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Article history: Autoimmunity mediated by IgG4 subclass autoantibodies is an expanding field of research. Due to their
Received 19 September 2016 structural characteristics a key feature of [gG4 antibodies is the ability to exchange Fab-arms with other,
Received in revised form unrelated, IgG4 molecules, making the IgG4 molecule potentially monovalent for the specific antigen.
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However, whether those disease-associated antigen-specific IgG4 are mono- or divalent for their anti-
gens is unknown. Myasthenia gravis (MG) with antibodies to muscle specific kinase (MuSK-MG) is a well-
recognized disease in which the predominant pathogenic IgG4 antibody binds to extracellular epitopes
on MuSK at the neuromuscular junction; this inhibits a pathway that clusters the acetylcholine

Keywords: . . ..

Fab-arm exchange (neurotransmitter) receptors and leads to failure of neuromuscular transmission.

18G4 In vitro Fab-arm exchange-inducing conditions were applied to MuSK antibodies in sera, purified I[gG4
MuSK and IgG1-3 sub-fractions. Solid-phase cross-linking assays were established to determine the extent of
Myasthenia gravis pre-existing and inducible Fab-arm exchange. Functional effects of the resulting populations of IgG4
Autoimmunity antibodies were determined by measuring inhibition of agrin-induced AChR clustering in C2C12 cells. To

confirm the results, k/k, A/A and hybrid /A 1gG4s were isolated and tested for MuSK antibodies.

At least fifty percent of patients had IgG4, but not IgG1-3, MuSK antibodies that could undergo Fab-arm
exchange in vitro under reducing conditions. Also MuSK antibodies were found in vivo that were divalent
(monospecific for MuSK). Fab-arm exchange with normal human IgG4 did not prevent the inhibitory effect
of serum derived MuSK antibodies on AChR clustering in C2C12 mouse myotubes. The results suggest that a
considerable proportion of MuSK IgG4 could already be Fab-arm exchanged in vivo. This was confirmed by
isolating endogenous IgG4 MuSK antibodies containing both k and A light chains, i.e. hybrid IgG4 molecules.
These new findings demonstrate that Fab-arm exchanged antibodies are pathogenic.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

AChR  Acetylcholine-receptor

ELISA  enzyme-linked immunosorbent assay
Fab antigen binding fragment

GSH reduced glutathione

IgG1-3 Immunoglobulin G1, G2 and G3

IgG4 Immunoglobulin G4

Lrp4 low-density lipoprotein receptor-related protein 4
MG myasthenia gravis

MuSK  muscle-specific (tyrosine) kinase

NMJ neuromuscular junction

PBS phosphate buffered saline

K/K IgG4 with two « light chains

A IgG4 with two A light chains

K/A bispecific IgG4 with one k and one A light chain

1. Introduction

Various antibody-mediated autoimmune diseases are caused by
the IgG1 and IgG3 subclasses [1—6], through cross-linking-induced
endocytosis of cell surface antigens, and activation of complement
that attacks the cell membrane resulting in cell damage and loss of
antigen function [7—15]. This relies upon the ability of IgG1 and
IgG3 subclasses to bind divalently (i.e. two antigen molecules cross-
linked by the antibody'‘s two identical antigen-binding fragments,
Fab) to their cognate antigen on the cell surface and to activate the
complement cascade via C1q (|16—19], reviewed by Ref. [20]).

The case with IgG4 antibodies (around 5% of total IgG) is
different [21,22]. Plasma cells produce cross-linking/monospecific
IgG and each B-cell clone produces IgG with either k light chains
(k/k) or A light chains (A/A) in an overall ratio of k/A = 2:1 [23],and a
ratio of 3:1 in IgG4 [24]. After secretion into the plasma, IgG4 has
the ability to exchange half-molecules (one heavy-chain with one
attached light chain), with other IgG4 half-molecules, a process that
has been coined “Fab-arm exchange” [25—28]. This process can be
induced in vitro under reducing conditions [25,29]. Spontaneous
Fab-arm exchange in vivo leads to bispecific IgG4s made up of k/k, k/
A and A/A IgGs in serum of healthy human individuals [24,30];
elevated levels of these Fab-arm exchanged antibodies were
measured in both rheumatoid arthritis [31] and autoimmune
pancreatitis [32]. Overall, steady state calculations (supplementary
data) suggest that we could expect that a large proportion of
normal serum IgG4 is already Fab-arm exchanged in vivo.

