbit anti-goat antibody (Dako), 
were used for detection. The blots were developed using enhanced 
chemiluminescence (Merck-Millipore). The supernatants from 
the Freestyle 293-F cells were collected, concentrated, C3 concen-
tration determined by the same ELISA and used in the functional 
assays. Supernatant from cells transfected with empty pCEP vec-
tor were treated in the same manner and used as negative control 
in all assays. For some functional assays, C3b-like molecules were 
needed, and this was achieved by treatment of the C3 cell media 
with 0.1 M methylamine hydrochloride pH 8.0, for 1 h at 37°C, 
followed by a buffer exchange to TBS (Zeba Spin desalting col-
umns, Thermo Fisher Scientific). Methylamine will create C3met, 
a C3b-like molecule, by breaking the labile thioester bond in C3 
and inducing a conformational change.

c3 concentration Determination by elisa
To determine the C3 concentration after protein expression, an 
ELISA was performed. Two polyclonal antibodies were used, to 
eliminate the risk that a monoclonal antibody will recognize the 
mutants differently. Microtiter plates were coated with rabbit anti-
human C3c antibody (Dako), diluted in 75 mM sodium carbon-
ate, pH 9.6. The wells were washed with washing buffer (50 mM 
Tris–HCl, pH 8.0, 0.15 M NaCl, 0.1% Tween) and blocked with 
3% fish gelatin (Norland Products) in washing buffer. The sam-
ples were diluted in blocking buffer, supplemented with 10 mM 
EDTA, and incubated on the plate for 1 h at 37°C. Purified C3 
from Complement Technology was used as a standard. C3 was 
then detected using a goat anti-human C3 antibody (Quidel), 
followed by a HRP-conjugated rabbit anti-goat antibody (Dako). 
After 1 h incubation at RT for each of the antibodies, the plates 
were developed using OPD-tablets (Kem-En-Tec). The absorb-
ance at 490 nm was measured spectrophotometrically.

hemolytic assay
To assess the hemolytic activity of the C3 variants, a hemolytic 
assay using C3-depleted serum was performed, essentially as 
described previously (22). Briefly, antibody-sensitized sheep 
erythrocytes (Håtunalab AB) was incubated in a V-bottom 
microtiter plate with 1% C3-depleted serum (Quidel) and four 
different concentrations (0–2 µg/ml) of either wild type (WT) or 
mutant C3, in DGVB++ buffer (2.5 mM veronal buffer pH 7.3, 
containing 70 mM NaCl, 140 mM dextrose, 0.1% porcine gelatin, 
1 mM MgCl2, and 0.25 mM CaCl2). The plate was incubated for 
1 h at 37°C, during shaking, followed by centrifugation to pellet 
unlysed erythrocytes. The hemolytic activity was then evaluated 
by measuring the absorbance, i.e., amount of released hemo-
globin, in the supernatant at 405 nm.

Degradation of c3 by Factor i
C3b can be degraded by factor I, in the presence of cofactors 
such as factor H, CD46, and C4BP. C3 cell media treated with 
methylamine (C3met) were used. In a total volume of 15  µl, 
20 ng of C3met, 25 ng factor I, and either 200 ng factor H or 
100 ng CD46 were added in TBS. For C4BP, 20 ng C3met, 50 ng 
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TaBle 2 | Baseline characteristics of the sequenced patients and controls.a

Patient group control group

N 192 192
Age, yearsb 29 (4) [18–44] 30 (5) [17–44]
Age >35 yearsc 8 (4.2%) 10 (5.2%) 
BMI, kg/m2b 25.9 (4.2) [13.5–34.1] 25.6 (4.5) [15.3–36.1]
BMI >30c 21 (10.9%) 19 (9.9%) 
BMI <18.5c 2 (1.1%) 3 (1.6%) 
ethnicityc

Caucasian-European 158 (82.3%) 155 (80.7%)
Caucasian-North African 24 (12.5%) 26 (13.5%)
Black African 7 (3.6%) 9 (4.7%)
Asian 3 (1.6%) 2 (1.1%)
risk factors for vascular diseasesc

Current smokers 22 (11.5%) 20 (10.4%)
Hypertension 7 (3.6%) 5 (2.6%)
Hypercholesterolemia 9 (4.7%) 10 (5.2%)
Hypertriglyceridemia 7 (3.6%) 8 (4.2%)
Diabetes mellitus 2 (1.9%) 3 (1.6%) 

aNo statistical differences were detected between the two groups, for either of the 
parameters. The significance was assessed with Mann-Whitney test for the quantitative 
data and Chi-Square test for the qualitative data.
bQuantitative data: median, interquartile range, and range values.
cQualitative data: numbers and percentages.

