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Myasthenia gravis: the future is here

Henry ). Kaminski,' Patricia Sikorski,' S. Isabel Coronel," and Linda L. Kusner?

'Department of Neurology and Rehabilitation Medicine and “Department of Pharmacology and Physiology, George Washington University, Washington, DC, USA.

Myasthenia gravis (MG) stands as a prototypical antibody-mediated autoimmune disease: it is dependent on T cells and
characterized by the presence of autoantibodies targeting proteins located on the postsynaptic surface of skeletal muscle,
known as the neuromuscular junction. Patients with MG exhibit a spectrum of weakness, ranging from limited ocular muscle
involvement to life-threatening respiratory failure. Recent decades have witnessed substantial progress in understanding the
underlying pathophysiology, leading to the delineation of distinct subcategories within MG, including MG linked to AChR or
MuSK antibodies as well as age-based distinction, thymoma-associated, and immune checkpoint inhibitor-induced MG. This
heightened understanding has paved the way for the development of more precise and targeted therapeutic interventions.
Notably, the FDA has recently approved therapeutic inhibitors of complement and the IgG receptor FcRn, a testament to our
improved comprehension of autoantibody effector mechanisms in MG. In this Review, we delve into the various subgroups of
MG, stratified by age, autoantibody type, and histology of the thymus with neoplasms. Furthermore, we explore both current

and potential emerging therapeutic strategies, shedding light on the evolving landscape of MG treatment.

Introduction
Myasthenia gravis (MG) is one of the best-understood anti-
body-mediated autoimmune disorders. Autoimmune destruc-
tion of the neuromuscular junctions (NM]Js) that transmit motor
neuron impulses to muscle fibers causes weakness in voluntary
muscles that varies widely in severity and scope among affect-
ed individuals. A surge in innovative therapeutics for MG has
occurred as a result of enhanced comprehension of its immuno-
pathogenesis, rapid progress in drug development, and financial
incentives encouraging rare disease drug research (1). The field
has been fortunate to have robust animal models since the 1970s
to characterize antibody effector mechanisms and cellular pathol-
ogy (2). Cell-based assays, and, more recently, functional in vitro
NMJs generated from human stem cells, have provided valuable
platforms for screening potential therapeutics (3-7). Breakthrough
treatments have moved from preclinical assessment to clinical tri-
als, ultimately culminating in FDA approvals for treatment of MG,
and hold potential for application in numerous related conditions.
Over 15 years ago, Kaminski and colleagues speculated on
future research discoveries and MG treatments in a Review for
the JCI (8); some of their predictions have proven remarkably pre-
scient. For instance, the expectation that complement inhibitor
therapy would become a reality has materialized with FDA approv-
al. Conversely, the development of antigen-specific therapies has
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not progressed. In this Review, we concentrate on contemporary
understanding of MG’s pathophysiology and new therapeutics.
For a comprehensive historical account of pivotal discoveries in
the realm of MG, please see the insightful Review by Angela Vin-
cent and colleagues (9).

Clinical phenotype and diagnosis
The hallmark of MG is muscle fatigue with a degree of weakness
that can fluctuate over minutes and vary in severity over weeks
to months. Clinically, patients are categorized as having ocular
myasthenia, which is characterized by complaints of ptosis or
diplopia or both, and generalized MG, which involves weakness
of any voluntary muscle. Generalized weakness can range from
highly isolated manifestations, particularly bulbar muscles, to
widespread muscle weakness, including respiratory insufficiency
producing respiratory failure (10). Despite resolution of mani-
fest weakness with treatment, many patients complain of general
fatigue, as assessed by patient-reported outcome measures (11-13)
and patient survey (14). This symptom suggests an etiology out-
side neuromuscular transmission compromise, which could be
explained by concomitant sleep disturbance, psychological fac-
tors, and likely the pathological immune reaction, given the com-
mon observation of fatigue in other autoimmune disorders (15).
Once clinically suspected, serologic or electrodiagnostic test-
ing can be used to confirm the diagnosis of MG (16, 17). Approxi-
mately 80% of patients with generalized MG and half of those with
ocular myasthenia exhibit elevated levels of antibodies against
the nicotinic acetylcholine receptor (AChR). Recently, cell-based
assays have been developed with plasma membrane expression
of the AChR, allowing the antigen to resemble the native receptor
more closely (18). Muscle-specific kinase (MuSK) antibodies are
found in 5%-8% of patients without AChR antibodies (19). Anti-
bodies against lipoprotein receptor-related protein 4 (LRP-4) may
be found associated with the MuSK or AChR antibodies or in isola-
tion, although they are also present in patients with motor neuron
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Figure 1. Structure of the NMJ. Each a-motor neuron axon divides into branches that innervate many individual muscle fibers. Each branch loses its myelin
sheath and further subdivides into many presynaptic boutons, which face the surface of the postsynaptic surface of the muscle fiber and contain synaptic
vesicles loaded with ACh. Between the synaptic bouton and the muscle surface lies the synaptic cleft, which contains acetylcholinesterase. The postsyn-
aptic membrane has characteristic invaginations, with the AChRs densely packed at their tops. AChR density is influenced by both clustering and declus-
tering signals, including ACh itself. Agrin, secreted by the nerve, binds to LRP-4 on the postsynaptic membrane, enhancing its binding with MuSK, which
leads to MuSK autophosphorylation and ultimately the clustering of AChR. Rapsyn, a cytoplasmic protein, anchors AChR to the muscle cytoskeleton.
When the nerve action potential reaches the synaptic bouton, voltage-gated Ca®* channels are activated, leading to the fusion of synaptic vesicles with the
nerve terminal membrane and release of ACh. ACh diffuses across the synaptic cleft, with some binding molecules the AChR. Binding triggers AChR ion
channel opening, permitting influx of Na* into the postsynaptic region. The resulting EPP activates voltage-gated Na* channels at the bottom of the folds,
leading to further Na* influx and spreading of the action potential along the muscle fiber. Other proteins, including Rapsyn, MuSK, Dok-7, LRP-4, and agrin,
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which are involved in AChR clustering, are also present on the muscle membrane in close proximity to the AChR.

