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Abstract
Objective
To isolate and characterize muscle-specific kinase (MuSK) monoclonal antibodies from
patients with MuSK myasthenia gravis (MG) on a genetic and functional level.

Methods
We generated recombinantMuSK antibodies from patient-derived clonalMuSK-specific B cells
and produced monovalent Fab fragments from them. Both the antibodies and Fab fragments
were tested for their effects on neural agrin-induced MuSK phosphorylation and acetylcholine
receptor (AChR) clustering in myotube cultures.

Results
The isolated MuSK monoclonal antibody sequences included IgG1, IgG3, and IgG4 that had
undergone high levels of affinity maturation, consistent with antigenic selection. We confirmed
their specificity for the MuSK Ig-like 1 domain and binding to neuromuscular junctions.
Monovalent MuSK Fab, mimicking functionally monovalent MuSK MG patient Fab-arm ex-
changed serum IgG4, abolished agrin-induced MuSK phosphorylation and AChR clustering.
Surprisingly, bivalent monospecific MuSK antibodies instead activated MuSK phosphorylation
and partially induced AChR clustering, independent of agrin.

Conclusions
Patient-derived MuSK antibodies can act either as MuSK agonist or MuSK antagonist,
depending on the number of MuSK binding sites. Functional monovalency, induced by Fab-
arm exchange in patient serum, makes MuSK IgG4 antibodies pathogenic.
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Myasthenia gravis (MG) is a debilitating autoimmune
disease where autoantibodies against neuromuscular junc-
tion (NMJ) proteins impair neuromuscular transmission
and cause fatigable skeletal muscle weakness. Approxi-
mately 5% of patients with MG has autoantibodies against
muscle-specific kinase (MuSK).1 These autoantibodies are
predominantly of the IgG4 subclass.2 IgG4 is considered an
“anti-inflammatory” antibody being unable to bind com-
plement or many Fc receptors on immune cells.3 IgG4
antibodies furthermore exchange Fab-arms with other
IgG4 molecules, which renders them functionally bispecific
and monovalent, preventing antigen crosslinking and in-
ternalization.4 Consequently, the pathogenicity of MuSK
IgG4 autoantibodies was initially questioned.5 However,
retrospective longitudinal epitope mapping with polyclonal
serum showed that disease severity correlates with IgG4
reactivity against the N-terminal Ig-like 1 domain of MuSK.6

Furthermore, passive transfer of purified IgG4 from patients
with MuSKMG dose dependently induced muscle weakness
in mice.7 Last, in vitro studies showed that MuSK IgG4
autoantibodies block MuSK-LDL receptor–related protein 4
(Lrp4) interaction, thereby preventing acetylcholine re-
ceptor (AChR) clustering, which explains the impaired
neuromuscular transmission in MG.8–10 It is now well
established that MuSK IgG4 autoantibodies cause MG.

In some patients, low titers of IgG1 and IgG3 MuSK auto-
antibodies coincide with high levels of IgG4 MuSK auto-
antibodies. Whether this IgG1 and IgG3 can causeMuSKMG
remains enigmatic.7,9,11

To further understand the pathomechanism of MuSK MG
and investigate whether the unique functional features of
IgG4, like Fab-arm exchange, contribute to the pathogenesis,
we isolated and functionally characterized monoclonal MuSK
antibodies from patients with MuSK MG.

Methods
Patient selection and study approval
Patients withMuSKMGwere recruited in ourMG outpatient
clinic at the Leiden University Medical Center and were se-
lected based on the presence of a positive MuSK antibody test
(RSR Ltd). Both patients were symptomatic and on immu-
nosuppressive treatment, whereas 1 patient had been pre-
viously treated with rituximab. The study was conducted in
accordance with the Declaration of Helsinki and was ap-
proved by the local medical ethics committee. Both patients
signed informed consent.

