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Mané-Damas M, Yilmaz V,
Huijbers MG, Lazaridis K,

Höftberger R, Tüzün E,
Martinez-Martinez P, Tzartos S

and Leypoldt F (2022) IgG4
Autoantibodies in Organ-Specific
Autoimmunopathies: Reviewing

Class Switching, Antibody-Producing
Cells, and Specific Immunotherapies.

Front. Immunol. 13:834342.
doi: 10.3389/fimmu.2022.834342

REVIEW
published: 24 March 2022

doi: 10.3389/fimmu.2022.834342
IgG4 Autoantibodies in Organ-
Specific Autoimmunopathies:
Reviewing Class Switching,
Antibody-Producing Cells, and
Specific Immunotherapies
Inga Koneczny1*, John Tzartos2,3†, Marina Mané-Damas4†, Vuslat Yilmaz5†,
Maartje G. Huijbers6,7, Konstantinos Lazaridis8, Romana Höftberger1, Erdem Tüzün5,
Pilar Martinez-Martinez4, Socrates Tzartos2,9 and Frank Leypoldt10

1 Division of Neuropathology and Neurochemistry, Department of Neurology, Medical University of Vienna, Vienna, Austria,
2 Neuroimmunology, Tzartos NeuroDiagnostics, Athens, Greece, 3 2nd Department of Neurology, “Attikon” University
Hospital, School of Medicine, National and Kapodistrian University of Athens, Athens, Greece, 4 Research Group
Neuroinflammation and Autoimmunity, Department of Psychiatry and Neuropsychology, Faculty of Health, Medicine and Life
Sciences, Maastricht University, Maastricht, Netherlands, 5 Department of Neuroscience, Aziz Sancar Institute of Experimental
Medicine, Istanbul University, Istanbul, Turkey, 6 Department of Human Genetics, Leiden University Medical Center, Leiden,
Netherlands, 7 Department of Neurology, Leiden University Medical Center, Leiden, Netherlands, 8 Department of
Immunology, Laboratory of Immunology, Hellenic Pasteur Institute, Athens, Greece, 9 Department of Neurobiology, Hellenic
Pasteur Institute, Athens, Greece, 10 Neuroimmunology, Institute of Clinical Chemistry and Department of Neurology, UKSH
Kiel/Lübeck, Kiel University, Kiel, Germany

Organ-specific autoimmunity is often characterized by autoantibodies targeting proteins
expressed in the affected tissue. A subgroup of autoimmunopathies has recently emerged
that is characterized by predominant autoantibodies of the IgG4 subclass (IgG4-
autoimmune diseases; IgG4-AID). This group includes pemphigus vulgaris, thrombotic
thrombocytopenic purpura, subtypes of autoimmune encephalitis, inflammatory
neuropathies, myasthenia gravis and membranous nephropathy. Although the
associated autoantibodies target specific antigens in different organs and thus cause
diverse syndromes and diseases, they share surprising similarities in genetic
predisposition, disease mechanisms, clinical course and response to therapies. IgG4-
AID appear to be distinct from another group of rare immune diseases associated with
IgG4, which are the IgG4-related diseases (IgG4-RLD), such as IgG4-related which have
distinct clinical and serological properties and are not characterized by antigen-specific
IgG4. Importantly, IgG4-AID differ significantly from diseases associated with IgG1
autoantibodies targeting the same organ. This may be due to the unique functional
characteristics of IgG4 autoantibodies (e.g. anti-inflammatory and functionally
monovalent) that affect how the antibodies cause disease, and the differential response
to immunotherapies of the IgG4 producing B cells/plasmablasts. These clinical and
pathophysiological clues give important insight in the immunopathogenesis of IgG4-
AID. Understanding IgG4 immunobiology is a key step towards the development of novel,
IgG4 specific treatments. In this review we therefore summarize current knowledge on
org March 2022 | Volume 13 | Article 83434215
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IgG4 regulation, the relevance of class switching in the context of health and disease,
describe the cellular mechanisms involved in IgG4 production and provide an overview of
treatment responses in IgG4-AID.
Keywords: IgG4 autoimmune disease, MHC, autoimmunity, IL-4, IL-10, Fab-arm exchange, memory B cells
INTRODUCTION

IgG4 autoimmune diseases (IgG4-AID) are an emerging group
of autoimmune diseases caused by IgG4 subclass autoantibodies
(1, 2). Autoantibodies are key pathogenic players in many
autoimmunopathies, and cause disease by a range of different
effector mechanisms, such as complement activation, antibody-
dependent cellular cytotoxicity or cross-linking and endocytosis
of antigen (3). These are pathogenic mechanisms that depend on
the antibody Fc region of IgG1-3 subclass antibodies, such as
acetylcholine receptor (AChR) antibodies in myasthenia gravis,
NMDAR antibodies in autoimmune encephalitis or of antibodies
against aquaporin 4 (AQP4) in neuromyelitis optica. These
effector functions are not available to the IgG4 subclass which
has a structurally distinct Fc region (4, 5). IgG4 is produced in
response to prolonged or strong antigen stimulation, and
thought to play a role as anti-inflammatory or tolerogenic
antibody (discussed in more detail below). Despite IgG4’s
protective and tolerogenic role, in recent years two groups of
rare diseases emerged, in which IgG4 takes the center stage:
IgG4-AID that are caused directly by pathogenic IgG4
autoantibodies [such as MuSK myasthenia gravis (6, 7) or
pemphigus vulgaris (8, 9), reviewed in more detail here (10)]
and IgG4 related diseases [IgG4-RLD, such as IgG4-related
pancreatitis (11) or IgG4-related periaortitis/periarteritis (12)].
IgG4-RLD are a rare multiorgan diseases that are characterized
by tissue-destructive fibrotic lesions with lymphocyte and IgG4
plasma cell infiltrates and elevated serum IgG4 concentrations
(13). Both IgG4-AID and IgG4-RLD are rare diseases of the
immune system that may affect different target organs that are
nevertheless most likely two unrelated groups of diseases (14). A
key difference lies in the role of the IgG4 antibodies: In IgG4-
RLD, increased serum concentrations of IgG4 are present in a
majority of patients (15), but the antigenic targets of IgG4 and
the role of IgG4 antibodies for pathogenicity is unclear [reviewed
in detail here (16, 17)]. In contrast, IgG4-AID patients do not
show the 10-fold increase in serum IgG4 levels as IgG4-RD
patients (14), which otherwise– even though causing diverse
symptoms and affecting different organs - all share one common
feature: They are associated with antigen-specific, pathogenic
IgG4 autoantibodies (1, 10).

Antibodies involved in IgG4-AID, known to date, target
antigens in mainly four organ systems: 1) the central and
peripheral nervous system with diseases such as MuSK
myasthenia gravis (MG), anti-LGI1 and anti-Caspr2
encephalitis, anti-IgLON5 disease or chronic inflammatory
demyelinating polyneuropathy (CIDP) with antibodies against
NF155/contactin-1/CASPR1, 2) the skin and mucosa with skin
blistering diseases such as pemphigus vulgaris (PV) and
org 26
pemphigus foliaceus (PF), 3) the kidneys with PLA2R- and
THSD7A- antibody positive membranous glomerulonephritis
and 4) the haematological system with diseases such as
thrombotic thrombocytopenic purpura (TTP, ADAMTS13) or
GPIHBP1 autoantibody syndrome. Other unifying features of
IgG4-AID are their low prevalence (10), their emerging strong
genetic associations with specific HLA alleles such as HLA-
DQB1*05 and HLA-DRB1*14 (18, 19), their clinical severity
and chronici ty and their good response to B cel l
depletion therapy.

How can the disease-overarching association of these
common features be explained and which commonalities can
we identify in the immune cells involved in the production of
pathogenic IgG4 autoantibodies (2, 20)?
IgG4-ISOTYPE ANTIBODIES: THE
FRIENDLY VILLAIN?

IgG is the main antibody class in the human body, with serum
concentrations of 7-15g/L. However, the four IgG subclasses are
numbered in descending order of their frequency, making IgG4
with an average of 5% (0.35-0.51g/L) of total IgG the rarest IgG
subclass (21–23). Notably, IgG4 concentrations vary
considerably between healthy individuals and throughout life
(24), and may range from 0.01g/L to 1.4g/L (25), but may exceed
these ranges in inflammatory conditions such as helminth
infection to extreme levels such as 9g/L (26).

Normally IgG4 is produced after chronic exposure to antigen
(27–31) or a strong antigenic stimulus such as in allergen
immunotherapy (29–32), and it is usually induced by a class
switch from IgE (or other antibody classes/subclasses) towards
IgG4. IgG4 then competes with antibodies of other classes and
subclasses for the antigen, and blocks the epitope so that the
effector function of the competing antibody is abolished (30–38).
Experiments using IgG4 derived from hyper-immune beekeepers
show that it is protective in bee venom allergy patients (28, 39)
and mice exposed to lethal africanised honey bee venom (40).
IgG4 antibodies against the AChR protected experimental
animals in a passive transfer model from the pathogenic effects
of IgG1 antibodies against the AChR (20).

The four IgG subclasses share over 90% sequence homology,
but single amino acid differences in IgG4 affect its structure and
function substantially. IgG4 has anti-inflammatory properties
(Figure 1), as it does not activate the complement system or
engage activating Fcg receptors on immune cells. A single amino
acid difference in the hinge leads to increased stereometric
flexibility and allows – under reducing conditions- the
formation of intrachain disulphide bridges instead of
March 2022 | Volume 13 | Article 834342
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interchain disulphide bridges, which leads to a loss of covalent
connection of the two antibody half-molecules (41–43). This
allows for a dissociation of IgG4 into two half-molecules that
may then recombine randomly with IgG4 half-molecules of
other specificities, and generate bi-specific functionally
monovalent antibodies. This process is termed “Fab-arm
exchange” (20, 44–50). Fab-arm exchange and bi-specificity
were also observed in IgG4 autoantibodies against MuSK (50,
51). Functionally monovalent antibodies cannot cross-link
antigen and induce antibody-induced antigen-internalization
(Figure 1). Furthermore antigen-antibody immune complexes
cannot be formed (20, 52, 53). Single amino acid differences in
the CH2 region also render IgG4 immunologically inert: 1) a
serine instead of a proline at position 331 (P331S) prevents
binding of C1q and activation of the classical complement
pathway (54, 55), while 2) further differences in the CH2
(L234F, P331S, A327G) reduce IgG4 binding to activating Fcg
receptors, which prevents activation of immune cells (56–61).

Therefore, IgG4 autoantibodies do not hold classical effector
functions such as complement- or immune cell- mediated tissue
damage. Rather they exert their effects by direct steric
interference with their target antigens. Since they are unable to
form immune complexes, this interaction would be beneficial in
situation where non pathogenic antigen needs to be cleared and
eliminated without causing overt inflammation. However, in the
setting of autoimmunity, this mechanism has the potential to act
as pharmacological antagonism at its target antigen. Increasing
antibody concentrations will increasingly compete with
physiological interaction of the targeted protein with its
partners. And indeed, this has been found to be the main effect
in many IgG4-AID such as MuSK-MG, pemphigus vulgaris or
anti-LGI1 encephalitis (62–67). For example, antibodies to
MuSK interrupt a signal transduction pathway required for the
functioning of the neuromuscular junction, therefore causing
muscle weakness in patients with MuSK-MG (62, 63), antibodies
against desmoglein 1 and/or 3 lead to loss of cell adhesion
between keratinocytes, therefore causing blistering of the skin
in pemphigus patients (65, 68, 69), and inhibitory antibodies
against the protease ADAMTS13 lead to an accumulation of
multimeric von Willebrand factor and vascular occlusion in
patients with TTP (70–72).

The autoantibody isotype and subclass is thus a critical factor
in the pathomechanism of antibody-mediated autoimmunity.
Yet it remains a crucial question, why IgG4 subclass
autoantibodies are produced in the first place. What causes B-
cells to undergo class-switching towards IgG4 and which cells are
involved in its production?
B CELLS IN IgG4-AID: THE GUN THAT
SHOOTS THE BULLETS

B cells are the antibody-producing cells of the adaptive immune
system and are responsible for humoral immunity. B cells are
also powerful antigen presenting cells and provide critical
costimulatory signals to T cells. Naive B cells can develop into
Frontiers in Immunology | www.frontiersin.org 37
distinct cytokine-producing subsets that influence CD4+ T cell
responses. Various cytokine-producing B cell subsets (TNF-a,
CCL3, IFN-g, GM-CSF, IL-6, IL-17, IL-2) have now been
identified to modulate the polarization of CD4+ T cell
responses in vivo (73, 74).

During isotype switching, which is required for the formation
of immunoglobulin subtypes, T helper cells stimulate the
progeny of IgM– and IgD–expressing B lymphocytes to
produce antibodies of different heavy-chain isotypes. Heavy
chain isotype switching is induced by a combination of
CD40L-mediated signals and cytokines. These signals act on
antigen stimulated B cells and induce switching in some of the
progeny of these cells. In the absence of CD40 or CD40L, B cells
secrete only IgM and fail to switch to other isotypes, indicating
the essential role of this ligand-receptor pair in isotype switching.
Activated B cells in germinal centers may differentiate into long-
lived plasma cells or memory cells. The antibody-secreting cells,
called plasmablasts, enter the circulation and migrate to the bone
marrow or mucosal tissues, where they may survive for years as
plasma cells and continue to produce high-affinity antibodies,
even after the antigen is eliminated (75, 76). In anti-LGI1-
encephalitis, cloning of recombinant human antibodies from
the CSF of three patients indeed showed that 84% of all antibody-
secreting cells and 21% of memory B cells did produce LGI1-
specific antibodies (77).

Considering the substantial progress in B cell targeting
therapy approaches in recent years, understanding the role of
effector B cells and B cell dysregulation in subgroup specific
differences of IgG4-AID is crucial. Although the proportion of B
cells in the peripheral blood is not altered, memory B cells are
increased in both AChR- and MuSK-MG patients (78). Notably,
immunosuppressive treatment appears to reduce regulatory B
cell subsets and increase memory B cell proportions in the
peripheral blood (78–80). CD40 or TLR9-mediated IL-10
production of isolated B cells is reduced in MuSK-MG,
suggesting suppressed regulatory B cell functions (78).
Rituximab, a monoclonal anti-CD20 antibody, is highly
effective in treatment of MuSK-MG and PV and appears to
show its beneficial effects, at least partially, through repopulation
of diminished IL-10 producing B cells (81). Although rituximab
is also successfully used in other IgG1-3-AIDs, the general
consensus is that IgG4-AIDs seem particularly sensitive and
more often remain in long term remission (82–90). In a recent
study, treatment with a low dose of teriflunomide was shown to
ameliorate muscle weakness in the mouse model of MuSK-MG,
predominantly through suppression of memory B cells in the
lymph nodes without significantly reducing effector T cell
populations (80). MuSK-MG patients also exhibit defective IL-
6 production after B cell stimulation (78). This may be a
compensating counter-measure to regulate autoantibody
production, since IL-6 is involved in IgG class-switching (91).

The importance of B cells has been shown in other IgG4-AID
as well. In great likeness to MuSK-MG, PV patients show
increased memory B cell pools and impaired regulatory B cell
functions. Treatment induced amelioration of PV symptoms is
associated with reduction of memory B cells and enhancement of
March 2022 | Volume 13 | Article 834342
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IL-10 producing regulatory B cells (92–94). Memory B cell levels
are also correlated with disease activity and rituximab-mediated
reduction of memory B cells result in amelioration of symptoms
in TTP (95).

In brief, the dysbalance between memory/regulatory B cell
activities appears to be a determining factor in IgG4-AID.
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Treatment response appears to be more closely associated with
those targeting the aforementioned B cell subsets than other cell
types of adaptive and innate immunity. However, what makes
antigen-secreting B cells undergo class switch to IgG4? Does
IgG4 have a physiological role and which cytokine factors are
inductors of IgG4?
A

B

C

D

FIGURE 1 | Charactristics of IgG4: (A) IgG4 can undergo Fab-arm exchange and form functionally monovalent antibodies. (B) IgG4 may bind and compete for
binding of other Ig classes and IgG subclasses. (C) IgG4 has anti-inflammatory properties and lacks typical IgG effector mechanisms. (D) IgG4 autoantibodies can
be pathogenic by direct blocking of protein-protein and cell-cell interaction. ADCC, Antibody-dependent cellular cytotoxicity; MuSK, muscle-specific kinase; Lrp4, low
density lipoprotein receptor-related protein 4; vWF, von Willebrand factor; ADAMTS13, a disintegrin and metalloprotease with thrombospondin type 1 motif 13.
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PHYSIOLOGICAL REGULATION OF IgG4
CLASS SWITCH: A PATH TO TOLERANCE

Interestingly, IgE and IgG4 are both stimulated by the same Th2
cytokines, namely IL-4 and IL-13, and the determining factor,
which induces the switch towards IgG4 production and IgE
inhibition seems to be IL-10 (96–99). Among other cells,
regulatory T cells (Tregs) secrete IL-10, which induces IgG4
production (100), and it is thought that this is mediated by
signalling via glucocorticoid-induced tumour necrosis factor
receptor-related protein (GITR) and GITR- ligand (GITR-L)
(101). Regulatory B cells (Bregs) are mainly defined by their
ability to secrete IL-10 in vitro (102–104). A common set of
defining cell surface markers is not yet described, which may be
due to the large variety of Breg subsets and the fact that every B
cell subset has the ability to become an IL-10 producing Breg
(103), even plasma cells (105). In one study, IL-10 producing
Bregs were found to produce preferentially IgG4, in contrast to
other B cell subsets (106). How exactly IL-10 promotes IgG4 and
inhibits IgE production is not sufficiently understood. A recent
study suggests that IL-10 directly increases the IL-4 induced
IgG4 production in B cells over 20-fold, while the inhibition of
IgE-production in B cells is indirect and requires the help of a
further, yet unknown, cell population from PBMCs (107). In the
context of allergy immunotherapy, the IgG4 response is also
associated with a diversification and increased numbers of
epitopes, while the number and diversity of IgE epitopes is
reduced (108).

Taken together, IgG4 production is associated with anti-
inflammatory tolerance mechanisms that is set in motion after
prolonged or strong exposure to antigen and likely mediated via
regulatory T and B cells via cytokines like IL-10 [discussed in
more detail in (5)]. The induced switch towards the IgG4
subclass is thought to convey protection from chronic antigen
exposure, including the potentially damaging effector
mechanisms of other antibody classes and to save energy
required to uphold a state of constant inflammation [Figure 1
(30–38, 109)]. However, where does this tolerogenic mechanism
get corrupted and skewed towards autoimmunity?
CLASS SWITCH TOWARDS IgG4 IN
AUTOANTIBODY-ASSOCIATED
DISEASES: GOOD INTENTION,
BAD OUTCOME?

One of the key questions is why the autoantibodies in IgG4-AID
are predominantly of the IgG4 subclass. Indeed, it is currently
unclear, why and how a preferential class switch towards the
“protective” IgG4 subclass in patients with IgG4-AID is achieved
and whether this is cause or consequence of disease chronicity.

A major challenge currently hampers our understanding of
the class switch in IgG4-AID, which is the lack of commercially
available and CE/FDA approved diagnostic tests that include
autoantibody isotyping. The IgG subclass profiles of the
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autoantibodies are rarely analysed, and if so mostly in the
context of basic or translational research studies. Quantitative
IgG subclass profiles can be determined e.g. using flow cytometry
(62, 82, 110, 111) or ELISA (112–114), which are research-based
methods that are technically challenging, therefore not available
for many diagnostic laboratories. The option to quantify antigen-
specific IgG subclass profiles with certified, commercially
available diagnostic test kits would greatly improve diagnosis
and clinical management, and further both translational and
clinical research into IgG4-AID, including the correlation
between serological concentrations of the four IgG subclasses
with clinical outcomes in response to different types of
immunosuppression or the timing of the IgG4 class switch in
the patients. With the data available to date, three different (but
not per se mutually exclusive) scenarios can be hypothesized:

(1) After initial breach of tolerance and dominant relative low
dose IgG1-3-mediated disease including complement mediated
tissue damage, chronic antigenic exposure together with
regulatory T-cell influence leads to class switch to IgG4. While
this prevents complement mediated tissue damage, high-titer
IgG4 autoantibodies cause direct steric interference with their
target antigens and thus disrupt their respective function, which
accelerates chronic ongoing disease activity. In other words,
IgG1-3 autoantibodies may be of lesser dose or less pathogenic
than IgG4 autoantibodies to the same target antigen. In most
IgG4-AIDs, IgG4 levels predominate at time of diagnosis but
often considerable levels of IgG1-3 antibodies against the same
antigenic target can (still) be detected. Very recently, cloned
recombinant human antibodies isolated from cerebrospinal fluid
of three patients with the IgG4-AID anti-LGI1 encephalitis were
analysed. In all three patients, IgG1, IgG2 and IgG4 LGI1
antibodies were identified (77). The class switch from IgG1/3
to IgG4 could merely be difficult to be observed, because by the
time the disease has manifested and serum was tested for
antibodies, the class switch had already taken place. Indeed, in
some patients with IgG4-AID, class switch has been observed: In
CNTN1 antibody-associated neuropathy and membranous
nephropathy with PLA2R antibodies or acute autoimmune
paranodopathy, a class switch from complement-fixing IgG1 or
IgG3 in the acute disease phase towards IgG4 in the chronic
phase has been observed (115–118). In TTP with anti-
ADAMT13, a class switch to IgG4 has been documented
before relapse in patients (119).

(2) Individual predisposition for antigen-specific
autoimmunity mediated by certain MHC II- antigen- T-cell
receptor combinations could predispose to a “skewed” isotype
profile towards IgG4, as supported by the strong genetic
associations with specific HLA alleles such as HLA-DQB1*05
and HLA-DRB1*14 (18, 19). This would mean, that IgG4-
predominance occurs already early during the disease in
predisposed individuals and causes chronicity rather than
being a consequence of it: A recent study by Ellebrecht et al.
(120) has looked into the evolution of autoreactive B cells in PV.
B cells normally undergo class switch in the order IgM > IgG3 >
IgG1 > IgA1 > IgG2 > IgG4 > IgE > IgA2, therefore it is possible
that from the initial IgM class, first anti-Dsg B cells of a different
March 2022 | Volume 13 | Article 834342

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


Koneczny et al. The Role of IgG4 in IgG4-AID
antibody class or subclass (e.g. IgA) were generated before they
switched to the IgG4 subclass. However, it was found that IgG4-
specific B cells showed no clonal relationships to B cells with
other subclasses and preferentially targeted desmoglein adhesion
domains, while anti-Dsg B cells of other classes and subclasses
also targeted other regions, suggesting that IgG4 anti-Dsg B cells
evolve independent of other antibody classes and subclasses,
perhaps by a direct switch from IgM to IgG4 (120). In line with
this observation is the finding that IgG4, but not IgG1-3
antibodies against MuSK are able to block Lrp4-MuSK
interaction, which suggests the recognition of different epitopes
(62, 63). Another related possibility is a class switch first to IgG3,
followed by an immediate switch to IgG4 due to unknown
regulatory mechanisms. This possibility (and specifically IgG3)
was not investigated in the Ellebrecht study (120), but another
recent study suggested that a single amino acid replacement in
IgG3, which increases its half-life, is associated with a risk to
develop PV (121). This is interesting since the PV antibodies are
not usually of the IgG3 subclass, but predominantly IgG4 and, to
a lesser degree, IgG1 and IgA (122–125). Perhaps a switch to
long-lived IgG3 leads to conditions where the immune system
induces for yet unknown reasons an immediate and complete
class switch towards IgG4. Still, one would expect remnant IgG3
to be present, yet in PV and MuSK MG this subclass is mostly
absent in the antigen-specific IgG repertoire (62). Furthermore,
some allergens e.g. food or tree pollen, seem especially inclined to
induce IgG4 responses, as shown e.g. in response to banana, a
lectin antigen (126) or increased IgG4 response to allergens in
patients with IgG4-RLD (127).

(3) Aberrant B cell development in IgG4-AID may lead to
individuals beingmore inclined to develop an IgG4 response. Serum
IgG4 levels are generally normal or slightly elevated in IgG4-AID
patients (14, 128, 129). Upon vaccination with a recall antigen,
MuSKMG patients did not develop a disproportionately high IgG4
response (130). Moreover, circulating isotype-specific plasma cells
and memory B cell numbers do not show large deviations from
healthy individuals. Although many of these studies are challenged
by the use of immunosuppressants by the patients, the data thus far
does not suggests large B cell developmental problems in patients
with IgG4-AID. Cells involved in regulation of the immune
response do sometimes appear in abnormal levels. Especially
lower Tregs and Breg numbers have been reported, but this is
also found in other IgG1-IgG3 dominated AIDs.

Confirming or refuting one (or all) of these hypothesis is
remarkably difficult in humans. Longitudinal analysis of patients
starting at presymptomatic time points and including cell
sampling from bone marrow and target organs would be
required. Yet what translational insight can be gained from
modelling IgG4-AID in model organisms? Are there suitable
models and what are their limitations?
LESSONS LEARNED FROM
ANIMAL MODELS

Some evidence – albeit to some degree conflicting - can be
gleaned from animal models. It is important to mention that
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mice do not have a proper equivalent of human IgG4, meaning
mouse IgG subclasses do not undergo Fab-arm exchange and all
have some immunogenic capacity. That being said, mouse IgG1
is the closest homolog to human IgG4, as it does not fix
complement by the classical pathway and is driven by Th2
cells, which allows for studying the effect of vaccination for
example in rodent models. Furthermore, mice have two IgG2
isotypes, IgG2a and IgG2b, although B6 mice, and a few other
strains, lack the IgG2a isotype and have IgG2c instead. In B6
mice with the same genetic background, both AChR and MuSK
antibodies can be induced with full-blown symptoms of
myasthenic muscle weakness. While AChR autoantibodies are
IgG2-dominant, MuSK antibodies are IgG1-(human IgG4
equivalent) dominant in B6 mice, suggesting that the direction
of immune response is at least partially mediated by the
molecular characteristics of the target antigen in addition to
genetic factors (131, 132). Notably, both MuSK and Dsg-
immunized mice show IgG1-dominant antibody responses in
both sera and the target tissue (muscle and skin, respectively),
already shortly after the immunizations. However, respectable
levels of anti-MuSK and anti-Dsg IgG2 and IgG3 antibodies are
also present in sera of immunized mice at the same time point,
implying that class switch may occur from other IgG isotypes to
mouse IgG1/human IgG4 in IgG4-AID or that these responses
develop in parallel and are not clonally related (131–134).
Moreover, in MuSK experimental autoimmune myasthenia
gravis (EAMG) models, IgG1 KO mice are capable of
developing pathogenic IgG2 and IgG3 antibodies and MuSK-
binding IgG2+ and IgG3+ peripheral blood B cells, further
conforming that autoantigens of the IgG4-AID may induce
antibody responses of all IgG isotypes (131, 132). Significantly
enhanced IgG3 responses in IgG1 KO mice suggests that mouse
IgG1 (and putatively human IgG4) might be suppressing
production of complement-fixing IgG isotypes and this might
be an additional underestimated anti-inflammatory mechanism
of the human IgG4 isotype (131, 132). In AChR-EAMG, IgG1
deficiency causes increased EAMG incidence and severity in
parallel to enhanced AChR-specific IgG2 and IgG3 production
further supporting this assertion (135). To the best of our
knowledge, IgG1 KO experiments have not been conducted for
other IgG4-AID and thus it is not certain whether the
abovementioned results can be generalized to all autoantigens
associated with IgG4-AID.

Passive transfer of MuSK-MG and PV IgG into experimental
animals induce the characteristic clinical and pathological
features of the human disease, indicating the pathogenic action
of serum IgGs in both disorders. Passive transfer of equal
amounts of patient derived IgG4 and IgG1-3 to mice also
showed that IgG4 was pathogenic, while IgG1-3 were not
(136). However, MuSK antibody levels in the IgG1-3 injected
mice were below detection level, while they were clearly
detectable in the IgG4-injected mice probably due to low
amounts of MuSK-specific IgG1-3 within the IgG1-3 fraction
and has to be interpreted with caution. Removal of anti-Dsg IgG
by immunoadsorption abolishes the pathogenic activity of PV
sera (137). Moreover transfer of splenocytes of Dsg-3-
immunized mice to Rag-2 deficient mice, which are not
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capable of producing antigen-specific B cells, generated anti-
Dsg-3 antibodies and induced PV in recipient mice (137).
Similarly, administration of inhibitory monoclonal antibodies
against human recombinant ADAMTS13, target antigen in TTP,
r e su l t ed in reduced ADAMTS13 ac t i v i t y , s ev e r e
thrombocytopenia and hemolytic anemia in baboons. Also,
treatment of mice with anti-ADAMTS13 single-chain variable-
region fragments generated fatal thrombocytopenia (138–140).

Immunization based-mouse models of PV show striking
resemblance to MuSK-EAMG in terms of pathogenic factors
and corroborate the significance of IL-4, IL-10 and IgG1 as major
contributing factors of IgG4-AID pathogenesis. In the mouse
model of PV, IL-4 and IL-10 producing Dsg-3-reactive T cells
have been associated with pathogenicity and neutralization of IL-
4 has led to suppression of anti-Dsg-3 production and reduced
disease severity. Moreover, in the animal model of PV, IgG1 has
been identified as the dominant isotype both in serum and on
keratinocyte surfaces (134, 141, 142).

It is also possible that further antibody-mediated mechanisms
may additionally contribute to disease. A relatively understudied
common denominator might be antibody-mediated
mitochondrial dysfunction and apoptotic cell death in IgG4-
AID, which so far have been implicated in PV, membranous
nephropathy/IgG4-related disease and anti-LGI1 encephalitis
(143–147). For example, muscle samples of MuSK-MG
patients often exhibit mitochondrial dysfunction. MuSK-
immunized, but not AChR-immunized, mice show increased
numbers of ragged red fibers (a histochemical sign of
mitochondrial dysfunction) and decreased activity of
mitochondrial enzymes indicating the role of MuSK-immunity
in induction of mitochondrial dysfunction.

In this context, it should be considered that perhaps not all
pathogenic effects in IgG4-AID are necessarily induced by
directly antibody-mediated mechanisms. In resemblance to
AChR-EAMG, where proinflammatory cytokines have been
shown to induce muscle cell toxicity (148), non-antibody
pathogenic factors causing IgG4-AID may also influence the
functions of the target organs. For example, IL-4 has been shown
to reduce ADAMTS13 expression thereby potentially
contributing to pathogenesis of TTP (149).

The role of IgG4 antibodies is still unclear in anti-IgLON5 disease,
where patients often show a rather “neurodegenerative” clinical
phenotype, brain autopsies may present hyperphosphorylated tau-
deposition (a marker of neurodegeneration) and anti-IgLON5
autoantibodies induce neurodegeneration in vitro via unknown
intracellular mechanisms (150, 151).

Taken together, although it is possible that the production of
IgG4-autoantibodies represents a “primary” phenomenon in
IgG4-AID, and their ongoing production causes chronicity, for
the time being, one cannot exclude that they are simply a
“secondary” phenomenon and their ongoing production is a
result of chronic antigenic “stimulation”. Hopefully, future
systematic approaches using sophisticated single cell based
high throughput directly ex vivo analysis of transcriptomes and
B/T cell receptors of lymphocytes together with animal
experiments will provide the definite answer.
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Yet how do these insights from human and animal studies
contribute to “personalized therapies”. Can IgG4-producing
plasmablasts or downstream effects of IgG4 itself be targeted
and what are potential side effects? Is the new subcategorization
into IgG4-AID relevant from a therapeutical point of view or is
their treatment identical to comparable IgG1-antibody
mediated autoimmunopathies?
TREATMENTS OF IgG4 NEUROLOGICAL
DISEASES

Overall, general or partially selective immunosuppression or
immunomodulation is the major treatment applied to the
autoimmune neurological diseases. Unfortunately, to date, there
are almost no disease-specific therapies for neuroimmunological
diseases. However, in vitro (cell cultures) and in vivo (animal,
brain pathology and clinical) studies have suggested the presence
of different pathophysiological mechanisms in patients with
different antibody types and subtypes (152, 153). These findings
suggest that special treatment requirements may apply to
neuroimmunological diseases with different antibody subtypes,
including patients with dominant IgG4 antibodies, and indeed
IgG4-AID have a unique response pattern to conventional
therapies for autoimmune diseases. Importantly, IgG4 is not the
sole antibody present in IgG4-AID. IgG1 antibodies can be
present, and may also contribute to disease. The patients are
heterogenous and may react differently to treatments, perhaps due
to the different involvement of immune cells. Distinct B-cell
populations may predominate in different patients, IgG subclass
profiles of autoantibodies may vary, which could explain the
differences in clinical responsiveness towards different
immunosuppressive drugs. As in most autoimmune conditions,
steroids have - mostly empirically - been shown to be effective in
IgG4-autoantibody mediated diseases. Most if not all treatment
regimens at least initially contain corticosteroids (152, 154–157).
Some physicians initially apply high-dose iv methylprednisolone
and other start with oral steroids (1mg/kg bodyweight followed by
tapering). However, in most instances, long-term steroids are
needed as maintenance therapy to prevent relapses and
oftentimes side-effects become a limiting factor. Even though
many questions regarding steroid therapy in IgG4-antibody
mediated diseases remain unclear, this review will focus on four
specific therapies directly addressing IgG4 antibodies or their
producing cells that we estimate to be the most relevant
treatments across diseases.

Plasmapheresis
Plasmapheresis (plasma exchange, PLEX) and Ig-apheresis
remove the majority of antibodies located in the patient’s
blood plasma [which does not extend to extravascular
antibodies, which may account for up to 65% (158)]. Since
autoantibodies directly cause disease, and are removed from
the body, it is considered to provide immediate relief for patients
and is utilized in cases of acute exacerbation. PLEX is the first line
of treatment for TTP where it contributes significantly in survival
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of acute episodes of the disease (159), possibly not only by
removing ADAMTS13 inhibitory antibodies but also by
replenishing active ADAMTS13. In MG, PLEX has long been
used as a treatment option, especially during myasthenic crises or
pre-operatively (160). It is especially effective in MuSK-MG,
probably more effect ive than in AChR-MG (161) .
Plasmapheresis has been successfully performed in pemphigus
for over thirty years, particularly in cases of severe or recalcitrant
disease, and as a steroid-sparing agent (162, 163). More recently,
there is growing evidence to the therapeutic value of
plasmapheresis in AE, including patients with GABA, LGI1
and AMPA antibodies. In a single center prospective study,
significant improvement of the modified Rankin scale was seen
in patients with severe refractory AE after treatment with PLEX,
steroids and IVIG compared to those that only received steroids
and IVIG (164). Studies have shown that both plasmapheresis
and Ig-apheresis are well tolerated with minimal adverse effects
supporting their use in clinical practice (165). Taken together,
plasmapheresis appears to be a safe and efficient escalation
therapy for acute IgG4-AID.

IVIGs
Intravenous immunoglobulins (IVIGs) are pooled human IgG
from many healthy donors, and as such comprised of a highly
diverse antibody repertoire of human IgG1,2,3 and 4. IVIGs have
a range of proposed mechanisms, of which some may be relevant
and others irrelevant for IgG4-AID (166).

Possible mechanisms: A key mechanism of action of IVIGs
may be the blocking of the neonatal Fc receptor (FcRn), which
contributes to effective humoral immunity by recycling IgG and
extending its half-life in the circulation to 3-4 weeks (167). IVIGs
block and saturate these receptors, thereby increasing the
degradation of IgG, reducing the half-life of IgG and ultimately
leading to reduction of circulating IgG (168, 169) IgG1 and IgG4
both bind to the FcRn with similar efficiency (170), and blocking
of the FcRn by a different drug led to reduction of both serum
IgG1 and IgG4 (171). This mechanism of action is therefore
available for IgG4 and may provide relief by enhancing
IgG4 degradation.

In the highly diverse antibody repertoire of IVIGs, it is
possible that antibodies against distinct autoantibodies,
particularly against the antigen-binding part, termed anti-
idiotype antibodies, can be present, and could neutralize the
effects of autoantibodies (172–174). IVIGs may therefore also
provide anti-idiotype antibodies that may bind to and neutralize
pathogenic antibodies, but whether this applies to IgG4
autoantibodies is not clear.

Less likely mechanisms: Effect on proinflammatory cytokines:
IVIGs may reduce the levels of proinflammatory cytokines that
do not play a major role for IgG4-AID and induce anti-
inflammatory cytokines (175–177). Effect on FcgRs: IgG4 has
reduced binding affinity to activating FcgRs it does bind to
FcgRIIB, which is an inhibitory IgG Fc receptor expressed on
immune cells (170). IVIGs may bind and upregulate the
receptors, therefore suppressing inflammation (178, 179),
which is not essential in IgG4-AID. Furthermore, IVIGs have a
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range of inhibitory effects on other immune cells, e.g. monocytes,
macrophages and dendritic cells (180–182).

Effect on complement: An important mechanism of IVIGs that
is not relevant for IgG4 is the inhibition of complement activation,
which is a main effector mechanism of IgG3 and IgG1, but not of
IgG4 autoantibodies (183). Perhaps the degree of complement
involvement in pathology is the determining factor for IVIG
efficacy for the patients. In AChR-MG, complement-mediated
damage is a key pathogenic mechanism, and IVIGs are
considered as a short time treatment that provides immediate
relief in AChR MG (160). In contrast, IVIG seems to be less
efficient in MuSK MG, and particularly less effective than
plasmapheresis (155), which could be due to the fact that MuSK
IgG4 does not activate complement. A similar conclusion was
drawn by Rodriguez et al. in a recent study with LGI1
encephalitis patients. In this large retrospective case series of 118
patients with LGI1 encephalitis patients, the authors observed that
IVIGs were less efficient in comparison with corticosteroid
treatment (184). Nevertheless, IVIGs did have an effect and fared
better than placebo in a small randomized placebo-controlled trial,
in which patients with anti-LGI1 antibody-associated epilepsy (all
with predominantly IgG4 autoantibodies) showed response in 6 out
of 8 patients in the IVIG group, compared to zero response in the 6
patients in the placebo group (185). In pemphigus, high dose IVIG
treatment has been reported to be an efficient treatment in patients
that are unresponsive to immunosuppression (186) most likely due
to FcRn blocking by IVIGs and increased IgG degradation, as a
rapid decrease of Dsg autoantibodies (IgG1 and IgG4) was observed
following IVIg treatment (187).

While IVIGs are considered as short-term treatment for most
IgG4-AID, it is also used as a long-term treatment in certain
disorders such as inflammatory neuropathies (188). The
underlying mechanism of action of IVIG in the treatment of
CIDP remains unclear. Long-term IVIG treatment appears to
decrease autoreactive CD4+ and CD8+ T effector memory cells
(189) and enhance FcgRIIB expression on B cells thus reducing
conversion of naïve B cells to memory B cells (176, 190).

Taken together, IVIGs have several potential mechanisms of
action targeting different parts of the immune system, and
depending on their respective role for disease, IVIGs may be
more or less efficient. The effects on complement, cytokine
production and cellular immunity may not have a major
impact of IVIGs in most IgG4-AIDs. These anti-inflammatory
actions may in theory also backfire in IgG4-AID: IVIGs
upregulate regulatory T-cells (191, 192), which are known
producers of IL-10, and induce production of IL-10 by
macrophages (182). IL-10 is a regulator of IgG4 class switch
and may as such even increase production of pathogenic IgG4. In
contrast, FcRn blocking and increased degradation of IgG4 may
provide therapeutic relief as e.g. observed in pemphigus.

Rituximab
Targeting B-cells, which are the cells producing autoantibodies,
is a main focus of therapy for IgG4-AID. CD20 is a marker that is
expressed on B-cells throughout development, but not on the
antibody-secreting cells, short-lived plasmablasts or long-lived
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plasma cells. Rituximab is an anti-CD20 monoclonal antibody
and as such depletes B-cells expressing CD20, therefore the
treatment efficacy of rituximab depends directly on the type of
B-cells involved in the production of autoantibodies which also
appears to be linked to the IgG subclass.

For example, in refractory AChR-MG, rituximab is usually
the preferred treatment (193), but its efficacy is not conclusive,
probably because AChR antibodies are secreted by long-lived
plasma cells, e.g. residing in the thymus or bone marrow (194–
196). In contrast, rituximab has a much more promising effect in
the IgG4 associated form, MuSK MG where it was found to be
very efficient (88, 197–201), leading to depletion of MuSK IgG4
(86). The generally accepted explanation to date is that the cells
responsible for MuSK autoantibody secretion (such as
plasmablasts) require constant replenishment by memory B
cells that express CD20 and are therefore susceptible to
rituximab treatment (202).

It has well been established that CIDP patients with
neurofascin antibodies do not respond to steroid and IVIG
treatment but to rituximab, which was found to enhance
regulatory B cell responses and inhibit memory B cell and
plasmablast populations (203). More importantly, rituximab
suppresses short-lived plasma cells and their CD20+ precursors
involved in IgG4 production (204). Rituximab is also considered
as a very efficient treatment in TTP (205–207) and pemphigus
(84, 85, 206, 208–212). Rituximab may be another efficient
therapy in anti-LGI1 and CASPR2 encephalitis with
predominantly IgG4 antibodies (213). Several studies suggest
clinical usefulness of rituximab treatment for autoimmune
encephalitis with antibodies against LGI1 and CASPR2, among
these a large study from the GENERATE Registry with 62
patients with anti-LGI1 and 34 with anti-CASPR2 antibodies.
The results suggest class IV evidence that early and short-term
rituximab therapy could be an effective and safe treatment for
these patients (214–216). An important limitation of these
studies is that the IgG antibody subtype was not established.
Future studies linking antigen-specific IgG-subtypes and specific
immunotherapies are required to identify the best treatment for
IgG4 of these patients.

However, because of its potential side effects and its high cost,
in several countries rituximab is mostly used for the treatment of
steroid-refractory MuSK-MG. In several cases, rituximab
treatment was sufficient by itself, eliminating the need for
other treatments or even leading to long term remission (201),
and aggressive treatment strategies including rituximab led to
better clinical outcomes of MuSK-MG patients in general (217).
Clinical guidelines suggested the early use of rituximab when an
initial standard immunosuppression treatment does not result in
rapid remission (218). On another note, a study on cost of
rituximab in patients with pemphigus vulgaris suggests that the
initial higher cost of rituximab may be at least in part
counterbalanced by reduced long-term treatment cost (219).

Bortezomib
Several preclinical studies have shown a potential benefit from
proteasome inhibitors, which target long-lived plasma cells, a
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subset of cells that remains untouched with all the therapies
previously mentioned (220). Due to their high antibody
production rate, plasma cells are highly sensitive to the
inhibition of the ubiquitin-proteasome pathway, resulting in the
accumulation of misfolded proteins, leading to plasma cell death.
In vitro treatment of thymocytes from AChR-MG patients with
bortezomib resulted in marked depletion of long-lived plasma
cells and inhibition of autoantibody production (221), and
treatment of animals (active immunization model for MG,
EAMG) resulted in an improvement of the symptoms (222).
The TAVAB clinical trial (ClinicalTrials.gov Identifier:
NCT02102594), aiming to assess the efficacy of bortezomib, a
first generation proteasome inhibitor, in generalized AChR-MG
among other antibody-mediated autoimmune diseases was
unfortunately prematurely terminated due to difficulties in
recruitment (ClinicalTrials.gov Identifier: NCT02102594).
Interestingly, a case report presented a therapeutic benefit of a
patient with refractory MuSK-MG after treatment with
bortezomib (treated in combination with rituximab, aciclovir
and cotrimoxazole after initial courses of IVIG and prednisone)
(223). Treatment with bortezomib has also shown to be efficient
in refractory cases of autoimmune encephalitis (224–226). Its
efficacy and safety is currently being tested in severe cases of
NMDAR, LGI1 and Caspr2 autoimmune encephalitis, of which
the LGI1 and Caspr2 antibodies have IgG4 as the predominant
isotype (227). Among IgG4-AID, bortezomib was described as a
good therapeutic option for CIDP patients (228) with severe
relapses or an acute progression who did not respond adequately
to regular immunosuppression treatment and rituximab (228).
Additionally, in a patient with anti-pan-NF-associated
neuropathy (predominantly of the IgG4 isotype) with severe
clinical manifestations, it has also being shown reduction in
antibody titer leading to clinical improvement after receiving a
combination of IVIG, PLEX, rituximab and bortezomib (229).
Bortezomib was beneficial in patients with relapsed/refractory
TTP with an acceptable adverse event profile (230). Together with
rituximab, bortezomib has shown to induce long-lasting
remission in an acute refractory subgroup of patients with TTP
(231). Additionally, some case reports of TTP patients
unresponsive to plasma exchange, immunosuppressive therapy
and rituximab, presented with a reduction in autoantibody levels
and an improvement in clinical condition after treatment with
bortezomib alone (232) or in combination with plasma exchange
and steroids (233). The authors attributed the improvement to an
abolition of residual autoreactive plasma cells. A new clinical trial
to investigate the efficacy and safety of bortezomib as a first line
treatment for acquired TTP has been approved, but at the last
update in November 2021, recruitment had not yet begun
(ClinicalTrials.gov Identifier: NCT05135442). Among the IgG4-
RD spectrum, hyper IgG4 syndrome is characterized by the
lymphoplasmacytic infiltration with IgG4-positive cells and a
pronounced fibrosis of different tissues. Interestingly, a patient
suffering from recurrent and unresponsive hyper IgG4 disease, in
this case characterized by IgG4 plasma cell infiltration in the
lungs, was successfully treated with a combination of bortezomib,
dexamethasone and cyclophosphamide (234).
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Strategies for Novel and Specific
Therapeutic Approaches
As described above, current treatments for IgG4- AIDs rely
mostly on immunosuppression (corticosteroids or non-steroid
immunosuppressants) and depletion of antibodies or B cell
antigen-specific, which are non-specific. Therefore, they can be
associated with side-effects, raising the need for novel, more
targeted therapies.

Plasmapheresis or total IgG immunoadsorption is often
beneficial in MuSK-MG, PV, TTP, CIDP, AIDP, Goodpasture’s
syndrome and anti-DPPX encephalitis (235–242). A targeted
approach would be the selective adsorption of the IgG4 or
antigen-specific antibodies, while leaving unaffected the majority
of plasma IgGs, thus avoiding hypogammaglobulinemia. In
addition, the removal of a very small percentage of the total IgGs
could prolong the treatment effect, due to the slower rate of
autoantibody reappearance after treatment (243, 244). This could
be accomplished by passing the plasma through a suitable matrix
before being returned to the patient. In the case of MuSK-MG, we
have explored an antigen-specific approach by the generation of
sepharose-immobilized recombinantMuSK extracellular domains.
The efficiency and specificity of themethod has been established by
in vitro experiments, where immunoadsorption resulted in almost
complete removal of the autoantibodies from all the patients’ sera
tested (245). In addition, ex vivo immunoadsorption in rats with
EAMG, induced by immunizationwith humanMuSK, resulted in a
rapid and significant amelioration of symptoms, without the
emergence of any adverse effects (246). Similarly, others have
found that sepharose-immobilized Dsg-1 and 3 ectodomains
successfully and specifically removed the Dsg antibodies and
eliminated the pathogenic activity of PV patient sera (247).
Although the demonstration of the proof of principle by these
studies supports that similar strategies could be applied in other
IgG4-associated diseases as well, it may be difficult and cost-
prohibitive to optimize different matrices for each individual of
these rare diseases. A similar butmuchmore feasible solution could
be the generation of matrices capable of binding only the IgG4
fraction of antibodies, thus removing the pathogenic
autoantibodies, but not the majority of the IgGs (IgGs 1-3).

Another approach that gains ground as an antigen-specific
therapy is the induction of tolerance towards the autoantigens, by
administration of disease-relevant antigen derived domains and
peptides. A recent study using MuSK-induced EAMG in mice
demonstrated the potential for tolerance induction by oral
administration of recombinant MuSK domains (248). However,
MuSK administration took place prior to induction, so further
studies are necessary to evaluate the actual therapeutic potential.
Furthermore, it is not clear what IgG autoantibody subclasses were
generated in the mouse model, so it is difficult to extrapolate the
findings to IgG4-mediated MuSK-MG in humans. In fact, several
linesof evidence support that tolerance inductionworksbydiverting
the immune response from a Th1 type to Th2/Th3 (249, 250).
Furthermore, it appears that tolerance induction is accompanied by
an increase in IL-10 levels, suggesting the diversion of the immune
response towards IgG4 (251, 252). Therefore, it is still not clear how
beneficial such an approach would be in the case of IgG4-associated
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autoimmune diseases, and further studies illuminating the
underlying mechanisms are required.

IL-10 is essential in IgG4 class switch, however, it probably
increases the production of IgG4 by enhancing IL-4 induced
IgG4 switch (52, 99), making IL-4 also a key player in IgG4-RLD
and, potentially, in IgG4-AID. Increased IL-4 levels have been
associated with an increment in Th2 and plasmablast cell count
and stimulation with IL-4 resulted in elevated IgG4 and IgG4:
IgG ratios in patients with active untreated IgG4-RLD (253, 254),
and lymph node cells and sera from MuSK immunized mice also
showed upregulation of IL-4 and IL-10 (131).

Several drugs targeting soluble IL-4 or its receptor have been
developed (Figure 2). Among those, dupilumab is an IgG4
monoclonal antibody that acts on the IL-4 receptor alpha (IL-
4Ra), a receptor that can bind to both IL-4 and IL-13 (255).

In IgG4-RLD, the efficacy of dupilumab has been described in a
few case reports. After refusing treatment with other
immunosuppressants, a patient with a complex and acute clinical
picture including allergies, asthma, atopic dermatitis and a
borderline diagnosis for IgG4-RLD was treated with dupilumab.
After 12 months, the patient’s IgG and IgG4 levels decreased and
most of the complaints resolved. Importantly, no relapses were
observed and the patient did not suffer from any long-term side
effects (256). Another case report described a patient with IgG4-
RLD, who presented a good initial clinical response to steroid
treatment. However, after suffering a relapse, rituximab was
introduced, which helped initially to ameliorate disease, but could
not prevent relapse one year later.Dupilumab treatmentwas started
thereafter and led to rapid improvement accompanied by a
biological reduction of all cells currently associated with IgG4-
RLD (decrease of total Thelper 2 cells, T follicular helper (Tfh) cells,
Tfh2 cells and plasmablasts as well as serum IgE after 3 and 8
months of treatment). Interestingly, IgG4 levels remained stable. It
is likely that the clinical improvement was not exclusively due to
dupilumab treatment but perhaps due to combination therapy
(with rituximab). The authors suggested that dupilumab could be
a good treatment option for IgG4-RLD patients with relapses after
an induction treatment (257). Another IL-4 targeting therapy
known as dectrekumab (VAK-694), an IL-4 antagonist fully
humanized monoclonal antibody, showed a decrease in the
number of allergen-specific IL-4 producing cells in a clinical trial
with patientswith seasonal allergic rhinitis.However, VAK-694 did
not show any extra benefit compared to patients treated only with
the routine/standard therapy when looking at the symptoms (258).

Clinical trials are required to further investigate and validate
the therapeutic benefit of anti-IL-4 therapies, but the initial data
suggest that targeting the regulation of IgG4 production and
IgG4 class switch via IL-4 may present a potential novel
therapeutic strategy for IgG4-RLD, and perhaps also IgG4
autoimmune diseases (Figure 2).
CONCLUSIONS

IgG4-AID affect different organs, are characterized by IgG4
autoantibodies targeting specific antigens and mostly display a
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strong genetic predisposition mediated by HLA-genes. IgG4-AID
are distinct from IgG4-RLD which are characterized by fibrosis,
elevated serum IgG4 concentrations and IgG4 positive plasma cell
infiltrates in the affected tissue, but mostly lack antigen-specific
IgG4. Hallmarks of IgG4 are the absence of complement activation,
lack of bispecificity due to Fab arm exchange and inability to
activate cells via Fc receptors. Instead, IgG4 autoantibodies are
pathogenic by direct blocking mechanisms. Why and how IgG4
autoantibodies are produced is currently unknown, but we suspect
that IL-4, IL-13 and IL-10 that are known regulators of IgG4 class
switch may also play a role in the production of pathogenic IgG4,
and a dysbalance between memory and regulatory B cells may
determine the induction of IgG4-AID. Overall we propose three
possible scenarios contributing to IgG4-AID immunopathogenesis:
1) initial disease includes antigen-specific IgG1-3 antibodies with
low pathogenicity (e.g. via complement activation) or at low
concentration, but chronic antigen exposure and influence from
regulatory T cells induces class switch to IgG4, which then- either
Frontiers in Immunology | www.frontiersin.org 1115
by increased dosis or pathogenicity- cause disease by steric
hindrance. 2) Genetic predisposition, e.g. via distinct MHCII-
antigen-T-cell receptor combinations may lead to a “skewed”
isotype profile towards IgG4, or 3) aberrant B cell development
in IgG4-AID may lead to individuals being more inclined to
develop an IgG4 response. Further studies are necessary to
investigate these different possibilities. Clinically, therapies
targeting B cells have led to better clinical outcomes than general
immunosuppression with corticosteroids in MuSK-MG and anti-
LGI1 encephalitis, therefore we conclude that IgG4-AID may
require different treatment strategies than classical antibody-
mediated autoimmunity. We also discuss IgG4- or antigen-
specific -apheresis and IL-4 receptor blockade as potential new
treatment strategies for IgG4-AID. Finally, we think that the key to
a better therapy lies in understanding the underlying
immunopathogenesis and better diagnostics that also include the
analysis of IgG subclasses to improve our assessment of
treatment outcomes.
FIGURE 2 | Therapeutic strategies targeting IgG4 class switch via IL-4. Altrakincept, pascolizumab, dupilumab, dectrekumab, AMG-317 and pitrakinra have been
developed to prevent the binding of IL-4 to its receptor by blocking the soluble IL-4 or targeting its receptor itself. Targeting IL-4 may help to avert IgG4 class switch
and therefore, the development of IgG4-RLD and IgG4-AID. Figure created using Biorender.
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GLOSSARY

AChEi Acetylcholinesterase inhibitors
AChR Acetylcholine receptor
ADAM22 ADAM metallopeptidase domain 22
ADAMTS13 A disintegrin and metalloprotease with thrombospondin

type 1 motif 13
ADCC Antibody-dependent cellular cytotoxicity
AIDP Acute inflammatory demyelinating polyneuropathy
AMPAR a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

receptor
Bregs Regulatory B-cells
Caspr2 Contactin associated protein 2
CCL3 C-c motif chemokine ligand 3
CIDP Chronic inflammatory demyelinating polyneuropathy
CNTN1 Contactin 1
DPPX Dipeptidyl-peptidase–like protein-6
Dsg-1 Dsg-3 Desmoglein-1, desmoglein-3
EAMG Experimental autoimmune myasthenia gravis
FAE Fab-arm exchange
GABAaR Gamma-aminobutyric acid a receptor
GABAbR Gamma-aminobutyric acid b receptor
GITR Glucocorticoid-induced tumour necrosis factor receptor-

related protein
GITR-L GITR- ligand
GM-CSF Granulocyte macrophage colony-stimulating factor
HLA Human lymphocyte antigen
IFN-g Interferon gamma
IgG4-AID IgG4 autoimmune diseases
IgG4-RLD IgG4 related disease
IgLON5 Immunoglobulin-like cell adhesion molecule 5
IL Interleukin (IL-4
IL-10 IL-13)
IL-4Ra Interleukin 4 receptor alpha
IVIG Intravenous immunoglobulin
KO Knock out
LGI1 Leucine rich glioma inactivated 1
LRP4 Low density lipoprotein receptor-related protein 4
MG Myasthenia gravis
MN Membranous nephropathy
MuSK Muscle specific kinase
NMDAR N-methyl-D-aspartate receptor
PBMC Peripheral blood mononuclear cell
PF Pemphigus foliaceus
PLA2R Phospholipase A2 receptor
PLEX Plasmapheresis or plasma exchange
PV Pemphigus vulgaris
TNF-a Tumor necrosis factor alpha
Tregs Regulatory T cells
THSD7A Thrombospondin type 1 domain containing 7a
TTP Thrombotic thrombocytopenic purpura
vWF Von Willebrand factor
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The Alternative Pathway Is
Necessary and Sufficient for
Complement Activation by
Anti-THSD7A Autoantibodies,
Which Are Predominantly IgG4 in
Membranous Nephropathy
Pallavi Manral1, Tiffany N. Caza2, Aaron J. Storey3, Laurence H. BeckJr4

and Dorin-Bogdan Borza1*

1 Department of Microbiology, Immunology and Physiology, Meharry Medical College, Nashville, TN, United States, 2 Arkana
Laboratories, Little Rock, AR, United States, 3 Department of Biochemistry and Molecular Biology, University of Arkansas for
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Membranous nephropathy (MN) is an immune kidney disease characterized by glomerular
subepithelial immune complexes (ICs) containing antigen, IgG, and products of
complement activation. Whereas proteinuria is caused by complement-mediated
podocyte injury, the pathways of complement activation remain controversial due to the
predominance of IgG4 in ICs, an IgG subclass considered unable to activate complement.
THSD7A, a transmembrane protein expressed on podocytes, is the target autoantigen in
~3% of cases of primary MN. In this study, we analyzed sera from 16 patients with
THSD7A-associated MN with regard to the anti-THSD7A IgG subclasses and their ability
to fix complement in vitro. The serum concentration of anti-THSD7A IgG varied over two
orders of magnitude (1.3-243 mg/mL). As a relative proportion of all IgG anti-THSD7A,
IgG4 was by far the most abundant subclass (median 79%), followed by IgG1 (median
11%). IgG4 was the dominant subclass of anti-THSD7A antibodies in 14 sera, while IgG1
was dominant in one and co-dominant in another. One quarter of MN sera additionally
contained low levels of anti-THSD7A IgA1. ICs formed by predominantly IgG4 anti-
THSD7A autoantibodies with immobilized THSD7A were relatively weak activators of
complement in vitro, compared to human IgG1 and IgG3 mAbs used as positive control.
Complement deposition on THSD7A ICs was dose-dependent and occurred to a
significant extent only at relatively high concentration of anti-THSD7A IgG. C3b fixation
by THSD7A ICs was completely abolished in factor B-depleted sera, partially inhibited in
C4-depleted sera, unchanged in C1q-depleted sera, and also occurred in Mg-EGTA
buffer. These results imply that THSD7A ICs predominantly containing IgG4 activate
org July 2022 | Volume 13 | Article 952235125
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Abbreviations: AP, alternative pathway; F
fluorescent protein; GVB, gelatin-veronal
MN, membranous nephropathy; NHS
phospholipase A2 receptor; TCC, term
THSD7A, thrombospondin type-1 domain
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complement at high IgG4 density, which strictly requires a functional alternative pathway,
whereas the classical and lectin pathways are dispensable. These findings advance our
understanding of how IgG4 antibodies activate complement.
Keywords: complement activation, alternative pathway of complement, membranous nephropathy, THSD7A
(thrombospondin type 1 domain-containing protein 7A), IgG4 antibodies
INTRODUCTION

Membranous nephropathy (MN), one of the leading causes of
nephrotic syndrome in adults, is an antibody-mediated kidney
disease clinically characterized by proteinuria, often heavy and
persistent. MN is a disease of heterogeneous etiology, defined
histologically by immune complexes (ICs) deposited on the
subepithelial side of glomerular basement membrane (GBM),
together with GBM thickening and podocyte foot process
effacement, but without proliferative changes. The most
prevalent form is the so-called “primary” MN, an autoimmune
disease in which IgG autoantibodies (autoAbs) form
subepithelial ICs with autoantigens expressed on podocyte cell
surface (1, 2). About 70% of patients with primary MN have
autoAbs targeting phospholipase A2 receptor (PLA2R), and an
additional 3-5% have autoAbs targeting thrombospondin type-1
domain-containing 7A (THSD7A) (3, 4). Serologic assays
established for both PLA2R and THSD7A show that
circulating autoAb levels correlate to disease activity, are useful
for therapeutic monitoring, and inform prognosis (5–8). Recent
studies have identified additional autoantigens or biomarkers
implicated in MN, including neural epidermal growth factor-like
1 (9), exostosin 1/2 (10), serine protease HTRA1 (11), neural cell
adhesion molecule-1 (12), semaphorin 3B (13), protocadherin 7
(14), transforming growth factor beta receptor 3 (15), and
contactin (16).

In the current paradigm for the pathogenesis of MN based on
studies in passive Heymann nephritis, complement activation by
subepithelial ICs leading to sublethal podocyte injury by C5b-9 is
a major effector mechanism of proteinuria (17). In human MN,
complement activation products are abundant in subepithelial
deposits. Nonetheless, because the autoAbs implicated in
PLA2R- and THSD7A-associated MN are predominantly of
the IgG4 subclass (7, 17–20), how ICs activate complement in
MN remains a conundrum (21). IgG4 does not bind C1q and is
considered unable to activate complement, at least not via the
classical pathway (22–24). Yet, ICs formed by model monoclonal
human IgG4 antibodies are capable of activating complement via
the alternative pathway under certain circumstances, i.e. at high
IgG concentrations and high epitope density (25–27).

In PLA2R-associated MN, it has been reported that altered
glycosylation (degalactosylation) of IgG4 autoAbs promotes the
B, factor B; FP, properdin; GFP, green
buffer; MBL, mannose binding lectin;
, normal human serum; PLA2R,
inal complement complex (C5b-9);
-containing 7A.
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binding of mannose-binding lectin (MBL) and complement
activation via the lectin pathway, which mediates injury of
human podocytes in culture (28). One caveat is that MBL
binding to IgG4 purified by acid elution may be artifactual,
given that acid denaturation of human IgG was reported to
increase MBL binding to an even greater extent than IgG
degalactosylation (29). PLA2R-associated MN can in fact occur
in individuals with complete MBL deficiency, in whom
complement is activated solely via the alternative pathway,
implying that the lectin pathway is dispensable (30). Another
study has found that the classical pathway initiates and the
alternative pathway amplifies complement activation by model
immune complexes formed by anti-PLA2R1 autoAbs in vitro,
suggesting a role for non-IgG4 autoAbs (31). Finally, a proteomic
analysis of complement proteins in glomeruli from PLA2R1-
associated MN suggests that both classical/lectin and alternative
pathways drive and contribute to the activation of terminal
pathway (32).

In THSD7A-associated MN, there is agreement that autoAbs
are predominantly IgG4, but the relative proportion of other IgG
subclasses is less clear. Some studies have shown low abundance
of IgG1, IgG2 and IgG3 anti-THSD7A (4, 20), yet others have
shown relatively intense staining for IgG1, IgG2 and IgG3, in
addition to IgG4 (33). These differences are likely due to the use
of qualitative assays, without standardization of subclass-specific
secondary antibodies. Since the four IgG subclasses show wide
variation in regard to their effector properties (23), the goal of
this study was to quantitatively measure the serum levels of anti-
THSD7A IgG subclasses and investigate the functional
properties of anti-THSD7A autoAbs, i.e, their ability to
activate complement in vitro.
MATERIALS AND METHODS

Materials
The recombinant human THSD7A was purchased from R&D
(9524-TH, Minneapolis, Minnesota). Fresh-frozen normal
human serum and complement C1q-, C4-, or factor B-depleted
human sera in which more than 99% of the functional protein
was depleted were from Complement Technologies (Tyler,
Texas). Recombinant monoclonal human IgG1, IgG2, IgG3
and IgG4 anti-TNFa antibodies were purchased from
InvivoGen (San Diego, California). Recombinant monoclonal
human IgG1, IgG2, IgG3, IgG4, and IgA1 anti-GFP antibodies
were from BioRad (Hercules, California). Recombinant human
TNFa and A. victoria GFP were purchased from Millipore
(Burlington, Massachusetts) and Abcam, respectively.
July 2022 | Volume 13 | Article 952235
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Serum samples from THSD7A-associated MN patients had
been collected Boston Medical Center, or obtained from banked
residual sera from patients who underwent indirect
immunofluorescence testing for anti-THSD7A antibodies at
Arkana Laboratories. All serum samples were collected with
informed consent under IRB-approved protocols at each
institution. All included patients had a positive test of 1:10 or
greater by the Euroimmun indirect immunofluorescence test
(IIFT). The demographic and clinical characteristics are
summarized in Table 1. The study cohort comprised 6 males
and 10 females and included 7 Caucasians, 5 African-Americans
and 2 Asians. The average age ± SD was 60 ± 20 years. The
median values for proteinuria, serum albumin, and serum
creatinine were 7.5 g/day, 2.7 g/dL, and 0.87 mg/dL,
respectively. The results of routine IF staining in the biopsy
were available for 12 cases, shown in Table 2. All biopsies
showed positive staining for IgG and C3. IgA, IgM and C1q
staining were negative, except for one case with weak IgM and
another with weak IgA staining.

Quantitative Analysis of Serum Levels of
Anti-THSD7A AutoAb Subclasses by ELISA
Serum antibodies binding to THSD7A were assayed by ELISA.
Briefly, 96-well Nunc MaxiSorp microtiter plates (ThermoFisher
Scientific, Waltham, Massachusetts) were coated overnight with
THSD7A (150 ng per well) in carbonate-bicarbonate buffer, pH
9.6. After blocking with 1% bovine serum albumin (BSA), the
wells were incubated for 1 hour with patient or control sera
diluted 1/100. Some samples required further dilution (1/200-1/
1,600) for IgG4 detection. Secondary antibodies were
horseradish peroxidase-conjugated sheep anti-human IgG1-4
(The Binding Site, Birmingham, UK), goat anti-human IgA,
and mouse anti-human IgA1 and IgA2 (Southern Biotech,
Birmingham, Alabama). Plates were developed with TMB
Microwell peroxidase substrate (VWR, Radnor, Pennsylvania),
and absorbance was read at 650 nm with an ELISA plate reader
(BioRad). A blank correction was applied to all values by
subtracting the OD in antigen-coated wells incubated with
buffer instead of serum. In parallel experiments, standard
curves for human IgG1-IgG4 were generated by incubating
known concentrations of recombinant human monoclonal
IgG1-IgG4 anti-TNFa (2-500 ng/ml) in wells coated with
recombinant TNFa (150 ng/well in carbonate buffer pH 9.6).
Frontiers in Immunology | www.frontiersin.org 327
A standard curve for IgA was generated by incubating human
IgA1 anti-GFP mAb in wells coated with GFP. The serum
concentration of anti-THSD7A IgG subclasses or IgA was
interpolated from the standard curves by a non-linear
regression assuming a one-site specific binding model.

In Vitro Complement Activation Assay
We developed a new functional assay to investigate the ability of
anti-THSD7A autoAbs to fix complement. ELISA plates were
coated with THSD7A protein (200 ng in 50 ml PBS), overnight at
4°C. The plates were next blocked with 1% BSA in phosphate-
buffered saline (PBS) for 1 hour at room temperature, washed,
and then incubated for 1 hour with sera from MN patients or
non-MN controls (diluted 1/25 in PBS with 0.1% BSA and 0.05%
Tween-20/PBS). Next, plates were washed again and incubated
for 30 minutes at 37°C with fresh-frozen normal human serum
(NHS) diluted 10% in gelatin-veronal buffer (GVB) containing
0.15 mM Ca2+ and 0.5 mMMg2+, in which all three complement
activation pathways are functional. In some experiments, NHS
was diluted in GVB with 5 mM MgEGTA (which inhibits the
classical and lectin pathways), or in GVB with 10 mM EDTA
(which inhibits all complement activation pathways). In other
experiments, C1q-, C4-, and factor B-depleted sera were used
instead of NHS. After a wash step, deposition of complement
activation products was assayed. The deposition of C3b and its
proteolytic inactivation product, iC3b, was detected with sheep
anti-human C3c-HRP (BioRad, 2222-6604P) diluted 1:1000.
C5b-9 (terminal complement complex, TCC) deposition was
detected with mouse anti-human TCC mAb (HM 2167S, Hycult
Biotech) diluted 1:500. Properdin (FP) was detected using mouse
anti-human properdin mAb (Hycult Biotech, HM2283S) diluted
1:500. C1q and factor B (FB) were detected using goat anti-
human C1q and goat anti-human FB antibodies (Quidel), diluted
1:2000. C4 was detected using goat anti-human C4 antibodies
(Complement Technologies, A205) diluted 1:40000. The
secondary antibodies were goat anti-mouse IgG-HRP diluted
1:2000 and donkey anti-goat IgG-HRP diluted 1:10000 (both
from Invitrogen). The absorbance at 650 nm was read after color
development with peroxidase substrate. In parallel assays,
complement activation was also performed in wells coated
with GFP (200 ng/50 ml in carbonate buffer, pH 9.6) and
incubated with various concentrations (1-5 mg/mL) of human
monoclonal anti-GFP IgG1к, IgG3к and IgG4ʎ.
TABLE 1 | Demographic and clinical characteristics of anti-THSD7A positive patients.

Patient characteristics Result

Number of cases 16
Sex: M/F 6 (37.5%):10 (62.5%)
Age (yr) 61 (47 – 77)
Ethnicity: White: 7 (43.8%)
African-American: 5 (31.2%)
Asian: 2 (12.5%)
Unknown 2 (12.5%)

Proteinuria (g/day) 7.5 (2.8 – 10.4)
Serum albumin (g/dL) 2.7 (1.89 – 3.6)
Serum creatinine (mg/dL) 0.87 (0.80 – 1.47)
July 2022 | Volum
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Statistical Analyses
Analyses were performed using GraphPad Prism 8.4 software
(San Diego, CA). The significance of differences among
groups was determined by one-way ANOVA followed by
Bonferroni’s test for pairwise comparisons, or by repeated
measures ANOVA with the Geisser-Greenhouse correction,
followed by Dunnet’s multiple comparisons test. Other
statistical analyses are described in the text or the figure
legends. A multiplicity-adjusted value of P < 0.05 was
considered statistically significant.
RESULTS

IgG4 Is the Dominant Subclass of Anti-
THSD7A AutoAbs
Circulating autoAbs were analyzed in 16 sera from patients with
THSD7A-associated MN along with four normal sera used as
controls. To quantitatively measure the levels of anti-THSD7A
subclasses, standard/calibration curves were generated using
serial dilutions of anti-TNFa human IgG1-IgG4 mAbs bound
to immobilized TNFa (Figure 1A). The total concentration of
anti-THSD7A IgG varied over a broad range (1.3-243 mg/mL),
spanning over two orders of magnitude (Figure 1B), consistent
with previous reports (8). The anti-THSD7A IgG levels
measured by ELISA and the anti-THSD7A titers measured by
a commercial indirect immunofluorescence test (IIFT) were
significantly correlated (Figure 1C). The mean ± SD for anti-
THSD7A IgG in control sera was 0.14 ± 0.18 mg/ml. Among IgG
autoAbs, the relative proportion of IgG4 was the highest (median
79%, interquartile range IQR 62%-88%), followed by IgG1
(median 11%, IQR 4.8%-31%), while the proportions of IgG2
(median 2.8%, IQR 1.8%-6.2%), and IgG3 (median 1.5%, IQR
0.7%-7%) were low (Figure 1D). Although IgG4 was the
dominant subclass of anti-THSD7A in the majority of
MN sera (14/16), IgG1 was dominant in one case (MN-8,
diagnosed as secondary MN based on the EM findings in the
biopsy), and co-dominant in another (MN-5). For four cases for
which IgG subclass staining was performed on the kidney
biopsy, the intensity of the staining showed a good correlation
Frontiers in Immunology | www.frontiersin.org 428
with the results of serologic assays for anti-THSD7A IgG
subclasses (Table 3).

We further analyzed the possible presence of other isotypes of
anti-THSD7A autoAbs. Interestingly, a quarter of MN sera (4/
16) were positive for IgA anti-THSD7A (Figure 2A). However,
the levels of IgA autoAbs were relatively low (0.26-1.03 mg/mL),
corresponding to 0.2%-0.5% of the levels of IgG autoAbs in the
respective sera. Further analysis of subclasses of anti-THSD7A
IgA revealed the presence of IgA1 (Figure 2B) but not IgA2
(Figure 2C). IgM or IgE anti-THSD7A were not detected (data
not shown).

Anti-THSD7A Antibodies Bound to
THSD7A Antigen Activate Complement
In Vitro
We developed a new functional assay to investigate the ability of
serum anti-THSD7A autoAbs to activate complement in vitro
(Figure 3A). First, immobilized THSD7A was incubated with
diluted MN sera to form plate-bound ICs. In control experiments
performed in parallel, human anti-GFP IgG3 and IgG4 mAbs
were bound to immobilized GFP to prepare reference ICs. Next,
10% normal human serum diluted in buffer containing Ca2+ and
Mg2+ was added as a source of complement, and then
complement activation products deposited onto the ICs were
detected using specific antibodies (Figure 3B). We assayed the
binding of C3b/iC3b as a marker of overall complement
activation via all pathways (Figure 4A), C5b-9 as a marker of
terminal complement pathway activation (Figure 4B), properdin
(FP; Figure 4C) and factor B (FB, Figure 4D) as markers of the
alternative pathway activation, C4 as a marker of classical and
lectin pathways activation (Figure 4E), and C1q as a marker of
classical pathway activation (Figure 4F).

In general, the amount of C3b/iC3b, properdin, factor B and
C4 bound to THSD7A ICs varied linearly with the concentration
of anti-THSD7A IgG in each serum sample. Nonetheless,
significant binding (i.e., above the cutoff value set at 4 SD
above the mean of control sera) was only observed for MN
sera in which the anti-THSD7A IgG concentration —adjusted
for the dilution factor—was greater than 3.7 mg/mL (i.e. MN-1,
MN-2, and MN-3). Complement deposition on THSD7A ICs
TABLE 2 | The results of immunofluorescence staining in the MN renal biopsies.

Patient # IgG IgA IgM C3 C1q

MN-1 3+ 0 0 1+ 0
MN-2 4+ 1+ 0 3+ 0
MN-3 4+ 0 0 2+ 0
MN-4 3+ 0 0 1+ 0
MN-5 3+ 0 trace 1+ 0
MN-6 2+ 0 0 1+ 0
MN-7 4+ 0 0 2+ 0
MN-8 1+ N.D.a N.D.a N.D.a N.D.a

MN-9 positive 0 0 positive 0
MN-11 3+ 0 1+ 1+ 0
MN-13 3+ 0 0 1+ 0
MN-14 3+ 0 0 2+ N.D.
MN-15 4+ 0 0 3+ 0
Ju
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formed by serum MN-4 (which contained 2.3 mg/mL anti-
THSD7A IgG when diluted 1/25) was borderline. For all other
MN sera with lower titers of anti-THSD7A IgG, complement
fixation was negligible, comparable to control sera. Significant
activation of the terminal pathway, as judged from C5b9
deposition, was only observed for serum MN-1, which had the
highest titer of anti-THSD7A IgG (Figure 4B). This suggests that
the activation of terminal complement pathway requires higher
density of IgG4 in ICs that the activation at the level of C3.
Finally, the binding of C1q to THSD7A ICs was negligible, which
is consistent with the negative C1q staining in the MN patient
Frontiers in Immunology | www.frontiersin.org 529
biopsies. Overall, the deposition of factor B and properdin
suggests the activation of the alternative pathway, while
deposition of C4 in the absence of C1q suggests (but not
prove) lectin pathway.

The Alternative Pathway Is Essential for
Complement Activation by THSD7A ICs
We next investigated the contribution of specific pathways to
complement activation by THSD7A ICs by measuring the
deposition of C3b/iC3b from C1q-depleted serum (lacking a
functional classical pathway), C4-depleted serum (lacking
A

B

D

C

FIGURE 1 | Analysis of IgG subclasses of anti-THSD7A autoAbs. (A) Standard curves show the concentration dependence for the binding of recombinant human
anti-TNFa IgG1 (blue), IgG2 (orange), IgG3 (green) and IgG4 (red) to wells coated with TNFa antigen. (B) Sera from 16 patients with THSD7A-associated MN were
analyzed by ELISA for IgG autoAb subclasses binding to immobilized THSD7A. The serum concentrations of anti-THSD7A IgG1 (blue), IgG2 (orange), IgG3 (green)
and IgG4 (red) in each MN serum were interpolated from standard curves using recombinant human IgG1-IgG4 mAbs anti-TNFa. Sera were designated MN-1 to
MN-16 in decreasing order of their levels of anti-THSD7A IgG, calculated as the sum of the concentrations of all four IgG subclasses. (C) The correlation between
serum levels of anti-THSD7A IgG measured by ELISA and the anti-THSD7A titers measured by indirect immunofluorescence test (IIFT) was significant (Pearson
r=0.849, p=0.0001). (D) The relative proportion of IgG subclasses in MN sera was calculated by dividing the serum concentration of each subclass to sum of
concentrations for all four IgG subclasses of autoAbs. The error bars show the median and the interquartile range.
TABLE 3 | The correlation between IgG subclasses in serum and in the renal biopsy.

Patient # IgG1 IgG2 IgG3 IgG4

MN-3 2.5+ (5.3) 2+ (2.6) 1+ (1.7) 4+ (82.7)
MN-4 3+ (2.6) 0 (0.11) 0 (0.13) 3+ (53.9)
MN-6 1+ (0.55) 1+ (0.41) 0 (0.04) 2+ (14.0)
MN-8 1+ (8.9) 0 (0.08) trace (0.71) 0 (0.0)
MN-9 ND (1.5) ND (0.25) ND (0.48) 3+ (4.7)
July 2022 | Volume 13 | Articl
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functional classical and lectin pathways) and FB-depleted serum
(lacking a functional alternative pathway), as compared to
normal human serum as source of complement (Figure 5A).
C3b/iC3b deposition was almost completely abolished in FB-
deficient serum (88-95% inhibition), largely unaffected in C1q-
depleted serum, and partially reduced (35-50% inhibition) in C4-
depleted serum for some but not all MN sera (Figure 5B). This
result indicates that the alternative pathway is essential for
complement activation by IgG4-dominant THSD7A ICs, while
the classical pathway is dispensable, and the lectin pathway may
play a limited role. By contrast, in control experiments using
reference ICs formed by human IgG1 and IgG3 mAbs, the C3b/
iC3b deposition onto was completely abolished when
Frontiers in Immunology | www.frontiersin.org 630
complement activation was performed in C1q-depleted serum,
as well as in C4-depleted serum or normal serum containing
EDTA, but less affected in FB-depleted serum (Figure 5C). This
indicates that the classical pathway is essential to initiate
complement activation by human IgG1 and IgG3 ICs, while
the alternative pathway may further amplify (but is not essential
for) this activation.

The Alternative Pathway Is Sufficient for
Complement Activation of THSD7A ICs
We further corroborated the role of the alternative pathway by
performing complement activation in normal human serum
containing MgEGTA, which inhibits the classical/lectin
pathways while the alternative pathway remains active. Under
these conditions, we observed concentration-dependent C3b/iC3b
binding in direct proportion with the amount of anti-THSD7A
IgG in ICs formed by MN1-MN3 sera (Figure 6A). Reference ICs
formed by IgG1 and IgG4 anti-GFP mAbs bound to GFP
exhibited a very similar concentration dependent C3b/iC3b
binding in MgEGTA, suggesting that the major determinant of
alternative pathway activation is the density of IgG4 in ICs rather
than the IgG4 specificity for antigen. In control experiments, we
further established that C3b/iC3b deposition onto IgG4-GFP ICs
was not affected by inhibition of the classical/lectin pathways,
while C3b/iC3b binding to IgG1-GFP ICs was inhibited by more
A

B

C

FIGURE 2 | Identification of IgA anti-THSD7A autoAbs. (A) Quantitative
analysis of anti-THSD7A IgA in MN sera (circles). The threshold for positivity,
depicted by the dotted line, was defined as the mean + 4SD of control sera
(tringles). B-C. IgA-positive MN sera (circles) show significantly higher binding
to THSD7A of IgA1 (B) but not IgA2 (C), compared to IgA-negative MN sera
(squares) or control sera (triangles). The significance of differences among
groups was analyzed by one-way ANOVA follow by Bonferroni’s test for
multiple comparison (ns, not significant; *p<0.05; **p<0.01).
A

B

FIGURE 3 | Development of a functional assay for complement fixation by
THSD7A ICs. (A) Schematic representation of the in vitro assay for
complement activation. (B) Simplified diagram of the complement activation
pathways. The complement proteins for which the binding to ICs was
assayed in this study are shown in red.
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than 80% (Figure 6B). Furthermore, when complement activation
was performed in the presence of MgEGTA, the binding of C3b/
iC3b, factor B and properdin to IgG4-GFP ICs was completely
abolished in FB-deficient serum, but not affected in C4-deficient
serum (Figure 6C). This result shows that a functional alternative
pathway is necessary and sufficient for complement activation
by IgG4.

Proteomic Identification of Complement
Proteins in Microdissected Glomeruli
We also performed a preliminary LC-MS analysis of complement
proteins in microdissected glomeruli from patients with THSD7A-
Frontiers in Immunology | www.frontiersin.org 731
associated MN, as compared to those from PLA2R1-associated
MN (Supplemental Figure 1A). Whereas the average iBAQ
intensity values were essentially the same for heavy chains of all
four IgG subclasses, the average intensities for C3, C4A and C4B,
and terminal pathway components (C5, C6, C7, C8, and C9) were
consistently about 2-fold lower in THSD7A-MN (Supplemental
Figure 1B), implying less complement activation occurs in
THSD7A-associated MN compared to PLA2R1-associated MN.
The alternative pathway component factor B and a specific
inhibitor of this pathway, factor H, were detected with similar
intensities in both forms of MN. Lectin pathway components e.g.
MASP1, were detected sporadically and with low intensity.
A
B

D

E F

C

FIGURE 4 | In vitro complement activation by THSD7A ICs under conditions in which all activation pathways are active. Complement activation was performed using
10% normal human serum (NHS) diluted in GVB++ buffer containing Ca2+ and Mg2+ in wells coated with THSD7A (200 ng/well) and then incubated with sera MN-1
through MN-14 (solid black circles) or control sera (open blue circles), all diluted 1/25. For each sample, the x-coordinate indicates the concentration of anti-THSD7A IgG
in the diluted MN serum. In parallel experiments, activation was performed on reference ICs prepared by incubating human IgG3 (1 mg/ml, solid red circle) and IgG4 (1
mg/ml, open red circle) anti-GFP mAbs in GFP-coated wells (200 ng/well). Graphs depict the binding of antibodies specific to C3b/iC3b (A), C5b-9/TCC (B), FP (C), FB
(D), C4 (E), and C1q (F). A blank correction was performed by subtracting the OD value on immobilized antigen incubated with PBS from the OD value of immobilized
antigen incubated with antibody. The threshold for positivity (blue dashed line) was calculated as the mean OD of the control sera + 4 SD. Labels indicate MN sera which
showed complement deposition above the positivity threshold. The OD values for MN sera were fitted to the concentration of anti-THSD7A IgG in each sample (values
taken from Figure 1 and divided by the dilution factor) by simple linear regression (black line). The red line indicates the baseline obtained by performing the complement
activation assays using 10% heat-inactivated NHS in GVB++ as a source of complement.
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FIGURE 6 | In vitro complement activation by THSD7A ICs in MgEGTA buffer,
which inhibits the classical and lectin pathways. (A) Concentration dependence of
C3b/iC3b deposition on ICs formed by anti-THSD7A antibodies (black circles)
from MN-1, MN-2, MN-3 and MN-4 sera (all diluted 1/25) bound to immobilized
THSD7A or by anti-GFP human IgG1 (red circles) and anti-GFP IgG4 (orange
circles) mAbs bound to immobilized GFP. (B) C3b/iC3b deposition on ICs formed
by IgG1 mAb (1 mg/mL) and IgG4 mAbs (3 mg/mL) bound to immobilized GFP.
Complement activation was performed using 10% NHS diluted in buffer containing
Ca2+ and Mg2+, MgEGTA, or EDTA. Inhibition of classical and lectin pathways by
MgEGTA reduced C3b/iC3b binding to IgG1 ICs by >80% but had minimal effect
on C3b binding to IgG4 ICs. (C) The deposition of C3b/iC3b (blue), factor B (FP,
red) and properdin (FP, green) on ICs formed by anti-GFP IgG4 mAb (3 mg/mL)
was completely abolished when using FB-depleted serum or normal serum
containing EDTA as complement source, but largely unchanged in C4-depleted
serum.
A

B

C

FIGURE 5 | The alternative pathway is essential for complement activation
by THSD7A ICs. (A) Plot depicting the deposition of C3b/iC3b (expressed
as OD) onto THSD7A ICs formed by MN1-MN4 sera (black symbols) or in
THSD7A-coated wells incubated with buffer or control serum (blue
symbols). Complement activation was performed in 10% normal human
serum (NHS), C1q-depleted serum (DC1q), C4-depleted serum (DC4), and
FB-depleted serum (DFB) in buffer containing Ca2+ and Mg2+, as well as
10% NHS in EDTA buffer. The complement activation pathway active under
each condition are shown in red (CP, classical pathway; LP, lectin pathway,
AP, alternative pathway). (B) The relative inhibition of C3b/iC3b deposition
of onto THSD7A ICs formed by MN1-MN4 sera was calculated for C1q-,
C4- and FB-depleted sera on a scale from 0% inhibition (10% NHS in buffer
containing Ca2+ and Mg2+) to 100% inhibition (10% NHS in EDTA buffer).
C3b/iC3b deposition was significantly inhibited in FB-depleted serum
lacking a functional alternative pathway (p=0.0006, one-way repeated
measures ANOVA followed by post-hoc Dunnet test). (C) Deposition of
C3b/iC3b on human monoclonal IgG1 and IgG3 anti-GFP (1 mg/mL each)
bound to TNFa was measured after incubation with 10% NHS or C1q-, C4
and FB-depleted sera in buffer containing Ca2+ and Mg2+ or in 10% NHS
in EDTA-containing buffer as source of complement.
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Curiously, classical pathway components— such as C1q subunits,
C1r and C1s— were detected in almost all cases in both forms of
MN. Proteomic identification of C1q, in apparent contradiction
with the negative C1q staining in MN biopsies as well as with our
results (Figure 4F). This suggests that C1q may in fact be bound to
ICs but becomes “concealed” (undetectable by anti-C1q antibodies)
due to C3b/iC3b deposition on ICs, as previously reported (34).
DISCUSSION

Whereas podocyte injury by C5b-9 is considered a major effector
mechanism of ICs causing proteinuria in MN, there is less
agreement about which subclasses of autoAbs and which
complement activation pathways are involved. In this study, we
have measured quantitatively the serum levels of anti-THSD7A
subclasses and assessed their ability to fix complement in vitro.

For quantitative analyses of IgG subclasses, we generated
calibration curves using recombinant human mAbs bound to
their target antigen. Since this ensures oriented binding of the
IgG mAbs, similar to binding of anti-THSD7A IgG to coated
THSD7A, we propose that this assay format provides more
accurate results than using human IgG1-4 myeloma proteins
directly absorbed onto plastic wells, an approach previously used
to quantify anti-PLA2R IgG subclasses (35). We found that IgG4
was the dominant class of anti-THSD7A autoAbs in the majority
(14/16, 88%) of sera analyzed in this work. IgG4 antibodies
feature several unusual properties (36). They undergo Fab arm
exchange, which accounts for their functional monovalency and
inability to form large precipitating ICs (37). With regard to its
effector properties, IgG4 is generally considered unable to fix the
complement since it cannot bind C1q to initiate the classical
pathway (22–24). In addition, by competing with IgG1 and IgG3
for binding to (auto)antigen, IgG4 can inhibit the activation of
classical complement pathway by other IgG subclasses (38).

Under the conditions used in our functional complement
activation assay (MN sera diluted 1/25), we observed significant
deposition of complement activation products only on ICs
formed by three sera with the highest levels of THSD7A
autoAbs (MN1-MN3), which were all dominant IgG4.
Compared to reference ICs formed by IgG1 and IgG3 mAbs,
THSD7A ICs activated complement to a lesser extent and only at
relatively high concentrations of IgG autoAbs (at least 3.7 mg/
mL). The detection of C3b, factor B and properdin bound to
THSD7A ICs formed by MN1-MN3 sera is consistent the
formation of a stabilized C3 convertase of the alternative
pathway, C3bBbP. Bound C4 was also detected in the absence
of C1q, which suggests that either the lectin pathway is activated,
or that C3b/iC3b deposition conceals bound C1q (34). Finally,
bound C5b-9 was detected in significant amounts only on
THSD7A ICs formed by MN-1 serum, indicating that the
downstream activation of the terminal pathway requires even
higher concentrations of anti-THSD7A IgG (5-10 mg/ml) than
complement activation at the level of C3.

For all complement-fixing MN sera, the C3b/iC3b binding to
THSD7A-IgG4 complexes was completely abolished in FB-
Frontiers in Immunology | www.frontiersin.org 933
depleted serum but was largely unchanged in C1q-depleted
sera, indicating that the alternative pathway is essential for
complement activation, while the classical pathway is
dispensable. For two sera (MN2 and MN3), C3b/iC3b
deposition was partially inhibited (by about 35%-50%) in C4-
depleted serum, which provides circumstantial evidence of lectin
pathway activation. Nonetheless, the same sera supported C3b/
iC3b fixation in the presence of MgEGTA, implying that the
classical and lectin pathways are dispensable. Taken together,
these results show that (a) the alternative pathway is necessary
and sufficient for complement activation by THSD7A ICs, and
(b) the lectin pathway may contribute to but is not critical for
complement activation by anti-THSD7A IgG4. Prior studies
using model recombinant human mAbs have shown that ICs
formed at high IgG4 concentration and high epitope density can
activate complement via the alternative pathway (25–27). Our
results are the first to show that these findings further extend to
naturally occurring human IgG4 autoAbs from patients.

Complement activation products are detected on biopsy in
most cases of THSD7A-associated MN (39), although the
intensity of staining is often weaker than what is typically seen
in PLA2R-associated MN. While this is attributable to ICs
formed to anti-THSD7A autoAbs, we cannot rule out that
“second-wave” antibodies such as those to cytoplasmic
neoantigens upregulated in disease also contribute complement
activation (40). In addition, glomerular complement activation
in MN may also occur independently of ICs because of local
complement dysregulation. A putative mechanism is the
impaired recruitment of factor H, a major regulator of the
alternative pathway, secondary to the loss of heparan sulfate
from the GBM in MN (41). Also, the dysregulation of the
alternative pathway may be the result of autoAbs to factor H,
which have been reported to occur in as many as 3% of patients
with PLA2R-associated MN (42).

Given the relatively weak ability of anti-THSD7A autoAbs to
activate complement (especially the terminal pathway) found in
our study, we speculate that there may be additional mechanisms
by which injury occurs in this form of MN. Anti-THSD7A may
have direct function-blocking effects that directly lead to
breakdown of the glomerular filtration barrier and consequent
proteinuria, since THSD7A localizes directly basal to the slit
diaphragm protein nephrin and may thereby stabilize podocyte
adhesion and structure (43). Supporting this view, mice passively
immunized with human anti-THSD7A autoAbs, as well as mice
injected with rabbit anti-THSD7A IgG, developed proteinuria
associated with subepithelial ICs and histologic features of MN in
the absence of significant glomerular C3b/iC3b deposition
(44, 45).

An unexpected finding was the detection of IgA1 anti-
THSD7A in 4/16 (25%) of MN sera. To our knowledge, this is
the first instance of a podocyte antigen implicated in MN being
targeted by IgA autoAbs. Positive glomerular IgA staining has
been reported in about 40% of biopsies from THSD7A-associated
MN, compared to ~10% of cases of PLA2R-associated MN (15,
39). In our study cohort, positive (1+) glomerular IgA staining on
the renal biopsy was found in only one patient, who had the
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second highest serum titer of circulating IgA anti-THSD7A. This
suggest that serum IgA anti-THSD7A autoAbs may deposit in
glomeruli, at least in some cases of MN.

Our study has several limitations. With regard to complement
activation, the ICs formed in vitro represent a simplified 2D
model for subepithelial ICs, which may not fully reproduce the
complex in vivo milieu, comprising the surrounding GBM and
the adjacent podocytes. The essential role of the alternative
pathway in complement activation by anti-THSD7A IgG4
remains to be corroborated in vivo using animal models. As
discussed above, mice passively immunized with anti-THSD7A
patient sera only exhibit IgG4 but not C3b/iC3b deposition in
glomeruli, despite developing proteinuria and histologic features
of MN. The lack of complement activation in this mouse model
is likely due to insufficient surface density of human IgG4
deposited in mouse glomeruli and/or sub-optimal activation of
mouse complement by human antibodies. Nonetheless, we have
shown that the alternative pathway is essential for glomerular
complement deposition and proteinuria in another mouse model
of MN induced by active immunization with a3NC1 (46). This
model features subepithelial ICs containing predominantly
mouse IgG1, which recapitulates human IgG4 regarding its
inability to bind C1q and activate the classical pathway (47).

