
MuSK IgG4 autoantibodies cause myasthenia gravis by
inhibiting binding between MuSK and Lrp4
Maartje G. Huijbersa,b,1,2, Wei Zhangc,2, Rinse Kloosterb, Erik H. Niksa, Matthew B. Friesec, Kirsten R. Straasheijmb,
Peter E. Thijssenb, Hans Vrolijkd, Jaap J. Plompa,d, Pauline Vogelsb, Mario Losene, Silvère M. Van der Maarelb,3,
Steven J. Burdenc,3, and Jan J. Verschuurena,3

aDepartment of Neurology, bDepartment of Human Genetics and dDepartment of Molecular Cell Biology, Leiden University Medical Center, 2333 ZA, Leiden,
The Netherlands; cMolecular Neurobiology Program, Helen L. and Martin S. Kimmel Center for Biology and Medicine at the Skirball Institute, New York
University Medical School, New York, NY 10016; and eDepartment of Neuroscience, School for Mental Health and Neuroscience, Faculty of Health, Medicine
and Life Sciences, Maastricht University, 6200 MD, Maastricht, The Netherlands

Edited by Joshua R. Sanes, Harvard University, Cambridge, MA, and approved November 1, 2013 (received for review July 26, 2013)

Myasthenia gravis (MG) is a severely debilitating autoimmune
disease that is due to a decrease in the efficiency of synaptic
transmission at neuromuscular synapses. MG is caused by anti-
bodies against postsynaptic proteins, including (i) acetylcholine
receptors, the neurotransmitter receptor, (ii) muscle-specific ki-
nase (MuSK), a receptor tyrosine kinase essential for the formation
and maintenance of neuromuscular synapses, and (iii) low-density
lipoprotein receptor-related protein 4 (Lrp4), which responds to
neural Agrin by binding and stimulating MuSK. Passive transfer
studies in mice have shown that IgG4 antibodies from MuSK MG
patients cause disease without requiring complement or other im-
mune components, suggesting that these MuSK antibodies cause
disease by directly interfering with MuSK function. Here we show
that pathogenic IgG4 antibodies to MuSK bind to a structural epi-
tope in the first Ig-like domain of MuSK, prevent binding between
MuSK and Lrp4, and inhibit Agrin-stimulated MuSK phosphoryla-
tion. In contrast, these IgG4 antibodies have no direct effect on
MuSK dimerization or MuSK internalization. These results provide
insight into the unique pathogenesis of MuSK MG and provide
clues toward development of specific treatment options.
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Myasthenia gravis (MG) is an autoimmune disease caused by
autoantibodies to proteins in the postsynaptic membrane

at neuromuscular synapses. Most MG patients carry antibodies
to acetylcholine receptors (AChRs), the neurotransmitter re-
ceptor at vertebrate neuromuscular synapses (1, 2). Autoanti-
bodies to AChRs are largely of the IgG1 and IgG3 subclass (3),
which causes muscle weakness by three mechanisms: (i) com-
plement-mediated membrane lysis (4), (ii) cross-linking and
depletion of cell-surface AChRs (5), and (iii) to a lesser extent,
functional blocking of the ACh-binding site (6). The ability of
antibodies to AChRs to recruit complement, dimerize, and mod-
ulate AChR expression is an important component of their path-
ogenic mechanism: animals with experimental autoimmune MG
(EAMG) can be rescued from disease with monovalent Fab frag-
ments generated from AChR IgG antibodies, and complement-
deficient mice are protected against EAMG (5, 7, 8).
Approximately 20% of patients with MG lack antibodies to

AChRs, and ∼40% of these AChR-negative patients carry auto-
antibodies to muscle-specific kinase (MuSK), a receptor tyrosine
kinase that is essential for all aspects of synaptic differentiation
and maintenance (9–11). The synaptic defects in MuSK MG
overlap with those in AChR MG, including a reduction in the
number of functional AChRs at synapses and unreliable synaptic
transmission, resulting in muscle fatigue and weakness. In con-
trast to AChR MG, MuSK MG is caused in large part by IgG4
antibodies (12–14) that fail to engage complement and are
considered functionally monovalent (12–15). Consequently, the
accumulation of complement and muscle membrane damage,
hallmark pathological features of AChR MG, appear insignif-
icant in MuSK MG (12, 16). Despite the paucity or absence of

complement and cell damage in MuSK MG, the structural and
functional deficits of synapses are extensive in MuSK MG, which
highlights the key role that MuSK plays in organizing all aspects
of synaptic differentiation (9, 17).
AChR clustering and synapse formation are orchestrated by

neuronally released Agrin, which binds to low-density lipopro-
tein receptor-related protein 4 (Lrp4), a member of the lipo-
protein receptor-related protein family, causing Lrp4 to bind and
activate MuSK (18–20). Once tyrosine-phosphorylated, MuSK
recruits Dok-7, an adaptor protein that becomes phosphorylated
and recruits additional signaling molecules essential for synapse
formation (21–23).
The extracellular region of MuSK contains three Ig-like do-