Therapeutic monoclonal antibodies of the IgG4 subclass (with
the natural IgG4 hinge, e.g. natalizumab) were found to exchange
half-molecules with plasma IgG4 in patients [33,34], which may
take up to 24 hours [25,35]. Also in IgG4 antibody diseases, the IgG4
molecules are likely to contain two different antigen-binding
fragments (Fab) and cannot cross-link membrane-bound antigens
to cause endocytosis [25,36,37], or form immune complexes on
antigen expressing cells to activate the complement cascade
[25,38,39]. Furthermore IgG4 antibodies to a specific antigen can
inhibit immune precipitation by IgG1 antibodies [40,41]. Indeed
several studies indicate that IgG4 dampens hypersensitivity re-
actions caused by antibodies with the same specificity but a
different isotype or subclass that remains cross-linking [41-51]
(summarized in schematic Fig. 1A).

There are now well recognized autoimmune diseases that are
mediated by autoantibodies of the IgG4 subclass such as
pemphigus [52—56], limbic encephalitis, neuromyotonia, Morvan's
disease [57—62], Goodpasture syndrome [63], thrombotic

thrombocytopenic purpura [64—67]| and muscle specific kinase
myasthenia gravis (MuSK MG) [36,37,68—72].

MuSK-MG is caused by IgG antibodies, mainly IgG4, that bind to
MusSK [36,68—70,73] which is a key orchestrator of development
and maintenance of the high density of acetylcholine receptors
(AChRs) at the neuromuscular junction [74]. Agrin, a heparan-
sulfate proteoglycan, is released from the motoneuron [75] and
binds its co-receptor, Lrp4 [76,77], which subsequently activates
MuSK leading to an intracellular pathway that results in AChR
clustering [74,78]. The pathogenic role of MuSK IgG4 antibodies is
strongly supported by in vitro and in vivo models; IgG4 from MuSK
MG patients is pathogenic by passive transfer into (complement
deficient) mice [70] and purified IgG and IgG4 fractions block
binding between Lrp4 and MuSK [36,37,79] and reduce agrin
induced AChR clustering in myotubes [36].

If MuSK antibodies undergo Fab-arm exchange in vivo, they
would be bi-specific and only monovalent for MuSK. Interestingly,
MuSK Fabs were sufficient for pathogenicity in vitro [36,80], sug-
gesting this might be the case, but that observation left open the
question of whether the MuSK antibodies were Fab-arm exchanged
in vivo. Indeed, as MuSK antibodies may not be representative of
the normal IgG4 population, it was possible that some difference in
IgG4 itself or in its processing pathway might have impeded Fab
arm exchange. Therefore, we felt it important to test whether the
MuSK IgG4 antibodies could undergo exchange in vitro, whether
they were exchanged in vivo, and whether exchange in vitro with
normal healthy IgG4 antibodies affected their pathogenicity. To this
end we used IgG subclass and light chain purification methods and
functional assays to explore the evidence of Fab arm exchange in
MuSK autoantibodies. We demonstrate for the first time that MuSK
autoantibodies do undergo Fab-arm exchange in vitro and in vivo,
but without affecting pathogenicity in in vitro tests.

2. Materials & methods
2.1. Patients

All patients' material was obtained with approval from the
relevant ethical boards and after informed consent of the patients.
Serum samples or plasmas derived from plasmapheresis from 51
MuSK MG patients (44 from Pisa, 4 from Leiden, 2 from Leuven and
1 from Maastricht) were used. The patients (44 female, 7 male) had
MGFA (Myasthenia Gravis Foundation of America) scores between
0 and V. Most patients were treated with immunosuppressive
medication. The AChR-Ab negativity was confirmed by radioim-
munoassay (RIA, RSR, Cardiff). Sera from thirteen healthy in-
dividuals were used as controls. Clinical data of MuSK MG patients
whose plasma or serum was investigated in detail, and are indi-
vidually referred to in the results is summarized in Table 1, clinical
information on the remaining MuSK MG patients used in this study
is summarized in Supplemental Table 1.

2.2. MuSK titer measurement

MuSK autoantibodies were assessed by RIA (RSR, Cardiff, UK)
according to the manufacturer's instructions. Alternatively, to
verify binding of antibodies to immobilized MuSK, an ELISA was
used. ELISA plates (Greiner, Microlon, catalogue number 655092)
were coated with 1 ug/mL MuSK extracellular domain (ECD). The
MuSK ECD was produced in mammalian cells (a kind gift of Dr
Bernard Rees-Smith, RSR) or in yeast [81]. Samples were added
together with a standard dilution series of MuSK MG patient serum
of patient P19 with predetermined MuSK titer by RIA to calculate
the MuSK antibody titer of each sample or purified fraction
(Supplementary Tables 3 and 4) in the plasma. Bound MuSK
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Fig. 1. Hypothesis for the role of Fab-arm exchange in IgG4 mediated autoimmunity. A) IgG4 can be protective by loss of cross-linking ability [25,36,37], preventing endocytosis as
observed in IgG1 autoimmunity [12,13,50,95—-98]. Bispecificity also prevents the formation of large antigen-antibody complexes, also containing complement molecules that
facilitate uptake by antigen-presenting cells and subsequent activation of antigen-specific immune cells [25,38—41]. Competitive binding and the immunological inertness of the
IgG4 Fc region also convey protection against hypersensitivity reactions induced by IgG1-3 [41-50]. B) Hypothesis I: IgG4 may not be protective in IgG4 autoimmunity. The main
pathogenic mechanism in IgG4 autoimmune diseases is the blockade of protein-protein interactions, which does not require cross-linking. Thus Fab-arm exchange may not reduce
the pathogenicity. Hypothesis II: While no supporting evidence was found in this study, it may be possible that Fab-arm exchange changes pathogenicity. To study this possibility,