disease and patients without evidence of diseases (20-22). Repet-
itive stimulation studies and single-fiber examination confirm the
diagnosis in patients without positive serology in 90% of patients
(16). Repetitive ocular vestibular-evoked potentials, magnetic res-
onance imaging of the extraocular muscles, and specialized neu-
ro-ophthalmologic examinations have been evaluated to assist in
diagnostic confirmation (23, 24).

Neuromuscular transmission compromise in MG
The clinical phenotype of MG is driven by destruction of the NM]Js,
leading to impaired neurotransmission between motor neurons
and muscle fibers. The components of the NM]J involved in neuro-
muscular transmission include the nerve terminal, synaptic cleft,
and postsynaptic muscle surface, which are highly specialized to
ensure dependable signal transmission (Figure 1) (25, 26). Neuro-
muscular transmission failure occurs owing to a reduction in the
number or activity of AChR molecules at the NM]J, leading to a
decrease in the end-plate potential (EPP). At rest, this EPP reduc-
tion may still adequately support neuromuscular transmission;
however, during repetitive activity, when the quantal release of
acetylcholine (ACh) is reduced, the EPP may fall below the thresh-
old required to trigger an action potential. Neuromuscular fatigue,
characterized by a progressive loss of force generation, occurs as
increasing numbers of muscle fibers become incapable of con-
tracting. This phenomenon explains the clinical hallmark of MG
of fatiguing muscle weakness.

Effector mechanisms of autoantibodies

Individuals with MG produce autoantibodies that mediate disrup-
tion of the NMJ leading to compromised neuromuscular transmis-
sion. Below, we discuss the mechanisms of NMJ injury associated
with the MG-associated antibodies AChR and MuSK as well as
other autoantibodies identified in patients with MG.

AChR antibodies. AChR antibodies impair neuromuscular
transmission through three mechanisms, as summarized in Fig-
ure 2 and described below. While these mechanisms are well
established, the precise contribution to weakness in individual
patients varies and can change over the course of the disease and
be influenced by treatment. Additionally, individual antibodies
can induce disease through multiple mechanisms, and their coop-
eration may be necessary to produce injury (7, 27). Interestingly,
some patients exhibit elevated AChR antibody levels without clin-
ical evidence of disease. In such cases, AChR antibody cannot be
pathogenic (28). This observation might be due to antibodies tar-
geting epitopes that are hidden from attack, such as the cytoplas-
mic portions of the AChR, or they may be incapable of inducing
injury through any of the three described mechanisms (29).

Complement activation. Evidence in both humans and animal
models (experimental autoimmune MG [EAMG]) has demonstrat-
ed the importance of complement activation in mediating disease
in patients with AChR antibody-positive MG (30). Upon binding
of AChR antibody, the membrane attack complex is formed on
the postsynaptic surface and leads to the shedding of AChR-rich
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Figure 2. Effector mechanisms of AChR antibodies. (A) Antibody binding to the AChR activates the complement cascade, resulting in the formation of
membrane attack complex (MAC) and localized destruction of the postsynaptic NMJ membrane. This ultimately leads to a simplified, altered morphology
of the postsynaptic membrane of the NM) of patients with MG and EAMG animals. (B) Antibodies cross-link AChR molecules on the NMJ postsynaptic
membrane, causing endocytosis of the cross-linked AChR molecules and their degradation (antigenic modulation). It is likely that antibodies attaching to
different epitopes are required to produce modulation and complement activation. This ultimately leads to a reduced number of AChR molecules on the
postsynaptic membrane. (C) Antibody binding of the ACh-binding sites of the AChR causes functional block of the AChR by interfering with binding of
ACh released at the NMJ. It is important to appreciate that there may be overlap in the pathogenic mechanisms of individual AChR antibodies and these

mechanisms may cooperate to induce disease.