TaBle 1 | Primers used for sequencing of all C3 exons.a

exon no. Outer primers 5′ Outer primers 3′ inner primers 5′ inner primers 3′

1 TGCTGGGGAACATGC ACAGGCAGCCCAAATAT GGACTGAAAAGCTTAGGA ATCATTCCCAACCTGCTAA
2 CCAGAGAAGATAATGGCAT AAGGAGAGGCGACTC CGGCAGTCACTGGAT GGCTTAGAAAGGGAGAA
3–4 (a) CTCGCACCTCCTTCA TGACCATGACCGTCC TCCCTCCCCAAAACG GTGAAGATCCGATAGAGAA
3–4 (b) AGGGAGTTCAAGTCAGA CTGTGTCTCTGCCACT GTTCGTGACCGTGCA GCCTCTCCTAAGCCT
5–7 (a) CTGGGTCCCTGTTCTTA TCGAAACTGGGCAGC CTTAACCACAGTAGACACT GAGATGGCGTTGGTG
5–7 (b) ACCAGCTTGGCGTCT CCCACCTGGTCTTCA CTTGTCTTGGGACATTC CCTCACCTGGCTCTT
8–9 (a) TGGGAGTGGGGCAA GGTGGCAGACACGTA AGAGGCCAGCAGTG CAGGTCTTCTGCTCG
8–9 (b) TCCCGTAGGTTCCTC CCATCTTCATACTCGGC GAGGGAACTGCCTTTG GAACCCCACTTTCACTC
10–11 (a) CAAGGCCAGTATAAAGGT TTGGCCACGCCATCT GTATGAAAGTGGACTCTACT GACTGCACAGTGTCCT
10–11 (b) AGATCCACTTCACCAAG CGCAGGAGAGAACCT AAGACACCCAAGTACTTC CTATGCAGATGAGAATATCTGT
12 ATCTCCAGATCCCTAACT TCCCGCCTTCAACAG CTAACTTAATCCCATCTGCAA ACAGGCTGGCATCAG
13 CGCTACTACACCTACC ACAGTTGAGAGACAGAGA CCACCTGGAAACCTC GAGAGAGGAGTAGGGA
14 CTCCCCCCAACCTT GTCCAACCTCATTCCCA TTCTGTCTTTCCACTCTAG CAGCTTCAACCATCCCT
15 ACAGAGCAAGACTCCAT GTGTTCCTGCTCCCAT AGGAAGGGCAGAAGC TGATGGAAGAGCAAACTGA
16 ATGCTGGGAGCAGAG CAGCACTTGCGCAG GCCTGGGTTCAAGC TACTTGCCGACTGCG
17 CGTGCAGGAGCCA GGCCTCCTCCAGC AGGGAGGAGGGGA CCACCCCCACCAG
18 GTCCTGACCTCAAGC GACAGGCTGGAAGG CACCCACCTCAGC GCCTCCATGTAGGTC
19 CATGCACCTGCTATCTC TGACTCTTGGCTGAATTCT TCTGGAATCACAGTGCA AGGAACTAAGGATTCCCA
20 TCATTTGTCGCCATTGAC GCACGATGACATATGGA TTCACAGGCTTCAGCAA CTGGTGACGCCTCTT
21 CCGAGCCGTTCTCTA ACTTTACCCCAATCCTG GGCAGAACCAAGAGCT CAAATTTCCTAAGCTGGACA
22–23 CTCCCAAAGTGCTAGGA GTAAAAGAGGGAAAACAGATC GCCCGGCAATGCTA GGGCTGTTCTAGCTGAA
24 CCGCAGTCACATCC GGCCTCAAATGAGGG CTCGCCTGTCCCTA GGCTAGGAGAGAAGGT
25 CCCTTGTCCTCTTGAGA CTGGTTTGCCTTCCCA TCCACCTCCTCGTTC GTGCTTAAGGATGCTTAATG
26 GCATCCTTAAGCACGGA ATGCTGGAGTGACGC CAACAGCTGGGTCCT CCCAATCTTTGCAAAGG
27 CATTGACATTTGCAGAAGGA CATGTGAAACTATTAGAGGG CAAATTGTTGCATGAATTAATACTA TGTATTAGATGAGTTAAGTGCT
28 GCTAAAATATCTGGGAAATTCT ACCTGCGAAAACTTAGAG GAAATTCTCAAAAATGGACAAATCT CCAGCTTGATACCTTAG
29 AAACAAGAGAGGTAAGGCA AACCTATAGATGGGTTTGC CAAGTAATTGAGAGCCTC TTCTCAACTCCACTGCAAT
30 CCTCAGAGTCCAGTGA TGGGTTTCTGTTCCTTAC CCCTGCACTCTCTAG AACCCTCATTTTCCTTGGT
31–32 GGTACAGTCACCCAG GGTGACCTAGCTTCTTA GCTGTCTCCCCCTA CCTGAGGCCTCTTTTCT
33 GCTGACATTGTGTCTCC GTGTACTTTCCTCCATTGAT CCAAAGATCAACTCACC TTACGTGGTCATTGCTG
34–35 CTTTGGGGAAATGTTTCCTAAA ATAGAAGATGCTGGGTTGA CCTCTGTGCTGCTATG CCTTATTTTACAAGCTCCTTC
36 GCCACACCTAATTGAAAGA AGAACCTCAGAACCTCAA AGAAAGGTAGTCTCACTG CGTGGGACCTTCATAC
37–38 (a) CCAAAGATCAGAAAGTAGAG TGGCTCACAGGCCTT GAGGGGTTGAAGACCTA CTTCCAGGGTGACCTT
37–38 (b) GGAGGATGGAAAGCTGA GCCCCTCACAATACATG CTCTGCCGTGATGAAC CACACACCACAGTCAC
39–40 GGCCATAGTGTGACTG CTTCCCGATGATGTAGC GCTGTGATTCTGCAACTT GAATGGCAGGTCAGGAA
41 TTCATCAGCCCCATCAA CACTAGCAGGCGAAC CTCATGTGGGGTCTC ATGCGGTGGGAACAG