mains and a Frizzled-like domain (9). The first Ig-like domain
in MuSK is required for MuSK to bind Lrp4. Mutation of a sin-
gle residue, I96, on a solvent-exposed surface of the first Ig-like
domain, prevents MuSK from binding Lrp4 and responding to
Agrin (20, 24). A hydrophobic surface on the opposite side of the
first Ig-like domain mediates MuSK homodimerization, which is
essential for MuSK transphosphorylation (24). Although MuSK
is expressed by muscle and not by motor neurons, MuSK is
critical for presynaptic as well as postsynaptic differentiation (9).
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In mice lacking MuSK, motor axons fail to stop and differentiate
and instead wander aimlessly throughout the muscle (10). MuSK
regulates presynaptic differentiation, at least in part, by cluster-
ing Lrp4 in muscle, which functions bidirectionally by serving not
only as a receptor for Agrin and as a ligand for MuSK but also as
a direct retrograde signal for presynaptic differentiation (25). In
addition to its role during synapse formation, MuSK is also re-
quired to maintain adult synapses, because inhibition of MuSK
expression in adult muscle leads to profound defects in pre-
synaptic and postsynaptic differentiation (26, 27).
Because IgG4 antibodies do not engage complement and are

thought to be incapable of cross-linking and modulating expression
of cell-surface antigens, we reasoned that pathogenic IgG4 auto-
antibodies to MuSK may directly interfere with MuSK function.
Here we demonstrate that human IgG4 MuSK antibodies bind

to the first Ig-like domain in MuSK and prevent Lrp4 from binding
MuSK, thereby inhibiting Agrin-stimulated MuSK phosphoryla-
tion. We show that inhibiting the association between Lrp4 and
MuSK seems to be the major mechanism by which the MuSK
IgG4 antibodies disrupt MuSK signaling and cause MG, because

these antibodies neither modulate MuSK surface expression nor
have a direct effect on MuSK dimerization.

Results
The Main Immunogenic Region Includes Structural Epitopes Contained
in the First Ig-Like Domain of MuSK. The earliest available serum
samples from 25 MuSK MG patients and sera from 18 controls
were tested for immunoreactivity against human MuSK recombi-
nant proteins using an ELISA (Fig. 1A). All patients but no
controls had high immunoreactivity against the Ig-like domain 1,
although the level of binding varied among patients (Fig. 1A and
Fig. S1). This variation likely reflects differences in antibody titer
and/or affinity for MuSK. For 20 patients the immunoreactivity
was limited to the first Ig-like domain (Fig. 1A). Five patients
showed additional immunoreactivity against the Ig-like domain 2
(Fig. 1A). We did not detect reactivity to the Ig-like domain 3 or
the Frizzled-like domain, although we cannot exclude the possi-
bility that this is due to the experimental conditions (Fig. 1A).
In addition, we expressed full-length MuSK-GFP or a mutant

form of MuSK-GFP, lacking the first Ig-like domain (ΔIg-like1

Fig. 1. MuSK MG IgG4 antibodies bind predominantly to the first Ig-like domain in MuSK. (A) An ELISA shows that antibodies from all 25 patients bind to the
extracellular region of MuSK. The predominant binding sites reside in the first Ig-like domain, because antibodies bind to this domain nearly as well as the
entire extracellular region. Moreover, deletion of the N-terminal half of the first Ig-like domain substantially reduces antibody binding. Antibodies from five
patients have additional reactivity to the second Ig-like domain. Data shown reflect the average binding per patient determined in three independent assays
(Fig. S1). (B and C) Antibodies that bind selectively to the first Ig-like domain stain cells expressing full-length MuSK-GFP but not ΔIg-like1-MuSK-GFP, whereas
antibodies with additional reactivity bind to cells expressing either construct. (D) An ELISA shows that antibody-binding to the extracellular region of MuSK is
strongly inhibited by the first Ig-like domain but poorly by 20-mer overlapping peptides from this domain.
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MuSK::GFP) in nonmuscle cells and stained transfected cells
with patient sera. Antibodies that bound selectively to the first
Ig-like domain stained cells expressing wild-type MuSK but not
the mutant form lacking the first Ig-like domain (Fig. 1B). In
contrast, antibodies that showed reactivity to the second Ig-like
domain stained cells expressing wild-type MuSK as well as cells
expressing MuSK lacking the first Ig-like domain (Fig. 1C). In
conclusion, all patients in this Dutch cohort harbor antibodies
against the first Ig-like domain in MuSK at disease onset. There-
fore, this region is likely to represent the main immunogenic region
(MIR) of MuSK. A small group of patients have additional auto-
antibodies against the second Ig-like domain.
In AChR MG and other autoimmune diseases, autoantibodies

often require a discontinuous stretch of amino acids that com-
prise a structural epitope (28–32). To determine whether the
autoantibodies to MuSK recognize a linear epitope in the first
Ig-like domain of MuSK, we used a competition ELISA with
overlapping 20-mer peptides from the first Ig-like domain (Fig.
1D and Table S1). Preincubation of patient antibodies with the
complete Ig-like domain 1 inhibited binding of the IgG4 frac-
tions to full-length recombinant MuSK. Inhibition was nearly
complete for patients 1 and 5 who harbored antibodies that bind
exclusively to the first Ig-like domain, whereas competition was
incomplete for patient 2 with reactivity to the second Ig-like
domain, confirming our findings from the direct ELISA. Pre-
incubation of the patient antibodies with 20-mer peptides, cov-
ering the first Ig-like domain, was without effect (Fig. 1D and
Table S2). These findings indicate that the antibodies bind to
a structural epitope, formed either by noncontiguous sequences
within the first Ig-like domain or folding of a linear amino acid
sequence, which is poorly represented in short peptides. Thus,
similar to antibodies in AChR MG, antibodies to MuSK recog-
nize linear sequences poorly, if at all.