membrane resulting in the loss of synaptic folding as well as Na*
channels (Figure 2A). The inhibition of the complement compo-
nent C5 activation prevents membrane attack complex formation
(31), and this has translated to FDA approval of three drugs (32-
34). Importantly, some patients do not respond well to comple-
ment inhibition, underscoring the relevance of other mechanisms
involved in disease induction. Furthermore, an inadequate level of
complement inhibition could still produce injury at the critical site
of pathology, the NM]J (35).
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Antigenic modulation. This refers to the capacity of an anti-
body against link two antigen molecules, instigating a cellular
signal that expedites the process of endocytosis and subsequent
degradation of the complex (Figure 2B) (7, 27, 36-38). Cooperation
among antibodies binding different antigens on the AChR is likely
required for modulation as well as effective complement activa-
tion. The necessity for cooperation among antibodies to trigger
pathogenesis could further explain why circulating AChR anti-
body level does not correlate well with clinical disease.
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Table 1. Major subgroups of myasthenia gravis

Early onset Late onset Thymoma associated
Target antigen AChR AChR AChR
Gender ratio 31 2:3 Equal to slight
(women/men) male bias
Peak age at onset 3rd decade 6th decade 5th decade
1gG subtype 1gG1-1gG3 1gG1-1gG3 1gG1-1gG3
Clinical Ocular, generalized Ocular, generalized Generalized

rare ocular

Select genetic HLA DR3-BS, HLA DQAT/HLA-B, CTLA4,  HLA-DQB1, HLA-DRB1
associations CTLA4, TNIP1 PTPN22, CHRNA1, TNIP1 (TLA4

TNFRSF11A

Checkpoint inhibitor MuSK LRP-4 Seronegative
AChR, myositis MuSK LRP-4 Variable, unknown
seronegative
Not defined 31, Female bias Not defined
but estimates vary
6-7th decade 4th decade <50 years Variable
1gG1-1gG3 lgG4 lgG1-1gG3 IgG1-1gG3 likely
Generalized, rapid Bulbar Generalized,  Generalized, ocular
severe-onset predominance milder
Unknown HLA-DRB1*14, Unknown Unknown

HLA-DQB1*05

Blockade of AChR function. This occurs when antibodies bind
to the ACh binding site (Figure 2C). In some patients with MG,
there may be trace amounts of AChR antibodies that specifical-
ly recognize the cholinergic site. Such antibodies are expected to
have a rapid and severe effect on neuromuscular transmission
(39). Functional assays using in vitro human NM]J models support
the hypothesis that AChR antibodies will induce a blockade neuro-
muscular transmission independent of other mechanisms (3, 40).

MuSK antibodies. MuSK antibodies interfere with clustering of
AChR on the postsynaptic muscle surface directly opposed to the
nerve terminal. Antibodies against MuSK are primarily IgG4, which
do not have covalently bound Fab arms, in contrast to other IgGs (41,
42). IgG4 antibodies in circulation undergo continuous exchange,
becoming functionally monovalent, and the monovalent MuSK
antibody compromises clustering and induces disease. Patients with
MuSK MG have low levels of other IgGs, which can reduce clustering
or activate complement, but the degree to which these are pathogen-
ic in humans has not been studied extensively (43).

Reported prevalence of MuSK MG shows regional variability
(44-47). A relative preponderance of patients with MuSK MG are
women, with an age of onset peaking in the third to fourth decade
(48, 49). Patients with MuSK antibodies demonstrate a propensi-
ty for involvement of bulbar muscles, and experimental models
support greater disruption of NMJ architecture by MuSK antibod-
ies, supporting fundamental differences among muscles in mech-
anisms of synapse maintenance (50). In addition, patients with
MuSK antibodies tend to respond poorly to cholinesterase inhib-
itors. This could be explained by the increase in ACh providing a
de-clustering signal (26).

Seronegative myasthenia. Upward of 10 percent of patients may
not have detectable circulating autoantibody against AChR or
MuSK. These patients fall into two major groups: those who have
AChR antibodies, which may be detected by cell-based assays
(51), and those who have antibodies directed toward other NM]J
proteins (4, 52). In animals, LRP4 was found to be a targeted anti-
gen in seronegative MG, with a low prevalence of 1%-5% of the
MG population (4, 52, 53). LRP4 functions as a critical protein at
the NM]J by binding agrin and initiating AChR clustering with the
assistance of MuSK (54-56). The LRP4 antibodies are primarily
IgG1 and IgG2 subtypes and follow similar clinical presentation to
a mild form of early-onset MG (22), inhibit clustering of AChR,

and appear not to strongly activate complement (52, 57). Inter-
estingly, LRP4 antibodies have been found in patients with AChR
and MuSK antibodies with greater levels of disease severity (22).

Patients without these other autoantibodies are a highly
heterogenous group, about which there is limited information
regarding disease mechanisms. Other antigen targets have been
suggested as the potential binding sites for antibodies that cause
weakness, such as agrin, titin, Kv1.4, ryanodine receptor, collagen
Q, and cortactin (4, 58). These antibodies likely do not contribute
to weakness, but rather reflect a more general deterioration in tol-
erance, as observed in late-onset and thymoma-associated MG.
Antibodies against agrin are seen in seronegative patients and are
coexistent with AChR antibodies, but their pathogenicity has been
studied in a limited fashion (59, 60).

