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Significance

 This study presents S-1117, an 
IgG-specific protease, as a 
promising therapeutic approach 
for the treatment of acetylcholine 
receptor-positive myasthenia 
gravis (AChR-MG). S-1117 was 
shown to efficiently cleave the Fcγ 
region of pathogenic AChR-IgG, 
thereby abrogating effector 
functions, most notably 
complement activation. 
Importantly, its application to 
serum derived from MG patients 
uncovered a previously 
unrecognized disease subset 
driven by pathogenic AChR-IgM, 
expanding our understanding of 
MG pathophysiology. The use of 
an IgM-specific protease, either 
alone or in combination with 
S-1117, effectively suppressed 
complement deposition in this 
subgroup, underscoring the need 
for tailored therapeutic 
interventions. These findings 
reveal critical immunopathogenic 
heterogeneity in MG, 
demonstrating the potential of 
Ig-specific enzymes to advance 
precision medicine in antibody-
mediated disorders.

This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS. 
This open access article is distributed under Creative 
Commons Attribution-NonCommercial-NoDerivatives 
License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
idmascan@gmail.com or kevin.oconnor@yale.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2505984122/-/DCSupplemental.

Published October 21, 2025.

IMMUNOLOGY AND INFLAMMATION

Therapeutic IgG- and IgM-specific proteases disarm 
the acetylcholine receptor autoantibodies that drive myasthenia 
gravis pathology
Alexandra C. Bayera,b , Liliana M. Sanmarcoc , Alex Pellerinc, Gianvito Masia,b , Agustin Plasenciac, Jordan M. Andersonc , Richard J. Nowaka,  
Valentina Damatod, Luca Massacesid , Minh C. Phamb , Fatemeh Khani-Habibabadia,b, Heather Vitalc , Nathan Higginson-Scottc , Kevin L. Otipobyc,  
Yi Xingc, Ivan D. Mascanfronic,1, and Kevin C. O’Connora,b,1

Affiliations are included on p. 11.

Edited by Lawrence Steinman, Stanford University Beckman Center for Molecular and Genetic Medicine, Stanford, CA; received March 17, 2025;  
accepted September 4, 2025

Myasthenia gravis (MG) is an autoimmune disorder caused mainly by autoantibodies 
against the acetylcholine receptor (AChR), leading to muscle weakness. While treatments 
targeting AChR autoantibodies benefit many, some patients remain refractory, highlight-
ing the need for personalized therapies. This study evaluates the therapeutic potential of 
S-1117, a pan-IgG-specific protease, in AChR autoantibody-mediated pathology. Using 
live cell-based assays, we examined AChR-specific monoclonal IgG autoantibodies (mAbs) 
and patient-derived serum samples for their effects on receptor binding, blockade, inter-
nalization, and complement activation, before and after treatment with S-1117. S-1117 
effectively removed the crystallizable fragment (Fc)γ from both mAbs and serum IgG, 
impairing Fcγ-mediated complement activation in both soluble and antigen-bound forms. 
In cases with partial complement reduction, AChR-specific IgM contributed to comple-
ment deposition. AChR-IgM acted in concert with IgG in some patients to enhance com-
plement deposition, while acting as main complement driver in others. An IgM-specific 
protease completely suppressed the pathogenic effects of AChR-IgM in two independent 
patient cohorts. These findings highlight the therapeutic potential of S-1117 in neutraliz-
ing AChR-IgG Fcγ-mediated effector functions and reveal an MG subset driven by IgM 
pathology. Our study shows that targeting both IgG- and IgM-mediated mechanisms with 
therapeutic proteases provides an approach to MG treatment and establishes a framework 
for patient stratification based on disease mechanisms, advancing precision medicine in MG.

autoimmune disease | myasthenia gravis | immunoglobulins (Ig)-proteases |  
pathogenic IgM | complement

 Acetylcholine receptor (AChR)-specific autoantibodies, prevalent in a large subset of 
myasthenia gravis (MG) patients, have been established to disrupt neuromuscular signal 
transmission through three primary pathogenic mechanisms ( 1               – 9 ): i) antibody-dependent 
complement deposition, ii) AChR crosslinking, leading to receptor internalization and 
degradation (antigenic modulation), and iii) acetylcholine binding site blockade (receptor 
antagonism). Predominantly, AChR autoantibodies are of the immunoglobulin (Ig) G 
isotype (AChR-IgG) ( 2 ,  10 ,  11 ), comprising various IgG subclasses ( 12         – 17 ). Nevertheless, 
AChR-IgM and IgA are also detected in MG patients, albeit at lower titers compared to 
IgG ( 18   – 20 ). Our previous findings have shown that approximately 80% of MG patients 
exhibit detectable in vitro AChR autoantibody-mediated complement deposition ( 20 ) 
which, combined with reports indicating a 60 to 70% response rate to complement 
inhibitors ( 21 ,  22 ), underscores the predominance and relevance of this mechanism in 
MG pathology. Current therapeutic strategies targeting AChR autoantibodies or their 
crystallizable fragment (Fc)-mediated effector functions include complement pathway 
inhibitors that disrupt membrane attack complex formation ( 21   – 23 ) and neonatal Fc 
receptor (FcRn) inhibitors that reduce circulating IgG, including antigen-specific autoan-
tibodies, by blocking FcRn-mediated recycling ( 24 ,  25 ). Despite important clinical 
improvements achieved with these therapies, 40 to 70% ( 21 ,  25     – 28 ) of MG patients are 
classified as nonresponders. Intravenous Ig and plasma exchange can also target AChR 
autoantibodies and are usually employed during exacerbations of MG ( 29 ). However, 
their utility for long-term maintenance therapy is limited by the temporary nature of their 
therapeutic benefits and the potential for accompanying side effects ( 30 ,  31 ). Collectively, 
these findings underscore the necessity of investigating innovative therapeutic strategies 
that may deliver superior efficacy compared to existing options.
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 Within the realm of novel biologics for autoimmune diseases, 
Ig-degraders have emerged as a pioneering category ( 32 ,  33 ). These 
include antibody-sculpting enzymes like IdeS (IgG-degrading 
enzyme of  Streptococcus pyogenes  ), a virulence factor in the bacte-
rium that facilitates host immune defense evasion by diminishing 
phagocytosis and complement activation, promoting bacterial 
survival ( 34 ). IdeS acts by catalyzing the cleavage of the IgG heavy 
chain on the C-terminal side of the hinge region, yielding one 
antigen-binding F(ab′)2  fragment and one noncovalently linked 
homodimeric Fcγ fragment ( 35 ). Proteolytic removal of the Fc 
domain of antibodies abrogates Fcγ-dependent effector functions 
such as complement-dependent cytotoxicity, antibody-dependent 
cell-mediated cytotoxicity (ADCC), and cellular phagocytosis. 
Their selectivity, based on specific protein–protein interactions 
with the Fcγ portion of antibodies, enables remarkable specificity 
for IgG isotype cleavage ( 35     – 38 ). IdeS-based therapies, originally 
studied for preventing humoral renal transplant rejection in highly 
human leukocyte antigen-sensitized recipients ( 39       – 43 ), have 
shown promising preclinical results in autoimmune contexts. 
Conditionally approved in Europe, Idefirix® is used for desensiti-
zation treatment of adult kidney transplant patients and is under-
going phase 2 trials for both Guillain–Barré syndrome and 
Goodpasture syndrome ( 44       – 48 ). However, prior exposure to  S. 
pyogenes   in the general population may elicit a humoral memory 
response against IdeS ( 49 ), resulting in elevated anti-IdeS IgG 
levels and potential neutralization, thereby limiting its therapeutic 
efficacy, and precluding retreatment or long-term use ( 36 ).

