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Abstract: Myasthenia gravis (MG) is a chronic autoimmune disease for which multiple immunomod-
ulatory therapies are available. Nevertheless, MG has a significant impact on patient quality of life.
In recent years, experts’ main efforts have focused on optimizing treatment strategies, since disease
burden is considerably affected by their safety and tolerability profiles, especially in patients with
refractory phenotypes. This article aims to offer neurologists caring for MG patients an overview
of the most innovative targeted drugs specifically designed for this disease and summarizes the
recent literature and more recent evidence on agents targeting B cells and plasmablasts, complement
inhibitors, and neonatal fragment crystallizable receptor (FcRn) antagonists. Positive clinical trial
results have been reported, and other studies are ongoing. Finally, we briefly discuss how the intro-
duction of these novel targeted immunological therapies in a changing management paradigm would
affect not only clinical outcomes, disease burden, safety, and tolerability, but also health spending in
a condition that is increasingly managed based on a patient-centred model.

Keywords: myasthenia gravis; complement inhibitors; B-cell; monoclonal antibody; FcRn inhibitors;
targeted treatments

1. Introduction

Myasthenia gravis (MG) is a chronic autoimmune disease in which an extensive
range of immunomodulatory therapies have conventionally been used to achieve clinical
remission or, at least, minimal manifestation status according to the classification of the
Myasthenia Gravis Foundation of America [1].

Bearing in mind the individual clinical, serological, and thymic phenotype of the
patient, the most recent international consensus guidelines on the management of MG
provide updated recommendations for optimal treatment based on the patient’s situation
and comorbidities [2].

As a chronic disabling condition with a commonly fluctuating course, MG usually
entails unpredictable hospitalizations, difficulties reconciling work and home life, and,
consequently, psychological or psychiatric disorders and/or sleep disturbances. Conse-
quently, MG has an inevitable negative impact on the patient’s quality of life [3,4], and
treatment-related adverse effects and tolerability problems contribute to the notable disease
burden reported [5].

In recent years, interest has been growing in the emotional, socio-familial, and human-
istic aspects of MG, as well as the effects of medical interventions on disease burden [6–10].
This scenario is especially crucial for patients with treatment-refractory MG [11,12].

Hence, while traditional treatment regimens are based on relatively non-specific phar-
macologic strategies (usually pyridostigmine alone or in combination with corticosteroids
or non-steroidal immunosuppressants) with a problematic tolerance and safety profile,
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novel drug alternatives are urgently required. In that sense, a focus on each of the factors
involved in the disease background and an understanding of their role in pathophysiology
are helping investigators to develop new specific targeted drugs.

Novel drugs for MG include molecules targeting B cells, plasmablasts, complement
inhibitors, and neonatal fragment crystallizable receptor (FcRn) antagonists. In this review,
our aims were to analyze the recent literature and evidence on these innovative therapies
and to briefly discuss the impact of therapy on clinical outcomes, acute exacerbations,
adverse events, tolerability, and quality of life.

2. Pathophysiology of Myasthenia Gravis

MG is caused by the failure of neuromuscular transmission resulting from the bind-
ing of autoantibodies to signaling proteins—mostly the nicotinic acetylcholine receptor
(AChR)—at the neuromuscular junction (NMJ). The pathophysiology of MG is extremely
complex and multifactorial, involving interlinked environmental, genetic, and epigenetic
factors, which are responsible for the loss of immune tolerance [13].

Presumably, antigen-presenting cells promote AChR-antibody (AChR)–mediated re-
sponses by enhancing CD4+ T-cell activation through HLA, triggering upregulation of IL-4
and IL-6 and, consequently, B-cell stimulation and AChR-ab production. These mecha-
nisms then probably lead to the activation of mature T and B lymphocytes in the thymus.
Activated T cells produce pro-inflammatory cytokines, such as IFN-γ and IL-17, leading
to an imbalance between deficient regulatory T cells (Treg) and hyperactivated Th17 cells,
which further enhances antibody production [14–17].

In patients with thymoma, some authors were able to prove a deficiency of indis-
pensable molecular components for immune tolerance, as those provided by the AIRE
gene [18].

As mentioned above, the autoantibody-mediated response against signaling proteins
at the NMJ plays an important role in pathophysiology. AChR-abs are detected in about
80–85% of MG patients. Most seronegative patients have antibodies against muscle-specific
kinase (MuSK) (6% of generalized MG [gMG]) or anti-LrP4 antibodies (low-density lipopro-
tein receptor type 4) (2% of gMG) [19]. Yet, about 15% of MG patients, from various types
of populations, remain seronegative [20].

Although we are not able to detect antibodies in seronegative MG, there is some
evidence for complementary activation by IgG1 antibodies against clustered AChR, as
complement deposits have been identified in biopsy specimens of thymus tissue [21,22]
and intercostal muscle [23].

AChR-abs are mainly generated by long-lived plasma cells. The most direct and intu-
itive mechanism of action in AChR-MG is the direct antibody blockade of the AChR [24–26].
In these patients, the main response mechanisms belong to subclasses IgG1, IgG2, and IgG3,
which induce the internalization and degradation of AChR by crosslinking the receptors in
the postsynaptic region. This response triggers an important effector mechanism through a
cascade of immune reactions, including complement activation (which leads to destruction
of neuromuscular endplate structures by the membrane attack complex), reduction in
AChRs in the membrane, loss of postsynaptic folding, and an increase in intersynaptic
distance (which leads to malfunction of neuromuscular transmission) [20].

MuSK is a key molecule with respect to AChR clustering. MuSK antibodies are thought
to be produced by short-lived plasmablasts. They are mainly IgG4 and do not trigger
antibody-mediated complement-fixing endplate destruction. MuSK antibodies disrupt the
clustering of AChR, thus hampering the interaction between LRP4 and MuSK (by blocking
protein-protein interaction), inducing the dispersion of preformed agrin-independent AChR
clusters, and disturbing the molecular structure underlying the endplate region [27–29].

LRP4 antibodies belong to the complement-activating IgG1 and IgG3 subclasses and
can disrupt agrin-LRP4 signaling in the postsynaptic membrane [30]. These antibodies
are not definitory of MG diagnosis, as their role remains unclear. Other muscle antibodies
that can be detected in some MG patients include antibodies against agrin, cortactin, collQ,
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acetylcholinesterase (AChE), Kv1.4, titin, and ryanodine receptor, although their clinical
implications have yet to be established [24–26].

3. New Therapeutic Strategies in Myasthenia Gravis
3.1. B-Cell Inhibitors

Under the influence of helper T cells and certain cytokines, B cells differentiate into
memory B cells, plasmablasts, and plasma cells in the thymic germinal centers. One of
the fundamental functions of plasmablasts and plasma cells is that of secreting antibod-
ies, including pathogenic antibodies. Consequently, they could be considered the main
effector cells in the pathogenesis of MG. Plasma cell populations have been classified
according to the molecules expressed on their surface, and this differentiation has enabled
the development of novel therapeutic agents through highly specific targeting [31,32].

Drugs acting selectively against B cells have several uses in rheumatological diseases,
hematological malignancies, and even other autoimmune neurological disorders such as
multiple sclerosis. In recent years, they have also been used as novel key therapies in
MG [33,34] (Figure 1).

3.1.1. Direct B-Cell Inhibitors

1. Rituximab (RTX)

Rituximab is a murine-human chimeric anti-CD20 glycoprotein monoclonal antibody.
It has fragmented antigen-binding (Fab) region domains that target CD20-expressing B
cells, but spare B cells in the bone marrow and lymph nodes, as well as stem cells, pro-B
cells, and long-lived plasma cells and plasmablasts [35,36] (Figure 1).

The use of rituximab in MG has increased exponentially in the last 10–15 years. How-
ever, the level of evidence for this drug in MG is low based on retrospective and prospective
observational studies. The efficacy outcome in these studies (acquiring minimal manifesta-
tion status or better) was achieved in around 50% of the rituximab-treated patients, while
considering different population inclusion criteria [37–42]. Even at low doses, rituximab
seems to be effective in some MG patients [43–45].

Rituximab has proven to be more beneficial in MuSK-MG. A blinded, multicenter,
prospective review showed that more than 55% of MuSK-MG patients treated with rit-
uximab reached the primary outcome measure compared with 16% of controls [46]. In
addition, some studies showed a significant reduction in MuSK-IgG4 antibody levels in
rituximab-treated patients in clinical remission with sustained improvement [47]. Other
authors have compared the efficacy of different rituximab regimens [48], hypothesizing
that the superior effect of a specific treatment regimen could be explained by the reduction
in short-lived plasma cells (which are considered the primary source of MuSK antibody
production), whereas long-lived plasma cells (not expressing CD20) are the major AChR-ab
producers [29,49]. However, the most recent international consensus guidelines on the
management of MG state that the role of rituximab in refractory MG is unclear [2].