aThe specific exons were first amplified from genomic DNA using nested PCR. The nested PCR product was subsequently sequenced, using Sanger dideoxy method and the inner 
primer pairs.
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factor I, and 4  µg C4BP were mixed. The samples were then 
incubated for 60 and 90 min, and the reaction was terminated by 
addition of SDS-PAGE sample buffer, containing 25 mM DTT. 
The samples were heated at 95°C for 5 min, applied on a 10% 
SDS-PAGE, and transferred to a PVDF-membrane for Western 
Blotting. The C3 Western Blot procedure is described above. 
The intensity of the intact α′-chain of C3met and the 46 kDa 
degradation product were analyzed, and the results are shown 
as a ratio of the two.

Direct Binding assays
Binding of C3 to the different ligands factor H, CD46, C4BP, fac-
tor I, CD55, factor B, and properdin was assessed in plate assays. 
The ligands were immobilized on microtiter plates at 5  µg/ml 
(except factor B which was coated at 10 µg/ml) in PBS and the 
plates were washed and blocked as described above for the C3 
ELISA. The different C3 cell media (mock cell medium was used 
as negative control), treated with methylamine, were then diluted 
to four different concentrations in a low salt buffer (10 mM Tris, 
pH 7.2, 25 mM NaCl, 0.05% Tween 20, 4% BSA) and incubated 
on the plate for 2 h at 37°C. For binding to factor H and CD46, 
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TaBle 3 | Mutations and polymorphisms found in C3.a

amino acidb cDna aTg+1 snP no. exon Domain Polyphenc MaF, %d Frequency in patients, 
% (no.)

Frequency in controls, 
% (no.)

p.R102G c.304 C>G rs2230199 3 β-chain/MG1 Benign 15.5 40.1 (77) 32.8 (63)
p.K155Q c.463A>C rs147859257 4 β-chain/MG2 Benign 0.3 0.5 (1)
p.S297SfsX5 c.891delG Novel 9 β-chain/MG3 – 0 1 (2)
p.L302P c.905 T>C Novel 9 β-chain/MG3 Probably damaging 0 0.5 (1)
p.P314L c.941 C>T rs1047286 9 β-chain/MG3 Benign 14.9 34.4 (66) 25.5 (49)
p.Y325H c.973 T>C Novel 9 β-chain/MG3 Possibly damaging 0 0.5 (1)
p.V326A c.977 T>C Novel 9 β-chain/MG3 Possibly damaging 0 0.5 (1)
p.S327P c. 979T>C Novel 9 β-chain/MG3 Probably damaging 0 0.5 (1)
p.V330I c. 988G>A Novel 9 β-chain/MG3 Probably damaging 0 0.5 (1)
p.K633R c.1898 A>G rs140655115 15 β-chain/LNK Benign 0.07 1 (2)
p.R735W c.2203 C>T rs117793540 17 α-chain/ANA/C3a Probably damaging 0.3 0.5 (1) 0.5 (1)
p.R1591G c.4771 A>G Novel 40 α-chain/C345C Probably damaging 0 0.5 (1)
p.G1606D c.4817 G>A Novel 40 α-chain/C345C Probably damaging 0 0.5 (1)
p.S1619R c.4855 A>C rs2230210 41 α-chain/C345C Possibly damaging 0.2 0.5 (1) 0.5 (1)

aAll mutations were found in heterozygous form. None of the found alterations were significantly associated with the disorder, as determined by Fisher’s exact test.
bNumbering including signal peptide, Met = 1.
cPolyphen predication of the protein function: http://genetics.bwh.harvard.edu/pph2/.
dMAF, minor allelle frequency in NHLBI Exome Sequencing Project database.