Cellular pathogenesis of MG

Substantial advancements in understanding MG pathophysiology
have led to growing recognition of various mechanisms contribut-
ing to disease development in different patient groups. The clini-
cal categories of ocular and generalized MG can be divided further
based on autoantibody status, age, and thymic pathology (Table 1).
Those who test positive for AChR antibodies are subdivided into
early-onset and late-onset groups, typically distinguished by onset
before or after 45-50 years of age (61). Uniformly, MG is an anti-
body-mediated disease, with B cells requiring T cell help; increas-
ing appreciation of fundamental dysregulation of T cell function
leading to compromised immune checkpoints highlights autore-
active B cells as a driver of pathology (Figure 3) (62-64). Cytokine
signals support MG pathology (Figure 4). The pathophysiology of
each of the subgroups is elaborated upon below.

Early-onset myasthenia. The best-characterized form of MG
is in patients younger than 50 years, as investigators have taken
advantage of evaluation of the pathological thymus after its sur-
gical removal. Transcriptional profiling of RNA and miRNA has
found a proinflammatory signature (65, 66) with elevations of var-
ious cytokines, including IFN-B, IL-17, IFN-II, TGF-B, and others,
which support autoreactive B cell development (Figure 3) (67).
Patients with early- and late-onset MG have elevated miRNA-
150-5p and miRNA-21-5p in serum. Both miRNAs are decreased
with immunotherapy, and thymectomy reduces levels of miRNA-
150-5p in circulation (68). The thymus of early-onset patients
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Figure 3. Cytokine network and cells involved in the pathogenesis and immunoregulation of AChR antibody MG. Th1 cytokines stimulate production of
1gG subclasses that bind and activate complement effectively, whereas Th2 cytokines stimulate the production of Ig classes and IgG subclasses that do
not. See text for details. AChRs are presented to naive T cells via antigen-presenting cells (APCs), leading to production of IL-23 and IL-17 that contributes
to tissue inflammation in the MG thymus. Increased levels of Th1 cytokines (IFN-y) promote the T follicular helper (Tfh) cell interaction with the recruited
B cells. Th17 proinflammatory cytokine levels (IL-17) promote differentiation of B cells into antibody-secreting cells and production of complement-fixing
antibodies. Tfh cells secrete IL-21, which promotes plasma cell differentiation. Tregs modulate proinflammatory responses by secreting antiinflammatory
cytokines to suppress T cell and B cell responses. Dysfunction in circulating and thymic Tregs is associated with MG pathogenesis.

demonstrates follicular hyperplasia manifesting as an increase
in lymphoid follicles and perivascular spaces (Figure 4) (69). B
cell infiltration and germinal center formation is associated with
overexpression of CXCL13, CCL21, and B cell-activating factor
(BAFF) in thymic epithelial cells (70, 71). Increased numbers of
high endothelial venules around germinal centers in the hyper-
plastic thymus indicate active trafficking of lymphocytes (70, 72).
IFN-B, a cytokine signature associated with the MG thymus, has
been shown to induce the production of these chemokines by thy-
mic epithelial cells in vitro (70).

While the thymic cortex appears normal in early-onset MG,
the medullary areas are increased in size with lymphoid follicles
and diffuse B cell infiltrates with AChR antibody-producing cells
(Figure 3). The MG thymus also has muscle-like cells and thymic
epithelial cells that express AChR-like proteins. A deficiency of
intrinsic complement regulatory proteins is appreciated in these
cells, with evidence of complement protein deposition on their
cell surface. These observations have led to the hypothesis that
ongoing complement attack of myoid and epithelial cells pro-
motes germinal center formation (73). Some have hypothesized
that a deficiency of macrophages leads to impaired removal of
necrotic thymomcytes, promoting the proinflammatory environ-
ment (74). This would lead to activation of other self-reactive
CD4 cells by antigen-presenting cells with epitopes derived from
the injured tissue, causing further tissue destruction and sensiti-
zation of CD4" cells to an increasingly larger repertoire of tissue
epitopes and antigens (“epitope spreading”) (75). Thymocytes
produce AChR antibodies, as do circulating plasma cells (76). All
these observations support the pathological thymus as the origi-
nating site of autoreactivity in early-onset MG, but once initiated,
the autoimmune process remains active despite removal of the
thymus. Circulating AChR antibody, thymus-derived B cells (77),
and autoreactive T cells remain, with many patients continuing to
show clinical signs of disease (78).

Much like other autoimmune conditions, a genetic predispo-
sition contributes to development, with twin and family studies
consistently demonstrating elevated prevalence rates of MG and
other autoimmune disorders (79, 80). Association of HLA A1-B8

J Clin Invest. 2024;134(12):179742 https://doi.org/10.1172/)CI179742

and DR3-DQ2 (AH8.1), which is shared with many autoimmune
diseases, has been appreciated for decades for early-onset MG
in White populations (81, 82). Strong associations for early-onset
MG are appreciated for SNPs in SIOOP, GAB2, NFKBIA, TNFAIP3,
and PPPIRI5A genes. Pathway analysis combining several GWAS
support a particular signature of genes associated with the innate
immune system and therefore supporting mechanisms common
to response to viral infections (83).

Viral infection has been posited for decades to be a contributor
to MG, with thus far limited support. Contradictory studies exist
for the presence of Epstein-Barr virus existence in the MG thymus
(84, 85). No evidence suggests other infectious agents to be associ-
ated with MG (86). Release of double-stranded DNA from necrot-
ic macrophages may trigger the inflammatory and subsequent
autoimmune reaction in the hyperplastic thymus (74). Expression
profiling of the thymus supports dysregulated apoptotic pathways
(65). A global propensity for increased cell death does not occur in
MG thymus, as the antiapoptotic protein is increased (65).

