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Abstract

Pathogenic autoantibodies to muscle-specific tyrosine kinase (MuSK) can be found in patients 

with myasthenia gravis (MG) who do not have detectable antibodies to the acetylcholine receptor 

(AChR). Although the autoantibody-mediated pathology is well understood, much remains to be 

learned about the cellular immunology that contributes to autoantibody production. To that end, 

our laboratory has investigated particular components associated with the cellular 

immunopathology of MuSK MG. First, we found that B cell tolerance defects contribute to the 

abnormal development of the naive repertoire, which indicates that dysregulation occurs before the 

production of autoantibodies. Second, both the naive and antigen-experienced memory B cell 

repertoire, which we examined through the application of high-throughput adaptive immune 

receptor repertoire sequencing (AIRR-seq), include abnormalities not found in healthy controls. 

This highlights a broad immune dysregulation. Third, using complementary approaches, including 

production of human monoclonal antibodies, we determined that circulating plasmablasts directly 

contribute to the production of MuSK-specific autoantibodies in patients experiencing relapse 

following B cell depletion therapy. These collective findings contribute to defining a mechanistic 

model that describes MuSK MG immunopathogenesis.
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Introduction

MG can be considered a prototype for peripheral autoantibody-mediated autoimmune 

disorders.1,2 It is now well understood that the molecular immunopathology of MG is 

attributed to the presence of circulating autoantibodies specifically targeting AChR, MuSK, 

or low-density lipoprotein receptor–related protein 4 (LRP4).3–5 The MuSK MG disease 

subtype, which is the focus of this report, is characterized by immunological and clinical 

features that are generally distinct from AChR MG. These distinguishing features of MuSK 

MG include IgG4 subclass involvement, favorable response to B cell depletion therapy, and 
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a clinical course that frequently involves bulbar symptoms (Table 1). Passive transfer and 

active immunization studies in animals have shown that MuSK autoantibodies are 

pathogenic.6–8 In the AChR disease subtype, the IgG1 and IgG3 autoantibodies mediate 

immunopathology partly through complement-dependent mechanisms. In contrast, MuSK 

autoantibodies are predominantly IgG4; this subclass does not effectively activate 

complement.9 Thus, the immunopathology is mediated through autoantibody-dependent but 

complement-independent mechanical disruption of the interaction between MuSK and the 

postsynaptic protein LRP4 and collagen Q.10,11 Moreover, isolated Ag-specific Fabs are 

sufficient to induce pathology in MuSK MG, which highlights the Fc-independent 

pathogenic mechanism of MuSK autoantibodies that is not observed with AChR 

autoantibodies.11–13

The production of autoantibodies clearly implicates a principal role for B cells in the 

manifestation of MG. Yet studies directed toward understanding peripheral B cell functional 

abnormalities in MuSK MG remain very few in number. However, the successful 

introduction of biological therapeutics in MG has renewed investigative interests in 

elucidating the details of the contributions made by B cells to the production of MuSK MG 

autoantibodies.14,15 In particular, several recent studies16–20 have demonstrated the benefits 

of B cell depletion therapy through the use of rituximab. In addition to diminished 

autoantibody titers and significant clinical improvement, rituximab also allowed for tapering 

and subsequent discontinuation of other immunotherapies in subsets of MG patients.16,19 

This treatment modality has thus offered a unique opportunity to gain further insight into 

which specific B cell subsets produce pathogenic MG autoantibodies.

In this report, we focus on examining the contributions of B cells to the immunopathology of 

MuSK MG. A speculative model of autoantibody production in MuSK MG serves to 

navigate the spectrum of cellular immunopathology that covers early B cell development and 

repertoire formation through MuSK autoantibody production by specific B cell subsets. Our 

recent findings show that abnormally high frequencies of self-reactive naive B-cells 

accumulate in MuSK MG, indicating a breach in immune tolerance. Consistent with these 

tolerance defects, we provide evidence of a distorted naive B cell repertoire that influences 

the memory B cell compartment. Finally, through the study of patients receiving rituximab, 

we describe features of circulating memory B cells and plasmablasts that directly contribute 

to MuSK autoantibody-production.