In summary, our results show that predominantly IgG4 anti-
THSD7A autoAbs have the ability to activate complement via
the alternative pathway, albeit only at high IgG4 surface density.
Additional mechanisms yet to be defined may contribute to
pathogenic complement activation in THSD7A-associated MN.
It is also possible that the pathogenicity of anti-THSD7A
autoAbs may be independent of, or only partly mediated by
their ability to fix complement. Further studies are required to
determine the relative contribution of complement-independent
and complement-dependent mechanisms of podocyte injury in
THSD7A-associated MN.
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Correlation between serologic
parameters and disease activity
of IgG4-related disease:
Differences between patients
with normal and elevated serum
IgG4 concentrations

Oh Chan Kwon1, Min-Chan Park1* and Yong-Gil Kim2,3*

1Division of Rheumatology, Department of Internal Medicine, Yonsei University College of Medicine,
Seoul, South Korea, 2Division of Rheumatology, Department of Internal Medicine, University of Ulsan,
College of Medicine, Asan Medical Center, Seoul, South Korea, 3Convergence Medicine Research
Center, Asan Institution for Life Science, Asan Medical Center, Seoul, South Korea
Objective: We aimed to identify serologic parameters that correlate with the

disease activity of IgG4-related disease (IgG4-RD) in patients with normal and

elevated serum IgG4 concentrations, respectively.

Methods: This retrospective cohort study included 148 patients with IgG4-RD.

Patients were categorized into normal (≤201mg/dL) and elevated (>201mg/dL)

serum IgG4 concentration groups. Disease activity was assessed using the

IgG4-RD responder index (RI). The correlations between IgG4-RD RI and

serologic parameters (erythrocyte sedimentation rate [ESR], C-reactive

protein, C3, C4, IgG4 concentration, IgG concentration, and IgG4/IgG ratio)

were evaluated in each group, using Spearman’s correlation coefficient.

Results: Of the 148 patients with IgG4-RD, 38 (25.7%) and 110 (74.3%) patients

were categorized into the normal and elevated serum IgG4 concentration

groups, respectively. In the normal serum IgG4 concentration group, IgG

concentration was the only serologic parameter that showed a significant

correlation with IgG4-RD RI (rho=0.411, p=0.013). However, in the elevated

serum IgG4 concentration group, ESR (rho=0.196, p=0.041), C3 (rho=-0.432,

p<0.001), C4 (rho=-0.363, p=0.001), IgG4 concentration (rho=0.423,

p<0.001), IgG concentration (rho=0.224, p=0.020), and IgG4/IgG ratio

(rho=0.328, p=0.001) correlated with IgG4-RD RI. The combination of C3

and IgG4 concentration (rho=0.509, p<0.001) had the strongest correlation

with IgG4-RD RI in this group.

Conclusion: Among the serologic parameters tested, IgG concentration

was the only parameter that correlated with IgG4-RD RI in patients with

normal serum IgG4 concentrations, whereas multiple parameters correlated

with IgG4-RD RI in those with elevated serum IgG4 concentrations.
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The combination of C3 and IgG4 concentration had the strongest correlation

coefficient in the latter group.
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Introduction

Immunoglobulin G4-related disease (IgG4-RD) is an

immun e -m e d i a t e d c o n d i t i o n c h a r a c t e r i z e d b y

fibroinflammatory lesions that can affect virtually any organ

(1–3). Although elevation of serum IgG4 concentrations was

once considered a prerequisite for the diagnosis of IgG4-RD, it is

now known that elevated serum IgG4 concentration is neither

sufficiently sensitive nor specific for the diagnosis of IgG4-RD (2,

4). A substantial proportion of patients with IgG4-RD have

normal serum IgG4 concentrations (4–6); in a cohort consisting

of 125 patients with IgG4-RD, 48.5% of patients had normal

serum IgG4 concentrations, even among patients with clinically

active disease (6).

IgG4-RD responder index (RI) is a validated disease activity

assessment tool widely used for IgG4-RD (7). The scoring

system consists of 26 domains (24 standard organs,

constitutional symptoms, and other organs) that are scored

separately and then summed to calculate the IgG4-RD RI (7).

Although reliable and valid as a disease activity assessment tool

(7), it is difficult to accurately score the IgG4-RD RI if laboratory

tests and imaging studies to assess organ involvement status are

not fully completed. Full laboratory and imaging assessments at

every visit are not feasible in routine clinical practice. Hence,

identifying a simple serologic biomarker that is readily available

in routine clinical practice and correlates well with the disease

activity of IgG4-RD could be helpful. Serum IgG4 concentration

has been traditionally suggested as a biomarker for the disease

activity of IgG4-RD (8). However, data on the use of serum IgG4

concentration as a biomarker for disease activity of IgG4-RD has

shown mixed results (9–11). Therefore, the validity of serum

IgG4 concentration as a biomarker of disease activity, when

universally applied to patients with IgG4-RD as a whole, is

controversial. It is particularly uncertain whether serum IgG4

concentration could be used as a biomarker for disease activity of

IgG4-RD in a subset of patients with normal serum IgG4

concentrations. Data on whether serum IgG4 concentration

correlates stronger or weaker with disease activity of IgG4-RD

in particular subsets of patients are lacking; to better assess this,

it is necessary to analyze patients with normal serum IgG4

concentrations and those with elevated serum IgG4

concentrations separately.
02
38
In this study, using a cohort of patients with IgG4-RD, we

categorized patients into those with normal serum IgG4

concentrations and those with elevated serum IgG4

concentrations and assessed the correlation between serum

IgG4 concentration and disease activity in each group. We

also tested other easily accessible serologic parameters,

including erythrocyte sedimentation rate (ESR), C-reactive

protein (CRP), complement 3 (C3), complement 4 (C4), IgG

concentration, and IgG4/IgG ratio, as potential biomarkers for

disease activity in each group.
Methods

Study population

Patients who were newly diagnosed with IgG4-RD between

2011 and 2021 at two referral hospitals were retrospectively

included for analysis. All included patients fulfilled the 2019

American College of Rheumatology (ACR)/European League

Against Rheumatism (EULAR) classification criteria for IgG4-

RD (12). Data on the following variables at the time of IgG4-RD

diagnosis were reviewed: age, sex, involved organs, ESR, CRP,

C3, C4, serum IgG4 concentration, serum IgG concentration,

and serum IgG4/IgG ratio. Serum IgG4 concentrations were

measured by nephelometry using Siemens assay (Siemens

Heal thcare Diagnost ics , Malburg , Germany) . The

manufacturer’s reference range of serum IgG4 concentration

was 3–201 mg/dL. Patients were categorized into the normal

serum IgG4 concentration (≤ 201 mg/dL) and elevated serum

IgG4 concentration (> 201 mg/dL) groups according to their

serum IgG4 concentrations. This study was approved by the

Institutional Review Board (IRB) of Gangnam Severance

Hospital (IRB No: 3-2022-0247). Owing to the retrospective

design of the study, the requirement for informed consent

was waived.
Disease activity

We used the IgG4-RD responder index (RI) as the gold

standard of disease activity assessment (7). All patients had
frontiersin.org
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undergone laboratory and imaging studies for the diagnostic

workup of IgG4-RD, and the scoring of each domain of IgG4-

RD RI was assessed comprehensively based on the clinical,

laboratory, and imaging findings at the time of diagnosis.

Although the serum IgG4 concentration was included in the

earlier version of IgG4-RD RI (13), this domain was removed in

the latest version (7). As we used the latest version of IgG4-RD

RI, serum IgG4 concentration was not included in the scoring of

IgG4-RD RI.
Statistical analysis

Continuous variables following normal or non-normal

distribution are expressed as mean (± standard deviation [SD])

or median (interquartile range [IQR]), respectively, and

categorical variables are expressed as numbers with

percentages. For comparison between the two groups (normal

serum IgG4 concentration vs. elevated serum IgG4

concentration), we used the independent two-sample t-test or

Mann–Whitney U test for continuous variables following

normal or non-normal distribution, respectively. For

comparison of categorical variables, the c2 test or Fisher’s

exact test was used. Correlations between IgG4-RD RI and

serologic parameters (ESR, CRP, C3, C4, IgG4 concentration,

IgG concentration, and IgG4/IgG ratio) were evaluated using the

Spearman’s correlation coefficient. Correlations were assessed in

the normal serum IgG4 concentration and elevated serum IgG4

concentration groups. Multivariable linear regression analysis

with backward elimination was conducted to select a

combination of serologic parameters that could potentially

have a stronger correlation with IgG4-RD RI. All variables that

significantly correlated with IgG4-RD RI in the correlation

analysis were included in the multivariable model, except for

the serum IgG4/IgG ratio, which was excluded due to

multicollinearity with serum IgG4 concentration and serum

IgG concentration. The variables selected in the multivariable

analysis were combined by multiplying each variable by its

respective b coefficient, and then summing them. A p-value

of < 0.05 was considered statistically significant. All analyses

were conducted using SPSS software (version 25.0; IBM Corp.,

Armonk, NY, USA). Figures were generated using GraphPad

Prism (version 7.0; GraphPad Software Inc., San Diego,

CA, USA).
Results

Baseline characteristics of the patients

A total of 148 patients with IgG4-RD who fulfilled the 2019

ACR/EULAR classification criteria for IgG4-RD were included

for analysis. The median value of the total points of the 2019
Frontiers in Immunology 03
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ACR/EULAR classification criteria for IgG4-RD was 26.0 (23.0–

34.0). The baseline characteristics of the patients are shown in

Table 1. The mean age of the patients was 57.3 ( ± 11.5) years,

and 68.2% were male. The organ most commonly involved was

the lymph nodes (36.5%), followed by orbits and lacrimal glands

(31.8%), sa l ivary glands (29.1%), kidney (16.2%),

retroperitoneum (15.5%), pancreas (13.5%), and lung (13.5%).

According to the number of organs involved, 48.0%, 23.0%, and

29.1% of the patients had one, two, and three or more organs

involved, respectively. The median (or mean) values of the

serologic parameters were as follows: ESR, 34.0 (15.0–61.0)

mm/h; CRP, 2.4 (0.5–10.4) mg/L; C3, 102.3 ( ± 31.9) mg/dL;

C4, 23.5 ( ± 11.0) mg/dL; IgG4 concentration, 439.0 (179.3–
TABLE 1 Characteristics of the 148 patients diagnosed with IgG4-
related disease.

N = 148

Age, years, mean ( ± SD) 57.3 ( ± 11.5)

Male sex, n (%) 101 (68.2)

Organ involvement, n (%)

Lymph nodes 54 (36.5)

Orbits and lacrimal glands 47 (31.8)

Salivary glands 43 (29.1)

Kidney 24 (16.2)

Retroperitoneal fibrosis 23 (15.5)

Pancreas 20 (13.5)

Lung 20 (13.5)

Aorta 12 (8.1)

Bile duct 8 (5.4)

Prostate 6 (4.1)

Sinusitis 6 (4.1)

Pituitary gland 4 (2.7)

Others* 25 (16.9)

Number of organs involved, n (%)

1 organ involved 71 (48.0)

2 organs involved 34 (23.0)

≥3 organs involved 43 (29.1)

ESR, mm/h, median (IQR) 34.0 (15.0–61.0)

CRP, mg/L, median (IQR) 2.4 (0.5–10.4)

C3, mg/dL, mean ( ± SD) 102.3 ( ± 31.9)

C4, mg/dL, mean ( ± SD) 23.5 ( ± 11.0)

IgG4 concentration, mg/dL, median (IQR) 439.0 (179.3–1157.5)

Normal serum IgG4 concentration, n (%) 38 (25.7)

Elevated serum IgG4 concentration, n (%) 110 (74.3)

IgG concentration, mg/dL, median (IQR) 1535.9 (1251.8–1975.0)

IgG4/IgG ratio, median (IQR) 0.28 (0.13–0.61)

IgG4-RD RI, median (IQR) 5.0 (4.0–8.0)
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; IgG4-RD, IgG4-related
disease; RI, responder index.
*Detailed numbers of patients with other organ involvement are as follows: pleura (n = 4),
heart (n = 3), mesentery (n = 3), paraspinal mass (n = 3), pericardium (n = 3), testicle (n =
3), gallbladder (n = 2), pharynx (n = 2), adnexa (n = 1), bladder (n = 1), colon (n = 1), liver
(n = 1), nasal cavity (n = 1), peritoneum (n = 1), skin (n = 1), and stomach (n = 1).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1020459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kwon et al. 10.3389/fimmu.2022.1020459
1157.5) mg/dL; IgG concentration, 1535.9 (1251.8–1975.0) mg/

dL; and IgG4/IgG ratio, 0.28 (0.13–0.61). According to the

serum IgG4 concentrations, 38 (25.7%) and 110 (74.3%)

patients were categorized into the normal and elevated serum

IgG4 concentration groups, respectively. The median value of

IgG4-RD RI was 5.0 (4.0–8.0).

Comparison between patients with
normal and elevated serum IgG4
concentrations

Compared with patients with normal serum IgG4

concentrations, those with elevated serum IgG4 concentrations

were older (52.5 [ ± 13.4] years vs. 58.9 [ ± 10.3] years, p =
Frontiers in Immunology 04
40
0.009), more commonly had salivary gland (7.9% vs. 36.4%, p =

0.001), pancreas (2.6% vs.17.3%, p = 0.023) and multiple organ

involvement (p = 0.019), and had lower CRP levels (10.8 [0.9–

27.7] mg/L vs. 1.6 [0.5–5.7] mg/L, p = 0.002) (Table 2). As per

the definition of each group, serum IgG4 concentrations were

significantly higher in the elevated serum IgG4 concentration

group (122.5 [73.1–150.8] mg/dL vs. 668.0 [351.0–1362.5] mg/

dL, p < 0.001). The serum IgG concentration (1243.0 [1106.3–

1541.5] mg/dL vs. 1667.0 [1367.0–2033.4] mg/dL, p < 0.001) and

serum IgG4/IgG ratio (0.09 [0.04–0.12] vs. 0.45 [0.23–0.72], p <

0.001) were also higher in the elevated serum IgG4

concentration group. With regard to disease activity, IgG4-RD

RI was higher in the elevated serum IgG4 concentration group

(4.0 [4.0–6.0] vs. 6.0 [4.0–8.0], p = 0.012).
TABLE 2 Comparison between patients with normal and elevated serum IgG4 concentration.

Normal serum IgG4 concentration
(N = 38)

Elevated serum IgG4 concentration
(N = 110)

P-value

Age, years, mean ( ± SD) 52.5 ( ± 13.4) 58.9 ( ± 10.3) 0.009

Male sex, n (%) 22 (57.9) 79 (71.8) 0.112

Organ involvement, n (%)

Lymph nodes 10 (26.3) 44 (40.0) 0.131

Orbits and lacrimal glands 8 (21.1) 39 (35.5) 0.100

Salivary glands 3 (7.9) 40 (36.4) 0.001

Kidney 5 (13.2) 19 (17.3) 0.553

Retroperitoneal fibrosis 7 (18.4) 16 (14.5) 0.570

Pancreas 1 (2.6) 19 (17.3) 0.023

Lung 5 (13.2) 15 (13.6) 0.941

Aorta 3 (7.9) 9 (8.2) > 0.999

Bile duct 0 (0.0) 8 (7.3) 0.114

Prostate 2 (5.3) 4 (3.6) 0.647

Sinusitis 0 (0.0) 6 (5.5) 0.339

Pituitary gland 2 (5.3) 2 (1.8) 0.272

Others* 10 (26.3) 15 (13.6) 0.072

Number of organs involved

1 organ involved, n (%) 25 (65.8) 46 (41.8) 0.019

2 organs involved, n (%) 8 (21.1) 26 (23.6)

≥3 organs involved, n (%) 5 (13.2) 38 (34.5)

ESR, mm/h, median (IQR) 37.5 (13.8–77.0) 32.0 (15.5–57.0) 0.868

CRP, mg/L, median (IQR) 10.8 (0.9–27.7) 1.6 (0.5–5.7) 0.002

C3, mg/dL, mean ( ± SD) 112.6 ( ± 23.5) 99.0 ( ± 33.7) 0.059

C4, mg/dL, mean ( ± SD) 27.2 ( ± 8.1) 22.4 ( ± 11.6) 0.053

IgG4 concentration, mg/dL, median (IQR) 122.5 (73.1–150.8) 668.0 (351.0–1362.5) < 0.001

IgG concentration, mg/dL, median (IQR) 1243.0 (1106.3–1541.5) 1667.0 (1367.0–2033.4) < 0.001

IgG4/IgG ratio, median (IQR) 0.09 (0.04–0.12) 0.45 (0.23–0.72) < 0.001

IgG4-RD RI, median (IQR) 4.0 (4.0–6.0) 6.0 (4.0–8.0) 0.012
front
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; IgG4-RD, IgG4-related disease; RI, responder index.
*Detailed comparisons of other organ involvement are as follows: pleura (2.6% vs. 2.7%, p > 0.999), heart (2.6% vs. 1.8%, p > 0.999), mesentery (2.6% vs. 1.8%, p > 0.999), paraspinal mass
(0.0% vs. 2.7%, p = 0.570), pericardium (2.6% vs. 1.8%, p > 0.999), testicle (5.3% vs. 0.9%, p = 0.162), gallbladder (0.0% vs. 1.8%, p > 0.999), pharynx (5.3% vs. 0.0%, p = 0.065), adnexa (2.6%
vs. 0.0%, p = 0.257), bladder (2.6% vs. 0.0%, p = 0.257), colon (0.0% vs. 0.9%, p > 0.999), liver (0.0% vs. 0.9%, p > 0.999), nasal cavity (2.6% vs. 0.0%, p = 0.257), peritoneum (2.6% vs. 0.0%,
p = 0.257), skin (0.0% vs. 0.9%, p > 0.999), and stomach (0.0% vs. 0.9%, p > 0.999).
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Correlation between IgG4-RD RI and
serologic parameters

In the normal serum IgG4 concentration group, serum IgG4

concentration did not significantly correlate with IgG4-RD RI

(rho = 0.162, p = 0.332) (Figure 1). However, serum IgG

concentration significantly correlated with IgG4-RD RI (rho =

0.411, p = 0.013). When the correlations were tested in the

patients with elevated serum IgG4 concentrations, serum IgG4

concentration significantly correlated with IgG4-RD RI (rho =

0.423, p < 0.001). Other serologic parameters including ESR

(rho = 0.196, p = 0.041), C3 (rho = -0.432, p < 0.001), C4 (rho =

-0.363, p = 0.001), IgG concentration (rho = 0.224, p = 0.020), and

IgG4/IgG ratio (rho = 0.328, p = 0.001) also had a significant

correlation with IgG4-RD RI (Figure 2). The combination of C3

and serum IgG4 concentration (-0.034*C3 [mg/dL] + 0.001*IgG4

concentration [mg/dL]) was selected as a composite parameter in

the multivariable linear regression analysis, which had the strongest

correlation with IgG4-RD RI (rho = 0.509, p < 0.001) (Figure 2H).
Discussion

In this study, we found that serologic parameters that

correlate with the disease activity of IgG4-RD differ between

patients with normal and elevated serum IgG4 concentrations.

IgG concentration was the only serologic parameter that

correlated with IgG4-RD RI in patients with normal serum

IgG4 concentrations. On the other hand, several serologic

parameters, including ESR, C3, C4, IgG4 concentration, IgG

concentration, and IgG4/IgG ratio, correlated with IgG4-RD RI

in patients with elevated serum IgG4 concentrations. This

finding is meaningful because it provides better insights into

how serologic parameters could be interpreted in regard to

disease activity in patients with IgG4-RD who have normal

and elevated serum IgG4 concentrations, respectively.

In our study population, 25.7% of the patients had normal

serum IgG4 concentrations. Similarly, in previous studies, normal

serum IgG4 concentrations have been reported in 9.7–48.5% of

patients with IgG4-RD (4–6). Thus, it is important to be aware

that a substantial fraction of patients with IgG4-RD have normal

serum IgG4 concentrations. There were some significant

differences in characteristics between patients with normal and

elevated serum IgG4 concentrations. Patients with elevated serum

IgG4 concentrations were older and had a greater prevalence of

multiple organ involvement than those with normal serum IgG4

concentrations. The salivary glands and pancreas were more

commonly involved in patients with elevated serum IgG4

concentrations than in those with normal serum IgG4

concentrations. This is consistent with a previous cohort study,

in which most of the patients (76%) were non-Hispanic whites:

patients with elevated serum IgG4 concentrations were older, the

proportion of patients with multiple organ involvement was
Frontiers in Immunology 05
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higher, and the pancreas was more commonly involved than in

those with normal serum IgG4 concentrations (6). Our study adds

to the previous knowledge that these characteristic differences

between patients with normal and elevated serum IgG4

concentrations also apply to the Asian population.

Another significant difference between patients with normal

and elevated serum IgG4 concentrations was the lower CRP level in

patients with elevated serum IgG4 concentrations. A recent study

has shown that patients with higher number of superficial organ

involvement (i.e., orbits, lacrimal glands, salivary glands, sinus and

skin) have significantly lower CRP levels than those with internal

organ-dominant (i.e., all other organs except the lymph nodes)

involvement (14). In our study, compared with patients with

normal serum IgG4 concentrations, those with elevated serum

IgG4 concentrations had higher number of superficial organ

involvement (0 [0–1] vs. 1 [0–1], p = 0.001) (data not shown in

the Results). The difference in organ involvement pattern between

the two groups could be a possible explanation for the lower CRP

level in patients with elevated serum IgG4 concentrations.

Our data revealed that serologic parameters that correlate with

the disease activity of IgG4-RD differ between patients with

normal and elevated serum IgG4 concentrations. In patients

with normal serum IgG4 concentrations, IgG concentration

(rho = 0.411, p = 0.013), but not IgG4 concentration (rho =

0.162, p = 0.332), significantly correlated with IgG4-RD RI. In

contrast, in patients with elevated serum IgG4 concentrations,

multiple serologic parameters including IgG4 concentration (rho

= 0.423, p < 0.001) correlated with IgG4-RDRI. The precise role of

IgG4 on the disease pathogenesis of IgG4-RD remains unclear; an

adoptive transfer model has shown that injection of patient IgG4

in neonatal BALB/c mice results in pancreatic and salivary gland

injuries, suggesting a pathogenic role of IgG4 (15); while an anti-

inflammatory role of IgG4 has also been suggested (16). Further

studies are needed to determine whether the serum IgG4 plays a

different role in patients with normal and elevated serum IgG4

concentrations. Regardless, our study shows that serum IgG4

concentration correlates with disease activity only in patients

with elevated serum IgG4 concentrations.

Similar to the correlations observed in patients with elevated

serum IgG4 concentrations in our study, a previous study

consisting of 72 patients with IgG4-RD (68 [94.4%] patients with

elevated serum IgG4 concentrations) showed that serum IgG4

concentration, serum IgG concentration, C3, and C4 correlate with

IgG4-RD RI (17). We further advanced this finding by

investigating whether the combination of the serologic

parameters could yield a stronger correlation with disease

activity and found that a combination of C3 and IgG4

concentration (rho = 0.509) had a stronger correlation with

IgG4-RD RI than C3 alone (rho = -0.432) or IgG4 concentration

alone (rho = 0.423). A previous study on 8 patients with IgG4-RD

suggested that serum IgG4 could be associated with complement

activation (18). Subsequent study on 12 patients with IgG4-RD

from the same group reported that serum IgG4, particularly that
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with flucosylation change, may be associated with complement

activation (19). In contrast, more recent studies with larger number

of patients (n = 85 (20); and n = 328 (21)) suggested that

hypocomplementemia in IgG4-RD is associated with IgG
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subclasses other than IgG4. Indeed, immune complexes that

contain IgG4 bind complement weakly; hypocomplementemia in

IgG4-RD results from immune complexes containing IgG1 or

IgG3 rather than IgG4 (2, 22, 23). Themechanistically independent
B

C D

E F

G

A

FIGURE 1

Spearman’s correlation coefficient between serologic parameters and IgG4-RD RI in the normal serum IgG4 concentration group. (A) ESR, (B)
CRP, (C) C3, (D) C4, (E) IgG4 concentration, (F) IgG concentration, and (G) IgG4/IgG ratio. IgG4-RD, IgG4-related disease; RI, responder index;
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein.
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FIGURE 2

Spearman’s correlation coefficient between serologic parameters and IgG4-RD RI in the elevated serum IgG4 concentration group. (A) ESR, (B)
CRP, (C) C3, (D) C4, (E) IgG4 concentration, (F) IgG concentration, (G) IgG4/IgG ratio, and (H) combination of C3 and IgG4 concentration
(-0.034*C3 [mg/dL] + 0.001*IgG4 concentration [mg/dL]). IgG4-RD, IgG4-related disease; RI, responder index; ESR, erythrocyte sedimentation
rate; CRP, C-reactive protein.
Frontiers in Immunology frontiersin.org07
43

https://doi.org/10.3389/fimmu.2022.1020459
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kwon et al. 10.3389/fimmu.2022.1020459
action of C3 and serum IgG4 could explain why the combination

of these two parameters showed a stronger correlation with

disease activity.

We used a cut-off of 201 mg/dL to categorize patients into

normal serum IgG4 concentration and elevated serum IgG4

concentration groups. Diagnostic criteria for IgG4-RD,

established a decade ago, used a value of 135 mg/dL for the cut-

off of elevated serum IgG4 concentration (24). One might argue

that this cut-off value should be used for categorizing patients with

normal and elevated serum IgG4 concentrations; however, this

cut-off value was calculated in a study in which serum IgG4

concentrations were measured using a Binding Site assay (Binding

Site, Birmingham, UK) (9). More recent studies have shown that

the reference range of serum IgG4 concentration varies according

to the measurement method; serum IgG4 concentrations are

significantly higher when measured with the Siemens assay than

with the Binding Site assay (25, 26). In line with these

observations, the 2019 ACR/EULAR classification criteria for

IgG4-RD did not state 135 mg/dL as the cut-off for the upper

normal limit of serum IgG4 concentration but adopted the

reference range of each assay as the cut-off for classification

(12). As serum IgG4 concentrations were measured using

Siemens assay in our study, we used the concentration of 201

mg/dL as the cut-off for the upper normal limit (25).

Our study had some limitations. First, the possibility of

prozone phenomenon in the patients with normal serum IgG4

concentrations cannot be excluded (27). As this was a

retrospective study using data obtained at the time of

diagnosis of IgG4-RD, we are uncertain whether diluting

method was appropriately performed to avoid the prozone

phenomenon. Studies have shown that elevated serum IgG4

concentrations decrease during glucocorticoid treatment in all

patients with IgG4-RD (28, 29). Therefore, if the normal serum

IgG4 concentrations were the result of prozone phenomenon,

the concentrations during the glucocorticoid treatment would

increase initially and decrease subsequently. However, in the

patients with normal serum IgG4 concentrations in our study,

the increase in serum IgG4 concentrations during the early

phase of glucocorticoid treatment was not observed in any of

the patients (data not shown in the Results). This observation

can be a clue to infer that the normal serum IgG4 concentrations

were not likely the result of prozone phenomenon. Second, only

the traditional serologic biomarkers were available, and we

lacked several types of data, such as interleukin-6, soluble

interleukin-2 receptor and CC-chemokine ligand 18, which

have been more recently suggested as putative biomarkers of

disease activity (8, 17, 30–32). However, considering that the

recently suggested putative biomarkers are not as easily available

as the traditional serologic biomarkers in routine clinical

practice, our data are still clinically relevant for routine clinical

practice. Third, although we found that serum IgG

concentration, but not serum IgG4 concentration, correlated

with disease activity in patients with normal serum IgG4
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concentrations, an explanation for this correlation could not

be drawn from our data. Further studies evaluating the

mechanisms underlying this correlation would be helpful.

In conclusion, we demonstrated that serologic parameters

correlate differently with disease activity depending on serum

IgG4 concentrations. IgG concentration was the only serologic

parameter that correlated with IgG4-RD RI in patients with

normal serum IgG4 concentrations, while multiple serologic

variables including ESR, C3, C4, IgG4 concentration, IgG

concentration, and IgG4/IgG ratio correlated with IgG4-RD RI

in patients with elevated serum IgG4 concentrations. In the latter

group, a combination of C3 and IgG4 concentration as a

composite parameter showed the strongest correlation with

IgG4-RD RI. These findings could be useful for a more accurate

serologic assessment of disease activity in patients with normal

and elevated serum IgG4 concentrations, respectively.
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Introduction: Autoimmune nodopathies (AN) have been diagnosed in a subset of

patients fulfi l l ing criteria for chronic inflammatory demyelinating

polyradiculoneuropathy (CIDP) who display no or poor response to

intravenous immunoglobulins. Biomarkers of AN are autoantibodies, mainly

IgG4, directed against the ternary paranodal complex composed by

neurofascin-155, contactin-1 (CNTN1), and Contactin-associated-protein-1

(CASPR1) or against the nodal isoforms of neurofascin. IgG4 can undergo a

Fab-arm exchange (FAE) which results in functionally monovalent antibody. This

phenomenon differentially affects the pathogenicity of IgG4 depending on the

target of autoantibodies. Here, we have evaluated this issue by examining the

impact of valency on anti-CNTN1 IgG4 which induces paranodal destruction

through a function blocking activity.

Methods: Sera were obtained from 20 patients with AN associated with anti-

CNTN1 antibodies. The proportion of monospecific/bispecific anti-CNTN1

antibodies was estimated in each patient by ELISA by examining the ability of

serum antibodies to cross-link untagged CNTN1 with biotinylated CNTN1. To

determine the impact of monovalency, anti-CNTN1 IgG4 were enzymatically

digested into monovalent Fab and tested in vitro on cell aggregation assay. Also,

intraneural injections were performed to determine whether monovalent Fab

and native IgG4 may penetrate paranode, and antibody infiltration was

monitored 1- and 3-days post injection.

Results and discussion: We found that the percentage of monospecific

antibodies were lower than 5% in 14 out of 20 patients (70%), suggesting that

IgG4 have undergone extensive FAE in situ. The levels of monospecific

antibodies correlated with the titers of anti-CNTN1 antibodies. However, no

correlation was found with clinical severity, and patients with low or high

percentage of monospecific antibodies similarly showed a severe phenotype.

Native anti-CNTN1 IgG4 were shown to inhibit the interaction between cells

expressing CNTN1/CASPR1 and cells expressing neurofascin-155 using an in vitro

aggregation assay. Similarly, monovalent Fab significantly inhibited the

interaction between CNTN1/CASPR1 and neurofascin-155. Intraneural
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injections of Fab and native anti-CNTN1 IgG4 indicated that both mono- and

bivalent anti-CNTN1 IgG4 potently penetrated the paranodal regions and

completely invaded this region by day 3. Altogether, these data indicate anti-

CNTN1 IgG4 are mostly bispecific in patients, and that functionally monovalent

anti-CNTN1 antibodies have the pathogenic potency to alter paranode.
KEYWORDS

immunoglobulin, demyelination, GBS, auto-immune, myelin, Schwann, axon
Introduction

A subset of patients with autoimmune neuropathies displays

acute or subacute onset, no overt macrophage-mediated

demyelination on nerve biopsy, poor response to intravenous

immunoglobulins, improvement after Rituximab, and specific

autoantibodies directed against the paranodal proteins. Due to

these characteristic features, these patients are currently classified

under the autoimmune nodopathy diagnostic category (AN) (1).

Autoantibodies associated with AN are mainly IgG4 and are

directed against the ternary paranodal protein complex

composed by neurofascin-155 (Nfasc155), contactin-1

(CNTN1), and Contactin-associated-protein-1 (CASPR1) or

against the nodal isoforms of neurofascin (2). Nfasc155 is

localized on Schwann cell surface and binds to CNTN1 and

CASPR1 that are both localized on the surface of axon in

septate-like junction at paranodes. This axoglial junction is

important for the clustering/stabilization of voltage-gated

sodium channels at the nodes of Ranvier and for myelin

insulation (3–7). IgG4 are described as anti-inflammatory

isotypes because they are unable to elicit both antibody-

dependent cell-mediated cytotoxicity and complement-

dependent cell-mediated cytotoxicity (8). However, passive

transfer of purified IgG4 from patients with AN reproduces the

disease in animals. While anti-Nfasc155 IgG4 promotes a cross-

linking of transmembrane Nfasc155 leading to Nfasc155 depletion

from the surface cell, anti-CNTN1 IgG4 induces a functional

blockade of CNTN1/CASPR1-Nfasc155 interaction (9, 10). The

first mechanism interferes on paranode formation and

maintenance while the second elicits paranodal destruction.

IgG4 is also unique because it exhibits labile disulfide

connections between its heavy chains (11). Thus, IgG4 is able to

undergo a dynamic swapping leading to half-molecule exchange,

also termed Fab arm exchange (FAE) (12). FAE results in

bispecific IgG4 that are monovalent to their target. This

phenomenon appears to differentially affect the pathogenicity of

IgG4 autoantibodies. Indeed, while FAE potentiates the

pathogenicity of function blocking anti-Muscle-specific kinase

(MuSK) IgG4, we recently demonstrated that FAE reduces the

impact of anti-Nfasc155 antibodies which act via an antigen-

crosslinking mechanism (13–15). Here, we examined whether the

valency of anti-CNTN1 IgG4 has a beneficial or detrimental effect.
0247
Material and methods

Patients

Sera were obtained from twenty patients with AN associated

with anti-CNTN1 IgG4 antibodies, forty-three seronegative CIDP

patients seen at CHUMontpellier, and twenty-three healthy donors

(Etablissement Français du Sang, Montpellier, France). One sample

was obtained from a patient included in the ADHERE trial and was

collected prior to treatment. In patients presenting with AN, age,

sex, time between sample and disease onset, disability (using the

modified Rankin scale [mRS] and the Overall Neuropathy

Limitation Scale [ONLS]), nerve conductions studies (according

to the electrodiagnostic criteria of European Academy of

Neurology/Peripheral Nerve Society guideline) (1), and the

presence of nephrotic syndrome were assessed. Titers of anti-

CNTN1 and isotype were determined in each patient by ELISA.

Titers were defined as the greatest serum dilution resulting in a

positive ELISA test. Written informed consent were obtained from

all patients.
Antibody purification and cleavage

IgG1, IgG3 and IgG4 fractions were purified with

CaptureSelect™ affinity matrix (191303005, 191304005,

2942902005, ThermoFisher scientific, Waltham, MA) on an AKTA

Go (Cytiva, Marlborough, MA). Antibodies were desalted to artificial

cerebrospinal fluid using HiTrap Desalting column (GE17-1408-01,

Cytiva), concentrated at 10 mg/ml, filter sterilized and stored at -20°C

until use. Fab fragments were generated using Pierce’s Fab

preparation kit (44985, Thermofisher) according to manufacturer’s

protocols. Fab fragments were dialyzed to artificial cerebrospinal

fluid, concentrated at 10 mg/ml, and filter sterilized. Digestion

was monitored by migration on 4-20% SDS-PAGE gels

(Supplementary Figure 1).
Monospecificity ELISA assay

Recombinant human His-tagged CNTN1 (Met1-Ala993) was

produced in HEK293T cells and purified with HisTrap HP column
frontiersin.org
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(GE17-5247-01, Cytiva), then was biotinylated as previously

described (14). MaxiSorp microtiter plates were coated overnight

with 25 ng of untagged human CNTN1 at 4°C. Wells were blocked

with 0.5% casein sodium 0.05% Tween 20 in PBS for 1 hour at 37°C,

then incubated overnight at 4°C with patients’ sera diluted 1:10 or

with increasing concentration of purified IgG3 anti CNTN1

(ranging from 50 ng to 20 µg). The day after, wells were

incubated with 25 ng of biotinylated-CNTN1 for 1 hour at 37°C,

and the reactivity was revealed using peroxidase-conjugated

streptavidin (1:2000; 18-152, Merck-Millipore, Burlington, MA)

and SIGMAFAST OPD (P9187, Merck-Millipore). The

percentage of monospecific antibodies was interpolated from the

calibration curve obtained with anti-CNTN1 IgG3 as detailed in

Supplementary Method and Supplementary Figure 2. The

percentage of monospecific anti-Nfasc155 antibodies was

measured in a similar manner against 50 ng of untagged human

Nfasc155 as described in Supplementary Method.
Cell aggregation assay

HEK cells were plated in 6-well plates at a density of 500,000

cells/wells and transiently transfected using JetPEI (POL101-10N,

Polyplus-transfection, Illkirch-Graffenstaden, France) with

mcherry-conjugated (red) rat Nfasc155 or with both rat CNTN1

and GFP-conjugated (green) rat CASPR1, or with only peGFP-N1.

The day after, cells were trypsinized using 0.25% trypsin in PBS and

suspended in 1 mL of serum free Opti-MEM medium (11564506,

ThermoFisher Scientific). Cells were then mixed together in a 1:1

ratio (400,000 cells/ml) in presence of 10 µg of purified antibodies

(including either control IgG4 from healthy donors, native anti-

CNTN1 IgG4, or monovalent Fab-reactive to CNTN1 from patients

AN1 and AN2) and agitated at 100 rpm for 2 hours at 37°C. Fifty

microliters of cell suspension were then mounted between slides

and coverslips, and immediately observed using an ApoTome

fluorescence microscope at the 10X objective. Aggregates were

defined as clusters of cells of at least 4 cells. Aggregates showing

interactions between green and red cells were considered as cell

clusters with contacts. In addition, the percentage of green cells was

quantified in each cell clusters. Four experiments were performed

for each condition, and a minimum of 40 cell clusters were

quantified per experiments.
Intraneural injections and quantification of
antibody infiltration

Four adult Wistar rats (9 weeks old) were anesthetized with

Isovet and received a subcutaneous injection of buprenorphine for

pain relief. Since native IgG4 and Fab do not have the same

molecular mass (150 kDa vs 50 kDa), 1 ml of native anti-CNTN1

IgG4 at 10 mg/ml or 1 µl anti-CNTN1 Fab at 3 mg/ml from patient

AN1 were injected with a glass micropipette in the sciatic nerves at

the level of the sciatic notch.

One or three days after surgery, injected nerves were dissected

out, fixed in 2% paraformaldehyde in PBS for 1 hour at 4°C, then
Frontiers in Immunology 0348
rinsed in PBS. Axons were gently teased, dried on glass slides, and

stored at -20°C. Teased fibers were permeabilized by immersion in

-20°C acetone for 10 min, blocked at RT for 1 hour with PBS

containing 5% fish skin gelatin and 0.1% Triton X-100, then

incubated overnight at 4°C with a goat antibody against CNTN1

(1:2000; AF904, R&D Systems, Mineapolis, MN). The slides were

then washed several times and incubated with the following

conjugated secondary antibodies (Jackson ImmunoResearch, West

Grove, PA) diluted 1:500 in blocking solution: donkey anti-human

IgG Alexa 488 (709-545-149) and donkey anti-goat Alexa 594 (705-

585-147). Slides were mounted with Mowiol plus 2% DABCO, and

examined using an ApoTome fluorescence microscope (ApoTome,

AxioObserver and AxioCam MRm, Carl Zeiss MicroImaging

GmbH). Antibody infiltration was quantified using ImageJ

software (NIH). The length of IgG labeling (i.e. native anti-

CNTN1 IgG4, monovalent Fab-reactive to CNTN1, or control

IgG4) and the length of CNTN1 labeling were measured, then the

ratio IgG length/paranode length was calculated. Digital images

were manipulated into figures with CorelDraw and Corel Photo-

Paint (Corel Corporation, Ottawa, Canada).
Statistics

Statistical significance was assessed by unpaired and paired two-

tailed Student’s t tests, Kolmogorov-Smirnov tests, or by one-way

ANOVA followed by Bonferroni’s post-hoc tests using GraphPad

Prism (GraphPad Software, San Diego, CA). Linear regression and

Spearman correlation were performed using GraphPad Prism. P

values inferior to 0.05 were considered significant.
Standard protocol approvals, registrations,
and patient consents

The study was approved by the Ethics Committee of Montpellier

University Hospital (IRB-MTP-2020-01-20200339). All animal

experiments were in lines with the European community’s guiding

principles on the care and use of animals (2010/63/EU) and were

approved by the local ethical committee and by the “ministére de

l’éducation nationale de l’enseignement supérieur et de la recherche”

(APAFIS#3847-2016012610089856v5). Experiments were performed

without blinding.
Results

Characteristics of patients with AN related
to anti-CNTN1 IgG4

Twenty patients (19 males and 1 female) with AN associated

with anti-CNTN1 IgG4 antibodies were enrolled. The median age

of onset was 64 (IQR 55-75). Median values on disability scales were

4.5 (IQR 4-5) on mRS and 9.5 (IQR 8-12) on ONLS. According to

the electrodiagnostic criteria of the European Academy of

Neurology/Peripheral Nerve Society, motor nerve conduction
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studies showed demyelinating features in all patients (i.e. strongly

supportive of demyelination). Nephrotic syndrome was present in 9

patients. The median anti-CNTN1 titers was 6200 (IQR 2700-8400)

and isotypes were IgG4 in all patients; additionally, IgG3 was also

detected in five, IgG1 in three, and IgG2 in one patient (Table 1).
Anti-CNTN1 IgG4 have majorly undergone
FAE in situ

To determine whether anti-CNTN1 antibodies are

predominantly mono- or bispecific in situ, we have examined the

potency of anti-CNTN1 autoantibodies to cross-link untagged

CNTN1 with biotinylated CNTN1. For that purpose, sera from

20 CNTN1+ AN patients were tested by sandwich-ELISA, as well as

the sera from 23 healthy donors, 21 Nfasc155+ AN patients, and 43

seronegative CIDP patients (Figure 1). Those patients were tested

for antibodies against biotin, and none were positive

(Supplementary Figure 4). Anti-CNTN1 autoantibodies from AN
Frontiers in Immunology 0449
patients were found to significantly cross-link CNTN1 with

biotinylated CNTN1, albeit with variable degrees among the

cohort. By contrast, healthy donors Nfasc155+ AN, and

seronegative CIDP patients did not bind CNTN1. The

percentages of monospecific antibodies were then calculated by

interpolating the data to a standard curve obtained with increasing

concentration of purified anti-CNTN1 IgG3 (Supplementary

Material, Supplementary Figure 2). For comparison, the

percentages of monospecific anti-Nfasc155 antibodies were

calculated in a cohort of 21 Nfasc155+ AN patients. Sixteen out

of the 20 CNTN1+ AN patients presented with less than 10% of

monospecific anti-CNTN1 antibodies (Figure 1B). The mean

percentage of monospecific anti-CNTN1 antibodies was 5.2 +/-

7.8, and was strongly inferior to that of monospecific anti-Nfasc155

antibodies in the Nfasc155+ cohort (31.4 +/- 36.9). In a preliminary

study, the percentage of monospecific antibodies was also evaluated

in the purified IgG4 fraction from 4 CNTN1+ AN patients

(Supplementary Figure 3). In those patients, the percentage of

monospecific anti-CNTN1 antibodies calculated in the IgG4
TABLE 1 Antibody titers and clinical features of CNTN1-reactive patients.

Titers
1/x Isotype

Monospecific anti-CNTN1
(%) Gender Age

Clinical score

Nephropathy Response to treatmentmRS ONLS

AN1 52700 IgG4,3,1 24,9 M 71 5 12 + Plex +, Ritux +

AN2 20000 IgG4 5,1 M 59 NA 8 – IVIg -

AN3 500 IgG4 0,1 M 39 5 12 – IVIg -, Cx +

AN4 5000 IgG4 3,1 M 70 NA 8 + IVIg -, Cx partial

AN5 4200 IgG4 1,5 M 75 5 9 + IVIg -, Ritux +

AN6 6200 IgG4 3,2 M 58 4 4 + NA

AN7 7500 IgG4 0,3 M 60 4 9 – IVIg -, Cx -

AN8 1200 IgG4 0,6 M 79 5 12 – IVIg -, Cx -

AN9 6500 IgG4,3 8,6 M 80 5 12 + IVIg -, Cx -

AN10 2700 IgG4 1,9 F 40 2 3 – IVIg -, Cx +

AN11 1900 IgG4,3 0,1 M 54 5 12 – IVIg +, Cx -

AN12 2500 IgG4 0,7 M 66 5 10 + IVIg -, Cx -

AN13 7000 IgG4,3,2,1 21,5 M 74 4 10 – IVIg -, Cx -

AN14 8400 IgG4 0,3 M 37 NA 8 + IVIg -, Cx +

AN15 7000 IgG4 0,2 M 52 4 6 – Cx -

AN16 4400 IgG4 0,7 M 82 NA 10 – IVIg -, Cx -

AN17 32000 IgG4 18,9 M 75 4 NA – IVIg -

AN18 900 IgG4,1 0,7 M 61 4 NA – Cx +, Aza +

AN19 16000 IgG4,3 11,3 M 71 5 NA + Cx -, IVIg -, PLEX +

AN20 2900 IgG4 0,3 M 62 4 NA +
Cx-, IVIg –, Aza -, PLEX +

RTX +
Rituximab
Aza, azathioprine; Cx, corticosteroids; F, Female; IVIg, Intravenous Immunoglobulin; M, Male; mRS, modified Rankin Score; NA, not available; ONLS, Overall Neuropathy Limitation Score;
Plex, Plasma Exchange; Ritux, Rituximab.
In the nephropathy column, +/- indicate the presence or absence of nephrophathy, respectively. In the response to treatment column, +/- indicate the responsiveness or lack of response to
treatment, respectively.
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fraction were lower than those detected in serum. This further

indicated that the majority of anti-CNTN1 IgG4 have undergone

FAE in situ, and are less likely to cross-link their targets compared

to anti-Nfasc155 IgG4.

We then investigated whether the levels of monospecific

antibodies influenced clinical severity. The levels of monospecific

anti-CNTN1 antibodies strongly correlated with antibody titers in

AN patients (Figure 1C; p < 0.001). However, no correlation was

found between the amount of monospecific anti-CNTN1 antibodies

and clinical severity (Figure 1D; p = 0.3322). Most patients

presented with a severe clinical presentation (Table 1; mean

ONLS score = 9 +/- 3) irrespectively of the levels of monospecific

antibodies. No significant correlation was detected between the

levels of monospecific antibodies and any clinical features.
Monovalent anti-CNTN1 IgG4 blocks
CNTN1/CASPR1-Nfasc155 interaction

Previous studies have shown that anti-CNTN1 IgG4 have a

function blocking activity and block the interaction between

CNTN1/CASPR1 and Nfasc155. In order to determine whether
Frontiers in Immunology 0550
the valency of anti-CNTN1 influence its function blocking activity,

the IgG4 from two CNTN1+ AN patients were purified and reduced

into monovalent Fab by enzymatic cleavage. These patients

presented with different percentages of monospecific antibodies of

24.9% (AN1) and 5.1% (AN2). The potency of native IgG4 or Fab

fragment to inhibit the interaction between CNTN1/CASPR1 and

Nfasc155 was tested using a cell aggregation assay. HEK cells

transfected with CNTN1 and CASPR1-GFP were incubated for 2

hours with HEK cells transfected with mcherry-Nfasc155, then

visualized under a microscope. The number of cell aggregates

including green and red cells was then quantified in each

visualization field (n = 4 experiments per condition, 10

visualization fields were examined by experiments). As negative

controls, Nfasc155-transfected cells were incubated with GFP-

transfected cells. In control condition, Nfasc155-transfected cells

readily aggregated with CNTN1/CASPR1-transfected cells and an

average of 8 to 12 aggregates were found in each visualization field

(Figure 2). These aggregates were composed of nearly equal number

of green and red cells (Figure 2B). The adjunction of native anti-

CNTN1 IgG4 from both AN1 and AN2 strongly inhibited the

capacity of Nfasc155-transfected cells to aggregates with CNTN1/

CASPR1-transfected cells (P<0.0001 by one-way ANOVA followed
A B

DC

FIGURE 1

Fab-arm exchange occurs in patient with AN. (A) The capacity of serum antibodies to cross-link untagged CNTN1 with biotinylated CNTN1 was
measured by sandwich ELISA in healthy controls (HC; n = 23), seronegative CIDP patients (CIDP -; n = 43), Nfasc155+ autoimmune nodopathy (AN
Nfasc155 +; n = 21) and CNTN1+ autoimmune nodopathy (AN CNTN1+; n = 20). Antibodies from HC, seronegative patients or Nfasc155+ did not
cross-link CNTN1. By contrast, CNTN1+ AN patients significantly cross-linked CNTN1 (*** P<0.001 by one-way ANOVA followed by Bonferroni’s
post-hoc tests). (B) The percentage of monospecific antibodies was calculated by interpolating the data from a calibration curve obtained with anti-
CNTN1 IgG3. The percentage of monospecific anti-CNTN1 antibodies in CNTN1+ AN (n = 20) was significantly smaller compared to the percentage
of monospecific anti-Nfasc155 antibodies in Nfasc155+ AN (n = 21) (** P<0.005 by unpaired two-tailed Student’s t tests). (C) The titers of anti-
CNTN1 IgG4 correlated with the percentage of monospecific CNTN1 antibodies calculated in each patient. (D) The clinical severity (ONLS) is plotted
against the percentage of monospecific antibodies in each patient (n = 16). No significant correlation was found. P value, Spearman’s correlation
coefficient (r), R square (R2) and 95% confidence band (dotted lines) are indicated on the graph. n.s.: non-significant, ONLS: Overall Neuropathy
Limitation Score.
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by Bonferroni’s post-hoc tests), and did not promote CNTN1/

CASPR1-transfected cell clustering.

Monovalent Fab fragments induced similar effects and potently

abrogated the interaction between Nfasc155 and CNTN1/CASPR1

in vitro. No significant difference was seen between the effect of

native or monovalent anti-CNTN1 IgG4 (P>0.05 by one-way

ANOVA followed by Bonferroni’s post-hoc tests). As most IgG4

appears to have undergone FAE in CNTN1+ AN patients, these

results suggested that bispecific (functionally monovalent) anti-

CNTN1 IgG4 blocks CNTN1 function.
Anti-CNTN1 fab penetrates
paranodal regions

Because Fab fragments inhibit CNTN1/CASPR1-Nfasc155

interaction, we next investigated whether the reduction of anti-

CNTN1 IgG4 into monovalent Fab alters its potency to invade the

paranodal regions. For that purpose, intraneural injections of native

anti-CNTN1 IgG4 or Fab fragments from patient AN1 were

performed in the sciatic nerves of adult rats. In order to inject

equimolar amounts of antibodies (Fab fragment being three time

smaller than native IgG), 10 µg of native IgG4 and 3 µg of Fab were

injected. The penetration of antibodies within the paranodal region

was monitored one- and three-days post-injection (Figure 3;

Supplementary Figure 5). As previously described, by one day

post-injection, anti-CNTN1 IgG4 were detected within the

paranodal regions at the border of the nodes of Ranvier, then

progressively invaded the entire paranode by three days (Figure 3;

Supplementary Figure 5). Monovalent Fab fragment also readily

penetrated the paranodes in vivo by one day. Fab fragment of anti-

Nfasc155 IgG4 or unreactive IgG4 do not infiltrate paranodal

regions (14). It thus seems unlikely that Fab infiltration is solely

due to the small size of Fab and to unspecific diffusion across the

paranode. At three days post-injection, the extent of diffusion of

anti-CNTN1 Fab or IgG4 across the paranodes was significantly

higher than that at one-day post injection (P<0.0001 and P<0.01,

respectively by one-way ANOVA followed by Bonferroni’s post-hoc

tests). No significant difference was seen between monovalent Fab

and native IgG4 at both time points, indicating that monovalent

anti-CNTN1 Fab antibodies have the same capacity to invade

paranode as native antibodies.

Discussion

In this study, the levels of mono/bispecific anti-CNTN1 IgG4

were estimated in AN patients as well as the pathogenic function of

monovalent anti-CNTN1 IgG4. Our results suggest that most anti-

CNTN1 IgG4 have already undergone FAE in situ since only 5% of

these were bivalent and monospecific against CNTN1. In addition,

the proteolytic digestion of these antibodies into monovalent Fab

did not alter their function and monovalent Fab potently inhibited

the interaction between CNTN1/CASPR1 and Nfasc155, and

infiltrated paranodal regions. This suggested that bispecific

antibodies may alter paranodal complex association.
FIGURE 2

Monovalent Fab are sufficient to inhibit the interaction between
CNTN1/CASPR1 and Nfasc155. (A-D) These are representative images
of cell aggregation assays. HEK293T cells were transfected with
CASPR1-GFP/CNTN1 (green) and were incubated with cells expressing
mcherry tagged Nfasc155 (red) in presence of control IgG4 from a
healthy donor (CTL; B), native CNTN1-reactive IgG4 from patient AN1
(C) or monovalent Fab-reactive to CNTN1 (D). As negative controls,
cells expressing GFP (green) were incubated with cells expressing
mcherry tagged Nfasc155 (A). The right panels represent the
distribution of the percentage of green cells per aggregate in each
aggregate (N = 4 distinct experiments for each condition). (E) The
native IgG4 and monovalent Fab were tested from two AN patients
reactive against CNTN1 (AN1 and AN2). The number of cell aggregates
per visualization field was counted in ten images and averaged (N = 4
distinct experiments per condition). Both native IgG4 and monovalent
Fab reactive against CNTN1 significantly inhibited the interaction
between CASPR1/CNTN1 and Nfasc155 (**** P<0.0001 by one-way
ANOVA followed by Bonferroni’s post-hoc tests). No significant
differences were observed between the effect of monovalent or native
IgG4 for both patients. Native anti-CNTN1 IgG4 do not promote
CNTN1/CASPR1 antigen clustering (C). Bars represent mean +/- S.E.M.
Scale bar: 10 µm.
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IgG4 are known to undergo FAE in situ and to coexist as

functionally monovalent antibodies. This property is central for the

physiological non-inflammatory function of IgG4. In addition, it

appears to influence the pathogenicity of IgG4 autoantibodies in

autoimmune diseases. In myasthenia gravis (MG) associated with

anti-MuSK IgG4, FAE enhances the pathogenic function of these

autoantibodies by generating monovalent bispecific antibodies

unable to cluster MuSK but capable of blocking the interaction

between MuSK and Low-density lipoprotein receptor related

protein 4 (Lrp4) (15). In MuSK+ MG patients, circulating

autoantibodies were reported to be majorly bispecific. By contrast,

in Nfasc155+ AN, FAE was reported to have an opposite effect, and

to decrease the potency of anti-Nfasc155 IgG4 to cluster Nfasc155

and to block paranode formation (14). Here and in a previous study,

we found that 21-31% of the anti-Nfasc155 IgG4 were monospecific

and that some patients showed nearly 100% monospecific

antibodies. The reasons why the levels of bivalent monospecific

anti-Nfasc155 IgG4 is high is uncertain, but could be due to a

selection bias. Indeed, these autoantibodies were only tested when

the neuropathic condition was declared or severe, thus when high

levels of pathogenic monospecific bivalent anti-Nfasc155 IgG4 are

circulating. Conversely, in anti-CNTN1+ AN, the proportion of

monospecific antibodies was low (~ 5%) and most antibodies

appeared bispecific. Like in anti-MuSK+ MG, IgG4 had a

function blocking activity and monovalent Fab-reactive to

CNTN1 could potently block the interaction between CNTN1/

CASPR1-Nfasc155. As indicated in the Supplementary Material,

one of the limitations of the study is that the percentage of

monospecific antibodies were measured in patients’ sera and may
Frontiers in Immunology 0752
have been overestimated due to the coexistence of IgG1 and IgG3.

The percentage of monospecific IgG4 in CNTN1+ AN patients may

thus be lower.

Our results suggest that the impact of valency on pathogenicity

strongly depend on the mode of action of the IgG4: function

blocking or antigen-crosslinking mechanism. When IgG4 have a

function blocking activity, monovalent antibodies can participate to

the pathogenic mechanism. Conversely, if IgG4 act through an

antigen clustering, then monovalency reduces the pathogenic

mechanism, probably because antigen-crosslinking requires a

monospecific and bivalent antibody. These differences may

explain why patients with anti-CNTN1 IgG4 have a more severe

presentation. While FAE naturally dampen the pathogenicity of

anti-Nfasc155 IgG4, it may not preclude the action of anti-CNTN1

IgG4. However, this cannot be formally ascertained here, albeit our

results suggest this pathophysiological mechanism. Indeed, the

pathogenic action of pure monospecific bivalent anti-CNTN1

IgG4 has not been specifically investigated, neither the impact of

FAE. Of course, this study has several limitations. The levels of

monospecific IgG have been inferred from patients’ sera and not

from purified IgG4, thus the presence of other IgG isotypes may

have led to an overestimation of the percentage of monospecificity.

Also, those levels were interpolated from a calibration curve

obtained with anti-CNTN1 IgG3, and thus are rough estimate

rather than definite levels.

Although the inhibition of CNTN1 function seems to be the

main pathogenic process leading to paranode alteration, antigen-

crosslinking mechanism may also exist in other regions in situ.

Besides paranodes, CNTN1 is also present on the surface of dorsal
FIGURE 3

Mono- and bivalent IgG4 infiltrate paranodal regions. (A) These are teased sciatic nerve fibers from adult Lewis rats which have received a single
intraneural injection of native CNTN1 reactive IgG4 (top panels; n = 4 at each time point) or monovalent Fab (lower panels; n = 4 at each time
point). Nerves have been collected 1- or 3-days post-injection (dpi) and have been stained for CNTN1 (red) and IgG (green). (B) The percentage of
IgG infiltration was measured in each animal at 1 and 3 dpi, and the mean percentage of infiltration was calculated (n = 4 for each condition). The
paranodal infiltration of native IgG4 reactive to CNTN1 was significantly higher at 3 dpi compared to 1 dpi (**** P<0.0001, by one-way ANOVA
followed by Bonferroni’s post-hoc tests). The percentage of infiltration of monovalent Fab was also significantly higher at 3 dpi compared to 1 dpi
(** P<0.01 by one-way ANOVA followed by Bonferroni’s post-hoc tests). No significant difference was seen between monovalent Fab and native
IgG4 infiltration at both times. Bars represent mean and S.D. Scale bar: 5 µm.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1021513
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Taieb et al. 10.3389/fimmu.2023.1021513
root ganglia and on podocytes, which may explain sensory ataxia

and nephrotic syndrome, respectively. Recently, Gruner and

colleagues showed that anti-CNTN1 IgG1-3 and F(ab’)2 fragment

decreased CNTN1 surface expression on dorsal root ganglia. As

anti-CNTN1 Fab fragment abolished this effect, a cross-linking

mechanism and subsequent internalization of CNTN1 have been

suggested (16). It still remains to be demonstrated whether

monospecific, and not bispecific, anti-CNTN1 IgG4 promote the

same effect. In our study, 9 patients also displayed a nephrotic

syndrome. Although CNTN1 is expressed by podocytes in normal

kidney and is the target of anti-CNTN1 IgG4 in patients with

nephrotic syndrome, it remains unknown whether the pathogenic

mechanism in membranous nephropathy results from a function

blocking, antigen-crosslinking or immune-complex deposition (17).

Here, we did not find a correlation between the presence of a

nephrotic syndrome and the percentage of circulating monospecific

antibodies. However, we cannot exclude that IgG4 deposits in

kidney are due to bivalent monospecific autoantibodies.

Immunotherapies classically used in autoimmune neuropathies,

such as intravenous immunoglobulins, are usually ineffective in AN

that, conversely, respond very well to B-cell depleting therapies such

as Rituximab (1). However, axonal loss is sometimes already

advanced before Rituximab fully exerts its effect. Because IgG4

has poor Fc-mediated effector functions, imlifidase (a therapeutic

enzyme that cleaves Fc domain of IgG) and anti-complement

therapy may be disregarded as useful options in anti-CNTN1+

AN. Finally, neonatal Fc receptor targeting agents may be a

promising therapy for AN since this treatment seems to be

effective in mouse model for IgG4 MuSK+ MG (18).

Our study underscores that the paranodopathymechanism in anti-

CNTN1+ AN is by the blockade of the CNTN1/CASPR1-Nfasc155

interactions by anti-CNTN1 antibodies and that anti-CNTN1 Fab

fragments or bispecific antibodies can carry a function blocking

activity. This may explain why patients with anti-CNTN1 IgG4

which have undergone extensive FAE still present a severe phenotype.
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GBS-CIDP Foundation International, Novartis Pharma Spain,

Roche, UCB and Grifols. LQ received speaker or expert testimony

honoraria from CSL Behring, Novartis, Sanofi-Genzyme, Merck,

Annexon, Biogen, Janssen, ArgenX, UCB, LFB, Octapharma and

Roche. LQ serves at Clinical Trial Steering Committee for Sanofi

Genzyme and Roche, and is Principal Investigator for UCB’s

CIDP01 trial. JD received a research grant from CSL Behring.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1021513/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1021513/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1021513/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1021513
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Taieb et al. 10.3389/fimmu.2023.1021513
References
1. Van den Bergh PYK, van Doorn PA, Hadden RDM, Avau B, Vankrunkelsven P, Allen
JA, et al. European Academy of Neurology/Peripheral nerve society guideline on diagnosis
and treatment of chronic inflammatory demyelinating polyradiculoneuropathy: Report of a
joint task force-second revision. J Peripher Nerv Syst (2021) 26:242–68. doi: 10.1111/jns.12455

2. Querol L, Devaux J, Rojas-Garcia R, Illa I. Autoantibodies in chronic
inflammatory neuropathies: Diagnostic and therapeutic implications. Nat Rev Neurol
(2017) 13:533–47. doi: 10.1038/nrneurol.2017.84

3. Bhat MA, Rios JC, Lu Y, Garcia-Fresco GP, Ching W, St Martin M, et al. Axon-
glia interactions and the domain organization of myelinated axons require neurexin IV/
Caspr/Paranodin. Neuron. (2001) 30:369–83. doi: 10.1016/S0896-6273(01)00294-X

4. Boyle MET, Berglund EO, Murai KK, Weber L, Peles E, Ranscht B. Contactin
orchestrates assembly of the septate-like junctions at the paranode in myelinated
peripheral nerve. Neuron. (2001) 30:385–97. doi: 10.1016/S0896-6273(01)00296-3

5. Charles P, Tait S, Faivre-Sarrailh C, Barbin G, Gunn-Moore F, Denisenko-
Nehrbass N, et al. Neurofascin is a glial receptor for the paranodin/Caspr-contactin
axonal complex at the axoglial junction. Curr Biol (2002) 12:217–20. doi: 10.1016/
s0960-9822(01)00680-7

6. Rasband MN, Peles E. Mechanisms of node of ranvier assembly.Nat Rev Neurosci
(2021) 22:7–20. doi: 10.1038/s41583-020-00406-8

7. Sherman DL, Tait S, Melrose S, Johnson R, Zonta B, Court FA, et al. Neurofascins
are required to establish axonal domains for saltatory conduction. Neuron. (2005)
48:737–42. doi: 10.1016/j.neuron.2005.10.019

8. Koneczny I. Update on IgG4-mediated autoimmune diseases: New insights and new
family members. Autoimmun Rev (2020) 19:102646. doi: 10.1016/j.autrev.2020.102646

9. Manso C, Querol L, Lleixa C, Poncelet M, Mekaouche M, Vallat JM, et al. Anti-
Neurofascin-155 IgG4 antibodies prevent paranodal complex formation in vivo. J Clin
Invest (2019) 129:2222–36. doi: 10.1172/JCI124694

10. Manso C, Querol L, Mekaouche M, Illa I, Devaux JJ. Contactin-1 IgG4
antibodies cause paranode dismantling and conduction defects. Brain. (2016)
139:1700–12. doi: 10.1093/brain/aww062
Frontiers in Immunology 0954
11. Angal S, King DJ, Bodmer MW, Turner A, Lawson AD, Roberts G, et al. A single
amino acid substitution abolishes the heterogeneity of chimeric mouse/human (IgG4)
antibody. Mol Immunol (1993) 30:105–8. doi: 10.1016/0161-5890(93)90432-b

12. van der Neut Kolfschoten M, Schuurman J, Losen M, Bleeker WK, Martinez-
Martinez P, Vermeulen E, et al. Anti-inflammatory activity of human IgG4 antibodies
by dynamic fab arm exchange. Science. (2007) 317:1554–7. doi: 10.1126/
science.1144603

13. Huijbers MG, Vergoossen DL, Fillie-Grijpma YE, van Es IE, Koning MT, Slot
LM, et al. MuSK myasthenia gravis monoclonal antibodies: Valency dictates
pathogenicity. Neurol Neuroimmunol Neuroinflamm (2019) 6:e547. doi: 10.1212/
NXI.0000000000000547

14. Jentzer A, Attal A, Roue C, Raymond J, Lleixa C, Illa I, et al. IgG4 valency
modulates the pathogenicity of anti-Neurofascin-155 IgG4 in autoimmune nodopathy.
Neurol Neuroimmunol Neuroinflamm (2022) 9:e200014 doi: 10.1212/
NXI.0000000000200014

15. Vergoossen DLE, Plomp JJ, Gstottner C, Fillie-Grijpma YE, Augustinus R,
Verpalen R, et al. Functional monovalency amplifies the pathogenicity of anti-MuSK
IgG4 in myasthenia gravis. Proc Natl Acad Sci U S A (2021) 118:e2020635118
doi: 10.1073/pnas.2020635118

16. Gruner J, Stengel H, Werner C, Appeltshauser L, Sommer C, Villmann C, et al.
Anti-contactin-1 antibodies affect surface expression and sodium currents in dorsal
root ganglia. Neurol Neuroimmunol Neuroinflamm (2021) 8. doi: 10.1212/
NXI.0000000000001056

17. Le Quintrec M, Teisseyre M, Bec N, Delmont E, Szwarc I, Perrochia H, et al.
Contactin-1 is a novel target antigen in membranous nephropathy associated with
chronic inflammatory demyelinating polyneuropathy. Kidney Int (2021) 100:1240–9.
doi: 10.1016/j.kint.2021.08.014

18. Huijbers MG, Plomp JJ, van Es IE, Fillie-Grijpma YE, Kamar-Al Majidi S,
Ulrichts P, et al. Efgartigimod improves muscle weakness in a mouse model for muscle-
specific kinase myasthenia gravis. Exp Neurol (2019) 317:133–43. doi: 10.1016/
j.expneurol.2019.03.001
frontiersin.org

https://doi.org/10.1111/jns.12455
https://doi.org/10.1038/nrneurol.2017.84
https://doi.org/10.1016/S0896-6273(01)00294-X
https://doi.org/10.1016/S0896-6273(01)00296-3
https://doi.org/10.1016/s0960-9822(01)00680-7
https://doi.org/10.1016/s0960-9822(01)00680-7
https://doi.org/10.1038/s41583-020-00406-8
https://doi.org/10.1016/j.neuron.2005.10.019
https://doi.org/10.1016/j.autrev.2020.102646
https://doi.org/10.1172/JCI124694
https://doi.org/10.1093/brain/aww062
https://doi.org/10.1016/0161-5890(93)90432-b
https://doi.org/10.1126/science.1144603
https://doi.org/10.1126/science.1144603
https://doi.org/10.1212/NXI.0000000000000547
https://doi.org/10.1212/NXI.0000000000000547
https://doi.org/10.1212/NXI.0000000000200014
https://doi.org/10.1212/NXI.0000000000200014
https://doi.org/10.1073/pnas.2020635118
https://doi.org/10.1212/NXI.0000000000001056
https://doi.org/10.1212/NXI.0000000000001056
https://doi.org/10.1016/j.kint.2021.08.014
https://doi.org/10.1016/j.expneurol.2019.03.001
https://doi.org/10.1016/j.expneurol.2019.03.001
https://doi.org/10.3389/fimmu.2023.1021513
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Hong Zan,
The University of Texas Health Science
Center at San Antonio, United States

REVIEWED BY

Hui Yan,
The University of Texas Health Science
Center at San Antonio, United States
Morten Blaabjerg,
University of Southern Denmark, Denmark

*CORRESPONDENCE

Lidia Sabater

lisabate@recerca.clinic.cat

SPECIALTY SECTION

This article was submitted to
B Cell Biology,
a section of the journal
Frontiers in Immunology

RECEIVED 26 January 2023
ACCEPTED 28 February 2023

PUBLISHED 21 March 2023

CITATION

Landa J, Serafim AB, Gaig C, Saiz A,
Koneczny I, Hoftberger R, Santamaria J,
Dalmau J, Graus F and Sabater L (2023)
Patients’ IgLON5 autoantibodies interfere
with IgLON5-protein interactions.
Front. Immunol. 14:1151574.
doi: 10.3389/fimmu.2023.1151574

COPYRIGHT

© 2023 Landa, Serafim, Gaig, Saiz, Koneczny,
Hoftberger, Santamaria, Dalmau, Graus and
Sabater. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 21 March 2023

DOI 10.3389/fimmu.2023.1151574
Patients’ IgLON5 autoantibodies
interfere with IgLON5-
protein interactions

Jon Landa1, Ana Beatriz Serafim1, Carles Gaig2, Albert Saiz2,
Inga Koneczny3,4, Romana Hoftberger3,4, Joan Santamaria2,
Josep Dalmau1,2,5,6, Francesc Graus1 and Lidia Sabater1*
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Background: Anti-IgLON5 disease is a rare neurological disorder characterized

by autoantibodies against IgLON5, and pathological evidence of

neurodegeneration. IgLON5 is a cell adhesion molecule but its physiological

function is unknown. Our aim was to investigate the IgLON5 interactome and to

determine if IgLON5 antibodies (IgLON5-abs) affect these protein interactions.

Methods: IgLON5 interactome was investigated by mass spectrometry

sequencing of proteins immunoprecipitated by IgLON5 autoantibodies using

cultures of rat cerebellar granular neurons (CGNs). Shedding of IgLON5 was

explored using HEK cells transfected with human IgLON5 plasmid and in CGNs.

Interactions of IgLON5 with identified binding partners and IgLON5-abs effects

were confirmed by immunofluorescence in transfected HEK cells and rat

hippocampal neurons.

Results: Patients’ IgLON5 antibodies co-precipitated all members of the IgLON

family and three 3 additional surface proteins. IgLON5 predominantly establishes

homomeric and heteromeric cis (within the cell) and trans (between cells)-

interactions with other IgLON family members and undergoes spontaneous

ectodomain shedding. Antibodies from patients with anti-IgLON5 disease

prevent trans-interactions in hippocampal neurons independently of the

IgLON5 IgG subclass distribution.

Conclusions: We show a potentially novel pathogenic mechanism of IgLON5-

abs that consists in blocking IgLON5 interactions with its binding partners. These

findings extend our knowledge about the physiological role of IgLON5 and pave

the way to future understanding of the pathological mechanisms of anti-IgLON5

disease.

KEYWORDS

anti-IgLON5 antibody encephalopathy, anti-IgLON5 disease, IgG4, interactome,
neurons, IgLON5 antibodies
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1 Introduction

Autoantibodies against IgLON5 (IgLON5-abs) are the hallmark of

anti-IgLON5 disease, a recently identified clinical entity in which

neurodegeneration and autoimmunity converge (1). Unlike other

neurological disorders targeting neuronal cell surface antigens, the

clinical progression of anti-IgLON5 disease is usually chronic with

limited response to immunotherapy. Furthermore, neuropathological

studies in a few patients show neuronal accumulation of

hyperphosphorylated tau mainly involving the brainstem and

hypothalamus supporting an underlying neurodegenerative process (2).

IgLON5 is the fifth member of the IgLON family that belongs to

the immunoglobulin superfamily (IgSF) of cell adhesion molecules

(CAMs). IgLONs contain 3-immunoglobulin-like (Ig-like) domains

attached to the membrane by a glycosylphosphatidylinositol (GPI)-

anchor protein without a transmembrane domain. Shedding of the

ectodomain (soluble extracellular part of the protein) of GPI-anchored

proteins has been described as an important post-translational

mechanism involved in adhesion and cell signaling and has been

shown to occur with other IgLON family members (3, 4).

IgLON5-abs belong to the IgG1 and IgG4 subclasses (rarely

IgG2). The IgG1 subclass of IgLON5-abs cause an irreversible

decrease of IgLON5 clusters on the neuronal surface by

crosslinking and internalization, and after long-term exposure to

total purified IgG in vitro, the architecture of the neuronal

cytoskeleton is impaired (5, 6). Although IgG4 is the

predominant subclass of IgLON5-abs, the role this subclass plays

in the disease remains unclear (5), but in other diseases, the main

pathogenic mechanism described for IgG4 antibodies is interference

with protein-protein interactions (7). Thus, the aims of our study

were to investigate if IgLON5 is shed from the cell surface in normal

conditions, to analyze the interactome of IgLON5, and to explore

the effects of IgLON5-abs on the interaction of IgLON5 with its

binding partners.
2 Materials and methods

2.1 Patients’ samples and IgG purification

Sera from two patients with anti-IgLON5 disease and 3 healthy

blood donors were used for the studies of immunoprecipitation.

Paired serum/CSF samples from another 4 patients with anti-

IgLON5 disease, a patient with anti-NMDAR encephalitis and a

patient with Alzheimer disease were used for the studies of

interaction of IgLON5 with other cell surface proteins. Total IgG

was purified from these 4 patients as previously described (6). The

percentage of IgLON5-IgG subclass was measured as previously

reported by flow cytometry (5).
2.2 Primary cell cultures

Primary cell cultures of rat hippocampal neurons were prepared

from embryonic E18 day as previously reported (8). Briefly,
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dissected hippocampi were trypsinized with 0.25% trypsin

(Thermo-Fisher Scientific, Waltham Massachusetts, USA) for

15 min at 37°C and mechanically dissociated. Single cell

suspension was plated in P35 plates (100.000 cells) on coverslips

coated with Poly-L-lysine and maintained in Neurobasal medium

plus B27 (Thermo-Fisher Scientific).

Cerebellar granule neurons (CGN) were prepared from

postnatal P8 Wistar rat pups following the same protocol as for

hippocampal neurons but using a different plating media

(Neurobasal-A plus B27 and KCl 25 mM). Cells were plated in

P100 dishes at a density of 1,3x106 cells/ml. Ara-C was added

(10µm) 24 hours post-plating to arrest the glial cell growth.
2.3 Analysis of IgLON5
ectodomain shedding

HEK293 cells (HEK) were transfected with untagged human-

IgLON5 plasmid (HEK-IgLON5; SC317071, Origene, Rockville,

MA, USA) as reported (1) and 24 hours post-transfection, the

culture medium was replaced by Opti-MEM medium (Thermo-

Fisher). As a positive control of shedding, phosphoinositide-specific

phospholipase C (PI-PLC) (1U/mL), which removes GPI-anchored

proteins from the cell surface, was added to one HEK-IgLON5 plate.

After 24 hours, the medium of HEK-IgLON5 cultures with and

without PI-PLC was collected and concentrated 10-fold using

Amicon Ultracentrifugal filters 30K (UFC903024, Millipore;

Burlington, MA, USA). HEK-IgLON5 cells from P60 plates were

lysed with cell lysis buffer (FNN0011, Thermo-Fisher) and

membrane proteins were isolated with a commercial kit (A44390,

Thermo-Fisher). Proteins from total cell lysate, membrane protein

preparation, and culture medium were separated electrophoretically

and transferred to a nitrocellulose membrane that was sequentially

incubated with IgLON5 (ab122763, Abcam, Cambridge, UK, 1:500)

overnight at 4°C and goat anti-rabbit HRP secondary antibody (1/

1000 diluted) provided with a chemiluminescence kit (RPN2108,

GE Healthcare, Chicago, IL, USA) and visualized in an ImageQuant

LAS 4000 imager (GE Healthcare). The concentration of soluble

IgLON5 was quantified by immunoblot comparing the signal with

that produced by IgLON5 human recombinant protein Fc-tagged

(rIgLON5-Fc; 9728-IG-050, R&D Systems, Minneapolis, MN, USA)

of known concentration (data not shown). Similar experiments

were done using cultures of CGN.
2.4 Identification of IgLON5 interactome
using immunoprecipitation

Live CGNs were incubated with serum (dilution 1:100)

containing IgLON5-abs or from healthy donors, for 1 hour at 37°

C. After extensive washing, neurons were lysed and protein

complexes were incubated overnight with protein A/G beads

(20424, Thermo-Fischer Scientific) at 4°C. After on-beads

digestion with trypsin, the beads were centrifuged and the

supernatant was analyzed by mass spectroscopy at the Proteomic

facility of Centre for Genomics Regulation (CRG, Barcelona) as
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previously described (9). Bona-fide IgLON5 interactors were

defined as proteins pulled-down by IgLON5-abs in two or more

independent immunoprecipitations and in none of the

negative controls.
2.5 Binding of IgLON5 with interactors in
HEK cells and neurons

To validate cis-interactions (within the same cell) of IgLON5

with identified interactors, HEK cells were co-transfected in pairs:

IGLON5 (SC317071, Origene) plus: 1) IGLON1 (RG213594,

Origene), 2) IGLON2 (RG226879, Origene), 3) IGLON3

(RG207618, Origene), 4) IGLON4 (RG216034 Origene), 5)

KIDINS220 (RC216441Origene), 6) IGSF21 (RG203559, Origene),

7) CACNA2D2 (RC219452, Origene) and 8) CASPR2 (SC115167,

Origene), as a non-binding control. Twenty hours post-

transfection, immunoprecipitations were performed as indicated

above with IgLON5-abs and pulled-down proteins were

electrophoresed and transferred to a nitrocellulose membrane.

The presence of the interacting proteins was detected by

incubating the membrane with the following antibodies (dilution

1:500, overnight at 4°C): IgLON1 (STJ94590), IgLON2 (STJ94442),

IgLON3 (STJ116461), IgLON4 (STJ94394, St. John’s Laboratory,

London, UK), KIDINS220 (21856-1-AP, Proteintech, Rosemont,

IL, USA), IGSF21 (21465-1-AP; Proteintech), CACNA2D2

(SAB1401461, SIGMA) and CASPR2 (ab33994, Abcam) followed

by incubation with appropriate secondary antibodies (dilution

1:1000) for 1 hour at room temperature. Results were developed

by chemiluminescence as described above.

To investigate interactions in trans (between cells), non-

transfected hippocampal neurons or HEK cells transfected with:

IgLON1 to 5, KIDINS220, IGSF21, and CACNA2D2 were

incubated with: 1) rIgLON5-Fc protein, 2) irrelevant Fc protein

(rCtrl-Fc; 110-HG-100, R&D Systems), 3) soluble IgLON5 at 2.5µg/

ml, or 4) conditioned medium of untransfected HEK cells during 30

minutes. Cells were washed with PBS and fixed with 4%

paraformaldehyde for 10 minutes. Binding of Fc-tagged

recombinant proteins was determined by incubation with Alexa

Fluor 594 goat anti-human Fcg-fragment specific (109-586-098;

Jackson Immunoresearch, Newmarket, UK). Binding of soluble

IgLON5 was detected with a rabbit IgLON5 antibody (ab122763,

Abcam) and anti-rabbit Alexa Fluor 594 secondary antibody

(Thermo-Fisher Scientific) during 1 hour. Results were visualized

in a confocal microscope ZEISS (LSM710, Carl Zeiss,

Jena, Germany).
2.6 Effects of IgLON5-ab on IgLON5-
protein interactions

rIgLON5-Fc and rCtrl-Fc proteins were biotinylated at 500 µg/

mL with biotin-(long arm)-NHS following the datasheet (SP-1200,

Vector Laboratories, Burlingame, CA, USA). Biotinylated

rIgLON5-Fc (biot-rIgLON5-Fc) or biot-rCtrl-Fc protein were

added to the media of cultures of hippocampal neurons or HEK
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cells transfected with the plasmids indicated above at 2.5 ug/mL for

30 min. To visualize the interactions, after washing, coverslips were

fixed with 4% paraformaldehyde in PBS and incubated for 1 hour

with Alexa Fluor 488-streptavidin (S11223, Thermo-Fisher) which

specifically binds to biotinylated proteins.

To investigate if IgLON5-abs block the interaction of IgLON5

with its binding partners, parallel studies were performed in which

biot-rIgLON5-Fc or biot-rCtrl-Fc were preincubated for 2 hours at

37°C with: 1) CSF diluted 1:2, or total purified IgG (2mg/mL) from

4 patients with the following IgLON5-IgG4 percentage of total

IgLON5-IgG (patient #1 = 76%; #2 = 83%; #3 = 0%, and #4 = 100%);

2) NMDAR-IgG or 3) control IgG from blood donors (Ctrl-IgG) or

CSF from a patient with Alzheimer’s disease.
3 Results

3.1 IgLON5 is released from the cell
surface via ectodomain shedding

Immunoblot analysis showed that IgLON5 is present in the

media of IgLON5-HEK cells indicating that is constitutively shed.

When we treated IgLON5-HEK cells with the PI-PLC enzyme,

which cleaves GPI-anchored proteins, we found that IgLON5 levels

dramatically decreased from membrane preparations whereas

IgLON5 in the culture media of PI-PLC-treated cells increased

(Figure 1). Soluble IgLON5 had an approximate molecular weight

of 60 kDa demonstrating that the protein shed is fully glycosylated

and the cleavage site is close to the membrane, thus nearly a full-

length fragment of the protein is released (Figure 1). Soluble

IgLON5 was also found in the media of CGNs but in lower

concentration (data not shown).
3.2 Interactome of IgLON5 and effect of
IgLON5 antibodies on rat neurons

To gain insight into the physiological function of IgLON5 and

to identify potential binding partners with transmembrane domain

that could act as scaffolding proteins in the interaction of IgLON5

with the cytoskeleton, we investigated the IgLON5 interactome in

CGN immunoprecipitated with IgLON5-abs. IgLON5 peptides

were found in all the immunoprecipitations performed with

IgLON5-abs and in none of the controls. In addition to other

members of the IgLON family, cell membrane proteins that

consistently co-precipitated with IgLON5 included two GPI-

anchor proteins; immunoglobulin superfamily member 21

(IGSF21) and voltage-dependent calcium channel subunit alpha-

2/delta-2 (CACN2D2A), and the transmembrane protein

KIDINS220 (kinase D-interacting substrate of 220-kDa), also

known as ARMS (ankyrin repeat-rich membrane spanning)

(Table 1). These membrane proteins were specifically identified

by mass-spectrometry as bona-fide interactors of IgLON5 and were

selected for further analysis. To confirm cis-interactions, these

proteins were co-transfected with IgLON5 in HEK cells and

immunoprecipitated with IgLON5-abs. Immunoblots of the
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immunoprecipitates identified IgLON1 to 5 (Figure 2) but not any

of the 3 additional proteins identified by mass-spectrometry (data

not shown).

To search for the presence of self-trans-interactions of IgLON5

or trans-interactions with the identified binding partners, we

incubated soluble IgLON5 or rIgLON5-Fc with HEK cells

transfected with IgLON1 to 5, KIDINS220, IGSF21 or

CACNA2D2. HEK cells transfected with IgLON5 were probed with

rIgLON5-Fc as Fc-tag allowed us to discriminate between the added

IgLON5 and the IgLON5 attached to the membrane. We observed

robust IgLON5 immunoreactivity after HEK cells transfected with

IgLON1 to 5 were incubated with soluble IgLON5 but not after

incubation with controls; media from untransfected HEK cells or

Ctrl-Fc protein (Figure 3A). Neither soluble IgLON5 nor rIgLON5-
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Fc was able to bind to HEK cells transfected with the other identified

binding partners (data not shown).

To demonstrate that soluble IgLON5 binds to the cell-surface of

neurons, we incubated rIgLON5-Fc or Ctrl-Fc protein in the medium

of cultures of live rat hippocampal neurons and found that rIgLON5-

Fc but not Ctrl-Fc protein bound to the neuronal membrane. To

further investigate a potential effect of IgLON5-ab on interactions

between IgLON5 and other IgLONs, we pre-incubated purified IgG

or CSF from 4 patients with different IgLON5-IgG4 subclass

percentage (from 0 to 100%) with biot-rIgLON5-Fc or biot-rCtrl-

Fc. Samples from the four patients completely blocked the binding of

biot-rIgLON5-Fc to IgLON1-5 expressed in HEK cells (data not

shown) and to hippocampal neurons independent of the IgG4

content. Neither antibodies from healthy donors nor antibodies

against the NMDA receptor were able to block IgLON5

interactions confirming specificity (Figure 3B).
4 Discussion

Although substantial progress has been made in describing the

immunological and clinical features of anti-IgLON5 disease (10,

11), the physiological function of IgLON5, the target of patients’

antibodies is largely unknown. Here we show that IgLON5

undergoes ectodomain shedding and interacts with the other

members of the IgLON family, and IgLON5-abs disrupt this

interaction. This effect represents a second potential pathogenic

mechanism in addition to the irreversible internalization of IgLON5

clusters from the neuronal surface mediated by IgG1 IgLON5-abs

that we previously described (5).

Our in vitro experiments in cultures of CGN and IgLON5-

transfected HEK cells indicate that IgLON5 is spontaneously shed

and that IgLON5 concentration in the media increases when cultures

are exposed to PI-PLC enzyme that specifically cleaves GPI-anchored

proteins. The molecular weight of the IgLON5 band that we detected

in the media of untreated cells was similar to that observed after

incubation with the PI-PLC enzyme indicating that in physiological

conditions IgLON5 is cleaved at the level of the GPI anchor close to

the membrane. These findings are in line with the previous
TABLE 1 Membrane proteins identified as bona-fide IgLON5 interactors.

Protein Accession (NCBI) Score Coverage (%) Peptides IP*

IgLON5 XP_218634.5 277.6 38.69 11 5/5

IgLON3 NP_058938.1 160.4 23.67 7 4/5

IgLON2 XP_017451356.1 119.3 10.5 3 4/5

IgSF21 NP_001258383.1 62.9 6.41 3 2/5

IgLON1 XP_017450905.1 48.2 7.4 3 4/5

IgLON4 NP_067714.1 42.6 8.62 2 4/5

CACNA2D2 XP_006243799.1 34.3 0.87 1 3/5

KIDINS220 XP_017449472.1 28 0.47 1 2/5
frontiersi
* Number of immunoprecipitations where the protein is identified.
IgSF21: Immunoglobulin superfamily member 21 precursor; KIDINS220: Kinase D-interacting substrate of 220 kDa isoform X20; CACNA2D2: Voltage-dependent calcium channel subunit
alpha-2/delta-2.
FIGURE 1

Immunoblots showing that IgLON5 is spontaneously shed and
cleaved at the GPI-anchor. Immunoblots of different protein
preparations from IgLON5-HEK probed with IgLON5 and actin
antibodies: cell lysate (1); media obtained from 10 P60 plates with
IgLON5-HEK cells (2); membrane preparations from one P60 plate
untreated (3) and treated with PI-PLC (4); media from one P60 plate
untreated (5) or treated with PI-PLC (6). Arrow indicates the
glycosylated band of IgLON5 of approximately 60 kDa and the
asterisk points the 37 kDa unglycosylated band. Only the lysate lane
shows a beta-actin band, ruling out that the IgLON5 band detected
in the other lanes is derived from dead IgLON5-HEK cells.
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demonstration that other IgLON family members also undergo

ectodomain shedding and are cleaved from the cell membrane by

matrix metalloproteinases (3). Ectodomain shedding of several

neuronal cell adhesion proteins (i.e., NCAM or N-Cadherin) has

been implicated in neurobiological mechanisms such as neuronal

plasticity, axonal guidance, or cell migration (12). In the case of

IgLONs, in vitro studies have shown that cleaved heterodimers of

IgLON1 and 2 inhibit initiation of neurite outgrowth from chick

neurons through the interaction with the IgLONs expressed in the

neuronal membrane (13). Our study also shows that soluble IgLON5

can establish intercellular interactions. Additional studies will be

necessary to ascertain the final effects of this interaction and if the

effects are mediated by IgLON5 alone or through the formation of

heterodimers with other IgLON family members.

IgLONs do not have a transmembrane domain and how they

initiate downstream signal transduction pathways is presently

unknown. The most plausible explanation is that IgLONs interact
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with other transmembrane receptors. For example, the GPI-

anchored protein cell adhesion molecule transient axonal

glycoprotein-1 (TAG-1), forms part of a protein complex with

contactin-associated protein-like 2 (CASPR2) and shaker-type

voltage-gated potassium channels (Kv1.1 and Kv1.2) which have

domains that initiate downstream signaling pathways (14).

However, the transmembrane receptors for IgLONs remain

largely unknown. In an in vitro model, IgLON4 interacted with

receptor tyrosine kinase fibroblast growth factor receptor 2

(FGFR2) to form a molecular complex that regulates extracellular

signal-regulated kinase (ERK) and protein kinase B (AKT)

pathways which control neuronal migration and maturation (15).

Our immunoprecipitation studies confirm that IgLON5-abs

co-precipitate IgLON5 along with the other members of the IgLON

family forming a protein complex. This result was expected

considering previous studies demonstrating that homophilic and

heterophilic interactions between the other IgLON family members

are necessary for the effects of IgLONs on neurite outgrowth during

development (16). In addition to other IgLON family members, our

unbiased mass spectrometry approach identified three membrane

proteins, IGSF21, CACNA2D2, and KIDINS220, as bona-fide

interactors. KIDINS220 is of particular interest because this

membrane protein modulates the development and maturation of

axons and dendrites and regulates the activity of components of the

actin and microtubule cytoskeleton (17) and we have previously

shown that IgLON5-abs disrupt the cytoskeletal organization in

cultured rat hippocampal neurons resulting in dystrophic neurites

and axonal swelling (6). However, unlike the IgLONs, IgLON5-abs

failed to co-precipitate these 3 proteins when co-transfected with

IgLON5 in HEK cells. Possible explanations are a higher sensitivity

of the mass spectrometry technique or that the interactions are

transient or only detectable in the neuronal membrane.

The predominant subclass of IgLON5-abs is IgG4 but the

proportion of IgG1 and IgG4 IgLON5-abs varies among patients

(5). We previously demonstrated that IgLON5-abs of the IgG1

subclass produce an irreversible decrease of IgLON5 clusters on the

cell surface by cross-linking and internalization (5). Here we show

another potential pathogenic mechanism in which patients’ IgLON5-

abs disrupt the interaction of the secreted IgLON5 ectodomain with

its binding partners in the neuronal membrane. Disruption of

protein-protein interactions is characteristic of IgG4-abs (18),

however, we found that this phenomenon was not exclusively

dependent of IgG4 IgLON5-abs as sera with only IgG1 antibodies

produced the same effect. Our findings are in line with pathogenic

mechanisms described for other autoimmune encephalitides

associated with neuronal surface antibodies. For example, Leucine-

rich glioma-inactivated 1 antibodies (LGI1-abs) block the interaction

of soluble LGI1 to its binding partners ADAM22 and ADAM23 (19).

Similarly, CASPR2-abs inhibit the interaction of CASPR2 with its

ligand TAG1 resulting in a reduction of neuronal surface CASPR2

clusters without affecting TAG1, suggesting selective CASPR2

internalization (20). Neither model evaluated if the effects were

mainly mediated by IgG1 or IgG4 antibodies.