Isolation of monoclonal autoantibodies from
patients with MuSK MG
MuSK-bindingmemoryB cells were isolated using a fluorescence-
activated cell sorter (FACSaria; BD Biosciences, San Jose, CA)
from cryopreserved peripheral blood mononuclear cells (using
mouse anti-human monoclonals CD19-BV421 HIB19, CD20-
AF700 2H7, CD27-APCHy7M-T271 all fromBDBiosciences;
in 0.1 % BSA, 2 mM EDTA/Dulbecco's PBS). To remove
dead cells and non–B cells, a dump channel was included
(7-AAD,00-6993-50, CD3/FITC UCHT1 BD and CD14
(labeled with 7-AAD from Thermo Fisher, Waltham, MA;
CD3/FITC UCHT1 and CD14/FITC M5E2 from BD
Biosciences; and CD56/FITC HCD56 from BioLegend,
San Diego, CA). Antigen-specific cells were isolated using
recombinant MuSK produced in Escherichia coli6 labeled
with R-PE (AS-72113, AnaSpec) and MuSK produced in
yeast tagged with DyLight 650 (a kind gift of Konstantinos
Lazaridis and Socrates Tzartos, Thermo Fisher). Single
sorted cells were cultured on irradiated CD40L cells (a kind
gift from Kees van Kooten) in a 96-well plate in complex
RPMI medium.12 After 2 weeks, the medium was tested in
duplicate for MuSK antibody production using the MuSK
ELISA as described previously.6

RNA isolation, cDNA production, and antibody
sequence isolation
Single wells containing MuSK antibody–producing cells were
lysed with 150 μL Qiazol, and RNA was isolated using standard
chloroform extraction and isopropanol/ethanol precipitation.
RNA was rehydrated in 8 μL H2O and stored at −80°C until
further use. cDNA was directly synthesized (without pre-
amplification or purification) using Smartscribe Reverse Tran-
scriptase (Takara Bio Europe) an Oligo-dT40VN primer
(59–AAGCAGTGGTATCAACGCAGAGTACT40VN-39)
and a template switching oligo (59-AAGCAGTGGTATCAA
CGCAGAGTACATrGrG + G-39) for 10 rounds of ampli-
fication. Full-length V(D)J was obtained by ARTISAN PCR
using gene-specific primers (general forward primer 59-CTT
AAGCAGTGGTATCAACGCAGAGTACATG-39, IgG HC
59-GGAAGGTGTGCACGCCGCTGGTC-39, hkappaLC 59-
CTGATGGGTGACTTCGCMG-39, and hlambdaLC 59-
CACACYAGTGTGGCCTTGTTGGCTTG-39).13

Recombinant antibody production,
purification, and characterization
Heavy and light chain sequences were ordered at GeneArt
(Thermo Fisher) in an IgG1 and IgG4 backbone pcDNA3.1
vector and transfected in suspension FreeStyle HEK293-F
cells (R790-07, Thermo Fisher) using Fectin (12347-019,

Glossary
AChR = acetylcholine receptor; Lrp4 = LDL receptor–related protein 4;MG = myasthenia gravis;MIR = main immunogenic
region; MuSK = muscle-specific kinase; NMJ = neuromuscular junction; PBMC = peripheral blood mononuclear cell; VH =
heavy chain; VL = light chain.
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Thermo Fisher) in FreeStyleTM 293 Expression Medium
(12338, Thermo Fisher). To increase transfection and pro-
duction efficiency, the cells were cotransfected with SV40
large T antigen, hp21, and hp27 (kindly provided by Theo
Rispens). After 6 days, culture medium was collected, cell
debris was removed by centrifugation, and immunoglobulin G
(IgG) was purified using a HiTrap Protein A affinity column
(17-0402-01, GE Healthcare) on an Akta Pure (GE Health-
care). Antibodies were dialyzed to PBS, filter sterilized, and
stored at −20°C. Fab fragments were generated from these
recombinant antibodies using papain according to the man-
ufacturer’s instructions (20341, Thermo Fisher).

To determine the binding characteristics of the recombinant
antibodies, we performed an epitope mapping ELISA.6

Recombinant antibodies were used to immunostain fixed
mouse levator auris longus muscle at 1 μg/mL overnight at
room temperature. Synaptic regions were labeled with
0.5 μg/mL AlexaFluor488-conjugated α-bungarotoxin
(B13422, Thermo Fisher), and bound recombinant anti-
bodies were detected with 0.5 μg/mL AlexaFluor594-
conjugated goat anti-human IgG (A110414, Thermo
Fisher) in PBS for 1 hour. Muscles were imaged on a Leica
SP8 confocal laser scanning microscope and analyzed using
LasX software.