B cell tolerance defects in MuSK MG

During early B cell development, immunoglobulin variable-region gene segments are 

stochastically recombined to generate functional antibodies that are expressed on the cell 

surface as B cell receptors (BCRs). This process is fundamental for generating the wide 

diversity of the immunoglobulin repertoire, but it also creates autoreactive B cells alongside 

those that make up the non-self-reactive naive repertoire. To evade the development of an 

immune response against self, two separate tolerance mechanisms counterselect B cells 

during their development.21 The first is a central tolerance checkpoint in the bone marrow 

between the early immature and immature B cell development stages, which removes a large 

population of B cells that express self-reactive BCRs.22 The second checkpoint selects 
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against self-reactive new emigrant/transitional B cells before they enter the mature naive B 

cell compartment. Defects in the integrity of these tolerance mechanisms can be 

demonstrated through quantifying the frequency of both polyspecific and autoreactive B 

cells downstream of each checkpoint. A considerable number of autoimmune diseases 

include central and peripheral B cell checkpoints that fail to enforce tolerance,23–25 

suggesting that the defect may be a fundamental requirement of autoimmunity.

Despite the detailed understanding of the autoantibody-mediated pathophysiology of MuSK 

MG, little is known regarding how defects in autoimmune regulation, namely tolerance, 

contribute to MuSK MG. In recent work, we asked whether the naive B cell repertoire in 

MG shows evidence of compromised tolerance due to checkpoint defects, leading to the 

accumulation of autoreactive B cells in the naive compartment.26 Our study included MuSK 

MG subjects and was designed to determine whether B cell tolerance checkpoint integrity 

was preserved in this form of MG. A well-described approach22,27–29 to assess the two 

tolerance checkpoints guiding B cell development was used. This approach was applied to 

measure the frequency of polyreactive and autoreactive BCRs in the naive repertoire, which 

are inversely correlated with the extent of negative selection, thereby providing an 

assessment of checkpoint integrity.

As a means to display the assay output, we show an example of data we collected in 

evaluating the central tolerance checkpoint in MuSK MG. The checkpoint integrity was 

measured by determining the frequency of new emigrant/transitional B cells that were 

characterized as polyreactive by displaying reactivity toward three structurally distinct 

antigens: double-stranded DNA (dsDNA), lipopolysaccharide (LPS), and insulin. The 

fraction of B cells that were positive for binding all three antigens from the healthy controls 

was compared to the same fraction found in the MuSK MG study subjects (Fig. 1). The 

median fraction of polyreactive B cells in the healthy controls was 8.9%, while in MuSK 

MG the fraction was 51.7%. Overall, this study26 revealed that the MuSK MG subtype 

harbors defects in both central and peripheral B cell tolerance checkpoints.

Defective B cell tolerance may be a fundamental contributor to autoimmunity in MuSK MG. 

It is interesting to speculate that dysfunctional tolerance is among the requirements needed 

for the disease to develop. The population of self-reactive naive B cells that accumulate due 

to defective tolerance checkpoints in MuSK MG may indirectly contribute to the production 

of autoantibodies by serving as precursors for autoantibody-producing B cells. Conceivable 

approaches for testing such a hypothesis could include extensively testing the reactivity of 

the naive repertoire to MuSK and applying the tolerance assay, described above, to germline 

precursors of antigen-experienced, somatically hypermutated human MuSK autoantibody–

producing B cells. Given the pronounced clinical improvement commonly observed with 

rituximab-mediated B cell depletion in MuSK MG, it is reasonable to question the ability of 

rituximab to restore checkpoint fidelity in MuSK MG, although this remains to be tested. It 

has been shown that B cell depletion in type 1 diabetes, where B cell tolerance is defective, 

does not result in B cell tolerance checkpoint fidelity restoration.30 Consequently, in MuSK 

MG, it is anticipated that B cell depletion with rituximab would fail to correct elevated 

frequencies of polyreactive/autoreactive naive B cells. If these polyreactive/autoreactive 

naive B cells are indeed precursors of MuSK autoantibody producers, one could assume that 
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the durability of MG treatment strategies that eliminate B cells may be not be long-lasting. 