Despite the scarce evidence from more prospective or controlled studies, the abun-
dance of real-life data indicates that the early administration of rituximab is recommended
in patients with MuSK antibodies. However, the most recent international consensus
guidelines on the management of MG are not clear on the administration of this agent in
patients with AChR-abs [2].

The only phase 2 clinical trial comparing rituximab with a placebo as an add-on
treatment in AChR-MG patients recently reported disappointing results, namely, no sig-
nificant differences in disease severity or corticosteroid-sparing effect over placebo [50].
More recently, results from a randomized trial using a single-dose of rituximab in AChR-
positive gMG patients with a Quantitative MG (QMG) score >6 and a short disease course
(<12 months) showed benefits in clinical outcomes and a reduction in the use of rescue
medication [51]. Further randomized clinical trials with rituximab are needed, particularly
in refractory MG patients, in whom therapeutic options are limited.
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Rituximab is generally well-tolerated, with few severe adverse effects, mainly hy-
pogammaglobulinemia or, very rarely, progressive multifocal leukoencephalopathy [52,53].
A specific rituximab dosage was not clearly outlined in the last consensus guidelines [2].
Different therapeutic regimens are used; however, the most common schemes were recently
revealed in a literature review, namely Rituximab 375 mg/m2 body surface in a 4-week
cycle with weekly infusions or two infusions of 500–1000 mg at days 1 and 15 [54].

2. Other B-cell inhibitors

No evidence is available for new-generation anti-CD20 agents such as ocrelizumab,
obinutuzumab, ublituximab, and veltuzumab in the treatment of MG, whereas new anti-
CD19 treatments are being proposed [55,56]. A case of a patient with refractory AChR-MG
responding to ofatumumab has been reported [57].

Anti-CD19 drugs could have some advantages over anti-CD20 agents, as the CD19
marker is expressed much earlier than CD20 in the B-cell maturation process and might act
synergistically with anti-CD20 agents [55].

Inebilizumab is a humanized, afucosylated IgG1 kappa monoclonal antibody that
depletes CD19-expressing B cells through antibody-dependent cell-mediated cytotoxicity
mechanisms [58]. It was approved for neuromyelitis optical spectrum disorder (NMOSD)
after a successful phase 2/3 trial [59]. A phase 3 study is currently underway in seropositive
gMG [60].

Iscalimab is a fully human, Fc-silenced, IgG1 mAb that blocks the CD40 signaling
pathway by binding with its ligand (CD154), which is expressed in activated T cells. This
union enhances the immune response by promoting proinflammatory cytokine secretion
and dendritic cell activation [61]. A multicenter, randomized, double-blind, placebo-
controlled phase II clinical trial in seropositive gMG has been completed. The as yet
unpublished results indicate that the outcome measure of significant improvement in MG
scores was not reached, although there were no safety concerns [62] (Figure 1).

3. Drugs targeting plasma cells

Targeting long-lived memory plasma cells may be an attractive therapeutic approach
in patients with antibody-mediated refractory diseases such as MG. The surface markers
of these cells differ from those of B cells and may therefore be resistant to the therapies
mentioned above.

a. Proteasome inhibitors

In cells characterized by highly active immunoglobulin synthesis, such as plasma cells,
the inhibition of the proteasome function leads to an accumulation of misfolded proteins
and to apoptosis. This therapeutic strategy has proven to be effective in B-cell neoplasms
such as multiple myeloma [63]. Bortezomib is the most studied proteasome inhibitor in
MG. In animal models of experimental autoimmune MG (EAMG), bortezomib showed
positive effects, including a reduction in AChR-ab levels [64].

A non-randomized clinical trial with bortezomib in patients with antibody-mediated
autoimmune diseases, including MG, was terminated owing to recruitment difficulties [65],
thus necessitating further studies on the role of bortezomib in MG. The adverse effects of this
drug include frequent neurotoxicity and the consequent disabling peripheral neuropathy [66].
More selective proteasome inhibitors could overcome these barriers, since they are more
effective and safe in MG. One example of new-generation proteasome inhibitors is ONX0914,
which has proven to be successful in EAMG models [67] (Figure 1).

b. Biologic drugs targeting plasma cells

Drugs targeting the surface proteins of plasma cells constitute yet another therapeutic
option. On this basis, various monoclonal antibodies against the glycoprotein CD38
expressed in Ig-secreting plasma cells and thymocytes [68,69] are now being studied for
MG. Mezagitamab was recently evaluated in a randomized phase 2 trial, although the
results have yet to be published [70]. Another anti-CD38 antibody, daratumumab, has been
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evaluated in a retrospective, single-centre case series of seven patients with autoantibody-
driven neurological autoimmune diseases, including one patient with MG. The preliminary
results are promising [71] (Figure 1).

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 5 of 23 
 

 

since they are more effective and safe in MG. One example of new-generation proteasome 
inhibitors is ONX0914, which has proven to be successful in EAMG models [67] (Figure 
1). 
b. Biologic drugs targeting plasma cells 

Drugs targeting the surface proteins of plasma cells constitute yet another therapeu-
tic option. On this basis, various monoclonal antibodies against the glycoprotein 
CD38 expressed in Ig-secreting plasma cells and thymocytes [68,69] are now being 
studied for MG. Mezagitamab was recently evaluated in a randomized phase 2 trial, 
although the results have yet to be published [70]. Another anti-CD38 antibody, 
daratumumab, has been evaluated in a retrospective, single-centre case series of 
seven patients with autoantibody-driven neurological autoimmune diseases, includ-
ing one patient with MG. The preliminary results are promising [71] (Figure 1). 

 
Figure 1. B-cell inhibitors and their main mechanisms of action are represented in this figure. Direct 
B cell inhibitors include monoclonal antibodies against CD19 (inebilizumab) and CD20 (rituximab 
and ofantumumab) B cell surface proteins, as well as iscalimab, a monoclonal anti-body against 
CD145-CD40. Drugs targeting plasma cells comprise proteasome inhibitors (borte-zomib and 
ONX0914) and anti-CD38 medications (mezagitamab or TAK-079 and daratumumab). Indirect B 
cell inhibitors are drugs designed to block IL-6 (tocilizumab and satralizumab), TNF (etanercept), 
BAFF (belimumab) or BTK (toletrunib). 

3.1.2. Indirect B-Cell Inhibitors 
1. Cytokines, interleukins, and other immune mediators 

T-cell dysfunction and an altered balance of pro-and anti-inflammatory cytokines 
and interleukins are common features in the pathogenesis of numerous autoimmune dis-
eases (AIDs). 

One of the most studied mediators within this therapeutic group is the IL-6 pathway. 
IL-6 is involved in signaling cascades promoting B-cell differentiation and the switch from 
Treg to Th17 cells. As previously noted, the imbalance between Treg and Th17 appears to 
play a pathogenic role in EAMG models, with a decrease in autoantibody titers before IL-
6 blockade [72]. 

Figure 1. B-cell inhibitors and their main mechanisms of action are represented in this figure. Direct B
cell inhibitors include monoclonal antibodies against CD19 (inebilizumab) and CD20 (rituximab and
ofantumumab) B cell surface proteins, as well as iscalimab, a monoclonal anti-body against CD145-
CD40. Drugs targeting plasma cells comprise proteasome inhibitors (borte-zomib and ONX0914) and
anti-CD38 medications (mezagitamab or TAK-079 and daratumumab). Indirect B cell inhibitors are
drugs designed to block IL-6 (tocilizumab and satralizumab), TNF (etanercept), BAFF (belimumab)
or BTK (toletrunib).

3.1.2. Indirect B-Cell Inhibitors

1. Cytokines, interleukins, and other immune mediators

T-cell dysfunction and an altered balance of pro-and anti-inflammatory cytokines and
interleukins are common features in the pathogenesis of numerous autoimmune diseases (AIDs).

One of the most studied mediators within this therapeutic group is the IL-6 pathway.
IL-6 is involved in signaling cascades promoting B-cell differentiation and the switch from
Treg to Th17 cells. As previously noted, the imbalance between Treg and Th17 appears to
play a pathogenic role in EAMG models, with a decrease in autoantibody titers before IL-6
blockade [72].

Tocilizumab is a well-known anti-IL-6 monoclonal antibody that has proven effective
in cases of severe refractory MG [73]. One clinical scenario in which tocilizumab may play a
special role is that of myasthenic crisis in the context of COVID-19, where there are isolated
reports of its effectiveness [74]. A phase 2 clinical trial with tocilizumab in patients with
positive AChR-ab gMG is planned to start soon [75].