Late-onset MG. The frequency of autoimmune disorders
increases with age (87), and therefore, late-onset MG pathogenesis
will likely share mechanisms with other later-onset autoimmune
disorders (88). Late-onset MG affects men at a slightly higher fre-
quency than women and is characterized by thymic atrophy and the
presence of antibodies against titin and ryanodine receptor. Based
on GWAS investigations, a clear genetic distinction is appreciated
among patients above or below the age of 45-50 years, with con-
sistent identification of SNPs associated with CTLA-4, PTPN22,
and TNFRSFI1 (61, 83, 89). Each of these genes plays a role in T
cell tolerance. Additional analysis focused on CTLA-4 supported
that polymorphisms in regulatory regions of CTLA-4 would reduce
the expression level of this critical immune checkpoint. A poly-
morphism in the regulatory region of the o subunit of the AChR
was also found (61). Altered expression of the autoantigen AChR
suggests two mechanisms for disease susceptibility: (a) aberrant
AChR expression promotes a breakdown in tolerance in concert
with age-related enhanced autoimmunity or (b) altered expression
on the postsynaptic surface could make patients more susceptible to
compromised neuromuscular transmission as they age.
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Figure 4. Thymic pathology associated early-onset MG. The thymus is the organ of T cell maturation and establishment of central tolerance. Self-pep-
tides are presented by medullary thymic epithelial cells (mTECs). Self-reactive T cells undergo apoptosis or are controlled by Tregs; however, suppressor
functions of thymic Tregs are impaired in MG. Type | and Il IFN induction in the thymus promotes expression of AChR, cytokines, and chemokines by
thymic epithelial cells. Increased expression of IL-17 and 1L-23 promotes expansion of Th1/Th17 cells. High endothelial venules (HEVs) and secretion of
CCL21 and CXCL13 facilitate recruitment of B cells and ectopic germinal center formation associated with thymic hyperplasia. In the germinal center, B cells
undergo somatic hypermutation, affinity maturation, and selection, processes that are implicated in development of AChR* long-lived plasma cells. Anti-
AChR-producing plasma cells exit the germinal center and migrate to the bone marrow. fDC, follicular DC.

Late-onset MG occurs in the context of immune system
aging, which is associated with reduced ability to fight infections,
reduced response to immunization, increased risk of cancer, and
increased rates of autoimmunity (87, 90). Normal or accelerated
biological aging in patients may combine with other factors to
stimulate MG. From the first year of life the thymus begins to invo-
lute, with significant atrophy having developed by the age cut-off
for late-onset MG, and the thymi of normal elderly and late-onset
MG show no definitive differences; however, this does not elim-
inate the potential for functional differences. In the MGTX trial
(which included thymectomy in both early- and late-onset MG),
there were no differences in patient thymi across age groups with
regards to germinal center counts, and treatment response did not
correlate with thymic hyperplasia (68, 91).

Thymoma-associated MG. Approximately 10% of patients with
MG, nearly all of whom have AChR antibodies, have a paraneoplas-
tic form of the disease triggered by the thymoma. About one-half to
two-thirds of patients with thymoma have an autoimmune disease,
predominantly MG, which may occur as the presenting symptom
of the tumor or may develop after resection. Thymomas differ in
cellular composition, and those with predominance of immature
lymphocytic components are most likely to be associated with
autoimmune diseases (92). The autoimmune regulatory protein
AIRE, which is responsible for expression of self-epitopes to allow
for negative selection of autoreactive T cells, is absent in close to
all thymomas irrespective of the presence of MG (78). Thymomas
from patients with MG express fragments of muscle protein epi-
topes expressed in a subset of medullary thymic epithelial cells (93),
which accounts for the expression of autoantibodies against not only
AChR, but also titin and the ryanodine receptor as well as neurofil-

ament protein (93). Development of MG requires the generation of
autoreactive T cells within the tumor and subsequent exit of these
T cells to the periphery and is further associated with a reduction of
Tregs (94, 95). Gain-of-function mutations in CTLA4 and PTNP22
are observed in thymoma-associated MG (96, 97), likely leading to
a loss of negative selection and suggesting common pathophysio-
logical pathways with late-onset MG. With egress of autoreactive T
cells, MG would be maintained by mechanisms independent of the
tumor. Even with tumor resection, a threshold of pathogenic AChR
antibody production would need to occur to manifest clinically.
Such a scenario is consistent with patients developing MG years
after tumor removal and the presence of AChR antibody in the sera
of patients without manifest disease. A single-cell sequencing study
of MG thymoma demonstrated all required cells and signaling mol-
ecules to promote autoreactive B cell formation (92, 93). Transcrip-
tional profiling studies have identified divergent mechanisms of
MG development based on the type of thymoma (98).