The failure to reset tolerance checkpoint defects and eliminate the self-reactive pool may 

contribute to relapses, thus underlining the need for biomarkers serving as relapse predictors.

The circulating B cell repertoire in MuSK MG is distorted

High-throughput adaptive immune receptor repertoire sequencing (AIRR-seq) allows for the 

comprehensive evaluation of BCR repertoire properties in health and disease. It provides the 

depth necessary to adequately depict large populations, such as the circulating peripheral 

repertoire, which includes up to 1 × 1011 B cells in humans.31 An increasing compendium of 

AIRR-seq studies have shown altered repertoires in a number of diseases, including celiac 

disease,32 IgG4-related disease,33 systemic lupus erythematosus,34 and multiple sclerosis.35

We recently applied this approach to compare the broad repertoire features of both the naive 

and memory B cell compartments in MuSK MG patients with those of healthy donors 

(HDs).36 We reasoned that a disease driven by autoantibodies may have conspicuous 

abnormalities present in the circulating B cell repertoire. We focused on determining 

whether the MuSK MG repertoires included abnormal clonal expansions, skewed 

immunoglobulin gene usage (including the H, κ, and λ V(D)J loci), and distinctive antigen-

binding region properties. We found that large, dominant clonal lineages were not readily 

apparent in the memory compartment of MuSK MG repertoires. However, several 

repertoire-scale characteristics consistent with dysregulation of B cell development and 

selection were evident.

The most prominent repertoire abnormality involved the biased use of variable (V) region 

gene segments. We observed significant shifts in the relative abundance and variability of 

each V gene family between MuSK MG and healthy donors.36 In the naive compartment of 

MuSK MG subjects, V-family biases were observed in the form of decreased usage of 

IGHV3 as well as an increase in IGHV1 and IGHV4 usage. The same V-family biases 

observed in naive MG repertoires were apparent in the class-switched memory populations, 

particularly in the case of the IgG isotype. The IGHV usage biases in the naive compartment 

of MuSK MG subjects were also associated with an increase in the variability of IGHV 
usage across different MuSK MG patients. To quantify this effect, we compared V-family 

variability using the repertoire dissimilarity index (RDI).37 The RDI scores the aggregate 

difference in gene usage between any pair of subjects (within the HD or MuSK MG cohort), 

providing a measure of how dissimilar two gene usage distributions are from each other. 

MuSK MG repertoires display considerably higher RDIs and more individual RDI 

variability within both the naive and memory compartments compared with HD repertoires, 

suggesting that B cell developmental abnormalities in MG may be partially patient specific 

(Fig. 2). Furthermore, the most pronounced difference was observed within the naive 

compartment, where the naive HD repertoires show remarkable consistency in IGHV usage 

in contrast to MuSK MG repertoires. Overall, these results show that the naive MuSK MG 

repertoire is abnormally formed and appears to propagate deformations into the 

postgerminal center memory compartment for which it is a precursor.

Stathopoulos et al. Page 4

Ann N Y Acad Sci. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These findings fit well with the defects we observed in the fidelity of MuSK MG B cell 

tolerance mechanisms. Given that properly functioning tolerance checkpoints affect 

counterselection of a considerable fraction of developing B cells,21 it is reasonable to 

conclude that unique BCR repertoire characteristics would be conspicuous in a naive B cell 

compartment that is shaped without proper tolerance regulation. Consequently, we suggest 

that these repertoire abnormalities are consistent with, and may be reflective of, inadequate 

counterselection during B cell development in MuSK MG.

MuSK autoantibody production: lessons from B cell depletion therapy

The specific B cell subsets that produce MuSK MG autoantibodies have been inadequately 

defined. We studied such subsets in MuSK MG patients treated with rituximab who relapsed 

after having achieved sustained remission.38 Because of the pronounced clinical 

improvement commonly observed with CD20 depletion in MuSK MG, immunosuppressive 

agents, such as steroids, mycophenolate mofetil, azathioprine, and other broad-acting agents, 

can be tapered and often completely withdrawn.16,19,39 Once the confounding effects of 

such therapeutics are absent, the reemergence and evolution of the B cell compartment can 

be investigated and associated with clinical status. The postdepletion period leading up to 

relapse may reflect mechanisms transpiring in the early stages of the disease.