TaBle 4 | Primer sequences (5′–3′) used to introduce site directed mutations 
in C3.

c3 mutation Primer sequence (5′–3′)a

R102G GTCAGAAAAGGGGGGCAACAAGTTCGTG
K155Q CACCGTCAACCACCAGCTGCTACCC
L302P GGGAGGTTGTGCCGAGCCGGAAGGTAC
P314L GGTGCAGAACCTCCGAGCAGAAGAC
Y325H GGGAAGTCTTTGCACGTGTCTGCCAC
V326A GGAAGTCTTTGTACGCGTCTGCCACCGTC
S327P GTCTTTGTACGTGCCTGCCACCGTCATC
V330I CGTGTCTGCCACCATCATCTTGCACTC
K633R CGGGCAGTGGGAGGGATTACGCCGG
R735W CATCACAGAGCTGTGGCGGCAGCACGC
R1591G CCCATCAAGTGCGGAGAAGCCCTGAAGC
G1606D CTACCTCATGTGGGATCTCTCCTCCG
S1619R GAGAAGCCCAACCTCCGCTACATCATCGG

aNucleotides corresponding to the changed amino acid residue are underlined.

Mohlin et al. C3 Variants in Pregnancy Loss

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1813

C3 variants were tested at 250, 125, 62, and 31 ng/ml; for C4BP, 
properdin and CD55 at 500, 250, 125, and 62 ng/ml; for factor 
I at 1,000, 500, 250, and 125  ng/ml; and for factor B at 2,000, 
1,000, 500, and 250  ng/ml. The amount of bound C3met was 
then detected using a rabbit anti-human C3c antibody (Dako), 
followed by a HRP-conjugated goat anti-rabbit antibody (Dako). 
Both antibodies were incubated for 1 h at 37°C and developed as 
described above.

Factor B cleavage
The cleavage of factor B by factor D was determined in solu-
tion, in the presence of methylamine-treated C3 WT, R1591G, 
or mock cell medium as negative control. A mixture of 2 µg/ml  
factor B, 2 µg/ml C3, and 0.1 µg/ml factor D was prepared in 
Mg2+ EGTA buffer (2.5 mM veronal buffer, pH 7.3, 70 mM NaCl, 
140 mM glucose, 0.1% gelatin, 7 mM MgCl2, and 10 mM EGTA) 
and incubated for 0.5, 1, 2, and 4 h at 37°C. At each time point, 
10 µl was removed from the mixture, and the reaction stopped by 

addition of SDS-PAGE sample buffer. The samples were heated at 
95°C for 5 min, subjected to SDS-PAGE (10% gel, non-reduced), 
and transferred to a PVDF-membrane for Western Blotting. 
Intact factor B, together with the cleavage products Bb (60 kDa) 
and Ba (33 kDa), were then detected using a polyclonal goat anti-
human factor B antibody (Complement Technologies), followed 
by a HRP-conjugated rabbit anti-goat antibody (Dako). Both 
antibodies were diluted 1:10,000 and developed using enhanced 
chemiluminescence (Merck-Milli pore). The intensity of the intact 
factor B band and Bb degradation product were analyzed, and 
the results are shown as a ratio of the two.

structural analysis
Structure files were downloaded from the Protein Data Bank (23) 
and visualized using the molecular graphics program PyMOL.3

statistical analysis
Fisher’s exact test was used to assess statistical association 
between the found C3 alterations and the disorder. The statistical 
differences in baseline characteristics between the patient and 
the control group were assessed with Mann–Whitney test for 
the quantitative data and Chi-square test for the qualitative data. 
For all experimental data in the figures, statistical significance 
was determined using either one-way or two-way ANOVA with 
Dunnett’s multiple comparison test. The results are shown as the 
mean + SD of at least three independent experiments and values 
of p < 0.05 were considered significant (*p < 0.05, **p < 0.01, and 
***p < 0.001).

resUlTs

alterations identified in C3
All exons of C3 were sequenced in 192 patients with RSPL. The 
exons carrying identified non-synonymous alterations found in 