Immune checkpoint inhibitor MG. The development of immune
checkpoint inhibitors (ICIs) hasled to dramatic benefits for patients
with treatment-resistant malignancy, but the unrestrained activa-
tion of the immune system has led to de novo induction or worsen-
ing of autoimmune disorders in at least 20% of patients depending
on the agent and neoplasm (99, 100). ICI MG also differs markedly
from other forms of MG (Table 1). Inhibitors of CTLA-4 and PD-1
induce MG, at times in apparent isolation but frequently in asso-
ciation with myositis, which also occurs in thymoma-associated
MG but is otherwise not seen in early- or late-onset MG. The most
extensive evaluation of ICI therapy-producing MG to date was a
retrospective evaluation of 65 patients, a subgroup comprising less
than one-quarter of patients treated with ICIs (101). The median
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age of the subgroup was 73 years, with two-thirds being men. At
least one-third of patients in the subgroup had coincident myosi-
tis. Two-thirds of patients had elevated AChR and striated muscle
antibodies (101). In toto, the data support fundamental clinical and
pathophysiological differences in ICI-related MG compared with
other forms of MG.

Anti-CTLA-4 drugs likely activate existing self-reactive T cell
clones with concomitant suppression of T regulatory responses
and stimulation of B cell response (102). Humans normally harbor
self-reactive T cells (103), and therefore, presumably CTLA-4 inhi-
bition activates existing autoreactive T cells, which drive develop-
ment of autoantibodies. This mechanism would explain why ICI
MG can occur in combination with myositis with expression of
antibodies against multiple epitopes. However, some patients with
clinical and electrophysiological evidence of MG do not have anti-
bodies, which suggests similarities to seronegative MG. In contrast
to CTLA-4-targeted drugs, PD-1 inhibitors cause expansion of T
cell clones within the neoplasm, and therefore, autoreactive T cells
may develop as part of the immune attack on tumor antigens.

Ocular myasthenia. This subgroup is clinically defined by man-
ifestations restricted to the ocular muscles for its entire course
(104). About one-half of patients have no detectable autoanti-
bodies, by conventional assays, but performing cell-based assays,
including those with a mix of fetal and adult AChR isoforms,
increases their identification (105, 106). Ocular myasthenia with
MuSK antibodies or thymoma is extremely uncommon. CD4* T
cells from individual patients with ocular myasthenia rarely rec-
ognize all the AChR subunits, even among patients with a long
duration of disease, suggesting limited pathophysiological pro-
gression (107). Thymectomy, when performed, has identified
thymic hyperplasia as well as atrophy (108). Higher rates of ocular
myasthenia are appreciated in older American and Japanese pop-
ulations (109, 110), while a study in China found higher rates of
ocular myasthenia in children (111), with differential susceptibil-
ity based on HLA-DQA1/DQB1 haplotypes (112). Environmental
factors were suggested based on latitudinal variation in ocular
myasthenia frequency (113). The miRNA 30-e-5P is a potential
biomarker to predict generalization of ocular MG to widespread
MG (114), but how it relates to disease pathology is not known.

MuSK myasthenia. Several lines of evidence demonstrate that
MuSK MG is a distinct disease from AChR MG (9). The observa-
tion of predominant IgG4 antibodies in patients with MuSK MG
is indicative of immune response that corresponds with the IgG4
autoimmune diseases (9) and the antiinflammatory properties of
the IgG4 that include the inability to activate complement. More-
over, at the NM]J, MuSK antibodies create a pathophysiological
disruption of synaptic clustering compared with destruction of the
synapse by complement with AChR antibodies (115). The thymus
is normal (116), and thymectomy does not benefit patients with
MuSK with MG (117). HLA-DRB1*14 and HLA-DQB1*05 are asso-
ciated with MuSK MG, and there is a limited set of TCR V] rear-
rangements (9). Finally, the response of MuSK MG versus AChR
MG to CD20 depletion (118) strongly suggests that the circulating
lymphocytes differ, with MuSK antibody production requiring the
differentiation of B cells into plasmablasts versus AChR antibody
secretion by long-lived plasma cells (119). The immunological
environments that create these antibodies remain unclear.
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Other autoantigens. Observations of thymus changes in
patients with early-onset MG, such as hyperplastic medullary epi-
thelial cells, germinal centers, and complement deposition, are
also appreciated in thymus of some seronegative patients (73).

Generally, seronegative patients have had variable thymus
pathology, but one study did suggest an inflammatory signature of
the thymus in seronegative patients (73).

Treatment

Surgical therapy. Thymectomy is a well-established treatment for
patients with early-onset AChR antibody-positive MG (91), with
sustained benefit up to 5 years after thymectomy. However, up to
one-quarter of patients respond poorly and continue to require
doses of prednisone and immunosuppressives. A recent investi-
gation suggested that removal of the thymus in adults may lead
to increased risk of neoplasia and autoimmunity (120). However,
there is considerable disagreement with methods and conclusions
of this study (121).

The precise mechanism by which thymus removal imparts
clinical benefit is not fully understood. One likely hypothesis is
that thymectomy eliminates a considerable source of antigenic
stimulation, ultimately reducing the production of AChR antibod-
ies, but autoreactive cells have exited the thymus remain and drive
production of pathogenic antibodies (77).