It is recognized that B cell populations that do not express CD20, such as long-lived plasma 

cells situated in the bone marrow, produce a considerable portion of circulating 

immunoglobulin.40 Given the absence of CD20 on their surface, they are neither directly (by 

cell lysis) nor indirectly (by depletion of their CD20+ progenitors) affected by rituximab. 

This is supported by unchanged immunization-induced and plasma cell–dependent antibody 

titers to microbial antigens, such as tetanus, varicella, and pneumococcus, following B cell 

depletion.16,41,42 Accordingly, the markedly diminished MuSK autoantibody titer, as early 

as 3 months after rituximab-mediated CD20+ B cell depletion,16 suggests that long-lived 

plasma cells are unlikely candidates for MuSK autoantibody production. Rather, short-lived 

antibody-secreting cells, such as plasmablasts, are more viable candidates. As only a small 

fraction of these cells expresses CD20, the effectiveness of rituximab in MuSK MG may 

depend upon depleting a pool of plasmablast-progenitor CD20+ memory B cells.43,44 One 

alternative version of this model takes into consideration that a fraction of plasmablasts43 

may be CD20+; consequently, the autoantibody-expressing plasmablast fraction may be 

directly depleted by rituximab.

We were able to support this hypothesis through our recent observations of MuSK MG 

patients who experienced a post-rituximab relapse.38 To investigate the details of 

autoantibody production and thereby refine the mechanisms of cellular immunopathology in 

MuSK MG, we tested whether antigen-specific memory B cells and autoantibody-

expressing plasmablasts emerge during disease relapse. We first isolated CD27+ B cells from 

post-rituximab relapse MuSK MG patients and controls and stimulated them with CpG, 

IL-21, IL-6, and CD40L to induce differentiation into antibody-producing cells. We showed 

that the CD27+ B cell population derived from MuSK MG relapse patients, but not those of 

the controls, were capable of MuSK autoantibody production upon stimulation. Since 

CD27+ B cells can include both memory and short-lived antibody-secreting cells 
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(plasmablasts), we next focused exclusively on the plasmablasts in order to determine 

whether they contributed to autoantibody production. Employing multi-chromatic flow 

cytometry, we found mildly elevated plasmablast populations (defined as 

CD19+CD27hiCD38hi cells34) in MuSK MG patients experiencing disease exacerbation/

relapse. From these populations, single plasmablasts were sorted into individual wells in 96-

well plates. Antibody heavy- and light-chain variable regions were then amplified and 

cloned so that monoclonal recombinant antibodies (mAb), each representing a single 

plasmablast, could be expressed. The evaluation of binding to MuSK-, clustered AChR- and 

GFP-transfected human embryonic kidney cells showed that a considerable number (seven) 

of the 82 MuSK plasmablast-derived mAbs, but none of the 26 control (AChR-MG) 

plasmablast-derived mAbs, bound specifically to MuSK (Fig. 3).

Of the seven MuSK-specific mAbs we identified, six were derived from the same patient’s 

plasmablast compartment. Of these six, three were individual members of a clone, while the 

remaining three were unique clones. With these early-stage findings in mind, we reasoned 

that the MuSK-specific plasmablast response was polyclonal/oligoclonal in that patient. 

Given that these mAbs were derived from several different clones, a continuum of binding 

strengths is not unexpected. Indeed, the plasmablast-derived mAbs displayed a range of 