Satralizumab is a monoclonal antibody that blocks the IL-6 receptor. A phase 3 clinical
trial is currently enrolling patients to evaluate the efficacy and safety of satralizumab in
gMG [76]. The modulation of other cytokines by monoclonal antibodies, such as secuk-
inumab (anti-IL-17A), may prove to be a promising option [56].

Given the role of the proinflammatory cytokine tumor necrosis factor (TNF) in the
pathogenesis of many AIDs, anti-TNF agents are widely used. A prospective pilot clinical
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trial with etanercept in corticosteroid-dependent MG showed the drug’s efficacy in patients
with low levels of interferon-gamma and IL-6. Conversely, patients with elevated levels of
these cytokines experienced clinical deterioration, and there are individual reports of the
worsening of MG symptoms with these drugs [77,78]. Considering the uncertain risk of
other immune-mediated phenomena with the long-term use of anti-TNF agents, further
studies are necessary to determine their benefit in MG (Figure 1).

2. B-cell-activating factor

B-cell-activating factor (BAFF), or B-lymphocyte stimulator (BLyS), is a member of the
TNF superfamily that promotes B-cell survival and co-stimulates its functions [79]. Its role
as a potential therapeutic candidate has been suggested in studies showing elevated levels
in the serum of patients with MG [80]. However, a randomized phase 2 trial comparing
belimumab with placebo in patients with anti-AChR-ab+ gMG revealed no statistically
significant differences for the clinical endpoints (MG-Activities of Daily Living [ADL]
and QMG score) at week 24 [81]. Despite these negative results, the conclusions of the
study could be affected by its limitations, one of which was its heterogeneous population,
including patients with mild symptoms on standard therapy (Table 1, Figure 1).

3. Bruton’s tyrosine kinase

Bruton’s tyrosine kinase (BTK) is a critical element in the B-cell signaling downstream,
as are other sensors related to innate immunity, such as Toll-like receptors [82]. The inhibi-
tion of BTK is associated with reduced activation, maturation, and antibody production
and modulates the activation of other hematopoietic cells [83]. Tolebrutinib is an oral
BTK inhibitor that is being developed for the treatment of MG and multiple sclerosis in a
phase 2b clinical trial, where it showed an acceptable safety and tolerability profile [84]. A
phase 3 clinical trial was recently initiated to assess the efficacy of tolebrutinib in gMG [85].
However, recruitment has been momentarily halted based on the recommendations of
the independent data monitoring committee owing to a limited number of cases of drug-
induced liver injury (Table 1, Figure 1).

3.2. Complement Inhibitors

Complement activation is one of the most significant pathogenic mechanisms of
AChR-MG [86,87], and its role in the pathogenesis of MG is supported by histopathological
findings of C3 and C9 deposits at the NMJ [86,88], as well as an increased in vitro uptake
of complement C3b in serum [89]. In addition, increased complement consumption during
MG exacerbations resulting from changes in the serum levels of various complement pro-
teins have been reported in MG patients [90]. Likewise, EAMG models have demonstrated
that complement deposition at the NMJ results in the destruction of the postsynaptic end-
plate, with similar findings in human muscle samples [91]. These results reinforce the
role of complement activation as the key element for the development of MG in animal
models [92]. Therefore, it is reasonable to develop complement inhibitors as new targeted
therapies for MG.

As mentioned above, MuSK-MG antibodies are mainly a subclass IgG4, in contrast to
AChR antibodies, which are subclasses of IgG1 to 3. Therefore, in these cases, activation
of the complement pathway is not involved in pathophysiology [20], and, in theory, a
response to complement inhibitors would not be expected in MuSK-MG patients.

1. Eculizumab

Eculizumab (Solaris) is a humanized monoclonal antibody that inhibits the cleavage
of complement protein C5 into its terminal active components, C5a and C5b (Figure 2).
It is the first complement inhibitor approved for the treatment of refractory anti-AChR+
gMG [2]. However, given its high cost, its use is highly restricted in some countries.

In the phase 3 (REGAIN) trial, the primary endpoint (change in the MG-ADL score from
baseline to week 26) did not differ significantly between the eculizumab and placebo arms
(p = 0.0698), possibly owing to the statistical analysis method, namely, worst-rank analysis [93].
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However, all secondary endpoints showed a significant benefit from eculizumab [94]. One of
the most dangerous complications expected with complement inhibitor therapies is infection
with encapsulated bacteria, mainly Neisseria meningitides, although all patients in the trial
were vaccinated and none developed a meningococcal infection.

After completion of the REGAIN trial, patients could enter the open-label extension
phase [95]. At the end of the study, it was possible to reduce the mean daily doses of
conventional immunosuppressive therapy from baseline to the last assessment (by 60.8%
in the case of prednisone, by 89.1% in the case of azathioprine, and by 56.0% in the case
of mycophenolate mofetil) [96]. There was one case of non-fatal meningitis during the
extension phase.

Future studies should evaluate the required duration of eculizumab to maintain
treatment goals and efficacy in other MG populations, such as patients with thymoma and
patients with seronegative MG [2].

It is necessary to administer anti-meningococcal vaccination (meningococcal conjugate
Men ACWY and serogroup B or MenB) before starting eculizumab [2].

2. Ravulizumab

Ravulizumab (Ultomiris®) has the same mechanism of action as eculizumab, i.e., it
binds to C5, thus preventing the generation of the complement activation products C5a
and C5b-9 [97] (Figure 2). Ravulizumab was developed with the intention of extending the
intravenous dosing schedule of eculizumab every two weeks. This molecule is obtained
through selective modifications of eculizumab to abolish target-mediated drug disposition
and to increase recycling efficiency via FcRn in the immunoglobulin pathway, with the aim
of extending maintenance dosing to an interval of 8 weeks [98].

Ravulizumab is currently approved in the U.S., Europe, and other regions for the treat-
ment of atypical hemolytic uremic syndrome and paroxysmal nocturnal haemoglobinuria.
A phase 3 trial evaluating the safety and efficacy of ravulizumab in patients with gMG was
recently completed with positive results in MG-ADL and QMG scores in patients compared
to placebo from the baseline visit to week 26 [99] (Table 1).

3. Zilucoplan

Zilucoplan prevents the cleavage of C5 into complement components C5a and C5b
and blocks the binding of C5b to complement component C6 [100] (Figure 2). Compared to
eculizumab, it has the advantage of self-administered subcutaneous dosing.

A phase 2 trial evaluated the clinical effects of zilucoplan in patients with moderate-to-
severe gMG, obtaining favorable results, especially using the 0.3 mg/kg daily dose [100].

A phase 3 trial with a daily dose of 0.3-mg/kg in adults with gMG was recently
completed [101]. However, as in the case of ravulizumab, no data have been published,
and only the press release from the pharmaceutical company is currently available. The
trial met the primary endpoint (MG-ADL score) and all key secondary endpoints (QMG
score, MGC, and MG-QoL15r) [102] (Table 1).

3.3. FcRn Inhibitors

IgG is conventionally recycled via the endosomal–lysosomal system in the cytoplasm
by endothelial or blood cells (e.g., monocytes). The FcRn (which belongs to the Fc-gamma
[Fc-
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Figure 2. Complement inhibitors and their mechanisms of action are represented in this figure. At the
muscular endplate, the complement system activates the membrane attack complex (MAC) as its last
step, contributing to the destruction of the architecture of the muscular surface in MG. Eculizumab,
Ravulizumab and Zilocuplan inhibit the complement system by blocking C5 action.

Anti-AChR auto-antibodies (IgG) play a key role in the pathogenesis of MG. Drugs
targeting FcRn are monoclonal antibodies designed to counteract the humoral response
in MG and other autoimmune diseases by inhibiting FcRn functions. FcRn inhibitors are
able to lower IgG levels drastically, by reducing the lysosomal recycling of IgG and, as a
consequence, enhancing the elimination of pathogenic IgG [104–107]. As a result, the effect
of FcRn inhibitors on antibody levels’ reduction resembles that of plasmapheresis (PLEX),
except that these novel drugs are much better tolerated and have less severe complications
than PLEX.

3.3.1. Efgartigimod

Efgartigimod is an FcRn inhibitor consisting of engineered human monoclonal anti-
bodies against the FcRn fragment of the IgG1. Its efficacy and safety as a specific, potent
agent causing an average sustained reduction of 75% in serum IgG levels was initially
proven in a first-in-human study [108] (Figure 3); subsequently, in a phase 2 trial, Efgartigi-
mod achieved a rapid and long-lasting clinical improvement that correlated with a fast and
durable decrease in total IgG and AChR-ab levels [109].

