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Purpose: To decipher the discrepancies between muscle-specific kinase antibody-positive myasthenia gravis (MuSK-MG) and
double-seropositive myasthenia gravis (DSP-MQG), and to determine prognostic factors for minimal manifestation status (MMS)
achievement in MG patients with MuSK autoantibodies (MuSK-Ab).

Patients and Methods: A total of 34 MG patients seropositive for MuSK-Ab were enrolled in this study. The demographic and
clinical features were compared between MuSK-MG (n = 28) and DSP-MG (n = 6) patients, and factors affecting MMS induction in
all patients with MuSK-Ab were identified using Cox regression analysis.

Results: Compared to MuSK-MG patients, those with DSP-MG had similar clinical characteristics, except that they had a lower
frequency of bulbar muscle involvement at nadir (50% vs 92.9%; P=0.029) and higher proportions of comorbidities with diabetes
mellitus (33.3% vs 0%; P = 0.027) and thymic abnormalities (33.3% vs 0%; P = 0.027). Higher MG Activities of Daily Living (MG-
ADL) scores (HR = 0.16, 95% CI: 0.037-0.7, P = 0.015) and axial muscle involvement at nadir (HR = 0.39, 95% CI: 0.16-0.94, P =
0.035) were negative prognostic factors for MMS achievement in patients with MuSK-Ab regardless of acetylcholine receptor
antibody (AChR-AD) positivity. Multivariable Cox regression analysis further established higher MG-ADL scores at the nadir (HR
=0.19, 95% CI: 0.04-0.94; P = 0.042) as an independent risk factor for MMS achievement.

Conclusion: DSP-MG was comparable to MuSK-MG and could be considered a single entity in our cohort. In all MG patients with
MuSK-Ab, a higher MG-ADL score at nadir may herald a lower chance of MMS achievement, with no observed potential effect of
AChR-AD presence.

Keywords: double-seropositive myasthenia gravis, muscle-specific kinase antibody, acetylcholine receptor antibody, minimal
manifestation status, myasthenia gravis activities of daily living

Introduction

Myasthenia gravis (MG) is a typical autoimmune disorder involving the dysfunction of acetylcholine signaling at the
neuromuscular junction (NMJ) that incurs muscle weakness, where functional autoantibodies directed against nicotinic
acetylcholine receptor (AChR), muscle-specific kinase (MuSK), lipoprotein-receptor-related protein 4 (LRP4) and other
postsynaptic proteins represent the culprits." Most patients with MG are positive for AChR autoantibodies (AChR-Ab),
while MuSK autoantibodies (MuSK-Ab) have been detected in AChR-Ab-seronegative individuals with a wide range of
prevalence of 0% to 70% possibly due to the diversity of cohorts and detection methods.” MuSK is indispensable for
NMJ formation and facilitates AChR clustering in response to nerve-terminal-derived agrin,® which binds to LRP4 that
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forms a heterotetrametric complex with MuSK to enhance the phosphorylation and activation of MuSK.* Collagen
Q (ColQ), the collagenic tail subunit of acetylcholinesterase (AChE) that regulates AChR clustering, is also anchored via
interaction with MuSK.> Thus, the presence of MuSK-Ab could interfere with the signaling cascade for neuromuscular
transmission and further the normal activity of the nerve-innervated muscle contraction.

MuSK-Ab mainly recognize the extracellular Ig-like domains, especially Igl-2 of MuSK, and the majority of them
are of the IgG4 subclass with myasthenogenic activity.® In contrast to dominance of IgG1 and IgG3 subclasses in
AChR-MG that mediate pathogenic effects via complement activation, antigenic modulation and direct blockade of
AChR, the IgG4 subclass of MuSK-Ab seems to play roles greatly by disrupting the interactions among the postsynaptic
proteins.” Intriguingly, MuSK-IgG4 may undergo Fab arm exchange, a unique process that endows the autoantibody with
bispecific Fab fragments and functional monovalency, which was demonstrated to exacerbate the pathogenicity of
MuSK-Ab.'"%!"" In addition, MuSK-Ab are more likely to be produced by short-lived plasmablasts (SLPB) whereas
AChR-Ab stem largely from long-lived plasma cells (LLPC).” As a consequence, the discrepancies in immunopathology
between AChR-Ab and MuSK-Ab account for the heterogeneity in clinical manifestations to a great extent.