To determine the ability of the antibodies to inhibit MuSK
phosphorylation and AChR clustering, we exposed C2C12
myotube cultures (Cell Lines Service) to them as described
previously.8 Differentiated myotubes were stimulated with
0.1 nM agrin (550-AG-100, R&D systems) in the presence
or absence of 100 ng/mL recombinant antibodies or
Fab fragments. For MuSK phosphorylation data, myotubes
were lysed after 30 minutes of exposure, and MuSK was pre-
cipitated using 5 μL/sample rabbit anti-MuSK polyclonal se-
rum (ab94276 or ab94277, a kind gift of Steve Burden) during
an overnight incubation at 4°C. Bound antigen-antibody
complexes were precipitated using protein A agarose beads
(11134515001, Roche), which were extensively washed.
Samples were subsequently ran on sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membrane. MuSK
and phosphorylated MuSK were detected using goat anti-
rat MuSK (AF562, R&D systems) and mouse anti-

phosphotyrosine clone 4G10 (05-321, Millipore) as primary
antibodies and donkey anti-mouse-680RD (926-68072, Licor)
and donkey anti-goat 800 CW (926-32214, Licor). To confirm
equal loading, whole cell lysates, that formed the immuno-
precipitation input samples, were analyzed for tubulin levels
using a mouse anti-α-tubulin antibody (T6199, Sigma) and
donkey anti-mouse-800 CW secondary antibody (926-32212,
Licor). Bound antibodies were detected using the Odyssey
CLx (Licor).

AChR clusteringwas studied after 16 hours of exposingmyotubes
to 100 ng/mL recombinant antibodies or Fab fragments in the
absence or presence of 0.1 nM agrin. Subsequently, the cells were
washed 3 times with differentiation medium (DMEM, 31966
Gibco, 2% heat-inactivated horse serum 26050-088, Gibco, 1%
pen/strep and 1% L-glutamine) and incubated with 0.5 μg/mL
AlexaFluor488-conjugated α-bungarotoxin (B13422, Thermo
Fisher) in differentiation medium for 30 minutes at 37°C. After
staining, cells were fixed in 4% formalin solution for 5 minutes,
washed with PBS, and mounted using Hardset Mounting Me-
dium (H-1500, Vector Laboratories). Twenty fields divided over
2 coverslips per condition were randomly selected and imaged
with the LeicaDM5500microscope. AChR cluster count and size
were analyzed using ImageJ (1.48v). MuSK phosphorylation
studies were performed in duplicate, and AChR clustering was
performed in triplicate.

Statistics
All data are expressed as mean ± standard error of the mean.
Statistical significance of differences between treatment groups
was tested with Student t-tests, with corrections for multiple
testing wherever appropriate. Differences with p values <0.05
were considered statistically significant.

Data availability statement
All data related to this article will be made available on request
by a qualified investigator.

Results
Patients with MuSK MG
To obtainMuSK-specific B cells, PBMCs were isolated from 2
patients with MuSK MG. The clinical characteristics of these
patients are described in table 1.

Table 1 Clinical characteristics from study participants at the time of PBMC/blood donation

Patient ID Age (y) Sex
MuSK titer
(nmol/L)

Disease
severity (QMG) Thymus status Treatment

1 59 M 1.19 9/39 Thymectomy 1987;
no thymoma

Prednisone, mycophenolate mofetil, pyridostigmine,
plasmapheresis, and 2 courses of rituximab 4 and 2 y
before

2 59 V 0.75 Not available No thymectomy;
no thymoma

Prednisone, azathioprine, and plasmapheresis

Abbreviation: MuSK = muscle-specific kinase.
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Isolation and genetic characterization of
patient-derived MuSK autoantibodies
Antigen-specific single-cell sorting yielded 8 MuSK-binding
B cells from 2 patients with MuSK MG. The frequency of
circulating MuSK clones was ;7 per 100 million PBMCs
for patient 1 and 2.5 per 100 million PBMCs for patient 2.
An overview of the isolated MuSK autoantibody charac-
teristics is shown in table 2. From 6 of 7 MuSK
autoantibody–producing clones from patient 1, we could
derive the variable region sequences of the heavy chain
(VH) and light chain (VL). For 1 clone, only the VH region
could be sequenced.

Surprisingly, the majority (5/7) of the antibodies isolated
were of the IgG1 isotype. We furthermore isolated 1 IgG4 and
1 IgG3 clone. All IgG1 clones and the IgG3 clone used the
same VH and VL genes (IGHV3-21 and IGKV1-39), sug-
gesting a clonal relationship.

Fab-arm exchange is an important feature of IgG4 and might
affect the functional characteristics of MuSK autoanti-
bodies.14 Previous work on polyclonal purified fractions
suggested that MuSK MG IgG4 has the ability to undergo
Fab-arm exchange.14 We sequenced the Fc part of our MuSK
monoclonal antibodies and confirmed that the IgG4 clone in-
deed possessed the serine at position 228 and the arginine 409
required to undergo Fab-arm exchange (data not shown).