MuSK-binding capacities. With some behaving as strong binders, others appeared to be 

relatively weaker while remaining positive compared with the AChR-derived controls, all of 

which were negative. This range of binding strengths is in agreement with other studies of 

human monoclonal recombinant immunoglobulins derived from patients with autoantibody-

mediated diseases. This includes pemphigus,45,46 neuromyelitis optica,47 and AChR MG,48 

all of which include mAbs reported to exhibit a range of binding capacities. What is 

important to consider in addition to the binding strength of these MuSK-specific mAbs, 

which was measured with an in vitro assay, is understanding the relationship between their 

binding strength and their pathogenic capacity. It would be presumptuous to assume that 

those with lower binding capacity may not be pathogenic, given that human-derived MuSK 

mAbs have not yet been studied. This gap in our knowledge highlights the value of these 

mAbs as tools for improving our understanding of MuSK MG pathology. We anticipate that 

their role in pathology will be evaluated using in vitro models of AChR-mediated signaling 

activity and broader effects through in vivo studies with rodent models. In addition, they will 

be useful in furthering our understanding of how the structural characteristics of MuSK 

mAbs of the IgG4 subclass play a role in their antigen recognition and pathogenicity. In 

particular, an interesting feature of secreted IgG4 antibodies48 is their ability to engage in 

“Fab-arm exchange,” where a monospecific IgG4 antibody may swap a heavy- and light-

chain pair with another IgG4 to become bispecific.49 The biological consequences of Fab-

arm exchange are not yet fully understood. It has recently been shown that Fab-arm–

exchanged autoantibodies are present in MuSK MG.12 Their presence in patients further 

highlights that our MuSK-specific mAbs, which display a range of binding capacities, may 

play important roles in MuSK MG pathology. This is because one arm of the autoantibody 

may be swapped out for another with a different specificity (perhaps also targeting the 

neuromuscular junction), producing a bivalent autoantibody with an augmented binding 

capacity compared with the parent MuSK monovalent mAb.
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In summary, these collective results suggest that oligoclonal-circulating plasmablasts 

contribute to MuSK autoantibody production. Furthermore, these cells appear to emerge in 

the reconstituted B cell repertoire of patients experiencing relapse after B cell depletion 

therapy. To the best of our knowledge, these represent the first reported human-derived 

MuSK-specific mAbs,38 and the results provide a more granular understanding of the 

mechanisms governing MuSK autoantibody production.

A speculative model of MuSK MG immunopathology

Taken together, the findings detailed above support a speculative model describing the role 

of B cell subsets in MuSK MG immunopathology (Fig. 4). In brief, the model suggests that 

pathology begins with the accumulation of autoreactive naive B cells due to defective central 

and peripheral tolerance checkpoints.26 The memory B cell compartment repertoire reflects 

abnormalities of the deformed naive repertoire.36 In addition, we postulate that this 

deformed memory repertoire harbors MuSK-specific B cells. The memory B cell pool can 

then supply the antibody-secreting B cell pool, which comprises a spectrum of mainly 

CD20− short-lived (plasmablasts) and long-lived antibody secretors (plasma cells). Our more 

recent study points toward the role of such peripheral blood plasmablasts in MuSK 

autoantibody production.38 Apart from our recent laboratory-based findings, this model is 

supported by clinical observations in different diseases associated with IgG4 autoantibodies, 

including MuSK MG, pemphigus, thrombotic thrombocytopenic purpura, and membranous 

nephropathy. Such observations include the rather rapid decrease of disease-specific 

autoantibody titers occurring after B cell depletion with rituximab.16,39,50–52 On the basis of 

our proposed model, this decrease could be attributed to the depletion of CD20+ memory B 

cells and the consequent ablation of the continuous supply of antibody-secreting cells. The 

terminated supply would affect a decrease in the population of short-lived antibody 

producers. Alternatively, a fraction of plasmablasts may be CD20+,43 the consequence of 

which is their direct depletion, which contributes to decreased titers and a favorable clinical 

response.

