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Editorial on the Research Topic

Innate Immunity Pathways in Autoimmune Diseases

The immune system has evolved to protect the organism against infectious threats and to prevent
the emergence of tumors, while preserving homeostatic immune integrity. Moreover, to avoid
destruction of its own tissues, the immune system undergoes developmentally ordered processes
that create the basis of immune tolerance to self. Autoimmune diseases develop when regulatory
mechanisms of self-tolerance become impaired and/or deregulated.

Since immune tolerance is not innate, but is established during fetal life and postnatal
development through an array of sophisticated mechanisms, unraveling the pathways that underlie
the generation of pathogenic autoimmune reactions has typically focused on the adaptive branch
of the immune system. Recently, however, it has been demonstrated that innate immunity can also
play important roles in the initiation and/or progression of autoimmune disease. This Research
Topic provides discussions of how innate immunity influences autoimmune diseases.

INNATE-LIKE B CELLS AND AUTOIMMUNITY

The role of B-lymphocytes was initially believed to be limited to immunoglobulin secretion. With
further study, it became evident that B-cells also engage in the innate branch of the immune system
and can modulate the activity of other cell populations. As reviewed in this Research Topic, it
is possible that targeting certain innate-like B cell subsets could represent a novel therapeutic
approach for inducing resolution of inflammation of autoimmune and inflammatory responses
Tsay and Zouali.

IMMUNE CELL-DERIVED EXTRACELLULAR VESICLES

Virtually all cell types release nano- to micro-scale membrane-enclosed vesicles, termed
extracellular vesicles (EVs). Their potential to mediate intercellular communications is triggering
intense research in a variety of disciplines. In this Research Topic, immune cell-derived EVs
are shown to efficiently shuttle a TLR3 ligand to synovial fibroblasts and to potentially activate
proinflammatory responses, suggesting their involvement in the pathogenicity of rheumatoid
arthritis (RA) Frank-Bertoncelj et al. Interestingly, investigations into an experimental model of
primary progressive multiple sclerosis support their potential therapeutic usefulness (1).
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OVERCOMING PLASMACYTOID

DENDRITIC CELL IMMUNE TOLERANCE

Plasmacytoid dendritic cells (pDCs) are key actors in antiviral
and antitumor immunity. This highly specialized cell subset
plays a central role at the interface of innate and adaptive
immunity through secretion of type I interferons (IFNs) and
expression of TLRs, but also receptors involved in preventing
abnormal immune responses. Crosslinking of these regulatory
receptors could therefore efficiently suppress abnormal cytokine
production. Accordingly, studies reported in this Research
Topic indicate that pharmacological targeting of MEK1/2-ERK
signaling could be a strategy to overcome immune tolerance
of pDCs and re-establish their immunogenic activity Janovec
et al. However, as discussed in this Research Topic, the increased
expression of type I IFNs-regulated genes (the so-called “type
I IFN signature”) in RA patients could be heterogeneous and
dependent on the clinical stage of the disease Rodriguez-Carrio
et al. This observation suggests that clinical and therapeutic
considerations have to be tailored according to the autoimmune
patient’s characteristics rather than to the disease itself.

MODULATING FUNCTIONAL PROPERTIES

OF TLR FOR THERAPEUTIC PURPOSES

Homo- or hetero-dimerization of TLRs can be induced by agonist
binding, which can lead to lateral translocation in the membrane
until the recruitment of downstream adaptors. As discussed
in this Research Topic, identification of TLR micro-domains
that participate in membrane association and orientation of
individual domains could be targeted using novel activators or
inhibitors to modulate TLR functional properties and reach the
desired therapeutic effects Patra et al.

CHRONOTHERAPEUTIC TARGETING OF

TLRS IN AUTOIMMUNITY

In responses to drugs, genome-wide association studies are used
to map and characterize genes that contribute to inter-individual
variability. While, our understanding of how particular genes
determine the dynamics of drug effects remains incomplete,
chronotherapy aims to design schedules of drug intake based
on circadian biorhythms, cyclic production of factors, and
receptor expression on target cells (2). This Research Topic
presents information that could be useful to design clinical
studies aiming to achieve chronotherapeutic HCQ effects and
to reduce the pathological consequence of TLR9 activation
Martinez-Garcia et al.

EPIGENETIC INSUFFICIENCY IN AN

AUTO-INFLAMMATORY MILIEU

In autoimmune diseases, gene expression based solely on DNA
sequence alterations and/or mutations is not sufficient to explain
the variety of clinical manifestations observed, indicating that
epigenetic deregulation contributes to the severity of these

disorders. For example, there is an altered expression of
Dicer1 (an endoribonuclease involved in the maturation of
small non-coding RNAs such as microRNAs) in experimental
mice (3), and β-cell specific disruption of Dicer1 leads to
progressive impairment of insulin secretion and development
of diabetes mellitus (4). As discussed in this Research Topic,
reduced Dicer1 expression could contribute to a vicious cycle
during which inflammation, together with inappropriate innate
immunity responses, would create appropriate conditions for
the initiation and/or progression of autoinflammatory diseases
De Cauwer et al.

ENDOGENOUS REGULATORS OF THE

INFLAMMATORY RESPONSE

Semaphorins comprise secreted and membrane-bound proteins
endowed with immunomodulatory functions. Their potential
relevance to autoimmune diseases comes from animal studies.
For example, Semaphorin-3A (Sema3A) has beneficial
therapeutic effects in a mouse model of RA. As discussed
in this Research Topic, Sema3A was also efficient in both treating
and preventing glomerular damage in a lupus mouse model Bejar
et al. At present, its potential therapeutic usefulness remains
uncertain because it can also induce autoimmune disease when
overexpressed (5).

Other regulators of inflammatory responses are the
calcium-dependent peptidyl-arginine deiminases (PADs)
that citrullinate extracellular proteins during inflammation. In
this Research Topic, active extracellular PADs are shown to
play an important role in RA, a disease where affected joints
have high levels of protein citrullination and autoantibodies
against citrullinated proteins are important for its diagnosis
Zhou et al.

Cytokines, such as IL-15, could represent new targets
of innate immune response regulation, considering that its
over-expression is shown in this Research Topic to reduce
complement-dependent cytotoxicity and astrocyte loss in a
mouse model of neuromyelitis optica Li et al.

CONCLUSIONS

Mounting evidence has convincingly demonstrated that
innate immune responses play a critical role in the initiation,
progression, and maintenance of autoimmune disease.
This Research Topic provides multiple examples of how
different innate immunity components can contribute
to the inflammatory processes that precede, underlie, and
accompany the clinical manifestations of autoimmune disease.
Further investigations have the potential to unveil new
targets of therapeutic intervention that might ultimately lead to
improved diagnosis, management, and outcomes in autoimmune
disease patients.
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Autoantibodies directed against citrullinated epitopes of proteins are highly diagnostic 
of rheumatoid arthritis (RA), and elevated levels of protein citrullination can be found 
in the joints of patients with RA. Calcium-dependent peptidyl-arginine deiminases 
(PAD) are the enzymes responsible for citrullination. PAD2 and PAD4 are enriched in 
neutrophils and likely drive citrullination under inflammatory conditions. PADs may be 
released during NETosis or cell death, but the mechanisms responsible for PAD activity 
under physiological conditions have not been fully elucidated. To understand how PADs 
citrullinate extracellular proteins, we investigated the cellular localization and activity of 
PAD2 and PAD4, and we report that viable neutrophils from healthy donors have active 
PAD4 exposed on their surface and spontaneously secrete PAD2. Neutrophil activation 
by some stimulatory agents increased the levels of immunoreactive PAD4 on the cell 
surface, and some stimuli reduced PAD2 secretion. Our data indicate that live neu-
trophils have the inherent capacity to express active extracellular PADs. These novel 
pathways are distinguished from intracellular PAD activation during NETosis and calcium 
influx-mediated hypercitrullination. Our study implies that extracellular PADs may have a 
physiological role under non-pathogenic conditions as well as a pathological role in RA.

Keywords: neutrophil, citrullination, PaD2, PaD4, rheumatoid arthritis

inTrODUcTiOn

Protein citrullination is the process by which the basic amino acid residue arginine is converted 
into the neutral residue citrulline. This reaction is catalyzed by the calcium-dependent enzyme 
peptidyl-arginine deiminase (PAD), of which there are five isozymes (PAD1-4 and PAD6) encoded 
by distinct genes in the human genome (1). These enzymes are involved in various physiological 
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processes, including skin cornification, myelin sheath mainte-
nance, and gene expression regulation (2, 3). Abnormal protein 
citrullination has been implicated in the pathogenesis of multiple 
sclerosis (4, 5), psoriasis (6), Alzheimer’s disease (7), and cancer 
(8–10), but it has been examined predominately in the context of 
rheumatoid arthritis (RA).

Autoantibodies targeting citrullinated proteins are found in 
approximately 70% of RA patients, and their presence is highly 
diagnostic for the disease (11–13). PAD activity has been detected 
in the synovial fluid (14), and citrullinated proteins are also 
prominent in the synovium of some RA patients (15–19). The 
roles of PADs and their enzymatic activity in RA is supported by 
genetic evidence which has shown that PAD2 and PAD4 SNPs are 
associated with RA susceptibility (20–22), and the RA-associated 
HLA-DRB1 susceptibility alleles have been shown to present 
citrullinated antigens more efficiently (23). Neutrophils express 
high levels of PAD2 and PAD4 (24, 25) and are likely to be 
important in protein citrullination in the joints of patients with 
RA where they are abundant (26).

The process by which proteins become citrullinated in RA 
remains unclear. The profile of citrullinated proteins in the joint 
suggests that citrullination takes place both intracellularly and 
extracellularly. In excess of 100 citrullinated proteins have been 
identified in the synovial fluid which includes several neutrophil-
associated intracellular proteins, as well as extracellular matrix 
proteins and serum proteins such as immunoglobulin, fibrinogen, 
complement, and albumin (16, 19).

Intracellular citrullination may occur as part of the physiologi-
cal function of PADs and has been best studied for PAD4. PAD4 is 
the only member of the PAD enzyme family with a nuclear locali-
zation sequence, and its enzymatic activity is believed to impact 
gene expression by directly citrullinating transcription factors 
(27, 28) or by regulating histones (29, 30). Histone citrullination 
mediated by PAD4 has also been implicated in the formation of 
neutrophil extracellular traps (NETs) under some conditions 
(31–34), a process important in protection against infection but 
dysregulated in several autoimmune diseases (35–37). A recent 
study further identified that PAD inhibition could impact neu-
trophil cytokine production by regulating NF-κB p65 nuclear 
translocation (38). How citrullination is initiated intracellularly 
under physiological conditions remains uncertain as all PADs 
require millimolar calcium levels to be active. Such high levels of 
calcium are not found intracellularly unless the cell membrane is 
compromised. For example, a massive influx of calcium into cells 
can be triggered by the membrane attack complex of complement, 
perforin, bacteria toxins, or calcium ionophores (24, 39, 40), 
leading to the citrullination of numerous intracellular proteins 
in a process referred to as “leukotoxic hypercitrullination” (41). 
Evidence of leukotoxic hypercitrullination has been detected in 
synovial fluid from some patients with RA (24), but is unlikely to 
occur under normal physiological conditions.

The source of PAD responsible for the citrullination of extra-
cellular proteins also remains unclear. In this case, serum, and to 
a lesser extent synovial fluid, contain levels of free calcium ions 
sufficient for PAD activity (14). However, since PADs lack trans-
membrane regions or secretory signal sequences, PAD expression 
and function was predicted to be intracellularly restricted (1). 

PADs may be released from neutrophils undergoing NETosis or 
from damaged or dying cells (42).

We aim to identify the source and circumstances necessary 
for PAD activity, which may help to understand the processes 
leading to the excessive protein citrullination and generation 
of neoepitopes in RA, and may provide further insight into 
the normal physiological roles of PAD enzymes. In this study, 
we investigated the cellular localization and activity of PADs in 
viable neutrophils in culture with and without stimuli associated 
with autoimmune conditions. Interestingly, we demonstrate that 
catalytically active PAD4 is expressed on the cell surface of viable 
human neutrophils, and active PAD2 is released into the culture 
media from neutrophils of healthy donors without stimulation. 
These findings identify novel mechanisms of extracellular protein 
citrullination that occur in the absence of neutrophil apop tosis, 
necrosis, or NETosis. These mechanisms are distinct from the 
hypercitrullination reaction triggered by massive calcium influx 
into neutrophils. Furthermore, our findings provide a new 
ave nue for studies to clarify the role of citrullination in normal 
neutrophil physiology and disease pathogenesis.

resUlTs

immunofluorescence Microscopy analysis 
reveals granular staining Patterns of 
PaD2/4 expression within neutrophils
Previous studies identified nuclear localization of PAD4 in 
neutrophils (43). We used a slightly different fixation and per-
meabilization method to stain neutrophils from healthy donors 
with four different anti-PAD4 antibodies, followed by immuno-
fluorescence microscopy. All anti-PAD4 antibodies resulted in 
a similar mainly cytosolic, granular staining (Figure 1A). Some 
staining appeared to be associated with the plasma membrane, 
and some had a perinuclear distribution. Under our staining 
conditions, less nuclear PAD4 staining was evident than previ-
ously reported (43).

Antibodies against PAD2 produced a similar granular staining 
of neutrophils (Figure  1B), but no PAD2 was detected within 
the nucleus. The specificity of the antibodies was confirmed by 
preincubation with recombinant PADs prior to staining. These 
findings suggest that PAD2 and PAD4 are not freely soluble cyto-
solic proteins, but are largely associated with internal structures 
in the neutrophils.

Detection of PaD4 but not PaD2 on the 
surface of neutrophils
Since some of the cytosolic PAD2 and PAD4 staining appeared 
very close to the plasma membrane, we tested whether these pro-
teins could be detected on the neutrophil surface in the absence 
of permeabilization. Indeed, a punctate signal was observed for 
PAD4 (Figure 2A) but not for PAD2 (data not shown). Some of 
the staining appeared to be intracellular, suggesting that surface-
exposed PAD4 may be internalized during incubation.

We further confirmed the apparent surface exposure of a frac-
tion of cellular PAD4 in flow cytometric analyses of unfixed human 
neutrophils isolated from fresh blood samples obtained from 
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FigUre 1 | Immunofluorescence staining of PAD4 and PAD2 in resting neutrophils. Staining of permeabilized neutrophils with four different anti-PAD4 antibodies as 
indicated in panel (a) or PAD2 antibody in panel (B). DAPI staining was used to identify nuclear DNA. In parallel samples, recombinant PAD2 or PAD4 were 
preincubated with antibodies prior to cell staining. Results are representative of three different healthy donors.
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healthy volunteers. Analysis was gated on live intact neutrophils 
with DAPI exclusion to avoid any detection of intracellular PAD 
in dead or broken cells (negative annexin V gating showed similar 
results). Clear surface staining was seen with the anti-PAD4 anti-
body, which was unaffected by preincubation with recombinant 
PAD2 but abolished by preincubation with recombinant PAD4 
(Figures 2B,C). These findings were confirmed in cells from five 
different donors, although there was some variation in surface 
PAD4 levels between donors. In contrast, negligible staining with 
anti-PAD2 antibodies (Figures 2D,E) was seen in cells from the 
same donors. Surface expression of PAD4 on neutrophils was 
also verified using ImageStream, which captures fluorescence 
images of individual cells during flow cytometry (Figures S1A,B 

in Supplementary Material). Confocal imaging of CD16 and 
PAD4 co-staining further confirmed the cell membrane location 
of PAD4 (Figure S2 in Supplementary Material).

To evaluate whether soluble PAD4 (e.g., released from dying 
cells) could bind to the surface of live neutrophils, we incubated 
neutrophils with 100 µg/ml of recombinant human PAD4, washed 
the cells several times, and stained them for PAD4. Analysis 
of these cells by flow cytometry did not reveal any increase in 
staining compared with cells treated with medium alone (data not 
shown), indicating that neutrophils do not bind soluble PAD4. 
Neutrophils could potentially be damaged or activated during the 
isolation process. To further rule out exposure of the antibody 
to intracellular PAD4 and test if PAD4 was expressed in other 
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FigUre 2 | Immunofluorescence and flow cytometric analysis of PAD4 and PAD2 in non-permeabilized neutrophils. (a) (Upper panels) Panel 1: staining  
of non-permeabilized neutrophils with an anti-PAD4 antibody; panel 2: phase-contrast image of panel 1; panel 3: overlay of anti-PAD4 staining and the 
phase-contrast image; panel 4: a parallel sample stained with anti-PAD4 incubated with recombinant PAD4 prior to cell staining. (Lower panels) Panels 1, 
2, and 4: several different fields of anti-PAD4 staining overlaid with phase-contrast images; panel 3: magnified portion of the image above. (B) Flow 
cytometry of non-permeabilized neutrophils using an isotype-matched control antibody (gray shading), anti-PAD4 (red line), anti-PAD4 preincubated with 
recombinant PAD2 (black line), or anti-PAD4 preincubated with recombinant PAD4 (blue line). (c) Quantification of the mean fluorescence intensity  
(MFI) from the analysis of five separate donors analyzed as described in panel (B). (D) Similar experiment conducted with anti-PAD2 antibodies.  
(e) Quantification of the MFI from the analysis of five separate donors analyzed as described in (D). Data were analyzed by paired t-test (*p < 0.05, 
nsp > 0.05).

4

Zhou et al. Resting Neutrophils Express Extracellular PADs

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 120010

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


5

Zhou et al. Resting Neutrophils Express Extracellular PADs

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1200

leukocytes, we directly stained whole blood, which circumvents 
the need to isolate neutrophils. It is noteworthy that the relative 
increase in mean fluorescence intensity (MFI) with PAD4 stain-
ing was similar whether the staining was performed with whole 
blood or isolated neutrophils from the same donor. By gating 
on other leukocyte populations within the whole blood stained 
samples, we observed some PAD4 reactivity on monocytes, 
but not on NK cells, B cells, T cells, or platelets (Figure S1C in 
Supplementary Material). Surface staining of PAD2 was not 
detected on any cells of the leukocyte lineage.

Taken together, these results suggest that PAD4 but not PAD2 
was expressed on the surface of viable resting neutrophils and 
monocytes.

regulation of surface PaD4 expression 
during neutrophil activation
To simulate conditions that occur during inflammation, infec-
tion, and autoimmune conditions, we stimulated neutrophils 
and looked for changes in the cell surface expression of PAD4. 
Neutrophils were stimulated for 15 min, and live cells were gated 
on the basis of DAPI exclusion. PAD4 expression was determined 
with fluorescently labeled antibodies. Treatment of neutrophils 
with ribonucleoprotein immune complexes (RNP-IC) resulted in 
a dose-dependent induction of PAD4 expression on the surface 
of neutrophils from three different donors (Figure 3A), with a 
maximum induction associated with an eightfold increase in MFI. 
Similarly, stimulation with TNF-α induced a significant elevation 
in surface PAD4 expression (Figure 3B), as did stimulation with 
PMA (Figure 3C), the TLR5 agonist flagellin (Figure 3D), and 
the TLR6/2 agonist FSL-1 (Figure 3E). In contrast, IL-8 did not 
cause any change in surface PAD4 levels (Figure 3F). Additional 
stimuli, such as heat-killed Listeria monocytogenes (a TLR2 ago-
nist), the TLR7 agonist imi quimod, the TLR8 agonist ss40RNA, 
immune complexes (IC) without nucleic acids, and GM-CSF, also 
induced upregulation of surface PAD4 levels, whereas formyl-
peptide, PAM3 (TLR1/2 agonist), and lipopolysaccharide (LPS) 
(TLR4 agonist) caused small increases that were not statistically 
significant (data not shown). Stimulation with IL-6 did not cause 
any changes in PAD4 expression on the surface of neutrophils 
from any of the three donors (data not shown). To rule out the 
possibility that surface expression of PAD4 only increased as a 
consequence of the induction of NETosis, the NETosis inhibitor 
DPI was used in conjunction with various stimuli. DPI had no 
effect on the upregulation of PAD4 surface expression induced by 
RNP-IC, PMA, or TNF-α (Figure S3 in Supplementary Material).  
We conclude that a number of physiologically relevant activators 
of neutrophils caused a significant increase in surface PAD4 levels 
on human neutrophils, whereas others did not.

PaD4 surface expression on neutrophils 
from ra and sle Patients
Since several surface PAD4-increasing stimuli are elevated in the 
serum of patients with RA or SLE (e.g., TNF-α, GM-CSF, IC), 
we hypothesize that surface PAD4 could be upregulated in those 
patients. Thus, we examined the surface expression of PAD4 on 
neutrophils and monocytes in fresh whole blood samples from 

patients with RA, patients with SLE, and healthy donors. Surface 
PAD4 expression was detected on neutrophils and monocytes 
from RA patients at levels very similar to those of the healthy 
donors (Figures 4A,B). Surface PAD4 was also detected on neu-
trophils in patients with SLE, but, similar to patients with RA, 
there was no difference compared with the levels detected from 
healthy donors (Figure 4C). These results suggested that surface 
PAD4 expression were similar in peripheral blood leukocytes 
between patients with RA or SLE and healthy donors.

extracellular Fibrinogen citrullination  
by neutrophils from healthy Donors
To determine whether the PAD4 detected on the surface of intact 
neutrophils was catalytically active, we incubated freshly isolated 
neutrophils with a well-known substrate for citrullination, fibri-
nogen, and used an anti-citrullinated fibrinogen monoclonal 
antibody (mAb) to detect its citrullination. The anti-citrullinated 
fibrinogen mAb did not react with native fibrinogen, whereas a 
brief incubation of fibrinogen with active recombinant human 
PAD2 or PAD4 resulted in a strong recognition of fibrinogen 
β-chain citrullination (Figure  5A, lane 9). Fibrinogen citrul-
lination by recombinant PAD4 was also confirmed by mass 
spectrometry analysis (Table S1 in Supplementary Material).

When freshly isolated neutrophils were incubated with fibrin-
ogen, this protein became reactive with the anti-citrullinated 
fibrinogen mAbs (Figure 5A). Citrullination was time- dependent, 
detectable within 1  h, and increased through at least 4  h. 
Fibrinogen citrullination had an absolute requirement for extra-
cellular calcium and was blocked by chelation with either EDTA 
or EGTA (Figure 5A, lane 11), thus providing further evidence 
of extracellular fibrinogen citrullination. Neutrophil-conditioned 
media was also able to citrullinate fibrinogen (Figure  5A, lane 
10). Equal loading of fibrinogen was confirmed by Coomassie 
staining (Figure 5A, lower panel). Citrullination of the fibrinogen 
β-chain and additional citrullination sites in the α- and γ-chains 
in the presence of live neutrophils was also confirmed by mass 
spectrometry analysis (Table S2 in Supplementary Material).

To exclude the possibility that a few dead or broken neutro-
phils could be the source of PAD activity, we evaluated levels of 
the intracellular protein GAPDH in the neutrophil-conditioned 
media by western blotting. Although GAPDH was not detected 
up to 4 h after initiation of the culture, disruption of neutrophils 
by treatment with 0.005% Triton X-100 resulted in some GAPDH 
release at 4  h (Figure  5B). Furthermore, necrotic or apoptotic 
cells were not detected by DAPI staining until four or more hours 
after Triton X-100 treatment, suggesting good neutrophil viability 
and integrity under our experimental conditions.

citrullination of extracellular histone  
h3 by PaD4 expressed on the surface  
of neutrophils
To confirm the activity of PAD4 on the surface of neutrophils, 
we developed an alternative PAD activity assay using histone 
H3 as a substrate. As histones are readily citrullinated by PAD4 
both in  vitro and in  vivo (25), we incubated freshly isolated 
human neutrophils with recombinant histone H3 and detected 
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FigUre 4 | Flow cytometric analysis of surface PAD4 levels in whole blood samples. Summary of mean fluorescence intensity (MFI) of PAD4 staining of different 
cells types from healthy donors, patients with rheumatoid arthritis (RA), and patients with SLE. (a) Neutrophils from healthy donors (n = 8) and patients from RA 
(n = 18). The difference between the two groups is not statistically significant by unpaired t-test. (B) Monocytes from the same donors in panel (a). (c) neutrophils 
from healthy donors (n = 5) and patients from SLE (n = 9), nsp > 0.05.

FigUre 3 | Continued  
Flow cytometric analysis of surface PAD4 expression by stimulated neutrophils obtained from healthy donors. Flow cytometric analysis of surface PAD4 expression 
on non-permeabilized neutrophils from three healthy donors following treatment with various stimuli; medium alone (gray shaded) was used as a control. (a) Immune 
complexes (IC) (50 ng RNP plus 2% anti-RNP containing SLE serum) (red line) and the same IC diluted 1/3 (blue line), 1/9 (green line), 1/27 (purple line), and 1/81 
(light blue line); (B) TNF-α, (c) PMA, (D) flagellin, (e) FSL-1, (F) IL-8. Concentrations of stimuli used in panels (B–F) were 10 ng/ml (red line), 3 ng/ml (blue line), and 
1 ng/ml (green line), 0.3 ng/ml (purple line), and 0.1 ng/ml (light blue line). Bar graphs on the right shows the average mean fluorescence intensity (MFI) from the 
analysis of the three donors by paired t-test (*p < 0.05, **p < 0.01, nsp > 0.05).
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histone citrullination with a mAb specific for histone H3 citrul-
linated on Arg-2. As seen in Figure  5C, histone H3 became 
citrullinated within minutes of incubation with freshly isolated 
human neutrophils (Figure 5C, lanes 1–6). As with fibrinogen 
citrullination, extracellular calcium was required for histone H3 
citrullination (Figure  5C, lane 11). Citrullinated histones were 
not detected when neutrophils were incubated without histone 
H3 (Figure  5C, lane 7), indicating that endogenous histones 
were not released under our experimental conditions. Similar to 
fibrinogen citrullination, neutrophil-conditioned media was able 
to citrullinate histone H3 (Figure  5C, lane 10). We also noted 
the appearance of a lower molecular weight band that increased 
in density with the duration of incubation of samples with live 
neutrophils. The density of this band was reduced by the inclu-
sion of protease inhibitors, but not the MMP inhibitor, GM-6001, 

indicating that this band represents a proteolytically processed 
histone H3 (Figure 5D).

To rule out the possibility that histone toxicity was respon-
sible for cell death and the release of PADs, we followed live 
neutrophils cultured in the presence of 1 mg/ml histone H3 (the 
same concentration that was used in our H3 citrullination assay) 
and DAPI (to stain dying cells) (Movie S1 in Supplementary 
Material). The rate of cell death remained negligible for at 
least 45  min with >90% viability, and all cells maintained 
an intact morphology. However, histone H3 citrullination 
was detectable at 5  min and peaked between 30 and 45  min, 
demonstrating that the citrullination was indeed mediated by 
viable neutrophils.

Taken together, the results of both fibrinogen and histone 
H3 citrullination assays indicated that neutrophil surface PAD4 
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FigUre 5 | Citrullination of extracellular substrates by intact neutrophils or neutrophil-conditioned media. (a) Upper panel, anti-citrullinated fibrinogen immunoblot of 
the supernatant from the incubation of fibrinogen for the indicated times in the presence of human neutrophils (lanes 1–7). Lane 7, fibrinogen was omitted. Lane 8 
only contained fibrinogen. Lane 9, fibrinogen and recombinant PAD4. Lane 10, neutrophil-conditioned media. Lane 11, neutrophil with 2 mM EGTA. Lower panel, 
Coomassie Brilliant blue staining as a loading control. The bands corresponding to the α, β, and γ chains of fibrinogen are indicated. Note that α-fibrinogen is rapidly 
degraded by neutrophil-associated proteases. (B) Control immunoblot with anti-GAPDH, an intracellular protein, to demonstrate that significant lysis of neutrophils 
occurs only after 4 h of incubation with Triton X at 37°C under the experimental conditions. (c) Upper panel, anti-citrullinated histone H3 immunoblot of the 
supernatant from the incubation of histone H3 for the indicated time periods in the presence of human neutrophils (lanes 1–7). Lane 7, histone was omitted. Lane 8 
only contained histone H3. Lane 9 contained histone H3 and recombinant PAD4. Lane 10, neutrophil-conditioned media. Lane 11, neutrophil with 2 mM EGTA. 
Note that citrullinated histone H3 is also cleaved by neutrophil-associated protease(s) to generate a slightly smaller protein. Lower panel, anti-histone H3 immunoblot 
as a loading control. This antibody does not recognize the proteolytically cleaved H3. (D) A similar experiment performed in the presence of an MMP inhibitor, a 
protease inhibitor cocktail, or both, as indicated. Lower panel, Coomassie Brilliant blue staining as a loading control. All data are representative of five independent 
experiments with different donors.
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is enzymatically active. Notably, neutrophils were also able to 
secrete active PAD into the surrounding environment.

identification of PaD2 as Predominantly 
secreted PaD
Since neutrophil-conditioned media was capable of citrullinat-
ing fibrinogen (Figure 5A, lane 10) or histone H3 (Figure 5B, 
lane 10), we sought to determine whether the soluble PAD 
activity was mediated by PAD4 released from the cell surface. 
We performed western blot analysis of concentrated culture 
supernatants from healthy donor neutrophils using antibodies 
for the detection of PAD4 and PAD2. Surprisingly, PAD2 was 
clearly observed in all four samples (Figure 6A), whereas PAD4 
was barely detectable even after longer exposures (Figure 6B). 

Nano-LC-MS/MS mass spectrometry confirmed the presence 
of PAD2 in the supernatants with 43 to 58 peptide-spectrum 
matches (between the four donors) covering an average of 
38.8% of the protein. PAD4 was also detected but with far 
fewer peptide-spectrum matches (Figure S4 in Supplementary 
Material). These results indicate that the PAD activity in the 
neutrophil-conditioned media in the absence of stimulation is 
predominantly due to PAD2.

analysis of the contribution of PaD2 
versus PaD4 to Protein citrullination  
Using inhibitory antibodies
To evaluate the relative contributions of PAD2 and PAD4 in 
extracellular protein citrullination, we developed monoclonal 
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FigUre 6 | Western blot analysis of secreted PADs in neutrophil-conditioned media and determination of neutrophil PAD2/PAD4 extracellular activity. (a) Anti-PAD2 
immunoblot of concentrated neutrophil-conditioned media from four different healthy donors (D1–D4). (B) Anti-PAD4 immunoblot of same samples with longer 
exposure time. (c) Characterization of the blocking anti-PAD2 and anti-PAD4 antibodies. Upper panel, anti-citrullinated histone H3 immunoblot of a reaction with 
recombinant PAD2 in the presence of control NIP228 IgG antibody (lane 1), blocking anti-PAD4 antibody (lanes 2–4), or a blocking anti-PAD2 antibody (lanes 5–7) at 
the indicated concentrations. Lower panel, similar reaction with recombinant PAD4 in the presence of the same antibodies. (D) Anti-citrullinated histone H3 
immunoblot of the culture supernatant of human neutrophils incubated with histone H3 plus blocking anti-PAD2 or anti-PAD4 antibodies as indicated (lane 1–5); 
2 mM EDTA was added to demonstrate the calcium-dependence of the reaction (lane 6); neutrophil-conditioned media, plus blocking antibodies as indicated (lanes 
7–11). No antibodies were added in lanes 1 and 7, whereas control IgG NIP228 was added in lanes 2 and 8. (e) Anti-citrullinated fibrinogen immunoblot of the 
supernatant from the incubation of fibrinogen with neutrophils plus blocking antibodies. No antibodies were added in lane 1, whereas control IgG NIP228 was 
added in lane 2. Lower panel, Coomassie Brilliant blue staining as a loading control. All data are representative of five independent experiments with different 
donors.
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antibodies for PAD2 and PAD4 capable of specifically inhibiting 
the catalytic activity of their respective PAD targets. The specific-
ity of each antibody was demonstrated with recombinant PAD2 
and PAD4 using histone H3 as substrate (Figure 6C).

When these antibodies were used in histone H3 citrullination 
assays with intact healthy neutrophils, both antibodies reduced 
PAD activity, but the anti-PAD4 antibody had a greater effect 
(Figure 6D, lanes 3 and 4). The combination of both antibod-
ies completely blocked citrullination of histone H3 (Figure 6D,  
lane 5). In contrast, when these antibodies were added to histone 
H3 citrullination assays with neutrophil-conditioned media, the 
anti-PAD2 antibody had a substantial inhibitory effect, whereas 
the anti-PAD4 antibody had a minimal effect (Figure 6D, lanes 
9 and 10). These data are consistent with the notion that PAD 

activity secreted by neutrophils is predominantly mediated by 
PAD2, whereas PAD activity associated with intact neutrophils 
is largely mediated by cell-bound PAD4, with some contribution 
from newly secreted PAD2.

In contrast to the histone H3 assay, fibrinogen citrullination 
of intact neutrophils was inhibited with the anti-PAD2 antibody, 
and the anti-PAD4 antibody had no effect (Figure 6E). Western 
blot analysis using an anti-modified citrulline antibody (more 
broadly citrulline reactive) showed a similar pattern (data not 
shown). Thus, it appears that extracellular fibrinogen was pref-
erably citrullinated by secreted PAD2 rather than cell surface-
exposed PAD4. This result may also explain the slower kinetics of 
fibrinogen citrullination compared to histone H3 citrullination 
by live neutrophils.
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FigUre 7 | ELISA-based protein citrullination analysis of kinetics and activity of PADs released from neutrophils. (a) Dose–response curves of fibrinogen 
citrullination mediated by recombinant human PAD2 and PAD4. (B) Kinetics of fibrinogen citrullination by neutrophil-conditioned media. (c) Citrullination of fibrinogen 
and (D) histone H3 by neutrophil-conditioned media can be blocked by the anti-PAD2 inhibitory antibody but not the anti-PAD4 antibody. All data are representative 
of four independent experiments with different donors.
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Kinetics and Quantitation of secreted PaD 
activity
Secretion of PAD2 could provide means for neutrophils to 
modify extracellular matrix proteins or even cytokines without 
physically interacting with those substrates. To further charac-
terize the pattern of PAD secretion, we developed quantitative 
ELISA-based fibrinogen and histone H3 citrullination assays 
to measure PAD activity. The assay was first validated with 
recombinant human PAD2 and PAD4, which both produced 
dose-dependent increases in citrullination (fibrinogen shown in 
Figure 7A, histone H3 not shown). The kinetics of PAD secretion 
was investigated by analysis of neutrophil-conditioned media. 
Neutrophils secreted measurable PAD activity within minutes 
of initiation of the assay, with the highest activity detected at 
approximately 1 h (Figure 7B). Similar kinetics was observed in 
assays of both histone and fibrinogen substrates.

To examine the respective contributions of PAD2 and PAD4 
to citrullination in this ELISA assay format, conditioned media 
were incubated with blocking antibodies prior to the assay. 
These experiments demonstrated that most of the activity was 
mediated by PAD2 with a minor or negligible contribution by 
PAD4 (Figures 7C,D). This result is consistent with the detection 
of PAD2 in neutrophil supernatants by mass spectrometry and 
western blotting, and the inhibition of PAD activity observed 

in western blot assays. Taken together, these data confirm that 
PAD2 is secreted spontaneously by neutrophils and is predomi-
nately responsible for the PAD activity found in the neutrophil-
conditioned media.

regulation of PaD2 secretion during 
neutrophil activation
Surface PAD4 levels were found to change in response to 
neutrophil activators, thus we evaluated the impact of these 
stimuli on PAD2 secretion. Interestingly, PAD2 secretion from 
neutrophils was significantly reduced by stimulation with PMA 
or ICs (Figure  8). LPS also reduced PAD2 secretion, but to a 
lesser extent (Figure 8). IL-6 reduced PAD2 secretion in some 
but not all donors. Other stimuli (IL-8, GM-CSF, TNF-α, fMLP, 
flagellin, FSL-1, PAM3, heat-killed L. monocytogenes, imiquimod, 
and ss40RNA) had no detectable effects on PAD2 secretion (data 
not shown). This result demonstrated that PAD2 secretion was 
reduced by some inflammatory stimuli, and it was regulated dif-
ferently from PAD4 surface expression.

DiscUssiOn

Citrullination is a posttranslational protein modification involved 
in various physiological processes including gene expression 
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FigUre 8 | ELISA-based histone H3 citrullination analysis of regulation of 
PAD2 secretion by neutrophil activators. Quantification of PAD2 activity in 
conditioned media from neutrophils stimulated with 50 ng RNP plus 2% 
anti-RNP containing SLE serum, 10 ng/ml PMA and 10 ng/ml 
lipopolysaccharide (LPS). Data represent the mean OD reading ± SD  
of four donors with statistical analysis by paired t-test (*p < 0.05).
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regulation, skin cornification, and hair follicle development 
(2, 38). Dysregulation of PAD expression or citrullination has 
been implicated in MS, cancer, and SLE (1), and autoimmune 
responses against citrullinated proteins are strongly associated 
with RA (12). Neutrophils are considered the main source of PAD 
enzymes responsible for citrullination in autoimmune diseases, 
including RA and SLE (44, 45). How the citrullination process is 
initiated under disease conditions and, even more fundamentally, 
what are the normal physiological functions of PADs in neutro-
phils are questions that remain unclear. This study provides the 
first evidence that resting neutrophils express PAD4 on the sur-
face and secrete PAD2 into the surrounding environment. These 
extracellular PADs are enzymatically active, and their expression 
levels were regulated by several inflammatory factors. These find-
ings identify new mechanisms by which PADs can citrullinate 
extracellular proteins and suggest that extracellular PADs could 
have a normal physiological role.

Extracellular PADs have been mostly examined in the context 
of patients with RA, where PAD expression and citrullination 
were increased in synovial fluid (14). Those PADs were thought 
to be the consequence of PAD molecules “hitch-hiking” on the 
extruded DNA NETs or being released from dying neutrophils 
(42). Our data suggest two alternative routes for externalization of 
PADs, namely, expression of PAD4 on the surface of neutrophils 
and spontaneous secretion of PAD2, even in the absence of any 
inflammatory stimuli. These two processes are independent of 
NETosis or other forms of cell death and can contribute to extra-
cellular protein citrullination. We demonstrated that extracellular 
fibrinogen and histone H3 can be citrullinated by neutrophil 
extracellular PADs. Those two substrates are also citrullinated in 
synovial fluid from patients with RA and are common autoanti-
gens in patients (17, 18, 46). The new mechanism for extracel-
lular citrullination which we propose here could contribute to 
the generation of citrullinated neoepitopes important in RA. 
Intriguingly, while histone H3 was citrullinated by both extracel-
lular PADs, fibrinogen was predominantly citrullinated by PAD2 
secreted by neutrophils. This is consistent with a previous study 

that highlighted substrate preference by different PADs (25), and 
also indicates that endogenous PADs could have stricter substrate 
selection than recombinant enzymes.

We observed that secreted PAD2 and surface expressed PAD4 
were differentially regulated following neutrophil activation by 
several inflammatory factors. This could imply that these extra-
cellular PADs may have important functions in an inflammatory 
environment. Our understanding of PAD4 in inflammation has 
been largely limited to its role in the initiation of NETosis through 
chromatin decondensation by histone citrullination (32,  33). 
However, our data suggest that upregulation of surface PAD4 
is associated with multiple inflammatory stimuli. These stimuli 
include IC and phorbol ester, which can induce NETosis (47, 48), 
as well as stimulants such as TNF-α which do not trigger NETosis 
(35). Notably, the cell surface PAD4 upregulation with immune 
stimuli was rapid, occurring well before any evidence of NETosis 
was apparent and was not affected by the NETosis inhibitor. 
These results all point to a broader and earlier involvement for 
PAD4 in the inflammatory process. The level of surface PAD4 
was not increased on circulating neutrophils from RA and SLE 
patients compared to controls; however, it remains plausible that 
PAD4 expression is increased on neutrophils in the joints and 
other sites of inflammation, where there are increased levels of IC 
deposition and TNF-α (49, 50). Interestingly, anti-PAD3/PAD4 
autoantibodies are found in RA patients (51). These autoantibod-
ies could potentially bind to surface PADs and promote Fc- or 
complement-mediated effector functions. Indeed, anti-PAD3/
PAD4 antibodies were associated with a more aggressive disease 
course, including radiographic progression and interstitial lung 
disease (51, 52). We observed that stimuli increasing the upregu-
lation of cell surface PAD4 tended to reduce extracellular PAD2 
activity, including PMA, a stimulus which induces NETosis. This 
implies that these enzymes are differentially regulated and may 
have alternative functions. At present, the mechanism by which 
PAD2 and PAD4 traffic from an intracellular location to the 
exterior of the neutrophil remains unclear. We did not observe 
PAD2 expression on the cell surface of leukocytes, although we 
cannot rule out the possibility that alternative antibodies with 
other epitope specificity may detect surface bound PAD2.

The presence of catalytically active PAD4 on the external 
surface of viable normal neutrophils, as well as the spontaneous 
secretion of PAD2, suggest that these enzymes have physiologi-
cal roles under healthy conditions. All PADs require millimolar 
levels of calcium to be active, which are normal in serum but 
do not exist intracellularly unless cells are severely comprised 
(24, 39, 40). Indeed, small quantities of citrullinated proteins (53) 
and soluble PAD2 protein have been detected in healthy human 
subjects (54).

The exact physiological functions for surface PAD4 and 
secreted PAD2 remain open questions. They could indeed be 
involved in many functions depending on different substrates. 
Histone citrullination in neutrophils has been mainly linked to 
NETosis and antibacterial innate immunity (32–34). It is worth 
noting that antibacterial properties of histones are reduced 
upon citrullination, as its toxicity depends on positively charged 
arginine and lysine (55). Circulating extracellular histones can 
also be detected in non-infectious diseases, particularly in those 
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that involve tissue injury, such as acute respiratory distress 
syndrome and sepsis (56–59). In addition, endogenous histones 
have been reported to enhance sterile inflammation by increas-
ing cytokine production through Toll-like receptor signaling or 
NLRP3 inflammasome activation (60–62). One could envision 
that neutrophils may use surface-exposed PAD4 and/or secreted 
PAD2 to diminish the extraordinarily potent pro-inflammatory 
and toxic properties of extracellular histones at a site of tissue 
injury or infection. A similar effect of citrullination on reducing 
toxicity on the bactericidal protein LL37 has also been reported 
(63). Finally, a number of chemokines and other inflammatory 
mediators have been reported to be citrullinated, resulting in 
changed properties, such as altered receptor binding leading 
to reduced inflammatory properties (64, 65). Given the range 
of substrates, cell surface expressed PAD4 and secreted PAD2 
could provide a new dimension of immune regulation under 
physiological conditions, most likely functioning as a “brake” to 
potentially inactivate these substrates.

Extracellular PADs identified in our study could also modu-
late neutrophil function through regulating cell adhesion and 
migration. We demonstrated that extracellular fibrinogen could 
be readily citrullinated by neutrophil-secreted PAD2. Previous 
studies suggested that citrullination of R35 and R44, on fibrino-
gen alpha and beta chains, respectively, will destroy thrombin 
recognition sites and inhibit thrombosis (66, 67). Thus, neu-
trophils may engage in regulating fibrin polymerization during 
their migration through tissues under conditions that result in 
fibrin polymerization and deposition. Fibrin deposits are notable 
in synovial tissue from RA patients, and abundant citrullination 
can be detected both in fibrin deposits and on fibrinogen (68, 69). 
This tempering effect of citrullination on fibrinogen polymeriza-
tion could be physiologically relevant in resolving tissue injury 
or in the migration of neutrophils through damaged tissue. 
Another potential mechanism by which extracellular PADs may 
affect neutrophil adhesion and migration would be by citrullinat-
ing adhesion molecules (e.g., integrins at their RGD motif) and 
inhibiting integrin-mediated adhesion (70, 71).

In conclusion, we provide the first evidence that resting neu-
trophils from healthy donors express enzymatically active PAD4 
on their cell surfaces and secrete active PAD2. Surface expression 
of PAD4 and secretion of PAD2 are also regulated by neutrophil 
stimulation. Their extracellular location provides a new mecha-
nism by which extracellular proteins may be citrullinated under 
normal conditions. Potential functions of extracellular PADs 
could even extend beyond neutrophils as we observed that 
monocytes also expressed PAD4 on the surface. This promises to 
be an interesting area of research as it remains uncertain what the 
exact roles of extracellular PADs are under physiological condi-
tions, and what levels of PAD2 and PAD4 activity are necessary 
to trigger clinical manifestations.

MaTerials anD MeThODs

neutrophil isolation from Patients and 
healthy Donors
Blood from healthy volunteers was obtained with informed 
consent under MedImmune, LLC’s blood donation program, and 

studies using human cells were performed in accordance with the 
Institutional Review Board guidelines. Neutrophils were isolated 
from heparin anti-coagulated blood on a discontinuous Ficoll 
gradient as previously described (72).

Blood samples from patients with RA and systemic lupus 
erythematosus were collected from Johns Hopkins University 
Hospital Arthritis Center (Baltimore, MD, USA) and the National 
Institutes of Health (Bethesda, MD, USA) lupus clinic, respec-
tively, with informed consent and IRB approval. All patients met 
the American College of Rheumatology classification criteria 
(73, 74).

antibodies and reagents
Antibodies for detection of PAD4 (Ab128086 and Ab50247), 
PAD2 (Ab16478), citrullinated histone H3 (R2 citrullination, 
Ab176843), and total histone H3 (Ab24834) were from Abcam 
(Cambridge, MA, USA). Antibodies for detection of PAD4 
(MABE254) and modified citrulline were from EMD Millipore 
(Billerica, MA, USA). Antibodies for flow cytometric analyses 
(FITC-CD45, PE-CD15, BV421-CD3, APC-CY7-CD56, and 
PE-CY7-CD14) and CD16 (clone 3G8) were from BioLegend (San 
Diego, CA, USA) and BUV395-CD19 was from BD Bioscience 
(San Jose, CA, USA).

Recombinant human PAD2, recombinant human PAD4, and 
human IgG1 clone NIP228 were made in house. Alexa-647-
labeled PAD2 and PAD4 staining antibodies and PAD2 and PAD4 
blocking antibodies were generated in house and were human 
IgG1isotype. Control antibodies, PAD blocking antibodies, and 
Alexa-647 fluorochrome-labeled anti-PAD monoclonal antibod-
ies were engineered with mutant Fc regions to subvert comple-
ment and Fcγ receptor binding (75) to minimize non-specific 
interactions with neutrophils. Recombinant human histone H3, 
human fibrinogen, and the anti-citrullinated fibrinogen western 
blot antibody (clone 10E9.2) were from Cayman Chemicals 
(Ann Arbor, MI, USA). Anti-GAPDH (D16H11) was from Cell 
Signaling (Danvers, MA, USA). The anti-citrullinated fibrinogen 
ELISA antibody (clone 20B2) was from Modiquest (Molenstraat, 
Netherlands).

DPI, TNF-α, fMLP, PMA, HRP-, or FITC-labeled anti-
mouse IgG and anti-rabbit IgG secondary antibodies were from 
Invitrogen (Carlsbad, CA, USA). Recombinant GM-CSF, IL-6, 
and IL-8 were from R&D system (Minneapolis, MN, USA). The 
human TLR1-9 agonist kit was from InvivoGen (San Diego, CA, 
USA). The MMP inhibitor GM-6001 was from Enzo Life Sciences 
(Farmingdale, NY, USA). The protease inhibitor cocktail was 
from Thermo Fisher (Waltham, MA, USA).

immunofluorescence Microscopy
Fresh isolated neutrophils were resuspended in Hanks’ balanced 
salt solution (HBSS) without calcium and magnesium (Invitrogen) 
with 2% heat-inactivated human AB serum (Sigma-Aldrich, St. 
Louis, MO, USA) at a density of 500,000  cells/ml and seeded 
for adherence on l-lysine-coated glass coverslips. Subsequently, 
cells were fixed with 4% paraformaldehyde for 15 min at room 
temperature. For permeabilization, fixed cells were treated with 
1% Triton X-100 for 1 min and blocked in 1% BSA in PBS for 1 h 
at 37°C. All primary antibodies (Alexa-647-labeled anti-PAD4 
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staining antibody, Ab128086, MABE254 and Ab50247 for PAD4; 
Alexa-647-labeled anti-PAD2 staining antibody for PAD2, Alexa-
488-labeled CD16) were used at a concentration of 10 µg/ml in 
PBS with 1% BSA. Cells were incubated with antibodies for 1 h at 
37°C. For recombinant PAD competition, the primary antibody 
was first incubated with 100 µg/ml recombinant human PAD2 
or PAD4 for 15  min at room temperature. A FITC-conjugated 
secondary antibody (Invitrogen) was used at 1:5,000 dilutions for 
detection of unlabeled primary antibodies. DAPI was used as a 
counterstain in permeabilized cells. Images were acquired using 
a TCS SP2 Leica laser-scanning confocal microscope with 63× 
objective.