Generally, MuSK-Ab-positive MG (MuSK-MG) patients are primarily females with predominant involvement of
bulbar muscles yet less weakness of limb muscles, as well as greater proneness to respiratory crises and worse prognosis
in the status of myasthenic crisis.'*'> Atrophy of facial and tongue muscles is markedly observed in MuSK-MG,
potentially arising from intrinsic predisposition or higher doses of steroids for being resistant to the therapy.'* As for
neurophysiological features, repetitive compound muscle action potentials (R-CMAPs) that signify cholinergic hyper-
activity are prevalent in MuSK-MG, which potentially mirrors the interrupted interactions between MuSK and ColQ as
well as lower response rates to anticholinesterases.'>'> Histopathological findings revealed that thymic hyperplastic
alterations were milder with a lower frequency of germinal centers in MuSK-MG,'® and thymectomy is also considered
unfavorable for MuSK-MG.'” In contrast, anti-CD20 therapies such as rituximab have been proved to be rather clinically
beneficial for MuSK-MG,'®!? especially when compared with AChR-MG,?° which is in concordance with the notion that
CD20+ SLPB is the linchpin for secreting MuSK-Ab.? Besides, plasma exchange (PE) seems to be more effective and
recommended than intravenous immunoglobulin (IVIg) as a rescue therapy for MuSK-MG,*' probably owing to the
deviation of the immunoregulatory effects of IVIg from the pathogenic mechanisms of MuSK-IgG4.%

Though extensive studies have described the clinical characteristics and prognostic factors of MuSK-MG, they are
still not fully elucidated in China due to the low frequency of only 3.8% in MG patients seronegative for AChR-Ab.*’
More recently indirect evidence from the SCREAM study and a multicenter retrospective study on MuSK-MG in China
indicated that positivity rate of MuSK-Ab among MG patients could be even lower as roughly estimated to be 2.4%—
3.5%.%*% Several studies from different parts of China dedicated to deciphering the features of the subsets exhibited
disparities in patterns of disease onset, progression or prognosis, possibly arising from regional divergence and small
sample size.”> ?® Inasmuch as the even rarer cases of double-seropositive MG (DSP-MG) with concurrent presence of
AChR-Ab and MuSK-Ab, a few existing reports have argued that DSP-MG may be similar to MuSK-MG.**~° However,
it remains controversial whether DSP-MG represents virtually a distinct phenotype, considering that there have been only
dozens of cases reported worldwide and transition from single-seropositive MG to DSP-MG exists.*>* Thus, expanding
the pool of MuSK-MG and DSP-MG will undoubtedly facilitate the understanding of these entities. In this study, we on
the one hand investigated the differences between MuSK-MG and DSP-MG patients in a single center from central south
China, and on the other hand analyzed the clinical features and outcomes of patients with MuSK-Ab seropositivity
irrespective of the serological status of AChR-Ab, with the aim of adding weight to the repertoire of MuSK-MG and
DSP-MG and reflecting on the clustering and subgrouping of heterogenous or parallel MG patients.

Subjects and Methods

Patient Enrollment

We retrospectively screened all MG patients who tested positive for MuSK-Ab and were diagnosed at the Department of
Neurology, Xiangya Hospital, from June 2017 to June 2022. The diagnosis of MG was defined as fatigable muscle weakness
together with seropositivity for associated autoantibodies, responses to acetylcholinesterase inhibitors, or abnormal findings
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on electrophysiological evaluation via the low-frequency repetitive nerve stimulation (RNS).! As for the serological tests, the
concentration of MuSK-Ab > 0.05 nmol/L via radioimmunoprecipitation assay (RIPA) and the concentration of AChR-Ab >
0.45 nmol/L via enzyme-linked immunosorbent assay (ELISA) were regarded as positive, respectively. MG patients with
MuSK-Ab positivity were defined as MuSK-Ab positivity regardless of the serological status of other antibodies, whereas
MuSK-MG patients were defined as seropositive for MuSK-Ab without the presence of AChR-Ab. In addition, DSP-MG
patients referred to those with concurrent MuSK-Ab and AChR-Ab in the serum. We retrieved all patients with definite MG
diagnoses and being seropositive for MuSK-Ab tested in the Da’an Clinical Laboratory Center (Guangzhou, China). Of the
recorded 41 MG patients with MuSK-Ab, 34 were eventually included, of which five were lost to follow-up and two refused
follow-up. This study was carried out in accordance with the Declaration of Helsinki and approved by the Ethics Committee
of Xiangya Hospital (approval number: 202309200). Due to the retrospective nature of the study and no identifiable patient
information was provided, the patients’ informed consents were exempted.