N-linked glycosylation of the Fab can be important for an-
tigen binding, e.g., in rheumatoid arthritis ACPA autoanti-
bodies.15 The NXS/T (where X cannot be a proline)
N-linked glycosylation motif was found in the variable re-
gion of two of our monoclonal MuSK autoantibodies, sug-
gesting that glycosylation of the Fab is not essential for all
MuSK autoantibodies.

Functional characteristics of recombinant
MuSK monoclonal autoantibodies
The Ig-like 1 domain of MuSK was previously recognized as
the main immunogenic region (MIR) of MuSK in poly-
clonal patient IgG4 fractions and serum.6 For 5 of the
patient-derived MuSK antibodies, the epitope mapped to
the first Ig-like domain of MuSK (table 2). We have thus far
identified no monoclonal autoantibodies against other
domains. To establish the functional characteristics of the
MuSK autoantibodies, recombinant antibodies were pro-
duced from an original IgG1 and IgG4 isolated clone. To
assess the importance of autoantibody subclass in MuSK
MG, each of these variable regions was subcloned in both
an IgG1 and IgG4 backbone. We produced biotin anti-
bodies as a negative control for all experiments.

To assess the ability of recombinant patient-derived IgG1
and IgG4 MuSK antibodies to bind to MuSK at the post-
synaptic membrane of NMJs, we performed immunos-
taining on isolated mouse skeletal muscle. Both the IgG1
and IgG4 versions of the recombinant monoclonal MuSK Ta
b
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antibodies clearly bound to NMJs (figure 1, data shown for
the IgG4 recombinant antibodies).

Successful neuromuscular transmission depends on properly
clustered AChR, a process that is orchestrated through the
agrin-Lrp4-MuSK signaling cascade.16 Agrin is released by the
motor nerve terminal and binds Lrp4, which subsequently
binds MuSK and thereby stimulates MuSK homodimerization
and transphosphorylation. Activation of MuSK phosphoryla-
tion stimulates a variety of intracellular signaling cascades of
which one culminates in AChR clustering. Purified polyclonal
patient IgG4 MuSK autoantibodies inhibit MuSK-Lrp4 in-
teraction, subsequent MuSK dimerization and phosphory-
lation, and thereby prevent agrin-induced AChR clustering
in C2C12 myotube cultures and cause myasthenia in mice.7–9

Surprisingly, patient-derived recombinant MuSK monoclonal
antibodies (both IgG1 and IgG4) activated rather than inhibi-
ted MuSK phosphorylation (figure 2A). This effect was ob-
served in both the absence and presence of agrin. Activation
of MuSK phosphorylation was concentration dependent
(figure 2B) and differed slightly between the 2 clones. This
shows that patient-derived bivalent monospecific MuSK

antibodies binding the Ig-like 1 domain facilitate dimerization
and activation of MuSK in vitro.

Recombinant monoclonal IgG1 and IgG4, however, both en-
gage in bivalent monospecific antibody-antigen interactions.
To investigate the functional effects of the bispecificity and
functional monovalency of Fab-arm exchanged IgG4 MuSK
antibodies in patients, we generated monovalent Fab frag-
ments from these recombinant antibodies by papain digestion.
In vitro, these Fab fragments inhibited agrin-dependent MuSK
phosphorylation (figure 2C) and AChR clustering similar to
patient serum-derivedMuSK IgG4 (figure 2D). Despite fully
activating MuSK phosphorylation, bivalent monospecific
MuSK antibodies partially inhibited agrin-dependent AChR
clustering as compared to Fab fragments and a biotin control
antibody. Importantly, that AChR clustering could be partially
induced using bivalent monospecific antibodies independent
from agrin (figure 2D). Thus, monovalent MuSK binding
blocks MuSK signaling and the AChR clustering pathway,
whereas bivalent monospecific MuSK antibodies fully stim-
ulate MuSK phosphorylation and partially induce or restore
AChR clustering in this tissue culture model.