monoclonal MuSK IgG4 would be required.

antibodies were detected with goat F(ab); anti-human IgG Fcy
conjugated to horseradish peroxidase (1:20,000, Jackson Immu-
noResearch, USA, catalogue number 109-036-008) or alternatively
with mouse anti-human IgG4:HRP (1:3500, AbD Serotec, Germany,
catalogue number MCA2098P). Samples were incubated with
substrate containing 3,3’, 5, 5'-tetramethylbenzidine, and absor-
bance at 450 nm was measured using a VictorX3 plate reader
(PerkinElmer, USA).

2.3. Induction of IgG4 Fab-arm exchange reaction

Fab-arm exchange was induced based on previous studies
[25,29]. The exchange was conducted in 1.5 mL microcentrifuge
tubes using soluble IgG4, to avoid confounding Fc-Fc interactions
that can occur with immobilized IgG4 [82]. Twenty-five pg of
monoclonal antibody against AChR [83] of IgG1 (IgG1-637) or IgG4
(IgG4-637) [25] subclass were added to 25—125 pg of purified
MuSK-MG IgG4 or healthy control IgG4 or IgG1-3 in the presence or

absence of 0.5 mM reduced glutathione (GSH, Merck, Germany,
catalogue number 1.04090) and incubated 48 h at 37 °C. Alterna-
tively, 75 pg of 1gG4-637 was incubated with 100 pL serum from
MuSK-MG patients. This volume would contain approximately
1 mg IgG, and therefore approximately 50—80 pg IgG4, resulting in
a 1:1 ratio between serum IgG4 and monoclonal IgG4-637. As
further controls, the same amounts of 1gG4-637, [gG1-637, purified
IgG4, purified IgG1-3 or serum in the absence of the reaction
partner were used. Notably, both in patient serum and in purified
IgG4 from patient plasma, normal IgG4 molecules with specificities
other than MuSK are present and participate in the Fab-arm
exchange.

2.4. Bispecificity solid phase radioimmunoassay

After in vitro Fab-arm exchange in solution, as above (2.3), the
samples were tested for newly formed MuSK-AChR bi-specific an-
tibodies by a solid phase radioimmunoassay (SPRIA). Nunc-
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Table 1

Clinical information on selected MuSK MG patients used in detail this study (na = data not available).

Patient Treating center Sex Ageat Ageof MGFA MGFA Symptoms Symptoms MuSK titer AChR MG titer at AChR MG titer at Therapy at sample
code (original code) sample onset atonset atsample atonset at sample (nM, 0.05 cut-off) diagnosis (Pisa RIA, sample (Oxford RIA,
nM, 0.05 cut-off) nM, 0.5 cut-off)
P19 Pisa (M 132) F 52 18 11IB 1A Diplopia, mild Limb muscles weakness 13.6 0 0.45 Prednisone,
dysartria, episodic cyclosporine, IVIG
dysphagia, limb and every month
neck muscles weakness
P33 Pisa (M 183) F 60 56 1B 1A Ptosis, diplopia then Mild limb muscles 11.2 0 0.24 Dexamethasone
dysphagia weakness
P41 Pisa (M 116b) F 40 32 11IB 0 Mild dysphagia, then 1.2 na na
dysarthria and limb
muscles weakness
P43 Pisa (M 211) F 69 53 1IB 0 No symptoms 41 0 na Prednisone,
Azathioprine
P46 Leiden M 54 52 1B 1B Oculobulbar Ocular bulbar with na 0 0 Pyridostigmine,
proximal arm weakness prednisone 80 mg dd,
azathioprine 150 mg dd
was just started before
admission
P47 Leiden F 19 6 1IB 1B Ocular bulbar with Ocular bulbar with na 0 0 Mycophenolate mofetil
proximal arm weakness proximal arm weakness
P48 Leiden M 55 na na na na Ptosis, na na na Azathioprine,
ophthalmoparesis, Prednisone
dysarthria and
weakness of facial
muscles and both neck
flexors and extensors
P49 Leiden F 25 2 I IVB Ocular severe facial, bulbar na 0 0 none
and respiratory
weakness
P50 Leuven M 36 I A Ocular Generalized weakness 11.3 Negative na Azathioprine
P51 Leuven F 50 1B IVB Dysarthria Generalized weakness 4.9 Negative na Pyridostigmine
P52 Maastricht F 17 \% \% Respiratory crisis, neck, Respiratory crisis, neck, 6.6 na na Prednisone,