 In this study, we evaluate a pan-IgG-cleaving enzyme, which 
has been deimmunized and engineered for improved half-life by 
fusing it to an effector function-agnostic, auto-cleavage-resistant 
human IgG1 Fcγ domain. We demonstrate efficient Fcγ-cleavage 
of polyclonal AChR-IgG in serum from MG patients and human 
recombinant AChR-IgG monoclonals (mAbs) in vitro, signifi-
cantly reducing complement deposition in both systems. Notably, 
serum treatment with the IgG-specific protease uncovered a subset 
of MG patients in whom complement deposition was mediated 
by the IgM isotype. The pathogenic role of these IgM autoanti-
bodies was confirmed by using an IgM-specific protease, and its 
use, either alone or in combination with the IgG-specific protease 
revealed varying contributions from AChR autoantibody isotypes 
to MG pathogenesis. Altogether, this study provides three major 
insights. First, S-1117 shows therapeutic potential as an 
IgG-specific protease, effectively cleaving IgG—including patho-
genic AChR autoantibodies—and inhibiting complement depo-
sition that leads to tissue damage. Second, the results reveal 
diversity in the molecular mechanisms driving AChR-mediated 
pathogenic effector functions, identifying an MG disease subset 
characterized by pathogenic IgM. Third, the findings highlight 
the need for personalized treatment in AChR-MG and the prom-
ise of Ig-specific sculpting enzyme combination therapy in neu-
tralizing diverse isotype-driven pathogenicity in this and other 
autoantibody-mediated diseases. 

Results

S-1117 Efficiently Removes the Fcγ of Monoclonal and Serum 
Polyclonal AChR-Specific IgG. Five human recombinant AChR-
IgG mAbs previously generated and extensively characterized 
by our laboratory (8) were selected from a larger repository 
based on their molecular and functional properties to represent 
diverse autoantibody profiles. These mAbs were treated with 
varying concentrations of S-1117 (6 µM to 0.05 µM) or left 
untreated for comparison. The efficacy of Fcγ cleavage was 
assessed using enzyme-linked immunosorbent assay (ELISA), 

by detecting the Fcγ present on intact IgG and single-cleaved 
IgG (scIgG), both of which are products present in undigested 
or partially digested reactions. Results show concentration-
dependent cleavage of the Fcγ fragment from mAbs (Fig. 1A), 
with complete cleavage achieved at 6 µM of S-1117. Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
analysis corroborated the ELISA findings, demonstrating that at 
the highest concentration of S-1117 tested (6 µM), only F(ab′)2 
and Fcγ fragments were present, with no detectable intact IgG or 
scIgG species (SI Appendix, Fig. S1A). Importantly, the cleavage 
activity of S-1117 was confirmed to be substrate-specific, as 
only human IgG molecules were targeted, with no detectable 
activity against other Ig isotypes as demonstrated by capillary 
electrophoresis with SDS analysis (SI Appendix, Fig. S1B). This 
optimal enzyme concentration (6 µM) was subsequently employed 
for the treatment of serum samples. To encompass the diversity 
of pathogenic functions, serum samples from five healthy donors 
and 11 AChR-MG patients were selected from a larger, previously 
characterized cohort (20), ensuring representation of the full 
range of AChR-specific IgG-mediated responses. To confirm 
that cleavage was due to the catalytic activity of the protease and 
that engineered modifications did not influence its function, an 
inactive form of S-1117 was included as a control in all assays. 
Serum samples were exposed to 6 µM of S-1117 and Fcγ cleavage 
was assessed by ELISA and compared to both untreated samples 
and samples treated with 6 µM of the inactive IgG protease. 
Complete cleavage of total IgG was observed in both the AChR-
MG patient and healthy control serum samples (P ≦ 0.0001, 
Fig. 1B) following incubation with the S-1117, when compared 
to untreated condition or the inactive form of the protease.

 To evaluate cleavage of AChR-specific IgG and its effect on 
autoantibody binding, live cell-based assays (CBA) were used. 
HEK cells expressing rapsyn-clustered human AChR were incu-
bated with mAbs that were previously treated with either 6 µM, 
1.5 µM, or 0.1 µM of S-1117, or serum samples treated with 6 
µM of S-1117. Binding in tested conditions was compared to 
untreated controls or samples treated with the inactive form of 
S-1117. Concentrations selected for the mAbs treatment were 
chosen based on the ELISA results that showed maximal, inter-
mediate, and minimal effects in Fcγ cleavage, respectively. 
Detection of Fcγ cleavage, after treatment with S-1117, was 
assessed using an anti-Fcγ secondary antibody in the CBA. 
Consistent with the ELISA results, flow cytometry CBA revealed 
a concentration-dependent reduction in Fcγ detection across all 
recombinant mAbs ( Fig. 1C  ). Complete cleavage was achieved at 
6 µM of S-1117, resulting in the exclusive detection of AChR- 
F(ab′)2  fragments binding to transfected cells, as observed by 
microscopy ( Fig. 1D  ).

 In serum samples from AChR-MG patients treated with S-1117, 
a significant reduction in AChR-IgG binding was confirmed com-
pared to untreated samples ( P   = 0.0085) or those treated with the 
inactive protease (P  = 0.0056) ( Fig. 1E  ). As anticipated, no 
AChR-IgG binding was detected in healthy donor samples under 
any tested condition. Fcγ detection in samples treated with the 
inactive protease remained comparable to the levels obtained in 
untreated samples, confirming the specificity of S-1117.

 We next assessed the binding capacity of generated 
AChR-specific F(ab′)2  fragments from mAbs and serum samples 
using CBA, followed by F(ab′)2  detection through microscopy 
and flow cytometry. Microscopy confirmed the presence of 
AChR-F(ab′)2  fragments bound to transfected cells ( Fig. 1D  ), and 
flow cytometry provided quantitative evidence of comparable 
F(ab′)2  binding across all tested conditions for both mAbs ( Fig. 1F  ) 
and AChR-MG serum samples ( Fig. 1G  ). No F(ab′)2  binding to D
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AChR was detected in the healthy donor samples, confirming 
absence of AChR-IgG in these samples.