Data Collection

Demographic and clinical data, including MG-associated conditions at onset, at nadir, and at endpoint, as well as comorbid
diseases and immunosuppressive therapies were collected from medical records or structured telephone interviews. The
baseline was set as the time point for a definite diagnosis based on the determined serological status. MG Activities of Daily
Living (MG-ADL) was applied in this study to evaluate the severity of symptoms at nadir, which largely assessed the
conditions of patients in terms of talking, chewing, swallowing, breathing, impairment of ability to brush teeth or comb hair,
impairment of ability to arise from a chair, eyelid droop, and double vision.*> Each item ranges from 0 to 3 for a total score
range of 0 to 24 with a higher score indicating the worse living ability.>> As for the prognostic analysis, the outcome was set as
achieving minimal manifestation status (MMS), where the patients had no symptoms or functional limitations from MG but

some weakness upon examination of certain muscles, or with the MG-ADL score being 0 or 1 for at least one year.*'*>-°

Statistical Analysis

Quantitative data with normal distribution are expressed as mean plus or minus one standard deviation (SD), and group
differences were assessed using the #-test. Otherwise, quantitative data are presented as median (interquartile range [IQR]),
and differences among groups were compared using the Mann-Whitney U-test. Categorical variables are presented as
numbers and percentages and were compared using Fisher’s exact test. Survival analysis was performed on 34 MG patients
with MuSK-Ab who were followed up for at least 1 year. Continuous variables were dichotomized for ease of clinical
utility, where the maximally selected rank statistics was applied to determine the optimal cutoff point for the MuSK
concentration, MG-ADL scores at nadir, and time from onset to maximal worsening using the “maxstat” R package while
restricting the proportion of the lesser subset to no lower than 25%.%” Kaplan-Meier survival curves were employed to
determine the proportional hazards (PH) assumption of variables of interest. The Log rank test was used to compare the
MMS distributions between subgroups with distinct clinical features if the PH assumption was not violated. When Kaplan-
Meier survival curves crossed, the two-stage procedure was performed using the “TSHRC” R package with the number of
bootstrap samples being 1000.>® For conservative estimation, significance levels of the two stages were both 0.025 with the
significance level of the whole procedure set as 0.05.%® The variables of interest with a P-value less than 0.05 which met the
PH hypothesis were included in the univariable and multivariable Cox regression analyses by “survival” and “survminer”
R packages to identify the independent and potential risk factors that contribute to MMS achievement of MG patients.
Statistical analyses were performed using SPSS version 26 (IBM Corp., Armonk, N.Y., USA) or R version 4.3.0 (R
Foundation for Statistical Computing, Vienna, Austria). Statistical significance was set at P < 0.05.

Results
Demographic and Clinical Characteristics of MuSK-MG Patients

A total of 34 patients with MuSK-Ab were eventually included, with a median disease duration at enrollment of 16
months (IQR, 4.00-57.25 months), consisting of 28 (82.4%) patients seropositive for MuSK-Ab without AChR-Ab
positivity (MuSK-MG) and six (17.6%) seropositive for both MuSK-Ab and AChR-Ab (DSP-MG). The overall
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demographic and clinical features of the patients are summarized in Table 1. For MuSK-MG, 71.4% (20/28) of the
patients were female and 60.7% (17/28) of them were early-onset (<50 years). The median MuSK-Ab concentration was
0.44 nmol/L (IQR, 0.27-0.67 nmol/L) and a few of individuals combined with seropositive anti-titin antibodies (titin-Ab)
and anti-ryanodine receptor antibodies (RyR-Ab). Regarding ancillary examinations for diagnosis, 86.4% (19/22) were

positive for neostigmine tests and 60.0% (12/20) showed decremental responses in the RNS test. There were 35.7% (10/

28) patients complicating other chronic diseases and hypertension was the most common (17.9%). In addition, 22.2% (6/

27) patients had thyroid antibodies but rarely had thymic abnormalities.

At disease onset, the majority of patients (67.9%) were categorized as the generalized MG (GMG), most commonly

involving the extraocular muscle (71.4%) and bulbar muscle (53.6%). The median duration from onset to the worst