dysarthria

dysarthria

plasmapheresis

ZI—1 (910z) xxx Aqunwuwioiny fo jpuinof / ‘v 32 Auzoauoy |
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Immuno maxisorp breakable module wells (VWR, USA, catalogue
number 62409-293) were used to enable radioactive counting. The
plates were coated and treated as above and incubated for 60 min
with 50 pL undiluted samples. Next, the wells were washed and
incubated for 60 min with 50 pL of a 1:4 dilution of AChR containing
extract from CN21 cells (in 0.5% triton X-100 in PBS) that express
the adult form of the AChR, with shaking at 1000 rpm. After
washing, bound AChR was detected by incubation with 50 pL excess
125[_alpha-bungarotoxin (2°I-BuTx, 370—740 kBq specific activity,
Perkin Elmer, USA, catalogue number NEX126050UC) followed by
washing and measuring cpm using a 2470 Wizard2 gamma counter
(Perkin Elmer, USA). The results were presented as pmol/L.

2.5. Purification of 1gG4, IgG1-3, Igk and IgA

Purified IgG fractions were isolated as described previously [70].
In short, IgG4, IgG1-3, Igk and Igk were isolated from plasmaphe-
resis material from MuSK MG patients and healthy controls using
one of the following affinity columns installed in an AKTA labora-
tory scale chromatography system (GE Healthcare Lifesciences): 1)
IgG4 (Hu) affinity matrix (life technologies, catalogue number
290005) to isolate IgG4 subclass antibodies, 2) HiTrap Protein G HP
(GE Healthcare Lifesciences, catalogue number 17-0404-01) to
isolate IgG1-3 from IgG4 depleted plasma, 3) HiTrap KappaSelect
(based on a single chain (scFv)) antibody, GE Healthcare, catalogue
number 17-5458-11) to isolate Igk or 4) CaptureSelect LC-lambda
(Hu) Affinity Matrix (based on single domain VyH antibody
Thermo Fisher Scientific, USA, catalog number 084905) to isolate
Ig\. The samples were run multiple times over the relevant affinity
columns to ensure complete depletion (Supplementary Table 2).
The purified IgG4, k/}, k/k and A/A as well as the k and A depleted
flow-through (—/—) were then analyzed for protein concentration
(Supplementary Tables 3 and 4) and the presence of MuSK anti-
bodies using MuSK ELISA. After elution, the buffer was exchanged
using gel filtration using G-25 Sephadex gel filtration medium (GE,
catalogue number 17-0033-01). Eluted antibody was concentrated
up to 50-times using Vivaspin 6 spin columns with 30 kDa MWCO
(GE Healthcare, catalogue number 28-9323), achieving protein
concentrations of 0.25—12.81 mg/mL (Supplementary Table 3) that
were determined using the DC Protein Assay Kit I (BioRad, USA,
catalogue number 5000111). The MuSK antibody titers of the
concentrated samples were determined by MuSK ELISA and the
yield of MuSK IgG4 in nmol/L was calculated (Supplemental
Table 4).

2.6. Monospecific antigen cross-linking assay to determine non-Fab
exchanged IgG antibodies

The monospecific cross-linking assay was a modification of the
MuSK ELISA described above. In a first step, the in vitro Fab-arm
exchange was conducted in 1.5 mL microcentrifuge tubes with
purified IgG4 or IgG1-3 from MuSK MG patients as described in 2.3.
As controls, non-reducing conditions were used. After the Fab-arm
exchange was conducted in solution, the next step was to measure
the amount of monospecific MuSK IgG4. For this purpose, the
samples were applied to the MuSK-ELISA plate, and after washing
and blocking, mono-specific (i.e. cross-linking) MuSK antibodies
that bound only by one arm to the MuSK coated plates, were
detected by binding of biotinylated MuSK ECD produced in
mammalian cells, followed by washing and incubation with
horseradish-peroxidase coupled streptavidin (Jackson ImmunoR-
esearch, USA, catalogue number 016-030-084, 1:5000 in PBS,
60 min at 37 °C). The wells were washed, incubated with substrate
and OD450 values were assessed as described above.