 Altogether, these findings provide robust evidence that the engi-
neered protease S-1117 efficiently cleaves the Fcγ fragment from 

both total IgG and AChR-IgG. The cleavage efficacy is 
concentration-dependent, occurs with high specificity, without 
influence from the engineered modifications, and does not impair 
autoantibody binding to AChR.  

Fig. 1.   Efficacy of S-1117-mediated IgG Fcγ cleavage and its effect on AChR autoantibody binding capacity. AChR-IgG mAbs or serum samples were treated 
with the S-1117 protease to generate separate Fcγ and F(ab′)2 fragments. Five AChR-IgG mAbs were incubated with varying concentrations of S-1117 (active 
protease), or with an inactive form of S-1117 or left untreated. Serum samples of 11 AChR-MG or five healthy donors were treated with maximum concentration 
of S-1117, or an inactive form of S-1117 or left untreated. (A and B) Plots showing IgG binding for (A) mAbs and (B) serum samples, after S-1117 treatment. 
Binding was evaluated by ELISA through the detection of Fcγ fragments from residual intact IgG or scIgG. ELISA results are presented as relative absorbance, 
with untreated samples normalized to 1 (horizontal black dotted line). (C) Plot depicting AChR-IgG binding for mAb samples following S-1117 treatment. Binding 
was evaluated using a clustered cell-based assay (CBA) by measuring Fcγ fragments of intact or scIgG remaining after cleavage, by flow cytometry. (D) Indirect 
immunofluorescence staining detecting AChR-IgG binding of a representative AChR-mAb (mAb 01a) following S-1117 treatment and a negative control (mAb 58). 
First row and fourth rows: HEK293T expressing AChR-GFP. Second and fifth rows: IgG binding (red) detected through Fcγ or F(ab′)2 specific staining, respectively. 
Third and sixth rows: merge with DAPI, confirming colocalization of AChR-IgG (when detected) with AChR-expressing cells. All images were captured at 63× 
magnification (Scale bar: 20 μm). (E) Plot depicting AChR-IgG binding for serum samples following S-1117 treatment; the assay was performed as described in (C). 
(F and G) Plots illustrating the binding capacity of F(ab′)2 fragments from (F) mAbs and (G) serum samples, following S-1117 treatment. Binding was assessed using 
a CBA with detection performed using a secondary antibody specific for the F(ab′)2 fragments, by flow cytometry. Flow cytometry CBA results are shown as ΔMFI 
(corrected mean fluorescence intensity). The negative control mAb 58 (AQP4-specific, horizontal blue dotted line) and positive control mAb 637 (AChR-specific, 
horizontal red dotted line) were included in all mAb CBAs. For the serum CBAs, mean values from healthy donors are represented by a horizontal black dotted 
line. Each data point represents the mean of triplicate measurements, with error bars indicating the SEM. Statistical differences are shown when significant.
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Treatment with S-1117 Has Limited Impact on Fcγ-Independent 
Pathogenic Mechanisms of AChR-IgG. AChR-IgG-mediated 
pathogenicity can be divided into Fcγ-dependent mechanisms, 
such as complement activation, and Fcγ-independent mechanisms, 
like receptor blockade and internalization, which rely solely on 
the Fab portion of the molecule. Following confirmation of 
effective cleavage by the protease, we assessed the ability of the 
resulting cleaved products to exert Fcγ-independent pathogenic 
mechanisms (Fig. 2A).

 First, we evaluated whether treatment with S-1117 could affect 
the intrinsic blocking activity of the studied AChR mAbs or serum 
samples derived from patients. AChR autoantibodies are categorized 
as blockers when they interfere with acetylcholine binding to its 
cognate site on the receptor. To quantify this, we utilized a clustered 

live AChR CBA and fluorescence-conjugated α-bungarotoxin 
(αBTX), a neurotoxic peptide that binds with high affinity to the 
acetylcholine binding site on AChR ( 7 ,  50 ). While αBTX binding 
is a well-established surrogate for assessing antibody-mediated block-
ade at this site, it is important to note that it provides only an indirect 
approximation of acetylcholine antagonism, as it does not account 
for differences in ligand size, binding kinetics, or alternative inhib-
itory mechanisms ( 51 ). Consistent with previous findings ( 8 ), two 
out of the five tested mAbs (mAb 01a and 03) demonstrated robust 
blocking capacity, markedly reducing αBTX signal compared to the 
negative controls (no antibody; non-AChR-specific autoantibody, 
mAb 58; or nonblocking AChR autoantibody, mAb 637). The 
blocking efficiency was comparable between protease-treated and 
untreated conditions ( Fig. 2B  ). Human sera from healthy donors 

Fig. 2.   Effect of S-1117 on AChR autoantibody Fcγ-independent pathogenic mechanisms. The ability of AChR autoantibodies to block the acetylcholine binding 
site or mediate receptor internalization was assessed with five AChR-IgG mAbs, 11 AChR-MG serum, and five healthy donor serum samples after incubation with 
S-1117 (active protease), an inactive form of S-1117, or no treatment using tailored CBA and flow cytometry assessment. (A) Experimental outline: Schematic of 
sample treatment followed by blocking and AChR internalization assessment. (B and C) Plots showing αBTX binding to AChR following incubation with (B) mAbs 
and (C) serum samples, as a measure of blocking capacity. The αBTX signal was expressed as ΔMFI (corrected mean fluorescence intensity) and normalized to 
the negative control (no mAb added, ΔMFI = 1, horizontal black dotted line). (D and E) Plots showing residual surface AChR following incubation with (D) mAbs 
and (E) serum samples, as a measure of internalization capacity. Residual surface AChR was detected using the anti-human AChR mcAb-3 antibody, with the 
signal expressed as ΔMFI (corrected mean fluorescence intensity) and scaled to the negative control (no mAb added, ΔMFI = 1, horizontal black dotted line). For 
both assays, unstained controls were set to the lower limit (ΔMFI = 0). Controls mAb 58 (AQP4-specific, blue dotted line) and mAb 637 (AChR-specific, red dotted 
line) were included in all mAb CBAs. Each data point represents the mean of triplicate measurements, with error bars showing SEM. Statistical differences are 
shown when significant. AChR: Acetylcholine receptor, Ab: antibody, F(ab′)2: antigen-binding fragment, 2ry: secondary, αBTX: alpha-bungarotoxin, GFP: Green 
fluorescent protein, AF647: Alexa Fluor 647, PBS: Phosphate-buffered saline, HEK: Human embryonic kidney.D
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exhibited no detectable blocking activity, whereas sera from 
AChR-MG patients showed variable degrees of blocking activity, as 
expected ( 20 ). Incubation of AChR serum samples with S-1117 
reduced the observed blocking capacity compared to untreated sam-
ples (P  = 0.0009) or samples treated with the inactive protease  
(P  = 0.0014) ( Fig. 2C  ).