MuSK Patient IgG4 Antibodies Interfere with Agrin-Dependent As-
sociation Between MuSK and Lrp4. One face of the first Ig-like
domain in MuSK is solvent-exposed and binds Lrp4. Because
pathogenic IgG4 antibodies to MuSK bind the first Ig-like do-
main, we asked whether the autoantibodies interfered with the
association between Lrp4 and MuSK. We measured binding
between Lrp4 and MuSK using a solid-phase binding assay in
which the extracellular region of MuSK, fused to Fc (ecto-
MuSK-Fc), was adsorbed to protein A plates. The extracellular
region of Lrp4 (ecto-Lrp4), fused to human alkaline phosphatase
(AP), binds specifically but weakly to ecto-MuSK in the absence
of neural Agrin; neural Agrin binds Lrp4 and stimulates strong
and specific binding of AP-ecto-Lrp4 to ecto-MuSK (20). We
tested IgG4 as well as IgG1-3 antibodies from seven MuSK MG
patients and found that the IgG4 autoantibodies from all MuSK
MG patients strongly inhibited binding between Lrp4 and
MuSK, reducing binding by as much as 80–100%, in a dose-de-
pendent manner (Fig. 2A and Fig. S2), whereas IgG1-3 patient
antibodies had little effect, similar to IgG4 antibodies from
healthy controls (Fig. 2A). The patient antibodies that were the
most effective inhibitors of MuSK-Lrp4 association were the
most potent inducers of myasthenia in vivo in a passive transfer
model (12). Because the association between MuSK and Lrp4 is
crucial for maintaining neuromuscular synapses, these findings
raise the possibility that the autoantibodies cause myasthenia by
interfering with binding between MuSK and Lrp4.
Given these findings, we wondered whether binding of patient

IgG4 antibodies to MuSK required MuSK I96, which is required
for MuSK to bind Lrp4. We used an ELISA, in which patient
antibodies were attached to a protein A plate, which was probed
with AP-MuSK fusion proteins, encoding either the entire ex-
tracellular region from wild-type MuSK or MuSK I96A. Fig. 2B
shows that mutation of MuSK I96 had no significant effect on
antibody binding. These findings demonstrate that the patient
antibodies and Lrp4 bind distinctly to the first Ig-like domain
in MuSK.

Because binding between Lrp4 and MuSK is essential for
Agrin to stimulate MuSK phosphorylation, we asked whether
the pathogenic IgG4 autoantibodies to MuSK prevented Agrin-
induced MuSK phosphorylation. We added IgG4 antibodies
from patients with MuSK MG to cultured C2 myotubes, together
with neural Agrin, and measured MuSK phosphorylation. Pa-
tient IgG4 antibodies to MuSK blocked MuSK phosphorylation
(Fig. 2 C and D). Together, these data indicate that the MuSK
antibodies cause disease by preventing Lrp4 from binding MuSK
and blocking MuSK phosphorylation.

MuSK Patient IgG4 Antibodies Do Not Inhibit MuSK Dimerization.
Because the first Ig-like domain of MuSK also contains a hy-
drophobic surface that functions as a dimerization interface,
which is important for Agrin to induce MuSK phosphorylation
(24), we considered the possibility that pathogenic IgG4 anti-
bodies to MuSK might also directly interfere with MuSK homo-
dimerization. We therefore sought to determine whether IgG4
antibodies to MuSK inhibit MuSK phosphorylation in fibroblasts
expressing MuSK but not Lrp4, a context whereby MuSK phos-
phorylation is dependent upon MuSK dimerization and not fa-
cilitated by Lrp4.
Previously we found that MuSK is poorly tyrosine phosphor-

ylated in transfected mammalian nonmuscle cells and in yeast.
Because MuSK has an unusually high Km for ATP (33), similar to
the ATP concentration in muscle but higher than the ATP
concentration in most cell types, we considered the possibility
that this high Km for ATP restrained MuSK phosphorylation in
nonmuscle cell types. Because the insulin receptor has a lower
Km for ATP, typical for receptor tyrosine kinases, we mutated
two amino acids in the activation loop of MuSK to the corre-
sponding residues in the insulin receptor, reasoning that these

Fig. 2. MuSK MG IgG4 antibodies block binding between Lrp4 and MuSK
and inhibit Agrin-stimulated MuSK phosphorylation in muscle. (A) IgG4
antibodies from MuSK MG patients but not IgG1-3 from the same patients
significantly inhibit Agrin-dependent binding between MuSK and Lrp4.
IgG1-3 antibodies from MuSK MG patients and IgG4 and IgG1-3 antibodies
from AChR MG and healthy controls moderately and equally reduce asso-
ciation between MuSK and Lrp4. The values for these control groups do not
differ from one another but differ significantly from those for MuSK MG
patient IgG4 (P < 0.05, n = 3). (B) Mutation of MuSK I96 fails to reduce
binding of AP-ecto-MuSK to IgG4 antibodies from patient 1 (P > 0.05, n = 3).
(C) IgG4 antibodies from MuSK MG patients but not from an AChR MG
patient or a healthy control inhibit Agrin-stimulated MuSK phosphorylation
in C2 myotubes. (D) IgG4 antibodies from MuSK MG patients reduce MuSK
phosphorylation (*P < 0.01, n = 4).
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substitutions might destabilize the activation loop, lower the Km
for ATP, and increase MuSK phosphorylation in nonmuscle cells.
We generated an activation loop double mutant, MuSK