The model mechanism we propose for describing the post-rituximab MuSK autoantibody 

titer decrease is well supported by observations in other IgG4 autoantibody–related 

conditions. These conditions could be viewed as a disease group that shares common 

pathogenic characteristics. Among those, pemphigus is a well-characterized and extensively 

studied autoimmune mucocutaneous blistering disease with an immunopathological profile 

that is in many ways parallel to that of MuSK MG. First, pemphigus pathology is mediated 

by autoantibodies against desmosome proteins desmoglein (DSG)-1 and DSG3.53 These 

autoantibodies are predominately of the IgG4 subclass (and secondarily of the IgG1 subclass 

as in MuSK MG) and correlate with disease activity.50,54–59 Second, pemphigus responds 

well to B cell depletion with rituximab and does so in a manner that is quite similar to 

MuSK MG.50,56–58,60 Importantly, rituximab induces a significant decline in serum anti-

DSG1 and anti-DSG3 antibodies along with clinical improvement.50,56,60,61 In addition to 

pemphigus, analogous clinical and serological responses to rituximab have been reported in 

thrombotic thrombocytopenic purpura (TTP) and membranous nephropathy.51,52 In TTP, 

rituximab induces a significant decrease of the predominantly IgG4, pathogenic disintegrin 

and metalloproteinase with a thrombospondin type 1 motif, member 13- (ADAMTS13-) 
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autoantibodies, accompanied by recovery in ADAMTS13 activity and clinical improvement.
51,62 Similarly, in membranous nephropathy, the PLA2R antibodies, which are primarily of 

the IgG4 subclass,63 decrease with rituximab therapy.52,64 Collectively, these data provide 

evidence that rituximab affects a decrease of IgG4 autoantibody titers in a variety of similar 

autoimmune disorders. It could therefore be inferred that our proposed model, which 

features short-lived plasmablasts in MuSK MG cellular pathogenesis, is similar to those that 

describe other IgG4 autoantibody-mediated diseases, such as pemphigus, TTP, and 

membranous nephropathy.

Clinical relapses after achieving remission with rituximab and associated biomarkers are 

interesting and relevant points of comparison between MuSK MG and pemphigus or 

membranous nephropathy. Since pemphigus has been studied more extensively than MuSK 

MG, and given that the two conditions are analogous, as described above, clinical and 

serological observations in pemphigus could inform anticipated responses to rituximab in 

MuSK MG. Our group has been following a rituximab-treated MuSK MG cohort for almost 

10 years.19,38,39 Our experience is comparable with that of other centers (Table 2). Some 

larger series16,39 did not report relapses with a median follow-up that was approximately 2–

4 years. In contrast to these series, isolated patients that have relapsed have been reported 

with similar follow-up periods.19,65,66 Moreover, we recently reported three such relapses.38 

In pemphigus, clinical relapses post-rituximab vary from a reported low of 0–20% (intensive 

rituximab dosing combined with IVIg and 10 years of follow-up)57 to 50–80% (occurring on 

average after 1.5 years with standard rituximab dosing).57,58 Relapsing pemphigus patients 

had either increased or persistently high levels of pemphigus autoantibodies.56–58 

Furthermore, in membranous nephropathy, an increase or reemergence of PLA2R antibodies 

predicted clinical relapse.64 In our recent report,38 all MuSK MG patients experiencing 

relapse had measurable MuSK autoantibodies. Given that MuSK MG autoantibodies show 

correlations with clinical fluctuations,9,59 they could provide a useful post-rituximab relapse 

biomarker as in the case of pemphigus and membranous nephropathy.67

Our proposed model postulates that autoreactive naive B cells differentiate into memory B 

cells with the help of MuSK-specific T cells. Further, the distorted memory B cell 

compartment likely includes MuSK-specific memory B cells that differentiate to MuSK 

autoantibody–secreting cells. Given the analogies of MuSK MG and pemphigus, our model 

is supported by studies that have explored antigen-specific B and T cell repertories in 

pemphigus. Specifically, circulating DSG1- and DSG3-specific-IgG+ B cells were examined 

before and after rituximab. B cells were stained with fluorescently labeled recombinant 

DSG1 or DSG3, and their frequency was determined by flow cytometry. Clinical and 

serological response correlated with disappearance of circulating DSG-specific IgG+ B cells, 

whereas relapsing patients showed high levels of the same.58,60 Moreover, peripheral blood 

immunophenotyping in these responding patients showed an increase of CD19+ CD27− 

naive B cells and a decrease in CD19+ CD27+ memory B cells. In patients with long-lasting 

remissions, circulating DSG-specific B cells could not be detected. In addition to B cell 

studies, the T cell compartment has also been explored in pemphigus.61 Analysis of DSG3-

reactive T cell subsets showed that, while rituximab did not alter the overall pool of 

peripheral T cells, DSG3-specific CD4+ T cells declined significantly. One potential 

explanation for this effect on T cells is the removal of CD20+ B cells that function as 
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antigen-presenting cells (APCs). Moreover, the decrease of DSG3-specific CD4+ T cells 

preceded the decline in DSG3 serum autoantibodies. The presence of antigen-specific cells 