 To assess the impact of protease treatment on the capacity of 
the mAbs or serum samples to induce AChR internalization (also 
referred to as antigenic modulation), we employed a tailored CBA 
that detects residual AChR on the cell surface following incubation 
with the samples, using the mouse anti-human AChR mcAb-3 
( 52 ). This approach avoids the use of αBTX and, so, the simulta-
neous detection of receptor blockade and internalization, allowing 
for a much clearer signal coming only from the latter pathogenic 
mechanism. Consistent with previous characterization of the 
tested mAbs ( 8 ), four out of five mAbs (all except mAb 03) exhib-
ited internalization capacity, which was unaffected by protease 
treatment ( Fig. 2D  ). Serum from healthy donors displayed no 
measurable internalization capacity, whereas serum from MG 
patients showed variable internalization capacity levels. The inter-
nalization capacities of AChR autoantibodies in these serum sam-
ples were not altered by protease treatment ( Fig. 2E  ). Collectively, 
these findings show that treatment with S-1117 preserves antibody 
Fcγ-independent properties, including binding, blocking, and 
receptor internalization, for both mAbs and serum samples.  

Treatment with S-1117 Effectively Reduces AChR-IgG-Mediated 
Complement Deposition. To evaluate the impact of S-1117 on 
the classical complement pathway activation, we employed the 
clustered live AChR CBA, tailored to detect C3b, which is a 
key subproduct of complement cascade activation that binds 
to cell membranes, allowing identification of cells on which 
deposition has occurred (Fig. 3A). Consistent with our previous 
characterizations (8), four out of five mAbs mediated complement 
deposition, two at high levels (mAb 01a and 02) and two at 
moderate levels (mAb 03 and 09). Low C3b deposition was 
detected for mAb 06 (SI Appendix, Fig. S2A). Incubation with S-
1117 led to varying degrees of reduction in C3b deposition, with 
significant reduction only observed in samples treated with 0.1 
µM S-1117 (P = 0.0336 compared to untreated samples and P = 
0.0452 compared to samples treated with the inactive protease, 
Fig.  3B). Unexpectedly, C3b deposition was more effectively 
diminished at the lower S-1117 concentration (0.1 µM) compared 
to higher concentrations (1.5 µM and 6 µM), despite the latter mix 
containing lower levels of intact IgG (Fig. 1C) and consequently 
higher amounts of cleaved F(ab′)2.

 These findings led us to hypothesize that the F(ab′)2  fragments, 
generated through digestion, might recruit other molecules, such 
as anti-F(ab′)2  antibodies from the normal human serum (NHS), 
which serves as a standardized complement source in the assay, 
thereby triggering complement activation and C3b deposition. To 
test this, we repeated the C3b CBA experiment using a mAb treated 
with different concentrations of S-1117 and either undigested or 
S-1117-digested NHS as the complement source. Undigested 
NHS reproduced the pattern previously observed, with higher C3b 
levels for mAbs samples treated with higher concentrations of 
S-1117. In contrast, using digested NHS in the assay abrogated 
this effect, enabling a more accurate assessment of the impact of 
Fcγ removal in the complement deposition assay (SI Appendix, 
Fig. S2B﻿ ). Under this condition, even the lowest concentration of 
S-1117 tested (0.1 µM) markedly reduced complement deposition, 
with increasing concentrations of S-1117 resulting in further 
(near-complete) reduction of complement deposition. These results 
confirm that components within the IgG fraction of NHS can 

enhance complement activation by supplying F(ab′)2  fragments 
with a surrogate Fcγ region. To further define these interactions 
and to confirm they were mediated by anti-F(ab′)2  antibodies, we 
generated F(ab′)2  fragments by enzymatic digestion of mAbs with 
S-1117 and removed residual Fcγ fragments using Protein G beads. 
The purified F(ab′)2  fragments were then used as targets to assess 
the reactivity of the isolated IgG fraction from NHS, using both 
ELISA and CBA. To control for nonspecific binding due to the 
high IgG concentrations tested, an isotype-matched control anti-
body with irrelevant specificity was included at equivalent concen-
trations. In both assays, NHS-derived IgG bound specifically and 
in a concentration-dependent manner to the F(ab′)2  fragments, 
confirming the presence of anti-F(ab′)2  antibodies in NHS 
(SI Appendix, Fig. S3 A  and B ).

 In the assays using human sera, assessment of C3b deposition 
using healthy donor serum samples showed no detectable C3b 
levels, and protease treatment did not alter these baseline levels. 
Serum samples from AChR-MG patients exhibited heterogeneous 
complement deposition capacities, with significant reductions in 
C3b levels observed after incubation with S-1117 compared to 
untreated samples (P  = 0.0028) or samples treated with the inac-
tive protease (P  = 0.0024) ( Fig. 3C  ). This effect was confirmed to 
be associated with Fcγ fragment removal, as treatment with the 
inactive IgG protease control, did not impact complement depo-
sition when compared to untreated condition.

 Furthermore, to investigate the pathophysiological environ-
ment in which S-1117 would function, we evaluated its ability 
to cleave and inhibit C3b deposition after AChR autoantibodies 
had already bound to their antigen and performed in situ diges-
tion. To that end, we preincubated AChR-expressing HEK cells 
with serum samples from healthy donors or AChR-MG patients, 
allowing AChR autoantibodies to bind the target before intro-
ducing the protease ( Fig. 3A  ). Incubation of S-1117 with pre-
formed immune complexes resulted in a significant reduction in 
complement deposition in patient samples (P  ≦ 0.0001 vs. 
untreated and inactive protease,  Fig. 3D  ). Altogether, these find-
ings underscore the ability of S-1117 to disrupt complement 
activation by efficiently cleaving Fcγ fragments from both soluble 
and antigen-bound autoantibodies.  

AChR-IgM Triggers Complement Deposition in a Subset of AChR-
MG Patients and Is Efficiently Neutralized by an IgM-Specific 
Protease. Following treatment with S-1117, most serum samples 
exhibited a significant reduction in AChR-mediated complement 
deposition. However, one patient (MG-01) showed considerable 
residual C3b deposition despite effective IgG cleavage (Fig. 4A). 
In the classical complement pathway, activation can be initiated by 
immune complexes formed by IgG and IgM antibodies recognizing 
their target antigen (53–55). We hypothesized that this patient 
might have antigen-specific IgM contributing to complement 
activation and screened the sample for AChR autoantibodies 
of various isotypes (IgG, IgM, IgA) using isotype-specific CBA 
(20). MG-01 presented detectable AChR-IgG and IgM binding, 
as shown by microscopy CBA (Fig. 4B) and confirmed by flow 
cytometry (Fig. 4C). The latter further demonstrated that AChR-
IgM levels in MG-01 were the highest among the tested AChR-
MG cohort.