3 https://pymol.org/2/ (Accessed: 2 March, 2018).
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FigUre 1 | Expression of C3 variants. (a) C3 variants, together with wild type (WT) and negative control (mock = empty vector), were transiently transfected into 
adherent human embryonic kidney (HEK) 293 cells. After four independent transfections, the C3 concentration was measured both in the conditioned cell media 
(supernatant) and the cell lysate using ELISA. The results are shown as mean + SD and the statistical significance of the differences between WT and mutants was 
determined using two-way ANOVA with Dunnett’s multiple comparisons test, *p < 0.05, ***p < 0.001. The C3 alterations identified only in patients are marked in 
gray. (B,c) After transient transfections, the same volume of each cell supernatant was also subjected to SDS-PAGE under both (B) non-reducing and (c) reducing 
conditions, followed by Western blotting. C3 was detected using a polyclonal anti-C3 antibody.
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the patient group were then analyzed in a control group of 192 
women. Altogether, 13 heterozygous, non-synonymous altera-
tions were found both in patient and control groups (Table 3). 
Seven novel alterations in C3 were found in total, four in the 
patient group (L302P, Y325H, R1591G, and G1606D) and three 
in the control group (V326A, S327P, and V330I). The remain-
ing alterations have been identified previously in other patient 
cohorts or are common polymorphisms (R102G and P314L). 
We also identified a novel heterozygous deletion (p.S297SfsX5) 
in two patients, which results in a frame shift and an introduc-
tion of a premature stop codon. This mutant was not expressed 
recombinantly as it could only yield a 30-kDa truncated frag-
ment of C3 without function. None of the found alterations in 
the patient group were statistically significantly associated with 
RPSL, as determined by Fisher’s exact test. With the available 
sample size we had a power of at least 0.80 to detect an asso-
ciation for alleles with risk allele frequencies >0.07, assuming a 
population prevalence of 0.05, an alpha of 0.05, and a genotype 
relative risk of 2. Power was calculated using the Genetic Power 
Calculator (24).

expression, secretion, and 
characterization of c3 Variants
To be able to elucidate whether the found C3 variants altered the 
expression, secretion, or function of the protein, all 13 identified 
alterations were expressed recombinantly. Transient transfections 
revealed that two of the mutants (L302P, identified in one patient 
and S327P, identified in one control) were expressed but not 
secreted from the cells into the supernatant (Figure  1A). Five 
other alterations (Y325H, V326A, V330I, R1591G, and G1606D) 
yielded approximately half C3 concentration in the supernatant 
compared with WT. The supernatants from the transient trans-
fections were also subjected to Western Blotting under both 
non-reducing (Figure 1B) and reducing (Figure 1C) conditions. 
All mutants migrated with the same apparent velocity to 185 kDa 
for non-reduced C3 and to 110 and 75 kDa for the α- and β-chain, 
respectively, under reducing conditions.

hemolytic activity
To assess the hemolytic activity of the C3 variants, C3-depleted 
serum was reconstituted with C3 WT or variants (or 
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FigUre 2 | Hemolytic activity. C3-depleted serum was reconstituted with 
either C3 wild type (WT), the different C3 variants or the negative control 
(corresponding volumes of cell media from mock-transfected cells). This was 
added to antibody-sensitized sheep erythrocytes and the hemolytic activity, 
i.e., lysis of the erythrocytes, was determined by measuring the absorbance 
of the supernatant at 405 nm (free hemoglobin). C3 was added in different 
concentrations but for clarity only one concentration (2 µg/ml) is shown in the 
figure. The experiment was performed three independent times in duplicates, 
and the results are shown as mean + SD. Statistical significance of the 
differences between WT and mutants was determined using one-way 
ANOVA with Dunnett’s multiple comparisons test, ***p < 0.001. The C3 
alterations identified only in patients are marked in gray.

FigUre 3 | Factor B cleavage in solution. Methylamine-treated C3 wild type (WT) or R1591G (or mock medium as negative control) was incubated with factor B 
and factor D for indicated time points, before being subjected to Western Blotting and factor B detection. A representative blot is shown in panel (a). The bands 
corresponding to intact factor B as well as the Bb degradation product were quantified by densitometry. Data in panel (B) show the ratio between the intensity of 
these two bands. Each sample was analyzed in a single replicate, and the data are shown as mean + SD from four independent experiments. Two-way ANOVA  
with Dunnett’s multiple comparisons test was used to calculate statistical significance of the difference between WT and R1591G, **p < 0.01 and ***p < 0.001.
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corresponding volumes of mock medium as negative control), 
added to antibody-sensitized sheep erythrocytes and the amount 
of hemoglobin released from lysed erythrocytes was measured 
spectrophotometrically. Four concentrations of C3 were tested 
(2, 1, 0.5, and 0.25 µg/ml) in the hemolytic assay but for clarity 
only the result for 2 µg/ml is shown in Figure 2. Several variants 
showed increased hemolytic activity compared with WT while 
K633R and R1591G showed instead impaired activity. However, 
for the K633R mutant, the impaired activity was only clearly 
observed for the one shown concentration. The other three tested 
concentrations showed the same hemolytic activity as for WT. 
The rest of the mutants displayed the same activity for all tested 
concentrations (data not shown).

Factor B cleavage in solution for r1591g
Since R1591G showed decreased hemolytic activity, we hypoth-
esized that this mutant might cause more cleavage of factor B 
by factor D in solution and thereby less C3 will be available for 
the cell surface. Indeed, in the presence of R1591G, an increased 
cleavage of factor B in solution was observed, compared with C3 
WT (Figure 3). This was statistically significant after 4 h cleavage 
but the trend was visible at all tested time points.