2.7. AChR clustering assay

This was performed as described elsewhere [36,68]. A soluble c-
terminal splice form of neural agrin (short rat agrin-pBC12—CMV, a
kind gift of David Beeson and Judith Cossins [84]) was produced in
HEK293 cells as described [36]. Three healthy control sera (C1, C2,
C3) were randomly selected; three MuSK-MG patient sera (P33, 41,
43) were selected for their high capacity to exchange Fab-arms with
AChR mADb IgG4-637. To induce Fab-arm exchange, 100 pL serum was
incubated with 75 pg purified IgG4 derived from healthy control
serum under reducing or non-reducing conditions. As controls, PBS
only or PBS with a total concentration of 0.5 mM GSH were used. The
samples were diluted in DMEM (Gibco, USA, catalogue number
10938-025) to a final serum dilution of 1:20 (healthy controls) or
1:40 (MuSK-MG patients). The samples were dialyzed against
DMEM, blinded and used on C2C12 myotubes in the presence of
agrin as described [36]. AChRs were visualized with AlexaFluor 488-
labeled «-bungarotoxin, images of 20 randomly selected micro-
scopic fields per well at 20x magnification were acquired and
analyzed using MicroManager software [85]. The numbers of AChR
clusters per field >5 pm were divided by the area of myotubes per
field to obtain AChR cluster number per pum?. Mean numbers of AChR
clusters per myotube area of three experiments were calculated.

2.8. Statistics

One-way ANOVA with Bonferroni post-test was used to analyze
the data of the bispecific cross-linking assays and 2-way ANOVA
with Bonferroni post-test was used to analyze whether Fab-arm
exchange affected AChR clustering. Distribution of samples was
analyzed with D'Agostino Pearson test. Linear regression and cor-
relation analysis with Pearson was performed with normal
distributed samples; the Spearman correlation coefficient was used
in case of non-Gaussian distribution. All statistical tests were per-
formed with GraphPad prism software version 4.0. All error bars in
the figures indicate standard deviation; the used tests are
mentioned in the corresponding legends.

3. Results

3.1. MuSK autoantibodies from MuSK MG patient sera and IgG4
fractions exchanged Fab-arms in vitro

MuSK IgG4 from each patient serum (n = 32) bound to the
MuSK-coated ELISA plates (Supplementary Fig. 1A, each data-point
corresponding to a patient serum) correlated broadly with the
MusSK RIA titer (r?> = 0.28; p = 0.001) although, of note, two sera
were negative in the MuSK IgG4 ELISA while they were strongly
positive by RIA. To determine whether Fab-arm exchange of
patient-derived autoantibodies could be induced in vitro, sera from
MuSK MG patient or healthy controls were first incubated for 48 h
at 37 °C with an AChR monoclonal antibody of IgG4 subclass (AChR
mAb IgG4-637 [25,83]), under either normal (PBS) or reducing
conditions (0.5 mM GSH, Fig. 2A). Thereafter, the samples were
transferred to the ELISA plates and tested for the presence of newly-
exchanged MuSK-AChR antibodies using a bispecific solid-phase
radioimmunoassay (SPRIA; illustrated in Fig. 2B) based on the
ability of hybrid IgG4 antibodies to cross-link soluble AChR antigen
to the immobilized MuSK; the AChR was then identified by binding
of 1251-BuTx (Fig. 2C). Subtraction of the results in the absence of
GSH from those in GSH for each of the sera showed that 16/31 of the
MuSK-MG samples contained a detectable amount of MuSK IgG4
that could exchange with the AChR IgG4 (Supplementary Fig. 1B).
Notably, as the content of IgG4 in normal serum is between 5 and
8% [21,22] both patient sera and the purified IgG4 from patient
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Fig. 2. MuSK IgG4 from patient serum exchanges half-molecules with monoclonal AChR mAb IgG4 antibody. A) The principle of Fab-arm exchange. Two IgG4 with different
specificity (MuSK = white, AChR = grey) can undergo Fab-arm exchange to form bispecific antibodies (white/grey). B) The principle of the bispecific cross-linking assay. MuSK-AChR
bispecific IgG4 (B3) can cross-link immobilized MuSK and soluble radiolabeled AChR. Monospecific antibodies against AChR (B2) or MuSK (B1) are unable to cross-link both an-
tigens. C) Sera from 31 MuSK-MG patients or eleven healthy controls were incubated with human AChR mAb IgG4-637 under reducing (0.5 mM GSH) or non-reducing (PBS)
conditions. In addition, serum samples were incubated in PBS only. Each serum was measured once; data were pooled from five individual experiments and each experiment
included patient and healthy control samples of all experimental conditions. Black shapes = healthy control samples, white shapes = MuSK MG samples. Circles = serum only,
rectangles = serum and AChR mAb IgG4-637, triangles = serum, AChR mADb IgG4-637 and 0.5 mM GSH. One-way ANOVA with Bonferroni post-test. **: p = 0.01,***: p = 0.0001. D,
E) Fab-arm exchange of MuSK antibodies is limited to the IgG4 subclass. D) IgG4 and IgG1-3 were isolated from patient or healthy control plasma by affinity chromatography using
immobilized IgG4-specific antibody and protein G. E) In vitro Fab-arm exchange allowing conditions (0.5 mM GSH in PBS) or control conditions (PBS only) were generated with
AChR mAb 637 and purified IgG4 of seven MuSK-MG patients or IgG1-3 of six MuSK MG patients (from plasmapheresis) or two healthy controls. MuSK-AChR bispecific molecules
were determined. N = 1 or 2, measured in five individual experiments. One-way ANOVA, Bonferroni post-test. All test conditions had significantly lower values than the samples
with purified IgG4 from MuSK patients incubated with AChR mAb IgG4-637 under reducing conditions. N = 1 or 2, measured in five individual experiments.