Our results indicate that the physiological ectodomain

shedding of IgLON5 and its interaction with the other members

of the IgLON family likely mediate the effects of IgLON5 as has
FIGURE 2

Immunoblots of co-tranfected HEK cells immunoprecipitated with
patients’ IgLON5 antibodies. HEK cells co-transfected with IgLON5
and each of the other IgLON family members: first row (IgLON5 +
IgLON1), 2nd row IgLON2 (5+2), 3rd row (5+3), and 4th row (5+4).
The 5th row corresponds to HEK cells transfected only with IgLON5,
and the 6th row HEK cells co-transfected with IgLON5 and CASPR2
(5+C). Left column: Whole cell lysates (WCL); middle column:
Immunoprecipitates of transfected HEK cells using patients’
IgLON5-abs (IP+); right column: Immunoprecipitates of transfected
cells using Ctrl-abs (IP). Each row was incubated with commercial
antibodies against the corresponding proteins: IgLON1, 2,3,4,5 and
CASPR2.
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been demonstrated for other IgLONs. The ability of patients’

IgLON5-abs to interfere with these interactions represents

another potential pathogenic mechanism in addition to the

antibody-mediated irreversible internalization of IgLON5 (5).
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FIGURE 3

(A) Soluble IgLON5 is able to self-interact in trans and to bind to IgLON1-5. HEK cells, un-transfected (Unt) and transfected with IgLON1 to 5
incubated with rIgLON5-Fc protein (Top row) or rControl-Fc protein (second row). IgLON5 reactivity was detected with anti-Fc IgG-594 (Red
fluorescence). The strongest IgLON5 interaction is observed with IgLON1, 3 and 4. No IgLON5 immunoreactivity was detected in untransfected HEK
cells or when cells were incubated with rControl-Fc protein (bottom row). (B) Effect of IgLON5-abs on the binding of soluble IgLON5 to
hippocampal neurons. IgLON5 immunofluorescence of live rat hippocampal neurons incubated with biotinylated rIgLON5-Fc (panel 1) or
biotinylated rCtrl-Fc (2); Pre-incubation of biotinylated rIgLON5-Fc with CSF from patient 1 (100% IgLON5-IgG4) abolished the cell surface binding
of IgLON5 (3), whereas pre-incubation with CSF from a patient with Alzheimer disease (4) or anti-NMDAR encephalitis (5) did not interfere with the
binding of IgLON5 to the cell surface of neurons. Scale bar=20um.
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Different binding and pathogenic
effect of neurofascin and
contactin–1 autoantibodies
in autoimmune nodopathies

Katharina Hecker1, Julia Grüner1, Beate Hartmannsberger1,2,
Luise Appeltshauser1, Carmen Villmann3, Claudia Sommer1

and Kathrin Doppler1*

1Department of Neurology, University Hospital Würzburg, Würzburg, Germany, 2Department of
Anesthesiology, University Hospital Würzburg, Würzburg, Germany, 3Institute of Clinical
Neurobiology, University Hospital Würzburg, Würzburg, Germany
Introduction: IgG4 autoantibodies against paranodal proteins are known to

induce acute-onset and often severe sensorimotor autoimmune neuropathies.

How autoantibodies reach their antigens at the paranode in spite of the myelin

barrier is still unclear.

Methods: We performed in vitro incubation experiments with patient sera on

unfixed and unpermeabilized nerve fibers and in vivo intraneural and intrathecal

passive transfer of patient IgG to rats, to explore the access of IgG autoantibodies

directed against neurofascin-155 and contactin-1 to the paranodes and their

pathogenic effect.

Results: We found that in vitro incubation resulted in weak paranodal binding of

anti-contactin-1 autoantibodies whereas anti-neurofascin-155 autoantibodies

bound to the nodes more than to the paranodes. After short-term intraneural

injection, no nodal or paranodal binding was detectable when using anti-

neurofascin-155 antibodies. After repeated intrathecal injections, nodal more

than paranodal binding could be detected in animals treated with anti-

neurofascin-155, accompanied by sensorimotor neuropathy. In contrast, no

paranodal binding was visible in rats intrathecally injected with anti-contactin-1

antibodies, and animals remained unaffected.

Conclusion: These data support the notion of different pathogenic mechanisms

of anti-neurofascin-155 and anti-contactin-1 autoantibodies and different

accessibility of paranodal and nodal structures.

KEYWORDS

autoimmune nodopathy, IgG4, neurofascin, contactin, node of ranvier, inflammatory
neuropathy, passive transfer
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1 Introduction

Autoantibodies (abs) against proteins of the paranodal complex

are detectable in a subgroup of patients with inflammatory

neuropathies (1). These patients show distinct clinical features

like acute onset, tremor and/or ataxia, and in contrast to the

majority of patients with chronic inflammatory demyelinating

polyradiculoneuropathy (CIDP), they mostly do not respond to

treatment with intravenous immunoglobulins (2–4). Anti-pan-

neurofascin (pan-NF) abs that bind to the nodal (neurofascin-

186) and paranodal (neurofascin-155 (NF155)) isoform of

neurofascin have been shown to induce an even more severe

clinical phenotype with tetraplegia, cranial nerve involvement and

respiratory insufficiency (5, 6). As there is evidence that the nodes of

Ranvier are the site of the pathophysiological process, these

disorders are called autoimmune nodopathies (7). Paranodal abs

mainly belong to the IgG4 subclass and their pathogenicity has been

proven in several studies (8–10). Abs against NF155 and contactin-

1 (CNTN1) share several important features: They both bind to the

paranodal axoglial complex, they are associated with a similar

clinical phenotype and they mainly belong to the IgG4 subclass

that does neither activate complement nor induce internalization by

cross-linking of epitopes (1, 11). However, recent studies gave

evidence that the pathomechanism of anti-NF155 and anti-

CNTN1 abs differs in some respects: Anti-CNTN1 abs induce

axoglial dysjunction, whereas anti-NF155 abs are supposed to

impair the physiological protein turnover at the paranodal

junction (8, 9, 12, 13). Differences of the access of abs to the

paranodal complex that is protected by the myelin barrier (14) may

account for different pathomechanisms.

In the current study, we aimed to compare the binding of anti-

NF155 and anti-CNTN1 to paranodes and the pathogenicity of the

antibodies in-vivo using two routes of application (intraneural and

intrathecal injection). We first performed in vitro binding assays with

a larger number of samples (n=12), followed by passive transfer of

samples of one patient with each autoantibody that had shown clear

binding patterns in the binding assays. The pathogenic effect as well

as binding to the nodes/paranodes was directly compared between

anti-CNTN1 and anti-NF155 and between chronic (intrathecal) and

short-term (intraneural) exposure.
2 Material and methods

2.1 Patient material

Serum of five patients with anti-NF155, two patients with anti-

pan-NF, and five patients with anti-CNTN1 abs was used for in

vitro incubation of unpermeabilized and unfixed murine nerves.

Paranodal abs and IgG subclasses were detected as previously

described (15). Only patients with a distinct paranodal binding to

permeabilized and fixed teased nerve fibers were included. For

passive transfer experiments, IgG was purified from plasma

exchange material using ion exchange chromatography with

DEAE Sepharose fast flow (GE Healthcare, Chicago, Illinois,

USA) as previously described (16). For intraneural injection, IgG
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of one patient with anti-NF155 IgG4 abs (patient 1) and one patient

with anti-pan-NF IgG3 abs (patient 2) was used. We did not

perform intraneural injection with IgG of a patient with anti-

CNTN1 abs in this study as this was performed in a previous

study using exactly the same protocol and material of patient 4 (10).

For intrathecal injection, IgG of patient 2 and another patient with

mainly IgG4 anti-NF155 (patient 3), and a patient with mainly IgG4

anti-CNTN1 abs (patient 4) was taken. IgG of three individuals who

had undergone plasma exchange due to multiple sclerosis or optic

neuritis and who were negatively screened for abs was used as a

control. Autoantibody titers of purified IgG were determined by

enzyme-linked immunosorbent assay (ELISA) as previously

described (17). Demographic and serological data of all patients

are presented in Table 1, and data of some patients have been

described in detail in previous studies (5, 12, 18). All patients gave

informed consent to participate in the study and the project was

approved by the Ethics Committee of the University of Würzburg

Medical Faculty (number 278/13 and 222/20).
2.2 Binding assays on murine nerves
in vitro

Binding assays on permeabilized and fixed teased nerve fiber

preparations were performed as previously described using either

patient/control serum or purified IgG (12). For the detection of the

IgG subclass in binding assays, subclass specific FITC-conjugated

secondary antibodies were used (anti-human IgG3: Merck,

Darmstadt, Germany; anti-human IgG1, IgG2, IgG4: Abcam,

Cambridge, UK). To investigate the accessibility of the paranodal

complex for patient abs, we performed in vitro nerve incubation

experiments on unfixed and unpermeabilized mouse and rat sciatic

nerves: Sciatic nerves were dissected from B6/NCrl mice and Lewis

rats, the epi- and perineurium was removed and 1 cm long

segments of unpermeabilized and unfixed sciatic nerves were

incubated with patient or control serum diluted in artificial

cerebrospinal fluid (Ecocyte Bioscience, Austin, Texas, USA) at a

dilution of 1:250, for 3 h at 37°C. After incubation, nerves were fixed

in 2% paraformaldehyde, teased onto slides, and blocked with 4%

normal goat serum, 4% fetal calf serum and 0.3% Triton-X-100 in

phosphate-buffered saline (PBS) for 1 h, before being incubated

with a Cy3-conjugated anti-human IgG secondary antibody (1:100;

Jackson Immuno Reseach) for 2 h. All samples were analyzed using

a fluorescence microscope with appropriate filter settings (Zeiss

Ax10 and Axio Imager M2 with an Apotome2 device, Zeiss,

Oberkochen, Germany).
2.3 Animals, injections and study design

Eight- to twelve-week-old female Lewis rats were purchased from

Charles River (Sulzfeld, Germany). Animals were housed in plexiglass

cages in a light (day)/dark (night) cycle of 12:12 h and with water and

food ad libitum. Animal experiments and housing and breeding of

mice to obtain nerve tissue for binding assays were approved by the

Bavarian State authorities (Regierung von Unterfranken, license
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number: 55.2.2-2532-2-593-17). Rats were anesthetized with isoflurane.

For intrathecal injections, catheters were placed into the spinal

subarachnoid space (19): A polyethylene catheter (6.5 cm intrathecal

length, Instech Laboratories, BTPU-27) was inserted by incision of the

atlanto-occipital membrane. After placement of intrathecal catheters,

animals recovered for at least one week. Catheters were flushed daily

with 20 µl NaCl using a 30G Hamilton syringe or 10 µl of patient or

control IgG (100 mg/ml) followed by 10 µl NaCl, respectively.

Injections were performed over a period of three weeks, timepoints

are illustrated in Figure 1A. Intraneural injection of 10 µl of patient

or control IgG (100 mg/ml) was performed under anesthesia

with isoflurane as previously described (10): The left sciatic nerve

was dissected at the sciatic notch and intraneural injection was

performed at two time-points (Figure 1B). Tissue dissection was

performed 48 hours after the second injection.
2.4 Scoring and behavioral testing

Tomonitor phenotypic abnormalities, animals were observed daily

walking freely on a table. Symptoms were classified as followed: 0, no

impairment; 1: reduced tone of the tail; 2: limp tail; 3: tail paralysis; 4:

gait ataxia; 5: mild paraparesis; 6: moderate paraparesis; 7: severe

paraparesis or paraplegia; 8: tetraparesis; 9: moribund; 10: death (20).

All experimenters performing scoring, behavioral testing, and nerve

conduction studies were blinded until all experiments and tissue
Frontiers in Immunology 0364
dissections were finished. For experiments with intrathecal injection

of anti-NF abs, ten control animals, twelve animals injected with anti-

NF155 abs and four animals injected with anti-pan-NF abs were

included. For intrathecal injection of anti-CNTN abs, twelve patient

animals and 16 controls were measured. For intraneural injection of

anti-NF abs, 18 control animals, 12 rats injected with anti-pan-NF and

5 animals injected with anti-NF155 were included.

The RotaRod performance test (TSE Systems, Bad Homburg,

Germany) was used to assess motor function. Rats were placed on

an accelerating RotaRod and the mean fall latency of five trials was

measured for each animal. For the analysis of gait parameters (paw

print area, maximum intensity, standing time), the Catwalk™ XT

(Noldus, Emmerich am Rhein, Germany) was performed. Rats were

placed on a transparent glass runway and footprints were detected by a

video camera from below. Three runs per animal were recorded. To

assess mechanical sensitivity, the hindpaws were tested with von-Frey

filaments (Stoelting, Wood Dale, Illinois, USA) six times each and were

analyzed using Dixon’s staircase system (21). To assess thermal

sensitivity, the Hargreaves test (Ugo Basile, Gemonio, Italy) was

performed. A radiant heat stimulus was applied to the hindpaws,

and the withdrawal latency was measured by a fiber optic sensor. The

mean value of three measurements was calculated. To obtain baseline

values, behavioral testing performed before the onset of IgG injections.

During the experiment, behavioral testing was performed on day 4, 9,

16 and 20 of intrathecal injection and on day 4 after intraneural

injection (Figure 1).
TABLE 1 Serological characteristics of patients and controls. *results from a previous study (10).

Patient
no.

autoantigen Serum
titer

Purified IgG titer
(dominant subclass)

Age,
sex

IgG
subclass

In-vitro incubation of
unpermeabilized nerves

In- vivo binding

i.th. i.n.

1 NF155 1:6,000 1:5,000 (IgG4: 1:500) 29, m IgG4 weak nodal n/a none

2 Pan-NF 1:4,000 1:1,000 (IgG3: 1:500) 71, m IgG3>2 nodal weak nodal weak
nodal

3 NF155 1:14,000 1:10,000 (IgG4: 1:1,000) 78, m IgG4>2,1 nodal >> paranodal nodal >>
paranodal

n/a

4 CNTN 1:2,000 1:15,000 (IgG4: 1:15,000) 71, f IgG4>2 weak paranodal none paranodal*

5 NF155 1:2,500 n/a 18, m IgG4 none n/a n/a

6 NF155 1:5,000 n/a 52, f IgG4>2,1 nodal n/a n/a

7 NF155 1:5,000 n/a 33, m IgG4>2 none n/a n/a

8 Pan-NF 1:200 n/a 52, m IgG4>3 none n/a n/a

9 CNTN 1:19,000 n/a 62, m IgG4>2 Strong paranodal n/a n/a

10 CNTN 1:7,500 n/a 76, m IgG3>4 paranodal n/a paranodal*

11 CNTN 1:2,000 n/a 69, m IgG4>3 none n/a none*

12 CNTN 1:1000 n/a 72, m IgG4>2,1 none n/a n/a

13
(control)

– – 37, f – none none none

14
(control)

– – 38, f – none none n/a

15
(control)

– – 37, f – none none n/a
fro
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2.5 Nerve conduction studies

Nerve conduction studies of the sciatic/tibial nerves were

performed under anesthesia with ketamine/xylazine. Surface body

temperature was maintained at 34-36°C with a heating lamp. In

animals that underwent intraneural injection, both sciatic/tibial

nerves were measured whereas in animals that were intrathecally

injected, only the right sciatic/tibial nerve was recorded using

Neurosoft-Evidence 3102 electromyograph (Schreiber and Zholen

Medizintechnik GmbH, Stade, Germany) and needle electrodes as

previously described (10). For motor neurography, the active

electrode was inserted between the third and fourth toe, the

inactive electrode lateral to the first toe. The stimulation

electrodes were placed above the ankle (distal) and the sciatic

notch (proximal). Amplitudes of compound muscle action

potentials (CMAP) were recorded after supramaximal stimulation

at the proximal and distal sites. F-waves and H-reflexes were

recorded by ten stimuli with a frequency of 0.3 Hz, 1 Hz, and 10

Hz at the distal stimulation site. Minimum F-wave latency and

persistence were determined for each frequency. For the analysis of

mixed afferents, the recording electrodes were placed at the sciatic

notch and the stimulation electrodes above the ankle.

Electromyography was performed in the gastrocnemius muscles.

Nerve conduction studies were performed at baseline and at the end

of the experiment immediately prior to tissue dissection.
2.6 Tissue dissection,
immunohistochemistry and microscopy

Tissue dissection after intrathecal injection included spinal

cord, dorsal, and ventral nerve roots of segments L3, L4 and L5

and the sciatic nerves for immediate cryoconservation.
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Additionally, teased fiber preparations of the nerve roots and

sciatic nerves were done as previously described (17). Intrathecal

catheters were checked for correct placement during tissue

dissection. After intraneural injection, only sciatic nerves were

dissected, including cryoconservation for cross sections and

teased fiber preparation.

To detect binding of patient or control IgG to the spinal cord or

dorsal root ganglia, 10 µm thick longitudinal sections (spinal cord)

or cross sections (dorsal root ganglia) were cut, fixed in 10% acetone

for 10 minutes and blocked with 10% bovine serum albumin (BSA)/

PBS for 1 h at room temperature (RT). Afterwards, sections were

incubated with Cy3-conjugated anti-human IgG (1:100; Dianova,

Hamburg, Germany) for 2 h.

Teased fiber samples were incubated with Cy3-conjugated anti-

human IgG (1:100; Dianova, Hamburg, Germany) as previously

described (10). For the investigation of complement deposition,

nerve root teased fibers were incubated with primary antibody

against the complement component C1q (mouse, 1:50, abcam)

followed by secondary antibody (Alexa-Fluor488-conjugated anti-

mouse, 1:200).

Nodal architecture was analyzed by immunofluorescence of

spinal and sciatic teased nerve fibers with anti-Caspr1 (NeuroMab

UC Davis, 1:100), anti-pan NF (R&D systems, 1:1000), anti-pan-

sodium-channel (Sigma Aldrich, 1:250) at 4°C overnight and

appropriate secondary antibodies (Alexa-Fluor488-conjugated

anti-mouse, Jackson Immuno Research, 1:200 or Cy3-conjugated

anti-chicken, Jackson Immuno Research, 1:300) for 2 h at RT.

Microscopy was performed as described above. Nodes and

paranodes were measured using ImageJ (Rasband, W.S., ImageJ,

U. S. National Institutes of Health, Bethesda, Maryland, USA). All

nodes within a field of view were measured. In the sciatic nerves of

animals that were intraneurally injected, 100 nodes and 200

hemiparanodes were analyzed in control and patient animals
A

B

FIGURE 1

Timelines of intrathecal and intraneural injections. The days of injections (intrathecal in A and intraneural in B) are shown at the x-axis, arrows mark
injections, “T” indica/tes the days of behavioral testing. Baseline behavioral testing and nerve conduction studies were performed before starting
injections, post-injection nerve conduction studies and tissue dissection was performed on the day after the last intrathecal injection or two days
after the second intraneural injection. The y-axis in (A) demonstrates the EAN score of rats treated with IgG of the anti-NF155-IgG4-positive patient,
whiskers indicate standard errors.
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each, in the spinal nerves of animals that were intrathecally injected,

78 nodes of controls and 87 nodes of patients were assessed. Nodal

length was defined as the gap between the paranodes stained with

anti-Caspr1. Hemiparanodal length was measured as the length of

Caspr1 staining on one side of the nodal gap.
2.7 Statistical analysis

Statistical testing was performed using Graph Pad Prism,

version 9.5.0. Data of behavioral testing were compared between

patient animals intrathecally injected with IgG of the anti-NF155,

anti-pan-NF or anti-CNTN1-positive patients and control animals

using two-way analysis of variance for repeated measure and with

Kruskal-Wallis test in animals that were intraneurally injected.

Nodal and hemiparanodal lengths were compared using Mann-

Whitney-U-test. A significance level of 0.05 was applied in all tests.
3 Results

3.1 Binding of patient IgG to the nodo-
paranodal complex in vitro

Binding assays of patient serum and purified IgG on fixed and

permeabilized mouse and rat teased fibers showed distinct binding

to the paranodes but not to the nodes. These binding patterns did

not differ between anti-CNTN and anti-NF-155 positive patients

(Figures 2 A, B). Patients with anti-NF-155 abs additionally showed

strong binding to the Schmidt-Lanterman incisures (Figure 2B,

arrows). Binding to the nodes and paranodes was detectable in the

patients with anti-pan-NF IgG3 abs (Figure 2C). No binding was

observed in controls (Figure 2D). For IgG of patients 1-4 that was

used for passive transfer experiments, IgG4 was identified as the

dominant IgG subclass binding at the nodes/paranodes in patients

1, 3 and 4, whereas IgG3 was the main subclass in patient 2

(Figures 2E-H). No binding of the other IgG subclasses

was detectable.

To investigate the accessibility of abs to the paranodal/nodal

region, in vitro incubation of unpermeabilized and unfixed nerves

with patient sera was performed. Paranodal binding was detectable

after incubation with serum of 3 of 5 patients with anti-CNTN IgG

4 abs (patients 4, 9 and 10, example in Figure 2I). Binding was

weaker and often only comprised the node-adjacent half of the

paranode and was more prominent and broader on small-diameter

myelinated fibers. We did not detect any distinct binding to the

nodes. In two patients (both with high anti-CNTN titers) we did not

detect any binding to unpermeabilized and unfixed fibers. When

performing these experiments using serum of anti-NF155 IgG4

positive patients, a completely different pattern of staining was

detected: Binding was found at the nodal area in 3 of 5 patients with

anti-NF155 abs (patients 1,3 and 6, example in Figure 2J), in one of

these patients (patient 3) weak paranodal binding was also

detectable (data not shown). In some binding assays of these

patients, weak binding to the Schwann cell surface was observed

(data not shown). In two patients (both with high titers) no nodal or
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paranodal binding was detectable. Serum of one of two patients

with anti-pan-NF abs also showed distinct binding to the nodal

region (Figure 2K) similar to the binding pattern of the commercial

pan-NF control antibody (Figure 2L). We did not detect any

binding in control sera. The same binding patterns were found in

mouse and rat teased nerve fibers.
3.2 No in vivo binding or pathogenic effect
after intraneural injection of anti-NF155
IgG

Teased sciatic nerve fibers were prepared and pre-fixed two days

after intraneural injection of purified IgG of patients with anti-NF-

155 IgG4 abs (patient 1) or controls (controls 13 and 14). In

contrast to a previous study using IgG of patients with anti-

CNTN1 abs where a small band of paranodal autoantibody

binding was observed (10), no binding to the paranodes or nodes

was detectable after injection of anti-NF155 IgG. When using IgG

of a patient with anti-pan-NF abs (patient 2), only weak nodal

binding was detectable in 50% of the animals (Figure 3A).

Respectively – in contrast to our previous study performing

intraneural injection of anti-CNTN1 abs – none of the rats

injected with IgG of the patient with anti-NF155 abs or anti-pan-

NF abs developed any motor or sensory symptoms as measured by

RotaRod, von Frey, Hargreaves (Figure 3B) and Catwalk testing

(data not shown). Nerve conduction studies did not give any

evidence of a conduction block (data not shown) - in contrast to

a recent study from our group using anti-CNTN1 abs where we

observed conduction blocks and loss of F waves two days after

injection (10). Immunofluorescence staining of teased sciatic nerves

was performed to assess nodal architecture (Figure 3C). Nodal and

hemiparanodal length did not differ between patient and control

animals (Figure 3D).
3.3 Nodal binding and motor and sensory
deficits after intrathecal injection of
anti-NF155 IgG

Teased sciatic as well as ventral and dorsal lumbar root nerve

fibers of animals that were intrathecally injected with patient or

control IgG were assessed for autoantibody binding by staining with

anti-human IgG. While no binding was detected in rats treated with

control IgG (Figure 4A), animals treated with IgG of the anti-NF155

-positive patient showed distinct nodal more than paranodal

binding in ventral roots (10/12 animals) and in dorsal nerve roots

(7/12 animals) (Figure 4B) but not in teased sciatic nerve fibers

(data not shown). The median percentage of positive nodes was

17.0% (0-40.2%) in the ventral roots and 10.2% in dorsal roots (0-

51.0%). In rats treated with IgG of the anti-pan-NF -positive patient

only weak binding at the nodes and/or adjacent to the nodes was

observed in the ventral roots of all animals (median 18.0% (14.7-

21.4%) and in the dorsal roots of three animals (median 5.4% (0-

16.1%) (Figure 4C). In contrast to our recent study with intraneural

injection of anti-CNTN1 (10), no deposition of complement (C1q)
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was detectable by immunofluorescence. In animals injected with

IgG of the anti-CNTN1 positive patient (patient 4), we did not

observe any binding to the paranodes or nodes (Figure 4D).

We did further not observe any motor or sensory symptoms in

animals intrathecally injected with IgG of the anti-CNTN1-positive

patient and control IgG and could not detect any relevant motor or

sensory deficits in the von-Frey, RotaRod, Hargreaves (Figure 4E,

lower graphs) and Catwalk tests (data not shown). There was just a

trend to an increased thermal threshold in patient animals, but

without statistical significance (p=0.09, Figure 4E). Nerve

conduction studies of the sciatic nerve including F waves were

completely normal (data not shown).

In contrast, 8 of 12 (67%) of the animals injected with IgG of the

anti-NF155 patient developed motor and sensory symptoms, mostly

starting one or two days after starting injections (Figure 1). Half of the

symptomatic animals (n=4) showed mild symptoms, like paresis of the

tail (EAN scores 1-2) whereas in the other half paresis of the hind limbs

was observed (EAN scores 4-6). We did not observe any paresis in

animals treated with anti-pan-NF IgG. Motor testing revealed a

decrease of the fall latency on the RotaRod in rats injected with IgG

of the anti-NF155 positive patient (F=4.516, p=0.046; mean difference

from baseline: 3%(-9s) (controls) and 31%(-44s) (NF155); Figure 4E).

Sensory testing demonstrated increased latency in Hargreaves testing in

anti-NF-155 patient animals compared to controls (F=12.97, p=0.002;
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mean difference from baseline: 8% (0.6s) (controls) and 42% (3.4s)

(NF155)) and an increased threshold in the von-Frey testing (F=7.25,

p=0.014; mean difference from baseline: 7% (1.2g) (controls) and 17%

(2.9g) (NF155)) (Figure 4E). Nerve conduction studies of the sciatic

nerve did not show any abnormalities including normal F wave

persistence and latency in animals injected with anti-NF155 IgG/

anti-panNF IgG. Immunofluorescence staining of the paranodal/

nodal proteins Caspr1 and pan-NF at teased nerve roots did not

show any dispersion to the juxtaparanodes or any destruction of nodal

architecture or any obvious nodal or paranodal elongation. We did not

find any difference of hemiparanodal or nodal length between dorsal

and ventral roots within groups. Quantitative analysis of

hemiparanodal and nodal length of dorsal and ventral nerve roots

revealed a decrease of the hemiparanodal length in rats injected with

IgG of the anti-NF155-positive patient (p=0.018) and an increase of

nodal length in rats injected with IgG of the pan-NF-positive patient

(p=0.0026) (Figure 4F).
4 Discussion

By directly comparing binding patterns of anti-CNTN1, anti-

NF155 and anti-panNF in vitro and after passive transfer, we could

demonstrate clear differences of binding: Weak paranodal binding
FIGURE 2

Photomicrographs of binding assays on teased nerve fibers. Binding assays of patient sera/IgG on teased sciatic nerve/rat fibers (A–D), binding
assays with purified IgG that was used for passive transfer experiments and staining with subclass specific anti-human IgG (E–H) and in vitro
incubation of unfixed and unpermeabilized mouse nerves with patients’ sera (I–L) were performed. Paranodal binding was detectable in binding
assays of patients with anti-NF155 and anti-CNTN1 abs (A, B), additional binding to the Schmidt-Lanterman incisures was found in patients with anti-
NF155 (B, arrow heads). Strong binding to the nodal and weaker binding to the paranodal region was found in binding assays with IgG of an anti-
pan-NF-positive patient (C). No binding was seen when using serum of a healthy control (D). IgG4 was identified as the major subclass in patients 1,
3 and 4 (E, G, H), IgG3 in patient 2 (F). After in-vitro incubation of unpermeabilized and unfixed nerve fibers, paranodal binding was found in some of
the anti-contactin positive patients (I), but only nodal binding in nerve fibers incubated with serum of patients with anti-neurofascin-155 (J) or anti-
pan-NF (K) and after incubation with a commercial anti-pan-NF antibody (L) Scale bar = 20 µm.
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was detectable after incubation with anti-CNTN1 whereas anti-

NF155 and anti-panNF bound to the nodes more than to the

paranodes. No binding and no pathogenic effect was found after

short-term intraneural injection of anti-NF155 – in contrast to a

recent study applying purified IgG of patients with anti-CNTN1

IgG3 and IgG4 abs using the same protocol (10). By long-term

intrathecal injection, nodal binding accompanied by motor and

sensory symptoms was seen in animals injected with purified IgG of

a patient with anti-NF155 IgG4 abs, not after injection of IgG of an

anti-CNTN1 positive patient. Results are summarized in Figure 5.

Even though NF155 and CNTN1 both are part of the paranodal

protein complex forming the axoglial junction and abs against both

proteins are associated with very similar clinical symptoms of a
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severe sensorimotor autoimmune neuropathy, our data further

strengthen the notion of different pathogenic effects of both abs:

Paranodal binding after incubation of mouse and rat sciatic nerve

with anti-CNTN1 gives evidence that abs against CNTN1 are at

least partly able to cross the myelin barrier and to bind to paranodal

autoantigens. Our data are in accordance with a previous study that

could also show paranodal binding of anti-CNTN1 IgG4 but not

IgG1 (8). In our in vitro study, patients with anti-CNTN1 IgG4 and

IgG3 abs were included and paranodal binding could be shown for

both subclasses, similar to a recent study from our laboratory that

could demonstrate paranodal binding after intraneural injection of

anti-CNTN1 abs (10). However, interindividual differences of

paranodal binding after in vitro incubation of unpermeabilized
FIGURE 3

Effects of intraneural injection of anti-NF abs. Photomicrographs of teased sciatic nerve fibers after intraneural injection of IgG of a patient with anti-
NF155 or anti-pan-NF abs and staining with anti-human IgG: Weak nodal binding was detectable at some nodes after injection of anti-pan-NF (A, left
image, arrows), but not after injection of control IgG (A, right two images). Sensory and motor testing did not show any differences between patient
and control animals and also no differences of the distal-to-proximal ratio of the compound muscle action potential of neurography of the sciatic
nerve was found (B) (horizontal lines, boxes and whiskers mark medians, quartiles and ranges). Immunofluorescence staining of the nodes of Ranvier
was performed to analyze hemiparanodal (Caspr1, magenta) and nodal (pan-Nav, cyan) length (C) No differences were found between patient and
control animals (n = 100 nodes/200 hemiparanodes) (D). (A) Scale bars = 20 µm, (B) Scale bar = 5 µm.
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nerve fibers were observed that were not explained by different IgG

subclasses and could only be partly explained by autoantibody

titers. Different affinities of abs or different epitopes with various

grades of accessibility may be an explanation, considering that such

different epitopes have been described for patients with anti-

CNTN1 abs (22, 23). Therefore larger studies are needed to draw

a definite conclusion.

In contrast to anti-CNTN1 abs, where conduction blocks and

pareses have been described after intraneural injection (10), high

local concentrations of abs, as induced by intraneural injection, did

not seem to be sufficient to access the paranodes in cases with anti-

NF155 and anti-pan-NF. For these antibodies, no binding to the

paranodes was observed in teased sciatic nerve fibers of animals that

were intraneurally injected. In contrast to intrathecal injection, no

binding to the nodes was detectable after intraneural injection of

anti-NF155 and only weak nodal binding of anti-pan-NF, but

without clinical effects. As anti-pan-NF abs were of the IgG3

subclass, lack of complement may account for the absence of an

effect on nerve conduction. However, in a recent study with anti-

CNTN1 abs, complement deposition and conduction blocks could

be detected, also without the addition of human complement (10).
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Upon intrathecal injection, we found clear differences between

anti-NF155 and anti-CNTN1 abs: Similar to a recent study (9),

motor symptoms were induced by anti-NF155 and distinct

binding to the nodes but only weak and incomplete binding to

the paranodes was observed. These results indicate that

continuous exposure to anti-NF155 abs - in contrast to anti-

CNTN1 where focally high concentrations seem to be effective - is

required to induce clinical symptoms. Devaux and colleagues

proposed impairment of the protein turnover by binding to

NF155 that is expressed at the nodal Schwann cell surfaces as a

potential pathogenic mechanism in anti-NF155 associated

neuropathy, concordant with the necessity of continuous

exposure to abs (8). Indeed, this may also explain the findings

of our study, since we could not find evidence supporting other

explanations like binding to the spinal cord or dorsal root ganglia.

However, symptoms occurred after one to two days of injection,

which would be early for such a mechanism. Another explanation

for differences between intraneural and intrathecal injection may

be a higher vulnerability of nerve roots compared to peripheral

nerves like the sciatic nerve. As nerve roots originate at the

transition between central and peripheral nervous system, the
FIGURE 4

Photomicrographs of teased nerve roots of animals intrathecally injected with IgG of a control (A), a patient with anti-NF155 (B), anti-pan-NF (C) or
anti-CNTN1 (D) abs. No binding is detectable after injection of control and anti-CNTN1 IgG (A, D), nodal more than paranodal binding after injection
of anti-NF155-positive IgG (B) and weak nodal and juxtanodal binding after injection of anti-pan-NF-IgG (C). Behavioral testing revealed a decrease
of fall latency in the RotaRod testing, increased thermal and mechanical sensory thresholds by Hargreaves and Von-Frey testing in animals treated
with anti-NF155 IgG (upper images), not in animals injected with anti-CNTN1-IgG (lower images), just a trend towards increased thermal thresholds
in patient animals but without statistical significance (E). Morphological analysis of nodal and hemiparanodal length revealed increased nodal length
in anti-pan-NF-IgG injected animals and a decrease of hemiparanodal length in animals treated with anti-NF155-IgG (n = 78 nodes (controls), 145
(NF155), 87 (pan-NF) (F). Graphs show mean values and standard errors, *p<0.01, **p<0.001. Scale bars = 20 µm.
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the density of nodes may be increased and alterations of the

ultrastructure may occur (24, 25) and thus, the myelin barrier may

be easier to penetrate. Remarkably, polyradiculitis is a prominent

feature in patients with anti-NF155 abs as demonstrated by MRI

studies (26). However, we could not measure any loss of F waves as

a potential correlate of conduction block of ventral roots. An

explanation may be that the intrathecal catheters end at L3/L4 and

other nerve roots that contribute to the sciatic nerve (L4-L6) are

not sufficiently affected. Morphological analysis of nerve roots did

not reveal any obvious damage to the nodes. Quantitative

assessment found a mild decrease of hemiparanodal length in

animals injected with anti-NF155 IgG that may be explained by a

slightly decreased expression of NF155 at the paranodes, mostly

affecting the marginal area of the hemiparanodes. In contrast to

the recent study by Manso and colleagues (9), our animals did not

only show motor but also sensory symptoms. This is in line with

the clinical picture of the patients and is supported by binding of

patient IgG to ventral as well as dorsal nerve roots and decreased

paranodal length in ventral and dorsal nerve roots. Different

autoantibody titers and/or epitopes may explain these differences.

Due to the rareness of the disease and the complexity of the

experiments, only a small number of patients can be tested in

passive transfer experiments and samples of different patients were

used for intraneural and intrathecal injection of anti-NF155.

Interindividual differences of epitopes, autoantibody affinity and

titers therefore need to be taken into account when interpreting

results. Another limitation are different titers of abs that may reduce

the comparability between different patients and the limited number

of patients. Another barrier that may contribute to the accessibility of

autoantibodies to nerve fibers is the blood nerve barrier that needs to

be addressed in future studies using systemic administration

of autoantibodies.
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In summary, our data demonstrate different capabilities of

paranodal abs to access their targets and support the notion of

different pathogenic mechanisms of anti-CNTN1 and anti-NF155

abs, but also indicate interindividual differences of abs targeting the

same protein that may explain different courses of disease and

should be addressed in future studies.
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FIGURE 5

Summary of the results. Nodal more than paranodal binding is found after in vitro incubation of nerve fibers and after intrathecal passive transfer of
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the nodal gap and clinical symptoms after intraneural injection (* = result from previous study (10)). In vitro incubation and intraneural and
intrathecal passive transfer of control IgG does not induce any binding or symptoms.
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positive Myasthenia Gravis; an
IgG4 antibody-mediated disease
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Vasiliki Zouvelou1, Dimitrios Tzanetakos2, Stavroula Salakou2,
Marianna Papadopoulou2,4, Socrates Tzartos5,6,7,
Konstantinos Voumvourakis2, Constantinos Kilidireas1,8,
Sotirios Giannopoulos2, Georgios Tsivgoulis2,9

and John Tzartos2*

1First Department of Neurology, Medical School, National and Kapodistrian University of Athens,
Athens, Greece, 2Second Department of Neurology, Attikon University Hospital, National and
Kapodistrian University of Athens, Athens, Greece, 3Department of Neurology, School of Medicine,
University of Patras, Patras, Greece, 4Department of Physiotherapy, University of West Attica,
Athens, Greece, 5Tzartos NeuroDiagnostics, Athens, Greece, 6Department of Neurobiology, Hellenic
Pasteur Institute, Athens, Greece, 7Department of Pharmacy, University of Patras, Patras, Greece,
8Department of Neurology, Henry Dunant Hospital Center, Athens, Greece, 9Department of
Neurology, The University of Tennessee Health Science Center, Memphis, TN, United States
Muscle-specific kinase (MuSK) Myasthenia Gravis (MG) represents a prototypical

antibody-mediated disease characterized by predominantly focal muscle

weakness (neck, facial, and bulbar muscles) and fatigability. The pathogenic

antibodies mostly belong to the immunoglobulin subclass (Ig)G4, a feature which

attributes them their specific properties and pathogenic profile. On the other

hand, acetylcholine receptor (AChR) MG, the most prevalent form of MG, is

characterized by immunoglobulin (Ig)G1 and IgG3 antibodies to the AChR. IgG4

class autoantibodies are impotent to fix complement and only weakly bind Fc-

receptors expressed on immune cells and exert their pathogenicity via interfering

with the interaction between their targets and binding partners (e.g. between

MuSK and LRP4). Cardinal differences between AChR and MuSK-MG are the

thymus involvement (not prominent in MuSK-MG), the distinct HLA alleles, and

core immunopathological patterns of pathology in neuromuscular junction,

structure, and function. In MuSK-MG, classical treatment options are usually

less effective (e.g. IVIG) with the need for prolonged and high doses of steroids

difficult to be tapered to control symptoms. Exceptional clinical response to

plasmapheresis and rituximab has been particularly observed in these patients.

Reduction of antibody titers follows the clinical efficacy of anti-CD20 therapies, a

feature implying the role of short-lived plasma cells (SLPB) in autoantibody

production. Novel therapeutic monoclonal against B cells at different stages of

their maturation (like plasmablasts), or against molecules involved in B cell

activation, represent promising therapeutic targets. A revolution in

autoantibody-mediated diseases is pharmacological interference with the

neonatal Fc receptor, leading to a rapid reduction of circulating IgGs (including

autoantibodies), an approach already suitable for AChR-MG and promising for

MuSK-MG. New precision medicine approaches involve Chimeric autoantibody

receptor T (CAAR-T) cells that are engineered to target antigen-specific B cells in

MuSK-MG and represent a milestone in the development of targeted
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immunotherapies. This review aims to provide a detailed update on the

pathomechanisms involved in MuSK-MG (cellular and humoral aberrations),

fostering the understanding of the latest indications regarding the efficacy of

different treatment strategies.
KEYWORDS
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1 Introduction

Myasthenia Gravis (MG) is the most extensively studied and

best-understood autoantibody-mediated autoimmune neurological

disease; it affects the endplate region of the postsynaptic

neuromuscular junction. MG is diagnosed based on clinical,

electrophysiological, and serological findings (1). In approximately

80% of patients with generalized MG, it is characterized by increased

levels of circulating immunoglobulin G1 (IgG1) and IgG3

autoantibodies against the acetylcholine receptor (AChR) (2, 3).

Less frequently, patients who lack detectable serum AChR

antibodies mainly demonstrate IgG4 antibodies against muscle-

specific tyrosine kinase (MuSK) or IgG1 antibodies against low-

density lipoprotein receptor-related protein 4 (LRP4). A small

subgroup of patients (approximately 7%) with MG has no

detectable circulating antibodies (4, 5).

MuSK belongs to the receptor tyrosine kinases enriched at the

neuromuscular junction (NMJ) and is important for its differentiation

and development (6, 7). The ectodomain of MuSK is comprised of

three immunoglobulin (Ig) -like and one cysteine-rich/Frizzled

domain, while the cytosolic compartment is mainly composed of a

tyrosine kinase domain (8). Agrin, a heparan sulfate proteoglycan,

released frommotor neurons, binds toMuSK coreceptor LRP4 (located

in themuscle membrane) and this interaction leads to the generation of

a hetero-tetramerized complex consisting of 2 LRP4 and 2 MuSK

molecules. The 2 MuSK molecules are dimerized, and the intracellular

kinase domains are activated through autophosphorylation

(transphosphorylation of tyrosine residues in the cytoplasmic

domains like the Y553 site) (9–11). This phosphorylation leads to

the recruitment of downstream kinase-7 (Dok-7), located in the cytosol

of myofibers, which is phosphorylated and activated. Dimerization of

Dok-7 leads to juxtaposition of the 2 MuSK molecules required for the

full activation of MuSK (10, 12). Downstream of Dok-7 activation are

the adaptor proteins Crk and Crk-L that recruit further proteins like

Sorb1 and Sorb-2 finally leading to the activation of the scaffold protein

rapsyn that is responsible for the proper AchR clustering in the muscle

membrane (13, 14). Other downstream pathways of Dok-7 activation

involved in AchR clustering are the activation of Rac and Rho proteins,

or disheveled 1(Dvl1) and tumorous imaginal discs protein (Tid1)

(15, 16). Moreover, the overactivation of Musk is regulated by various

mechanisms involving the Wnt pathway leading to endocytosis, by

Dok-7 ubiquitination and degradation, or a stringent process involving

the juxta membrane and the autoactivation loop autoinhibition (17,
0273
18). Constitutively active MuSK has been shown to induce ectopic

NMJ-like structures independent of Agrin in vivo (19). In the research

area of MuSK-MG, the activation of the agrin-LRP4-MuSK pathway is

of importance as the patients circulating antibodies targeting MuSK

affect MuSK phosphorylation and/or Agrin-dependent AChR

clustering with complex mechanisms explained below.

In MuSK-MG, unprovoked disease exacerbations and myasthenic

crises frequently occur even despite high doses of immunosuppression

(20, 21). Nevertheless, in recent years, the early diagnosis of these

patients and the administration of rituximab has led to a noticeable

reduction in treatment-refractory cases (22). Very rare cases with mild

ocular symptoms and spontaneous remission have been described (23,

24). Approximately, 10–15% of MuSK- MG patients have a refractory

disease or suffer from relapses on tapering immunosuppressive

medication (25). It is frequently difficult to manage this subset of

individuals who do not respond favorably to steroids or standard

immunosuppressants. Classical treatments for MuSK-MG include

nonspecific immunomodulation (corticosteroids and plasmapheresis)

in the condition of myasthenic crisis or an acute exacerbation of MG

symptoms, and nonsteroidal immunosuppressants that serve as

steroid-sparing agents for long-term remission. There is an urgent

need for novel and more efficient therapies for MG due to devastating

side effects and treatment resistance. Novel and upcoming

immunotherapies for MuSK-MG include molecules that target B

cells, specific B cells that recognize the MuSK antigen, plasmablasts,

cytokines involved in B cell maturation, and neonatal fragment-

crystallizable antagonists Receptors (FcRn) involved in the synthesis

and recycling of immunoglobulins. In this review, we wanted to have

an overview of these innovative therapies. In light of this, we will

initially emphasize on the cellular and humoral mechanisms involved

in the pathophysiology of the disease, as accomplishing this will enable

researchers to create new, highly targeted medications.
2 General clinical aspects
of MuSK-MG

MuSK-MG is a rare subtype of MG that affects 5–8% of MG

patients. It usually appears alongside more severe clinical signs and

has an initial start with quick progression within weeks affecting

predominantly bulbar muscles and causing symptoms of jaw

muscle fatigue, difficulty swallowing or speaking as well as

diplopia and ptosis (26). Best clinical practice guidelines suggest
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1212757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vakrakou et al. 10.3389/fimmu.2023.1212757
that in suspicion of MG, we should test AChR antibodies first and if

negative, then MuSK antibodies should be evaluated (4). Clinicians

should have in mind that during the course of AchR-MG,

reassessment of antibody status is advisable when there is an

unexpected change of pattern of clinical involvement and

alterations in therapeutic response as there are emerging cases

with double positivity with MuSK at the beginning (rarer) and

especially years after disease onset (27–32). Double positivity has

also been observed in a drug-associated MG case under

d-penicillamine treatment (33).

MuSK-MG is considered to emerge during the fourth decade of

life in contrast to AChR-MG which exhibits a more bimodal

appearance with many patients diagnosed before the fourth

decade and many others after the sixth decade. MuSK-MG more

frequently affects women, whereas AChR-MG affects young women

but also older men (34, 35). The pattern of muscle involvement in

MuSK-MG is more directed to the facial, bulbar, and respiratory

muscles (36). Many MuSK-positive patients experience a head drop

owing to neck extensor weakness, whereas AChR-MG individuals

suffer neck flexor weakness. Limb weakness is usually milder and

less frequent than in AChR-MG (26, 37). A characteristic of MuSK-

MG is the variably observed tongue, masseter, buccinators,

orbicularis oculi muscle atrophy, as well as the occasionally seen

shoulder and girdle muscle atrophy (38). Significantly, early

initiation of immunosuppressive treatment could restore atrophy

in designated muscles (39, 40). A cardinal difference between

AChR-MG and MuSK-MG is the rare participation of the thymus

with either thymoma or hyperplasia, in the latter that points to the

different key immunological mechanisms underlying each subgroup

(41). An intriguing aspect of MuSK-MG is that the emergence of

MuSK Abs along with disease clinical features can appear years after

the AChR-MG onset and thymectomy (30, 42, 43). In these unusual

yet existing cases, a possible explanation might be the

immunological changes following thymectomy in AChR-MG.

HLA alleles that are associated with the two subtypes of MG are

distinct. MuSK-MG has been associated with the risk alleles

belonging to HLA-DRB1, DQ1, and DQ5 locus (44–47).

Most AChR and low-density lipoprotein receptor-related

protein 4 (LRP4) antibodies are of the IgG1 subtype, while MuSK

antibodies are typically of the IgG4 subtype. One of their main

differences is that IgG1 antibodies can activate the complement,

while IgG4 affects the neuromuscular junction without complement

activation or induction of antigen internalization, but involved

pathogenetic mechanisms include direct inhibition of MuSK

protein interaction with other proteins and particularly LRP4

(48, 49).

The levels of IgG4 MuSK antibodies, particularly targeting the

Ig-like-1 domain, have been found to correlate with disease severity

in MuSK-MG, something that is not evident in AChR-MG (49).

Notably, titers of antigen-specific IgG4, which outnumbered IgG1,

were substantially associated with indices of disease severity (50).

Furthermore, it is important to emphasize that, while IgG4 is

predominant at the time of diagnosis, considerable concentrations

of IgG1-3 antibodies can be detected, and are less thoroughly

studied (51). In recombinant human antibodies isolated from the

peripheral blood of MuSK-MG, all subclasses IgG1, IgG2, and IgG4
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antibodies were identified, and part of them have pathogenic

potential in in-vitro models (52).
3 MuSK-MG - pathogenetic
mechanisms

3.1 Specific role of the B-cell lineage
(memory B cells, plasmablast, plasma cells)

Based on their function, B-cells and plasma cells are in the

foreground of the mechanisms that orchestrate the pathophysiology

of MG. New insights into their importance and their mechanistic role

have emerged after MG-related immunotherapies have been

developed targeting autoantibody production and silencing of other

B-cell functions that seem to have equal pathophysiological

importance. Specifically, regulatory B cells, also known as B10 cells

because they are responsible for producing IL-10 and direct CD4 T

cell differentiation and growth, appear to have an essential part in the

advancement of AChR-MG and MuSK-MG. An impaired B10

population or function has been correlated with enhanced disease

severity. A CD20-specific antibody treatment (rituximab; CD20 is

only expressed in immature B-cells or during their differentiation and

is not expressed in plasma cells) that depletes B-cells in autoimmune

diseases, revealed that early recovery of the B10 population post-

treatment is beneficial for patients with MG and leads to disease

recession, indicating that B10-targeted treatments can possess clinical

importance (53). CD27+ memory B-cells are also involved in MG, as

this memory B-cell branch was suppressed in patients with AChR-

MG after rituximab (RTX) treatment (54). Plasmablasts are also

important for the progression of MG and represent an in-between

differentiation step of B-cells (mature B-cells that have not completely

become mature plasma cells). These ephemeral cells are responsible

for producing high levels of autoantibodies (55, 56). The clinical

importance of CD20-expressing cells, such as B-cells and

plasmablasts, has been linked with drastically diminished MuSK

antibody levels after B-cell depletion due to RTX treatment (52,

57). It has also been revealed that most patients with MuSK-MG who

received B-cell depletion therapy (BCDT) achieved complete and

stable remission, followed by subtle levels of plasma autoantibodies.

In contrast, other reports have shown that patients with MG can

relapse after several years (24–42months depending on the study and

the protocol used) or not respond to BCDT therapy (58, 59). In line

with previous insights, in 2020, Jiang et al. revealed that a proportion

of B-cell clones actually dodge and survive the BCDT, with most of

them being recognized as CD20-low memory B-cells and antibody-

secreting cells (ASCs). The plasmablast implication in MG

progression was also confirmed by the fact that the levels of plasma

MuSK autoantibodies were enhanced in patients who had relapsed.

Following the previous findings, several studies have attempted to

shed light on the exact population that produces the detrimental

MuSK-specific antibodies. Surprisingly, B-cells and plasmablasts

producing anti-MuSK autoantibodies represent almost a nugatory

proportion of cells that produce these pathogenic autoantibodies.

One study showed that a specific clone (2E6) of plasmablasts with

CD20-low expression could be responsible for the plasma anti-MuSK
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antibodies. Nevertheless, taking into account that plasma anti-MuSK

antibodies are polyclonal, it is currently unclear if a single antibody

clone is responsible for these plasma anti-MuSK antibodies (60).

According to another study, people with MuSK-MG who relapse

had marginally higher levels of CD19+ CD27hi CD38hi plasmablasts.

Furthermore, patients with MG who relapsed after BCDT possessed a

large percentage (25%) of plasmablasts not expressing CD20 but had a

high abundance of transmembrane activator calcium modulator

(TACI) and B-cell maturation antigen (BCMA) receptors and low

levels of the B-cell activating factor (BAFF) receptor. This outcome

might be in line with the finding that high plasma BAFF levels

(a cytokine that promotes B-cell survival and differentiation into

ASC) were found in patients with AChR-MG and MuSK-MG

without differences in BAFF receptor levels (61–63) (Table 1).

Collectively, it seems that MuSK-MG tolerance defects (both in

peripheral and central checkpoints) lead to the generation of
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autoreactive B cells (81). Moreover, apart from these aberrations

in the immature and new emigrant B cells (assessed by tolerance

assays and self-reactivity of produced antibodies), short-lived

CD20-expressing, MuSK-specific plasmablasts seem to account in

part for the autoantibody production (82). Apart from plasmablasts,

memory antigen-specific B cells (recognized as CD20low memory B

cells) also produce autoantibodies and these clones persist or even

reemerge in the post-rituximab period (60).
3.2 Autoantibodies in
MuSK-MG – pathogenetic role

3.2.1 Emphasis on IgG4: its properties
The pathology of MuSK-MG is mainly mediated by IgG4-

subclass antibodies that exert their pathogenetic action via the
TABLE 1 Cells of B cell lineage and antibodies in MuSK-Myasthenia Gravis.

References

New immigrant and Naïve B cells Autoreactvity due to defects in central and peripheral immune tolerance mechanisms (64, 65)

Regulatory B cells/B10

Lower percentages in MuSK-MG

(53, 66)Correlate with disease severity

Early recovery after rituximab associated with clinical improvement

Memory B cell MuSK-specific memory B cells identified in MuSK- MG patients (52)

Plasmablasts

Mildly elevated especially during disease exacerbation/relapse (52, 56)

Rare MuSK-specific plasmablasts (52, 56, 57)

Rituximab-induced incomplete depletion (57, 67)

MuSK-specific IgG4 plasmablasts persist in relapse after a BCDT-induced remission (60)

Express high levels of the receptors TACI and BCMA, low levels of BAFF-R (60)

IgGs

Patient serum IgG

IgG4 anti-MuSK abs: functionally monovalent due to Fab exchange, inhibit MuSK phosphorylation (in vitro) (51, 68–70)

IgG4 subclass mediates pathology by inhibiting the interaction between MuSK and LRP4 (in vivo) (49, 71–74)

IgG4 binds to the collagen tail subunit (ColQ) of acetylcholinesterase and blocks the binding of ColQ to MuSK (48, 50)

Unable to bind to C1q to activate the complement cascade (69)

Unable to bind to FcgR to activate immune cells (69)

Passive transfer of IgG4, but not IgG1-3, into mice induces experimental gravis (73)

IgG1-3 induce complement activation ad MuSK endocytosis (75, 76)

Recombinant Abs from memory B
or ASC cells

Belong to various subclasses, MuSK IgG1-3s exhibit pathogenesis in-vitro
(52, 73, 75–

77)

MuSK-specific rAbs recognized epitopes within the first Ig- like domain of MuSK (78)

Bispecific MuSK-rAbs stimulated MuSK phosphorylation in vitro, while still inhibiting AChR clustering (77)

Rabs with pathogenic capacity derived from clonal MuSK-specific B cell clones reemerged after BCDT-mediated
remission, predating disease relapse

(60)

Exceptionally high affinities through the process of affinity maturation (79)

Monovalency increases the pathogenic effect of MuSK antibodies (77, 80)
ASC, antibody-secreting cells; Abs, antibodies; MuSK, muscle-specific kinase; BCMA, B-Cell Maturation Antigen; TACI, Transmembrane activator calcium modulator, and cyclophilin ligand
interactor; BAFF-R, B-cell activating factor receptor; BCDT, B cell depletion therapy; Rabs, recombinant antibodies.
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inhibition of interactions between MuSK and collagen Q or LRP4.

This is achieved via binding to the first Ig-like domain of MuSK,

leading to decreased levels of phosphorylated MuSK and

subsequent reduction of both agrin-induced and agrin-

independent AChR clustering and signaling (48–50). Specific

high-affinity maturation processes should be performed for anti-

MuSK IgG4 to reach its pathogenic potential. More specifically,

MuSK recognition by the anti-MuSK antibodies allows their

structural maturation and functional monovalency that stimulates

their pathogenicity (79, 83). Two possible mechanisms that affect

MuSK-mediated AChR clustering have been proposed; a. bivalent

IgG cross-links and auto-phosphorylates MuSK rendering its

activation, b. functionally monovalent IgG4 directly inhibits

MuSK autophosphorylation (84). Additionally, in vitro

experiments in C2C12 cells revealed that MuSK antibodies, Fab

fragments, and IgG4, but not IgG1-3, promoted the frailty of the

MuSK/LRP4 complex, reducing AChR clustering (51). Another

likely explanation is that MuSK antibodies disrupt the LRP4-

mediated retrograde cascade, justifying enhanced AChR

dissemination and acetylcholine levels (85). This is also supported

by in vivo experiments where MuSK-MG mice failed to exhibit

presynaptic acetylcholine increase that is phenotypical in AChR-

MG mice (86). The effect of enhanced pathogenicity of these

autoantibodies can also be documented by the isolation of two

novel MuSK monoclonal antibodies that are produced from

plasmablasts detected in BCDT relapse and can bind to the Ig1-

like domain of MuSK (79). The MuSK Ig-like 1 domain is known as

the main immunogenic epitope when challenged with polyclonal

IgG4 fractions and serum derived from MG patients (87). The Ig-

like domain 2 of MuSK, which can be observed by different IgG4

and IgG3 antibodies also leads to AChR cluster inhibition,

surprisingly coupled with augmented MuSK phosphorylation,

signifying multiple compensatory pathways (52).

MuSK-specific autoantibodies dictate the pathogenic effect and

can be valuable prognostic biomarkers to predict post-BCDT

relapse, as they can be identified alongside MuSK-positive B-cells

prior to relapse (88). Additionally, anti-MuSK autoantibodies can

abrogate the formation of the complex between MuSK and the

subunit (ColQ) of acetyl-cholinesterase on the presynaptic muscle

membrane by binding to the latter (89). In addition, this complex

formation interaction has been reported to reduce AChE at the

synapse and promote ACh accumulation within the synapse (48).

This biochemical cascade has been proposed to be responsible for

the hypersensitivity that patients with MuSK-MG exhibit after

treatment with AChE inhibitors (90). Several other reports have

well described the ability of anti-MuSK antibodies to disrupt the

NMJ (68, 71). This has been accompanied by the fact that functional

and structural synapse homeostasis is being disrupted because of

inactivated MuSK at the NMJ (72) (Table 1 and Figure 1).

3.2.2 Evidence of pathogenicity from animal
models (immunization and passive transfer
models) and recombinant Abs from patient
memory B or plasma cells

The importance of anti-MuSK IgG4 antibody pathogenicity has

been documented during experiments where MG was induced in
Frontiers in Immunology 0576
mice who passively received IgG4 antibodies derived from patients

with MG. The same study also implicated that the pathogenesis of

MG is not mediated via complement-related mechanisms, as the

IgG4 subclass cannot activate the complement per se (73). Two

reports, where placental transfer of antibodies was able to induce

transient MG in the neonate, also strengthen this hypothesis (91).

Of note, interspecies mechanistic studies revealed that only the

extracellular part of human MuSK protein can induce myasthenic

phenotypes in both murine and rabbit NMJs, whereas murine

MuSK phosphorylation is reduced when purified antibodies

obtained from patients with MuSK-MG, were inoculated (49, 74,

92). More mechanistic studies on anti-MuSK IgG4 CH2-amino

substitutions have revealed that these constructs failed to activate

immune cells or the complement through FcgR or C1q, respectively

(69). Furthermore, monoclonal MuSK antibodies derived from B-

cells and plasma cells of patients with MG are able to increase

MuSK phosphorylation and inhibit AChR clustering in C2C12

myotubes as expected (52, 77). Furthermore, monovalent Fab

fragments produced from patient-derived bivalent monospecific

MuSK antibodies can diminish MuSK phosphorylation and

AChR clustering (93).
4 MuSK-MG as part of neurological
autoimmune disorders with the
characteristic presence of IgG4

MuSK-MG belongs to a wider family of neurological

autoimmune disorders characterized by the presence of IgG4

autoantibodies directed against different antigenic targets, specific

to each disease (IgG4-AID). It is important to discriminate these

neurological autoimmune diseases from IgG4-related diseases

(IgG4-RLD) that comprise multiorgan diseases hallmarked by

tissue-destructive fibrotic lesions along with lymphocyte and IgG4

plasma cell infiltrates and elevated serum IgG4 concentrations (94)

(Perugino CA, 2020). It is unknown if IgG4-AID and IgG4-RLD

share pertinent clinical and immunopathological characteristics,

but more recent data indicate that they are separate disease entities

(95). Some typical examples of IgG4-AID, apart from MuSK-MG,

include LGI1 (leucine-rich, glioma-inactivated-1) autoimmune

encephalitis in which the autoimmune response is directed

against a secreted protein that stabilizes the trans-synaptic

complex (LGI1), Caspr2 (Contactin-associated protein-like 2)

associated encephalitis and/or peripheral nerve hyperexcitability,

nodal/paranodal chronic inflammatory demyel inat ing

polyradiculoneuropathy with antibodies to neurofascin-155,

contactin-1/caspr-1, and anti-IgLON5 (immunoglobulin-like cell

adhesion molecule 5) disorder with antibodies against an adhesive

protein (IgLON5) in the Central Nervous System (CNS). Specific

autoantigen has not been described in IgG4-RLD. Via novel single-

cell immunoglobulin sequencing techniques and subsequent

cloning, galectin-3 was identified as an autoantigen in patients

with IgG4-RLD. Anti-galectin-3 autoantibodies were found in 28%

of a variety of patients with IgG4-RLD, albeit their pathogenetic

function is uncertain (96).
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The exact cytokine milieu permitting class switch to IgG4 in

MuSK-MG is still unknown. It is known that a TH2 milieu

supported by IL-4 and IL-3 cytokines along with a synergistic

action of IL-10 is a significant factor for the IgG4 class switch

(97–99). Nevertheless, this simplified scenario has not been verified

in MuSK-MG, as IL-10 production has been found to be diminished

especially by stimulated B cells. Nevertheless, other cell sources of

IL-10 have not been examined especially inside the germinal

centers. Previous studies have shown that IL-10, IL-6, and TNF-

alpha produced by B cells are down-regulated in MG, regardless of

the kind of antibodies produced (100). Therefore, B cells’ inefficient
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cytokine production solely cannot explain the propensity to IgG4

which is usually fueled by IL-10 and IL-6. A specific cytokine or

cellular network (T helper cells, dendritic cells, etc.) in the germinal

centers or in the extrafollicular compartment of MuSK-MG patients

could be responsible for fostering IgG4 production. Indeed, in an

animal model of MG after MuSK immunization, it was noticed the

predominance of a Th2 milieu, that cannot be easily translated to

human MuSK-MG (101). T-cells from MuSK-MG patients showed

a higher Th1/17 versus Th2 response compared to healthy controls

(102, 103). CD4+ T cells had higher IL-2, TNF-alpha, and IL-17.

Patients with MuSK-MG exhibited a greater proportion of CD4+ T
FIGURE 1

A graphical representation of a mechanistic theory for how MuSK autoantibodies are produced. The stages of B-cell development and differentiation are
depicted in the image. In the bone marrow, the development process progresses through the pro-B-cell, pre-B-cell and immature-B-cell stages, and
then gives rise to naïve B cells in the periphery. Naive B cells can take messages for cell proliferation and activation by CD4 T cells. specially in MuSK-MG
patients, the expanded circulating T follicular CD4 T cells expressing IL-17 (Tfh17) secrete cytokines fostering B cell activation. B cells enter the germinal
centers where are likely to encounter an antigen and receive support from T cells. Active germinal centers (GC) give rise to memory B cells and LLPCs,
whereas the extrafollicular pathway of B cells activation ends up with the generation of SLPBs that enter the periphery (other pathways that also exist,
but are not shown here, are less studied pathways). Important processes inside the germinal centers are B cell clonal expansion and affinity maturation.
In MuSK-MG, a pool of memory B specific for MuSK, as well as SLPB have been recognized as projectors of cells secreting pathogenic IgG4 antibodies.
In MuSK-MG, a specific cytokine milieu and other unknown factors foster IgG4 class-switching. An inherent property of IgG4 is the Fab-arm exchange
that generates monovalent IgG4 antibodies that cause neuromuscular junction dysfunction by interfering with MuSK interaction with other proteins like
LRP4 and ColQ. Recombinant antibodies produced by MuSK-MG patient memory or antibody-producing cells have exhibited also a pathogenicity
profile with a different pattern of action (agonistic action, complement activation) from antibodies isolated from the serum of patients. A subset of
recombinant antibodies produced in-vitro exhibit agonist action and enhance phosphorylation of MuSK. Nevertheless, some of them inhibit agrin-
induced AchR clustering (agrin not shown). These effects need further in vivo studies for assessing antibody pathogenicity. Novel therapeutic strategies
involve Chimeric autoantibody receptor (CAAR) T cells that are endogenous T cells from patients engineered in vitro to target B cells that produce
autoantibodies against MuSK leading them to apoptotic cell death. MuSK-CAART is designed to specifically eliminate anti-MuSK B cell receptor (BCR)
expressing B cells MuSK CAAR T cells efficiently kill various anti-MuSK BCR expressing cells but not control B cells. To achieve this, the CAAR comprises
the native MuSK ectodomain tethered to tandem CD137-CD3z signaling domains. Another novel treatment approach currently in clinical trials for MuSK-
MG is the targeting of the FcRn with inhibitors. FcRn functions as a protector of IgG from lysosomal degradation through the recycling and transcytosis
of IgG within specific cells. Antagonism of this receptor promotes IgG degradation, leading to reduced overall IgG and pathogenic autoantibody levels.
Finally, various monoclonals are being tested in clinical trials directly or indirectly targeting the activation and differentiation of B cells like anti-CD19,
anti-CD38, and anti-IL6R. The surface expression of the proteins targeted by monoclonal is depicted in the picture. MG, MG; LLPCs; long-lived plasma
cells; SLPBs, short-lived plasmablasts; ColQ, collagen-like tail subunit of Asymmetric Acetylcholinesterase; CAAR-T, Chimeric autoantibody receptor T
cells; MuSK, muscle-specific kinase; BCR, B cell receptor; FcRn, neonatal Fc receptor; NMJ, neuromuscular-junction.
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cells that produced combinations of IFN-gamma/IL-2/TNF-

gamma, TNF-alpha/IL-2, and IFN-gamma/TNF-alpha.

Interestingly, Treg numbers and CD39 expression were not

different from control values. Moreover, a higher Tfh/Tfr ratio

was found in MuSK-MG patients along with increased frequencies

of Th17-producing Tfh cells and higher Tfh-fostered IgG synthesis

(104). Indeed, MuSK patients tend to have mildly elevated levels of

immunoglobulin production (IgG) compared to controls (p=0,057),

something however also observed in AChR-MG (105).

One theory is that the type of antigen (time of exposure) and the

specific genetic pre-disposition as mainly determined by HLA

alleles, could generate the appropriate environment -genetic

conditions for predisposing to a “skewed” isotype profile towards

IgG4 (69, 106). Indeed, patients with DQ5+ MuSK-MG appear to

have a limited oligoclonal T-cell response that is specific for MuSK,

showing a shared among patients repertoire that persists even under

current immunosuppressive therapies (107). Future studies will

delineate if specific T-cell receptor (TCR) rearrangement under

exposure to a specific antigen (MuSK or another), favors specifically

IgG4 B cell production.

It is not known in MuSK-MG when during disease evolution the

class switch occurs. Moreover, it is not known exactly which is the

precursor subclass from which the switch begins. In-depth

sequencing analysis of different B cells and antibody screening

could reveal similarities (shared lineages) and common progenitors,

explaining the exact route followed for the final IgG4 class switch.

On the other hand, in some of the patients with IgG4-related

autoimmune neurological disorders, the IgG4 possesses pathogenic

potential especially in blocking protein-protein interactions,

whereas in IgG4-RLD the role of the elevated IgG4 is unclear and

no specific antigenic targets have been described so far. Usually

IgG4-AID serum IgG4 levels are within the normal range (a small

proportion of MuSK-MG patients have elevated IgG4 levels), and

the suspected HLA risk loci are unique and not shared with IgG4-

RLD. Common clinical characteristics among IgG4-AID and IgG4-

RLD are the moderate response to corticosteroid treatment,

whereas both diseases display exceptional response to B cell

depletion, especially when other immunosuppressants have failed

(108). Initial therapy with glucocorticoids, and subsequent

additional immunosuppressive or a biologic agent, particularly

RTX, is required in most patients. Variable decrease of antibody

titers after RTX therapy has been observed in autoimmune

neurological disorders with antibodies against LGI1, Contactin1,

NF155 (neurofascin155), DPPX (dipeptidyl-peptidase-like protein-

6), and Caspr2 (contactin-associated glycoprotein2) that share the

common features of the presence of IgG4 antibodies (109–114). The

presence of short (SLPB)- or long-lived plasma cells (LLPB) is not

widely studied, as most studies are lacking due to the rarity of these

diseases in the general population. The response to RTX is variable

and in most of these disorders, a considerable number of patients

exhibit a favorable response (like DPPX encephalitis, LGI1, caspr2

encephalitis), whereas in some the response is less profound (like in

IgLON5) (115–117). Current evidence suggests that early and

short-term RTX therapy could be an effective treatment option

specifically for LGI1, and caspr2 encephalitis, albeit larger studies
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are needed to confirm this finding (64, 118, 119). RTX therapy

resulted in a substantial decrease in autoantibody titer that was

associated with clinical improvement in patients with Chronic

inflammatory demyelinating polyneuropathy (CIDP) with

primarily IgG4 autoantibodies against NF155, contactin-1, or

Caspr1 (113).

Intravenous immunoglobin (IVIG) as a therapeutic option is

not widely studied in these disorders. On the other hand, more

evidence exists in IgG4-AID. For example, in patients with

pemphigus, high doses of IVIG have been shown to be effective,

and one mechanism was postulated to be the blockage of FcR by

IVIGs and increased IgG degradation including IgG4 (120). IgG4

neurofascin antibody (NF-155)-mediated CIDP is less responsive to

IVIG and predominantly responsive to anti-CD20 treatment (121).

Nevertheless, in MuSK-MG, as analyzed below in detail, there is a

variable response in IVIG with clinical efficacy observed in 11-60%

of patients (20, 21, 122–127).

IgG4 antibodies, apart from their autoreactivity displayed in

specific IgG4-AID are also part of an anti-inflammatory response

related to Th2-driven IgE (allergic) responses. Indeed, a

considerable number of patients belonging to the IgG4 RLD have

increased IgE apart from IgG4. This is not the rule in most IgG4-

AID, as only mild elevations have been observed. Chronic exposure

to allergens leads to upregulation of IgG4, a clinical phenomenon

seen in beekeepers (128). Antigen-specific IgG4 limits IgE-mediated

allergy as IgG4 competes with IgE for the same antigen having at the

same time weaker effector functions such as complement

mobilization, antibody-dependent cellular cytotoxicity, and

inability to crosslink the antigen or engage activating Fcg
receptors on immune cells. In the case of a passive transfer

mouse model of AChR-MG, IgG4 antibodies against the AChR

acted in a protected mode as counterbalanced the pathogenic effects

of IgG1 antibodies against the AChR (129).
5 Diagnostic tools for MuSK Myasthenia
Gravis (electrophysiological studies and
antibody testing)

The aberrant neuromuscular transmission in MG can be

confirmed using two electrophysiological procedures; first, a

compound muscle action potential (CMAP) amplitude/area

reduction of more than 10% on low-rate repeated nerve

stimulation (RNS) and second an increased jitter on single-fiber

electromyography (SF-EMG) (130). The sensitivity of the RNS for

MG diagnosis is less in MuSK-MG compared to AChR-MG, and

this is more relevant when testing distal limb muscles (only 12%–

57% of MuSK patients exhibited decrement) (21). Thus, clinicians

should be aware that RNS should be applied in more proximal

muscles, facial muscles, and especially to the orbicularis oculi. RNS

testing of this group of muscles could increase the diagnostic

sensitivity (sensitivity of 75%–85% in MuSK). Similar to RNS in

MuSK-MG, SFEMG when performed on more proximal muscles,

including the deltoid, frontalis, orbicularis oculi, or cervical para-
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spinals, is most often abnormal (reaching 100% sensitivity in facial

muscles), in contrast to the regularly seen normal findings in

peripheral muscles such as extensor digitorum communis (26,

130). In routine needle EMG in MuSK-MG more frequently may

detect myopathic changes with scattered fibrillation potentials,

whereas in AChR these features occurred after long-term

treatment with corticosteroids (87, 131).

Regarding laboratory methods to detect MuSK antibodies the

radioimmunoassay (RIA) which involves the immunoprecipitation

of the extracellular domain of 125I-MuSK incubated with

patient sera, represents the current gold standard for antibody

identification in MG (132). RIA is positive for antibodies to

muscle AChR in 80-85% of patients and for antibodies to MuSK

in 5-7% of patients (38). To avoid radioactivity and increase

sensitivity, cell-based assays (CBA) have been even more sensitive

than RIA, as the antigen is expressed in a more native

conformational form and more easily recognizable (133, 134). An

international study examining sera from 633 SNMG (seronegative

MG) patients from 13 European countries, revealed a prevalence of

13% for MuSK antibodies (5–22% depending on the country)

although most of the antibodies detected were predominantly of

the IgM type (135). A very recent study has shown that 8% (95% CI

2.9-16.6) of patients without MuSK (tested by RIA) or other

antibodies have detectable binding to MuSK detected by CBA

(performed in the human embryonic kidney, HEK293, cell line)

(136). The live cell-based assay (CBA) can identify low-affinity

antibodies against MuSK in a considerable subset of seronegative

individuals with greater sensitivity and specificity than the RIA

(133, 137). When compared to RIA, commercially available fixed

CBA appears to have a stronger capacity to identify AChR and

MuSK-Ab and may be beneficial as a serological test or a first

diagnostic test in patients with double seronegative MG (137). Live

CBAmay be useful for serological evaluation of RIA and fixed CBA-

negative samples (136). Although MuSK-ELISA (Enzyme-linked

immunosorbent assay) is easier to be performed in a diagnostic lab,

it has been shown that lacks sensitivity and specificity compared to

RIA and CBA and therefore it is not highly recommended (69, 138).
6 Therapeutic options in MuSK
Myasthenia Gravis

One of the challenges of MG is the development of effective,

targeted therapies. In MuSK-MG, acetylcholinesterase inhibitors

are less effective and induce frequent side effects. Therapies that

target the complement are not suitable for IgG4 diseases since IgG4

antibodies do not activate the complement. That excludes

eculizumab, ravulizumab, and zilucoplan from potential MuSK-

MG treatments.
6.1 Acute treatment

Corticosteroids are the standard treatment for MG, and most

patients usually respond within 2-3 weeks. MuSK-MG patients need

higher doses to respond. However, about 15% of patients treated
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with high-dose corticosteroids respond poorly, a condition called

refractory disease. This value is slightly higher than comparable

data for AChR-MG (139).

Acetylcholinesterase inhibitors (AChEIs), which include

pyridostigmine bromide are not well tolerated by MuSK-MG

patients (causing increased side effects like fasciculations, and

bronchial and oropharyngeal secretions), and in general show less

effectiveness compared to AChR-MG. The intolerance of AChEIs

has been shown in animal models of MuSK+experimental

autoimmune MG (EAMG), in which administration of AChEIs

led to denervation in the masseter muscle and neuromuscular

hypersensitivity (spontaneous fibrillations) (140). Evidence from

neurophysiological and histopathological findings in MuSK +

EAMG mice, administration of AChEIs suggest that an excess of

Ach in the synaptic cleft along with a reduction of postsynaptic

AChRs due to fragmentation of AChRs and the observed down-

regulation of AChE mainly affecting bulbar muscles would cause

nicotinic adverse effects. Pyridostigmine clinical usage could be

narrowed to a small group of patients with benign disease and

without severe bulbar or respiratory symptoms (141, 142).

Plasmapheresis and IVIG are used to treat MuSK-MG with

severe disease. A considerable variable response to IVIG has been

observed in MuSK-MG (favorable response in 11%–61% of

patients) that renders it not the preferable option in severe cases

and in cases of myasthenic crisis (6, 7, 95–100). Plasmapheresis is a

treatment that consists usually of 5 sessions over 1-2 weeks where

the patients’ plasma is removed and replaced with healthy plasma

from a donor. It is mainly used as a rescue therapy in a myasthenic

crisis. IVIG infusion and plasmapheresis are considered similarly

effective and fast-acting treatments for active AChR-MG. Contrary

to AChR-MG, IVIG appears to be less effective than plasmapheresis

in MuSK-MG; this is mostly related to the characteristics of

pathogenic IgG4 antibodies and the inherent characteristics of

IVIG itself (143). Of note, the VNTR2/3 genotype is suggested as

a genetic risk factor for determining endogenous IgG levels and

stands for poor responses to IVIG in MG patients (144).

Nevertheless, this polymorphism has not yet been tested in

MuSK-MG in relation to the low response to IVIG.
6.2 Chronic treatment

Most non-steroidal immunosuppressive therapies (NSISTs) like

azathioprine, cyclosporine, methotrexate, mycophenolate mofetil,

and tacrolimus have been extensively studied in AChR-MG mostly

as steroid-sparing agents during prednisone tapering. Regarding

their use in MuSK-MG there is less evidence and in general

are more often less effective (20, 37, 90, 122, 145). Evoli et al.,

2008, examined 57 MuSK-positive patients and showed that

approximately 70% of patients responded well to conventional

therapy with prednisone alone or along with azathioprine or

cyclosporine, but 30% of them were left with permanent muscle

weakness. MuSK-MG patients exhibit a lower rate of disease

remission upon immunosuppressive therapy and a higher

proportion of treatment dependency compared to AChR-MG (90,

122, 146). Importantly, clinicians should pay vigilance and early
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assess patients with MuSK-MG for poor response to initial

immunotherapy, in which case they should without delay treat

patients with anti-CD20, as recommended in the recently published

international consensus guidelines.
6.3 Novel treatments

6.3.1 Monoclonal and other agents affecting B
cells either directly or indirectly
6.3.2 Anti-CD20 agents

Rituximab is a genetically modified chimeric mouse/human

IgG1-kappa monoclonal immunoglobulin. It targets CD20, a

transmembrane phosphoprotein on the surface of B lymphocytes

that is essential for B cell activation, differentiation, and expansion.

RTX binds to CD20 and recruits immune effector cells that lead to

B-cell lysis and therefore reduction of circulating CD20+ B-cells.

Under normal conditions, CD20 is unique to B-cells in both

humans and animals. It is first expressed by late pre-B cells in the

bone marrow, mostly after Ig-heavy chain rearrangement, and its

expression is reduced in plasmablasts and cells that have terminally

differentiated (but not in early plasmablasts) (147).

In AChR-MG, long-lived plasma cells (not expressing CD20)

are implicated in anti-AChR antibody production (148–150).

Moreover, thymus-derived cells that produce pathogenic anti-

AChR antibodies have been identified (151, 152); autoantibody-

producing plasmablasts may possibly survive in the thymus by

constitutive stimulation by autoreactive T cells. The response to

RTX in AChR-MG appears to be significantly more delayed, and

the autoantibody titer decline is less pronounced compared to

MuSK-MG (57, 153, 154).

Most patients with MuSK-MG receiving RTX show sustained

clinical improvement and a marked decline in MuSK autoantibody

titer (Table 2). The quick and prolonged response to RTX suggests

that MuSK Abs are mostly produced by short-lived Ab-secreting

cells (52, 160). In contrast, bone marrow long-lived plasma cells are

known to be scarcely affected by RTX (161). According to Marino

et al. (2020), distinct patterns of decrease between MuSK-IgG4 and

total IgG4 following RTX support the hypothesis that the majority

of MuSK antibodies are produced by short-lived antibody-secreting

cells (58). In particular, patients with refractory MuSK-MG that

exhibited long-term remission upon RTX initiation displayed

undetectable or low levels of MuSK IgG4 antibody titers, whereas

total IgG and IgG4 levels transiently decreased at 2–7 months after

RTX. A prior study found MuSK autoantibody-producing

plasmablasts (CD27hiCD38hi B cells) upon disease recurrence in

previously rituximab-induced remission patients (56). The

markedly diminished MuSK autoantibody titer approximately 3

months after RTX-mediated B cell depletion suggests that RTX

depletes MuSK-specific CD20+ memory cells and, hence, indirectly

reduces short-lived autoantibody-producing CD20- plasmablasts.

The essential role of memory B cells in MuSK-MG is further

illustrated by experiments in a mouse model of MuSK-MG, in

which treatment with a low dose of teriflunomide showed to

ameliorate muscle weakness, largely attributed to the suppression

of memory B cells in the lymph nodes leaving unaffected the effector
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T cell populations (162). However, it could not be excluded the

possibility that a fraction of plasmablasts could be CD20+ (early

plasmablast, CD20+CD27high) and thus directly depleted by RTX.

This model, supported by consistent findings in other IgG4-

mediated diseases (163, 164), proposes that the therapeutic effect

of RTX would be mostly related to the depletion of plasmablast

precursors (55, 56). The effect of RTX on T-cell responses may also

be relevant, with an increase in regulatory T cells observed after

RTX administration in refractory MuSK-positive patients but not in

AChR-positive patients (129).

Litchmann et al. (2020) conducted a single-center, retrospective

cohort study comparing responses to RTX between patients with

AchR-MG (n = 17) and MuSK-MG (n = 16) (165). The response

was evaluated using the Myasthenia Gravis Foundation of America

(MGFA) classification which aims to divide patients into categories

based on disease severity and symptom localization. This study

found significant clinical responses in both study groups, with

MuSK-MG showing a greater benefit. The proportion of patients

who achieved MGFA post-intervention status of minimal

manifestations or better 12 months after initiating RTX was

58.8% in AChR-MG (n = 17), compared to 68.8% in MuSK-MG.

Both groups managed to lower the mean prednisone dose at 12

months at the final follow-up compared to baseline (i.e., before

RTX), with MuSK-MG displaying the lowest mean levels of

prednisolone. The mean number of disease exacerbations in

AchR-MG (n = 17) was 1.7 (SD = 1.2) and in MuSK-MG (n =

16),1.4 (SD = 1.1).

Topakian et al. (2019) (166) evaluated the efficacy and safety of

RTX in patients with refractory MG (N = 56, 39 patients were anti-

AChR antibody positive, 14 patients were anti-MuSK antibody

positive, and 3 patients were seronegative). The authors discovered

that patients with MuSK antibodies had a higher rate of remission

than those with AChR antibodies (71.4% vs. 35.9%, p = 0.022) and

reported no major safety concerns about RTX. Another multicenter,

blinded prospective review research investigated the effectiveness of

RTX in 55 individuals with MuSK-MG, 24 of whom were treated

with RTX and 31 of whomwere not. Primary objectives were attained

by 58% of MuSK-MG patients treated with RTX compared to 16% of

the control group (those untreated with RTX). Furthermore, at the

completion of the study, 29% of the RTX-treated patients were using

steroids at an average dose of 4.5 mg/day, but 74% of the controls

required larger doses (prednisone mean dose of 13 mg per day) and

used more immunosuppressants (159).

Marino et al. (2020) (58) performed a single-center, cohort

study that investigated the effect of rituximab treatment in patients

(N = 9) with refractory MuSK-MG. This study found that RTX is

safe and has a long-term benefit associated with a strong steroid-

and immunosuppressant-sparing effect, with 66.9% of patients

achieving an optimal response with MGFA post-intervention

status of minimal manifestations or better along with a 50%

reduction of steroid dose, withdrawal of immunosuppressants,

and no need for plasma exchange or IV immunoglobulins. A

significant reduction in MuSK-IgG4 antibody levels in RTX-

treated patients that were in clinical remission with sustained

improvement was observed (58). This is not observed with RTX

treatment in AChR-MG (167, 168).
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1212757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


TABLE 2 Studies demonstrating the effectiveness of rituximab in MuSK and AChR MG.

mpared to MuSK Abs and B/T cells
after treatment Adverse events

G the RTX response
layed
titer decline is less
d than MuSK MG

Marked decrease of
MuSK Abs titers post
RTX

N/a

s reduced the need
le- and/or high-dose
erapy with dramatic
provement

AChR patients had
a decrease in Ab titers

None

ChR patients
but 6 of them needed
. In contrast, all
ients achieved
(4/6) or MM (2/6)
no reinfusions were

Day 15 of first anti-CD20
infusion: B completely
deleted, T cells unchanged
Month 3: 20% decrease in
IgM, no change in IgG
MuSK-MG Ab titers
decreased
during follow-up,
as early as 3 months after
administration of the first
dose

facial flushing and a
generalized skin rush
during the infusion in 2
patients

outcomes in MuSK
e generally favorable
rable to those of
ith AChR MG

N/a None

s respond similarly
th a reduction of
erapy and clinical
ent

AChR Abs titers
decreased a mean of
52.1% (p=0.0046) post-
cycle 2.

pruritus, flushing,
dyspnea, chills/rigors,
leukopenia

(Continued)

V
akrako

u
e
t
al.

10
.3
3
8
9
/
fi
m
m
u
.2
0
2
3
.12

12
75

7

Fro
n
tie

rs
in

Im
m
u
n
o
lo
g
y

fro
n
tie

rsin
.o
rg
Study Type of
study

N of patients
(AChR, MuSK,
seronegative)

Type of
disease Protocol Follow-up

duration
MGFA-PIS at the
end of follow-up AChR co

Stathopoulos
et al., 2017
(56)

Prospective
study

12 (8 AChR, 4
MuSK)

MGFA class I–
IIIb

375 mg/m2

weeks 1, 2, 3,
and 4, repeat in
6 months
(cycle). Repeat
cycle in the case
of relapse.

25–96 months CSR, MM (3 relapsed)

In AChR
is more d
and the ab
pronounc

Zebardast
et al., 2010
(155)

Retrospective
study

6 (2 AChR, 4
MuSK)

Refractory MG

375 mg/m2

weeks 1, 2, 3, 4,
5, and 6 (1
cycle); repeat
after 1 year
(weeks 1, 2, 3, 4,
and 5)

13-27 months
CSR, PR, MM (0
relapsed)

Both grou
for multip
immunoth
clinical im

Diaz-Manera
et al., 2012
(57)

Prospective
study

17 patients (6
MuSK and 11
AChR)

resistant to
previous
therapies and
MGFA class III
to V

375 mg/m2

weeks 1, 2, 3,
and 4, repeat
every 2 months
for 2 months,
retreat if
symptomatic

mean follow-
up 31 months
(4 – 60
months)

CSR, PR, MM (0
relapsed)

10 of the
improved
reinfusion
MuSK pa
remission
status and
needed

Guptill et al.,
2011 (20)

Prospective
multicenter
review

110 MuSK (6
received RTX)

mostly MGFA
III or higher

375 mg/m2

weeks 1, 2, 3,
and 4, then
repeat every 1
month for 1–2
months. Repeat
in the case of
relapse

average 11
years for the
Rome patients,
and 5.3 years
for the Duke
patients (range
0.5–33 years)

MM, PR, I (All 6 patients
who received RTX were
able to taper or
discontinue all oral IS
medications)

Long-term
patients a
and comp
patients w

Nowak et al.,
2011 (156)

Retrospective
study

14 (6 AChR; 8
MuSK)

Refractory
generalized MG

375 mg/m2

weekly for 4
weeks, repeat
after 6 months
(2 or more
cycles)

Not reported MM or asymptomatic

Both grou
to RTX w
immunoth
improvem

81
M
e

e

p

A

s
t

r
a

p
i

https://doi.org/10.3389/fimmu.2023.1212757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


TABLE 2 Continued

red to MuSK Abs and B/T cells
after treatment Adverse events

Post-treatment MuSK ab
status was reported
negative in two patients,
borderline in two patients,
positive in four patients,
and not available in one
patient

flushing, pruritus, chills,
rigors

nded to be
patients with
ared with

substantial B-cell
depletion in the
peripheral blood from all
patients tested

infusion reactions, chest
discomfort, skin rash,
herpes zoster, one patient
died due to thymoma

edly improved

T-cell counts were
unchanged throughout
the study. CD19/CD20
cell counts were typically
depleted after the first
infusion of RTX (range =
6–17 days)

Post-infusion headaches

4 weeks after RTX cycle:
B cells reached nadir
24 and 31 weeks post-
RTX infusion: begin to
rise

one non-responder had a
side effect

ore frequent in
SK vs. AchR
, p = 0.022)

65% slight decline of Abs
levels (unrelated to
outcome)

infusion reactions,
respiratory tract
infections, chronic pain
syndromes, enteritis,
herpes zoster, erysipelas,
cholecystitis, unspecified
mental disorder, alopecia
areata

(Continued)

V
akrako

u
e
t
al.

10
.3
3
8
9
/
fi
m
m
u
.2
0
2
3
.12

12
75

7

Fro
n
tie

rs
in

Im
m
u
n
o
lo
g
y

fro
n
tie

rsin
.o
rg
Study Type of
study

N of patients
(AChR, MuSK,
seronegative)

Type of
disease Protocol Follow-up

duration
MGFA-PIS at the
end of follow-up AChR compa

Keung et al.,
2013 (67)

Retrospective
study

9 MuSK
refractory

refractory
MuSK-MG

375 mg/m2
weeks 1, 2, 3,
and 4 (cycle),
repeat every 6
months, stop at
2–5 cycles

20–66 months
with a mean
of 41 months

CSR, MM (0 relapsed) N/a

Choi et al.,
2019 (157)

retrospective
study

17 (9 AChR, 6
MuSK, 2
seronegative)

Refractory MG

375 mg/m2

twice with a 2-
week interval,
followed by
retreatment (375
mg/m2 once)

median 24
months (range
7–49 months)

11 (65%) achieved the
primary endpoint, defined
as the MM or better
status

RTX treatment t
more effective in
MuSK MG comp
AChR MG

Anderson
et al., 2016
(158)

Prospective,
open-label
study

14 (5 AChR, 6
MuSK, 3
seronegative)

Refractory MG

375 mg/m2

weeks 1,2,3,4
then once a
month for 2
months or at a
dose of 750 mg/
m2 every 2
weeks for 1
month

(22.6 ± 2.4
months)

MMT score was greatly
reduced from a baseline
of
13.1 ± 1.9 (range 5–27) to
3.5 ± 0.8 (range 0–5) at
the end of the study (P <
0.001)

All patients mar

Hehir et al.,
2017 (159)

Prospective
multicenter
review

55 MuSK (24
RTX treated, 31
control)

MuSK MGFA
3,4 or 5 in
83,4% RTX-
treated and
93,6% control
group

375 mg/m2

weekly x 4
doses. 13 were
re-treated with
the standard 375
mg/m2 weekly x
4 doses. 2
patients were
treated with
1,000 mg weekly
x 2

RTX-treated:
45 months (6–
64, 68, 69, 71–
74, 77, 79, 81–
124) Control:
54 months (6–
64, 68, 69, 71–
74, 77, 79, 81–
154, 159–196)

MGFA-PIS MM or better
in final visit: RTX 67%
(16/24 patients), control
26% (8/31 patients)

N/a

Topakian
et al., 2019
(166)

Retrospective
study

56 (39 AChR, 14
MuSK, 3
seronegative)

Generalized
MG, 14%
thymoma,
Severe disease
defined by an
MGFA-Class of
IIIb or higher
was present in

Majority 2 ×
375 mg/m2

within 1–2
weeks

10-53 months
(median 20)

10 Remission
Remission was m
patients with Mu
(71.4% vs. 35.9%

82
e

k

https://doi.org/10.3389/fimmu.2023.1212757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


TABLE 2 Continued

red to MuSK Abs and B/T cells
after treatment Adverse events

5% vs. 93%
sponse or
or MM)

N/a

infections (21.4% of
patients); infusion
reaction (7%);
bradycardia (3.7%); and
cytopenia (7%)

PR, 3 MMS, 1
e reduction 50-

at 1 month: CD19+ B-cell
depletion, CD19+CD27+
B cells < 0.05%
at 3 months: CD19+ B-
cell < 1%, CD19+CD27+
B cells; 0%
at 6 months: CD19+
decreased to 0.300%,
CD19+CD27+ B cells
reappeared in 3 patients

1 patient reported minor
post-infusion malaise.

K-MG and
-MG achieved
tus.

4,2 months after infusion:
successful depletion of
CD19+ cells in 15 from
17 patients (including 4
clinical non-responders)

No adverse effects

circulating CD19+ B cells,
CD19+CD27− naïve, and
CD19+CD27+ memory B
cells declined by 92.0%,
90.8% and 93.9%,
respectively
CD3+ T, CD4+ T, CD8+
T, and natural killer cells;
no difference before and
after RTX
CD19+ B cells, CD19+
CD27− naïve B cells, and
CD19+ CD27+ B cells
correlated positively with
clinical scale scores
The titers of MuSK abs
mildly decreased

No serious side effects

(Continued)
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Study Type of
study

N of patients
(AChR, MuSK,
seronegative)

Type of
disease Protocol Follow-up

duration
MGFA-PIS at the
end of follow-up AChR compa

33 (58.9%)
patients,
Occular (13%)

Dos Santos
et al., 2020
(197)

Retrospective
multicenter
study

29 (20 AchR, 5
MuSK, 4
seronegative)

MGFA > II:
Refractory or
steroid
dependent,
generalized

Various
protocols

Mean 20.06
(0.17–68.93)
months

In all: R 42% MM 25%
Total 86%

MuSK vs AChR
had ‘improved’ r
better (CSR, PR,

Meng et al.,
2022 (172)

Retrospective
observational
study

8 MuSK
MGFA II, III, or
IV

Low sose
protocol:
375mg/m2×2
with 2 week-
interval or 375
mg/m2 as a
single infusion
(1-4 cycles)

8-29 months
(median 25,5)

CSR had been achieved in
one patient, PR in three
patients, MM in three
patients and I in one
patient based on the
MGFA-PIS criteria

1 Improvement,
CSR (Steroid do
100%)

Heckmann
et al., 2022
(198)

Prospective
study

17 (5 MuSK, 10
AChR, 2
seronegative

Refractory MG,
MGFA II, III,
IV, V. 65%
MGFA class III
or IV. 3 patients
MGFA class I

Single infusion:
375 mg/m2

Median 18
months (IQR
12; 27)

Thirteen individuals
responded to a single
RTX infusion including
all five MuSK, 7 of 10
AChR, and one of two
seronegative

Three (60%) Mu
three (30%) Ach
asymptomatic st

Zhou et al.,
2021 (173)

prospective,
open-label,
self-controlled
pilot study

12 MuSK
MGFA Class
IIIb-Ivb

Single infusion:
600mg over 2
consecutive
days, 100 mg on
day 1 and 500
mg on day 2

6 months 6/12 asymptomatic N/a
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TABLE 2 Continued

R com d to MuSK Abs and B/T cells
after treatment Adverse events

after 6 mo.
IgG1, IgG2, IgG3, and
IgG4 levels were not
significantly altered. Slight
increase in three clinically
improved patients.

at 2–7 and at 12–30
months post-RTX:
marked reduction of
MuSK Abs
at 2–7 months post-RTX:
total IgG and IgG4
transiently decreased
Non-responsive patients,
MuSK-IgG and MuSK-
IgG4 remained
unchanged

No infusion reactions or
long-term side effects

or bette t visit: AChR
5%), Mu (75%)

N/a none reported

2 MuSK ts but only 6
) AChR ts achieved
or remi

24–48 months of follow-
up: 37% of patients;
hypogammaglobulinemia,
70%; mild and 30%;
moderate.
Median pre-treatment
IgG levels: 10.7 and 9.1 g/
L at 3–15 months after
treatment initiation and
8.5 g/L at 24–48 months
post-treatment.