L746M, S747T, and found that this activation loop mutant, un-
like wild-type MuSK, was efficiently tyrosine phosphorylated in
nonmuscle cells (Fig. 3 A–C). We transfected 3T3 cells with the
activated form of MuSK and measured MuSK phosphorylation
12, 24, and 36 h after transfection and found that MuSK phos-
phorylation was undetectable at 12 h but increased in a linear
manner over the next 24 h (Fig. 3D). Nearly all tyrosine phos-
phorylated MuSK was on the cell surface, because mild trypsin
treatment degraded MuSK, leading to the disappearance of the
tyrosine phosphorylated MuSK band at ∼110 kd (Fig. 3D). We
therefore treated transfected 3T3 cells with IgG4 antibodies to
MuSK, beginning at 12 h after transfection, and measured MuSK
phosphorylation at 24 and 36 h. Fig. 3 shows that IgG4 from
MuSKMG patients failed to inhibit MuSK phosphorylation (Fig.
3 E–G). Because these antibodies completely block binding be-
tween Lrp4 and MuSK but have no detectable effect on MuSK
dimerization, inhibition of MuSK dimerization likely plays little
if any role in pathogenesis.

MuSK Patient IgG4 Antibodies Do Not Deplete MuSK Cell-Surface
Expression. Nearly all MuSK expressed in 3T3 cells was on the
cell surface and removed by mild trypsin treatment (Fig. 3D).
Treatment of these cells with IgG4 patient antibodies did not
alter the amount of MuSK expressed by 3T3 cells (Fig. 3E),
which was likewise found almost entirely on the cell surface and
removed by mild trypsin treatment (Fig. 4). In contrast, intracel-
lular proteins, such as GAPDH, were not degraded by trypsin (Fig.
4). Thus, the pathogenic IgG4 antibodies to MuSK do not mod-
ulate and reduce MuSK cell-surface expression in this context.

Discussion
MuSK MG is an IgG4-mediated autoimmune disease. Transfer
of purified IgG4 from MuSK MG patients into immune-deficient
mice causes myasthenic weakness that mimics the pathophysi-
ology of patients with MuSK MG (13). Thus, these autoanti-
bodies exert their pathogenic effects independent of the immune
system by binding to MuSK and interfering with normal neuro-
muscular physiology. Our studies show that pathogenic IgG4
antibodies to MuSK prevent Agrin from stimulating MuSK by
blocking association between Lrp4 and MuSK. This inhibitory
mechanism likely plays a key role in disrupting the structure of
the synapse, compromising synaptic transmission and causing
disease. Because the pathogenic antibodies neither decrease
MuSK surface expression nor directly interfere with MuSK di-
merization, therapeutic strategies designed to increase MuSK
activity may prove effective in treating MuSK MG.
All Dutch MuSK MG patients tested had strong immunore-

activity against the first Ig-like domain of MuSK. Five patients
harbored additional reactivity against the Ig-like domain 2 in the
ELISA. Others have reported that patients harbor autoanti-
bodies outside of the Ig-like domains, including the Frizzled-like
domain (13, 34, 35). These differences might be caused by racial
differences and/or different disease states of the patients.
Other studies have explored an active immunization model of

MuSK MG instead of a passive transfer model with patient
autoantibodies. These studies have shown that bivalent MuSK
antibodies activate MuSK phosphorylation and inhibit Agrin-
dependent AChR clustering (16, 36), whereas monovalent Fab
fragments, generated from these antibodies, inhibit MuSK phos-
phorylation and AChR clustering (37). Because rabbits lack the
equivalent of human IgG4 antibodies, and mouse IgG binds
complement (38, 39), the active immunization models lead to the
production of classic, bivalent antibodies that cross-link antigens,

Fig. 3. IgG4 antibodies from MuSK MG patients fail to reduce MuSK phosphorylation in 3T3 cells transfected with MuSK but not Lrp4. (A) The diagram of the
MuSK activation loop shows the substitutions in rodent MuSK that increase MuSK kinase activity. (B) MuSK tyrosine phosphorylation in yeast is enhanced to
levels that are comparable to the insulin receptor (IRK) by mutation of D753 or L745/S746 in rodent MuSK (L746/S747 in human MuSK). Yeast were trans-
formed with plasmids encoding fusion proteins between the DNA binding domain (BD) of GAL4 and MuSK or IRK. (C) MuSK tyrosine phosphorylation in 293
cells is enhanced 50-fold by mutation of D753. 293 cells were transfected with wild-type Myc-MuSK (21), Myc-MuSK K608A, a kinase-inactive form of MuSK, or
Myc-MuSK D753A. (D) Tyrosine phosphorylation of MuSK L746M/S747T-GFP is detectable 24 h after transfection and increases over the next 12 h. Nearly all
tyrosine phosphorylated MuSK is on the cell surface, because it is removed by digestion of cell-surface proteins with trypsin. (E–G) IgG4 antibodies from MuSK
MG patients, a healthy control (HC), or an AChR MG patient were added to cells 12 h after transfection. (F) Differences in MuSK phosphorylation in cells
treated with patient 1 or control antibodies are not significant (P > 0.05) at 24 or 36 h (n = 4). (G) The level of MuSK phosphorylation in cells treated with
patient or control antibodies (●, value from separate experiments; -, mean value).
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deplete cell-surface expression, and engage complement. In ad-
dition, the MuSK epitopes recognized by these polyclonal anti-
body responses are unknown. As such, the nature of disease in
the active immunization model is distinct from MuSK MG
caused by human IgG4 antibodies.
Passive transfer of total IgG from MuSK MG patients into