 To elucidate the role of AChR-IgM in complement activation 
for this patient, we incorporated an IgM-specific protease into our 
experimental design. This protease selectively degrades IgM anti-
bodies in a dose-dependent manner without affecting other Ig 
isotypes (SI Appendix, Fig. S4 A  and B ). Serum samples were incu-
bated with S-1117, the IgM-specific protease, or both enzymes 
combined, and C3b deposition was compared to the untreated D
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condition or those treated with the inactive form of S-1117. A 
schematic representation illustrating the selective cleavage of 
AChR-IgG and AChR-IgM by their respective proteases is shown 
in  Fig. 4D  . This diagram highlights which antibody isotypes 
remain active, and which are functionally disarmed under each 
treatment condition. Consistent with prior observations, IgG 
degradation alone resulted in a partial reduction of complement 
deposition (approximately 40%, P  = 0.0027 vs. untreated; P  = 
0.0028 vs. inactive protease). In contrast, IgM degradation alone 
led to a more substantial reduction (approximately 60%, P  ≦ 
0.0001 vs. untreated and inactive protease). Simultaneous treat-
ment with both proteases completely abolished complement dep-
osition in the sample (P  ≦ 0.0001 vs. untreated and inactive 
protease,  Fig. 4E  ).

 We initially detected AChR-IgM in patient MG-01 during 
analysis of a cohort of 11 AChR-MG patients. To assess the 

broader prevalence of AChR-IgM, we subsequently screened 210 
additional AChR-MG patients, analyzing a total of 330 serum 
samples (including longitudinal collections). In this expanded 
cohort, we identified 26 AChR-IgM-positive samples from 20 
patients. Together with MG-01, this yielded 27 positive samples 
from 21 patients (MG-01 to MG-21), corresponding to a fre-
quency of 9.5% (21/221) of AChR-MG patients harboring detect-
able AChR-IgM autoantibodies (SI Appendix, Fig. S5A﻿ ).

 Using the experimental conditions described above for MG-01, 
we treated AChR-IgM-positive serum samples with S-1117, the 
IgM-specific protease or both proteases, and assessed C3b deposition 
to evaluate the functional relevance of AChR-IgM in complement 
activation. Among the 27 samples analyzed, four samples (all from 
patient MG-21) demonstrated no detectable complement activation 
(SI Appendix, Fig. S6A﻿ ). This outcome was anticipated, as all four 
samples demonstrated low AChR-specific IgG binding in the CBA. 

Fig. 3.   Effect of S-1117 on both soluble and antigen-bound AChR autoantibody-mediated complement deposition. The capacity of AChR autoantibodies to induce 
complement deposition was assessed using five AChR-IgG mAbs, serum samples from 11 AChR-MG patients and five healthy donors. Samples were incubated 
with S-1117 (active protease), an inactive form of S-1117, or left untreated, and the effects were analyzed using tailored CBA. (A) Experimental outline: Schematic 
of sample treatment followed complement deposition assessment. (B and C) Plots depicting complement deposition capacity for (B) mAbs and (C) serum samples, 
detected using an anti-human C3b secondary antibody following protease treatment. (D) Complement deposition levels determined after in situ cleavage of 
prebound AChR autoantibodies from serum samples. C3b deposition levels for mAbs are shown as normalized ΔMFI (corrected median fluorescence intensity) 
relative to untreated samples (ΔMFI = 1), while for serum samples, they are expressed as non-normalized ΔMFI values. The mean value for healthy donor sera 
is indicated by a horizontal black dotted line. Each data point represents the mean of triplicate measurements, with error bars representing the SEM. Statistical 
differences are shown when significant. AChR: Acetylcholine receptor, GFP: Green fluorescent protein, C3b: Complement component 3b, α-C3b: anti-C3b antibody, 
C1q: Complement component 1q, MAC: Membrane attack complex, NHS: Normal human serum, PBS: Phosphate-buffered saline, HEK: Human embryonic kidney.
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The remaining samples showed variable isotype-specific contributions 
to complement activation, enabling classification into three distinct 
profiles ( Fig. 5 ). Profile I was characterized by samples (7/21 patients, 

33%) that exhibited complement deposition driven exclusively by 
IgG, with C3b levels mostly reduced after IgG cleavage and no sig-
nificant reduction was observed after treatment of samples with the 

Fig. 4.   Contribution of serum AChR-IgM autoantibodies to complement deposition. (A) Bar graph showing complement deposition levels (ΔMFI = corrected 
median fluorescence intensity) in 11 AChR MG serum samples, incubated with or without S-1117. CBA tailored to measure C3b deposition with an anti-human C3b 
secondary antibody was employed. The mean value of healthy donor serum (n = 5) is indicated by a horizontal black dotted line, and the gray section highlights 
the profile of patient MG-01, demonstrating partial reduction of C3b deposition following protease treatment. (B) Indirect immunofluorescence staining detecting 
AChR-IgG, IgM, and IgA in serum samples of patient MG-01 and a representative healthy donor. First row and fourth rows: HEK293T expressing AChR-GFP. 
Second and fifth rows: IgG, IgM, or IgA binding (red) detected through Ig-Fc specific staining. Third and sixth rows: merge with DAPI, confirming colocalization 
of Ig (when detected) with AChR-expressing cells. All images were captured at 63× magnification. (Scale bar: 20 µm). (C) Bar plots comparing detected levels of 
AChR-specific IgG, IgA, and IgM (ΔMFI = corrected mean fluorescence intensity) in serum sample of MG-01 and the rest of the tested cohort (n = 10). The presence 
of each isotype was assessed using CBAs paired with isotype Fc-specific secondary antibodies and flow cytometry. Single data point represents the mean of 
triplicate measurements, with error bars representing the SEM. (D) Schematic representation of intact AChR-IgG and AChR-IgM antibodies in serum and the 
corresponding cleavage products following protease treatment. Red halos denote antibodies with intact Fc domain capable of mediating effector functions, while 
gray symbols with crosses represent antibodies lacking Fc-mediated activity due to Fc removal. (E) Measurement of C3b deposition levels, after treating serum 
from MG-01 with S-1117 (active protease), the inactive form of S-1117, an IgM-specific protease, or a combination of S-1117 and the IgM-specific protease. C3b 
deposition levels are presented as normalized ΔMFI (corrected median fluorescence intensity) relative to untreated samples (ΔMFI = 1). Statistical differences 
are shown when significant.
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IgM protease. Profile II was characterized by samples (6/21 patients, 
28%) with complement deposition driven by both IgG and IgM, 
with a partial reduction in C3b levels upon treatment with either 
protease alone and a complete reduction after the combination treat-
ment. Within this group, the relative contribution of each isotype 
varied among patients, with some exhibiting a stronger IgG contri-
bution (patients MG-07 and MG-16), others showing a stronger IgM 
contribution (MG-01 and MG-10), and some displaying a compa-
rable involvement of both isotypes (MG-09 and MG-15). Finally, 
profile III encompassed samples (7/21 patients, 33%) with comple-
ment deposition driven solely by IgM and C3b deposition entirely 
abolished following IgM degradation. Patients MG-19 and MG-20, 
both with longitudinal AChR-IgM-positive samples, consistently 
displayed this profile. Interestingly, in this category, protease treatment 
revealed modulatory interactions between IgG and IgM on comple-
ment activity: IgG cleavage by S-1117 either enhanced complement 
activation, as observed in patients MG-08 and MG-19(a and b), or 

partially suppressed IgM-driven complement deposition, as seen in 
patients MG-02 and MG-17.        