Severe infections

(Continued)
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Study Type of
study

N of patients
(AChR, MuSK,
seronegative)

Type of
disease Protocol Follow-up

duration
MGFA-PIS at the
end of follow-up AC

Marino et al.,
2020 (58)

Retrospective
study

9 MuSK
refractory

Refractory,
MGFA IIIb or
V

375 mg/m2 once
a week for four
consecutive
weeks, plus a
single dose of
375 mg/m2 after
3 months.

17 months -
13 years

1 patient did not respond.
Optimal response(MM,
CSR, PR) to RTX was
recorded in 6 of 9
patients (66.6%).
Prednisone was tapered
off in 2 patients and was
reduced by 75% to 87.5%
of the pretreatment
dosage in the others

N/a

Litchman
et al., 2020
(165)

Single-center
retrospective
study

33 (17 AChR, 16
MuSK)

Generalized MG
median baseline
MGFA Clinical
Class was II

4 weekly
infusions of 375
mg/m2 (one
cycle). The
interval between
cycles was 6
months.
Majority
received 2-4
cycles

mean follow-
up of 1861 ±
953.4 days.

21 patients achieved
clinical remission (12/17
AChR, 9/16 MuSK)
improved from a median
baseline class of II to
asymptomatic

MM
11(6

Caballero-
Ávila et al.,
2022 (199)

Retrospective,
observational
study

30 patients (18
AChR, 12 MuSK)

Refractory MG

375 mg/m2

weekly for 4
weeks and then
monthly for 2
months.
Additional
infusions in
patients who
relapsed

mean 85.5
(SD=48)
months

18 patients achieved MM
or remission

All
(33%
MM
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TABLE 2 Continued

d to MuSK Abs and B/T cells
after treatment Adverse events

ignificantly
group
GFA was

6 and 12 months after
induction: CD19+ and
CD20+ B-cell counts
remained undetectable
24 months after
induction: 5 patients;
undetectable counts, 6
patients; normal levels

No serious adverse effects
were reported

R+ patients,
and 1
rding to the
hR patients
bation. All 3
not respond
us). 3
onsidered
not respond

N/a

11 patients (39%) had
benign side effects:
bronchitis, flu-like
syndrome, immediate hot
flashes, and paresthesia.
4 patients (14%)
presented severe side
effects: 1 transient aseptic
neutropenia, 1 episode of
paroxystic atrial
fibrillation,1 infectious
pneumonia, 1
histologically confirmed
cerebral PML 5 years after
the end of the study
follow-up

N/a
No patient presented
severe adverse events

ed mean
m 10.3 ± 5.1
018), whereas
onstrated

4 of 10 relapses were
predicted by
CD19/CD20 recovery
3 patients showed
prolonged CD19+

No serious adverse events
occurred

(Continued)
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Study Type of
study

N of patients
(AChR, MuSK,
seronegative)

Type of
disease Protocol Follow-up

duration
MGFA-PIS at the
end of follow-up AChR com

Castiglione
et al., 2022
(200)

Retrospective
study

16 patients with
MG (8 AChR
and 8 MuSK)

refractory
generalized MG
MGFA clinical
class III or
higher

(1) 3 weekly
cycles [dose =
375 mg/m2,
(2) 2 cycles
(dose = 375 mg/
m2) separated
by a 2-week
interval, and (3)
2 cycles (500
mg/m2)
separated by 2
weeks.

mean 39.1 ±
25.1 months

All 16 went into clinical
remission, MGSTI level 2
or better (MM or PR
either with low-dose dual
therapy or high-dose
monotherapy

Goal was reac
faster in the M
although base
higher

Afanasiev
et al., 2017
(201)

Retrospective,
monocentric
study

28 (21 AChR, 3
MuSK, 4
seronegatives)

Refractory MG

1000 mg on day
1 (D1) and D15,
or 375 mg/m2

on D1, D7, D15
and D21.
The regime is
followed by a
maintenance
treatment, 1000
mg or 375 mg/
m2 infusion,
every 6 months

mean follow-
up 27.2
months
(range: 6–60
months).

At M12 (month 12), only
2 patients remained in
class IV and 12 were in
class II. At M36, among
12 patients, only one was
in
class IV

Among the 21
12 were I, 8 w
patient was W
PIS. At M18,
presented an
MuSK patient
to RTX (U PI
seronegative w
improved and
to RTX

Cortes-
Vicente et al.,
2018 (59)

retrospective,
observational,
multicenter
study

25 MuSK

Patients with
MGFA IV or V
and no response
to prednisone

1: 375 mg/m2

for 4 weeks,
then monthly
for 2 months, 2:
two 1g doses 2
weeks apart, 3:
375 mg/m2 for 4
weeks

5.0 years (SD
3.3)

All patients achieved MM
or a better MGFA PIS
and a long-lasting
response after an
extended follow-up

N/a

Beecher
et al., 2018
(202)

Prospective,
open-label
study

22 patients (10
AChR, 9 MuSK,
3 seronegative)

refractory MG

Various dosages
as induction and
maintenance
doses if relapse
occurred

mean follow-
up of 28.8 ±
19.0 months
(range, 6–66)

MMT scores
demonstrated a reduction
from a mean of 10.3 ±
5.6 to 3.3 ± 3.1 (P <
0.0001).

AChR patient
MMT reducti
to 5.5 ± 2.6 (P
MuSK patient

85
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Evidence from meta-analyses favors the use of RTX in all MG

subtypes, particularly in MuSK-MG. A recent metanalysis including

a total of 24 studies involving 417 patients (242 were AChR-IgG

positive, 155 were MuSK-IgG positive, and 20 were defined as

“double seronegative”) showed that 64% (95% confidence interval,

49-77%) of patients under treatment with RTX achieved minimal

manifestation status or improved quantitative MG (QMG) score.

QMG score measures the severity of MG based on clinical findings

and symptoms. The estimated reduction of the QMG score was 1.55

(95% confidence interval, 0.88-2.22). Approximately 81% of

patients discontinued oral immunosuppressants and this was

relatively independent of the dosing. Subgroup analyses showed

that the group of patients with the greater benefit belonged to

the MuSK-MG group. Pooled analysis showed that 10.7% of

patients experienced infusion reactions, 5.8% developed

infections, and 1.9% developed hematological disorders. Only one

patient (0.2%) was histologically diagnosed with progressive

multifocal leukoencephalopathy (PML) (169). Another systematic

review evaluated the effectiveness and safety of RTX in 99 patients

who had AChR positivity and 57 patients who had MuSK positivity.

The results revealed that MuSK-positive patients responded better

(72% attained mild manifestation status or remission) than AChR-

positive patients (30%) (168).

The most generally used rituximab administration regimens

include 2 doses of 1 g 2 weeks apart or 375 mg/m2 infusions

repeated weekly for 4 weeks. According to published data to date,

there is no guideline for the proper timing for reinfusion and this is

mainly based on clinical symptoms and less frequently on B cell

repopulation kinetics. One study comparing various treatment

protocols of RTX administration showed that patients treated

with a sole induction regimen of RTX following the protocol 4 +

2 (375 mg/m2 every week for 4 consecutive weeks and then monthly

for the next 2 months) displayed a minimal rate of clinical relapse

and long‐lasting response. Authors suggested re‐treating patients

with RTX in cases of clinical relapse or remaining symptoms e.g.

after 4 to 6 months in order to avoid adverse events (59). Other

studies tried to identify risk factors for relapse and found that CD27

memory B cells rise during relapse and this knowledge could be

used for determining anti-CD20 re-administration (170).

Therefore, in patients at high risk of relapses, the RTX frequency

can be narrowed by monitoring the re-emerging CD27+ memory B

cells (mainly CD19+CD27+), in combination with clinical

assessment. The cut-off value of 0.05% CD27+ memory B cells in

peripheral blood was arbitrarily used according to the experience

from another autoantibody-mediated disease especially

neuromyelitis optica (NMO) (171). Re-emergence of CD27+ cells

was noticed with a mean time of detection for memory B cells to be

7.5 months (3 − 12). We should have in mind that a small

proportion of patients may have depleted memory B cells for

longer time than 12 months. The need for multiple re-doses of

rituximab in MuSK-MG was assessed by Hehir, et al., in a

multicenter, blinded, prospective study that include 54 MuSK

patients with a median follow-up duration of 3.5 years.

Importantly, 73% of patients who received multiple courses of

RTX achieved the primary outcome vs 33% who received a single

course. So, this study was the first to demonstrate the need for
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repeated doses for long-term remission (159). This is important as

this implies that there is a heterogeneity in response to RTX

implying district B cell pathologies in various patients.

Low-dose alternative regimens of 375 mg/m2 given 2 weeks

apart or 600 mg single-dose inductions have been tested with

satisfactory results, but these studies did not include many

patients, and no control arm with a high dose was included.

Nevertheless, these approaches could be applied to high-risk

patients for adverse effects from prolonged B cell depletion. In the

study of Meng X., et al., 2022 8 MuSK-MG patients were included,

and low-dose RTX (375 mg/m2 for 1 or 2 infusions) was

administrated and after a follow-up of 8 to 29 months found to

be effective and safe. The authors noticed that three patients with

CD19+CD27+ B-cell counts of >0.05%, but CD19+ B-cell counts

<1% at 6 months, did not relapse. One patient relapsed among three

patients whose CD27+ B-cell counts were >0.05% at 6 months. On

the other hand, clinical relapses occurred even though B cells were

depleted (172). Collectively, we could not reach a definite

conclusion regarding the B lymphocytes number in patients and

the recurrence of clinical symptoms. Another study assessing low-

dose rituximab was performed by Zhou et al., 2021 (600 mg over 2

consecutive days, 100 mg on day 1 and 500 mg on day 2) (173). The

titers of MuSK antibody decreased after 6 months, yet the levels of

immunoglobulins, including IgG1, IgG2, IgG3, and IgG4, were not

significantly altered by RTX. Interestingly, the MuSK antibody titer

showed even a slight increase in three clinically improved patients.

This was not in line with the previous reports possibly reflecting

differences in dosage but also pointing out that in some patients

other antibody-independent mechanisms of B cells could account

for clinical remission (57, 58).

Rituximab should be used as soon as possible to treat MuSK+

individuals who do not react well to first immunosuppressive therapy,

according to current consensus advice. In refractory AChR-MG

patients, it is recommended only if other immunosuppressants

resulted to be ineffective or scarcely tolerated since its efficacy is

uncertain. In contrast to the common view formed by clinical

practice, a phase 2 Trial of RTX in AChR - Generalized MG (The

BeatMG Study), showed that RTX (every 6 months for 2 cycles) as an

add-on treatment in mild to moderate AChR-MG failed to confer a

significant steroid-sparing effect on chronic immunotherapy at 1 year.

Additionally, no noticeable shifts in the severity of disease outcomes

were found (174). However, the authors of the BeatMG study admitted

that the relapse rate was reduced in the RTX group and that no

conclusion can be drawn for more severe disease or MuSK-MG.

According to retrospective cohort research that examined the role of

RTX in patients with recently diagnosed generalizedMG, RTX (usually

500 mg every six months) was associated with longer-lasting

remissions than conventional immunotherapies. The RINOMAX

randomized clinical trial evaluating the efficacy and safety of RTX as

an adjunct to standard of care for MG patients with short onset (less

than 12 months) and a Quantitative MG (QMG) score of 6 or greater

recently announced that the proportion of patients with minimal

disease manifestation who required only low doses of corticosteroids

(a single 500 mg intravenous infusion) and did not require rescue

therapy at 4 months was 71% on RTX versus 29% on placebo, showing

a significant difference (175). So, the future guidelines for AChR-MG
Frontiers in Immunology 1687
may be adapted according to new studies that have emerged. An

unanswered question remains its role as an initial agent in AChR-MG,

and the definition of preferred induction and maintenance doses. All

studies with a considerable number of patients assessing the role of

RTX in MuSK-MG, as well as the differential response among MuSK-

MG and AChR-MG, are depicted in Table 2.

6.3.3 Anti-CD19
Monoclonal antibodies targeting CD19 (like inebilizumab, a

humanized IgG1kis, glycoengineered, afucosylated antibody) that

are expressed in pre-B and mature B cells are promising in

autoantibody-mediated diseases. CD19 is also expressed in late-

stage memory B cells and circulating plasma cells. An ongoing trial,

NCT04524273, tested its efficacy in moderate to severe AchR-MG

or MuSK-MG (Table 3). Inebilizumab (MEDI-551) has been

approved in neuromyelitis optica spectrum disorder (NMOSD)

an antibody-mediated demyelinating disease following a phase II/

III placebo-controlled clinical trial (NCT02200770). Of note, anti-

CD20 treatment exhibits good clinical efficacy in NMOSD, although

the therapeutic benefit does not correlate with a decrease in NMO-

IgG levels in the blood of all patients that are mainly of the IgG1

subtype (176). It is important to point out that in NMOSD SLPB

has been reported to be augmented during relapses, as shown in

MuSK-MG, but LLPB—not found so far in MuSK-MG—is thought

to participate in NMOSD pathophysiology (177–179).

6.3.4 Anti-CD38
By directly targeting antibody-secreting phenotypes (plasma

cells) with the anti-CD38 antibody daratumumab, novel

treatment approaches aim to bypass the limitations of depletion

of only CD20-expressing B cell subsets. Mezagitamab, a fully

humanized anti-CD38 monoclonal (NCT04159805, ongoing), is

currently being tested in MuSK-MG and the trial is ongoing.

6.3.5 Proteasomal inhibitors
Proteasomal inhibitors like Bortezomib. Only one case

report exists with the response of a refractory MuSK-MG patient

to bortezomib (180). Nevertheless, no clinical studies are

ongoing and the trial in AChR-MG was terminated due to

recruitment failure.

6.3.6 Others BAFFR, CD40, IL-6
Studies on belimumab (Benlysta, GSK), Iscalimab (anti-CD40)

on MuSK-MG failed to show benefit in phase II trials, whereas

studies on IL-6 pathway blockage are ongoing.
6.4 Monoclonal antibodies against FcRn
receptors: rozanolixizumab, efgartigimod

FcRn inhibitors, which prevent FcRn from interacting with IgG,

influence IgG breakdown and clearance and thus are used as

treatments for IgG-mediated disorders (181). The principle of

action of FcRn, the neonatal Fc receptor, is that it binds to the Fc

region and rescues IgG from lysosomal acidic degradation, thus
frontiersin.org
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TABLE 3 Novel treatment in MuSK-MG ongoing or with preliminary results.

Results Study
type

Study
stauts

Adverse
events

Phase
III trial

ongoing pending

Phase II
Completed
(no post of
results)

pending

Phase
III

Recruiting pending
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M281)
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immunoglobulin
(Ig)G1 monoclonal
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NCT04951622 N/A 190 total

Batoclimab FcRn blocker

fully human anti-
FcRn mAb
blocking FcRn-IgG
interactions

NCT05403541 N/A 210 total

CAR T cells

MuSK-CAART targets MuSK expressing B cells

Autologous
Muscle-specific
Tyrosine Kinase
Chimeric
Autoantibody
Receptor T Cells
(MuSK-CAART)

NCT05451212
Oh S,et al.,
2023 (205)

24 total

Descartes-08
CAR T-cells

targets B-Cell Maturation Antigen
(BCMA)

Autologous T-Cells
Expressing A
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Receptor Directed
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NCT04146051 N/A 30 total
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promoting recycling. The mechanism of action is highly

reminiscent of the action of IVIG as it is known that IVIG, apart

from providing anti-idiotypic antibodies and thus protecting

against the action of pathogenic ones, it saturates FcRn binding

and directs the autoantibodies into the degradation pathway (143,

182). Likewise, FcRn inhibitors lower IgG levels, as seen

with plasmapheresis.

Efgartigimod a human IgG1 antibody Fc fragment, is the first

FcRn inhibitor approved for AChR-MG (183, 184).

The initial phase 2 trial of efgartigimod, which did not include

MuSK-positive patients and recruited 24 AChR-MG (1:1

randomized to IV efgartigimod or placebo), showed a rapid onset

and strong clinical improvement assessed by efficacy scales [patient

reported MG-ADL and physician-reported (QMG) scales]. The

drug was well tolerated, with the most common adverse events

being headache and mild hematological changes in the monocyte

number. Importantly, clinical improvement lasted at least 6 weeks

in a high proportion of patients, reminiscent of the effectiveness of

Plex, which peaked at around 6 weeks. A rapid and large decrease

in total IgG and IgG subtype levels was observed in all 12

efgartigimod-treated patients, peaking 1 week after the fourth

infusion (approximately 70%).

A phase 3 study of the efficacy and safety of efgartigimod

(ARGX-113) generalized MG included 129 (77%) AChR-positive

and 38 (23%) AChR-negative patients, six of whom (4%) were

MuSK antibody positive. Efgartigimod (10 mg/kg) was compared to

a matched placebo and initially administered as four infusions per

cycle (one infusion per week), with the option to repeat the same

cycle based on the observed clinical response. All six enrolled

patients were responders as assessed by the MG Activities of

Daily Living (MG-ADL) scale in Cycle 1. Extension of this

ongoing open-label extension study will provide more conclusive

results. In general, treatment with efgartigimod was well tolerated

and effective in all patients with generalized MG. Over 50% of

patients responded well from Cycle 1 within 2 weeks of treatment

(2-point MG-ADL improvement sustained for 4 weeks). As

expected, efgartigimod resulted in a similar reduction in

acetylcholine receptor autoantibodies as IgG (without effect on

other immunoglobulins), and most importantly this was

accompanied by concomitant improvements in symptoms. This

mode of action resembles that of plasma exchange, a treatment that

removes autoantibodies and is considered highly efficacious in

MuSK-MG, rendering FcR blockers a highly promising treatment

modality for MuSK-MG (184). Vyvgart™ received the first U.S.

Food and Drug approval for AChR-MG in 2021.

Forty-three patients with gMG enrolled in a phase 2

randomized controlled trial to evaluate the efficacy and

tolerability of subcutaneous (sc) rozanolixizumab (7 mg/kg),

another humanized monoclonal antibody to neonatal Fc

receptors. Subcutaneous administration proved to be safer

compared to iv. This study included only one MuSK-positive

patient, so it is underpowered due to the low number of patients.

The primary endpoint (change in Quantitative MG (QMG) score

from baseline to Day 29) showed no significant improvement,

but when all predefined efficacy parameters (QMG, MG-ADL,

and MGC) are taken into account, the data suggest that
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rozanolixizumab may offer clinical benefit to patients with

moderate to severe gMG. There was a higher frequency of

headaches (57.1%) compared to placebo (13.6%) (185). Again,

this treatment led to a reduction in IgG concentration in one

week that returned to baseline by 2 months, as shown in the

phase I study of the drug (186).

The Phase III clinical study NCT0397142, a randomized,

double-blind, placebo-controlled study evaluating the efficacy and

safety of rozanolixizumab in adult patients with generalized MG,

has been completed and enrolled patients with confirmed positive

records of AChR or MuSK at screening (200 total MG participants).

In the primary endpoint, rozanolixizumab significantly reduced

MG-ADL from baseline to Day 43 (185). Very recently the results

from a randomized, double-blind, placebo-controlled, adaptive

phase 3 study, named MycarinG were published. 200 patients

were enrolled, among which 21 MuSK-positive were included.

Patients were stratified into the placebo group (12% MuSK+),

8% received rozanolizizumab 7 mg/kg and 12% received

rozanolixizumab 10 mg/kg (subcutaneous infusions). With the

available data, all five (100%) MuSK autoantibody-positive

patients in the rozanolizizumab 7 mg/kg group and all seven

(100%) patients in the rozanolizizumab 10 mg/kg group were

MG-ADL responders compared with one (14%) in seven in the

placebo group. More specifically, participants who received a

placebo reported a decrease in MG-ADL of 2.28 points, while

those who received rozanolixizumab reported increases of 7.28

points at a dose of 7 mg/kg and 4.16 points at a dose of 10 mg/

kg. As early as day 8, rozanolixizumab caused a rapid decrease in

IgG levels that was associated with improvements in efficacy results.

Headache, diarrhea, fever, and nausea were the most commonly

reported treatment-associated adverse events (187).

All these encouraging results have led to a priority review of the

FDA’s Biologic License Application (BLA) and advance efforts to

approve rozanolizizumab for the treatment of adults with

generalized MG (gMG) who are AChR or MuSK antibody

positive. All ongoing studies on the use of FcRn inhibitors in

MuSK-MG are summarized in Table 3.
6.5 Chimeric autoantibody receptor T cells

The novel technology of chimeric auto-antibody receptor T

(CAAR-T) cells involves genetically engineered endogenous T cells

and subsequent expansion. The patient is then given autologous T cells,

which detect antigen-specific B cells that are carrying the BCR against

the MuSK antigens and cause pathogenic B cells to undergo apoptosis.

Phase I and II studies employing CD8-positive CAR T

immunotherapy against plasma cells that express BCMA are

currently being conducted.

Another ongoing clinical study is investigating the different

dosing regimens of MuSK-CAART alone, in combination with

cyclophosphamide (CY), and in combination with CY and

fludarabine (FLU) under number NCT05451212 and is still

recruiting patients. Recent findings showed that in an EAMG

animal model, MuSK-CAART lowered anti-MuSK IgG without

affecting B-cell or total IgG levels, indicating MuSK-specific B-cell
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depletion (161). MuSK-CAART is considered a cellular precision

immunotherapy in the field of autoantibody-mediated neurological

autoimmune diseases (Table 3).
7 Pregnancy in MuSK
Myasthenia Gravis

Evidence for the emergence of MuSK-MG during pregnancy is

sparse and most information comes from case reports. Severe MG

exacerbations have been reported during pregnancy, especially in

newly diagnosed patients and not being stable under treatment

(188, 189). In general, short disease duration and severe disease

have been recognized as risk factors for MG worsening during

pregnancy, whereas previous thymectomy is protective (190, 191).

One Portuguese study looked back at the pregnancy history of 17

MuSK-positive women, 13 of whom had more than one pregnancy

(27 total pregnancies studied) (192). Upon the time of conception,

all were on steroids, with one on azathioprine and another on IVIg

maintenance infusions. Only mild pregnancy-related changes were

noted, some requiring dosage adjustments. No changes were

counted as recurrences.

Pregnancy studies using mycophenolate mofetil, methotrexate,

and cyclosphasmamide in animals or humans have revealed fetal

malformations. As a result, the possible benefit to pregnancy is

exceeded by the danger (193). Regarding azathioprine, the benefit

may outweigh the risk and could be used with close monitoring of

the fetus. Corticosteroids are recommended to be used at the lowest

possible dose during pregnancy (194). Existing data on pregnancy

outcomes following RTX can frequently be affected by the use of

possibly teratogenic medications and other underlying medical

problems (195). According to the prescribing information,

women of childbearing potential and non-sterile men should be

encouraged to use effective contraception for 12 months after the

last dose of RTX.

Plasmapheresis might be used to treat severe disease exacerbations

during pregnancy. Plasmapheresis is considered to create fluid changes

that might cause hypotension and potentially jeopardize the pregnancy;

hence the mother and fetus must be closely monitored. In cases

refractory to steroids and when plasmapheresis is unavailable, IVIG

can be used during pregnancy; with this approach, MuSK patients have

shown a favorable response and, based on current evidence, mothers

can continue breastfeeding. A large Italian study examined the

consequences of 936 plasmapheresis procedures performed during

57 pregnancies; treatment rationale varied and among others

included some for MG etiologies. Just 2% had serious adverse effects,

and none required hospitalization or continued hospitalization (196).
8 Final considerations

Even though great progress has been made in the field of MuSK

immunopathology, unanswered questions still exist. Are IgG4 B

cells effective in producing LLPCs? The inadequate response to

rituximab in specific cases could suggest that some LLPCs most

probably do exist in MuSK-MG patients. Whether the dominance
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predisposition to generate ubiquitously IgG4 responses is

unknown. We currently do not know when during the clinical

course of the disease there is an active MuSK-IgG subclass switch,

especially towards IgG4, and whether there is a longitudinal

germinal center activity. A MuSK-MG patient was described to

undergo a class switch from IgG4 antibodies to IgG1 MuSK

antibodies whilst entering stable remission and we currently don’t

know what drives this conversion, a knowledge that could open new

therapeutic strategies (50). Future studies are needed to assess the

role of post-translational modifications such as galactosylation on

the pathogenic profile of IgG4 antibodies (activate complement, Fab

arm exchange capacity).

The pathogenetic role of antibodies against MuSK has

been demonstrated in a passive transfer animal model with

immunoglobulins isolated from the serum of MG patients or with

recombinant antibodies isolated from B or plasma cells isolated

from the periphery of MG patients. In vitro studies of IgG

pathogenicity have also been performed but animal models

provide a more complex picture of the role of these antibodies in

vivo. Recent studies revealed that the functional monovalency of

IgG4 MuSK MG antibodies is crucial for inducing myasthenia (77).

In-vitro-produced recombinant antibodies (all subclasses) usually

possess bivalent forms (monospecific and have not undergone Fab-

arm exchange) and act as partial MuSK agonists, as they induce

MuSK kinase activity through phosphorylation, dimerize MuSK,

promote AChR clustering and, variable responses in mice causing

no or a mild myasthenic phenotype (less pathogenic profile) (80).

When compared to the natural agonist agrin, the agonistic bivalent

patient-derived MuSK monoclonal antibodies did not induce AChR

clustering in the C2C12 myotube assay to the extent as agrin (52,

77). Mice exposed to bivalent 13–3B5 monoclonal antibody

exhibited a mild clinical phenotype, with substantial loss of AChR

in the NMJs and subclinical myasthenia. The 13–3B5 also induced

smaller clusters compared with 11–3F6, another bivalent

antibody (80).

One study produced recombinant antibodies that bound the Ig-

like 2 of MuSK and promoted MuSK activation and interestingly

displayed an inhibitory effect on MuSK signaling (52). This

alternative mechanism for inhibiting AChR clustering with

recombinant bivalent antibodies needs further studies and animal

models could further elucidate the ensuing pathogenetic

mechanisms (129). On the other hand, bispecific, functionally

monovalent IgG4 anti-MuSK antibodies diminished MuSK

signaling and subsequent AchR clustering. These antibodies are

mainly found in their native conformation in patient peripheral

blood, whereas recombinant produced monovalent IgG4 are

produced in vitro with either controlled Fab-arm exchange

(cFAE) methodology or by papain digestion (production of Fabs

—simulating Fab-arm exchanged IgG4), something that makes it

difficult to assess the circulating pathogenic autoantibodies in the

serum of MG patients (77, 80). In vitro, these Fab fragments

inhibited agrin-dependent MuSK phosphorylation and AChR

clustering similar to patient serum-derived MuSK IgG4 (80).

Patient MuSK IgG1–3 antibodies (not recombinant antibodies)

do not affect MuSK-Lrp4 interaction, but reduce agrin-induced
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AchR clustering in cultured myotubes (51). Collectively, MG

exacerbation and clinical severity will rely on combined action of

antagonistic and agonistic effects, that are determined to a

significant proportion by antibody monovalency. We cannot rule

out that complement activation could occur and lead to

pathogenicity but this seems less likely and needs further studies

with IgG1-3 bivalent monoclonal antibodies.

Interestingly, outside MG pathology, the promotion of MuSK

activation constitutes a promising therapeutic strategy for other

diseases such as amyotrophic lateral sclerosis (ALS) (208). A recent

study developed different agonist antibodies binding the MuSK

Ig-like 1 domain that even though in vitro experimental settings

exhibited a beneficial effect associated with MuSK activation, in

mice models this effect was not found (sudden death due to

urologic syndrome) (209). Of interest, forced activation of MuSK

signaling holds therapeutic promise in neuromuscular disorders

characterized by NMJ deficits. So, in MuSK MG some bivalent

antibodies that stimulate MuSK signaling may have a protective role

towards others with pathogenic profiles and the balance among

them may determine the clinical severity and exacerbation.

It seems that antibodies with different effector mechanisms may

coexist and agonistic or blocking functions apart from valency and

antigen binding avidity could be also controlled by the IgG

subclasses, the corresponding Fc-FcgR interactions, and the ability

for complement activation. Of note, an IgG4 monoclonal antibody

targeting acetylcholine receptor (AChR) diminished subsequent

complement-mediated tissue damage induced by IgG1 directed

to AChR in a passive transfer model of MG (129). Nevertheless,

this is not the case for all diseases with implicated IgG4 antibodies.

A recent study showed that while IgG switching to IgG4 subclass

is a protective mechanism in IgG4-mediated autoimmune

diseases with anti-ADAMTS13 autoantibodies (TTP; thrombotic

thrombocytopenic purpura), this is not relevant for Pemphigus

foliaceus (PF) in which anti-Dsg1 (desmoglein-1) IgG4 subclass

exacerbates the pathogenicity in anti-Dsg1 autoantibodies (210).

These differences were attributed to the magnitude of IgG subclass

and Fc-FcgR interaction, leading to different functions regarding the

clearance of autoantibody-Ag complexes.

Most evidence exists to support the presence of specific memory

and short-lived plasma cells (SLPB) as the main producers of MuSK

IgG. B- cell or plasma cell infiltrates were not infiltrating the

neuromuscular junctions of intercostal muscles in MuSK-MG

patients and germinal center-like structures are not found in the

thymus of MuSK patients (41, 89, 211, 212). Nevertheless, there are

still some patients refractory to anti-CD20 treatment. On the other

hand, little evidence exists for drugs targeting LLPCs such as

bortezomib, which was found effective in difficult-to-treat MuSK-

MG patients, not responding to RTX. Knowledge of anti-CD19

treatment efficacy, which has been approved for NMOSD, is still

lacking for MuSK-MG, and ongoing trials are assessing this

promising treatment option. Another difficult question not

entirely answered is the proper time for re-treating MuSK

patients with anti-CD20 therapies for long-term remission and

after how many re-doses a patient is considered refractory.

Assessing the reemergence of CD19+ or CD27+ cells has been
Frontiers in Immunology 2293
proposed as a peripheral biomarker for helping clinicians to proper

disease control minimizing the cumulative dose of RTX. For

all above, further studies are needed before reaching

definite conclusions.

It seems that, in contrast to autoimmune disorders caused by

IgG1 or 3 antibodies, neurological IgG4-antibody-mediated diseases

share a particular/common disease mechanism. Rituximab, a

monoclonal antibody that targets CD20 with the exception of stem

cells, pro-B cells, and plasma cells, has been demonstrated to exhibit

favorable effects on the treatment of LGI1 limbic encephalitis, MuSK-

MG, CIDP, and pemphigus. Novel treatment strategies are being

developed and bring hope, especially for patients refractory to anti-

CD20 agents. The current knowledge of MuSK-MG pathophysiology

with the expanding role of specific B cells in the pathogenetic process

opened the way for more targeted approaches (anti-CD19, CD38).

Ongoing clinical trials are currently recruiting patients and assessing

the efficacy of BTK inhibitors (tolebrutinib) and humanized mAb

targeting both cells- surface-bound and soluble IL6 receptor agents

(satralizumab, tocilizumab). Novel agents may in the future lower the

need for plasmapheresis in difficult-to-treat patients and

subcutaneous injections of FcrN blockers could bring a revolution

in daily clinical practice. IgG, for a number of additional neurological

conditions, such as autoimmune encephalopathies, NMOSD, and

inflammatory neuropathies, FcRn-targeted treatments are now being

investigated in clinical studies. One limitation of the blockage of FcRn

receptors is the non-specific elimination of pathogenic.

An innovative method that has been tried on animal models of

EAMG utilizes an absorber column to selectively remove antigen-

specific antibodies and then depleted blood is reinfused (213, 214).

Significant portions of the autoantibodies are being removed,

resulting in significant symptom relief. In the decade that

precision medicine is the optimal goal in treatment options, the

specific targeting of pathogenic cells expressing the autoantigen and

leaving alive all other B cells could become a revolutionary

treatment choice, and we are not far away from this.
Author contributions

AV and EK: first drafting and editing. AV: image making. JT:

concept, design, drafting, and editing. All authors contributed to the

article and approved the submitted version.
Acknowledgments

The authors would like to thank Meletios Verras for their

professional assistance in the graphical presentation of Figure 1.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1212757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vakrakou et al. 10.3389/fimmu.2023.1212757
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Immunology 2394
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Drachman DB. Myasthenia Gravis. Semin Neurol (2016) 36(5):419–24. doi:
10.1055/s-0036-1586265

2. Lefvert AK, Cuénoud S, Fulpius BW. Binding properties and subclass distribution
of anti-acetylcholine receptor antibodies in myasthenia gravis. J Neuroimmunol (1981)
1(1):125–35. doi: 10.1016/0165-5728(81)90015-1

3. Rødgaard A, Nielsen FC, Djurup R, Somnier F, Gammeltoft S. Acetylcholine
receptor antibody in myasthenia gravis: predominance of IgG subclasses 1 and 3. Clin
Exp Immunol (1987) 67(1):82–8.

4. Evoli A, Iorio R, Bartoccioni E. Overcoming challenges in the diagnosis and
treatment of myasthenia gravis. Expert Rev Clin Immunol (2016) 12(2):157–68. doi:
10.1586/1744666X.2016.1110487

5. Hehir MK, Silvestri NJ. Generalized Myasthenia Gravis: Classification, Clinical
Presentation, Natural History, and Epidemiology. Neurol Clin (2018) 36(2):253–60.
doi: 10.1016/j.ncl.2018.01.002

6. DeChiara TM, Bowen DC, Valenzuela DM, SimmonsMV, PoueymirouWT, Thomas
S, et al. The receptor tyrosine kinaseMuSK is required for neuromuscular junction formation
in vivo. Cell (1996) 85(4):501–12. doi: 10.1016/S0092-8674(00)81251-9

7. Li L, Xiong WC, Mei L. Neuromuscular Junction Formation, Aging, and Disorders.
Annu Rev Physiol (2018) 80:159–88. doi: 10.1146/annurev-physiol-022516-034255

8. Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell
(2010) 141(7):1117–34. doi: 10.1016/j.cell.2010.06.011

9. Miyoshi S, Tezuka T, Arimura S, Tomono T, Okada T, Yamanashi Y. DOK7 gene
therapy enhances motor activity and life span in ALS model mice. EMBO Mol Med
(2017) 9(7):880–9. doi: 10.15252/emmm.201607298

10. Bergamin E, Hallock PT, Burden SJ, Hubbard SR. The cytoplasmic adaptor
protein Dok7 activates the receptor tyrosine kinase MuSK via dimerization. Mol Cell
(2010) 39(1):100–9. doi: 10.1016/j.molcel.2010.06.007

11. Herbst R, Burden SJ. The juxtamembrane region of MuSK has a critical role in
agrin-mediated signaling. EMBO J (2000) 19(1):67–77. doi: 10.1093/emboj/19.1.67

12. Okada K, Inoue A, Okada M, Murata Y, Kakuta S, Jigami T, et al. The muscle
protein Dok-7 is essential for neuromuscular synaptogenesis. Sci (New York NY) (2006)
312(5781):1802–5. doi: 10.1126/science.1127142

13. Hallock PT, Chin S, Blais S, Neubert TA, Glass DJ. Sorbs1 and -2 Interact with
CrkL and Are Required for Acetylcholine Receptor Cluster Formation. Mol Cell Biol
(2016) 36(2):262–70. doi: 10.1128/MCB.00775-15

14. Burden SJ, Yumoto N, Zhang W. The role of MuSK in synapse formation and
neuromuscular disease. Cold Spring Harbor Perspect Biol (2013) 5(5):a009167. doi:
10.1101/cshperspect.a009167

15. Weston C, Gordon C, Teressa G, Hod E, Ren XD, Prives J. Cooperative
regulation by Rac and Rho of agrin-induced acetylcholine receptor clustering in
muscle cells. J Biol Chem (2003) 278(8):6450–5. doi: 10.1074/jbc.M210249200

16. Luo ZG, Wang Q, Zhou JZ, Wang J, Luo Z, Liu M, et al. Regulation of AChR
clustering by Dishevelled interacting with MuSK and PAK1. Neuron (2002) 35(3):489–
505. doi: 10.1016/S0896-6273(02)00783-3

17. Komiya Y, Habas R. Wnt signal transduction pathways. Organogenesis (2008) 4
(2):68–75. doi: 10.4161/org.4.2.5851

18. Chen A, Bai L, Zhong K, Shu X, Wang A, Xiao Y, et al. APC2(CDH1) negatively
regulates agrin signaling by promoting the ubiquitination and proteolytic degradation
of DOK7. FASEB J (2020) 34(9):12009–23. doi: 10.1096/fj.202000485R

19. Jones G, Moore C, Hashemolhosseini S, Brenner HR. Constitutively active
MuSK is clustered in the absence of agrin and induces ectopic postsynaptic-like
membranes in skeletal muscle fibers. J Neurosci Off J Soc Neurosci (1999) 19
(9):3376–83. doi: 10.1523/JNEUROSCI.19-09-03376.1999

20. Guptill JT, Sanders DB, Evoli A. Anti-MuSK antibody myasthenia gravis:
clinical findings and response to treatment in two large cohorts. Muscle Nerve (2011)
44(1):36–40. doi: 10.1002/mus.22006

21. Oh SJ. Muscle-specific receptor tyrosine kinase antibody positive myasthenia
gravis current status. J Clin Neurol (2009) 5(2):53–64. doi: 10.3988/jcn.2009.5.2.53

22. Veltsista D, Kefalopoulou Z, Tzartos J, Chroni E. Autoantibody profile in
myasthenia gravis patients with a refractory phase. Muscle Nerve (2022) 65(5):607–
11. doi: 10.1002/mus.27521

23. Zouvelou V, Papathanasiou A, Koros C, Rentzos M, Zambelis T, Stamboulis E.
Pure ocular anti-musk myasthenia under no immunosuppressive treatment. Muscle
Nerve (2013) 48(3):464. doi: 10.1002/mus.23847
24. Hosaka A, Takuma H, Ohta K, Tamaoka A. An ocular form of myasthenia
gravis with a high titer of anti-MuSK antibodies during a long-term follow-up. Intern
Med (2012) 51(21):3077–9. doi: 10.2169/internalmedicine.51.8196

25. Rodolico C, Bonanno C, Toscano A, Vita G. MuSK-Associated Myasthenia
Gravis: Clinical Features and Management. Front Neurol (2020) 11:660. doi: 10.3389/
fneur.2020.00660

26. Evoli A, Tonali PA, Padua L, Monaco ML, Scuderi F, Batocchi AP, et al. Clinical
correlates with anti-MuSK antibodies in generalized seronegative myasthenia gravis.
Brain (2003) 126(Pt 10):2304–11. doi: 10.1093/brain/awg223

27. Zouvelou V. Double Seropositive Myasthenia Gravis: A 5-Year Follow-Up.
Muscle Nerve (2018) 57(5):E129. doi: 10.1002/mus.26040

28. Zouvelou V, Psimenou E. AChR-and MuSK-positive myasthenia gravis: Double
trouble. J Neuroimmunol (2020) 348:577364. doi: 10.1016/j.jneuroim.2020.577364

29. Zouvelou V, Kyriazi S, Rentzos M, Belimezi M, Micheli MA, Tzartos SJ, et al.
Double-seropositive myasthenia gravis.Muscle Nerve (2013) 47(3):465–6. doi: 10.1002/
mus.23645

30. Zouvelou V, Zisimopoulou P, Psimenou E, Matsigkou E, Stamboulis E, Tzartos
SJ. AChR-myasthenia gravis switching to double-seropositive several years after the
onset. J Neuroimmunol (2014) 267(1-2):111–2. doi: 10.1016/j.jneuroim.2013.12.012

31. Jordan B, Schilling S, Zierz S. Switch to double positive late onset MuSK
myasthenia gravis following thymomectomy in paraneoplastic AChR antibody
positive myasthenia gravis. J Neurol (2016) 263(1):174–6. doi: 10.1007/s00415-015-
7982-2

32. Meriggioli MN, Sanders DB. Muscle autoantibodies in myasthenia gravis:
beyond diagnosis? Expert Rev Clin Immunol (2012) 8(5):427–38. doi: 10.1586/eci.12.34

33. Poulas K, Koutsouraki E, Kordas G, Kokla A, Tzartos SJ. Anti-MuSK- and anti-
AChR-positive myasthenia gravis induced by d-penicillamine. J Neuroimmunol (2012)
250(1-2):94–8. doi: 10.1016/j.jneuroim.2012.05.011

34. Sanders DB, El-Salem K, Massey JM, McConville J, Vincent A. Clinical aspects
of MuSK antibody positive seronegative MG. Neurology (2003) 60(12):1978–80. doi:
10.1212/01.WNL.0000065882.63904.53

35. Tsiamalos P, Kordas G, Kokla A, Poulas K, Tzartos SJ. Epidemiological and
immunological profile of muscle-specific kinase myasthenia gravis in Greece. Eur J
Neurol (2009) 16(8):925–30. doi: 10.1111/j.1468-1331.2009.02624.x

36. Lavrnic D, Losen M, Vujic A, De Baets M, Hajdukovic LJ, Stojanovic V, et al.
The features of myasthenia gravis with autoantibodies to MuSK. J Neurol Neurosurg
Psychiatry (2005) 76(8):1099–102. doi: 10.1136/jnnp.2004.052415

37. Sanders DB, Juel VC. MuSK-antibody positive myasthenia gravis: questions
from the clinic. J Neuroimmunol (2008) 201-202:85–9. doi: 10.1016/j.jneuroim.
2008.05.032

38. Vincent A, Newsom-Davis J. Acetylcholine receptor antibody as a diagnostic
test for myasthenia gravis: results in 153 validated cases and 2967 diagnostic assays.
J Neurol Neurosurg Psychiatry (1985) 48(12):1246–52. doi: 10.1136/jnnp.48.12.1246

39. Kitamura E, Takiyama Y, Nakamura M, Iizuka T, Nishiyama K. Reversible
tongue muscle atrophy accelerated by early initiation of immunotherapy in anti-MuSK
myasthenia gravis: A case report. J Neurol Sci (2016) 360:10–2. doi: 10.1016/
j.jns.2015.11.032

40. Takahashi H, Kawaguchi N, Ito S, Nemoto Y, Hattori T, Kuwabara S. Is tongue
atrophy reversible in anti-MuSK myasthenia gravis? Six-year observation. J Neurol
Neurosurg Psychiatry (2010) 81(6):701–2. doi: 10.1136/jnnp.2009.171793

41. Lauriola L, Ranelletti F, Maggiano N, Guerriero M, Punzi C, Marsili F, et al.
Thymus changes in anti-MuSK-positive and -negative myasthenia gravis. Neurology
(2005) 64(3):536–8. doi: 10.1212/01.WNL.0000150587.71497.B6

42. Suhail H, Vivekanandhan S, Singh S, Behari M. Coexistent of muscle specific
tyrosine kinase and acetylcholine receptor antibodies in a myasthenia gravis patient.
Neurol India (2010) 58(4):668–9. doi: 10.4103/0028-3886.68687

43. Rajakulendran S, Viegas S, Spillane J, Howard RS. Clinically biphasic
myasthenia gravis with both AChR and MuSK antibodies. J Neurol (2012) 259
(12):2736–9. doi: 10.1007/s00415-012-6661-9

44. Bartoccioni E, Scuderi F, Augugliaro A, Chiatamone Ranieri S, Sauchelli D,
Alboino P, et al. HLA class II allele analysis in MuSK-positive myasthenia gravis
suggests a role for DQ5. Neurology (2009) 72(2):195–7. doi: 10.1212/01.wnl.
0000339103.08830.86
frontiersin.org

https://doi.org/10.1055/s-0036-1586265
https://doi.org/10.1016/0165-5728(81)90015-1
https://doi.org/10.1586/1744666X.2016.1110487
https://doi.org/10.1016/j.ncl.2018.01.002
https://doi.org/10.1016/S0092-8674(00)81251-9
https://doi.org/10.1146/annurev-physiol-022516-034255
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.15252/emmm.201607298
https://doi.org/10.1016/j.molcel.2010.06.007
https://doi.org/10.1093/emboj/19.1.67
https://doi.org/10.1126/science.1127142
https://doi.org/10.1128/MCB.00775-15
https://doi.org/10.1101/cshperspect.a009167
https://doi.org/10.1074/jbc.M210249200
https://doi.org/10.1016/S0896-6273(02)00783-3
https://doi.org/10.4161/org.4.2.5851
https://doi.org/10.1096/fj.202000485R
https://doi.org/10.1523/JNEUROSCI.19-09-03376.1999
https://doi.org/10.1002/mus.22006
https://doi.org/10.3988/jcn.2009.5.2.53
https://doi.org/10.1002/mus.27521
https://doi.org/10.1002/mus.23847
https://doi.org/10.2169/internalmedicine.51.8196
https://doi.org/10.3389/fneur.2020.00660
https://doi.org/10.3389/fneur.2020.00660
https://doi.org/10.1093/brain/awg223
https://doi.org/10.1002/mus.26040
https://doi.org/10.1016/j.jneuroim.2020.577364
https://doi.org/10.1002/mus.23645
https://doi.org/10.1002/mus.23645
https://doi.org/10.1016/j.jneuroim.2013.12.012
https://doi.org/10.1007/s00415-015-7982-2
https://doi.org/10.1007/s00415-015-7982-2
https://doi.org/10.1586/eci.12.34
https://doi.org/10.1016/j.jneuroim.2012.05.011
https://doi.org/10.1212/01.WNL.0000065882.63904.53
https://doi.org/10.1111/j.1468-1331.2009.02624.x
https://doi.org/10.1136/jnnp.2004.052415
https://doi.org/10.1016/j.jneuroim.2008.05.032
https://doi.org/10.1016/j.jneuroim.2008.05.032
https://doi.org/10.1136/jnnp.48.12.1246
https://doi.org/10.1016/j.jns.2015.11.032
https://doi.org/10.1016/j.jns.2015.11.032
https://doi.org/10.1136/jnnp.2009.171793
https://doi.org/10.1212/01.WNL.0000150587.71497.B6
https://doi.org/10.4103/0028-3886.68687
https://doi.org/10.1007/s00415-012-6661-9
https://doi.org/10.1212/01.wnl.0000339103.08830.86
https://doi.org/10.1212/01.wnl.0000339103.08830.86
https://doi.org/10.3389/fimmu.2023.1212757
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vakrakou et al. 10.3389/fimmu.2023.1212757
45. Niks EH, Kuks JB, Roep BO, Haasnoot GW, Verduijn W, Ballieux BE, et al.
Strong association of MuSK antibody-positive myasthenia gravis and HLA-DR14-
DQ5. Neurology (2006) 66(11):1772–4. doi: 10.1212/01.wnl.0000218159.79769.5c

46. Huijbers MG, Lipka AF, Plomp JJ, Niks EH, van der Maarel SM, Verschuuren JJ.
Pathogenic immune mechanisms at the neuromuscular synapse: the role of specific
antibody-binding epitopes in myasthenia gravis. J Intern Med (2014) 275(1):12–26. doi:
10.1111/joim.12163

47. Koneczny I, Yilmaz V, Lazaridis K, Tzartos J, Lenz TL, Tzartos S, et al. Common
Denominators in the Immunobiology of IgG4 Autoimmune Diseases: What Do
Glomerulonephritis, Pemphigus Vulgaris, Myasthenia Gravis, Thrombotic
Thrombocytopenic Purpura and Autoimmune Encephalitis Have in Common? Front
Immunol (2020) 11:605214. doi: 10.3389/fimmu.2020.605214

48. Kawakami Y, Ito M, Hirayama M, Sahashi K, Ohkawara B, Masuda A, et al.
Anti-MuSK autoantibodies block binding of collagen Q to MuSK. Neurology (2011) 77
(20):1819–26. doi: 10.1212/WNL.0b013e318237f660

49. Huijbers MG, Zhang W, Klooster R, Niks EH, Friese MB, Straasheijm KR, et al.
MuSK IgG4 autoantibodies cause myasthenia gravis by inhibiting binding between
MuSK and Lrp4. Proc Natl Acad Sci USA (2013) 110(51):20783–8. doi: 10.1073/
pnas.1313944110

50. Niks EH, van Leeuwen Y, Leite MI, Dekker FW, Wintzen AR, Wirtz PW, et al.
Clinical fluctuations in MuSK myasthenia gravis are related to antigen-specific
IgG4 instead of IgG1. J Neuroimmunol (2008) 195(1-2):151–6. doi: 10.1016/
j.jneuroim.2008.01.013

51. Koneczny I, Cossins J, Waters P, Beeson D, Vincent A. MuSK myasthenia gravis
IgG4 disrupts the interaction of LRP4 with MuSK but both IgG4 and IgG1-3 can
disperse preformed agrin-independent AChR clusters. PloS One (2013) 8(11):e80695.
doi: 10.1371/journal.pone.0080695

52. Takata K, Stathopoulos P, Cao M, Mané-Damas M, Fichtner ML, Benotti ES,
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Antibody induced seizure
susceptibility and impaired
cognitive performance in a
passive transfer rat model of
autoimmune encephalitis
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Objective: Autoimmune encephalitis (AE) is a distinct neuro-immunological

disorder associated with the production of autoantibodies against neuronal

proteins responsible for pharmacoresistant seizures, cognitive decline and

behavioral problems. To establish the causal link between leucine-rich glioma

inactivated 1 (LGI1) antibody and seizures, we developed an in-vivo antibody-

mediated AE rat model in which serum antibodies (IgG) obtained from blood

samples of leucine-rich glioma inactivated 1 (LGI1) protein antibody (IgG) positive

encephalitis patients were passively transferred into non-epileptic Wistar rats.

Serum IgG of N-methyl-d-aspartate receptor (NMDAR) antibody positive

patients were used as positive control since the pathogenicity of this antibody

has been previously shown in animal models.

Methods: Total IgG obtained from the pooled sera of NMDAR and LGI1-IgG

positive patients with epileptic seizures and healthy subjects was applied

chronically every other day for 11 days into the cerebral lateral ventricle.

Spontaneous seizure development was followed by electroencephalography.

Behavioral tests for memory and locomotor activity were applied before and

after the antibody infusions. Then, pentylenetetrazol (PTZ) was administered

intraperitoneally to evaluate seizure susceptibility. Immunohistochemistry

processed for assessment of hippocampal astrocyte proliferation and

expression intensity of target NMDAR and LGI1 antigens.

Results: No spontaneous activity was observed during the antibody infusions.

PTZ-induced seizure stage was significantly higher in the NMDAR-IgG and LGI1-

IgG groups compared to control. Besides, memory deficits were observed in the

NMDAR and LGI1-IgG groups. We observed enhanced astrocyte proliferation in

NMDAR- and LGI1-IgG groups and reduced hippocampal NMDAR expression in

NMDAR-IgG group.
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Pişkin et al. 10.3389/fimmu.2023.1268986

Frontiers in Immunology
Significance: These findings suggest that neuronal surface auto-antibody

administration induces seizure susceptibility and disturbed cognitive

performance in the passive transfer rat model of LGI1 AE, which could be a

potential in-vivo model for understanding immune-mediated mechanisms

underlying epileptogenesis and highlight the potential targets for immune-

mediated seizures in AE patients.
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Introduction

Autoimmune Encephalitis (AE) is recently identified immune-

mediated disorder apparently accounting for 10-15% of all

encephalitis cases (1). According to recent hypotheses, seizures

occurring in the context of AEs could be provoked by the direct

effect of auto-antibodies (auto-Abs) on neuronal surface antigens

(e.g., ion channels, receptor proteins) involved in synaptic

transmission (2, 3). Auto-Abs against N-methyl-d-aspartate

receptor (NMDAR) and leucine-rich glioma inactivated 1 (LGI1)

proteins expressed on the neuronal surface resulting in

hyperexcitability and impairment of synaptic function are

considered to be pathogenic in patients with AE that is

characterized by a wide range of neurological and psychiatric

clinical features including cognitive impairment, behavioral

changes, movement disorders and epileptic seizures (4). Although

immunotherapy improves clinical outcomes, some individuals may

experience deficiencies that result in lifelong disability, such as

pharmacoresistant epilepsy and persistent cognitive impairment

(3). The detection of particular auto-Abs found in serum and/or

cerebrospinal fluid (CSF) of patients in conjunction with an

appropriate clinical presentation is required for the diagnosis of

AE. However, in a considerable number of patients no auto-Abs

expressed and presumably not all antibodies are known (4).

Experimental studies conducted with antibodies from patients with

NMDAR encephalitis also suggest that antibodies against neuronal

cell-surface may contribute to epileptogenesis (5–8). However, it

remains unknown in what extend the LGI1-directed antibodies

contribute to seizure generation and the exact effect of LGI1

antibodies on AE remains largely unexplored. In recent research,

LGI1 antibodies were found to be pathogenic in a passive transfer

mouse model where patient- or control-derived IgG was transferred

into the cerebral ventricle (9). Mice infused with LGI1-IgG exhibited

memory impairment which partially reversed after stopping the

infusion. Notably, no spontaneous seizures were observed in this

model (9) However, LGI1-IgG did lead to significant reductions in

the density of both total and synaptic Kv1.1 potassium channels and

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

(AMPAR) clusters resulted from the interference of LGI1

interactions with presynaptic ADAM23 and postsynaptic ADAM22

proteins. This disruption also led to increased presynaptic excitability
02100
and glutamatergic transmission, as evidenced by in-vitro experiments

(10) but not sufficient to cause spontaneous seizures in-vivo. Further

investigations are needed to delve into this aspect and its relevance to

the clinical phenotype of LGI1- antibody associated disorders.

In this study, we attempted to determine the role of human anti-

LGI1 auto-Abs in epileptogenesis by developing a translational

rodent model for LGI-1-IgG that would allow for studying

pathophysiology with clinical relevance and to compare it to the

pathogenic consequences of anti-NMDAR-auto-Abs that had

earlier been shown to contribute to the epileptogenesis (5–8). To

test the hypothesis that, LGI1-antibodies may lead to increased

seizure susceptibility in-vivo, we developed an antibody-mediated

AE rat model for LGI-1gG; in which either anti-LGI1 or NMDAR

auto-Ab containing total IgG obtained from blood samples of AE

patients were passively transferred into the rat brain. The functional

impact of each purified neuronal-surface auto-Ab on the

development of a validated animal model of AE was evaluated in

terms of electroencephalographical (EEG) changes, seizure

susceptibility following pentylenetetrazole (PTZ) administration

and behavioral manifestations.
Materials and methods

We used non-epileptic Wistar rats (n=34) that were 3–6 months

old (weighed 250-350 g) from breeding colony of Aziz Sancar

Institute of Experimental Medicine. Animals were maintained

under standard laboratory conditions on a 12/12-h light/dark

cycle, with ad libitum access to food and water. The study was

approved by the Animal Ethics Committee of Istanbul University

(Ethics number:1107593) conforming with the EU Directive 2010/

63/EU for animal experiments. Every effort has been made to

reduce the number of animals for experimentation and minimize

pain and distress in animals.
Patient characteristics and purification
of IgG

Serum samples containing anti-NMDAR (n=3) and anti-LGl1

(n=3) auto-Abs were obtained from blood samples of patients with
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autoimmune encephalitis. Three healthy individual (age range 28-

55; 1 man/2 women) sera were used as negative controls. Both

NMDAR and LGI1 encephalitis patients fulfilled the clinical criteria

for definite autoimmune encephalitis and NMDAR-IgG positive

patients also fulfilled the criteria for definite NMDAR

encephalitis (4).

NMDAR and LGI1 antibodies were detected in both serum

(end-point titers 1:400-1600) and cerebrospinal fluid (CSF) samples

of NMDAR (age range 25-52; 1 man/2 women) and LGI1-

encephalitis (age range 32-61; 2 men/1 woman) patients,

respectively. Serum and CSF samples were tested for other well-

characterized AE antibodies (anti-CASPR2, -AMPAR, -GABABR,

-glutamic acid decarboxylase, -Hu, -CV2, -Ma2, -Ri and

-amphiphysin) and found negative. Healthy control (HC) sera did

not show any well-characterized antibodies, as well. Antibody tests

were conducted by commercial cell based, immunofluorescence or

immunoblot assays, as required (Euroimmun, Luebeck, Germany).

All autoimmune encephalitis patients had focal and/or generalized

tonic clonic seizures. Other clinical features were short-term

memory loss, delusions, hallucinations, autonomic symptoms,

disorientation and coma. In all patients, CSF analysis showed

increased protein concentration and lymphocyte counts and EEG

examination showed focal or generalized slow waves. Cranial MRI

was normal in 1 each patient with NMDAR and LGI1 encephalitis,

whereas the remaining patients showed bilateral medial temporal

lobe hyperintensity. None of the patients showed a tumor in whole-

body CT imaging. Sera were obtained within the first week of the

onset of clinical episode and stored at −80°C freezer until use. None

of the patients or healthy controls were under any sort of treatment

during sampling. Patients with coexisting neurological/systemic

disorders or pregnancy were not included. Pooled IgG obtained

from healthy individuals and sterile 0.9% NaCl solution (normal

saline) were used as controls. Written consent was obtained from

the patients to collect blood samples, and ethical approval was

obtained from the Istanbul University Faculty of Medicine Clinical

Research Ethics committee in order for the serum samples prepared

from blood to be used for research purposes in the future (Ethical

Approval Details - Project name: Investigation of autoantibodies in

autoimmune subgroups of epilepsy patients. Issue: 408/2013).

Three pooled serum samples were obtained for NMDAR

encephalitis, LGI1 encephalitis patients and healthy controls. IgG

was isolated from pooled sera using a protein A-Sepharose CL-4B

column (Sigma-Aldrich, St. Louis, Missouri, USA), as previously

reported (11, 12). The IgG-containing solution was then dialyzed

against PBS and filter sterilized. IgG isolation was confirmed by

demonstration of IgG bands at the expected molecular weight range

by gel electrophoresis. Protein concentrations of purified IgG

solutions were measured by Bradford method. NMDAR- and

LGI1-immunoreactivity of purified IgG was confirmed by cell-

based assays (Euroimmun) (Supplementary Figure 1) and

characteristic IgG-binding pattern of these samples was shown by

indirect immunohistochemistry using frozen rat brain sections, as

described previously (13, 14) (Supplementary Figure 2).
Frontiers in Immunology 03101
Stereotaxic surgery

Rats were anesthetized with ketamine; (100 mg/kg; i.p.) plus

xylazine (10 mg/kg; i.p.) and placed into a stereotaxic frame. A

guide cannula (C313G, Plastic’s One Inc., Roanoke, VA), into the

lateral ventricle, (AP:-0.8, ML:-1.5, V:-4.1 mm) (15) and recording

electrodes over the left frontal (AP:+2, ML: ± 3.5mm) and occipital

cortex (AP:-6, ML: ± 4 mm) were implanted then fixed in position

by applying dental cement around. Rats were allowed a one-week

recovery period before the start of the antibody infusions.
Intracerebroventricular (ICV) infusions

Animals were habituated for 20 min before infusions were

performed through an internal cannula (C313I, Plastic’s One Inc.,

Roanoke, VA) attached to a 10-ml Hamilton syringe then EEG was

recorded for 2 hours following the antibody infusions. 5 ml of
purified IgG from either NMDAR antibody-positive, LGI1

antibody-positive patients or healthy controls was slowly injected

over 20 min into the right cerebral ventricle via a microinfusion

pump. To ensure that the antibodies were fully delivered into the

ventricle, the internal cannula was kept at the injection site for at

least 10 min. An equal volume of sterile saline was also delivered at a

rate of 5 ml/20min to another group of rats as negative control.

Infusions were continued once every two days for ten days

(Figure 1). At the end of the tenth day, each animal was delivered

with a total of 25 ml of antibody pool, which was equivalent to

approximately 150-225 mg of antibodies. Appropriate ventricular

placement was assessed in randomly selected rats injecting 5 ml of
1% methylene blue through the internals inserted into the guide

cannula. The methylene blue traces were examined in the ventricles

system to confirm the injection locations (Figure 1D).
Seizure induction

To test seizure susceptibility, a subconvulsive (45 mg/kg) dose

of pentylenetetrazol (PTZ; Sigma) was given intra-peritoneally (5,

16) and the rats were observed for 60 min while recording and

observing PTZ-induced acute seizures. Seizures were classified

according to the Racine scale (16) as follows: stage 1, behavioral

arrest, chewing, and eye blinking; stage 2, stage 1 plus rhythmic

head movements and head nodding; stage 3, unilateral forelimb

clonus; stage 4, bilateral forelimb clonus and rearing; stage 5, falling

and clonic convulsion. Seizure stage, stage 2 seizure duration, motor

seizure duration and total seizure score were analyzed; the total

seizure score was calculated at the end of the 10-min observation

period, with a score of 2, 3, 4 or 5 given for each stage 2, 3, 4 or 5

seizure. The observation period was video recorded to allow

subsequent video-EEG matching of observed events with

EEG signatures.
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Pişkin et al. 10.3389/fimmu.2023.1268986
EEG acquisition and analysis of
seizure patterns

EEG signals from the subdural screw electrodes were amplified

through a BioAmp ML 136 amplifier, with band pass filter settings

at 1–40 Hz, using Chart v7 program (PowerLab8S ADI

Instruments, Oxfordshire, U.K). EEG was analyzed by observing

the EEG trace and video recordings simultaneously to identify

electrographic and behavioral seizures. Seizures were defined as

rhythmic EEG activity lasting at least 5s or longer that exceeds the

baseline amplitude by at least threefold.
Behavioral assays

Behavioral tests for memory (novel object recognition test

(NOR) and Y-maze) and locomotor activity (open field and

rotarod tests) were applied to the animals before the antibody

infusions started (on day 0) and at the end (on days 21-23) of the
Frontiers in Immunology 04102
ICV infusions (Figure 1; See Supplementary Method for detailed

description). For all variables obtained by behavioral tests,

percentage change of each variable after IgG infusion was

calculated using the formula (after infusion – before infusion *

100). The percentage change values were compared among

treatment arms by statistical analysis.
Immunohistochemistry

Immunohistochemical analysis was done to investigate whether

LGI1 autoantibodies reduce the expression of their target antigen in

a similar fashion as the NMDAR autoantibodies. Astrocytic activity

was also assessed since previous studies have shown enhanced glial

activity upon administration of AE samples (17, 18). At the end of

the seizure induction protocol, rats were deeply anesthetized with

sevoflurane and transcardially perfused with 0.1M phosphate-

buffered saline (PBS). Isolated brains were post-fixed by

immersion in 4% PFA for 1 h at 4°C, cryoprotected with 30%
FIGURE 1

Experimental design. Experimental protocol to assess the role of NMDAR and LGI1 antibodies in in a passive transfer rat model of autoimmune
encephalitis (AE). Model based on the autoantibodies obtained from blood samples of AE patients (A). Total IgG obtained from the pooled sera of
NMDAR and LGI1 antibody positive patients with epileptic seizures and healthy subjects was purified (B) and applied chronically every other day for
11 days into the cerebral lateral ventricle. Antibody infusions were performed on day 11, 13, 15 and 17 and 19 (as presented green labelled ICV). On
days without infusion (10, 12, 14, 16, 18, 20th days, as presented blue). (C). Spontaneous seizure development was followed by recording cortical
electroencephalography (EEG) on consecutive days and after infusion administration for 2h. Behavioral tests for memory (novel object recognition
test (NOR) and Y-maze) and locomotor activity (open field and rotarod tests) were applied to the animals before the antibody infusions started and
at the end of the infusions. Then, pentylenetetrazole (PTZ) was administered at a convulsive dose (45 mg/kg) intraperitoneally in order to detect
possible changes in seizure susceptibility. Immunohistochemistry was done for assessment of hippocampal astrocyte proliferation and expression
intensity of target NMDAR and LGI1 antigens. Coronal brain section showing the appropriate ventricular placement of the guide cannullae (D).
Created with Biorender.com.
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sucrose for 24 h at 4°C before sectioning at 7 mm on cryostat. First,

peroxidase blocking was performed with 0.3% H2O2 to brain

sections for NMDAR and GFAP assays. After washing with PBS,

the sections were blocked with 10% normal goat serum (NGS) in

PBS for 1 hour. Then, sections were incubated in +4°C with anti-

NMDAR-NR1 subunit (PA3-102, Thermo Fisher Scientific, US;

1:250), anti-LGI1 (ab30868, Abcam, US; 1:200); GFAP (GTX40996,

GeneTex, US; 1:200) primary antibodies diluted in 5% NGS in PBS.

Immunoreactivity of the commercial LGI1 antibody was tested by

cell-based and immunofluorescence assays (Supplementary

Figures 2, 3). After incubation, the sections were washed with

PBS and incubated at room temperature with HRP-conjugated

secondary antibodies for NMDAR and GFAP (ab6721, Abcam;

1:1000 and ab6789, Abcam; 1:500, respectively) and Alexa Fluor

488-conjugated secondary antibody for LGI1 (ab150077, Abcam,

1:500) assays diluted again in 5% NGS in PBS. After PBS washing,

diaminobenzidine was added to the tissues to examine the

immunoreactivity under microscope for NMDAR and GFAP

assays. Counter-staining was done with hematoxylin (NMDAR

and GFAP) or DAPI (4’,6-diamidino-2-phenylindole) (LGI1). The

images were processed using Image J (National Institutes of Health,

Bethesda, MD). To ensure the diffusion of human antibodies in the

hippocampus, frozen rat brain sections were incubated with

biotinylated anti-human-IgG antibodies (Vector Laboratories,

Newark, CA, USA), followed by the avidin-peroxidase and

diaminobenzidine (19–21) (Supplementary Figure 4).
Statistical analysis

Statistical analysis was performed using Graphpad Prism 9.3

(GraphPad, La Jolla, CA). All quantitative data in the text and

figures are expressed as mean ± SEM. The statistical tests were

chosen alternatively depending on parametric distribution. Groups

were compared by Mann-Whitney U or one-way analysis of variance

(ANOVA) tests, as required. The percentage changes of behavioral

parameters were evaluated between groups by one-way ANOVA or

Kruskal-Wallis test. Tukey’s or Dunn’s multiple comparison test was

used to compare the inter-group differences. For correlation analysis

Pearson or Spearman correlation tests were used, as required. p values

of < 0.05 were considered statistically significant.
Results

To determine whether patient-derived LGI1-IgG have a

pathogenic role in epileptogenesis, we developed a passive transfer

rat model in which we infused either pooled anti-LGI1 positive IgG

(LGI1-IgG group, n=9) or pooled anti-NMDAR positive IgG

(NMDAR-IgG group, n=8) containing total IgG obtained from

blood samples of AE patients into the rat brain (Figure 1). We

considered NMDAR group as positive control groups since the

pathogenic effects are previously established (5, 8). Animals receiving

total IgG collected form healthy individuals (HC-IgG, n=10) and saline

(n=7) were considered as negative control groups. The animal model

protocol is described in Methods and Figure 1. Briefly, total IgG
Frontiers in Immunology 05103
obtained from the pooled sera of NMDAR and LGI1-IgG positive

patients with epileptic seizures and healthy subjects was applied

chronically every other day for 11 days into the cerebral lateral

ventricle. Spontaneous seizure development was followed by

electroencephalography. Behavioral tests for memory and locomotor

activity were applied before and after the antibody infusions. PTZ was

administered intraperitoneally to evaluate seizure susceptibility.

Immunohistochemistry was performed for assessment of

hippocampal astrocyte proliferation and expression intensity of target

NMDAR and LGI1 antigens.
Seizure susceptibility increased upon
administration of purified IgG in both LGI1-
IgG and NMDAR-IgG groups

No spontaneous seizure activity was recorded during the antibody

infusions as well as the 10 days of observation period of non-epileptic

Wistar rats treated with anti-NMDAR and anti-LGI1 IgG containing

total IgG, as reported in previous studies (5). 45 mg/kg PTZ injection

produced seizures (stage 2 to stage 5) in all animals which were

manually scored by a blinded observer. Seizure stage was significantly

higher in the LGI1-IgG and NMDAR-IgG groups compared to HC-

IgG and saline infused control groups (F (2, 22) = 9.57 p<0.0001;

Figure 2A). One-way ANOVA followed by Tukey’s multiple

comparison test revealed that more severe stage 4 and 5 seizures

were observed in the both antibody infused groups equally (mean

seizure stage was 4.2 ± 0.27 for LGI1-IgG group; n=9 and 4.6 ± 0.18

for NMDAR-IgG group; n=8) compared to the HC (3.5 ± 0.22; n=10)

and saline (2.8± 0.26; n=7) groups in which stage 3 seizures per animal

was higher (Figure 2A). Motor seizure duration was higher in the

NMDAR-IgG group (23.96 ± 1.8 s; n=8; Mann Whitney U p = 0.017)

compared to the saline group (15.76± 1.4 s; Figure 2B). The total

number of stage 2 seizures were higher in LGI1-IgG and NMDAR-

IgG groups compared to negative control groups. This was

significantly different in LGI1-IgG group (23.29 ± 4.8, Mann-

Whitney U p=0.04) compared to HC-IgG group (11.38 ± 2.7;

Figure 2C). Finally, the average seizure score calculated for the 10-

min observation period following PTZ was higher in the LGI1 group

(51.14 ± 9.7 MannWhitney Figure p= 0.03) compared to saline group

(versus 23.0 ± 6.0; Figure 2D). As shown in the traces sub-convulsive

dose of PTZ inducedmore severe (stage 4 and 5) seizures with a higher

number of brief stage 2 seizures consisting of spike-and-wave activity

on the EEG that precedes convulsive seizures in NMDAR-IgG and

LGI1-IgG groups (Figure 2E). This pattern was not observed in

control animals those having mild stage 3 and 4 seizures.
Memory deficits were observed in
animals treated with NMDAR and
LGI1 auto-antibodies

In the open field test performed to measure motor functions, no

significant difference was found between the groups in the

parameters of distance, mean speed, max speed, time mobile,

time immobile, time active and vertical activity (p>0.05)
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(Figures 3A–G). Similarly, there was no difference in latency

between groups in rotarod (Figure 3H) and total entries in Y-

maze (Figure 4A) suggesting that the motor performance between

groups did not differ (p>0.05). In addition, no difference was

observed in the open field test in terms of anxiety parameters,

time spent in the corner and time spent in center (p>0.05)

(Figures 3I, J). However, the percentage of spontaneous

alternation (Figure 4B) in the Y-maze test, which measures spatial

memory, was statistically significantly lower in the NMDAR and

LGI1 groups compared to the HC (p=0.0025; p=0.0063) and saline

groups (p=0.0002; p=0.0005). Likewise, the time spent with the

familiar object in the novel object recognition test, which measures

recognition memory, was significantly higher in the NMDAR-IgG

and LGI1-IgG groups than in the HC-IgG (p=0.0019; p=0.0024)

and saline (p=0.0012; p=0.0015) groups, indicating poor memory
Frontiers in Immunology 06104
(Figure 4C). Also, the time spent with the novel object was lower in

the LGI1-IgG group than in both HC-IgG (p=0.0026) and saline

groups (p=0.0264) (Figure 4D). Although the time spent with the

novel object was found to be lower in NMDAR-IgG group

compared to HC-IgG and saline groups, the significance could be

only obtained for the HC-IgG group (p=0.0345). In addition,

discrimination index indicating good memory performance, was

found to be lower in NMDAR-IgG and LGI1-IgG groups than in

the HC-IgG group (p=0.0253; p=0.0317, respectively) (Figure 4E).

There was no significant difference between the saline group and the

NMDAR/LGI1-IgG groups in terms of discrimination index

(p>0.05) (Figure 4E). Moreover, a negative correlation was found

between the seizure stage and the percentage of spontaneous

alternation in the NMDAR-IgG group (r=-0.778; p=0.0394). No

other significance could be obtained in the correlation analysis.
A B

D E

C

FIGURE 2

Administration of pooled IgG obtained from NMDAR and LGI1 encephalitis patients increased seizure susceptibility. Following i.p. injection of PTZ,
seizure stage (A) was significantly higher in the NMDAR (n=8) and LGI1 (n=9) groups compared to healthy control- IgG (HC) (n=10) and saline
infused control groups (n=7). Motor seizure duration (B) induced by acute PTZ administration was higher in NMDAR group compared to the saline
infused control group. The total number of stage 2 seizures (C) were higher in auto-Ab groups compared to control groups. A higher total seizure
score (D) was seen in the LGI1 group compared to saline group. (E) Representative EEG of ictal events recorded from a cortical electrode in animals
receiving anti-NMDAR containing IgG, HC-IgG, saline and anti-LGI1 containing IgG. PTZ induced convulsive stage 4 and 5 seizures with a higher
number of brief stage 2 seizures consisting of spike-and-wave activity on the EEG that precedes convulsive seizures in NMDAR and LGI1 Auto-Abs
infused groups. Red arrow shows the PTZ injection time point. Horizontal guide lines show the 0.1 mV and -0.1 mV amplitude values of the EEG
signal. Data were expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001.
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Antibody treatment induced
astrocyte proliferation and NMDAR
loss in the hippocampus

NMDAR- and LGI1-IgG-groups displayed robust human IgG

binding on hippocampal sections as opposed to saline injected rat

brains, which did not show appreciable human IgG staining

(Supplementary Figure 4). Sections of hippocampus were stained
Frontiers in Immunology 07105
for GFAP immunoreactivity and assessed for typical signs of

astrocyte proliferation by morphological appearance (i.e. presence

of thick tortuous processes and more intense staining) (Figure 5A).

Such staining was observed only in hippocampus of rats treated

with NMDAR- and LGI1 auto-Abs (Figure 5A, upper row). The

intensity of hippocampal GFAP staining (as assessed by Image J

software) was significantly higher in NMDAR- and LGI1 groups as

compared to HC-IgG group (Figure 5B). The intensity of
A B D EC

FIGURE 4

Memory deficits were observed in animals treated with NMDAR and LGI1 auto-antibodies. In the Y-maze test, total entries (A) was not different
between groups. However, the percentage of spontaneous alternation (B) in the Y-maze test, which measures spatial memory, was statistically
significantly lower in the NMDAR and LGI1 groups compared to the healthy control (HC) groups. In the open field test, time spent investigating
familiar object (C) was lower however time spent investigating novel object (D) were significantly higher in NMDAR and LGI1 groups. Discrimination
index (E) indicating good memory performance, was found to be lower in NMDAR and LGI1 groups. Data were expressed as mean ± SEM. *p<0.05;
**p<0.01; ***p<0.001.
A B D E

F G IH J

C

FIGURE 3

Motor functions did not change in the open field test following auto-antibody administration. In the open field test performed to measure motor
functions, no significant difference was found between the groups in the parameters of distance (A), mean speed (B), max speed (C), time mobile
(D), time immobile (E), time active (F), vertical activity (G) and latency (H) in rotarod test. In addition, no difference was observed in the open field
test in terms of anxiety parameters, time spent in the corner (I) and time spent in center (J). Data were expressed as mean ± SEM.
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commercial anti-NMDAR antibody staining in the hippocampus

was significantly decreased in rats injected with NMDAR-IgG, as

compared to those injected with LGI1- IgG and HC-IgG, as

expected (Figure 5A, middle row; Figure 5B). The intensity of

commercial LGI1 antibody staining in the hippocampus was not

significantly different among different treatment arms. However,

LGI1-IgG group showed trends towards exhibiting increased

hippocampal LGI1 expression than NMDAR-IgG and HC-IgG

groups (Figure 5A, lower row; Figure 5B).
Discussion

In this study, we showed that passive transfer of purified IgG

solutions containing NMDAR and LGI1 antibodies by ventricular

infusion causes seizure susceptibility as well as memory deficits in

rats. Our immunohistochemistry studies suggest that these clinical

effects are likely mediated by reduced hippocampal NMDAR

expression and enhanced astrocyte proliferation in the NMDAR-

IgG group. Although astrocyte proliferation is also observed in the
Frontiers in Immunology 08106
LGI1-IgG group exact molecular impact of LGI1 antibodies on the

hippocampal synapses remain to be elucidated.

Several seizure-associated parameters depicted in Figure 2 were

comparable among HC-IgG and saline groups suggesting that these

findings represent the background impact of the sub-convulsive

dose of PTZ. Seizure severity was significantly higher in the

NMDAR-IgG and LGI1-IgG groups as compared to HC-IgG and

saline groups only after PTZ treatment. Our findings are congruent

with several animal model studies, which have shown that single or

chronic injection of NMDAR-IgG and LGI1-IgG obtained from

sera or CSF of AE patients does not cause seizures in the absence of

an additional seizure precipitating agent (5, 23). Therefore, at least

in our rat model, NMDAR-IgG and LGI1-IgG appear to reduce the

threshold for seizure induction rather than directly influencing the

occurrence of seizures. In other animal model studies, infusion of

mice with patient-derived anti-NMDAR monoclonal antibodies

(mAb), which exhibit very high epitope binding specificity, has

caused seizures (but no behavioral symptoms) without PTZ

administration (17, 18). Seizures have also been induced in mice

treated with NMDAR-IgG containing CSF without PTZ (6). These
A

B

FIGURE 5

Antibody treatment induced astrocyte proliferation and NMDAR loss in the hippocampus Immunohistochemical staining of frozen sections (A) of rats
treated icv with NMDAR-IgG (left column), LGI1-IgG (middle column) containing total serum IgG and healthy control (HC)-IgG (right column) using
commercial antibodies directed against glial fibrillary acidic protein (anti-GFAP, upper row, brown color), anti-NMDAR (middle row, brown color) and
anti-LGI1 (lower row, green color). Counter-staining was done with hematoxylin (blue color) in GFAP and NMDAR assays and DAPI (blue color) in
LGI1 assays. Original magnification is 20x for upper row and 4x for middle and lower rows. Quantification of immunohistochemical stainings by
Image J analysis (B): GFAP, NMDAR and LGI1. Data were expressed as mean ± SEM p value denoted on the upper left corner of the panel is obtained
by ANOVA; ***p<0.001 by Tukey’s post-hoc test.
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reports indicate that the seizure outcome in antibody-mediated

animal models is determined by epitopes recognized by IgG of

individual patients, the animal species used (mouse vs rat) and

probably also the method by which IgG is administered.

AE associated with both NMDAR and LGI1 antibodies is typified

with very high seizure prevalence (24). The seizure-inducing capacity of

NMDAR- and LGI1-IgG might partially explain this seizure

propensity. Clinical manifestations of AE are largely attributed to the

intrathecally produced antibodies. Our study has shown that serum

NMDAR/LGI1 auto-Abs generated in the secondary lymphoid organs

may also contribute to the clinical symptoms if they gain access to the

brain. Endogenous factors such as cytokines and inflammatory

mediators found in circulation may putatively play role in fine-

tuning and expression of cell-surface receptors thus leading to

susceptibility to seizures and cognitive impairment in AE patients.

Use of purified IgG in animal model induction largely excludes these

putative non-IgG factors and emphasizes serum IgG as an important

contributor of CNS findings of AE.

Our results confirm previous studies which have shown that

administration of NMDAR-IgG positive serum and CSF may cause

memory impairment, as demonstrated by maze and NOR experiments

(8). We showed spatial and recognition memory impairment in rats in

the absence of a significant alteration in motor activity and anxiety,

suggesting that poor performance of NMDAR-IgG-administered rats

in memory tests is not a bystander effect of the dysfunction of other

cognitive and behavioral networks. Motor activity has been reported to

remain intact in several previous animal models established by

NMDAR-IgG (6, 17). Motor hyperactivity, seizures and lethargy

have been reported in a single model using active immunization of

immune competent mice with conformationally-stabilized, native-like

NMDA receptors (25).

An intriguing finding was the correlation between spontaneous

alternation scores and seizure stage, which cannot be attributed to PTZ

that was administered after behavioral tests. This finding might be

explained by affliction of common neuron groups (possibly located in

the hippocampus) involved in both spatial memory and seizure

induction. This argument is supported by the observation that intra-

hippocampal kainate injection impairs both spatial memory and

induces seizures in parallel in an animal model of epilepsy (26).

It has been well established that intrathecal administration of

NMDAR-IgG reduces NMDAR expression (8). Treatment of

hippocampal slices with NMDAR-IgG has been shown to

diminish long-term potentiation (LTP) and increase neuronal

excitability through reduced excitatory but not inhibitory

neurotransmission. This finding suggests that NMDAR-IgG

precipitates seizures by reducing NMDAR expression on

inhibitory interneuronal populations (7). LGI1-IgG could also be

inducing seizures via a similar mechanism since it is known to

reduce AMPAR expression (9) However, in LGI1-/- mice, increased

seizure activity has been linked to increased pre-synaptic glutamate

release rather than altered post-synaptic AMPAR expression (27).

Likewise, an ex vivo murine brain slice study has shown that LGI1-

IgG treatment leads to increased glutamate release by hippocampal

neurons (28). Increased glutamergic neurotransmission has also

been shown in a passive transfer model of LGI1 encephalitis (9).
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LGI1 encephalitis patients present quite frequently with seizures

(24). Nevertheless, the precise pathogenic mechanisms of seizures

remain understudied. In two former studies util izing

intraventricular or intracerebral infusions, administration of

LGI1-IgG has failed to exert spontaneous motor seizures in the

absence of PTZ administration (9, 23). Thus, the most novel finding

of our study was induction of seizures in Wistar rats infused with

anti-LGI1 bearing IgG solution and PTZ, which to the best of our

knowledge has not been reported previously. Our results also

corroborate previous electrophysiological experiments

demonstrating neuronal hyperexcitability with increased

glutamatergic transmission, higher presynaptic release probability

and reduced synaptic failure rate upon minimal stimulation and

severe impairment of long-term potentiation upon intracerebral

administration of anti-LG11 IgG (23).

Our study also shows that both spatial and recognition memory

are impaired in rats infused with anti-LGI1 containing IgG solution.

This finding confirms a single study, which has shown impaired

recognition memory by NOR in LGI1-IgG administered mice (9).

As indicated in two previous studies, motor functions are not

altered following anti-LGI1 treatment (9, 23).

Epileptic seizure is a common manifestation of both LGI1-

antibody positive encephalitis and LGI1 mutations (29). Both

inborn deficiency of LGI1 and downregulation of LGI1 by short-

hair pin RNA (shRNA) lead to increased neuronal network

hyperexcitability and impaired synaptic plasticity in rodents (27,

29). Moreover, LGI1 encephalitis patients and experimental animals

with dendrotoxin-induced Kv1.1 inhibition show remarkably

similar EEG features (22). However, our immunochemistry

results suggest that anti-LGI1 containing IgG does not reduce

hippocampal LGI1 expression and reduced LGI1 expression is

not the underlying cause of seizures in our model. Patient serum-

derived LGI1-IgG might facilitate seizures putatively through

increased internalization of Kv1.1 potasium channels or impaired

interaction between LGI1 and ADAM22/23 proteins. It is also

possible that reduction of LGI1 expression in a relatively small

but functionally critical number of hippocampal neurons might be

causing seizures in IgG-injected mice.

Increased GFAP reactivity was the most striking pathological

feature of both anti-NMDAR and anti-LGI1 administered rats, in

our study. Mild glial activation and increased GFAP reactivity have

been reported in passive transfer models conducted with infusion of

anti-NMDAR containing IgG or patient-derived mAbs (6, 18).

Given that NMDAR-IgG reduces cerebral NMDAR expression,

these findings bring forward the question whether reduced

astrocytic NMDAR expression might contribute to seizure

induction and memory loss. As a matter of fact, astrocytic

NMDAR expression has been linked to astrocyte activation in

two former studies (30, 31). In our study, we show for the first

time that LGI1-IgG infusion may also lead to astrocyte activation.

Astrocytic glioma cells are known to express LGI1 (32). A recent

combined immunofluorescence and mass spectrometry analyses

has shown that LGI1 is putatively expressed by astrocytes in mouse

hippocampus (33). Thus, the impact of LGI1-IgG on glial activation

pends to be further studied.
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PTZ is believed to act as an antagonist to GABAA receptor by

directly blocking ionophores (34). PTZ increases seizure susceptibility in

auto-Ab-injected rats putatively via this antagonistic activity. In support

of our findings, dynamic causal modeling-mediated in depth analysis of

EEG recordings of anti-NMDAR positive IgG administered animals

suggests that NMDAR-Abs potentiate PTZ-induced effects in cortical

microcircuitry (35). Similarly, several naturally occurring inflammatory

factors that may be increased in AE (e.g. pro-inflammatory cytokines

and chemokines) may putatively act as GABAA receptor antagonists

and reduce seizure threshold. For example, TNF-a and CCL2 have been

shown to reduce neuronal GABAA receptor expression (36, 37). Anti-

GABAergic activity may also enhance cytotoxic T cell and macrophage

responses (38). Therefore, GABAA receptor agonists may potentially be

used in treatment of AE as seizure-preventing and anti-inflammatory

agents (39).

A limitation of our study is that it does not exclude the impact of

auto-Abs directed against non-NMDAR and non–LGI1 targets that

may putatively exist in the patient-derived total IgG pools administered

to rats. To overcome this limitation patient-derived mAbs interacting

exclusively with the target epitopes of the NMDAR have already been

produced and shown to induce seizures in animal models (17). A

similar approach is recommended for LGI1 antibodies in future studies.

In brief, results of our passive transfer studies conducted in rats

confirm the previously established pathogenic effects of anti-

NMDAR-IgG and further shows for the first time that anti-LGI1-

IgG positive total IgG solution is equally capable of inducing

seizures with the additive assistance of PTZ. We have also shown

that anti-LGI1 auto-Abs may be involved in spatial and recognition

memory impairment and astrocyte proliferation. These findings

provide in vivo pathogenic insights into neuronal dysfunction in

LGI1 encephalitis. Furthermore, our results lend support for the

putative ameliorative effects of agents preventing auto-Ab-LGI1

interaction and GABAergic agonists in autoimmune encephalitis.
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diagnosed clinically using
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Background: IgG4-related disease (IgG4-RD) is a systemic inflammatory disease

which involves various organs such as the pancreas, lacrimal gland, salivary gland,

retroperitoneum, and so on. These organs can be affected concomitantly. 18-

Fluorodeoxyglucose positron emission tomography computed tomography

(FDG-PETCT) is a systemic examination which can identify active inflammation

and detect multiple organ involvement simultaneously. Pericardial involvement is

rare in IgG4-RD, early detection and treatment can greatly improve the

prognosis of patients.

Case summary: We reported a 82-year-old female patient referred to our

department complaining of chest tightness and abdominal fullness for 8

months and massive pericardial effusion for 2 months. A large amount of

pericardial effusion was found during the hospitalization of Gastroenterology.

Then she was transferred to cardiology. Although infectious, tuberculous, and

neoplastic pericardial effusions were excluded, there was still no diagnosis. The

patients were examined by FDG-PETCT which considered IgG4-RD. After

coming to our department, the results of the patient’s laboratory tests showed

that immunoglobulin subgroup IgG4 was 14.0 g/L. Then we performed a biopsy

of the right submandibular gland. Pathological morphology and

immunohistochemistry suggested IgG4-RD. Combined with level of IgG4,

clinical, pathological and immunohistochemical results, we determined the

final diagnosis of IgG4 related diseases. Then we gave glucocorticoid and

immunosuppressant treatment. At the end, pericardial effusion was completely

absorbed. As prednisone acetate was gradually reduced, no recurrence of the

disease has been observed.

Conclusion: Pericardial effusion can be the initial presentation in IgG4-RD. For

patients with massive pericardial effusion of unknown cause, early detection of

IgG4 is recommended, and PETCT may be helpful for obtaining the diagnosis.

KEYWORDS

pericardial effusion, IgG4-related disease, FDG-PETCT, prognosis, treatment
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1 Introduction

IgG4-related disease (IgG4-RD) is a systemic autoimmune disease

with unknown etiology (1–3). The main characteristics of the disease

are elevated serum IgG4 concentrations, marked lymphoplasmacytic

infiltration, storiform fibrosis, and organ infiltration by IgG4-positive

plasma cells. IgG4-RD may be present in a certain percentage of

patients with various diseases including autoimmune pancreatitis,

Mikuliçz’s disease (MD), Küttner’s tumor (KT), retroperitoneal

fibrosis, Riedel’s thyroiditis, hypophysitis, interstitial pneumonitis,

interstitial nephritis, prostatitis, lymphadenopathy, inflammatory

aortic aneurysm, and inflammatory pseudotumor (4). Although there

are some reports about IgG4-RD cases complicated with cardiovascular

system, it is rare to have pericardial effusion as the main manifestation

(5–7). We herein report a case of IgG4-RD that mainly manifested as

massive pericardial effusion, and 18-Fluorodeoxyglucose positron

emission tomography computed tomography (FDG-PETCT) first

suggested that it was IgG4-RD.
2 Case presentation

2.1 Chief complaints

An 82-year-old female patient was referred to our department

complaining of chest tightness and abdominal fullness for 8

months, with massive pericardial effusion for 2 months.
2.2 History of present illness

Eight months prior, the patient developed chest tightness and

abdominal distension, which worsened over time. She was admitted

to the gastroenterology ward of our hospital. Chest CT showed a large

amount of pericardial effusion and a small amount of bilateral pleural

effusion. Then, the patient was transferred to the cardiology department

for further treatment. Relevant laboratory tests and inspections were

performed, but no cause was found. After diuretic treatment, the

patient’s symptoms were gradually relieved, and echocardiography

showed that pericardial effusion slightly decreased, and she was

discharged. The patient underwent an FDG-PETCT examination at

Shibo High Tech Hospital, which showed that pericardial effusion

might be related to IgG4-RD. The patient was given an over-the-

counter diuretic that contained furosemide and spironolactone. Later,

the above symptoms reappeared and gradually worsened, and the

patient attended our department for further treatment.
2.3 History of past illness

She had binocular cataract surgery one year ago.
2.4 Physical examination

The patient had a temperature of 36.5°C, a blood pressure of

128/84 mmHg, a pulse of 95 beats per minute, a respiratory rate of
Frontiers in Immunology 02111
18 breaths per minute, and a finger oxygen saturation of 95%.

Cardiac percussion (cardiac dullness) revealed an enlarged area, and

a low and dull sound was heard on auscultation. The patient also

showed mild pretibial pitting edema. The rest of the physical

examination was unremarkable.
2.5 Laboratory examinations

In the department of gastroenterology of our hospital, the

results of the patient’s laboratory tests showed that the

erythrocyte sedimentation rate (ESR) was 67.0 mm/h, D-dimer

was 6.42mg/L FEU, brain natriuretic peptide (BNP) was 649ng/ml,

total protein was 72.6 g/L, globulin was 35.3g/L, albumin was 35.3 g/

L, and immunoglobulin (IgG) was 19.0 g/L. Blood cultures, PPD, T-

spot, antinuclear antibody, and extractable nuclear antigen antibody

spectrum were all negative. Routine blood tests, routine biochemical

tests, thyroid function, tumor markers, coagulation series, pre-

transfusion tests, myocardial markers, and routine and urinary

tests revealed no significant abnormality.

Some investigations were repeated while the patient was

admitted to the rheumatology and immunology department of

our hospital. ESR was 29.0 mm/h, D-dimer was 1.86mg/L FEU,

BNP was 486ng/ml, total protein was 74.6 g/L, globulin was 35.9g/L,

albumin was 38.7 g/L, IgG was 17.2g/L, immunoglobulin subtype 4

(IgG4) was 14.0g/L, complement C3, complement C4, C-reactive

protein (CRP), and rheumatoid factors were normal. Antinuclear

antibody, antineutrophil cytoplasmic antibody, anti-cyclic citrate

peptide antibody, and anti-phospholipid antibody were all negative.
2.6 Imaging examinations

In the department of gastroenterology of our hospital, chest

computed tomography (CT) showed a large amount of pericardial

effusion and a small amount of bilateral pleural effusion, with

multiple small nodules in both lungs (Figures 1A, C).