Pharmacological therapy. Contemporary MG therapy encom-
passes a spectrum of medications that range from century-old
treatments to cutting-edge first-in-human agents (Table 2). Com-
prehensive treatment guidelines have been established by nation-
al organizations and an international consortium (122-124), which
the reader can review. Choice of treatment is influenced by sev-
eral factors, including severity of disease, the patient’s individual
characteristics, and the presence of comorbid conditions. These
factors determine the tolerability of specific therapeutic agents
and whether they align with insurance coverage or governmental
regulatory approvals. As understanding of MG’s pathophysiology
and treatment responses continues to evolve, there is increasing
opportunity for personalized care plans that tailor treatment strat-
egies to individual patient needs, optimizing the management of
this complex autoimmune neuromuscular disorder. Furthermore,
although prednisone is still the most consistently effective drug for
MG, its side effect burden and that of immunosuppressive as well
as the poor response in a large minority (125-127) has motivated
development of new therapies. The sections below focus on treat-
ments developed in the last decade and those under development.

FcRn inhibition. Endothelial cell surfaces express the neonatal
Fc receptor (FcRn), which plays a crucial role in IgG antibody recy-
cling. Antibodies in circulation bind to FcRn and are internalized,
ultimately entering lysosomes, but are normally recycled back into
circulation. FcRn inhibitors disrupt this binding within the lyso-
some, leading to the proteolytic removal of antibodies generally
and including the subset of disease-causing antibodies. This results
in significant reductions in circulating antibodies within days of the
initial treatment. Efgartigimod and rozanolixizumab are approved
for AChR antibody-positive MG (128, 129), with the latter further
approved for MuSK antibody-positive MG. Thus far, these agents
are exclusively for MG, but are likely to be used soon in other auto-
antibody-mediated conditions (130, 131). Trials of efgartigimod
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Table 2. Therapies for myasthenia gravis

Approach
Modulation of neuromuscular transmission

General immunomodulation

Therapeutics

Pyridostigmine

Amifampridine
Plasma exchange

Mechanism of action
ChE inhibition
Enhanced ACh release
Antibody removal

Most substantial adverse effects
Gl hypermotility
Paresthesias, rare seizures
(atheter-related infection

:

IVig Multiple pathways Headache, rare thrombosis
General immunosuppression Corticosteroids Multiple pathways Multiple adverse effects
Azathioprine B and T cell inhibition Hepatotoxicity
Tacrolimus cyclosporine Block T cell activation and replication Nephrotoxicity
Mycophenolate Selective activate T cell blockade Teratogen
Methotrexate Increased T cell apoptosis Hepatoxicity
Complement inhibition Eculizumab Inhibits C5 cleavage Increases risk of encapsulated bacterial infection,
Ravulizumab particularly Neisseria meningitidis
Zilucoplan Inhibits C5 cleavage, blocks C5b6 formation
FcRn inhibition Efgartigimod Reduces circulating antibody Headache, nausea, diarrhea
Rozanolixizumab
B cell ablation Rituximab Binds CD20 Infusion reactions, long-term lymphocyte depletion

ChE, cholinesterase; Gl, gastrointestinal; IVIg, intravenous immunoglobulin.

and rozanolixizumab in MG reported a subset of patients who
responded poorly despite a reduction in circulating antibodies.
Potential explanations are that the drop of circulating antibodies
was not adequate for inducing a response or that remaining tissue-
bound antibodies may maintain a significant level of disease. An
alternative hypothesis that irreversible injury to the postsynaptic
surface of the NMJ has occurred is unlikely, because (a) animal
models demonstrate return of normal strength and neuromuscu-
lar transmission (132, 133), and, in some cases, ultrastructure of the
NM]J begins to return to normal, and (b) patients with MG typically
regain normal strength, even after experiencing a myasthenic cri-
sis. Nipocalimab and batoclimab are FcRn inhibitors in clinical tri-
als that differ in dosing regimens and may reduce circulating IgG to
a greater extent than other agents (134).

Complement inhibitors. Another important advancement in
MG therapeutics involves the inhibition of complement activa-
tion. To date, all FDA-approved drugs in this category focus on
targeting the C5 convertase enzyme. Eculizumab is a humanized
chimeric monoclonal antibody (135) designed to block cleavage of
C5, thereby reducing the formation of the membrane attack com-
plex by C5b and mitigating the proinflammatory effects of C5a. It
is important to note that in MG there is no evidence suggesting a
role for C5a in the disease.

Zilucoplan is a small macrocyclic peptide that not only binds
to C5 to inhibit its cleavage, but also interferes with C5b binding
to C6. This dual action theoretically provides a more effective
means of limiting the formation of the membrane attack complex
(136). Both eculizumab and zilucoplan have demonstrated effi-
cacy in phase III trials (33, 34) and have received FDA approval.
Ravulizumab, a modification of eculizumab with an extended
half-life, is also in the clinic (32). There remain upward of thirty
percent of patients who do not benefit from complement inhibi-
tion, which demonstrates the importance of other mechanisms of
autoantibody action. An important concern with all complement
inhibitors is enhanced risk of meningococcal and encapsulated
bacterial infections (137).

Ongoing research efforts continue to explore the complement
system as a target for MG treatment. For example, a siRNA that
inhibits hepatic synthesis of C5 has shown promise in reducing the
severity of EAMG (138, 139). Additionally, C7 has been effectively
inhibited in EAMG models, further highlighting the potential of
complement system targeting in MG therapeutics (30).