Flow cytometry and imagestream 
analysis
Isolated neutrophils were resuspended in HBSS without calcium 
and magnesium at a density of 2 × 106 cells/ml. The Alexa-647 
fluorochrome-labeled anti-PAD2 staining antibody and anti-
PAD4 staining antibody were added at 5 µg/ml. For recombinant 
PAD competition, antibodies were preincubated with 50 µg/ml 
recombinant human PAD2 or PAD4 for 15  min at room tem-
perature. Cells were incubated with antibodies on ice for 30 min. 
Flow cytometry was performed using LSRII and ImageStream 
X. The results were analyzed using the FlowJo software package 
(Tree Star) or ImageStream analysis software (EMD Millipore). 
Neutrophils were gated based on forward and side scatter 
patterns.

Whole Blood assay
Fresh blood was obtained from healthy donors, RA patients, and 
lupus patients. Aliquots of 50  µl blood were stained on ice for 
30 min with an Ab cocktail (FITC-CD45, PE-CD15, BV421-CD3, 
APC-CY7-CD56, PE-CY7-CD14, BUV395-CD19, and Medi-
PAD2/PAD4 staining antibody, all at 5 µg/ml). Flow cytometry 
was performed using an LSRII Instrument. After acquisition, the 
flow cytometry data were analyzed using the FlowJo software 
package (Tree Star). The following populations were gated for 
analysis: neutrophils (CD45+ CD15+), monocytes (CD45+ 
CD14+), T cells (CD45+ CD3+), B cells (CD45+ CD19+), and 
NK cells (CD45+ CD56+).

neutrophil citrullination assay
Neutrophils were resuspended in HBSS at a density of 107 cells/
ml. For surface PAD activity assays, one million neutrophils were 
incubated with 100 µg human fibrinogen or recombinant human 
histone H3 for various durations at 37°C in HBSS with 1  mM 
DTT and 2 mM CaCl2. After incubation, cells were removed by 
10-min 300 g centrifugation, and the supernatant was collected 
for western blot analysis. Supernatants from neutrophils alone, 
naïve fibrinogen or histone H3, and fibrinogen histone H3 citrul-
linated by recombinant human PAD4 were used as controls.

For secreted PAD activity assays, one million neutrophils were 
incubated in HBSS buffer for 1 h at 37°C. Subsequently, cells were 
removed by 10-min 300 g centrifugation, and supernatants were 
collected, which were then incubated for 1 h at 37°C with 100 µg 
fibrinogen or histone H3 in HBSS with 1 mM DTT and 2 mM 

CaCl2. Western blot analysis was performed afterward to detect 
citrullinated substrates.

concentration of neutrophil-conditioned 
Media
Freshly isolated neutrophils were resuspended in HBSS at a den-
sity of 2 × 107 cells/ml and incubated at 37°C for 1 h. Cells were 
removed by 10-min 300 g centrifugation, and supernatants were 
concentrated by filtering through an Amicon ultra-0.5 ml 30 kDa 
protein concentration column (EMD Millipore). Concentrated 
neutrophil-conditioned media was analyzed by western blotting 
and mass spectrometry.

PaD activity inhibition
Recombinant human PAD2 or PAD4 (5  ng) was preincubated 
with a NIP228 control antibody, PAD2 blocking antibody, and 
PAD4 blocking antibody for 10 min at room temperature. Histone 
H3 (5 µg) was then added with 2 mM calcium and incubated for 
another hour at 37°C.

Neutrophils or neutrophil-conditioned media were preincu-
bated with the NIP228 control antibody, PAD2 blocking antibody 
and PAD4 blocking antibody for 15 min at room temperature. 
For fibrinogen citrullination, all antibodies were used at 1 µg/ml 
final concentration. For histone H3 citrullination, the antibody as 
used at a final concentration of 5 µg/ml. Fibrinogen and histone 
H3 were added after preincubation. Fibrinogen was incubated for 
an additional 4 h at 37°C. Histone H3 was incubated for 30 min. 
Western blot analysis was performed afterward to determine 
substrate citrullination level.

neutrophil-secreted PaD elisa assay
96-well ELISA plates were coated with either 1  µg/ml human 
fibrinogen or histone H3 overnight at 4°C. Freshly isolated neu-
trophils were resuspended in HBSS at a density of 107 cells/ml 
and incubated at 37°C from 5 min to 2 h. Cells were removed by 
10-min 300 g centrifugation, and supernatants were diluted 1:10 
in Tris–HCl buffer with 1 mM DTT and 5 mM calcium.

Diluted supernatants were either added directly to coated 
plates or preincubated with blocking antibodies at a concentra-
tion of 10 µg/ml for 15 min before adding to plates.

Citrullination assays were performed at 37°C for 90 min. The 
reaction was stopped by washing the plates with PBS +  0.05% 
tween20. Anti-citrullinated fibrinogen (20B2) and anti- 
citrullinated histone H3 (Ab176843) antibodies were used for 
detection. The OD450 was measured.

neutrophil activation
10× RNP-IC was prepared by incubating equal volumes of 20 µg/
ml RNP and 40% lupus serum containing a high titer of anti-
RNP IgG for 1 h at room temperature. 10× Ig-IC was prepared 
by incubating equal volumes of 1 mg/ml biotinylated R347 IgG 
and 3 µM streptavidin for 1 h at room temperature. TNF-α, fMLP, 
PMA, GM-CSF, IL-6, IL-8, and a human TLR1–9 agonist kit were 
used according to the manufacturers’ protocols. For NETosis 
inhibition, cells were incubated with 10 µM DPI for 10 min at 
room temperature prior to adding stimuli.
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Isolated neutrophils were resuspended in HBSS at a density 
of 2 × 106 cells/ml. All stimuli were used with a 1:3:9:27:81 dilu-
tion series. Activation was performed at 37°C for 15 min. Cells 
were washed and resuspended after stimulation before FACS 
analysis.

Isolated neutrophils were treated separately with the highest 
dose of the stimuli in HBSS for 30 min. Cells were then removed 
by 10-min 300 g centrifugation, and supernatants were collected 
for ELISA analysis.

Mass spectrometry analysis
Concentrated neutrophil-conditioned media samples were 
processed using the filter-aided sample preparation method 
(76). Resulting peptides were analyzed using nanoflow 
LC-MS/MS (Dionex RSLCnano interfaced with Orbitrap 
Fusion Tribrid mass spectrometer). Mass spectrometry data 
were analyzed using the Mascot search engine with Proteome 
Discoverer software (Thermo Fisher) and quantified using 
Scaffold software. The normalized total spectra counts for 
PAD4 and PAD2 were compared to estimate the expression 
levels of PAD4 and PAD2.

Recombinant PAD4 or neutrophil-citrullinated fibrinogen 
samples (5 µg) were reduced and alkylated prior to automated 
on-column trypsin digestion using a Perfinity™ workstation. 
Peptide samples from each experiment were analyzed using 
a nanoflow LC-MS/MS system. Mass spectrometry data were 
searched using Mascot software, with the following search 
parameters: nine missed trypsin cleavages, oxidation of methio-
nine, and deamidation of N and Q residues. Arginine citrullina-
tion was confirmed using the Mascot (v2.5.1) search engine by 
including neutral loss of 43.006 Da in addition to 0.984-Da mass 
shift for deamidation.

Western Blot analysis
Equivalent amounts of proteins were separated by SDS- 
poly acrylamide gel electrophoresis (4–12% gel) and then trans -
ferred to a nitrocellulose membrane. Membranes were then 
probed using anti-citrullinated fibrinogen (clone 10E9.2), anti- 
citrullinated histone H3 (Ab176843), anti-total histone H3  
(Ab24834), anti-GAPDH (clone D16H11), anti-PAD2 (Ab16478),  
and anti-PAD4 (MABE254) antibodies using the iBind 
(Invitrogen) system. An HRP-conjugated anti-mouse IgG and 
anti-rabbit IgG were used as the secondary detection antibod-
ies before visualization of immunoreactive bands with an ECL 
reagent (Thermo Fisher).

statistical analysis
Data analysis was performed with GraphPad Prism (GraphPad, 
La Jolla, CA, USA). Unpaired t-test was used in PAD4 expres-
sion comparison between patients with RA or SLE and healthy 
donors. Paired t-test was used in other statistical analysis.
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with the Institutional Review Board guidelines. Blood samples 
from patients with RA and systemic lupus erythematosus were 
collected from Johns Hopkins University Hospital Arthritis 
Center (Baltimore, MD, USA) and the National Institutes of 
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FigUre s1 | PAD4 surface expression on isolated neutrophils and blood cell 
population. (a) Representative fluorescent image of isotype control antibody 
staining of isolated neutrophils obtained with ImageStream. (B) Representative 
fluorescent image of PAD4 staining of isolated neutrophils obtained with 
ImageStream. (c) Representative flow cytometry data obtained from analysis of 
healthy donor-derived neutrophils, monocytes, B cells, T cells, NK cells, and 
platelets stained with a control antibody (gray shade) of anti-PAD4 (red line). Note 
that only neutrophils and monocytes are positively stained. All images are 
representatives of three different donors.

FigUre s2 | PAD4 and CD16 co-staining on isolated neutrophils. 
Representative fluorescent image of PAD4 and CD16 staining of neutrophils, 
PAD4 channel (left panel), CD16 channel (middle panel), and overlay (right panel).

FigUre s3 | PAD4 upregulation by ribonucleoprotein immune complexes 
(RNP-IC), PMA, and TNFα was not affected by NETosis inhibitor DPI. 
Representative fluorescent image of PAD4 staining of isolated neutrophils 
stimulated with RNP-IC (left panel), PMA (middle panel), and TNFα (right panel) 
with or without NETosis inhibitor DPI.

FigUre s4 | PAD2 is the dominant secreted PADs in neutrophil-conditioned 
media detected by mass spectrometry. Total spectral counts of PAD2/4 analyzed 
by LC-MS are shown in the figure. PAD2 and PAD4 theoretically produce similar 
number of tryptic peptides hence data show higher level of PAD2.

MOvie s1 | Incubation of neutrophils with histone H3. Neutrophils isolated from 
healthy donors were incubated with 1 mg/ml human recombinant histone H3 
in Hanks’ balanced salt solution (HBSS) buffer. DAPI was added to indicate cell 
death.
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introduction: An increased expression of interferon (IFN)-responding genes (IRGs), 
the so-called IFN signature, has been reported in rheumatoid arthritis (RA). However, 
some controversy exists concerning its clinical relevance. The main aim of this study is 
to evaluate whether quantitative and qualitative differences in the activation of the IFN 
pathway may account for these findings.

Methods: The expression of IFN-induced protein 44 (IFI44), IFN-induced protein 44 
like (IFI44L), IFN alpha inducible protein 6, and MX dynamin-like GTPase 1 (MX1) was 
determined in peripheral blood in 98 RA patients (IFI6) and 28 controls. RA patients 
were classified into groups according to their clinical stage and treatments received: very 
early RA (VERA), biological disease-modifying antirheumatic drug (bDMARD) naive, and 
bDMARD. An additional group of 13 RA patients candidates for tumor necrosis factor 
alpha (TNFα) blockade was also recruited. The associations among IRGs were evaluated 
by network and principal component analyses.

results: The expression of all IRGs was increased in RA to different levels. The IFN 
score was increased in all RA groups (VERA, bDMARD-naïve, and bDMARD), but 
important differences in their degree of activation and in the relationships among IRGs 
were observed. The IFN score correlated with the accumulated disease activity score 
28-joints, and it was found to be a predictor of clinical outcome in VERA. No differences 
in the IFN score were observed between the bDMARD-naive and bDMARD groups, 
but opposite associations with the clinical parameters were noted. Interestingly, the 
correlations among IRGs delineate different pictures between these two groups. The 
IFN score at baseline predicted poor clinical outcome upon TNFα blockade. Although no 
absolute changes in the IFN score were found, TNFα-blockade shifted the associations 
among IRGs.

conclusion: A certain heterogeneity within the IFN signature can be recognized in RA, 
depending on the clinical stage. The structure of the IFN signature may be a potential 
explanation for the controversy in this field and must be considered to decipher its clinical 
relevancein RA.

Keywords: arthritis, interferon, iFn signature, biomarker, autoimmunity
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inTrODUcTiOn

Rheumatoid arthritis (RA) is a chronic systemic autoimmune 
condition hallmarked by joint inflammation and destruction. A 
number of immune mediators have been linked to RA patho-
genesis, including adaptive and innate components. A growing 
body of evidence supports an emerging role for type I interferons 
(IFNs) (1). Due to their immunomodulatory effects (2), the type 
I IFNs are thought to prompt the breakdown of tolerance and 
the subsequent perpetuation of autoimmune phenomena (3, 4). 
Actually, several IFN-related genes have been identified as risk 
loci for RA (3), and development of arthritis after treatment with 
IFNα has been extensively documented (5, 6).

Signaling through the type I IFN pathway leads to an increased 
expression of several IFN-responding genes (IRGs). This global 
expression profile, referred to as the “IFN signature,” has been 
found in peripheral blood in a subset of RA patients [from 25 
to 65% (7–10)]. Moreover, increased serum levels of IFNα have 
been demonstrated in RA (11). Elevated IFNα serum levels in the 
synovial fluid and IFN signature in the synovial membrane have 
also been reported (8, 12).

Although the potential role of the type I IFN as biomarkers has 
been investigated with enormous interest, the findings reported 
until date are contradictory and the current evidence is limited. 
On the one hand, inconclusive results of the association between 
the IFN score and clinical features have been reported (9, 10, 13, 
14). On the other hand, longitudinal changes of the IFN score 
have been described, partly attributed to the use of different 
immunomodulatory drugs (15–17). In addition, the majority 
of the studies were focused on patients with established disease, 
whereas a major knowledge gap exists for the role of the IFN sig-
nature in (very) early RA. Finally, a physiological diversification 
of the type I IFN response in different autoimmune diseases has 
been described, hence suggesting that different pathogenic roles 
for the type I IFNs may be expected in different clinical contexts 
(18). However, whether this can be applied to a single disease 
remains unknown.

Therefore, it is tempting to speculate that not only the degree 
of activation but also the composition of the IFN response could 
be relevant for its role as a biomarker. Taken all these ideas into 
account, we hypothesized that certain heterogeneity within 
the type I IFN signature in RA may impair its applicability as a 
biomarker, hence explaining the controversy reported in previ-
ous works. Thus, in this study, we aimed to analyze the potential 
associations between the IFN score and clinical features in RA 
patients depending on their clinical stage [from very early RA 

(VERA) to established disease], with a focus on the relationships 
among IRGs.

MaTerials anD MeThODs

ethical approval
The study was approved by the Institutional Review Board (Comité 
de Ética de Investigación Clínica del Principado de Asturias) in 
compliance with the Declaration of Helsinki. All study subjects 
gave written informed consent.

Patients and controls
Our study involved 98 RA patients [2010 ACR/European league 
against rheumatism (EULAR) classification criteria] recruited 
from the Department of Rheumatology at Hospital Universitario 
Central de Asturias. A complete clinical examination, including 
disease activity score 28-joints (DAS28) and health assessment 
questionnaire (HAQ) calculations, was performed on all patients 
during the clinical appointment. Patients recruited at onset and 
not being previously exposed to any treatment were considered as 
VERA. These patients were prospectively followed up for 1 year, 
and clinical outcomes were registered at 6 and 12 months. DAS28 
score accumulated over 1 year was calculated (19). Clinical man-
agement was performed according to EULAR recommendations 
(20). In addition, a group of 13 biologicals-naive RA patients [12 
women; median age, 43 (range, 30–65), DAS28 5.08 (1.93), 38.5% 
RF+, 46.1% ACPA+], candidates for tumor necrosis factor alpha 
(TNFα)-blockers was prospectively followed up for 3  months. 
A blood sample was obtained before and 3  months after the 
initiation of the TNFα blockade therapy. The clinical response 
was evaluated by EULAR criteria (21). Patients exhibiting a good 
response were compared to those with moderate or no response.

Simultaneously, 28 gender- and age-matched healthy controls 
(HCs) were recruited from the same population. A blood sample 
was collected from all individuals by venipuncture.

rna isolation and rT-Pcr
Blood samples were immediately processed after extraction. 
Whole blood was stabilized with RNA Stabilization Reagent for 
Blood/Bone Marrow (Roche, Germany) according to the manu-
facturer’s instructions and stored at −20°C. Then samples were 
thawed at room temperature, and mRNA was isolated using the 
mRNA Isolation Kit for Blood/Bone Marrow (Roche), according 
to the protocol provided by the manufacturer. Reverse transcrip-
tion was carried out using Transcription First Strand cDNA 
Synthesis Kit (Roche).

real-time Pcr
Gene expression was evaluated with TaqMan pre-designed 
assays for the following genes: IFN-induced protein 44 (IFI44; 
ref. Hs00197427_m1), IFN-induced protein 44 like (IFI44L; 
ref. Hs00915292_m1), MX dynamin-like GTPase 1 (MX1; ref. 
Hs00895608_m1), and IFN alpha inducible protein 6 (IFI6; ref. 
Hs00242571_m1). Reactions were performed in TaqMan® Gene 
Expression Master Mix. Real-time quantitative PCR was per-
formed in an ABI Prism HT7900 (Applied Biosystems, Germany) 

Abbreviations: ACPA, anticitrullinated peptide antibodies; bDMARDs, biological 
DMARDs; CRP, C-reactive protein; csDMARDs, conventional synthetic DMARDs; 
DAS28, disease activity score 28-joints; DMARDs, disease-modifying antirheu-
matic drugs; EULAR, European league against rheumatism; ESR, erythrocyte sedi-
mentation rate; HAQ, health assessment questionnaire; HC, healthy control; IFI6, 
interferon alpha inducible protein 6; IFI44, interferon-induced protein 44; IFI44L, 
interferon-induced protein 44 like; IFN, interferon; IRG, interferon-responding 
gene; MHC, major histocompatibility factor; MX1, MX dynamin-like GTPase 1; 
NSAIDs, non-steroidal anti-inflammatory drugs; RA, rheumatoid arthritis; RF, 
rheumatoid factor; TNF, tumor necrosis factor alpha.
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TaBle 1 | Characteristics of the subjects recruited in this study.

hc (n = 28) ra (n = 98) P value

Demographical features
Age (years);  
median (range)

49.38 
(35.17–60.17)

52.93 (22.00–65.10) 0.174

Gender (f/m) 20/8 79/19 0.334

Disease features
Disease duration (years) 4.00 (7.08)
Age at diagnosis (years);  
median (range)

47.37 (19.00–65.00)

Disease activity (DAS28) 4.01 (2.10)
Tender joint count 3.00 (7.00)
Swollen joint count 2.00 (5.00)
Patient global  
assessment (0–100)

50.00 (35.00)

Erythrocyte sedimentation  
rate (mm/h)

18.00 (29.00)

C-reactive protein (mg/l) 2.30 (4.50)
Health assessment  
questionnaire (0–3)

1.00 (1.16)

RF (+), n (%) 58 (59.1)
ACPA (+), n (%) 61 (62.2)
Erosive disease, n (%) 41 (41.8)

Treatments, n (%)
None 18 (18.3)
Glucocorticoids 56 (57.1)
Methotrexate 65 (66.3)
Tumor necrosis factor  
alpha blockers

36 (36.7)

Variables were summarized as median (interquartile range) or n (%), as appropriate, 
unless otherwise stated. Differences in demographic parameters were assessed by 
Mann–Whitney U-tests or χ2 tests, according to the distribution of the variables.
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instrument, and Ct values were analyzed with the software SDS 
2.3. All samples were assayed by triplicate, and the average was 
used. Expression levels were evaluated by the 2−ΔCt method, using 
the GAPDH gene expression as the housekeeping to normalize Ct 
values. The expression levels were log transformed.

statistical analyses
Continuous variables were summarized as median (interquartile 
range) or mean ± SD, whereas n (%) was used for categorical ones. 
Differences between groups were analyzed by Mann–Whitney 
U-test, Kruskal–Wallis (with Dunn–Bonferroni correction for 
multiple comparisons), or χ2 tests, as appropriate. Wilcoxon test 
was used for paired samples. The size effect of the differences was 
evaluated by Hedges’g statistic (22). Correlations were assessed 
by Spearman ranks test. The associations of continuous variables 
adjusted for confounders were analyzed by multiple regression 
models, and B coefficients (B) with 95% confidence intervals 
(CIs) were calculated. The discriminative capacity was studied 
using receiving operator characteristics analyses, and the area 
under the curve (AUC) was computed. Z-scores were calculated 
for each IRG from the distribution found in the whole popula-
tion. Principal component analyses (correlation method) were 
performed with the individual IRGs, and biplots were generated 
to visualize the associations among IRG in the different groups 
of patients. Since strong correlations among IRGs were observed, 
an IFN score was calculated by averaging all IRGs per sample. 
P  <  0.050 was considered as statistically significant. Statistical 
analyses were performed using SPSS 22.0, R 3.3.1 and GraphPad 
Prism 5.0 for Windows.

resUlTs

irg genes and iFn score: Quantitative 
and Qualitative approaches
To gain insight into the type I IFN signature in RA, the expression 
of IRGs, either independently or as a whole in a composite IFN 
score, was quantified in 98 RA patients and 28 HC (Table  1). 
All IRGs were upregulated in RA (Figure 1A), although a less-
pronounced difference was observed in IFI44. A composite IFN 
score was computed as previously described, and a higher value 
was found in RA (Figure 1A).

Importantly, certain heterogeneity among RA patients was 
observed. Therefore, we aimed to analyze whether the IFN score 
may differ according to the clinical stage of RA. Then patients 
were classified into three groups: VERA (patients recruited at 
onset, not being exposed to any treatment), biological disease-
modifying antirheumatic drug (bDMARD)-naive [patients on 
conventional synthetic DMARDs (csDMARD) treatment alone 
or in combination—glucocorticoids and/or methotrexate—not 
being previously exposed to any bDMARD], and bDMARD 
(patients on bDMARD therapy—all under TNFi treatment—with 
previous no response to csDMARD) (Table S1 in Supplementary 
Material). Although the IFN score was increased in all groups, 
quantitative differences were observed between VERA patients 
and their established counterparts (Figure 1B), hence indicating 
that the level of IRGs expression differed according to the disease 

course. No differences were found with the use of bDMARDs. 
Leukocyte populations did not exhibit notable differences among 
the groups analyzed (Table S2 in Supplementary Material). Only 
a slight increase in neutrophil count was observed in VERA 
patients. To exclude a potential confounding effect of the leuko-
cyte composition, the IFN score was corrected by the neutrophil-
to-lymphocyte ratio, and the differences among groups remained 
unchanged. Similarly, the IFN score did not correlate with any 
of the leukocyte populations nor in the whole RA population 
neither in the different clinical stages. Overall, a major effect of 
leukocyte composition on the IFN score can be ruled out.

Apart from quantitative differences, we aimed to evaluate 
whether qualitative differences, that is, distinct associations 
among IRGs, can be also found. To this aim, a PCA approach 
was conducted, and biplots were produced to visualize the 
potential associations among IRGs. First, a global PCA including 
all RA patients and HC was performed. Although a significant 
overlap was detected, differences were noted among groups 
(Figure 2A). The biggest differences were observed between HC 
and RA patients. The ellipse from VERA patients lie between 
those of HC and established RA groups. Again, IFI44 showed 
an outlier position in the graph compared to the rest of IRGs. 
However, certain dispersion was noted. It is important to note 
that differences observed in the IRGs expression and the distinct 
sample sizes could also limit a proper appraisal of the qualitative 
differences among groups. Therefore, additional analyses to gain 
insight into these differences were warranted.
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FigUre 1 | Interferon (IFN)-responding gene (IRG) expression and IFN score in rheumatoid arthritis (RA) patients. (a) The expression of the individual IRGs 
[IFN-induced protein 44 (IFI44), IFN-induced protein 44 like (IFI44L), IFN alpha inducible protein 6 (IFI6), and MX dynamin-like GTPase 1 (MX1)] and the levels of the 
IFN score were compared between healthy control (HC) (gray boxes) and RA patients (white boxes). (B) The levels of the IFN score were compared between HC 
and RA patients according to the different clinical stages. Boxes represent 25th and 75th percentiles, whereas whiskers represent minimum and maximum values. 
Statistical analyses were performed by Kruskal–Wallis with Dunn–Bonferroni tests for multiple comparisons. P values correspond to those obtained in the multiple 
comparisons tests. For the analysis of individual IRGs, Hedges’g statistics (at the bottom of the graph) was included to account for the differential size effects 
observed across IRGs.
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Then independent biplots were generated for each group 
(Figure 2B). Based on the angles between the vectors of the IRGs, 
these analyses revealed that distinct pictures hallmarked the clini-
cal stages analyzed. First, remarkable differences were observed 
between HC and RA patients. Next, a distinct picture was found 
in the VERA group compared to both the bDMARD-naive and 
bDMARD groups, depending on the relative position of the 
IRGs. A shortening of the angles between IFI6 and MX1 as well 
as between IFI44 and IFI44L was seen in the established groups, 
especially in the bDMARD group. Furthermore, the associations 
among IRGs were plotted in correlation graphs (Figure 3A). This 
approach revealed that the associations among IRG were not 
homogeneous in the groups analyzed and, more importantly, 
IRGs exhibited a higher overall degree of correlation in patients 
with established RA, especially in the bDMARD group. Finally, 
network graphs were generated to visualize the interactions 
among independent genes (Figure 3B). Notably, the structure of 
the network differed among the groups analyzed, IRGs describing 
different grouping patterns. Networks seem to show a progressive 
change from HC, where a weaker network (that is, with subtle 
links among IRGs) is observed, toward a strengthening of these 
links along the clinical stages, with an enhanced overall degree of 
correlation being found in bDMARD patients, hence confirming 
our previous observations.

Overall, these results confirm quantitative and qualitative 
changes in the activation of the type I IFN pathway in RA. 
Differential profiles of correlations among IRGs can be observed 
according to disease status, hence pointing to certain heterogene-
ity within the IFN signature.

iFn signature as Predictor of clinical 
response in Vera
Next, we studied the clinical relevance of the IFN signature in 
the distinct groups. First, the potential role of the IFN signature 
as predictor of the clinical outcome in untreated, VERA patients 
was assessed. Therefore, patients were prospectively followed up 
for 1 year and disease activity and response to csDMARD treat-
ment (glucocorticoids and methotrexate in combination) were 
registered at 6 (T6) and 12 months (T12).

Although the IFN score at baseline (BL) was observed to be 
increased already in this very early stage (Figure 1B), when IRGs 
were analyzed, only differences in IFI44L and IFI6 were observed 
(Figure  4A). Regarding clinical features, a positive correla-
tion between IFN score and anticitrullinated peptide antibody 
(ACPA) titer was found (r = 0.532, P = 0.034).

Interestingly, our analyses did not retrieve an association 
between the IFN score and the DAS28 at sampling (r = −0.055, 
P = 0.835), but with DAS28 at T6 (r = 0.620, P = 0.008) and T12 
(r = 0.552, P = 0.041). Consequently, the IFN score at BL was 
positively associated with the accumulated DAS28 over 1  year 
(AUC DAS28: r  =  0.593, P  =  0.025). A multivariate analysis 
including IFN score, ACPA, rheumatoid factor (RF), and gender 
revealed that IFN score at BL may be the only independent 
predictor of accumulated DAS28 [B (95% CI): 12.883 (−0.381 
to 26.147), P = 0.051], although statistical significance was not 
reached. Then patients were grouped according to their clinical 
response at T6 [responders (R), n = 8] and T12 (R, n = 10). A 
higher IFN score at diagnosis was observed in patients who 
exhibited a poor clinical response at T6 (Figure 4B), compared to 
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FigUre 2 | Analysis of the associations among interferon (IFN)-responding genes (IRGs) by PCA. (a) Biplot from the PCA (correlation method) conducted on all the 
groups analyzed [healthy control (HC), purple; VERA, red; biological disease-modifying antirheumatic drug (bDMARD)-naive, green; and bDMARD, blue]. Arrows 
represent the original variables. The angles between the arrows represent their correlation. Ellipses are drawn for each group (probability set as 0.68, by default). 
KMO = 0.705, Bartlett sphericity test P = 4 × 10−8, determinant = 0.032. (B) PCA conducted individually for each group of individuals included in the study: HC 
[KMO = 0.695, Bartlett sphericity test P = 1.5 × 10−25, determinant = 0.012], VERA [KMO = 0.734, Bartlett sphericity P = 2 × 10−7, determinant = 0.051], 
bDMARD-naive [KMO = 0.700, Bartlett sphericity test P = 1 × 10−23, determinant = 0.053], and bDMARD [KMO = 0.642, Bartlett sphericity test P = 2 × 10−25, 
determinant = 0.020].
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either good responders or HC. Equivalent results were observed 
at 12  months [non-responder (NR) vs R: 0.17 (0.82) vs −0.44 
(0.77), P = 0.039; vs HC: −0.40 (72), P = 0.003]. This association 
with the clinical outcome was observed when IRGs were ana-
lyzed individually except for IFI44 (Figure S1 in Supplementary 

Material), both at T6 and T12. Interestingly, even in the case of 
MX1, despite not being increased compared to HC, increased 
levels were observed in NR. Next, the ability of the IFN score 
to discriminate between responders and non-responders was 
evaluated by COR curves. Accordingly, IFN score showed a good 
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FigUre 3 | Analysis of the correlations and structure of the interferon (IFN)-responding genes (IRGs) networks. (a) Analyses of the correlations among IRG in the 
different groups studied. Correlation matrices were plotted in 2 × 2 correlograms. Correlation coefficients were depicted in white. Color of the tiles is proportional to 
the strength of the correlation (color scale is represented at the bottom of each grap). (B) Network analyses of the IRGs in the groups studied. Each node 
corresponds to an IRG, and the lines illustrate the strength (width) and sign (green, positive; red, negative) of the correlations between each pair of variables. The 
interferon (IFN) network in healthy control (HC) is characterized by a group of three IRGs closely correlated [IFN-induced protein 44 like (IFI44L), MX dynamin-like 
GTPase 1, and IFN alpha inducible protein 6 (IFI6)], almost not related to IFI44L. Stronger correlations were observed in very early rheumatoid arthritis (VERA) and 
rheumatoid arthritis (RA) established groups compared to HC, and a more complex, intricate network was observed in biological disease-modifying antirheumatic 
drug (bDMARD) patients, with a closer location of all IRGs and a strong correlation between IFN-induced protein 44 (IFI44) and IFI44L. Similarly, a correlation 
between IFI6 and IFI44 is differentially expressed in established RA, compared to VERA or HC. Additional information on the network structure and its overall 
activation was summarized in the table at the bottom of the figure.
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discriminative capacity. Exclusion of the IFI44 expression [IFN 
score (3 genes)] from the composite score did not substantially 
change the results. Similarly, a lower but still good discriminative 
capacity was found when only IFI6 and IFI44L were retained in 
the IFN score (Figure 4C).

In sum, a high IFN score at diagnosis in untreated RA patients 
is linked to a poor clinical outcome, thus shedding some light into 
their potential clinical implications as a biomarker.

iFn signature in established ra
Next, an analysis of the potential associations between the IFN 
score and clinical features in patients with established RA was 
performed.

The IFN score was not correlated with DAS28, disease dura-
tion, or RF/ACPA positivity in the bDMARD-naive group. In 
addition, no associations with GC or MTX treatment were found. 
The clinical response of these patients to csDMARD therapy was 
monitored during 1  year, and five patients were switched to a 
bDMARD treatment due to clinical inefficacy of csDMARD 
treatment. The analysis of these patients revealed that IFN score 
at study entry did not differ compared to those who continued on 
csDMARDs [−0.13 (0.89) vs 0.27 (0.89), P = 0.140].

Then the associations between the IFN score and clinical 
features were analyzed in patients undergoing bDMARD treat-
ment (all anti-TNFα agents). Surprisingly, a negative correla-
tion between IFN score and DAS28 was observed (r = −0.358, 
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FigUre 4 | Interferon (IFN) signature as a biomarker of clinical outcome in very early rheumatoid arthritis (VERA) patients. (a) Analysis of the individual IFN-
responding genes expression in VERA patients (white boxes) compared to healthy control (HC) (gray boxes). (B) Differences in the IFN score among HC and 
rheumatoid arthritis patients classified as responders (R) or non-responders (NRs) according to European league against rheumatism criteria after 6 months. Boxes 
represent 25th and 75th percentiles, whereas whiskers represent minimum and maximum values. Statistical analyses were performed by Kruskal–Wallis with 
Dunn–Bonferroni tests for multiple comparisons. P values correspond to those obtained in the multiple comparisons tests. (c) Area under the curve (AUC) receiving 
operator characteristic analysis of the IFN score to predict response at 12 months. AUCs, 95% confidence intervals (CIs), and P values are shown in the table for the 
IFN score: four genes [IFN-induced protein 44 (IFI44), IFN-induced protein 44 like (IFI44L), IFN alpha inducible protein 6 (IFI6), and MX dynamin-like GTPase 1 (MX1)], 
three genes (IFI44L, IFI6, and MX1), and two genes (IFI44L and IFI6).
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P = 0.032), but no associations were found with disease duration 
or HAQ. When individual genes were analyzed, MX1 showed a 
stronger correlation with DAS28 (r = −0.459, P = 0.005) com-
pared to the other IRGs (IFI44: r = −0.104, P = 0.546; IFI44L: 
r = −0.384, P = 0.021 and IFI6: r = −0.394, P = 0.017). In addition, 
negative associations with RF titer (r = −0.565, P < 0.001) and 
trend with ACPA levels (r = −0.302, P = 0.087) were found for 
the IFN score. Importantly, no effect of GC or MTX co-treatment 
was observed.

As a conclusion, the IFN score was not associated with the 
clinical response to csDMARD in established RA. Surprisingly, 
opposed associations with clinical features were noted between 
bDMARD naive and bDMARD patients, a negative correlation 
with disease activity being found in the latter. Whether bDMARD-
induced qualitative changes on the IFN signature underlie these 
contrary results remains to be elucidated.

changes in the iFn score upon  
TnFα Blockade
Although a similar IFN score between bDMARD-naive 
and their bDMARD-treated counterparts was found, its 
clinical relevance was notably different between them. Then 
we hypothesized that qualitative changes within the IFN score 

composition occurring upon TNFα blockade may underlie 
these findings. To further explore this idea, the IFN score was 
prospectively analyzed in a group of 13 biological-naive RA 
patients at BL and after 3 months upon TNFα blockade [post-
treatment (PT)].

On the one hand, neither the IFN score nor individual IRGs 
changed upon TNFα blockade (Figure 5A). No changes in leu-
kocytes, neutrophils, lymphocytes, or monocytes were observed 
(all P > 0.050). No association between IFN score and DAS28 at 
sampling was found in none of the time points analyzed. However, 
IFN score at BL was an independent predictor of DAS28 after 
treatment [B (95% CI): 0.577 (0.052–1.102), P  =  0.035] after 
adjusting for gender, RF, and ACPA positivity. However, when 
patients were grouped according to their clinical outcome, no dif-
ferences in the IRGs expression levels were observed (Figure 4A) 
(Table S3 in Supplementary Material).

Next, we evaluated the associations among IRGs upon TNFα 
blockade. First, a PCA conducted with IRGs from RA patients 
before and after TNFα blockade (Figure 5B) revealed that inde-
pendent groups could not be identified, which is in line with the 
lack of absolute differences observed. Actually a notable overlap 
was found, similar to that of bDMARD-naive and bDMARD 
groups in Figure  2A. Nevertheless, BL and PT showed differ-
ent distributions, which may be attributed to distinct genes 
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FigUre 5 | Continued
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FigUre 5 | Analysis of the interferon (IFN) signature upon tumor necrosis factor alpha (TNFα) blockade. (a) Paired analyses of the expression of the individual 
IFN-responding genes (IRGs) and IFN score at baseline (BL) and posttreatment (PT) with anti-tumor necrosis factor alpha (TNFα) in 13 patients prospectively 
followed up. Patients were represented in red (responders) and blue (moderate/non-responders). Statistical analyses were performed by Wilcoxon test. (B) Biplot 
from the PCA (correlation method) conducted on the—BL, red; PT, blue—samples from rheumatoid arthritis patients. Ellipses are drawn for each group (probability 
set as 0.68, by default). (c) PCA independently conducted for BL and PT samples to evaluate changes in the IRG occurring upon TNFα blockade. (D) Correlation 
matrices and network analyses of the IRGs in the BL and PT samples. Stronger associations among IFN-induced protein 44 like (IFI44L), IFN alpha inducible protein 
6 (IFI6), and MX dynamin-like GTPase 1 (MX1) were found in the BL samples, with a farther location for IFN-induced protein 44 (IFI44). However, a more uniform 
pattern among IRGs was found after TNFα blockade (PT), pointing toward two IRG clusters (IFI44 + IFI44L and IFI6 + MX1). These results confirmed those obtained 
in the PCA and are in line with the findings from the cross-sectional analysis (Figure 2).
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hallmarking each group. In fact, when the associations among 
individual IRGs were compared between BL and PT samples, 
different IRGs profiles were detected (Figure 5C). The correlation 
graphs and the network analyses (Figure 5D) supported changes 
in the correlation profiles among the IRGs and confirmed differ-
ent structural organization of the IFN signature before and after 
TNFα blockade. Interestingly, these observations also paralleled 
those obtained in our cross-sectional analysis (Figure 3).

Taken together, these results confirm that TNFα blockade lead 
to profound qualitative changes within the coordinate expression 
of IRGs rather than absolute changes in the gene expression levels. 
These qualitative changes may underlie the different associations 
observed with clinical features.

DiscUssiOn

Although a compelling body of evidence highlights a potential 
role for type I IFNs in RA, its clinical relevance remains poorly 
understood. This study sheds new light on the type I IFN activa-
tion in RA. Our findings revealed that the IFN signature is present 
already in the very early stage of the disease, and quantitative and 
qualitative changes occur along the disease course. Although 
the type I IFN score at onset can be proposed as a biomarker of 
clinical outcome, a different picture is observed in patients with 
established disease, especially in patients undergoing bDMARD 
treatment. Distinct associations among IRGs paralleled these 
observations. Overall, our results add some complexity to this 
field and suggest that the IFN signature(s) are less uniform and 
simple than currently considered.

An important finding from our study is the characterization 
of the type I IFN signature during the earliest phase of RA. 
Although several studies have focused on the type I IFN signature 
in patients with established disease (9, 10, 13, 14), this is the first 
study where IRGs are quantitatively and qualitatively analyzed in 
a group of untreated, VERA patients, and its clinical relevance is 
prospectively assessed. A potential role for type I IFNs during the 
early stage of the disease can be expected. These findings are in 
line with previous evidence linking arthritis development to the 
use of IFNα as a therapeutic agent (5, 6). In addition, it has been 
reported that activation of the type I IFN program in arthralgia 
patients is associated with the progression of arthritis (23, 24). 
In this sense, our results not only found an activation of the type 
I IFN signature but also go further by pointing to a clinical rel-
evance for the IFN score at disease onset as a biomarker of clinical 
response. Equivalent results were recently reported by Cooles 
et al. in relation to the clinical response to initial therapy with 
csDMARDs (25). However, patients undergoing glucocorticoid 

treatment were excluded from the analysis to avoid a potential 
confounding effect. Then, our findings expand the previous evi-
dence, since glucocorticoid treatment did not interfere with the 
prognostic capacity of the IFN score in VERA patients. Further 
studies are warranted to elucidate the clinical significance of the 
IFN signature in the long term.

Another remarkable finding from our study is the complex-
ity observed within the IFN signature along the disease course. 
The associations among individual IRGs were not homogeneous 
in RA, but differed according to the disease course. Then, it 
seems that the type I IFN signature is not the mere result of a 
global overactivation, but specific expression programs may be 
detected. The identification of the main genes hallmarking the 
IFN signature and, more importantly, the distinct associations 
found among them will be a key to understand the relevance 
of the IFN signature. Although most of the previous studies 
have focused on the first point, less attention has been paid to 
the latter. Interestingly, it has been reported that the overall 
state of correlation and co-regulation phenomena are crucial 
to the type I IFN signature (26). Similarly, Somers et al. found 
prominent differences among IRGs in lupus when analyzed on 
the basis of a PCA, with three clusters being defined by five IRGs 
(27). However, whether a similar picture could be found in RA 
remained unknown. Our approach led us to propose that the IFN 
signature exhibited quantitative and qualitative changes among 
the different clinical stages in RA. Different profiles within the 
IFN signature were observed, suggesting that distinct IRGs (or 
IRGs clusters) were responsible for the IFN signature in each 
clinical stage. This picture may be related to the existence of co-
regulation and co-expression mechanisms within gene expression 
profiles. In this sense, a proper analysis of the associations among 
genes can help to delineate functional biological programs with 
clinical relevance (26, 28), such as the response to a therapy or 
the disease aggravation, hence supporting the need of capturing 
such heterogeneity.

Therefore, it seems plausible that heterogeneity of the IFN 
signature may impair its clinical applicability. This notion 
was proposed in a recent article, where the IFN signature was 
observed to be affected by some csDMARDs, with the exception 
of MTX (14). This is in line, at least in part, with the results herein 
reported. However, our results add to the current knowledge by 
studying the associations among IRGs. Overall, these findings 
may explain why the type I IFN signature was associated with 
clinical features in very early, untreated RA patients, but not in 
those on csDMARD treatment. Similar conclusions have been 
recently published by other authors (25). Overall, it is feasible 
that the distinct profiles of the IFN response observed may be a 
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source of controversy in relation to previous studies. Although 
some confounders, which can alter the IFN response have been 
reported (14, 25, 29, 30), they were restricted to the degree of 
activation. However, this is the first time that a qualitative insight 
is addressed.

An equivalent scenario is depicted in the comparison between 
biological-naive patients and their biological-treated counter-
parts. Despite not differing in their absolute IFN score, divergent 
associations with clinical parameters were registered in the cross-
sectional analysis. Similar results were observed in the prospective 
subgroup. Interestingly, a poor outcome upon TNFα blockade 
had been linked to the activation of the IFN pathway in RA (15), 
although no differences were observed upon treatment, which is 
in line with our findings. In that article, a large interindividual 
variation was observed (15), being attributed to the result of differ-
ent regulatory mechanisms. However, this heterogeneity was not 
approached. On the other hand, distinct profiles among IRG were 
found before and after the exposure to this therapy. Importantly, 
the IFN score was negatively associated with different clinical 
features in bDMARD-treated patients, thus suggesting a potential 
regulatory or suppressive impact of the IFN score in these patients. 
Among the individual genes analyzed, stronger associations were 
observed for MX1, hence pointing to this gene as a potential 
driver of this effect. Interestingly, MX1 is known to be a gene 
target gene of IFNβ (31, 32). Consequently, it may be conceivable 
that bDMARD treatment could be related to an IFNβ-related, 
rather than a IFNα-related signature. Actually, both IFNs have 
been described to contribute to the IFN signature in RA (33, 34) 
and the IFNβ/α ratio has been reported to be a predictor of good 
therapeutic response in anti-TNF-treated patients (33). Recently, 
de Jong et al. have revealed a notable diversification of the IFN 
signature among patients with immune-mediated diseases with 
regards to the ratio between IFNα- and IFNβ-specific response 
programs (18). Interestingly, RA patients exhibited an interme-
diate position between SLE patients (mostly IFNα specific) and 
IFNβ-treated multiple sclerosis patients (mostly IFNβ specific). 
Importantly, MX1 was identified as one of the IFNβ-related genes. 
However, the clinical relevance of this IFNα/β ratio was not ana-
lyzed. Overall, all these findings reinforce the idea that not only 
the degree of activation of the type I IFN but also its composition 
are key to unveil its potential role as biomarker in RA.

In conclusion, our results revealed that the IFN signature was 
not quantitatively and qualitatively homogeneous in RA, but cer-
tain heterogeneity can be recognized. Both the disease course and 
therapies are associated with changes in the levels of expression 
and the structure of the IRGs response in RA, hence limiting its 

clinical relevance. To the best of our knowledge, this is the first 
study where the peripheral blood type I IFN signature, together 
with its clinical relevance, was quantitatively and qualitatively 
analyzed in VERA. Although this work represents a proof-of-
concept study of the type I IFN signature in RA and its clinical 
relevance, it paves the ground for future, larger studies involving 
a higher number of IRG and long-term clinical outcomes. This 
will allow the identification of the best panel of IRGs and the 
best approach to be implemented in the context of personalized 
medicine.
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Tlr3 ligand Poly(i:c) exerts Distinct 
actions in synovial Fibroblasts When 
Delivered by extracellular Vesicles
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Renate E. Gay1, Astrid Jüngel1 and Steffen Gay1
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Extracellular vesicles (EV) can modulate the responses of cells to toll-like receptor (TLR) 
ligation; conversely, TLR ligands such as double-stranded RNA (dsRNA) can enhance 
the release of EV and influence of the composition and functions of EV cargos. Inflamed 
synovial joints in rheumatoid arthritis (RA) are rich in EV and extracellular RNA; besides, 
RNA released from necrotic synovial fluid cells can activate the TLR3 signaling in synovial 
fibroblasts (SFs) from patients with RA. Since EV occur prominently in synovial joints in 
RA and may contribute to the pathogenesis, we questioned whether EV can interact 
with dsRNA, a TLR3 ligand, and modify its actions in arthritis. We have used as model 
the effects on RA SFs, of EV released from monocyte U937 cells and peripheral blood 
mononuclear cells upon stimulation with Poly(I:C), a synthetic analog of dsRNA. We show 
that EV released from unstimulated cells and Poly(I:C)-stimulated U937 cells [Poly(I:C) 
EV] differ in size but bind similar amounts of Annexin V and express comparable levels of 
MAC-1, the receptor for dsRNA, on the vesicular membranes. Specifically, Poly(I:C) EV 
contain or associate with Poly(I:C) and at least partially protect Poly(I:C) from RNAse III 
degradation. Poly(I:C) EV shuttle Poly(I:C) to SFs and reproduce the proinflammatory and 
antiviral gene responses of SFs to direct stimulation with Poly(I:C). Poly(I:C) EV, however, 
halt the death receptor-induced apoptosis in SFs, thereby inverting the proapoptotic 
nature of Poly(I:C). These prosurvival effects sharply contrast with the high toxicity of 
cationic liposome-delivered Poly(I:C) and may reflect the route of Poly(I:C) delivery via EV 
or the fine-tuning of Poly(I:C) actions by molecular cargo in EV. The demonstration that 
EV may safeguard extracellular dsRNA and allow dsRNA to exert antiapoptotic effects on 
SFs highlights the potential of EV to amplify the pathogenicity of dsRNA in arthritis beyond 
inflammation (by concurrently enhancing the expansion of the invasive synovial stroma).

Keywords: double-stranded rna, extracellular vesicles, Poly(i:c), synovial fibroblasts, inflammation, apoptosis, 
innate immunity

inTrODUcTiOn

Extracellular vesicles (EV) are a heterogeneous group of vesicles that are secreted from cells to enter 
the extracellular space where they can exhibit a variety of immunological properties. EV vary in size, 
mechanisms of biogenesis, and molecular composition of vesicular membranes and intravesicular 
cargos, including a variety of lipids, proteins, and nucleic acids (1). The structure of EV can stabilize 
of vesicular cargos and thereby allows EV to act in intercellular communication and the transfer of 
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informational molecules in vivo over varying distances (2). EV 
control fundamental cellular functions such as cellular migration, 
invasion, and immune responses (2, 3) and have a prominent 
role in human diseases, functioning as drivers of disease, disease 
biomarkers, or potential therapeutics (2, 3).

EV are increasingly recognized for their potentially important 
roles in the pathogenesis of autoimmune diseases, including 
rheumatoid arthritis [RA] (3, 4). Synovial fluid from patients 
with RA contains increased amounts of EV derived from plate-
lets, monocytes, lymphocytes and neutrophils (5–8). These EV 
can promote the matrix-degrading and/or proinflammatory 
properties in synovial fibroblasts (SFs) and/or neutrophils (5, 6, 
9, 10), thereby aggravating the arthritis; EV, however, can have 
also chondroprotective (7) and proresolving (11) functions, 
which could be exploited therapeutically (4). EV contain or can 
associate with proinflammatory cytokines (5), damage-associated 
molecular patterns (DAMPs) (11), or citrullinated autoantigens 
(6, 12) and can modulate their proinflammatory actions (6, 13) in 
inflammatory arthritis.

Signaling via toll-like receptors (TLRs) is central to the innate 
immune responses and the pathogenesis of autoimmune diseases, 
including RA (14). TLR ligands such as polyinosinic-polycytidylic 
acid [Poly(I:C)] can enhance the release of EV from a diversity of 
cell types that populate the synovium in RA (9) and can specify 
the composition and function of EV cargos (15). Conversely, EV 
can influence the responses of cells to TLR ligation (16). Poly(I:C) 
is a synthetic analog of double-stranded RNA (dsRNA) that 
activates the signaling via TLR3 and cytoplasmic dsRNA sensors 
such as melanocyte differentiation-associated 5 (MDA5, also 
known as IFIH1) (17, 18). Poly(l:C) is used to model the actions 
of extracellular dsRNA. Extracellular dsRNA is released in vivo 
from injured tissues and dying cells and can aggravate tissue dam-
age via TLR3-dependent mechanisms (19). Synovial tissues from 
patients with RA contain increased amounts of extracellular RNA 
(20) and are rich in the expression of TLR3 (21). RNA released 
from necrotic synovial fluid cells activates the proinflammatory 
signaling via TLR3 in SFs, the key effector cells in joint inflam-
mation and destruction in RA (22). Besides, stimulation of SFs 
with Poly(I:C) recapitulates the cytokine composition of synovial 
fluid in RA (23).