 To validate and extend our characterization of AChR-IgM–positive 
patients, we analyzed an independent cohort of 85 AChR-MG 
patients sampled at a single time point. Based on a positivity threshold 
established using healthy donor samples, 10 individuals were identi-
fied as positive for AChR-specific IgM (11.7%) (MG-C1 to MG-C10) 
(SI Appendix, Fig. S5B﻿ ). Among these, nine samples exhibited detect-
able complement activation (all except MG-C10) (SI Appendix, 
Fig. S6B﻿ ). Isotype-specific protease profiling revealed that 3 of the 9 
samples (33%) matched Profile I, defined by IgG-dominant comple-
ment activity, while the remaining 6 (67%) exhibited combined IgG- 
and IgM-mediated activity, aligning with Profile II. Profile III, 
characterized by predominantly IgM-driven complement activation, 
was not observed in this cohort. (SI Appendix, Fig. S7 ).

 To explore potential clinical correlations of AChR-IgM posi-
tivity, we integrated demographic, clinical, and laboratory data 

Fig. 5.   AChR-IgG and IgM contribution to complement deposition in individual AChR-IgM positive serum samples. AChR-IgM positive serum samples were treated 
with S-1117, the IgM protease, a combination of both, or left untreated to determine AChR-IgG and IgM contribution to complement deposition. Complement 
deposition, measured by C3b levels, was detected using a tailored CBA and expressed as normalized ΔMFI (corrected median fluorescence intensity) relative 
to untreated samples (ΔMFI = 1). Individual profiles of complement-activating samples (n = 23), grouped by isotype contribution, are presented: Profile I (pink), 
complement activation mediated exclusively by IgG; Profile II (teal), mediated by both IgG and IgM; and Profile III (mustard), mediated solely by IgM. Samples 
from the same patient are identified by identical patient IDs with alphabetical suffixes (a, b, c) corresponding to longitudinal samples. Each condition was measured 
in triplicate, with error bars representing the SEM. Statistical differences versus the untreated condition are indicated when significant.D
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from both the primary and validation cohorts (SI Appendix, 
Table S1 ). Despite this comprehensive assessment, no unifying 
clinical or biological features were identified to distinguish this 
subgroup, which showed substantial heterogeneity both within 
and across cohorts. Collectively, these findings demonstrate that 
AChR-specific IgM is detectable in a subset of AChR-MG patients 
with heterogeneous clinical and laboratory features, and can medi-
ate complement activation to varying extents, either in synergistic 
cooperation with IgG or independently, acting as a key pathogenic 
contributor in MG.   

Discussion

 Therapies targeting pathogenic autoantibodies and their effector 
functions have gained increased interest in autoimmune disease 
management. IdeS, a cysteine protease with strict IgG specificity 
( 36   – 38 ), has shown promise by inactivating IgG-mediated 
mechanisms ( 56 ) central to multiple autoimmune conditions. 
Its potential is supported by clinical and preclinical data, includ-
ing conditional European approval as Idefirix® for kidney 
 transplant desensitization ( 39     – 42 ), and efficacy in models of 
experimental arthritis ( 57 ), immune thrombocytopenic purpura 
( 58 ), Goodpasture’s disease ( 46 ), neuromyelitis optica spectrum 
disorder ( 59 ) and Guillain–Barré syndrome ( 47 ). These studies 
demonstrate that IdeS efficiently cleaves IgG, thereby inhibiting 
complement activation and ADCC, and mitigating tissue dam-
age and disease severity ( 46 ,  47 ,  57   – 59 ). However, its clinical 
utility is limited by rapid induction of anti-drug antibodies after 
a single dose, leading to enzyme neutralization, hypersensitivity, 
and restricted potential for repeated administration in chronic 
disease contexts ( 60 ).

 To address this, we evaluated S-1117, a pan-IgG protease with 
reduced immunogenicity and extended half-life suitable for 
chronic use. Its activity was tested in vitro against MG-specific 
autoantibodies using patient-derived AChR mAbs and polyclonal 
serum. Five diverse, well-characterized AChR mAbs ( 8 ), along 
with serum from eleven previously studied subjects ( 20 ) were 
selected to capture varied AChR-IgG pathogenic mechanisms. 
Our results showed that S-1117 efficiently cleaved the Fcγ frag-
ment from total IgG and antigen-specific autoantibodies with 
similar efficacy, both before and after AChR-IgG bound antigen. 
This dual activity suggests S-1117 can cleave circulating autoan-
tibodies and disarm immune complexes at pathological sites, 
including the neuromuscular junction.

 By disarming pathogenic AChR-IgG of their Fcγ domain, we 
expected antigen binding to remain intact, preserving Fc-independent 
mechanisms including AChR blocking and internalization. Our 
results confirmed that AChR internalization capacity was unchanged 
for both AChR-specific mAbs and sera. Interestingly, while blocking 
capacity was unaffected in the mAb assays postdigestion, a reduction 
was observed when testing patient sera. This discrepancy likely 
reflects the inherent differences between monoclonal and polyclonal 
systems. In the mAbs assays, the antigen is saturated by a high 
autoantibody load, with all mAbs sharing identical epitope specific-
ity. Consequently, αBTX binding inhibition primarily occurs 
through competitive binding. In contrast, patient sera comprise a 
polyclonal repertoire of autoantibodies, where a fraction targets the 
acetylcholine binding site directly, blocking it, while others can bind 
proximal epitopes. These proximal autoantibodies may enhance 
blocking indirectly through steric hindrance caused by their Fc 
domains, which obstruct αBTX access.

 We hypothesize that after Fcγ removal, steric hindrance con-
tributed by the Fcγ fragment is reduced, allowing more αBTX 
to bind, thereby decreasing overall blocking capacity assay 

results. Furthermore, Fc–Fc interactions among autoantibodies 
recognizing distinct epitopes may stabilize autoantibody net-
working on antigen-rich cell surfaces, contributing to coopera-
tive αBTX inhibition. While these mechanisms provide a 
plausible explanation for the observed changes, they remain 
hypothetical and were not pursued experimentally in the present 
study. It must also be emphasized that αBTX binding, while 
widely used, represents only an indirect approximation of 
antibody-mediated antagonism at the acetylcholine binding site. 
This assay does not always correlate with functional AChR block-
ade or antagonism, the large molecular size difference between 
acetylcholine (146 g/mol) and αBTX (~8,000 g/mol) may cause 
inaccurate estimates of blocking capacity. Additionally, alterna-
tive mechanisms including autoantibody-induced conforma-
tional changes, are not captured by this model ( 51 ).