The results of the phase III (ADAPT) study for efgartigimod were recently pub-
lished [110]. This multicenter, double-blind, randomized trial included gMG patients from
56 centers worldwide.

Efgartigimod caused no serious safety concerns, and its efficacy results were excellent.
Most of the patients in the efgartigimod group were MG-ADL responders after the first
treatment cycle (4 weeks), compared to patients in the placebo group [110].

A new phase 3, randomized, open-label study comparing the pharmacodynamics,
pharmacokinetics, efficacy, safety, tolerability, and immunogenicity of subcutaneous and
intravenous efgartigimod in gMG was completed in 2021. Results from this trial have not
yet been published [111], although an open-label trial evaluating the long-term safety and
tolerability of subcutaneous efgartigimod is ongoing [112] (Table 1).

The intravenous presentation of efgartigimod (Vyvgart™) received U.S. Food and
Drug Administration approval for the treatment of adult, AChR-ab–positive patients with
generalized myasthenia gravis (gMG) in December 2021 [113] and European Medicines
Agency approval in September 2022 [114].

Efgartigimod (20 mL, 400 mg, 20 mg/mL vials) is recommended to be administered
intravenously. The recommended dosage according to the EMA product information
brochure is 10 mg/kg in a 1-h infusion and in once weekly cycles for 4 weeks. A patient’s
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clinical follow-up is crucial to decide the periodicity of the subsequent treatment cycles. Ac-
cording to the previous evidence of efgartigimod, subsequent cycles must be administered
at least 7 weeks from the initial infusion of the first cycle, but not earlier.

The more common side effects of efgartigimod are upper respiratory tract infections (>1/10)
and urinary infections, bronchitis, myalgia and procedural headache (≥1/100 to <1/10).

An expanded access program for the administration of intravenous efgartigimod is
now available to patients with AChR-positive gMG [115].

3.3.2. Rozanolixizumab

Rozanolixizumab is another FcRn antagonist (Figure 3); it is based on humanized,
high affinity, human IgG4 anti-FcRn monoclonal antibodies [116].

Results from a phase 2 clinical trial were also published in 2021 (MG003) [117]. In
the first study period, patients were randomized (1:1) to receive once weekly 7 mg/kg
subcutaneous rozanolixizumab or placebo doses from day 1 to 29 in two periods. Patients
were then re-randomized to rozanolixizumab 7 mg/kg or 4 mg/kg once weekly for 3 weeks
and observed until day 99. The primary endpoint was not attained, as changes in QMG
from baseline were not statistically significant between groups; no serious safety concerns
were reported.

Phase 3 trial results for rozanolixizumab (MG004) have not yet been published, al-
though a recent press release from the company announces positive findings [102]. An
active open-label study (MG007) to prove its long-term safety is estimated to be completed
in October 2023 [118] (Table 1).

3.3.3. Nipocalimab

The FcRn inhibitor nipocalimab (M281) is a fully human alpha-deglycosylated IgG1
anti-FcRn monoclonal antibody (Figure 3). This molecule significantly reduced IgG levels
in a dose-dependent and sustained way in the phase I study. M281 acts selectively by
binding, saturating, and blocking the IgG binding site on the endogenous FcRn [119], and
its transplacental transfer rate is extremely low [93].

A phase 2 trial (VIVACITY-MG) revealed no tolerance or safety concerns when as-
saying intravenous ascending doses of nipocalimab [120]. The phase 3 nipocalimab trial,
which is designed to assess both efficacy and safety in adult gMG, is actively recruiting
patients. This trial and the following open-label extension study are expected to finish by
2026 [121].

An expanded access program for nipocalimab has been available for adult patients
with warm autoimmune haemolytic anaemia from February 2022 [122].

3.3.4. Batoclimab

Batoclimab, also known as RVT-1401 or HL161, is a human recombinant anti-FcRn
monoclonal antibody [123] currently under evaluation for the treatment of gMG (Figure 3).

It is administered subcutaneously and has already proven to be effective and safe in a
double-blind, placebo-controlled phase 2 study in gMG patients [124].

Patients are still being recruited in a phase 3 trial that aims to assess the efficacy and
safety of batoclimab as induction and maintenance treatment for adults with gMG. The
study comprises 2 periods: in the first, patients are randomized 1:1:1 to two different doses
of batoclimab or placebo, and, in the second, patients treated with batoclimab initially are
to be re-randomized to once- or twice-weekly low-dose batoclimab or placebo. Patients
who respond to batoclimab will be considered candidates for an open-label extension
study [125] (Table 1).

3.3.5. Other FcRn Antagonists and Related Drugs

Orilanomab (SYNT001 or ALX1830) is a human recombinant monoclonal IgG4 an-
tibody against FcRn [126] (Figure 3). A phase 1 study reported pharmacokinetics and
pharmacodynamics results in humans after accurate characterization of the molecule and
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its effects on animal models [126]. Two phase 1B/2 trial were developed and completed in
2019 in patients with warm autoimmune haemolytic anaemia [127] and chronic pemphigus.
Efficacy and tolerability outcomes were positive, with rapid and significant reduction of
IgG and IgG immunocomplexes [128].

ABY-039 is a bivalent antibody-mimetic (a 18KDa peptide) that targets the FcRn. A
phase 1 trial had to be prematurely interrupted owing to tolerability concerns [129]. This
molecule also theoretically proved to be a potent agent with the ability to lower plasma
IgG levels and had a very long half-life in vivo [123,130,131].
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4. Discussion and Conclusions

During the last decade, treatment of MG has undergone considerable changes, mainly
owing to the advent of multiple new biological drugs to improve disease outcomes. Clin-
ical trials have reported positive results for some of these drugs, which have specific
immunological targets, and other studies are ongoing.

Potential FcRn-related drugs for MG, such as molecules targeting Fc
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R or drugs based
on recombinant Fc multimers, are currently being investigated in pre-clinical, phase 1, and
phase 2 studies or in other AIDs [107,123]. In addition, CAR-T or CAAR-T cell therapies,
which are based on modified T cells expressing chimeric antigen receptors, have also been
pre-clinically assayed or are currently being trialled in other AIDs [93].

It is important to consider the global impact of this changing paradigm in MG and
in other, similar antibody-mediated AIDs, with emphasis on the refinement of therapies
that target B cells and complement and the promising results of efgartigimod. Therefore,
this new era in disease treatment and management is leading experts to progressively
introduce immunological targeted therapies in a more personalized patient-centred model.
This debate is crucial for patients with a refractory phenotype, usually with substantial
comorbidities, and whose quality of life is often devastated by MG.

Other authors have postulated that some concrete circulating miRNAs (e.g., miR-150
or miR-21-5p) could act as MG biomarkers, by helping experts to stratify MG patients
ac-cording to their disease onset or their serological profile. Based on the upregulation of
these biomarkers and their influence in MG pathophysiology, they hypothesized that these
circulating miRNAs may have a role in the design of personalized treatment schemes [132].

Despite the lack of concern about the elevated cost of these novel drugs (as with
eculizumab), little is known about their future market prices and their real cost-effectiveness.
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Table 1. Main targeted drugs in myasthenia gravis.

Drug Target Product Type of Study † MG Population Study Code Results ђ Reference ϕ

B-cell inhibitors
Direct B-cell inhibitors
Rituximab CD20 Murine-human chimeric

IgG1k mAb
Phase 2

Phase 3

Non-randomized
observational

AChR-MG

AChR and seronegative
MG

MuSK-MG and AChR-MG

NCT02110706

NCT02950155

Controversial in AChR-MG

Positive in AChR-MG, single dose
of 500 mg rituximab

Positive in MuSK-MG

Nowak et al., 2022 [46]

Piehl et al., 2022 [47]

Beecher et al., 2018: Topakian
et al., 2019; Dos Santos et al.,
2020; Brauner et al., 2020;
Choi et al. 2019; Lu et al., 2020;
Li et al., 2021; Hehir et al. 2017;
Cortés-Vicente et al. 2018
[34–42,44].