mice can stimulate rather than inhibit MuSK phosphorylation,
and in contrast to our findings, induce MuSK internalization
(40). Given the structure and function of IgG4 antibodies, as well
as our findings showing that IgG4 antibodies inhibit MuSK
phosphorylation, it seems likely that stimulation of MuSK
phosphorylation was due to IgG1-3 rather than IgG4 in these
passive transfer experiments. Combining the IgG1-3 and IgG4
fractions might mask individual effects of the different anti-
MuSK IgG subclasses. Because IgG4 rather than IgG1-3 anti-
bodies are pathogenic in Dutch MuSK MG patients (12), these
findings, taken together, raise the possibility that different ethnic
groups generate different immune responses to MuSK and that
some MG patients carry IgG1-3 antibodies to MuSK that cause
disease by other mechanisms. As such, identifying the optimal
therapy for MuSK MG may require an understanding of the
mechanism by which MuSK antibodies cause disease in individual
MuSK MG patients.
MuSK is essential for all known aspects of presynaptic and

postsynaptic differentiation (9, 10, 17). As such, antibodies that
inhibit MuSK function would be expected to disrupt the archi-
tecture of the neuromuscular synapse as well as perturb neuro-
transmitter release and reception (9, 18, 19, 34, 41–44). Because
the synaptic accumulation of acetylcholinesterase (AChE), like
all other postsynaptic proteins, depends on MuSK (10, 42), IgG4
antibodies to MuSK are likely to lower AChE expression at the
synapse, which may explain the hypersensitivity of MuSK MG
patients to AChE inhibitors.
In AChR MG, the decrease in AChR expression and function

leads to a compensatory increase in neurotransmitter release,
termed “quantal content.” An increase in quantal content, how-
ever, is not evident in MuSK MG (12, 16, 45). These findings
suggest that MuSK plays an important role in this homeostatic
response. Because muscle inactivity increases MuSK expression
(46), antibodies to AChRs may stimulate MuSK expression and
MuSK-dependent retrograde signaling, thereby increasing quan-
tal content. Because MuSK signaling is required to cluster Lrp4,
which serves as a retrograde signal for presynaptic differentia-
tion (25), antibodies that inhibit MuSK are likely to compro-
mise presynaptic differentiation and prevent a compensatory
increase in transmitter release. If so, autoantibodies to Lrp4 may
likewise perturb presynaptic and postsynaptic differentiation (12,
40, 47–49).
Traditionally, IgG4 antibodies have been considered to have an

antiinflammatory role, because they can compete with IgG1-3,
thereby attenuating antigen down-regulation, complement-mediated

cell damage, and inflammation. There is growing evidence, however,
that IgG4 antibodies can be pathogenic: IgG4 antibodies against
desmoglein cause a skin-blistering disease, termed pemphigus
(50), and IgG4 antibodies to the phospholipase A2 receptor are
thought to contribute to membranous nephropathy (51). More-
over, IgG4 autoantibodies to Leucine-rich glioma inactivated 1
(Lgi1), a regulator of the voltage-gated potassium channel,
are thought to be responsible for limbic encephalitis (52). The
mechanisms by which these IgG4 antibodies disrupt function and
cause disease, however, are not understood. Our studies provide
a mechanistic understanding of an autoimmune disease caused by
IgG4 antibodies and may shed light on the mechanisms of other
IgG4-mediated autoimmune diseases.

Materials and Methods
Patients. Twenty-five DutchMuSKMG patients and 18 controls were included
for these studies (Table 1). All patients gave written consent according to the
Declaration of Helsinki, and the study was approved by the Leiden University
Medical Center ethics committee. The patients were diagnosed on the basis
of the presence of fatigable muscle weakness with electrophysiological ev-
idence of decrementing compound muscle action potentials in response
to low-rate repetitive nerve stimulation or increased jitter on single-fiber
electromyography. Furthermore, they tested positive for MuSK antibodies in
a standard commercial RIA from RSR. Eighteen controls included 5 patients
with AChR MG, 1 with Lambert-Eaton myasthenic syndrome, and 12 healthy
controls. Plasmapheresis material from 7 patients became available during
regular treatment for MuSK MG. This material was stored at −80 °C until it
was further processed for IgG purification. Plasmapheresis material was af-
finity purified for IgG4 and IgG1-3 as described previously (SI Materials and
Methods) (12).