Table | Demographic and Clinical Characteristics of MuSK-MG and DSP-MG Patients

Characteristics Subgroups Overall MuSK-MG DSP-MG P-value
Number of patients, n/total (%) 34/34 (100%) 28/34 (82.4%) 6/34 (17.6%) NA
Gender, n (%) Female 26 (76.5%) 20 (71.4%) 6 (100%) 0.297
Age of onset! Early-onset 9 (55.9%) 17 (60.7%) 2 (33.3%) 0.370
Late-onset 15 (44.1%) 11 (39.3%) 4 (66.7%)
MG type at onset OMG 2 (35.3%) 9 (32.1%) 3 (50.0%) 0.641
GMG 22 (64.7%) 19 (67.9%) 3 (50.0%)
Disease duration at enrollment [month, M (P25, P75)] 16.00 (4.00, 57.25) 12.50 (4.00, 48.00) 31.50 (1.75, 119.25) 0.878
MuSK-Ab [nmol/L, M (P25, P75)] 0.38 (0.23, 0.64) 0.44 (0.27, 0.67) 0.23 (0.09, 0.65) 0.159
RyR-Ab positivity, n/total (%) 4/32 (12.5%) 4/26 (15.4%) 0/6 (0.0%) 0.566
Titin-Ab positivity, n/total (%) 4/32 (12.5%) 3/26 (11.5%) 16 (16.7%) >0.999
Muscle involvement at onset, n (%) Extraocular muscle 26 (76.5%) 20 (71.4%) 6 (100.0%) 0.297
Bulbar muscle 17 (50.0%) 15 (53.6%) 2 (33.3%) 0.656
Appendicular muscle 11 (32.4%) 8 (28.6%) 3 (50.0%) 0.363
Axial muscle 4 (11.8%) 3 (10.7%) 1 (16.7%) 0.559
Respiratory muscle 0 (0.0%) 0 (0.0%) 0 (0.0%) NA
Time from onset to maximal worsening [month, M (P25, P75)] 5.50 (1.00—46.50) 5.50 (1.00-43.00) 31.50 (1.00-150.00) 0413
Muscle involvement at nadir, n (%) Extraocular muscle 30 (88.2%) 24 (85.7%) 6 (100.0%) >0.999
Bulbar muscle 29 (85.3%) 26 (92.9%) 3 (50.0%) 0.029*
Appendicular muscle 23 (67.6%) 8 (64.3%) 5 (83.3%) 0.638
Axial muscle 9 (55.9%) 6 (57.1%) 3 (50.0%) >0.999
Respiratory muscle 14 (41.2%) 11 (39.3%) 3 (50.0%) 0.672
MG-ADL score at nadir (mean + SD) 891 £ 461 8.86 + 4.43 9.17 £ 5.85 0.884
History of myasthenia crisis, n (%) 11 (32.4%) 10 (35.7%) | (16.7%) 0.638
Comorbid diseases, n (%) Hypertension 5 (14.7%) 5 (17.9%) 0 (0.0%) 0.559
Diabetes mellitus 2 (5.9%) 0 (0.0%) 2 (33.3%) 0.027*
Coronary heart disease 2 (5.9%) 2 (7.1%) 0 (0.0%) >0.999
Hepatitis B 2 (5.9%) 2 (7.1%) 0 (0.0%) >0.999
Tuberculosis 2 (5.9%) 2 (7.1%) 0 (0.0%) >0.999
Autoimmune diseases 4 (11.8%) 2 (7.1%) 2 (33.3%) 0.135
Tumor 2 (5.9%) 2 (7.1%) 0 (0.0%) >0.999
Thymic abnormalities, n (%) Thymoma 1 (2.9%) 0 (0.0%) | (16.7%) 0.027*
Hyperplasia 1 (2.9%) 0 (0.0%) 1 (16.7%)
Thyroid autoantibodies, n/total (%) TGAb 3/33 (9.1%) 1127 (3.1%) 2/6 (33.3%) 0.078
TPOAb 7/33 (21.2%) 5/27 (18.5%) 2/6 (33.3%) 0.584
TRAb 2/27 (7.4%) 1721 (4.8%) 16 (16.7%) 0.402
Neostigmine test, n/total (%) 22/25 (88.0%) 19/22 (86.4%) 3/3 (100.0%) >0.999
RNS positivity, n/total (%) 15/23 (65.2%) 12/20 (60.0%) 3/3 (100.0%) 0.526
MMS, n (%) 21 (61.8%) 18 (64.3%) 3 (50.0%) 0.653
Relapse after MMS, n/total (%) 6/21 (28.6%) 6/18 (33.3%) 0/3 (0.0%) 0.526

Notes: *P-value < 0.05 (MuSK-MG vs DSP-MG). All significant differences are shown in bold. Early-onset: age at onset < 50 years; Late-onset: age at onset = 50 years.
Abbreviations: DSP-MG, double-seropositive myasthenia gravis; GMG, generalized myasthenia gravis; M, median; MG-ADL, Myasthenia Gravis Activities of Daily Living;
MMS, minimal manifestation status; MuSK-Ab, anti-muscle-specific tyrosine kinase antibody; MuSK-MG, MuSK-Ab-positive myasthenia gravis; NA, not applicable; OMG,
ocular myasthenia gravis; P25, 25th percentile; P75, 75th percentile; RNS, repetitive nerve stimulation; RyR-Ab, anti-ryanodine receptor antibody; SD, standard deviation;
TGADb, thyroglobulin autoantibodies; Titin-Ab, anti-titin antibody; TPOADb, thyroid peroxidase autoantibodies; TRAb, thyrotropin receptor autoantibodies.
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condition was 5.5 months (IQR, 1.00-43.00 months), which reflected the relatively rapid progression of the disease. At
nadir, the bulbar (92.9%), appendicular (64.3%), axial (57.1%), and respiratory muscle (39.3%) were extensively
involved, with a mean (SD) MG-ADL score recorded being 8.86 (4.43). In addition, 10 (35.7%) patients experienced
at least one episode of myasthenic crisis.