Ofatumumab CD20 Fully human IgG1k mAb Non-randomized, single
case report

AChR-MG, refractory,
previously treated with
rituximab

NA Not applicable Waters et al., 2019 [52]

Inebilizumab CD19 Humanized, afucosylated
IgG1k mAb

Phase 3 AChR-gMG NCT04524273 Pending ct.gov [55]

Iscalimab (CFZ533) CD145-CD40 Fully human, Fc-silenced,
IgG1 mAb

Phase 3 AChR-gMG NCT02565576 Pending ct.gov [57]

Drugs targeting plasma cells
Proteasome inhibitors
Bortezomib Proteasome Non-randomized clinical

trial
Antibody-mediated AIDs,
including MG

NA Not completed, neurotoxicity Kohler et al., 2019 [60]

ONX0914 Proteasome Pre-clinical EAMG models only NA Positive Liu et al., 2017 [62]
Biologic drugs against plasma-cells
Mezagitamab (TAK-079) CD38 Phase 2 AChR-gMG

MuSK-MG
NCT04159805/EudraCT:2019-
003383-47

Pending ct.gov [65]

Daratumumab CD38 Human IgG1k mAb Non-randomized,
retrospective, single-centre
study

n = 7, 1 MG NA Positive Scheibe et al., 2022 [66]

Indirect B-cell inhibitors
Tocilizumab IL-6 Phase 2 AChR-gMG NCT05067348 Pending start ct.gov [70]
Satralizumab IL-6 Phase 3 AChR-gMG NCT04963270 Pending, recruiting ct.gov [71]
Etanercept TNF Non-randomized,

prospective (pilot)
AChR-gMG,
corticosteroid-dependent

NA Controversial, toxicity Pelechas et al., 2020 [72]

Belimumab BAFF Phase 2 AChR- gMG NCT01480596 Negative Hewett et al. 2018 [76]
Tolebrutinib BTK Phase 3 AChR- gMG NCT05132569/EudraCT:

2021-003898
Pending, halted recruitment ct.gov [80]
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Table 1. Cont.

Drug Target Product Type of Study † MG Population Study Code Results ђ Reference ϕ

Complement inhibitors
Eculizumab C5 Phase 3 and OLE AChR-gMG, refractory NCT01997229 and

NCT02301624
Approved for the treatment of
refractory anti-AChR+ gMG
(Solaris®)

Phase 3: 900 mg intravenous on
days 1 and at weeks 1, 2, and 3,
followed by 1200 mg at week 4
and 1200 mg every 2 weeks as a
maintenance dose. Primary
endpoint not met (change in
MG-ADL from baseline to
week 26). Significant differences
in secondary endpoints (changes
in QMG, MG Composite, and
MG-QOL15 scores).

OLE: all patients received
eculizumab maintenance therapy
(1200 mg every 2 weeks), 90%
patients improved, 60% remission

Howard et al., 2017 [89]

Ravulizumab C5 Phase 3 AChR-gMG NCT03920293 Positive
Patients receive a loading dose on
day 1, followed by maintenance
doses on day 15 and every
8 weeks thereafter. Loading dose:
40 to <60 kg: 2400 mg IV; 60 to
<100 kg: 2700 mg IV; ≥100 kg:
3000 mg IV
Maintenance IV dose: 40 to
<60 kg: 3000 mg IV; Q8W; 60 to
<100 kg: 3300 mg IV Q8W;
≥100 kg: 3600 mg IV Q8W

Tuan et al., 2022 [94]

Zilucoplan C5 Phase 3 AChR-gMG NCT04115293 Pending phase 3 results,
preliminary positive (press
release)

ct.gov [96]

FcRn inhibitors
Efgartigimod FcRn Human FcRn mAb Phase 3 AChR-gMG

MuSK-MG
NCT04735432 Approved in the US and Europe

for the treatment anti-AChR+
gMG (Vyvgart®).

68% MG-ADL responders and
34% MG-ADL 0-1 (minimal
symptom) by the end of first in
the first treatment cycle.
Higher MG-ADL early-responder
(2 weeks) proportion vs placebo
group.

Improvement in QMG, MGC,
MG-QoL15 at 7 weeks after first
infusion.

Howard et al., 2021 [105]
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Table 1. Cont.

Drug Target Product Type of Study † MG Population Study Code Results ђ Reference ϕ

Rozanolixizumab FcRn Humanized, high-affinity,
human IgG4 anti-FcRn
mAb

Phase 3 AChR-gMG
MuSK-MG

NCT04124965 Pending publication phase 3,
positive results (press release)

Primary and all secondary
endpoints with statistical
significance and no safety or
tolerance concerns

Bril et al., 2021 [112]

Nipocalimab (M281) FcRn Fully human
alpha-deglycosylated IgG1
anti-FcRn mAb

Phase 3 AChR-gMG
MuSK-MG

NCT04951622 Positive phase 2, pending phase
3 results

ct.gov [117]

Batoclimab (RVT-1401 or
HL161)

FcRn Human recombinant
anti-FcRn mAb

Phase 3 AChR-gMG
MuSK-MG

NCT05403541 Pending phase 3, recruiting ct.gov [121]

Oralinomab (SYNT001 or
ALX1830)

FcRn Human recombinant IgG4
anti-FcRn mAb

No trials in MG NA Phase 1/2 in wAIHA
(NCT03075878) and
chronic pemphigus
(NCT03075904)

Not applicable to MG ct.gov [123]; Werth et al., 2021
[124]

Main targeted drugs in myasthenia gravis, their composition, immunological target, and mechanism of action. The table also shows clinical evidence based on previous studies or
randomized clinical trials, as well as the results of these studies. †: type of study includes the latest clinical trial phase (active or completed); ђ: dosage has only been included for the
approved medications; Φ: studies without available publications have been cited using ct.gov (https://clinicaltrials.gov (accessed on 31 August 2022)) including registered NCT code.
Abbreviations: mAb—monoclonal antibody; gMG—generalized myasthenia gravis; AChR-MG—MG with positive antibodies against acetylcholine receptor; MuSK-MG—MG with
positive antibodies against MuSK protein; AIDs—autoimmune diseases; EAMG—experimental autoimmune myasthenia gravis; OLE- open-label extension study; NA: not available;
Q8W: every 8 weeks; wAIHA: warm autoimmune hemolytic anemia.

https://clinicaltrials.gov
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BlyS—B-lymphocyte stimulator; BTK: Bruton’s tyrosine kinase; MG-ADL- MG activities of daily live
score; QMG—quantitative myasthenia gravis score; MGC—MG composite score; MG-QoL15r—MG
quality of life (15 items) revised score; FcRn—neonatal fragment crystallizable receptor; OLE—open-
label extension study; wAIHA: warm autoimmune haemolytic anaemia; CAR-T—chimeric antigen
receptors therapies.

References
1. Jaretzki, A.; Barohn, R.J.; Ernstoff, R.M.; Kaminski, H.J.; Keesey, J.C.; Penn, A.S.; Sanders, D.B. Myasthenia Gravis: Recommenda-

tions for Clinical Research Standards. Neurology 2000, 55, 16–23. [CrossRef] [PubMed]
2. Narayanaswami, P.; Sanders, D.B.; Wolfe, G.; Benatar, M.; Cea, G.; Evoli, A.; Gilhus, N.E.; Illa, I.; Kuntz, N.L.; Massey, J.; et al.

International Consensus Guidance for Management of Myasthenia Gravis: 2020 Update. Neurology 2021, 96, 114–122. [CrossRef]
3. Law, C.; Flaherty, C.V.; Bandyopadhyay, S. A Review of Psychiatric Comorbidity in Myasthenia Gravis. Cureus 2020, 12, e9184.

[CrossRef] [PubMed]
4. Cutter, G.; Xin, H.; Aban, I.; Burns, T.M.; Allman, P.H.; Farzaneh-Far, R.; Duda, P.W.; Kaminski, H.J. Cross-Sectional Analysis of

the Myasthenia Gravis Patient Registry: Disability and Treatment. Muscle Nerve 2019, 60, 707–715. [CrossRef] [PubMed]
5. Bacci, E.D.; Coyne, K.S.; Poon, J.L.; Harris, L.; Boscoe, A.N. Understanding Side Effects of Therapy for Myasthenia Gravis and

Their Impact on Daily Life. BMC Neurol. 2019, 19, 335. [CrossRef]
6. Berrih-Aknin, S.; Claeys, K.G.; Law, N.; Mantegazza, R.; Murai, H.; Saccà, F.; Dewilde, S.; Janssen, M.F.; Bagshaw, E.; Kousoulakou,

H.; et al. Patient-Reportedimpact of Myasthenia Gravis in the Real World: Protocol for a Digital Observational Study (MyReal-
World MG). BMJ Open 2021, 11, e048198. [CrossRef]

7. Law, N.; Davio, K.; Blunck, M.; Lobban, D.; Seddik, K. The Lived Experience of Myasthenia Gravis: A Patient-Led Analysis.
Neurol. Ther. 2021, 10, 1103–1125. [CrossRef] [PubMed]