Echocardiography revealed a large amount of fluid in the

pericardial cavity. The depth of the posterior wall of the left

ventricle was 16mm, the depth of the anterior wall of the right

ventricle was 14mm, the depth of the left ventricle wall was 17mm,

and the depth of the right atrial roof was 16mm. Thyroid ultrasound

showed multiple thyroid nodules TI-RADS-3, swollen lymph nodes

on the right side of the neck. Submandibular gland ultrasound

showed that large low echo nodules can be detected in the

submandibular gland, with clear boundaries, less uniform internal

echoes, and blood flow signals. (Figure 2). Abdominal ultrasound

displayed no obvious abnormalities. Echocardiography showed

moderate fluid accumulation in the pericardial cavity. The depth

of the posterior wall of the left ventricle was 11.9mm, and the depth

of the left ventricle wall was 14mm. Furthermore, PETCT showed

moderate pericardial effusion, which was in accordance with the

increased area of FDG uptake, with a maximum SUV of 5.04mm.

Bilateral pharyngeal tonsils and submandibular glands manifested

symmetrically increased FDG uptake. Moreover, small lymph nodes

were observed at the right side of the sternal bone, and the
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1285822
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wei et al. 10.3389/fimmu.2023.1285822
mediastinum and the wall of the ascending aorta all showed

increased metabolism (Figure 3).

In the rheumatology department, chest CT showed a large

amount of pericardial effusion and a small amount of left pleural

effusion, multiple small nodules in both lungs, and disseminated

inflammation of the middle lobe of the right lung and the lower

lobes of both lungs (Figures 1B, D). The electrocardiogram showed

a sinus rhythm, low T-wave, and increased left atrial load.

Echocardiography showed a large amount of fluid in the
Frontiers in Immunology 03112
pericardial cavity. The depth of the posterior wall of the left

ventricle was 13mm, the depth of the anterior wall of the right

ventricle was 10mm, the depth of the left ventricle wall was 10mm,

the depth of the apex was 13mm, and the depth of the right atrial

roof was 11mm. Three days after admission, a biopsy of the right

submandibular gland was performed (Figure 4).
3 Final diagnosis

The final diagnosis of the presented case was IgG4-RD.
4 Treatment

Treatment with 40 mg methylprednisolone and 1000 mg

mycophenolate mofetil per day was initiated. After 2 weeks,

pericardial effusion was significantly reduced, ESR, BNP, IgG, and

IgG4 were decreased. 13 days after admission, echocardiography

showed a small amount of fluid in the pericardial cavity. the depth

of the anterior wall of the right ventricle was 4mm, the depth of the

apex was 5mm. The patient’s condition gradually improved.
5 Outcome and follow-up

She did regular outpatient review after discharge.

Echocardiography showed that pericardial effusion was
FIGURE 2

Submandibular gland ultrasound showed that large low echo
nodules can be detected, with clear boundaries, less uniform
internal echoes, and blood flow signals. Red arrow indicates the
submandibular gland nodules.
FIGURE 1

Chest computed tomography hospitalizations in gastroenterology (A, C) and rheumatology (B, D). Both showed a large amount of pericardial
effusion and a small amount of pleural effusion. Red arrow indicate pericardial effusion.
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significantly reduced on 15 days after discharge, and completely

absorbed on 2 months after discharge. We reduced the amount of

prednisone acetate progressively, and the serum levels of IgG4

gradually decreased. No recurrence of pericardial effusion has

been observed in the past year. At present, she was treated with

2.5 mg prednisone per day.
6 Discussion

IgG4-RD is a systemic autoimmune-mediated fibroinflammatory

disorder. In 2001, Hamano et al. (8) reported elevated levels of serum

IgG4 in patients with autoimmune sclerosing pancreatitis, and the

concept of IgG4-related disease was proposed. Subsequently,

Yamamoto et al. (9) identified elevated concentrations of serum

IgG4 and the prominent infiltration of IgG4-bearing plasma cells

into lacrimal and salivary glands in Mikulicz’s disease (MD), which

differed from Sjögren syndrome. Therefore, MD and autoimmune

pancreatitis are believed to be related. Then, IgG4-related disease was

found to cause inflammation and fibrosis in many other organs (4, 10).

In 2012, the first comprehensive clinical diagnostic criteria of IgG4-RD

was published (11): ① one or more characteristic diffuse/localized

swellings or masses in organs. ② elevated serum IgG4 concentrations

(>135mgdl). ③ marked lymphocyte and plasma cell infiltration and

fibrosis, infiltration of IgG4+ plasma cells, and IgG4+/IgG+ cell ratio of

>40%, and>10 IgG4+ plasma cells/HPF in histopathological

examination. Patients who meet the above conditions can be

diagnosed as IgG4-RD. For patients with① and ②, or ① and ③, there

is a possibility of IgG4-RD. Our case mainly manifested with massive
Frontiers in Immunology 04113
pericardial effusion, showing a serum IgG4 concentration of 14.0g/L.

Considering pathological and immunohistochemical results, the

patient was diagnosed with IgG4-RD.

Previously, IgG4-RDwas believed to be caused by T helper (Th) 2

cells, but this theory has been completely disproved (12, 13). Only

IgG4-RD patients with atopic syndrome have circulating Th2

memory cells (14). The discovery of CD4+ cytotoxic T cells in

IgG4-RD may be a major breakthrough in pathophysiological

research. CD4+T cells are widely distributed in IgG4-RD lesions

and constitute the most common cells in the affected tissues. Clonal

expansion of CD4+ cytotoxic T cells is found in the peripheral blood

and fibrotic lesions of IgG4-RD patients, indicating that these cells

play a crucial role in its pathogenesis (15). In addition, these cells

produce IL-1, transforming growth factor (TGF-b), and interferon-

gamma, which are all important mediators offibrosis, constituting the

main histopathological manifestation of IgG4-RD. The signaling

lymphocytic activation module F7(SLAMF7) is expressed on the

surface of CD4+ cytotoxic T cells and has not been previously

identified on CD4+T cells (16). After glucocorticoid-induced

remission of IgG4-RD, such CD4+ cytotoxic T cells were also

reduced (17). In addition, Tfh cells mainly exist in and around the

germinal centers of lymph nodes and are also increased in the

peripheral blood and affected tissues of IgG4-RD patients.

Meanwhile, Tfh cells promote the proliferation and differentiation

of B cells (18). Follicular regulatory T cells and Tfh cells regulate

germinal center formation and B-cell class conversion (19).

IgG4-RD occurs in a variety of organs, including the pancreas,

bile duct, retroperitoneum, lacrimal gland, salivary gland, pituitary

gland, prostate, lung, heart, kidney, aorta, and thyroid gland. The
FIGURE 3

Positron emission tomography computed tomography on August 25, 2020. Positron emission tomography computed tomography showed that
medium pericardial effusion which corresponding to an increased area of FDG uptake (A). Bilateral pharyngeal tonsil, submandibular gland (B), small
lymph nodes in the right side of sternal bone and mediastinum (C) and the wall of ascending aorta (D) all showed increased metabolism. Red arrow
indicates positron emission tomography (CT) scans showing an increase in FDG uptake area in the central envelope effusion.
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condition may be misdiagnosed as malignancy, infection,

inflammatory disorders, or other immune-mediated disease (20).

IgG4-related cardiovascular lesions include aortitis, arteritis,

periaortitis, periarteritis, pericarditis, and inflammatory aneurysm

(21). To our knowledge, only a few reports have described

concurrent IgG4-RD and pericardial effusion. Generally, patients

with acute massive pericardial effusion show hemodynamic

changes. However, patients with chronic pericardial effusion have

relatively stable vital signs (22). Similar to previous case reports, our

patient showed no obvious hemodynamic abnormalities, despite a

large amount of pericardial effusion. However, this patient’s blood

pressure and heart rate were normal and the main symptoms were

chest tightness and abdominal fullness. Therefore, pericardial

effusion can be the initial presentation in IgG4-RD, and IgG4-

associated pericarditis is mostly followed by a chronic course.

Nevertheless, the atypical presentation with cardiac and pleural

effusion might have led to a misdiagnosis, and failure to administer

timely treatment might have resulted in a fatal outcome due to

respiratory insufficiency (23).
Frontiers in Immunology 05114
FDG-PETCT is a commonly used auxiliary diagnostic method

for cases with challenging diagnoses. Ozaki et al. revealed that the

maximum standardized uptake value (SUV) did not differ

significantly in either the early or delayed phase between AIP and

pancreatic cancer, but they found multifocal inflammation of the

pancreas in AIP, and uptake of FDG by the lacrimal gland, salivary

gland, biliary duct, retroperitoneal space, and prostate, which could

not be attributed to pancreatic cancer (15). Zhang J et al. (16)

reported that FDG-PETCT allowed the detection of the

involvement of a greater number of organs compared to

conventional evaluations such as physical examination,

ultrasonography, and CT. Furthermore, FDG-PETCT

demonstrated specific image characteristics and patterns of IgG4-

RD. Berti et al. (17) observed that circulating plasmablasts in the

serum of IgG4-RD were positively correlated with SUV corrected

for partial volume effect (PVC-SUV) and inversely correlated with

the total lesion glycolysis (TLG), and found a corresponding

reduction in circulating plasmablasts, PVC-SUV, and TLG after

immunosuppressive therapies. In the present case, FDG-PETCT
FIGURE 4

Pathological morphology and immunohistochemistry of the right submandibular gland. (A, B) HE showed hyperplasia of interstitial fibrous tissue and
lymphoid tissue hyperplasia, formation of lymphoid follicle, infiltration of a large amount of lymphocyte and scattered plasma cells and eosinophils;
(C, D) Immunoglobulin (Ig) G positive plasma cells could be seen by immunohistochemical staining; (E, F) IgG4-positive plasma cells could be seen
by immunohistochemical staining; The IgG4/IgG ratio was greater than 40%. HE, Hematoxylin and eosin stain; Ig, Immunoglobulin.
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indicated that the pericardial effusion of the patient might be due to

IgG4-RD. Due to advanced age, the patient refused to perform

pericardiocentesis. FDG-PETCT also showed a high uptake of the

submandibular gland in the patient, and submandibular gland

ultrasound showed that large low echo nodules can be detected,

with clear boundaries, less uniform internal echoes, and blood flow

signals, which was consistent with diffuse low-echo areas (rock

type) multiple low-echoic nodules surrounded by high-echoic linear

shadows (cobblestone pattern)reported in previous studies (24, 25).

Finally, the patient was diagnosed with IgG4-RD and received the

appropriate treatment. Therefore, FDG-PETCT assists in the

detection of the extent of organ involvement and the selection of

the biopsy site. Moreover, it can also monitor the treatment efficacy

in IgG4-RD (18).

Previous literature has also shown that imaging is beneficial in

the diagnosis of IgG4-RD-related diseases with pericardial effusion

(5, 26, 27). One study reported the case of a 73-year-old Asian man

with progressive forced dyspnea, systemic edema, and pericardial

effusion. Positron emission tomography and FDG-PETCT revealed

an inflammatory focus in the pericardium. Pericardial biopsy

revealed IgG4-RD pericarditis (26). Another case report described

a 53-year-old woman who attended the hospital due to general

discomfort for 6 months, exhibiting significant weight loss and

chest discomfort. The patient then underwent cardiac MRI (CMRI)

for further evaluation. This shows a marked thickening of the

pericardium and active inflammation. The late gadolinium

enhancement (LGE) showed extensive circumferential LGE in the

pericardium and non-coronary distribution of the left ventricle with

subendocardial linear LGE. The final diagnosis was myocardial

infarction caused by IgG4-RD (27). The study by Seshika Ratwatte

et al. (5) focused on three patients who demonstrated

cardiovascular manifestations of IgG4-RD, as well as the

shortcomings and importance of early diagnosis. Two cases

developed cardiac manifestations before more typical organ

systems were affected, leading to delayed diagnosis. Case 1

presented with acute myocardial infarction secondary to IgG4-

RD, with CT coronary angiography revealing that the

surrounding soft tissue mass involved the anterior descending

and left anterior descending branches. In case 2, pericarditis

progressed to pericardium contraction due to IgG4-RD. CT

coronary angiography showed significant pericardium thickening,

but no obstructive coronary artery stenosis or coronary artery wall

thickening. However, CMRI showed pericardium thickening and

increased T2-weighted imaging signals, suggesting active

inflammation with edema. PET imaging indicated pericardial

uptake. Collectively, these cases suggest that identifying the

cardiac manifestations of IgG4-RD on cardiac imaging can

enhance clinical suspicion and facilitate a definitive diagnosis.

The goal of treatment is to control inflammation, achieve and

maintain remission, and protect organ function (28). To date,

glucocorticoids remain the accepted first-line drug for the

treatment of IgG4-RD, which can be used in the induced

remission and maintenance phases of the disease. Usually, the

treatment with glucocorticoids has a rapid effect and can be

improved within a few days to a few weeks. The effective rate of

the hormone is more than 90% (29). The specific dosage of the
Frontiers in Immunology 06115
hormone should be individualized and can be adjusted according to

age and condition. Gradually decrease to the minimum

maintenance dose after disease control. Due to the high

recurrence rate of IgG4-RD after discontinuation, it is necessary

for doctors to make a long-term maintenance or discontinuation

plan according to the situation of each patient (30).

In recent years, traditional immunosuppressants have been

increasingly used in the treatment of IgG4-RD as hormone-

reducing agents combined with glucocorticoids. Many studies (31)

have shown that hormone combined immunosuppressive therapy is

more effective than glucocortixxcoids alone in controlling disease and

reducing recurrence in IgG4-RD patients. A combination of

hormones and immunosuppressants is recommended when the

disease is not adequately controlled by hormone therapy alone and

glucocorticoid side effects are evident. Among them, mycophenolate

and azathioprine are the most widely used in clinical practice.

Because of the slow onset of traditional immunosuppressants,

immunosuppressant therapy alone is not recommended in patients

with acute activity. For patients who have failed conventional therapy,

relapsed during hormone reduction, and have hormone resistance or

intolerance, rituximabmay be considered, but care should be taken to

prevent infection after the use of this drug.

Seshika Ratwatte reported two cases of IgG4-RD with

pericardial effusium, one of which was treated with glucocorticoid

and azathioprine. The other case was treated with glucocorticoid

and rituximab, and the effect was good (27). A case of IgG4-RD

woman with pericardial effusion, in which rituximab alone also

responded favorably (5). For this patient, the patient is old and

long-term use of glucocorticoids is prone to side effects such as

hypertension, diabetes and osteoporosis, and the combination of

immunosuppressants is helpful to stabilize the condition when

hormone reduction is achieved. Considering the high price of

rituximab, rituximab was not selected in the treatment of this

patient. Mycophenolate was used to control the disease.
7 Conclusion

We herein reported a case who mainly manifested as massive

pericardical effusion, and FDG-PETCT imaging revealed FDG

accumulation in the pericardium and pericardial fluid, then

suggested IgG4-RD. When the patient referred to our department

we found IgG4 markedly elevated, and treatment with 40 mg

methylprednisolone and 1000 mg mycophenolate mofetil per day

was initiated. Finally, pericardial effusion was completely absorbed.

For patients with massive pericardial effusion of unknown cause,

early detection of IgG4 is recommended, and FDG-PETCT may be

helpful for obtaining the diagnosis. The patient is currently still

being followed up.
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Galectin-3 and prohibitin 1 are
autoantigens in IgG4-related
cholangitis without clear-cut
protective effects against toxic
bile acids
Remco Kersten1†, David C. Trampert1†, Lowiek M. Hubers1,
Dagmar Tolenaars1, Harmjan R. Vos2,
Stan F. J. van de Graaf1 and Ulrich Beuers1*

1Tytgat Institute for Liver and Intestinal Research, Department of Gastroenterology and Hepatology,
Amsterdam Gastroenterology Endocrinology Metabolism (AGEM), Amsterdam University Medical
Center (UMC), University of Amsterdam, Amsterdam, Netherlands, 2Oncode Institute and Molecular
Cancer Research, Center for Molecular Medicine, University Medical Center Utrecht,
Utrecht, Netherlands
Background and aims: IgG4-related cholangitis (IRC) is the hepatobiliary

manifestation of IgG4-related disease, a systemic B cell-driven fibro-

inflammatory disorder. Four autoantigens have recently been described in

IgG4-RD: annexin A11, galectin-3, laminin 511-E8, and prohibitin 1. We have

previously reported a protective role of annexin A11 and laminin 511-E8 in human

cholangiocytes against toxic bile acids. Here, we explored the potentially

protective role of the carbohydrate-binding lectin galectin-3 and the scaffold

proteins prohibitins 1 and 2.

Methods: Anti-galectin-3, anti-prohibitin 1 and 2 autoantibody positivity in IRC

and healthy and disease (primary sclerosing cholangitis (PSC)) control sera was

assessed by ELISA/liquid chromatography–tandem mass spectrometry (LC-MS/

MS). Human H69 cholangiocytes were subjected to short hairpin RNA (shRNA)

knockdown targeting galectin-3 (LGALS3), prohibitin 1 (PHB1), and prohibitin 2

(PHB2). H69 cholangiocytes were also exposed to recombinant galectin-3, the

inhibitor GB1107, recombinant prohibitin 1, and the pan-prohibitin inhibitor

rocaglamide. Protection against bile acid toxicity was assessed by intracellular

pH (pHi) measurements using BCECF-AM, 22,23-3H-glycochenodeoxycholic

acid (3H-GCDC) influx, and GCDC-induced apoptosis using Caspase-3/7 assays.

Results: Anti-galectin-3 autoantibodies were detected in 13.5% of individuals

with IRC but not in PSC. Knockdown of LGALS3 and galectin-3 inhibition with

GB1107 did not affect pHi, whereas recombinant galectin-3 incubation lowered

pHi. LGALS3 knockdown increased GCDC-influx but not GCDC-induced

apoptosis. GB1107 reduced GCDC-influx and GCDC-induced apoptosis.

Recombinant galectin-3 tended to decrease GCDC-influx and GCDC-induced

apoptosis. Anti-prohibitin 1 autoantibodies were detected in 61.5% and 35.7% of

individuals with IRC and PSC, respectively. Knockdown of PHB1, combined PHB1/

2 KD, treatment with rocaglamide, and recombinant prohibitin 1 all lowered pHi.

Knockdown of PHB1, PHB2, or combined PHB1/2 did not alter GCDC-influx, yet

knockdown of PHB1 increased GCDC-induced apoptosis. Conversely,
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rocaglamide reduced GCDC-influx but did not attenuate GCDC-induced

apoptosis. Recombinant prohibitin 1 did not affect GCDC-influx or GCDC-

induced apoptosis. Finally, anti-galectin-3 and anti-prohibitin 1 autoantibody

pretreatment did not lead to increased GCDC-influx.

Conclusions: A subset of individuals with IRC have autoantibodies against

galectin-3 and prohibitin 1. Gene-specific knockdown, pharmacological

inhibition, and recombinant protein substitution did not clearly disclose a

protective role of these autoantigens in human cholangiocytes against toxic

bile acids. The involvement of these autoantibodies in processes surpassing

epithelial secretion remains to be elucidated.
KEYWORDS

biliary bicarbonate umbrella, cholangiopathy, cholestasis, IgG4-related systemic
disease, immune-mediated disease, secretory organs
1 Introduction

IgG4-related disease (IgG4-RD) is a systemic fibroinflammatory

disorder that can affect many different organs, with the pancreatic

and hepatobiliary manifestations being the most common, termed

type 1 autoimmune pancreatitis (AIP) and IgG4-related cholangitis

(IRC) (1). Serum IgG4 levels are often elevated in individuals with

IRC (70%–90%) (1–3), and affected tissues are characterized by

typical histopathological findings such as storiform fibrosis,

obliterative phlebitis, and a predominantly lymphoplasmacytic

infiltrate enriched with IgG4+ B cells.

The clinical presentation and management of IRC have several

challenges. First, IRC is often misdiagnosed for either primary

sclerosing cholangitis (PSC) or cholangiocarcinoma (CCA),

leading to unjustified major hepatobiliary surgeries in up to 30%

of individuals with IRC (4). Although an elevated level of serum

IgG4 can aid in making the diagnosis of IRC, it is hampered by a

lack of sensitivity and specificity (5). Second, subjects with IRC

often require long-term corticosteroid therapy, as relapse occurs

often upon steroid withdrawal (6). A better understanding of the

pathophysiology of IRC would aid in both the diagnosis and

treatment of individuals with IRC.

Currently, the pathophysiology of IRC remains unresolved. Our

group and others have previously demonstrated the presence of

dominant affinity matured IgG4+ B-cell receptor clones and clonally

expanded plasmablasts in people with IRC and multiorgan IgG4-

RD (7–9). These findings were highly suggestive of the presence of

specific autoantigens in IgG4-RD and indeed were followed by the

discovery of the autoantigens annexin A11, laminin 511-E8,

galectin-3, and prohibitin 1 in people with IgG4-RD (10–13). The

presence of autoantibodies against more than one of these four

antigens has been demonstrated to correlate with disease severity,

and autoantibody titers decreased upon successful treatment (11,

12, 14). Autoantibodies directed against these antigens were mainly
02119
of the IgG4 and IgG1 subclasses, but the potential pathogenicity of

individual IgG1 or IgG4 autoantibodies in IgG4-RD has not been

fully clarified. Mice exposed to isolated IgG1 or IgG4 from people

with IgG-RD developed typical organ lesions (15). Notably, IgG1

was shown to be more destructive than IgG4, and the pathogenicity

of patient IgG1 was reduced by simultaneous injection of patient

IgG4 in a pre-clinical model system. In line with these findings, we

have previously shown that two linear epitopes on the autoantigen

annexin A11 were recognized by both IgG1 and IgG4

autoantibodies and that IgG4 competitively blocked the binding

of IgG1 to these epitopes on annexin A11 (10). These findings

indicate that IgG4 could potentially repress an IgG1-driven

immune response in IgG4-RD, as also seen in other inflammatory

conditions (16). At present, it is unclear whether autoantibodies

detected in IgG4-RD are the main driver of IgG4-RD, make up

additional pathogenic pathways, or just represent a non-pathogenic

epiphenomenon. Nevertheless, there are autoimmune diseases

where IgG4 autoantibodies are directly pathogenic (17–21). The

potential pathogenicity of IgG1 or IgG4 autoantibodies in IRC

could be driven by two mechanisms: i) via a direct functional effect

of autoantibodies on the targeted autoantigens, or ii) via an indirect

mechanism where autoantibody binding elicits an excessive

immune response that would lead to obstructive cholestasis.

To address the potential direct pathogenicity of IgG1 and IgG4

autoantibodies in IRC, an in-depth understanding of the four

targeted antigens is essential. To this end, our group has

previously demonstrated that annexin A11 is involved in

bicarbonate-rich fluid secretion (22). Annexin A11 was

demonstrated to facilitate the trafficking of ANO1, a calcium-

sensitive chloride channel, to the apical cholangiocyte membrane.

This process was inhibited by incubating cholangiocytes with

patient serum containing both IgG1 and IgG4 autoantibodies

directed against annexin A11. ANO1 establishes a chloride

gradient necessary for chloride/bicarbonate exchangers to secrete
frontiersin.org
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bicarbonate into the bile duct lumen at the juxta-apical surface of

cholangiocytes. The formed apical alkaline layer, known as the

biliary bicarbonate umbrella, keeps bile salts in their deprotonated,

membrane-impermeable, and non-toxic state (23, 24). Dysfunction

of the biliary bicarbonate umbrella leads to bile acids penetrating

cholangiocytes and inducing cholangiocellular damage and death

(24). Recent data on the role of the autoantigen laminin 511-E8 in

cholangiocytes, among cell barrier functions, point toward the

protection of cholangiocytes from toxic bile acids, potentially by

stabilizing the biliary bicarbonate umbrella (25). The present work

investigates the potential protective effect of the remaining

autoantigens in IRC, galectin-3, and prohibitin 1.

Galectin-3 is a b-galactoside-binding lectin that forms pentamers.

These pentamers facilitate extracellular matrix (ECM)–cell interactions

and cell–cell interactions and form lattices at the plasma membrane of

cells, followed by invagination and endosomal transport (Figure 1A)

(26). Notably, galectin-3 is required for apical protein sorting, which

takes place in a pH-dependent manner (27, 28). Autoantibodies

directed against galectin-3 were first described in people with

multiorgan IgG4-RD who predominantly presented with type 1 AIP

and IgG4-related sialadenitis, two glandular organs that secrete

bicarbonate-rich fluids (11). As the adequate formation of the biliary

bicarbonate umbrella relies on the presence of various transporters and

channels involved in bicarbonate secretion at the apical cholangiocyte

membrane and a stable glycocalyx (23, 24), we speculated that galectin-
Frontiers in Immunology 03120
3 could exert a protective effect against toxic bile acids in human

cholangiocytes as previously described for the IRC autoantigens

annexin A11 and laminin 511-E8 and that galectin-3 autoantibodies

could antagonize this protective effect.

Prohibitins (PHBs) are scaffold proteins predominantly located

in the inner mitochondrial membrane, where prohibitin 1 and

prohibitin 2 together form a ring-like multimeric complex.

Prohibitins also localize to the cytosol, nucleus, and plasma

membrane, where they interact with cell membrane receptors,

cytoskeletal transport systems, and transcription factors

(Figure 1B) (29). Autoantibodies against prohibitin 1 were first

described in people with dacryosialoadenopathy (Mikulicz’s

disease), type 1 AIP, and retroperitoneal fibrosis, with

predominant manifestations of IgG4-RD in bicarbonate-secreting

glands (13). Notably, prohibitin 1 is downregulated in the liver

tissue of people with primary biliary cholangitis (PBC) (30), an

immune-mediated cholestatic liver disease where defective biliary

bicarbonate secretion may play a pathogenic role (24, 31).

The present work first analyzed the presence of IgG4-RD

autoantibodies against galectin-3 and prohibitins 1 and 2 in

individuals with IRC in comparison to those with PSC

(cholestatic disease control) and healthy volunteers. Second, the

present work investigated the potential role of the autoantigens

galectin-3 and prohibitins 1 and 2 in protecting human

cholangiocytes against bile acid-induced toxicity.
A B

FIGURE 1

Schematic roles of galectin-3 and prohibitins 1 and 2. (A) Representation of the multifaceted roles of galectin-3. (B) Representation of the
multifaceted roles of prohibitins 1 and 2 as a multimeric complex. Image created with BioRender.com.
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2 Materials and methods

2.1 Human ethics statement

The use of patient serum samples and human liver tissue was

approved by the local medical ethical committee in Amsterdam

(MEC 10/007, 2022.0144, and 2020.081). Participants gave written

informed consent prior to inclusion in the study.
2.2 Patients

Serum samples were obtained from people with IRC (n = 52),

PSC (n = 15), CCA (n = 14), and healthy volunteers (n = 14).

Diagnosis of IRC was made according to HISORt criteria (1, 6),

whereas diagnosis of PSC was made according to the European

Association for the Study of the Liver (EASL) clinical practice

guidelines on sclerosing cholangitis (32). The diagnosis of CCA was

made based on histological confirmation after suggestive

imaging findings.
2.3 ELISA

Alternating rows of 96-well ELISA plates were coated with 100

µl of recombinant galectin-3 (5 µg/ml) (PeproTech #450-38),

recombinant prohibitin 1 (1 µg/ml) (FineTest #P5113),

recombinant annexin A11 (1 µg/ml) (Abcam #ab101050), or

equivalent concentrations of bovine serum albumin (BSA) in

phosphate-buffered saline (PBS) and incubated at 4°C overnight

(11, 13). Wells were washed seven times with TBST pH 8.0 and

subsequently blocked for 1 hour with 1% BSA/TBS pH 8.0 at room

temperature. Wells were again washed seven times with TBST pH

8.0. Sera from people with IRC, PSC, CCA, or healthy controls were

centrifuged at 9000 rcf for 20 minutes before wells were incubated

with diluted serum (1:200 for galectin-3 or 1:20 for prohibitin 1 in

1% BSA/TBS pH 8.0) for 30 minutes at room temperature. After

seven washes with TBST pH 8.0, wells were incubated with 100 µl of

rabbit anti-human total IgG (Dako #P0214) antibody at 1:2000

dilution for 1 hour at room temperature. IgG4 (Southern Biotech

#9200-05) and IgG1 (Southern Biotech #9052-05) specific

autoantibodies were detected using secondary mouse anti-human

antibodies directed at human IgG4 and human IgG1 at 1:2000

dilution. After seven washes, bound reactants were detected by

incubation using 100 µl of 3,3′,5,5′-tetramethylbenzidine (TMB)

chromogenic substrate (Merck #CL07). The reaction was

subsequently stopped with 100 µl of stop solution (Thermo

Scientific #N600), and absorbance was determined at 450 nm

using the CLARIOstar (BMG LABTECH, Ortenberg, Germany).

Samples were considered positive for autoantibodies against

galectin-3, prohibitin 1, or annexin A11 when absorbance values

were greater than the mean plus two standard deviations of the

healthy control group as previously described (11, 14).
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2.4 Immunoprecipitation and liquid
chromatography–tandem mass
spectrometry analysis

Immunoprecipitation and liquid chromatography–tandem mass

spectrometry (LC-MS/MS) was performed as described previously (10).

IgG4 high-affinity beads were washed two times with 0.1% NP-40/PBS

and subsequently incubated with patient serum containing 600 µg of

IgG4 for 1 hour at room temperature. The beads were then washed five

times with 0.1% NP-40/PBS and transferred to new Eppendorf tubes.

IgG4 antibodies were eluted twice for 10 minutes with citrate buffer pH

3.0. After centrifugation, the supernatant with eluted IgG4 was

transferred and neutralized by 0.5 M borate buffer pH 8.8. Purified

IgG4 was then covalently bound to tosyl-activated magnetic beads

(Dynabeads M-280, Thermo Fisher Scientific) by incubating the beads

overnight at 37°C in 125 µl of 3.6M (NH4)2SO4/0.1M borate buffer pH

8.8. Subsequently, beads were washed with 50 mM Tris pH 7.4, 1 M

NaCl, and 1% NP-40 (w/v); blocked for 1 hour in 1 M Tris pH 7.4;

washed again four times; and transferred to new Eppendorf tubes.

Beads at a volume of 50 µl were then incubated overnight at 4°C with

1200 µl of H69 cytosolic cell lysate with the addition of 1 M NaCl and

1% (w/v) NP-40. Unbound proteins were removed by washing three

times with 50 mM Tris pH 7.4, 1 M NaCl, and 1% NP-40 (w/v) and

three times with PBS. During the washing process, the beads were

transferred twice to a new Eppendorf tube. After washing, the

supernatant was discarded, and the beads were frozen for LC-MS/MS

analysis. Precipitated proteins were denatured using 8 M urea in 1 M

NH4HCO3 reduced with 10 mM tris(2-carboxyethyl)phosphine at

room temperature for 30 minutes. Hereafter, cysteines were alkylated

with 40 mM chloroacetamide for 30 minutes. After diluting four times

with 1 M ammonium bicarbonate, proteins were digested by 150 ng of

Trypsin/LysC (Promega, Madison, Wisconsin, USA), on-bead

overnight at room temperature. Peptides were then bound to an in-

house-made C18 stage tip, washed with 0.1% formic acid, and stored at

4°C until LC-MS/MS analysis. After elution from the stage tips, samples

were centrifuged in a SpeedVac to remove the acetonitrile. The peptide

solution was then diluted with 0.1% formic acid before loading onto the

column. Peptides were separated on a 30 cm pico-tip column (50 µm

ID, New Objective/Ms Wil, Zurich, Switzerland) packed in-house with

3µm aquapur gold C18 material (Dr Maisch, Ammerbuch, Germany)

using a 140- or 200-minute gradient (7% to 80% acetonitrile, 0.1%

formic acid), delivered by an easy-nLC 1000 (Thermo Fisher Scientific),

and electro-sprayed directly into an Orbitrap Fusion Tribrid Mass

Spectrometer (Thermo Fisher Scientific). The data-dependent top-

speed mode with a 1-second cycle time was used, in which a full

scan over the 400–1500 mass range was performed at 240,000

resolution. The most intense ions (threshold of 5000 ions) were

isolated by the quadrupole and fragmented with a higher-energy

collisional dissociation collision of 30%. The maximum injection time

of the ion trap was set at 35 milliseconds. The raw data matrix

containing all proteins identified from immunoprecipitated

cholangiocyte cell lysates with IgG4-RD or PSC IgG4 autoantibodies

was imported into the proteomics analysis software Perseus (v1.5.5.3,

MaxQuant, Max-Planck Institute of Biochemistry). Four technical
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replicates were used per patient sample. Data were log2-transformed

and filtered for proteins only identified by site, reverse, or potential

contaminants. In the obtained data matrix, proteins were annotated by

NCBI gene names and full protein names. Log2 peptide intensities for

annexin A11 (positive control), RPL22 (loading control), and

prohibitins 1 and 2 were plotted for all individual patients. The mass

spectrometry proteomics data have been deposited with the

ProteomeXchange Consortium via the PRIDE partner repository

with the dataset identifier PXD042856 (33).
2.5 Immunohistochemistry on human
liver tissue

Sequentially sliced sections of paraffin-embedded human liver

tissue were rehydrated by passing through xylene (three times, 7

min) followed by stepwise ethanol washing from 100% to 50%, each

for 1 minute. After a wash in MQ, antigen retrieval was performed

using 10 mM sodium citrate (Sigma Aldrich #C9999) at pH 6 at 98°

C for 20 minutes. Subsequently, peroxidase blocking was performed

using 0.3% hydrogen peroxide (VWR #8.22287.1000) for 30

minutes. Aspecific protein blocking was performed using Ultra V

(Thermo Scientific #TA-125-UB). Incubation with primary

antibodies against galectin-3 (Santa Cruz, raised in mouse),

prohibitin 1 (Santa Cruz, raised in mouse), and cytokeratin 19

(Abcam, raised in rabbit) took place overnight at 4°C in a 1:100

dilution. The following day, the slides were washed three times in

TBS. Slides were incubated with ready-to-use secondary

horseradish peroxidase (HRP)-conjugated anti-rabbit/mouse IgG

(BrightVision Immunologic #VWRKDPVO110HRP) for 1 hour at

room temperature. The slides were washed three times in TBS. As a

substrate, Vector NovaRed (HRP) (Vector Laboratories #SK-4800)

was added to the slides for 40 min, after which the reaction was

stopped in MQ. Counterstaining was performed by submerging the

slides in hematoxylin for 2 min, after which the slides were washed

in water for 10 min, followed by a single 3 min wash in MQ. Slides

were briefly dried on a heater plate, after which they were mounted

using Vectamount (Vector Laboratories #H-5000). Images were

assessed and acquired on the Olympus BX51 brightfield microscope

using the cellSens Entry software.
2.6 RNA-sequencing datasets

Count files of bulk RNA-sequenced human cholangiocyte

models were obtained from Gene Expression Omnibus (GEO),

GEO accession GSE156519, and our own dataset GSE221746, and

imported into the R2 genomics analysis and visualization platform

(http://r2.amc.nl/). Expression values were log2-transformed for

each dataset and presented as individual heatmaps. Hepatocyte

markers (ALB and ASGR1) and cholangiocyte markers (EPCAM

and KRT19) were included as a phenotypic reference in

the heatmaps.
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2.7 Cell culture

H69 cholangiocytes were kindly provided by Dr. Douglas Jefferson

(Tufts University, Boston, MS, USA). H69 cells were cultured in a 5%

CO2 incubator as previously described and were passaged twice per

week (34). The H69 cell culture medium composition can be found in

Supplementary Table S1. Mycoplasma contamination tests were

carried out every 3 months, with negative results throughout.
2.8 Lentivirus generation and transduction
of shRNA-mediated knockdown

Short hairpin RNA (shRNA) constructs were purchased from

the MISSION® TRC version 1 shRNA library (Sigma-Aldrich, St.

Louis, MO, USA): LGALS3 (TRCN0000029305), PHB1

(TRCN0000029207), PHB2 (TRCN0000060922), and the non-

targeting shRNA control (SHC002). The shRNAs against

LGALS3, PHB1, and PHB2 all targeted the coding sequence.

Lentivirus was produced as previously described in an ML-2/BSL-

2 facility (35). In brief, bacterial cultures were grown from which

plasmid DNA was isolated using Midiprep kits (Genomed,

LabNed). HEK 293T cells were plated in culture dishes and

transfected the following day using polyethylenimine (PEI) with a

mixture containing the plasmid of interest and the plasmids

containing the lentiviral backbone. One day post-transfection, cell

media was refreshed, and 72 hours after transfection, cell media

containing lentivirus was harvested and stored appropriately. For

the lentiviral transduction, H69 cholangiocytes were seeded in 6-

well plates and transduced the following day using DEAE dextran

and the harvested lentivirus. Six hours post-transduction, cell media

was refreshed. After 1 day of recovery, the transduced H69

cholangiocytes were selected with 1 µg/ml puromycin to obtain

stable LGALS3 , PHB1 , PHB2 , and combined PHB1/2

knockdown cholangiocytes.
2.9 RNA isolation, cDNA synthesis, and
real-time quantitative PCR

H69 cholangiocytes were cultured in 12-well plates until

confluency. Total RNA was isolated with a TRIzol reagent (Sigma

#T9424). The RNA-containing phase was isolated with chloroform

(Merck #2445) and centrifugation. RNA was recovered by

precipitating with isopropyl alcohol (Merck #1040). Pellets were

washed with 70% ethanol and resuspended in water treated with

diethylpyrocarbonate (DEPC) (Sigma #D5757). Quality (A260/

A280 > 1.8) and concentration of RNA samples were checked by

spectrophotometry using the NanoDrop 1000 (Thermo Scientific,

Waltham, MS, USA). Total RNA with 2 µg of input was treated with

DNase I (Promega #M6101), followed by reverse transcription into

cDNA using Random Hexamer primers (Promega #SO142), Oligo-

dT primers (Invitrogen), and Revertaid transcriptase (Fermentas,
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#EP0442), resulting in a total volume of 20 µl cDNA. The cDNA

was diluted to 100 ml, after which 2 ml of diluted cDNA served as a

template for real-time quantitative PCR (RT-qPCR) with the

SensiFAST SYBR No-ROX kit (Bioline). Primers were self-

designed to cover all transcript variants of the gene of interest

(Supplementary Material and Supplementary Table S2 contain a list

of methods and primer sequences). RT-qPCR plates were run on

the Bio-Rad CXF96. Raw fluorescent values were exported, and

starting concentration (N0) and cycle quantification (Cq) values

were obtained using LinRegPCR (version 2013.0, Academic

Medical Center, Amsterdam) (36). Expression levels were graphed

relative to the geomean of human 36B4 (RPLP0) and HPRT

reference genes, and normalized to the control condition.
2.10 Western blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA)

buffer, and lysate samples were prepared in Laemmli sample buffer.

After running the samples on sodium dodecyl sulfate–polyacrylamide

gel electrophoresis (SDS-PAGE) gels (10% Tris-Glycine), proteins

were transferred by semi-dry blotting to polyvinylidene difluoride

membranes (Millipore, Burlington, VT, USA), blocked for 2 hours at

room temperature in 5% non-fat milk/TBST, and probed overnight at

4°C using the respective primary antibody in 5% non-fat milk/TBST

(Supplementary Table S3 for list of antibodies and dilutions).

Immune complexes were detected using HRP-conjugated

secondary antibodies and visualized using an enhanced

chemiluminescence detection reagent (Lumi-light, Roche

Diagnostics, Rotkreuz, Switzerland) and ImageQuant LAS 4000

(GE Healthcare, Chicago, IL, USA). Protein bands were quantified

using ImageJ 1.50i (Wayne Rasband, National Institutes of Health,

Bethesda, MD, USA). Results were presented as fold changes of sham

(SHC002)-transduced H69 cells, normalized per experiment.
2.11 Bile acid permeation assay

Bile acid permeation assays were performed as previously

described (22). H69 cholangiocytes were cultured until confluence

in 24-well plates. Cells were refreshed with new culture medium 24

hours before the experiment. At the start of the experiment, cells

were washed once with 500 µl of 20 mM HEPES-buffered Hank’s

balanced salt solution (HBSS) pH 7.4 (Lonza #BE10-527F, Basel,

Switzerland) and equilibrated for 30 minutes with HEPES-buffered

HBSS pH 7.4 at 37°C in ambient air. HBSS was removed; 200 µl per

well HEPES-buffered HBSS pH 7.4 with 2.87 kBq per well 22,23-3H-

glycochenodeoxycholic acid (3H-GCDC), kindly provided by the

late Dr. Alan Hofmann (University of California, San Diego, CA,

USA), and 750 µM unlabeled GCDC (Sigma-Aldrich #G0759, St.

Louis, MO, USA) were added. Excess bile acids were removed after

1, 4, 16, and 64 minutes to obtain kinetic readouts. Cells were

washed once with ice-cold PBS and once with 200 µl of ice-cold PBS

containing 2% fatty acid-free BSA (Sigma-Aldrich #A6003, St.

Louis, MO, USA) to remove potentially membrane-bound
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GCDC. Cells were incubated with 50 µg/ml of digitonin (Merck,

Kenilworth, NJ, USA) in ice-cold PBS to permeabilize the plasma

membrane and extract the cytosolic fraction. Radioactivity in the

cytosolic fraction was detected using the liquid scintillation counter

Tri-carb 2900TR apparatus (PerkinElmer, Groningen, the

Netherlands). Cells were then washed with ice-cold PBS and

shaken in 0.05% SDS in MQ for 60 minutes on a plate shaker at

room temperature. Bicinchoninic acid (BCA) assays were

performed on both the cytosolic and membrane fractions to

correct 3H-GCDC bile acid permeation values for total protein

content per well. Experimental conditions tested in bile acid

permeation experiments were as follows: GB1107, 10 µM, 24-

hour pretreatment; recombinant galectin-3, 2.5 µg/ml, 24-hour

pretreatment; rocaglamide, 100 nM, acute treatment; recombinant

prohibitin 1, 0.25 µg/ml and 0.5 µg/ml, 24-hour pretreatment;

patient-derived IgG preincubation, 50 µg IgG per 48 well, 48-

hour pretreatment.
2.12 Caspase-3/7 assay

H69 cholangiocytes were plated in 96-well culture plates and

grown until confluency. In parallel, an identical plate was seeded

from the same cell suspensions and used for BCA assays to correct

for potential differences in cell counts between shRNA control sham

H69 cholangiocytes and LGALS3, PHB1, PHB2, and PHB1/2

knockdown (KD) H69 cholangiocytes. The culture media were set

to pH 6.9 and placed in a 5% CO2 incubator overnight. The

following day, three conditions were set up, consisting of 1500

µM GCDC, 10 µM raptinal as a positive control of apoptosis

induction, and an untreated negative control. pH was checked for

all solutions and, where necessary, set back at pH 6.9. After the

addition of the experimental solutions to the 96-well plate, cells

were checked hourly for the initiation of apoptosis under a bright-

field microscope. After 3–4 hours, 1500 µM GCDC with media set

at pH 6.9 consistently induced rounding of the cells. For measuring

Caspase-3/7 activity, the SensoLyte® Homogeneous Rh110

Caspase-3/7 Assay Kit (AnaSpec #AS-71141) was used. Pre-

warmed assay buffer at a volume of 5 ml was diluted with 5 ml of

pre-warmed MQ and 200 µl of 0.5 M EDTA-NaOH pH 8.0, 200 µl

of 1 M DTT, and, finally, 50 µl of (Z-DEVD)2-Rh110 as the

fluorogenic indicator was added. Upon Caspase-3/7 cleavage, (Z-

DEVD)2-Rh110 generates the Rh110 fluorophore, which was

excited and detected at lEx = 496 nm/lEm = 520 nm on the

CLARIOstar set at 37°C. Plates were read for 30 minutes. For

analysis, slope values in the linear phase were obtained for each well.

After assessing successful Caspase-3/7 induction by the positive

control raptinal, Caspase-3/7 values were corrected for protein

concentration and normalized to the untreated control sham

condition. Experimental conditions tested in Caspase-3/7

experiments were as follows: GB1107, 10 µM; recombinant

galectin-3, 2.5 and 5 µg/ml; rocaglamide, 100 nM; recombinant

prohibitin 1, 0.25 µg/ml and 0.5 mg/ml. All treatments were added

in the experimental solutions, i.e., GCDC, raptinal, or

negative control.
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2.13 Patient-derived IgG isolation

IgGs were isolated from human sera (healthy control, negative

for anti-galectin-3 and anti-prohibitin 1 autoantibodies, and IRC

patient #21, positive for anti-galectin-3 and anti-prohibitin 1

autoantibodies). In short, 350 µl of PureProteome beads

(Millipore #LSKMAGAG10) were washed twice with wash buffer

(PBS 0.01% Tween 20) and subsequently incubated with 350 µl of

human serum in 1000 µl of wash buffer. Beads were then incubated

for 30 minutes at room temperature, undergoing end-over-end

mixing. Hereafter, beads were washed three times with wash buffer,

and IgGs were subsequently eluted with 0.2 M glycine HCl pH 2.5

and neutralized with 1 M Tris pH 9. BCA assays were performed to

determine the IgG content.
2.14 Statistical analysis

Experimental data are presented as means with standard

deviations. Clinical data are represented as the median with an

interquartile range. Statistical analyses were performed using

GraphPad Prism 9 (GraphPad, La Jolla, CA, USA). The

distribution of the data was assessed using the Kolmogorov–

Smirnov test. For experimental data, the results of the two groups

were compared with a paired or unpaired t-test where appropriate.

A one-way ANOVA was used when comparing multiple groups.

Outliers for RT-qPCR data were detected using the ROUT method.

For clinical data, the Kruskal–Wallis test (for non-normally

distributed data), one-way ANOVA (for normally distributed

data), and the chi-square test (for categorical data) were used.

Correlations were performed using Spearman’s rank correlation

(for non-normally distributed data) or Pearson’s correlation (for

normally distributed data). p-values <0.05 were considered

statistically significant.
3 Results

3.1 Autoantibodies against galectin-3 and
prohibitin 1 are present in a subset of
people with IRC

First, autoantibody positivity directed against galectin-3 or

prohibitin 1 was assessed in people with IRC (n = 52).

Individuals with PSC (n = 14 and 15, resp.) and CCA (n = 14)

were used as disease controls and healthy controls (n = 13 and 14,

resp.). ELISAs for galectin-3 autoantibodies demonstrated that

seven out of 52 people (13.5%) with IRC were positive, no people

with PSC were positive, three out of 14 (21.4%) with CCA were

positive, and one healthy control out of 14 (7.1%) was positive for

galectin-3 autoantibodies, indicating that anti-galectin-3

autoantibodies are not specific for IRC (Figure 2A). Three of the

people with IRC had specific IgG1 autoantibodies, and five had

specific IgG4 autoantibodies directed against galectin-3 (Figures 2B,

C). For prohibitin 1, 32 out of 52 people with IRC (61.5%) were

positive for autoantibodies. In people with PSC, five out of 14
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(35.7%) had autoantibodies against prohibitin 1, whereas, in people

with CCA, eight out of 14 (57.1%) had autoantibodies against

prohibitin 1, indicating that anti-prohibitin 1 autoantibodies are

also not specific for IRC (Figure 2D). Furthermore, one healthy

control was positive for anti-prohibitin 1 autoantibodies (7.1%).

Fifteen of the people with IRC were positive for specific IgG1

autoantibodies, whereas eight were positive for specific IgG4

autoantibodies directed against prohibitin 1 (Figures 2E, F).

Notably, neither IgG nor IgG1 or IgG4 autoantibody titers against

galectin-3 or prohibitin 1 correlated with serum liver tests (total

bilirubin, alkaline phosphatase (ALP), and gamma-glutamyl

transferase (gGT)) when pat ients tested posit ive for

autoantibodies (Supplementary Figures S1, S2). In a parallel

approach, LC-MS/MS was performed on H69 cholangiocyte cell

lysates after immunoprecipitation with patient-derived IgG4

coupled to sepharose beads. In line with previous findings,

immunoprecipitation of annexin A11 was detected in three out of

16 individuals (19%) (Figure 3). An ELISA for anti-annexin A11

IgG4 autoantibodies detected annexin A11 in three out of 16 (19%)

patients (Supplementary Figure S3). These results are similar to our

previous findings and validate the LC-MS/MS approach. In this

dataset, we did not detect peptides originating from galectin-3.

Interestingly, one IgG4-RD patient (#081) with type 1 AIP

demonstrated a pulldown of prohibitin 1.

Since prohibitin 1 and prohibitin 2 form a functional complex,

we reasoned that prohibitin 2 could also be an autoimmune antigen.

However, prohibitin 2 displays a detection pattern (although much

less intense) that reflects background binding to the beads, as is

illustrated by the ribosomal protein RPL22, which is present in all

samples and serves as a loading control. This apparent aspecific

binding makes it unfeasible to identify prohibitin 2 as an

autoimmune antigen, although prohibitin 2 is detected at the

highest intensity in the same patient (#81) who demonstrated

prohibitin 1 pulldown, most likely indicating the pulldown of the

functional prohibitin 1/2 complex. Thus, autoantibodies against

galectin-3, but not against prohibitin 1, may be specific for a

subgroup of people with IRC among those with fibrosing

cholangiopathies, such as PSC.

People with IRC who were positive for anti-galectin-3 and anti-

prohibitin 1 autoantibodies presented with (a tendency of) lower serum

bilirubin, ALP, gGT, aspartate aminotransferase (AST), and alanine

aminotransferase (ALT) levels (Table 1). Notably, people with IRCwho

were positive for anti-galectin-3 and anti-prohibitin 1 autoantibodies

had high occurrences of major hepatopancreatobiliary (HPB) surgery

in the past, possibly explaining in part the mild biochemical alterations

after surgical removal of diseased tissue. People with anti-prohibitin 1

autoantibodies less frequently experienced multiorgan involvement.

Other affected organs weremost often secretory glands (Supplementary

Tables S4, S5). Most patients were elderly men and had a history of

blue-collar work, which we have previously identified as a risk factor for

developing IRC (37). Four patients were positive for both galectin-3

and prohibitin 1 autoantibodies (Supplementary Tables S4, S5; patients

#21, #160, #257, and #268). These patients did not have a more severe

disease course (Supplementary Figure S4). In general, people with IRC

were treated with standard immunosuppressive regimens with varying

rates of clinical and biochemical responses (see Supplementary Figure
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S4 for individual cases with high IgG1/IgG4 titer positivity and

Supplementary Tables S4, S5 for the complete overview). Thus,

people with autoantibodies against galectin-3 or prohibitin 1 did not

demonstrate a clinically more severe disease course compared to

patients who were negative for these autoantibodies.
3.2 Galectin-3, prohibitin 1, and prohibitin 2
are expressed in human cholangiocyte models

As galectin-3 and prohibitin 1 autoantibodies can be detected in

people with IRC, we assessed the cholangiocellular expression of
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t h e s e p r o t e i n s i n c on t r o l human l i v e r t i s s u e b y

immunohistochemistry. Galectin-3 staining resulted in a

cholangiocellular signal in the bile ducts, and prohibitin 1

staining demonstrated positivity in both cholangiocytes and

hepatocytes (Figure 4A). Furthermore, the expression of galectin-

3 and prohibitins 1 and 2 was assessed in various human

cholangiocyte models at the transcriptional level (Figure 4B). To

this end, a publicly available bulk RNA-sequencing dataset on four

types of human cholangiocyte organoids was assessed (GEO:

GSE156519). In addition, RNA sequencing on human H69

cholangiocytes was performed (GEO: GSE221746). A distinct

cholangiocyte phenotype was demonstrated in all cholangiocyte
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FIGURE 2

Galectin-3 and prohibitin 1 autoantibodies are present in a subset of people with IRC. (A) Anti-galectin-3 IgG, (B) IgG1, and (C) IgG4 autoantibody
positivity in people with IRC, PSC, CCA, and healthy controls. Positive patients are annotated, and their further clinical details are presented in
Supplementary Table S4. (D) Anti-prohibitin 1 IgG, (E) IgG1, and (F) IgG4 autoantibody positivity in people with IRC, PSC, CCA, and healthy controls.
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Supplementary Tables S4, S5. Autoantibody titer differences between groups. (A) HC vs. IRC, ns p = 0.1444; HC vs. PSC, ns p = 0.9879; HC vs. CCA,
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organoids and human H69 cholangiocytes by high expression of the

cholangiocellular markers EPCAM and KRT19, while the

expression of hepatocyte markers ALB and ASGR1 was low.

Expression at the mRNA level of LGALS3, PHB1, and PHB2 was

evident across all types of cholangiocyte organoids (endoscopic

retrograde cholangiopancreatography (ERCP)-derived, bile-

collected, extrahepatic, and intrahepatic) and in human H69

cholangiocytes (Figure 4B). Thus, galectin-3 and prohibitins 1

and 2 are abundantly expressed in cholangiocytes, the major cell

type affected in IRC.
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To investigate the cellular roles of galectin-3, prohibitin 1, and

prohibitin 2 in cholangiocytes, stable knockdown cell lines were

generated (Figures 4C, D). In addition to single gene knockdown cell

lines, as prohibitin 1 and prohibitin 2 form a multimeric complex and

can likely be immunoprecipitated as a complex by patient-derived

IgG4, both proteins were simultaneously knocked down in a combined

PHB1/2 knockdown cell line. Knockdown efficiency was assessed by

Western blotting and qPCR analysis (LGALS3 83% KD on Western

blotting (WB), 76% KD on RT-qPCR; PHB1 67% KD onWB, 52% KD

on RT-qPCR; PHB2 47% KD on RT-qPCR; Figures 4C, D).
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FIGURE 3

LC-MS/MS analysis of target antigens immunoprecipitated by patient-derived IgG4 autoantibodies. Label-free protein intensities (log2) were
detected after immunoprecipitation by immobilized patient-derived IgG4 from human H69 cholangiocyte lysates. Four independent replicates were
analyzed. (A) Annexin A11, (B) RPL22, (C) prohibitin 1, and (D) prohibitin 2. Gray bars represent the average values of four replicate measurements.
IgG4-RD, IgG4-related disease; IRC, IgG4-related cholangitis; RPL22, ribosomal protein L22; PSC, primary sclerosing cholangitis; LC-MS/MS, liquid
chromatography–tandem mass spectrometry.
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3.3 Galectin-3 knockdown,
pharmacological inhibition, and
recombinant protein substitution do not
demonstrate a clear-cut protective effect
against toxic bile acids in
human cholangiocytes

Based on the role of galectin-3 in the apical sorting of

membrane proteins, we hypothesized that galectin-3 could exert a

protective effect against toxic bile acids in human cholangiocytes by

strengthening the biliary bicarbonate umbrella. Therefore, we used

three parallel in vitro approaches, namely, stable LGALS3

knockdown, galectin-3 inhibition by GB1107, and recombinant

galectin-3 treatment. We assessed the effects of these parallel

approaches by three assays that touch on the stability of the

biliary bicarbonate umbrella: i) intracellular pH (pHi)

measurements using BCECF AM; ii) radioactive bile acid influx

by measuring 22,23-3H-glycochenodeoxycholic acid (3H-GCDC)

permeation; and iii) GCDC-induced apoptosis determined by

Caspase-3/7 assays (22, 24). Neither stable knockdown of

LGALS3 nor galectin-3 inhibition with GB1107 induced

alterations in pHi, whereas recombinant galectin-3 treatment

lowered the intracellular pH of human cholangiocytes

(Supplementary Figure S5). To assess the role of galectin-3 in

protecting cholangiocytes against toxic bile acids, we performed

radioactive bile acid permeation assays. Stable LGALS3 knockdown

led to slightly increased toxic bile acid permeation after 1, 4, 16, and

64 minutes. In contrast, its acute counterpart—GB1107 treatment—

conflictingly lowered toxic bile acid permeation at 4 and 16 minutes.

Treatment with recombinant galectin-3 led to a slightly decreased
Frontiers in Immunology 10127
toxic bile acid permeation at 4 and 16 minutes (Figures 5A–F). An

increased rate of toxic bile acid permeation into cholangiocytes is

expected to eventually induce cholangiocyte apoptosis. To assess

this final downstream pathway, we performed Caspase-3/7 assays

after exposure to GCDC. Stable LGALS3 knockdown did not result

in an increased rate of apoptosis, despite the increased toxic bile

acid permeation. Acute inhibition of galectin-3 by GB1107 strongly

reduced GCDC-induced apoptosis. Nevertheless, recombinant

galectin-3 treatment only reduced apoptosis at a lower dose of 2.5

mg/ml, but not at a higher dose of 5 mg/ml (Figures 5G–I). Thus, our

data do not indicate a clear role for galectin-3 in cholangiocyte

protection against toxic bile acids under the experimental

conditions chosen.
3.4 Prohibitin knockdown,
pharmacological inhibition and
recombinant protein substitution do not
disclose a role of prohibitins in the human
cholangiocyte defense against toxic
bile acids

We hypothesized that prohibitins—in analogy with the IRC

autoantigens annexin A11 and laminin 511-E8 and consideration of

a potential pathogenetic role of prohibitin 1 in PBC (30)—could

contribute to the protection of human cholangiocytes against toxic

bile acid influx and stabilization of the biliary bicarbonate umbrella.

As for galectin-3 (see above), we used three parallel in vitro

approaches: i) stable PHB1 or PHB2 knockdown and combined

PHB1/2 knockdown; ii) pan-prohibitin inhibition by rocaglamide;
TABLE 1 Clinical differences between people with IRC positive and negative for anti-galectin-3 and prohibitin 1 autoantibodies.

Galectin-3 Prohibitin 1 Negative P value

Number of IRC patients 7 (13.5%) 32 (61.5%) 17 (32.7%)

Sex (male subjects/female subjects) 7/0 28/4 14/2 0.6120

Age (years) 60 (48–72) 62 (51–67) 66 (60–71) 0.2258

Blue collar work (%) 5 (71.4%) 22 (68.8%) 12 (70.6%) 0.8974

Multiorgan(%) 6 (86%) 20 (62.5%) 15 (88.2%) 0.0494

Malignancy (%) 2 (29%) 13 (40.6%) 5 (29.4%) 0.7568

Major HPB surgery (%) 3 (75%) 14 (43.8%) 1 (5.9%) 0.0233

Bilirubin (µmol/L) 35 (18–74) 53 (17–122) 104 (41–187) 0.1464

ALP (IU/L) 232 (141–344) 294 (190–505) 402 (300–760) 0.0436

gGT (IU/L) 284 (101–1455) 423 (219–669) 621 (400–1026) 0.1318

AST (IU/L) 83 (36–144) 82 (40–132) 190 (72–306) 0.0441

ALT (IU/L) 117 (60–169) 110 (61–187) 350 (87–480) 0.0790

CA19.9 (kU/L) 60 (12–160) 135 (23–221) 412 (22–12836) 0.5651

CRP (mg/L) 1.1 (0.4–325) 23 (5.3–104) 28 (7.5–43) 0.5558

ESR (mm/hour) 30 (11.5–76) 48 (21–67) 65 (22–94) 0.5540
fro
Data are presented as medians with an interquartile range. Normal distributed data were assessed by one-way ANOVA, and non-normal distributed data were assessed by the Kruskal–Wallis test.
Bold font indicates statistical significance (p<0.05).
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and iii) recombinant prohibitin 1 treatment. We assessed the effects

of these parallel approaches using the three above-described assays

that touch on the stability of the biliary bicarbonate umbrella. Stable

knockdown of PHB1 and combined knockdown of PHB1/2 showed

a decrease in the pHi of human cholangiocytes (Supplementary

Figure S6). To assess whether prohibitins protect cholangiocytes

against toxic bile acid influx, we performed radioactive bile acid

permeation assays. Under stable knockdown conditions, only the

combined PHB1/2 knockdown showed a slight increase in toxic bile

acid permeation after 4 minutes, but not at other time points

(Figures 6A, B). Assessment of the final downstream apoptotic
Frontiers in Immunology 11128
pathway showed a slight increase in GCDC-induced apoptosis in

the PHB1 knockdown cell line (Figure 6C).

In line with results after the stable knockdown of PHB1 and

combined knockdown of PHB1/2, the pan-prohibitin inhibitor

rocaglamide induced a decrease in pHi in human cholangiocytes

(Supplementary Figure S7) and markedly reduced toxic bile acid

influx (Figures 7A, C). However, treatment with recombinant

prohibitin 1 conflictingly also showed a decrease in pHi

(Supplementary Figure S7) but did not affect toxic bile acid influx

in human cholangiocytes (Figures 7B, D) or GCDC-induced

apoptosis (Figures 7E, F). Thus, our data do not show evidence
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FIGURE 4

Galectin-3, prohibitin 1, and prohibitin 2 are abundantly expressed in human cholangiocyte models. (A) Immunohistochemical staining of galectin-3
and prohibitin 1 in control human liver sections with sequential cytokeratin 19 staining as a positive control for bile ducts (annotated by arrows)
(scale bar, 20 µm). (B) Heatmaps depicting expression levels of galectin-3 and prohibitins 1 and 2 in human cholangiocyte models (positive for
EPCAM and KRT19 and negative for hepatocyte markers ALB and ASGR1). The left shows log2-transformed expression values of four different
derivations of human cholangiocyte organoids (ERCP, BCO, ECO, and ICO). The right shows log2-transformed expression values of human H69
cholangiocytes. (C) LGALS3 (26 kDa) and PHB1 (30 kDa) expression and knockdown quantification in H69 sham transduced and respective shRNA
knockdown cell lines. LGALS3 KD is normalized by GAPDH (37 kDa) (9 cell samples from n = 3 independent experiments). PHB1 KD is normalized by
beta-actin (42 kDa) (9 cell samples from n = 3 independent experiments). Data are represented as means with standard deviations. (D) Relative
mRNA expression of LGALS3, PHB1, and PHB2 in H69 sham transduced and respective shRNA knockdown cell lines (9–12 cell samples from n = 3–
4 independent experiments, 1 outlier value excluded from the sham and PHB1 dataset). Data are represented as the starting concentration (N0) of
target genes over the geomean of the reference genes 36B4 (RPLP0) and HPRT N0 values normalized to sham. Levels of significance: (C) LGALS3
KD **** p < 0.0001 and PHB1 KD **** p < 0.0001, unpaired t-tests. (D) LGALS3 KD **** p < 0.0001, PHB1 KD **** p < 0.0001, PHB2 KD **** p <
0.0001, unpaired t-tests. ALB, albumin; A.U, arbitrary units; ASGR1, asialoglycoprotein receptor 1; BCO, bile-collected organoid (from resected
gallbladders and PTC drainage); ECO, extrahepatic cholangiocyte organoid; EPCAM, epithelial cell adhesion molecule; ERCP, ERCP-derived
cholangiocyte organoid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ICO, intrahepatic cholangiocyte organoid; IHC,
immunohistochemistry; kDa, kilodalton; KD, knockdown; KRT19, cytokeratin 19; LGALS3, galectin-3; N0, starting concentration; PHB1, prohibitin 1;
PHB2, prohibitin 2; WT, wild type.
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for a potentially relevant protective effect of prohibitins against

human toxic bile acids in human cholangiocytes in vitro.
3.5 Pretreatment of cholangiocytes with
patient-derived IgG positive for anti-
galectin-3 and anti-prohibitin 1
autoantibodies does not lead to increased
toxic bile acid permeation

As a final experiment, IgGs were isolated from one healthy

control (negative for anti-galectin-3 and anti-prohibitin 1

autoantibodies) and one IRC patient (#21) who was positive for

anti-galectin-3 and anti-prohibitin 1 autoantibodies (see Figure 2A
Frontiers in Immunology 12129
and Supplementary Tables S4, 5). Pretreatment with patient-

derived IgG for 48 hours did not lead to increased GCDC-influx

after 16 minutes of incubation (Figure 8).
4 Discussion

The current study is the first to demonstrate that a subset of

people with IRC form autoantibodies directed against galectin-3 or

prohibitin 1. Autoantibodies against galectin-3 were detected in

people with IRC (13.5%) and CCA (21.4%) but not in people with

PSC and were of both the IgG1 and IgG4 subclasses. Prohibitin 1

autoantibodies occurred frequently (61.5%) in people with IRC but

were also frequently detected in people with PSC (35.7%) and were
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FIGURE 5

Galectin-3 knockdown, pharmacological inhibition, and recombinant protein substitution do not demonstrate a clear damaging or protective effect
against toxic bile acids in human cholangiocytes. 22,23-3H-GCDC permeation assay in (A) sham and LGALS3 KD cholangiocytes, (B) WT and
GB1107-treated cholangiocytes, and (C) WT and recombinant galectin-3-treated cholangiocytes (representative experiments of n = 3). Relative
quantification of 22,23-3H-GCDC permeation per time point in (D) sham and LGALS3 KD cholangiocytes, (E) WT and GB1107-treated
cholangiocytes, and (F) WT and recombinant galectin-3-treated cholangiocytes (8–9 samples from n = 3 independent experiments). GCDC-induced
Caspase-3/7 activity in (G) sham and LGALS3 KD cholangiocytes, (H) WT and GB1107-treated cholangiocytes, and (I) WT and recombinant galectin-3
treated cholangiocytes (9–12 samples from n = 3–4 independent experiments). Data are represented as means with standard deviations. Levels of
significance: (D) 1 min: * p = 0.0353. 4 min: ** p = 0.0023. 16 min: ** p = 0.0070. 64 min: * p = 0.0365, unpaired t-tests. (E) 1 min: ns, p = 0.5371. 4
min: ** p = 0.0034. 16 min: *** p = 0.0007. 64 min: ns, p = 0.2797, unpaired t-tests. (F) 1 min: * p = 0.0311. 4 min: * p = 0.0321. 16 min: * p =
0.0104. 64 min: ns, p = 0.8328, unpaired t-tests. (G) ns, p = 0.2204, unpaired t-test. (H) **** p < 0.0001, unpaired t-test. (I) In order of sham to 2.5
µg/ml, to 5 µg/ml: * p = 0.0103, ns, p = 0.6212, one-way ANOVA. Ctrl, control; DPMI, disintegrations per minute; GCDC, glycochenodeoxycholic
acid; KD, knockdown; LGALS3, galectin-3; ns, not significant; WT, wild type.
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partly of the IgG1 or IgG4 subclass. Neither IgG nor IgG1 or IgG4

titers against galectin-3 or prohibitin 1 correlated with patients’

serum liver parameters.

Furthermore, the potential role of galectin-3 and prohibitins 1

and 2 in protecting cholangiocytes against toxic bile acids as

previously reported by us for the IRC autoantigens annexin A11

(22) and laminin 511-E8 (25) was assessed in the current study in
Frontiers in Immunology 13130
vitro by parallel approaches of stable gene knockdown,

pharmacological inhibition, and recombinant galectin-3 or

prohibitin 1 treatment. These parallel approaches did not

demonstrate clear-cut protective effects in three assays that touch

on the functionality of the biliary bicarbonate umbrella (23, 24),

including intracellular pH measurements, toxic bile acid

permeation studies, and experiments determining GCDC-induced
GCDC bile acid permeation in sham and 
PHB KD cholangiocytes
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Single lentiviral shRNA knockdown of PHB1 or PHB2 or double PHB1/2 knockdown demonstrates a clear damaging effect against toxic bile acids in
human cholangiocytes. 22,23-3H-GCDC permeation assay in (A) sham, PHB1 KD, PHB2 KD, and combined PHB1/2 KD cholangiocytes
(representative experiments of n = 3). Relative quantification of 22,23-3H-GCDC permeation per time point in (B) sham, PHB1 KD, PHB2 KD, and
combined PHB1/2 KD cholangiocytes (8–9 samples from n = 3 independent experiments). GCDC-induced Caspase-3/7 activity in (C) sham, PHB1
KD, PHB2 KD, and combined PHB1/2 KD cholangiocytes (9–12 samples from n = 3–4 independent experiments). Data are represented as means
with standard deviations. Levels of significance: (B) in order of sham to PHB1 KD, to PHB2 KD, to PHB1/2 KD: 1 min: ns, p = 0.3731, ns, p = 0.9966,
ns, p = 0.5143. 4 min: ns, p = 0.7795, ns, p = 0.9155, ** p = 0.0060. 16 min: ns, p = 0.1287, ns, p = 0.9999, ns, p = 0.4846. 64 min: ns, p = 0.7828,
ns, p = 0.9940, ns, p = 0.9902, one-way ANOVA. (C) In order of sham to PHB1 KD, to PHB2 KD, to PHB1/2 KD: *** p = 0.0005, ns, p = 0.4392, ns, p
= 0.9985, one-way ANOVA. Ctrl, control; DPMI, disintegrations per minute; GCDC, glycochenodeoxycholic acid; KD, knockdown; ns, not significant;
PHB1, prohibitin 1; PHB2, prohibitin 2; WT, wild type.
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FIGURE 7

Pharmacological inhibition of prohibitins and recombinant protein substitution of prohibitin 1 do not demonstrate a clear damaging or protective effect
against toxic bile acids in human cholangiocytes. 22,23-3H-GCDC permeation assay in (A) WT and rocaglamide-treated cholangiocytes; (B) WT, recombinant
low-dose prohibitin 1 0.25 µg/ml, and recombinant high-dose 0.5 µg/ml-treated cholangiocytes (representative experiments of n = 3). Relative quantification
of 22,23-3H-GCDC permeation per time point in (C) WT and rocaglamide-treated cholangiocytes, and (D) WT, recombinant low-dose prohibitin 1 0.25 µg/
ml and recombinant high-dose 0.5 µg/ml-treated cholangiocytes (8–9 samples from n = 3 independent experiments). GCDC-induced Caspase-3/7 activity
in (E) WT and rocaglamide-treated cholangiocytes, and (F) WT, recombinant low-dose prohibitin 1 0.25 µg/ml and recombinant high-dose 0.5 µg/ml-treated
cholangiocytes (9–12 samples from n = 3–4 independent experiments). Data are represented as means with standard deviations. Levels of significance: (C) 1
min: ns, not significant p = 0.0634. 4 min: * p = 0.0167. 16 min: **** p < 0.0001. 64 min: ** p = 0.0041, unpaired t-tests. (D) In order of sham to 0.25 µg/
ml, to 0.5 µg/ml: 1 min: ns, p = 0.7354, ns, p = 0.8690. 4 min: ns, p = 0.0737, ns, p = 0.9288. 16 min: ns, p = 0.4439, ns, p = 0.1545. 64 min: ns, p = 0.0791,
ns, p = 0.9104, one-way ANOVA. (E) ns, p = 0.5108, unpaired t-test. (F) In order of sham to 0.25 µg/ml, to 0.5 µg/ml: ns, p > 0.9999, ns, p = 0.8369, one-
way ANOVA. Ctrl, control; DPMI, disintegrations per minute; GCDC, glycochenodeoxycholic acid; KD, knockdown; ns, not significant; PHB1, prohibitin 1; WT,
wild type.
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cholangiocyte apoptosis. In line with these findings, pretreatment

with IgGs isolated from an IRC patient with anti-galectin-3 and

anti-prohibitin 1 autoantibodies did not lead to increased GCDC

permeation into cholangiocytes.

Galectin-3 and prohibitin 1 autoantibody positivity have

previously been assessed in more clinically diverse cohorts of

people with IgG4-RD who had multiorgan manifestations.

Galectin-3 and prohibitin 1 autoantibodies were detected at

higher rates (28% and 73.5%, respectively) than in our IRC-

specific cohort (11, 13). This difference in autoantibody positivity

could potentially arise from differences in the genetic backgrounds

of the cohorts, differences in toxin exposure (37), or differences in

disease severity. It should be noted that the recombinant galectin-3

and prohibitin 1 proteins used in these studies and our ELISA

experiments were produced in Escherichia coli, which lack post-

translational modifications such as glycosylation (38). This could

potentially lead to false-positive or false-negative results, as

glycosylation could affect (auto)antibody binding (39).

As an alternative approach to detecting autoantibodies against

galectin-3 and prohibitin 1, we made use of a limited cohort of

people with IgG4-RD, where LC-MS/MS was performed after

patient-derived IgG4 had been immobilized to immunoprecipitate

antigenic targets from H69 cholangiocyte lysates. In this dataset,

galectin-3 was not detected, in contrast to the identification of five

IgG4 anti-galectin-3-positive patients detected by our ELISA. This

difference could potentially be explained by the different techniques

(ELISA vs. LC-MS/MS), as this has previously been shown to affect

antigen detection in IgG4-RD (12), by the sensitivity of the LC-MS/

MS, the small group size of the LC-MS/MS cohort, or the fact that
Frontiers in Immunology 15132
only one positive patient (#160) was analyzed in both cohorts.

Patient-derived IgG4 beads pulled down prohibitin 1 in one patient

with type 1 AIP but not in patients with IRC, which is in line with

our ELISA data demonstrating scarce and low titer positivity of

IgG4 subclass autoantibodies against prohibitin 1 in people with

IRC. In the same patient with type 1 AIP where prohibitin 1 was

detected, prohibitin 2 could reliably be detected by MS2

identification, most likely as a consequence of the pulldown of the

functional prohibitin 1/2 complex. Whether prohibitin 2 can be a

genuine autoantigen remains to be resolved, as prohibitin 2 displays

aspecific binding in our assay. We validated our LC-MS/MS

approach by performing an ELISA for the previously identified

autoantigen annexin A11 (10). It is noteworthy that two IRC

patients were assessed positively by both methods: one patient

was only detected by LC-MS/MS, and one patient was only

detected by ELISA. The diverging results when applying these two

methods could potentially arise from false-positive or false-negative

findings in our ELISA, as our approach with recombinant proteins

derived from Escherichia coli could affect autoantibody binding.

Notably, in the clinically diverse galectin-3 IgG4-RD cohort,

only 15% of the people who were positive for galectin-3

autoantibodies had a history of IRC, indicating that galectin-3

positivity in IgG4-RD does not de facto lead to the development

of IRC. The frequent detection of prohibitin 1 autoantibodies in

people with PSC and CCA indicates that anti-prohibitin 1

autoantibodies are aspecific and occur in other immune-mediated

cholestatic liver diseases. Although complicated by retrospective

analysis, our other clinical data question the direct role of galectin-3

and prohibitin 1 autoantibodies in affecting cholangiocyte defense

against toxic bile acids, as i) autoantibody titers against galectin-3

and prohibitin 1 do not correlate with cholestatic serum markers,

and ii) patients positive for galectin-3 and prohibitin 1

autoantibodies had (a tendency of) lower cholestatic serum

markers compared to patients without galectin-3 and prohibitin 1

autoantibodies. If galectin-3 and prohibitins were to protect

cholangiocytes against bile acid toxicity, direct inhibition of their

endogenous function by autoantibodies would most likely result in

higher cholestatic serum markers, and positive correlations between

autoantibody titers and cholestatic serum markers would be

expected. Indeed, pretreatment with IgGs isolated from a patient

with anti-galectin-3 and anti-prohibitin-1 autoantibodies did not

lead to an increase in toxic bile acid permeation into cholangiocytes.

Our in vitro experiments, which assess the function of galectin-

3 through parallel approaches (stable LGALS3 knockdown,

galectin-3 inhibition with GB1107, and recombinant galectin-3

treatment) have to be interpreted in light of the ubiquitous roles

of galectin-3, which strongly depend on its localization

(extracellular versus intracellular) (26). Galectin-3 is secreted

from epithelial cells to subsequently undergo endosomal uptake

and regulate the apical sorting of membrane proteins (27, 28, 40–

43). As a robust expression of ion transporters on the apical

cholangiocyte membrane is essential for the formation of a

protective biliary bicarbonate umbrella (22–24), we investigated

the possibility that galectin-3 could be involved in the apical sorting

of membrane proteins that stabilize the biliary bicarbonate

umbrella. As the transporters involved in stabilizing the biliary
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Pretreatment of cholangiocytes with patient-derived IgG positive for
anti-galectin-3 and anti-prohibitin 1 autoantibodies does not lead to
increased toxic bile acid permeation. Relative quantification of
22,23-3H-GCDC permeation into vehicle control cholangiocytes
(Ctrl, white), cholangiocytes treated with IgG from a healthy control
negative for anti-galectin-3 and anti-prohibitin 1 autoantibodies
(HC, light gray), cholangiocytes treated with IgGs isolated from an
IRC patient (#21, dark gray), and positive for anti-galectin-3 and
anti-prohibitin 1 autoantibodies. The time point is 16 min incubation
with 22,23-3H-GCDC (15 samples from n = 5 independent
experiments). Levels of significance: HC vs Ctrl ns, p = 0.2474. HC
vs IRC#21 ns, p = 0.2410. One-way ANOVA. Ctrl, vehicle control;
HC, healthy control; IRC#21, IgG4-related cholangitis patient #21.
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bicarbonate umbrella regulate the secretion of bicarbonate and

hydrogen ions, intracellular pH measurements were performed

after stable LGALS3 knockdown, galectin-3 inhibition by the

membrane permeable inhibitor GB1107, and recombinant

galectin-3 treatment. Neither LGALS3 knockdown nor GB1107

treatment affected the intracellular pH of human cholangiocytes.

Although recombinant galectin-3 treatment did result in a

decreased intracellular pH, this was not accompanied by a clear-

cut reduction in toxic bile acid permeation after recombinant

galectin-3 treatment. Additionally, if galectin-3 were to stabilize

the biliary bicarbonate umbrella, LGALS3 knockdown and GB1107

treatment would be expected to lead to increased toxic bile acid

permeation. However, stable LGALS3 knockdown only slightly

increased toxic bile acid permeation, whereas GB1107 treatment

conversely reduced toxic bile acid permeation after early time

points. These findings indicate that galectin-3 is most likely not

involved in the regulation of cholangiocellular bicarbonate

secretion, which is in line with the finding that galectin-3

knockout mice only demonstrate increased chloride excretion but

no changes in bicarbonate secretion (44).

The interpretation of the results on GCDC-induced apoptosis is

complicated by the fact that both pro- and anti-apoptotic roles have

been demonstrated for galectin-3. Whether galectin-3 exerts a pro-

or anti-apoptotic effect is mostly dependent on the cellular

localization of galectin-3, with anti-apoptotic effects described for

intracellular galectin-3 and pro-apoptotic effects demonstrated for

extracellular galectin-3. Although the role of extracellular galectin-3

has been described as pro-apoptotic (45), overexpression of

galectin-3 has been shown to increase cell adhesion to the

extracellular matrix, thereby conferring resistance to various

apoptotic stimuli (46). Of particular interest here is the role of

galectin-3 in promoting cell adhesion to laminin 511, another

autoantigen in IRC for which a protective role in cholangiocytes

against toxic bile acids has been described (25, 47). These opposing

mechanisms of extracellular galectin-3 and the balance with its anti-

apoptotic intracellular counterpart could potentially explain the

diverging results seen in GCDC-induced apoptosis after LGALS3

knockdown, galectin-3 inhibition with GB1107, and recombinant

galectin-3 treatment in varying doses.

Similar to our studies on the role of galectin-3 in cholangiocytes,

three approaches were chosen to assess the role of prohibitins 1 and 2,

including stable PHB1, PHB2, and combined PHB1/2 knockdown, pan-

prohibitin inhibition by rocaglamide, and recombinant prohibitin 1

treatment. Remarkably, all interventions except PHB2 knockdown led

to a decrease in intracellular pH. Although hard evidence is lacking,

prohibitins and proteins with prohibitin domains have been suggested

to regulate the activity of ion channels by altering the local lipid

environment in the plasma membrane (48, 49). Alternatively,

prohibitin 1 is a known binding partner to the ion channel regulator

annexin A2 (50). This decrease in intracellular pH did not translate into

an attenuated toxic bile acid permeation except after rocaglamide

treatment. Rocaglamide is a natural prohibitin 1 and 2 ligand that

blocks the downstream effects of these proteins. However, as

rocaglamide’s mechanisms of action are vast and also include

translational inhibition (51, 52), the experiments performed in

human H69 cholangiocytes exposed to rocaglamide must be
Frontiers in Immunology 16133
interpreted with caution. Just like galectin-3, prohibitins 1 and 2 also

have a complex role in apoptosis, and their pro- or anti-apoptotic effects

depend on the cell type, their subcellular localization, and post-

translational modifications (53). In our experiments, only isolated

PHB1 knockdown led to an increased rate of GCDC-induced apoptosis.

Although our experimental and clinical data do not point to a role

for galectin-3 and prohibitins in protecting cholangiocytes against

toxic bile acids, galectin-3 and prohibitins could still be involved in

the pathogenesis of IRC via other mechanisms. IRC is characterized

by aberrant B- and T-cell responses, which can be observed as a

lymphoplasmacytic tissue infiltrate and lead to the formation of

storiform fibrosis in and around the bile ducts. Notably, galectin-3

plays an important role in regulating B- and T-cell function. Galectin-

3 has been shown to inhibit the differentiation of B cells into plasma

cells, and galectin-3 knockout mice show increased numbers of

plasma cells and develop hypergammaglobulinemia upon infection

(54, 55). In addition, spontaneous anti-laminin-secreting plasma cells

have been detected in galectin-3 knockout mice (56). These findings

are of interest in the context of IgG4-RD’s pathogenesis, as affinity-

matured B-cell receptor clones have been identified by us and others

in people with IgG4-RD (7–9). With regard to T cells, galectin-3 has

been shown to induce T-cell apoptosis (57, 58) and negatively regulate

TCR-mediated CD4+ T-cell activation (59). Furthermore, galectin-3

plays a relevant role in the formation of (liver) fibrosis (60, 61), and

specific galectin-3 inhibitors have been developed to target this

process (62).

Also, prohibitins play an apparent role in the regulation of B-

and T-cell function and the formation of fibrosis. In B cells,

prohibitins 1 and 2 regulate IgG1 production, which is of interest

as people with IRC frequently have targeted autoantibodies of the

IgG1 subclasses (63). In activated T cells, prohibitin 1 and

prohibitin 2 are upregulated (64), with proteomics data showing

that prohibitins are particularly expressed on the cell surface of

human Th17 cells, where they maintain the stability of Th17 cells

(65). This is relevant as IgG4-RD, but other immune-mediated

cholestatic liver diseases, such as PSC, are associated with an

increased Th17 response (66, 67). Furthermore, prohibitin 1 plays

an important role in the formation of fibrosis, as liver-specific

Phb1−/− mice spontaneously develop liver fibrosis (68).

Collectively, as we have recently demonstrated that the IRC

autoantigens annexin A11 and laminin 511-E8 both display a

protective role in human cholangiocytes against toxic bile acids,

we hypothesized a similar common role for galectin-3 and

prohibitins. Despite the literature supporting this hypothesis and

our clinical data demonstrating that galectin-3 and prohibitin 1 are

autoantigens in people with IRC, our experimental in vitro data did

not demonstrate a clear-cut protective role of galectin-3 and

prohibitins in human cholangiocytes against toxic bile acids. In

addition, pretreatment with autoantibodies directed against

galectin-3 and prohibitin 1 did not lead to increased toxic bile

acid permeation into cholangiocytes. It is, therefore, unlikely that

autoantibodies directed against galectin-3 and prohibitin 1 would

directly lead to cholangiocyte damage by interfering with the

cholangiocellular functions of galectin-3 and prohibitins.

However, as both galectin-3 and prohibitins are involved in

pathophysiological processes that are implicated in IRC, such as
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regulation of B- and T-cell function and the formation of fibrosis,

direct autoantibody-induced functional impairment of galectin-3

and prohibitin 1 could still play a role in the pathogenesis of IRC.

Alternatively, autoantibody binding to galectin-3 or prohibitin 1

could elicit an excessive immune response that could lead to the

obstructive cholestasis seen in IRC. Thus, our studies on the role of

the autoantigens galectin-3 and prohibitin 1 in IRC did not clearly

disclose a protective function of these autoantigens in human

cholangiocytes against toxic bile acids.
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Glossary

6-MP 6-mercaptopurine

6-TG 6-thioguanine

36B4
(RPLP0)

ribosomal protein lateral stalk subunit P0

AIP autoimmune pancreatitis

ANO1 anoctamin 1

ANOVA analysis of variance

ALB albumin

ALP alkaline phosphatase

ALT alanine aminotransferase

ASGR1 asialoglycoprotein receptor 1

AST aspartate aminotransferase

AZA azathioprine

BCA bicinchoninic acid

BCECF AM 2′ 7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
acetoxymethyl ester

BCO bile-collected cholangiocyte organoid

BSA bovine serum albumin

CA19.9 cancer antigen 19.9

CCA cholangiocarcinoma

Cq cycle quantification

CRP C-reactive protein

DEAE diethylaminoethyl

DEPC diethylpyrocarbonate

DPMI disintegrations per minute

DTT dithiothreitol

ECM extracellular matrix

ECO extrahepatic cholangiocyte organoid

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

EPCAM epithelial cell adhesion molecule

ERCP endoscopic retrograde cholangiopancreatography

ESR erythrocyte sedimentation rate

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GCDC glycochenodeoxycholic acid

GEO Gene Expression Omnibus

gGT gamma-glutamyl transferase

GIST gastrointestinal stromal tumor

HBSS Hank’s balanced salt solution
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HISORt Histology, imaging, serology, other organ involvement, response
to therapy

HPB hepatopancreatobiliary

HPF high-power field

HPRT hypoxanthine phosphoribosyltransferase 1

HRP horseradish peroxidase

ICO intrahepatic cholangiocyte organoid

IHC immunohistochemistry

IgG4-RD IgG4-related disease

IRC IgG4-related cholangitis

KD knockdown

kDa kilodalton

KRT19 cytokeratin 19

LC-MS/MS liquid chromatography with tandem mass spectrometry

LGALS3 galectin-3

MMF mycophenolate mofetil

mRNA messenger ribonucleic acid

N0 starting concentration

ns not significant

PBC primary biliary cholangitis

PBS phosphate-buffered saline

PEI polyethylenimine

PHB1 prohibitin 1

PHB2 prohibitin 2

pHi intracellular pH

PSC primary sclerosing cholangitis

PTC percutaneous transhepatic cholangiography

RIPA radioimmunoprecipitation assay

RPL22 ribosomal protein L22

RT-qPCR real-time quantitative polymerase chain reaction

SDS-PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis

shRNA short hairpin ribonucleic acid

TMB 3, 3′, 5, 5′-tetramethylbenzidine

TBS tris-buffered saline

TBST tris-buffered saline tween

TCR T-cell receptor

Th17 T helper 17 cell
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TRC the RNAi consortium

UDCA ursodeoxycholic acid

WT wild type
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IgLON5 deficiency produces
behavioral alterations in a
knockout mouse model
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Estibaliz Maudes1, Laura Molina-Porcel2,3, Anna Garcia-Serra1,
Francesco Mannara1, Josep Dalmau1,4,5,6, Francesc Graus1

and Lidia Sabater1,5*
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Hospital Clı́nic, Institut d'Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), Barcelona, Spain,
3Neurological Tissue Bank, Biobanc, Hospital Clı́nic, Institut d'Investigacions Biomèdiques August Pi i
Sunyer (IDIBAPS), Barcelona, Spain, 4Department of Neurology, University of Pennsylvania,
Philadelphia, PA, United States, 5Centro de Investigación Biomédica en Red, Enfermedades Raras
(CIBERER), Madrid, Spain, 6Catalan Institution for Research and Advanced Studies (ICREA),
Barcelona, Spain
Background: Anti-IgLON5 disease is a neurological disorder characterized by

autoantibodies against IgLON5 and pathological evidence of neurodegeneration.

IgLON5 is a cell adhesion molecule of unknown function that is highly expressed

in the brain. Our aim was to investigate the impact of IgLON5 loss-of-function in

evaluating brain morphology, social behavior, and the development of symptoms

observed in an IgLON5 knockout (IgLON5-KO) mouse model.

Methods: The IgLON5-KO mice were generated using CRISPR-Cas9 technology.

Immunohistochemistry on fixed sagittal brain sections and Western blotting brain

lysates were used to confirm IgLON5 silencing and to evaluate the presence of other

cell surface proteins. Two-month-old IgLON5-KO andwild-type (WT)mice underwent

a comprehensive battery of behavioral tests to assess 1) locomotion, 2) memory, 3)

anxiety, 4) social interaction, and 5) depressive-like behavior. Brain sections were

examined for the presence of anatomical abnormalities and deposits of

hyperphosphorylated tau in young adult (2-month-old) and aged (22-month-old) mice.

Results: Mice did not develop neurological symptoms reminiscent of those seen in

patients with anti-IgLON5 disease. Behavioral testing revealed that 2-month-old IgLON5-

KO mice showed subtle alterations in motor coordination and balance. IgLON5-KO

females exhibited hyperactivity during night and day. Males were observed to have

depressive-like behavior and excessive nest-building behavior. Neuropathological

studiesdidnot reveal brainmorphological alterationsorhyperphosphorylated taudeposits.

Conclusion: IgLON5-KO mice showed subtle alterations in behavior and deficits

in fine motor coordination but did not develop the clinical phenotype of anti-

IgLON5 disease.
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1 Introduction

Anti-IgLON5 disease is a neurological disorder characterized by

the presence in serum, and >90% of cases are in cerebrospinal fluid

(CSF), with IgG antibodies targeting IgLON5, a neuronal cell

adhesion molecule of unknown function. The clinical

manifestations of anti-IgLON5 disease are heterogeneous, and

most patients present a combination of symptoms that include a

sleep disorder with non-rapid eye movement (REM) and REM

parasomnias, stridor or obstructive sleep apnea, gait instability,

abnormal movements, bulbar symptoms, and cognitive impairment

(1–3). Motor neuron disease-like phenotype, mimicking

amyotrophic lateral sclerosis, has been also recently described in

some patients with anti-IgLON5 disease (4, 5).

In at least 75% of patients, symptoms progress slowly for months

or years, a feature that is unusual in other autoimmune encephalitis

with antibodies against surface antigens, which often develop in a

matter of a few weeks (6). Initial neuropathological findings revealed

features of neurodegeneration with deposits of hyperphosphorylated

tau in the neurons of the hypothalamus and tegmentum of the

brainstem with a rostro-caudal gradient of severity (1, 7). Although

the pathogenesis of anti-IgLON5 disease remains unclear, there is

strong evidence that it has an autoimmune origin: 1) anti-IgLON5

disease has a robust genetic association with HLA-DRB1*10:01-

DQB1*05:01 haplotype (8).; 2) some autopsy studies have not shown

abnormal deposits of hyperphosphorylated tau in all patients,

suggesting that this is a late event in the disease and not the primary

cause (9, 10); 3) in vitro experiments of cultured rat brain neurons

demonstrated that IgLON5 antibodies produce an irreversible

reduction of membrane IgLON5 clusters (11), in addition to

cytoskeletal lesions, such as dystrophic neurites and axonal

swellings (12).

IgLON5 is the fifth member of the IgLON family, which belongs

to the immunoglobulin superfamily of cell adhesion molecules.

IgLONs are involved in several physiological processes, including

cell adhesion, migration, and neurite outgrowth (13–17). In

addition to IgLON5, other members of the IgLON family include

the opioid-binding cell adhesion molecule (OBCAM/IgLON1),

neurotrimin (NTM/IgLON2), limbic system-associated member

protein (LSAMP/IgLON3), and neural growth regulator 1

(NEGR1/IgLON4). IgLONs have three immunoglobulin-like

domains in the extracellular region (ectodomain), which are

attached to the membrane by a glycosylphosphatidylinositol

(GPI) anchor. IgLON5, like the other IgLON family members, is

secreted by ectodomain shedding, an important post-translational

mechanism involved in neuronal plasticity, axonal guidance, and

cell migration. IgLON5 predominantly establishes homomeric and

heteromeric cis- (within the cell) and trans- (between cells)

interactions with other IgLON family members that can be

disturbed by IgLON5 antibodies (18–20).

Despite the in vitro effects of IgLON5 antibodies, passive transfer

experiments using cerebroventricular infusion or intracerebral

injection of IgLON5-IgG have failed to reproduce the most

characteristic symptoms of the disease and have been unable to

demonstrate in vivo the pathogenic effects described in vitro (21, 22).
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The limited knowledge of the physiological function of IgLON5

represents a major drawback to studying the pathogenic

mechanisms of IgLON5 antibodies and the relation with the

tauopathy observed in some patients. Knockout (KO) mice are a

powerful tool for understanding the physiologic mechanisms of the

suppressed protein and the symptoms derived from its loss. The

aim of this study was to investigate the impact of IgLON5 loss-of-

function on brain morphology, social behavior, and the

development of clinical symptoms observed in anti-IgLON5

disease in an IgLON5-KO mouse model.
2 Materials and methods

2.1 Animals

IgLON5 KO mice C57BL/6NCrl-Iglon5em1(IMPC)Mbp/

Mmucd (IgLON5-KO) were generated using CRISPR-Cas9

system at the Mutant Mouse Resource and Research Center

(MMRRC; h t tp s : / /www .mmrrc . o r g / c a t a l og / s d s . php?

mmrrc_id=50638) in the University of California, Davis (UCD).