Figure 1 Patient-derived recombinant MuSK antibodies bind mouse NMJs

Control biotin antibodies did not stain
the NMJ. Scale bar is 25 μm. MuSK =
muscle-specific kinase; NMJ = neuro-
muscular junction.
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Discussion
In this study, we provide new and surprising insight on the
disease mechanism of MuSK MG by functional characteriza-
tion of patient-derived monoclonal MuSK antibodies. The
major findings of this study are graphically depicted in figure 3.
Previous studies with polyclonal purified IgG4 from patients
with MuSK MG showed that this IgG4 obstructs Lrp4-MuSK
binding.8,9 This interaction is normally required for MuSK to
become dimerized and phosphorylated. Polyclonal patient
IgG4, by blocking Lrp4-MuSK interaction, prevents MuSK
dimerization, phosphorylation, and subsequent signaling
toward AChR clustering leading to muscle weakness.
Experiments by others furthermore confirmed that poly-
clonal MuSK IgG4 antibodies in patient serum have un-
dergone Fab-arm exchange14 and thus are functionally
bispecific, binding to MuSK in amonovalent manner.We here

show that monovalent Fab fragments, generated from
patient-derived monoclonal MuSK antibodies, mimicked
monovalent Fab-arm exchanged serum IgG4 and recapitulated
the pathomechanism of MuSK MG. Surprisingly, bivalent
patient-derived monoclonal MuSK antibodies had the com-
plete opposite effect. These antibodies activated, rather than
inhibited MuSK phosphorylation and partially induced AChR
clustering. As MuSK phosphorylation and signaling requires
MuSK dimerization, our data suggest that bivalent mono-
specific MuSK antibodies can force this dimerization, thereby
stimulating MuSK phosphorylation and AChR clustering. This
bypasses the need for agrin-bound Lrp4 to interact withMuSK.
Because Fab-arm exchange renders circulating IgG4 func-
tionally monovalent, serum MuSK IgG4 is unable to force
dimerization and blocks MuSK signaling. Our data suggest
that IgG4 MuSK autoantibodies become pathogenic when,
due to Fab-arm exchange, they have become more

Figure 2 Patient-derived recombinant MuSK antibodies can activate or inhibit MuSK phosphorylation and AChR clustering
depending on the antibody valency

Bivalent monospecific recombinant MuSK antibodies (clones 11-3F6 and 13-3B5) activated MuSK phosphorylation in the presence and absence of agrin (A).
Activation of MuSK phosphorylation was dose dependent (B). Clone 13-3B5 was slightly more potent comparedwith 11-3F6. A biotin control antibody did not
affect (agrin dependent) MuSK phosphorylation. Monovalent Fab fragments generated from these recombinant MuSK monoclonals inhibited MuSK phos-
phorylation (C). Agrin-dependent AChR clusteringwas unaffected when exposed to a biotin control antibody or Fab fragments thereof. Bivalentmonospecific
recombinant IgG4 MuSK antibodies and Fab fragments inhibited the number of agrin-dependent AChR clustering significantly compared with the biotin
control antibody (for IgG4: p < 0.001, for Fab fragments: p < 0.001, one-way analysis of variance (ANOVA) test, Dunnett corrected). Fab fragments reduced
AChR clusters to the level of purified patient IgG4 and the “no agrin” condition. Bivalent monospecific antibodies significantly increased AChR clustering
compared with Fab fragment–mediated inhibition that seems independent from agrin (D & E; 11-3F6: p < 0.001, 13-3B5: p = 0.03, biotin antibody: p = 0.30,
unpaired t test, no agrin conditions 11-3F6: p = 0.03, 13-3B5: p = 0.20 one-way ANOVA Dunnett corrected). Data represent mean ± SEM. Scale bar represents
50 μm. AChR = acetylcholine receptor; MuSK = muscle-specific kinase.
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functionally monovalent. MuSK autoantibody valency and,
consequently, MuSK autoantibody subclass are thus key
determinants in the pathogenic mechanism underlying
MuSK MG. Inhibition of Fab-arm exchange might therefore
have therapeutic potential in MuSK MG and perhaps also in
other identified IgG4-mediated autoimmune disorders.17,18

Our experiments do not exclude the possibility that the low
levels of IgG1-3 MuSK antibodies might damage NMJs
through activation of complement or immune cell–mediated
cytotoxicity.