 While S-1117 does not directly target blocking or internaliza-
tion, these mechanisms do not often represent the major or most 
frequent pathogenic mechanisms in AChR-MG ( 20 ). Rather, 
autoantibody-mediated complement deposition is observed in 
nearly 80% of AChR serum samples ( 20 ) and complement dep-
osition at the neuromuscular junction (NMJ) has been reported 
in 85 to 100% of MG patients ( 4 ,  20 ,  61 ,  62 ). In this context, 
S-1117 exerted a consistent and pronounced effect on comple-
ment deposition. Our findings demonstrated a significant reduc-
tion in complement deposition following S-1117 treatment, 
observed both in assays employing AChR mAbs and serum sam-
ples, in soluble as well as antigen-bound forms. These results align 
with observations from in vitro studies of other autoimmune 
diseases, such as neuromyelitis optica ( 59 ) and Guillain–Barré 
syndrome ( 47 ), where antigen-specific autoantibody-mediated 
complement activation was effectively abolished after treatment 
with IdeS.

 Reductions in complement deposition following S-1117- 
mediated cleavage were markedly greater in serum samples, rang-
ing from 70 to 100%, compared to mAb-based assays, which 
averaged around 50% and peaked at 70%. Unexpectedly, increased 
C3b deposition was observed in assays using AChR mAbs treated 
with higher concentrations of S-1117 compared to those treated 
with minimal doses. This result led us to hypothesize that C3b 
deposition in the mAb system might be driven by other mecha-
nisms, not only by AChR-bound mAbs. Complement amplifica-
tion by F(ab′)2﻿-immunocomplexes (ICs) has been documented 
( 63 ,  64 ) and attributed to anti-F(ab′)2  antibodies including 
anti-hinge antibodies (AHAs) ( 65 ,  66 ). AHAs, identified in 
human sera ( 67 ,  68 ), selectively bind to cleaved Ig, but do not 
bind intact Ig ( 69 ). AHAs recognize cryptic epitopes exposed in 
the hinge regions of Igs following proteolytic cleavage. By binding 
to the hinge region, AHAs provide a surrogate Fc domain for 
F(ab′)2﻿-ICs, capable of triggering immune effector functions, 
including activation of the complement cascade. To investigate 
whether this mechanism explained the unexpected C3b deposition 
increase in Fcγ-cleaved mAb samples, we preincubated NHS with 
S-1117 before its addition to the assay. Utilization of digested 
NHS abolished the increase of C3b deposition and revealed that 
even the lowest S-1117 dose markedly reduced complement dep-
osition. Higher concentrations of S-1117 led to a near-complete 
reduction in complement deposition, as anticipated. The near- 
complete abrogation of complement deposition observed at 0.1 
µM S-1117 can be explained by the reduction of most mAbs to 
scIgG under these conditions, as confirmed by our SDS-PAGE 
results. ScIgG has been well-documented to exhibit significantly 
diminished immune effector functions, including complement 
activation and ADCC ( 56 ,  67 ,  70 ,  71 ). Part of this reduction may 
be attributable to the lack of Fc–Fc interaction ( 72 ).D
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 Subsequent experiments confirmed the presence of 
anti-F(ab′)2  antibodies in NHS through their direct binding to 
purified, proteolytically generated F(ab′)2  fragments. We refer 
to them collectively as anti-F(ab′)2  antibodies and not AHAs, 
acknowledging the potential involvement of other antibodies 
with alternative specificities. The confirmation of the role 
anti-F(ab′)2  antibodies played in the mAbs system raises an 
intriguing question: If these antibodies are consistently present 
in NHS and at comparable concentrations in both the mAb and 
serum systems for complement deposition assessment, why do 
they interfere with C3b deposition levels more prominently in 
the mAb system than in the serum samples? We reasoned that 
in the mAb system, all antibodies in the assay are AChR-specific, 
with most presenting cryptic epitopes after Fcγ cleavage. This 
configuration enables anti-F(ab′)2  antibodies to bind to their 
target and form AChR-F(ab′)2﻿-ICs, promoting complement 
deposition and partially masking the effect of S-1117. In contrast, 
the polyclonal antibody repertoire in serum samples comprises a 
wide range of specificities, with AChR-specific autoantibodies 
representing only a minor fraction. Following serum sample incu-
bation with S-1117, a large pool of non-AChR F(ab′)2  fragments 
is generated, effectively sequestering anti-F(ab′)2  antibodies away 
from binding to AChR-specific F(ab′)2 . This sequestration 
reduces the formation of AChR-specific F(ab′)2﻿-ICs, thereby 
mitigating the indirect enhancement of C3b deposition. A model 
illustrating this differential biological scenario in both systems is 
presented in SI Appendix, Fig. S8 .

 These findings, particularly those derived from our serum-based 
studies, indicate that S-1117 may effectively inhibit complement 
activation at the postsynaptic membrane of the NMJ, where path-
ogenic anti-AChR autoantibodies form IC with their cognate 
antigen. This mechanism could help mitigate skeletal muscle fiber 
damage, underscoring the therapeutic potential of S-1117 in pre-
venting tissue damage associated with MG.

 IgG-proteases offer a unique mechanism of action compared 
to traditional immunosuppressants, providing a substantial and 
rapid reduction of IgG antibodies within hours ( 60 ,  73 ,  74 ), ideal 
for acute intervention without long-term immune suppression 
( 75 ,  76 ). In contrast to FcRn antagonists—which reduce IgG 
levels by blocking recycling pathways—and complement inhibi-
tors that act downstream of immune complex formation, S-1117 
exerts upstream control by directly cleaving both soluble and 
immune-complexed IgG, thereby preventing Fcγ receptors and 
C1q engagement. Notably, S-1117 also targets membrane-bound 
IgG, including B cell receptors, broadening its immunomodula-
tory profile and polypharmacological potential. Clinical trials of 
imlifidase—an IdeS-based therapeutic—have shown promising 
outcomes, with no major safety concerns or serious infections 
reported ( 40 ,  41 ). The engineered design of S-1117, incorporating 
immuno-silencing of T and B cell epitopes and an effector 
function-agnostic, autocleavage-resistant Fcγ domain, may confer 
additional translational advantages. Nevertheless, further rigorous 
preclinical studies are required to comprehensively define its phar-
macodynamic and pharmacokinetic properties. Ultimately, com-
prehensive clinical trials will be required to evaluate therapeutic 
efficacy, long-term safety, and potential equivalence or superiority 
to existing approved treatments. Such studies will be critical to 
define the clinical positioning of S-1117 in future therapeutic 
algorithms.