Exon 3 was deleted using two guide RNA sequences

(CTGGAAGCTAGACTTCTGAGGGG and GTGCCCTGCTGA

ATACCATAAGG) and Cas9 nuclease, introducing a frameshift

and creating a premature stop codon. A colony of IgLON5-KO and

heterozygous IgLON5−/+ (IgLON5-HET) mice was established

locally from the founders. Wild-type (WT) mice with the same

genetic background (C57BL/6N) were used as controls and for

crossing back with IgLON5-KO to breed IgLON5-HET. Aged

IgLON5-KO animals (22-month-old) were used to determine the

presence of neurodegenerative features. A maximum of five animals

were housed per cage. The room was maintained at controlled

temperature (21°C) and humidity (55% ± 10%) with illumination at

12-h cycles; food and water were available ad libitum. All

procedures were conducted in accordance with standard ethical

guidelines and approved by the local ethics committee of the

University of Barcelona (procedure code: 10903).
2.2 Behavioral studies

Behavioral testing was performed in 8-week-old female and

male mice (25–30 g; KO, n = 27 (16 male and 11 female); WT, n =

24 animals (10 male and 14 female)) to study the following: 1)

locomotion (beam balance test, gait analysis, and locomotor activity

in activity boxes during 24 hours), 2) memory (novel object

location), 3) anxiety (black and white and open field test), 4)

social interaction (social interaction test and nest building), and

5) depressive-like behavior (anhedonia and tail suspension test).

Prior to the testing period, all mice were handled and acclimated to

the experimental room for 1 week. Animals’ weight was registered

every week during the behavioral evaluation. Non-significant

behavioral results are summarized in Table 1. IgLON5-HET

animals (n = 20 animals) had no differences from WT animals in

behavioral studies (data not shown).
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2.2.1 Novel object location
Animals were habituated to an empty, square arena (25 ×

25 cm) with visual cues for 10 minutes twice daily for 4 days. On

the day of the test, the animals were placed in the arena with two

equal objects in two opposite corners, and they were allowed to

explore the objects for 9 minutes (familiarization phase). After 3
Frontiers in Immunology 03141
hours, the animals were reintroduced to the arena, where one of the

objects had been relocated to a different corner. The animal was

given 9 minutes to explore the objects (test phase), and the time

spent exploring each object was recorded. The following formula

was used to compute a discrimination index (novel object location

(NOL) index): time of exploration of the moved object minus the
TABLE 1 Non-significant behavioral test results.

Parameter WT male
(n = 10)

WT female (n = 14) KO male
(n = 16)

KO female
(n = 11)

Statistics
(genotype)

Weight (g) 27.43 ± 0.502 23.57 ± 0.312 29.19 ± 0.679 24.04 ± 0.704 p = 0.1103

Brain weight (g) 0.468 ± 0.017 0.471 ± 0.016 0.477 ± 0.015 0.477 ± 0.020 p = 0.1524

Novel object location (NOL)

Exploration time (s) 32.03 ± 13.081 26.3 ± 15.477 23.14 ± 11.514 16.74 ± 7.018 p = 0.0629

NOL index 0.100 ± 0.155 0.240 ± 0.090 0.214 ± 0.113 0.167 ± 0.168 p = 0.6698

Gait analysis

Right forelimb stride (cm) 8.24 ± 1.384 7.566 ± 0.706 8.169 ± 0.779 7.941 ± 0.495 p = 0.5470

Left forelimb stride (cm) 8.293 ± 1.314 7.564 ± 0.646 8.298 ± 0.879 7.921 ± 0.509 p = 0.4731

Right hind limb stride (cm) 8.118 ± 1.373 7.541 ± 0.671 8.041 ± 0.798 7.868 ± 0.58 p = 0.6223

Left hind limb stride (cm) 8.161± 1.287 7.576 ± 0.491 8.029 ± 0.897 7.689 ± 0.762 p = 0.9706

Forelimb stride width (cm) 1.433 ± 0.116 1.422 ± 0.141 1.435 ± 0.105 1.363 ± 0.09 p = 0.3935

Hind limb stride
width (cm)

2.729 ± 0.21 2.623 ± 0.243 2.755 ± 0.297 2.578 ± 0.197 p = 0.8986

Black and white

Entries in white 8.333 ± 4 11.846 ± 3.436 7.933 ± 4.511 11.714 ± 4.151 p = 0.8363

Entries in distal white 5.777 ± 3.032 9.076 ± 3.546 8.066 ± 3.411 8.571 ± 3.552 p = 0.4108

Time in white (%) 25.966 ± 11.861 30.421 ± 12.765 33.998 ± 15.833 30.396 ± 7.074 p = 0.3391

Time in distal white (%) 7.995 ± 3.828 9.921 ± 6.466 11.4 ± 6.082 9.791 ± 5.094 p = 0.3686

Open field

Entries to medial 20.1 ± 7.622 20.9 ± 10.514 23.812 ± 9.224 21.909 ± 7.674 p = 0.3756

Entries to central 4.6 ± 2.319 5.7 ± 4.347 5.312 ± 2.725 5.454 ± 3.615 p = 0.8114

Time out of peripheral (%) 12.767 ± 9.1 10.034 ± 7.477 15.896 ± 6.31 9.68 ± 3.965 p = 0.4976

Social interaction test

Trial 1 (s) 46.028 ± 9.916 48.417 ± 10.152 46.645 ± 9.545 43.688 ± 12.619 p = 0.3317

Trial 2 (s) 43.546 ± 13.321 45.811 ± 13.859 38.921 ± 15.671 38.43 ± 14.924

Trial 3 (s) 29.22 ± 18.08 41.332 ± 17.532 34.265 ± 17.312 31.095 ± 15.497

Trial 4 (s) 30.177 ± 27.804 35.679 ± 18.793 44.206 ± 11.141 29.068 ± 18.199

Trial 5 (s) 45.535 ± 11.828 41.38 ± 20.58 38.145 ± 25.539 37.151 ± 12.056

Tail suspension test

Immobility time (s) 60.34 ± 34.278 134.264 ± 41.748 66.118 ± 40.957 133.4 ± 32.639 p = 0.8230

Energy (unit) 31,889.79
± 16,486.651

11,527.914 ± 6,410.089 34,514.793
± 19,148.298

12,493.654
± 6,083.17

p = 0.6483

Power (unit) 403.58 ± 231.086 203.107 ± 135.828 425.031 ± 221.444 173.436 ± 74.365 p = 0.9362
WT, wild type; KO, knockout.
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time of exploration of the not moved object, divided by the total

time of exploration of both objects. A higher discrimination index

indicates a better memory of the position of both objects.

2.2.2 Gait assessment
Animals were trained to run through a 50 × 8 cm corridor with

a box in the end. The procedure was repeated twice to habituate the

mice to the environment and avoid anxiety. The following day, filter

paper was placed on the corridor, and animal paws were painted

with non-toxic paint to identify footstep positions. Distance

traveled for each paw and distance between opposite paws were

measured for each animal. A minimum of four consecutive strides

per animal were recorded.

2.2.3 Beam balance test
A 1-m beamwith a flat surface of 12-mmwidth was placed on two

poles resting 50 cmabove the tabletop.Onone pole, a lampwas used as

an aversive stimulus (starting point), while food pellets in a black box

were placed on the other pole to attract mice (endpoint). For

habituation, animals were placed in the middle of the beam and left

to cross half the beam. If animals performed the task correctly, they

were placed further from the endpoint until they learned to cross the

whole beam. Once they performed the task correctly a minimum of

three times, the beamwas substituted with a 6-mm-wide round beam,

and animals performed the task twice. The next day, animals were

submitted to the test and placed on the aversive pole, and the time to

cross the beam and the number of slips were measured.

2.2.4 Black and white test
The black and white test box was composed of two

compartments (20 cm wide, 20 cm long, and 30 cm high)

connected by a tunnel that was 6 cm wide and 6 cm high. One

compartment was painted black and kept at 10 lux, while the other

was painted white, brightly illuminated (500 lux), and subdivided

into three sections based on distance from the tunnel (distal, medial,

and proximal). Animals were initially placed in the black

compartment, creating a conflict between the natural tendency of

rodents to explore new environments and the tendency to avoid

brightly illuminated areas. Anxiety levels were automatically

measured using SMART software (Panlab, Harvard Apparatus,

Barcelona, Spain), quantified as the percentage of time spent in

the light box and the number of entries made into each section.

2.2.5 Locomotor activity
Spontaneous locomotor activity was automatically analyzed

using activity boxes (9 × 20 × 11 cm; Imetronic, Pessac, France)

equipped with two rows of photocell detectors. Animals’

locomotion was evaluated over 24 hours, divided into 12 hours of

light and 12 hours of darkness. Activity was quantified by counting

the number of times the animal crossed the detector. Day and night

cycles were analyzed separately.

2.2.6 Open field test
Animals were placed in a brightly illuminated (500 lux) round

arena of 25-cm diameter, divided into three concentric circles
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(peripheral, medial, and central). Mice were free to explore the

arena for 5 minutes. Anxiety levels were determined based on the

time spent in the peripheral zone, as well as the number of entries

made into each section. Tracking of the mice was automatically

measured using SMART software (Panlab, Harvard Apparatus).

2.2.7 Sucrose preference test
Anhedonia was measured by the preference for sucrose. Two

bottles containing water that were swapped positions daily were

placed in the cage, one with 2% sucrose and one without. The

consumption from each bottle was recorded over 5 days. On the

fifth day, the mice’s sucrose preference was calculated as the ratio of

water with sucrose consumed to the total liquid (water with and

without sucrose) consumed. A lower ratio is indicative of

depressive-like behavior (23).

2.2.8 Social interaction test
Individualized mice (1-week minimum) were exposed to a

mouse of the same sex and similar age for 1 minute and then

removed from the interaction cage. The same intruder was

introduced four times separated by intervals of 10 minutes. In the

fifth trial, the intruder was changed to a different mouse. Trials were

recorded, and the total time that the experimental mouse interacted

with the intruder mouse was measured. Development of social

memory was indicated by a reduction of exploration time with the

same animal (trials 1–4) and increased exploration time during the

interaction with a new animal.

2.2.9 Nest-building test
A nest-building test was performed by introducing 9 g of

Nestlets material (Ancare, Bellmore, NY, USA) overnight in the

cage of individualized mice. The following day, the nest was scored

using a previously described scale, and unused Nestlets material was

weighted (24).

2.2.10 Tail suspension test
Mice were suspended by adhesive tape applied to the tail in an

automatic system for 6 minutes (BIO-TST, Bioseb, Vitrolles,

France). The total periods of immobility, energy, and power

were automatically recorded during the experimental period.

Prolonged periods of immobility are indicators of helplessness, a

characteristic of depressive-like behavior (25).
2.3 Brain tissue processing

Animals were deeply anesthetized with isoflurane and

perfused with phosphate-buffered saline (PBS) after the last

behavioral test. Brains were removed and weighed. For analysis

of membrane proteins, brains were cut sagittally. One hemisphere

was dissected to obtain protein extracts of the hippocampus,

cerebellum, and brainstem; the other was processed for the

immunohistochemistry analysis of cell surface proteins

following previously described protocols (26). To investigate the

presence of signs of neurodegeneration in aged animals, 22-
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month-old mice (IgLON5-KO, IgLON5-HET, and WT)

underwent trans-cardiac perfusion with PBS fixed in 4%

paraformaldehyde (PFA) for 12 hours, cut into 2-mm coronal

sections, and incubated in increasing concentrations of alcohol

(70% for 3 hours twice, 96% overnight, and 100% for 3 hours);

after an additional 3 hours in xylene, tissue was embedded in

paraffin and kept at room temperature until used.
2.4 Immunohistochemistry

Immunohistochemistry to detect neuronal cell-surface

proteins was performed using a standard avidin–biotin–

peroxidase method as previously described on 7-µm frozen

sagittal rat brain sections post-fixed with PFA. The following

commercial antibodies were used: 1:500 diluted IgLON5

(ab122763, abcam, Cambridge, UK), IgLON1 (STJ94590),

IgLON2 (STJ94442), IgLON3 (STJ116461), IgLON4 (STJ94394,

St. John’s Laboratory, London, UK), KIDINS220 (21856-1-AP,

Proteintech, Rosemont, IL, USA), IGSF21 (21465-1-AP;

Proteintech), and CACNA2D2 (SAB1401461, Sigma-Aldrich,

Darmstadt, Germany); serum (1:200 diluted) or CSF (1:5

diluted) from patients containing IgLON5, NMDAR, GABABR,

and GABAAR antibodies was used also to investigate their

presence in IgLON5-KO brains.

To study the brain structure and presence of tau

hyperphosphorylation in aged animals, 4-mm-thick coronal sections

were deparaffinized in xylene, rehydrated in alcohol, washed in tap

water, andheated for2min inapressure cookingoven in0.1Msodium

citrate buffer (pH 6.0). Sections were then stained with hematoxylin

and eosin or processed for immunohistochemistry. Phospho-tau

(ser202, Thr205) monoclonal antibodies (AT8, MN1020, Thermo

Fisher Scientific, Waltham, MA, USA) or neurofilament medium

staining (ab7794, abcam, 1:5,000 diluted) was incubated overnight at

4°C (1:1,000 diluted) followed by goat anti-mouse biotinylated as

secondary antibody (1:1,000 diluted), revealed by a standard avidin–

biotin–peroxidase method and visualization by diaminobenzidine. A

sectionof theprefrontal cortex fromanAlzheimer’s diseasepatientwas

included as a positive control of tau hyperphosphorylation and

incubated with AT8 antibody as described above.
2.5 Western blotting

Dissected brain regions were homogenized in standard lysis buffer

(Tris-HCl 50mM, NaCl 150mM, EDTA 5mM, 1% triton X-100, and

protease inhibitor cocktail 1:50 diluted) by sonication. Lysates were

centrifuged at 16,100 g for 15 minutes, and the supernatant was kept.

The concentration of protein was determined using a standard

bicinchoninic acid (BCA) assay, and 10 µg of protein was loaded

into a gel and, after electrophoresis, transferred to a nitrocellulose

membrane (1704158, Bio-Rad, Hercules, CA, USA). Anti-IgLON5

(abcam), beta-actin (Sigma-Aldrich), IgLON5 (ab122763, abcam,

Cambridge, UK), IgLON1 (STJ94590), IgLON2 (STJ94442), IgLON3

(STJ116461), and IgLON4 (STJ94394) were incubated in 1/1,000

dilution overnight at 4°C followed by the appropriate secondary
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antibody (anti-rabbit-horseradish peroxidase (HRP) or anti-mouse-

HRP) and were revealed following a standard enhanced

chemiluminescence developing kit (RPN2108, GE Healthcare,

Chicago, IL, USA).
2.6 Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.

Results are expressed as mean values ± SD and outliers (Table 1).

To analyze data from behavioral studies, a two-way ANOVA

model with Sidak’s multiple comparison tests was performed

including the between‐subjects factors experimental group and

sex. If the test had multiple time points, a three-way ANOVA

model with Tukey’s multiple comparisons was applied to observe

only robust differences.
3 Results

3.1 IgLON5-KO mouse phenotype
description and histological studies

IgLON5 protein was undetectable by immunohistochemistry

on IgLON5-KO brain sections (Figures 1A–C) when incubated

with IgLON5-abs from patients (sera or CSF) or with IgLON5

commercial antibody. IgLON5-HET showed weaker reactivity

than WT mice by immunohistochemistry (Figures 1D–F) but

depicts the typical IgLON5 staining pattern identical to that of

WT mice (Figures 1G–I). IgLON5 was also not detected by

Western blotting in tissue lysates obtained from the brainstem,

cerebellum, or hippocampus of the IgLON5-KO mice (Figure 2A).

The other IgLON family members were not upregulated in

IgLON5-KO mouse brains (Figure 2B). In terms of expression

of synaptic receptors, NMDAR, GABABR, or binding partners

previously described (CACN2D2A, IGSF21, and KIDINS220) (20)

were not altered in IgLON5-KO mice either (data not shown).

IgLON5-KO mice were viable and fertile and did not exhibit

any evident body morphological alterations. Offspring followed

Mendelian sex segregation (100 births). There were no differences in

weight between IgLON5-KO and WT animals (p = 0.6927) or in the

brain weight at sacrifice (p = 0.1658) in either young animals or those

aged 22 months (Table 1). We observed no brain abnormalities by

conventional hematoxylin and eosin or neurofilament staining of the

fiber tracts. Similarly, the area of the ventricles was also similar in

IgLON5-KOandWTmice (Figure 3).We investigated the presence of

phospho-tau deposits in nine 22-month-old IgLON5-KO and nine

WT mice (five females and four males). We did not observe tau

deposits in IgLON5-deficient animals or controls (Figure 4).
3.2 IgLON5-KO mice have motor and
balance deficits

An extensive battery of tests was applied to investigate

behavioral deficits in 2-month-old IgLON5-KO in comparison
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with WT mice (Figure 5A). IgLON5-KO mice showed a greater

number of slips in the beam balance test, which assesses fine

motor coordination, balance, and vestibulomotor function

(genotype: F(1, 98) = 8.867; p = 0.0037). IgLON5-KO males lost

their balance significantly more times than WT mice (p = 0.03).

Although IgLON5-KO females displayed also more slips than WT

females, statistical significance was not reached in the post-hoc test

(p = 0.08) (Figure 5B). Time spent to cross the beam was not

different between genotypes (KO-WT), indicating that the

observed loss of balance cannot be attributed to deficits in

muscle strength (Figure 5C).

During the daytime, when mice are expected to rest because

they are nocturnal, IgLON5-KO female mice exhibited

hyperactive behavior. This was evidenced by a consistent

increase of back-and-forth movements across the box compared

with WT females (p < 0.0001) (Figure 5D). The increase in back-

and-forth movements of IgLON5-KO females was accompanied

by a higher number of daytime rearing (p = 0.0006) (Figure 5E).

Males did not show statistically significant differences in this test

during daytime (Figures 5D, E).

During the nighttime, when mice are expected to be more

active, IgLON5-KO females crossed the sensor of the activity box
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more times compared to female WT (p = 0.02), maintaining the

hyperactivity condition seen during daytime. IgLON5-KO males

showed the same tendency to hyperactivity as females, and more

back-and-forth movements were observed during the night

compared with WT mice (p = 0.03) (Figure 5F). In this case, the

number of rearing was not significantly different between males

and females (Figure 5G).
3.3 Male IgLON5-KO mice presented
depressive-like and excessive
nesting behaviors

Male IgLON5-KO mice manifested lower sucrose preference

compared to WT mice (p = 0.0487) (Figure 5H). In addition to

this depressive-like behavior, male KO mice showed excessive

nest-building activity. They built significantly better and larger

nests (p = 0.0115) (Figure 5I) and used more material compared to

WT male littermates (p ≤ 0.0001) (Figure 5J). We did not observe

differences in the behavior of females.

Overall, these results indicate that IgLON5-KOmice have subtle

deficits in fine motor coordination hyper-locomotion activity and
FIGURE 1

Immunohistochemistry on sagittal sections of mouse brain fixed tissue and stained with cerebrospinal fluid (CSF) containing anti-IgLON5 antibodies
from a patient. (A–C) Incubation of IgLON5-knockout (KO) mouse brain tissue with antibodies against IgLON5 shows no reactivity against IgLON5,
demonstrating that KO mice do not express detectable IgLON5 protein. (B) Magnification of the hippocampus of IgLON5-KO stained with anti-
IgLON5 antibodies. (C) Magnification of the cerebellum showing no reactivity against IgLON5. (D–F) Brain tissue from IgLON5-HET mice showed
weaker reactivity than wild-type (WT), as expected, when stained with CSF containing IgLON5 antibodies but reproduced the typical diffuse staining
of the neuropil produced by IgLON5 antibodies shown in WT mice (G–I). (G) WT mice stained with IgLON5 antibodies depicting the typical pattern
of staining of IgLON5 antibodies. (H) Magnification of the staining of IgLON5 antibodies in WT mouse hippocampus. (I) Magnification of staining
pattern of anti-IgLON5 antibodies in WT mouse cerebellum. Immunohistochemistry was counterstained with hematoxylin. Scale bars: mice
hippocampus (G) 2 mm, (H) 250 mm, and (I) 250 mm.
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depressive-like behavior and that these deficits were sex-dependent.

Whereas male IgLON5-KO mice showed more problems with

motor coordination and depressive-like behavior, females showed

hyper-locomotion activity.
4 Discussion

We present the initial characterization of the phenotype and

behavior of an IgLON5-KO mouse model.

IgLON5-KO mice showed only subtle abnormalities in the

behavioral studies, and results differed between males and females.

First, IgLON5-KO males had an increase in slips in the beam

balance test, which assesses motor and vestibular function by

quantifying the ability to balance on a narrow wooden beam.
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Although statistical analyses did not reach significance in the

female IgLON5-KOs, they showed the same trend as in males. Our

results suggest that IgLON5 has a physiological role in fine motor

coordination and balance; these findings support the possibility

that IgLON5 autoantibodies can interfere with IgLON5’s function

and may be pathogenically involved in the gait instability

frequently noted in this disorder. This is also consistent with the

results of a recent study of passive antibody transfer where

intracerebral injections of IgLON5-IgG from patients into the

nigrostriatal dopaminergic pathway of mice produced sustained

motor impairment (22). Behavioral studies reported in KOs of

other IgLON family members did not describe deficits in balance

or motor coordination (27–30) (Table 2).

Second, female IgLON5-KOs showed hyperactivity during

darkness and also during the light phase when mice are
B

A

FIGURE 2

(A) Western blotting of lysates from tissue of different mouse brain areas showing the absence of IgLON5 in the IgLON5 knockout mice; cerebellum
(lanes 1–3), hippocampus (lanes 4–6), and brainstem (lanes 7–9). Lysates from IgLON5 knockout mice correspond to lanes 1, 4, and 7; lysates from
IgLON5-HET mice correspond to lanes 2, 5, 8; lysates from wild-type (WT) mice correspond to lanes 3, 6, and 9. M indicates the molecular weight
marker, * indicates band of beta-actin, and the arrow indicates the glycosylated IgLON5 molecular weight. (B) Western blotting analysis of mouse
cerebellum lysates showing that there is no compensatory effect of the other members of the IgLON family in the absence of IgLON5. Three
different mice of each genotype (WT, knockout (KO), and HET) are shown for every antibody incubated (rows, antibodies against IgLON1 to
IgLON5 proteins).
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supposed to be resting. Deletion of the other IgLONs in mouse

models also showed hyperactivity, especially in stressful

conditions (23, 27) (Table 2). This phenotypic feature together

with a depressive-like behavior and an obsessive nest-building

activity observed in IgLON5-KO males could indicate a role of

IgLON5 deficiency in psychiatric-related symptoms (32).

Our results on the behavior of IgLON5-KO mice are similar to

those reported in other IgLON-KO mouse models, which also
Frontiers in Immunology 08146
showed subtle behavioral abnormalities, related to social behavior,

learning, and locomotor activity (Table 2). These behavioral

alterations have suggested that IgLONs are implicated in the

pathogenesis of psychiatric disorders. However, psychiatric

symptoms are not a major complaint in anti-IgLON5 disease. In

a series of 53 patients with anti-IgLON5 disease, only nine (17%)

developed psychosis or hallucinations (33). However, the two

IgLON family members, Negr1 (IgLON4) and LSAMP
A

B

FIGURE 3

Brain morphology showed no major alterations of IgLON5-knockout (KO) compared to age-matched wild-type (WT) mice (22-month-old).
(A) Neurofilament immunostaining showed no alteration in the gross cytoarchitecture of the major fiber tracks. (B) Histological staining with
hematoxylin and eosin of 22-month-old mouse IgLON5-KO tissue compared to age-matched WT mouse tissue also showed no abnormalities in
coronal sections of comparable paraffin-embedded brain areas.
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(IgLON3), which showed more behavioral alterations in the KO

mouse model, have been implicated in several psychiatric

disorders (23, 27, 34). Recent meta-analyses using the Genome-

Wide Association Study (GWAS) have identified a single-

nucleotide polymorphism (SNP) of Negr1 gene associated with

the diagnosis of major depression (35). Also, Negr1 has been

proposed as a biomarker of major depression because CSF Negr1

levels were elevated in patients with this disorder (36). Similarly,

SNPs in LSAMP gene have been associated with major depression

and panic disorders (37). In contrast, NTM (IgLON2) KO mice

only showed minor emotional-related learning deficiencies in the

active avoidance test, and in human genetic studies, NTM has not

been identified as a risk for psychiatric diseases (30).

IgLON5-KOmice were viable and fertile and did not show any

appreciable morphologic or cerebral alterations. Gross and

microscopic neuroanatomy examination of IgLON5-KO and

WT mice did not reveal differences regarding principal fiber

tracks or volume of the ventricles, in either young adult or older

mice. Studies of KOs of other IgLONs reported also no major

abnormalities except for Negr1, which showed substantial

volumetric alterations in the ventricular space (23). Although

ventriculomegaly was observed in a patient with anti-IgLON5

disease (38), the brain MRI of most (>90%) patients showed a

similar degree of atrophy as that of age-matched controls or only a

mild atrophy of the brainstem (38, 39).
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Finally, we investigated whether aged IgLON5-KO mice

developed signs of neurodegeneration. In these mice, the

deficiency in IgLON5 did not lead to distinct pathological signs

such as neuronal loss or tau hyperphosphorylation, which have

been reported in the autopsies of some patients (1, 7). This

observation suggests that other factors in addition to IgLON5

loss, for example, inflammatory changes associated with IgLON5

autoimmunity, may be important in the development of the

neurodegenerative alterations observed in some patients.

Therefore, it is possible that the antibody effects observed in

vitro are necessary to cause the disease; thus, IgG1-dependent

cross-linking and internalization of IgLON5 clusters would be

followed by alteration of the cytoskeletal architecture and would

lead ultimately to tau aggregation and phosphorylation through

common pathways described for neurodegenerative diseases. The

role of IgG4 IgLON5 antibodies in the disease is less clear because

in vitro studies have shown that alteration of the interactions of

the IgLON5 protein with its binding partners, which is the main

pathogenic mechanism described for IgG4 antibodies, was not

specific to a subclass. However, IgG4 antibodies may be relevant to

the pathogenesis of the disease because a recent autopsy study has

reported the presence of abundant IgG4 deposits in areas of the

brain where IgLON5 is highly expressed and whose dysfunction

may explain the clinical symptoms (10). Our study has limitations

because we have not conducted a detailed sleep evaluation, and the
B

C D

A

FIGURE 4

Immunohistochemistry on coronal sections of paraffin-embedded mouse brain tissue did not show the presence of abnormal tau phosphorylation
in IgLON5-knockout (KO) mice. (A, B) Brain tissue IgLON5-KO mice immunostained with AT8 antibody shows no specific binding to neuropil
threads or abnormal tau deposition described in anti-IgLON5 tauopathy. Hippocampus, tegmentum of the brainstem, and hypothalamus show no
evidence of pathological changes in IgLON5-KO mice. (C) Immunostaining of the prefrontal cortex of a patient with Alzheimer’s disease was run in
parallel and serves as positive control. (D) Magnification of a positive area for AT8 antibody staining of the Alzheimer’s disease patient tissue showing
a neuron with tau aggregation in neurofibrillary tangles.
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clinical phenotype of IgLON5 deficiency is not fully coincident

with the core of symptoms of the disease; however, these

symptoms are also variable among patients. Another limitation

is that we focused our studies on the behavior and brain of mice,

but IgLON5 is also present in systemic tissues like muscle fibers,
Frontiers in Immunology 10148
which were not investigated and should be explored in

future studies.

To summarize, our model of IgLON5-KO shows subtle

deficits in fine motor coordination, balance, and behavioral

alterations similar to those seen in KOs of other IgLON
B C

D E

F G

H

I

J

A

FIGURE 5

(A) Experimental design of the behavioral testing in 2-month-old IgLON5-KO and WT mice to assess the following: 1) Hippocampal-dependent
spatial memory: novel object location (NOL). 2) Balance and locomotion: gait analysis (GA), beam balance test (Beam), and locomotor activity (LA).
3) Anxiety: black and white (B&W) and open field (OF). 4) Depressive-like behavior: anhedonia (ANH) and tail suspension test (TST). 5) Social
interaction (SI). 6) Nest building (NB). To perform social depressive-like behaviors, nest-building animals were individualized. (B) Graphical
representation of the quantification of slips in beam balance test separated by sexes and genotypes. IgLON5-KO males exhibited significantly more
slips (purple) compared with male WT mice (gray) (*p = 0.03). Although females showed the same trend, they did not reach statistical significance
(p = 0.08). (C) Time spent to cross the beam was not different between sexes or genotypes. (D, E) Spontaneous locomotor activity during daytime
measured in activity boxes evidenced hyper-locomotion activity in KO females with an increase in the number of events (genotype, p = 0.0003;
post-hoc test females, ****p < 0.0001; males, not significant) (D) and rearings (genotype, p = 0.026; post-hoc test females, ***p = 0.0006) (E). This
behavior was not observed in males. (F, G) Locomotor activity during nighttime showed similar results to those observed during daytime in IgLON5-
KO females with more movement events (genotype, p = 0.0014; post-hoc test females, *p = 0.02) (F), and rearing measurements were not
significant (G). (H) IgLON5-KO males showed less sucrose preference, which is indicative of depressive-like behavior (genotype, p = 0.01; post-hoc
test males, *p = 0.0487). (I, J) Nest-building analyses revealed that IgLON5-KO males built more elaborate nests (genotype, p = 0.01; post-hoc test
males, *p = 0.0115) (I) and used more material (genotype, p = 0.005; post-hoc males, **** p < 0.0001) (J). WT, wild type; KO, knockout.
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family members. These changes were in part sex-dependent.

However, the IgLON5-KO mouse model does not reproduce the

clinical phenotype or the tauopathy reported in anti-

IgLON5 disease.
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TABLE 2 Comparison of the behavior of IgLON5-KO with five studies reported on NMT-KO, LSAMP-KO, and NEGR1-KO.

IgLON5-KO female IgLON5-KOmale NTM-KO (30) LSAMP-KO (27, 28) NEGR1-KO (23, 31)

Behavior

Anxiety * ↓ ↑¶

Depressive-
like behavior ↑ ND ND ↑¶

Social interaction ↓ ↓

Motor activity ↑ ↑& *↑

Memory/learning ↓ ** ↓$ ↓

Motor coordination ↓ ND
Green cells indicate no differences between KO and WT mice and red cells indicate some disparity in results.
WT, wild type; KO, knockout.
&Increased motor activity observed only at night.
*In response to novel environments.
**Mild deficits in cognitive challenging emotional learning tasks.
$Impaired spatial memory in one study (Qiu, 2010) (28).
¶Abnormal (Noh, 2019) (31).
↑, increased.
↓, decreased.
ND, not determined.
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IgG4 autoantibodies and
autoantigens in the context of
IgG4-autoimmune disease and
IgG4-related disease
Rodrigo V. Motta1 and Emma L. Culver1,2*

1Translational Gastroenterology and Liver Unit, Nuffield Department of Medicine, University of Oxford,
Oxford, United Kingdom, 2Department of Gastroenterology and Hepatology, Oxford University
Hospitals NHS Foundation Trust, Oxford, United Kingdom
Immunoglobulins are an essential part of the humoral immune response. IgG4

antibodies are the least prevalent subclass and have unique structural and

functional properties. In this review, we discuss IgG4 class switch and B cell

production. We review the importance of IgG4 antibodies in the context of

allergic responses, helminth infections and malignancy. We discuss their anti-

inflammatory and tolerogenic effects in allergen-specific immunotherapy, and

ability to evade the immune system in parasitic infection and tumour cells. We

then focus on the role of IgG4 autoantibodies and autoantigens in IgG4-

autoimmune diseases and IgG4-related disease, highlighting important

parallels and differences between them. In IgG4-autoimmune diseases,

pathogenesis is based on a direct role of IgG4 antibodies binding to self-

antigens and disturbing homeostasis. In IgG4-related disease, where affected

organs are infiltrated with IgG4-expressing plasma cells, IgG4 antibodies may

also directly target a number of self-antigens or be overexpressed as an

epiphenomenon of the disease. These antigen-driven processes require critical

T and B cell interaction. Lastly, we explore the current gaps in our knowledge and

how these may be addressed.
KEYWORDS

IgG4, IgG4-RD, autoantibody, antigen, autoimmunity
1 Introduction

Antibodies are the fundamental component of humoral immune responses, also known

as antibody-dependent responses. These molecules can recognise and neutralise pathogens,

either by binding to molecular antigens and directly preventing their pathogenic effect, or

by opsonising these pathogens and triggering effector functions, such as the complement

system, antibody-dependent cell-mediated cytotoxicity and antibody-dependent

cellular phagocytosis.
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Five different classes of antibodies, or immunoglobulins (Ig) are

found in humans, namely IgM, IgD, IgA, IgE and IgG. IgM and IgD

are involved in primary adaptive humoral immunity and can be

found in mature naïve B cells (1), which undergo specialisation and a

class switch towards long lived B cells and plasmablasts that produce

IgA, IgE and IgG (2, 3). IgA is mainly involved in mucosal humoral

immunity. IgE is one of the main components of allergic reactions.

IgG is part of several different processes both in health and disease.

IgG has four subclasses (i.e., IgG1, IgG2, IgG3 and IgG4) which

form part of the immune response. Under normal conditions, IgG1-

3 can fixate complement and opsonise pathogens, whilst IgG4 only

activates complement under special circumstances, at high antibody

and antigen concentrations. IgG and its subclasses are involved in

autoimmune processes, such as rheumatoid arthritis, systemic lupus

erythematous, ANCA-associated vasculitides, as well as IgG4-

autoimmune diseases (IgG4-AID) and IgG4-related disease

(IgG4-RD).

In this review, we describe the structure and function of IgG4

antibodies, discuss the role of this class in allergy, helminth

infections, malignancies, and autoimmune diseases. A greater

emphasis is placed on IgG4-related disease and the role of IgG4

antibodies in the pathogenesis of the disease.
2 Structure and function of
IgG4 antibodies

Immunoglobulin G has four subclasses, with IgG4 representing

up to 5% of the total IgG concentration (4). Their structure is based
Frontiers in Immunology 02153
on 2 heavy and 2 light chains bound together by disulphide bridges.

There are interactions between the light and heavy chains, as well as

a connection between the two heavy chains at the hinge region. This

region is important because it gives structural flexibility to the

molecule. Both the light and heavy chains have antigen-binding

sites, the variable region (VL and VH), and areas responsible for the

effector function of the antibodies, called constant region (CL and

CH1, CH2, CH3, CH4). Furthermore, these molecules can be divided

by function, the “Fragment, antigen binding” (Fab) region and the

“Fragment, crystallised” (Fc) region, which is responsible for the

effector function (5). In the CH2 domain, a switch of proline to

serine at position 228 in the hinge of IgG4 facilitates Fab-arm

exchange (Figure 1). Schuurman, Aalberse and colleagues observed

that this phenomenon is marked by the dissociation of the two

heavy chains and recombination of two random IgG4 monomers

(heavy and light chains) to form a bispecific dimer (6). Even though

this new molecule might recognise two different antigens, it is

functionally monovalent, and cannot form large immune

complexes (7–9). The Fc portion in IgG4 antibodies have a high

affinity for antigens and FcgIIb receptors but low affinity for Fcg
stimulatory receptors and cannot tipically activate the classical

complement pathway (10). These characteristics hinder Fc

mediated effector functions and prevent further sensitisation of

the immune system (8, 11–13). There are, however, situations

where IgG4 molecules can activate the complement pathway. The

first is via recruiting mannose-binding lectins and activating the

lectin pathway, which has been observed in anti-PLA2R

membranous nephropathy (14). The second is through mutations

of the Fc region, enabling these molecules to form hexamers and
FIGURE 1

Fab arm exchange in IgG4 antibodies.
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bind to C1q (15). These molecules can also activate the complement

system using the classical pathway when there is high antigen

density and high antibody concentration (16). Finally, Oskam,

Rispens and collaborators showed that in opposition to previous

evidence, the heavy chains of IgG4 molecules can dissociate and

interact with the Fc region of other IgGs. It is not clear whether this

mechanism plays a role in the pathogenesis of autoimmune

diseases, but it modulates the affinity of IgG1 and IgG2 for C1q

(17). Hence, IgG4 has anti-inflammatory properties, and it is

involved both in health, such as the development of tolerance in

allergies (18), as well as disease, such as curbing immune responses

against helminth infections (19) (Table 1).
3 Class switch recombination and
somatic hypermutation

When exposed to antigens, naïve B cells become antibody

secreting B cells via the extrafollicular and follicular pathways,

which are complementary. The initial response to antigens is

predominantly driven by the extrafollicular path (20, 21). It

involves T follicular helper (Tfh) cells driving the differentiation

of naïve B cells into short lived plasmablasts, which will maintain an

immune response for up to a week after the trigger (20, 22).

To create an immune response based on IgG4, B cells must

undergo class switch recombination (CSR) and somatic

hypermutation (SHM) (11, 23, 24). These processes are hallmarks

of follicular responses, which take part in germinal centres (GC) of

lymph nodes and the spleen. In the follicular pathway, antibody

secreting B cells develop high affinity and specificity and become

either memory B cells or long-lived plasma cells (LLPC). The GCs

are divided in dark and light zones, with functional differences. The

dark zone promotes proliferation of B cells, as well as CSR and SHM

(25). CSR is marked by deletional recombination in the heavy chain

gene that leads to a change in Ig class, thus changing effector
Frontiers in Immunology 03154
functions of the antibodies, while preserving the affinity for specific

antigens. Given its mechanism, switch in Ig class follows a

sequential pattern from IgM/IgD to IgG3, IgG1 and IgA1, called

proximal classes. A secondary switch then gives rise to distal classes

such as IgG2, IgG4 and IgA2 (23, 26, 27) and has been attributed to

stimuli from T helper 2 (Th2) cells. Interleukin (IL) 4 and IL-13 are

responsible for skewing the antibody production to IgG4 and

stimuli involving IL-10 and/or IL-21 lead to selection of IgG1

antibodies (28). After these clones have developed high-affinity

and specificity, they migrate into the light zone. There, they will

undergo a selection according to interactions with Tfh cells and

follicular dendritic cells (29). Once the highly specific clones are

selected, they leave the GC and become LLPC or migrate to the

bone marrow as memory B cells.
4 IgG4 in allergic reactions

IgG4 antibodies have an important role in the development of

tolerance in atopic patients. It has been extensively shown that

beekeepers develop an IgG4-based response to bee venom

associated with reduction of symptoms after exposure to the toxin

(30, 31), and the same event has been described in other cases of

occupational exposure (32, 33). Furthermore, allergen-specific

immunotherapy is based on the development of IgG4 antibodies

against allergens through regular and incremental exposure to

allergenic antigens (34). IgG4 competitively binds to allergens,

thus hindering the formation of IgE-antigen immune complexes

(35, 36). Furthermore, it also binds to FcgRIIb, an inhibitory Fcg
receptor, preventing the degranulation of mast cells and the cascade

that would lead to allergic responses (37–39).

On the other hand, IgG4 antibodies are also involved in the

maintenance of the disease in cases of eosinophilic oesophagitis

(EoE) and eosinophilic chronic rhinosinusitis (40–42). The most

robust evidence that this class is involved in disease comes from

studies associating it with symptoms in patients with EoE. During

food avoidance tests, patients referred less symptoms and biopsies

showed reduction of IgG4 deposition (43). In addition, histological

levels of IgG4 were found to be significantly lower during remission

when compared to samples collected during disease activity (44).

For a detailed review on the topic, please see (45).
5 IgG4 in helminthic infections

Helminthic infections are another scenario where IgG4

antibodies show their tolerogenic effects. Patients with acute

parasitic infection usually show a balanced Th1/Th2 immune

response, with a predominance of IFN-g over IL-10, and a higher

count of peripheral eosinophils (46). If the pathogen fails to evade

the host response, this leads to parasite clearance and termination of

the infection.

Individuals with chronic infection, however, show an immune

response with a Th2 profile, where IL-10 plays a critical modulatory

role in skewing antibody production towards IgG4 (46). A response

based on parasite-specific IgG4 antibodies, then, dampens IgE-
TABLE 1 IgG4 antibodies: structural characteristics and
functional consequences.

Molecule structure Function

Change of proline (IgG1) to
serine (IgG4) at position 228 in
the core hinge region

Asymmetry in the structure with different
Fab arms. The final antibody is
functionally monovalent.
IgG4 cannot bind to two different
antigens neither form large
immune complexes.

CH2 domain amino acid
substitutions - L234F and P331S

Low-affinity to FcgRIIa and FcgRIIIa.
Weak ability to bind to FcgRI compared
with IgG1

CH2 domain amino acid
substitution - P331S

Negligible binding to the C1q protein
complex.
Cannot trigger the classical
complement pathway

Constant domain links with Fc
portion of other IgG molecules

Compete with other antibodies and
impairs IgG1 ability to activate
complement or form immune complexes.
Anti-inflammatory function
In the function column, the bold values represent the functional outcomes.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1272084
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Motta and Culver 10.3389/fimmu.2024.1272084
mediated immune response and perpetuates the infection.

Asymptomatic patients show a restricted response to parasite

antigens, while those with severe chronic disease have lower levels

of serum IgG4 antibodies and show signs of organ damage (46).

Studies also show that individuals with a high parasite burden have

higher levels of parasite-specific IgG4 than patients with a lower

parasite burden (47, 48). The immunomodulatory effects of

helminthic infections are also seen in the response to allergens,

where patients with chronic parasitic infection show lower levels of

IgE-reactivity to dust antigens (49).
6 IgG4 in malignancies

Antitumour humoral responses can prevent malignancies from

developing further and even annihilate them by triggering humoral

and cell-mediated immune responses. Some neoplasms induce class

switch of anti-tumour antibodies to the IgG4 class, leading to

immune escape and IgG4-mediated tumour-tolerogenic responses

(50). Melanoma and pancreatic ductal adenocarcinoma cells induce

a modified Th2 immune response around their microenvironment,

triggering B cells to undergo antibody class switch towards IgG4

(51, 52). These antibodies will then competitively bind to cancer

antigens and damp anti-tumour immune responses. Higher serum

levels of IgG4 are associated with fewer cytotoxic T cells (53) and

with a worse prognosis in patients with cholangiocarcinoma and

melanoma (50, 54).

A meta-analysis reported that patients with IgG4-RD have an

increased risk of clonal B cell lymphoma and pancreatic malignancy

when compared with a matched general population (55). The

mechanisms driving this increased risk remain speculative and

include 1) chronic inflammation-induced carcinogenesis; 2) IgG4-

related tumour-induced immune escape; 3) paraneoplastic

phenomenon, as most malignancies detected distant from the site

of disease activity. The class switch towards IgG4 induced by some

malignancies may also play a role in the initiation of IgG4-RD. K-

ras codon gene mutations associated with gastrointestinal cancer

have been reported in patients with IgG4-related pancreatitis (56).

These mutations are also associated with cellular transformation

and genetic instability (57, 58).
7 IgG4 in IgG4-autoimmune diseases

Huijbers et al. were the first to collectively describe IgG4

autoimmune diseases (IgG4-AID) as a spectrum of conditions

characterised by autoantibody responses against a known antigen

(59). Evidence shows that these diseases are caused by IgG4

antibodies recognising autoantigens, although not all antigens

have been validated. The diagnosis of IgG4-AID depends on high

level of suspicion and identification of IgG4 autoantibodies against

the antigen(s) specific to each disease (60). Koneczny proposed a

classification system based on evidence of antibodies against

extracellular antigens, and direct pathogenic mechanism of IgG4

antibodies observed in vitro and validated in animal models

through passive transfer (61). Although 29 antigens have been
Frontiers in Immunology 04155
described in IgG4-AID (Table 2), only the six antigens have met

all three Koneczny criteria of IgG4 pathogenicity (61). For a

thorough review on IgG4-AID and autoantigens involved in these

disorders, please read (62).
7.1 Desmoglein 1 (Dsg1) and 3 (Dsg3):

Desmoglein 1 and 3 are transmembrane proteins found in

keratinocytes. Anti-Dsg1 IgG4 is responsible for the development

of pemphigus foliaceous (PF), while anti-Dsg3 IgG4 antibodies, and

in some cases anti-Dsg1 IgG4, cause pemphigus vulgaris. These

antibodies target epitopes in EC1 and EC2 domains, including in

fogo selvagem (FS), an endemic PF specific to Brazil (63), and in the

endemic PF found in Tunisia (64). Qian and Peng observed a cross-

link between anti-LJM11, a protein present in the saliva of sand flies

(L. longipalpis), and anti-Dsg1 antibodies in patients with FS and

healthy controls from the same region (65, 66). The difference being

that antibodies from the healthy population recognised the EC5

domain of Dsg1 rather than EC1 and EC2 (63, 65–67). Studies

investigating the Tunisian population found that endemic PF

patients and healthy controls from the same area had anti-Dsg1

IgG and demonstrated a cross-link between these antibodies and

the salivary extract from P. papatasi (68–70). The antibodies in

healthy Tunisians, instead of targeting the epitopes involved in

endemic PF, bound to epitopes in the EC3, EC4 and EC5 of Dsg1

(64) and were mostly IgG1, IgG2 and IgG3 (71)
7.2 Muscle-specific kinase (MuSK):

MuSK is a tyrosine kinase involved in the transduction of

electrical signals at the neuromuscular junction and is involved in

MuSK myasthenia gravis (MG) (72). Anti-MuSK IgG4 antibodies

often target the Ig-like 1 domain of the protein (73–75), which has

important functional implications. This region contains the site

where lipoprotein receptor-related protein 4 (Lrp4) binds to MuSK

and activates the kinase, which causes clustering of acetylcholine

receptors (AchR) at the synapse. By competitively binding to that

domain, IgG4 antibodies block Lrp4-dependent activation of MuSK

(76, 77), thus impairing migration of AchR to the neuromuscular

junction. Other IgG subclasses might also be involved in MuSK

MG. Huijbers et al. observed that valency affects the outcomes of

antibody binding to MuSK and may, in fact, lead to activation of the

kinase (78). Furthermore, patients with MuSK-MG have higher

levels of IgG4, but they also have higher levels of IgG1 when

compared to controls, which does not corroborate the theory that

these patients have overall responses biased towards IgG4 (79).
7.3 Contactin 1 (CNTN1):

Contactin 1 binds with CNTN1-associated protein 1 (Caspr1)

and neurofascin 155 (NF155), forming an axo-glial complex that is

involved in paranode architecture and maintenance of myelin

in axons (80) . Chronic inflammatory demyel inat ing
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TABLE 2 Comparison between antigens, symptoms, animal models, HLA associations and responsiveness to immunosuppression between IgG4-AID and IgG4-RD.
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B*38, HLA-B*55
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Carbonic
anhydrase II

Cytoplasm IgG4-RD Pseudotumours, fibrosis.
Varies according to
organ affected.

Pancreas, bile ducts,
sallivary and lacrimal
glands, kidneys,
retroperitoneum,
aorta, orbits

No Yes

Plasminogen
binding
protein type
A/UBR2

Cytoplasm
and nucleus

No No

Lactoferrin Pancreatic juice No No

Pancreatic
secretory
trypsinogen
inhibitor
(SPINK1)

Pancreatic juice No No

Trypsinogens Pancreatic juice No No

Annexin A11 Cytoplasm,
cell membrane

Yes No

Laminin
511-E8

Extracellular
matrix

Yes Yes

Galectin 3 Extracellular
matrix, cytosol
and nucleus

No No

Prohibitin Nucleus,
cytoplasm
and mitochondria

No No

Desmoglein 1 Cell membrane Pemphigous foliaceous Blistering lesions Skin Yes Yes

Desmoglein 3 Cell membrane Pemphigus vulgaris Blistering lesions Skin Yes No
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TABLE 2 Continued
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immunosuppressants

HLA
associations

IgG4 Yes HLA-DQB1*05, HLA-
DRB1*13,
HLA-DRB1*16

IgG4 Variable HLA-DQB1*02

IgG4 Variable

IgG4 Variable

IgG4 Variable

IgG1
and
IgG4

Yes HLA-DRB1*11,
HLA-DRB1*08:03

IgG4 Variable HLA-DRB1*11:01

IgG4 Variable HLA-DRB1*07:01

IgG4 Yes HLA-DQA1, HLA-
DRB1*1501,
HLA-DRB1*0301IgG4 Yes

IgG4
and
IgG1

Yes

IgG4
and
IgG1

Yes

IgG4
and
IgG1

Yes

IgG4 Needs more studies
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transfer
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through
active
immunisat

Muscle-
specific kinase

Cell membrane MuSK
myasthenia gravis

Weakness and atrophy of
neck, tongue, shoulder and
bulbar muscles.

Muscles
(Motoneural junction)

Yes Yes

Contactin 1 Cell membrane Chronic inflammatory
demyelinating
polyradiculoneuropathy

Subacute neuropathy, sensory
ataxia and tremor.

CNS and PNS Yes No

Neurofascin
155

Cell membrane Yes No

CASPR1 Cell membrane No No

Neurofascin
140/186

Cell membrane No No

ADAMTS13 Blood circulation Thrombotic
thrombocytopenic
purpura

Thrombotic events Blood Yes No

CASPR2 Cell membrane Isaac’s syndrome,
Morvan’s syndrome,
limbic encephalitis

Epilepsy, behavioural and
mental abnormalities,
autonotmic instability, motor
and sensory neuropathy.

CNS and PNS Yes*** No

LGI1 Cell membrane LGI1-associated limbic
encephalitis,
Isaac’s syndrome

Epilepsy, behavioural and
mental abnormalities,
seizures, dystonia, sensory and
motor neuropathy.

CNS and PNS Yes*** No

PLA2R Cell membrane Membranous
nephropathy

Oedema, fatigue, changes
in urine

Kidneys Yes Yes****

THSD7A Cell membrane Yes No

Alfa-enolase Cell membrane No No

Superoxide
dismutase
2 (SOD2)

Mitochondria No No

Aldose
reductase

Cytoplasm No No

GPIHBP1 Cell membrane GPIHBP1
autoantibody syndrome

Severe hypertriglyceridemia Blood No No
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Antigen Localisation
of antigen

Disease Symptoms Organ affected Evidence
of
passive
transfer

Evide
throu
active
immu

Laminin 332 Cell membrane Mucous
membrane pemphigoid

Blistering mucosal lesions,
mainly in the oral cavity
and conjunctivae

Mucosa Yes No

Type
IV Collagen

Extracellular
matrix

Goodpasture
syndrome,
epidermolysis bullosa
acquisita (EBA)

Haemoptysis, changes in
urine/blistering lesions

Lungs and kidneys, skin Yes Yes

IgLON5 Extracellular
matrix

IgLON5 parasomnia gait instability, non-REM and
REM parasomnia, cognitive
decline, movement disorders.

CNS No No

DPPX Cell membrane Anti-
DPPX encephalitis

Weight loss, gastrointestinal
symptoms, cognitive-mental
dysfunction, tremor, seizures,
autonomic dysfunction.

CNS No No

ANCA Cytoplasm ANCA-
related vasculitides

Fatigue, haemoptysis, muscle
pain, changes in urine

Blood vessels, kidneys Yes Yes

Bullous
pemphigoid
antigen 180

Cell membrane Bullous pemphigoid
Bullous pemphigoid

Blistering lesions
Blistering lesions

Skin Yes Yes

Bullous
pemphigoid
antigen 230

Cytoplasm Skin Yes Yes

IFN 1, IL-
17A, IL-22

Extracellular
matrix

Autoimmune
polyendocrinopathy-
candidiasis-
ectodermal dystrophy

Chronic candidiasis,
hypothyroidism,
hypogonadism

Skin, mucosa,
endocrine organs,
lungs, bowels

No No

P200
(laminin
gamma1)

Cell membrane Anti-p200 pemphigoid Blistering lesions Skin No No

*Only the autoimmune manifestations respond to immunosuppressants.
** Ruxolitinib might be effective in the treatment of chronic mucocutaneous candidiasis in patients with STAT1 gain-of-function mutations.
***Did not trigger all the symptoms observed in patients.
****Knock-in PLA2R mice spontaneously developed MN.
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polyradiculoneuropathy (CIDP) is a IgG4-AID, and one of the

possible antigens in this disorder is CNTN1. Anti-CNTN1 IgG4

antibodies recognise the IgC2 domains of CNTN1 and block its

interaction with NF155, which leads to impaired cell aggregation

and changes in paranodal architecture (81). Patients may present

with other autoantibodies and have different clinical syndromes.

Those presenting antibodies against neurofascin 186 (NF186), for

instance, may present with renal impairment given both CNTN1

and NF186 are found in podocytes (62, 82).
7.4 Neurofascin 155 (NF155):

Neurofascin 155 is expressed by myelinating glial cells and,

alongside Caspr1 and CNTN1, is part of the septate-like junction in

paranodes found both in the central and peripherical nervous

systems. Animal studies have confirmed the pathogenicity of anti-

NF155 antibodies. Manso and colleagues demonstrated that

intrathecal infusion of IgG4 from anti-NF155 CIDP patients

induced similar symptoms in previously healthy mice (83). Early

studies identified that these antibodies recognise the Fn3 and Fn4

domains of NF155, which does not participate in the interaction

with CNTN1, and suggested a possible blocking mechanism that

would cause the clinical presentation (84). Nevertheless, Manso

et al. found that anti-NF155 IgG4 is associated with aggregation of

the antigen and induces its depletion. They could not determine

which mechanism was responsible for the depletion of surface

NF155 and suggested that it might have to do with proteolysis of

the antigen or molecular instability (83, 85).
7.5 ADAMTS13:

ADAM metallopeptidase with thrombospondin type 1 motif 13

(ADAMTS13) is a protease found in the blood circulation. It is

responsible for the proteolytic cleavage of the multimeric form of

von Willebrand factor (vWf) and ensuring normal haemostasis

(86). Anti-ADAMTS13 IgG4 antibodies and vWf recognise the

spacer-domain of the antigen, thus creating a competition for

binding with ADAMTS13 (87). Autoimmune thrombotic

thrombocytopenic purpura (TTP) is marked by an initial

response based on IgG1 antibodies against ADAMTS13. The

chronic antigenic stimulation then promotes class switch towards

IgG4, which perpetuates the disease (88). The accumulation of vWf

causes platelet aggregation and formation of microthrombi, which

leads to the characteristic phenotype of microangiopathic

haemolytic anaemia.
8 IgG4 in IgG4-related disease

IgG4-related disease (IgG4-RD) is a chronic relapsing immune-

mediated fibro-inflammatory disorder and its hallmark is the

presence of IgG4 antibodies in the sites affected (89). The diverse

organ involvement in this disease is linked by a unique

histopathology; a lymphoplasmacytic infiltrate rich in IgG4+
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plasma blasts and CD4+ T cells, storiform fibrosis, and

obliterative phlebitis (90).

There are currently three theories on the role of IgG4 antibodies

in IgG4-RD: 1) IgG4 antibodies directly cause the disease by

targeting self-antigens; 2) IgG4-RD patients have an immune

response inherently biased towards production of IgG4 antibodies

to any stimulus; 3) IgG4 is only present to modulate an immune

response based on different pathways. It continues to be elusive

whether the overexpression of these antibodies is an

epiphenomenon of the inflammatory reaction or has a causal role

in disease pathology.
8.1 Do IgG4 antibodies directly cause
disease by targeting self-antigens?

Next-generation sequencing studies yield evidence to support

that the pathogenesis of IgG4-RD is an antigen-driven process

mediated by B and T cell interactions (91). Circulating B cells are

predominantly IgG4+ B cells with extensive V-region mutations

affecting both hypervariable and framework regions, suggesting

signs of antibody maturation (91, 92). Mattoo et al. observed

expansion of CD19+CD27+CD20-CD38hi plasmablasts, which are

oligoclonally restricted as shown by analysis of immunoglobulin

heavy V and J regions (92). Naïve B cells then undergo de novo

recruitment during disease relapse. In patients who have a disease

flare after treatment with rituximab, activated B cells and

plasmablasts have increased somatic hypermutation when

compared to before B cell depleting therapy, suggesting a possible

driver for the autoreactive pathogenic process (92).

Differences in B cell phenotypes may be clinically important, as

demonstrated by Li and colleagues (93). Patients with active IgG4-

RD had increased plasmablasts (CD19+CD24-CD38hi ,

CD19+CD27hiCD38hi, and CD19+IgD-CD38hi) and reduced

numbers of CD19+ B cells, IgD+CD38+/- naïve B cells and

CD24hiCD38hi B regulatory cells (Breg) when compared to

controls (93). Cluster analysis revealed that patients with a high

count of plasmablast and memory B cells, low count of naïve B cells

and Bregs had a higher disease burden and were predominantly

male (93). This highlights the importance of antigen-specific LLPC

in the pathogenesis of IgG4-RD. Whilst Rituximab (anti-CD20)

reduces the number of short-lived B cells expressing CD20, memory

B cells and LLPC lack this surface protein and can evade depletion,

contributing to the relapse of disease.

Analysis of IgG4-RD lesions showed that tissue CD4+ T cells are

clonally expanded with a cytolytic phenotype, expressing granzyme

A, perforin and SLAMF7+ (SLAM family member 7) (94), and

secreting IL-1b, TGF-b and IFN-g, cytokines associated with

fibrosis (94, 95). Drugs that deplete B cells lead to profound

clinical remission and significantly reduce serum plasmablasts

and CD4+ cytotoxic cell populations. Therefore, the excellent

response to B cell depletion support that these cells are involved

in the pathophysiology of IgG4-RD (93, 96, 97). Overall, this

evidence suggests that T-dependent B cell activation is essential in

the pathogenesis of IgG4-RD. For a thorough review of the roles of

different T cells in IgG4-RD, please see (91).
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HLA-mediated antigen presentation occurs in a number of

autoimmune diseases, such as DRB1*15 in multiple sclerosis,

DRB1*04 in rheumatoid arthritis and DQB1*02 and DQB1*03 in

coeliac disease. A genome-wide association study in 857 Japanese

IgG4-RD patients suggested that the HLA-DRB1*04:05 allele was

important in the development of IgG4-RD (98). Indeed, mice

expressing this risk allele develop autoimmune pancreatitis (99).

This allele is also associated with type 1 diabetes and Crohn’s

disease (100, 101). Furthermore, the single nucleotide

polymorphism (SNP) rs134097 found in FcgRIIb was strongly

associated with IgG4-RD, as well as with two phenotypes of the

disease (pancreato-biliary and Mikulicz), number of swollen organs

and serum IgG4 level at diagnosis. This SNP might play a critical

role in IgG4-RD because its locus directly impacts on the expression

of FcyRIIb, a receptor involved in the elimination of self-reactive

B cells.

8.1.1 Autoantigens in IgG4-RD
Many studies suggest a role of autoantigens in patients with

IgG4-RD. Neonatal mice that received passive transfer of purified

IgG1 and IgG4 from patients with active IgG4-RD showed evidence

of damage to salivary glands and the pancreas (102). Several

autoantibodies have been identified in the context of IgG4-related

autoimmune pancreatitis, such as lactoferrin, carbonic anhydrase,

pancreas secretory trypsin inhibitor, amylase-alpha, heat shock

protein and plasminogen-binding protein. However, many of

these lacked sensitivity and specificity for those with other organ

manifestations (103).

8.1.1.1 Helicobacter pylori antigens

Human carbonic anhydrase II (CAII) is an enzyme found in the

cytoplasm of pancreatic ductal epithelial cells, as well as in kidney

tubules, gallbladder and glial cells. Given the discovery of antibodies

against H. pylori in the sera of patients with IgG4-related

pancreatitis and Sjogren’s syndrome (104–106), it was proposed

that H. pylori infection could be driving the disease through

molecular mimicry with CAII (107). Frulloni and colleagues

identified that, in fact, immunoglobulins from IgG4-RD patients

targeted plasminogen-binding protein type A (PBP), also an antigen

found in H. pylori. This protein shares sequence homology with a

human protein, ubiquitin protein ligase E3 component n-recognin

2 (UBR2). The group proceeded to show that 19 (95%) of their

patients with IgG4-related pancreatitis had antibodies against PBP

and similar results were replicated with UBR2 (108). A large study

by Culver et al., however, did not replicate the findings. Among 69

IgG4-RD patients and 51 controls with autoimmune or

inflammatory diseases, authors found similar T and B cell

reactivity against PBP between groups (109). Jesnowski and

colleagues investigated the presence of conserved sequences of H.

pylori in the pancreatic tissue and juice of patients with IgG4-

related pancreatitis and pancreatic cancer via nested PCR and

couldn ’t identify any signal of H. pylori DNA (110),

corroborating previous findings that the bacterium is unlikely to

be directly involved in the pathogenesis of IgG4-related pancreatitis.
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8.1.1.2 Acinar antigens

Lactoferrin (LF), pancreatic secretory trypsinogen inhibitor

(SPINK1) and trypsinogens have been identified as possible

antigens in IgG4-related pancreatitis (111, 112) and antibodies

against the last two proteins have been reported in different

cohorts of patients with the disease. Löhr and colleagues showed

that patients with chronic IgG4-related pancreatitis have a severely

reduced population of acinar cells in histopathological studies. The

presence of antibodies against trypsinogens was replicated in an

animal model of the disease, thus corroborating this finding (112).

Nevertheless, they could not differentiate between subtypes of

autoimmune pancreatitis and could not explain why acinar cells

resume production of digestive enzymes during remission of IgG4-

related pancreatitis.

8.1.1.3 Annexin A11

Annexin A11 is part of a family of calcium-dependent

phospholipid-binding proteins. It is found in the cytosol of

cholangiocytes, pancreatic duct cells and islands of Langerhans as

well as other tissues. Hubers and colleagues (113) identified IgG4

antibodies against annexin A11 in 9 (18%) patients with IgG4-

related pancreatitis and cholangitis, whilst not in controls with

other pancreatobiliary diseases, including malignancies.

Reinforcing this finding, the location where this antigen was

ident ified corresponded to the pat tern of injury in

pancreatobiliary disease (114). It was also found in patients with

IgG4-related salivary involvement, suggesting that annexin A11 is

not specific to pancreatobiliary involvement.

The ‘biliary bicarbonate umbrella’ is responsible for protecting

human cholangiocytes from hydrophobic bile acid influx (115).

Herta et al. reported that annexin A11 is necessary so that this

defensive mechanism can be adequate. Antibodies against annexin

A11 inhibited the function of this self-antigen, thus the authors

speculate that this may impair the biliary bicarbonate umbrella and

facilitate bile duct damage in patients with IgG4-related

cholangitis (116).

Lastly, Hubers et al. demonstrated that IgG4 antibodies isolated

from patients with IgG4-RD compete with IgG1 for binding to

annexin A11, thus reinforcing that the first has an anti-

inflammatory role in the disease pathogenesis (113). These results

have been replicated in the passive transfer experiment with

neonatal mice, where IgG from IgG4-RD patients induced a

similar pattern of pancreatic and salivary lesion. Shiokawa and

colleagues observed that both IgG1 and IgG4 antibodies could

trigger the injury. The first, however, had its activity dampened

by simultaneous injection of IgG4 antibodies (117).

8.1.1.4 Laminin 511-E8

Laminin is a component of the extracellular matrix (ECM) of

tissues, and integrin alfa-6-beta-4 is a cellular adhesion molecule

that binds to laminins in the ECM. A Japanese group identified

antibodies against laminin 511-E8 in 51% (26/51) of patients with

IgG4-related pancreatitis and in only 1.6% of healthy volunteers

(118). Sixteen percent (4/25) of those who did not have antibodies
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to laminin, had antibodies against its ligand, integrin alpha-6-

beta-1.

Passive transfer and active immunisation animal models

confirmed that mice that received human sera from patients with

IgG4-related pancreatitis and those immunized with human

laminin 511-E8 developed an immune response responsible for

injury in pancreatic tissue and salivary glands in the same pattern as

observed in IgG4-RD (119). Regardless of serum concentration of

IgG4, half of these patients had specific IgG1 antibodies whilst only

one patient had IgG4 against laminin 511-E8. Furthermore, only

pancreatic and salivary gland injury was demonstrated.

Shiokawa observed that anti-laminin 511-E8 antibodies

decreased upon treatment with glucocorticoids in an equivalent

manner as other biomarkers of activity (119) (e.g., serum IgG4

concentration and pancreatic imaging). These results have not been

validated externally. In contrast, In a US IgG4-RD cohort, the

positivity rate for laminin 511-E8 antibody was similar between

IgG4-RD (7%), disease controls, and healthy volunteers (118).

8.1.1.5 Galectin-3

Galectin-3 is a cytoplasmatic b-galactoside-binding lectin

identified in systemic fibroproliferative conditions, such as

systemic sclerosis and pulmonary fibrosis (120). In a US cohort of

121 IgG4-RD patients, using immunoaffinity chromatography and

mass spectrometry of plasmablast clones, 34 (28%) were positive for

IgG4-specific anti-galectin-3 antibody while almost none of the 45

disease controls with interstitial pulmonary fibrosis and 50 healthy

volunteers showed similar results (121). Furthermore, IgE-specific

anti-galectin-3 antibodies were also detected but other IgG

subclasses had little to no reactivity among the participants (121).

Perugino et al. used a galectin level threshold above 10.25ng/

mL, which is independently associated with all-cause mortality in

systemic sclerosis (122), to divide their cohort into two groups;

those with higher levels had 64% positivity for IgG4 anti-galectin-3

antibodies, whilst those with lower levels had 23% positivity (121).

Moreover, the authors reported a correlation between the presence

of these antibodies and lymphadenopathy in IgG4-RD, as well as a

trend between higher serum concentration of galectin-3 and

increased IgG4-RD Responder Index of disease activity, number

of organs and multi-organ involvement.

A Japanese group used proteomic analysis to demonstrate a 13-

fold increased expression of galectin-3 in the pancreas of patients

with IgG4-related pancreatitis compared with heathy pancreatic

tissue (123). Galectin-3 is expressed by different cell lines in affected

organs in IgG4-RD, including pancreas, bile ducts, salivary glands,

kidney, lung, aorta and retroperitoneum, supporting a role in tissue

fibrosis in IgG4-RD (124).

8.1.1.6 Prohibitin

Prohibitins are ubiquitously expressed and are important in

critical cell processes. Prohibitin 1 is involved in transcription,

apoptosis and mitochondrial protein folding (125), while

prohibitin 2 is essential in mitochondrial homeostasis and

autophagy (126). Du and colleagues identified a protein that has

8 unique peptides matched to human prohibitin, and also shares
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40% of sequence similarity, using affinity purification of patient

serum and mass spectrometry (127). Seventy-three percent (65/89)

of patients with IgG4-RD had antibodies against prohibitin, whilst

only 13% with Sjogren’s syndrome and 1.4% of healthy volunteers

showed positivity. Moreover, the anti-prohibitin antibody was

observed in patients with IgG4-related pancreatic disease, salivary

disease, retroperitoneal fibrosis, and other organ involvement (127).

8.1.2 Role of autoantigens as biomarkers
in IgG4-RD

Currently, there is no evidence that measuring autoantigens can

help to diagnose IgG4-RD, detect response to treatment or predict

early signs of a disease flare. There are discrepancies between

cohorts on the relative frequency of each autoantigen; Liu and

colleagues assessed for the presence of autoantigens in a US IgG4-

RD cohort and found 7% positivity for laminin 511-E8, 10% for

prohibitin, 12% for annexin A11 and 28% for galectin-3 (118). The

authors also observed that there was no clinically meaningful

difference between patients with and without the presence of one

autoantibody. Nevertheless, patients with positivity for more than

one antibody had a more severe presentation, usually with higher

levels of inflammatory biomarkers (e.g., total IgG and subclasses, C-

reactive protein, and complement consumption) as well as greater

risk of visceral organ involvement (118). This is in keeping with

findings in other autoimmune diseases.

We can speculate that it is not just one autoantigen that

dominates in IgG4-RD, and that the presence of multiple

autoantigens may promote a larger breach of B cell tolerance and

correlate with a more aggressive inflammatory disease phenotype.

Another possible explanation for the wide variety of autoantibodies

found in IgG4-RDmight be that, in fact, it is not a single disease, but

rather a spectrum of disorders characterised by a similar response to

different stimuli. Further studies need to demonstrate a single

trigger for the disease and/or identify mechanisms to justify why

an autoantigen is not involved in all four phenotypes of the disease.
8.2 Do patients with IgG4-RD have a
biased immune response towards the
production of IgG4 against any stimulus?

Another theory behind the development of IgG4-RD is that

patients have an inherently biased immune response and

preferentially produce IgG4. IgG4 antibody has an important role

in the development of tolerance after chronic exposure to allergens

(34), and an association between allergy and/or atopy and IgG4-RD

has been described by many groups (128–133). There are different

definitions for allergy and atopy, which creates a variance in the

prevalence of these conditions reported in patients with IgG4-RD

(134). Studies observed between 18 and 76% of patients with IgG4-

RD have allergy (130–133) and between 14 and 46% have atopy

(129, 135, 136). A predominance of type 2 immunity has been

reported in such patients. There is an abundance of IL-4 and IL-13,

which drive CSR towards IgG4 and IgE production, as well as

activation of eosinophils (137). Some studies have suggested a

phenotype that is more treatment refractory and aggressive in
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those with allergy/atopy, higher IgE and IgG4 level and peripheral

blood eosinophil counts.

Our group has shown that antigens derived from food and

animals elicited a polyclonal IgG4 response in patients with IgG4-

RD. These food antigens included egg white and yolk, milk, banana,

peanut, rice, wheat, and animal cat dander. Indeed, high serum

levels of IgG4 in this setting may reflect a defective regulation of the

overall immune response (138).

We have also shown that IgG4-RD may be associated with

prolonged contact with occupational antigens. Exposure to solvents,

industrial and metal dusts, automotive’s pigments and oils was

described in up to 61% of patients in two independent cohorts of

IgG4-related sclerosing cholangitis in the Netherlands and the UK

(139). Blue collar workers were further identified as a risk factor for

developing disease in a case-controlled study (140). No single

contaminant was identified, which raises the question whether

prolonged contact with a number of environmental antigens trigger

the disease and drive the IgG4 response. There is also emerging data on

the role of asbestos in IgG4-related retroperitoneal fibrosis, and tobacco

smoking conferring an increased risk of developing the disease.

An IgG4 class switch response and production of excessive IgG4

antibodies in the disease is likely determined by the immune cell

milieu. During active IgG4-RD, restricted clones of B cells and

plasmablasts proliferate through a Tfh2 cell-dependent pathway.

Interleukin (IL)-21 producing Tfh2 lymphocytes promote somatic

hypermutation in B cells inside GC, while IL-4 producing Tfh2 cells

are involved in CSR (141–143). Regulatory T cells and IL-10 are also

involved in the making of an IgG4-based response (144, 145).
8.3 Are IgG4 antibodies trying to curb an
overactive inflammation caused by a
different trigger in IgG4-RD?

Finally, we need to consider whether IgG4 antibodies are an

epiphenomenon and actually are trying to control inflammation

based on a different mechanism. Mouse models confirmed that total

IgG from patients with IgG4-RD caused a similar pancreatic injury

in the animals (113, 117). Shiokawa and colleagues analysed

differences between the pathogenic effect of IgG1 and IgG4 of

patients with IgG4-RD when these antibodies were injected in

mice (117). When injected separately, both classes caused

pancreatic injury and IgG4 also caused salivary damage, but

interestingly, when these antibodies were injected simultaneously,

IgG4 competed with IgG1 and significantly reduced its binding to

pancreatic tissue. Thus, there may be a competitive effect of

producing excess IgG4 anitbodies to dampen an inflammatory

process that precedes them.

Against this theory is the evidence that IgG4 antibodies in

patients with IgG4-RD are highly specific and have high affinity for

their target given that circulating B cells are in their majority IgG4+

B cells with extensive V-region mutations (91, 92). These findings

suggest that these antibodies come from B cells/plasma cells that

have undergone rounds of maturation rather than an inflammatory

response, thus making the case that IgG4-RD behaves more like an

autoimmune disease instead of an inflammatory disorder.
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9 Parallels between IgG4-AID
and IgG4-RD

The antigens proposed for IgG4-RD are ubiquitous and found

both in the cytosol and the extra cellular matrix. Nevertheless, with

the exception of laminin 511-E8, they fall short of meeting either

Witebsky or Koneczny criteria for autoimmunity (61, 146). This

brings into question whether these antibodies are the drivers of

IgG4-RD. There is evidence that antibodies can penetrate the

plasma membrane and recognise intracellular antigens (147–149).

In fact, many entry mechanisms have been studied, such as

interaction of basic residues with a negatively charged cell

membrane (150), Fc-receptor mediated entry (151), endocytosis

(147, 152, 153), and nucleoside transporters (154). Among the six

IgG4-AID that meet IgG4 autoimmunity criteria, however, all the

antigens involved in their pathogenesis are found in the cell

membrane or free in the blood circulation (62).

Another important consideration when analysing the role of

autoantigens in IgG4-RD is the clinical presentation of the disease.

Regardless of phenotype (i.e., pancreatobiliary, head and neck,

retroperitoneum and aorta, and systemic), the hallmarks of IgG4-

RD are proliferative and/or fibrotic lesions in the organs affected.

These findings are diametrically opposed to those from IgG4-AID,

where symptoms are driven by IgG4 antibodies blocking antigen

function, such as in CNTN1-associated CIDP (155). Histological

examination of IgG4-RD lesions shows a massive invasion of IgG4+

B cells and plasmablasts and extensive (storiform) fibrosis (156).

Furthermore, CD4+ and CD8+ cytotoxic T lymphocytes are also

part of the immune response found in organs with active

inflammation and peripheral blood (157), suggesting that the

interaction between T and B cells play a critical role in the

damage caused by IgG4-RD.
10 Current research gaps in IgG4-RD

Despite recent developments in IgG4-RD research, there are

essential questions without an answer. One of the most important

ones is why and how patients develop it. Previous studies reported an

association of HLA-DRB1 and FCGR2B with IgG4-RD, including

with phenotypical characteristics (98), and two studies observed a

relation between HLA genes, particularly HLA-DQB1*04:01", HLA-

DRB1*04:05 and HLA-DRB1*16 in patients with autoimmune

pancreatitis type 1 and 2 (158, 159). Moreover, it is also important

to look at B cell specialisation and how it can impact humoral

immune responses favouring IgG4 expression. As in IgG4-AID, it is

paramount to identify whether naturally occurring antigen(s) is(are)

driving the immune response in IgG4-RD and the evidence

surrounding self-antigens needs to be validated in external cohorts.

We must consider the possibility that, such as IgG4-AID, IgG4-RD is

a spectrum of diseases rather than a single entity. Finally, the

increased expression of IgG4 antibodies and the presence of IgG4+

plasma cells in sites with IgG4-RD inflammation highlights the

importance of clarifying the mechanisms that favour class switch
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towards IgG4 rather than other IgG subclasses. This knowledge is

crucial to understand the pathogenesis of IgG4-RD (160).
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IgG4 subclass antibodies represent the rarest subclass of IgG antibodies, comprising

only 3-5% of antibodies circulating in the bloodstream. These antibodies possess

unique structural features, notably their ability to undergo a process known as

fragment-antigen binding (Fab)-arm exchange, wherein they exchange half-

molecules with other IgG4 antibodies. Functionally, IgG4 antibodies primarily

block and exert immunomodulatory effects, particularly in the context of IgE

isotype-mediated hypersensitivity reactions. In the context of disease, IgG4

antibodies are prominently observed in various autoimmune diseases combined

under the term IgG4 autoimmune diseases (IgG4-AID). These diseases include

myasthenia gravis (MG) with autoantibodies against muscle-specific tyrosine kinase

(MuSK), nodo-paranodopathies with autoantibodies against paranodal and nodal

proteins, pemphigus vulgaris and foliaceus with antibodies against desmoglein and

encephalitis with antibodies against LGI1/CASPR2. Additionally, IgG4 antibodies are

a prominent feature in the rare entity of IgG4 related disease (IgG4-RD). Intriguingly,

both IgG4-AID and IgG4-RD demonstrate a remarkable responsiveness to anti-

CD20-mediated B cell depletion therapy (BCDT), suggesting shared underlying

immunopathologies. This review aims to provide a comprehensive exploration of B

cells, antibody subclasses, and their general properties before examining the

distinctive characteristics of IgG4 subclass antibodies in the context of health,

IgG4-AID and IgG4-RD. Furthermore, we will examine potential therapeutic

strategies for these conditions, with a special focus on leveraging insights gained

from anti-CD20-mediated BCDT. Through this analysis, we aim to enhance our

understanding of the pathogenesis of IgG4-mediated diseases and identify

promising possibilities for targeted therapeutic intervention.
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1 Introduction

A prerequisite for selecting effective therapies is a profound

understanding of the underlying (immuno-) pathology. Many

existing therapies, while exhibiting efficacy, are often expensive and

may induce side effects that significantly compromise the overall

quality of life for patients (1). Therefore, a deeper understanding of

the immunopathology is necessary to make informed treatment

decisions and to identify therapies that are both effective and

efficient in a personal-tailored manner. To gain deeper insights into

immunopathology, a valuable approach is to employ reverse

translational medicine. In reverse translational medicine, scientific

discoveries are informed by clinical observations (2). The clinical

observation this review is based on is the remarkable effect of anti-

CD20-mediated B cell depletion therapy (BCDT) in disorders with a

prevalence of IgG4 subclass antibodies (3–12). This effect is not

exclusive for IgG4-mediated diseases where antibodies are the major

effectors of pathology like in IgG4 autoimmune diseases (IgG4-AID);

IgG4-related disease (IgG4-RD) also responds well to anti-CD20-

mediated BCDT (13). In this review will first explore B cells, antibody

subclasses, and their properties in general, before we specifically

highlight the unique features of IgG4 subclass antibodies in the

context of IgG4-AID and IgG4-RD. In the concluding segment of

this review, we will examine potential therapies for these diseases,

with a particular focus on exploring insights derived from anti-CD20-

mediated BCDT.
2 Insights into B cell functions and
antibody diversity

In autoimmune diseases, the immune system malfunctions,

targeting the body’s own structures. While the immune response

involves a variety of cells, some of these autoimmune diseases are

characterized by a prominent role of B cells and their effector

molecules - the autoantibodies. B cells originate in the bone marrow

and undergo several stages of development before maturing into

antibody-secreting cells (ASCs), namely plasmablasts and plasma

cells (14, 15). The distinct developmental stages of B cell subsets can

be identified by surface markers that are expressed at varying levels

throughout the maturation process (16). These surface markers are

the basis for several B cell targeting therapies, which we will further

explore in the section on therapeutic interventions.

In addition to their function as ASCs, B cells play diverse roles in

the immune system. They contribute to antigen presentation, cytokine

secretion, and the regulation of immune responses (17–19). B cells play

a crucial role in modulating T cell responses in both health and disease.

Both B and T cells originate from common precursors in the bone

marrow, but T cells undergo their final maturation in the thymus (20).

B and T cells constitute the adaptive immune system. While B cells

contribute to the humoral immune response, T cells serve as the

effectors of the cellular response (15). Through antigen presentation, B

cells contribute to the negative selection of autoreactive T cells in the

thymus, regulate the extent of primary CD4+ T cell responses, and

contribute to T cell memory generation (21–23). Antigen presentation
Frontiers in Immunology 02168
by B cells contributes to the immunopathology in several T cell-

mediated diseases, including autoimmune hepatitis, rheumatoid

arthritis and multiple sclerosis (24–28). Furthermore, B cells are

essential for the formation and maintenance of humoral

immunological memory, which is crucial for a rapid and effective

response upon re-exposure to pathogens (29–31). These memory B

cells constitute a crucial reservoir for the generation of ASCs and the

corresponding antibody repertoire (14, 31). Throughout the

progression of an immune response to an external antigen, B cells

undergo affinity maturation, enhancing the affinity of antibodies they

produce (32–34). This heightened affinity arises from the interplay of

clonal selection and the somatic hypermutation (SHM) process,

leading to the gradual accumulation of antibodies with successively

greater affinities.

Within the human serum, there is a constant presence of

approximately ≈ 9-15 g/L of various IgG subclass antibodies

circulating throughout the body (35). These antibodies are

polyclonal which means they display diverse specificities,

recognizing individual distinct antigens. The interaction between

an antibody and its corresponding antigen is highly specific. The

segment of the antibody directly involved in this antibody-antigen

interaction is termed the variable region (Figure 1A), whereas the

constant region - the basis for the categorization of antibodies into

isotypes and subclasses - is linked to the antibody’s effector and

pathogenic function as well as maturation state (Figures 1B, C) (36).

Antibodies are categorized into IgD, IgM, IgE, IgA, and IgG isotypes

(37). IgD and IgM are primarily linked to B cells during the naive

stage, while antigen-experienced B cells predominantly employ the

other isotypes (38).
3 The divergent properties of IgG1-4
subclass autoantibodies and unique
features of IgG4

The diseases highlighted in this review predominantly involve

autoantibodies belonging to the IgG subclass, which can be further

divided into IgG1, IgG2, IgG3 and IgG4 (37). Each subclass has

distinct structural and functional properties, leading to varied

effector functions including complement activation, opsonization

(= presenting antigens to phagocytes), antibody-dependent cell-

mediated cytotoxicity (ADCC) and neutralization of toxins (37).

The most abundant subclass is IgG1 (≈ 65-70%) (39); opsonization,

ADCC and complement activation are among the predominant

effector functions of IgG1 antibodies (37, 40). IgG2 (≈ 20-25%)

antibodies, in contrast, are less effective in complement activation,

but potent in opsonization of encapsulated bacteria (39–41). The

third most common subclass is IgG3 (≈ 5-8%); IgG3 antibodies are

very potent effectors of the immune system and activate the

complement cascade, induce ADCC and neutralize toxins (39,

41, 42).

Notably, the least common subclass IgG4 (≈ 3-5%) stands out

among these subclasses due to its unique ability to undergo the

process of fragment antigen binding (Fab)-arm exchange (39, 43).

IgG subclass antibodies are normally dimers with two identical
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binding sites (Figure 1A). Fab-arm exchange enables IgG4 subclass

antibodies to exchange (half)-molecules with other IgG4 antibodies,

resulting in bispecific antibodies with two distinct variable regions

(Figure 1C; on the left). Fab-arm exchange requires the CH3-domain

of the IgG4 antibody (see Figure 1A) and a reducing environment. As

this reaction does not require any additional proteins or co-factors, it

results in a highly dynamic process during which IgG4 antibodies

constantly exchange arms in vivo which generates an ever-changing

repertoire of hetero-bivalent IgG4 antibodies (43). Fab-arm

exchanged-bispecific IgG4 antibodies cannot cross-link antigens

and do not form immune complexes (37). In addition, structural

differences in the CH2 domain of IgG4 antibodies are responsible for

its low affinity toward C1q from the complement cascade and

activating Fcg receptors (44, 45). However, a recent study revealed

that elevated levels of IgG4 antibodies can activate the complement

cascade (46). Both variable and constant region glycosylation were

found to influence this process. Nonetheless, the biological relevance

of this finding remains uncertain. Thus, IgG4 subclass antibodies are

generally considered immunomodulatory and referred to as ‘blocking

antibodies’ and might function as ‘antigen sink’ (45, 47–49). The

blocking function is evident in the context of insect venom or house

dust mite hypersensitivity. Antigen-specific IgG4 block the binding of

sensitizing IgE to the allergens and consequently prevent allergic
Frontiers in Immunology 03169
symptoms (50). In a similar manner, IgG4 can also prevent

hypersensitivity reactions during chronic helminth infections (51,

52). The role of IgG4 subclass antibodies in IgG4-AID and IgG4-RD

is further delineated for each specific condition in the

subsequent chapter.

The generation of IgG4 most frequently occurs in situations of

chronic antigen exposure and might be associated with a

continuous germinal center reaction and consecutive rounds of

class switch recombination that eventually terminates with a class

switch toward IgG4 (53–55). This distinctive property renders IgG4

antibodies particularly prevalent in conditions involving recurrent

antigen exposure, as evident in beekeepers and antibodies

recognizing bee-related toxins (47, 56–59). The process of class

switch to IgG4, similar to the generation of IgE, is regulated by the

cytokines IL-4 and IL-13 and necessitates co-stimulation by CD40

(60). Importantly, IL-10 has been shown to reduce IgE secretion

and increase IgG4 production and might be directly involved in

regulating class switch recombination toward IgG4 (60). More

recently, a specialized subset of follicular T helper (Tfh) cells was

discovered in tertiary lymphoid tissues of patients suffering from

IgG4-related disease. These Tfh cells express the markers BCL6,

CXCR5, and ICOS as well as the cytokines IL-4, IL-21, and IL-10

and therefore might crucially regulate the switch to IgG4 (61).
A B

C

FIGURE 1

Structure of antibodies, isotypes and IgG subclasses. (A) Antibodies are dimeric structures that consist of two identical antigen-binding sites, known
as the variable region (VH and VL). This region, called the fragment-antigen binding (Fab) region, is formed by the combination of the light chain and
the heavy chain and is the antigen binding site of the antibody. The hinge region connects the Fab region to the constant region (Fc region, CH1-
CH3), which determines the antibody’s isotype and function. (B) The isotypes of IgM and IgD are associated with less experienced, or “naïve,” cells.
IgM is found as a pentamer. (C) IgG, IgA, and IgE are linked to more matured antibodies. IgA has the ability to form dimeric structures, while IgG has
four subclasses: IgG1, IgG2, IgG3, and IgG4. IgG4 subclass antibodies can undergo Fab-arm exchange, allowing them to become bispecific. Figure
created with Biorender.com.
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4 Features of autoantibodies in IgG4-
mediated diseases

IgG4 subclass antibodies are notably predominant in IgG4-

AID and IgG4-RD (3–10). A summary of the clinical and

epidemiological characteristics of the diseases can be found in

Table 1. This review focuses on the immunopathology of these

diseases and the properties of the corresponding antibodies in the

context of disease.
Frontiers in Immunology 04170
4.1 MuSK myasthenia gravis

The autoantibodies in myasthenia gravis (MG) target structures

at the muscle endplate of the neuromuscular junction (NMJ)

hindering neuromuscular transmission (100, 101). These

autoantibodies disrupt the interaction between the ligand

acetylcholine and the acetylcholine receptor (AChR) at the NMJ.

They achieve this by directly targeting the AChR or structures

within the muscle-specific tyrosine kinase (MuSK)/Low Density
TABLE 1 Comparison of characteristics of IgG4 subtypes of MG, CIDP, Pemphigus and IgG4-RD.

MG Nodo-
paranodopathies

Pemphigus Encephilits IgG4-RD

Antigenic
Target of IgG4
Subclass
Autoantibodies

MuSK Neurofascin-155,
contactin-1/caspr-1,
pan-neurofascins

PV: Desmoglein 1, Desmoglein 3
PF: Desmoglein 1

LGI1, CASPR2 –

Relevance of
Fab-
arm exchange

Increases
pathogenicity
of autoantibodies

Decreases pathogenicity
of autoantibodies

PF: Increase of pathogenic effect
PV: monovalent autoantibodies
are pathogenic, pathogenic
capacity most likely not influenced
by valency

– most likely present;
disease not
autoantibody-
mediated

Prevalence
(per 100,000)

2.2 to 36.7
(62, 63)

0.8 to 8.9
(64)

0.4 to 30
(65)

LIG1: 8.3
(66) CASPR2: -

0.8 to 1.4
(67)

Age of Onset before the age of 40
(68, 69)

40-60
(70, 71)

PV: 40-60
(72, 73)
PF: 50-60
(74)

40-60 (mean age of 43-44)
(75, 76)

50-60 (mean age of
onset 56,5)
(67)

Male to
Female Ratio

Predominantly
female
(68, 69)

Predominantly male
(64, 77–79)

Predominantly female (PV)
(80, 81)
Equally distributed (PF)
(74)

Predominantly male
(75, 82)

58% female
(67)

Genetic Factors HLA class II genes:
HLA DQB1*05,
DRB1*14 and
DRB1*16
(83–89)

No clear genetic
predisposition
90)

HLA class II genes
(72, 91–95)

LIG1: HLA-DRB1*07:01,
DQA1*02:01,
DQB1*02:02
(96, 97)
CASPR2:
HLA-DRB1*11:01,
DQA1*05:01,
DQB1*03:01
(97, 98)

HLA-DRB1 and
FCGR2B regions
(99)

Location
of Pathology

Neuromuscular
junction

Axon of nerves at the
Nodes of Ranvier

Skin and mucous membranes Brain No specific site;
Autoimmune-
mediated
fibroinflammatory
lesions

Clinical
Presentation

Muscle weakness,
increased
fatigability

Progressive
Weakness, Numbness

Skin Blisters, Lesions, Rash LGI1: limbic encephalitis with
faciobrachial dystonic seizures
CASPR2: limbic encephalitis,
Morvan’s syndrome, peripheral
nerve hyperexcitability
syndrome, ataxia and distinct
movement disorders

Organ-specific and
Systemic Involvement

Therapy Corticosteroids, PE,
iVIG, Immuno-
suppressants, RTX

Corticosteroids, PE,
iVIG,
Immunosuppressants,
RTX

Corticosteroids,
Immunosuppressants, RTX

Corticosteroids, PE, iVIG,
Immuno-suppressants, RTX

Corticosteroids, RTX
MuSK, muscle-specific tyrosine kinase; PF, pemphigus foliaceus; PV, pemphigus vulgaris; PE, plasma exchange; iVIG, intravenous Immunoglobulin; RTX, Rituximab.
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Lipoprotein Receptor-Related Protein 4 (LRP4) pathway, critical for

the proper clustering and functionality of AChRs (102). The

consequence of this interference is the disruption of signaling

from nerves to muscles and patients present clinically with

increased fatigability and muscle weakness (100, 101). MG is a

very heterogeneous disease consisting of several different subtypes.

These subtypes are partly categorized by the target antigen that the

antibodies detect. So far, three main target antigens have been

identified and validated: AChR (103, 104), MuSK (105), and LRP4

(106, 107). Although all of these subtypes are unified under the term

MG, each disease has distinct clinical and immunological features

(59). The immunological differences are further apparent in the

subclass usage of each subtype. While AChR, and LRP4

autoantibodies are mostly of the IgG1, IgG2 and IgG3 subclass

(59, 106, 108), MuSK is predominantly IgG4 (4–6). Interestingly,

antibodies of the IgG1-3 subclasses in MuSK MG impact the

clustering of AChRs (109, 110), resulting in a reduction of

clustered AChRs. The precise mechanism underlying this effect

remains to be fully elucidated and seems to be divergent from IgG4

MuSK autoantibodies (110).

The isolation and characterization of monoclonal autoantibodies

(mAbs) against MuSK has significantly advanced our understanding

of MuSK-MG (12, 111–114). The knowledge that plasmablasts are a

source for MuSK autoantibodies and the development of

mechanisms for the enrichment of this specific B cell population

(111–114), were instrumental for the generation of MuSK mAbs

(111, 113, 114). The ectodomain of MuSK consists of three Ig-like

(Ig1-3) domains and a frizzled domain (115, 116). Previous findings

revealed that the majority of MuSK autoantibodies recognize the Ig-

like domain 1 on the MuSK receptor, as observed with human

polyclonal sera (117). These polyclonal autoantibodies were proven

to be pathogenic in vitro and in vivo via passive transfer (118–120),

directly inhibiting the interaction between MuSK and LRP4 (109,

117). More recently, mAbs detecting the Ig-like domain 2 were also

shown to have pathogenic capacities (113). The impact of valency on

the pathogenicity after Fab-arm exchange of MuSK autoantibodies

was initially demonstrated in sera-based experiments (121) and

subsequently confirmed with human MuSK mAbs (112, 122, 123).

It has further been shown that affinity maturation plays a crucial role

in the pathogenic development of MuSK mAbs and that a high

affinity coupled with monovalency is essential to reach a pathogenic

threshold necessary for the potent disruption of AChR clusters at the

NMJ (122). MuSK autoantibody titer correlates well with disease

severity inMuSKMG (5, 6, 124–126), might be a potential biomarker

to detect relapse in MuSK MG (114, 127) and treatment success with

BCDT (114, 124).
4.2 Nodo-paranodopathies with
autoantibodies targeting NF155, CNTN1,
and CASPR1

Chronic inflammatory demyelinating polyradiculoneuropathy

(CIDP) is a progressive autoimmune peripheral neuropathy, where

the main target is the myelin sheath of peripheral nerves (128, 129).