Since EV and extracellular RNA share the common extra-
cellular space in inflamed synovial joints of patients with RA, 
they may interact to influence the functions of each other, 
thereby contributing distinctly to the activation of SFs and the 
pathogenesis of inflammatory arthritis. Here, we show that EV 
released from monocyte U937 cells stimulated with Poly(I:C) 
incorporate Poly(I:C) into their structure, at least partially 
protect Poly(I:C) from RNAse degradation and shuttle Poly(I:C) 
to SFs from patients with RA. While Poly(I:C)-containing EV 
could recapitulate the antiviral and proinflammatory effects of 
Poly(I:C) in RA SFs, these EV inverted the proapoptotic actions 
of Poly(I:C), thereby protecting SFs from death receptor-induced 
apoptosis. In sum, these findings suggest that the EV-rich milieu 
of inflamed synovial joints in RA fosters the pathogenicity of 
dsRNA by guarding the integrity of dsRNA and diversifying its 
actions beyond the effects of free dsRNA.

MaTerials anD MeThODs

cell culture
Human U937 cells (Leibniz Institute DSMZ-German Collection 
of Microorganisms and Cell Cultures) were maintained in RPMI 
1640 cell culture medium (Gibco by Life Technologies) supple-
mented with 10% fetal calf serum (FCS). U937 cells of passages 
8–40 were used in the experiments. Human SFs were derived from 
synovial tissues of RA patients obtained during joint replacement 
surgery at the Schulthess Clinic, Zurich, Switzerland. All patients 
fulfilled the American College of Rheumatology 1987 criteria 
for RA (24). SFs were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco by Life Technologies) supplemented 
with 10% FCS and SFs of passages 4–8 were used in the experi-
ments. For preparation of the cell culture media, FCS was heat 
inactivated at 56°C and was sterile filtered (0.22 µm). Cell cultures 
were negative for mycoplasma contamination as assessed by 
MycoAlert mycoplasma detection kit (Lonza).

Peripheral blood mononuclear cells (PBMCs) were isolated 
from peripheral blood of healthy donors (n  =  3) by density 
gradient centrifugation using Ficoll-Paque™ according to manu-
facturer’s recommendations (Milteny Biotec). PBMCs were 
maintained in RPMI 1640 supplemented with 10% FCS in the 
presence or absence of Poly(I:C) for 16  h. For flow cytometry 
measurements of MAC-1 expression PBMCs were isolated from 
healthy donors using also the Ficoll-Percoll method as described 
in previous studies (25, 26).

Treatment of U937 cells and PBMcs and 
Preparation of eV
U937 cells and PBMCs were stimulated with 20  µg/ml high-
molecular-weight Poly(I:C) [Poly(I:C) HMW, InvivoGen] for 
16 h or were left untreated. EV were isolated from the conditioned 
media of 15 million U937 cells using differential centrifuga-
tion protocol. Cells were pelleted at 360  g, 6  min, RT, and the 
supernatants were centrifuged at 1,400 g, 10 min, RT to remove 
cell debris. Cell- and cell debris-free supernatants (~8 ml) were 
then centrifuged at 20,000 g, 4°C, 20 min to obtain EV pellets. 
EV pellets were washed in two subsequent centrifugation steps 
(20,000 g, 4°C, 20 min) with Dulbecco’s phosphate-buffered saline 
(DPBS, Gibco by Life Technologies) and finally resuspended in 
DMEM supplemented with 0.5% FCS. The supernatant from the 
last washing step of EV pellets (control Sup) served as a negative 
control for a potential carryover of residual soluble Poly(I:C) 
or soluble U937 cell-derived mediators via EV suspensions. 
Additionally, sterile filtered (220 nm filter) RPMI 1640 medium 
containing 10% FCS was incubated with 20  µg/mL Poly(I:C) 
for 16  h under the same conditions as cells. This medium was 
differentially centrifuged as described above to pellet potential 
residual FCS-derived EV (remaining after sterile filtering the cell 
culture media through 0.22 µm filters, a standard step during cell 
culture media preparation in our laboratory). FCS EV control 
samples were used in stimulation experiments to determine 
whether potential residual FCS-derived EV are responsible for 
the observed effects of Poly(I:C) EV. In a subset of experiments 
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15 million U937 cells were incubated with 100 ng/ml LPS from 
Escherichia coli J5 (List Biological Laboratories, # 301) or 10 ng/
ml of recombinant human TNF alpha (R&D Systems, # 210-TA) 
and LPS EV or TNF EV, respectively, were isolated according to 
the protocol described above. The control Sup obtained from the 
last washing step of LPS EV pellets increased the expression of 
IL-6 mRNA in SFs, pointing toward the potential LPS contamina-
tion in control Sup and LPS EV. Thus, we used only TNF EV in 
further analyses.

characterization of eV
Size distribution and number of EV were determined by nano-
particle tracking analysis (NTA) using NanoSight LM10 
Instrument (NanoSight Ltd., number of tracks 322–772, tempera-
ture 28.8–28.9°C, viscosity 0.82 cP, 30 frames/s, time 60 s). NTA 
enables automatic tracking and sizing of particles based on their 
Brownian motion and diffusion coefficient, thereby measuring an 
absolute concentration of particles and the frequency distribution 
of particle sizes. For NTA, EV pellets derived from 15 × 106 U937 
cells (n =  2 per condition) were resuspended in sterile filtered 
DPBS and diluted 1:10. Undiluted FCS EV samples showed 
minimal contamination with particles, accounting for ~1% of all 
particles in media conditioned with cells.

In addition to NTA, EV were analyzed on FACSCanto II 
or FACSCalibur flow cytometers (BD Biosciences) using BD 
FACSDIVA or FlowJo V10, respectively. The settings for EV analysis 
were established with the Megamix fluorescent beads (Biocytex) 
according to the manufacturer’s protocol. EV were labeled with PE 
Mouse Anti-Human CD11b/Mac-1 (BD Pharmingen, #555388, 
2.5  µg/ml), PE Mouse IgG1 κ Isotype control (BD Pharmingen, 
#555749, 2.5  µg/ml) or FITC-Annexin V (5  µl per sample, BD 
Pharmingen, 556419) for 15  min at RT in the dark, thoroughly 
washed and analyzed by flow cytometry.

The total amount of protein in EV pellets derived from 15 
million U937 cells (lysed in 50 µl RIPA buffer) was determined 
spectrophotometrically using the Pierce™ BCA Protein Assay 
Kit (Thermo Fisher Scientific) according to the manufacturer’s 
instructions.

Treatment of sFs
During coculture experiments with EV, SFs were maintained in 
DMEM supplemented with 0.5% FCS. 100,000 SFs were stimulated 
with EV derived from 3 × 106 untreated or Poly(I:C)-stimulated 
U937 cells for 24 h. A set of negative control experiments included 
treatment of SFs with control Sup and FCS EV controls. SFs were 
directly stimulated with HMW Poly(I:C) (20 pg/ml to 20 μg/ml, 
InvivoGen, # tlrl-pic-5) or were transfected with HMW Poly(I:C) 
(0.02–1  µg/ml, InvivoGen, # tlrl-pic-5) using Lipofectamine 
2000 (Invitrogen) according to manufacturer’s instructions. 
Apoptosis was induced in SFs with 200  ng/ml of recombinant 
human TNF-related apoptosis-inducing ligand (TRAIL) (R&D 
Systems, #375-TEC) or with 100 ng/ml human recombinant Fas 
ligand (FasL) (R&D Systems, #126-FL) in the absence or pres-
ence of Poly(:C) EV, Con EV, TNF EV or Sup controls. SFs were 
treated with TRAIL and directly stimulated with HMW Poly(I:C)  
(20pg/ml-20μg/ml, InvivoGen, # tlrl-pic-5) or transfected with 
HMW Poly(I:C) (0.02–1  µg/ml, InvivoGen, # tlrl-pic-5). To 

inhibit the NF-kB signaling, sc-514 (50 µM, EMD Millipore) was 
diluted in DMSO (Sigma) and added to the cell culture medium 
1 h before treatment of SFs with EV in the presence or absence 
of TRAIL. DMSO, containing no sc-514 was used as a control. 
The efficacy of sc-514 (50 µM, EMD Millipore) in inhibiting the 
NF-kB signaling was tested in SFs, stimulated with 10 ng/ml TNF 
alpha (R&D Systems, # 210-TA) for 24 h.

reportergene assay
To measure NF-κB activity, SFs were transfected with 1.2  µg 
of pRL_GAPDH plus 1.8  µg of pGL4.32[luc2P/NF-κB-RE/
Hygro] vector (Promega) or pGL4.27[luc2P/minP/Hygro] vec-
tor (Promega), using Nucleofector technology (Amaxa/Lonza). 
At 24  h after transfection, SFs were stimulated with EV in the 
presence or absence of 200 ng/mL TRAIL for 6 h, detached with 
trypsin and lysed in 1× Passive Lysis Buffer (Promega). Firefly 
luciferase activity was measured with a Dual Luciferase Reporter 
Assay System (Promega) and normalized to the activity of Renilla 
luciferase.

Quantitative real-time Polymerase chain 
reaction
Total RNA was isolated from SFs and U937 cells using miRNe-
asy Mini Kit (Qiagen) including on-column DNase I (Qiagen) 
digestion. 300  ng of total RNA was reverse transcribed using 
Random Hexamers and MultiScribe Reverse Transcriptase 
(Applied Biosystems/Thermo Fisher Scientific). The expres-
sion of proinflammatory genes (IL-6, IL-8) and antiviral genes 
[MDA5, retinoic acid-inducible gene 1 (RIG-I), TLR3, interferon 
beta (IFNB)] was measured by SYBR Green or TaqMan qPCR 
(7500 or 7900HT real-time PCR systems, Life Technologies) 
with normalization to 18S rRNA, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) or hypoxantine-guanine phosphoribo-
syltransferase (HPRT1) as indicated in respective figure legends. 
No template control samples, dissociation curves and samples 
containing the untranscribed RNA were measured in parallel. 
The primer sequences are given in Table S1 in Supplementary 
Material; except primers for 18S rRNA and IFNB (Applied 
Biosystems). The expression of target mRNAs was determined 
using the comparative threshold cycle method as described in 
Ref. (27).

enzyme-linked immunosorbent assay
The secretion of IL-6 and IL-8 into supernatants of SFs was meas-
ured with the human IL-6 and IL-8 ELISA sets (BD Biosciences), 
according to the manufacturer’s instructions.

The association of Poly(i:c) with U937 
cells and U937 cell-Derived eV
To study the surface binding and internalization of Poly(I:C) into 
U937 cells and their cognate EV, 750,000 U937 cells were stimu-
lated with 5  µg/ml Poly(I:C) HMW Fluorescein (InvivoGen, # 
tlrl-picf) or 5  µg/ml Poly(I:C) HMW Rhodamine (InvivoGen, 
# tlrl-picr) for 16 h. U937 cells and EV pellets were thoroughly 
washed and the presence of fluorescently labeled Poly(I:C) was 
measured by FACSCalibur flow cytometer (BD Biosciences). To 
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assess whether Poly(I:C) can directly interact with EV, conditioned 
medium from unstimulated U937 cells was centrifuged to remove 
cells and cellular debris. Cell-free medium, containing Con EV 
was then incubated with 5  µg/ml Poly(I:C) HMW Rhodamine 
(InvivoGen, # tlrl-picr) for 120 min, 37°C, 5% CO2 followed by 
the isolation of EV and detection of Rhodamine Poly(I:C) by 
FACSCalibur flow cytometer (BD Biosciences).

To determine whether “vesicular” Poly(I:C) can be degraded 
by RNase, U937 cell-derived Fluorescein Poly(I:C) EV and Con 
EV, preincubated with Rhodamine Poly(I:C), were digested with 
RNase III (E. coli, Applied Biosystems/Ambion) for 2 h at 37°C 
according to the manufacturer’s protocol. Additionally, Poly(I:C), 
Rhodamine Poly(I:C) and Fluorescein Poly(I:C) were digested in 
tube with RNase III (E. coli, Applied Biosystems/Ambion) for 2 h 
at 37°C according to the manufacturer’s protocol. The efficiency 
of digestion of “vesicular” and “soluble” Poly(I:C) was assessed 
by flow cytometry (FACSCalibur, BD Biosciences) and agarose 
gel electrophoresis (using 1kB GeneRuler DNA ladder, Thermo 
Fisher Scientific). For flow cytometry analysis, 10 µg/ml of HMW 
Fluorescein Poly(I:C) was digested by 0.2 U/μl RNAse III.

Transfer of Poly(i:c) to sFs via eV
To study the transfer of Poly(I:C) to SFs via EV, SFs were treated 
for 24 h with EV released from U937 cells upon stimulation with  
5  µg/ml Poly(I:C) HMW Rhodamine or Poly(I:C) HMW 
Fluorescein. SFs were treated also with the Sup from the last 
washing of EV pellets or were stimulated with 5 µg/ml Rhodamine 
Poly(I:C) or 10 µg/ml Fluorescein Poly(I:C) for 24 h.

The presence of fluorescently-labeled Poly(I:C) in SFs was 
determined by flow cytometry and confocal microscopy. For 
flow cytometry, SFs were detached using the accutase, thoroughly 
washed with DPBS and immediately analyzed by FACSCalibur 
flow cytometer (BD Biosciences).

For confocal microscopy SFs, cultured in chamber slides 
(Lab-Tek; Nunc), were thoroughly washed with DPBS and 
fixed with 4% paraformaldehyde for 20 min RT. The slides were 
blocked with 1% bovine serum albumin/5% human serum for 
40 min and incubated with FITC Mouse Anti-Human CD90 (BD 
Pharmingen, # 555595, 10  µg/ml, CD90 is a fibroblast surface 
marker) or FITC Mouse IgG1 κ isotype control antibodies (BD 
Pharmingen, # 555748, 10 µg/ml) for 1 h at RT. The nuclei were 
stained with DAPI (Sigma-Aldrich). Slides were covered with 
fluorescence mounting medium (Dako Cytomation). The images 
were taken by confocal laser scanning microscope Leica SP5 (Leica 
Microsystems) using the LAS AF software (Leica Microsystems).

Flow cytometry analysis of U937 and 
PBMcs
U937 cells and PBMCs were analyzed on FACSCalibur flow 
cytometer (BD Biosciences). Fc receptors were preblocked with 
10% FCS-containing DPBS for 30 min, 4°C. Cells were labeled 
with PE Mouse Anti-Human CD11b/Mac-1 (BD Pharmingen, 
#555388, 10  µg/ml), PE Mouse Anti-Human CD14 (BD 
Pharmingen, # 555398, 10 µg/ml) or PE Mouse IgG1 κ Isotype 
control (BD Pharmingen, #555749, 10 µg/ml) for 45 min, 4°C in 
the dark, thoroughly washed and analyzed.

Western Blot
Cells were lysed in ice cold RIPA buffer and the insoluble material 
was removed by centrifugation at 12,000 g, 10 min. Whole cell 
lysates were separated on 10% SDS-polyacrylamide gels and elec-
troblotted onto nitrocellulose membranes (Amersham Protran, 
GE Healthcare). Membranes were blocked in 5% (weight/vol-
ume) nonfat milk in TBS-T (20 mM Tris base, 137 mM sodium 
chloride, 0.1% Tween 20, pH 7.6) for 1  h. Western blots were 
performed using rabbit anti Caspase 3 antibodies (Cell Signaling, 
#9662, 1:1,000), which detect both cleaved and uncleaved forms 
of caspase 3, and mouse anti α-tubulin antibodies (Abcam, 
#ab7291, 1:10,000). Secondary antibodies conjugated with 
horseradish peroxidase were from Jackson ImmunoResearch 
(#111-036-047 and #115-036-062, 1:10,000). Protein bands were 
visualized using the enhanced chemiluminescence Western blot 
detection reagent (GE Healthcare) and the Fusion Fx Imager/
Fusion software (Vilber Lourmat). Densitometry analysis of 
protein bands was carried out using the Bio-ID software (Vilber 
Lourmat). For quantification of Western blots, the levels of 
cleaved caspase 3 were normalized to the levels of uncleaved  
caspase 3.

annexin V apoptosis assay
U937 and SFs were washed with DPBS and 1 × 106 cells/ml were 
resuspended in Annexin V binding buffer (BD Biosciences). 
Cells were labeled with FITC Annexin V (5 µl, BD Pharmingen, 
#556419) and propidium iodide (PI, Sigma-Aldrich) in the dark 
for 15 min, RT and analyzed by flow cytometry (FACSCalibur; 
BD Biosciences). Cells stained with Annexin V alone, PI 
alone and unstained cells were used to set up flow cytometry  
settings.

statistical analysis
Data were analyzed with GraphPad Prism version 7.0. The 
distribution of data was tested with Kolmogorov–Smirnov and 
D’Agostino and Pearson omnibus normality tests for small and 
large samples, respectively. Multiple group comparisons were 
performed by one-way ANOVA with Tukey’s, Dunnett’s, or 
Sidak’s multiple comparisons tests (normal distribution) with  
or without Geisser–Greenberg correction for unequal spheric-
ity or Friedmann test with Dunn’s multiple comparisons test 
(distribution not normal). Paired samples were compared with 
two-tailed paired t-test (normally distributed data) or Wilcoxon 
signed rank test (distribution not normal). P-value <0.05 was 
considered statistically significant. Heatmaps of experimental 
data (details provided in respective figure legends) were produced 
with Shiny by R Studio, developed by Functional Genomics Center 
Zurich, University of Zurich and ETH Zurich, Switzerland, using 
row scaling transformation of data.

resUlTs

characterization of U937 cell-Derived eV
We analyzed the size distribution and the amount of EV released 
from U937 cells using the NTA. NTA efficiently detects particles 
with diameters up to 1 µm, whereas Brownian motion of larger 
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particles such as apoptotic bodies is slower and they are less 
readily detected (28). Our differential centrifugation protocol 
should predominantly isolate EV in the size range of microvesi-
cles (0.1–1 μm) (29) while lacking exosomes (50–100 nm) that 
sediment at high centrifugation forces. Our protocol should 
also deplete apoptotic bodies (1–5 μm) (29) through a precen-
trifugation step at 1,600  g (30, 31). Accordingly, particles with 
sizes of microvesicles predominated in the EV preparations 
from unstimulated U937 cells (Con EV) [Figure  1A, median 
(10th, 90th percentile): 218  nm (114, 371  nm) and 227 (131, 
368 nm), n = 2] and Poly(I:C)-stimulated U937 cells [Poly(I:C) 
EV] [Figure 1B, 346 nm (217, 504 nm) and 287 (187, 413 nm), 
n = 2]. A prominent peak of smaller particles was present in Con 
EV pellets (Figure 1A). In all, these results suggested that Con EV 
and Poly(I:C) EV might differ in composition or origin.

As measured by NTA, Poly(I:C) EV pellets contained smaller 
amounts of particles (5.20 × 109/ml, 4.26 × 109/ml, n = 2) com-
pared with Con EV pellets (6.73 × 109/ml, 5.98 × 109/ml, n = 2). In 
contrast, the total protein content did not differ between Poly(I:C) 
EV and Con EV pellets (Figure 1C). Stimulation with Poly(I:C) 
increases the release of EV from different cell types as measured 
by flow cytometry (32, 33). Poly(I:C) enhances apoptosis in a 
variety of cell types (34, 35) including U937 cells (Figure S1A in 
Supplementary Material), thereby enriching cell supernatants 
for apoptotic vesicles, including apoptotic bodies. A depletion of 
apoptotic bodies by our protocol and their better visibility on flow 
cytometer could contribute to detecting the smaller amounts of par-
ticles in Poly(I:C) EV pellets by NTA compared with flow cytometry  
(32, 33). Alternatively, enhanced aggregation of particles in Poly(I:C) 
EV pellets might diminish the particle numbers and increase the 
particle size, while the total protein content would not change.

The International Society for Extracellular Vesicles set the 
guidelines on minimal experimental requirements for identifying 
EV, including the detection of phosphatidylserine and cell sur-
face markers on vesicular membranes (36). As detected by flow 
cytometry, U937 cell-derived Con EV and Poly(I:C) EV bound 
similar amounts of Annexin V (Figure 1D) and expressed similar 
levels of the U937 cell surface molecule MAC-1 (Figure 1E), also 
known as integrin subunit alpha M (ITGAM) or CD11B, which 
is a cell surface receptor for extracellular dsRNA (37). Untreated 
and Poly(I:C)-treated U937 cells expressed similar levels of 
MAC-1 on their surface (Figure S1B in Supplementary Material).

Altogether, these measurements showed that Poly(I:C) EV and 
Con EV differ in size while exhibiting similar Annexin V binding 
and MAC-1 expression on the surface.

Poly(i:c) eV Mimic the Proinflammatory 
and antiviral responses induced by 
Poly(i:c)
Previous studies have shown that immune cell-derived EV, 
including EV from U937 cells, released ex vivo upon stimulation 
with proinflammatory mediators, enhance the matrix-destructive 
and proinflammatory properties of SFs (9). Besides, a transfer of 
cellular RNA via EV was shown sufficient for inducing the NF-kB 
signaling in recipient human embryonic kidney 293T cells (38). 
Here, we demonstrate that SFs, cocultured with U937 cell-derived 

Poly(I:C) EV activated signaling through the NF-kB pathway 
(Figure  2A), which coincided with the increased expression 
of proinflammatory genes (Figures S2A,B in Supplementary 
Material) and the enhanced secretion of IL-6 (Figure 2B; Figure 
S2A in Supplementary Material) and IL-8 (Figure  2C; Figure 
S2B in Supplementary Material) proteins into cell culture media. 
By using a set of negative controls in our experiments, includ-
ing Sup controls (Figures 2B,C), FCS EV controls (Figure S2C 
in Supplementary Material), and Con EV (Figures  2B,C), we 
ruled out the carryover of soluble Poly(I:C) and U937-derived 
mediators via EV pellets, concluding thereby that the observed 
proinflammatory effects are specifically attri buted to Poly(I:C) 
EV.

Polymyxin B strongly inhibited the LPS-induced secretion of 
IL-6 from SFs (Figure S2D in Supplementary Material), but had 
a limited effect on the IL-6 secretion induced with Poly(I:C) EV 
(Figure 2B). This argued against the presence of contaminating 
LPS in Poly(I:C) EV pellets and rather suggested a possible mild 
negative effect of Polymyxin B on the integrity of vesicular mem-
brane (39). SFs cocultured with either Poly(I:C) EV or Poly(I:C) 
EV plus Polymyxin B clustered together based on the magnitude 
of their proinflammatory responses (Figures 2D,E), but clearly 
diverged from SFs treated with negative controls, which clustered 
together with untreated SFs (Figures 2D,E).

In addition to enhancing the proinflammatory responses, 
Poly(I:C) EV increased the expression of antiviral genes in SFs. 
The expression of genes such as IFNB, MDA5, and RIG-I was 
upregulated, while TLR3 mRNA expression remained rather 
unchanged as shown by the clustering of transcriptional responses 
in SFs upon Poly(I:C) EV coculture (Figure 2F) as well as gene 
expression measurements in a larger set of SFs (Figure 2G).

Collectively, these results demonstrated that gene expression 
changes in the presence of Poly(I:C) EV were largely reminiscent 
of the transcriptional activation of SFs with Poly(I:C) (23, 40, 41). 
These effects of Poly(I:C) EV on SFs could reflect the transfer 
of Poly(I:C)-induced molecules from U937 cells to SFs via EV 
as shown for ovarian carcinoma (HEY) cell-derived Poly(I:C)-
induced exosomes (15). Yet, we did not detect IL-6 mRNA in U937 
cells under our qPCR conditions and the levels of IL-8, MDA5, 
and RIG-I mRNAs in U937 cells did not alter upon Poly(I:C) 
stimulation (Figure S2E in Supplementary Material), indicating 
that both Con EV and Poly(IC) EV could shuttle these transcripts 
to SFs. The exclusive activation of SFs by Poly(I:C) EV thus sug-
gested that Poly(I:C) EV might capture and transfer Poly(I:C) to 
SFs, thereby activating the dsRNA signaling pathways.

U937 cell-Derived eV capture Poly(i:c)
Extracellular nucleic acids, such as dsDNA, readily associate with 
EV (42), and EV contain a diversity of small and long intracel-
lular RNA species (with lengths up to 4,000 bases) (30). Vesicular 
RNA can be transferred to recipient cells in cocultures and tissue 
microenvironments altering thereby recipient cell functions  
(38, 43, 44). Based on these studies, we speculated that EV could 
capture at least some of the HMW Poly(I:C) molecules (1.5–8 kb) 
and transfer them to SFs. To study the capturing of Poly(I:C) in 
vesicles, we stimulated U937 cells with Rhodamine Poly(I:C) or 
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FigUre 1 | Characterization of U937 cell-derived extracellular vesicles (EV). Size distribution of particles (white line) and cumulative percentage of particles under 
given size (gray line) in EV preparations from (a) untreated U937 cells and (B) Poly(I:C)-stimulated U937 cells as detected by nanoparticle tracking analysis, shown is 
one of n = 2 biological replicates per condition. (c) Total protein amount in EV from untreated U937 cells (Con EV) and Poly(I:C)-stimulated U937 cells [Poly(I:C) EV] 
as measured by BCA Protein Assay, n = 8 biological replicates, mean ± SD. (D) Binding of FITC Annexin V to the surface of Con EV and Poly(I:C) EV with SSC-H/
FSC-H profile of EV and histogram of FITC-labeled Annexin V binding, shown is one sample of n = 3 biological replicates per condition. Percentage of Annexin 
V-positive EV as measured by flow cytometry. (e) The expression of MAC-1 on the surface of Poly(I:C) EV with SSC-H/FSC-H profile of EV and FL2 histogram of 
MAC-1 positivity, as measured by flow cytometry. Shown is one sample of n = 4 biological replicates per condition. Percentage of MAC-1-positive EV as measured 
by flow cytometry. Statistics: (c–e) two-tailed paired t-test, ns, not significant.
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Fluorescein Poly(I:C); we digested Poly(I:C) EV with RNAse III 
in a subset of experiments. We showed that fluorescently labeled 
Poly(I:C) was present in U937 cells (Figure S3A in Supplementary 

Material) and their cognate EV (Figure  3A; Figures S3B,C in 
Supplementary Material), and variable proportions of EV, as 
detected by flow cytometry, contained Poly(I:C) (Figure  3A; 
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Figures S3B,C in Supplementary Material). This finding is con-
sistent with recent studies showing the capture of Poly(I:C) as 
well as other TLR ligands in exosomes from dendritic cells that 

were exposed to Poly(I:C) or other TLR ligands (45, 46). We also 
analyzed soluble HMW Fluorescein Poly(I:C) by flow cytometry. 
This analysis demonstrated that vesicular and soluble fluorescent 
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FigUre 2 | Extracellular vesicles (EV) derived from Poly(I:C)-stimulated U937 induce proinflammatory and antiviral responses in synovial fibroblasts (SFs). (a) The 
activity of NF-κB in synovial fibroblasts cocultured with EV derived from unstimulated U937 cells (Con EV) or Poly(I:C)-stimulated U937 cells [Poly(I:C) EV], as 
measured by a Dual Luciferase Reporter Assay System and expressed as x-fold induction compared to untreated cells, shown are biological replicates. Secretion of 
(B) IL-6 and (c) IL-8 proteins (pg/ml) into supernatants of synovial fibroblasts as measured by ELISA (biological replicates). Polymyxin B (PX) was used to control for 
LPS contamination. Supernatants from the last washing step of Poly(I:C) EV pellets (supernatants) were used to control for the carryover of soluble Poly(I:C) or 
U937-derived mediators. (D,e) Heatmaps show clustering of proinflammatory responses in synovial fibroblasts under different experimental conditions based on the 
IL-6 and IL-8 ELISA [see (B,c)]. (F) Heatmap demonstrates the clustering of antiviral gene responses in synovial fibroblasts cocultured with Poly(I:C) EV (qPCR, 
x-fold induction as compared with unstimulated cells, screening experiment with n = 2 biological replicates). (g) The expression of MDA5 and IFNB in synovial 
fibroblasts cocultured with Con EV or Poly(I:C) EV, qPCR data expressed as ΔCt with normalization to GAPDH and HPRT1, respectively, shown are biological 
replicates. In the screening experiment, MDA5 and IFNB showed variable induction upon coculture of synovial fibroblasts with Poly(I:C) EV and were thus measured 
in a larger cohort of synovial fibroblasts. Statistics: (a) Wilcoxon signed rank test, (B) one-way ANOVA with Tukey’s multiple comparison test and Geisser-
Greenhouse correction for unequal sphericity, (c) Friedmann test with Dunn’s multiple comparisons test, (g) one-way ANOVA with Tukey’s multiple comparisons test 
(IFNB), Friedmann test with Dunn’s multiple comparisons test (MDA5).
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Poly(I:C) have comparable median florescence intensities, but 
distinct forward/side scatter characteristics, which enables their 
discrimination by flow cytometry (Figure 3B). Specifically, solu-
ble Fluorescein Poly(I:C) was detected largely within cytometer 
noise and only few fluorescent events spilled into the EV flow 
cytometry window.

Extracellular RNA, present in EV, bound to cell surface 
molecules, or complexed with Argonaut proteins, can be pro-
tected from RNAse degradation (47–49). To investigate RNAse  
sensitivity of the EV-contained Poly(I:C) we used flow 
cytometry and showed that EV-contained Poly(I:C) is at least 
partially resistant to degradation with RNAse III (Figure 3B). 
In contrast, this nuclease could efficiently degrade soluble fluo-
rescent Poly(I:C) (Figures S3D,E in Supplementary Material). 
RNAse-digested soluble Fluorescein Poly(I:C) spilled to a 
greater extent into the EV flow cytometry window compared 
with nondigested soluble Fluorescein Poly(I:C) and was char-
acterized with a large (more than 15-fold) increase in median  
fluorescence intensity (MFI) compared to nondigested soluble  
Fluorescein Poly(I:C) (Figure  3B). In contrast, MFIs of 
vesicular Fluorescein Poly(I:C) increased only moderately 
and non-significantly in the presence of increasing concentra-
tions of RNase III (Figure  3B). This indicated that RNAse 
III-treated Fluorescein Poly(I:C) EV contained a limited 
amount of degraded Fluorescein Poly(I:C) and that EV at least 
partially protected Poly(I:C) from degradation with RNAse III. 
Additionally, we removed cells and cell debris from the cell 
culture media of unstimulated U937 cells via centrifugation 
and incubated the resulting cell-free media with fluorescently-
labeled Poly(I:C). These experiments showed that Poly(I:C) 
readily associated with Con EV in the cell-free media from 
unstimulated U937 cells (Figure  3C). MFI of vesicular Rho-
damine Poly(I:C) did not increase significantly in the presence 
of RNAse III (Figure 3C). This further demonstrated that in a 
complex with EV, Poly(I:C) was rather protected from RNAse 
III degradation (Figure 3C).

Collectively, these results demonstrated that Poly(I:C) can 
associate with EV, either trapped intravesicularly or bound to the 
vesicular surface in a manner that makes it rather resistant to 
RNase III degradation.

How cells sense and internalize extracellular dsRNA to signal 
through the intracellularly located dsRNA sensors is not com-
pletely understood (50). The cell surface receptor CD11b/CD18 

(Mac-1) is one of the sensors for extracellular Poly(I:C) and 
participates in Poly(I:C) internalization into mouse macrophages 
(37). We showed that MAC-1 was present on the surface of 
U937 cells (Figure S1B in Supplementary Material) and U937-
cell derived EV (Figure  1E). Similar amounts of MAC-1 were 
detected in unstimulated and Poly(I:C)-stimulated U937 cells 
(Figure S1B in Supplementary Material) as well as their cognate 
EV (Figure 1E). The presence of MAC-1 on U937 cells and EV 
suggested that MAC-1 may be one of the receptors contributing 
to the surface binding as well as trapping of Poly(I:C) within U937 
cells and their EV.

Poly(i:c) eV Transfer Poly(i:c) to sFs
Extracellular vesicles can transfer RNA between cells and thereby 
influence the recipient cell’s functions (43, 51). To explore whether 
EV can shuttle Poly(I:C) to SFs, we cocultured SFs with EV 
isolated from U937 that were stimulated with fluorescently 
labeled Poly(I:C). Additionally, SFs were directly treated with 
fluorescently-labeled Poly(I:C). As demonstrated by flow 
cytometry (Figure  4A) and fluorescence confocal microscopy 
(Figure  4B; Figure S4A in Supplementary Material), Poly(I:C) 
EV transferred Poly(I:C) to SFs. The distribution of Rhodamine 
Poly(I:C) differed in SFs stimulated with Poly(I:C) as compared 
with Poly(I:C) EV (Figure  4B; Figure S4A in Supplementary 
Material). The precise 3D localization (intra/extracellular) of 
vesicular Poly(I:C) was difficult to determine because of the flat 
fibroblast morphology (Figure S4A in Supplementary Material). 
Nevertheless, the recapitulation of Poly(I:C) responses by 
Poly(I:C) EV (Figure  2; Figure S2 in Supplementary Material) 
clearly showed that vesicular Poly(I:C) can efficiently induce 
Poly(I:C) responses in SFs. In these experiments, fluorescently 
labeled Poly(I:C) was not detected in SFs treated with Sup from 
the last washing step of Poly(I:C) EV (Figure  4A), thereby 
excluding potential carryover of soluble Poly(I:C) via EV pellets. 
Additionally, Fluorescein Poly(I:C) EV were readily detectable in 
the Sup of SFs at 24 h after starting the cocultures (Figure S4B in 
Supplementary Material), demonstrating the stability of vesicular 
Poly(I:C) in the extracellular space over time.

In summary, these results suggested that, in microenviron-
ments that contain extracellular dsRNA (e.g., endogenous dsRNA 
released from damaged tissues), monocyte-derived EV could play 
a prominent role in the intercellular shuttling of dsRNA and cel-
lular responses to extracellular dsRNA.
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FigUre 3 | U937 cell-derived extracellular vesicles (EV) incorporate Poly(I:C) and may protect Poly(I:C) from degradation with RNase III. (a) The presence of 
Fluorescein Poly(I:C) in U937-derived EV. SSC-H/FSC-H and SSC-H/FL1 profiles of EV with percentage of gated events, as measured by flow cytometry. Shown are 
a representative sample of n = 3 biological replicates and quantification of flow cytometry data as percentage of Fluorescein Poly(I:C)-positive EV. Control EV (Con 
EV)-derived from untreated U937 cells. (B) Detection of soluble and vesicular Fluorescein Poly(I:C) digested or not with RNAse III. SSC-H/FSC-H profiles and FL1 
histograms of EV and Poly(I:C), as measured by flow cytometry. Shown is one of n = 3–4 biological replicates for EV and one of n = 2 replicates for soluble 
Fluorescein Poly(I:C). Quantification of changes in median fluorescence intensities (MFI) of vesicular and soluble Fluorescein Poly(I:C) in the presence and absence of 
RNAse III. (c) Association of control EV (Con EV) with Poly(I:C) or Rhodamine Poly(I:C) in the presence or absence of RNase III, as measured by flow cytometry, 
shown is one from n = 3 biological replicates. Quantification of MFI changes in Rhodamine Poly(I:C) EV in the presence of RNAse III. Statistics: (a,B) one-way 
ANOVA with Tukey’s multiple comparisons test, (c) two-tailed paired t-test, ns, not significant.
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FigUre 4 | U937 cell derived extracellular vesicles (EV) shuttle Poly(I:C) to synovial fibroblasts. (a) The presence of Fluorescein Poly(I:C) in synovial fibroblasts either 
cocultured with U937 cell-derived Fluorescein Poly(I:C) EV or Poly(I:C) EV, or treated with supernatants from the last washing step of the respective EV pellets or 
stimulated with Poly(I:C)/Fluorescein Poly(I:C). Sup were used to control for the contamination with soluble Poly(I:C). Shown are FL1 histogram of fluorescein 
fluorescence in a representative sample and quantification of changes in median fluorescence intensities (MFI) of synovial fibroblasts upon different treatments.  
(B) Confocal microscopy on synovial fibroblasts treated with Poly(I:C) or Rhodamine Poly(I:C) or cocultured with U937 cell-derived Poly(I:C) EV or Rhodamine 
Poly(I:C) EV for 24 h. Nuclei-DAPI (blue), FITC Mouse Anti-Human CD90 (green, fibroblast marker), Rhodamine Poly(I:C) (red). Magnification: 20× [Poly(I:C), 
Rhodamine Poly(I:C)] and 40× [Poly(I:C) EV, Rhodamine Poly(I:C) EV]. Statistics: (a) one way ANOVA with Sidak’s multiple comparison test and Geisser-Greenhouse 
correction for unequal sphericity.
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Poly(i:c) eV Deliver a Prosurvival signal 
during Death receptor induced-apoptosis
Poly(I:C) increases apoptosis of a variety of cell types (34, 35) 
including SFs (Figure S5A in Supplementary Material, in 
doses > 5 μg/ml). Intracellular delivery of very small amounts of  
Poly(I:C) by transfection with Lipofectamine 2000 was highly 
toxic for SFs (Figure S5B in Supplementary Material). In con-
trast, Poly(I:C) EV did not activate proapoptotic pathways in SFs 
(Figure 5A; Figure S5C in Supplementary Material). As estimated 
from the magnitude of MDA5 and IL-6 transcriptional responses 
of SF to direct stimulation with Poly(I:C) (Figures S5D,E in 
Supplementary Material), Poly(I:C) EV most likely transferred 
only a small amount of Poly(I:C) to SFs. Although these amounts 
were sufficient to induce the proinflammatory and antiviral 
responses, they might be too small to convey the proapoptotic 
effects of Poly(I:C).

Decreased cell death of SFs from RA joints in response to 
proapoptotic stimuli such as TRAIL could contribute to synovial 
hyperplasia and the formation of the invasive synovial tissue that 
destroys articular cartilage (52). To further explore the effects of 
Poly(I:C) EV on the apoptotic pathways in SFs, we treated SFs 
with the death receptor ligands TRAIL and FasL. Poly(I:C) EV 
decreased the TRAIL-induced apoptosis (Figures 5B,C; Figure 
S6A in Supplementary Material) and FasL-induced apoptosis 
of SFs (Figure S6B in Supplementary Material) as detected by 
Annexin V/PI apoptosis assay and Western blot measurement of 
cleaved caspase 3. Additionally, we performed a set of negative 
control experiments with Con EV and control Sup (Figures 5B,C; 
Figure S6A in Supplementary Material) as well as positive 
control experiments with Poly(I:C) transfection (Figure S5B 
in Supplementary Material), direct stimulation with Poly(I:C) 
(Figure S6C in Supplementary Material) or TNF EV (Figure S6D 
in Supplementary Material). Using these sets of experiments, 
we could exclude the possibility of antiapoptotic actions of 
contaminating soluble Poly(I:C) or U937-derived mediators and 
proposed that the observed prosurvival effects on death receptor-
induced apoptosis are a specific action of Poly(I:C) EV. Therefore, 
the amount as well as the route of Poly(I:C) delivery to a cell (as 
part of a complex EV cargo) could be crucial in regulating the bal-
ance between prosurvival and proapoptotic actions of Poly(I:C).

All in all, these results showed that Poly(I:C) EV mimic the 
proinflammatory and antiviral responses of SFs induced by direct 
stimulation with Poly(I:C), yet, have unique prosurvival effects 
on death receptor-induced apoptosis which is in contrast to the 
high toxicity of transfected Poly(I:C).

Poly(i:c) eV from PBMcs reproduce the 
Prosurvival actions of U937-cell Derived 
Poly(i:c) eV
The interactions between monocytes or monocyte-derived EV 
and SFs can modulate synovial disease pathways in inflamma-
tory arthritis (9, 52). U937 cells stimulated with TLR ligands are 
a relevant model for studying the effects of monocyte-derived EV 
in SFs (9); nevertheless, the analysis of these effects in primary 
human cells is desirable. To investigate the properties of EV from 
primary cells, we characterized the activity of EV from PBMCs 

cultured ex vivo in the presence or absence of Poly(I:C). We 
showed that PBMC-derived Poly(I:C) EV, but not Con EV or Sup 
controls, efficiently decreased TRAIL-induced apoptosis in SFs 
(Figure 5D; Figure S7A in Supplementary Material), displaying 
the antiapoptotic actions of U937 cell-derived Poly(I:C) EV. This 
finding showed that Poly(I:C) EV, derived from myeloid and/or 
lymphoid cells induced similar antiapoptotic responses in SFs, 
suggesting a general mechanism of EV, derived from these cells, 
in modulation of responses to dsRNA. Within the PBMC popu-
lation, monocytes expressed high amounts of MAC-1, whereas 
lymphocytes expressed medium amounts of MAC-1 on their 
surface (Figure S7B in Supplementary Material). Accordingly, the 
MAC-1 high peak was not present in monocyte-depleted PBMCs 
(Figure S7B in Supplementary Material). This suggested that both 
monocyte- and lymphocyte-derived EV in the EV pellets from 
PBMCs could trap or interact with Poly(I:C).

activation of the nF-kB Pathway confers 
Prosurvival actions to Poly(i:c) eV
Inhibition of NF-kB signaling can sensitize a variety of cell 
types to apoptosis induced by TRAIL (53, 54). Here we showed 
that Poly(I:C) EV efficiently activated NF-kB signaling in SFs 
in the absence or presence of TRAIL (Figures  2A and 5E,F). 
Accordingly, SFs cocultured with Poly(I:C) EV  ±  TRAIL 
clustered together based on the magnitude of NF-kB signaling 
(Figure  5E), while diverging from SFs treated with Con EV 
and/or TRAIL that clustered with untreated cells (Figure 5E). 
Next, we inhibited the NF-kB activity with sc-514, an inhibitor 
of the inhibitor of nuclear factor kappa B kinase subunit beta 
(IKBKB, also known as IKK-2). Pretreatment of SFs with sc-514 
impaired the prosurvival effects of Poly(I:C) EV during TRAIL-
induced apoptosis (Figure  5G; Figure S8A in Supplementary 
Material), thus substantiating the role for NF-kB activation in 
the prosurvival actions of Poly(I:C) EV. A strong repression 
of the TNF-driven production of IL-6 in SFs (Figure S8B in 
Supplementary Material) confirmed the efficiency of sc-514 in 
repressing NF-kB signaling in SF.

In contrast to Poly(I:C) EV, transfected Poly(I:C) (Figure 
S5B in Supplementary Material) or direct stimulation with 
Poly(I:C) (Figure S6C in Supplementary Material) had no effect 
on TRAIL-induced apoptosis of SFs. Transfected Poly(I:C) was 
highly toxic with more than 90% cell death in SFs (Figure S5B in 
Supplementary Material). Meanwhile, direct stimulation of SFs 
with Poly(I:C) can activate the NF-kB signaling (23), however, 
it also enhanced apoptosis of SFs (Figure S5A in Supplementary 
Material). Increased apoptosis of SFs in the presence of high dose 
Poly(I:C) could mask the NF-kB-dependent reduction in TRAIL-
induced apoptosis. In turn, small doses of Poly(I:C) might not 
be sufficient to activate SFs (Figures S5D,E in Supplementary 
Material) unless delivered to cells via EV (Figures 2B,C; Figures 
S5D,E in Supplementary Material).

Collectively, this indicates that Poly(I:C) EV efficiently deliver 
small amounts of Poly(I:C), which can selectively activate antivi-
ral and proinflammatory responses in SFs, the latter contributing 
to the prosurvival effects of Poly(I:C) EV during TRAIL-induced 
apoptosis.
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DiscUssiOn

Extracellular vesicles are increasingly recognized as key players in 
the immune responses to TLR activation (11, 15, 16, 45, 46). Here 
we show that EV derived from monocyte U937 cells efficiently 

shuttle the TLR3 ligand Poly(I:C) to SFs and activate Poly(I:C)-
induced signaling with enhanced proinflammatory and antiviral 
gene responses. Our experimental approach highlights the key 
importance of experimental controls that track the potential 
transfer of a stimulus [Poly(I:C)] via EV when studying the 
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FigUre 5 | Extracellular vesicles (EV) derived from Poly(I:C)-stimulated U937 cells have antiapoptotic effects in synovial fibroblasts. (a) Percentage of apoptotic 
Annexin V-positive synovial fibroblasts upon treatment with U937 cell-derived EV, as measured by flow cytometry (representative flow cytometry charts are provided 
as Figure S5C in Supplementary Material). Supernatants from the last washing step of Poly(I:C) EV pellets and fetal calf serum EV control (FCS EV) were used to 
control for Poly(I:C) carryover and the effects of potential residual FCS-derived EV, respectively. (B) The cleavage of caspase 3 in synovial fibroblasts treated for 24 h 
with TRAIL ± U937 cell-derived EV. Shown is Western blot for caspase 3 and cleaved caspase 3 from one of n = 7 biological replicates with α tubulin as loading 
control. The nitrocellulose membrane from the same gel was used for detection of caspase3, cleaved caspase 3 and α tubulin with different exposure times for 
detection of each protein. Provided is merged image and the original gel images are provided as Figure S9 in Supplementary Material. Densitometry analysis of the 
cleaved caspase 3 bands was normalized to uncleaved caspase 3 bands. (c) Percentage of apoptotic Annexin V-positive synovial fibroblasts upon treatment with 
TRAIL ± U937 cell-derived EV or supernatants from the last washing step of Poly(I:C) EV pellets (supernatants), as measured by flow cytometry (representative flow 
cytometry charts are provided as Figure S6A in Supplementary Material). Shown are two different experimental setups with n = 9 and n = 16 biological replicates. (D) 
Percentage of apoptotic Annexin V-positive synovial fibroblasts, as measured by flow cytometry, upon treatment with TRAIL ± peripheral blood mononuclear cell 
(PBMC)-derived EV or supernatants from the last washing step of Poly(I:C) EV pellets (supernatants). Representative flow cytometry charts are provided as Figure S7A 
in Supplementary Material. PBMCs from healthy donors were cultured ex vivo in the presence or absence of Poly(I:C) for 16 h. Heatmap (row scaling) shows the 
clustering of TRAIL-induced apoptotic responses of synovial fibroblasts (SFs) under different experimental conditions based on the flow cytometry measurements of 
Annexin V binding. (e,F) The activity of NF-κB in synovial fibroblasts cocultured with U937 cell-derived EV ± TRAIL for 6 h, as measured by a Dual Luciferase 
Reporter Assay System. Data are expressed as the ratio of the activity of Firefly to Renilla luciferase in cells transfected with pRL_GAPDH plus pGL4.32[luc2P/
NF-κB-RE/Hygro] or pGL4.27[luc2P/minP/Hygro] vectors for 30 h. Shown are two different experimental setups: (e) a screening experiment with n = 2 biological 
replicates and (F) a confirmatory experiment with n = 6 biological replicates. (g) Percentage of apoptotic Annexin V-positive synovial fibroblasts, as measured by flow 
cytometry, upon treatment with TRAIL ± Poly(I:C) EV and/or sc-514 (50 µM), the inhibitor of IKK-2, shown are biological replicates. Representative flow cytometry 
charts are provided as Figure S8A in Supplementary Material. Statistics: (a) one-way ANOVA with Dunnett’s multiple comparisons test and Geisser–Greenberg 
correction for unequal variances (B,c,F) Friedmann ANOVA with Dunn’s multiple comparisons test (g) one-way ANOVA with Tukey’s multiple comparisons test and 
Geisser–Greenberg correction for unequal variances. ns, not significant.
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effects of stimulus-induced EV. We demonstrate that Poly(I:C) 
is present in EV released from Poly(I:C)-stimulated U937 cells 
but can also directly associate with EV in cell culture media 
from unstimulated U937 cells. These observations suggest that, 
in microenvironments (e.g., RA synovial joints) that are rich 
in extracellular RNA (20, 22) and monocyte-derived EV (55), 
extracellular RNA may directly interact with EV to become a 
bound constituent. Additionally, EV might shuttle the extracel-
lular dsRNA from the sites of generation to distant sites, thereby 
inducing proinflammatory and antiviral responses in recipient 
cells at remote locations.

The capacity of extracellular dsRNA to transcriptionally acti-
vate target genes relies on its extracellular stability and efficient 
intracellular delivery. Our experiments demonstrate that, similar 
to RNA in circulating EV, Poly(I:C) in vesicle form is stable over 
time and is rather protected from RNAse III degradation; this 
stability contrasts with the susceptibility of free Poly(I:C) to 
enzyme degradation. This finding suggests that the association of 
dsRNA with monocyte-derived EV within the proinflammatory 
milieu of RA joints could potentially protect extracellular dsRNA 
from RNase degradation. Indeed, large amounts of extracellular 
RNA are present in the RA synovium despite increased activity 
of RNases in synovial fluid from RA joints (20, 56). In turn, OA 
joints exhibit increased RNAse activity but small amounts of 
extracellular RNA (20).