The therapeutic regimens for all the patients are shown in Table 2. Twenty-six (92.9%) patients received steroids, with
tacrolimus being the most commonly used non-steroid immunosuppressant. Eighteen (64.3%) patients received rescue
therapies, especially plasma exchange, but only 5 (17.9%) patients received anti-CD20 therapies, including rituximab and
ofatumumab. Overall, 18 (64.3%) patients reached MMS with the median time to MMS achievement being 10.5 months
(IQR, 1.75-20.25 months), whereas 6 (33.3%) of them experienced relapses after maintenance of MMS for no less than
1 year. Throughout the course of the disease, 10 MuSK-MG patients were retested for MuSK-Ab, and only one patient
exhibited a negative conversion of MuSK-Ab, whereas MuSK-Ab became seropositive again after disease relapse.

Discrepancies Between MuSK-MG and DSP-MG

Considering that DSP-MG may be a subtype of MuSK-MG, we compared the characteristics of these two subsets. Although
there was no statistically significant difference in the age of onset or sex composition between the two groups, early onset
(60.7%) and late onset (66.7%) were slightly dominant in MuSK-MG and DSP-MG, respectively. Besides, all of the DSP-
MG were female in our cohort. Compared with MuSK-MG patients, DSP-MG patients were significantly less likely to have
bulbar muscle involvement at nadir (50% vs 92.9%; P =0.029), but more likely to have thymoma or hyperplasia (33.4% vs
0%; P =0.027). Intriguingly, diabetes mellitus was more common in DSP-MG (33.3% vs 0%; P = 0.027). In addition, DSP-
MG patients seemed to have lower concentrations of MuSK-Ab despite with no statistical difference (0.23 nmol/L vs 0.44
nmol/L; P = 0.159). Two patients with DSP-MG were retested for MuSK-Ab, and one patient with thymoma turned
negative for MuSK-Ab. Steroids, conventional non-steroid immunosuppressants, anti-CD20 therapies, and rescue therapies
did not differ significantly between the two groups (Table 2). Furthermore, the proportion of patients who achieved MMS
was similar between the two groups (50% vs 64.3%; P = 0.653). Thus, the presence of AChR antibodies did not affect the
rate of MMS achievement, nor did most of the clinical phenotypes of MG patients with MuSK-Ab.

Factors Affecting MMS Achievement Among MG Patients with MuSK-Ab
Considering the similarities between MuSK-MG and DSP-MG, we included all MG patients with MuSK-Ab as a whole
to identify potential factors affecting the induction of MMS. Among the 34 MG patients with MuSK-Ab, 21 (61.8%)

Table 2 Treatment Modalities in MuSK-MG and DSP-MG Patients

Overall MuSK-MG | DSP-MG | P-value (MuSK-MG
vs DSP-MG)

GCS ever 30 (88.2%) | 26 (92.9%) 4 (66.7%) 0.135

TAC ever 21 (61.8%) 17 (60.7%) 4 (66.7%) >0.999

MMF ever 8 (23.5%) 5 (17.9%) 3 (50.0%) 0.126

AZA ever 4 (11.8%) 2 (7.1%) 2 (33.3%) 0.135

IVIG ever 7 (20.6%) 5 (17.9%) 2 (33.3%) 0.580

PE ever 20 (58.8%) 17 (60.7%) 3 (50.0%) 0.672
Anti-CD20 therapy ever! | 6 (17.6%) 5 (17.9%) I (16.7%) >0.999

GCS monotherapy 8 (23.5%) 8 (28.6%) 0 (0.0%) 0.085

SS monotherapy 4 (11.8%) 2 (7.1%) 2 (33.3%)

GCS+1 Ss# 16 (47.1%) 14 (50.0%) 2 (33.3%)

GCS+22 SS* 6 (17.6%) 4 (14.3%) 2 (33.3%)

Rescue therapy' 21 (61.8%) 18 (64.3%) 3 (50.0%) 0.653

Notes: TAnti-CD20 therapy included rituximab and ofatumumab. *Anti-CD20 therapy was not included in SS.
SExposure to more than one SS. TRescue therapy included PE and IVIG.