8. Gelinas, D.; Parvin-Nejad, S.; Phillips, G.; Cole, C.; Hughes, T.; Silvestri, N.; Govindarajan, R.; Jefferson, M.; Campbell, J.; Burnett,
H. The Humanistic Burden of Myasthenia Gravis: A Systematic Literature Review. J. Neurol. Sci. 2022, 437, 120268. [CrossRef]

9. Yang, Y.; Zhang, M.; Guo, J.; Ma, S.; Fan, L.; Wang, X.; Li, C.; Guo, P.; Wang, J.; Li, H.; et al. Quality of Life in 188 Patients with
Myasthenia Gravis in China. Int. J. Neurosci. 2016, 126, 455–462. [CrossRef]

10. Blum, S.; Lee, D.; Gillis, D.; McEniery, D.F.; Reddel, S.; McCombe, P. Clinical Features and Impact of Myasthenia Gravis Disease in
Australian Patients. J. Clin. Neurosci. 2015, 22, 1164–1169. [CrossRef]

11. Schneider-Gold, C.; Hagenacker, T.; Melzer, N.; Ruck, T. Understanding the Burden of Refractory Myasthenia Gravis. Ther. Adv.
Neurol. Disord. 2019, 12, 1756286419832242. [CrossRef] [PubMed]

12. Xin, H.; Harris, L.A.; Aban, I.B.; Cutter, G. Examining the Impact of Refractory Myasthenia Gravis on Healthcare Resource
Utilization in the United States: Analysis of a Myasthenia Gravis Foundation of America Patient Registry Sample. J. Clin. Neurol.
2019, 15, 376–385. [CrossRef]

http://doi.org/10.1212/WNL.55.1.16
http://www.ncbi.nlm.nih.gov/pubmed/10891897
http://doi.org/10.1212/WNL.0000000000011124
http://doi.org/10.7759/cureus.9184
http://www.ncbi.nlm.nih.gov/pubmed/32802619
http://doi.org/10.1002/mus.26695
http://www.ncbi.nlm.nih.gov/pubmed/31487038
http://doi.org/10.1186/s12883-019-1573-2
http://doi.org/10.1136/bmjopen-2020-048198
http://doi.org/10.1007/s40120-021-00285-w
http://www.ncbi.nlm.nih.gov/pubmed/34687427
http://doi.org/10.1016/j.jns.2022.120268
http://doi.org/10.3109/00207454.2015.1038712
http://doi.org/10.1016/j.jocn.2015.01.022
http://doi.org/10.1177/1756286419832242
http://www.ncbi.nlm.nih.gov/pubmed/30854027
http://doi.org/10.3988/jcn.2019.15.3.376


J. Clin. Med. 2022, 11, 6394 15 of 20

13. Salvado, M.; Caro, J.L.; Garcia, C.; Rudilla, F.; Zalba-Jadraque, L.; Lopez, E.; Sanjuan, E.; Gamez, J.; Vidal-Taboada, J.M. HLA-
DQB1*05:02, *05:03, and *03:01 Alleles as Risk Factors for Myasthenia Gravis in a Spanish Cohort. Neurol. Sci. 2022, 43, 5057–5065.
[CrossRef] [PubMed]

14. Dalakas, M.C. Immunotherapy in Myasthenia Gravis in the Era of Biologics. Nat. Rev. Neurol. 2019, 15, 113–124. [CrossRef]
[PubMed]

15. Thiruppathi, M.; Rowin, J.; Li Jiang, Q.; Sheng, J.R.; Prabhakar, B.S.; Meriggioli, M.N. Functional Defect in Regulatory T Cells in
Myasthenia Gravis. Ann. N. Y. Acad. Sci. 2012, 1274, 68–76. [CrossRef]

16. Dominguez-Villar, M.; Hafler, D.A. Regulatory T Cells in Autoimmune Disease. Nat. Immunol. 2018, 19, 665–673. [CrossRef]
17. Sudres, M.; Verdier, J.; Truffault, F.; Le Panse, R.; Berrih-Aknin, S. Pathophysiological Mechanisms of Autoimmunity. Ann. N. Y.

Acad. Sci. 2018, 1413, 59–68. [CrossRef]
18. Berrih-Aknin, S.; Le Panse, R. Myasthenia Gravis: A Comprehensive Review of Immune Dysregulation and Etiological Mecha-

nisms. J. Autoimmun. 2014, 52, 90–100. [CrossRef]
19. Meriggioli, M.N.; Sanders, D.B. Muscle Autoantibodies in Myasthenia Gravis: Beyond Diagnosis? Expert Rev. Clin. Immunol.

2012, 8, 427–438. [CrossRef]
20. Gilhus, N.E.; Tzartos, S.; Evoli, A.; Palace, J.; Burns, T.M.; Verschuuren, J.J.G.M. Myasthenia Gravis. Nat. Rev. Dis. Prim. 2019, 5, 30.

[CrossRef]
21. Leite, M.I.; Jacob, S.; Viegas, S.; Cossins, J.; Clover, L.; Morgan, B.P.; Beeson, D.; Willcox, N.; Vincent, A. IgG1 Antibodies to

Acetylcholine Receptors in “seronegative” Myasthenia Gravis. Brain 2008, 131, 1940–1952. [CrossRef] [PubMed]
22. Jacob, S.; Viegas, S.; Leite, M.I.; Webster, R.; Cossins, J.; Kennett, R.; Hilton-Jones, D.; Morgan, B.P.; Vincent, A. Presence and

Pathogenic Relevance of Antibodies to Clustered Acetylcholine Receptor in Ocular and Generalized Myasthenia Gravis. Arch.
Neurol. 2012, 69, 994–1001. [CrossRef] [PubMed]

23. Hoffmann, S.; Harms, L.; Schuelke, M.; Rückert, J.C.; Goebel, H.H.; Stenzel, W.; Meisel, A. Complement Deposition at the
Neuromuscular Junction in Seronegative Myasthenia Gravis. Acta Neuropathol. 2020, 139, 1119–1122. [CrossRef] [PubMed]

24. Koneczny, I.; Herbst, R. Myasthenia Gravis: Pathogenic Effects of Autoantibodies on Neuromuscular Architecture. Cells 2019, 8, 671.
[CrossRef] [PubMed]

25. Takamori, M. Myasthenia Gravis: From the Viewpoint of Pathogenicity Focusing on Acetylcholine Receptor Clustering, Trans-
Synaptic Homeostasis and Synaptic Stability. Front. Mol. Neurosci. 2020, 13, 86. [CrossRef]

26. Lazaridis, K.; Tzartos, S.J. Autoantibody Specificities in Myasthenia Gravis; Implications for Improved Diagnostics and Therapeu-
tics. Front. Immunol. 2020, 11, 212. [CrossRef]

27. Koneczny, I.; Cossins, J.; Waters, P.; Beeson, D.; Vincent, A. MuSK Myasthenia Gravis IgG4 Disrupts the Interaction of LRP4
with MuSK but Both IgG4 and IgG1-3 Can Disperse Preformed Agrin-Independent AChR Clusters. PLoS ONE 2013, 8, e80695.
[CrossRef]

28. Koneczny, I.; Stevens, J.A.A.; De Rosa, A.; Huda, S.; Huijbers, M.G.; Saxena, A.; Maestri, M.; Lazaridis, K.; Zisimopoulou, P.;
Tzartos, S.; et al. IgG4 Autoantibodies against Muscle-Specific Kinase Undergo Fab-Arm Exchange in Myasthenia Gravis Patients.
J. Autoimmun. 2017, 77, 104–115. [CrossRef]

29. Dalakas, M.C. IgG4-Mediated Neurologic Autoimmunities: Understanding the Pathogenicity of IgG4, Ineffectiveness of IVIg,
and Long-Lasting Benefits of Anti-B Cell Therapies. Neurol. Neuroimmunol. Neuroinflamm. 2022, 9. [CrossRef]

30. Higuchi, O.; Hamuro, J.; Motomura, M.; Yamanashi, Y. Autoantibodies to Low-Density Lipoprotein Receptor-Related Protein 4 in
Myasthenia Gravis. Ann. Neurol. 2011, 69, 418–422. [CrossRef]

31. Yi, J.S.; Guptill, J.T.; Stathopoulos, P.; Nowak, R.J.; O’Connor, K.C. B Cells in the Pathophysiology of Myasthenia Gravis. Muscle
Nerve 2018, 57, 172–184. [CrossRef] [PubMed]

32. Hofmann, K.; Clauder, A.K.; Manz, R.A. Targeting B Cells and Plasma Cells in Autoimmune Diseases. Front. Immunol. 2018,
9, 835. [CrossRef] [PubMed]