The entry of Poly(I:C) into cells and the responses of cells to 
Poly(I:C) can vary with a cell type and the molecular weight of 
Poly(I:C) (57). A number of cell surface receptors such as MAC-1 
and class A scavenger receptors can participate in the extracel-
lular recognition and/or cellular uptake of Poly(I:C) (37, 50), 
clathrin-dependent endocytosis (58), and raftlin (17, 57) can also 
have essential roles in cellular internalization of Poly(I:C). We 
and others (46) provide evidence that EV can play an important 
role in the cellular entry and intercellular transfer of dsRNA. This 
ability of EV for transferring RNA has important implications for 
understanding the biology of extracellular dsRNA and developing 

new therapy, for example in the design of exosome-based antitu-
mor vaccines (45, 46, 59). dsRNA and EV seem to utilize similar 
mechanisms of cellular uptake. Clathrin and MAC-1 are present 
on neutrophil-derived EV and are involved in the internaliza-
tion of neutrophil-derived EV into platelets (60). Blocking the 
clathrin- or MAC-1-dependent uptake of neutrophil-derived EV 
by using chlorpromazine and MAC-1 antibodies, respectively, 
significantly decreases the production of TxA2 in platelets (60). 
We demonstrated that, similar to neutrophil-derived EV, U937 
cell-derived EV express MAC-1 on their surface, suggesting that 
MAC-1 might participate in EV loading and intercellular shut-
tling of Poly(I:C).

We showed that the proinflammatory and antiviral responses 
of SFs in cocultures with Poly(I:C) EV largely recapitulate the  
transcriptional activation of SFs directly stimulated with Poly(I:C)  
although TLR3 mRNA expression does not increase. The induc-
tion of MDA5 and RIG-I mRNAs upon direct stimulation of SFs 
with Poly(I:C) is much stronger compared with the induction of 
TLR3 mRNA (41). This reduced response might explain the lack 
of transcriptional activation of the TLR3 gene in SFs cocultured 
with Poly(I:C) EV, which shuttle rather a limited amount of 
Poly(I:C). In addition, EV are expected to transfer the U937-
derived molecular cargo to SFs, including DNA, RNA, protein 
and lipids as shown for a variety of other target cell–EV interac-
tions (10, 61, 62). U937 cell-derived molecules might directly 
configure fibroblast responses and might also fine-tune the 
actions of EV-delivered Poly(I:C), for example, by shuttling the 
myeloid cell-derived miR-223(63), which is predicted to target 
TLR3 mRNA (64). EV released from hepatitis B virus-infected 
HepG2 hepatocyte cells transfer virus-induced microRNA, which 
inhibit the induction of IL12p40 upon stimulation of THP-1 mac-
rophages with Poly(I:C) and CL097 (65). Additionally, Poly(I:C) 
EV might shuttle a distinct molecular cargo compared with Con 
EV, which might contribute to or independently activate SFs.

On the basis of our experiments, we argue that the antiviral 
and proinflammatory effects of Poly(I:C) EV which we describe 
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here are primarily caused by the transcriptional activation 
of SFs with EV-delivered Poly(I:C). Autologous exosomes 
released from ovarian carcinoma (HEY) cells upon Poly(I:C) 
stimulation transfer the Poly(I:C)-induced transcripts to 
Poly(I:C) naive HEY cells, thereby recapitulating Poly(I:C)-
driven cell activation (15). In contrast, we used U937 cells, a 
myeloid cell type, for EV production, but studied the effects of 
EV in SFs, a non-myeloid cell type. Myeloid and non-myeloid 
cells distinctly respond to Poly(I:C) of different molecular 
weights (57). Whereas RAW264.7 cells, THP-1 cells and 
human PBMCs are preferentially activated by low-molecular-
weight (LMW) Poly(I:C) (~1–1.5 kb), HMW Poly(I:C) (>5 kb) 
elicits strong antiviral and cytokine responses in fibroblasts  
(57). Whether EV inherit cell-type specific preference for the 
size of Poly(I:C) molecules and can thereby invoke distinct 
responses in myeloid and non-myeloid cells remains to be 
uncovered. Our experiments show that, while HMW Poly(I:C) 
increases the apoptosis of U937 cells and SFs, only SFs upregu-
late the expression of antiviral and cytokine genes. This finding 
strongly suggests that the transfer of vesicular Poly(I:C) is 
the main factor in recapitulating Poly(I:C) responses in SFs 
cocultured with Poly(I:C) EV. Similarly, dendritic cell-derived 
exosomes can cross-present TLR ligands, thereby activating the 
bystander dendritic cells (46). Furthermore, EV from virus-
infected cells shuttle viral RNA and elicit antiviral responses 
in recipient dendritic cells (66).

Extracellular vesicles share the extracellular space with solu-
ble mediators and can modulate the effects of soluble molecules 
in proinflammatory microenvironments. EV derived from the 
acute lymphoblastic leukemia (CCRF) cells modify the actions 
of the proinflammatory cytokine TNF in U937 cells, resulting 
in antagonistic, additive or synergistic effects (13). Here we 
demonstrate that U937 cell-derived Poly(I:C) EV exhibit unique 
antiapoptotic actions in SFs during death receptor-induced 
apoptosis; this action depends on the Poly(I:C) EV-driven 
activation of NF-kB. These effects cannot be induced by Con 
EV, TNF EV or Poly(I:C) alone, but can be reproduced by 
PBMC-derived Poly(I:C) EV. This suggests that the presence of 
Poly(I:C) in the complex with EV rather than a specificity of a 
cell type determines the antiapoptotic actions of Poly(I:C) EV. 
Thus, in addition to altering the cellular responses to cytokines 
(13), EV modify also the actions of extracellular dsRNA. 
Poly(I:C) EV have a unique capacity to simultaneously promote 
the proinflammatory and antiapoptotic responses in SFs. The 
antiapoptotic effects sharply contrast the high toxicity of trans-
fected Poly(I:C) and might be attributed to the route of delivery 
of Poly(I:C) (via EV), the complexing of Poly(I:C) with EV or 
the fine-tuning of Poly(I:C) actions by molecular cargo from  
U937 cells.

By their ability to transfer pathogen-associated molecular 
patterns (PAMP)-induced or DAMP-induced transcripts as well 
as PAMPs or DAMPs themselves, EV have properties consistent 
with an important role as messengers of an ongoing infection 
or tissue damage, communicating a danger signal to the host. 
Our work shows that, by shuttling dsRNA via EV, the cells of 
origin can reduce the need for an active production of danger 

signaling molecules such as proinflammatory cytokines and 
antiviral molecules. EV containing dsRNA can reproduce the 
antiviral and proinflammatory actions of dsRNA, nevertheless, 
these structures allow dsRNA to exert antiapoptotic effects on 
SFs. This unexpected inversion in the nature of dsRNA actions 
by EV might potentiate the pathogenicity of dsRNA in vivo by 
enhancing the expansion of the invasive synovial tissue in RA.  
As such, blocking the EV-dsRNA interactions could have thera-
peutic effects in arthritis. Future studies will define the contribu-
tion of EV to RA pathogenesis and effects of EV containing RNA 
in terms of proinflammatory and antiapoptotic actions.
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The MeK1/2-erK Pathway inhibits 
Type i iFn Production in 
Plasmacytoid Dendritic cells
Vaclav Janovec1,2,3‡, Besma Aouar4‡, Albert Font-Haro1,2,3‡, Tomas Hofman2,  
Katerina Trejbalova1, Jan Weber3, Laurence Chaperot5, Joel Plumas6, Daniel Olive4,  
Patrice Dubreuil4, Jacques A. Nunès4, Ruzena Stranska4*†§ and Ivan Hirsch1,2,3,4*§

1 Institute of Molecular Genetics of the Czech Academy of Sciences, Prague, Czechia, 2 Department of Genetics and 
Microbiology, Faculty of Sciences, Biocev, Charles University, Prague, Czechia, 3 Institute of Organic Chemistry and 
Biochemistry of the Czech Academy of Sciences, Gilead Sciences & IOCB Research Centre (GSRC), Prague, Czechia, 
4 Cancer Research Center of Marseille, CNRS UMR7258, INSERM U1068, Institut Paoli-Calmettes, Aix-Marseille Université 
UM105, Marseille, France, 5 Etablissement Français du Sang Rhône-Alpes, Grenoble, France, 6 INSERM U 1209, CNRS 
UMR 5309, Institute for Advanced Biosciences, Université Grenoble Alpes, Grenoble, France

Recent studies have reported that the crosslinking of regulatory receptors (RRs), such 
as blood dendritic cell antigen 2 (BDCA-2) (CD303) or ILT7 (CD85g), of plasmacyt-
oid dendritic cells (pDCs) efficiently suppresses the production of type I interferons 
(IFN-I, α/β/ω) and other cytokines in response to toll-like receptor 7 and 9 (TLR7/9) 
ligands. The exact mechanism of how this B cell receptor (BCR)-like signaling blocks 
TLR7/9-mediated IFN-I production is unknown. Here, we stimulated BCR-like signaling 
by ligation of RRs with BDCA-2 and ILT7 mAbs, hepatitis C virus particles, or BST2 
expressing cells. We compared BCR-like signaling in proliferating pDC cell line GEN2.2 
and in primary pDCs from healthy donors, and addressed the question of whether 
pharmacological targeting of BCR-like signaling can antagonize RR-induced pDC 
inhibition. To this end, we tested the TLR9-mediated production of IFN-I and proin-
flammatory cytokines in pDCs exposed to a panel of inhibitors of signaling molecules 
involved in BCR-like, MAPK, NF-ĸB, and calcium signaling pathways. We found that 
MEK1/2 inhibitors, PD0325901 and U0126 potentiated TLR9-mediated production of 
IFN-I in GEN2.2 cells. More importantly, MEK1/2 inhibitors significantly increased the 
TLR9-mediated IFN-I production blocked in both GEN2.2 cells and primary pDCs upon 
stimulation of BCR-like or phorbol 12-myristate 13-acetate-induced protein kinase C 
(PKC) signaling. Triggering of BCR-like and PKC signaling in pDCs resulted in an upreg-
ulation of the expression and phoshorylation of c-FOS, a downstream gene product 
of the MEK1/2-ERK pathway. We found that the total level of c-FOS was higher in 
proliferating GEN2.2 cells than in the resting primary pDCs. The PD0325901-facilitated 
restoration of the TLR9-mediated IFN-I production correlated with the abrogation of 
MEK1/2-ERK-c-FOS signaling. These results indicate that the MEK1/2-ERK pathway 
inhibits TLR9-mediated type I IFN production in pDCs and that pharmacological tar-
geting of MEK1/2-ERK signaling could be a strategy to overcome immunotolerance of 
pDCs and re-establish their immunogenic activity.

Keywords: plasmacytoid dendritic cells, toll-like receptors 7 and 9 (Tlr7/9), B  cell-like receptor signaling, 
regulatory receptors, blood dendritic cell antigen 2, MeK1/2, c-FOs, type i interferon
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inTrODUcTiOn

Plasmacytoid dendritic cells (pDCs) are a highly specialized 
subset of dendritic cells that play a central role at the interface 
of innate and adaptive immunity. They are important actors in 
antiviral and antitumor immunity, but also potent inducers of 
autoimmune diseases (1–6). They sense viruses by endosomal 
toll-like receptors 7 and 9 (TLR7/9), recognizing ssRNA or 
CpG containing DNA. TLR signaling leads to the secretion of 
proinflammatory cytokines and chemokines, such as interleukin 
1, tumor necrosis factor α (TNF-α), IL-6, IL-8, and most impor-
tantly type I IFNs (IFN-I, α/β/ω) (7–10).

In addition to TLR7/9, pDCs express multiple specific recep-
tors that facilitate antigen capture and presentation and, moreo-
ver, regulate pDC function, preventing thus abnormal immune 
responses. These regulatory receptors (RRs), include Fc receptors 
and lectin-like receptors (11, 12), which signal through the B cell 
receptor (BCR)-like pathway involving spleen tyrosine kinase 
(SYK) associated with the immunoreceptor tyrosine-based acti-
vation motif-containing adapter of RR, Bruton’s tyrosine kinase, 
B-cell linker protein, phospholipase Cγ 2, MEK1/2-ERK, and 
induction of intracellular Ca2+ mobilization (8, 9, 12). Among 
these RRs, blood dendritic cell antigen 2 (BDCA-2, CD303, 
CLEC4C) is an lectin-like receptor (13), while immunoglobulin-
like transcript (ILT7, CD85g) binds to and can be activated by bone 
marrow stromal cell antigen 2 (BST2, CD317, tetherin, HM1.24) 
protein, the expression of which is found on cells pre-exposed 
to IFN-I or on the surface of human cancer cells (14). Signaling 
via pDC RRs attenuates TLR-induced production of IFN-I and 
proinflammatory cytokines by an unknown mechanism (8–13, 
15, 16). This physiological feedback mechanism of IFN control 
is hijacked in the pathogenesis of several chronic viral infections 
and cancers, leading to immune tolerance (10, 17–19). We have 
recently shown that hepatitis C virus (HCV) particles inhibit the 
production of IFN-α via the binding of E2 glycoprotein to RRs 
BDCA-2 and DCIR (dendritic cell immunoreceptor) and induce 
a rapid phosphorylation of AKT and ERK, in a manner similar to 
the cross-linking of BDCA-2 or DCIR (10, 17, 19).

Here, we addressed the question of whether specific pharma-
cological targeting of BCR-like signaling can restore functionality 
to pDCs abrogated by ligation of RRs, and what the underlying 
mechanism of this abrogation is. In our previous work, we 
demonstrated that a highly specific inhibitor of SYK blocks both 
BCR-like and TLR7/9 signaling and, therefore, it is not compat-
ible with restoration of pDC function (15). In this study, we have 
tested the effects of inhibitors of c-Jun N-terminal kinase (JNK), 
MEK1/2 kinase, p38 kinase, and calcium-dependent phosphatase 
calcineurin, acting through a BCR-like signaling pathway, and of 

NF-κB activating TANK binding kinase 1 (TBK1) on the IFN-I 
production in pDCs exposed to a TLR9 agonist. Surprisingly, 
we found that inhibitors of MEK1/2 potentiated IFN-I and IL-6 
production in pDC cell line GEN2.2, but not in primary pDCs 
stimulated by the TLR9 agonist. More importantly, inhibitors of 
MEK1/2 significantly increased TLR9-mediated production of 
IFN-I that had been blocked in both GEN2.2 cells and primary 
pDCs by ligation of RRs with BDCA-2 and ILT7 mAbs, or HCV 
particles, or with BST2 expressing cells. Moreover, the restaura-
tion of IFN-I production by MEK1/2 inhibitor was observed 
when TLR9 signaling had been blocked by phorbol 12-myristate 
13-acetate (PMA), an agonist of protein kinase C (PKC), which 
stimulates MEK1/2-ERK signaling.

Furthermore, our results show that BCR-like and PKC signaling 
induced in pDCs the expression and phoshorylation of c-FOS, a 
downstream gene product of the MEK1/2-ERK pathway. c-FOS is 
known to associate with c-JUN to form activator protein 1 (AP-1) 
transcription factor and to exert within the cell a pleiotropic effect, 
including cell differentiation, proliferation, apoptosis, and the 
immune response (20–23). While a previous study reported that 
the c-FOS induced by tumor progression locus 2 (TPL-2) inhibits 
TLR9-mediated production of IFN-I in mouse macrophages and 
myeloid DCs, but not in pDCs (24), we show that MEK1/2-ERK-
induced c-FOS was involved in the inhibition of TLR9-mediated 
production of IFN-I in human pDCs. Our results suggest that 
the MEK1/2-ERK-dependent expression and phosphorylation of 
c-FOS exerts an intrinsic block of TLR9-mediated production of 
type I IFN. Pharmacological targeting of MEK1/2-ERK signaling 
could be a strategy to overcome immunotolerance of pDCs and 
re-establish their immunogenic activity.

resUlTs

MeK1/2 inhibitor Potentiates  
cpg-a-induced Production of iFn-α in 
pDc cell line gen2.2
In order to restore TLR7/9-mediated production of IFN-I 
blocked by ligation of RRs, we first searched for an inhibitor of 
BCR signaling that does not inhibit signaling triggered by TLR7/9 
agonists. To this end, we selected a panel of kinase inhibitors 
involved in BCR-like, MAPK, NF-ĸB, and calcium signaling, and 
control inhibitors of TLR7/9 signaling, and tested their effect on 
the production of IFN-α in a pDC cell line GEN2.2 exposed to 
TLR9 agonist CpG-A (Figures 1A,B; Figure S1 in Supplementary 
Material). To facilitate biochemical analyses of cell signaling, 
which is still difficult to perform in rare and in vitro short living 
human primary pDCs, we performed our studies in human pDC 
line GEN2.2, which shares the key features of human primary 
pDCs (15, 25–30).

While inhibitors of JNK (SP600125), TBK1 (BX795), 
NF-ĸB (Bay11-7082), p38 MAPK (SB253080), and calcineurin 
(FK506) inhibited dramatically IFN-α production, MEK1/2 
inhibitor PD032590 significantly increased IFN-α production 
(p = 0.0022, Figure 1B). In repeated independent experiments 
(N  =  34), production of IFN-α in CpG-A-stimulated GEN2.2 
cells increased 2.55  ±  0.63 times (mean  ±  SEM, p  <  0.0001), 

Abbreviations: AP-1, activator protein 1; BLNK, B-cell linker protein; BCR, 
B  cell receptor; BDCA-2, blood dendritic cell antigen 2; BST2, bone marrow 
stromal cell antigen 2; BTK, Bruton’s tyrosine kinase; FcRs, Fc receptors; geq, 
genome equivalent; HCV, hepatitis C virus; ITAM, immunoreceptor tyrosine-
based activation motif; IL-1, interleukin 1; IFN-I α/β/ω, type I interferons; PMA, 
phorbol myristoyl acetate; PLCγ2, phospholipase Cγ 2; PKC, protein kinase C; 
RRs, regulatory receptors; SRE, serum response element; SYK, spleen tyrosine 
kinase; TNF-α, tumor necrosis factor α; TPL-2, tumor progression locus 2; TBK1, 
TANK binding kinase 1.
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FigUre 1 | Effect of MEK1/2 inhibitor PD0325901 on cytokine production in CpG-A and phorbol myristoyl acetate (PMA)-stimulated GEN2.2 cells. (a) 
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were exposed or not to inhibitors of Jun N-terminal kinase (JNK), TANK binding kinase 1 
(TBK1), NF-ĸB, p38 MAPK, calcineurin, or MEK1/2 for 1 h and then stimulated with CpG-A at 4 µg/ml. The concentration of IFN-α, IL-6, and tumor necrosis factor 
α (TNF-α) in the cell-free supernatant was determined by ELISA after a 16 h treatment. (B) The production of IFN-α by GEN2.2 cells stimulated with CpG-A in the 
presence of JNK (SP600125, 10 µM), TBK1 (BX795, 1 µM), NF-ĸB (Bay11-7082, 1 µM), p38 MAPK (SB253080, 1 µM), calcineurin (FK506, 0.1 µM), or MEK1/2 
(PD0325901, 1 µM) inhibitors. The PD0325901 concentration-dependent production of IFN-α (c,F), IL-6 (D,g), and TNF-α (e,h) in CpG-A-induced (c–e) or 
PMA-induced (F–h) GEN2.2 cells. The data show mean and SEM of two independent experiments in biological triplicates (B–h). **, p < 0.01; two-tailed 
Mann–Whitney test.
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from 18.4  ±  1.4  ng/ml in the absence of MEK1/2 inhibitor to 
44.2 ± 2.7 ng/ml in the culture pretreated with 1 µM PD0325901 
(Figure S2 in Supplementary Material). In spite of the variability 
of IFN-α production in CpG-A-stimulated GEN2.2 cells, the 
ratio of IFN-α production in GEN2.2 cells cultured in the pres-
ence and in the absence of PD0325901 was highly reproducible. 
The same results were obtained with MEK1/2 inhibitor U0126 
(data not shown). We found that in addition to IFN-α also IL-6 
production in CpG-A-stimulated GEN2.2 cells was synergized 
by MEK1/2 inhibitor PD0325901 (Figures  1C,D), whereas 
production of TNF-α was inhibited (Figure  1E), suggesting 

that the MEK1/2-ERK pathway positively regulates TNF-α 
expression or secretion (31). The strongest synergistic effects 
on IFN-α production (synergistic index >3) were observed for 
combinations of ≥0.01  μM PD0325901 and 4  µg/ml CpG-A. 
Synergistic effects of these combinations were also demonstrated 
for the production of IL-6 (synergistic index >2). In contrast to 
the synergistic effect observed with ≥0.01 μM PD0325901, the 
combination of 0.001 µM PD0325901 with 4 µg/ml CpG-A had 
only an additive effect on the production of IL-6 (Figure 1D). In 
the control experiment, PMA-induced the production of TNF-α 
(but not that of IFN-α and IL-6), which was strongly inhibited by 
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FigUre 2 | Effect of MEK1/2 inhibitor PD0325901 on the potentiation of IFN-α production stimulated with HSV-1, human cytomegalovirus (HCMV), or CpG-B. (a) 
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were incubated with the MEK1/2 inhibitor PD0325901 (1 µM) for 1 h before stimulation with 
HSV-1 or HCMV at the MOI of 10 TCID50 per cell, or with 4 µg/ml CpG-B. After a 16 h culture, the IFN-α production was determined in the cell-free supernatants by 
ELISA. N = 3, **, p < 0.01; two-tailed Student’s t-test. (B) The production of IFN-α by GEN2.2 cells stimulated with HSV-1 or HCMV in the presence or absence of 
PD0325901. (c) The production of IFN-α by GEN2.2 cells stimulated with CpG-B in the presence or absence of PD0325901. The data show mean and SEM of 
three independent experiments. N = 7, **, p < 0.01; two-tailed Mann–Whitney test.
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PD0325901 (Figures 1F–H). Collectively, these results show that 
the CpG-A-induced TLR9-mediated production of IFN-α and 
IL-6 are potentiated by MEK1/2 inhibitor PD0325901.

MeK1/2 inhibitor Potentiates herpesvirus- 
and cpg-B-induced Production of iFn-α 
in pDc cell line gen2.2
CpG-A is a synthetic mimic of an unmethylated CpG-rich 
dsDNA of bacteria and viruses. Therefore, we tested whether 
production of IFN-α in GEN2.2 cells stimulated with natural 
TLR9 agonists, herpes simplex virus type 1 (HSV-1), and human 
cytomegalovirus (HCMV) could be potentiated with PD0325901 
(Figures 2A,B). Our results show that PD0325901 significantly 
potentiated production of IFN-α in GEN2.2 cells exposed to 
HSV-1 (2.14-fold, N  =  3, p  =  0.0022), or HCMV (1.98-fold, 
N = 3, p = 0.0022).

While aggregating CpG-A is transported to the interferon-
regulatory factor 7 endosomes, where activates production 
of IFN-I, monomeric CpG-B is transferred to the NF-κB 
endosomes, which leads to maturation of pDCs, formation of 
pro-inflammatory cytokines and only a limited production of 
IFN-α (7–10). PD0325901 significantly potentiated production 
of IFN-α in CpG-B-stimulated GEN2.2 cells (1.43-fold, N = 7, 
p  =  0.007), although less strongly than in CpG-A-stimulated 
cells (Figure 2C). Taken together, MEK1/2 inhibitor PD0325901 
potentiated production of IFN-α in pDC cell line GEN2.2 
stimulated with synthetic TLR9 agonists CpG-A and CpG-B, and 
natural agonists HSV-1 and HCMV.

MeK1/2 inhibitors Partially restore  
Tlr9-Mediated iFn-α Production Blocked 
by ligation of rrs with BDca-2 and  
ilT7 mabs
Subsequently, with respect to the ability of PD0325901 to synergize 
TLR7/9-mediated IFN-α production, we investigated the capacity 
of PD0325901 to reverse the inhibitory effect of the ligation of RRs 
on TLR9-mediated IFN-α production. We exposed PD0325901-
pretreated GEN2.2 cells and primary pDCs to 5 µg/ml of BDCA-2 
mAb and subsequently to TLR9 agonist CpG-A (Figure 3A). In 
the absence of the MEK1/2 inhibitor, the production of IFN-α 
induced in GEN2.2 cells by CpG-A was suppressed by BDCA-2 
mAb to 13% (p  =  0.0006, Figure  3B). As already shown in 
Figure 1C, PD0325901 significantly potentiated CpG-A-induced 
production of IFN-α in GEN2.2 cells (3.8-fold, N = 6, p = 0.0022, 
Figures 3B,C). As expected, PD0325901 potentiated the produc-
tion of IFN-α inhibited in GEN2.2 cells by BDCA-2 mAb. This 
partial restoration of IFN-α production in GEN2.2 cells was high-
lighted after standardization to the quantity of IFN-α produced in 
the absence of PD0325901 (7.3-fold, p = 0.0022, Figure 3C).

As in GEN2.2 cells, exposure of primary pDCs from healthy 
donors to BDCA-2 mAb suppressed the production of IFN-α 
induced by CpG-A to 11.5% (N  =  9, p  =  0.0039, Figure  3D). 
The major difference observed in primary pDCs compared to 
GEN2.2 cells consisted in the lack of the potentiation of CpG-
A-induced production of IFN-α by PD0325901 in the absence 
of BDCA-2 mAb (Figures 3B–E). In contrast, a similar restora-
tion effect to the one in GEN2.2 was observed in primary pDCs 
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FigUre 3 | Effect of MEK1/2 inhibitor PD0325901 on the blockade of IFN-α production by ligation of regulatory receptors of GEN2.2 cells or primary plasmacytoid 
dendritic cells (pDCs) with blood dendritic cell antigen 2 (BDCA-2) mAb. (a) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells or primary pDCs 
were incubated with the MEK1/2 inhibitor for 1 h before stimulation with BDCA-2 mAb and CpG-A. After a 16 h culture, the IFN-α production was determined in the 
cell-free supernatants by ELISA. (B,D) The IFN-α production was normalized to the level induced by CpG-A in the presence of IgG1 and in the absence of the 
MEK1/2 inhibitor. (c,e) The same data showing the IFN-α production in panels (B–D) were normalized to the level induced by CpG-A in the absence of the MEK1/2 
inhibitor. The data show mean ± SEM of (B,c) six independent experiments with GEN2.2 cells, **, p < 0.01; ***, p < 0.001; two-tailed Mann–Whitney test, and 
(D,e) nine independent experiments with primary pDCs from different healthy donors, **, p < 0.01; two-tailed paired Wilcoxon test.
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exposed to PD0325901 prior to BDCA-2 mAb (Figures 3D,E). 
PD0325901 significantly restored the production of IFN-α 
inhibited by BDCA-2 mAb (2.4-fold, p = 0.0039, Figure 3E). A 
similar restoration effect was observed with PD0325901 at 10 nM 
concentration (Figure S3 in Supplementary Material) and with 
MEK1/2 inhibitor U0126 using ILT7 mAb for crosslinking RR 
(Figure S4 in Supplementary Material). In conclusion, these 
results show that MEK1/2 inhibitors significantly increased the 
TLR9-mediated IFN-I production blocked by ligation of RRs.

MeK1/2 inhibitor restores  
Tlr7/9-Mediated iFn-α Production 
Blocked by hcV Virions
We and others reported that some viruses, such as HCV (19, 32), 
HBV (18), or HIV (17), interact via their envelope glycoproteins 

with RR BDCA-2 expressed on pDCs, and activate the BCR-like 
pathway leading to the inhibition of IFN-α production. We tested 
whether MEK1/2 inhibitor PD0325901 restores IFN-α produc-
tion in pDC cell line GEN2.2 (Figures  4A,B) and in primary 
pDCs (Figures  4A,C) stimulated with CpG-A, and in parallel 
exposed to HCV particles (10 HCV geq/cell). We confirmed that 
in the absence of MEK1/2 inhibitor, HCV virions inhibited IFN-α 
production in both cell types, to 35% in GEN2.2 cells (Figure 4B) 
and to 34% in primary pDCs (Figure 4C) (19, 33). We observed 
that the treatment with PD0325901 significantly restored CpG-
A-stimulated production of IFN-α inhibited by HCV virions in 
GEN2.2 cells (4.2-fold, p  =  0.025, Figure  4B) and in primary 
pDCs (3.2-fold, p =  0.0059, Figure 4C), in a more robust way 
than that observed with BDCA-2 mAb (Figure 3). Collectively, 
pharmacological targeting of MEK1/2-ERK abrogates the HCV 
suppression of IFN-α production.
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FigUre 5 | Effect of MEK1/2 inhibition on the blockade of IFN-α by 
co-culture of GEN2.2 cells with BST2-expressing HEK293T cells. (a) 
Experimental outline. In total 105 GEN2.2 cells pretreated with 1 µM 
PD0325901 were added to a monolayer of 105 control HEK293T cells or to 
the same amount of BST2-expressing HEK293T cells in a volume of 200 µl. 
The proportion of BST2-expressing cells in the lentivirus-transduced 
HEK293T cells was determined by flow cytometry using the anti-BST2-PE 
antibody (Figure S4 in Supplementary Material). The co-cultures of GEN2.2 
and HEK293T cells were kept for 1 h at 37°C before adding CpG-A. After a 
16 h culture, the IFN-α production was determined in the cell-free 
supernatants by ELISA. (B) The IFN-α production was normalized to the 
IFN-α level induced in GEN2.2 cells by CpG-A in co-culture with the 
mock-transduced BST2-negative HEK293T cells and in the absence of 
PD0325901. The data show mean ± SEM of five independent co-culture 
experiments of GEN2.2 cells with BST2-negative or BST2-positive HEK293 
cells, *, p < 0.05; ***, p < 0.001; two-tailed Mann–Whitney test.

FigUre 4 | Effect of MEK1/2 inhibition on the hepatitis C virus (HCV) blockade of IFN-α in GEN2.2 cells or primary plasmacytoid dendritic cells (pDCs). (a) 
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells (B), or primary pDCs (c), were incubated with 1 µM MEK1/2 inhibitor PD0325901 for 1 h and 
then treated with HCV virions at MOI = 10 geq/cell for 1 h before CpG-A stimulation. After a 16 h culture, the IFN-α production was determined in the cell-free 
supernatants by ELISA. (B,c) The IFN-α production was normalized to the level induced by CpG-A in the presence of a mock-infected control and in the absence of 
PD0325901. The data show mean ± SEM of (B) two independent experiments with GEN2.2 cells, *, p < 0.05; unpaired, two-tailed t-test and (c) ten independent 
experiments with primary pDCs from different healthy donors, **, p < 0.01; two-tailed paired Wilcoxon test.
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MeK1/2 inhibitor restores Tlr9-Mediated 
iFn-α Production Blocked by ligation of 
rrs with BsT2 expressing heK293T cells
ILT7 is another pDC-specific receptor with a regulatory func-
tion that signals through the BCR-like pathway and inhibits 
TLR-mediated IFN-α production (11). In order to evaluate the 
restoration effect of MEK1/2 inhibitors, we exposed GEN2.2 cells 
to a HEK293T cell line which expressed BST2, a natural ligand of 
ILT7 (11), in approximately 95% of cells (Figure 5A; Figure S5 in 
Supplementary Material). In the absence of MEK1/2 inhibitor, the 
co-culture of GEN2.2 cells with the BST2 expressing HEK293T 
inhibited IFN-α production induced by CpG-A to 47.4% 
(p  =  0.001, Figure  5B). When the GEN2.2 cells were exposed 
to 1  µM PD0325901 prior to co-culture with BST2 expressing 
HEK293T  cells and CpG-A simulation, the IFN-α production 
significantly increased (4.7-fold, p = 0.001, Figure 5B). In con-
clusion, the MEK1/2 inhibitor restored TLR9-mediated IFN-α 
production blocked by ligation of RR ILT7 with BST2.

MeK1/2 inhibitor restores Tlr9-Mediated 
iFn-α Production Blocked by PMa
A recent study showed that treatment of pDCs with PMA, an 
agonist of PKC activating MEK1/2-ERK signaling pathway, has 
led to a dose-dependent reduction of IFN-α secretion (34). We 
investigated the capacity of PD0325901 to reverse the inhibitory 
effect of PMA on TLR9-mediated IFN-α production (Figure 6A). 
In the absence of the MEK1/2 inhibitor, the production of IFN-α 
induced in GEN2.2 cells by CpG-A was suppressed by PMA to 
25% (N  =  6, p  =  0.0022, Figure  6B). PD0325901 significantly 
potentiated CpG-A-induced production of IFN-α in GEN2.2 cells 
(1.56-fold, N = 6, p = 0.0022, Figure 6B). PD0325901 completely 
restored the production of IFN-α inhibited in GEN2.2 cells by 
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FigUre 6 | Effect of MEK1/2 inhibitor PD0325901 on the blockade of IFN-α 
production in phorbol myristoyl acetate (PMA)-stimulated GEN2.2 cells. (a) 
Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were 
incubated with the MEK1/2 inhibitor for 1 h before stimulation with PMA. 
After a 16 h culture, the IFN-α production was determined in the cell-free 
supernatants by ELISA. (B) The IFN-α production was normalized to the level 
induced by CpG-A in the presence of DMSO and in the absence of the 
MEK1/2 inhibitor. The data show mean ± SEM of six independent 
experiments with GEN2.2 cells. **, p < 0.01; two-tailed Mann–Whitney test.

FigUre 7 | c-FOS in proliferating GEN2.2 cells, GEN2.2 cells starved in the 
serum-free medium and in primary plasmacytoid dendritic cells (pDCs). (a) 
Experimental outline. Total cell extracts were prepared from GEN2.2 cells 
immediately after their separation from MS-5 feeder cells (GEN2.2), GEN2.2 
cells separated from MS-5 feeder cells and starved overnight in the 
serum-free medium (GEN2.2 serum-starved), and from primary pDCs 
isolated from two healthy donors by magnetic-bead purification without any 
further culture (pDCs-1, pDCs-2). (B) c-FOS levels were determined in the 
total cell extract by Western blotting by rabbit polyclonal Ab c-FOS (sc-52). 
The values shown below each band represent relative quantity of c-FOS 
determined by densitometry normalized to proliferating GEN2.2 cells. GAPDH 
was used as a loading control.

7

Janovec et al. MEK1/2 and IFN-I in pDCs

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 364

PMA (6.18-fold, p = 0.0022, Figure 6B). In conclusion, activation 
of MEK1/2-ERK pathway by PMA inhibited the TLR9-mediated 
IFN-α production and this effect was abrogated by PD0325901.

c-FOs levels in pDc cell line gen2.2 are 
higher Than Those in Primary pDcs
The implication of MEK1/2 in the crosstalk of BCR-like and 
TLR7/9 signaling led us to investigate the role of c-FOS, a down-
stream immediate early response gene (20), in the regulation of 
TLR7/9 response. To this end, we compared the levels of c-FOS 
protein in the GEN2.2 cell line with those in primary pDCs 
(Figures 7A,B). We found that the quantity of c-FOS in GEN2.2 
cells cultured in complete medium was approximately double that 
of primary pDCs (Figure 7B). Among numerous transcription 
factor binding sites in the upstream promoter region of c-FOS, the 
serum response element plays a central regulatory role in respond-
ing to external stimuli by growth factors and mitogens (20). To 
assess the basal level of c-FOS in GEN2.2 cells, we determined 
c-FOS levels in GEN2.2 starved for 16 h in serum-free medium. 
The starvation reduced the quantity of c-FOS in GEN2.2 cells to 
the level present in primary pDCs (Figure 7B).

expression of c-FOs induced by BDca-2 
crosslinking Precedes and exceeds That 
induced by cpg-a
We determined the effect of CpG-A and BDCA-2 mAb on the 
kinetics of expression of the c-FOS gene in the serum-starved 
GEN2.2 cells pretreated or not with PD0325901 (Figure  8A). 

The peak of c-FOS transcription occurred 60 min after stimula-
tion with CpG-A (Figure  8B), while crosslinking of BDCA-2 
induced an earlier (30  min) and a stronger transcription of 
c-FOS (Figure 8C). Pretreatment with PD0325901 blocked the 
induction of c-FOS transcription by both CpG-A and BDCA-2 
mAb (Figures 8B,C). In addition to the quantification of c-FOS 
mRNA by qRT-PCR, we determined the c-FOS protein levels in 
the serum-starved GEN2.2 cells exposed to CpG-A or BDCA-2 
mAb by western blot (Figures  8D,E). While stimulation of 
GEN2.2 cells with CpG-A decreased the level of c-FOS protein 
(0.82-fold), crosslinking of BDCA-2 increased the production of 
c-FOS (1.46-fold).

PD0325901 inhibits g1/s Phase Transition 
of gen2.2 cell cycle
While pDC line GEN2.2 shares many features with primary pDCs 
(15, 25–30), GEN2.2 cells principally differ from primary pDCs 
by their capacity to proliferate. To further analyze this difference, 
we tested whether the higher basal level of c-FOS in proliferating 
GEN2.2 cells relative to primary pDCs is related to the MEK1/2-
ERK-mediated c-FOS induction and G1/S phase transition of the 
cell cycle (21) (Figures 9A,B). Proliferating GEN2.2 cells were 
treated with PD0325901, corresponding concentration of DMSO, 
CpG-A, and BDCA-2 mAb, or starved in serum-free medium, and 
the impact on their cell cycle was analyzed 16 h later. Cell cycle of 
a control culture of GEN2.2 cells was analyzed immediately after 
separation from MS-5 cells. We found that the MEK1/2-ERK 
pathway inhibitor PD0325901 blocked the cell cycle in proliferat-
ing GEN2.2 cells. The cell cycle was also strongly inhibited in the 
serum-starved GEN2.2 cells, although the impairment of the cell 
cycle in this cell culture did not permit to calculate residual S phase 
and G2/M phase cells according to mathematical model used in 
our analyses. As expected, BDCA-2 crosslinking did not block, 
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FigUre 8 | c-FOS mRNA and protein expression in GEN2.2 stimulated with TLR9 or RR agonists. (a) Experimental outline. GEN2.2 cells separated from MS-5 
feeder cells and starved in a serum-free medium for 16 h were pretreated or not with MEK1/2 inhibitor PD0325901 for 1 h and then exposed to CpG-A (B,D) or 
blood dendritic cell antigen 2 (BDCA-2) mAb (c,e). (B,c) The expression of human c-FOS mRNA was quantified after 30 or 60-min exposure to CpG-A (B) or 
BDCA-2 mAb (c) by TaqMan qRT-PCR in the total cellular RNA. The data normalized to time zero show mean ± SEM of three independent experiments; *, 
p < 0.05; two-tailed Mann–Whitney test. (D,e) c-FOS protein levels were determined after 240 min exposure to CpG-A (D) or BDCA-2 mAb (e) in the total cell 
extract by Western blotting by rabbit polyclonal Ab c-FOS (sc-52). Relative quantity of c-FOS protein normalized to mock-treated GEN2.2 cells determined by 
densitometry is shown below each band. GAPDH was used as a loading control (representative result of three independent experiments).
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but stimulated G1/S phase transition, consistently with increase 
of c-FOS level in BDCA-2-crosslinked cells (Figure 8E). CpG-A 
stimulation had only slight effect on G1/S phase transition. Cell 
cycle arrest in the GEN2.2 cells pretreated with PD0325901 or 
starved for serum (Figure 9B) correlated with the decline in the 
c-FOS level (Figures 7 and 8D,E) and with the potentiation of 
CpG-A-induced production of IFN-α (Figure 1C).

BDca-2 crosslinking induces 
Phosphorylation of c-FOs
It was reported that ERK1/2-mediated post-translational phos-
phorylation enhances c-FOS stability and transcriptional activity 
(20, 22, 23). We assessed the phosphorylation of ERK1/2 at T202/
Y204 and c-FOS at T325 in serum-starved GEN2.2 cells treated 
with RR agonist BDCA-2 mAb, TLR9 agonist CpG-A, and PKC 
agonist PMA (Figure 10A). c-FOS phosphorylation was analyzed 
using Western blotting with the P(T325)-c-FOS antibody. In 
the control experiment, 15 or 60 min exposure of GEN2.2 cells 
to PMA-induced strong phosphorylation of ERK1/2 at T202/
Y204 and the c-FOS at T325, which was efficiently inhibited by 
PD0325901 (Figure 10B). The levels of total c-FOS and ERK1/2 
remained unchanged in GEN2.2 cells stimulated with PMA for 
15 or 60 min (Figure S6 in Supplementary Material). Stimulation 
with BDCA-2 mAb induced strong phosphorylation of ERK1/2 
at T202/Y204 and the c-FOS phosphorylation at T325, which was 

abrogated by pretreatment with MEK1/2 inhibitor PD0325901 
(Figure 10C; Figure S7 in Supplementary Material). In contrast 
to BDCA-2 mAb or PMA, CpG-A-induced ERK-1/2 T202/Y204 
phosphorylation without inducing the phosphorylation of c-FOS 
T325 (Figure  10D). In conclusion, all three agonists induced 
phosphorylation of ERK-1/2, which was inhibited by 1  µM 
PD0325901. BDCA-2 mAb and PMA induced phosphorylation 
of c-FOS while CpG-A did not. The phosphorylation of c-FOS 
was inhibited by PD0325901, which is consistent with the regula-
tion of c-FOS by MEK1/2-ERK signaling.

BDca2 crosslinking in gen2.2 cells and 
Primary pDcs induces Upregulation of 
c-FOs
A recent study reported that BDCA-2 crosslinking and internali-
zation result in up to 16 hr-lasting resistance of pDCs to TLR7/9-
mediated stimulation suggesting a stability of the IFN-I inhibitory 
signal (35). Although c-FOS expression is usually rapid and 
transient, c-FOS stability is enhanced by phosphorylation (20, 22, 
23). These observations led us to investigate the stability of c-FOS 
levels after stimulation of the BCR-like or TLR9 pathways. We 
analysed the quantity of c-FOS in the GEN2.2 cell line 16 h after 
stimulation with the control PMA, BDCA-2 mAb, and CpG-A 
by flow cytometry in the presence or absence of PD0325901 
(Figure 11A). The results show that stimulation with PMA and 
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FigUre 9 | Cell cycle analysis of GEN2.2 cells cultured in the presence of PD0325901, CpG-A, blood dendritic cell antigen 2 (BDCA-2) mAb, or in serum-free 
medium. (a) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells were exposed for 16 hr to 1 µM PD0325901, 4 µg/ml CpG-A, 0.25 µg/ml 
BDCA-2 mAb, or DMSO (mock-treated control), or analyzed immediately after separation from MS-5 cells. (B) Cell cycle analysis using Hoechst 33342 stain. 
Histograms of live GEN2.2 cells (representative result of three independent experiments) stained with Hoechst 33342 dye showing DNA content distribution. Live/
Dead cell discrimination was performed by Zombie Green™ Fixable Viability Kit. ND, not determined.
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BDCA-2 mAb induced a sustained increase in c-FOS levels, while 
stimulation with CpG-A did not (Figure 11B). The increase in 
c-FOS levels in the PMA and BDCA-2 stimulated GEN2.2 cells 

was inhibited by PD0325901. MFI of c-FOS significantly increased 
after BDCA-2 crosslinking and PMA stimulation of GEN2.2 cells 
but not after stimulation with CpG-A (N = 3, Figure 11C). While 
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FigUre 10 | Activation of c-FOS and ERK in GEN2.2 cells stimulated with phorbol myristoyl acetate (PMA), blood dendritic cell antigen 2 (BDCA-2) mAb and 
CpG-A. (a) Experimental outline. GEN2.2 cells separated from MS-5 feeder cells and starved in a serum-free medium for 16 h were pretreated or not with MEK1/2 
inhibitor PD0325901 for 1 h and then stimulated with PMA (B), BDCA-2 mAb (c), or CpG-A (D). The activation of c-FOS was evaluated by analysis of c-FOS 
phosphorylation using Western blotting with the P(T325)-c-FOS antibody. The phosphorylation of ERK-1 was determined by P(T202/Y204) ERK-1. Ponceau red 
was used as a loading control. Figure (c) is composed of two images of two different gels with samples from the same experiment. The two images are separated 
by a dotted line. Full scans of the original gels are shown in Figure S7 in Supplementary Material.
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PD0325901 almost completely inhibited c-FOS production in 
GEN2.2 cells stimulated by PMA, it exerted only partial inhibi-
tion in BDCA-2 mAb-crosslinked cells.

To assess whether stimulation of BDCA-2 in primary pDCs 
also upregulates the expression of c-FOS, we exposed PBMCs from 
three healthy donors to BDCA-2 mAb and determined the level of 
c-FOS in a rapidly dying population of primary pDCs 4 hr later. 
Because the low proportion of pDCs in PBMCs makes their bio-
chemical analyses difficult, we used flow cytometry for this purpose 
(Figures 11A, D–F). The MFI of c-FOS induced by BDCA-2 mAb 
increased 2.19 ± 0.85 times compared to isotypic IgG1 control in 
pDCs (Figure 11E). These results show that the stimulation of RRs 
of pDCs results in a sustained increase of the c-FOS level not only 
in the GEN2.2 cell line but also in primary pDCs.

DiscUssiOn

Our results demonstrate the important role of MEK1/2-ERK sign-
aling in the RR-mediated inhibition of IFN-α and IL-6 production 

in pDCs. We showed that MEK1/2 inhibitors PD0325901 and 
U0126 were the only constituents of the panel of inhibitors of 
BCR-like signaling that not only did not abrogate, but even 
stimulated TLR9 signaling in GEN2.2 cells. Pharmacological tar-
geting of MEK1/2 in GEN2.2 cells or primary pDCs significantly 
abrogated inhibition of the TLR9-mediated production of IFN-I 
induced by BCR-like or PKC signaling. Both BCR-like and PKC 
signaling activated MEK1/2-ERK pathway.

The molecular mechanism by which the ligation of the RRs 
antagonizes TLR7/9 signaling in pDCs remains elusive despite 
years of intense research in many laboratories (8–10, 12–14, 16, 
35). We show here that MEK1/2-ERK signaling upregulated the 
production and phosphorylation of c-FOS. Thus, the potentia-
tion of IFN-I by PD0325901 treatment of GEN2.2 cells could be 
consequence of a natural role of c-FOS in cell proliferation. The 
role of c-FOS in the activation of the G1/S cell cycle transition 
and in the inhibition of IFN-α and IL-6 production in GEN2.2 
cells should be further investigated. A higher level of c-FOS in 
proliferating GEN2.2 cells in comparison with resting primary 
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FigUre 11 | Induction of total c-FOS in GEN2.2 cells and primary plasmacytoid dendritic cells (pDCs). (a) Experimental outline. GEN2.2 cells separated from MS-5 
feeder cells exposed or not to PD0325901 were stimulated with phorbol myristoyl acetate (PMA), blood dendritic cell antigen 2 (BDCA-2) mAb, or CpG-A for 16 h. 
Peripheral blood mononuclear cells (PBMCs) of healthy donors were exposed to BDCA-2 mAb or IgG1 isotype Ab and quantity of the total c-FOS in pDCs gated 
from PBMCs was determined 4 h later. (B) Fluorescence intensity of the total c-FOS in GEN2.2 cells. Viable GEN2.2 cells were gated according to Live/Dead 
Zombie Green kit, semipermeabilized and stained with PE-conjugated c-FOS (9F6) rabbit mAb. Control light shaded areas show c-FOS in unstimulated PD0325901 
mock-treated GEN2.2 cells. Dark shaded areas show c-FOS in PD0325901-treated GEN2.2 cells. Representative result of three independent experiments. (c) The 
data show mean MFI ± SEM of the total c-FOS in GEN2.2 cells determined in three independent experiments. *, p < 0.05; unpaired, two-tailed t-test. (D) Primary 
pDCs in PBMCs were gated negatively for Zombie green- (living cells) and FITC-Lin− and positively for APC-CD123+. (e) c-FOS in semipermeabilized primary pDCs 
gated from PBMCs stimulated with BDCA-2 mAb or IgG1 isotype for 4 h was stained with PE-c-FOS (9F6) rabbit mAb. Representative result of three independent 
experiments with PBMCs from different healthy donors. (F) The data show mean MFI ± SEM of the total c-FOS in primary pDCs gated from BDCA-2-stimulated or 
unstimulated PBMCs determined in three independent experiments in PBMCs of different donors.
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pDCs represents a major difference between these cell types and is 
consistent with the different outcome of MEK1/2-ERK inhibition. 
The demonstration of the synergistic effect of MEK1/2 inhibitors 
on the CpG-A-induced production of IFN-α suggests that under 
steady-state conditions a natural intrinsic block regulated by 
MEK1/2 controls the IFN-α level in GEN2.2 cells to a higher level 
than that in primary pDCs. Release of this block could be a part 
of the restoration mechanism of IFN-α by MEK1/2 inhibitors in 
pDCs exposed to RR agonists.