plasmas would contain non-MuSK IgG4 that could participate in anticipated, only MuSK IgG4 in combination with AChR mAb IgG4-

the Fab-arm exchange, competing with the AChR monoclonal
antibody for forming hybrid MuSK IgG4 antibodies. Thus the values
obtained were not expected to be quantitatively reliable. Accord-
ingly, no correlation between the degree of Fab-arm exchange and
MusSK titer or MGFA grade could be found (data not shown).

To confirm that the Fab-exchange was specific for IgG4, total
IgG4 and IgG1-3 were purified from seven patients (P46-52) and
two healthy controls using affinity chromatography (Fig. 2D). Fab-
arm exchange was induced as described for the serum, the result-
ing MuSK-AChR bispecific IgG4 was then measured in the SPRIA. As

637 yielded a bispecific MuSK-AChR IgG (Fig. 2E). Notably, the IgG1
isotype of AChR mAb-637 did not exchange with the MuSK IgG4 or
IgG1-3 antibodies, and no exchange occurred in the absence of GSH.

3.2. A fraction of MuSK IgG4 is monospecific in vivo but can
undergo Fab-arm exchange in vitro

Next it was important to test whether divalent, monospecific
MuSK IgG4 is present in serum samples and to see if in vitro Fab-
arm exchange could reduce the proportion of such monospecific
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Fig. 3. Monospecific MuSK IgG4 is present in vivo and is reduced by Fab-arm exchange.
A) Principle of the monospecific cross-linking assay. MuSK antibodies (A1, A3) are
captured on immobilized MuSK, and monospecific antibodies (A1) are able to bind as
well to soluble, biotinylated MuSK. B) Purified 1gG4 from seven and IgG1-3 from six
MuSK MG patients were subjected to in vitro Fab-arm exchange with AChR mAb IgG4-
637 or non-reducing conditions. After Fab-arm exchange, monospecific cross-linking
was measured. For statistical analysis, the data were normalized to non-reducing
conditions (data not shown) and it was found that the MuSK cross-linking ability af-
ter Fab-arm exchange was reduced to 49% in the MuSK IgG4 fraction, on average.
N = 1-2, measured in four individual experiments. Paired t-test, p = 0.0034.

antibodies. As a first step, purified IgG4 and IgG1-3 from MuSK MG
patients were Fab-arm exchanged in solution under reducing
conditions as described above. After the Fab-arm exchange, the
samples were then applied to MuSK coated ELISA plates; MuSK
antibodies bound to immobilized MuSK were tested for their ability
to capture biotinylated soluble MuSK (Fig. 3A—1). Both MuSK IgG4
and IgG1-3 were able to capture some biotinylated-MuSK under
non-reducing conditions (Fig. 3B), although, as expected, there
were less MuSK autoantibodies in the IgG1-3 fraction available that
could bind than in the IgG4 fraction, due to the predominance of
the IgG4 subclass for MuSK autoantibodies [36,69].

Under reducing conditions, however, the cross-linking ability
was decreased, in each of the IgG4 fractions (on average 49.6%) but
not in the IgG1-3 fractions (average 4.4%; Fig. 3B). This confirms
that there are divalent, monospecific IgG4 MuSK antibodies present
in vivo but that they can be Fab-arm exchanged with other, non-
MuSK binding, IgG4 in vitro. It should be noted that we cannot

exclude the possibility that a fraction of monospecific MuSK anti-
bodies had bound divalently to the immobilized MuSK in the first
step, this being dependent on the coating density of MuSK protein.
Thus the data must be considered as only qualitative.

3.3. Invitro Fab-arm exchange did not affect pathogenicity of MuSK
autoantibodies in serum in the C2C12 AChR clustering assay

After demonstrating that there are monospecific MuSK IgG4s
present in the patient samples, showing that not all the IgG4s have
exchanged in vivo, we were interested to see whether Fab-arm
exchange affects the pathogenicity of the autoantibodies.