Abbreviations: AZA, azathioprine; DSP-MG, double-seropositive myasthenia gravis; GCS, glucocorticoids; IVIG,
intravenous immunoglobulin; MuSK-MG, MuSK-Ab-positive myasthenia gravis; MMF, mycophenolate mofetil; PE,
plasma exchange; SS, steroid-sparing agent; TAC, tacrolimus.
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achieved MMS, and the median time to achieve MMS was 11 months (IQR, 3.5-20.5 months). To facilitate the
interpretation of the results, maximally selected rank statistics was used to determine the cut-off values for continuous
variables. Specifically, the optimal cut-off points for the MG-ADL score at nadir was 12 (high MG-ADL score >12 vs
low MG-ADL score <12), time from onset to maximal worsening 1 month, and the MuSK-Ab concentration 0.61 nmol/L
(Supplementary Figure 1). Analysis of Kaplan-Meier survival curves revealed that MuSK-Ab concentration, MG-ADL

score at nadir, and axial muscle involvement at nadir met the PH assumption. The Log rank test showed that Kaplan-
Meier survival curves of the MG-ADL score at nadir (P = 0.006) and axial muscle involvement at nadir (P = 0.033) were
different between groups, whereas the two-stage procedure suggested that the achievement of MMS was also affected by
the combination with diabetes mellitus (P = 0.041) (Figure 1 and Table 3). However, owing to the violence of the PH
assumption and the low frequency of diabetes mellitus in the cohort, only the MG-ADL score at nadir and axial muscle
involvement at nadir were included in the Cox regression analyses. In the univariable Cox analysis, high MG-ADL score
at nadir (HR = 0.16, 95% CI: 0.037-0.7, P = 0.015) and axial muscle involvement at nadir (HR = 0.39, 95% CI: 0.16—
0.94, P = 0.035) were potential risk factors for MMS achievement (Figure 2A and B). Further multivariable Cox analysis
involving the above two indicators demonstrated that only high MG-ADL score at nadir (HR = 0.19, 95% CI: 0.04-0.94;
P = 0.042) was an independent risk factor for MMS achievement in MG patients with MuSK-Ab (Figure 2C).

Discussion

In MG, individuals with distinct subtypes of autoantibodies represent specific entities, where AChR-Ab and MuSK-Ab
accounted for most of cases. Because of the intrinsic heterogeneity between AChR-Ab and MuSK-Ab in terms of either
their production or effector function, patients with AChR-MG and MuSK-MG differ in muscle involvement,'* electro-
physiological properties,'> thymic abnormalities,'® and responses to therapies.'>'”'® In a few instances, co-occurrence of
both AChR-Ab and MuSK-Ab could be observed, and only dozens of cases have been reported worldwide.** By and
large, our study indicated that the clinical characteristics of MuSK-MG are comparable to those of DSP-MG, although
there are still certain discrepancies among them. Remarkably, all DSP-MG patients in our cohort were female, yet more
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Figure | Kaplan-Meier curves of MG-ADL score at nadir (A) and axial muscle involved at nadir (B) for MMS achievement in MG patients with MuSK-Ab. MG-ADL,
Myasthenia Gravis Activities of Daily Living; MMS, minimal manifestation status.
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Table 3 Univariable Analysis for MMS Achievement in MG Patients with

MuSK-Ab
Candidate Variables P-value
Gender (Male vs Female) 0.879
Age of onset! (Early-onset vs Late-onset) 0.840
MG type (OMG vs GMG) 0.287
MuSK-Ab concentration® (>0.61 nmol/L vs <0.61 nmol/L) 0.230
AChR-Ab positivity (Presence vs Absence) 0.522
Extraocular muscle involvement at onset (With vs Without) 0.505
Bulbar muscle involvement at onset (With vs Without) 0.088
Appendicular muscle involvement at onset (With vs Without) 0.821
Axial muscle involvement at onset (With vs Without) 0.277
Extraocular muscle involvement at nadir (With vs Without) 0.177
Bulbar muscle involvement at nadir (With vs Without) 0.205
Appendicular muscle involvement at nadir (With vs Without) 0.353
Axial muscle involvement at nadirf (With vs Without) 0.033*
Respiratory muscle at nadir (With vs Without) 0.095
MG-ADL score at nadir¥ (>12 vs <12) 0.006*
Time from onset to maximal worsening (> month vs <I month) 0.569
History of myasthenia crisis (With vs Without) 0.142
Combined with hypertension (With vs Without) 0.097
Combined with diabetes mellitus (With vs Without) 0.041%*
Combined with coronary heart disease (With vs Without) 0.304
Combined with hepatitis B (With vs Without) 0.415
Combined with tuberculosis (With vs Without) 0.298
Combined with autoimmune diseases (With vs Without) 0.382
Combined with tumor (With vs Without) 0.700
GCS ever (With vs Without) 0.622
TAC ever (With vs Without) 0.154
MMF ever (With vs Without) 0.713
AZA ever (With vs Without) 0.577
IVIG ever (With vs Without) 0.242
PE ever (With vs Without) 0.134
Anti-CD20 therapy™ (With vs Without) 0.442

Notes: TEarly-onset: age at onset < 50 years; Late-onset: age at onset = 50 years. *P-value < 0.05. Al
significant differences are shown in bold. All p-values were obtained via a two-stage procedure,
except for these indicators, using a Log rank test. TAnti-CD20 therapy included rituximab and
ofatumumab.