Over the last decade, antibodies targeting the proteins located in the
Frontiers in Immunology 05171
nodes of Ranvier and the paranodal region have been identified and

reported to be present in 2-15% of patients clinically diagnosed with

CIDP (10, 130). Although these patients are generally diagnosed

clinically as CIDP, there is a growing consensus on classifying

seropositive CIDP patients under nodo-paranodopathies instead of

CIDP, as there are distinct immunopathological and clinical

characteristics between IgG4-mediated nodo-paranodopathies and

CIDP (131–133).

These antibodies target mainly neurofascin 155 (NF155),

neurofascin 186 (NF186), neurofascin 140 (NF140), contactin-1

(CNTN1), and contactin-associated protein 1 (CASPR1) (8, 10,

134–138). In the majority of patients with nodo-paranodopathy, the

dominant immunoglobulin subclass is IgG4, particularly for anti-

NF155, anti-CNTN1, and anti-CASPR1 (8, 10). These proteins

function as cell adhesion molecules. NF155 proteins are located

mainly on the myelin loops of Schwann cells and bind to the

CNTN1-CASPR1 complexes that are found on the axolemma. The

resulting tripartite protein complexes attach the myelin loops

strongly to the axon in the paranodes, resulting in formation of

the largest junctions known in the body. Antibodies against CNTN1

and CASPR1 bind to the epitopes found in domains that interact

with the partner proteins, therefore abolishing the formation of

tripartite complexes and leading to disruption of paranodal

junctions, resulting in conduction deficits (10, 139). A

distinguished feature of anti-NF155 IgG4 antibodies is that these

antibodies do not prevent the interaction of its target protein with

its partners. Instead, binding of these antibodies leads to the

formation of NF155 clusters on Schwann cell surface, resulting in

depletion of proteins necessary for the formation of the paranodal

complex (140). In summary, unlike classical CIDP, IgG4 antibodies

against paranodal antigens do not cause inflammation or

demyelination, but rather cause paranodal detachment and

disturbance of nodal electrophysiology leading to conduction

blocks and potentially axonal degeneration.

Further examination of patient sera with anti-NF155 antibodies

revealed that pathogenic monospecific bivalent IgG4 antibodies are

present in the sera. The effect of monovalency on pathogenicity is

variable in nodo-paranodopathies. In contrast to MuSK MG, the

decreased valency of anti–Neurofascin-155 IgG4 subclass

autoantibodies resulting from Fab-arm exchange strongly

diminished the effect of pathogenic antibodies (141). In CNTN1

autoantibodies, however, monovalency showed similar pathogenic

capacities in comparison to their divalent counterparts (142).

Similar to MuSK MG, the autoantibodies titers in nodo-

paranodopathies correlate well with clinical diseases severity (137,

143, 144).
4.3 Pemphigus with autoantibodies
targeting Dsg1 and Dsg2

Pemphigus is a group of autoimmune bullous diseases

characterized by a pathogenic autoimmune response, primarily

driven by autoantibodies targeting two key desmosomal adhesion

proteins (145). Desmogleins are Ca2+-dependent transmembrane

proteins situated in keratinocyte desmosomes and play a crucial role
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in maintaining the integrity and cohesion of keratinocytes within

the epidermis (146). Dsg1 is primarily located in superficial layers,

while Dsg3 is found in basal and parabasal layers of the skin (147).

The two main subgroups of pemphigus are pemphigus vulgaris

(PV) and pemphigus foliaceus (PF), the latter being less common

(3, 7, 9).

Pathogenic autoantibodies in pemphigus are of the IgG1 and

IgG4 sublcass. These antibodies specifically identify epitopes situated

within the EC1 and EC2 domains of Dsg1 and Dsg3 (148). The

interaction of these autoantibodies results in the obstruction of cell-

cell adhesion, leading to the development of skin blisters (3, 149).

This pathological mechanism has been substantiated in vitro, wherein

the antibodies prompt the separation of cell sheets in cultured human

keratinocytes and human skin explants (150–152). Clinical evidence

underscores the pathogenicity of IgG4 in comparison to other serum

IgG fractions, as eliminating IgG4 from PV sera has been observed to

lead to a 81% reduction in dissociation in keratinocyte assays (7). In

cases of active disease, both PV and PF patients typically manifest

enriched desmoglein reactive IgG4 and IgG1, while individuals in

remission and certain healthy relatives of pemphigus patients may

solely exhibit IgG1 (149, 153–155). Additionally, the passive transfer

of maternal antibodies to the fetus induces a transient neonatal form

of pemphigus [201]. Polyclonality and epitope specificity affect the

pathogenic effect of autoantibodies in PV (156). Beyond impeding

cell-cell adhesion, the autoantibodies can also modulate signal

transduction pathways that influence cytoskeleton rearrangement

and cell adhesion in keratinocytes (152, 157, 158) For instance, the

activation of p38 mitogen-activated protein kinase (p38MAPK) plays

a vital role in causing the loss of cell cohesion. Blocking p38MAPK in

the human epidermis has been shown to prevent blistering.

Therefore, the specific morphological alterations induced by

pathogenic IgG in mucocutaneous PV such as widening between

desmosomes and the decrease in desmosome size are at least partially

associated with p38MAPK signaling (152, 157). Monovalency

resulting from Fab-arm exchange was shown to increase the

pathogenic effect of patient-derived autoantibodies in PF (159). The

effect of valency in PV seems less pronounced (160, 161). Monovalent

single-chain variable-region fragments of autoantibodies derived

from PV patients’ demonstrated pathogenic capacity in vivo (151)

as well as Fabs of patient-derived mAbs (161). In pemphigus, there is

no direct correlation of autoantibody titer to disease severity and as

such, the titer cannot be used to monitor disease activity directly

(162, 163).
4.4 LGI1/CASPR2-antibody Encephalitis

Antibody-mediated encephalitis is a heterogeneous group of

disorders caused by more than 21 different antibodies (164). Among

these, anti-LGI1 and anti-CASPR2 encephalitis are related to IgG4

as the dominant immunoglobulin subtype (165). LGI1 is a synaptic

protein that binds to presynaptic metalloproteinase domain-

containing protein 23 (ADAM23) and postsynaptic ADAM22.

ADAM23 positions voltage-gated potassium channels in the

presynaptic terminal and AMPA receptor in the postsynaptic

membrane. Antibody binding disrupts LGI1-ADAM22/ADAM23
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complexes on the cell surface leading to diminished AMPAR and

voltage-gated potassium channel (VGKC) clusters. Loss of

inhibitory VGKC complexes heightens neuron excitability, while

AMPAR loss impairs long-term potentiation. The AMPAR loss is

believed to directly contribute to the memory deficits observed in

individuals with anti-LGI1 encephalitis (166, 167). CASPR2 serves

as a transmembrane cell adhesion protein that interacts with Kv1.1

and Kv1.2 VGKCs in the juxtaparanodal region of myelinated

peripheral nerves. In addition to its distribution in the nodes of

Ranvier across the central and peripheral nervous systems, CASPR2

is also found in the synapses of the limbic system and basal ganglia

(164). In mice, intrathecal infusion of anti-CNTN2 IgG, comprising

a mixture of IgG1 and IgG4, purified from individuals with anti-

CASPR2 encephalitis, were observed to induce memory deficits.

This effect was attributed to hindering CASPR2/TAG1 interaction

and reducing the surface levels of CASPR2, Kv1.1, and AMPAR,

similar to LGI1 antibodies (168). CASPR2 antibodies exert their

pathogenicity mainly through blocking (169), while studies showing

the effect of monovalency on pathogenicity are currently missing. In

LGI1 encephalitis the effect of valency on the pathogenic capacity

has also not been investigated in detail yet. Similarly, the correlation

of the autoantibody titer in the bloodstream with clinical disease

severity is unknown. Levels of autoantibodies found in the

cerebrospinal fluid might serve as a more accurate indicator in

these pathologies of the central nervous system.
4.5 IgG4-RD

IgG4-RD is an immune-mediated systemic condition

characterized by fibroinflammatory lesions in various organs;

these lesions can mimic malignancies, infections, and

inflammatory disorders, often accompanied by elevated IgG4

levels, though not always (170, 171). Recognized as a distinct

disease only since 2003, early diagnoses of IgG4-related disease

were often incidental findings during surgical resections of lesions

initially suspected to be malignant (172, 173). IgG4-RD is

characterized by three major histopathological findings: a dense

lymphoplasmacytic infiltrate, fibrosis, at least focally in a storiform

pattern, and obliterative phlebitis. Additionally, a diagnosis requires

an increased number of IgG4 plasma cells in the tissue (174). The

2019 American College of Rheumatology/European League Against

Rheumatism (ACR/EULAR) established comprehensive criteria for

diagnosing and investigating IgG4-RD. These criteria include: (1)

involvement of at least one of 11 possible organs, (2) a total of 32

exclusion criteria, and (3) eight weighted inclusion criteria (175).

Regarding the underlying immunopathology, CD4+ cytotoxic T

lymphocytes play a pivotal role, constituting a major subset in both

tissue and circulation. These cells secrete pro-fibrotic cytokines such

as IL-1b, TGF-b1, and IFN-g, along with cytolytic molecules like

granzymes (176, 177). Among this population, the dominant

effector subset is characterized by CD27lo CD28lo CD57hi cells

with clonal expansion, and activated CD8+ T cells expressing

granzyme-A are also observed (178). A recent study on tertiary

lymphoid organs in IgG4-RD revealed a significant infiltration of a

Tfh subset that is LAG3 and IL-10 positive (61). Activated B cells
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and plasmablasts may interact with these CD4+ T cell subsets,

contributing to fibrosis and inflammation in IgG4-RD (176).

Notably, a study highlighting dominant plasmablast clones

identified galectin-3 autoantibodies, present in a subset of patients

and correlated with galectin-3 plasma levels (179). Unlike

autoantibody-mediated autoimmune disorders, the direct

involvement of B cells in IgG4-RD pathology remains unclear

and requires further investigation. The circulating IgG4

antibodies in IgG4-RD most likely are predominantly monovalent

due to Fab-arm exchange. Interestingly, the levels of IgG4 subclass

antibodies is not always elevated in these patients (170, 171).
5 Therapeutic Interventions

The standard treatment for autoimmune diseases previously

involved broad immunosuppressive drugs (180). While these

therapies improve symptoms, their effectiveness is often limited

by adverse side effects. Moreover, not all patients respond to these

conventional treatments. Interestingly, patients who do not respond

to standard therapies have shown positive responses to treatments

originally used in B cell malignancies, such as anti-CD20 mediated

BCDT (3–12). Studying the efficacy of anti-CD20 mediated BCDT

has provided valuable insights into potential therapies for B cell

pathologies. Additionally, distinct therapies influence the B cell

repertoire differently as observed in patients that received

mycophenolate mofetil and anti-CD20-mediated BCDT (181),

highlighting the potential benefits of combination therapy. In this

chapter, we will first examine anti-CD20 mediated BCDT and then

explore new therapeutic approaches.
5.1 Anti-CD20-mediated BCDT

Originally developed for treating B cell malignancies, anti-

CD20 mediated BCDT has proven effective in managing diverse

autoimmune conditions, including multiple sclerosis, PV,

rheumatoid arthritis, CIDP, and MuSK MG (124, 135, 182–184).

Anti-CD20 mediated BCDT exhibits remarkable efficiency in IgG4-

AID and IgG4-RD (3–12).

Many MuSK MG patients enter stable remission for several

years following anti-CD20 mediated BCDT, with significantly

reduced or non-detectable MuSK autoantibody titers (124, 125,

185). However, relapses can occur in some patients over time (68,

185–187). In these cases, the MuSK autoantibody titer may increase

months before clinical-detectable relapse (114, 125, 127). During

relapse, frequencies of plasmablasts and memory B cells are

elevated, with disease-related autoantibody-expressing B cells

identified within these populations (111, 113, 114, 188–190).

Consequently, MuSK MG patients treated with anti-CD20

mediated BCDT undergo cycles of remission followed by phases

of clinical relapse. Most patients with IgG4-mediated nodo-

paranodopathies are unresponsive to IVIg and steroids, unlike

classical CIDP. As such, IVIg and steroid unresponsiveness

should lead to antibody testing in CIDP patients. Anti-CD20
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mediated BCDT shows beneficial effects in the majority of

patients with IgG4-mediated nodo-paranodopathies, particularly

those refractory to other therapies (191–195). In a large cohort of

anti-NF155 antibody positive patients, 77% of patients responded to

anti-CD20 mediated BCDT (194). In addition, serum

neurofilament light chain (NfL) levels which are an indicator for

axonal damage and anti-NF155 antibody titers were also decreased

after therapy. Similar positive outcomes have been observed in

pemphigus (196–198). High-dose anti-CD20 mediated BCDT

therapy extended remission duration, although it did not impact

the relapse rate (40%) compared to a low-dose regimen (197).

Furthermore, treatment response to anti-CD20-mediated BCDT is

good in LGI1/CASPR2-antibody encephalitis (11, 199).

Interestingly, anti-CD20-mediated BCDT has emerged as a highly

effective therapy option in IgG4-RD, underscoring the potential

involvement of B cells in the pathophysiology (13).

However, it is crucial to emphasize that the response to anti-

CD20 mediated BCDT varies and not all patients achieve remission

(125, 197, 200, 201). In MuSK MG, non-response in patients might

be associated with a prevalence of pathogenic IgG1-3 subclass

antibodies (110). Additionally, in AChR MG, which was

previously considered a less favorable target for anti-CD20

mediated BCDT, a small subset of patients’ benefits from anti-

CD20 mediated BCDT. These positive responses have been

observed in cases of severe refractory AChR MG (200, 202). Anti-

CD20 mediated BCDT appears to yield better results when initiated

during the early stages of AChR MG (203, 204). This variability in

response is likely due to the heterogeneity of the underlying

immunopathologies (59) and an increasing significance of long-

lived plasma cells in the immunopathogenesis as the disease

progresses over time. In some instances, disease progression

occurred post-anti-CD20 mediated BCDT administration (205),

potentially linked to the presence of anti-RTX antibodies, known to

impede responsiveness of anti-CD20 mediated BCDT in IgG4-

mediated nodo-paranodopathies (206). Ocrelizumab, another

BCDT targeting CD19 with lower immunogenic potential, has

proven to be a successful alternative in patients developing anti-

RTX mAbs (207). The variation in response may, to some extent, be

associated with IgG subclasses other than IgG4 playing significant

roles in the immunopathology of these patients (110).

However, the complexity of CD20 expression should be

acknowledged, extending beyond B cells to include T cells

(Figure 2). Thus, anti-CD20 mediated BCDT does not exclusively

affect B cells; subsets of T cells expressing CD20 on their surface are

also impacted by this therapy (208–210). This depletion of CD20-

expressing T cells has been observed in multiple sclerosis (208, 211).

For B cells, CD20 is expressed at nearly all stages of B cell

differentiation, excluding plasma cells, Pro-B-cells, and Pre-B-I

(Figure 2) (16). The initial report of T cells with CD20dim

expression (208, 212), was first widely considered a flow cytometry

artifact (213). Subsequently, this population was identified as a

distinct T cell subset with both immune-regulatory and

proinflammatory activities (208, 214). The frequency of CD20+ T

cells in the peripheral blood of healthy individuals is relatively low (1-

4%). However, these cells are increased under inflammatory
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conditions and enriched in tissues including tonsils, thymus, bone

marrow, and cerebrospinal fluid compared to the peripheral blood

(208, 210, 215, 216). The origin of CD20-expressing T cells remains

unclear (Figure 2). One proposed explanation is that T cells acquire

CD20 through the process of trogocytosis, involving the simultaneous

transfer of HLA-DR and CD20 from B cells (210, 216–218).

However, the low expression of HLA-DR on T cells suggests that

trogocytosis may not fully elucidate the origin of this subset (208,

217). Additionally, CD8+ T cells are known to interact mainly with

cross-presenting dendritic cells during conditions such as viral

infection, rather than B cells. As dendritic cells are not known to

express CD20 on cell surface, the acquisition of CD20 by CD8+ T

cells through trogocytosis remains questionable. Moreover, MS4A1,

the gene that encodes CD20, was shown to be transcribed in T cells

(208). Therefore, CD20 acquisition may occur during T cell

activation (217, 219) or result from clonal expansion of CD20-

expressing T cells (217, 220). Myelin-specific CD8+ CD20+ T cells

were shown to be depleted together with B cells after CD20

monoclonal therapies (221). The major T cell subtypes that were

lost included memory CD8+CD20+ and central memory CD8+ T

cells but not CD4+CD20+ T cells and this may contribute to

increased infection rate seen in these patients (222). Another study

found that pretreatment levels of CD8+CD20+ T cells that have a

proinflammatory phenotype have a significant inverse relationship

with disease burden before treatment. Additionally, these cells were
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predictive of early disease activity following the initiation of anti-

CD20 therapy (223). Therefore, RTX’s effectiveness in these

autoimmune diseases may not only be the consequence of RTX’s

effect on B cells.

B cell depletion by anti-CD20mediated BCDT is further limited, as

disease-relevant B cells persist even after treatment (114, 190). The

persistence of these B cell clones is not unique to MuSK MG; this

phenomenon extends to various autoimmune disorders, including

Sjögren’s syndrome, SLE, systemic sclerosis, and ANCA-associated

vasculitis (181, 224, 225). These persistent B cells were found to

reemerge in MuSK MG months before clinical detectable relapse

simultaneously with an increase of autoantibody titer (114). Several

characteristics distinguish persistent B cell clones. CD20 expression is

crucial for the efficacy of anti-CD20-mediated B cell depletion therapy.

Both persistent memory B cells and antibody-secreting cells (ASCs)

express low CD20 levels (114, 190). Furthermore, persistent memory B

cell subsets express genes associated with previous tissue homing (114,

188, 190, 226–228). Additionally, B cell memory clones that are highly

expanded show a higher rates of persistence (190, 229–231).

Alterations in the BAFF/APRIL system, including reduced BAFF-R

expression and elevated TACI and BCMA levels, are observed in

persistent clones and plasmablasts at the time of relapse (114, 190, 232).

Nevertheless, it is evident that the remarkable effect of anti-CD20

mediated BCDT in IgG4-associated disorders suggests a direct impact

on the reservoir of pathogenic cells in these diseases.
FIGURE 2

CD20 expression on B cells and T cells. B cells. CD20 is expressed at almost all stages of B cell maturation, with the exception of plasma cells, Pro-B
cells, and Pre-B-I cells. T cells. A small number of T cells express CD20, and there are three main theories explaining how these cells acquire CD20:
One explanation proposes that T cells may acquire CD20 through trogocytosis, involving simultaneous transfer from B cells. Alternatively, CD20
acquisition might occur during T cell activation or result from the clonal expansion of CD20-expressing T cells. Figure created with Biorender.com.
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5.2 New therapeutic approaches

5.2.1 Anti-CD19 mediated BCDT
CD19 is a transmembrane glycoprotein from the immunoglobulin

superfamily (233) and it is functionally associated with modulation of

antigen-independent B cell differentiation and immunoglobulin-

induced B cell activation (234). The expression profile of CD19 is

broader than that of CD20, starting earlier at the stage of pro-B cells

and extending into plasmablasts and plasma cells beyond the

expression of CD20 (234, 235). Two anti-CD19 mAbs have reached

clinical trials: XmAb5871 and Inebilizumab (236, 237). XmAb5871 is

currently investigated in a phase II clinical trial (ClinicalTrials.gov

Identifier: NCT02725476) and Inebilizumab (ClinicalTrials.gov

Identifier: NCT04540497) in ongoing phase III clinical trials for

patients with IgG4-RD. Inebilizumab is further tested in MG

(MINT; ClinicalTrials.gov Identifier: NCT04524273). CD19 has

gained attention in recent years as an alternative therapy to anti-

CD20mediated BCDT. Given its broader expression profile, especially

in ASCs. Besides, it could be an interesting alternative for patients

developing resistance to CD20 therapies, as it has already been

reported in some non-responders (207).

5.2.2 Anti-CD38 mediated BCDT
The main expression of CD38 is observed in hematopoietic

cells. It was first identified as a lymphocyte specific antigen, but

current studies revealed that it is ubiquitously expressed (238, 239).

Plasma cells and memory B cells express high levels of CD38, while

it is expressed at low levels in normal lymph and bone marrow cells

(240). CD38 is also expressed in B cell precursors, germinal center B

cells, and plasma cells and in other immune cells like NK cells,

neutrophils and myeloid cells (239). CD38 is a multifunctional,

membrane-bound protein that serves as an antigen and as an

enzyme. It catalyzes the metabolism of cyclic ADP-ribose

(cADPR) and nicotinic acid adenine dinucleotide phosphate

(NAADP). These are two different calcium second messengers,

involved in several cell functions (238, 239). Besides this enzymatic

function, CD38 can also act as a receptor for CD31, acting as an

adhesion molecule for mediating selectin-like binding of

hematopoietic cells to endothelial cells and facilitating their

transmigration to tissue (239). The role of CD38 in immune cells

ranges from immunomodulation to effector functions during

inflammation, where it could regulate cell recruitment, cytokine

release and NAD availability. This expression profile of CD38,

together with its role in inflammatory processes, make CD38 an

interesting target in the context of autoimmune diseases (239, 240).

Antibodies targeting CD38 have been proposed as a potential

therapeutic approach to eliminate plasma cells that produce

autoantibodies. Daratumab and Isatuximab have already been

established as an important therapeutic target for Multiple

Myeloma (MM) (241). Isatuximab binds to an epitope that

partially covers the catalytic site of CD38, without changing its

configuration, while Daratumumab is binding outside the catalytic

site (242). In SLE patients, Daratumumab was found to restore NK

cytotoxic function which promoted the elimination of circulating
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plasma cells (240). Thus, anti-CD38 might be a potent drug to

reduce the levels of ASCs.

5.2.3 Anti-CD40 mediated BCDT
CD40 is constitutively expressed on B lymphocytes, and CD40L

is mainly expressed in the surface of activated CD4+ T cells,

inducing activation, proliferation and cytokine production.

Besides, they are found in other hematopoietic cells such as

monocytes and dendritic cells as well as non-hematopoietic cells

like mast cells, basophils, NK cells, macrophages, megakaryocytes

and platelets (243). CD40 is a receptor of the TNF superfamily (243)

and together with its ligand, CD40L (CD154), they form an

important stimulatory immune checkpoint (244). CD40/CD40L

interaction is essential for the formation of germinal centers and

the production of class-switched antibodies. It is also important in

humoral and cellular immunity, being involved in the activation of

innate and adaptative immune cells, regulation of B cell, T cell and

APC activation and immunological memory (243, 244).

This role in activation of immune responses makes it an

attractive target for potential therapies, and recently, it has been

the subject of multiple studies with this aim (244). Iscalimab is a

human anti-CD40 monoclonal antibody (244) and it has been

recently evaluated for safety and efficacy in moderate to severe

symptomatic MG in a phase II clinical trial (245). Previously, a

therapeutic benefit had been reported in patients with other

autoimmune diseases such as Sjörgen Syndrome (246) and

Graves´disease (247). In the case of Pemphigus, the interaction

between CD40 and its ligand is important for the induction of

pathogenic anti-Dsg3 IgG antibodies (248). Therefore, anti CD40L

could be a potential therapeutic approach for Pemphigus (249). In

summary, antibodies directed against the CD40/CD40L axis

constitute a novel target with potential benefits for patients with

autoimmune diseases, by targeting plasma cells involved in the

production of pathogenic autoantibodies.

5.2.4 Targeting the BAFF/APRIL-system
The BAFF/APRIL-system plays a crucial role in regulating the

survival and maintenance of B cells. This system consists of two

key ligands, B-cell activating factor (BAFF) and a proliferation-

inducing ligand (APRIL), along with three receptors: the

transmembrane activator and calcium modulator and

cyclophilin ligand interactor (TACI), B cell maturation antigen

(BCMA), and B-cell activating factor receptor (BAFF-R) (250).

BAFF and APRIL ligands are primarily produced by myeloid and

stromal cells, while their corresponding receptors are found on

circulating B cells. These receptors are expressed at various stages

of B cell development, suggesting a dynamic regulation of B cell

survival and maintenance throughout maturation (16).

Dysregulation within the BAFF/APRIL-system is associated with

autoimmune diseases as well as cancer, allergies, transplants,

infections, and immunodeficiencies (251). Elevated levels of

BAFF/APRIL soluble receptors and ligands are linked to B cell

pathologies, observed in conditions like MG, SLE, Sjögren´s

syndrome, and RA, among others (251–255).
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This pivotal role in autoimmune diseases suggests that targeting

components of this system may offer a potential therapeutic avenue

(251). Belimumab (GSK1550188), a recombinant monoclonal

antibody targeting soluble BAFF, was the first FDA-approved

biologic for SLE treatment, following positive safety and efficacy

outcomes in phase III clinical trials (ClinicalTrials.gov Identifier:

NCT00424476; ClinicalTrials.gov Identifier: NCT00410384) (251).

Unexpectedly, Belimumab did not demonstrate significant efficacy

in a phase II clinical trial for Myasthenia Gravis (AChR and MuSK)

(ClinicalTrials.gov Identifier: NCT01480596) (256). Other BAFF-

targeting agents such as Blisibimod and Tabalumab have undergone

phase II/III clinical trials for diseases like SLE and MM (257–259).

In recent years, research has focused on dual inhibitor agents, like

Atacicept, which inhibit both BAFF and APRIL simultaneously.

Atacicept is designed as the extracellular domain of the receptor

TACI fused to the human Fc domain (260, 261). Atacicept has

shown beneficial effects in SLE and RA patients by significantly

depleting plasma cells (262–266) and Telitacicept, another dual

inhibitor, has also demonstrated positive effects in autoimmune

diseases (259). In a phase II clinical trial for SLE, Telitacicept

exhibited beneficial effects (267). Additionally, there is an ongoing

phase III clinical trial in China to evaluate the efficacy and safety of

Telitacicept in the treatment of MG, currently recruiting

(ClinicalTrials.gov Identifier: NCT04660565). Another ongoing

phase IV clinical trial in China is assessing the use of Belimumab

for the treatment of IgG4-RD, with results pending (ClinicalTrials.

gov Identifier: NCT04660565). Although dual inhibtion of BAFF

and APRIL seems to have beneficial effects in some autoimmune

disorder, in multiple sclerosis a trial for atacicept had to be halted

due to increased disease activity in patients compared to placebo

(268–270). Thus, the complexity of the BAFF/APRIL-system has to

be further investigated to better understand how therapy influences

the underlying immunopathology of individual diseases.
5.2.5 Proteasome inhibitors
The ubiquitin/proteasome system constitutes one of the main

pathways for intracellular protein degradation (271, 272).

Therefore, it is a key component for maintaining a dynamic

control over key signaling components of the immune response,

as well as overall cell homeostasis. Malfunctioning of the

proteasome system is associated with pathological conditions, like

cancer or autoimmune disorders (272). Proteasome inhibition

results in the accumulation of defective immunoglobulin chains,

leading to stress in the endoplasmic reticulum, misfolding of

proteins and ultimately cell apoptosis (271, 273). It has been

proven to be critical for plasma cell function due to their high

rate of antibody synthesis. Inhibiting the proteasome results in the

apoptosis of plasma cells and a consequent decrease in antibody

production. Besides, proteasome inhibition also hinders the

production of pro-inflammatory cytokines (273). This makes the

proteasome a promising novel target for antibody mediated

autoimmune diseases, involving long-lived plasma cells, like SLE

(273) or AChR-MG (59).

Bortezomib, initially approved for MM, is a dipeptide boronic

acid derivative, that binds to the catalytic site of the proteasome
Frontiers in Immunology 10176
with high affinity on plasma cells (272, 273). There have been

several clinical trials for Bortezomib in SLE patients, that probe a

remarkable efficacy of Bortezomib, especially in SLE patients that

had been refractory to prior immunosuppression therapies (271,

274). Bortezomib and other proteasome inhibitors have shown

beneficial effect in EAMG, a mouse model of MG (275, 276). In-

vitro studies of thymic cell cultures derived from AChR-MG

patients with Bortezomib could eliminate thymus-derived plasma

cells and reduce IgG levels (277). A phase 2 clinical trial

(ClinicalTrials.gov Identifier: NCT02102594) to investigate the

use of Bortezomib on patients with therapy-refractory Myasthenia

Gravis (generalized) or SLE or RA is currently still ongoing (278).

Thus, Bortezomib is another good potential candidate for a more

targeted immunotherapy in B cell pathologies.

5.2.6 FcRn inhibitors
Human IgG is one of the most abundant proteins in serum,

probably because of the uniquely long half-life, for which neonatal

fragment crystallizable (Fc) receptor (FcRn) plays an essential role

(279, 280). The FcRn is a multifunctional atypical form of Fc-

gamma receptor. It was first identified as the responsible of

transporting IgG from the maternal to the fetal circulation. Later

it was found that, among other functions, it plays an essential role in

IgG recycling, by protecting IgG from intracellular degradation,

therefore, expanding the half-life (280, 281). FcRn inhibitors

enhance the catabolism of IgG by blocking the FcRn-mediated

IgG recycling pathway leading to reduced IgG levels in serum and a

decrease in pathogenic autoantibodies (282).

In recent years, FcRn inhibitors have emerged as promising

targets for autoantibody-mediated autoimmune diseases.

Efgartigimod (ARGX-113) binds to FcRn, preventing IgG recycling

(282). A phase III trial in MG showed efficacy and tolerability (283)

and an ongoing trial for pediatric MG patients is currently recruiting

(ClinicalTrials.gov Identifier: NCT05374590), alongside a phase III

trial assessing different dosing regimens (ClinicalTrials.gov Identifier:

NCT04980495). SYNT001, another FcRn inhibitor, demonstrated

efficacy in a phase I/II trial for Pemphigus (284). Rozanolixizumab,

also an anti-FcRn monoclonal antibody, showed positive results in

MG clinical trials (285). Several trials are ongoing for

Rozanolixizumab in MG treatment, including a phase III trial

(ClinicalTrials.gov Identifier: NCT04650854) and a self-

administration study (ClinicalTrials.gov Identifier: NCT05681715).

Additionally, a phase II/III trial for pediatric MG patients is ongoing

(ClinicalTrials.gov Identifier: NCT06149559). Other FcRn inhibitors

like Batoclimab are also in clinical trials, including a phase III trial for

generalized MG (ClinicalTrials.gov Identifier: NCT05403541) and

testing in patients with active CIDP (ClinicalTrials.gov Identifier:

NCT05581199). Overall, FcRn inhibitors hold promise as therapy for

IgG-driven autoimmune diseases likeMG, offering targeted treatment

with potentially fewer side effects than nonspecific therapies.

5.2.7 Complement inhibitors
The complement system comprises a network of over 30

proteins, which interact in a sequential and regulated manner,

culminating in the formation of the membrane attack complex
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(MAC). The MAC inserts into cell membranes, leading to pore

formation and cell damage (286). The classical complement

pathway is activated by antibody-antigen complexes (see chapter

3). Not all antibody isotypes are capable of activating the

complement cascade. Targeting the complement system in

diseases with autoantibodies that are mainly of the IgG1 or IgG3

subclass has shown remarkable efficacy, especially in the context of

AChR MG. AChR autoantibodies are mainly of the subclass IgG1

(287). Eculizumab, inhibiting complement activation by targeting

C5, demonstrated beneficial outcomes in phase III trials

(ClinicalTrials.gov Identifier: NCT02301624; ClinicalTrials.gov

Identifier: NCT01997229) and is approved for treating AChR+

MG patients (288). Ravulizumab, another C5 inhibitor, is

currently in phase III trials (ClinicalTrials.gov Identifier:

NCT03920293) (289). However, complement inhibition may not

provide clinical benefits for patients suffering from IgG4

mediated diseases.

5.2.8 BTK inhibitors
Bruton´s tyrosine kinase (BTK) is a multifunctional cytoplasmic

protein member of the TEC kinase family (290), crucial in B-cell

biology, involved in maintaining B-cell survival, proliferation,

differentiation and activation (291). Apart from B cells, it is also

expressed in mast cells, NK cells, T cells, macrophages, neutrophils,

monocytes and basophils (291), highlighting its multifaceted role in

the immune system. Among the functions of BTK, it integrates

signaling to regulate B cell development through BCR (290). Besides

it is also involved in TLR-mediated signaling, chemokine mediated

homing of pre-B cells into lymphoid organs and mediates in

inflammatory processes driven by IgG complexes (291). Due to its

central role in B cell immunity, BTK inhibition therapies have been

gaining attention as first-line therapy for B cell malignancies (292). Its

involvement in B cell survival and differentiation has also linked BTK

with autoimmune diseases (291). Indeed, studies have shown

increased levels of BTK expression in B cells from patients suffering

from autoimmune diseases, which appears to be correlated with

autoantibody production (293). Therefore, BTK inhibitors represent

a promising therapeutic strategy for autoimmune diseases. BTK

inhibitors are small molecules that are able to downregulate various

B cell functions like cell proliferation, differentiation, maturation and

survival overall. Besides, they can inhibit the activity of macrophages,

mast cells and eosinophils (249). Currently, inhibition of BTK is

being investigated for SLE (271). Fenebrutinib, a BTK inhibitor, was

investigated in a phase II clinical trial in SLE (ClinicalTrials.gov

Identifier: NCT02908100). Despite effectively targeting the BTK

pathway, it did not meet the trial’s primary endpoint for efficacy

(294). In pemphigus, the BTK inhibitor PRN1008 has been studied in

a phase III clinical trial (ClinicalTrials.gov Identifier: NCT03762265),

but it was terminated based on lack of efficacy. Although, the efficacy

of BTK inhibitors as standalone treatments is limited, it might still

hold potential in combination therapies.
5.2.9 CAR and CAAR T cells
Chimeric antigen (CAR)-T cell therapies, initially designed for

targeting tumor cells, involve priming T cells with anti-tumor
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activity and then reintroducing them into the patient (295–297).

These modified T cells express chimeric antigen receptors (CARs),

genetically engineered to have tumor antigen-specific binding sites

and a T cell activating domain (298). This allows them to recognize

and kill cells expressing the target antigen.

Anti-CD19 CAR T cell therapy gained FDA approval in 2017 for

treating B cell malignancies (299), sparking interest in expanding

CAR T cell applications beyond cancer, particularly in autoimmune

therapies (300). CAR-T therapies aim to redirect T cells against

autoantibody-secreting B cells. In addition to CAR T cells, chimeric

autoantibody (CAAR) receptor T cell therapies were developed (301–

305). CAAR T-cells, distinct from CAR T-cells, express chimeric

autoantibody receptors targeting pathogenic antibodies from

autoreactive B cells (306). These include anti-BCMA (301–304),

investigated in the context of MG (ClinicalTrials.gov identifier:

NCT04146051), anti-CD19 (303) (ClinicalTrials.gov identifier:

NCT03030976), and most recently, anti-MuSK and anti-NMDA,

which have shown initial beneficial effects in a mouse models

(305, 307). Another phase I trial (ClinicalTrials.gov Identifier:

NCT04422912) is assessing Dsg3-CAAR T cells in Pemphigus

vulgaris (308). CAR and CAAR T-cell therapies constitute a

promising approach for a more selective and personalized

treatment of autoimmune diseases.
6 Conclusion and outlook

The reason why some autoimmune diseases are predominantly

IgG4 and not another subclass is still not completely understood.

Despite the shared characteristic of having autoantibodies

belonging to the IgG4 subclass, these diseases exhibit numerous

differences. No discernible pattern emerges concerning the site of

pathology, age of onset, or specific genetic predispositions (Table 1).

Generally, the pathogenesis of autoimmune disorders is the result of

a combination of defects in the immune system together with

environmental, and genetic factors similar to the observed

pathogenesis of multiple sclerosis, SLE, and type 1 diabetes (309–

313). Given the rarity of some of these diseases, our current

understanding may be limited. Thus, it is highly probable that

clear patterns are not yet discernible. Future investigations are likely

to provide more clarity.

IgG4 antibodies play dual roles in health and disease (49). In

health, they serve protective and regulatory functions by

predominantly inhibiting the actions of IgE antibodies (45, 47–

49). However, in autoimmune conditions, where IgE antibodies are

not the primary effectors, IgG4 antibodies contribute directly to

immunopathology. Similarly, Fab-arm exchange seems to be a

coincidental aspect of IgG4-mediated diseases. Fab-arm exchange

enhances the diversity of IgG4 antibodies and increases their

potential to engage with antigens (45, 47–49). This intrinsic

property of IgG4 antibodies can either enhance the pathogenicity

of autoantibodies, as observed with MuSK autoantibodies (112,

121–123), without significantly affecting their effects as seen in

CNTN1 autoantibodies and pemphigus (142, 151, 161) or diminish

their pathogenic potential as seen with anti-Neurofascin-155 IgG4

(141). Therefore, there is a variability in the relevance of Fab-arm
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exchange for pathogenic capacity in these diseases. Nevertheless,

the underlying immunopathology in these IgG4-mediated diseases

appears to share similarities, as seen by the overall positive response

to anti-CD20-mediated BCDT in these diseases (3–12). Hence, it is

probable that comparable treatments will yield similar outcomes in

these conditions.
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191. Querol L, Rojas-Garcıá R, Diaz-Manera J, Barcena J, Pardo J, Ortega-Moreno A,
et al. Rituximab in treatment-resistant CIDP with antibodies against paranodal proteins.
Neurol Neuroimmunol Neuroinflamm. (2015) 2:e149. doi: 10.1212/NXI.0000000000000149

192. Roux T, Debs R, Maisonobe T, Lenglet T, Delorme C, Louapre C, et al.
Rituximab in chronic inflammatory demyelinating polyradiculoneuropathy with
associated diseases. J Peripheral Nervous Syst. (2018) 23:235–40. doi: 10.1111/jns.12287

193. Jiao L, Xiang Y, Li S, Zhang F, Ruan X, Guo S. Efficacy of low dose rituximab in
treatment-resistant CIDP with antibodies against NF-155. J Neuroimmunol. (2020)
345:577280. doi: 10.1016/j.jneuroim.2020.577280
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Martıńez L, Dıáz-Manera J, et al. Clinical and laboratory features in anti-NF155
autoimmune nodopathy. Neurol Neuroimmunol Neuroinflamm. (2022) 9(1):e1098.
doi: 10.1212/NXI.0000000000001098

195. Wang W, Liu C, Li W, Zhang D, Shan Y, Zheng J, et al. Clinical and diagnostic
features of anti-neurofascin-155 antibody-positive neuropathy in Han Chinese. Ann
Clin Trans Neurol. (2022) 9:695–706. doi: 10.1002/acn3.51550

196. Leuci S, Levine D, Zhang J, Razzaque Ahmed A. Response in patients with
pemphigus vulgaris to rituximab therapy. Basis of the biology of B cells. G Ital Dermatol
Venereol. (2009) 144:379–409.

197. Wang HH, Liu CW, Li YC, Huang YC. Efficacy of rituximab for pemphigus: a
systematic review and meta-analysis of different regimens. Acta Derm Venereol. (2015)
95:928–32. doi: 10.2340/00015555-2116

198. Mahmoudi H, Tavakolpour S, Balighi K, Farid AS, Nili A, Jan D, et al.
Rituximab in practice: Clinical evaluation of patients with pemphigus after rituximab
administration. Dermatologic Ther. (2021) 34:e14633. doi: 10.1111/dth.14633

199. Thaler FS, Zimmermann L, Kammermeier S, Strippel C, Ringelstein M, Kraft A,
et al. Rituximab treatment and long-term outcome of patients with autoimmune
encephalitis: real-world evidence from the GENERATE registry. Neurol Neuroimmunol
Neuroinflamm. (2021) 8(6):e1088. doi: 10.1212/NXI.0000000000001088

200. Bastakoti S, Kunwar S, Poudel S, Quinonez J, Bista S, Singh N, et al. Rituximab
in the management of refractory myasthenia gravis and variability of its efficacy in anti-
muSK positive and anti-AChR positive myasthenia gravis. Cureus. (2021) 13:e19416.
doi: 10.7759/cureus.19416

201. Chaganti S, Hannaford A, Vucic S. Rituximab in chronic immune mediated
neuropathies: a systematic review. Neuromuscul Disord. (2022) 32:621–7. doi: 10.1016/
j.nmd.2022.05.013

202. Landon-Cardinal O, Friedman D, Guiguet M, Laforêt P, Heming N, Salort-
Campana E, et al. Efficacy of rituximab in refractory generalized anti-AChR myasthenia
gravis. J Neuromuscul Dis. (2018) 5:241–9. doi: 10.3233/JND-180300

203. Brauner S, Eriksson-Dufva A, Hietala MA, Frisell T, Press R, Piehl F.
Comparison between rituximab treatment for new-onset generalized myasthenia
gravis and refractory generalized myasthenia gravis. JAMA Neurol. (2020) 77:974–81.
doi: 10.1001/jamaneurol.2020.0851

204. Piehl F, Eriksson-Dufva A, Budzianowska A, Feresiadou A, HanssonW, Hietala
MA, et al. Efficacy and safety of rituximab for new-onset generalized myasthenia gravis:
the RINOMAX randomized clinical trial. JAMA Neurol. (2022) 79:1105–12.
doi: 10.1001/jamaneurol.2022.2887

205. Mahmoudi H, Balighi K, Tavakolpour S, Daneshpazhooh M. Unexpected
worsening of pemphigus vulgaris after rituximab: A report of three cases. Int
Immunopharmacol. (2019) 71:40–2. doi: 10.1016/j.intimp.2019.02.037

206. Bai Y, Li W, Yan C, Hou Y, Wang Q. Anti-rituximab antibodies in patients with
refractory autoimmune nodopathy with anti-neurofascin-155 antibody. Front
Immunol. (2023) 14. doi: 10.3389/fimmu.2023.1121705

207. Casertano S, Signoriello E, Rossi F, Di Pietro A, Tuccillo F, Bonavita S, et al.
Ocrelizumab in a case of refractory chronic inflammatory demyelinating
polyneuropathy with anti-rituximab antibodies. Eur J Neurol. (2020) 27:2673–5.
doi: 10.1111/ene.14498

208. Schuh E, Berer K, Mulazzani M, Feil K, Meinl I, Lahm H, et al. Features of human
CD3+CD20+ T cells. J Immunol. (2016) 197:1111–7. doi: 10.4049/jimmunol.1600089
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Introduction: Muscle-specific kinase (MuSK)- myasthenia gravis (MG) is caused

by pathogenic autoantibodies against MuSK that correlate with disease severity

and are predominantly of the IgG4 subclass. The first-line treatment for MuSK-

MG is general immunosuppression with corticosteroids, but the effect of

treatment on IgG4 and MuSK IgG4 levels has not been studied.

Methods: We analyzed the clinical data and sera from 52 MuSK-MG patients

(45 female, 7 male, median age 49 (range 17–79) years) from Italy, the

Netherlands, Greece and Belgium, and 43 AChR-MG patients (22 female, 21 male,

median age 63 (range 2–82) years) from Italy, receiving different types of

immunosuppression, and sera from 46 age- and sex-matched non-disease

controls (with no diagnosed diseases, 38 female, 8 male, median age 51.5 (range

20–68) years) from the Netherlands. We analyzed the disease severity (assessed by

MGFA or QMG score), and measured concentrations of MuSK IgG4, MuSK IgG, total

IgG4 and total IgG in the sera by ELISA, RIA and nephelometry.
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Results: We observed that MuSK-MG patients showed a robust clinical

improvement and reduction of MuSK IgG after therapy, and that MuSK IgG4

concentrations, but not total IgG4 concentrations, correlated with clinical severity.

MuSK IgG and MuSK IgG4 concentrations were reduced after immunosuppression

in 4/5 individuals with before-after data, but data from non-linked patient samples

showed no difference. Total serum IgG4 levels were within the normal range, with

IgG4 levels above threshold (1.35g/L) in 1/52 MuSK-MG, 2/43 AChR-MG patients

and 1/45 non-disease controls. MuSK-MG patients improved within the first four

years after disease onset, but no further clinical improvement or reduction of MuSK

IgG4 were observed four years later, and only 14/52 (26.92%) patients in total, of

which 13 (93.3%) received general immunosuppression, reached clinical remission.

Discussion: We conclude that MuSK-MG patients improve clinically with general

immunosuppression but may require further treatment to reach remission.

Longitudinal testing of individual patients may be clinically more useful than

single measurements of MuSK IgG4. No significant differences in the serum IgG4

concentrations and IgG4/IgG ratio between AChR- and MuSK-MG patients were

found during follow-up. Further studies with larger patient and control cohorts

are necessary to validate the findings.
KEYWORDS

MuSK myasthenia gravis, IgG4, corticosteroids, prednisolone, prednisone, IgG4
autoimmune disease
1 Introduction

Muscle-specific kinase (MuSK)-myasthenia gravis (MuSK-MG) is

a severe autoimmune disease of the neuromuscular junction (NMJ) (1,

2). This condition is characterized by autoantibodies targetingMuSK, a

pivotal tyrosine kinase crucial for NMJ development and maintenance

(3). MuSK autoantibodies belong predominantly (approximately 90%)

to the IgG4 subclass (4–8) that blocks the binding of MuSK to its direct

binding partner, low-density lipoprotein receptor-related protein 4

(Lrp4), thereby interrupting a vital signal transduction pathway

essential for the maintenance of the NMJ architecture (6, 9). MuSK-

MG belongs to the IgG4 autoimmune diseases (IgG4-AIDs) (10, 11),

which share common features such as low disease prevalence,

predominance of IgG4 subclass antibodies with blocking as a

pathogenic mechanism, and HLA associations (12–14).

The first-line treatment of patients with MuSK-MG consists of

general immunosuppression with corticosteroids such as prednisone,
Extracellular domain;

unglobulin G; IgG1–3,

G4; IVIG, Intravenous

-related protein 4; MG,

oundation of America

yrosine) kinase; NMJ,

yasthenia gravis score;

02187
often in combination with azathioprine. Even though it has been

generally accepted to be a reliable treatment, a fraction of patients

with MG remains treatment resistant and more difficult to manage

clinically. Recent literature suggested general immunosuppression to

be a less efficient treatment for MuSK-MG compared to AChR-MG

(15, 16). B-cell depletion with rituximab has shown clinical benefit in

MuSK-MG and other IgG4-AIDs (13, 17–21), and led to the

reduction of MuSK IgG4 (22), but there is a lack of studies

analyzing total IgG4 and MuSK IgG4 levels in patients with

general immunosuppression.

In this study, we analyzed disease severity [assessed by

Myasthenia Gravis Foundation of America (MGFA) or

quantitative myasthenia gravis (QMG) score] in relation to MuSK

IgG4, MuSK IgG, total IgG4, and total IgG concentrations in serum

or plasma from patients with MuSK or AChRMG with and without

immunosuppression and non-disease individuals, measured by

enzyme-linked immunosorbent assay (ELISA), radioimmunoassay

(RIA), and nephelometry.
2 Materials and methods

2.1 Patients

The study had a cross-sectional design, as the patient samples were

taken at the same time as the clinical scoring. We also had additional
frontiersin.org
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follow-up serum of five patients from Greece available. All patient

material was obtained with approval from the relevant ethical boards

and after informed consent of the patients. We used serum or plasma

from 52 patients with MuSK-MG: 45 female and 7 male patients;

median age of onset, 43 years (range, 10–79 years); median age at

sample, 49 years (Table 1 and Data Table 1). Among these, 13 sera

were from treatment-naïve patients with MuSK-MG (1 from the

Netherlands, 1 from Belgium, 6 from Italy, and 5 from Greece) and

44 samples were from patients with MuSK-MG receiving general

immunosuppression (36 from Italy, 2 from Belgium, 1 from the

Netherlands, and 5 from Greece). The five patients from Greece had

samples before and after long-term immunosuppression and were

therefore included in both groups (for each of the five different

patients, we included one sample in the before treatment group and

one sample in the after treatment group; Table 1 andData Tables 1 and

2). The patients received immune therapy consisting of prednisone,

azathioprine, intravenous immunoglobulins (IVIGs), cyclosporine, or

combinations thereof (Data Table 1); these treatments are collectively

referred to as “general immunosuppression”. This term was chosen to

highlight the distinction from the more specific B-cell depletion

therapy involving rituximab. At the time of sample collection, we

included all patients with MuSK-MG, but rituximab was not

established for the treatment of MuSK-MG at the clinic in Pisa. We

observed that from other clinical centers (the Netherlands and

Belgium), two patients receiving rituximab were in the cohort; this

sample size was considered insufficient for a meaningful statistical

analysis and were therefore excluded from the study. Five patients with

MuSK-MG received IVIG in combination with other treatments (three

in combination with prednisone and two in combination with

cyclosporine and prednisone, all in intervals of 1–3 months;
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Data Table 1), which theoretically could affect serum IgG levels, but

in all cases, blood sampling was prior to the IVIG infusion. TheMGFA

scores of the patients were between I and V, or they were in clinical

remission. In tables and figures requiring numerical values, patients in

clinical remission were represented as “0” to ensure their inclusion in

the datasets. We defined a clinical improvement as a reduction of the

MGFA score by a minimum of one point, and patients with

unchanged or increased MGFA as not improved. The absence of

AChR antibodies was confirmed by RIA. The clinical information is

summarized in Data Table 1. Sera from 45 age- and sex-matched non-

disease controls (Sanquin, Amsterdam) were used as controls: 38

female and 8 male controls; median age at sample, 51.5 years (range,

20–68 years). Furthermore, sera from 43 patients with AChR-MG (all

from Italy), namely, 22 female and 21 male patients, with a median age

of 63 years (range, 2–82 years) were used. Of these, 15 patients were

untreated and 28 patients received general immunosuppression

(summary in Table 1 and details in Data Table 1). Clinical data were

collected at the same time as blood samples during routine clinical

checkups by the treating physician. The serum/plasma samples were

analyzed using the tests outlined below. Owing to unavailable or low

serum/plasma volumes or missing clinical data in a subset of samples,

not all sera could be analyzed for every parameter.
2.2 MuSK IgG and MuSK IgG4 measurement

Total MuSK autoantibody levels were assessed by RIA (RSR,

UK) according to the manufacturer’s instructions. MuSK IgG4

levels were measured by ELISA. To this end, ELISA plates

(Microlon, catalog number 655092, Greiner, Austria) were

coated with 1 µg/mL MuSK extracellular domain (ECD)

produced in mammalian cells (a kind gift of Dr. Bernard Rees-

Smith, RSR, UK). Bound MuSK antibodies were detected with

mouse anti-human IgG4:HRP (1:3,500, catalog number

MCA2098P, AbD Serotec, Germany). Samples were incubated

with substrate containing 3,3′,5,5′-tetramethylbenzidine, and

absorbance at 450 nm was measured using a VictorX3 plate

reader (PerkinElmer, USA).
2.3 IgG quantification

IgG levels in patient sera were analyzed by ELISA, an

immunoassay readily available in our research laboratory. ELISA

plates (Microlon, catalog number 655092, Greiner, Austria) were

coated with goat F(ab)2 anti-human IgG Fcg (1:200, catalog number

109-006-008, Jackson ImmunoResearch, USA). Samples were added

together with a standard dilution series of mAb-637 IgG1 (23). Bound

antibodies were detected with goat F(ab)2 anti-human IgG Fcg
conjugated to HRP (1:20,000, catalog number 109-036-008, Jackson

ImmunoResearch, USA). Samples were incubated with substrate

containing 3,3′,5,5′-tetramethylbenzidine, and absorbance at 450 nm

was measured using a VictorX3 plate reader (PerkinElmer, USA). IgG

concentrations were verified using nephelometry.
TABLE 1 Summarized clinical information (details in
Supplementary Table 1).

MuSK-
MG

AChR-
MG

Non-
disease
controls

Female, n (%) 45 (86.54%) 22 (51.16%) 38 (82.61%)

Male, n (%) 7 (13.46%) 21 (48.84%) 8 (17.39%)

Age at sample, median (range) 49 (17–79) 63 (2–82) 47.8 (20–68)

Age of onset, median (range) 43 (10–79) 62 (1–82)

General immune therapy, n (%)
39 (75%)/44
84.62%)*

28 (65.1%)

Oral corticosteroids
(prednisone, dexamethasone)

26 (50%) 19 (44.19%)

Prednisone and azathioprine 7 (13.46%) 6 (13.95%)

Prednisone and IVIG 3 (5.77%) 0

Prednisone, plasmapheresis 2 (3.85%) 0

Azathioprine only 1 (1.92%) 0

Other combinations
(see Supplementary Table 1)

5 (9.62%) 3 (6.98%)

Thymectomy 5 (9.61%) 7 (16.28%)
*Five patients with MuSK-MG from Greece had samples before and after treatment (details
in Table 2).
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2.4 IgG4 quantification

Human IgG4 serum/plasma concentrations were determined

using particle-enhanced immune nephelometry with the BN II

System (BN II Nephelometer, Siemens, Germany). Quantification

of IgG4 levels by ELISA was not established. Hence, the

methodology of the routine clinical laboratory was chosen after

establishing that there was a good correlation between ELISA and

nephelometry for total IgG (Supplementary Figure 2A).
2.5 Statistics

Statistical analyses were conducted using GraphPad Prism

software version 9. Data were analyzed by normality and

lognormality tests. In graphs with three or more datasets and

Gaussian distribution, one-way analysis of variance (ANOVA) with

Tukey post-hoc test was used. When data failed the normality test,

nonparametric Kruskal–Wallis test and Dunn’s multiple

comparisons test were used instead, and data were presented with

median. In graphs with two datasets that showed a normal

distribution, two-tailed t-test was used. Datasets without normal

distribution and unmatched samples were analyzed using the

Mann–Whitney test and datasets without normal distribution and

paired data were analyzed with the Wilcoxon matched-pair signed-

rank test. XY data were analyzed by linear regression followed by

correlation analysis using the Pearson correlation efficient in case of

normally distributed data, or the Spearman correlation coefficient in

case the data did not show Gaussian distribution.

MuSK IgG4 and total IgG4 data were checked for normality, log-

transformed, and analyzed using RStudio (version RStudio 2023.06.0

+ 421). Linear regression models were constructed to assess the

relationship (a = 0.05) between receiving immunosuppressive

therapy and MuSK IgG4 levels. Additionally, age, sex, and MGFA

scores were included as covariates. Furthermore, the association

between immunosuppressive therapy and total IgG4 levels was

investigated, and the same covariates were analyzed. Finally, the

relationship between disease status (MuSK/AChR-MG) and total

IgG4 levels was assessed, and the covariates age, sex, and

immunosuppressive therapy were included in the model. An alpha

level of 0.05 was used as the threshold for statistical significance.
3 Results

3.1 Immune therapy with clinical
improvement was associated with reduced
MuSK IgG levels

First, we assessed whether patients with MuSK-MG showed a

clinical benefit from treatment with general immunosuppression.

MGFA data from two time points (onset: before immunosuppression

and follow-up: after immunosuppression) of 37 patients (36 Italy and 1

Belgium) receiving general immunosuppression were available.
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Following the diagnosis, where the patients were treatment naïve, the

patients received immunosuppressive and immunomodulatory

treatments, including oral corticosteroids alone (26 patients) or

prednisone in combination with further treatments [azathioprine,

IVIG, plasmapheresis, mycophenolate mofetil, or cyclosporine (11

patients)] (see Data Table 1 for details). A significant reduction in

MGFA scores after treatment was found (Figure 1A, p < 0.0001,

Wilcoxon matched-pair signed-rank test). An absence of symptoms

at follow-up was only observed in 10 out of 37 patients. When

analyzing all patients with MuSK-MG, independent of their

treatment, only 14/52 patients (26.9%) reached clinical remission

(Data Table 1 and Table 1). Additionally, MuSK IgG levels, as

reported by the local diagnostic centers, demonstrated a decrease in

patients undergoing immunosuppression (Figure 1B, p < 0.0001,

Wilcoxon matched-pair signed-rank test) and MuSK IgG levels

correlated with the MGFA scores of the patients (Supplementary

Figure 1). When analyzing clinical severity after different

immunosuppressive treatments, prednisone or dexamethasone alone

(p < 0.0001) or in combination with other immunosuppressive

treatment (p=0.0103) led to significant reductions in the MGFA

score (Figure 1C). Treatment with prednisone or dexamethasone

alone also led to a significant reduction of MuSK IgG levels (p=

0.0013, Kruskal Wallis test and Dunn's multiple comparison test,

Figure 1D).
3.2 Clinical improvement was not
significantly associated with reduced MuSK
IgG4 or total IgG4 concentrations

Next, we analyzed whether MuSK IgG4, total IgG4, and total

IgG levels were similarly reduced in patients with MuSK-MG. In the

Italian/Belgian cohort, before–after immunomodulatory treatment

sera/plasma were not available to assess these parameters. However,

matched pairs of serum/plasma from individual patients before and

after treatment were available from five patients from Greece (see

summarized clinical information in Table 2).

The before–after treatment samples indicated a clinical

improvement in QMG scores (Figure 2A), which did not

correlate with a consistent reduction in the total IgG levels

(Figure 2B) or total IgG4 levels (Figure 2C), but with clinical

change assessed by MGFA scores (Figure 2D), a reduction of

MuSK IgG levels in three of four patients (Figure 2E) and MuSK

IgG4 levels in four of five patients (Figure 2F).

However, unlike for MuSK IgG4, total serum IgG4

concentrations (Figure 2C) and total IgG levels were not

consistently reduced after treatment. Due to the low number of

patients, we assessed whether these results could also be reproduced

in the larger patient cohort with additional samples from non-

matched patients with and without immunosuppression from Italy,

the Netherlands, and Belgium.

To this aim, we measured MuSK IgG4 concentrations from 44

patients with MuSK-MG (including the five Greek patients in the

before treatment group) by ELISA. MuSK IgG4 levels correlated
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B

C D

A

FIGURE 1

Disease severity and MuSK IgG levels were reduced after immunosuppression. (A) MGFA scores of patients with MuSK-MG at onset and at follow-up
time after receiving immunosuppression. ****p < 0.0001, Wilcoxon matched-pair signed-rank test. To increase visibility, the lines of the MGFA
scores were nudged slightly up or down. (B) MuSK IgG levels (determined at the time of diagnosis and the last follow-up) were reduced after
receiving immunosuppressive treatment. Wilcoxon matched-pair signed-rank test, ****p < 0.0001. Comparison of (C) MGFA scores and (D) MuSK
IgG titers (nM) before and after distinct treatments. Treatment is indicated as follows: blue = prednisone or dexamethasone, green = prednisone in
combination with azathioprine, and pink = prednisone in combination with IVIG, cyclophosphamide, plasmapheresis, or mycophenolate mofetil.
Kruskal–Wallis with Dunn’s post test. ****p < 0.0001, **p = 0.0013, *p = 0.0103. To include samples from patients with clinical remission in the
graphs, these were given a value of “MGFA = 0”.
TABLE 2 Clinical data of five Greek patients with MuSK-MG before and after immunosuppressive treatment.

Patient
code

Sex Age
at

diagnosis

Duration
of treat-
ment

(months)

Treatment
status

MuSK Ab con-
centration (nM,
cutoff for posi-
tivity: >0.030)

Time
treatment
started
after
onset

QMG Treatment (immuno-
suppression, IS)

G1 M 79 54 months
Before 27

0.6 months
(20 days)

4 No IS

After 21 0 Prednisone

G2 F 17 60 months
Before 11 2 months 2 No IS

After 5.5 0 Prednisone

G3 F 45 6 months
Before 0.045 1 month 3 No IS

After 0.1 1 Prednisone

G4 F 47 39 months
Before n.a. 6 months 8 No IS

After 1.8 4 Prednisone/Cyclosporine

G5 F 49 33 months

Before 13 3 months 9 No IS

After 4.5 3
Prednisone/

Mycophenolate mofetil
F
rontiers in Im
munolo
gy
 05190
IS, immunosuppression.
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significantly with the MuSK IgG levels (p = 0.0011, linear regression,

Spearman correlation, Supplementary Figure 2B) and MGFA scores

(p = 0.026, linear regression, Spearman correlation, Figure 3A).

However, no significant difference between treated and untreated

patients was found (p = 0.96, Mann–Whitney test, Figure 3B). We

hypothesized that the cause of this unexpected finding could result

from the heterogeneity of the untreated patients’ cohort. We further

analyzed the group and defined two subgroups: patients with MuSK-

MG at onset (≤6 months after onset) and patients with MuSK-MG

later in the disease course (>6 months after onset, Supplementary

Figure 3A). At disease onset, the patients had a trend for higher

MuSK IgG4 levels and more severe disease manifestations

(Supplementary Figures 3A, B), with significantly higher MGFA

compared to the scores from patients included later during disease

(p = 0.040, Mann–Whitney test, Supplementary Figure 3C).

Furthermore, disease severity significantly correlated with MuSK

IgG4 levels in these patients (p = 0.022, linear regression, Pearson

correlation coefficient, Supplementary Figure 3D).

We were uncertain whether the apparent lack of reduction in

MuSK IgG4 levels in patients undergoing immune therapy
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stemmed from a less aggressive treatment approach or if, in fact,

there was a reduction but from much higher initial antibody levels

following clinical improvement. Therefore, we compared MuSK

IgG4 and total IgG4 concentrations in patients with MuSK-MG

from Italy, Belgium, and the Netherlands with and without clinical

improvement. We did not see a significant difference in MuSK IgG4

or IgG4 levels between the groups (Figures 4A, B). However, we

observed a trend for higher MuSK IgG4 (but not total IgG4) levels

in patients without clinical improvement. The data exhibited

substantial variability, and the low sample size might have

obscured any underlying effect.

Linear regression models assessing the relationship between

immunosuppressive therapy and MuSK IgG4 levels revealed no

significant association (b = 0.017, p = 0.951; Supplementary

Table 1a and Supplementary Figure 7). The addition of covariates

sex, age, and MGFA scores did not change this relationship

(Supplementary Table 1b).

Taken together, this implies that the variability of MuSK IgG4

levels among different patients is more pronounced than changes

within individual patients. Consequently, performing longitudinal
B C

D E F

A

FIGURE 2

Clinical severity and serological data of five patients with MuSK-MG from Greece before and after immunosuppressive treatment. (A) Clinical severity
by QMG score, (B) IgG concentrations measured by ELISA, (C) IgG4 concentrations measured by nephelometry, (D) MGFA scores. Pharmacological
remission is indicated as 0. (E) MuSK IgG concentration assessed by RIA, (F) MuSK IgG4 levels measured by ELISA. Colors indicate individual patients:
pink = G1, blue = G2, red = G3, green = G4, and orange =G5. Because of the limited serum volume, the IgG4 of patient G3 and the MuSK IgG of
patient G4 could not be assessed. Statistical analysis was not considered appropriate due to the low sample number.
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testing on individual patients might offer more valuable insights for

prognosis compared to comparing sera across different patients.
3.3 IgG and IgG4 concentrations in
patients with and without immune therapy

Next, we assessed IgG and IgG4 concentrations in patients with

MuSK-MG and AChR-MG in comparison to non-disease controls.

As expected, patients with AChR-MG receiving immunosuppressive

treatment had lower IgG concentrations than untreated patients

with AChR-MG (p = 0.036). Compared to non-disease controls,

IgG concentrations were lower in patients with MuSK-MG with

immunosuppression (p = 0.025) and patients with AChR-MG with

immunosuppression (p = 0.025). Treated patients with MuSK-MG

had lower IgG levels than untreated patients, but the difference did

not reach statistical significance (Figure 5, Kruskal–Wallis test with

Dunn’s multiple comparisons test). Five of the patients with MuSK
Frontiers in Immunology 07192
underwent thymectomy prior to diagnosis of MuSK MG (patients

indicated in teal symbols in Figure 5), and histology showed that all

had a normal or atrophic thymus.

Next, we assessed total IgG4 concentrations in sera from non-

disease controls and patients with AChR-MG and MuSK-MG and

observed no significant correlation between IgG4 concentrations

and disease severity in patients with MuSK-MG (Supplementary

Figure 4A) or in total IgG4 concentrations between patients with

MuSK-MG and those with AChR-MG with and without

immunosuppressive treatment (Figure 6A). Additionally, total

IgG4 serum concentrations did not correlate with the MuSK IgG

concentration measured by RIA (Supplementary Figure 4C). Total

IgG4 levels were not significantly different between patients with

MG and non-disease controls (Supplementary Figure 4B). Overall

IgG4 concentrations only exceptionally exceed the threshold value

of 1.35 g/L (indicated as a horizontal dotted line, Figure 6A), which

is used to indicate elevated serum IgG4 levels in patients with IgG4-

related diseases. We also observed that, intriguingly, both patients
BA

FIGURE 3

MuSK IgG4 levels correlated with clinical severity, but not with treatment status. MuSK IgG4 concentrations were measured by ELISA. (A) MuSK IgG4
concentrations (OD450) correlated with clinical severity (MGFA score). Linear regression followed by correlation with Spearman correlation
coefficient. (B) MuSK IgG4 concentrations in patients with and without immunosuppressive treatments. Patients from Greece are indicated by blue
symbols. Patients who remained untreated >6 months after disease onset are indicated by orange symbols. ns= non-significant. N = 3. Mann–
Whitney test.
BA

FIGURE 4

Clinical improvement was not associated with significantly reduced MuSK IgG4 (A) or total IgG4 concentrations (B). Average disease duration: 10.3
years (range, 0–34 years, details in Supplementary Table 1). ns= non-significant. Mann–Whitney test.
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with AChR-MG and those with MuSK-MG showed an enrichment

of IgG4 (Figure 6B, fold change of mean IgG4/IgG ratio in patients

compared to non-disease controls: AChR = 2.58; AChR + IS = 2.17;

MuSK = 2.91; MuSK + IS = 2.40), with no significant difference

between MuSK-MG and AChR-MG. We also analyzed whether age

and sex affected the IgG4 concentrations but found no correlation

between age and IgG4 concentrations in patients with MuSK-MG
Frontiers in Immunology 08193
or non-disease controls (Supplementary Figure 5). We observed, as

expected, a trend for higher IgG4 levels in male patients in most

groups (Supplementary Figure 6), though interestingly the three

patients with MG (two with AChR-MG and one with MuSK-MG)

with elevated IgG4 were women (Supplementary Figure 6B).

Furthermore, when linear regression models were used, no

statistically significant relationship was identified between

immunosuppressive therapy and total IgG4 levels (b = 0.023, p =

0.897; Supplementary Table 2a and Supplementary Figure 8). The

association remained statistically insignificant when sex, age, and

MGFA were introduced as covariates (Supplementary Table 2b).

Furthermore, linear regression models assessing the relationship

between total IgG4 levels and disease status compared to non-

disease controls showed no significant association with either AChR-

MG (b = 0.282, p = 0.256) or MuSK-MG (b = 0.331, p = 0.140;

Supplementary Table 3a and Supplementary Figure 9). Moreover, the

addition of the covariates age, sex, and immunosuppressant therapy

did not change this relationship (Supplementary Table 3b).
3.4 Clinical severity over long
disease duration

The Pisa cohort included patients with follow-up times of over

30 years. We therefore wanted to investigate how disease duration

affected the clinical severity, MuSK IgG4, and total IgG4

concentrations. We observed that there was a significant

reduction of MGFA scores in patients in the first 1–4 years after

onset (Figure 7A), which remained stable with no further

improvement afterwards. MuSK IgG4 (Figure 7B) and IgG4

concentrations (Figure 7C) also did not significantly change

over time.
FIGURE 5

IgG concentrations in patients with MuSK-MG and AChR-MG with and
without immunosuppressive treatment and non-disease controls. IgG
concentrations were measured by IgG ELISA. **Non-disease control vs.
MuSK-MG with immunosuppression: p = 0.025. *AChR-MG without vs.
AChR-MG with immunosuppression: p = 0.036. *Non-disease control
vs. AChR-MG with immunosuppression: p = 0.025. Kruskal–Wallis test
with Dunn’s multiple comparisons test. ns= non-significant.
BA

FIGURE 6

Serum IgG4 concentrations in patients with MG were, with a few exceptions, within the normal range, while relative IgG4 levels (IgG4/IgG) were
enriched in patients with AChR-MG and MuSK-MG. (A) IgG4 serum concentrations in patients with MG and controls, Kruskal-Wallis test with Dunn’s
multiple comparisons test. The dotted line indicates the cut-off for elevated IgG4 levels (defined as 1.35 g/L). (B) Relative IgG4 levels (IgG4/IgG),
Kruskal–Wallis test with Dunn’s multiple comparisons test. **Non-disease controls vs. MuSK-MG untreated: p = 0.0038; ***non-disease controls vs.
MuSK treated: p = 0.0002; **non-disease controls vs. AChR-MG treated: p = 0.0051. ns= non-significant.
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4 Discussion

MuSK-MG is caused by pathogenic IgG4 autoantibodies (6, 9),

and MuSK antibody levels correlate with disease severity (24).

Patients with MuSK-MG are often treated with general

immunosuppression (mostly with prednisone and azathioprine),

but the total IgG4 and MuSK IgG4 levels in patients with general

immunosuppression had not yet been studied.

In this cross-sectional study, we investigated disease severity,

MuSK IgG and IgG4 levels, as well as total IgG and IgG4

concentrations in patients at disease onset and during follow-up

with and without immunosuppression. We made five main

observations: (1) Patients with MuSK-MG showed a robust

clinical improvement and reduction of MuSK IgG after therapy
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(average treatment time: 11.5 years, range: 0–34 years), but only 14/

52 patients (26.9%) were in remission at the time of the analysis; (2)

MuSK IgG4 concentrations, but not total IgG4 concentrations,

correlated with clinical severity and total MuSK IgG levels; (3)

MuSK IgG4 concentrations were reduced after immunosuppression

in four out of five individuals with before–after data, but data from

non-linked patients showed that inter-patient variability is greater

than the effect in individual patients; (4) total IgG4 levels were

within the normal range in all patients with MG, with few

exceptions from all groups, with a relative enrichment of IgG4/

IgG in both patients with AChR-MG and those with MuSK-MG;

and (5) patients improved within the first 4 years after disease onset

and remained stable with no further clinical improvement or MuSK

IgG4 reduction.
B

C

A

FIGURE 7

Analysis of MGFA scores showed a significant clinical improvement in the first 4 years of disease, but no further improvement afterwards (A),
Kruskal–Wallis test (adjusted p-values: 0 vs. 1–4: p = 0.005 (**); 0 vs. 5–10: p = 0.0094(**); 0 vs. 11–20: p = 0.013 (*); 0 vs. 21–30: p = 0.01 (*).
Clinical remission was indicated by an MGFA score of “0” to allow inclusion in the dataset. Simple linear regression with Spearman correlation. No
significant reduction of MuSK IgG4 and IgG4 levels over time (B, C).
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Based on our observations, we hypothesize that (1) patients with

MuSK-MG improved clinically with general immunosuppression

especially during the first 4 years of treatment, but the majority did

not reach clinical remission and therefore may require treatment

alternatives; (2) longitudinal testing of MuSK-IgG4 in individual

patients may have greater merit than comparing single-time-point

measurements across patients; and (3) further studies with larger

cohorts are necessary to assess serum IgG4 concentrations in patients

with MuSK-MG and enrichment of total IgG4/IgG since these were

not significantly different between patients with AChR-MG and those

with MuSK-MG in our study.
4.1 Clinical response and MuSK IgG4
concentrations after immunosuppression

While it has been described that treatment with rituximab has

greater clinical benefit for patients with MuSK-MG than general

immunosuppression (15, 16), studies investigating the effect of

general immunosuppression, particularly on MuSK IgG4 levels,

are lacking. We observed a significant clinical improvement after

general immunosuppression, indicated as reduction in the MGFA

score, in our patient cohort. Nevertheless, clinical remission was

only achieved in 12/42 treated patients with available before–after

treatment data (10/36 from Italy, 0/1 from Belgium, and 2/5 from

Greece), and clinical improvement was mostly observed within the

first 4 years of disease duration, suggesting that a substantial

fraction of patients might benefit from additional treatment.

We expected to see lower MuSK IgG4 levels in patients

receiving treatment compared to untreated patients because (1)

IgG4 is the predominant subclass of MuSK autoantibodies that

directly cause the disease (6–9); (2) in line with previous

publications (6, 24), MuSK IgG correlated with disease severity;

(3) and so did MuSK IgG4 in our study; and finally (4) treatment

led to clinical improvement and reduction of MuSK IgG. Upon

analyzing four patients with MuSK-MG from Greece before and

after receiving immunosuppression, we noted a tendency towards

decreased MuSK IgG4 levels alongside clinical improvement.

However, this trend could not be replicated in a more extensive

cohort with cross-sectional data. Subsequent examination of

untreated patients with MuSK-MG unveiled substantial

heterogeneity within this group. Coupled with a notable inter-

patient variability in treatment responses, these factors have

influenced the data, underscoring the notion that longitudinally

testing MuSK IgG4 in individual patients might offer greater

clinical insights than analyzing a single measurement per

patient. This is in line with a recent study investigating the

effects of rituximab on MuSK IgG4 concentrations with

longitudinal sampling, where a substantial inter-patient

variability in MuSK IgG4 concentrations was overcome with

normalization to individual patient baseline levels (22). The

study also showed a correlation between MuSK IgG4 levels and

clinical response to rituximab, which, together with our findings

in the Greek patients, suggests that MuSK IgG4 is a suitable

prognostic biomarker when used for intra-patient analysis.
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4.2 Enrichment of IgG4 is not associated
with IgG4 autoimmunity

MuSK-MG is an IgG4-AID (11, 25); therefore, the study of IgG4

serum levels may give valuable insights into the immunopathogenesis

and etiology (13). An open question in the field is why the

autoantibodies in these diseases are mainly of the IgG4 subclass,

and one hypothesis is that an immune dysregulation may lead to a

skewed IgG subclass profile and increased production of IgG4 and

total IgG (13). No indication for increased IgG production could be

found in our study, as there was no significant difference in total IgG

between non-disease controls and untreated patients with MuSK-

MG, which is in line with previous studies (26, 27).

In contrast, a recent study showed an inverse correlation

between AChR autoantibody levels and clinical improvement in

patients with AChR-MG over time (28). The authors highlight the

potential of measuring AChR autoantibody levels as an objective

measurement to evaluate treatment efficacy and allow timely

changes in the immunosuppressive treatment selected to prevent

unnecessary delays in individual patients. It is also essential, for the

accurate quantification of the autoantibodies, to include a serial

dilution of the patient’s serum or plasma. The lack of these or other

controls makes it difficult to draw a conclusion on the impact of IgG

and antigen-specific autoantibody levels in the pathology across

the literature.

We next studied whether IgG4 levels were increased in patients

with MuSK-MG. In our study, four samples were above the

threshold of 1.35 g/L: 1/52 (1.9%) patients with MuSK-MG [1/13

(7.7%) untreated patients with MuSK-MG], 2/43 (4.6%) patients

with AChR-MG [2/15 (13.3%) untreated], and 1/45 (2.22%) non-

disease controls. This is in contrast to a recent study by Vergoossen

et al. where 22% of 28 untreated patients with MuSK-MG showed

above-threshold IgG4 concentrations (26). Both studies had low

numbers of patients due to the rarity of disease, and this may

account for the variation. Furthermore, we also did not observe a

correlation between total IgG4 and disease severity, while MuSK

IgG and disease severity correlated. We then explored the possibility

of a relative enrichment of IgG4, combining reduced total IgG levels

with stable/higher total IgG4, and observed a significant IgG4/IgG

enrichment, which is in line with one previous study (26), but in

contrast to another study with no enrichment (27). It is tempting to

speculate that differences in IgG1–IgG3 versus IgG4 expression may

be influenced by a different inflammation status in IgG4

autoimmunity in contrast to classic IgG1 autoimmunity. In line

with this hypothesis, the Vergoossen study observed a relative IgG4

enrichment specific for MuSK-MG that was not observed in AChR-

MG. Nonetheless, we and others found elevated serum IgG4 levels

and enrichment of IgG4/IgG in patients with AChR-MG (29). We

observed a trend for a sub-threshold (<1.35 g/L) increase of total

IgG4 levels in both patients with AChR-MG and those with MuSK-

MG with and without immunosuppression, and an enrichment of

IgG4/IgG in both patients with AChR-MG and those with MuSK-

MG, which is in line with the study of Liu and colleagues (29).

However, it is possible with the data at hand to agree with the main

conclusions of the abovementioned studies (26, 30), that a
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significant elevation of serum IgG4, as observed as in IgG4-related

diseases, is not observed in MuSK-MG.

What may have caused the discrepant results? Different

geographic regions, and thus different genetic backgrounds, as well

as technical differences in the determination of IgG and MuSK-

specific IgG concentrations may also play a role. Immunosuppression

may have affected IgG4 levels, but we also included untreated patients

and covariate analysis did not show an effect of treatment on IgG4

levels. The discrepancy in data interpretation is also likely to derive

from the data transformation that was applied. Since our data were

not normally distributed, we log-transformed the data before

regression analyses. When the analyses were performed without the

log transformation, the results resembled the Vergoossen study more

(26), indicating that differences in the statistical approach may have

caused the differences. The enrichment of serum IgG4 in AChR-MG

and MuSK-MG is interesting, as mild elevation of IgG4 could be a

characteristic of MG in general, as it is also in a range of disorders

from cancer to allergy and rheumatoid arthritis (31–35). However, we

observed that IgG4 concentrations did not correlate with MuSK IgG

concentrations, disease severity, or disease duration in patients with

MuSK-MG. Therefore, we conclude that aberrant IgG4 production is

unlikely to be the main driver of immunopathogenesis and that

MuSK IgG4 only comprises a minor fraction of the total IgG4

antibody repertoire. Furthermore, the presence of individuals with

elevated IgG4 (>1.35 g/L) may be common across populations, as

IgG4 is known to be highly variable in healthy individuals, ranging

between 0.01 and 1.4 mg/mL, dependent on age, sex, and ethnicity,

and may seasonally change, e.g., during allergy/infection seasons (36–

39). Interestingly, a recent study showed that tobacco smoking is

associated in a dose-dependent manner with elevated serum IgG4

levels (40). Smoking after disease onset is associated with an increase

in disease severity and the progression towards generalized muscle

weakness (41–43), but to date, the effect of smoking on IgG4 in

MuSK-MG has not been investigated, and it is possible that tobacco

use is a confounding factor for the analysis of serum IgG4.
4.3 Limitations

A key limitation of our study is the fluctuating nature of MuSK-

MG, with clinical severity changing over time. Moreover, MG has a

low disease prevalence, and therefore, sample numbers were

limited. This is a limitation of the study, and findings require to

be validated with larger patient numbers in the future. A further

limitation of the study is that the clinical severity was assessed only

via MGFA scores and not by a more quantitative score such as

QMG. Furthermore, owing to technical reasons, MuSK IgG levels

assessed at the local diagnostic centers in Pisa and the

Neuroimmunology group in Oxford differed from each other

(Supplementary Tables). The RIA measurements from Oxford of

the patients from Pisa correlated well with the results from our

ELISA, suggesting a higher accuracy of the RIA. Therefore,

quantitative analyses used the measurements by the RIA

measurements from Oxford. The local measurements from Pisa

were only used in Figure 1 to investigate the overall change in MuSK

IgG levels over time (Figure 1B).
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General immunosuppression had a clinical benefit for patients

with MuSK-MG during the first 4 years of disease duration, but

only 13/44 patients with general immunosuppression or 14/52

patients with MuSK-MG in total reached clinical remission,

suggesting that other or more intense treatments may be

necessary for a substantial fraction of patients with MuSK-MG

to reach remission. The immunosuppressive treatment also led to

a reduction of MuSK IgG4 in four out of five individual patients,

but could not be observed across patients, probably due to inter-

patient variability. Serum IgG4 was within the normal range, but

relatively enriched (IgG4/IgG) in both patients with AChR-MG

and those with MuSK-MG. Owing to the low sample size, further

studies with larger cohorts and longitudinal sampling are required

to validate these findings.
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Background: Anti-IgLON5 disease is a rare chronic autoimmune disorder

characterized by IgLON5 autoantibodies predominantly of the IgG4 subclass.

Distinct pathogenic effects were described for anti-IgLON5 IgG1 and IgG4,

however, with uncertain clinical relevance.

Methods: IgLON5-specific IgG1-4 levels were measured in 46 sera and 20

cerebrospinal fluid (CSF) samples from 13 HLA-subtyped anti-IgLON5 disease

patients (six females, seven males) using flow cytometry. Intervals between two

consecutive serum or CSF samplings (31 and 10 intervals, respectively) were

categorized with regard to the immunomodulatory treatment active at the end of
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the interval, changes of anti-IgLON5 IgG1 and IgG4 levels, and disease

severity. Intrathecal anti-IgLON5 IgG4 synthesis (IS) was assessed using a

quantitative method.

Results: The median age at onset was 66 years (range: 54–75), disease duration

10 years (range: 15–156 months), and follow-up 25 months (range: 0–83).

IgLON5-specific IgG4 predominance was observed in 38 of 46 (83%) serum

and 11 of 20 (55%) CSF samples. Anti-IgLON5 IgG4 levels prior clinical

improvement in CSF but not serum were significantly lower than in those prior

stable/progressive disease. Compared to IgLON5 IgG4 levels in serum, CSF levels

in HLA-DRB1*10:01 carriers were significantly higher than in non-carriers.

Indeed, IgLON5-specific IgG4 IS was demonstrated not only in four of five

HLA-DRB1*10:01 carriers but also in one non-carrier. Immunotherapy was

associated with decreased anti-IgGLON5 IgG serum levels. In CSF, lower anti-

IgLON5 IgG was associated with immunosuppressive treatments used in

combination, that is, corticosteroids and/or azathioprine plus intravenous

immunoglobulins or rituximab.

Conclusion: Our findings might indicate that CSF IgLON5-specific IgG4

is frequently produced intrathecally, especially in HLA-DRB1*10:01

carriers. Intrathecally produced IgG4 may be clinically relevant. While

many immunotherapies reduce serum IgLON5 IgG levels, more intense

immunotherapies induce clinical improvement and may be able to target

intrathecally produced anti-IgLON5 IgG. Further studies need to confirm

whether anti-IgLON5 IgG4 IS is a suitable prognostic and predictive biomarker

in anti-IgLON5 disease.
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Introduction

Anti-IgLON5 disease is a rare chronic autoimmune disorder

hallmarked by antineuronal surface autoantibodies against IgLON5,

an immunoglobulin superfamily cell-adhesion molecule with high

expression in the central nervous system (CNS). The clinical

presentation of anti-IgLON5 disease is quite heterogeneous with

patients presenting with distinct rapid eye movement (REM) and

non-REM parasomnias, obstructive sleep apnea and stridor, variable

features of gait instability, movement disorders, and brainstem

symptoms (1). Anti-IgLON5 disease is typically chronically

progressive. Depending on which symptoms predominate, four

different phenotypes have been delineated which are dominated by

either (1): the sleep disorder with parasomnia and sleep apnea (2);

bulbar dysfunction with dysarthria, dysphagia, sialorrhea, stridor, or

acute respiratory insufficiency (3); a progressive supranuclear palsy

(PSP)–like movement disorder; or (4) cognitive decline (1). Rare

phenotypes mimic motor neuron disease or acute encephalitis (2, 3).

The typically insidious clinical course and neuronal tau aggregates

predominantly involving the brainstem and hypothalamus (4)
02200
suggest an underlying neurodegenerative process. However,

tauopathy may be absent in some patients (5). In turn, a strong

association with HLA-DRB1*10:01 and HLA-DQB1*05:01 alleles

and the observations that IgLON5-specific IgG1 may cause

IgLON5 protein internalization and subsequent cytoskeletal

changes in vitro (6) point to a primary autoimmune process.

Indeed, patients with anti-IgLON5 disease may benefit from early

immunotherapy (7). The anti-IgLON5 antibodies are predominantly

of the IgG4 subclass (followed by IgG1) in most patients (4). Anti-

IgLON5 IgG1 induced irreversible IgLON5 internalization (8),

whereas IgG4 interfered with IgLON5 protein interactions (9) in

vitro. However, their individual contributions to disease in vivo and

their prognostic/predictive relevance remain unclear.

Autoimmune encephalitis (AIE) with neuronal surface

autoantibodies are heterogenous (10) but may be grouped

according to the IgG1 or IgG4 predominance of their target-

specific antineuronal antibodies (10). CSF inflammation in IgG4-

predominant AIEs is typically less prominent than in IgG1-

predominant AIEs (11). AIE associated with NMDAR antibodies is

a prototypical IgG1-predominant AIE. Herein, prominent intrathecal
frontiersin.org
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synthesis (IS) of the total and target-specific IgG is well established

(12). Surprisingly, in LGI1-antibody AIE (which is the most common

IgG4-associated AIE), the otherwise non-inflammatory CSF contains

many target-specific B cells. B cells and plasma cells also occur

frequently in the largely non-inflammatory CSF in anti-IgLON5

disease (13, 14). Thus, target-specific IgG IS may also play a role in

IgG4-predominant autoimmune disorders, including anti-IgLON5

disease. Of note, antigen-specific IgG IS is much more difficult to

target therapeutically than systemic antibody production (15, 16).

Here, we longitudinally investigate the changes in individual

anti-IgLON5 IgG subclass profiles in serum and CSF of 13 anti-

IgLON5 disease patients in association with short- and long-term

treatment follow-up. In addition, we established a method to

quantify IS of anti-IgLON5 IgG4. Our aim was to delineate

factors contributing to disease progression and characterize

candidate biomarkers for therapeutic response.
Methods

Patients

Longitudinal serum and CSF of 13 patients with anti-IgLON5

disease were included in this study. The samples were referred to the

Division of Neuropathology and Neurochemistry at the

Department of Neurology, Medical University of Vienna for

diagnostic testing between October 2014 and December 2022.

The clinical information was obtained by the investigators. Four

patients were previously published (17–21). The disease severity

was estimated as functional impairment using the modified Rankin

scale (mRS) at the different sample time points.
Flow cytometry analysis of IgG subclasses

The analysis of IgG subclasses was adapted from our previously

published method (22, 23). Briefly, HEK293T cells were transfected

with plasmid DNA encoding full-length human IgLON5 fused to

Turbo GFP (tGFP, derived from Origene, Rockville, Maryland,

USA, RG22549). Each 2 × 105 cells were incubated with a 1:40

dilution of patient serum or 1:10 dilution of CSF in incubation

medium (DMEM supplemented with 1% penicillin/streptomycin,

1% BSA, 20mMHEPES, and 10% donkey serum) for 20 min at 4°C.

The cells then were washed, fixed for 10 min using 4%

paraformaldehyde, washed, and incubated with 1:500 biotinylated

mouse anti-human IgG1 (B6775), IgG2 (B3398), IgG3 (B3523), or

IgG4 (B3648, all by Sigma-Aldrich, St Louis, Missouri, USA) in

incubation medium for 30 min at 4°C. The cells were again washed,

and bound biotinylated IgG was visualized by incubating cells with

Cy3-streptavidin (434315, Invitrogen, Waltham, Massachusetts,

USA) diluted 1:750 in incubation medium for 30 min at 4°C in

the dark. The cells were washed and resuspended in phosphate-

buffered saline with 2.5 mM ethylenediaminetetraacetic acid, pH

8.0 before analysis with a Cytoflex LX flow cytometer (Beckman

Coulter Brea, California, USA). tGFP-positive and -negative cells
Frontiers in Immunology 03201
were gated, respectively, and their median fluorescence intensity

(MFI) for Cy3 was measured in the phytoerythrin channel

(Supplementary Methods Figure S1), the value of tGFP-negative

cells was subtracted from tGFP-positive cells to account for

unspecific binding of antibodies to the cells (DMFI). Depending

on serum/CSF availability, the measurements were repeated in

independent experiments (N = 1–5). Four reference samples were

measured in every experiment and used to normalize the results of

individual experiments (Supplementary Methods). These assay

conditions resulted in a largely linear correlation of DMFI with

antibody levels. At very high levels, DMFI reached the nonlinear

range (Supplementary Methods). While technical limitations (the

use of different subclass-specific antibodies) did not permit the

calculation of absolute percentages of anti-IgLON5 IgG1, 2, 3, and

4 and total anti-IgLON5 IgG, the sum of anti-IgLON5 IgG1 + 2+3

+ 4 DMFI was used as a surrogate marker for total anti-IgLON5 IgG

(“total” anti-IgLON5 IgG), which was used to determine relative

percentages of anti-IgLON5-IgG1, 2, 3, and 4. IgG4 predominance

was defined as anti-IgLON5 IgG4 exceeding 66% of “total” anti-

IgLON5 IgG. Anti-IgLON5 IgG4/IgG1 ratios were calculated for

every sample. All analyses were made for anti-IgLON5 IgG1-4.

Thus, all references to IgG1-4 always refer to anti-IgLON5 IgG1-4.
Interval analysis

Each interval flanked by either two subsequent serum or CSF

samplings was characterized in four dimensions: (1) duration, (2)

immunosuppressive treatment regimen at the end of the interval,

(3) changes in disease severity, and (4) anti-IgLON5 IgG levels.

We defined the following time spans for the treatment effects,

which include one additional month as buffer: 4 months for

intravenous immunoglobulins (IVIG) (24), 7 months for

rituximab, 4 months for corticosteroids >5 mg, 5 months for

cyclophosphamide, 5 months for azathioprine. For acute

therapies, immunoadsorption (IA) and plasmapheresis were

considered active for 1 month (Figure 1). Clinical improvement

was defined as a decrease and clinical worsening as an increase in

the mRS. In mildy affected patients (mRS always 1), descriptions

of clinical improvements or worsening were taken into account. A

>25% increase in antibody levels during the interval was defined as

increased, a change of ±25% as unchanged, and >25% decrease as

decreased levels. We defined IgG4/IgG1 ratio during sampling

intervals as lower (>20% less), stable (0 ± 20%), or increased

(>20% higher) ratios.
HLA genotyping

Genotyping of HLA-DRB1 and -DQB1 was performed as

described (25). We used HLA-genotyping data from the 11

Austrian patients (Supplementary Table S3) and HLA data from

a cohort of 200 Austrian individuals from the database of the Allele

Frequency Network (26) to calculate the relative frequency of

distinct HLA alleles as odds ratio (OR, Supplementary Table S4).
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Intrathecal IgLON5 antibody synthesis

Anti-IgLON5 IgG4 IS was assessed in anti-IgLON5-disease

CSF/serum pairs with routine data for the total CSF/serum IgG

ratio (QIgG) and CSF/serum albumin ratio (QAlb) available. No IS of

total IgG was reported for the serum/CSF pairs utilized. To calculate
Frontiers in Immunology 04202
CSF/serum ratios, data points need to be in the absolutely linear

range of the assay, and matrix effects must be absent. To generate

suitable raw data, anti-IgLON5 IgG4 levels weremeasured in sera and

CSF following dilution to identical IgG concentrations, to ensure

DMFI intensities in a similar range in the absence of IS and strictly

within the linear range of the assay (see Supplementary Methods).
FIGURE 1

Graphical summary of serum and cerebral spinal fluid intervals including immunomodulatory treatments, changes in anti-IgLON5 IgG1 and IgG4
levels, as well as clinical changes. Treatments were color-coded as indicated. The last active treatment was assessed as described in the Methods
sections. Two long-active treatment in parallel (with corticosteroids >5 mg/day) were categorized as combination treatment. The numbers in the
columns for changes in IgG1 and IgG4 indicate the percentage change at the end of each interval compared to the start. Resp = patient responded
well to rituximab 1 month after first treatment, but the interval terminated 1 week before manifestation of clinical improvement.
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The CSF/serum DMFI intensity ratio obtained by this approach is

identical to the CSF/serum antibody index (AI) as reported by Reiber

and Lange (27). The CSF/serum anti-IgLON5 IgG4 ratio was then

obtained by multiplying the CSF and serum DMFI by the respective

dilution factors. Z scores for anti-IgLON5 IgG4 IS and total IgG IS

were calculated as described recently (28). Control CSF/serum pairs

without IS (“control AI 1,” IgLON5-antibody-negative CSF/serum

pairs spiked with high-titer IgLON5-IgG4 sera to obtain a QIgLON5-

IgG4 identical to the QIgG) and 10-fold IS (“control AI 10,” IgLON5-

antibody-negative CSF/serum pairs spiked with high-titer IgLON5-

IgG4 sera to obtain a QIgLON5-IgG4 10-fold higher than the QIgG) were

used to successfully validate the assay (Supplementary Methods).
Statistical analysis

The OR and 95% confidence intervals (95% CI) for individual

HLA alleles of Austrian patients were calculated using Episheet1

(29). Unless stated otherwise, descriptive statistics of ordinal- and

interval-scaled variables are given as median and interquartile range

(IQR). The statistical analysis was done with GraphPad Prism 9.0

software, using either Fisher’s exact test, Mann–Whitney, Kruskal–

Wallis test or linear regression with Pearson correlation as

appropriate. Statistical significance was determined as p ≤ 0.05.