The levels of inhibition of IFN-I production by crosslinking 
of RR and their restoration by MEK1/2-ERK inhibitors varied 
depending on the RR ligand. This could be related to differences 
in the cell-surface distribution of targeted receptors (BDCA-2, 
ILT7, DCIR) and avidity of tested ligands (BDCA-2 and ILT7 
mAbs, HCV particles, or BST2 expressing cells). Among them, 
BDCA-2 mAb was the most potent inhibitor of IFN-I produc-
tion. Surprisingly the relative levels of inhibition and restoration 
of IFN-I production were similar in GEN2.2 cell line and primary 
pDCs. In addition to differences in receptor/ligand interactions, 
the levels of inhibition and restoration of IFN-I production were 
dependent on the mechanism of stimulation of MEK1/2-ERK 
pathway by BCR-like or PKC signaling. While pretreatment with 
PD0325901 led to almost complete inhibition of c-FOS expres-
sion induced by PMA, c-FOS expression induced by BDCA-2 
mAb was only partially inhibited. This suggests that expression 
of c-FOS induced by BDCA-2 crosslinking and internalization 
could be partially MEK1/2-ERK independent.

MEK1/2 inhibitor PD0325901 potentiated production of 
IFN-α in pDC cell line GEN2.2 stimulated by both synthetic 
(CpG-A and CpG-B) and natural (HSV-1 and HCMV) agonists. 
In the absence of PD0325901, exposure of pDCs to HSV-1 and 
HCMV results in a non-permissive infection and TLR9-mediated 
production of IFN-α (36, 37). Interestingly, the quantity of IFN-α 
produced by murine pDCs exposed to murine CMV (MCMV) is 
down-modulated by MCMV-induced stimulation of DAP12, an 
adaptor molecule of murine RR (38). Recent study demonstrated 
that EBV and double-stranded DNA viruses induce TRIM29 
leading to suppression of IFN-α production (39). The potential 
role of TRIM29 in HSV-1 and HCVM-mediated inhibition of 
IFN-α production in pDCs needs to be clarified.

A previous report implicated c-FOS induced by MAP3-kinase 
TPL-2 in the negative regulation of TLR9-mediated production 
of IFN-β in mouse macrophages and myeloid (mDCs), but not in 
mouse pDCs (24). In contrast, we show here that c-FOS induced 
by MEK1/2-ERK signaling is involved in the regulation of TLR9 
signaling in human pDCs. It is possible that TPL-2 and MEK1/2-
ERK signaling are interpreted differently in mouse and human 
pDCs compared with macrophages and mDCs as a consequence 
of an interaction of ERK activation with other signaling pathways 
triggered by TLR9 (18). Several cell type-specific studies have 
shown that the interaction of TLR7/9 with BCR-like signaling 
may be regulated in a different way in human pDCs (7, 12, 14, 
16, 35, 40).

Activation of Ras/MEK1/2/ERK downregulates expression 
of IFN-I also in human epithelial cancer cells (41). Together 
with our experiments, these results suggest that MEK1/2-ERK 
signaling can play a general role in regulation of IFN-I. Another 

recent study demonstrated that MEK1/2-ERK-mediated phos-
phorylation of c-FOS in HCV-infected hepatocytes induced 
miR-21, which targeted MyD88 and IRAK1 and contributed to 
the suppression of IFN-I production (42). We did not detect a 
significant increase of miR-21 level in GEN2.2 cells exposed to 
BDCA-2 mAb or CpG-A (not shown).

We have demonstrated that inhibitors of MEK1/2 restore the 
production of IFN-I inhibited by ligation of RRs with HCV par-
ticles or with BST2 expressing cancer cells. These results suggest 
that pharmacological targeting of MEK1/2-ERK signaling could 
be a strategy to overcome immunotolerance of pDCs and re-
establish their immunogenic activity. This finding complements 
our previous results showing that an inhibitor of SYK, a protein 
kinase involved in both TLR7/9 and BCR-like pathways, could 
be a useful tool to suppress the overproduction of IFN-I and to 
re-establish tolerogenic homeostatic functions of pDCs (15). The 
role of IFN-I in the pathogenesis of chronic viral infections and 
cancer is unclear and ambivalent. IFN-I responses are critical 
in the early phases of immune response to infections, but the 
chronic and systemic activation of pDCs can paradoxically lead 
to deleterious consequences for the immune system (43, 44). It 
is likely that an intense signaling occurs in the mucosa, involv-
ing a local accumulation of pDCs producing IFN-I early during 
HIV-1 infection, which is associated with the chronic activation 
of the immune system (45, 46). While in this era of great success 
of direct-acting antivirals against HIV and HCV the stimulation 
of IFN response might represent an adjuvant therapy, important 
namely in the case of virus escape, the induction of IFN-I in com-
bination with existing antivirals may cure HBV infection (47–49). 
IFN-I also plays an important role in antitumor immunity (3, 50). 
The addition of exogenous IFN-α reverts the immunotolerance of 
tumor-associated pDCs in breast and ovarian carcinoma (4, 51). 
Pharmacological targeting of MEK1/2 signaling may constitute 
an attractive new approach to study mechanisms of modulation 
of pDC activation in pathophysiological conditions such as 
chronic viral infections and cancer.

MaTerials anD MeThODs

isolation and culture of Primary pDcs
Peripheral blood mononuclear cells (PBMCs) from healthy anon-
ymous donors were obtained from the national blood services 
(Etablissement Francais du Sang, Marseille, France). Blood sam-
ples were obtained after written consent following the approval 
of the EFS, Marseille, France, and the Center de Recherche en 
Cancérologie de Marseille (CRCM) in accordance to the conven-
tion signed the 20th May 2014. pDCs purified from PBMCs as 
described previously were 75–95% pure, with a contamination of 
less than 5% mDCs (32, 33, 52, 53). Isolated pDCs were cultured 
in RPMI 1640 supplemented with 10% fetal calf serum (FCS). 
To optimize viability in overnight experiments, recombinant IL-3 
(R&D Systems Europe, Ltd., Abingdon, UK) was added to a final 
concentration of 10 ng/mL.

pDc line gen2.2
Human pDC line GEN2.2 (25) was grown in a RMPI 1640 medium 
supplemented with L-glutamine, 10% FCS, 1% sodium pyruvate, 
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and 1% MEM nonessential amino acids, on a monolayer of the 
murine stromal feeder cell line MS-5 grown in RPMI 1640 sup-
plemented with L-glutamine, 10% FCS, and 1% sodium pyruvate. 
For the measurement of cytokine production, the dynamic flow 
cytometry and the Western blot experiments, GEN2.2 cells were 
separated from the MS-5 feeder cells.

inhibitors, antibodies, and reagents
MEK-1/2 inhibitor PD0325901 obtained from InvivoGen 
(Toulouse, France) and U0126 obtained from Sigma (Sigma-
Aldrich, Lyon, France) were used as recommended by supplier. 
PD0325901 is a selective non-ATP-competitive allosteric 
MEK1/2 inhibitor with in  vitro IC50 0.33  nM, which was 
shown to be specific against a panel of 70 different kinases at 
10  µM range (54). U0126 inhibits MEK 1/2 with an in  vitro 
IC50 of 0.5  µM. JNK inhibitor SP600125, TBK1 inhibitor 
BX795, NF-ĸB inhibitor Bay11-7082, p38 MAPK inhibitor 
SB253080, and calcineurin inhibitor FK506 were all purchased 
from InvivoGen, San Diego, USA. For in vitro pDC stimulation 
assays, CpG-A (ODN 2216), CpG-B (ODN 2006), and PMA (all 
InvivoGen, San Diego, USA), and BDCA-2 antibody (Miltenyi 
Biotech, Paris, France), and ILT7 antibody (eBioscience) were 
used.

In Vitro pDc stimulation
To determine cytokine production, purified primary human 
pDCs (in the presence of IL-3) or GEN2.2 cells were kept at a con-
centration of 106 cells/ml aliquoted in 100 µl quantities in 96-well 
round-bottom culture plates and stimulated with 4 µg/ml CpG-A 
or CpG-B, 25 ng/ml PMA, 20 µg/ml of BDCA-2 or ILT7 antibody, 
or 10 HCV geq/cell for 16 h. In some experiments, BDCA-2 or 
ILT7 antibody-exposed cells were further crosslinked with goat-
antimouse F(ab')2 (15 µg/ml) (Jackson ImmunoResearch).

Production and Purification of cell 
culture-Derived hcVcc (JFh-1 3 M), hsV-1, 
and hcMV Virus stocks
Hepatitis C virus cc particles were prepared in Huh7.5 cells (55) 
(kindly provided by APATH L.L.C.) on the basis of plasmid 
pJFH-1 displaying mutations, F172C and P173S in core and 
N534K in E2 (56), as described previously (33). The ultracentri-
fuged virus purified through a cushion of 20% sucrose was resus-
pended in RPMI 1640 to obtain a 1,000-fold concentrated virus 
suspension containing 107 FFUHuh7.5/1011 HCV RNA copies/ml.  
Stocks of HSV-1, strain Praha, and HCMV, strain AD-169, were 
prepared as described previously (57, 58).

Preparation of BsT2 expressing heK293T 
cells
The BST2 sequence from pCMV-Sport6-BST2 was cloned into 
the pRRL.PPT.SF.i2GFPp expression vector to produce a lentivi-
ral vector pRRL-BST2-GFP. HEK293T cells were transduced by 
the resulting lentivirus construct at MOI = 10 and GFP-positive 
cells were selected by FACSAria (BD Biosciences). The expression 
of GFP and BST2 in transduced cells was determined by flow 
cytometry by LSRII (BD Biosciences).

Determination of c-FOS expression
Total cellular RNA was isolated using RNeasy Mini Kit (Qiagen). 
cDNA was synthesized using High Capacity cDNA Reverse  
Transcription Kit (Applied Biosystems). Human c-FOS was amplified  
with SYBR® Green PCR Master Mix (Applied Biosystems) using  
the following primers: c-FOS: forward: 5′-CAAGCGGAGACAGAC  
CAACT-3′and reverse 5′-AGTCAGATCAAGGGAAGCCA-3′; 
GAPDH: forward: 5′-GCGAGATCCCTCCAAAATCAA-3′and 
reverse 5′-GTTCACACCCATGACGAACAT-3′. Relative expres-
sion levels were calculated using 2−ΔΔCT method. GAPDH was used 
as endogenous control.

Determination of erK and c-FOs by 
immunobloting
Total c-FOS and ERK in the whole cell lysate of GEN2.2 cells 
or primary pDCs were determined by Western blotting by 
means of rabbit polyclonal c-FOS (sc-52) and ERK1/2 (sc-154) 
Abs (Santa Cruz Biotechnology, Dallas, USA). Phosphorylation 
of ERK and c-FOS in the whole cell lysate of GEN2.2 cells was 
analyzed by Western blotting using phospho-c-FOS-T325 Ab 
from Abcam (Cambridge, UK) and ERK Ab T202/Y204 (Santa 
Cruz Biotechnology, Dallas, USA) as described previously (15). 
After incubation with the appropriate horseradish peroxidase-
conjugated secondary antibody, the membranes were washed and 
the protein bands were detected with Super Signal™ enhanced 
chemoluminiscent substrate detection reagent (ThermoFisher 
Scientific, Villebon-sur-Yvette, France). Densitometric analyses 
were performed using Amersham Imager 600 (GE Healthcare 
Life Science). Band intensities were normalized to GAPDH or 
Ponceau red.

Determination of c-FOs by Dynamic Flow 
cytometry
To determine total c-FOS by dynamic flow cytometry, 106 
GEN2.2 cells or 2 × 106 PBMCs per milliliter were kept in the 
RPMI 1640 medium supplemented with 10% FCS. Aliquots of 
106 GEN2.2 cells or 8 × 106 PBMCs were stimulated with 4 µg/
ml CpG-A, 100 ng/ml PMA, 10 µg/ml of BDCA-2 mAb for 16 hr 
(GEN2.2 cells) or 4 hr PBMCs. Live/Dead cell discrimination was 
performed by Zombie Green™ Fixable Viability Kit (BioLegend, 
San Diego, USA). For flow cytometry analysis of total c-FOS, cells 
were fixed in 4% formaldehyde for 10 min, permeabilized by 90% 
methanol for 30 min, and stained by PE conjugated c-FOS (9F6) 
rabbit mAb (Cell Signaling, Danvers, USA). For determination of 
c-FOS in primary pDCs, PBMCs were stained by APC-conjugated 
anti-human CD123 mouse mAb (BD Biosciences, San Jose, USA) 
and FITC-conjugated anti-human lineage cocktail mouse Abs 
(BioLegend, San Diego, USA). pDCs in PBMCs population were 
defined as Lin-, CD123+ cell population. Samples were analyzed 
using a BD LSR FORTESSA cytometer (BD Biosciences, San Jose, 
USA) and data were processed using FLOWJO software (Treestar, 
San Carlos, USA).

cell cycle analysis
For analysis of cell cycle, 106 GEN2.2 cells/ml of RPMI 1640 
medium supplemented with 10% FCS were aliquoted in 1  ml 
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quantities in 6-well flat-bottom culture plates and exposed to 
1  µM PD0325901, 4  µg/ml CpG-A, and 10  µg/ml of BDCA-2 
mAb for 16 h. The cells were then resuspended in the RPMI 1640 
medium containing 6 µg/ml Hoechst 33342 Dye (ThermoFischer 
Scientific) and incubated at 37°C in 5% CO2 for 30 min and the 
amount of DNA was determined by flow cytometry. Live/Dead 
cell discrimination was performed by Zombie Green™ Fixable 
Viability Kit (BioLegend, San Diego, USA). Samples were ana-
lyzed using a BD LSR FORTESSA cytometer (BD Biosciences, 
San Jose, USA) and data were processed using FLOWJO software 
(Treestar, San Carlos, USA). Phases of the cell cycle were calcu-
lated by Dean-Jett-Fox model.

Determination of secreted iFn-α, TnF-α, 
and il-6
The quantities of total IFN-α, TNF-α, and IL-6 produced by pDCs 
or GEN2.2 were measured in cell-free supernatants using human 
ELISA kits (IFN-α and IL-6 from Mabtech, and TNF-α from BD 
Biosciences). The index of synergism was determined from the 
following formula: the level of cytokine production after stimula-
tion with the combination of CpG and PD0325901 divided by the 
sum of cytokine production level after stimulation with CpG and 
PD0325901 separately. PD0325901 alone did not induce a detect-
able quantity of respective cytokines. Combinations resulting in 
an index of synergism >1.5 were considered to be synergistic. The 
combinations resulting in an index of synergism ≤1.5 and in a 
30% increase in stimulation compared to the stimulation observed 
with either of the two stimulators were considered to be additive.

statistical analysis
Quantitative variables are expressed as the mean ± SEM (standard 
error of the mean). To compare the levels of cytokine production 
and transcription of c-FOS mRNA by pDCs, we used a Mann–
Whitney or a Wilcoxon two-tailed non-parametric tests. For flow 
cytometry analyses, we used two-tailed t-test. Data were analyzed 
with GraphPad Prism 4 (GraphPad Software, La Jolla, CA). A  
p value ≤ 0.05 was considered to be significant.

eThics sTaTeMenT

Peripheral blood mononuclear cells (PBMCs) from healthy 
anonymous donors were obtained from the national blood 
services (Etablissement Francais du Sang, Marseille, France). 

Blood samples were obtained after written consent following 
the approval of the EFS, Marseille, France and the Centre de 
Recherche en Cancérologie de Marseille (CRCM) in accordance 
to the convention signed the 20th May 2014.
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Toll-like receptors (TLRs) are a unique category of pattern recognition receptors that 
recognize distinct pathogenic components, often utilizing the same set of downstream 
adaptors. Specific molecular features of extracellular, transmembrane (TM), and cytoplas-
mic domains of TLRs are crucial for coordinating the complex, innate immune signaling 
pathway. Here, we constructed a full-length structural model of TLR4—a widely studied 
member of the interleukin-1 receptor/TLR superfamily—using homology modeling, pro-
tein–protein docking, and molecular dynamics simulations to understand the differential 
domain organization of TLR4 in a membrane-aqueous environment. Results showed 
that each functional domain of the membrane-bound TLR4 displayed several structural 
transitions that are biophysically essential for plasma membrane integration. Specifically, 
the extracellular and cytoplasmic domains were partially immersed in the upper and 
lower leaflets of the membrane bilayer. Meanwhile, TM domains tilted considerably to 
overcome the hydrophobic mismatch with the bilayer core. Our analysis indicates an 
alternate dimerization or a potential oligomerization interface of TLR4-TM. Moreover, the 
helical properties of an isolated TM dimer partly agree with that of the full-length receptor. 
Furthermore, membrane-absorbed or solvent-exposed surfaces of the toll/interleukin-1 
receptor domain are consistent with previous X-ray crystallography and biochemical 
studies. Collectively, we provided a complete structural model of membrane-bound 
TLR4 that strengthens our current understanding of the complex mechanism of receptor 
activation and adaptor recruitment in the innate immune signaling pathway.

Keywords: full-length Tlr, Tlr4, plasma membrane, molecular dynamics simulation, signal transduction, adaptor 
recruitment

inTrODUcTiOn

Toll-like receptors (TLRs) are key components of the vertebrate innate immune system and play a 
dominant role in the activation of the adaptive immune system (1–3). They are pattern recognition 
receptors that recognize exogenous pathogen-associated molecular patterns or endogenous damage-
associated molecular patterns to initiate a complex cascade of signal transduction to produce pro-
inflammatory cytokines and interferons (IFNs) (4). TLRs are found in the plasma membrane (TLR1, 
2, 4, 5, 6, and 10) as well as in the endosomal membrane (TLR3, 7, 8, and 9), recognizing distinct 
categories of ligands (5). Specifically, triacyl lipopeptides (Pam3CSK4) are recognized by TLR1/2 
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(6), diacyl lipopeptides (Pam2CSK4) by TLR2/6 (7), viral double-
stranded RNA by TLR3 (8, 9), lipopolysaccharides (LPS) by TLR4 
(10–12), bacterial flagellin by TLR5 (13), viral single-stranded 
RNA by TLR7 and TLR8 (14, 15), and bacterial CpG-containing 
DNA by TLR9 (16). Ligands recognized by TLR10 are unknown; 
however, evidence indicates that TLR10 can recognize viral or 
bacterial components (17, 18).

Ligand-induced TLR dimerization results in the recruit-
ment of the downstream adaptor, myeloid differentiation 
primary response gene 88 (MyD88), or in the case of TLR3, toll/ 
interleukin-1 receptor (TIR) domain-containing adapter-induc-
ing interferon β (TRIF). TLR4 also initiates TRIF-dependent 
immune signaling from the endosomal membrane. Therefore, 
TLR4 is most unique one among TLRs, as it can trigger LPS-
induced MyD88- and TRIF-dependent signal transduction from 
both the plasma membrane and endosomal membrane, respec-
tively. In the MyD88 pathway, activated TLRs recruit MyD88 
through TIR domain interactions. MyD88, in turn, recruits the 
interleukin-1 receptor-associated kinase 4 (IRAK4) through 
death domain interactions. IRAK4 phosphorylates IRAK1, 
which brings tumor necrosis factor receptor-associated factor 6 
to the receptor complex (19). The TLR-MyD88-IRAK4-IRAK1/2 
supercomplex is termed myddosome, whose actual stoichiom-
etry is still under debate (20, 21). Subsequently, a number of 
phosphorylation and ubiquitination events occur that eventually 
activate nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB). Similarly, the TRIF-dependent pathway employs 
a different set of adaptors and kinases to activate IFN regulatory 
factor 3 (IRF3)—a transcription factor. Activated NF-κB and 
IRF3 translocate to the nucleus and assist in the transcription 
of pro-inflammatory cytokines: interleukin-1 (IL-1), IL-6, IL-10, 
IFN1β, and IFNγ (22).

Structurally, TLRs show a tripartite domain architecture with 
an extracellular ligand binding domain (ECD) containing leucine- 
rich repeats (LRR), a single transmembrane (TM) domain, and 
an intracellular TIR domain (ICD). Agonist binding induces 
homo- or heterodimerization of TLRs that laterally translocate 
in the membrane until the recruitment of downstream adaptors. 
TLR4-ECD is tightly associated with a co-receptor, myeloid 
differentiation protein 2 (MD2), which traps agonists (such as 
LPS) in its large hydrophobic cavity and plays a significant role 
in the activation of the receptor. Conformational changes in TIR 
domains provide a platform for adaptors that then propagate 
signal transduction. Several studies have been conducted to 
uncover the three-dimensional structures of proteins involved in 
this complex pathway. TLR structural biology has been reviewed 
in detail elsewhere (23). The extracellular domains of all TLRs  
(6, 7, 9, 13, 16, 24–26), except TLR10, and the TIR domains of 
some TLRs (27–29) have been solved through X-ray crystal-
lography. The TM domains of TLR3 (30) and TLR4 (31) have 
been recently solved through NMR spectroscopy, suggesting a 
hypothetical model for full-length TLR4. However, experimental 
or computational studies elucidating the full-length structure of 
TLRs with an intact ECD-TM-ICD organization have not been 
reported so far. A complete understanding of full-length TLRs 
would aid identification of receptor micro-domains that par-
ticipate in membrane association and orientation of individual 

domains in physiological environments. Such regions could 
be targeted using novel activators or inhibitors for modulating 
different functional properties of TLRs to obtain the desired 
therapeutic outcomes (32–38).

In this study, we predicted the putative structural organization 
of full-length TLR4 in a membrane-mimetic environment. The 
prediction provided several key insights into the orientation and 
interaction of ECD, TM, and TIR domains with respect to the 
membrane bilayer. Since these domains are independent and 
well-validated drug-targets, detailed understanding of their inter-
actions with the plasma membrane and dimeric counterparts is a 
prerequisite for the development of peptide- or small-molecule-
based therapeutics.

MaTerials anD MeThODs

construction of a Full-length Tlr4-MD2-
lPs homo-heterodimer and individual  
Tir and TM homodimers
The construction of a full-length TLR4 dimer was completed in 
five successive stages. First, the dimeric LPS-bound ECD struc-
ture was obtained from the protein data bank (PDB ID: 3FXI). 
Missing residues were modeled via homology modeling using 
the SWISS-MODEL server (39), followed by energy minimiza-
tion using GROMACS software version 5.1.4 (40). Second, the 
TM domain (residues 630–660) was modeled as a single α-helix, 
followed by protein–protein docking using the ZDOCK server 
(41) to obtain a dimeric structure. Energy minimization was 
performed to optimize interatomic distances and angles. Third, 
the TIR domain was modeled by homology modeling using the 
crystal structure of TLR10 (PDB ID: 2J67) that was solved in 
physiological dimeric conditions (28). Consecutive superimpo-
sition of monomeric TLR4-TIR over the two subunits of dimeric 
TLR10-TIR resulted in a dimeric TLR4-TIR domain. Energy 
minimization was performed to remove steric conflicts between 
atoms. Fourth, all three individual domains were aligned on 
a straight axis and peptide bonds were patched between the 
extreme C- and N-terminal residues of adjacent domains using 
Discovery Studio Visualizer 4.0 (DSV 4.0) program (Dassault 
Systèmes, San Diego, CA, USA). Another round of energy mini-
mization was performed to correct interatomic conflicts within 
the full-length TLR4 dimer. Finally, the residues around the 
constructed peptide bonds were optimized using the ModLoop 
webserver (42).

In addition, individual TIR and TM dimers were constructed 
using the protein–protein docking approach. For TLR4-TIR, two 
different models were created based on the dimer packing infor-
mation available in the literature (28, 37, 43, 44). The first TIR 
dimer was created by successive superimposition of TLR4-TIR 
monomers over those of the dimeric TLR10-TIR. The second 
TIR dimer was obtained by performing protein–protein docking 
using the BB loop of one subunit and the helix αE of the other 
as binding regions. The TM domain dimer was constructed 
using an automated protein–protein docking approach with the 
ZDOCK program. The best scoring predictions were selected for 
further study.
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construction of lipid Bilayers and 
insertion of Tlr4 into the Bilayer
TLR4 was simulated in two separate dipalmitoylphosphatidylcho-
line (DPPC) bilayers with 574 lipids to observe if dynamic proper-
ties of both TLR4 and the membrane are replicated. Initially, a 
pre-equilibrated lipid bilayer of 128 DPPC molecules was obtained 
from the Peter Tieleman website.1 The bilayer was replicated in  
X and Y directions using the GROMACS gmx conf tool to accom-
modate TLR4-ECD in lateral directions. The resultant bilayer was 
energy minimized and simulated for 100 ns. TLR4 was inserted 
inside the DPPC bilayer by aligning the hydrophobic segments of 
TLR4-TM with that of the membrane. InflateGRO methodology 
was used for the packing of lipids around TLR4 (45).

Molecular Dynamics (MD) simulation 
Parameters for Modeled Tlr4 Dimers  
in Phospholipid Bilayers
A hybrid force field was created by combining Gromos96-54a7 
and Berger-lipid parameters for simulating the TLR4-MD2-LPS 
system. An appropriate amount of simple point charge (SPC) water 
molecules and counterions (Na+/Cl−) were added to the simula-
tion system. Energy minimization was carried out using the steep-
est descent algorithm in GROMACS. Temperature and pressure 
couplings were performed for 100 ps each using Nose–Hoover 
and Parrinello–Rahman methods, respectively, with positional 
restraints on the backbone heavy atoms. The production run was 
carried out for 100 ns using the NPT ensemble (constant pressure, 
constant temperature) without backbone restraints. Short-range 
van der Waals and electrostatic interactions were calculated using 
a 12 Å distance cutoff. Long-range electrostatic interactions were 
handled using the particle mesh Ewald method. Periodic bound-
ary condition was applied to the simulation system and all bonds 
were constrained using the linear constraint solver algorithm. 
Structural snapshots were saved at 2 ps time intervals. Trajectory 
data analysis was performed using visual molecular dynamics 
(VMD) (46), PyMOL (Schrödinger, LLC, New York, NY, USA), 
DSV 4.0, XMgrace,2 and built-in GROMACS tools. LPS topology 
was computed using the automated topology builder server (47) 
which uses a hybrid quantum mechanics/molecular mechanics 
method for assigning partial charges to atoms. The volume of the 
MD2 hydrophobic cavity was computed using trj_cavity_v2.0 
program (48).

MD simulation of isolated Tlr4-Tir 
Dimers
Two separate MD simulations were performed for the isolated 
TLR4-TIR dimers in two different dimeric orientations, as 
reported in the literature (37, 43, 44, 49). The models were 
solvated with SPC water molecules inside separate cubic boxes. 
Counterions (Na+/Cl−) were added and energy minimization was 
performed using Gromos96-54a7 force field and steepest descent 
algorithm. Temperature and pressure equilibrations were carried 
out using V-rescale and Parrinello-Rahman coupling schemes, 

1 http://www.ucalgary.ca/tieleman/.
2 http://plasma-gate.weizmann.ac.il/Grace/.

respectively. Remainder of the parameters were the same as 
described for TLR4-membrane simulations.

MD simulation of an isolated Tlr4-TM 
Dimer
A separate MD simulation was carried out for the isolated TM 
segment of TLR4 (residues 630–660) in a pre-equilibrated DPPC 
bilayer. The dimeric TM domain was placed inside the hydropho-
bic core of a DPPC membrane. The simulation was performed for 
100 ns using the same set of parameters described for TLR4 in the 
previous section.

electrostatic Potential calculation
The molecular electrostatic potential surfaces were calculated 
using the adaptive Poisson–Boltzmann solver and PyMOL apb-
splugin tool.3 The solvent accessible surface area was computed 
using a linearized Poisson–Boltzmann equation with a bulk 
solvent radius of 1.4  Å. The isosurfaces (positive and negative 
spheres) were viewed using a contour (kT/e) value of 1.

Free energy landscape (Fel)
The FEL was calculated to obtain lowest energy conformations 
of the modeled TLR4, which were then evaluated for stereo-
chemical accuracy using ProSA-Web (50) and the Rampage 
servers (51). The FEL was calculated using the GROMACS gmx 
sham tool and the landscape was plotted using the demo version 
of Mathematica software (version 11.2; Wolfram Research, Inc., 
Champaign, IL, USA).

Molecular Docking of the TaK-242 ligand 
With Tlr4-Tir Dimers
The chemical structure of TAK-242 was obtained from the 
PubChem database (CID: 11703255). Then, the structure was 
protonated and energy minimized using the molecular operat-
ing environment program (52). The binding site was defined 
around the C747 residue and docking was performed using 
the London-DG scoring function and MMFF94x force field 
optimization. A total of 30 different docked conformations were 
generated and the best pose was selected based on the binding 
affinity (S) score.

Binding Free energy calculation of Tir 
Dimer and Tir-TaK-242 complexes
The molecular mechanics/Poisson–Boltzmann surface area 
(MM/PBSA) method (53) was employed to calculate the bind-
ing free energies between different components. The method is 
summarized by Eq. 1,

 ∆ ∆ ∆ ∆G G G Gbind complex protein ligand= − −  (1)

where Gbind denotes the binding free energy and Gcomplex, Gprotein, 
and Gligand represent the free energy of individual states. The free 
energy of each state is calculated by Eq. 2,

 G G G G G G= + + + + −bond ele vdW pol npol TS  (2)

3 https://pymolwiki.org/index.php/Apbsplugin.
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where Gbond (bonded, angle, and dihedral), Gele, and GvdW are 
bonded, electrostatic, and van der Waals interaction energies 
derived from molecular mechanics energy calculations, respec-
tively. Gpol and Gnpol represent the polar and nonpolar solvation 
energies obtained by solving the Poisson–Boltzmann equation 
and solvent accessible surface area methods. The entropic con-
tribution, TS (absolute temperature T multiplied by entropy S), 
is generally estimated by normal mode analysis. However, the 
g_mmpbsa program (54, 55), which we used for binding free 
energy calculation, ignores entropic contribution to improve 
computational efficiency. In computational binding free energy 
calculations, the computation of the entropic term often over-
estimates obtained binding free energy, resulting in misleading 
outcomes (56).

resUlTs

The Full-length Tlr4-MD2 complex Tilts 
and Wraps Over the Membrane surface
To understand the structural organization of an intact TLR4, 
we performed two separate MD simulations of a full-length 
TLR4-MD2-LPS homo-heterodimer (residues 24–839) solvated 
inside a phospholipid bilayer for 100 ns durations (Figure 1). We 
observed that TLR4 experienced a significant rotation and struc-
tural transition in the membrane bilayer (simulation 1). The ECD 
progressively became inclined over the membrane to the left of 
the bilayer normal (Z-axis) and ultimately placed its N-terminal 
subdomain (LRR-NT) and LRR1-3 into the polar headgroups of 
the bilayer surface (Figures 1A,B). Meanwhile, the TM helices 
exhibited a substantial orientation that tilted with respect to 
the average helical axes due to hydrophobic mismatch with the 
bilayer core. Likewise, the TIR domains gradually moved upward 
and were partially immersed in the lower leaflet of the bilayer. In 
the final MD simulation snapshot, TLR4 was found completely 
wrapped around both upper and lower surfaces of the membrane 
in a slanted manner (Figure 1B). To confirm the dynamic behav-
ior of TLR4 within the membrane bilayer, we repeated the MD 
simulation with a marginally upward (~2 Å) placement of the TM 
helices in the bilayer (simulation 2). TLR4-ECD of simulation 2 
showed a similar behavior to simulation 1 by inclining over the 
membrane, where the LRR-NT was completely buried inside the 
phospholipid headgroups (Figures 1C,D). The TM helices were 
comparatively linear with respect to the bilayer normal; however, 
the first 10 residues of subunit A lost helicity. The helical tilt angle 
was visibly smaller than that of TLR4 in simulation 1, indicat-
ing that the placement of TM helices in simulation 1 was more 
precise. Finally, the TIR domain was partially absorbed into the 
bilayer lower leaflet, but slightly to the right of the Z-axis.

The Tlr4-MD2 homo-heterodimer  
is stable in the Phospholipid Bilayer 
During MD simulation
Before studying the detailed structural properties of membrane-
bound TLR4-MD2-LPS homo-heterodimers, we checked the 

stability of both protein subunits and phospholipids as a function 
of simulation time. The root mean square deviation (RMSD) of 
the backbone (N-Cα-C) atoms indicated that both TLR4 chains 
reached an equilibrium plateau shortly after ~40  ns of MD 
simulation (Figure 2A). The backbone RMSD of MD2 showed 
an exceptional stability oscillating around ~2 Å throughout the 
simulation. The root mean square fluctuation (RMSF) of Cα 
atoms showed that the TIR domain residues were highly flexible 
throughout the simulation, in that the C-terminal residues of 
TLR4* (chain B) reached an RMSF higher than 20 Å (Figure 2C). 
On the other hand, local fluctuation of MD2 residues was largely 
restricted, indicating a stable molecular structure. Similarly, the 
radius of gyration (Rg) values indicated that MD2 maintained 
a compact architecture throughout the simulation. However, 
TLR4 showed an elevated Rg value of 50  Å toward the end of 
MD simulation, probably due to its extended molecular geometry 
spanning through the membrane (Figure  2E). The secondary 
structures of individual subunits of the TLR4-MD2 dimeric 
complex were largely conserved during MD simulation.

The quality of our TLR4 model was validated by calculating 
the Φ and Ψ dihedral angles using the Rampage server. For this 
task, a representative low energy structure was extracted from 
the Gibbs FEL (Figure S1A in Supplementary Material) using 
the get_timestamp.py script.4 The Ramachandran plot showed 
that >90% of both TLR4 and TLR4* residues fell under the most 
favorable and allowed regions of the plot (Figures S1C,D in 
Supplementary Material; Table 1). A few residues located in the 
flexible loops were found to have outlier dihedrals. The Z-score 
obtained from the ProSA-web server indicated that both subunits 
of TLR4 occupy a region defined for X-ray crystallographic struc-
tures (Figures S1E,F in Supplementary Material).

Next, we analyzed key biophysical properties of the membrane 
bilayer to confirm its consistency throughout MD simulations. 
Density profiles of various membrane components revealed low 
and high densities at the hydrophobic and hydrophilic regions, 
respectively (Figure 2D). Water density at the hydrophobic core 
(Z  =  0) of the bilayer was 0. The distance between headgroup 
densities was 37–38 Å, which is the approximate thickness of the 
bilayer (57). The density of tailgroups was higher than that of 
headgroups. Phosphorous atom (P8) density showed a good cor-
relation with that of the headgroups. Altogether, the symmetric 
density of the lipids indicated a well-organized bilayer holding the 
dimeric TLR4. The area per lipid (A/L) of both top and bottom 
leaflets of the bilayer were calculated to be 58.2 ± 1, consistent 
with previous simulations of DPPC membranes and experimental 
A/L values for DPPC bilayers (58–60). Order parameters (−SCD) 
of the sn1 and sn2 chains of DPPC lipids showed a plateau at ~0.2 
for carbon atoms 34–39 and 17–22, respectively (Figure  2B), 
consistent with experimental measurements (58, 61). The mean 
square displacement plot of lipids (lateral diffusion) exhibited a 
linear curve, indicating that phospholipid movements within the 
bilayer were natural (Figure 2F). The stability and stereochemical 
parameters of TLR4-DPPC system of simulation 2 are shown in 
Table 1, Figures S1 and S2 in Supplementary Material. Altogether, 

4 http://nmr.chem.uu.nl/~adrien/course/molmod/get_timestamp.py.
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FigUre 1 | Overall structural organization of full-length TLR4-myeloid differentiation protein 2 (MD2)-lipopolysaccharides (LPS) homo-heterodimers in a membrane-
embedded condition. (a,c) Initial models of the TLR4-MD2-LPS complex in a dipalmitoylphosphatidylcholine membrane. (B,D) Final snapshots of the TLR4-MD2-LPS 
complex after 100 ns of molecular dynamics simulation. (a,B) represent simulation 1, while (c,D) represent simulation 2. For TLR4 and MD2, the lime color represents 
the α-helix, orange color represents the β sheets, and LPS is illustrated as a calotte model. Arrows indicate the approximate distance traveled by extracellular and 
intracellular domains above and below the membrane from their starting positions. Phospholipids are indicated by lines, while phosphorous (P8) atoms are represented 
by mauve beads. (e,F) Electrostatic potential surface around the TLR4-MD2-LPS complex. The transmembrane region is marked by dashed lines.
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TaBle 1 | Model validation scores of representative TLR4 models from two 
separate molecular dynamics simulations.

subunit ramachandran plota Prosa-web 
Z-score

Favored region allowed 
region

Outliers 
region

simulation 1
TLR4 726 (89.2%) 64 (7.9%) 24 (2.9%) −7.25
TLR4* 730 (89.7%) 62 (7.2%) 22 (2.7%) −7.99

simulation 2
TLR4 719 (88.3%) 76 (9.3%) 19 (2.3%) −7.01
TLR4* 720 (88.5%) 80 (9.8%) 14 (1.7%) −7.07

aDistribution of non-glycine and non-proline amino acids in the Ramachandran plot.
*Indicates subunit B of TLR4.
% represents total number of non-glycine and non-proline residues in the protein.

FigUre 2 | Stability parameters of the TLR4-myeloid differentiation protein 2 (MD2) complex and dipalmitoylphosphatidylcholine (DPPC) membrane of simulation 1 
as a function of time. (a) Root mean square deviation. (B) Order parameters for lipid acyl chains. (c) Root mean square fluctuation. (D) Density profiles of various 
components of the membrane. (e) Radius of gyration. (F) Lateral diffusion of lipid head groups, also known as mean square displacement (MSD) of lipids. MSD 
values are based on diffusion of DPPC headgroup P8 atoms. “*” indicates chain B of TLR4 and MD2.
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we concluded that the modeled, full-length TLR4 can be consid-
ered for further in-depth structural analysis.

The ecD conserves Key Molecular 
Features While inclining Over the 
Membrane
During MD simulation, the horseshoe-like architecture of TLR4-
ECD was intact in the membrane-aqueous environment with a 
leftward tilt due to electrostatic attraction between LRR-NT and 
DPPC headgroups (Figure 3A). Analysis of amino acid compo-
sition of the membrane-absorbed portion of ECD revealed the 
LRR-NT and LRR1-3 contain several polar and aromatic-polar 
residues (Figure  3C) that provide charge complementarity for 
association with the zwitterionic DPPC membrane surface. The 
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FigUre 3 | Structural properties of TLR4-extracellular ligand binding domain (ECD) and myeloid differentiation protein 2 (MD2) during molecular dynamics 
simulation. (a) Inclination of ECD over the membrane surface, as seen in the representative low energy model obtained at 94.702 ns. (B) Interaction of 
lipopolysaccharides (LPS) with the hydrophobic pocket of MD2. “*” on TLR4 residues indicates chain B and “#” represents MD2 residues. (c) Interaction of 
N-terminal region of the leucine-rich repeat domain [leucine rich repeats (LRR)-NT; residues 24–51] and LRR1-3 with phospholipid headgroups. (D) An illustration of 
the hydrophobic cavity of MD2. (e) Volume of the MD2 hydrophobic cavity as a function of time. The horizontal white line indicates the average value. (F) Distance of 
the R2 chain terminal –CH3 group from the F126 of MD2 and F440 of TLR4. (g) Distance of LPS interacting atoms from K122 (MD2), K362 (TLR4), and S118 
(MD2). (h) Root mean square deviation of LPS in both subunits of MD2 as a function of time. “*” indicates LPS in chain B of MD2.
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electrostatic potential surface around TLR4 also showed that the 
membrane-absorbed portions of ECD comprised a zwitterionic 
patch as found on the DPPC surface (Figures 1E,F), supporting 
the charge-dependent tilting action of ECD on the bilayer.

Comparisons with the X-ray crystallographic structure (PDB 
ID: 3FXI) revealed that the dimerization interface between TLR4 
and MD2 was completely conserved; this interface involved 
LRR15-17 of the C-terminal subdomain, as well as A and B 
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patches provided by the N- and C-terminal regions of TLR4-
ECD, respectively (12). TLR4 formed direct interactions with  
LPS and F126 (βG-βH strands) and the L87 loops (βE-βF strands) 
of MD2 (Figure 3B). The interaction of LPS within the β-cup-fold 
structure of MD2 is in agreement with the X-ray crystal structure. 
Specifically, all five acyl chains (R3, R2″, R2′, R3″, and R3′) of 
LPS are buried deep inside the MD2 pocket, while the R2 chain 
is partially exposed to the hydrophobic interface formed by F440, 
F463, and L444 of TLR4* and V82, M85, L87, I124, and F126 
of MD2. The distances between the R2 chain terminal –CH3 
group and the benzyl rings of F440 (TLR4*) and F126 (MD2) 
were consistent throughout the simulation (Figure  3F). The 
two phosphate groups of lipid A were anchored to a positively 
charged cluster of lysine and arginine from both TLR4 and MD2, 
providing dimerization support; specifically, K112 of MD2 and 
K362 of TLR4 were involved in a consistent hydrogen bond 
(H-bond) interaction with the phosphate oxygen atoms of lipid 
A throughout the MD simulation (Figure  3G). The phosphate 
oxygen of 1-PO4 forms a strong H-bond with the –OH group 
of S118 (Figure 3G). Overall, we observed that the effect of LPS 
binding and charge on the membrane led to localized changes in 
TLR4-ECD that allowed it to bend over the membrane surface at 
an approximate 45° angle.

Next, we monitored the volume of the MD2 large hydrophobic 
cavity to validate if membrane-bound TLR4-ECD possesses 
a physiologically relevant LPS-MD2 conformation. The LPS 
binding cavity of MD2 is highly flexible and can expand or 
shrink depending on the presence, absence, or size of the ligand. 
The LPS-bound MD2 cavity was reported to have a volume of 
~1,710 Å3 (62). Our calculation revealed that the average volume 
of MD2 was approximately 1,700 Å3 value throughout the simula-
tion (Figures 3D,E). This observation was supported by a stable 
RMSD of LPS as a function of simulation time (Figure 3H). Thus, 
MD2 maintains a steady interaction with LPS inside an intact 
cavity during the dynamic condition, where ECD tilts and adjusts 
itself on the membrane surface. Overall, we found the modeled 
TLR4 structure was reasonably accurate in mimicking the physi-
ologically active state.

TM helices Tilt and Bend to Overcome 
hydrophobic Mismatches
We analyzed and compared the helical properties of TM bundles 
in two separate MD simulations. The TM domain in simulation 
1 showed an axis-length of ~20 Å and a tilt angle of ~15° with 
respect to the average helical axis. In contrast, the TM domain 
in simulation 2 tilted between 8 and 10° with an axis-length of 
~40 Å (Figures 4A,D). The shorter helical axis of the TM bundle 
in simulation 1 indicates a greater curvature than the TM bundle 
in simulation 2. The tilt angles of individual TM helices suggest 
that chain A largely contributes to the orientation of the whole 
TM domain (Figures  4B,C). During these tilting and bending 
processes, individual TM helices maintained a per-residue twist 
angle close to 100° (Figures 4E,F), a value usually obtained for 
ideal α-helices.

The dimer interface of TLR4-TM was studied in two different 
TLR4 models obtained from separate MD simulations. In model 
1, the dimer interface can be divided into two regions, interface I 

with mostly aliphatic residues, namely I633, V636, V641, V644, 
and A648, and interface II containing both aliphatic and aromatic 
residues, namely V649, Y652, F656, and L660 (Figure  4G). 
Aromatic stacking was observed between Y652 and F656 of both 
monomers. S640 of interface I forms electrostatic interactions 
with backbone amide atoms of the other monomer residues. We 
found that residues V636, L639, V643, and V647—previously 
reported to form the dimer interface (31)—are exposed to the 
hydrophobic core of the bilayer (Figure 4H). This suggests the 
existence of an alternate dimer interface or a possible oligomeri-
zation interface of TLR4-TM, as reported for TLR3-TM (30).  
In model 2, we found some additional residues, namely I634, S637, 
and S645 of interface I and M659 of interface II, were involved in 
dimer formation (Figure 4I). However, the distance between the 
axis centers of the two helices in model 2 (~6.5 Å) was found to be 
larger than that of model 1 (~5 Å) (Figure S3A in Supplementary 
Material). This indicates that the tilt and curvature observed 
in model 1 indeed provides a stronger dimer packing between 
TM helices. Furthermore, we carried out a separate MD simula-
tion of the isolated TM dimer (residues 630–660) by solvating 
it inside a DPPC membrane. Our analysis revealed that helical 
properties of the isolated TM dimer partly correlate with that of 
the full-length TLR4; specifically, the helical bundle tilts up to an 
angle of >40° with an axis-length of ~15 Å, much shorter than 
that of the full-length TLR4 (Figures S3D,F in Supplementary 
Material). While the twist angles remained close to 100° (Figure 
S3E in Supplementary Material), chain A contributed the most 
to the overall tilting behavior of the whole dimer (Figure S3C 
in Supplementary Material). However, distances between axis 
centers were found to be >10 Å (Figure S3B in Supplementary 
Material), indicating that isolated TMs tend to form a loose dimer 
in the membrane-bound condition.

Tir Domains are Partially immersed  
into the lower surface of the Membrane
During MD simulations, we observed that the TIR domains were 
partially absorbed into the lower leaflet of the bilayer, owing to 
electrostatic attraction by the polar headgroups supplemented by 
bending or tilting actions of both ECD and TM domains. The 
helix αA and AB loop of one subunit and the helix αB, CD loop, 
and C-terminal tail of the other subunit-mediated interactions 
with membrane phospholipids, while the BB loop was situated 
underneath the membrane (Figure 5A). The BB loop is consid-
ered the site of TIR dimerization and adaptor attachment (38), 
thus solvent exposure of this segment throughout MD simula-
tion validates its functional significance. The DD loop, helix αE, 
and CD loops of TLR4-TIR were also situated adjacent to the 
membrane, but most residues from these segments remained 
directed toward the solvent. The C-terminal tail of one subunit 
is situated at the opposite end of the membrane closely spaced 
to helix αE. TIR domain residues that make direct contacts 
with phospholipids are shown in Table  2. The dimer interface 
mediated by the BB loop and helix αC of both monomers was 
found to be intact. Overall, the TIR dimer rotated up to 90° 
and moved upward before being absorbed into the membrane 
during MD simulation. All subdomains that contacted phospho-
lipids in simulation 1 showed a similar behavior in simulation 2 
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FigUre 4 | Helical properties of TLR4-transmembrane (TM). (a) Tilt angle of the TM dimer as a function of time. The black and red lines represent simulation 1 and 
simulation 2, respectively. (B) Tilt angles of individual helices in simulation 1. (c) Tilt angles of individual helices in simulation 2. (D) Length of the helical axis in both 
simulations. (e) Twist angle of TM residues in simulation 1. (F) Twist angle of TM residues in simulation 2. (g) Dimer packing interactions between residues of TM 
helices in simulation 1. (h) Solvent-exposed residues of the TM domain in simulation 1, indicating a possible alternate dimerization surface. (i) Dimer packing 
interactions between residues of TM helices in simulation 2.
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(Figure 5B; Table 2). The electrostatic potential surface around 
the TIR domain indicated that the juxtamembrane region mostly 
contains positively charged residues; other surfaces bordering 
the membrane contain a mixture of positively and negatively 
charged patches that form polar contacts with the phosphate 
oxygen atoms of the DPPC headgroups (Figure 5C). Calculated 
electrostatic isosurfaces indicated that surfaces of the helix αA 
and CD loop were more negatively charged due to the presence 
of glutamic acids E685 and E691 in helix αA, and E750 and E752 
in the CD loop (Figure  5D). Altogether, these analyses reveal 

that TLR4-TIR surfaces are potentially membrane-absorbed and 
solvent-exposed for interactions with other proteins.

TaK-242 Binding Pockets Display Different 
shapes in isolated Tir and in Full-length 
Tlr4
TAK-242 is a well-known small molecular weight TLR4 antagonist 
that interacts with the amino acid, C747, situated in helix αC of 
the TIR domain. In our TLR10-TIR-based dimeric model, the BB 
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TaBle 2 | Amino acids of the TLR4-TIR domain that interact with the model phospholipid bilayer.

simulation 1 simulation 2

region residues region residues

Helix αA Q683, E685, D686, W687, R689, N690, E691, K694 Helix αA* D686, R689, N690, E691, K694, N695, E697

AB loop E697, E698, V700, P701, Q704 AB loop G699, V700, P701, P702, F703, Q704

Helix αB* N721, H724, E725, H728, K729 Helix αB A720, N721, H724, E725, H728, K729, S730

CD loop* E750, Y751, E752, I753, A754, W757, Q758, F759, S762, 
R763

CD loop A754, Q755, T756, W757, Q758, F757, S762, R763, A764

C-terminal tail* T829, C831, N832, S838, I839 Helix αE R809, R812, K813, L816, V800*, L802*, R804*, H805*, R812*

BB loop Y9, R10 C-terminal tail D817, K819, E824, C831, N832, W833, E835, A836, A837, S838, I839

*Indicates subunit B of TLR4.