Degradation of c3 by Factor i
Degradation assays in fluid phase were performed to study if the 
different C3 variants could be degraded by factor I, in the pres-
ence of the cofactors factor H, CD46, and C4BP. C3 cell media 
were treated with methylamine to create C3met, a C3b-like mol-
ecule, and this was incubated for either 30 min (data not shown) 
or 90  min (Figure  4) with factor I and the different cofactors. 
Two of the mutants (R1591G and G1606D) showed statistically 
significantly impaired degradation compared with WT, regard-
less of which cofactor used. Degradation assays using factor H 
(Figures 4A,B), CD46 (Figures 4C,D), and C4BP (Figures 4E,F) 
all displayed the same result. The same trend was also seen at 
30 min cleavage (data not shown).

Binding assays
Direct binding assays were performed to elucidate if the C3 
variants showed altered binding to factor H, CD46, C4BP, 
factor I, CD55, factor, and properdin. Corresponding volumes 
of mock medium was used as negative control. Four different 
concentrations of C3 were tested in each binding assay but 
for clarity only one concentration is shown in Figure 5. Small 
differences in binding could be observed. R1591G, that showed 
both impaired hemolytic activity and impaired degradation by 
factor I, also showed a somewhat decreased binding to factor 
H, CD46, and properdin. The other mutant, G1606D, that also 
showed impaired degradation by factor I, also displayed some-
what impaired binding to factor H, CD46, C4BP, factor I, CD55, 
and properdin.
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FigUre 4 | Degradation of C3met by factor I, in the presence of different cofactors. The ability of the C3 variants to be degraded by factor I, in the presence of the 
different cofactors (a,B) factor H, (c,D) CD46, and (e,F) C4b-binding protein (C4BP) was determined. C3met, either wild type (WT) or variants, was incubated with 
factor I, together with the cofactor for 90 min. The degradation of C3met was evaluated by Western Blotting [representative blots can be seen in panels (a,c,e)] and 
the bands corresponding to intact α′-band of C3met as well as the 46 kDa degradation product were quantified by densitometry. Data in panels (B,D,F) show the 
ratio between the intensity of these two bands. The negative control shown in the blots is C3 WT at 0 min. Each sample was analyzed in a single replicate, and the 
data are shown as mean + SD from at least three independent experiments. Statistical significance of the differences between WT and mutants was determined 
using one-way ANOVA with Dunnett’s multiple comparisons test, *p < 0.05 and ***p < 0.001. The C3 alterations identified only in patients are marked in gray.
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structural analysis
Next, we tried to rationalize the functional consequences of 
the identified and studied alterations in the context of the 
known C3 (pdb-id: 2A73) (25) and C3b (pdb-id: 5FO7) (26) 
structures.

All C3 alterations analyzed in this study were mapped onto 
both the C3 (Figure  6A) and the C3b structure (Figure  6B). 
R102G is the common polymorphism also known as C3 S/F 
(slow/fast) and located in the macroglobulin (MG) 1 domain. 
Mutants K155Q, located in the MG2 domain; K633R in the LNK 
domain; R735W in ANA/C3a domain and S1619R in the C345C 
(CTC) domain, all showed normal expression and normal or only 
slightly altered function.

Mutants L302P, P314L, Y325H, V326A, S327P, and V330I are 
all located in the MG3 domain of C3. For two of the mutants, 
L302P and S327P, C3 was not secreted from the cells after tran-
sient transfections. In these mutants, leucine 302 and serine 327 
are changed to proline residues, which most probably will cause 
misfolding and degradation of the protein intracellularly. The oth-
ers are relatively structurally subtle mutations, changing a proline 
into leucine, a tyrosine into histidine, a valine into an alanine, and 
a valine into a leucine in MG3. Structurally, MG3 plays a critical 
role in the conversion from C3 to C3b and its contacts with MG7 
and MG8 are changed drastically when converting C3 into C3b 
by removal of the anaphylatoxin (ANA/C3a) domain. Apparently, 
the minor alterations in the MG3 domain affected the secretion 
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FigUre 5 | Continued

625

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Mohlin et al. C3 Variants in Pregnancy Loss

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1813

FigUre 6 | Structural analysis of C3 alterations. The C3 alterations analyzed in this study were mapped onto the (a) C3 (pdb-id: 2A73) and (B) C3b (pdb-id: 5FO7) 
structures, using the molecular graphics program PyMOL. R735W is located in C3a and therefore absent in the C3b molecule. For R1591G; structures are shown of 
(c) C3 (pdb-id: 2A73) and (D) C3b (pdb-id: 5FO7). Both C3 and C3b are colored in cyan with indicated in purple the neck region (res. 1494–1518), connecting the 
CTC domains to the C3 and C3b body. R1591 is indicated by spheres and disulfide bridge Cys1518–Cys1590 shown in sticks. (e) For G1606D; the structure of 
C3b—mini-factor H—factor I (pdb-id: 5O32) is shown. The glycine C[alpha] atom is indicated by a red sphere. Mutation G1606D likely induces local rearrangement 
affecting its subsequent loop (res. 1617–1618, highlighted in purple) that is directly involved in contacting factor I.