Due to the low number of patients, data points and the retrospective

nature, the statistical analysis had to be categorized as exploratory

and merely hypothesis-generating. Consequently, a one-sided

testing strategy was applied if not stated otherwise.
Standard protocol approvals, registrations,
and patient consents

The study was approved by the Ethics Committee of the Medical

University of Vienna (EK 1442/2017, 1636/19, and 1123/15).
1 http://www.epidemiolog.net/studymat/.
Results

Patients

Twenty CSF and 46 serum samples (in total 66 samples) were

available from 13 patients with positive results in the IgLON5 cell-

based assay (six females, seven males, 11 from Austria, one from

Denmark, and one from Germany). The median age at onset was 66

years (range: 54–75) with a follow-up time of 25 months (range: 0–

83). Longitudinal sampling was available from 11 patients with a

median number of four serum samples (range: 0–7) and one CSF

sample (range: 0–4). Among these, five patients with matching

serum/CSF pairs with routine data for QAlb and QIgG were still

available after initial measurements. The disease duration between

disease onset and the last serum/CSF sample analyzed was 10 years

(range: 1.25–13 years).

Nine of the 13 patients (69%) exhibited one of the phenotypes

characterized by Gaig et al. (1). However, only one patient (8%)

presented with the prototypical sleep disorder. A bulbar syndrome
Frontiers in Immunology 05203
found in four patients (31%) was most common. A PSP-like

phenotype was also common (3 of 13, 23%). One patient (8%)

presented with a cognitive phenotype. Four patients (31%) could

not be classified according to Gaig et al. (1). Two (15%)

predominantly exhibited peripheral hyperexcitability. One of the

two remaining patients’ phenotype clinically resembled Parkinson’s

disease in combination with peripheral hyperexcitability. The other

remaining patient showed gait instability, mild cognitive

impairment, sensory hyperexcitability as well as transient

choreoathetosis of the left arm (Supplementary Tables S1/S2, see

Appendix for detailed case descriptions).

Median mRS at first presentation was 3 (range: 1–5). Three

(23%) patients improved by at least one mRS point during follow-

up, six (46%) worsened and died during follow-up after a disease

duration of 124 (120–147) months compared to seven (54%)

surviving patients with a disease duration at last follow-up of 85

(48–128) months (p = 0.08). The patients who died had significantly

higher mRS (median: 3.5, range: 3–5) at time of diagnosis than

surviving patients (median: 2, range: 1–3; p = 0.006, Supplementary

Figure S1). Nine of 13 (69%) patients received eight different

therapeutic regimens [IVIG, plasmapheresis (PLEX), oral

corticosteroids (CS), intravenous high-dose methylprednisolone,

azathioprine (Aza), rituximab (RTX), cyclophosphamide (CP),

immunoadsorption (IA) alone or in combination]. Four patients

(31%) carried both HLA-DRB1*10:01 and HLA-DQB1*05:01 risk

alleles, six (46%) carried one risk allele (one HLA-DRB1*10:01 only,

five HLA-DQB1*05:01 only), while three (23%) carried none

(Supplementary Table S3). Compared to an Austrian reference

population, the allele frequency for both HLA-DRB1*10:01 and

HLA-DQB1*05:01 was significantly increased in the 11 Austrian

patients [OR (95%CI): HLA-DRB1*10:01 75 (5–3933), p < 0.001;

HLA-DQB1*05:01 8 (2–51), p < 0.01, Supplementary Table S4].

Presence of the HLA-DRB1*10:01 risk allele did not affect age of

onset or sex distribution (Supplementary Figure S2A). However,

DRB1*10:01-negative patients at clinical presentation tended to be

slightly less functionally impaired [median mRS (IQR):

DRB1*10:01-negative 2.5 (2.0–3.0), DRB1*10:01-positive 3.0 (3.0–

4.5); p = 0.1974] associated with a tendency to more frequent

clinical stability [negative: five of eight (63%), positive: one of five

(20%); p = 0.1795, Supplementary Figure S2B]; however, these

effects were not statistically significant. All three patients with a

PSP-like phenotype were DRB1*10:01-negative [PSP-like/total with

specificDRB1*10:01 carrier status: negative 3/8 (38%), positive 0/5,

p = 0.0435], two other DRB1*10:01-negative cases presented with

atypical phenotypes with peripheral hyperexcitability (one

resembling Parkinson’s disease, and the other non-classifiable,

Supplementary Figure S2C and Supplementary Tables S1/S2).

Interestingly, median CSF cell count was sevenfold higher in

DRB1*10:01-positive compared to negative cases [positive: 7 (2.5–

36) leukocytes/µl; negative: 1 (0–3.5) leukocytes/µl; p = 0.0101,

Supplementary Figure 2D].
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Changes in CSF anti-IgLON5 IgG4 coincide
with changes in disease severity

Next, we assessed anti-IgLON5 IgG1-4 levels in serum and CSF

(Supplementary Figures S3/S4). The relative variability in serum

anti-IgLON5 IgG1 was higher than for IgG4 (Supplementary Figure

S5). Anti-IgLON5 IgG4 predominated in 38 of 46 (83%) serum, but

only 11 of 20 (55%) CSF samples (p = 0.022), IgG1 in one of 46 (2%)

serum and one of 20 (5%) CSF samples. Interestingly, IgG4

predominance of anti-IgLON5 IgG was due to higher anti-

IgLON5 IgG4 levels but not lower anti-IgLON5 IgG1 levels in

both serum and CSF (Supplementary Figure S6). Then, we analyzed

whether either anti-IgLON5 IgG1 and 4 levels in serum and CSF

preceded future clinical changes or whether changes in antibody

levels were paralleled by changes in symptoms severity in the

various intervals between CSF and serum samplings with different

treatments considered active at the end ot the interval (Figure 1). In

contrast to serum (Figures 2A/2C, left panels), CSF anti-IgLON5

IgG1 tended to be and IgG4 levels were significantly lower prior to

improvement compared to stable or worsening disease (IgG1: p =

0.09, IgG4: p = 0.04, Figures 2B, D, left panels). During the intervals,

no association with changes in serum anti-IgLON5 IgG1/4 levels

nor CSF anti-IgLON5 IgG1 levels was found (Figures 2A–C, right

panels). However, in four of six (66%) intervals with decreased CSF

anti-IgLON5 IgG4 levels clinical improvement was noted but, in

none of the intervals in stable or increased CSF anti-IgON5 IgG4

levels, a finding not statistically significant due to the low number of

data points (p = 0.08, Figure 2D, right panel). Of note, no systematic

changes of interval length correlated with changes in IgG4, IgG1,

IgG4/IgG1 ratio, or functional impairment (Supplementary Figure

S7). QAlb, available for seven of 13 (54%) measurements preceding

stable disease or worsening and two of three (67%) preceding

improvement, was not lower in the group experiencing future

improvement than in those with less good outcome

(Supplementary Figure S8). Thus, it seems highly unlikely that

the low CSF IgG4 levels prior to improvement are explained by

better blood/CSF-barrier function resulting in less filtration of

blood anti-IgLON5 IgG4 into the CSF.
CSF anti-IgLON5 IgG4 is synthesized
intrathecally especially in HLA-
DRB*10:01 carriers

Plotting CSF against serum anti-IgLON5 IgG4 levels in all first

CSF/serum pairs showed considerably higher relative CSF anti-

IgLON5 levels in patients carrying the DRB1*10:01 allele compared

to non-carriers (Figure 3A, left panel). When filtrated into the CSF

from plasma, IgG levels are usually 100- to 1,000-fold lower

compared to serum levels corresponding to CSF-to-serum ratios

of 1–10 × 10−3 (30). CSF levels in three of four DRB1*10:01-negative

patients were 292- to 433-fold lower than serum levels

(Supplementary Table S2), thus, in the expected range when

explained by filtration into the CSF only. CSF anti-IgLON5 IgG4

in the fourth non-carrier, patient 12, was only 32-fold lower. In the
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five DRB1*10:01 carriers, CSF anti-IgLON5 levels were only

fourfold to 23-fold lower than the respective serum levels. This

resulted in 26-fold higher CSF/serum IgG4 ratios in DRB1*10:01

carriers [75 (59–153) × 10−3] compared to non-carriers [2.9 (2.3–

24) × 10−3, p = 0.008, Figure 3A, right panel]. Of note, this effect

seems to be independent of a simultaneous DQB1*05:01 carriership

(Supplementary Figure S9). Thus, we hypothesized that, especially

in DRB1*10:01 carriers, anti-IgLON5 IgG4 may be synthesized

intrathecally. Of note, a similar, but less robust, threefold increase in

the CSF/serum anti-IgLON5 IgG1 ratio was found in DRB1*10:01

carriers (Figure 3B, left panel), while anti-IgLON5 IgG2 and IgG3

CSF/serum ratios tended to be higher in non-carriers (Figure 3B,

middle/right panels). These findings strongly suggest anti-IgLON5

IgG4 IS, especially in DRB1*10:01 carriers.

To exactly quantify the IS of anti-IgLON5 IgG4 (zQIgLON5-IgG4)

in comparison to total IgG IS (zQTotal IgG) in CSF/serum pairs with

available data for QAlb and QIgG and remaining sample volume, we

employed an innovative and sensitive strategy using IS z scores (see

Supplementary Methods). Overall, a strong correlation the

zQIgLON5-IgG4 with the anti-IgLON5 IgG4 serum-CSF ratio was

observed (Supplementary Figure S10), indicating that the mere

ratios analyzed for their dependency on the HLA genotype

(Figure 3) represent a good surrogate parameter of anti-IgLON5

IgG4 IS.

In all five patients, four DRB1*10:01 carriers (Pat 1/9/6/13) and

the non-carrier patient 12, definite anti-IgLON5 IgG4 IS (zQIgLON5-

IgG4 ≥ 3) could be demonstrated at least at one-time point

(Figure 4A). Of note, zQIgLON5-IgG4 dropped in patients 9 and 13

after treatment with either RTX+CS (patient 9) or IVIG+CS+Az

(patient 13) and again increased in patient 13 after stopping Aza and

reducing IVIG frequency, which was associated with clinical relapse.

In addition, the median zQIgLON5-IgG4 (20.0, 6.0–25.7) exceeded the

zQIgG-total (1.1, 0.5–2.3, p = 0.004) 18-fold with zQIgG-total being never

≥3 (Figure 4B). When changes zQIgLON5-IgG4 during all available

intervals were analyzed, zQIgLON5-IgG4 changes only tended to change

in the same direction as zQIgG-total or serum anti-IgGLON5 IgG4

levels (Figure 4C, left and middle panels). However, a similar

association with changes in CSF anti-IgLON5 IgG4 was highly

significant (p = 0.008, Figure 4C, right panel), confirming CSF anti-

IgLON5 IgG as the major influence on zQIgLON5-IgG4. Most

importantly, clinical deterioration or improvement during an

interval was significantly associated with either an increase or

decrease in zQIgLON5-IgG4, respectively(p = 0.017, Figures 4C, D).

In summary, we could confirm that, in a subset of patients with

anti-IgLON5 disease, and likely in those carrying the HLA-

DRB1*10:01 allele, anti-IgLON5 IgG4 is synthesized intrathecally

and this may be pathophysiologically relevant.
Combination therapy reduces CSF anti-
IgLON5 IgG4 and leads to
clinical improvement

Next, we analyzed how different treatment strategies during the

intervals affected anti-IgLON5 IgG1/4 levels. Treatments were
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categorized either as monotherapies (or combination of short-lived

therapies), and combinations of RTX and IVIG with other therapies

(for details, see Figure 1 and Appendix). While there was only a

tendency of more frequent decreases in serum anti-IgLON5 IgG1 in

intervals with immunotherapy compared to those without therapy

[no therapy: one of nine (11%), any therapy: 10 of 22 (46%), p =
Frontiers in Immunology 07205
0.07, Figure 5A, left panel, additional information regarding the

length of the intervals can be found in Supplementary Figure S11],

this association was highly significant for anti-IgLON5 IgG4 [no

therapy: zero of nine (0%), any therapy: 11 of 22 (50%), p = 0.008,

Figure 5A, middle panel. Interestingly, decreased serum anti-

IgLON5 IgG4 was observed in seven of 10 (70%) intervals with
A B

DC

FIGURE 2

Cerebrospinal fluid anti-IgLON5 IgG1 and IgG4 levels and their changes over time correspond better with disease severity than serum levels.
(A–D) Left graphs: IgLON5 IgG1 (A, B left) or IgG4 (C, D left) levels (bars + error bars = mean ± SEM) in serum (A, C left) and cerebrospinal fluid
(CSF, B, D left) measured by flow cytometry and expressed as mean fluorescence intensity above background (DMFI) as in Figure 1 were grouped
according to future clinical change at the next follow-up visit categorized as clinically worsened (≥ +1 mRS point, red), unchanged (mRS unchanged,
yellow) or improved (≤ −1 mRS point, green). If the mRS was 1 (no functional impairment), changes of reported symptoms were used to categorize
intervals. (A–D) Right graphs: The clinical change between two consecutive serum (A, C, right) or CSF (B, D, right) sampling intervals was categorized
as clinically worse (≥ +1 mRS point, or worsening of symptoms if mRS = 1, red), unchanged (mRS unchanged, or unchanged symptoms if mRS =1,
yellow) or improved (≤ −1 mRS point, or improvement of symptoms if mRS =1, green) and changes of anti-IgLON5 IgG1 (A, B right) or IgG4
(C, D right) levels during these intervals were categorized as higher (+ ≥ 20%), unchanged (± 20%), or lower (−≥ 20%). Bars show the percentage of
intervals with one of the three clinical change categories when grouped according to the antibody change category. Numbers in stacked bar graphs
indicate the number of intervals. Numbers in column titles indicate the numbers of measurements (left graphs) or intervals (right graphs). For
statistical analysis, data were dichotomized into clinically worse/stable versus improved (left graphs) or higher levels versus unchanged or lower
levels (right graphs) before testing using one-tailed Mann–Whitney U (left graphs) or Fisher’s exact tests (right graphs). The p-values are indicated.
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combination immunotherapy, but in only four of 12 (33%) with

monotherapy. However, due to the low number of data points, this

difference failed to reach statistical significance (p = 0.09, Figure 5A,

right panel). In CSF, no treatment (one of one interval, 100%) and

immunotherapy with IVIG or RTX alone (three of three intervals,

100%) did not lead to reduced anti-IgLON5 IgG1 levels, but a

reduction was found in five of six intervals (83%) with combination

therapy (p = 0.02 no/mono- compared to combined therapy,

Figure 5B, left panel). Furthermore, anti-IgLON5 IgG4 levels

decreased in one of four intervals (25%) with no or monotherapy

(decrease in one interval with RTX only) but in five of six (83%)

intervals with combination therapy (six of 10 intervals with any

therapy, Figure 5B right panels). Due to one interval with response

to RTX only, these differences failed to reach statistical significance

(no/mono- vs. combination therapy p = 0.11, mono- vs.

combination therapy, p = 0.22).

Next, we investigated clinical responses to different

immunotherapy regimens. The frequency of clinical improvement

was comparably low during serum intervals with any treatment

regimen [six of 22 (27%)] and those without [one of nine (11%), p =

0.32, Figure 6A]. In contrast, in five of 10 (50%) intervals with

combination immunotherapy including either RTX or IVIG but

only one of 12 (8%) with monotherapy clinical improvement was

observed [Figure 6B, p = 0.04]. With regard to the combination, in
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five of 10 intervals with RTX- or IVIG-containing combination

immunotherapy (50%) Aza was added. Clinical improvement was

observed in three of five (60%) serum intervals with Aza but in only

four of 26 (15%) without (p = 0.03, Figure 6C). Thus, the pattern of

clinical improvement in response to therapy closely resembled the

decrease in CSF but not serum anti-IgLON5 IgG4 levels.
Discussion

In this retrospective longitudinal study, we investigated IgLON5

IgG subclass profiles in serum and CSF in 13 IgLON5 patients in the

context of the patients’ HLA alleles, clinical presentation, disease

severity, and immunotherapy. Our strategy was to analyze all

parameters or their change at the beginning and end of each

clinical follow-up interval that included sampling of biofluids for

assessment of anti-IgLON5 subclass levels, using flow cytometry

along with an innovative quantitative technique to quantify the IS of

anti-IgLON5 IgG4.

Although the results of our exploratory study often did not meet

criteria of statistical significance, they yielded a coherent picture,

allowing to generate new hypotheses of the biology of anti-IgLON5

disease, particularly (A) that intrathecally produced CSF IgLON5

IgG4 as well as the cellular inflammatory response may depend on
A

B

FIGURE 3

CSF/Serum ratios for anti-IgLON5 IgG4 but also IgG1 are higher in DRB1*10:01 carriers compared to non-carriers. (A, left panel) The mean
fluorescence intensity above background (DMFI) for anti-IgLON5 IgG4 in CSF was plotted against serum anti-IgLON5 IgG4 DMFI separatedly for
DRB1*10:01 carriers (circles without borders) and non-carriers (circles with black borders). The results of linear regression (carriers: R2 = 0.47, p =
0.1984, non-carriers R2 0.21, p = 0.5466) and the non-carrier with the higher CSF/serum ratio (patient 12) are indicated. (A, right panel, B): CSF/
serum ratios for anti-IgLON4 IgG4 (A, right panel), IgG1–3 (B) of DRB1*10:01 carriers compared to non-carriers. Statistical analysis in the right panel
of (A, B) was performed using one-sided Mann–Whitney U tests. The p-values are indicated. A comparison of anti-IgLON5 IgG4 CSF/serum ratios in
association with of DRB1*10:01 and DQB1*05:01 carriership can be found in Supplementary Figure S13.
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A

B

DC

FIGURE 4

Robust intrathecal synthesis of anti-IgLON5 IgG4 was observed in five of five patients, and change in clinical severity and CSF IgLON5 IgG4 correlate
with changes in the IgLON5-IgG4–specific IS (zQIgG-IgLON5). (A, left panel) The mean fluorescence intensity above background (DMFI) for anti-
IgLON5 IgG4 in CSF of each first CSF/serum pair available was plotted against the anti-IgLON5 IgG4 DMFI in serum for five DRB1*10:01 carriers (no
border) and four non-carriers (black border). Patient 12 is indicated. The lines represent simple linear regression. (A, right panel) CSF/serum ratios of
DRB1*10:01 carriers compared to non-carriers. (B) Precise quantification of intrathecal anti-IgLON5 IgG4 synthesis using CSF/serum pairs with
corresponding data for CSF/serum IgG (QIgG) and albumin ratio (QAlb) from patients 1, 6, 9, 12, and 13 still available following the initial
measurements. Results from repeat flow cytometry performed after dilution to equal concentrations of total IgG in CSF and serum were converted
to z-scores for anti-IgLON5 IgG4 (zQIgLON5-IgG4) IgG4 and total IgG (zQTotal IgG) as described in the methods and Supplementary Methods. Results for
zQIgLON5-IgG4 (red) and zQTotal IgG (green) were plotted against the disease duration using the left y-axis. The corresponding QAlb (pink, left y-axis)
and serum and CSF anti-IgLON5 IgG4 mean ± SEM levels dark blue and light blue, respectively, right y-axis) are shown for comparison. The cutoff
above which definite intrathecal synthesis (z = 3) can be assumed and z-score without intrathecal synthesis (z = 0) are indicated as black dashed
lines. A black border indicates DRB*10:01 non-carriers, orange border clinical relapse. Circle: no treatment in the preceeding interval, upright
triangle: Rituximab (RTX), hexagon: IVIG only, inverse triangle: IVIG + corticosteroids (CS), diamond: IVIG + CS + azathioprine (Az) (B) zQIgLON5-IgG4s
of the first CSF/serum pair of all five patients compared to the respective z zQTotal IgGs. Again, patient 12 is marked by a black border. Statistical
comparisons were performed using two-tailed Mann–Whitney U test. (C, D) The change of the z score for the CSF/serum IgG4 ratio (DzQIgG4-IgLON5)
in all six intervals with zQIgG4-IgLON5 available at both start and end was plotted against the changes in total IgG IS (zQIgG-total, C, left panel), change in
serum IgG4 (C, middle panel), CSF IgG4 (C, right panel), and clinical change (D). Clinical change was defined as −1 = worse (indicated by clinical
deterioration and/or increase in mRS), 0 = stable (clinically stable, no change in mRS), 1 = better (clinical improvement and/or reduction of mRS).
The results of simple linear regression are depicted. The correlation coefficients obtained by with Pearson correlation and their p-values
are indicated.
Frontiers in Immunology frontiersin.org09207

https://doi.org/10.3389/fimmu.2024.1376456
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Koneczny et al. 10.3389/fimmu.2024.1376456
the HLA genotype and, if present, (B) may represent a marker of

clinical and prognostic relevance in a subset of patients, and (C) that

patients may be more likely to benefit from immunosuppressive

treatment in combination. Our main findings that support these

hypotheses are that (1) DRB1*10:01 non-carriers show lower CSF-

to-serum anti–IgLON5-IgG4 levels and CSF leukocytes when

compared to carriers of this risk allele, (2) anti-IgLON5 IgG4 IS

was observed not only in all analyzed DRB1*10:01 carriers but also

in one non-carrier, (3) the reduction in anti-IgLON5-IgG4 IS

correlated with reduced CSF anti-IgLON5 IgG4 and clinical

improvement, and (4) low CSF IgG4 levels were associated with

future clinical improvement. Further, (5) although many treatments

could reduce serum anti-IgLON5 IgG1/4 levels, clinical
Frontiers in Immunology 10208
improvementwas more frequently observed after intense

immunotherapy, often containing combinations of either RTX or

IVIG with CS, but especially Aza. Taken together these findings led

us to form a new hypothesis: that intrathecal anti-IgLON5 IgG

synthesis, especially of IgG4, could potentially represent a surrogate

marker for disease activity in a subset of patients and may thus be a

promising prognostic and/or predictive biomarker. With the

limitation that these are preliminary data of a small patient

cohort that warrant further studies with larger patient cohorts to

validate, we cautiously suggest that both CSF and serum anti-

IgLON5 should be monitored. Before becoming available as

routine diagnostic tests, the performance of quantitative assays

for IgLON5 IgG1 and IgG4 levels along with new strategies to
A

B

FIGURE 5

While many treatments tend to reduce serum anti-IgLON5 levels, only combination immunotherapy coincides with reduction of anti-IgLON5 levels
in cerebrospinal fluid. Intervals between two consecutive serum (A) and cerebrospinal fluid (CSF, B) samplings were categorized according to the
immunotherapy administrated during the interval as described in the methods sections (None = no treatment, IVIG− = intravenous immunoglobulins
only, RTX− = rituximab only, PLEX or CS = plasma exchange or corticosteroids, IVIG +CS/Aza = IVIG + corticosteroids or azathioprine, RTX + CS/
CP/Aza/PLEX= rituximab in combination with corticosteroids, cyclophosphamide, azathioprine, or plasmapheresis). The number of intervals is
indicated below the bars. Antibody level changes during these intervals were categorized as higher (+> 20%, red), unchanged (± 20%, yellow), or
lower (−> 20%, green). Bars show the percentage of intervals assigned to the three antibody levels change categories for anti-IgLON5 IgG1 (left
graphs) and IgG4 (middle and right graphs) when grouped according to the treatment regimen. For the right graphs, treatments were dichotomized
as monotherapy (Mono) or combination therapy (Comb). In addition, for statistical analysis treatments during the intervals were dichotomized into
absence of treatment versus any treatment for serum (A, left and middle graph) or no or monotherapy versus combination therapy for CSF (B, left
and middle graphs). A statistical comparison was performed by one-sided Fisher’s exact test. The p-values are indicated above the graphs.
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calculate their IS will have to be validated more extensively.

Currently, IS of target-specific antibodies is most frequently

presented as AI calculated according to Reiber and Lange (31).

However, this procedure has two major disadvantages. First, in the

AI formula the denominator for the target-specific antibody CSF/

serum ratio switches from the actual QIgG to the 99.5% percentile

reference value (Qlim) in case the actual QIgG is higher than Qlim.

Thus, in cohorts of individuals with and without proven

quantitatively relevant intrathecal IgG synthesis according to

Reiber (QIgG>Qlim) (32), the AIs are calculated by different

formulas prohibiting quantitative statistical analysis. Second,

when patient in a cohort do not exhibit proven quantitatively

relevant IgG synthesis according to Reiber (QIgG≤Qlim) but the

actual QIgG is above the 50th percentile of the reference range (as in

our cohort), the AI formula tends to underestimate IS as the actual

QIgG (which might indicate a 90% likelihood of IS if, e.g., it is

located at the level of the 90th percentile) but not the estimated QIgG

in the absence of IgG IS as the denominator. Both disadvantaged do

not occur using the approach suggested by Brauchle et al. and

employed in our manuscript, which, in addition, is based on a

considerably higher number of data points (27).

Our study shows a predominance of IgG4 in 88% of patients.

This is in line with a previous study (25) but in contrast to an earlier

study with a lower frequency (33%) (1). The IgG4 predominance in

our study was largely due to higher IgG4 levels in IgG4-

predominant patients but not lower antibody levels of other

subclasses, especially IgG1. Furthermore, in our cohort, which

showed the expected high frequency of the known risk alleles

HLA-DQB1*05:01 and DRB1*10:01, a higher number of risk

alleles seemed to coincide with higher anti-IgLON5 IgG4 levels in

serum and CSF. The HLA-DQB1*05 allele has been associated with

other IgG4-predominant autoimmune diseases (33–36). Recent

data supports the view that HLA-DQ containing a b-subunit
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encoded by the HLA-DQB1*05:01 anti-IgLON5 disease risk allele

plays a pivotal role in the presentation of IgLON5 peptides to T-

helper cells and initiation of the anti-IgLON5 immune response

(37). The authors suggested that any association of anti-IgLON5

disease with HLA-DRB1*10:01 risk allele may be merely indirect

due to its linkage disequilibrium with HLA-DQB1*05:01.

Nevertheless, our observations suggest that the presence of HLA-

DRB1*10:01 may contribute to disease, as the association of HLA-

DRB1*10:01 risk allele with proportionally highly CSF anti-IgLON5

IgG levels most likely representing IS described herein seems to be

directly mediated by the HLA-DR genotype. Replicating this

observation in larger cohorts might yield relevant insight into the

pathoimmunobiology of anti-IgLON5 disease.

Notably, it has been consistently reported that about 10% of

anti-IgLON5 disease patients test negative for anti-IgLON5 IgG in

CSF [e.g. (38, 39)]. These probably correspond to those with low

CSF levels in our cohort when using flow cytometry. In turn, many

patients reported to be CSF anti–IgLON5-positive may have target-

specific IgG IS. Indeed, one patient each with anti-IgLON5 in CSF

only (18) and higher anti-IgLON5 IgG levels in CSF compared to

serum have been reported (40). Do these two groups represent

different immunological and clinical phenotypes? In the initial

description by Sabater et al., one patient with the clinical

diagnosis of PSP and anti-IgLON5 IgG in serum only was

reported but at this time due to the negative CSF tests it was

doubted whether this actually was anti-IgLON5 disease (4).

However, later Gaig et al. reported that in anti-IgLON5 disease

with PSP-like phenotype CSF may test negative for anti-IgLON5

IgG in 50% of the patients (1). Interestingly, these patients were

threefold less likely to carry the DRB1*10:01 risk allele. In our study,

only one of four patients with PSP-like anti-IgLON5 disease was

DRB1*10:01 carrier. Perhaps the presence of the risk allele

predisposes for more robust immigration of antigen-specific B-
A B C

FIGURE 6

Combination treatment rather than only immunomodulatory treatment is associated with clinical improvement. Intervals between two consecutive
serum samplings were categorized according to the immunotherapy administrated during the interval as described in the methods sections
(A: None = no treatment, IVIG ± CS/Aza = intravenous immunoglobulins with or without corticosteroids or azathioprine, RTX ± CS/Aza/CP/Plex =
rituximab with or without CS, Aza, cyclophosphamide or plasma exchange, PLEX or CS = plasma exchange or corticosteroids, B: No/Mono = no
treatment or monotherapy; C: No Aza = without azathioprine, With Aza = with azathioprine). The number of intervals is indicated below the bars.
Changes in clinical severity during these intervals were categorized as worse (red), stable (yellow), or better (green) as described in the Materials &
Methods section. A statistical comparison was performed by one-sided Fisher’s exact test. The p-values are indicated above the graphs.
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cells into the intrathecal compartment or brain. Moreover, low

intrathecal anti-IgLON5 IgG production may also evade detection

in CSF as anti-IgLON5 IgG may be adsorbed in brain tissue due to

binding to the membrane-bound and/or shedded antigen (9).

Although clinically distinct from anti-IgLON5 disease, anti-

LGI1 AIE equally presents with IgG4 predominance of the target-

specific IgG, low titers of target-specific antibodies in CSF compared

to serum and largely non-inflammatory CSF results (14, 41, and 42)

(41). Of note, not only could clonal expansion of B cells in anti-

LGI1 AIE be demonstrated but also that B cells producing LGI1-

specific antibodies are present in the CSF (42, 43). Correspondingly,

abundant CSF B cells and even plasma cells have been found in

most cases with anti-IgLON5 disease (13). These observations

might indicate that target-specific recruitment of B cells to the

intrathecal compartment with subsequent expansion might be a

characteristic of IgG4-predominant autoimmune disorders. In

contrast, recruitment of unspecific B cells with production of

polyspecific antibodies including multiple anti-viral specificities

associated with a robust quantitative IS of total IgG was

demonstrated to be a hallmark of AIE with NMDAR antibodies

(14, 44), which are largely of the IgG1 and IgG3 subclass. Thus,

future experiments should focus on the comparative studies of

peripheral and CSF B cells as well as the binding specificity, avidity,

affinity and post-translational modifications of target-specific IgG4

produced in both compartments to unravel the relevance of

intrathecally produced anti-IgLON5 IgG4.

Which is the best treatment choice for anti-IgLON5 disease? In

our small cohort, we observed favorable outcomes mostly after

immunosuppressive treatment in combination, which consisted of

RTX or IVIG in combination with Aza or CS, or combinations

including Aza. However, the number of study participants was low;

therefore, further studies are necessary to confirm this observation.

Taken together, our findings clearly indicate an urgent need for

further studies to investigate the efficacy of combination therapies,

particularly involving IVIG or RTX in combination with Aza

and CS.
Limitations

Anti-IgLON5 disease is rare and no guidelines for treatment of

anti-IgLON5 disease exist. Thus, our cohort included a limited

number of patients with heterogenous treatment regimens. This

limits the conclusions that can be drawn from our data. Flow

cytometry is a quantitative method, and individual titrations

showed linearity of the assay in general, but a high degree of

inter-assay variability could not be entirely overcome by

normalization. We used four different IgG-subclass–specific

secondary antibodies, but these were also used successfully in

diseases with IgG1 predominance (45, 46). We decided to

measure anti-IgLON5 IgG1/4 at a low dilution to allow detection

of low antibody levels, accepting that in exceptional cases with very

high antibody levels serum anti-IgLON5 IgG4 levels may exceed the

linear range of the assay. We thus optimized the assay to allow a

direct comparison of CSF and serum antibody levels and
Frontiers in Immunology 12210
demonstrated that this approach is quantitative, though

sensitivity was reduced in patients with very low antibody levels.
Conclusion

Although anti-IgLON5 disease is rare and the retrospective

nature of our study made it difficult to compare results, we present

several important findings and hypotheses: (1) intrathecal synthesis

of anti-IgLON5 IgG4 may be of clinical and prognostic relevance, as

we observed IgLON5-specific IS in all five tested patients (of which

four were DRB1*10:01 positive). Further, CSF (but not serum) anti-

IgLON5 IgG4 levels correlated with clinical outcomes whereby low

CSF levels preceded clinical improvement. (2) Initial observations

suggest a potential clinical benefit from combined immunotherapy,

as we found that immunotherapy was associated with reduced anti-

IgLON5 antibody levels, and combination therapy had greater effect

on clinical outcomes. Further studies will be necessary to ascertain

our observations in a larger patient cohort.
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Background: IgG4-related disease (IgG4-RD) was characterized by single or

multiple masses in organs, whichmaymimic various inflammatory andmalignant

diseases. Here, we summarize 4 patients with aggressive manifestations of IgG4-

RD that mimic nasopharynx cancer to provide some new sights for the diagnosis

of IgG4-RD.

Case summary: Four patients were included in our series. The age ranged from 53

to 64 years old, and the duration of the disease ranged from4 to 6months. The chief

complaints included headache, rhinorrhea, or diplopia. All patients hadmore than 10

IgG4+ plasma cells/HPF in immunohistochemistry with plasma lgG4 levels ranging

from 218 mg/dL to 765 mg/dL. All of them met the diagnostic criteria of lgG4-RD.

Conclusion: The described case is highly similar to the clinical manifestations of

nasopharyngeal carcinoma. Although pathology is the gold standard, there are

still limitations. Serological IgG4 can help confirm the diagnosis. Timely diagnosis

of IgG4-RD is of great significance in preventing secondary organ damage in

patients with active diseases.
KEYWORDS

IgG4-related disease, nasopharyngeal mass, diagnosis, case series, Epstein-Barr
virus (EBV)
Introduction

IgG4-related disease (IgG4-RD) was first conceptualized as a systemic disease in 2003 (1).

Since then, worldwide awareness of IgG4-related diseases has increased, and experts are now

familiar with most of its clinical features. The main clinical feature of IgG4-RD is a swollen

lesion of the involved organ with typical serological and histological features including

lymphoplasmacytic hyperplasia, fibrosis, occlusive phlebitis, and elevated serum IgG4,

which can lead to permanent organ damage and death if left untreated (2–4). The disease is
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deemed to be the result of plasma immune cell-mediated

overproduction of IgG4 from immunoglobulin IgG, since serum

IgG4 is significantly elevated in 60-70% of patients with IgG4-RD

(5). However, it has also been reported that serum IgG4 within the

normal range occurs in about 20% of patients. IgG4-RD mainly

influences middle-aged and elderly people, with an incidence ratio

of 1.6:1 between men and women (6).

IgG4-RD can involve multiple organs, common in but not

limited to the pancreas, orbit, salivary glands, and lymph nodes,

and clinical symptoms vary with the organ involved (7). Pancreatic,

biliary tract involvement, retroperitoneal aorta, head and neck, and

salivary gland involvement are the most common involved organs

(8). Incidence ratio is approximately 4:1 between head and neck and

other sites of involvement (3). Recently, studies have found that

IgG4-RD can also be associated with otorhinopharyngology

involvement. Depending on the site of involvement, IgG4-RD

occurring in the nasal cavity can accompany with runny nose,

nasal congestion, and dull headache (9), and occurring in the throat

can exhibit persistent cough, swallowing pain, and dysphonia (10,

11). While otologic symptoms as initial manifestations may reveal

tinnitus, progressive sensorineural hearing loss, serous otitis media,

and even dizziness (12, 13). Few studies, however, described

nasopharyngeal symptoms as individual clinical manifestations.

With the introduction of the diagnostic criteria for IgG4-RD (6), the

diagnosis rate of IgG4-RD in otolaryngology has increased, but it is still

easily confused with other diseases. In this article, we summarized the

clinical features and diagnostic procedures of four patients who were

finally diagnosed with IgG4-related disease with nasopharyngeal

malignancy-like manifestations to help clinicians understand this entity.
Materials

All patients diagnosed with IgG4-RD in Sun Yat-sen Memorial

Hospital fromDecember 2018 to July 2020 were reviewed. Diagnostic

criteria for IgG4-RD were as follows (6): 1. Diffuse or limited swelling

or mass in one or more organs; 2. Serum IgG4 > 135 mg/dL; 3. IgG4+

plasma cells per high power field (cells/HPF) higher than 10 cells.

And the inclusion criteria were as follows: 1. Final diagnosis was

IgG4-RD; 2. The lesions involved the nasopharynx at least.

The basic information of patients, including age, gender,

symptoms, disease duration, and treatment process, was collected

through the electronic case system. Laboratory test data including

EBv (Epstein-Barr virus, EBv) level, lgG4 level, C-reactive protein,

immunological, rheumatic, lupus erythematosus, vasculitis markers

were recorded during hospitalization and outpatient follow-up; CT,

MRI, and PET-CT features of patients were summarized and

analyzed by imaging physicians, and pathological results of all

patients were collected. This study protocol was accepted by the

Review Institution of the Sun Yat-sen Memorial Hospital.
Results

Four patients were included in our series. There were 3 males

and 1 female. The age ranged from 53 to 64 years old, and the
Frontiers in Immunology 02214
duration of the disease ranged from 4 to 6 months. The chief

complaints included headache, rhinorrhea, or diplopia. There

were 2 positive and 2 negative serum EBV IgA antibodies, with

lgG4 levels ranging from 218 mg/dL to 765 mg/dL. The

immunological, rheumatic, lupus erythematosus, and vasculitis

markers of the four patients were all within the normal range. The

basic information and clinical data of all patients were

summarized in Table 1.

All patients underwent fiberoptic endoscope and MR-enhanced

examinations suggestive of nasopharyngeal occupying lesions. MRI

images resembled nasopharyngeal malignancy and were

characterized as follows: Fibroscopy and MRI suggest bulging of

the right nasopharynx, disappearance of the crypt, and shallow

pharyngeal opening of the eustachian tube. Note the involvement of

the fatty gap of the right petrostaphylinus (Figure 1). Whole-body

PET-CT showed active FDG metabolism in the center of the lesion,

while the rest of the whole-body scans showed no significant

abnormalities. Four cases occurred in the nasopharynx and

showed shallowing of the pharyngeal fossa, significant thickening

of the parietal, posterior, and posterior walls of the nasopharynx,

and the lateral wall of the lesion. In the more severe cases, the lesion

involved the palatal sail and levator muscles, the internal and

external pterygoid muscles, and was accompanied by bone

destruction at the skull base.

All patients underwent surgical pathological examination, and

pathologic results showed inflammatory granulation tissue and

fibrous tissue hyperplasia with more lymphocytes, plasma cells,

and neutrophils infiltration. All patients had more than 10 IgG4+

plasma cells/HPF in immunohistochemistry.

All patients had remission of symptoms after glucocorticoid

and immunosuppressive treatment after the diagnosis of IgG4-

related disease. Headache, diplopia, epistaxis, and dysphagia

symptoms were also improved. A good response to glucocorticoid

therapy is an effective way to differentiate IgG4-relative disease from

pharyngeal malignancy. However, due to the influence of

characteristics such as the location of the lesion and the onset of

the disease, it was difficult to obtain the pathological samples

accurately. Wherein three patients with IgG4 underwent multiple

pathological biopsies (up to 8 times) before they were finally

confirmed (Patient 2).
Discussion

Patients with IgG4-RD onset at different sites exhibit unique

clinical, epidemiological, and serological features. Their clinical

symptoms and morbidity manifest differently, and the serologic

findings in patients with IgG4-RD are mostly nonspecific, as serum

IgG4 is elevated in only some patients, which means that there are still

some patients with serum IgG4 below diagnostic criteria levels.

Elevated serum IgG4 levels can be caused by a variety of diseases,

including Sjogren’s syndrome, sarcoidosis, multicentric Castleman’s

disease, granulomatosis with polyangiitis, eosinophilic granulomatosis

with polyangiitis, eosinophilia, malignant lymphoma, cancers, all of

which need to be distinguished from IgG4-RD (14–16). And because it

can occur in a wide range of neoplastic, infectious, and autoimmune
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diseases, elevated serum IgG4 is currently only applied for the initial

screening of IgG4-RD. These diseases are not currently considered

since the markers of immunological, rheumatic, lupus erythematosus

and vasculitis did not exceed the normal range in 4 patients.

Radiological examinations of most of the involved organs are

also mostly nonspecific, for example, IgG4-RD is indistinguishable

from images of malignant tumors and inflammatory diseases. In the

four cases of IgG4-RD, we reported, the imaging presentation was

similar to that of pharyngeal malignancy. It also involved the lateral

wall of the nasopharynx and the parapharyngeal space, and the

surrounding bones such as the occipital slope, the butterfly bone,

and the temporal bone were destroyed, and the internal carotid

artery canal, the jugular foramen, and the internal auditory canal

could be invaded as the disease progressed intensification. It has

been reported (17) that PET-CT can diagnose IgG4-RD only in the
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absence of associated inflammatory episodes, and the reduction of
18F-FDG uptake after treatment can assess the therapeutic effect.

Currently, PET-CT is more often used to assess the extent of the

lesion and to stage the extent of the disease, and it can assist in

localizing the biopsy site to improve the biopsy detection rate.

The definitive diagnosis of IgG4-RD requires strict clinic

opathological correlation, as clinical evaluation, laboratory

assessment, and imaging studies often do not easily distinguish it

from diseases such as tumors and infectious inflammatory

diseases. IgG4-RD pathological histological changes are dense

lymphoplasmacytic proliferation, tissue fibrosis, and occlusive

phlebitis. The literature reports that IgG4-RD includes two stages

of pathogenesis with inflammatory episodes and fibrosis as the

outcome (2, 18). This may lead to different degrees of lesion tissue

fibrosis at the time of biopsy as well as different stages of disease
TABLE 1 Basic information of 4 cases of IgG4-RD in nasopharynx.

Case Sex Age Course Manifestation
EB
virus

IgG4
(mg/
dL)

IgG4+
cells/HPF

Site Treatment Outcome

1 Male 63 5M Headache – 218 22 nasopharynx
MP 40mg qd
CTX 0.2g qod

Remission

2 Male 53 5M Epistaxis, Diplopia + 324 >10 nasopharynx
MP 40mg qd
CTX 50mg qd

Remission

3 Female 64 4M Headache + 268 75 nasopharynx
MP 40mg qd
CTX 50mg qd

Remission

4 Male 67 6M Headache – 765 >10 nasopharynx
MP 40mg qd
CTX 50mg qd

Remission
MP, methylprednisolone; CTX, cyclophosphamide.
FIGURE 1

Fibroscopy, radiologic, and histologic features of IgG4-RD patient. (A–C) Fibroscopy and MRI suggest bulging of the right nasopharynx,
disappearance of the crypt, and shallow pharyngeal opening of the eustachian tube. Note the involvement of the fatty gap of the right
petrostaphylinus. (D) PET-CT showed active FDG metabolism at nasopharynx. (E, F) Hematoxylin-eosin staining demonstrating lymphocytes, plasma
cells, and a few neutrophils, eosinophils infiltrate, accompanied by fibrous tissue hyperplasia. Immunohistochemical staining showed IgG4-positive
cells, greater than 10/HPF. These images are at a 20X original magnification.
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progression and different absolute values of IgG4 counts or IgG4 to

IgG ratios for each lesion biopsy. The diagnostic criteria for IgG4-

RD in lymph node tissue, lacrimal gland, and salivary gland are

IgG4-positive cells ≥HPF and IgG4/IgG ratio requirement ≥ 40%,

and in retroperitoneal fibrosis or some renal lesions, IgG4+ cells/

high power field > 10 are considered positive (19). However, there

are no reports about the criteria of IgG4+ cells in nasopharyngeal

IgG4-RD. In our reports, four patients had IgG4+ plasma cells

higher than 10 cells at high power field, but the IgG4/IgG ratio did

not exceed 40%, considering that the lesions were located in deep

tissues limiting the acquisition of pathological specimens or the

lesions are at different stages of onset.

Although the clinical symptoms and imaging presentation of

IgG4-RD with pharyngeal involvement are similar to those of

pharyngeal malignancies, the treatment options for the two are

different. The preferred treatment modality for nasopharyngeal

malignancies is radiation therapy, whereas glucocorticoids are the

first-line agents to induce remission in all patients with active IgG4-

RD (20). Remission after glucocorticoid therapy is a differentiating

point in the treatment of IgG4-RD and malignancy, but

glucocorticoids should be used with caution until the diagnosis is

clear. In this study, four patients with IgG4-RD were considered

malignant lesions due to pharyngeal occupancy. Several times of

pathological biopsies were performed, all of which were not

malignant and suggested inflammatory tissue containing a large

number of plasma cell infiltrates. Combined with the serum IgG4

results, the diagnosis of IgG4-RD could be made, and the diagnostic

glucocorticoid treatment could significantly relieve the symptoms.

Inoue was the first to report a case of IgG4-RD that started in one

nasal cavity and showed progressive destruction, with loss of intra-

nasal structures and recurrent bleeding from the nasal cavity (21).

The presentation of IgG4-RD in the nasopharynx has not been

reported in the literature. In our study, IgG4-RD also showed an

aggressive presentation on pharyngeal imaging, with nasopharyngeal

MR showing significant thickening of soft tissue and soft tissue mass

formation in the posterior and parietal walls of the nasopharynx with

moderate enhancement on enhanced scans and invasion of the skull

base bone; oropharyngeal MR showed an irregular soft tissue mass

shadow in the oropharynx and invasion of the surrounding cervical

fascial space. One study found that IgG4 plasma cell infiltration was

seen in nasal mucosal tissue biopsies in both IgG4-associated chronic

sinusitis and common chronic sinusitis, and there was no statistical

difference in the number of IgG4 plasma cell infiltrates between the

two diseases (22), leading to a possible lack of specificity of nasal

tissue biopsy in the diagnosis of IgG4-RD. In addition, the levels of

EB virus in two patients have exceeded the normal range which

associates with nasopharyngeal malignancy. There have been reports

of IgG4 antibodies produced by host B lymphocytes in the Epstein-

Barr virus lytic reactivation group (23), which may be the reason why

EB virus can be detected in IgG4-RD patients.

A recent publication in the Lancet-Journal of Rheumatology

mentioned the classification of IgG4-RD pathology into proliferative

and fibrotic types based on the clinical and pathological features of the

organs involved in IgG4-RD (24). Proliferative lesions mainly involve

glands and epithelial tissues, and this type is characterized by

lymphoproliferation and significantly elevated IgG4 levels in serum
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and focal tissues. The fibrotic lesions often originate outside the glands,

and the fibrosis of the involved tissues is more prominent in this type,

while the lymphoproliferative degree is lower than that of the

proliferative type, and the pathology is often single organ

involvement, with significant fibrosis and relatively little

lymphoplasmacytic infiltration, which is less likely to form germinal

centers and is somewhat aggressive. Four cases of IgG4-related diseases

of the nasopharynx were classified as fibrosis type according to the

classification: (1) Single site involved, located outside the glandular

tissue; (2) patients had mildly elevated serum IgG4 more than 135 mg/

dL; (3) Lesions showed significant fibrosis; (4) Pathological tissue had

IgG4+ plasma infiltrated. Whether tissue biopsy of the nasopharynx

correlates with IgG4-RD still requires more studies to further confirm.
Conclusion

IgG4-RD can involve the nasopharynx as a first and single

manifestation, and pharyngeal tissue biopsy and serum IgG4 level

testing are currently effective means of diagnosing IgG4-RD. While

there is a lack of clear diagnostic criteria. We should distinguish these

patients in clinical practice and improve the necessary tests including

serum IgG4 testing and histopathological examination of lesions. We

expect better serological markers and imaging methods to help identify

and clarify the diagnostic direction, differentiate frommalignant tumors,

avoid misdiagnosis, and improve the detection rate of IgG4-RD.
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Immunoglobulin G4 in primary
Sjögren’s syndrome and IgG4-
related disease - connections
and dissimilarities
Maria Maslinska* and Kinga Kostyra-Grabczak

Early Arthritis Clinic, National Institute of Geriatrics, Rheumatology and Rehabilitation, Warsaw, Poland
Primary Sjögren’s syndrome (pSS) is an autoimmune disease, with B cell

hyperactivation and autoantibody production as its immunological hallmarks.

Although the distinction between immunoglobulin G4-related disease (IgG4-RD)

and pSS, based on the presence or absence of certain autoantibodies, seems

easy to make, possibility of elevated serum IgG4 concentration and often similar

organ involvement may lead to a misdiagnosis. The increased serum

concentration of IgG4 in IgG4-RD is not clearly linked to the pathogenesis of

IgG-RD and it has been suggested that it may constitute just an epiphenomenon.

The aim of this article is to discuss the presence of IgG4 in pSS and IgG4-RD and

its potential significance for these two diseases.
KEYWORDS

immunoglobulin G4, Sjögren’s syndrome, IgG4-related disease, autoimmunity, lymphomas
Introduction

Primary Sjögren’s syndrome (pSS) is a chronic autoimmune disease with a dominance

of immunological features such as hypergammaglobulinemia, B and T cell activation,

autoantibody production mainly against ribonucleoproteins (anti-SSA/Ro and anti-SSB/La

antibodies), low levels of C3 and C4 components of the complement system, rheumatoid

factor (RF) and cryoglobulin production. The main autoimmune and inflammatory

process, with infiltrations of mononuclear cells, takes place in exocrine glands and

internal organs. Due to the tropism of exocrine glands, of lacrimal and salivary glands in

particular, the dysfunction of those glands is observed, causing dryness - one of the main

clinical features of pSS (1).

The presence of anti-Ro/SSA and anti-La/SSB is typical for pSS (1). Less often,

immunological tests may reveal anti-centromere B (CENP-B) and anti-citrullinated

protein antibodies (ACPA) or antibodies more specific to other connective tissue

diseases (2, 3). Rheumatoid factor may also be present in IgM, IgA, and IgG classes of

immunoglobulins (4, 5). The association of pSS and primary biliary cholangitis with AMA-
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M2 autoantibodies or autoimmune thyroiditis with thyroid

peroxidase antibodies (TPOAb) and thyroglobulin antibodies

(TgAb) is also well established (6, 7).

Immunoglobulin G4-related disease (IgG4-RD) is another

autoimmune disorder, which shares some of its clinical symptoms

with pSS, including the presence of the inflammatory and

autoimmune process in the salivary and thyroid glands and other

similar organs. Its identification underlines the attention paid to

immunoglobulin G4 in recent years, its role in the human immune

system, and the connection of this antibody to various clinical states.

Interestingly, for years, Mikulicz’s disease (MD)—currently

recognized as a clinical manifestation of IgG4-RD—was considered

a form of pSS. It was described by a Polish surgeon, Jan Mikulicz-

Radecki, in 1888 and its symptoms include sialadenitis and

dacryoadenitis with salivary and lachrymal gland enlargement (8,

9). Another example of isolated submandibular gland involvement is

chronic sclerosing sialadenitis, known as Kutner’s tumor (chronic

sclerosing sialadenitis), which is also currently classified as a

manifestation of IgG4-RD. It occurs without the involvement of

other salivary glands, which is one of the elements that distinguishes

it from pSS, where the characteristic feature is the involvement of the

parotid and submandibular glands (8). The increased serum

concentration of IgG4 is a recognized immunological determinant

of IgG4-RD, while in the case of pSS, various relationships are

presented - both a decrease and, in some studies, an increase in the

concentration of this immunoglobulin. The still not fully recognized

pathophysiological role of the IgG4, the research, that led to the

distinguishing of IgG4-RD, as well as the similarities between this

disease and pSS were the inspiration to write the present article.
Overview of the unique role of IgG4

In human serum, the IgG4 class of immunoglobulins is least

abundant among other immunoglobulins G and constitutes

approximately 5% of IgG (10). Serum IgG4 levels increase

gradually from birth and by the age of approximately 10 years they

usually reach adult levels, hindering the assessment of IgG4 levels in

young children (11). Isolated IgG4 deficiency is very rare and more

often occurs in combination with a deficiency of other

immunoglobulins (IgG1, IgG2, or IgA). There are observations

(mainly in children) indicating that in a case of IgG4 deficiency,

recurrent respiratory infections, allergies, candidiasis, and chronic

diarrhea occur (12, 13). IgG4 deficiency was also observed in patients

with associated inflammatory bowel disease (14). Currently, a lot of

attention is being paid to IgG4 hypergammaglobulinemia, which may

occur in a healthy population (in ~5%), although increased serum

concentration in a healthy population has not yet been proven to

have clinical consequences (15).

IgG4 is attributed with an anti-inflammatory role (e.g., response

to parasitic infections and allergies) and is also associated with a

potentially pathogenic role in autoimmune diseases and with a

response to biological treatment or cancer development (16).
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Such varied perceptions of the role of IgG4 in immune

processes are related to its specific features and abilities, different

from other IgG molecules.

In 1997, the structure of an IgG4 Fc fragment was described

(17, 18). The structure of human IgG4 is highly homologous (over

90%) to other IgG subclasses, but its unique properties result from

specific amino acid differences in the heavy chain, especially in the

hinge region, which allows for the phenomenon of fab arm exchange

(FAE) (observed in vitro only for this subclass of immunoglobulin G)

as well as the variability in CH3 domains (19, 20).

The unique property of IgG4 is FAE, which is possible due to

relatively labile disulfide bonds between the heavy chains of IgG4

molecules, which allow for the phenomenon of recombination

(exchange of half-molecules, each consisting of one heavy chain

and one light chain). Such an exchange between two IgG4 molecules

allows for the formation of a monovalent (for each antigen)/bispecific

antibody, contrary to other IgG monomers, which are bivalent, but

monospecific in nature (21, 22). The FAE phenomenon is also

favored by a weaker CH3-CH3 interaction in IgG4, caused by the

replacement of lysine with arginine (position 409) (19).

In a physiological state, IgG4 is an anti-inflammatory antibody

and weakly activates the complement system. Under conditions of

increased IgG4 concentration, the consumption of complement

components was observed, which indicates such a possibility. It is

suggested that special properties of IgG4, such as FAE and

glycosylation of Fc fragments, affect complement activation (10,

19). It is also proposed that IgG4 blocks the binding of other

immunoglobulin subclasses to the complement component 1q (C1q).

The glycosylation of the Fc IgG4 fragment is another process that

plays a role in altering IgG4 effector functions (23). Glycosylation

changes the affinity of IgG4 to the different FcgRs (24). Studies on the

glycosylation of IgG and IgG4, including in the pathophysiology,

(e.g., IgG4 in primary membranous nephropathy causes activation of

the lectin pathway and induction of podocyte damage) indicated a

pro-inflammatory role of this process and the possibility of the

complement activation also by glycoforms of IgG4 (25, 26).

Current research indicates that the process of glycosylation of IgG,

including IgG4, may have a pro-inflammatory role and is associated

with the pathogenesis of various inflammatory diseases. However, the

assessment of this phenomenon requires further research.

In Oskam N et al. (27), the authors showed that complement

activation by IgG4 is possible, but only at high antigen densities and

high antibody concentrations. The researchers managed to

demonstrate that such an activation occurred only through the

classical pathway. It is possible that these potential pathways are

enhanced by galactosylation, while the occurrence of FAE has the

opposite effect. However, these findings do not explain the

pathogenic role of IgG4 in IgG4-RD or, for example, in primary

membranous nephropathy (pMN).

The antigen-specific activity of IgG4 under the influence of

chronic antigen stimulation in allergic diseases and in the course of

immunotherapy was studied more widely and earlier than the

problem of IgG4-related disease (16).
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In allergic diseases, as well as in IgG4-RD, T helper type 2 (Th2)

cells play an important role associated with interleukin 4 (IL-4) and

13 (IL-13) production (Th2 cytokines). These cytokines stimulate B

cells to switch to class IgG4 immunoglobulin production (28).

Because of this stimulation, B cells exposed to an allergen, in

addition to producing allergenic IgE, produce IgG4. Immunoglobulin

G4 competes with IgE to prevent the activation and the subsequent

degranulation of mast cells and basophils. Subsequently, the IgE to

IgG4 (IgE/IgG4) ratio decreases. This situation also occurs during

allergen-specific immunotherapy. In such circumstances, the

persistence of increased IgG4 concentration may be observed for a

longer period of time, even up to 3 years (29). Because of the

described observations in some diseases with IgE elevation, the

protective role of IgG4 has been suggested.

A study on anti-drug antibodies in the biological treatment of

RA revealed that adalimumab-treated patients developed antibodies

against adalimumab mainly in the IgG4 isotype, rather than in the

IgG1 isotype (30). Such observations were associated with longer (3

years in cited study) drug exposition. It was demonstrated that a

longer exposition to an antigen (drug) can cause the development of

more IgG4 anti-drug-antibodies—a finding which corresponds with

other research on time of exposure to allergen/antigen and IgG4

antibodies production.

In summary, it is believed that in the case of allergic diseases and

immunotherapy, IgG4 may have a potentially protective effect. A

similar increase of both IgG4 and IgE levels is observed in helminth

infections (31, 32). Furthermore, beekeepers and laboratory workers

may exhibit high serum levels of the allergen-specific IgG4, which

protects them from an anaphylactic reaction (20).

However, it is still not clearly established whether increased

serum concentration of IgG4 plays an important role in diseases

such as IgG4-RD or Crohn’s disease (CD) or whether it should be

considered an epiphenomenon only (33).
IgG4 detection

In clinical practice, the detection of IgG4 currently is based on

different tests, namely, radioimmunoassay (RIA), enzyme-linked

immunosorbent assay (ELISA), and immunonephelometry, with

two latter ones being most commonly used. In Su et al. (34), a

comparison study between these tests proved good compatibility

between ELISA and the nephelometric assays. The fact that the costs

of performing an ELISA test are lower than immunonephelometry

may also be important in planning research.

An antigen-binding radioimmunoassay (RIA) was used

particularly in the oldest studies, in which it was used to measure

liquid-phase IgG4 antibodies (35).

For years, the problem of establishing a cut-off value for a significant

IgG4 concentration, in a way as to maintain the greatest sensitivity and

specificity of the tests, has been discussed. Especially since the

identification of IgG4-RD, it has become important to determine

what value of IgG4 concentration is most likely to be associated with

this disease. The classification criteria for IgG4 – RD adopted a value of

1.35 (135 mg/dL) as the cut-off value (36) but in some studies, higher

levels were noted as being more specific and sensitive (37, 38).
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Carruthers et al. (39) noted that elevated serum IgG4

concentrations had only 60% specificity and a 34% positive

predictive value (PPV). Therefore, the authors suggest that a

doubled cut-off value may increase the specificity of the test.

In some studies, researchers highlighted that elevated serum

concentrations of IgG4 or plasmablasts may be a hallmark of

IgG4-RD (40).

This approach is determined by the difficulties in interpreting

symptoms and diagnosing IgG4-RD in the presence of a normal/

low serum IgG4 concentration. Although such a discussion is

currently taking place mainly in relation to IgG4-RD, its outcome

may have further consequences, leading to a re-evaluation of

diagnostic criteria for other diseases, including pSS, related in

various ways to IgG4.
The outline of pSS pathogenesis

The discussion of the potential role of IgG4 in pSS requires a basic

understanding of pSS pathogenesis—a problem that still remains not

yet fully understood. However, certain factors, such as a breach of

immune tolerance, endothelial damage, release of autoantigens, and B

cell activation with autoantibody production, were confirmed as

immunological features of this chronic autoimmune disease, which

is also known under the name of “autoimmune epithelitis” (41).

In recent years, the role of the activity of the interferon pathway

in pSS, as well as other autoimmune rheumatic diseases, has been

examined. The overexpression of type I IFN is called IFN-I signature

(42). Other studies highlighted the significance of T lymphocytes as

cells that influence the activation of B lymphocytes with the

participation of stimulating factors (CTLA-4) and through the

production of B cell stimulating factors such as BAFF/BlySS (43).

Sicca symptoms due to exocrine gland involvement remain the

main clinical feature of pSS, although it does not take place in the

early stages of pSS. Importantly, in different age groups of patients,

we can expect different symptoms as they present with different

levels of immune system activity and varied degrees of organ and

exocrine gland damage. Several pSS phenotypes have been

described and the type designation highlights sicca symptoms,

systemic involvement, and organ damage as follows: sicca without

organ damage, sicca with glandular involvement/mild systemic

involvement, and sicca with severe systemic involvement (44).

The main immunological hallmarks of pSS are anti-

ribonucleoprotein antibodies (anti Ro/SSA and anti-La/SSB). They

belong to antibodies against extractable nuclear antigens (ENA)

which are present in the cell’s cytoplasm. Anti-Ro/SSA ab was

divided in 1981 by Lerner et al. (45) in two subclasses depending

of a molecular weight: anti-Ro52 kDa and anti-Ro60 kDa.

Interestingly, Ro52 and Ro60 antigens are coded on different

chromosomes. Ro60 is coded on chromosome 19 and forms

complexes with small cytoplasmic RNA (hY-RNA complexes)

which may be involved in binding misfolded mRNA and

influence its degradation.

Ro52 is coded on chromosome 11, belongs to the tripartite

motif protein (TRIM) family, and is involved in inflammation and

apoptosis (46).
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Some researchers suggest that anti-Ro60 abs are sufficient to

diagnose pSS, while anti-La/SSB abs are heterogenous and may be

present in other autoimmune diseases, such as systemic lupus

erythematosus (SLE), neonatal lupus erythematosus (NLE), and

inflammatory myositis as well as pSS. As has been concluded in

recent studies, anti-Ro60 abs are considered a triggering factor for

autoimmunity (glomerulonephritis, ultraviolet light radiation

sensitivity). Anti-Ro52 abs are associated also with other

autoimmune diseases, such as systemic sclerosis, rheumatoid

arthritis, and primary cholangitis.

However, despite differences between anti-Ro/SSA subclasses,

the measurement of anti-Ro/SS-A antibodies as a complex in an

ENA panel is sufficient for the determination of their presence for

diagnosis according to the current classification criteria of

pSS (46).

In the Figure 1, the outline of the recognized pSS pathogenesis

is presented.
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Diagnosis of primary
Sjögren’s syndrome

To confirm pSS diagnosis, the European League Against

Rheumatism/American College of Rheumatology (EULAR/ACR)

classification criteria should be met, and a differential diagnosis

should also be performed to exclude other diseases (47). The

elements of pSS classification criteria are presented in Table 1.

The classification criteria are met if the final scoring reaches a

minimum of four points and the exclusion criteria are not fulfilled.
A short introduction to IgG4-
related disease

IgG4-related disease is a chronic autoinflammatory disease of an

unknown etiology. The principal symptoms of IgG4-RD include the
FIGURE 1

The outline of Sjögren’s syndrome pathogenesis (Created with BioRender.com). Genetic susceptibility, environmental factors such as mainly viral
infections, but also bacterial infections, dysbiosis (microbiome disbalance), endogenous retroviral elements, hormonal disbalance (estrogen
deficiency), and ultraviolet radiation (UV) are involved in epithelial cell damage and apoptosis. The endothelial cell damage and release of
autoantigens stimulate innate and acquired immunity. The first-line immune response leads to the activation of dendritic cells (DC), especially of a
type I signature of the IFN pathway, which releases interferons (IFNs). Subsequently, cross-talk between DC and T cells and their production of B cell
stimulating factors (e.g., IFNg, B cell activating factor (BAFF), a proliferation-inducing ligand (APRIL), and interleukin-21 (IL-21)) cause the activation of
B cells and their hyperreactivity. Newly formed plasma cells produce autoantibodies, to ribonucleoproteins in particular, such as anti-Ro/anti-La
antibodies and rheumatoid factors (RF) in various classes of immunoglobulins. In target organs (primarily salivary glands), cell infiltrates are formed,
consisting of mononuclear cells such as dendritic cells (mainly CD21), T lymphocytes (CD4+, CD3+), CD20 B lymphocytes, and plasma cells. Under
the influence of chronic and intense stimulation, tertiary lymphatic structures may be formed—germinal centers (GC), and activation of B cells
beyond the control of T lymphocytes may occur. Such stimulation carries the risk of developing a lymphoproliferative process in pSS.
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elevation of IgG4 serum concentration, characteristic infiltrations of

mononuclear cells, fibrosis, and formation of pseudotumors. C-

reactive protein elevation and fever are not characteristic of IgG4-

RD as for other autoimmune-autoinflammatory diseases, e.g.,

Castleman’s disease, antineutrophil cytoplasmic antibody-associated

vasculitis (especially eosinophilic granulomatosis with polyangiitis

EGPA)—a phenomenon which should be considered in a

differential diagnosis.

A histopathological examination is considered the gold

standard of IgG-RD diagnosis, revealing storiform fibrosis,

inflammation with infiltration by lymphocyte and plasmatic cells,

eosinophilia, and obliterative phlebitis. The formation of germinal

centers and lymphoid follicles is also observed.

A storiform pattern of fibrosis (similar to the woven fabric

pattern in microscopy assessment) is considered typical for IgG4-

RD, however, it can also be observed in neoplastic changes. In the

late stage of IgG4-RD, acellular fibrosis dominates (49). Storiform

fibrosis is accompanied by dense lymphoplasmacytic infiltrates,

often partially eosinophilic infiltrates and obliterative phlebitis.

Obliterative vascular disease is a unique feature of IgG4-RD, not

observed in other vasculitis, e.g., granulomatosis with polyangiitis

(GPA), polyarteritis nodosa (PN), or microscopic polyangiitis

(MPA). In IgG4-RD, vessel wall necrosis is not observed (49).

In infiltrations, IgG4 + plasma cells are dominant (greater than

10 IgG4 + plasma cells/HPF) with a ratio of IgG4 +/IgG + cells

greater than 40%.

The current classification criteria for IgG4 - RD diagnosis were

established and published in 2019 (36). The verification of whether

a patient meets the classification criteria of IgG4-RD is divided into

three steps.

The first step is based on the entry criteria (Table 2).

The second step is only possible after meeting the entry criteria.

It requires a consideration of possible exclusions, which are listed

in Table 3.

In the final step, verification of the inclusion criteria is performed.

Inclusion criteria are divided into eight domains. The findings in each

domain are weighted, and cases with 20 points or more are classified
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as IgG4-RD. However, according to the ACR/EULAR IgG4

classification criteria, if any exclusion criterium is met, the patient

cannot be further considered as having IgG4 -RD. As a rule, the

highest weighted item in each domain is scored (Table 4).

Additional notes: a) in the immunostaining domain biopsies

from lymph nodes, mucosal surfaces of the gastrointestinal tract

and skin are not acceptable; b) ‘Indeterminate’ means that a

pathologist is unable to clearly quantify the number of positively

stained cells within an infiltrate, yet can still ascertain that the

number of cells is at least 10/hpf.

The introduction of the 2019 ACR/EULAR IgG4-RD criteria is

an attempt to exclude—with the optimal precision in the diagnosis

of this multiorgan and multisymptomatic disease—all mimickers

and maintain sufficient sensitivity and specificity (the first

validation cohort had a specificity of 99.2% and sensitivity of

85.5%, and the second validation a specificity of 97.8% and

sensitivity of 82.0%) (36).
Antibodies in the IgG4 subclass

In clinical practice, adverse reactions to food ingredients manifest

with symptoms of intolerance as well as with the production of

specific antibodies in various classes of immunoglobulins, especially

in IgE, IgG, or IgG4. In food intolerance, IgG4 antibodies are

associated with basophils and with mastocyte degranulation—

elements similarly active in other allergic reactions. In food

intolerance, total IgG and IgG4 are significantly increased. While

an initial elevation of IgE is observed, a subsequent increase in IgG/

IgG4 ratio constitutes a delayed persistent phase (from 24 hours to 5

days) of food intolerance (50). Therefore, for food allergy, diagnostic

ELISA tests have been developed for specific IgG4 antibodies against

food antigens (50).

In rheumatoid arthritis (RA), specific anti-citrullinated cyclic

peptide antibodies (ACPAs) in the IgG4 class of immunoglobulins

may occur. Carbone et al. (51) presented a metanalysis from three

studies on 328 RA patients in total and concluded that elevated IgG4

ACPAwas observed in 35.98% of patients. The Fab segments of RF can

react with the Fc part of the IgG molecule and mainly generate IgM

(RF)-IgG immune complexes. They can also recognize the Fc domains

of IgG4 to form IgG4-RF immune complexes which may activate the

complement system and cause synovial injury (52). In patients with

RA, increased IgG4 serum concentration was also observed as was the

presence of IgG4 in the inflammatory active synovium.

The focus on IgG4 led to the search for connections between

this immunoglobulin and other autoimmune diseases. It seems
TABLE 2 Entry criteria for the evaluation for IgG4–RD according to
ACR/EULAR classification criteria.

The involvement of organs characteristic/typical in
IgG4-RD

Pancreas, salivary glands, bile ducts, orbits, kidney, lung, aorta, retroperitoneum,
pachymeninges, and thyroid gland (only Riedel's thyroiditis), as well as evidence
of an inflammatory process accompanied by a lymphoplasmacytic infiltrate in
one of the listed organs, which cannot be attributed to any other condition.
TABLE 1 EULAR/ACR classification criteria for primary Sjogren’s
syndrome diagnosis (47).

Domain Parameter Points Exclusions

Mouth dryness Unstimulated
salivary flow

1 Active HCV
(PCR),
confirmed
sarcoidosis,
GvHD,
neck and head
radiotherapy,
amyloidosis,
IgG4-RD,
previous
lymphoma.

Eye dryness Schirmer’s test ≤
5mm/5 min

1

Ocular Staining
Score (OSS) ≥5
or
Bijsterveld’s test ≥4

1

Immunological Anti-SSA/
Ro antibodies

2

Histopathological FS ≥ 1 2
To fulfill the classification criteria, the total requested score must be ≥4.
OSS, ocular staining score (48); HCV, hepatitis C virus; GvHD, growth versus host disease; FS,
focus score (1 for each mononuclear cell infiltrate, which contains at least 50 inflammatory
cells, that is present in a 4 mm2 of a biopsy section).
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obvious that, especially in IgG4-RD, various IgG4 associations were

analyzed. Kiyama et al. (53) showed that in spite of the elevation of

IgG4 in the sera of patients with IgG4-RD, the production of

antinuclear antibodies (ANA) antibodies in the IgG4 subclass was

not observed. Therefore, the authors suggested that the elevation of

IgG4 levels is non-specific (epiphenomenon?) and not pathogenetic,

concluding that IgG4-RD is not an autoimmune disease.

Demirci et al. (54) found a significant increase in serum levels of

IgG4 in patients with celiac disease (CD) versus the control group

and the authors concluded that IgG4 levels can constitute a

biochemical marker for CD.

In an animal model in the study by Bi et al. (55), it was

found that switching anti – ADAMTS13 (a disintegrin and

metalloproteinase with a thrombospondin type 1 motif, member

13) to the IgG4 subclass had a protective effect in a IgG4-mediated

disease, thrombotic thrombocytopenic purpura (TTP), in contrast

to IgG3 anti-ADAMTS13 antibodies. In pemphigus foliaceus (PF),

autoantibodies to desmoglein 1 (anti-Dsg1) in the IgG4 subclass of

immunoglobulins played an opposite role by reducing FcgR-
binding affinity or ablating FcgRs, which enhanced their
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pathogenic function. In PF, the IgG1 subclass was revealed to be

non-pathogenic (56).

An interesting topic, however beyond the scope of this article, is

the existence of IgG4-nervous system dependent diseases including

myasthenia with muscle specific tyrosine kinase (MuSK) antibodies

or chronic inflammatory demyelinating polyneuropathy (CIDP)

with neurofascin-155, contactin-1/CASPR-1 antibodies, and anti-

LGI 1 as well as in CASPR2-associated limbic encephalitis,

neuromyotonia, and Morvan syndrome (57, 58). The cases of

anti-IgLON5 and anti-DPPX-spectrum CNS diseases related to

IgG4 were also described (59).
Sjögren’s syndrome and antibodies in
the immunoglobulin G4 class
of immunoglobulins

Primary Sjögren’s syndrome is relatively common among

systemic diseases of a connective tissue and is associated with the
TABLE 3 List of exclusions (36).

Exclusions

1. Clinical
Documented recurrent fever >38°C (in the absence of any clinical features of infection).
No objective response to glucocorticoids [no response to a treatment with prednisone at a minimum of 40 mg/day (~0.6 mg/kg/day) for 4 weeks]. The decrease of IgG4
serum concentration only is not considered as a response to treatment.
2. Serological
Leukopenia and thrombocytopenia without alternative explanation*
Peripheral eosinophilia >3,000 mm3.
Presence of antineutrophil cytoplasmic antibodies (ANCA)**
Presence of AID antibodies (anti-dsDNA, RNP, SM antibodies)***
Cryoglobulinemia with another explanation for a patient’s condition
Other AID-specific antibodies****
3. Radiological
Rapid radiological progression
Long bone abnormalities typical of Erdheim-Chester disease
Splenomegaly
Radiological findings typical or suspected of infection or malignancy
4. Histopathological findings:
Cellular infiltrates suggesting malignancy that has not been
sufficiently evaluated
Markers consistent with inflammatory myofibroblastic tumour (IMT)*****
Dominant neutrophilic inflammation
Necrotizing vasculitis
Prominent necrosis
Primarily granulomatous inflammation
Pathologic features of macrophage/histiocytic disorder (hemophagocytic lymphohistiocytosis spectrum diseases, HLH)******
5. Diagnosis with another disease:
Multicentric Castleman's disease
Crohn's disease*******
Ulcerative colitis*******
Hashimoto thyroiditis********
ANCA, antineutrophil cytoplasmic antibody; dsDNA, double-stranded DNA; IgG4-RD, IgG4-related disease; MPO, myeloperoxidase; PR3, proteinase 3; anti-SM antibody, anti-Smith antibody.
*Hematologic features atypical for IgG4-RD.
**Antibodies against proteinase 3 or myeloperoxidase.
***Autoantibodies of low specificity such as RF and ANA do not account for an exclusion and are not clear exclusions.
****Anti-Ro/SSA, anti-La/SSB, double-stranded DNA, RNP, and Sm antibodies in titers greater than normal suggest an alternative diagnosis. Other autoantibodies associated with a high
specificity for another immune-mediated condition suggest another diagnosis. Such specific autoantibodies include anti-synthetase antibodies (e.g., anti–Jo-1), anti–topoisomerase III (Scl-70),
and anti–phospholipase A2 receptor antibodies.
****IMT benign tumor consisted with myofibroblastic and fibroblastic cells and lymphocytes and eosinophils.
*****HLH haemophagocytic lymphohistiocytosis this is a hyper-inflammatory disease with multiorgan failure, primary (genetic mutations), secondary (triggering by infection, malignancy,
autoimmune disorders).
******If pancreato-biliary disease is present.
*******If the thyroid is the only proposed location of disease manifestation.
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hyperactivity of B lymphocytes, which increases the possibility of

the emergence of autoantibodies.

Antibodies to ribonucleoproteins are characteristic of pSS, but

only anti-Ro/SS-A antibodies are included in the current

classification criteria for this disease (47). However, antinuclear

antibodies are present in the majority of pSS patients. Kiyjama

et al.’s work (53) shows that ANA-IgG4 antibodies are rare in

rheumatic diseases. Among the patients analyzed in the study only

one, with pSS, had ANA-IgG4 antibodies. This patient did not

meet the criteria for IgG4-RD. Although he had anti-Ro/Ss-A

antibodies, the researchers did not indicate whether those

included anti-Ro-IgG4. Antinuclear antibodies are usually

present in IgG1-3 subclasses. They can also be present in low

titers in IgG4-RD (a higher titer constitutes an exclusion criterion

in IgG-RD diagnosis).

Wahren and colleagues (60), in 1994, investigated humoral

response to Ro60kDa/SS-A and La/SS-B antigens and found that

IgM and IgG (1-4) responses to these antigens coexist, while among

IgG antibodies, IgG1 dominates.

In Sjögren’s syndrome, polyclonal hypergammaglobulinemia is

one of the main laboratory findings and immunoglobulins usually
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belong to various classes. In pSS, hyperglobulinemia is associated with

high serum levels of RF (IgM, IgA, and IgG). In rare cases,

immunoglobulins of one class are responsible for the

hyperglobulinemia. Liu et al. (61) studied immunoglobulin profiles

in pSS and SLE patients. They showed that in pSS, IgG1, IgG2, and

IgG3 were usually increased among the subclasses of immunoglobulin

G, while there was a visible and significant reduced level of IgG4 in the

sera of pSS patients and a decrease of the IgG4 to IgG ratio.

Interestingly, in a cited work, the serum concentrations of IgG1-3

immunoglobulins were similar in pSS and SLE patients, however, a

difference was observed between pSS and SLE in the IgG4

concentration. The authors did not find an explanation for this fact.

In another work, a lower serum concentration of IgG4 in the pSS

group (p=0.0435) and a significantly lower (p=0.0035) ratio of serum

IgG4 to total IgG compared to healthy subjects, were confirmed. This

study also showed a weak negative correlation (r= - 0.274) between C4

component complement levels and IgG4 (62).

There are also studies of pSS patients in which an increase of Ig-

G4 serum concentration was shown, but it should be taken into

account that such results concerned a small number of pSS patients,

only 7.5% percent (n=10) of the pSS group (63).
TABLE 4 Inclusion domains and items included in the IgG4 ACR/EULAR classification criteria (36).

Histology Uninformative biopsy
Dense lymphocytic infiltrate
Dense lymphocytic infiltrate and obliterative phlebitis
Dense lymphocytic infiltrate and storiform fibrosis with or without obliterative phlebitis

0
4
6
13

Immunostaining IgG4+:IgG+ ratio is 0%–40% or indeterminate and the number of IgG4 + cells/hpf is 0–9.
The IgG4+:IgG+ ratio is ≥41% and the number of IgG4
+cells/hpf is 0–9 or indeterminate or (2) the IgG4
+:IgG+ ratio is 0–40% or indeterminate and the number of IgG4+ cells/hpf is ≥10 or indeterminate.
IgG4+:IgG+ ratio is 41%–70% and the number of IgG4 + cells/hpf is ≥10 or the IgG4+:IgG+ ratio is ≥71%
and the number of IgG4 + cells/hpf is 10–50.
IgG4+:IgG+ ratio is ≥71% and the number of IgG4
+ cells/hpf is ≥51

0
7

14

16

IgG4 serum concentration Normal or not checked
>Normal but <2× upper limit of normal
2–5× upper limit of normal
≥>5× upper limit of normal

0
4
6
11

Lacrimal, parotid, sublingual and
submandibular glands (bilateral)

No set of glands involved
One set of glands involved
Two or more sets of glands involved

0
6
14

Chest Not checked or neither of the items listed is present
Peribronchovascular and septal thickening
Paravertebral band-like soft tissue in the thorax

0
4
10

Pancreas and biliary tree Not checked or none of the items are present
Diffuse pancreas enlargement (loss of lobulations)
Diffuse pancreas enlargement and capsule-like rim with decreased enhancement
Pancreas (either of the above) and biliary tree involvement

0
8
11
19

Kidney Not checked or none of the items listed are present
Hypocomplementemia
Renal pelvis thickening/soft tissue
Bilateral renal cortex low-density areas

0
6
8
10

Retroperitoneum Not checked or neither of the items listed is present
Diffuse thickening of the abdominal aortic wall
Circumferential or anterolateral soft tissue around the infrarenal aorta or iliac arteries

0
4
8

frontie
hpf/HPF, high-power field.
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The role of IgG4 in a context of the
development of lymphomas and
sialadenitis in primary Sjögren’s
syndrome and IgG4-RD

Primary Sjögren’s syndrome increases the risk of lymphoma

development due to lymphatic organ involvement, especially B cells.

In pSS, all elements of the immune response leading to the

stimulation of maturation and activation of B lymphocytes

and the disruption of the controlling mechanisms (breaching

the control of, among others, T lymphocytes) result in the

hyperreactivity of B cells.

Mucosa-associated lymphoid tissue (MALT) lymphoma is the

most often observed lymphoma emerging during a course of pSS. Its

different types are distinguished depending on their localization: gut-

associated lymphoid tissue (GALT), bronchus-associated lymphoid

tissue (BALT), or nasal-associated lymphoid tissue (NALT)

lymphoma. Salivary gland MALT lymphoma is the most frequent

localization of the initial lymphoproliferation in pSS (64, 65).

The main risk factors for lymphoma development in pSS are

presented in Table 5 (65).

Risk factors for lymphoma development include Fms-like

tyrosine kinase 3 ligand (Flt-3L), a type I transmembrane protein

activating Flt-3 which stimulates progenitor cells in bone marrow

and blood. A study revealed that high levels of Flt-3L were

associated with lymphoma (66). The Flt3/Flt3L cascade is

responsible for the development and maintenance of DCs (67).

Flt3L – IgG4 (modified Fc region) has been investigated as a drug in

immunotherapy and adjuvant in vaccines and may potentially

become a drug for autoimmune diseases (68).

Lymphomas such as MALT lymphoma and diffuse large B cell

lymphoma (DLBCL) can also develop in IgG4-related sialadenitis

and orbital IgG4-RD localization (69).

A picture of salivary glands in ultrasonography with a high

SGUS score evaluation can be a diagnostic predictor of risk of

lymphoma development, particularly when it coincides with a high

minor salivary gland biopsy (MSGB) focus score (70). Although this

imaging method is not included in pSS classification criteria, its

results may suggest a need for further lymphoma diagnostics.

Another useful method, which can be used as a second step to

better establish a place suspected of tumor development,

infiltration, and lymphoproliferation, is magnetic resonance

imaging (MRI) (71).

A craniofacial MRI image from a patient with pSS is shown

in Figure 2.

IgG4-related sialadenitis is quite often present in this disease

and may suggest pSS, particularly in the presence of changes in the

major salivary glands. In such instances, the IgG4 concentration in

the serum should be determined and an analysis of cells from a

biopsy of the minor salivary glands performed. An examination of

the material from a biopsy of the major salivary glands is useful both

for establishing a diagnosis of IgG4-RD and verifying whether

lymphoproliferation occurred.

Pulmonary nodular lymphoid hyperplasia (PNLH, pulmonary

pseudolymphoma) is characterized by an increase in IgG4+ plasma
Frontiers in Immunology 08225
cells and a higher IgG4+/IgG+ plasma cell ratio compared to other

pulmonary lymphoid proliferations. In contrast, in a low-grade B

cell lymphoma and BALT lymphoma, which may be associated with

pSS, such a phenomenon was not confirmed (72, 73).

The presence of pSS, as a preexisting autoimmune disorder, was

also reported in cases of bronchial-associated lymphoid tissue

lymphoma (a relatively rare disease) (74, 75).

There are also various reports of an increased risk of

carcinogenesis in IgG4-RD. In Yu et al.’s (76) metanalysis of 10

studies, the overall standardized incidence ratio (SIR) estimated an

increased risk of overall cancer in IgG4-RD patients (SIR 2.57 95%

CI 1.72–3.84) compared with the general population. This risk was

particularly high in cases of pancreatic cancer and lymphoma (SIR

4.07 95% CI 1.04–15.92, SIR 69.17 95% CI 3.91–1223.04,

respectively) (76).

In IgG4-RD the main risk factors for malignancy development

are currently considered to be (77):
- autoimmune pancreatitis

- eosinophilia
TABLE 5 The risk factors for lymphoma development in pSS. Risk
factors confirmed by Fragkioudaki et al.’s study (65) are in blue.

Domain Feature/parameter

Clinical Longer duration of pSS (longer time of mainly B cells
but also T cells or NK cells stimulation)

Persistent enlargement of salivary glands

Lymphadenopathy

Cryoglobulinemic vasculitis

Palpable purpura

Glomerulonephritis

Raynaud ’s phenomenon

Peripheral neuropathy

Concurrent chronic infections (Hepatitis C virus,
Helicobacter pylori, Campylobacter jejuni, Borrelia
burgdoferi, Chlamydophila psittaci)

Moderate/high-disease activity, calculated with ESSDAI
or clinESSDAI

Serological Leukopenia

Low C4 component of complement

Monoclonal gammopathy

Cryoglobulinemia

Autoantibody positivity (anti-SSA/Ro, anti-SSB/La)

Rheumatoid factor

FLT3L*

Histopathological High focus score (≥3)

Presence of germinal centers
*Fms-like tyrosine kinase 3 ligand (Flt-3L).
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FIGURE 2

A craniofacial magnetic resonance image of a patient with pSS. The left parotid gland is bulging outwards. The right parotid gland is not enlarged.
Altered vesicular structure of the parotid and submandibular glands. In the left parotid gland in the deep lobe, cystic lesions are visible. A group of
cystic structures is visible in the central part of the left parotid gland. After i. v. contrast administration, no significant signal amplification was
observed. Currently, the salivary ducts are not dilated. There are numerous lymphatic nodules in the parotid glands (approx. 6 mm). In the
submandibular area, there are single lymph nodes up to 11 mm long. There are numerous lymph nodes in the neck, measuring up to 15 mm.
TABLE 6 Comparison of the selected parameters/features of pSS and IgG4-RD.

Parameter/feature pSS IgG4-RD

Median age at diagnosis >50* 50-60

Sex F>M M >F

Autoantibodies/
immunological biomarkers

Anti-Ro antibodies, anti-La antibodies, ANA, RF, none

IgG4 serum concentration Normal or decreased Usually elevated

Hypergammaglobulinemia**

Mouth/eye dryness Usually present May be present

Salivary glands enlargement Present (risk of MALT lymphoma) Present (IgG4 related sialadenitis)

Lymphadenopathy + +

Cryoglobulins*** Mixed cryoglobulins usually present Mixed cryoglobulins rarely present

Kidney Tubulointerstitial nephritis, membranous nephropathy, renal
tubular acidosis

Tubulointerstitial nephritis, membranous nephropathy

Retroperitoneum is not typical, cases of idiopathic retroperitoneal fibrosis (IRF)
were described

renal insufficiency due to a retroperitoneal fibrosis,
typical
periaortitis

Thyroid glands Hashimoto’s disease Riedel’s thyroiditis

Lungs Interstitial lung disease
inflammatory pseudotumor, interstitial pneumonitis, organizing
pneumonia, lymphomatoid granulomatosis

Interstitial lung disease:
nonspecific interstitial pneumonia, usual interstitial pneumonia
lymphocytic interstitial pneumonia, organizing pneumonia

Gastrointestinal Primary biliary cholangitis (PBC) AIP type 1

Malignancy Mainly lymphomas Higher overall risk of malignancies in comparison to the general
population (pancreatic; lymphoma)

Malignancy mimicker**** + +
F
rontiers in Immunology
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*currently, as a result of improved diagnostics and more widespread knowledge of pSS, it is often diagnosed at an earlier stage and in the population younger than >50 years.
**hypergammaglobulinemia.
***In both diseases mixed cryoglobulins can be present, as combination of monoclonal RF IgM and polyclonal IgG (type II) or combination of polyclonal RF IgM and polyclonal IgG (type III).
****Taking into account the clinical course of IgG4-RD with the formation of pseudotumors, organ and extra-organ infiltration (retroperitoneal fibrosis, periorbital infiltration, etc.), it seems that
IgG4-RD may more often imitate malignancy, e.g. occurring as a pancreatic tumor in AIP-1.
AIP-1, autoimmune pancreatitis type 1; ANA, antinuclear antibodies; MALT, mucosa-associated lymphoid tissue; PBC, primary biliary cholangitis; RF, rheumatoid factor.
+ presence/confirmation.
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However, the data about eosinophilia are conflicting. In some

reports, it is presented as a protective factor (78) while in others, as a

risk for cancer development (77).

IgG4-RD lymphadenopathy in some reports was misdiagnosed

as Hodgkin’s lymphoma (79) but most reported cases indicate that

MALT lymphomas more frequently occur in orbital IgG4-RD. The

majority of these reports are derived from Asia (76). Further studies

and meta-analyses should be performed to reliably assess the

actual situation.

Taking into account that the possibility of lymphoma

development exists both in pSS and IgG4-RD, but is higher in

pSS, the differentiation between these two diseases may, in some

especially serologically unclear cases, be crucial for diagnosis,

proper treatment, and estimating the risk of lymphoma.
A comparison of the main clinical
features of primary Sjogren’s
syndrome and IgG4-related disease

A summary of the main features of pSS and IgG4-RD is

presented in Table 6.

When analyzing organ involvement in pSS compared to IgG4-

RD, similarities and tropism of certain organs, e.g., salivary glands,

in both diseases should be taken into account. Certain locations and

types of lesions may be more indicative of one of these diseases.

Thus, changes only in submandibular glands (e.g., Kuttner’s tumor,

defined as a chronic sclerosing sialadenitis) without parotid gland

involvement is a common feature of IgG4-RD and is rarely seen in

pSS (8, 80).

Based on the studies indicating a reduction in IgG4 in the serum

of patients with pSS (60), in the absence of specific autoantibodies,

the assessment of IgG4 concentration may prove vital for the

differentiation between pSS and IgG4-RD, with an increased

concentration pointing to IgG4-RD and a decreased one

indicating pSS.

Despite adopting the presence of several diseases as an exclusion

criterium for the IgG4-RD diagnosis, there is an ongoing discussion

on the potential possibility of IgG4-RD overlapping or co-existing

with other diseases (81, 82). Addressing this problem requires

further research and data gathering, which exceed the scope of

this work.
Conclusions

The main difference between IgG4-RD and pSS in the context of

the presence of IgG4 is that while the serum concentration of IgG4

in IgG4-RD is typically elevated, the same phenomenon does not
Frontiers in Immunology 10227
occur in pSS and some studies indicate a decrease in IgG4 serum

level in pSS below its normal range.

This phenomenon may have a diagnostic value—in particular in

the context of similar clinical features and affected organs in pSS

and IgG4-RD—but its significance is not clear and this issue

requires more research.

The role of IgG4 in pSS, as well as in IgG4-RD, is not fully

understood and should be a subject of a further research. Currently,

the still incomplete understanding of the dual role IgG4 plays in the

immune response undermines the proper interpretation of the

obtained test results.
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S. The clinical utility of measuring IgG subclass immunoglobulins during
immunological investigation for suspected primary antibody deficiencies. Lab Med.
(2017) 48:314–25. doi: 10.1093/labmed/lmx058

13. Moss  RB, Carmack  MA, Esrig  S. Deficiency of IgG4 in children:
association of isolated IgG4 deficiency with recurrent respiratory tract infection. J
Pediatr. (1992) 120:16–21. doi: 10.1016/S0022-3476(05)80590-6

14. Rawat  A, Suri  D, Gupta  A, Saikia  B, Minz  RW, Singh  S. Isolated
immunoglobulin G4 subclass deficiency in a child with bronchiectasis. Indian J Pediatr.
(2014) 81:932–3. doi: 10.1007/s12098-013-1247-9

15. Koutroumpakis F, Evans Phillips A, Yadav D, Machicado JD, Ahsan M, Ramos
Rivers A, et al. Serum IgG4 subclass deficiency defines a distinct, commonly
encountered, severe inflammatory bowel disease subtype. Inflammation Bowel Dis.
(2021) 27:855–63. doi: 10.1093/ibd/izaa230

16. Rispens T, Huijbers MG. The unique properties of IgG4 and its roles in health
and disease. Nat Rev Immunol. (2023) 23:763–78. doi: 10.1038/s41577-023-00871-z

17. Sohi MK, Corper AL, Wan T, Steinitz M, Jefferis R, Beale D, et al. Crystallization
of a complex between the Fab fragment of a human immunoglobulin M (IgM)
rheumatoid factor (RF-AN) and the Fc fragment of human IgG4. Immunology.
(1996) 88:636–41. doi: 10.1046/j.1365-2567.1996.d01-692.x

18. Corper AL, Sohi MK, Bonagura VR, Steinitz M, Jefferis R, Feinstein A, et al.
Structure of human IgM rheumatoid factor Fab bound to its autoantigen IgG Fc reveals
a novel topology of antibody-antigen interaction. Nat Struct Biol. (1997) 4:374–81.
doi: 10.1038/nsb0597-374

19. Lighaam L, Rispens T. The immunobiology of immunoglobulin G4. Semin Liver
Disease. (2016) 36:200–15. doi: 10.1055/s-0036-1584322

20. Trampert DC, Hubers LM, van de Graaf SFJ, Beuers U. On the role of IgG4 in
inflammatory conditions: lessons for IgG4-related disease. Biochim Biophys Acta (BBA)
- Mol Basis Dis. (2018) 1864:1401–9. doi: 10.1016/j.bbadis.2017.07.038

21. Schuurman J, Labrijn AF, Parren PW. Fab-arm exchange: what's in a name?
MAbs. (2012) 4:636. doi: 10.4161/mabs.22075

22. Davies AM, Rispens T, Ooijevaar-de Heer P, Gould HJ, Jefferis R, Aalberse RC,
et al. Structural determinants of unique properties of human IgG4-Fc. J Mol Biol.
(2014) 426:630–44. doi: 10.1016/j.jmb.2013.10.039

23. Kozłowska K, Rydlewska M, Zab̨czyńska M, Pocheć E. Glikozylacja IgG w
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