FigUre 5 | Membrane interaction and surface electrostatic properties of toll/interleukin-1 receptor (TIR) domains. (a) TIR-membrane interaction in simulation 1.  
(B) TIR-membrane interaction in simulation 2. (c) Electrostatic potential surface of the TIR domain in simulation 1. (D) Electrostatic isosurface showing only the most 
dominant positively and negatively charged surfaces of TIR domains.
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loop and helix αC from one subunit form a dimerization interface 
with the corresponding segments from the other subunit, while 
C747 of each monomer faces each other creating a pocket for 
TAK-242 binding (Figures S4A,C in Supplementary Material) 
(63). We found that the opening of the TAK-242 binding cavity 
was lined with several bulkier amino acids, namely Y751, R780, 

L778, H740, and Q782, that partially blocked the cavity opening 
in both full-length TLR4 models (Figures  6A,B). However, in 
the isolated TIR dimer, these residues faced discrete directions 
providing a relatively exposed cavity for smoother ligand entry 
(Figure 6C). When a docked conformation TAK-242 inside an 
isolated TIR dimer was visualized after 100 ns of MD simulation, 
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FigUre 6 | Views of TAK-242 binding cavities of different toll/interleukin-1 receptor (TIR) dimer models. (a) TAK-242 binding pocket of TIR dimer in simulation 1.  
(B) TAK-242 binding pocket of TIR dimer in simulation 2. (c) TAK-242 binding pocket of isolated TIR dimer. (D) Interaction of TAK-242 with the TIR domain dimer 
residues. (e) Distance between the TAK-242 cyclohexane ring and the –SH2 group of C747 of both TIR monomers.
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we found that the TAK-242 cyclohexane ring remained ~2.5 Å 
away from the –SH group of C747 throughout the simulation 
(Figure 6E). An H-bond was observed between the SO2-oxygen 
and nitrogen atoms of the Q781 side chain (Figure  6D). 
Interestingly, the residues surrounding C747 in unliganded TIRs 
did not interact with TAK-242, except for Q781. This suggests 
that TAK-242 induces conformational alterations in the residues 
neighboring C747 for its antagonistic interaction with TLR4.  
In an alternate TIR4-TIR dimeric model proposed by Toshchakov 
et al. (37), dimerization is governed by helix αE and the BB loop 
of either monomer (Figure S4B in Supplementary Material); this 
model shows that helix αC from both monomers is located at 
opposite surfaces of the TIR dimer with a solvent-exposed C747 
(Figure S4D in Supplementary Material). Calculated binding 
affinities between TIR monomers revealed that αC-αC dimers 
were comparatively more stable than αE-BB dimers (Table  3). 
Furthermore, the binding affinity of TAK-242 for αC-αC dimers 
was found to be greater than that of TAK-242 for αE-BB dimers. 

Altogether, this indicates that the αC-αC orientation is the likely 
physiological dimeric state of TLR4-TIR domains.

DiscUssiOn

An agonist-mediated dimeric state is the basic functional unit 
of TLRs; nevertheless, oligomeric states have lately been hypoth-
esized (30, 64). Owing to a recent interest in TLR structural 
biology, NMR/X-ray crystal structures of almost all TLR indi-
vidual domains have been solved. Although these experimental 
structures facilitated numerous mechanistic and rational drug 
development studies, the complete structural organization of 
ECD, TM, and TIR is yet to be studied as a single membrane-
bound receptor unit (65). Here, we describe structural properties 
of a full-length TLR4 homo-heterodimer containing LPS-bound 
MD2 subunits in a membrane-aqueous environment that theo-
retically mimics the activated receptor in physiological condi-
tions. Two independent MD simulations were performed and the 
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TaBle 3 | Comparison of binding affinities (kJ·mol−1) between different toll/interleukin-1 receptor (TIR) dimer models and TIR-TAK-242 complexes.

Tir interface ΔvdW
a Δelec

b Δps
c Δsasa

d ΔTotal
e

Helix αC-αC −437.952 (2.8) −461.041 (3.6) 666.160 (5.4) −62.136 (3.3) −294.969 (4.6)
Helix αE-BB loop −237.209 (1.8) −581.003 (8.0) 665.111 (1.0) −26.933 (4.6) −180.035 (5.1)
TAK-242-αC-αC −66.875 (2.3) −72.790 (3.4) 101.001 (5.7) −7.901 (1.9) −46.566 (2.1)
TAK-242-αE-BB −146.588 (1.4) −181.268 (2.3) 328.178 (3.8) −17.622 (1.0) −17.299 (2.1)

aVan der Waals energy.
bElectrostatic energy.
cPolar solvation energy.
dSolvent accessible surface area energy.
eTotal binding free energy.
SD are indicated in brackets.
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most reasonable simulation showing stable receptor dynamics 
was described in detail. The rationale behind this is that the TM 
and TIR domains—with the exception of TLR4-ECDs—in simu-
lation 2 displayed considerably dissimilar properties than those of 
simulation 1. We reason that due to a slightly different membrane 
placement of the TM bundle in simulation 2, the helical properties 
of the TM domain were partly distorted, causing the differential 
orientation of TIR domains. Therefore, we consider simulation 
1 TLR4 as the most stable and acceptable model that describes 
various structural properties reliably. However, the observed tilt 
of TLR4 domains in simulation 1 might not be specific, since 
the juxtamembrane loops at the top and bottom layers of the 
membrane are highly flexible and mobile; therefore, the ECD 
and TIR domains can tilt to either direction of the membrane 
normal (Z-axis).

We found that the flexible juxtamembrane regions of full-
length TLR4 allow for simultaneous tilting or bending actions 
of ECD and TIR domains on the membrane. As the ECD gradu-
ally inclined over the membrane surface, the LRR-NT of one 
monomer (TLR*) was partially absorbed into the upper leaflet 
of the bilayer. The inclination of ECD toward one particular 
direction of the bilayer surface was due to charge-dependent 
interactions of phospholipid headgroups with ECD amino 
acids facilitated by the cooperative actions of both TM and TIR 
domains. During this process, the LPS-bound MD2* (chain B of 
MD2) approached the membrane surface closely. It is possible 
that MD2 increased ECD bulkiness leading to its inclination 
over the membrane for stability. Interestingly, this dynamic 
behavior of ECD had little effect on the interaction between LPS 
and MD2. LPS was stable inside the large hydrophobic pocket 
of MD2—with an approximate volume of 1,700  Å3 (62)—and 
interacted consistently with both TLR4 and MD2. Earlier works 
have shown that the hexaacylated LPS tail prompts reorienta-
tion of the MD2 F126 aromatic side chain from an open to a 
closed conformation; this induces stable agonist binding prior 
to association with TLR4 (10, 66). The open conformation of 
F126 in agonist-free states of activated receptor dimers acts as 
a molecular switch that destabilizes the relative arrangement of 
TM and TIR domains (10). Throughout our simulation, F126 
maintained a steady interaction distance with the LPS R2 chain 
that kept F126 in a closed conformation. This indicates that the 
observed dynamic properties of TLR4-ECD in the presence of 
the membrane bilayer do not destabilize interactions between 
different TLR4-MD2-LPS homo-heterodimer subunits.

TLR4, including all TLR members, has a typical type I mem-
brane protein structure; a bulky ECD, a single narrow TM helix, 
and a small TIR domain. By observing this architecture, it is 
reasonable to accept that homo or heterodimerization is required 
to maintain stability at the TM region. This stability is important 
for the efficient adaptor recruitment platform provided by TIR 
domains in the cytoplasm. Studies on TLR-TM are sparse compared 
with ECD and TIR; however, the literature suggests that isolated 
TLR-TM segments can form stable homo/heterodimeric or oligo-
meric assemblies (30, 31, 64, 67). TLR4-TM (residues 630–650) 
along with the juxtamembrane region (residues 651–660) forms a 
continuous helix of 32 residues that extends beyond the nonpolar 
region of the membrane bilayer lower leaflet. This results in a 
hydrophobic mismatch between the nonpolar segments of the 
bilayer and the TM domain. Therefore, the TM domain tilts and 
bends considerably to overcome the energetic penalty incurred 
during dynamic conditions. More recently, the dimeric state 
of TLR4-TM was solved through an NMR spectroscopy study 
(31), showing a continuous helix that includes a portion of the 
ICD juxtamembrane region. Protein–protein docking was then 
applied to obtain a dimeric TM model that showed resides V636, 
L639, V643, and V647 from each monomer defining the potential 
dimer interface. Structures of TLR4 and TLR3-TM domains were 
determined by a synthetic TM construct that may not reflect the 
precise side chain orientations of a full-length TLR surrounded 
by membrane phospholipids. After a 100  ns-long MD simula-
tion of full-length TLR4, we found that the residues reported by 
Mineev et al. (31) were directed toward the hydrophobic core of 
the bilayer; this points to the possibility of an alternate homodi-
merization or homooligomerization interface of TLR4-TM, as 
was found for other type I TM proteins, including TLR3-TM  
(30, 68). The strong interaction between aromatic residues of both 
TM monomers in interface II may result in helix bending at the 
center. These helical properties of TM domains of the full-length 
TLR4 are consistent with observations of other bitopic membrane 
proteins, where the specific lipid-TM and TM–TM interactions 
stabilize functionally relevant receptor conformations (69).

Inflammatory signaling and host defense downstream of 
membrane-bound TLRs involve several transient interactions 
between TIR domain-containing proteins (19). Functional TIR 
domain interactions are largely specific, in that a given set of 
TIRs tend to only associate with each other; however, some TIR 
domain-containing proteins interact with multiple partners 
giving rise to overlaps in the signal transduction cascade (22). 
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Despite considerable efforts, the molecular basis of TIR domain 
specificities has not been completely unraveled. We observed 
that the TIR domains were gradually absorbed into the lower 
surface of the membrane bilayer due to electrostatic interactions 
and the bending or twisting actions of ECD and TM domains. 
Along with the juxtamembrane region, the upper surface of 
the TIR domain was partially immersed into the polar, lower 
face of the membrane. Of note, the primary contact surface 
between the membrane and both TIR domains is governed 
by helices αA and αB. Polar residues of the AB loop, CD loop, 
and C-terminal tail of one subunit made partial contacts with 
the membrane for stability, while the same regions of the other 
subunit remained completely solvent-exposed. The BB loop 
motif was situated right underneath the membrane bilayer as 
its Y709 and R710 residues formed H-bonds with phospholipid 
headgroups. The functionally important helix αE—thought 
to form an alternate dimerization surface by interacting with 
the BB loop (37)—remained solvent-exposed throughout the 
simulation, suggesting that helix αE might potentially form 
the TLR4 oligomerization interface. This indicates that our 
MD simulation accurately described physiological folding of 
membrane-bound TLR4. The interaction between TIR residues 
and membrane phospholipids or partial immersion of amino 
acid side chains into the polar region of the bilayer is unlikely 
to preclude these segments from contacting adaptor or other 
binding components. Decoy peptides from the helix αA and jux-
tamembrane region of TLR4-TIR were able to inhibit agonist-
induced cytokine production by targeting their site of origin 
(37). This indicates that the polar region of the membrane, 
containing partially absorbed TIR residues, can accommodate 
other signaling components or external peptide antagonists. 
The MyD88 protein is sorted to TLR4-TIR by the membrane 
anchored adaptor, TIR domain-containing adaptor protein 
(TIRAP) (70, 71); therefore, it is most likely that the activated 
receptor complex formed by TLR4-TIRAP-MyD88 is in close 
proximity to membrane phospholipids (72). Moreover, it is 
likely that polar phospholipid headgroups provide the necessary 
charged environment for surface-exposed hydrophilic residues 
of the receptor or adaptors, thus stabilizing the supercomplex.

Next, we compared the small-molecule antagonist binding 
cavity of the TIR domain in both full-length TLR4 and isolated 
conditions. We considered TAK-242 as it is the most potent 
small-molecule antagonist reported to date that blocks recruit-
ment of downstream adaptors by activated TLR4 (73). TAK-242 
has been reported to bind to the conserved C747, located in 
the helix αC, of the TIR domain and prevents adaptor recruit-
ment without affecting receptor homodimerization (63). In the 
absence of a commonly accepted TLR4-TIR dimerization model, 
we constructed two possible homodimerization interfaces, as 
reported in the literature. The first model was created based on 
the widely accepted view that helix αC and the BB loop of both 
subunits form the dimer interface (43, 44, 49). This model is 
based on the solved crystal structure of TLR10-TIR homodimer 
with one symmetric and one asymmetric subunits (28). We used 
the αC-αC model for completing our full-length TLR4 homodi-
mer as well as for studying TAK-242 interactions. On the other 
hand, an alternative dimerization model has also been proposed 

using a decoy peptide approach (37). This model exposes helix 
αC toward the solvent and places helix αE and the BB loop in 
between the dimer interface. Our estimated binding free energy 
revealed that the αC-αC dimer has a greater binding affinity than 
the αE-BB dimer. Moreover, the affinity of TAK-242 for αC-αC 
dimers was stronger than for αE-BB dimers. This indicates that 
the αC-αC/BB-BB model might represent the physiological 
dimeric interface of TLR4. Remarkably, in the full-length TLR4, 
the TAK-242 binding cavity was partially blocked by neighboring 
residues that precluded C747 from contacting TAK-242. Possibly, 
due to the rotation and upward movement of the TIR dimer of 
full-length TLR4, the side chains of C747 neighboring residues 
covered the opening of the ligand binding cavity after coming in 
contact with rapidly moving water molecules. This phenomenon 
was also observed in a separate simulation of full-length TLR4. 
Thus, TAK-242 binding deep inside the TIR dimer cavity remains 
speculative, particularly in the absence of a cocrystallized ligand 
with the TIR dimer. Since TAK-242 does not interfere with LPS 
binding to MD2 and receptor dimerization, but prevents adaptor 
recruitment, it is tempting to state that C747 interacts with the 
ligand on the solvent accessible surface of the domain. An X-ray/
NMR structure of TAK-242 bound to the dimeric TLR4-TIR is 
required to clarify this issue.

In this study, we proposed a full-length dimeric model of 
membrane-bound TLR4 containing two subunits of MD2-LPS 
complexes that represents the agonist-induced activated state. 
The structural properties of ECD, TM, and TIR domains of intact 
TLR4 are consistent with X-ray crystallography/NMR structures 
determined in isolated conditions. Lipid–protein and protein–
protein interactions of the TM and TIR domains were crucial 
for shaping the biophysical properties behind the signaling- 
competent form of intact TLR4 homo-heterodimers (see Data 
Sheet 1 in Supplementary Material). Of note, caution should be 
exercised while using the proposed model in any study in the 
current form. Although we performed a detailed analysis and 
validation of its various structural properties in the membrane 
through multiple MD simulations, experiments with atomic 
force microscopy or cryo-electron microscopy on liposomes 
with inserted full-length TLR4-MD2-LPS complexes could only 
illustrate the exact conformation.
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Astrocyte loss induced by neuromyelitis optica (NMO)-IgG and complement-dependent 
cytotoxicity (CDC) is the hallmark of NMO pathology. The survival of astrocytes is thought 
to reflect astrocyte exposure to environmental factors in the CNS and the response 
of astrocytes to these factors. However, still unclear are how astrocytes respond to 
NMO-IgG and CDC, and what CNS environmental factors may impact the survival of 
astrocytes. In a murine model of NMO induced by intracerebral injection of NMO-IgG 
and human complement, we found dramatic upregulation of IL-15 in astrocytes. To 
study the role of astrocytic IL-15 in NMO, we generated a transgenic mouse line with 
targeted expression of IL-15 in astrocytes (IL-15tg), in which the expression of IL-15 is 
controlled by a glial fibrillary acidic protein promoter. We showed that astrocyte-targeted 
expression of IL-15 attenuates astrocyte injury and the loss of aquaporin-4 in the brain. 
Reduced blood–brain barrier leakage and immune cell infiltration are also found in the 
lesion of IL-15tg mice subjected to NMO induction. IL-15tg astrocytes are less susceptible 
to NMO-IgG-mediated CDC than their wild-type counterparts. The enhanced resistance 
of IL-15tg astrocytes to cytotoxicity and cell death involves NF-κB signaling pathway. Our 
findings suggest that IL-15 reduces astrocyte loss and NMO pathology.

Keywords: astrocytes, complement-dependent cytotoxicity, neuromyelitis optica-igg, il-15, neuromyelitis optica

inTrODUcTiOn

Neuromyelitis optica (NMO) is a severe autoimmune disease in the central nervous system that 
predominantly affects the optic nerves and spinal cord (1, 2). Binding of NMO-IgG to water chan-
nel aquaporin-4 (AQP4), primarily expressed at the end-feet of astrocytes, initiates complement-
dependent cell cytotoxicity (CDCC) on astrocytes, followed by blood–brain barrier breakdown, 
recruitment of granulocytes and macrophages and cytokine secretion, which result in secondary 
oligodendrocyte injury, demyelination, and neuronal injury (3–6). In NMO disease, death of astro-
cytes is thought to be pivotal because it initiates a cascade of inflammatory responses that further 
exacerbate CNS injury. Astrocytes could play an active role in regulating CNS inflammation and 
brain homeostasis via producing inflammatory mediators, energy and oxidative precursors, as well 
as scavenging extracellular cytotoxic substances in a variety of neurological diseases (7–9). Although 
it has long been known that astrocytes are targets of NMO-IgG and CDC, how astrocytes respond to 
NMO-IgG and CDC are still poorly understood.

The survival of astrocytes depends on their exposure and receptiveness to CNS environmental 
factors. Interleukin-15 is a proinflammatory cytokine that impacts the homeostasis and intensity 

81

https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00523&domain=pdf&date_stamp=2018-03-19
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00523
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:minshuli2012@163.com
https://doi.org/10.3389/fimmu.2018.00523
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00523/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00523/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00523/full
https://loop.frontiersin.org/people/535960
https://loop.frontiersin.org/people/513875


2

Li et al. IL-15 Reduces Astrocyte Damage

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 523

of immune response in autoimmune diseases. In the periphery, 
studies have demonstrated that IL-15 contributes to the immuno-
pathology of several inflammatory diseases, such as rheumatoid 
arthritis and inflammatory bowel disease (10, 11). In the CNS, 
IL-15 is minimally expressed in physiological conditions, but 
the level of IL-15 in the brain is upregulated after CNS injuries. 
Astrocytes have been found as a major source of IL-15 in the 
CNS after injuries (12–16). Previous studies suggest that IL-15 
would either aggravate or attenuate inflammation and neural 
injuries depending on timing, disease stage and types (17, 18). 
However, the role of IL-15 in NMO pathology remains unknown. 
In a murine model of NMO, we found that IL-15 is dramatically 
upregulated in astrocytes. To test the potential role of astrocytic 
IL-15 in NMO, we generated a transgenic mouse line with targeted 
expression of IL-15 in astrocytes (IL-15tg mice) and examined 
NMO pathology in these mice.

MaTerials anD MeThODs

Mice
The study was performed in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals. All experimental procedures were approved by Animal 
Care and Use Committees of Barrow Neurological Institute (AZ, 
USA) and Tianjin Neurological Institute (Tianjin, China). IL-15tg 
mice were developed by Genetically Engineered Mouse Models 
Core at Univercity of Arizona (Tuscon, AZ, USA), the method of 
IL-15tg mice development and genotype identification was done 
as previously described (13–15). IL-15tg mice were backcrossed 
to the C57BL/6 background for at least 10 generations before 
experiments were performed. All mice were kept in specific 
pathogen-free conditions and kept at a standard 21°C with a 12 h 
light/dark cycle at the animal facility of the Barrow Neurological 
Institute or Tianjin Neurological Institute.

nMO animal Model Procedure
Weight-matched adult female mice, aged 8–12 weeks old IL-15tg 
mice and WT littermates, were used in our experiments. NMO 
mouse model is induced by intra-parenchymal injections of 
NMO-IgG [recombinant antibody (rAb-53)], AQP4-specific IgG, 
which is cloned from intrathecal plasma cells in early NMO (19) 
and human complement (HC). In brief, mice were anesthetized 
by inhaling 3.5% isoflurane and maintained by inhalation of 
1.0–2.0% isoflurane in 70% N2O and 30% O2 by a face mask, 
then mounted in a stereotactic frame. A midline scalp incision 
was made to expose bregma and lambda, a burr hole was made 
2 mm to the right of the bregma. A 26-gauge needle attached to 
10 µl gas-tight glass syringe (Hamilton) was inserted 3-mm deep 
to infuse 8 µl PBS containing 2 µg NMO-IgG (rAb-53) and 3 µl 
HC to the parenchymal tissue at a rate of 0.5 µl/min. During the 
entire procedure, rectal temperature was maintained at 37°C with 
a heating lamp.

neuroimaging
Neuromyelitis optica lesions and BBB permeability were detected 
using a 7T small animal, 30-cm horizontal-bore magnet and 

BioSpec Advance III spectrometer (Bruker, Billerica, MA, USA) 
with a 116-mm high power gradient set (600 mT/m) and a 72-mm 
whole-body mouse transmit/surface receive coil configuration. 
T2-weighted images were acquired at day 3 after NMO induc-
tion. Scan parameters and T2-weigthed acquisition were as we 
described previously (13–15, 20). Axial 2D multi slice T2-weighted 
images of brain were acquired with TR = 4,000 ms, TE = 60 ms, 
FOV = 19.2 mm × 19.2 mm, matrix 192 mm × 192 mm. In order 
to assess BBB permeability, the post-contrast T1 was obtained 
10 min after the administration of gadopentetate dimeglumine 
(Gd-DTPA) (Magnevist) with dosage of 0.2 mmol/kg bodyweight, 
as described (13–15, 21). Axial 2D multi slice T1-weighted 
images of brain were acquired with TR = 322 ms, TE = 10.5 ms, 
FOV =  28 mm ×  28 mm, matrix 256 mm ×  256 mm. During 
MRI scan, the animal’s respiration was continually monitored by 
a small animal monitoring and gating system (SA Instruments) 
via a pillow sensor positioned under the abdomen. Mice were 
placed on a heated circulating water blanket (Bruker) and the 
normal body temperature (36–37°C) was maintained. The MRI 
data were analyzed with Image J software (NIH).

cell isolation and Flow cytometry
Quantitative analysis of immune cell subsets and cell apoptosis 
were prepared from brain tissue and stained with fluorochrome-
conjugated antibodies as described (13–15, 22). At day 3 after 
NMO, we isolated single cell suspension from the brain. Briefly, 
mice were deeply anesthetized and brain was removed immedi-
ately after perfusion with PBS. For CNS immune cell infiltration, 
brain tissue was cut into small pieces and digested with 1 mg/ml 
collagenase in 10 mM Hepes/NaOH buffer at 37°C for 1 h. The 
cell pellet was re-suspended in 70% percoll, then overlaid with 
30% percoll. After centrifugation, the cell monolayer between 30 
and 70% percoll interface was harvested as mononuclear cells. 
For astrocyte and cell death analysis, we harvested the brain and 
homogenized with 70 µm nylon cell strainers in PBS, then, we 
removed the myelin using 30% percoll with the centrifuge at 700 g 
for 10 min. The cell pellet was collected for analysis of Caspase3 
and IL-15 expression.

We used flow cytometry to analyze leukocyte subsets and 
neural cell apoptosis. Single cell suspensions were stained with 
antibodies and appropriate isotype controls. All antibodies 
were purchased from BD Bioscience or eBioscience, Inc. unless 
otherwise indicated. The procedure of cell staining followed the 
manual protocol. The following antibodies were used: CD3 (145-
2C11), NK1.1 (PK136), CD8 (53-6.72), CD45 (30-F11), CD11b 
(M1/70), CD4 (GK1.4), Ly6G/C (RB6-8C5), glial fibrillary acidic 
protein (GFAP) (GA5), Caspase 3 (3G2). Flow cytometric data 
were acquired on a FACSAria flow cytometer (BD Bioscience) 
and analyzed with Flow Jo software version 7.6.1.

immunofluorescence and h&e staining
Mice were terminally anesthetized and perfused with PBS fol-
lowed by 4% PFA. Brains were removed and embedded in paraffin. 
5-µm thick coronal sections were deparaffinized and rehydrated 
in serial ethanol. For immunofluorescence staining, sections 
were permeabilized with 0.3% TritonX-100 for 15  min, then 
incubated with blocking solution consisting of 5% donkey serum, 
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followed by incubating with antibodies against GFAP (Abcam), 
AQP4 (Santa Cruz), Claudin5 (Life Tech) at 4°C overnight. After 
washing with PBS, slices were incubated with appropriate fluo-
rochrome conjugated secondary antibodies: donkey anti-rabbit 
488 (Invitrogen), donkey anti-goat 594 (Invitrogen), donkey 
anti-rabbit 546 (Invitrogen), respectively, at room temperature 
for 1  h. Finally, all slices were incubated with fluoro-shield 
mounting medium with DAPI (Abcam). Images were taken with 
a fluorescence microscope (model BX-61, Olympus). To get the 
image with the whole lesion in each slice, we took 10–15 visual 
fields in a row under a × 40 field of microscope around the lesion 
site (GFAP and AQP4 loss), then merged these images into a 
bigger one using the photoshop7.0 software. For H&E Staining, 
tissue sections were stained with hematoxylin and eosin. Images 
were taken with a microscope (model BX-61, Olympus). The data 
were quantified using ImageJ.

Primary astrocytes culture
Primary cortical astrocytes were prepared as previously described 
(13–15). Briefly, mixed cortices were removed from 1 to 3 days 
old WT and IL-15tg pups and minced with scissors in ice-cold 
HBSS (Gibco), then digested with 0.25% trypsin solution (Gibco) 
at 37°C for 30  min. The dissociated cells were rinsed and re-
suspended in high glucose DMEM and counted. Cells were plated 
in 35-mm culture dishes at a density of 2.5 × 104 cells/cm2. After 
2 days, the medium [High glucose DMEM (Gibco) + 10% heat-
inactivated FBS (Gibco) + 1% Penicillin/Streptomycin (Gibco)] 
was changed to remove cell debris. 7–8 days later, we passaged the 
first split astrocyte population at the appropriate cell concentra-
tion for the experiment. The purity of astrocytes was up to 95%.

complement–Dependent cytotoxicity 
(cDc)
Cultured astrocyte were plated onto 96-well microplates at 
20,000 cells/well and grown at 37°C/5% CO2 for 18–24 h. Cells 
were washed with PBS for three times and incubated on ice with 
50 µl of rAb-53 for 30 min in DMEM (Gibco). Thereafter, 2.5 µl 
pooled normal HC serum (Innovative Research) was added to the 
cells and cultured for additional 60 min at 37°C. Cytotoxicity was 
measured by lactate dehydrogenase (LDH) release assay using a 
commercial kit (Sigma) according to the manufacturer’s instruc-
tions (23). LDH release from cells was calculated as a percentage 
of total LDH in each sample.

Western Blot
Cells were lysed with cell lysis buffer (Cell Signaling Technology) 
containing protease inhibitor cocktail (Sigma-Aldrich) and 
phosphatase inhibitor mixture (Sigma-Aldrich) for 30  min on 
ice. The samples were centrifuged at 14,000 rpm for 15 min at 
4°C to remove cell debris. Protein concentration was determined 
using a BCA protein assay kit (Pierce). Proteins were subjected to 
SDS-PAGE gel (Bio-Rad) and transferred to a PVDF membrane 
(Millipore). The membrane was blocked with 5% non-fat milk in 
TBS solution containing 0.05% Tween-20 for 1 h at room temper-
ature. Then the membrane was incubated with antibodies against 
GAPDH (1:1,000), IκB (1:500, Cell signaling pathway), and pIκB 

(1:500, Cell signaling pathway) overnight at 4°C. After washing 
three times with TBST solution, the membrane was incubated 
with HRP-conjugated goat anti-rabbit (1:2,000; Zymed) for 1 h at 
room temperature. Immuno-reactive bands were detected using 
enhanced chemiluminescence (Thermo Scientific) and captured 
with an Odyssey Fc Imager (Li-cor biosciences Inc.). Western blot 
data were analyzed with ImageJ software.

statistics
We determined each sample size by power analysis using a 
significance level of α = 0.05 with 80% power to detect statisti-
cal differences. SAS 9.1 software (SAS Institute Inc., Cary, NC, 
USA) was used for power analysis and sample-size calculations. 
All values are expressed as mean ± SE. Statistical data analyses 
were performed using Graphpad Primes 6 software. Two-tailed 
unpaired Student’s t-test was used to analyze the statistical sig-
nificance of two groups. Where appropriate, One-way ANOVA 
were used for three or more groups. Values of p < 0.05 will be 
considered significant.

resUlTs

astrocyte-Targeted expression of il-15 is 
Upregulated in nMO Mice
Astrocytic IL-15 is inducible and has a dual role on brain injury in 
different CNS diseases (17, 18), to assess whether astrocytic IL-15 
level was increased in NMO, we compared the expression of IL-15 
in astrocytes in the brain tissue from the ipsilateral hemisphere 
to the contralateral hemisphere or sham control at day 3 after 
injection of recombinant NMO-IgG (rAb-53) and HC. Flow 
cytometry data show that the amount of IL-15 in astrocytes is 
much higher after NMO (Figures 1A,B), indicating that astro-
cytic IL-15 expression is related to NMO progression.

astrocyte-Targeted expression of il-15 
reduces lesion size in nMO Mice
To investigate the effect of astrocytic IL-15 in NMO, we adopted 
IL-15tg mice in which IL-15 expression is controlled by a GFAP 
promotor, as we previously reported (13–15). The expression 
level of IL-15 in astrocytes is prominently higher in IL-15tg mice 
as compared to WT littermates. Importantly, these transgenic 
mice develop normally without showing any abnormal behavior 
or infertility, and the current transgenic mice show normal nerve 
cell properties and immune system, no inflammatory infiltrates 
were seen in brain tissues of normal IL-15tg mice.

To further understand whether astrocyte-derived IL-15 affects 
NMO lesion severity, we induced an animal NMO model through 
intracerebral injection of HC and recombinant NMO-IgG  
(rAb-53) in IL-15tg mice and WT littermates. At day 3, 7T-MRI 
scans combined with conventional immunofluorescence staining 
for AQP4 and GFAP were used to evaluate NMO lesion size. MRI 
data show that the group of IL-15tg mice have markedly reduced 
NMO lesion size as compared to WT littermates (IL-15tg vs WT: 
2.40 ± 0.58 vs 5.23 ± 0.45 mm3) (Figures 2A,B), corresponding 
to less loss of GFAP and AQP4 immunostaining in the region 
of injection site (IL-15tg vs WT: 9.00 ±  2.1% vs 17.24 ±  1.9%) 
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FigUre 2 | Reduced brain lesion severity and astrocytes loss in IL-15tg mice subjected to injection of neuromyelitis optica (NMO)-lgG (rAb-53) and human 
complement (HC). Mouse brains were injected with 2 µg rAb-53 plus 3 µl HC. At day 3 after NMO induction, visualization and quantification of NMO lesion size were 
taken with T2-weighted images obtained with a 7 T MRI scanner. Representative of sequential MRI images of NMO lesion in the brain from WT littermates and 
IL-15tg mice (a). The left schematic view of brain denotes the injection position (red dot) and the region of brain corresponding to the MRI image in the right. Red 
lines in the MRI images indicate the NMO lesion area. Quantification of NMO lesion volumes in MRI images (B), n = 12 mice/group. (c) Immunostaining of glial 
fibrillary acidic protein (GFAP) and aquaporin-4 (AQP4) in NMO lesion at day 3 after NMO induction. Image of whole lesion area (left panel) represented by loss of 
GFAP and AQP4 immunostaining. High magnification of immunostaining of GFAP and AQP4 around NMO lesion was shown in the right panel. White dashed line 
represents lesion area. Scale bar = 1mm (left panel) and 100 µm (right panel). (D) Quantification of the NMO lesion size with GFAP and AQP4 loss in the sections of 
WT and IL-15tg mice, n = 5 mice/group. Data represent the mean ± SE, *p < 0.05.

FigUre 1 | Upregulation of IL-15 in astrocytes after neuromyelitis optica (NMO) induction. Mouse brains were injected with 2 µg rAb-53 plus 3 µl human 
complement. At day 3 after NMO induction, the brain tissues were harvested for flow cytometry analysis. (a,B) The data show expression of IL-15 in astrocytes from 
the tissue of the ipsilateral and contralateral hemisphere, as well as sham control, n = 4 mice/group. Data represent the mean ± SE, *p < 0.05.
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(Figures 2C,D). A higher magnification of the lesion shows the 
characteristics of AQP4 and GFAP loss and reactive astrocytes 
existing around the lesion area (Figure 2C). These results indicate 
that astrocytic IL-15 may attenuate brain injury after NMO.

astrocyte-Targeted expression of il-15 
attenuates BBB leakage and Tight-
Junction loss in nMO Mice
Astrocytes, the target of NMO-IgG, are essential for the forma-
tion and maintenance of the BBB. The findings that astrocytic 
IL-15 attenuates astrocyte loss, prompted us to consider that BBB 
integrity may be preserved in IL-15tg mice. As we expected, BBB 
permeability is more prominent in WT mice than that in IL-15tg 
mice, as measured by T1 MRI scan (Figures 3A,B). The protein 
level of claudin 5, a tight junction protein, is also much higher 

in IL-15tg mice as compared to WT littermates (Figures 3C,D). 
These data further supported that astrocyte-specific expression of 
IL-15 could prevent BBB damage.

astrocyte-Targeted expression of il-15 
reduces Brain infiltration of immune cell 
subsets in nMO Mice
Injection of NMO-IgG and HC in mouse brain produces marked 
inflammation. Leukocyte infiltration and microglia activation 
contribute to the brain inflammation in NMO development. 
IL-15, as an inflammatory cytokine, has functions on a wide 
range of immune cells. To investigate the inflammation and 
immune response in the brain of WT and IL-15tg mice, we used 
H&E staining (Figures 4A,B) and flow cytometry to detect the 
subsets of leukocytes, as well as microglia, the gating strategy as 
in Figure 4C. We did not observe a significant difference in the 
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FigUre 3 | Reduced blood–brain barrier permeability in IL-15tg mice subjected 
to neuromyelitis optica (NMO) induction. (a,B) T1-weighted MRI were 
performed to visualize and quantify Gd-DTPA leakage into the brain 
parenchyma in the indicated groups at day3 after NMO induction. White line 
indicates Gd-GTPA leakage area. (c,D) Immunostaining of tight junction 
protein, Claudin5, in ipsilateral NMO lesion area and contralateral corresponding 
normal area and the quantification of the intensity. n = 10 sections from three 
mice/group. Data represent the mean ± SE, *p < 0.05, **p < 0.01.

FigUre 4 | Astrocyte-targeted expression of IL-15 reduced CNS infiltration 
of immune cells. (a,B) H&E stains showed less cell density in neuromyelitis 
optica (NMO) lesions in IL-15tg mice as compared to WT mice at day 3 after 
NMO induction. n = 5 mice/group. (c–e) CNS-invading immune cell subsets 
and microglia cell numbers were analyzed using flow cytometry at day 3 after 
NMO induction. Gating strategy of immune cells including macrophage and 
neutrophils (CD45highCD11b+ly6G/C+), microglia (CD11b+CD45inter), CD4+ 
T cells (CD45highCD3+CD4+), CD8+ T cells (CD45high CD3+CD8+), NK cells 
(CD45highCD3-NK1,1+) (c). Cell number of microglia, CNS-invading immune 
cells (CD45high), and immune cell subsets decreased in IL-15tg mice as 
compared to WT mice after NMO induction (D,e), n = 5 mice/group. Data 
represent the mean ± SE, *p < 0.05.
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number of CD45int/CD11b+ (microglia) in the brain between WT 
and IL-15tg mice after NMO induction. In contrast, accumula-
tion of CD45high and Ly6G/C (macrophage and neutrophil), the 
prominent immune cells in lesions of patients with NMO, was 
markedly decreased in IL-15tg mice (Figure  4D). In addition, 
IL-15tg mice exhibited significantly reduced cell numbers of CD3, 
CD8, and NK cells in the brain as compared to WT littermates 
(Figure 4E). These data show that IL-15tg mice have extensively 
decreased leukocyte infiltration in the brain compared to WT 
littermates, indicating that the contribution of astrocytic IL-15 
to brain inflammation is likely dependent on BBB damage and 
astrocyte loss.

il-15 Promotes the survival of astrocytes 
From cDc-induced cell Death
CDC-mediated astrocyte injury is the key event during NMO 
development, which initiates secondary inflammation and NMO 
lesion development. Our findings that astrocytic IL-15 reduces 
astrocyte loss and BBB damage indicate that IL-15 may have 
the function of inhibiting astrocyte injury induced by CDC. To 
answer this question, we analyzed the cell apoptosis of astrocytes 
in the brain after NMO induction. We found that both the percent 
and cell number of astrocytes expressing caspase3 is significantly 
reduced in IL-15tg mice, suggesting that astrocytic IL-15 may have 
a function of resistance to CDC-mediated cell death (Figure 5A). 
While, there is no significant difference of astrocyte apoptosis in 
the contralateral hemisphere between WT and IL-15tg mice after 
NMO (data not shown). To further confirm the protective role of 
astrocytic IL-15, we incubated primary cultured astrocytes from 
the brain of WT and IL-15tg mice with 10 or 20 µg/ml NMO-IgG 
and 5% HC respectively. Cell viability was measured by LDH 

assay. The data show that cell death of astrocytes from IL-15tg 
mice were reduced as compared to that from WT littermates 
when cultured with 10 or 20 µg/ml NMO IgG (Figure 5B). These 
findings demonstrate that IL-15 might be a survival factor for 
astrocytes from CDC induced by NMO-IgG and HC.

il-15 Protects astrocytes against cDc via 
nF-κB signaling Pathway
NF-κB pathway has been reported to be responsible for nucleated 
cells resistant to CDC-dependent cytotoxicity (24). To determine 
whether NF-κB is involved in CDC resistance of astrocytic 
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FigUre 5 | IL-15 protects astrocyte from CDC-mediated astrocyte injury. (a) Gating strategy of astrocytes expressing Caspase 3 and quantification of cell number 
of Caspase 3+ astrocytes in WT and IL-15tg neuromyelitis optica (NMO) mice at day 3 (n = 5 mice/group). (B) Quantification of lactate dehydrogenase (LDH) release 
in cultured astrocytes isolated from WT littermates and IL-15tg mice incubated with recombinant NMO-IgG (rAb-53) (10 or 20 µg/ml) and 5% human complement 
(HC) for 60 min, cell viability was determined by LDH assay. Data represent the mean (±SE) of three independent experiments. (c) Western blot were performed to 
test activation of NF-κB signaling pathway in astrocytes treated with 10 µg/ml rAb-53 and 5% HC for 60 min, pIκB values are relative to IκB (three independent 
experiments). (D) PS-1145, a NF-κB pathway inhibitor, could attenuate the protection of astrocytic IL-15 on CDC-mediated cell damage in vitro. Data represent the 
mean (±SE) of three independent experiments, *p < 0.05.
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IL-15, we compared the protein levels of phosphorylated IκB in 
astrocytes. The data show that the level of pIκB is much higher in 
astrocytes from IL-15tg mice than in WT littermates when incu-
bated with NMO-IgG with HC (Figure 5C), suggesting that IL-15 
or NMO-IgG binding could activate NF-κB signaling pathway. 
To further demonstrate whether NF-κB is responsible for CDC 
resistance, we treated astrocytes with PS-1145, which specifically 
blocks NF-κB activation by inhibiting phosphorylation of IκB. 
The data show that pretreatment of PS-1145 make the astrocytes 
from IL-15tg mice more sensitive to complement-dependent 
necrosis (Figure 5D). These results together suggest that NF-κB 
pathway may contribute to the protective role of astrocytic IL-15 
on CDC resistance after NMO.

DiscUssiOn

The current study provides the first evidence that astrocyte-derived 
IL-15 can protect against NMO pathology. As documented here, 
astrocytic IL-15 can be a survival factor to attenuate astrocytes 
loss induced by CDC, together with attenuated BBB injury and 
CNS inflammation. IL-15 augments the survival of astrocytes 
against CDC via NF-κB signaling. In all, our results reveal IL-15 
as a key factor to reduce astrocyte loss and CNS inflammation 
in NMO.

The finding that IL-15 is upregulated in astrocytes in NMO 
mice suggest that astrocytes can respond to NMO-IgG and CDC 
and modulate CNS inflammation. This is consistent with previ-
ous reports showing that astrocytes undergo dramatic changes 
of immune profiles including upregulation of chemokines and 
cytokines after the binding of NMO-IgG (25, 26). In particular, 
blockade of these factors could reduce cytotoxicity and preserve 
AQP4 protein level in cultured astrocytes (25). In contrast to the 

proinflammatory factors reported in this study, we found that 
astrocytic IL-15 reduces NMO severity and CNS inflammation, 
suggesting that astrocytes could play an active role in NMO 
pathology.

IL-15 is an inflammatory cytokine with a function on a wide 
range of immune cells (27, 28). Much evidence demonstrated that 
IL-15 can boost immune cells to exacerbate disease progression 
such as rheumatoid arthritis and stroke (13–15, 29). However, 
there are still documents, which demonstrated that IL-15 is ben-
eficial to experimental autoimmune encephalomyelitis (17, 18). 
In NMO mice, we found that IL-15 is dramatically upregulated 
in astrocytes. Using genetic manipulation, we demonstrated that 
astrocyte-specific expression of IL-15 could attenuate NMO 
pathology severity. These discrepancies between the roles of IL-15 
in different CNS diseases may contribute to the setting of these 
diseases and the pleiotropic function of IL-15. In the setting of 
NMO, CDC-mediated astrocytes loss plays a vital role in NMO 
progression, which, to large extent, determines the BBB integrity 
and immune cell infiltration. Less astrocytes damage in IL-15tg 
mice is likely to produce less immune cell infiltration. Additionally, 
it is noteworthy that IL-15 is also beneficial to neuron growth and 
development (30), whether IL-15 has the direct protective func-
tion on neuron survival or enhancing neurodegeneration needs 
further investigation.

The finding that IL-15 reduces NMO severity in mice and 
protects astrocytes against CDC has clinical relevance. As above 
described, CDC-induced astrocytes damage plays a key role in 
NMO pathology. As such, the use of IL-15 could be a candidate 
for further advanced studies to test its effectiveness to reduce 
NMO pathology. However, it is also noteworthy that the effect 
of exogenous IL-15 may be different from endogenous IL-15 as 
trans-presentation may be needed for the elaboration of IL-15 
efficacy. In addition, the efficacy of IL-15 may vary depending 
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on injected doses and their availability to various cell types that 
express IL-15 receptors. Future more advanced investigations are 
needed to better understand the role of IL-15 in NMO pathology. 
Although treatments targeting the CDC process have been inves-
tigated including complement inhibitor or NMO-IgG mutant 
(31, 32), no treatments are available to directly boost astrocyte 
survival and reduce CNS inflammation. Our results in this study 
suggest that IL-15 may serve as a potential therapy or at least a 
complementary approach to attenuate NMO pathology.

There are also limitations in this study. First, we induced NMO 
in mice by direct injection of NMO-lgG and HC into brain paren-
chyma, which may not fully mimic the scenario of pathological 
events in patients with NMO, such as the trigger of BBB breakdown, 
neuroinflammation, and peripheral immune response (33–35). 
Therefore, future studies are needed to verify our findings in other 
NMO animal models. Second, the beneficial role of IL-15 might 
be related to multiple cellular targets including CNS intrinsic cells 
and peripheral immune cell subsets. Because different doses of 
IL-15 may show different influences in nerve cells or immune cells, 
it is needed to define whether the protection of astrocytic IL-15 
in NMO depends on available IL-15 concentration. Third, IL-15 
receptors are widely expressed by CNS cell types such as neural 
progenitors. Therefore, the role of IL-15 in neuronal function or 
neurorepair warrant further investigations in future studies.

In conclusion, our studies provide novel insight astrocytic 
IL-15 in NMO pathology.
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Background: The immune regulatory properties of semaphorin3A (sema3A) (both innate 
and adaptive) are well established in many in vitro studies. The injection of sema3A into a 
mice model of rheumatoid arthritis was proven to be highly beneficial, both in attenuating 
clinical symptoms and in decreasing inflammatory mechanisms.

Objectives: This study was designed in order to assess the possible therapeutic bene-
fits of sema3A following its injection into female NZB/W mice.

Methods: Forty-eight NZB/W mice were recruited for this study. Thirty mice were treated 
as a “prevention group” and 18 were used as a “treatment group.” Eight-week-old mice 
were acclimated and then divided into the two abovementioned groups.

results: The injection of sema3A into young mice (at week 12) before the onset of 
disease (the prevention group) delayed the appearance of proteinuria. Here, the median 
time to severe proteinuria was 110 days, 95% CI: 88–131. However, in mice in which 
the empty vector was injected, the median time to severe proteinuria was 63 days, 95% 
CI: 0–139. sema3A treatment, significantly reduced renal damage, namely, it prevented 
the deposition of immune complexes in the glomeruli. When sema3A was injected at the 
onset of proteinuria (the treatment group), aiming to treat rather than to prevent disease 
in these mice, survival was increased and the deterioration of proteinuria was delayed.

conclusion: Semaphorin3A is highly beneficial in reducing lupus nephritis in NZB/W 
mice. It delays the appearance and deterioration of proteinuria, and increases the sur-
vival rates in these mice. The regulatory mechanisms of sema3A involve both innate and 
adaptive immune responses. Further studies will establish the idea of applying sema3A 
in the treatment of lupus nephritis.

Keywords: semaphorin3a, nZB mice model, immune regulation, innate immunity, lupus nephritis

inTrODUcTiOn

Systemic lupus erythematosus (SLE) is a multi-system autoimmune disease, which involves the skin, 
synovia, kidneys, and the brain. Long-lasting organ damage mainly, the kidneys, is associated with 
a high rate of morbidity and mortality. Standard therapy (steroids and immune-suppressive drugs) 
though beneficial and improving survival, is associated with frequent and sometimes severe side 
effects. Therefore, safe and better focused therapies are continuously being developed. Of these, 
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belimumab (anti-B  cell activating factor) is considered to be 
beneficial in milder cases of SLE (1); however, more therapies 
are definitely required. In this respect, the possibility of target-
ing regulatory cells or regulatory molecules aiming to reduce 
inflammation and restore self-tolerance have recently been sug-
gested to be a beneficial strategy in the field of autoimmunity. 
Semaphorins are widely reported to be involved in the regulation 
of inflammatory immune responses. Special attention has been 
given to semaphorin3A (sema3A) since it is valued as one of the 
important regulators in suppressing immune-mediated inflam-
mation (2). The expression of sema3A and its operative receptors, 
namely, neuropilin-1 (NP-1), NP-2, and plexins were reported to 
be increased on differentiating macrophages as well as on T regu-
latory cells, thereby resulting in the inhibition of T cell prolifera-
tion and pro-inflammatory cytokine secretion (3, 4). Recently, 
we reported that sema3A was highly expressed on B regulatory 
cells (CD19+CD25highCD1dhigh) suggesting that it was a pos-
sible marker for this subset of cells (5). Assuming that sema3A is 
involved in the pathogenesis of SLE, we designed a study where 
the serum level of sema3A was analyzed. Low sema3A levels were 
found to be negatively correlated with SLE disease activity, renal 
involvement, and the detection of specific autoantibodies. In this 
study, we were able to demonstrate increased sema3A expres-
sion on B regulatory (B reg) cells, namely, CD19+CD25high 
CD1dhigh. As expected, the expression of sema3A on B reg cells 
was significantly lower in SLE patients when compared to those 
in healthy individuals, thereby suggesting that this finding is par-
tially responsible for B cell auto-reactivity in SLE (6). The overex-
pression of TLR-9 and increased production of pro-inflammatory 
cytokines such as IL-6 and IFNs is highly typical for autoreactive 
B cells in SLE. In many studies, these markers were reported to 
be positively associated with SLE disease activity as well as with 
increased titers of anti-dsDNA antibodies. Since it was consid-
ered to be a potent immune regulator, sema3A was cocultured 
with activated B cells, isolated from SLE patients, with the goal 
of evaluating its ability to lower TLR-9 expression. The addition 
of sema3A to activated B cells in culture downregulated TLR-9 
expression, which raised the possibility of applying sema3A as a 
therapeutic option for SLE treatment (7). B-cell overactivity was 
also shown to be also regulated by the expression of CD72 on 
B cells. Following the ligation of CD72, suppressive signals are 
induced and B cell receptor positive signaling is downregulated, 
maintaining by this, self-tolerance. Keeping this in mind, we con-
ducted a study, which sought to compare the expression of CD72 
on activated B  cells from SLE patients with that from healthy 
individuals. The expression of CD72 on B cells from SLE patients 
was significantly lower when compared to that in the controls. 
Decreased CD72 expression was inversely correlated with SLE 
disease activity, specifically with lupus nephritis, with high titers 
of anti-dsDNA antibodies and with low levels of complement 
(8). Here again, when purified B  cells were co-cultured with 
recombinant sema3A, we noticed a significant upregulation of 
CD72 in both the normal controls and SLE patients (though they 
were lower than in the normal controls), suggesting its benefi-
cial usage in many autoimmune diseases (9). The expression of 
sema3A was also assessed in the glomeruli and tubuli of suffering 
from lupus nephritis and found to be in inverse correlation with 

renal function assays. These findings suggested that sema3A is 
involved in lupus glomerulonephritis and could have a protective 
role (10). Taking into account all of the above factors, we designed 
this in vivo study with the aim of assessing the beneficial effect of 
injecting sema3A into female NZB/W mice.