To address this question, the AChR clustering assay in C2C12
mouse myotubes was used as an in vitro model for MuSK antibody
pathogenicity. GSH treatment of healthy control serum (Fig. 4A) or
GSH treatment alone did not decrease the number of AChR clusters
(and even caused some increase of AChR clusters, Fig. 4C). Sera from
three MuSK MG patients (P41, 43, 33), which had shown high levels
of bispecific antibodies after in vitro Fab-arm exchange with AChR
IgG4 (see Fig. 2C), were first tested to determine serum dilutions at
which partial reduction of agrin-induced AChR clusters on C2C12
myotubes was achieved (data not shown). Next, in vitro Fab-arm
exchange with purified healthy control IgG4 was induced before
applying the treated patient and healthy control preparations to the
C2C12 myotubes for 16 h. As expected from many previous studies,
the MuSK IgG4 antibodies were found to inhibit agrin-induced
AChR clustering (Fig. 4B) but inducing Fab-arm exchange did not
decrease the inhibitory effect. This confirmed a previous finding
regarding MuSK IgG Fabs [36] but also raised the question how
large the proportion of monospecific MuSK IgG4 had been initially,
and whether it could have been responsible for the inhibitory effect
of MuSK antibodies.

3.4. The majority of MuSK IgG4 is Fab-arm exchanged in vivo

One possibility was that the majority of MuSK IgG4 is already
bispecific, overshadowing any effect that additional Fab-arm ex-
change might have had on a small fraction of monospecific MuSK
IgG4. To estimate the concentration of monospecific and bispecific
IgG4, we used steady state calculations based on first-order kinetics
using published values for metabolic half-life rates of human IgG4
and of Fab-arm exchange in vivo [34,35,86] (see supplementary).
The resulting estimation suggests that a large proportion, perhaps
even up to 99%, of MuSK IgG4 could be bispecific in vivo.

To confirm the prediction that in vivo Fab-arm exchange had
already occurred in the majority of MuSK IgG4, we purified IgG4s
that were hybrids for their k and A light chains, using affinity
chromatography [24] to isolate bispecific k/A, as well as k/k and A/A
from patient serum (Fig. 5A). MuSK IgG4 antibodies were present in
the bispecific /A fraction, as well as in the total IgG4, k/k and A/A
fractions (Fig. 5B and C, data in Supplementary Table 4). Although
the recoveries of the different fractions, in terms of total IgG4 and
MuSK IgG4 antibody, were low (Supplementary Tables 3 and 4), for
both patients there was a substantial proportion of MuSK IgG4s
that were k/\. Given that hybrid k/k and A/A I[gG4 antibodies would
also be present, these results indicated a high proportion of Fab-
exchanged IgG4 present in vivo.

4. Discussion

Using serum from MuSK-MG patients, we demonstrated for the
first time the polyclonality and heterogeneity of the MuSK anti-
bodies even within the IgG4 subclass. MuSK IgG4 contained both «
and A light chains, and a substantial proportion of MuSK IgG4 an-
tibodies was already Fab-arm exchanged in vivo. We showed that
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analyzed using Micro-Manager software. Green hues: healthy controls, red hues: MuSK-MG patients. Squares: Fab-arm exchange (0.5 mM GSH in PBS), triangles: non-reducing
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samples treated with healthy control serum (p < 0.0001). Two-way ANOVA with Bonferroni post-test. N = 3. C) PBS only or PBS with 0.5 mM glutathione did not reduce AChR
clusters. The presence of GSH led to a small but significant increase in AChR clusters. (unpaired t-test, p = 0.012). N = 3.

further exchange could easily be induced under reducing condi-
tions in vitro. MuSK antibodies inhibit agrin-induced clustering, an
in vitro measure of pathogenicity. Nevertheless, this ability was not
altered by Fab-arm exchange with healthy serum IgG4, confirming
results from our previous study [36] that a monovalent Fab is suf-
ficient for pathogenicity.

It is unknown how Fab-arm exchange is regulated in vivo, but it
has been shown to be inducible in vitro using reducing agents, such
as glutathione (GSH) [25,33,87—89]. Concentrations of GSH up to
1 mM can be found in human red blood cells [90], and suggested to
be physiological relevant [25,29]. Under similar reducing condi-
tions (0.5 mM GSH), MuSK IgG4 from MuSK MG patients was able
to exchange half-molecules with a monoclonal IgG4, originally
derived from an AChR MG patient [25,83], such that the resulting
IgG4 antibodies were able to bind to two different antigens, MuSK
on the ELISA plate and AChR in solution, in a solid phase
radioimmunoassay.