Abbreviations: AChR-Ab, anti-acetylcholine receptor antibody; AZA, azathioprine; GCS, glucocor-
ticoids; GMG, generalized myasthenia gravis; IVIG, intravenous immunoglobulin; MG-ADL, Myasthenia
Gravis Activities of Daily Living; MMF, mycophenolate mofetil; MMS, minimal manifestation status;
MuSK-Ab, anti-muscle-specific tyrosine kinase antibody; OMG, ocular myasthenia gravis; PE, plasma
exchange; TAC, tacrolimus.

than half of them had late-onset disease. Female predominance has been unraveled universally in most of the already
existing studies on either MuSK-MG'? or DSP-MG,® while the age of onset in previously reported DSP-MG seemed to
be lower than ours.*® As for symptoms at onset, a high frequency of extraocular impairment was seen in both MuSK-MG
and DSP-MG with moderate involvement of bulbar and limb muscles, which was consistent with the patterns in already
existing DSP-MG cases.*® Actually, ocular involvement, including diplopia and ptosis, is also not uncommon in MuSK-
MG either at onset or over a long disease course, although bulbar and respiratory symptoms are often emphasized.?®*"*
Half of the DSP-MG patients in our cohort exhibited bulbar and respiratory involvement at nadir, although an even larger
proportion of bulbar dysfunction was observed in MuSK-MG. However, only one case of DSP-MG experienced

myasthenic crisis, indicating relatively mild conditions in our patients.
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Figure 2 Forest plots of hazard ratios estimated from univariable and multivariable Cox proportional hazards regression models including 34 patients with MuSK-Ab. (A and
B) In univariable Cox regression analysis, the MG-ADL score at nadir and axial muscle involved at nadir negatively influenced on the MMS achievement. (C) In multivariable
Cox regression analysis, the MG-ADL score at nadir was identified as the independent prognostic factor for MMS achievement. Nadir_MG_ADL, MG-ADL score at nadir;
Nadir_Axial, axial muscle involved at nadir; *P-value < 0.05.

A seemingly distinguishable feature of DSP-MG from MuSK-MG is the thymus pathology. In our cohort, none of the
MuSK-MG patients exhibited thymic abnormalities, while thymoma and thymic hyperplasia were observed in two DSP-
MG patients, respectively. In addition, our findings demonstrated that DSP-MG patients were more likely to have
comorbid diabetes mellitus, which may restrict the use of glucocorticoids (GCS) and affect the outcome of MG.
However, the underlying mechanism and definite clinical significance of the comorbidity with diabetes mellitus in this
subset require further investigation, although it may occur by chance due to the small sample size. Most of our patients
received GCS with steroid-sparing agents as maintenance therapy, whereas nearly half of the MuSK-MG and DSP-MG
patients received rescue therapies. In response to these treatments, 64.5% and 50.0% of MuSK-MG and DSP-MG
patients achieved MMS during the follow-up. We did not observe substantial differences in treatment modalities and
prognosis, as assessed by MMS, between MuSK-MG and DSP-MG. However, the potential use of novel therapies for
MG in the setting of concurrent autoantibodies should be considered. For instance, anti-CD19 monoclonal antibodies
such as inebilizumab depleting a wider range of B cells and antibody-producing cells,* neonatal Fc receptor (FcRn)
blockers such as efgartigimod clearing IgG of multiple subclasses,*' and telitacicept suppressing the activities of both
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B-lymphocyte stimulator (BLyS) and a proliferation-inducing ligand (APRIL) that sustain B cell development and
survival,* could all be promising agents for treating DSP-MG or even MG complicating other B-cell-mediated
autoimmune disorders like stiff-person syndrome.** Overall, the similarities between MuSK-MG and DSP-MG led to
the notion that DSP-MG may be a subtype of MuSK-MG,*° though the low prevalence of DSP-MG and potential
selection bias may render it plausibly arbitrary.