 Beyond its therapeutic potential, S-1117 is also a valuable 
research tool for dissecting the role of specific Igs in disease. In 
our study, Fcγ domain removal by S-1117 challenged the view 
that IgG is the sole driver of complement activation in MG, 

revealing a significant role for other isotypes—particularly IgM. 
Using an IgM-specific protease, we demonstrated that AChR-IgM 
can contribute to complement deposition in a subset of AChR-MG 
samples. In our primary screening cohort comprising 221 patients, 
21 (9.5%) exhibited detectable levels of AChR-IgM. In an inde-
pendent validation cohort, sourced from a European MG refer-
ence center, 10 out of 85 samples (11.7%) were AChR-IgM 
positive. These frequencies are comparable with each other and 
fall within previously reported ranges ( 19 ,  20 ). Within the 
AChR-IgM positive subset, one patient in each cohort showed no 
detectable complement activity. Notably, these samples also 
showed the lowest levels of AChR-IgG binding, consistent with 
previous findings indicating a positive correlation between autoan-
tibody binding and complement activity ( 20 ,  77 ).

 Among the complement-activating samples harboring AChR- 
specific IgG and IgM autoantibodies, three distinct profiles of 
isotype-mediated complement activity were identified. In Profile 
I, complement activity was exclusively mediated by IgG, as 
evidenced by a significant reduction of complement following 
IgG cleavage but no implication of IgM. Profile II exhibited 
complement activity mediated by both IgG and IgM, with sig-
nificant but partial reductions in complement levels observed 
upon treatment with either protease alone and complete abro-
gation following combined protease treatment. Finally, Profile 
III demonstrated complement activity predominantly driven by 
IgM, with complement activation fully suppressed after IgM 
cleavage alone. While all three profiles were represented in the 
primary cohort, only Profiles I and II were identified in the 
validation cohort. Differences in profile frequencies between 
cohorts were also noted. These variations are not unexpected 
and may reflect several factors. First, the smaller sample size in 
the validation cohort reduces the likelihood of detecting profiles 
identified in larger screening cohorts. Second, variations in 
cohort composition—including disease stage, MG subclass 
(EOMG, LOMG, TAMG) and treatment status—can influence 
the presence, abundance, and effector potential of autoantibody 
isotypes. Third, given the inherent biological heterogeneity of 
MG and the complex interplay between autoantibody classes 
and complement activation, degrees of intercohort variability 
are anticipated.

 Isotype-specific protease treatments also provided valuable 
insights into the intricate interactions between IgG and IgM and 
their respective contributions to complement activity. In some 
Profile II samples, the cleavage of either IgG or IgM alone signif-
icantly reduced complement activity, though the reductions were 
not necessarily proportional or additive, indicating functional 
interdependence. In Profile III, IgG cleavage led to either signifi-
cant enhanced or diminished complement activity compared to 
the untreated condition. These effects may stem from reduced 
steric hindrance, increasing accessibility for the competing isotype 
and subsequent augmented complement activity, or from dis-
rupted cooperative interactions between isotypes affecting immu-
nocomplex orientation and stability and thus, reduced complement 
activity. Additionally, the loss of synergistic support between iso-
types could lead to suboptimal binding configurations. These 
findings underscore the distinct yet interdependent roles of IgG 
and IgM in complement activation, establish the pathogenic sig-
nificance of AChR-IgM in MG, and identify a subset of patients 
unlikely to benefit from IgG-centered therapies, such as FcRn 
inhibitors, necessitating tailored treatment strategies. These results 
align with emerging evidence implicating IgM in traditionally 
IgG-driven autoimmune diseases, such as bullous pemphigoid 
( 78 ) and rheumatoid arthritis ( 79 ), suggesting the broader 
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applicability of isotype-specific proteases in treating other auto-
immune conditions. Finally, the data support adapting clinical 
AChR autoantibody testing assays to measure both IgG and IgM, 
enabling the identification of such patients and the application of 
appropriate therapeutic strategies.

 Our study is not without limitations. First, while distinct com-
plement activation profiles were identified, caution is warranted 
when extrapolating their exact prevalence to the broader MG 
population, and additional unrecognized immunopathologic 
profiles may also exist. In addition, despite being one of the 
largest MG cohorts analyzed for AChR-IgM, the number of 
IgM-positive cases is underpowered for definitive clinical corre-
lations. Furthermore, while our investigation elucidates IgM role 
in complement activation, its broader role in MG pathology 
remains undefined, warranting further investigation into 
IgM-specific mechanisms relative to IgG. Last, our investigation 
did not assess the capacity of the IgG protease to cleave B cell 
receptors, which may have significant implications for disease 
dynamics reinforcing the therapeutic potential of S-1117 in the 
context of MG.

 We identify IgM as a pivotal molecular contributor in the 
immunopathology of MG. Our findings uncover a patient subset 
characterized by IgM-driven complement activation, for whom 
conventional IgG-centered therapeutic approaches, such as FcRn 
inhibition, may prove insufficient. Furthermore, these results 
underscore the broader pathogenic complexity of MG heteroge-
neity. In this context, evaluating antigen-specific Ig profiles beyond 
the traditional IgG focus is imperative. However, the detection of 
a given isotype does not inherently indicate pathogenic relevance; 
functional characterization through effector potential is essential 
to determine disease involvement. The contribution of multiple 
Ig classes suggests the potential for diverse clinical profiles in MG, 
reinforcing the need for personalized therapeutic strategies. 
Although agents like S-1117 selectively inhibit Fcγ-mediated path-
ways, the challenge of aligning patients with appropriate immu-
nomodulatory therapies applies broadly—including complement 
inhibitors and FcRn blockers—whose efficacy depends on under-
lying immune mechanisms. Clinical integration of functional 
assays capable of dissecting these mechanisms will be critical for 
precise patient stratification, rational treatment selection, optimi-
zation of healthcare resource utilization, and avoidance of unnec-
essary therapeutic exposure. Moreover, this mechanistic profiling 
supports the rationale for combination therapies to effectively 
address MG complexity among diverse patient populations.  

Materials and Methods

To assess the therapeutic efficacy of the IgG-specific protease S-1117, 5 recombi-
nant AChR-IgG mAbs (8) and sera from 11 AChR-MG patients (20) were treated with 
S-1117 or an inactive protease and evaluated via ELISA and live CBA for Fcγ removal. 
Pathogenic effector functions were assessed using customized CBAs. Samples with 
residual complement activity post-IgG cleavage uncovered AChR-IgM involvement 
confirmed using an IgM-specific protease. Additional screening of 330 AChR-MG 
samples (210 patients), 78 MuSK-MG, and 48 healthy donors, plus validation in 
an independent cohort of 85 patients, identified 31 AChR-IgM+ cases. Functional 
stratification via protease treatments and CBA profiling defined isotype-specific con-
tributions to complement activation. Detailed description available in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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