(T and B) that parallel disease activity in pemphigus supports the existence of pathogenic, 

MuSK-specific memory B cells and T helper cells, given the similarities between the two 

disorders.

Additional data supporting our MuSK MG model, in the context of B cell depletion, is found 

in the field of IgG4-related disease (IgG4-RD). IgG4-RD is a multiorgan immune-mediated 

disorder characterized by IgG4 lymphoplasmacytic infiltration of affected tissues and 

fibrosis.68,69 Many patients show elevated serum IgG4,69 but its role is unknown. In contrast 

to MuSK MG, there is no known antigenic target. Nevertheless, IgG4-RD activity correlates 

with the presence of peripheral, clonally expanded IgG4 plasmablasts.70 Moreover, IgG4-

RD responds to B cell depletion with rituximab.71 Rituximab decreases total serum IgG4 

antibodies, but also reduces IgG4-expressing plasma cells in tissue.71 Interestingly, 

peripheral blood plasmablasts decline during remission and rise before clinical relapse70 and 

are thus a potentially useful biomarker for disease monitoring during rituximab therapy.72 

The post-rituximab disappearance of CD20− plasmablasts and plasma cells suggests that 

these populations are short-lived and continuously supplied by a CD20+ memory pool that is 

depleted by rituximab.

In conclusion, the mechanistic model that we have developed to describe the contributions of 

B cells to MuSK MG immunopathology spans early B cell development through MuSK 

autoantibody production. To date, we have collected highly relevant data in support of this 

model. Specifically, we identified a self-reactive naive B repertoire in MuSK MG patients 

that develops due to defective central and peripheral checkpoints. Moreover, AIRR-seq of 

the B cell repertoire revealed that the antigen-experienced B compartment includes 

abnormalities present in the naive compartment, which is shaped by defective tolerance 

checkpoints. Finally, we have recently identified MuSK-producing plasmablasts from the re-

emergent repertoire of patients experiencing post-rituximab relapse. We believe that these 

findings advance the mechanistic understanding of MuSK MG immunopathology. Moreover, 

our model is supported by clinical, serological, and immunophenotypical observations with 

rituximab therapy in other IgG4-mediated autoimmune disorders. However, certain antigen-

specific components of this model, in particular the presence of MuSK-specific cells within 

the memory B cell and T cell compartments, await validation by further study.
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Figure 1. 
The fidelity of the B cell tolerance checkpoints is compromised in patients with MuSK MG. 

A representative example of data analysis used to determine central B cell tolerance 

checkpoint fidelity is shown. The integrity of the tolerance checkpoint was examined using a 

well-established assay, which operates by quantifying the fraction of naive B cell subsets 

that are polyreactive. Recombinant antibodies, representing the BCR, were generated from 

single new emigrant/transitional (CD19+ CD21lo CD10+ IgMhi CD27−) B cells (which are 

downstream of the central B cell tolerance checkpoint) derived from two MuSK MG patients 

(MG-MuSK-1, MG-MuSK-2) and two healthy controls (HD-1 and HD-2). The antibodies 

were then tested for reactivity with a set of three structurally distinct antigens (dsDNA, 

lipopolysaccharide (LPS), and insulin) by enzyme-linked immunosorbent assay (ELISA). 

The consolidated three-dimensional plots summarize the reactivity of each antibody from 

the subjects toward each antigen in the ELISA. The absorbance values for LPS (y-axis), 

dsDNA (x-axis), and insulin (data point size) are plotted together. Green symbols indicate 

antibodies that were positive for binding all three antigens (defined as polyreactive), and 

gray symbols indicate those that were not positive for all three antigens. The values and pie 

charts shown in the bottom right corner of each graph indicate the fraction of antibodies that 

were polyreactive (in green). Adapted from Ref. 26.
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Figure 2. 
Immunoglobulin variable-region gene segment usage is skewed in MuSK MG repertoires. 