Binding Assays. Recombinant proteins were generated to cover the complete
extracellular region ofMuSK or domains ofMuSK (SI Materials andMethods).
We identified the epitopes recognized by the MuSK MG patient antibodies
using an ELISA and by a competition ELISA, using 20-aa overlapping peptide
fragments (Leiden University Medical Center peptide facility) that cover the
first Ig-like domain (Table S1). We measured binding between patient
antibodies, bound to a protein A plate, and AP-ecto MuSK or AP-ecto MuSK
I96A, in triplicate, using an ELISA. Binding between MuSK and Lrp4 was
measured using a solid-phase binding assay, as described previously (20),
except that we used human rather than rat MuSK (SI Materials and Meth-
ods). To determine the effect of IgG on MuSK-Lrp4 binding, 10 nM Agrin
and 10 nM Lrp4-AP were coincubated with 8.3 μM purified IgG, which is
within the reported normal range for IgG4 (0.05–9 μM); moreover, IgG4
levels can be elevated more than 20-fold in IgG4 autoimmune diseases (53).
The average value from three independent experiments for each patient
was calculated. One-way ANOVA analysis with Bonferroni’s correction was
used to compare differences in MuSK-Lrp4 binding in the presence of IgG4
or IgG1-3 and between MuSK MG patients and controls. The values were
considered statistically different if P < 0.05.

Table 1. Demographical and clinical characteristics of 25 MuSK
MG patients

Women, n (%) 15 (60)
Age at onset , y, median (range) 38.5 (2–80)
Follow-up, y, median (range) 5.8 (0.5–33)
Predominant weakness, n (%)

Bulbar 9 (36)
Oculobulbar 12 (48)
Generalized 4 (16)

MGFA* at maximum
II, n (b) 6 (6)
III, n (b) 4 (2)
IV, n (b) 8 (8)
V, n (%) 7 (28)

Immunosuppressive treatment at serum sampling, n (%) 16 (64)

*Myasthenia Gravis Foundation of America score is a quantitative assess-
ment of muscle weakness.

Fig. 4. IgG4 antibodies from MuSK MG patients do not reduce MuSK cell-
surface expression. 3T3 cells, which were transiently transfected with
MuSK-GFP, were treated with MuSK MG IgG4 antibodies for 24 h (Fig. 3).
Cells were harvested or treated with trypsin before harvesting. MuSK-GFP
was immunoprecipitated from lysates and detected in Western blots using
antibodies to GFP, and the level of GAPDH in lysates was determined by
Western blotting.
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Tyrosine Phosphorylation Assays. MuSK L746M/S747T was generated by site-
directed mutagenesis and transfected into 3T3 cells with Lipofectamine 2000
(Invitrogen) (SI Materials and Methods). 3T3 cells were treated with 40 μg/mL
IgG4 from MuSK MG patients, or controls from 12 to 36 h after transfection;
cell-surface proteins from triplicate samples were digested by trypsin
(0.05%) for 5 min at 37 °C. Myotubes were stimulated with 0.4 nM neural
Agrin or Agrin together with 40 μg/mL IgG4 from MuSK MG patients, or
controls for 30 min at 37 °C. MuSK tyrosine phosphorylation in duplicate
samples was measured as described previously (54). PJ69-4A yeast were
transformed with plasmids encoding the GAL4 DNA binding domain fused
to wild-type rat MuSK, MuSK D753A, MuSK L745M, S746T, or the insulin
receptor. Fusions proteins were immunoprecipitated with antibodies to
GAL4, and Western blots were probed with antibodies to phosphotyrosine
(SI Materials and Methods).

Immunostaining. U2O cells were transfected with human MuSK-GFP or ΔIg-
like1-MuSK-GFP, and fixed cells were stained with patient antibodies, fol-
lowed by Alexa 594-conjugated mouse anti-human IgG (Invitrogen). Stained
cells were viewed with a Leica DM 5500B microscope, and images were
analyzed with LAS AF software (SI Materials and Methods).
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IgG Purification. Plasma was diluted fivefold in a citrate buffer and
filtered through a 0.22-μm filter. Depending on IgG subtype,
protein concentration, and column capacity (6 mg/mL for IgG4
and 15 mg/mL for IgG1-3), plasma was loaded onto an IgG4
class-specific affinity column (BAC). Bound IgG4 antibodies
were eluted with 0.1 M glycine (pH 3.0), buffered with 1 M Tris
(pH 8.0), and dialyzed against PBS. After depleting plasma of
IgG4, the IgG1-3 fraction was purified on an IgG1-3 affinity
column, as described above. The quality and quantity of the puri-
fied fractions were assessed using a muscle-specific kinase (MuSK)
ELISA and Western blotting, as described previously (1).

Recombinant Proteins. Five recombinant proteins were created to
either cover the complete extracellular domain of MuSK or
domains of MuSK. Five proteins of ∼100 amino acids in length
were also generated to further delineate the epitope. To gen-
erate the specific production constructs each insert was picked
up with a primer set and ligated into the TOPO-II blunt vector
(Invitrogen). The primers introduced restriction sites that al-
lowed for direct cloning into the pET28 a/b vector (EMD Bio-
sciences, Novagen Brand). All constructs were sequenced to
verify their structure (LGTC). Protein expression and purifica-
tion were performed as described previously (2).

MuSK ELISA. The epitope(s) recognized by the MuSK myasthenia
gravis (MG) patient antibodies were identified by coating Max-
iSorp plates (NUNC, Thermo Scientific) with 0.3 μg per well of
the various recombinant MuSK proteins. The full-length extra-
cellular region of MuSK was dissolved in PBS. The other pro-
teins were coated in 1 M urea. After overnight incubation at 4 °C,
the plate was washed, blocked, and incubated with patient serum
according to the procedure recommended for the commercial
MuSK ELISA (IBL International). All assays were performed in
duplicate.