33. Sellebjerg, F.; Blinkenberg, M.; Sorensen, P.S. Anti-CD20 Monoclonal Antibodies for Relapsing and Progressive Multiple Sclerosis.
CNS Drugs 2020, 34, 269–280. [CrossRef]

34. Lee, D.S.W.; Rojas, O.L.; Gommerman, J.L. B Cell Depletion Therapies in Autoimmune Disease: Advances and Mechanistic
Insights. Nat. Rev. Drug Discov. 2021, 20, 179–199. [CrossRef]

35. Dalakas, M.C. B Cells as Therapeutic Targets in Autoimmune Neurological Disorders. Nat. Clin. Pract. Neurol. 2008, 4, 557–567.
[CrossRef] [PubMed]

36. Leandro, M.J. B-Cell Subpopulations in Humans and Their Differential Susceptibility to Depletion with Anti-CD20 Monoclonal
Antibodies. Arthritis Res. Ther. 2013, 15, S3. [CrossRef] [PubMed]

37. Tandan, R.; Hehir, M.K.; Waheed, W.; Howard, D.B. Rituximab Treatment of Myasthenia Gravis: A Systematic Review. Muscle
Nerve 2017, 56, 185–196. [CrossRef]

38. Beecher, G.; Anderson, D.; Siddiqi, Z.A. Rituximab in Refractory Myasthenia Gravis: Extended Prospective Study Results. Muscle
Nerve 2018, 58, 452–455. [CrossRef]

39. Topakian, R.; Zimprich, F.; Iglseder, S.; Embacher, N.; Guger, M.; Stieglbauer, K.; Langenscheidt, D.; Rath, J.; Quasthoff, S.;
Simschitz, P.; et al. High Efficacy of Rituximab for Myasthenia Gravis: A Comprehensive Nationwide Study in Austria. J. Neurol.
2019, 266, 699–706. [CrossRef]

http://doi.org/10.1007/s10072-022-06102-y
http://www.ncbi.nlm.nih.gov/pubmed/35524016
http://doi.org/10.1038/s41582-018-0110-z
http://www.ncbi.nlm.nih.gov/pubmed/30573759
http://doi.org/10.1111/j.1749-6632.2012.06840.x
http://doi.org/10.1038/s41590-018-0120-4
http://doi.org/10.1111/nyas.13560
http://doi.org/10.1016/j.jaut.2013.12.011
http://doi.org/10.1586/eci.12.34
http://doi.org/10.1038/s41572-019-0079-y
http://doi.org/10.1093/brain/awn092
http://www.ncbi.nlm.nih.gov/pubmed/18515870
http://doi.org/10.1001/archneurol.2012.437
http://www.ncbi.nlm.nih.gov/pubmed/22689047
http://doi.org/10.1007/s00401-020-02147-5
http://www.ncbi.nlm.nih.gov/pubmed/32157386
http://doi.org/10.3390/cells8070671
http://www.ncbi.nlm.nih.gov/pubmed/31269763
http://doi.org/10.3389/fnmol.2020.00086
http://doi.org/10.3389/fimmu.2020.00212
http://doi.org/10.1371/journal.pone.0080695
http://doi.org/10.1016/j.jaut.2016.11.005
http://doi.org/10.1212/NXI.0000000000001116
http://doi.org/10.1002/ana.22312
http://doi.org/10.1002/mus.25973
http://www.ncbi.nlm.nih.gov/pubmed/28940642
http://doi.org/10.3389/fimmu.2018.00835
http://www.ncbi.nlm.nih.gov/pubmed/29740441
http://doi.org/10.1007/s40263-020-00704-w
http://doi.org/10.1038/s41573-020-00092-2
http://doi.org/10.1038/ncpneuro0901
http://www.ncbi.nlm.nih.gov/pubmed/18813230
http://doi.org/10.1186/ar3908
http://www.ncbi.nlm.nih.gov/pubmed/23566754
http://doi.org/10.1002/mus.25597
http://doi.org/10.1002/mus.26156
http://doi.org/10.1007/s00415-019-09191-6


J. Clin. Med. 2022, 11, 6394 16 of 20

40. Nowak, R.; Coffey, C.; Goldstein, J.; Yankey, J.; Uribe, L.; Dimachkie, M.; Benatar, M.; Wolfe, G.; Burns, T.; O’Connor, K.; et al.
Rituximab in Patients with Moderate to Severe Myasthenia Gravis: A Subgroup Analysis of the BeatMG Study. AANEM Annual
Meeting Abstract Guide Austin, TX, October 16–19, 2019. Muscle Nerve 2019, 60, S139. [CrossRef]

41. Dos Santos, A.; Noury, J.B.; Genestet, S.; Nadaj-Pakleza, A.; Cassereau, J.; Baron, C.; Videt, D.; Michel, L.; Pereon, Y.; Wiertlewski,
S.; et al. Efficacy and Safety of Rituximab in Myasthenia Gravis: A French Multicentre Real-Life Study. Eur. J. Neurol. 2020, 27,
2277–2285. [CrossRef] [PubMed]

42. Brauner, S.; Eriksson-Dufva, A.; Hietala, M.A.; Frisell, T.; Press, R.; Piehl, F. Comparison between Rituximab Treatment for
New-Onset Generalized Myasthenia Gravis and Refractory Generalized Myasthenia Gravis. JAMA Neurol. 2020, 77, 974–981.
[CrossRef] [PubMed]

43. Choi, K.; Hong, Y.H.; Ahn, S.H.; Baek, S.H.; Kim, J.S.; Shin, J.Y.; Sung, J.J. Repeated Low-Dose Rituximab Treatment Based
on the Assessment of Circulating B Cells in Patients with Refractory Myasthenia Gravis. Ther. Adv. Neurol. Disord. 2019,
12, 1756286419871187. [CrossRef] [PubMed]

44. Lu, J.; Zhong, H.; Jing, S.; Wang, L.; Xi, J.; Lu, J.; Zhou, L.; Zhao, C. Low-Dose Rituximab Every 6 Months for the Treatment of
Acetylcholine Receptor–Positive Refractory Generalized Myasthenia Gravis. Muscle Nerve 2020, 61, 311–315. [CrossRef]

45. Li, T.; Zhang, G.Q.; Li, Y.; Dong, S.A.; Wang, N.; Yi, M.; Qi, Y.; Zhai, H.; Yang, L.; Shi, F.D.; et al. Efficacy and Safety of Different
Dosages of Rituximab for Refractory Generalized AChR Myasthenia Gravis: A Meta-Analysis. J. Clin. Neurosci. 2021, 85, 6–12.
[CrossRef]

46. Hehir, M.K.; Hobson-Webb, L.D.; Benatar, M.; Barnett, C.; Silvestri, N.J.; Howard, J.F.; Howard, D.; Visser, A.; Crum, B.A.; Nowak,
R.; et al. Rituximab as Treatment for Anti-MuSK Myasthenia Gravis. Neurology 2017, 89, 1069–1077. [CrossRef]

47. Marino, M.; Basile, U.; Spagni, G.; Napodano, C.; Iorio, R.; Gulli, F.; Todi, L.; Provenzano, C.; Bartoccioni, E.; Evoli, A. Long-Lasting
Rituximab-Induced Reduction of Specific—But Not Total—IgG4 in MuSK-Positive Myasthenia Gravis. Front. Immunol. 2020, 11, 613.
[CrossRef]

48. Cortés-Vicente, E.; Rojas-Garcia, R.; Díaz-Manera, J.; Querol, L.; Casasnovas, C.; Guerrero-Sola, A.; Muñoz-Blanco, J.L.; Bárcena-
Llona, J.E.; Márquez-Infante, C.; Pardo, J.; et al. The Impact of Rituximab Infusion Protocol on the Long-Term Outcome in
Anti-MuSK Myasthenia Gravis. Ann. Clin. Transl. Neurol. 2018, 5, 710–716. [CrossRef]

49. Stathopoulos, P.; Kumar, A.; Heiden, J.A.V.; Pascual-Goñi, E.; Nowak, R.J.; O’Connor, K.C. Mechanisms Underlying B Cell
Immune Dysregulation and Autoantibody Production in MuSK Myasthenia Gravis. Ann. N. Y. Acad. Sci. 2018, 1412, 154–165.
[CrossRef]

50. Nowak, R.J.; Coffey, C.S.; Goldstein, J.M.; Dimachkie, M.M.; Benatar, M.; Kissel, J.T.; Wolfe, G.I.; Burns, T.M.; Freimer, M.L.;
Nations, S.; et al. Phase 2 Trial of Rituximab in Acetylcholine Receptor Antibody-Positive Generalized Myasthenia Gravis: The
BeatMG Study. Neurology 2022, 98, e376–e389. [CrossRef]