The agonistic (i.e., bivalent) patient-derived MuSK mono-
clonal antibodies did not induce AChR clustering in the C2C12
myotube assay to the same degree as the natural agonist agrin.
This is likely not a dose-dependent potency difference (data
not shown). Alternatively, binding of bivalent monospecific
antibodies to the Ig-like 1 domain of MuSK might affect
downstream aspects of the AChR clustering pathway differ-
ently from agrin-induced MuSK stimulation. These results
show strong similarities to a study using IgG obtained from an
active immunization model of MuSK MG in rabbits,19 to
studies showing functionally bivalent antibodies binding the
MuSK extracellular domain,20,21 and to in vitro studies with
polyclonal purified patient IgG1-3 fractions.9 One explanation
for the incomplete AChR clustering ability of these MuSK

antibodies may be reduced Dok-7 protein levels, a protein
acting downstream of MuSK essential for transducing the
AChR clustering signal.19 It is conceivable that binding of bi-
valent monospecific MuSK antibodies alters the interaction
between MuSK and Dok-7 or might increase MuSK in-
ternalization and affect subsynaptic gene expression, ultimately
lowering AChR cluster numbers.11 It will furthermore be im-
portant to learn whether the level of AChR clustering that can
be achieved with patient-derived bivalent monospecific MuSK
antibodies is sufficient to maintain adequate neuromuscular
transmission in vivo.

Recombinant MuSK agonistic antibodies have previously
been described.1,21,22 These antibodies bound to the Ig-like
1 domain or the Fz-domain of MuSK and also activated
MuSK phosphorylation and AChR clustering in vitro and in
vivo.23 This suggests that MuSK signaling activation by bi-
valent antibodies might be epitope independent and solely
requires forced dimerization of 2 MuSK molecules. Of in-
terest, forced activation of MuSK signaling holds thera-
peutic promise in neuromuscular disorders characterized by
NMJ deficits.23

MuSK autoantibodies can also inhibit MuSK–collagen Q in-
teraction.24 It will be interesting to study the effect of these

Figure 3 Graphical depiction of the conclusions of this study

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 3 | May 2019 7

http://neurology.org/nn


monoclonal antibodies on this interaction. Furthermore, al-
though the Ig-like 1 domain of MuSK is considered the MIR,
antibodies to other parts of the ectodomain of MuSK have
been found.6,25,26 The here described methodology should
enable isolation of MuSK monoclonal antibodies binding to
different MuSK domains, which will facilitate more detailed
analysis of their (pathogenic) effects.

The frequency of MuSK-binding memory B cells was low in the
patients studied. This may be explained by the immunosup-
pressivemedication that the patients received. Both patients had,
despite this medication, rather high levels of MuSK autoanti-
bodies. Lighaam et al.12 showed that numbers of circulating IgG4
memory B cells tightly correlated with IgG4 titers. This might,
however, not reflect individual antigen-specific responses. As
plasma cells mostly reside in the bone marrow, the isolation of
circulating memory B cells might not be a representative of
the ongoingMuSK autoantibody production. We can also not
exclude that the experimental procedures affected the number
or isotype of the isolated MuSK-binding cells. Experiments
testing the isolation and culture of IgG1 and IgG4 memory
B cells using this method did show a slight (;10%) survival
advantage for single IgG1 memory B cells (data not shown);
however, this is not sufficient to explain the lack of IgG4
MuSK-binding memory B cells isolated in these experiments.

The degree of somatic hypermutation, reflecting affinity
maturation, was high in all MuSK antibody clones for both
the VH and VL, strongly suggesting antigen-driven selec-
tion. In 2 recent publications on MuSK monoclonals, B-cell
populations, and repertoire analysis in patients with MuSK
MG, a different VDJ gene usage was reported.27,28

At least 12 other autoimmune diseases affecting differ-
ent organ systems are hallmarked by pathogenic IgG4
autoantibodies.17,18,29 For several of them, patient-derived
monoclonal antibodies have been isolated and characterized.30,31

The VDJ gene usage differs between all these diseases. It is
not known why these diseases are caused by IgG4 auto-
antibodies. The role of antibody valency for these diseases
has only partially been studied. In pemphigus vulgaris, where
the antigen forms a heterodimer (in contrast to MuSK,
which forms a homodimer), pathogenicity seems more de-
pendent on autoantibody titer and epitope.18 It will be in-
teresting to learn whether autoantibody valency and thus
Fab-arm exchange is relevant in other IgG4-mediated au-
toimmune diseases.

In conclusion, the pathomechanism of MuSK MG is de-
pendent on at least 3 factors: (1) autoantibody titer,6,32 (2)
recognized epitope,6,8,22 and, emerging from this and
other9,19 studies (3) antibody valency/autoantibody sub-
class. This study thereby presents a new pathomechanism in
antibody-mediated autoimmunity, requiring Fab-arm ex-
change of IgG4 to render autoantibodies monovalent and
pathogenic.
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