Our results will show that sema3A has both therapeutic and 
preventive properties.

MaTerials anD MeThODs

Mice strains
Forty-eight female NZB/W mice were recruited for this study. 
Thirty mice were studied as a “prevention group” and 18 mice as 
a “treatment group.” Eight-week-old mice were acclimated and 
then were divided into the two above mentioned groups. The 
study was approved by the Israeli Ethical Committee for design-
ing studies on animal models. The study was given the approval 
number of IL-15-12-360.

study Design
Prevention Group
Fifteen mice were injected with a recombinant human sema3A 
containing plasmid and another 15 were injected with empty 
vector cDNA and followed as a control group. Both groups 
were injected at the age of 12 weeks (before the appearance of 
proteinuria), every 3 weeks, for a total of three injections. They 
were followed until proteinuria appeared and when proteinuria 
persisted in the range of +3 (>300 mg/ml) they were sacrificed.

Treatment Group
Eight mice were injected with a recombinant human sema3A 
plasmid and eight were injected with empty vector cDNA and 
used as a control group. In this case, mice were injected when 
proteinuria was +2 (>100 mg/ml) (around 25–27 weeks of age) 
every 3 weeks, for a total of three injections. They were followed 
for the extent of proteinuria, weight loss, and their natural sur-
vival rate until they died.

expression Plasmids
The following specific primers were used to construct an expression 
vector cDNA containing human sema3A: 5′-aacgggggcttttcatcc 
3′-cccttctcacatcactcatgct. The sema3A cDNA was cloned from 
HUVEC (human umbilical vein endothelial cells) mRNA using 
RT-PCR, following sub-cloning into the NSPI-CMV-myc-his 
lentiviral expression vector. A FLAG epitope tag was added 
upstream to the stop codon of sema3A as described (11).

hydroporation Method of injection
Fifty micrograms of cDNA (recombinant human sema3A or empty 
vector) was injected in 2 ml of PBS per mouse. The injection was 
performed rapidly (during 5–7 s, as was described earlier) (12). 
In brief, a rapid injection of a large volume (above 10% of body 
weight) of solution (with or without any substance dissolved in it) 
via the tail vein can cause the accretion of the injected solution in 
the inferior vena cava. This is caused by the injection protocol of a 
large volume that exceeds the pump capacity of the mouse’s heart. 
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FigUre 1 | In semaphorin3A (sema3A)-treated mice, the median time to 
severe proteinuria was 110 days, 95% CI: 88–131. Whereas in control-treated 
mice, the median time to severe proteinuria was 63 days, 95%, CI: 0–139.
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As a result of this failure, high pressure develops in the venous 
region, and this causes a retrograde movement of the solution 
into the liver. The reason for this retrograde movement is the 
direct vascular connection of the liver to the inferior vena cava. 
As a result of this, the pore sizes of the liver fenestrae are enlarged 
and the membrane of the hepatocytes is permeabilized, allow-
ing for the delivery of the injected material into the hepatocytes 
and over time trapping it inside. This method of hydroporation 
allows hepatocytes to become a source for the production of the 
injected recombinant protein of interest, and its gradual release 
into the blood’s circulation. Serum levels of human sema3A were 
analyzed in all mice after 4 weeks of injection and were found 
detectable when this was compared to mice in which empty vec-
tor was injected (data not shown). Therefore, all of the mice were 
injected every 3 weeks for a total three injections.

immunohistochemistry
In the prevention group, mice were sacrificed when proteinuria 
was +3 (above 300 mg/24 h). Formalin-Fixed paraffin-embedded 
kidney biopsies were subjected to hematoxylin–eosin [Periodic 
Acid-Schiff (PAS)—for evaluation of polysaccharides (especially 
glycogen), neutral mucus substances (glycoproteins, glycolipids, 
and neutral mucins), and tissue basement membranes]. We also 
stained kidneys with silver staining (this staining is used for 
highlighting the basement membrane of the glomerulus in the 
kidney. The periodic acid oxidizes the carbohydrate components 
of the basement membrane that produce aldehydes. The released 
aldehydes reduce the silver to visible metallic silver). The extent 
of glomeruli and tubule inflammation was assessed by two expert 
pathologists.

immunofluorescence
Frozen kidney biopsies were additionally assessed by immu-
nofluorescence for the detection of IgG and C3 deposits in the 
glomeruli of scarified mice. The extent and intensity of these 
deposits was determined by two expert pathologists. The intensity 
and extent of staining was scored as “+3” as the highest score of 
immune-complex deposition and “0” as negative score.

statistical Methods
Survival and time to severe proteinuria progression analysis was 
performed using the Kaplan–Meier Analysis Curve. The difference 
between groups was tested using the Log-Rank test. A p-value of 
0.05 or less was considered to be statistically significance.

resUlTs

The Prevention group
Proteinuria
All mice were injected at the age of 12 weeks, before the appear-
ance of proteinuria. Proteinuria was assessed every 4 days in all 
mice and was cataloged as follows: in the control sub-group, 
proteinuria of +1 to +2 was noticed in all mice between weeks 
19 and 20. In two mice, it approached +3 (>300 mg/ml) at week 
22, and in another two mice, this was documented at week 25. In 
six mice, proteinuria was measured +3 at weeks 30–32, and in 

the last five mice, it reached +3 at week 35 of age. In this group 
(treated with empty vector), the median time to severe proteinuria 
was 63 days, 95% CI: 0–139. In contrast to this, in mice in which 
human sema3A cDNA was injected, the time to the appearance 
of proteinuria was significantly longer: in the first mouse, it 
approached +3 (>300 mg/ml) only at week 28, and in another 
three mice, at week 30 of age. In four mice, proteinuria of +3 
developed at 31–33 weeks of age, and in four mice, only at weeks 
35–38. The remaining mice were scarified at week 40 without the 
appearance of any proteinuria. In this group, the median time to 
severe proteinuria was 110 days, 95% CI: 88–131 (Figure 1).

Renal Histopathology
Mice from both groups (sema3A-treated and control-treated) 
were scarified when proteinuria reached +3 and renal biopsies 
were assessed: mice in which empty vector was injected, devel-
oped severe inflammation in both the interstitium and in glo-
meruli (see hematoxylin–eosin staining, Figure 2). The damage 
was noticed as paucity of blood capillaries and diffused mesangial 
proliferation (left panel). In sema3A-treated mice, these findings 
were minimal (right panel). In control-treated mice, profound 
glycoprotein deposits in both the mesangium and the tubuli were 
demonstrated using PAS staining (Figures 2B,C, left panels). This 
deposition was minimal in sema3A-treated mice (Figures 2B,C, 
right panels). When silver staining was used, a typical railway 
pattern was demonstrated in the glomeruli of control-treated 
mice (highly characteristic of lupus nephritis) (Figure  3A, left 
panel). In contrast, all treated mice in which sema3A was injected 
remained protected with minimal glomerular inflammation 
(Figure 3A, right panel).

Renal Immunofluorescence
The glomerular deposition of immunoglobulin’s (IgG) was 
evaluated using immunofluorescence techniques. Increased IgG 
deposition was significant in control-treated mice (Figure  3B, 
left panel). However, in sema3A-treated mice, IgG deposition 
was minimal (Figure 3B, right panel) (p < 0.01). We similarly 
assessed C3 deposition and found it increased in control-treated 
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FigUre 4 | Survival rate is much longer in semaphorin3A (sema3A)-treated 
mice and shorter in control-treated mice.

FigUre 3 | (a) Silver staining shows a typical railway pattern in the glomeruli 
of control-treated mice (left panel, black arrow). Semaphorin3A (sema3A)-
treated mice remained protected with minimal glomerular damage (right 
panel). (B) Increased IgG deposition is significant in the glomeruli of 
control-treated mice (left panel) and is minimal in sema3A-treated mice 
(p < 0.01).

FigUre 2 | (a) Hematoxylin–eosin staining shows paucity of blood 
capillaries and diffuse mesangial proliferation in control-treated mice (left 
panel). These findings were minimal in semaphorin3A (sema3A)-treated mice 
(right panel). (B) PAS staining demonstrates profound glycoprotein deposits 
in the tubuli of control-treated mice (left panel) and minimal deposits in 
sema3A-treated mice (right panel). (c) Increased glycoprotein deposits are 
seen in the mesangium of control-treated mice (left panel) and minimal in 
sema3A-treated mice (right panel).
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Treatment group
Proteinuria
The rate of proteinuria progression from +2 to +3 was notably 
rapid in mice in which empty vector was injected. The time it 
took to progress to severe proteinuria in this group of mice was 
10.2 ± 2.3 days. However, the deterioration to a proteinuria of +3 
was much slower in mice in which sema3A was injected and was 
18.3 ± 3.4 days (p < 0.2). Though indeed slower but did not reach 
statistical significance due to the small number of studied mice.

Survival
The survival rate in the sema3A-treated vs control (empty-vector) 
treated mice was higher. At the end of the study, 3 out of the 8 
(30%) sema3A-treated mice were still alive, whereas all the eight 
control-treated mice died (log rank-0.7). Though impressive, the 
small number of studied mice did not allow statistical significance 
of this difference (see Figure 4).

DiscUssiOn

This is the first study where sema3A is demonstrated to be highly 
efficient in both treating and preventing glomerular damage in a 
SLE-mice model. When sema3A was preventively injected into 
NZB/W mice, they remained free of proteinuria significantly 
longer than control mice into which empty vector were injected. 
When sema3A was injected at onset of proteinuria (treatment 
regimen), the deterioration to severe proteinuria was significantly 
delayed. In both preventive and treatment regimens, the survival 
rate was also higher in sema3A treatment mice. By injecting 
sema3A into NZB/W mice, glomerular and tubular damage were 
notably protected, in contrast with the control mice in which 
glomerular inflammation and tubular damage developed quickly, 
leading to their short survival rate. Finally, increased immune 
complex deposition, mainly the deposition of IgG and C3 in the 
glomeruli was found in almost all control (empty-vector treated) 

mice when compared to that of sema3A-treated mice. In this case, 
we could not show statistical significance due to the small number 
of studied mice.
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mice. However, this deposition was minimal in sema3A-treated 
mice.

By injecting sema3A to NZB/W mice, glomerular inflam-
mation and immune complex deposition were significantly 
decreased and the survival of these mice was prolonged. The 
regulatory/anti-inflammatory effects of sema3A are provided 
by mechanisms involving both the innate and adaptive immune 
responses. Aiming to evaluate the effect of sema3A on innate 
immune responses, dendritic cells (DCs) were incubated with 
sema3A-rich supernatants. Following their exposure to sema3A, 
MHC and CD40 expression as well as the production of IL-12 
were all downregulated. The suppressive effect of sema3A 
was also demonstrated by the decreased capability of DCs to 
activate antigen-specific T cells and the secretion of IFN-γ and 
IL-2 (13). sema3A has been shown to influence murine DCs 
migration by signaling through the NP-1/plexin-A1 axis. In this 
respect, sema3A was further reported to influence human DC 
migration. By binding DCs, sema3A leads to the reorganization 
of actin filaments at the plasma membrane, increasing by that 
their cell deformability and altering their activity in the absence 
or presence of chemokine CCL19 (3). The role of sema3aA in 
controlling the function of monocyte-derived macrophages was 
also assessed. Here, the expression of NP-1, NP-2, and plexin A1 
and A2, all of which are receptors for sema3A, were found to 
be significantly increased during the differentiation and activa-
tion of monocyte-derived macrophages, in association with the 
increased surface binding of sema3A during M2 differentiation. 
In addition, sema3A was able to induce apoptosis of monocyte-
derived macrophages, thereby suggesting that sema3A plays 
a role in inducing apoptosis of activated macrophages and the 
modulation of innate inflammation conditions (14). One of the 
many molecular mechanisms by which sema3A provides its anti-
inflammatory effects is by altering TCR-induced proliferation 
and early signal transduction responses such as ZAP-70 or focal 
adhesion kinase phosphorylation, resulting in a delayed negative 
feedback loop and the inhibition of DC-induced T  cell prolif-
eration (15). The abovementioned studies support the notion of 
sema3A being a regulator of innate immune responses. Obviously, 
these data was more than encouraging and further steps were 
taken and sema3A was investigated in many in vivo models. One 
of these was assessing the beneficial therapeutic effect of sema3A 
in a mouse model of collagen-induced arthritis. Following the 
injection of plasmid DNA encoding sema3A into these mice, 
disease severity and articular damage were significantly reduced 
when compared to mice injected with empty plasmid. sema3A 
treatment reduced the titers of anti-collagen IgG antibodies and 

the release of pro-inflammatory cytokines such as IL-17 and IFN-
γ. In addition, sema3A treatment increased the serum level of the 
anti-inflammatory cytokine IL-10. In respect to this, the expres-
sion of sema3A and NP-1 on Treg cells of RA patients (appreci-
ated as a source of IL-10) was found to be decreased. In this case, 
the co-culture of T-cells with sema3A induced the expression of 
CD4+NP-1+ T cells and increased IL-10 expression, suggesting 
that sema3A could be highly beneficial in treating RA (16). The 
expression of sema3A on synovial tissues of RA patients was also 
investigated, in relation with RA disease activity and synovial 
histological features. Human synovial tissues from established 
RA patients and patients suffering from osteoarthritis (OA) 
were assessed for sema3A, VEGF-A, and NP-1mRNA expres-
sion. Protein expression of sema3A was decreased in RA tissues 
when compared to that of OA, when correlated with the extent 
of synovial inflammation, namely, with the extent of lymphocyte 
infiltration (R  =  0.50; p  =  0.004) (17). Decreased expression/
production of sema3A in the skin of atopic dermatitis as well 
as in psoriatic patients was found to be associated with itch and 
disease severity. sema3A replacement was reported to normalize 
the hyper-innervation in atopic dermatitis, resulting in suppres-
sion of itching suggesting sema3A to be a potential therapeutic 
strategy in a wide spectrum of immune-mediated inflammatory 
diseases (18–20).

cOnclUsiOn

Semaphorin3A is a unique regulator of both early and late innate 
and adaptive immune responses. We demonstrated the high ben-
eficial effect of sema3A in ameliorating lupus nephritis in NZB 
mice by delaying the appearance and deterioration of proteinuria 
and increasing the survival rate. Future efforts should focus on 
establishing in vivo mechanisms by which sema3A provides its 
beneficial effect. In addition, the above data should be supported 
in a bigger cohort of mice and making sema3A suitable and safe 
for use in SLE patients and other autoimmune diseases.
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Studies performed in animal models and in humans indicate that the innate arm of the 
immune system provides an essential role in the initial protection against potential insults 
and in maintaining tolerance to self-antigens. In the B cell compartment, several subsets 
engage in both adaptive and innate functions. Whereas B cell subsets are recognized to 
play important roles in autoimmune diseases, understanding the intricacies of their effec-
tor functions remains challenging. In addition to B-1a cells and marginal zone B cells, the 
B cell compartment comprises other B cells with innate-like functions, including innate 
response activator B cells, T-bet positive B cells, natural killer-like B cells, IL-17-producing 
B cells, and human self-reactive VH4-34-expressing B cells. Herein, we summarize the 
functions of recently described B cell populations that can exert innate-like roles in both 
animal models and humans. We also highlight the importance of the cross talk between 
innate-like B cells and other adaptive and innate branches of the immune system in 
various autoimmune and inflammatory diseases. In as much as innate immunity seems 
to be important in resolving inflammation, it is possible that targeting certain innate-like 
B cell subsets could represent a novel therapeutic approach for inducing resolution of 
inflammation of autoimmune and inflammatory responses.

Keywords: innate immunity, autoimmunity, B-1a cell, marginal zone B cell, innate response activator B cell, T-bet 
positive B cell, natural killer-like B cell, iL-17-producing B cell

iNTRODUCTiON

The immune system makes use of two branches of cellular and humoral effectors: the innate 
and the adaptive arms of immune defense that are able to sense the presence of potential threats  
and to mount protective immune responses. In the adaptive arm, cells must interact, proliferate, and,  
over time, generate antigen-specific cells and antibodies, and immune memory. To be effective, 
the innate arm must be recruited quickly to impart immediate protection, and it is increasingly 
recognized that cells of the innate branch can enforce protective barrier functions by regulat-
ing adaptive immunity. In addition, lymphocytes that differ from conventional lymphocytes in 
both expression of cell-surface markers, behavior and innate-like characteristics are able to 
support adaptive immune functions in various ways. This includes innate lymphoid cells (ILCs), 
natural killer (NK) cells, lymphoid-tissue inducer cells, γδ T cells, natural killer T (NKT) cells, but  
also B cells.

In addition to its potential to produce various cytokines (Figure 1), the B cell compartment of 
the immune system comprises several subsets of innate-like B cells that can produce low-affinity 
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TABLe 1 | Antibody-dependent and independent roles of B cells in autoimmune 
disorders.

 – Production of autoantibodies that that form pathogenic immune complexes
 – Secretion of autoantibodies that bind in situ to target autoantigens
 – Generation of autoantibodies that act as catalytic antibodies
 – High autoantigen presentation capacity to T cells
 – Secretion of pro-inflammatory cytokines and chemokines
 – Enhancement of dendritic cell antigen presentation ability
 – Provision of cognate help for autoreactive T cells
 – Induction of inflammatory Th1 and Th17 cells
 – Maintenance of T cell memory
 – Inhibition of regulatory T cells
 – Organization of tertiary lymphoid tissues and ectopic germinal centers

B cell subsets are endowed with various functions that can contribute to the generation 
and/or the amplification of autoimmune diseases.

FigURe 1 | B lymphocytes and cytokine production. Cytokines derived from B cell subsets can impact several cell types of both the adaptive and the immune 
systems, and affect cell differentiation and/or effector function (3).
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antibody responses able to provide a level of immune protection 
while follicular (FO) B  cells are developed to generate high-
affinity antibodies with a lag time of about 5 days (1). As outlined 
in Table 1, B cell subsets are recognized to play important roles 
in autoimmune diseases (2). However, understanding the intrica-
cies of their effector functions remains challenging. Herein, we 
summarize the functions of several B cell subsets that have been 
described to exert innate-like roles in both animal models and 
humans. We also highlight the importance of cross talk between 
innate-like B  cells and other adaptive and innate branches of 
the immune system in various autoimmune and inflammatory 
diseases.

ANTiBODY-iNDePeNDeNT ROLeS  
OF B CeLLS iN iNNATe iMMUNiTY

Neutralizing antibodies produced by B  cells are a hallmark of 
immunity. Less recognized, however, in the fact that B cells also 
play critical functions as regulators of innate immunity. Initial 
protection is provided by the innate immune system, including 
natural antibodies (NAbs), macrophages, NK cells, neutrophils, 
and cytokines, in particular type I interferons whose produc-
tion is regulated by lymphotoxin-β derived from hematopoietic 
cells. Remarkably, splenic B cells represent a copious source of 
lymphotoxin-β that can act on potentially infected stromal cells 
to drive IFN-β production, leading to early protection against 
infection (4). Since these events occur very rapidly after infec-
tion, B  cells, independently of antibody production, can be 
considered as key regulators of early innate immunity to various 
insults. This is, for example, illustrated in studies of vesicular 
stomatitis virus infection in the mouse. In this experimental 
model, B  cell-derived lymphotoxin-b is required for splenic 
CD169+ macrophage organization and viral capture, further 

establishing an antibody-independent role for B cells in antivi-
ral immunity (5). Consistently, in the absence of B cells, lymph 
node macrophages do not allow virus replication (6). In this 
experimental system, B  cells, but not antibodies, are required 
for macrophage-dependent type I interferon production and 
for protection against infection. Together with other converg-
ing observations, B  cells are indispensable for promoting IFN 
production and protective immunity (7).

B CeLL SUBSeTS iN THe PeRiPHeRAL  
B CeLL COMPARTMeNT

Within the mature peripheral B  cell compartment, three dis-
tinct subsets that engage in different branches of the immune 
response have been described: FO B cells, marginal zone (MZ) 
B  cells, and B-1 cells. The majority of mature B lymphocytes 
are FO recirculating B  cells that can home mainly to B  cell 
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TABLe 2 | Functional dichotomy in B cell subsets.

Adaptive innate-like

FO cells B-1a cells MZ B cells

Recirculation in lymph + − −
T-dependent responses + +/− +
T-independent responses + +++ +++
Antigen presentation in vitro + +++ +++
Favorite isotypes produced γ1 μ, γ3, α μ, γ3
Time to peak cell cycle Long Short Short
Proliferation to lipopolysaccharide + +++ +++
Proliferation to anti-IgM Ab + − −
CD9 expression − + +

Shown are the main properties of follicular (FO), B-1a, and marginal zone (MZ) B cells 
in the mouse.
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organs and to subsequently differentiate to antibody-secreting 
cells, the redistribution of these innate-like B cells to regional 
MedLN was recently investigated in an experimental model 
of infection (16). The data showed that type I IFN receptor 
signaling leads to the accumulation of B-1 cells in MedLN, 
and is facilitated by acti vation of an integrin family member 
(CD11b) known to regulate leukocyte adhesion and migration 
and to mediate inflammatory responses. Specifically, a gradi-
ent of innate cytokines elaborated in response to a local threat 
leads to activation of CD11b on body cavity B-1 cells, promoting 
their rapid accumulation in inflamed lymph nodes. Since the 
peripheral blood contains significant numbers of B-1 cells, it 
is likely that, even in the absence of insults, body cavity B-1 
cells represent reservoirs of innate lymphocytes that can rapidly 
reposition and continuously home to and from body cavities to 
peripheral tissues via the peripheral blood.

SigNALS THAT DRive B1 CeLL HOMiNg

The mechanisms that underlie the maturation and expansion of 
B-1 cells remain under study, but there is evidence that antigen 
encounters during fetal development lead to positive selection. 
Studies performed in both wild-type mice and in mice raised in 
germ-free environments suggest that the selection is triggered 
by endogenous self-antigens (17). For example, it has been 
suggested that the repertoire of B-1 cells is selected to bind to 
evolutionarily important epitopes, such as oxidation-specific 
epitopes (OSEs) that are a major target of innate NAbs in both 
mice and humans (18, 19). NAbs represent an important com-
ponent of innate immunity, and it is generally accepted that they 
often target OSEs (10, 18).

Oxidation-specific epitopes are neo-self OSEs present on 
dying cells and damaged proteins that result from the oxida-
tive damage of lipids present in membranes or lipoproteins. 
Whereas progress has been made in understanding how lipid 
homeostasis impacts lymphocyte function, the influence of lipid 
metabolism on B cell-specific responses remains unclear, and the 
factors that regulate B cell homing into dedicated compartments 
are not clearly understood. Among the proteins that influence 
cellular cholesterol homeostasis, the sterol ATP-binding cassette 
transporter G1 (ABCG1) is an ATPase that promotes unidirec-
tional, net cholesterol efflux to lipoprotein particles. In a relevant 
study, loss of ABCG1 was found to result in the accumulation 
of specific oxidized sterols and phospholipids, and to elicit a 
lung-specific immune response (20). Remarkably, the lungs and 
pleural cavities of Abcg1−/− mice contained increased levels of 
B-1a cells. There was a niche-specific increase in B-1 cells in the 
lungs and pleural cavities of the knockout mice that was associ-
ated with parallel increases in IgM and antibodies that recognize 
oxidized phospholipid, indicating an increased NAb production. 
This site-specific expansion of B-1 cells in response to the accu-
mulation of an oxidized lipid antigen could suggest that ABCG1-
dependent control of intracellular lipid homeostasis represents 
a mechanism for the regulation of B-1 cell homing. It is thus 
tempting to propose that changes in the lipid content of the lung 
could alter B cell homing pathways. Overall, the demonstration 
of a niche-specific expansion of B-1 cells in response to oxidized 

follicles in secondary lymphoid organs. In follicles located 
adjacent to T  cell zones, FO B  cells participate essentially in 
T cell-dependent (TD) immune responses to protein antigens, 
but are less responsive to toll-like receptor (TLR) agonists than 
MZ B cells or B-1 cells.

In contrast to other B  cell subsets, which are produced 
through out life in the bone marrow, B-1 cells are generated early 
in ontogeny from progenitors that are present in the fetal bone 
marrow (8). They represent the major B  cell subpopulation in 
the pleural and peritoneal cavities but are less represented in the 
spleen (9). B-1 cells are the main producers of NAbs that have 
been demonstrated to be important in early protection against 
various infectious insults (10). They respond vigorously to 
lipopolysaccharide stimulation and take part in the T cell-type-2 
independent (TI-2) responses to bacterial capsular polysaccha-
rides (Table 2).

This B-1 cell population comprises two subsets: B-1a (CD5+) 
cells and B-1b (CD5−) cells that seem to exert distinct functions. 
For example, in experiments involving rechallenge with Borrelia 
hermsii, B-1b cells, but not B-1a cells, have been shown to gener-
ate TI memory B cells (11). After immunization with the model 
TI-2 antigen NP-Ficoll and the pneumococcal capsular poly-
saccharide, B-1b cells can also give rise to long-lived memory 
plasma cells in a thymus-independent manner (12). In addition, 
they play a prominent role in the immune response against 
mucosal pathogens and produce IgA in a thymus-independent 
manner (13, 14).

MeCHANiSMS THAT MeDiATe B-1 CeLL 
RePOSiTiONiNg

Within secondary lymphoid organs, B-1 cells participate in 
innate-like immune responses. Following a threatening insult, 
B-1 cells migrate from their initial location, i.e., the peritoneal 
and pleural cavities, to secondary lymphoid tissues, i.e., the 
spleen and the lymph nodes, where they secrete antibodies of 
the IgM isotype. Thus, during influenza virus infection, B-1 
cells were demonstrated to relocate to regional mediastinal 
lymph nodes (MedLN) and to become a primary source of 
locally secreted IgM (15). To determine the mechanisms that 
trigger activated B-1 cells to migrate to secondary lymphoid 
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lipid antigens, together with the increase in titers of NAbs that 
reflect an enhanced innate immunity suggest that loss of ABCG1 
results in accumulation of both sterols and phospholipids. Once 
oxidized, some of these lipids can trigger movement signals  
for B-1 cells that lead them to home into the lungs and pleural 
cavity. These oxidized lipids and OSEs could also drive B-1 cell 
expansion and increased secretion of NAbs.

SeLF-ReNewAL AND RePOPULATiON 
POTeNTiALS OF B-1a CeLLS

The origin of B-1a cells remains the focus of investigation with 
two competing models (8, 21–23). In the “lineage model,” the 
decision to become either a B-1a or a B-2 cell is made before the 
expression of surface B cell antigen receptor (BCR). By contrast, 
in the “selection model,” entry into the B-1a versus B-2 fate starts 
after BCR engagement, implying that cell fate decision is made 
after expression of surface IgM and is based on BCR specificity.

To further resolve hematopoietic lineage relationships in 
B  cells, the impact of developmental timing on acquisition 
of a B-1a potential was recently investigated using cellular 
barcoding. This innovative biology tool is based on heritable 
tagging of individual cells with unique DNA identifiers. It 
allows identification of the progeny of individual cells in vivo. 
The technology is based on heritable tagging of individual cells 
with unique DNA identifiers. In immunology, it enables simul-
taneous tracking the burst sizes of multiple distinct responding 
cells in transplanted animals (24). This experimental approach 
allowed tracing fetal hematopoietic stem cells (HSCs) clones 
across serial transplantations. It demonstrated that serially 
transplantable fetal liver HSCs give rise to B-1a cells as well 
as to B-2 cells in vivo, and that the B-1a potential is lost over 
time (25). In contrast to other studies suggesting that defini-
tive HSCs lack B-1a potential (26), this observation showing 
a developmental shift in HSC state links the attenuation of 
B-1a potential to developmental changes in HSC fate. These 
developmental changes in lineage potential also indicate that 
the B-1a potential can be reinitiated by expression of Lin28b, 
a protein thought to regulate stem cell self-renewal, in a poly-
clonal fashion that coincides with the reversal to a fetal-like 
HSC state (25).

In parallel, a transcription factor necessary for the generation 
and homeostasis of B-1a cells was recently identified (27). This 
factor, called Bhlhe41, is a member of the basic helix-loop-helix 
family. It acts as an inhibitor of negative regulators of BCR 
activation. Whereas Bhlhe41 is important for normal develop-
ment and function of B-1a cells, it is not essential for that of B-2 
cells. In the absence of Bhlhe41, mice show an altered B-1a cell 
repertoire and a B cell loss that includes lymphocytes expressing 
self-reactive BCRs known to recognize phosphatidylcholine. 
In previous studies, the development of B-1a cells had been 
described to involve multiple positive regulators of BCR signal-
ing, but Bhlhe41 is a remarkable regulator because it is expressed 
differentially in developing fetal B cells relative to bone marrow 
B cells. The observation that the survival of B-1a cells with certain 
BCRs requires the expression of an amplifier of BCR signals,  
i.e., Bhlhe41, which is highly expressed in fetal lineage B cells as 

compared with adult lineage B cells, has led to the speculation 
that cells of the fetal lineage are able to support the maturation 
of cells with a self-reactive repertoire, but that rearrangement 
of the same immunoglobulin (Ig) genes in developing B  cells 
derived from HSCs would not survive receptor engagement (23).  
This proposal accords with the view that the B cell repertoire is 
critical in determining the phenotype of mature B cells and with 
the idea that lineage commitment determines cell fate.

COMMiTMeNT TO THe MZ B CeLL FATe

Marginal zone B cells occupy a unique positioning in the spleen 
where they surround the follicles and, hence, are frequently 
exposed to blood-borne antigens. Such frequent encounters 
enable MZ B cells to provide immunosurveillance and to shuttle 
antigens to FO dendritic cells (1, 28). Following exposure to 
antigens, MZ B  cells can present antigen and promote T  cell 
activation, but also differentiate into plasmablasts. Compared 
with FO B cells, MZ B cells exhibit higher expression of surface 
IgM, the complement receptors CD35 and CD21, and the 
lipid antigen-presenting molecule CD1d. Together with an 
elevated TLR expression, the presence of these receptors allows 
rapid immune responses to blood-borne pathogens, such as 
encapsulated bacteria. Gene-expression profiling also allows 
distinguishing MZ and FO B  cells, with differences in their 
transcriptomes contributing to their differential development, 
localization and function (29). For example, the transcription 
factor IRF4 limits the MZ B  cell pool size and regulates the 
positioning of cells in the MZ, and the transmembrane receptor 
Notch2 seems to be necessary for promoting MZ B  cell fate. 
Because they reside between the marginal sinus and the red pulp 
of the spleen, MZ B cells are located at the first line of defense 
against blood-borne particulate pathogens (28). By shuttling 
between the MZ and the follicles, MZ B cells are able to deliver 
blood-borne antigen to FO dendritic cells (30). In addition, they 
can act as potent antigen-presenting cells for the activation of 
NKT cells by virtue of high expression of the antigen-presenting 
molecule CD1d (31).

Recent studies revealed that commitment of transitional 
B  cells to the MZ B  cell fate is a complex process. Immature 
B  cells receive signals via the receptor Notch2 from one of its 
ligands, Delta-like 1, expressed by fibroblastic reticular stromal 
cells in the spleen (32). In addition, signals from the BCR are 
important for accessing the MZ B  cell fate (33). Specifically, 
following BCR signaling via the serine-threonine kinase Taok3, 
the transmembrane metalloprotease ADAM10 translocates from 
intracellular vesicles to the cell surface. This translocation leads 
to a cleavage step that frees the intracellular domain of Notch, 
and the fragment generated can translocate to the nucleus where 
it will drive the MZ cell fate-determining transcriptional pro-
gram (33). In addition to Taok3 signaling (33), the RNA-binding 
protein ZFP36L1 was identified to play an indispensable role 
in determining the identity of MZ B  cells by promoting their 
proper localization and survival (34). In its absence, MZ B cells 
are mislocalized and die. Further investigation is required to 
determine whether such mechanism could contribute to shaping 
of the B cell repertoire.
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MZ B CeLL FATe AND iMMUNe 
TOLeRANCe

This molecular pathway that links BCR signaling and Notch2 
signaling in driving the MZ B  cell fate after contact with stro-
mal cells expressing a Notch ligand (33) could have advantages 
in shaping the MZ B  cell repertoire. For example, autoreactive 
immature B cells that encounter self-antigen, but do not rapidly 
come into contact with the appropriate stromal cells, would not 
develop into MZ B cells. By contrast, B cells reactive with non-
self-antigens, i.e., microbiota-derived antigens that can be present 
in the peripheral blood, would be exposed to both proper BCR 
and Notch2 signaling, which would drive them into the MZ B cell 
fate. Such a mechanism would be advantageous for the immune 
system because it would provide protection against microbial 
infection and allow negative peripheral selection of autoreactive 
B cells.

Since the gut is a key interface between the immune system 
and the environment, it has become clear that the mucosal 
immune system of the gut plays a chief role in maturation of 
the immune system, in shaping the T cell and B cell repertoires, 
and in induction of immune tolerance to food antigens and to 
microbiota-derived antigens. This recent insight is being used 
in investigation of the pathogenesis of various diseases, includ-
ing type-1 diabetes (T1D). Gut microbes are known to release 
the short-chain fatty acids (SCFAs) acetate and butyrate from 
specialized diets. Since the NOD mouse develops symptoms of 
spontaneous diabetes with a number of similarities to human 
T1D, it can be used to investigate the importance of the SCFA 
microbial metabolites acetate and butyrate in this autoimmune 
form of diabetes. A recent comprehensive study disclosed 
that SCFA-rich diets had substantial effects on the immune 
system through different modes of action (35). Interestingly, 
the acetate diet resulted in a decreased number of splenic 
B  cells, particularly transitional and MZ B  cells. By contrast, 
the butyrate diet was associated with an increased number and 
function of regu latory T cells. While the SCFA-enriched diets 
had a clear effect on B cells, especially MZ B cells, which were 
markedly reduced in number and function (35), it remains 
unknown whether SCFAs had an impact on plasma cells or on 
mucosal IgA-producing B cells. Further investigation of these 
beneficial effects could have potential therapeutic applications, 
not only in this form of diabetes, but also in other autoimmune 
diseases.

MULTi-wAY iNTeRACTiONS AMONg 
HUMAN iNNATe CeLLS

The phenotype of MZ B cells differs in mice versus humans. In the 
mouse, MZ B cells form a population of IgM+IgDloCD21hiCD23lo 
B cells that do not recirculate and that are thought to be a line-
age separate from FO B  cells. By contrast, human MZ B  cells 
recirculate and are often somatically hypermutated, suggesting 
a memory B cell origin. However, high-throughput VH sequenc-
ing of human B cell subsets indicates that IgM memory and MZ 
B cells constitute two distinct entities (36). Given such differences, 

it remains unclear if MZ B cells play similar conserved roles in 
both species.

For their activation, MZ B  cells rely on unconventional 
sources of stimulation, such as TLRs, which contrasts with the 
requirement of FO B cells. To become fully activated, these latter 
cells receive a first signal delivered trough antigen recognition 
by the BCR followed by a T cell-derived second signal. In fact, 
it appears that there is a complex set of intercellular interactions 
that facilitate antibody production by MZ B cells in both TI type 
1 settings and TI type 2 settings, and that require a small subset 
of ILCs that reside mainly in the MZ of the human spleen (37). 
These cells express CD127 (IL-7 receptor), CD117 (stem-cell 
factor receptor), and the transcription factor RORγt. In response 
to IL-1β and IL-23, they produce IL-22, which places them in 
the mucosal cell-like ILC3 category. These MZ ILCs are located 
in the vicinity of stromal cells expressing the integrin ligand 
MAdCAM-1, suggesting that they represent the human equiva-
lent of mouse marginal reticular cells (MRCs) that express TLR3, 
TLR4, and TLR9.

Intriguingly, interactions between MRCs and ILCs can syn-
ergistically amplify a signal from TLR ligands that enhances 
human MZ B cell activation and differentiation into antibody-
secreting cells (37). Furthermore, neutrophils that reside in the 
MZ can be activated by ILCs, which will further boost MZ B cell 
stimulation (38). These observations have potential implications 
for our understanding of immune tolerance to self. Since these 
events take place in the absence of BCR engagement, they are 
reminiscent of polyclonal TI type 1 responses. This cellular 
interactive web could lower the threshold of MZ B cell activa-
tion to TI antigens, which would increase their responsiveness 
to foreign threats and simultaneously maintain tolerance to 
self-antigens.

T-bet+ Age-ASSOCiATeD B CeLLS (ABCs)

A novel subset of B  cells, termed ABCs, has recently been 
identified in mouse models. ABCs express high levels of 
CD11c and the transcription factor T-bet, which distinguishes 
them from other B  cell subsets (39). Subsequently, T-bet was 
found to be necessary and sufficient for the appearance of this 
subset, and triggering of the BCR, IFN-γ receptor, and TLR7 
on B cells induces high levels of T-bet expression. Since ABCs 
exhibit a unique T-bet driven transcriptional program, they 
differ substantially from other B cell subsets in their activation 
requisites, functional capacities, and survival requirements (40). 
They respond poorly to BCR engagement, but survive, which 
distinguishes them from FO and MZ B cells. Remarkably, ABCs 
express the canonical BAFF receptors BR3 and TACI, but do 
not rely on BAFF for survival, another feature that distinguishes 
them from FO and MZ B cells. Following simulation with either 
TLR9 or TLR7 agonists, either alone or in combination with BCR 
ligation, they proliferate vigorously and produce the regulatory 
cytokines IL-10 and IFN-g. Overall, these functional properties 
suggest that ABCs could have profound effects on the dynamics 
and homeostasis of peripheral B cell subsets.

Since ABCs are potent antigen-presenting cells, they could 
play a role in autoimmune responses by presenting self-antigen 
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to autoreactive T cells. Consistently, T-bet+ ABCs appear in auto-
immune-prone mice and in autoimmune patients. Thus, several 
groups have reported the presence of T-bet-expressing B cells in 
autoimmune-prone mice and in autoimmune patients, including 
rheumatoid arthritis (RA) and scleroderma patients (41). B cells 
with a similar phenotype (CD21−CD19hiCD11c+) have also been 
found to be enriched in the blood of common variable immuno-
deficiency patients with autoimmune cytopenia, systemic lupus 
erythematous (SLE), RA, and Sjögren’s syndrome. Importantly, 
several groups have recently reported the appearance of T-bet+ 
B cells in autoimmune patients suffering from SLE (42), multiple 
sclerosis (43), and Crohn’s disease (44). More recently, investiga-
tors demonstrated that T-bet expression in B cells is critical for 
the rapid initiation and progression of autoimmune responses, 
end-organ damage, and early mortality during lupus-like auto-
immunity (45). They also have shown that ABCs are located at 
the T cell/B cell border in the spleen, which could increase the 
likelihood of contact between Ag-specific T  cells and antigen-
presenting ABCs. Remarkably, their BCRs are autoreactive, sug-
gesting that ABCs are precursors for autoantibody production. 
All these features indicate that ABCs will be ideal presenters of 
autoantigens to T cells. Together, these observations suggest that 
T-bet-dependent activation of autoreactive B cells is important 
for the development and/or the progression of human autoim-
munity, and it has been suggested that T-bet+ B cells represent 
promising targets for treatment of human autoimmunity (39). 
However, other investigators found that during the remission 
phase of collagen-induced arthritis (CIA), an experimental model 
for RA, MZ B cells express an elevated level of T-bet (46), thereby 
confirming the existence of IL-10/T-bet co-expressing cells. 
These observations, suggesting that T-bet could contribute to the 
remission of CIA by facilitating the regulatory potential of IL-10+ 
MZ B cells, does not militate in favor of targeting T-bet+ B cells 
for therapeutic purposes. They also raise questions regarding the 
functional relationships between T-bet+ B cells, MZ B cells, and 
regulatory B cells.

NK-LiKe B CeLLS

Recently, a separate subpopulation of innate B  cells, termed 
NKB  cells, was identified in mice, and in human (47). They 
exhibit CD19+NK1.1+ signature markers and reside mainly in 
the spleen and mesenteric lymph nodes. Their identity seems 
unique and is distinct from that of NK and B  cells. NKB  cells 
can produce large amounts of interleukin-18 (IL-18) and IL-12, 
and, consequently, are able to activate type 1 innate lymphoid 
cells (ILC1s) and NK  cells to initiate innate immunity against 
invading microorganisms. Unlike other cell lineages, NKB cells 
are postulated to harbor unique fate-decision transcription fac-
tors that could specifically drive their progenitors to differentiate 
into mature NKB cells (47). It is possible that NKB cells act as a 
separate subset of innate B cells and play a critical role in the early 
stage of innate immune responses.

Reminiscent of B-1 cells and MZ B  cells, which express a 
limited diversity of germline-encoded BCRs and are rapidly 
activated upon challenge with innate stimuli, NKB cells exhibit a 
non-Gaussian distribution of the length of their Ig heavy-chain 

third hypervariable region (47), suggesting that NKB  cells 
display a restricted BCR repertoire. The fact that they harbor 
a low-diversity BCR repertoire different from that of B  cells 
suggests a restricted recognition of antigens. However, the 
antigen repertoire of NKB  cells needs to be better delineated 
to determine if they can recognize self- and non-self-antigens.  
In addition, further studies are required to determine whether 
these NKB cells represent a bona fide separate subset of innate 
B cells that are distinct from conventional B cells and to decipher 
their potential role in inflammatory and autoimmune condi-
tions. Since NKB cells can produce substantial amounts of IL-18 
and IL-12 that lead to activation of innate lymphocytes, and in 
as much as IL-18 is also an inflammatory factor responsible for 
promotion of autoimmune diseases, future studies should inves-
tigate whether NKB cells are implicated in the pathogenesis of 
autoimmune diseases.

HUMAN iNNATe-LiKe, SeLF-ReACTive 
vH4-34-eXPReSSiNg B CeLLS

In humans, VH4-34-B cell clones expressing the germline Ig vari-
able heavy-chain 4-34 (VH4-34) gene are common in the naive 
B  cell repertoire, but are rarely found in IgG memory B  cells 
from healthy individuals. Several groups showed that the VH4-34 
gene codes for autoantibodies that recognize I/i carbohydrates 
expressed by red blood cells with a specific motif in their frame-
work region 1 (FWR1) (48, 49). In recent studies of patients 
exhibiting a genetic deficiency in IRAK4 or MYD88, which medi-
ate the function of TLRs except TLR3, CD27+IgG+ B cells com-
prised VH4-34-expressing clones and showed decreased somatic 
hypermutation frequencies (50). Importantly, whereas VH4-34-
encoded IgGs from healthy donors harbored FWR1 mutations 
abrogating self-reactivity, their counterparts from IRAK4- and 
MYD88-deficient patients often displayed an unmutated FWR1 
motif, which enables these antibodies to recognize I/i antigens 
present on erythrocytes. Paradoxically, this self-reactivity was 
associated with a potential of these VH4-34-encoded IgG clones 
to bind commensal bacterial antigens.

It is possible that germline-encoded self-reactive VH4-34+ 
antibodies recognizing I/i carbohydrates expressed on eryth-
rocytes and the corresponding B  cell clones exert beneficial 
functions through their cross-reactivity with antigens present 
on commensal bacteria that reach the circulation. This view is in 
line with the proposal that B cells expressing germline-encoded 
self-reactive VH4-34 antibodies may represent an innate-like 
B cell population specialized in the containment of commensal 
bacteria when gut barriers are breached (50). Other studies 
described human VH4-34-expressing B  cells that are anergic, 
a state that precludes them from being recruited into B  cell 
follicles (51–53). Consistently, the fact that the majority of  
VH4-34-expressing IgG+ B  cells isolated from healthy donors 
were described to acquire mutations that abolish self-reactivity 
to I/i antigens (50) supports the contention that VH4-34+  
B cells are bona fide anergic. It will be important to determine 
the interrelationship between the innate-like function and the 
anergic state of human VH4-34+ B cells.
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iL-17-PRODUCiNg B CeLLS AND iNNATe 
iMMUNiTY

Other investigations have identified B cells as a chief source of 
rapid, innate-like production of IL-17 in response to infection, 
and, remarkably, IL-17+ B  cells outnumbered inflammatory 
Th17 cells (54). In addition, the IL-17+ B cells had a plasmablast 
phenotype (CD19+B220dimGL7−CD138+), suggesting that, in 
addition to antibody secretion, IL-17 production may represent 
an additional key effector function for plasma cells during 
infection. Consistent with that idea, B  cell-intrinsic produc-
tion of IL-17A was required for efficient control of parasitemia 
and regulation of inflammatory responses. The IL-17 B  cell 
production in response to infection occurred via a previously 
unknown pathway involving a trans-sialidase. Through the use 
of inhibitors and genetic models, a requirement for both Src 
and Btk-Tec kinases was demonstrated in B cells (54). Genetic 
deletion or pharmacological blockade of CD45 abrogated IL-17 
B cell production, suggesting that the trans-sialidase can trigger 
CD45 compartmentalization or oligomerization, and initiate an 
IL-17 transcriptional program that operates independently of 
key candidate receptors on the B cell surface. It is possible that 
this enzyme is able to modify the B cell-surface protein CD45, 
triggering Src and Btk kinase intracellular signaling. Importantly, 
this signaling program operated in both mouse primary B cells 
and human primary B cells.

Overall, these observations may indicate that the generation 
of IL-17+ B cells represents an unappreciated arm of the innate 
immune response required for pathogen control. Since both 
B  cells and IL-17 have been linked to a range of autoimmune 
diseases, it will be important to determine the potential role(s) of 
IL-17+ B cells in candidate autoimmune disorders.

iNNATe ReSPONSe ACTivATOR (iRA)  
B CeLLS

In a related experimental study, peritoneal B-1a cells were found 
to give rise to a population of B  cells, called IRA B  cells, that 
produce the growth factor GM-CSF (55). This IRA B cell popula-
tion arises in the mouse peritoneum and accumulates in large 
numbers in the splenic red pulp. In additional studies, pleural 
B cells were demonstrated to migrate from the pleural space and 
to relocate to the lung parenchyma where they produce abundant 
natural IgM Abs that bind to bacteria and neutralize them (56). 
It is of note that the Abs that recognize oxidized phospholipids 
(20) also bind S. pneumoniae and provide optimal protection to 
mice from this pathogen (56). This innate immune mechanism 
is able to clear bacteria and to protect against pneumonia, and 
the B cell-derived GM-CSF is the autocrine instructor required 
for IgM production. This early appearance of a unique GM-CSF-
producing B  cell is intriguing. It suggests that IRA B  cells are 
able to educate other cell subsets, such as myeloid cells. It will be 
important to elucidate the precise molecular and cellular events 
that link GM-CSF signaling to IgM production.

These observations may have implications toward our 
under standing of the pathogenesis of autoimmune diseases. 

A growing body of evidence suggests that autoimmunity in 
patients is initiated outside the tissue that is targeted by the 
autoimmune attack. In RA, for example, serum autoantibodies 
are detectable years before the development of the initial joint 
symptoms, and mucosal tissues, including the lung and the 
oral cavity, have been implicated as potential initiating sites for 
disease development (57).

As occurs in other organs, immunologic lung diseases develop 
when the normal mechanisms of immune self-tolerance are 
disrupted. In the lung, macrophages and lymphocytes are the 
key cells involved in the initiation and perpetuation of undesir-
able immune responses. Macrophages can ingest and degrade 
the inhaled antigens and serve as scavenger cells. In addition, 
they can act as antigen-presenting cells for T cells. Even tough 
lymphocytes are present in low numbers in the normal lung 
parenchyma, a subset of lymphocytes that have been triggered 
by relevant antigens in the surrounding lymphoid tissues are 
able to migrate to the lung and participate in inflammatory 
responses. This could account for the fact that systemic autoim-
mune diseases frequently involve the lung, the pleura, pulmonary 
parenchyma, or airway. The observation that pleural space B cells 
control the early responses to insults broadens our understanding 
of the immune system’s spatio-cellular dynamics. The identifica-
tion of the GM-CSF–IgM axis could have implications for our 
understanding of autoimmune diseases in human.