Expression in U2O Cells and Immunostaining. Full-length MuSK was
cloned from human muscle cDNA with the following primers:
forward 5′-gac ctc gag atg aga gag ctc gtc aac att cca ctg-3′ and
reverse 3′-ctc tcc cgt ctc cct tga cac tca cag acc atg gcg t-5′. These
primers introduced an N-terminal XhoI and a C-terminal KpnI
site that allowed subcloning into the pEGFP-N2 vector. Deletion
of the stop codon enabled expression of a GFP-fusion protein.
To generate the ΔIg-like1 domain MuSK construct the same
approach was used except for the inclusion of a different forward
primer: 5′-gcc ttc agc gga act gag aaa cct aaa ata act cgc cct ccc-3′
deleting amino acids 24–120.
U2O cells (American Type Culture Collection) were tran-

siently transfected with 0.5 μg/mL DNA and X-tremeGENE 9
transfection reagent (Roche). The following day the cells were
fixed with 4% paraformaldehyde, permeabilized with 0.03%
Tween-20 and 0.2% Triton X-100, and nonspecific binding sites
were blocked with 1% BSA in PBS for 1 h. Thereafter, patient
serum was diluted 1:50 in blocking buffer and incubated with the
cells for 1 h at room temperature. Next the cells were washed
with PBS, and bound antibodies were labeled with goat anti-
human IgG Alexa 594 (Invitrogen). Immunolabeled cells were
imaged with a Leica DM 5500B microscope and analyzed with

LAS AF software. For each patient’s immunostaining at least 10
images were taken at two independent experiments, which were
analyzed by two independent blinded observers.

Peptide Competition Assay. Twenty-amino-acids-long overlapping
peptide fragments were purchased from the Leiden University
Medical Center peptide facility covering the Ig-like1 domain
(Table S1). Serial dilutions of patient IgG4 were made to identify
an antibody concentration in which antibody-binding to the ex-
tracellular region ofMuSKwas linear. The purified IgG4 fractions
were incubated with the peptides, ranging from an equimolar
amount of peptide:purified IgG4 to a 1,000-fold excess of peptide.
The peptides were incubated with purified IgG4 for 30 min at
room temperature before measuring binding to the extracellular
region of MuSK using the ELISA.

MuSK-Lrp4 Interaction Solid-Phase Binding Assay.Human MuSK-Fc
was generated by PCR amplified using a forward primer, 5′-agc
gaa ttc atg aga gag ctc gtc aac att c-3′ and a reverse primer, 3′-g
agt gga tgt atg agg tac tga tct aga cgt-5′. The primers introduced
an N-terminal EcoRI site and a C-terminal BglII site to insert
the DNA into pFUSE-hIgG1-FC1 (InvivoGen). The vector was
transfected into COS-7 cells, and human MuSK-Fc was har-
vested and concentrated from media 3 d after transfection.
MuSK-Fc (250 ng per well) was added to protein A 96-well
plates (Thermo Scientific) overnight at 4 °C, as previously de-
scribed (3). The plates were washed and blocked with protease
free 1% BSA containing IgG (Gemini Bioproducts). Next, 10
nM Lrp4-alkaline phosphatase (AP), 10 nM Agrin, and 8.33 μM
of purified IgG4 or IgG1-3 from patients or controls were co-
incubated for 2 h at room temperature. Binding of Lrp4-AP was
measured, as described previously (3). The value of Lrp4-AP
binding in the absence of IgG was assigned a value of 100%.
These experiments were performed in duplicate and repeated
three times.

Generation of MuSK Mutants. To investigate the effect of IgG4 and
IgG1-3 antibodies from MuSK MG patients on MuSK di-
merization, we generated MuSK L746M/S747T-GFP. The 5′-act
ttg gca tga cca gga aca tct act cag ca-3′ and 5′-aga tgt tcc tgg tca
tgc caa agt cgg caa ttt tca c-3′ primers were used to introduce the
point mutation and combined with forward primer 5′-gac ctc gag
atg aga gag ctc gtc aac att cca ctg-3′ and reverse primer 5′-gag
agg gca gag gga act gtg agt gtc tgg tac cgc a-3′ to introduce an
XhoI and KpnI site that allowed for direct cloning into the
pEGFP-N2 vector.

MuSK Immunoprecipitation and Western Blotting. MuSK was
immunoprecipitated using antibodies to the carboxy-terminus of
MuSK and detected by probing Western blots with antibodies
to MuSK (AF3904; R&D Systems) (4–6). Tyrosine phosphory-
lated MuSK was detected by probing Western blots with mono-
clonal antibody 4G10 to phosphotyrosine (Millipore). Quanti-
tation of the Western blots was performed by densitometric
scanning using ImageJ 1.04b software (National Institutes of
Health). All values are given as mean ± SEM. We used a two-
tailed t test to determine whether differences were statistically
significant (P < 0.05).
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Fig. S1. Overview of individual patient antibody reactivity to the full-length extracellular domain or truncated versions of recombinant MuSK proteins. The
graph represents average reactivity based on three independent experiments, with error bars depicting the SEM values.
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Fig. S2. MuSK MG IgG4 antibodies inhibit MuSK-Lrp4 interaction in a dose-dependent manner.