FigUre 5 | Binding of factor H, CD46, C4b-binding protein (C4BP), factor I, CD55, factor B, and properdin to C3met. Microtiter plates were coated with the 
different ligands for C3b: (a) factor H, (B) CD46, (c) C4BP, (D) factor I, (e) CD55, (F) factor B, and (g) properdin. C3met, either WT, variants or corresponding 
volumes of cell media from mock-transfected cells as a negative control, was added to the coated plates and the ability of the variants to bind the different ligands 
was detected using a polyclonal anti-human C3 antibody. Four different concentrations of C3met were tested but for clarity only one concentration for each ligand  
is shown in the figure (125 ng/ml for factor H and CD46; 250 ng/ml for C4BP, properdin, and CD55; 1 µg/ml for factor B; and 500 ng/ml for factor I). Each 
concentration was analyzed in duplicates, and the data are shown as mean + SD from three independent experiments. One-way ANOVA with Dunnett’s multiple 
comparisons test was used for determining the statistical significance of the differences between WT and mutants, *p < 0.05, **p < 0.01, and ***p < 0.001.  
The C3 alterations identified only in patients are marked in gray.

of the protein (all except P314L showed decreased secretion) and 
also resulted in an increased hemolytic activity.

Mutant R1591G showed impaired hemolytic activity but 
instead yielded increased cleavage of factor B in the solution.  
In C3, R1591 is involved in interactions with residues of the “neck” 
region (res. 1494–1517) in native C3. Mutation R1591G possibly 
destabilizes these interactions and thereby alters or destabilizes the 
MG7-MG8 domain arrangement (Figures 6C,D). Destabilization 
of the MG7-MG8 arrangement in C3 is likely to induce genera-
tion of C3(H2O) more readily, leaving less native C3 available for 
hemolytic activity. Moreover, enhanced generation of C3(H2O) 

also explains the observed increased cleavage of factor B, due to 
soluble C3 convertase, i.e., C3(H2O)Bb, generation.

Both R1591G and G1606D showed impaired degradation 
by factor I, independently of which cofactor that was used.  
Both mutations R1591 and G1606 are located in the C-terminal 
CTC domain. Interactions between the C3b-CTC domain and 
the heavy chain of factor I (pdb-id: 5O32) are needed to bind 
factor I and activate its catalytic serine–protease domain for 
cleaving C3b (26). Mutation G1606D possibly induces local 
rearrangements that disturb neighboring contact sites required 
for factor I binding (Figure 6E). R1591G, however, is positioned 
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opposite of the factor I binding interface on the CTC domain. 
Putatively, a distortion of the “neck” conformation mis-orients 
the CTC domain for proper factor I binding needed for inducing 
catalytic activity.

DiscUssiOn

Miscarriage is unfortunately a common complication of preg-
nancy and RSPL affects around 1–5% of couples trying to conceive. 
Evidence-based treatments, e.g., aspirin and heparin treatment 
for antiphospholipid syndrome and surgical corrections for 
uterine abnormalities, have improved the outcome for couples 
over the years but 40–50% of the cases still remain idiopathic. 
The complement system has been shown to be involved both in 
the physiology and the pathology of pregnancy. Furthermore, 
C3—the central protein of the complement cascade—appears to 
have an important role in the early phase of pregnancy and in the 
development of the placenta. In this study, we therefore set out to 
determine whether maternal variations in C3 are associated with 
idiopathic RSPL.

We performed full Sanger sequencing of all exons of the C3 
gene, in 192 patients with RSPL. The exons carrying identified 
alterations were then analyzed in a control group of 192 women 
and a total of 13 heterozygous non-synonymous alterations 
were found in both groups. Four of these (L302P, Y325H, 
R1591G, and G1606D) were novel mutations only found in 
the patient group and three (V326A, S327P, and V330I) were 
novel ones only found in the control group. We found the two 
common C3 polymorphisms in many of both the patients and 
controls; R102G (27) and P314L (28), which both have been 
associated with age-related macular degeneration (AMD) in 
many studies (29–31). R102G is also known as the C3S/F (slow/
fast) allele and has been associated not only with AMD but also 
other immune-mediated disorders, such as IgA nephropathy, 
systemic vasculitis, partial lipodystrophy, and membranoprolif-
erative glomerulonephritis type II (32). K155Q is a rare muta-
tion, found previously in AMD patients (33) and we found this 
mutation in one RSPL patient as well. We also identified K633R 
in two RSPL patients, which has previously been identified to be 
a rare variant in atypical hemolytic uremic syndrome patients 
(34). Both R735W and S1619R were each found in one patient 
and one control and the former has previously been reported 
before in atypical hemolytic uremic syndrome (35) and the 
latter in AMD (36). None of the C3 alterations identified in the 
patients were associated with RSPL. However, we used a rela-
tively small cohort and several of the found mutations are rare 
variants, which makes it difficult to appropriately statistically 
analyze the association between rare variants and disease. To be 
able to conclude a significant association, replication in larger 
cohorts is needed.