B cell targeting. B cell targeting is a notable area of therapeu-
tic development for MG. A phase II study of rituximab, a chimeric
antibody directed toward CD20 on B cells, in treatment-resistant
MG did not achieve its primary outcome, while a phase III trial
using rituximab within one year of disease onset improved clini-
cal status (140). Presumably, patients with a shorter disease dura-
tion have pathogenic antibody produced by short-lived, CD20-
expressing cells, in contrast with treatment-resistant patients. For
MuSK MG, a blinded, prospective multicenter study demonstrat-
ed improved clinical status and reduced need for other immu-
notherapies (118). These investigations, along with deep cellular
characterization of pathogenic B cells, suggest that MuSK MG is a
disease of short-lived plasma cells (119).

CD38 is expressed on plasma, NK, and T cells and was tar-
geted by TAK-079 in a phase II trial that showed promising safe-
ty results (NCT04159805). Other B cell monoclonal antibodies
have been reported in single cases, but there are no ongoing trials
involving them (141). Cladribine is a synthetic chlorinated deoxy-
adenosine that primarily inhibits B cell replication but also affects
T cells; a pilot study of cladribine suggested efficacy (142), and a
phase III trial is planned. Telitacicept is a fusion protein designed
to inhibit B lymphocyte stimulator (BLyS) and proliferation-
inducing ligand (APRIL), leading to suppression of development
and survival of late-stage B cells and plasma cells (143). The drug
is under phase III evaluation.

Proteasome inhibitors eliminate cells with high rates of protein
production and are effective in treatment of multiple myeloma. In
theory, these would be effective to eradicate antibody-producing
cells of MG (144). An open-label trial of the proteasome inhibitor
bortezomib was attempted but failed in recruitment (145).
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CART cell-based therapies are being applied with B cell tar-
gets. An early-phase trial utilizing autologous RNA CAR T cell
therapy against B cell maturation factor (BCMA), which is found
on plasma cells, demonstrated efficacy and improved clinical out-
come measures and is in phase II evaluation. An antigen-specific
approach has been developed with engineered T cells to express a
MuSK chimeric antibody receptor along with CD137-CD37, which
would selectively eliminate B cells producing MuSK antibodies.
The approach is in a phase I dose-finding evaluation. Howev-
er, the superiority of CAR T cell-based approaches over existing
treatments and their scalability for broader patient access remain
open questions (146).

Stem cell therapies. Autologous human stem cell treatments
have been restricted to single reports or case series restricted to
treatment-resistant patients.

Reestablishment of tolerance. The loss of tolerance to NM]J
proteins underlies MG, and attempts with some success have
been made to reestablish tolerance for decades in animal mod-
els by administration of oral, nasal, or subcutaneous or synthet-
ic AChR (147-149). A pilot investigation (NCT02609022) has
been completed of an AChR peptide mimic with report of a good
safety profile, which is critical, as administration of self-antigen
could activate MG.

Interference with cell signaling. Belimumab is humanized
immunoglobulin GIA antibody that binds and blocks the activity
of BAFF. This cytokine supports various aspects of development
and maintenance of B cells, and its levels are elevated in patients
with early-onset MG. Furthermore, polymorphisms in the BAFF
gene enhance susceptibility to MG (150). Despite this favorable
background and use in systemic lupus, a phase II study of beli-
mumab failed to demonstrate efficacy (151). Iscalimab, an anti-
CD40 antibody (152), blocks primary and recall T cell-dependent
antibody responses and reduces germinal cell formation. A phase
IT study including AChR or MuSK antibodies in patients demon-
strated safety but no to limited difference in clinical outcomes
compared with placebo (152). Satralizumab, an inhibitor of IL-6, is
undergoing a phase III trial for MuSK and AChR antibody-positive
MG (NCT04963270).

REVIEW

Conclusions and unmet needs

The definition of MG subtypes has led to the recognition that MG is
not a singular disease but rather should be classified as an autoim-
mune disorder affecting postsynaptic transmission. This evolving
understanding supports the likelihood that the next decade will
offer opportunities for more precise therapy tailored to specific
patient subgroups, as deeper insight into the distinct pathophysi-
ological mechanisms become evident. As this knowledge expands,
discovery of biomarkers that can predict treatment responses can
be anticipated, which would have the potential to tailor therapy
to optimize treatment selection and reduce adverse effects relat-
ed to nonoptimal treatment choices. Studies of genetic polymor-
phisms and metabolomics have identified treatment-predictive
markers (153-155), but further validation is necessary. There is a
pressing need for such advancements, especially considering the
proliferation of multiple costly treatment options with substantial
minorities of patients showing a poor response. Furthermore, these
treatments have been approved based on phase III placebo-con-
trolled trials involving participants with highly selective inclusion
and exclusion criteria, conducted over relatively short periods.
While consensus guidelines are beneficial, they still rely on lim-
ited information. Additionally, individual clinicians may deviate
from these guidelines owing to their relative inexperience with this
rare disease and the financial or insurance-related constraints they
encounter. Despite these challenges, the authors remain optimistic
about the exciting prospects for further research in the field of MG.
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