Table S1. Peptide sequences from the first MuSK Ig-like domain

Peptide no. Peptide sequence Position of peptide

1 TEKLPKAPVITTPLETVDAL 24–44
2 TTPLETVDALVEEVATFMCA 34–54
3 VEEVATFMCAVESYPQPEIS 44–64
4 VESYPQPEISWTRNKILIKL 54–74
5 WTRNKILIKLFDTRYSIREN 64–84
6 FDTRYSIRENGQLLTILSVE 74–94
7 GQLLTILSVEDSDDGIYCCT 84–104
8 DSDDGIYCCTANNGVGGAVE 94–114
9 ANNGVGGAVESCGALQVKMK 104–124

The overlap between consecutive peptides is underlined. The first Ig-like
domain in MuSK extends from amino acid 25 to 119 (6).
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Table S2. One-way ANOVA of patient antibody reactivity to the peptide sequences and the Ig-like 1 domain of
MuSK (Ig1-TAP)

Bonferroni’s multiple
comparison test Mean difference t P 95% CI of difference

1 vs. 2 −1.135 0.08892 P > 0.05 −49.69, 47.42
1 vs. 3 3.545 0.2777 P > 0.05 −45.01, 52.10
1 vs. 4 −0.2572 0.02015 P > 0.05 −48.81, 48.30
1 vs. 5 9.087 0.712 P > 0.05 −39.47, 57.64
1 vs. 6 1.361 0.1066 P > 0.05 −47.20, 49.92
1 vs. 7 9.586 0.751 P > 0.05 −38.97, 58.14
1 vs. 8 3.913 0.3066 P > 0.05 −44.64, 52.47
1 vs. 9 9.166 0.7182 P > 0.05 −39.39, 57.72
1 vs. Ig1-TAP 76.59 6,001 P < 0.001 28.03, 125.1
2 vs. 3 4.68 0.3666 P > 0.05 −43.88, 53.24
2 vs. 4 0.8777 0.06877 P > 0.05 −47.68, 49.43
2 vs. 5 10.22 0.8009 P > 0.05 −38.33, 58.78
2 vs. 6 2.495 0.1955 P > 0.05 −46.06, 51.05
2 vs. 7 10.72 0.8399 P > 0.05 −37.84, 59.28
2 vs. 8 5.048 0.3955 P > 0.05 −43.51, 53.60
2 vs. 9 10.3 0.8071 P > 0.05 −38.26, 58.86
2 vs. Ig1-TAP 77.73 6.09 P < 0.001 29.17, 126.3
3 vs. 4 −3.802 0.2979 P > 0.05 −52.36, 44.76
3 vs. 5 5.543 0.4343 P > 0.05 −43.01, 54.10
3 vs. 6 −2.184 0.1711 P > 0.05 −50.74, 46.37
3 vs. 7 6.041 0.4733 P > 0.05 −42.52, 54.60
3 vs. 8 0.3682 0.02885 P > 0.05 −48.19, 48.93
3 vs. 9 5.622 0.4405 P > 0.05 −42.94, 54.18
3 vs. Ig1-TAP 73.05 5.723 P < 0.001 24.49, 121.6
4 vs. 5 9.345 0.7321 P > 0.05 −39.21, 57.90
4 vs. 6 1.618 0.1267 P > 0.05 −46.94, 50.17
4 vs. 7 9.843 0.7712 P > 0.05 −38.71, 58.40
4 vs. 8 4.17 0.3267 P > 0.05 −44.39, 52.73
4 vs. 9 9.424 0.7383 P > 0.05 −39.13, 57.98
4 vs. Ig1-TAP 76.85 6.021 P < 0.001 28.29, 125.4
5 vs. 6 −7.727 0.6054 P > 0.05 −56.28, 40.83
5 vs. 7 0.4982 0.03903 P > 0.05 −48.06, 49.06
5 vs. 8 −5.175 0.4054 P > 0.05 −53.73, 43.38
5 vs. 9 0.07902 0.006191 P > 0.05 −48.48, 48.64
5 vs. Ig1-TAP 67.5 5.289 P < 0.01 18.95, 116.1
6 vs. 7 8.225 0.6444 P > 0.05 −40.33, 56.78
6 vs. 8 2.552 0.2 P > 0.05 −46.00, 51.11
6 vs. 9 7.806 0.6116 P > 0.05 −40.75, 56.36
6 vs. Ig1-TAP 75.23 5.894 P < 0.001 26.67, 123.8
7 vs. 8 −5.673 0.4444 P > 0.05 −54.23, 42.88
7 vs. 9 −0.4192 0.03284 P > 0.05 −48.98, 48.14
7 vs. Ig1-TAP 67.01 5.25 P < 0.01 18.45, 115.6
8 vs. 9 5.254 0.4116 P > 0.05 −43.30, 53.81
8 vs. Ig1-TAP 72.68 5.694 P < 0.001 24.12, 121.2
9 vs. Ig1-TAP 67.43 5.283 P < 0.01 18.87, 116.0

The average reactivity of three MuSK MG patients IgG4 to the peptide sequences did not differ significantly between the different
peptides covering the Ig-like 1 domain of MuSK. The reactivity to the first Ig-like domain significantly reduced MuSK reactivity in these
IgG4 samples compared with the peptides. IgG4 MuSK MG patient antibodies do not bind to linear sequences covering the first Ig-like
domain of MuSK.
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