THe iNTeRPLAY BeTweeN iNNATe-LiKe 
B CeLLS AND OTHeR CeLL TYPeS iN 
AUTOiMMUNiTY

B lymphocytes are known to exert crucial non-redundant 
roles in the innate and adaptive arms of the immune system 
through both antibody-dependent and antibody-independent 
mechanisms. For example, during acute infection, B lympho-
cytes play a role in the early innate immune response, where 
they aid in mounting an efficient and protective inflammatory 
response (55). Even in the inflammatory response secondary 
to other forms of acute injury, experimental studies uncovered 
a key role for B cells in production of CCL7, previously called 
monocyte-chemotactic protein 3, or MCP3 (58). In that setting, 
B cells are able to produce Ccl7 and to induce a Ly6Chi monocyte 
mobilization from the bone marrow and recruitment to the 
heart, leading to enhanced tissue injury and deterioration of 
myocardial function. Remarkably, high circulating concentra-
tions of CCL7 and the B cell longevity factor BAFF in patients 
with acute myocardial infarction predict increased risk of death 
or recurrent myocardial infarction (58). The precise B cell subset 
involved in this setting remains to be examined in more detail. 
However, the results indicate that this pathogenic effect of B cells 
depends in part on BAFF-R signaling, a finding reminiscent of 
observations showing that BAFF-R deficiency or B cell depletion 
can reduce the development of atherosclerotic lesions in several 
experimental models (59). Since atherosclerosis can be consid-
ered an auto-inflammatory disease associated with inflamma-
tory factors characterized by lipoprotein metabolism alterations 
that lead to immune system activation with the consequent 
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TABLe 3 | Principal B cell subsets with innate-like functions.

B cell subset B-1a cells Marginal  
zone B cells

T-bet positive B cells innate response 
activator B cells

Natural killer-
like B cells

iL-17-
producing 
B cells

Human self-reactive 
vH4-34-expressing 
B cells

Associated 
pathology

Type-1 diabetes 
(T1D), rheumatoid 
arthritis (RA)

Atherosclerosis, T1D RA, scleroderma, 
systemic lupus 
erythematous

Under  
investigation

Under 
investigation

Under 
investigation

Under  
investigation
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proliferation of smooth muscle cells, narrowing arteries, and 
atheroma formation, the contribution of various B cell subsets 
to post-ischemic injury is likely to be important.

During atherosclerosis, several studies consistently dem-
onstrated that B lymphocytes play prominent roles (60, 61). 
Thus, natural IgM antibodies derived from B-1 cells have been 
found to be atheroprotective, and B-2 cell responses were 
demonstrated to promote atherogenesis chiefly by support-
ing proatherogenic T  cells. The contribution of adaptive FO 
B  cells to the development of atherosclerosis can be inferred 
from their roles in the support of proatherogenic T follicular 
helper (TFH) cells and germinal center responses. In addition, 
the contribution of innate-like MZ B cells to regulation of the 
immune response in atherosclerosis was investigated in mice. 
In that setting, MZ B cells were found to activate a homeostatic 
program in response to high-cholesterol diet (HCD) and to 
regulate the differentiation and accumulation of TFH cells 
(62). In mice fed with a HCD diet, MZ B  cells upregulated 
surface expression of the immunoregulatory ligand PDL1 and 
increased the interaction between MZ B cells and pre-TFH cells, 
which led to PDL1-mediated suppression of TFH cell motility, 
alteration of TFH cell differentiation, reduced TFH abundance 
and suppression of the proatherogenic TFH response. This MZ 
B cell role in controlling the TFH-germinal center response to a 
cholesterol-rich diet is critical in limiting exaggerated adaptive 
immune responses and in substantially reducing the develop-
ment and progression of atherosclerosis (62). In the absence of 
MZ B cells, there is an excessive accumulation of suboptimally 
differentiated TFH cells and increased levels of T helper and T 
effector memory cells. However, the signals that instruct MZ 
B  cells to leave the MZ and guide them to TFH cells remain 
unclear.

Similarly, various cell types play a role in the autoimmune 
disease T1D, but the trigger mechanisms involved in the early 
stages of disease pathogenesis remain under investigation. In 
early studies, the number of circulating CD5+ B cells was report-
edly higher in children with recent onset T1D, as compared with 
patients with long-term disease or controls (63). In addition, as 
has been observed in other autoimmune disease, an altered BCR 
signaling threshold has been disclosed in patients with T1D as 
compared with healthy controls (64, 65). In diabetes-prone NOD 
mice, an elevated frequency of self-reactive B cells is detectable, 
as compared with C57BL/6 and BALB/c mice (66), and peritoneal 
B-1a cells were demonstrated to participate in T1D development 
in NOD mice (67). In further studies of young female NOD mice, 
physiological beta-cell death was found to induce the recruit-
ment and activation of B-1a cells, neutrophils, and plasmacytoid 
dendritic cells (pDCs) to the pancreas (68). Experiments based 

on depletion of cell subsets indicated that B-1a cells, neutrophils, 
and IFN-α-producing pDCs are required for the initiation of the 
diabetogenic T cell response and T1D development (68), suggest-
ing that an innate immune cell dialog that starts in the pancreas 
of young NOD mice can lead to the initiation of T1D. This IFN-α 
production would create an inflammatory milieu favorable for a 
diabetogenic adaptive response that leads to autoimmune diabe-
tes. It is possible that the interplay between B-1a cells, neutrophils 
and pDCs represents a common feature of other autoimmune 
diseases.

DiSCUSSiON

Studies performed in animal models and in humans indicate that 
the innate arm of the immune system provides an essential role in 
the initial protection against potential insults and in maintaining 
tolerance to self-antigens. Investigations of innate-like lympho-
cytes, including γδ T cells and NKT cells, suggest that there are 
no tight boundaries between innate and adaptive immunity. 
As discussed above, the existence of several B cell subsets with 
distinct effector functions enables production of pathogenic 
autoantibodies and promotion of inflammatory cascades that 
involve various other cell types (Table 3). Within inflammatory 
lesions, there is a complex and dynamic cross talk between B cells 
and other cell types.

In as much as innate immunity seems to be important in resolv-
ing inflammation (69), it is possible that targeting certain innate-
like B cell subsets could represent a novel therapeutic approach 
for inducing resolution of inflammation of auto-inflammatory 
responses. However, it remains uncertain whether observations 
made in mice will translate meaningfully to the extent of human 
subjects. In addition, some of the newly described B cell subsets 
need a more detailed characterization using novel methodical 
approaches.

Throughout the years, categorization of B cells has relied on 
immunophenotyping by flow cytometry, which allows identifica-
tion of cells in suspension by expression of cell-surface receptors 
and intracellular cytokines. However, the census of B cells remains 
incomplete because, depending on environmental encounters, 
each B cell can be at a different stage of activation or differentia-
tion. In addition, the same cell subset can be present in different 
locations of the organism, but in distinct phenotypes that result 
from adaptation to the tissue of residence. Furthermore, B cells 
are endowed with particular antigen receptor sequences, and, 
therefore, are clonal in nature, which creates a unique genetic 
diversity into these cells.

In recent years, development of single-cell genomics and spa-
tial profiling methods is enabling genome-wide quantification of 
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molecules in thousands of individual cells, and multiplex spatial 
analysis of proteins and RNA in situ (70). These new approaches 
can quantify subtle changes in gene expression between indi-
vidual cells and dynamic expression modifications during an 
immune response. The power of single-cell genomics to identify 
previously unidentified subpopulations is illustrated by recent 
studies of cells of the immune system. For example, studies using 
human DCs have revealed previously unknown DC subsets and 
provided insight into the complexity of the lineage of these cells 
(71, 72). In parallel, similar approaches led to characterize varia-
tions within Th17 cells, and to describe a spectrum of cell subsets 
with distinct levels of pathogenicity, that, upon adoptive transfer, 
are able to induce symptoms of autoimmune disease in animal 
models (73, 74).

For B lymphocytes, single-cell techniques are ideal to study the 
antigen receptor repertoire, and its relation to the B cell subtype 
and state. It is likely that these new approaches will lead to a 
more precise characterization of B cell subsets and their effector 
functions. They should considerably enhance our understanding 
of the complexity of the B cell compartment and its innate-like 
functions within the immune system, and beyond. It is possible 
that combining B  cell repertoire analysis, single-cell genomics, 

new emerging spatial approaches, and multiplex immunophe-
notyping could lead to a novel generation of diagnostics and 
therapeutic approaches.
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Toll-like receptor 9 (TLR9) belongs to the group of endosomal receptors of the innate 
immune system with the ability to recognize hypomethylated CpG sequences from DNA. 
There is scarce information about TLR9 expression and its association with the circadian 
cycle (CC). Different patterns of TLR9 expression are regulated by the CC in mice, with 
an elevated expression at Zeitgeber time 19 (1:00 a.m.); nevertheless, we still need to 
corroborate this in humans. In systemic lupus erythematosus (SLE), the inhibitory effect 
of chloroquine (CQ) on TLR9 is limited. TLR9 activation has been associated with the 
presence of some autoantibodies: anti-Sm/RNP, anti-histone, anti-Ro, anti-La, and anti-
double-stranded DNA. Treatment with CQ for SLE has been proven to be useful, in part 
by interfering with HLA-antigen coupling and with TLR9 ligand recognition. Studies have 
shown that TLR9 inhibitors such as antimalarial drugs are able to mask TLR9-binding sites 
on nucleic acids. The data presented here provide the basic information that could be 
useful for other clinical researchers to design studies that will have an impact in achieving 
a chronotherapeutic effect by defining the ideal time for CQ administration in SLE patients, 
consequently reducing the pathological effects that follow the activation of TLR9.

Keywords: toll-like receptor 9, systemic lupus erythematosus, circadian cycle, chronotherapy, chloroquine

iNtrODUctiON

The main role of the immune system is to identify and eliminate health threats through mechanisms 
of both adaptive and innate immunity (1, 2). The adaptive immune system specifically recognizes 
pathogens through T cell receptors and B cell receptors, while for the innate immune system, the use of 
pattern-recognition receptors (PRRs) has long been identified to help recognize pathogen-associated 
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molecular patterns (PAMPs) and damage-associated molecular 
patterns (3). Toll-like receptor 9 (TLR9) is a PRR that recognizes 
hypomethylated CpG-DNA sequences in bacteria, viruses, and 
host DNA, which favor TLR9 signaling when they are included 
in immune complexes (4–7). Moreover, it has been proposed that 
TLR9 might be responsible for the initiation of autoimmunity, 
particularly in systemic lupus erythematosus (SLE), where the 
production of autoantibodies against double-stranded DNA 
(dsDNA) is a common characteristic (8). Historically, the use 
of antimalarial drugs (AMDs) such as chloroquine (CQ) and 
its analogs has been shown to be effective in the treatment of 
autoimmune diseases such as SLE (9–11). In general, it has been 
suggested that CQ could inhibit the endosomal acidification that 
is necessary for intracellular antigen processing and presentation 
(12). However, for the inhibition of TLR9 activation, acidifica-
tion might not be the most important factor, since TLR9 requires 
contact with its ligand, and CQ has been shown to interfere by 
masking the TLR9-binding sites on the ligands. Therefore, this 
pathway has been described as one of the mechanisms through 
which CQ decreases the inflammatory response (13). It has been 
widely reported that cells and proteins of the immune system are 
regulated by the circadian cycle (CC) (14, 15); however, there are 
few studies that describe the impact of TLR9 circadian regulation 
and the therapeutic repercussions for SLE. This perspective deals 
with the evidence of TLR9 expression patterns related to CC 
and the interference of CQ in TLR9 activation, suggesting that 
in theory, it is possible to improve the benefit of CQ treatment 
based on its chronotherapeutic effect, and this might be exploited 
to reduce the activation of TLR9 that includes the production of 
autoantibodies and inflammatory cytokines in SLE. This infor-
mation will be useful to conduct future clinical studies to achieve 
the best treatment results with CQ.

tOLL-LiKe recePtOr 9

Toll-like receptor 9 identification occurred during homology 
structure studies on different Toll-Like Receptors (TLRs) (4, 16–18). 
TLRs are highly conserved proteins by means of positive selection 
induced via gene duplication (19–22). The human TLR9 (hTLR9) 
gene is localized on chromosome 3p21.3 and consists of two exons 
that encode for 1,032 amino acids (aa) (18). There are five reported 
isoforms of TLR9, produced by alternative splicing: TLR9A to 
TLR9E, with variable expression in B and T cells (18, 23, 24). The 
protein structure of TLR9 has three domains: (1) an extracellular 
domain with leucine-rich repeats that recognizes pathogens, (2) 
a single transmembrane domain, and (3) an intracellular toll-
interleukin 1 receptor (TIR) domain for signal transduction (25).

According to various studies, hTLR9 expression is predominant 
in the spleen, lymph nodes, tonsil, skin (keratinocytes), kidney, 
and peripheral blood leukocytes [dendritic cells (DCs), B  cells, 
macrophages, neutrophils, eosinophils, natural killer, and T cells] 
(26–34). In all of them, TLR9 elicits their activation after engaging 
PAMPs. Despite the typical intracellular localization of TLR9 in 
endosomes, two additional sites of expression were described: 
(1) the cell surface of human and mouse neutrophils, intestinal 
epithelial cells (IEC), mouse colonic tissue, and hepatocellular 
carcinoma cells (35–37) and (2) a soluble form in bacterial pleural 

effusions and human embryonic kidney 293 cells (Figure  1A) 
(38, 39). The different localizations of TLR9 possibly have a role in 
its function (40), a concept that will be discussed in detail in the 
following section.

tLr9: tHe PAtH tO eNDOsOMes  
FOr LiGAND iDeNtiFicAtiON  
AND ActivAtiON

Endosomes or phagosomes are cell structures that contain PAMPs  
derived from phagocytosed pathogens. Inside these structures 
is where TLR9 engages targets and elicits cell activation (41, 42). 
Importantly, in studies performed with laser scanning confo-
cal microscopy, it was found that before TLR9 interacts with 
endosomes or lysosomes, it is located in its full-length form 
(immature) inside the endoplasmic reticulum and/or the Golgi 
apparatus (GA) (43, 44) (Figure 1B). TLR9 is then translocated 
with unc-93 homolog B1 (UNC93B1), a facilitator protein, from the 
GA toward the cell surface, where it is associated with an adaptor 
protein complex 2 for internalization to endosomes (45–47). The 
binding between TLR9 and UNC93B1 depends on the presence 
of a specific sequence of aa located in the juxtamembrane region 
of TLR9. This finding became evident after the observation that 
mutated proteins with changes in the aa residues from Asp812 to Ser 
(D812S) and from Glu813 to Thr (E813T) in mice avoided the inter-
action between TLR9 and UNC93B1 and disrupted the continuous 
trafficking of TLR9 toward the endosome (48). There is still missing 
information as to whether this intracellular trafficking is required 
for other TLRs since, in the case of TLR7, for example, although it 
interacts with UNC93B1 protein, transportation from the GA to 
endosomes occurs without cell surface expression (46, 49). Once 
TLR9 is located in endosomes, it undergoes proteolytic cleavage 
performed by cathepsins (50, 51), generating a protein of 80 kDa, 
which is required for the adequate functioning of the receptor (52). 
Other proteolytic cleavage sites by cathepsins have been described 
in the aminoterminal region (NH31-723 aa) of TLR9, producing a 
protein of 100 kDa that lacks the transmembrane and TIR domains, 
i.e., a soluble form retained in endosomes that inhibits TLR9 sign-
aling (39). Importantly, the proteolytic function of cathepsins and 
other enzymes involved in the activation and signaling of TLR9 
within the endosome microenvironment are carried out at an 
acidic pH (5.0 ± 0.2) (50, 53, 54). It is clear that the endosomal pH 
is an important factor for the activation of TLR9; however, when 
referring to TLR9 being expressed on the cell surface, there are no 
conclusive studies on its function or form of activation. However, 
one study performed in human hepatocellular carcinoma cell lines 
concluded that the expression of TLR9 on hepatocyte cell surface 
promotes tumorigenesis and cancer progression by promoting cel-
lular proliferation and cell survival after receptor stimulation with 
CpG-oligodeoxynucleotides (CpG-ODNs) (55). Other studies sug-
gest that cell surface expression of TLR9 is a rescue mechanism for 
the activation of neutrophils when their ligands are not internal-
ized to endosomes or when intracellular TLR9 shows resistance to 
activation (35). Once endosomal TLR9 is sensitized by its ligand, it 
triggers MyD88-dependent signaling that induces the production 
of pro-inflammatory cytokines after activation of NF-kB (56–59).
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FiGUre 1 | Different locations of TLRs and the TLR9 signaling route. (A) (1) TLRs (and their respective ligand) expressed on the cell surface: TLR1/TLR2 (triacylated 
lipopeptides), TLR2/TLR6 (diacylated lipopeptides), TLR5 (flagellin), TLR4 (LPS), and TLR10 (unknown). (2) TLRs expressed in endosomes: TLR3 (ds-RNA), TLR7/
TLR8 (ss-RNA), and TLR9 (CpG-DNA). (3) TLR9 cell surface expression related to their signaling route and soluble form identified in pleural effusions and HEK 293 
cells, although its production and functions are unknown. (B) Before TLR9 is located inside the endosome, it can be identified in the ER, the GA, and lysosomes.  
(1) Inside the ER, the juxtamembrane region of TLR9 interacts with UNC93B1, a facilitator protein that allows the exit of TLR9 toward the cell surface or directly to 
endosomes (dotted blue line). (2) Once on the cell surface, TLR9 becomes associated with AP-2 for cell internalization through the interaction with phagosomes or 
endosomes. (3) In this location, TLR9 modifies its structure by the action of AEP and cathepsins generating a mature form (80 kDa) and a soluble form (100 kDa) 
without transmembrane and TIR domains, this form is retained in the endosome and prevents the activation of TLR9. Abbreviations: ER, endoplasmic reticulum;  
GA, Golgi apparatus; LPS, lipopolysaccharide; HEK 293, human embryonic kidney 293; UNC93B1, unc-93 homolog B1; AP-2, adaptor protein complex 2; AEP, 
asparagine endopeptidase; TLR9, toll-like receptor 9; TIR, toll-interleukin 1 receptor; LRR, Leucine-rich repeats.
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sLe, AMDs, AND tHe iNHiBitiON  
OF tLr9

Loss of immunological tolerance in SLE is responsible for the 
secretion of circulating autoantibodies against cellular compo-
nents such as nucleosomes, histones, ribonucleoproteins, DNA, 
and RNA helicase A, among others (60–63). One of the theories 
for autoantibody generation in SLE is the inefficient removal of 
cellular debris after apoptosis and neutrophil extracellular traps, 
two different processes in origin that could lead to an increased 
amount of free DNA and RNA when there is a defective removal 
of debris by macrophages (64–69). The principal autoantibodies 
associated with impaired clearance of cellular antigens in SLE are 
Sm/RNP, histone, Ro/La, and dsDNA (70–72). Artificial autoanti-
body production against nuclear antigens was described with the 
use of hydralazine. The mechanism proposed was the inhibition 
of the ERK signaling pathway with hydralazine, which caused 
a downregulation of the DNA methyltransferase 1 (DNMT1) 
mRNA, necessary for DNA methylation (73–75). It is important 
to acknowledge that hypomethylated DNA is a PAMP recognized 
by TLR9. In addition, both in humans and mice, TLR9 is involved 
in inflammation via the synthesis of inflammatory cytokines and 
activation of autoreactive B  cells, contributing to autoantibody 

production and the subsequent clinical development of autoim-
mune features (76). In murine models of lupus-prone and mixed 
bone marrow chimeras, it became evident that when there was a 
lack of expression of endosomal TLRs, autoantibody production 
was absent. In the absence of TLR7, mice failed to generate anti-
Sm/RNP autoantibodies and mice lacking TLR9 failed to produce 
anti-dsDNA autoantibodies (77, 78). The mRNA expression of 
TLR7 and TLR9 in SLE patients was associated with testing 
positive for anti-extractable nuclear antigens and anti-dsDNA, 
respectively (79). In addition, in kidney biopsies from patients 
with lupus nephritis (LN), there was evidence of TLR3, TLR7, and 
TLR9 overexpression with a positive correlation between TLR9 
expression and high activity, measured by renal-systemic lupus 
erythematosus (R-SLEDAI) (80). Furthermore, SNPs in the TLR9 
gene, such as rs352140, were associated with LN (81).

In recent studies performed on peripheral blood mononu-
clear cells (PBMCs) from SLE patients and healthy individuals, 
there was evidence of elevated expression of TLR9 protein and 
mRNA, with a positive correlation to antinuclear antibodies 
titers (82–84). Therefore, previous studies have proposed that 
the modulation or inhibition of TLR9 is a potential tool for SLE 
treatment (85, 86). CQ was introduced as one of the AMDs that 
later proved to be beneficial for rheumatic diseases, mainly owing 
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to an anti-inflammatory, immunosuppressive, and skin photo-
protective effect (9, 87, 88). The administration of AMDs in SLE 
patients is indicated when there are no major organ manifesta-
tions (89), without standardized time for the prescription of this 
drug. The lipophilic non-protonated form of CQ is diffused in a 
passive way to endosomes, lysosomes, or Golgi vesicles, where it 
is protonated and retained by ion trapping (90, 91), suggesting 
that this protonated form of CQ could change the acidic medium 
necessary for the proteolytic processing of TLR9 in endosomes. 
However, the cleavage of TLR9 is not inhibited by AMDs. 
Studies have shown that TLR9 inhibitors such as CQ are able to 
mask TLR9-binding sites on nucleic acids (13). It is important 
to explore whether CQ, in addition to the findings mentioned 
above, has other mechanisms related to the inhibition of TLR9. 
In this respect, in a mouse model of sepsis, CQ administration 
induced decreased expression of TLR9 in the spleen, which was 
associated with increased survival and reduction of renal injury; 
interestingly, the same effect was evident in the absence of TLR9 
(TLR9-deficient mice) (92). Nonetheless, this effect has not been 
acknowledged in autoimmune diseases or other immune system-
related pathologies.

tLr9 circADiAN BeHAviOr  
AND sYNcHrONiZAtiON WitH  
cQ ADMiNistrAtiON

The CC is known to regulate the main biological processes (physi-
ological, metabolic, and behavioral) in living organisms, originated 
by oscillations of light and dark conditions within a 24-h period, 
which is aligned with the rotation of the earth on its own axis 
(93–95). Recently, the importance of the CC has been highlighted 
by the recipients of the Nobel Prize in Physiology and Medicine 
2017: Jeffrey Hall, Michael Rosbash, and Michael Young. These 
investigators stated that the CC is a molecular genetic mecha-
nism that directs various functions in Drosophila melanogaster 
(96–100), and knowledge of this has had an impact on the clinical 
course and treatment of the human diseases. The master regulator 
of the CC is localized in the suprachiasmatic nucleus (SCN) of the 
hypothalamus and the activity of this regulator depends on the 
received light through photoreceptors in the retina of both eyes 
(101–104). The SCN is also synchronized with other peripheral 
circadian clocks such as the hypothalamic–pituitary–adrenal axis 
and the immune system (105, 106). The molecular mechanisms of 
these peripheral circadian clocks are autonomous and controlled 
by a transcriptional–translation feedback loop in clock genes 
(107, 108). Some of these clock genes include the heterodimer 
circadian locomotor output cycles kaput gene and brain and 
muscle aryl hydrocarbon receptor nuclear translocator 1 gene 
(Clock:Bmal1) (109–111). This heterodimer functions as a tran-
scriptional factor for the Period (Per) and Cryptochrome (Cry) 
genes (112, 113), whose proteins then become transcriptional 
repressors of the Clock:Bmal1 heterodimer, allowing repeating of 
the cycle (114).

An experimental analysis performed in mouse tissues (aorta, 
adrenal gland, brainstem, fat, cerebellum, heart, hypothalamus, 
kidney, liver, lung, and skeletal muscle) demonstrated that the 

patterns of gene expression in 43% of the entire mouse genome 
had a circadian behavior (115). Particularly when referring to 
the immune system and the CC, it was observed that the num-
ber and functions of leukocytes are controlled by clock genes; 
therefore, they are subjects of this CC (116). Furthermore, after 
analyzing mouse peritoneal macrophages by microarray, 8.1% 
of expressed genes in these cells had circadian control, including 
Bmal1, Clock, Per1, Per2, Cry1, and Cry2, among others (117). 
There is evidence that the expression of these clock genes in 
mouse macrophages, DCs, and B cells is observed at two peaks 
every 12-h under light–dark conditions (118). More specifically, 
the percentage of neutrophils and their phagocytic function 
increase after dark conditions, a phenomenon that occurs in a 
cyclic manner (119).

Silver et al. in 2012 published their results describing that peri-
toneal macrophages derived from Per2-mutant mice (mPer2Brdm1) 
that were subject to conditions of 12-h light/12-h darkness and 
challenged with CpG-ODNs (TLR9 ligand) at different times, 
had a fluctuation in the expression of TLR9 mRNA, with peaks 
at Zeitgeber time (ZT) 11 (5:00 p.m.), which correlated with the 
production of low cytokine levels (TNF-α and IL-12); yet, this 
circadian behavior was not observed in TLR1, 2, 3, 4, 5, 6, and 
7 (120). In addition, they reported an increase in the expression 
of TLR9 mRNA and median fluorescence intensity at ZT19 (1:00 
a.m.) in spleen cells compared with that at ZT7 (1:00 p.m.) (120). 
Moreover, the mRNA expression of TLR1–TLR5 and TLR9 (not 
TLR6 and TLR7) in IEC presents a circadian pattern with higher 
levels at ZT0 (6:00 a.m.) vs. ZT12 (6:00 p.m.) and is dependent on 
the presence of retinoic acid receptor-related orphan receptor-α 
(121). There is a gap in the knowledge of circadian TLR9 expres-
sion. We consider that it would be interesting to research this 
concept in mice in depth. However, the studies performed 
so far have not been examined in the context of human SLE, 
either in the lupus-prone NZBxNZW or pristane-induced lupus 
models, to evaluate the role of circadian expression of TLR9 in 
autoimmunity.

All these results on TLR9 expression confirm the existence 
of circadian behavior in other organs, independent of the SCN 
action. A possible candidate for other anatomical regions capable 
of capturing the external light that entails circadian pathways in 
humans is the skin (122–124). In a scenario of autoimmunity, 
such as that in SLE, injury to the skin is the second most frequent 
clinical feature, which might even induce lupus flares (125). One 
of the main environmental factors associated with a lupus flare 
is UV light exposure (126), which causes DNA damage and 
subsequent apoptosis of keratinocytes (sunburn cells), being 
a source of nuclear autoantigens that undergo relocalization 
of autoantigens such as Ro (125–128). In this respect, in vivo 
studies showed that erythema induced after fixed doses of UV 
light exposure caused an exacerbated inflammatory response in 
the morning in comparison with that in the afternoon (129), 
suggesting that the skin inflammation processes depends on a 
CC and not entirely on UV light exposure. Other autoimmune 
rheumatic diseases associated with environmental triggering 
factors are the idiopathic inflammatory myopathies that are 
more prevalent near equatorial zones (130) since UV light expo-
sure seems to be one important factor associated with its clinical 
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presentation. Indeed, our group has reported the high prevalence 
of anti-Mi-2 antibodies in these subsets of autoimmune rheumatic  
diseases (131).

On the other hand, it is well known that the CC influences 
the pharmacodynamics of drugs (132, 133), which gives rise to 
the term chronotherapy, defined as the administration of drugs 
according to biological clocks: daily, monthly, seasonal, or yearly, 
leading to the maximum benefit and reduction of adverse effects 
(134). Perhaps the best clinical example is the optimization of glu-
cocorticoid (GC) doses in patients with autoimmune conditions, 
including SLE, where the production of cortisol by the host allows 
a decrease in GC demands, therefore, providing a chronothera-
peutic effect (101, 133, 135, 136). In malaria patients, the influ-
ence of CQ in the development of the parasite in erythrocytes, 
manifestations of the disease, and the timing effect of the drug 
were demonstrated in 1991, highlighting its chronotherapeutic 
effect for the elimination of the parasite (137).

cONcLUsiON AND PersPectives

It would be extremely interesting to verify whether time-
restricted expression of TLR9 and clock gene regulation is present 
in human beings. These findings could be demonstrated with 

clock-adjusted gene expression analysis in PBMCs, which might 
support this chronotherapeutic regimen in SLE, by increasing the 
modulating effect of autoantibody production and inflammation 
(Figure 2). Also, we propose to study the TLR9 expression and 
signaling pathways in non-lupus prone mouse strains such as the 
pristane-induced murine lupus model, owing to its feasibility. 
Here, we provided the basic evidence that different expression 
patterns of TLR9 are sustained in association with the CC in mice. 
Nevertheless, this finding still needs to be addressed in humans, 
taking into account the following key points: (1) the expression of 
TLR9 is controlled by the CC, (2) inflammatory cytokine produc-
tion correlates with the expression of TLR9, (3) CQ has an anti-
inflammatory effect by disrupting the signaling of intracellular 
TLR9, and (4) CQ is already used as monotherapy or combination 
therapy for autoimmune diseases. However, there is no consensus 
with respect to the ideal time for AMDs prescription.

etHics stAteMeNt

All cited studies reported in the present perspective where 
conducted in compliance with relevant Ethical Guidelines. This 
article does not represent work made by the authors with human 
or animal subjects.

FiGUre 2 | Proposal for a chronotherapeutic effect in SLE patients receiving CQ treatment. Ligands for TLR9 include CpG-DNA, which might originate during 
impaired clearance of cellular debris. The expression of TLR9 has shown circadian behavior in mice, with higher expression at ZT19 (1:00 a.m.) and lower expression 
at ZT7 (1:00 p.m.) and this is regulated by clock genes. However, in humans, this information is lacking. CQ acts as an inhibitor of TLR9 by masking its binding sites 
for nucleic acids. We propose that the chronotherapeutic optimization of CQ would make it more beneficial if it is prescribed when there is maximal expression of 
TLR9 in SLE that possibly leads to a reduction in the expression of TLR9, autoantibodies production, and inflammation (dotted blue line). Abbreviations: CQ, 
chloroquine; SLE, systemic lupus erythematosus; ZT, Zeitgeber time; NETs, neutrophil extracellular traps; TLR9, toll-like receptor 9.
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Loss-of-function or knockout mouse models have established a fundamental role for the 
RNAse III enzyme DICER1 in development and tissue morphogenesis and/or homeostasis.  
These functions are currently assumed to result mainly from the DICER1-dependent 
biogenesis of microRNAs which exhibit important gene expression regulatory properties. 
However, non-canonical DICER1 functions have recently emerged. These include inter-
action with the DNA damage response (DDR) pathway and the processing of cytotoxic 
non-coding RNAs, suggesting that DICER1 might also participate in the regulation of 
major cellular processes through miRNA-independent mechanisms. Recent findings 
indicated that reduced Dicer1 expression, which correlates with worsened symptoms in 
mouse models of joint inflammation, is also noted in fibroblast-like synoviocytes (FLS) har-
vested from rheumatoid arthritis (RA) patients, as opposed to FLS cultured from biopsies 
of osteoarthritic patients. In addition, low DICER1 levels are associated with the estab-
lishment of cellular stress and its associated responses, such as cellular senescence. 
Senescent and/or stressed cells are associated with an inflammatory secretome (cyto-
kines and chemokines), as well as with “find-me” and “eat-me” signals which will attract 
and activate the innate immune compartment (NK cells, macrophages, and neutrophils) 
to be eliminated. Failure of this immuno surveillance mechanism and improper restauration 
of homeostasis could lead to the establishment of a systemic and chronic inflammatory 
state. In this review, we suggest that reduced DICER1 expression contributes to a vicious 
cycle during which accumu lating inflammation and premature senescence, combined 
to inadequate innate immunity responses, creates the appropriate conditions for the 
initiation and/or progression of autoimmune-autoinflammatory diseases, such as RA.

Keywords: Dicer1, inflammation, rheumatoid arthritis, senescence, ageing

BiOLOGiCAL ROLeS OF DiCeR1

The Canonical Role of DiCeR1: MicroRnA (miRnA) Biogenesis
Since its discovery by Bernstein et al. (1), the RNAse III enzyme DICER (encoded by the DICER1 
gene in H. sapiens and Dicer1 in Mus musculus, the nomenclature that will be used throughout this 
review) has been extensively studied and its role in the miRNA biogenesis is today well described 
[reviewed in Ref. (2)]. miRNA synthesis usually begins with the RNA polymerase II-dependent 
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FiGuRe 1 | Canonical and non-canonical functions of DICER1 in the nucleus and the cytosol. The canonical function of DICER1 leads to microRNA maturation  
in the cytoplasm. Others functions are considered non-canonical.
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transcription of genes encoding primary-miRNAs (pri-miRNAs),  
which are several kilobase-long stem-loop transcripts. Alter-
natively, pri-miRNAs can also originate from introns of protein 
coding genes. Whatever their origin, pri-miRNAs are then 
processed by the nuclear microprocessor complex DROSHA/
DiGeorge syndrome Critical Region 8 (DGCR8) into precur-
sor microRNAs (pre-miRNAs). Those 60–80 nucleotide-long 
precursors are then exported to the cytoplasm where they are 
recognized and cleaved by DICER1 into a 20–22 nucleotide-
long RNA duplex (Figure 1). One miRNA strand is conserved 
and loaded into the RNA-induced silencing complex (RISC) 
composed of argonaute proteins. Guided by the miRNA, the 
RISC complex hybridizes with complementary mRNAs lead-
ing to either their degradation or translational inhibition. 
Therefore, DROSHA, DICER1, and miRNA are core factors of 
the Post-Transcriptional Gene Silencing process, a key regula-
tory mechanism of gene expression. In addition, several miR-
NAs are produced upon non-canonical pathway because their 
synthesis bypasses some of the aforementioned steps; those are 
Mirtons (whose synthesis is DROSHA-independent) (3) and 

miR-451, the only DICER1-independent miRNA described up 
to now (4, 5).

Interestingly, a study aiming at re-evaluating the contribu-
tion of the different key factors in miRNA biogenesis showed 
that while DROSHA is actually irreplaceable in the canonical 
miRNA synthesis, some miRNAs are still produced, albeit at 
reduced levels, without DICER1 (6). These observations, along 
with ours showing that reduced expression of DICER1 in fibro-
blast-like synoviocytes (FLS) from rheumatoid arthritis (RA) 
patients is associated with no more than a modest reduction of 
miRNA production (7), strongly suggest that other roles, besides 
miRNAs maturation, might be attributed to DICER1. Indeed, 
marked phenotypes have been observed in targeted (tissue-
specific) Dicer1 knockout mouse mutants, despite a noticeable 
preserved (and even sometimes increased) expression of many 
mature miRNAs.

DiCeR1 non-Canonical Roles
Accordingly, multiple reports have now described the exist-
ence of non-canonical, miRNA-independent, roles of DICER1 
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(Figure 1). Those functions are essentially implicated in nuclear 
RNAi and have been thoroughly reviewed elsewhere (8).  
In brief, DICER1, associated with TAR RNA Binding Protein 
and Protein activator of protein kinase R (PKR) (TRBP/
PACT), was shown to regulate the transcription of a subset of 
hormone-inducible genes by interacting with their promot-
ers in a dsRNA-dependent manner. Nuclear DICER1 is also 
implicated in the processing of endogenous dsRNA originating 
from overlapping transcription units, thereby protecting the 
cells from interferon (IFN)-mediated apoptosis. In addition, 
DICER1 plays an essential role in the maintenance of genome 
integrity (9), especially through interactions with the DNA 
damage response (DDR) pathway. It has been shown that in 
response to double-strand breaks in DNA, DICER1-dependent 
accumulation of break-specific dsRNAs facilitates the recruit-
ment of reparation factors. Interestingly, this mechanism is  
also needed for the maintenance of telomeres (10).

Furthermore, the cytoplasm is also a major site of DICER1 
non-canonical functions, which have been extensively studied 
over the last decade. A first hint for such roles was discovered 
in patients with age-related macular degeneration, which exhibit 
reduced DICER1 expression in retinal pigmented epithelium 
cells. In these cells, low Dicer1 (but, importantly, not any of the 
other genes involved in miRNA production) expression triggered 
by shRNA knockdown in mice leads to cytotoxic accumula-
tion of non-coding dsRNA formed upon the transcription Alu 
sequences (repetitive elements abundantly present in the human 
genome and classified as short interspersed nuclear elements 
(SINE)—retrotransposon family) (11). Accumulating Alu RNAs 
lead to a toll-like receptor (TLR)-independent, P2X7- and ROS-
dependent activation of the NLRP3 inflammasome. The resulting 
maturation and secretion of IL-18 induces an MYD88-dependent 
pathway and caspase-8-mediated cell death, leading to macular 
degeneration (12–14).

Altogether, these data point to potentially devastating effects 
of DICER1 mis-expression which can theoretically affect all steps 
of gene expression in both nuclear (replication/transcription/
splicing) and cytoplasmic (translation) compartments.

DiCeR1 in inFLAMMATiOn

miRnAs in inflammation: Prominent  
Roles for miR-155 and -146a
There are 1,917 human miRNA sequences in the most recent 
miR database. This relatively large number, together with the 
capacity of every miRNA to target hundreds of mRNAs (15), 
indicates that they are able to virtually impact every biological 
function. It is therefore very much expected for miRNAs to be 
involved in most pathophysiological settings, among which 
inflammation and associated diseases were particularly scruti-
nized. In this context, miR-155 and -146a have been extensively 
described because they clearly exhibit crucial regulatory func-
tions in innate and adaptive immunity. Indeed, miR-146a has 
been described as a mandatory regulator of the NF-κB pathway 
in T cells, targeting TRAF6 and IRAK1 (16). miR-146a was also 
correlated and functionally associated with the control of TNF-α 

production downstream of several TLRs and to the LPS toler-
ance phenomenon (17). In this report, it was notably observed 
that miR-146a is increased in human monocytic cells following 
LPS re-exposure. Until now, many groups found a pronounced 
inflammation-limiting role for miR-146a in various inflamma-
tory settings, from atopic dermatitis (18) to sepsis (19). Strong 
evidence also attests that miR-146a participates in inflamma-
tory disorders such as gout (20, 21) and RA [Ref. (22, 23) and  
see below].

miR-155, encoded by the bic locus, has been described as a 
major actor in inflammatory responses (24–26). miR-155 is 
considered a main driver of inflammatory responses through 
a large array of networks and its down-modulation is associ-
ated with termination of acute inflammation, as exemplified 
in the case of glucocorticoid treatments (27). Interestingly, 
the inflammatory effects of miR-155 are counteracted by miR-
146a, as evidenced by a murine model where the deletion of the 
former is able to abrogate the inflammation induced by the loss 
of the latter (28). In essence, miR-155 and -146a, which roles 
were comprehensively analyzed in mouse knockout models, 
are considered as major players in the regulation of inflam-
matory responses.

Interestingly, miRNA biogenesis and the cellular stress res-
ponse are tightly interconnected (29). This can be illustrated by 
the reciprocal interactions between type I IFNs-I, cytokines of 
paramount importance in the resolution of a virus-induced stress, 
which can modulate DICER1 gene expression (30). In return, 
mice carrying a mutation in the DICER1 gene exhibit an altered 
transcriptional profile of miRNA-regulated, IFN-stimulates 
genes (31). It is also noteworthy to observe that miR-124, a major 
player in the regulation of stress-induced genes in the brain (32), 
has recently been shown to modulate inflammation in a rat 
model of arthritis (33).

non-Canonical Roles of DiCeR1 in 
inflammation
Evidence directly implicating non-canonical roles of DICER1 in 
inflammatory responses is scarce. To date, only two examples 
can be mentioned: (1) the DICER1-dependent processing of 
Alu RNAs which precludes the harmful activation of NLRP3 
Inflammasome and the maturation/secretion of pro-inflam-
matory cytokines IL-1β and IL-18 (11) (see above) and (2) the 
involvement of nuclear DICER1 in the processing of dsRNA 
transcripts from overlapping loci, thus preventing an uncon-
trolled IFN response (34).

Regulation of IFN secretion and IFN-mediated responses 
are of high interest because excessive production of these cyto-
kines is associated with several autoimmune diseases. Of note, 
dysregulation of DICER1 expression has been linked to the 
modulation IFN responses, a feature which is considered to 
result from global miRNA deregulation. DICER1 ablation in 
endometrial cancer cells was also linked to an increased IFN-β 
secretion and subsequent upregulation of IFN-stimulated genes 
(35). However, this response was interpreted as the consequence 
of cytoplasmic accumulation of pre-miRNAs which are able to 
trigger the activation of dsRNA sensors, hence leading to an IFN 

117

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


4

De Cauwer et al. Dicer Links Chronic Inflammation to Aging

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1647

response. More recently, DICER1’s ablation in tumor-associated 
macrophages was shown to polarize the cells toward an M1-like 
phenotype associated with hyperactive IFNγ/STAT1 signaling. 
This observation, described as the result of decreased expression 
of the let-7 miRNA, can only be partially rescued by trans duction 
with a lentivirus expressing let-7 (36). It is then conceivable that 
non-canonical roles of DICER1 might also play a role in the M1/
M2 macrophage polarization. Nevertheless, this model, whereby 
unprocessed dsRNAs accumulate in the cytosol upon DICER1 
deficiency and drive inflammatory responses, has been poorly 
explored so far.

Of note, an increase in cytoplasmic Alu RNA following stress 
promotes disassembly of stress granules (SGs) (37). Since SGs 
decrease the interactions between DICER1 and its co-factors, 
thereby reducing its activity (38), a cross-talk between stress-
induced pathways and miRNA-independent functions of DICER1 
appears also plausible. Furthermore, SGs negatively regulate the 
production of inflammatory cytokine such as IL-1β by control-
ling mRNAs stability and decay (39). Hence, impairment of this 
activity upon Alu RNA accumulation would also contribute to 
promote inflammation.

DiCeR1 in Aging
Aging is an important risk factor for the development of inflam-
matory disorders/diseases (40). In rodents, aging has been associ-
ated with a decreased expression of DICER1 in the adipose tissue 
(41). In human, octogenarians, compared with centenarians, 
exhibit global decrease in miRNA expression as well as reduced 
expression of miRNA biogenesis factors including DICER1 in 
blood cells (42, 43). However, these observations do not provide 
mechanistic insights for the contribution of DICER1 in the aging 
process. Of course, many miRNAs (such as miR-34) targeting 
emblematic pathways involved in senescence (e.g., P53/P21) 
have been described (44) and are likely to play a role in aging. 
Nevertheless, aging is a complex process characterized by nine 
hallmarks: genomic instability, telomere attrition, epigenetic 
alterations, loss of proteostasis, deregulated nutrient-sensing, 
mitochondrial dysfunction, cellular senescence, stem cell exhaus-
tion, and altered intercellular communication (45), all of which  
are possibly impacted by DICER1 misexpression, not only through 
impaired miRNAs maturation but also because non-canonical 
DICER1 functions may be affected as well.

With regards to genomic instability, the role of DICER1 in 
the processing of RNAs transcribed from retrotransposons 
belonging to long- or short-interspersed nuclear elements (line 
or SINE) families participates in the prevention of retrotrans-
position deleterious events (46). In addition, accumulation of 
Alu RNAs was found to restrain “stemcellness” and is associated 
with persistent DNA damage preventing tissue renewal (47). 
Their DICER1-dependent elimination is therefore required to 
maintain tissue homeostasis. Next, DICER1 is implicated in 
the DDR pathway by processing dsRNA essential for the DNA 
double-strand break repair. This process seems also to be neces-
sary to prevent a second hallmark of aging, telomere shortening 
(10). Moreover, DICER1 deletion has been associated with epi-
genetic alterations, such as chromatin remodeling, DNA meth-
ylation, and histone modification in mammalian cells (48, 49). 

Evidence in favor of a role of DICER1 in altered nutrient sensing 
and mitochondrial dysfunction is less documented. However, 
it was demonstrated that DICER1-depletion in adipocytes (i) 
overactivates the sensing signaling molecule mTORC1 and 
(ii) reduces mitochondria numbers, which are also irregularly 
shaped and associated with reduced oxidative metabolism in 
response to caloric restriction (50). As mentioned above, senes-
cence has been amply described in relation to modified miRNA 
expression [e.g., Ref. (51)] but was also linked to Alu RNAs 
accumulation (47). Finally, downregulation of Il-8 expression 
in endothelial cells upon DICER1 knockdown (52) illustrates 
the potential impact of this multifunctional enzyme in the last 
hallmark of aging: cellular communication.

With regards to RA, normal aging of the immune system 
(immunosenescence) is associated with a higher risk to develop 
autoimmune disorders, including RA (53, 54). Alternatively, 
systemic joint inflammation may enhance the progression of 
immunosenescence and favor the development of comorbidities 
in RA patients (55).

DiCeR1 AnD MiRnAS ARe MAJOR 
PLAYeRS in RA

Rheumatoid arthritis is a systemic autoimmune disease affec ting 
around 1% of the global population. This rheumatic disease is 
characterized by multiple joint swelling, stiffness, and inflam-
matory pain, mainly in the small joints of hands and feet (56). 
Although the auto-immune feature of RA is clearly demonstrated, 
several decades of research have established a major role for the 
innate immune system and stromal cells in this disease (57).  
It is now commonly admitted that RA is a multifactorial disease, 
where its initiation and development requires concomitant 
participation of genetic, epigenetic, and environmental factors. 
Among epigenetic players involved in RA, miRNAs have been the 
focus of intense attention over the past decade (58).

There are presently more than 20 miRNAs, expression of 
which is deregulated in various cells (T cells, monocytes, and 
FLS)/compartments (blood and synovial fluid) harvested 
from RA patients (59, 60), and our lab has contributed to the 
identification of several of them within the miR-17~92 cluster 
(61–63). However, likely because RA etiology relies on innate 
and adaptive immune systems, miR-146a and -155, both of 
which have been involved in the regulation of adaptive (such 
as T  cells-mediated) and inflammatory (e.g., in monocytes) 
responses, have been extensively studied in this disease. miR-
146a is increased in RA patients (64–66) and is supposed to 
be integrated in a feedback loop, triggered by the unrestrained 
inflammation (67). Furthermore, murine models of RA have 
clearly shown that miR-146a restrains osteoclastogenesis (23). 
miR-155 is also upregulated in FLS and peripheral blood 
CD14-positive cells of RA patients (68, 69). In addition, its 
expression was correlated to the Disease Activity Score on 28 
joints (DAS28) (70). Interestingly, miR-155 is also required for 
the development of the disease in the collagen-induced arthritis 
model, a commonly used mouse model of autoimmune arthritis 
(71). In FLS, upregulation of both miR-146a and miR-155 was 
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correlated to negative regulation of osteoclastogenesis/MMP 
production. Therefore, this increased expression was interpreted 
as a way to limit the RA-associated osteoarticular destruction 
processes (64).

On the other hand, reduced miR-146a and -155 expression 
in regulatory T cells (Treg) has also been incriminated in RA 
(22), which illustrates that a global perturbation (driving either 
an overexpression or a down-modulation) of miRNA produc-
tion is unlikely to represent a major trigger of RA pathogenesis. 
Indeed, increased (or decreased) miRs in activated T  cells 
might be compensated by similar alterations in Tregs, and 
vice  versa. In this regard, our observations indicating that  
(i) Dicer1-deficient mice exhibit worsened symptoms following 
experimental (upon K/BxN serum transfer) arthritis induction 
and (ii) that FLS cultivated from biopsies harvested in RA 
patients exhibit reduced DICER1 expression (7) pinpoint to a 
potential involvement of non-canonical, miRNA-independent 
activities of DICER1 in joint inflammation. Several possibilities 
might be considered in line with the abovementioned roles of 
DICER1 in the processing of Alu sequences. For instance, abo-
lishing DICER1 activity may lead to reduced production of Alu 
repeat-induced small RNAs (riRNAs) in the nucleus, thereby 
limiting the proliferative capacities of stem cells (72) and 

impairing tissue renewal in the joint. Combined with increased 
DNA damage (73) which is accompanied with the initiation 
of senescence, reduced DICER1 non-canonical activities might 
drive the accumulation of aged FLS resistant to apoptotic stim-
uli (7) and exhibiting pro-inflammatory capabilities [through 
IL-6, an essential component of the senescence-associated 
secretory phenotype (SASP) (74)], a dangerous cocktail likely 
driving their aggressive phenotype observed in RA patients.  
As mentioned above, Dicer1 expression is negatively regulated 
by inflammatory cytokines such as type I IFNs, further aggra-
vating the inflammatory response.

DiCeR1 AT THe CROSSROADS BeTween 
SeneSCenCe AnD inFLAMMATiOn  
in RA

These multiple interactions are integrated in the model illustrated 
in Figure 2. We considered three main triggers (or hallmarks) of 
RA, aging (75), inflammation [through specific cytokines (76)], 
and stress (77) and their reciprocal interconnections mediated 
by canonical and non-canonical functions of DICER1. For sake 
of simplicity, we emphasized only specific miRNAs and other 

FiGuRe 2 | DICER1 functions at the crossroads of inflammation, senescence and aging. Examples of microRNAs involved in both rheumatoid arthritis (RA) and 
inflammation (miR-155 and -146a), RA and senescence (miR-34a) or RA and stress (miR-124a) are shown. The model illustrates how an initial trigger (e.g., a viral 
infection) might initiate a vicious circle (see text).
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