Heavy-chain V gene family usage variability for the naive and memory B cell 

compartments. Usage variability is represented by the repertoire dissimilarity index (RDI) 

for naive (Naive-IgM) and memory (Memory-IgG) V families (IGHV1 thru IGHV5) among 

healthy donors (HDs) and MuSK MG patients. Each point indicates a pairwise RDI score (y-

axis) for two subjects, with the mean score for each set of subjects marked by a horizontal 

bar and a density estimate indicated by the shaded region. RDI scores are grouped by status 

comparisons for HD in blue and MuSK-MG (MuSK) in green. Adapted from Ref. 36.
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Figure 3. 
Summary of MuSK cell-based assay data performed with plasmablast-derived monoclonal 

antibodies (mAbs). Results are presented as Δ% positive (for MuSK binding) cells on the y-

axis. Δ% positive cells = (% frequency of positive MuSK–GFP–transfected cells/% 

frequency of MuSK–GFP–transfected cells) – (% frequency of positive GFP–transfected 

cells/% frequency of GFP–transfected cells). Bars represent means, and dots represent 

individual mAb values. Testing of all samples was performed in duplicate. Plasmablast-

derived mAb from MuSK MG post-rituximab relapse patients MuSK 1 (n = 4), MuSK 2b (n 
= 33), MuSK 3 (n = 45) and AChR control patients AChR 7 (n = 15) and AChR 8 (n = 11) 

are shown. The 4A3 mAb is a humanized, murine hybridoma–derived MuSK-specific mAb 

that was used as a positive control. The dotted line represents the Δ% positive cells cutoff 

(control mean + 4SD = 21.9). Adapted from Ref. 38.
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Figure 4. 
Speculative mechanistic hypothesis for the production of MuSK MG autoantibodies. The 

proposed mechanistic path to autoantibody production in MuSK MG begins with naive B 

cells (steps 1 and 2). These cells develop in the presence of defective B cell tolerance 

checkpoints, which results in a naive population that includes an abnormally high population 

of self-reactive cells and a skewed repertoire (indicated by light blue cells). Activation and 

differentiation of the naive compartment to effector B cell populations (memory and 

antibody-secreting) may require antigen exposure and help from T cells (step 3), but direct 

evidence of such in MuSK MG is required. The memory B cell compartment (step 4) 

includes a skewed repertoire closely resembling that of the abnormal naive compartment 

(indicated by light blue cells). Circulating short-lived plasmablasts and bone marrow–

inhabiting plasma cells (steps 5 and 6) may contribute to MuSK MG autoantibody 

production. However, observations following B cell depletion therapy with rituximab in 

MuSK MG suggests that plasma cells may not play a major role. B cell depletion therapy 

eliminates CD20+ memory and naive B cells but does not directly eliminate plasmablasts or 

plasma cells, the majority of which do not express appreciable levels of CD20. After CD20-

targeted depletion, serum autoantibody titers markedly diminish in MuSK MG, suggesting 

that long-lived plasma cells are unlikely candidates for autoantibody production. Rather, 

short-lived plasmablasts are more viable candidates. As only a small fraction of these cells 

express CD20, the effectiveness of B cell depletion therapy may depend upon depletion of a 

pool of plasmablast-progenitor CD20+ memory B cells. Conversely, autoantibody titers that 

remain elevated following CD20 targeted depletion may be the product of longer-lived 

plasma cells.
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Table 1

Clinical and serological differences between AChR and MuSK MG.2,16,59,73

Feature AChR MG MuSK MG

Bulbar symptoms Not predominant Predominant

Pure ocular form Frequent Very rare

Thymus involvement Frequent Very rare

Autoantibody titer association with symptoms Poor Present

Response to pyridostigmine Good Medium/poor

Autoantibody titer decrease post-rituximab Mild/none Pronounced

Post-rituximab relapse Frequent Rare
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