We decided to recombinantly express and analyze all our 
found alterations, also those only found in the control group. 
The women in the control group were selected on the basis of no 
previous pregnancy loss, at least two uneventful pregnancies and 
no known classical risk factors for pregnancy loss. However, they 
could potentially have other, unknown medical conditions, not 

related to pregnancy loss. Transient transfections of all C3 vari-
ants revealed that two mutants, L302P (identified in one patient) 
and S327P (identified in one control), were not secreted from the 
cells. These proline substitutions will most probably misfold the 
protein, leading to intracellular degradation. However, it should 
be noted that all identified C3 alterations in this study were in 
heterozygous form, which means that the individuals with the 
L302P and S327P alterations could theoretically have C3 concen-
tration in blood decreased by 50%. We could unfortunately not 
confirm this, due to lack of blood samples from these individuals. 
Functional testing of the mutants that were secreted revealed that 
several of the alterations had increased hemolytic activity com-
pared with C3 WT, e.g., R102G and P314L, which is in accordance 
with previous reports (37, 38). However, in that previous report, 
the authors also observed a 1.3-fold lower binding affinity for 
R102G to factor H, something we did not observe. The reason for 
this could be the use of different methods; we detected factor H 
binding using a microtiter plate assay and the former report used 
surface plasmon resonance. The K155Q mutant was previously 
reported in AMD (39) with impaired degradation of this mutant 
by factor I, in the presence of factor H as a cofactor. When using 
CD46 as a cofactor, the activity was normal. However, in our 
degradation assay, this mutant showed normal activity, for both 
the cofactors factor H and CD46. Furthermore, we did not see 
any altered binding for K155Q to factor H in our microtiter plate 
assay, which is in accordance with Seddon et al. However, Seddon 
et  al. did see a decreased binding of K155Q to factor H using 
surface plasmon resonance. The only difference we observed 
for this mutant was an increased hemolytic activity. R735W 
was previously tested functionally, for its binding to CD46, fac-
tor H, factor B, and soluble CR1, together with its degradation 
by factor I, using CD46 as the cofactor (35). In that report, no 
functional changes were observed. In our report, we could see a 
slightly impaired degradation by factor I, when using C4BP as a 
cofactor but in accordance with the previous report, the activity 
was normal when using CD46 as the cofactor. We could also see 
a somewhat decreased binding to factor H and CD46, together 
with an increased binding to factor B. However, these changes 
were only minor.

Two novel mutations, importantly only found in the patient 
group, displayed the most functional impairment and also 
decreased secretion of the protein into the cell media after tran-
sient transfection: R1591G and G1606D. Both of these mutations 
showed impaired degradation by factor I, independently of which 
cofactor that was used (factor H, CD46, or C4BP). Binding of 
R1591G to factor H and CD46 was slightly impaired but we could 
not observe any impaired binding to factor I in a microtiter plate 
assay. However, to become active, factor I needs to bind to C3b in 
a way that it stabilizes the conformation of its catalytic domain. 
R1591G is positioned opposite of the factor I binding interface on 
the CTC domain. A distortion of the “neck” conformation could 
mis-orient the CTC domain for proper factor I binding needed 
for inducing catalytic activity. R1591G also displayed a decreased 
hemolytic activity but instead an increased cleavage of factor B in 
the solution. This might lead to consumption of C3 in the solution, 
resulting in less activity on the cell surface. Structural analysis 
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of this mutant indicated that R1591G is involved in interactions 
with the neck region of native C3 and could possibly destabilize 
that region. This could also lead to more C3(H2O) generation and 
subsequently less native C3 available for hemolytic activity. The 
other mutant, G1606D, also showed impaired degradation by fac-
tor I. Structural analysis of this mutant revealed that this amino 
acid change could induce a significant local rearrangement, which 
might affect the residues that are involved in binding to factor I. 
We did indeed observe a slightly impaired binding of this mutant 
to factor I, together with impaired binding to factor H, CD46 and 
C4BP, which could all together result in the impaired degradation 
we see by factor I.

Taken together, several C3 alterations were identified both 
in patients and controls. Since we used a relatively small cohort, 
none of the found alterations in the patient group were associated 
with RSPL in a statistically significant manner. To be able to deter-
mine an association with the disease, larger cohorts need to be 
analyzed. Two mutants (L302P, found in one patient and S327P, 
found in one control) were not secreted from the cells, probably 
due to misfolding and two others (R1591G and G1606D), found 
in patients, showed both decreased secretion and functional 
impairment. Some of the identified C3 alterations might result in 
in vivo consequences and contribute to RPSL.
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