No correlation between newly formed MuSK-AChR bispecific

IgG4 and MuSK antibody titer could be found. This was unexpected
since correlations between MuSK antibody titers and disease
severity [91] and between MuSK titer and MuSK IgG4 levels have
been described [36]. However, it has to be recognized that the non-
MuSK binding IgG4s in the sera will have competed to varying
extents with the AChR monoclonal that provided the detection
end-point in the Fab-arm exchange assay.

As the detection methods were different between the three
assays — peroxidase-labeled anti-human IgGs for the MuSK ELISA,
bound '?°I-AChR for the Fab-arm exchange and biotinylated MuSK
for the demonstration of preexisting cross-linking MuSK antibodies
— it was not possible to calculate directly the proportions of MuSK
antibodies that were divalent for MuSK, or those that were already
Fab-exchanged in vivo. A different approach was to look at the
presence of hybrid IgG4 antibodies that contained both k and A light
chains. The values obtained must depend not only on the extent of
Fab arm exchange but also on the proportions of k and A light chains
within the specific IgG4 MuSK antibodies. These were different
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representative experiments are shown with duplicate measurements.

between the two patients examined, but in each case the propor-
tion of /A hybrids suggested a high proportion, which is in line
with previous reports in healthy individuals [24,30]. Moreover, the
values would represent an underestimate since some of the ex-
changes would, of necessity, have involved half-IgG4 molecules
containing the same light chains. In theory, with a 3:1 ratio of k: A
light chain usage in IgG4 [24], if 100% of IgG4 undergo random Fab-
arm exchange, a light chain distribution of k/k: k/A: A/A of 9:6:1
would be expected, or in other words, only 37.5% of completely
exchanged IgG4 would be k/A hybrids. Based on our observations,
we can assume that the majority of MuSK antibodies was bispecific
in vivo.

That bispecificity of MuSK IgG4 does not protect from patho-
genicity would be in line with previous observations. Fab fragments
derived from patients or from MuSK immunized animals were able
to reduce agrin-induced AChR clustering [36,80], and indeed the
MuSK MG derived IgG4 Fab fragments were, if anything, more
effective at blocking binding of Lrp4 to MuSK and reducing AChR
clustering than the whole MuSK IgG4's, clearly suggesting that
cross-linking is not a prerequisite for pathogenicity of this auto-
antibody [36].

Whether divalent MuSK IgG4 antibodies survive long enough to
induce some MuSK cross-linking and internalization is not yet clear.
While one study suggested that MuSK cross-linking and endocy-
tosis also occurs in MuSK MG [92], two further studies found no
evidence for MuSK endocytosis even by the smaller proportion of
IgG1-3 antibodies [36,37] perhaps because the epitopes on adja-
cent MuSK molecules are not accessible by a single MuSK IgG
antibody. By contrast, it is well established that AChR antibodies,
which are mainly of IgG1 and IgG3 subclass, can bind to either of
the two main immunogenic regions on adjacent receptors and lead
to internalization and complement-mediated damage.

An intriguing possibility is that Fab-arm exchange might
generate bi-specific MuSK antibodies. Due to the dynamic nature of
Fab-arm exchange in vivo, MuSK antibodies could be recombined
with any other existing specificity in the IgG4 repertoire. Since we
show here that the immune response against MuSK is polyclonal,
involving both kappa and lambda light chains, this mechanism
could potentially (re)generate bispecific IgG4 molecules that
recognize the same or distinct MuSK epitopes; this could then lead
to MuSK cross-linking and internalization. However, given the
relatively low proportion of MuSK antibodies within the total [gG4
(<1% even in those with highest titres), any spontaneous re-
generation of divalent MuSK antibodies would be infrequent,
although if they accessed the neuromuscular synaptic space they
could be highly effective.

It will be interesting to look at other diseases that are mediated
by or associated with IgG4 to determine whether Fab-arm ex-
change may affect IgG4 pathogenicity or if it may be useful as a
more general serological marker for [gG4 autoimmunity. It is likely
that this mechanism occurs in other IgG4 autoimmune diseases,
such as pemphigus [52,54,56], limbic encephalitis [58,61,93] and
other, neurological disorders [94].

5. Conclusions

Autoantibodies in MuSK MG undergo Fab-arm exchange and a
high proportion of MuSK IgG4 is bispecific in vivo. This exchange
can be induced in vitro, but it was found that it did not reduce the
pathogenicity of MuSK antibodies in the AChR clustering assay in
C2C12 mouse myotubes. This suggests that Fab-arm exchange has
no protective function in MuSK MG, in contrast to AChR MG and
allergies. A likely explanation is that the main pathogenic function
of IgG4 autoantibodies is conveyed by a functional block of protein-
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protein interaction, for which cross-linking binding apparently is
unnecessary.
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