Notably, the methods of diagnostic assay may affect the positivity of MuSK-Ab and AChR-Ab and mask the
detection rate of these autoantibodies in MG. In our cohort, AChR-Ab and MuSK-Ab were determined using ELISA
and RIPA, respectively. RIPA** for AChR-Ab, and ELISA*® and cell-based assay (CBA)*? for MuSK-Ab have also been
reported in other cases. The discrepancies in reference values among laboratories and risks of false positives or negatives
could also lead to inconsistency in analyses. In addition, the serological status of MuSK-Ab is likely to be initially
ignored when AChR-Ab positivity is detected in certain cases. Therefore, inaccurate determination of the autoantibody
profile could interfere with the understanding of the clinical characteristics of DSP-MG. AChR-Ab and MuSK-Ab could
be present simultaneously at onset* or appear in sequence.*? The pathogenesis underlying the occurrence of both AChR-
Ab and MuSK-Ab or the switch from AChR-MG to DSP-MG remains unknown. Presumably, thymectomy may be
a suspicious evil, as the co-existence of AChR-Ab and MuSK-Ab as well as the conversion from AChR-MG to DSP-MG

has been reported in thymectomized patients,*>>*

although it is possible that thymectomy precedes serological and
immunological changes merely by coincidence. None of the patients in our cohort underwent thymectomy indicates that
there should be alternative mechanisms for the onset of DSP-MG. Environmental triggers could also be involved, as
exemplified by a case of patient induced by D-penicillamine, who was free of symptoms and autoantibodies after drug
discontinuation.** Anyhow, seroconversion of autoantibodies may reflect epitope spreading caused by enigmatic triggers.
The mechanisms by which AChR-Ab and MuSK-Ab cause pathologies in DSP-MG have not been deciphered. Analysis
of subunit specificity of AChR-Ab in a DSP-MG patient revealed the presence of autoantibodies against Bl and y
subunits rather than the dominant al subunit, potentially explaining the resemblance between MuSK-MG and DSP-
MG.*” There lies as well the possibility that the pathological effects of MuSK-Ab could interfere with those of AChR-Ab
or vice versa to some extent, and thus the phenotype of DSP-MG may still vary among patients.

Regarding the clinical characteristics and outcomes of MuSK-MG in China, several efforts have been made to depict the
regional features among these patients from multiple perspectives. In parallel to other cohorts, MuSK-MG could present with
acute onset and rapid progression, primarily in female patients with a great proportion of bulbar and respiratory
dysfunction.”>”2® In contrast, the age of onset seemed to be later in the Chinese population with MuSK-MG,*® and very-
late-onset patients especially exhibited limb, bulbar, and respiratory involvement in the early phase of the disease.*> A higher
frequency of comorbid autoimmune diseases in MuSK-MG has been found in the northeast area,”® while musculus deltoideus
was the most responsive to RNS within Northwest patients.?’ In addition to low-dose rituximab,'®*” patients responded well

26,2
S,26:27

to tacrolimus treatment combined with GC which has been applied in the majority of our patients as well.

However, the percentage of MuSK-MG patients with favorable outcomes was quite different among the cohorts,?’®
and factors affecting the prognosis of MuSK-MG have not been fully unraveled except that taking non-steroid
immunosuppressants was found to be associated with a lower risk of relapse.*® In our analyses on MG patients with
MuSK-Ab, axial muscle involvement at nadir and higher maximum MG-ADL score were less prone to MMS achieve-
ment, while the latter was still significant when adjusted for axial involvement at nadir. Axial muscles, such as the neck
muscles, are usually reported to be relatively less severely affected or even neglected in MuSK-MG patients.*>*® Thus, it
possibly implies that the disease condition tends to be severe when there exists axial involvement that is not easily
manifested, which further affects the prognosis of patients. MG-ADL is an effective scale in evaluating the disease status
of MG, which particularly reflects the perception of MG burden on the routine life by patients themselves and is
applicable for determining a state of minimal symptoms.?> Besides, fluctuation of symptoms is not evident in MuSK-
MG,*¢ rendering it more reliable to represent the disease status of patients with MG-ADL. Hence, higher MG-ADL
scores at maximal worsening reasonably heralded poor outcomes, as demonstrated in our results. This is also consistent
with the finding that short-term response to treatment assists in predicting the long-term outcomes of MG patients.*’
Overall, our study further supplemented the knowledge of MuSK-MG as well as DSP-MG with experience from
a single center in central south China, where we found that general clinical features, including female dominance,
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frequent involvement of ocular and bulbar muscles at onset and nadir, and no thymic abnormalities were typical in
MuSK-MG, and that DSP-MG was akin to MuSK-MG despite slight discrepancies. In addition, the prognostic analysis
of MG patients with seropositive MuSK-Ab revealed that a severe condition represented by higher MG-ADL scores at
maximal worsening was associated with failure of MMS induction. These results could facilitate the recognition of DSP-
MG and assessment of MuSK-MG in clinical practice. However, the limitations of the small sample size and single
outcome variable may restrict extrapolation from our conclusions, which calls for evidence leaning on larger-scale
cohorts in the future.
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