51. Piehl, F.; Eriksson-Dufva, A.; Budzianowska, A.; Feresiadou, A.; Hansson, W.; Hietala, M.A.; Håkansson, I.; Johansson, R.; Jons, D.;
Kmezic, I.; et al. Efficacy and Safety of Rituximab for New-Onset Generalized Myasthenia Gravis: The RINOMAX Randomized
Clinical Trial. JAMA Neurol. 2022. [CrossRef] [PubMed]

52. Zhao, C.; Pu, M.; Chen, D.; Shi, J.; Li, Z.; Guo, J.; Zhang, G. Effectiveness and Safety of Rituximab for Refractory Myasthenia
Gravis: A Systematic Review and Single-Arm Meta-Analysis. Front. Neurol. 2021, 12, 736190. [CrossRef] [PubMed]

53. Caballero-Ávila, M.; Álvarez-Velasco, R.; Moga, E.; Rojas-Garcia, R.; Turon-Sans, J.; Querol, L.; Olivé, M.; Reyes-Leiva, D.; Illa, I.;
Gallardo, E.; et al. Rituximab in Myasthenia Gravis: Efficacy, Associated Infections and Risk of Induced Hypogammaglobulinemia.
Neuromuscul. Disord. 2022, 32, 664–671. [CrossRef] [PubMed]

54. Whittam, D.H.; Tallantyre, E.C.; Jolles, S.; Huda, S.; Moots, R.J.; Kim, H.J.; Robertson, N.P.; Cree, B.A.C.; Jacob, A. Rituximab in
Neurological Disease: Principles, Evidence and Practice. Pract. Neurol. 2019, 19, 5–20. [CrossRef]

55. Stathopoulos, P.; Dalakas, M.C. Evolution of Anti-B Cell Therapeutics in Autoimmune Neurological Diseases. Neurotherapeutics
2022, 19, 691–710. [CrossRef]

56. Beecher, G.; Putko, B.N.; Wagner, A.N.; Siddiqi, Z.A. Therapies Directed Against B-Cells and Downstream Effectors in Generalized
Autoimmune Myasthenia Gravis: Current Status. Drugs 2019, 79, 353–364. [CrossRef]

57. Waters, M.J.; Field, D.; Ravindran, J. Refractory Myasthenia Gravis Successfully Treated with Ofatumumab. Muscle Nerve 2019,
60, E45–E47. [CrossRef] [PubMed]

58. Chen, D.; Gallagher, S.; Monson, N.L.; Herbst, R.; Wang, Y. Inebilizumab, a B Cell-Depleting Anti-CD19 Antibody for the
Treatment of Autoimmune Neurological Diseases: Insights from Preclinical Studies. J. Clin. Med. 2016, 5, 107. [CrossRef]

59. Frampton, J.E. Inebilizumab: First Approval. Drugs 2020, 80, 1259–1264. [CrossRef]
60. A Randomized, Double-Blind, Multicenter, Placebo-Controlled Phase 3 Study With Open-Label Period to Evaluate the Efficacy

and Safety of Inebilizumab in Adults With Myasthenia Gravis. Available online: https://clinicaltrials.gov/ct2/show/nct04524273
(accessed on 31 August 2022).

61. Alabbad, S.; AlGaeed, M.; Sikorski, P.; Kaminski, H.J. Monoclonal Antibody-Based Therapies for Myasthenia Gravis. BioDrugs
2020, 34, 557–566. [CrossRef]

62. A Multi-Centre, Randomized, Double- Blind, Placebo-Controlled, Parallel Group Study to Preliminarily Evaluate the Safety,
Tolerability, Pharmacokinetics and Efficacy of CFZ533 in Patients With Moderate to Severe Myasthenia Gravis. Available online:
https://clinicaltrials.gov/ct2/show/results/nct02565576 (accessed on 31 August 2022).

http://doi.org/10.1002/mus.26647
http://doi.org/10.1111/ene.14391
http://www.ncbi.nlm.nih.gov/pubmed/32526053
http://doi.org/10.1001/jamaneurol.2020.0851
http://www.ncbi.nlm.nih.gov/pubmed/32364568
http://doi.org/10.1177/1756286419871187
http://www.ncbi.nlm.nih.gov/pubmed/31555344
http://doi.org/10.1002/mus.26790
http://doi.org/10.1016/j.jocn.2020.11.043
http://doi.org/10.1212/WNL.0000000000004341
http://doi.org/10.3389/fimmu.2020.00613
http://doi.org/10.1002/acn3.564
http://doi.org/10.1111/nyas.13535
http://doi.org/10.1212/WNL.0000000000013121
http://doi.org/10.1001/jamaneurol.2022.2887
http://www.ncbi.nlm.nih.gov/pubmed/36121672
http://doi.org/10.3389/fneur.2021.736190
http://www.ncbi.nlm.nih.gov/pubmed/34721267
http://doi.org/10.1016/j.nmd.2022.06.006
http://www.ncbi.nlm.nih.gov/pubmed/35811274
http://doi.org/10.1136/practneurol-2018-001899
http://doi.org/10.1007/s13311-022-01196-w
http://doi.org/10.1007/s40265-019-1065-0
http://doi.org/10.1002/mus.26707
http://www.ncbi.nlm.nih.gov/pubmed/31509254
http://doi.org/10.3390/jcm5120107
http://doi.org/10.1007/s40265-020-01370-4
https://clinicaltrials.gov/ct2/show/nct04524273
http://doi.org/10.1007/s40259-020-00443-w
https://clinicaltrials.gov/ct2/show/results/nct02565576


J. Clin. Med. 2022, 11, 6394 17 of 20

63. Field-Smith, A.; Morgan, G.J.; Davies, F.E. Bortezomib (Velcadetrade Mark) in the Treatment of Multiple Myeloma. Ther. Clin.
Risk Manag. 2006, 2. [CrossRef] [PubMed]

64. Gomez, A.M.; Vrolix, K.; Martínez-Martínez, P.; Molenaar, P.C.; Phernambucq, M.; van der Esch, E.; Duimel, H.; Verheyen, F.;
Voll, R.E.; Manz, R.A.; et al. Proteasome Inhibition with Bortezomib Depletes Plasma Cells and Autoantibodies in Experimental
Autoimmune Myasthenia Gravis. J. Immunol. 2011, 186, 2503–2513. [CrossRef] [PubMed]

65. Kohler, S.; Märschenz, S.; Grittner, U.; Alexander, T.; Hiepe, F.; Meisel, A. Bortezomib in Antibody-Mediated Autoimmune
Diseases (TAVAB): Study Protocol for a Unicentric, Non-Randomised, Non-Placebo Controlled Trial. BMJ Open 2019, 9, e024523.
[CrossRef] [PubMed]

66. Alé, A.; Bruna, J.; Navarro, X.; Udina, E. Neurotoxicity Induced by Antineoplastic Proteasome Inhibitors. Neurotoxicology 2014, 43,
28–35. [CrossRef]

67. Liu, Z.J.; Lin, H.X.; Liu, G.L.; Tao, Q.Q.; Ni, W.; Xiao, B.G.; Wu, Z.Y. The Investigation of Genetic and Clinical Features in Chinese
Patients with Juvenile Amyotrophic Lateral Sclerosis. Clin. Genet. 2017, 92, 267–273. [CrossRef]

68. Tenca, C.; Merlo, A.; Zarcone, D.; Saverino, D.; Bruno, S.; De Santanna, A.; Ramarli, D.; Fabbi, M.; Pesce, C.; Deaglio, S.; et al.
Death of T Cell Precursors in the Human Thymus: A Role for CD38. Int. Immunol. 2003, 15, 1105–1116. [CrossRef]

69. Bonello, F.; Rocchi, S.; Barilà, G.; Sandrone, M.; Talarico, M.; Zamagni, E.; Scaldaferri, M.; Vedovato, S.; Bertiond, C.; Pavan, L.;
et al. Safety of Rapid Daratumumab Infusion: A Retrospective, Multicenter, Real-Life Analysis on 134 Patients With Multiple
Myeloma. Front. Oncol. 2022, 12, 851864. [CrossRef]

70. A Phase 2, Randomized, Placebo-Controlled Study to Evaluate Safety, Tolerability, and Efficacy of TAK-079 in Patients With
Generalized Myasthenia Gravis. Available online: https://clinicaltrials.gov/ct2/show/nct04159805 (accessed on 31 August 2022).

71. Scheibe, F.; Ostendorf, L.; Prüss, H.; Radbruch, H.; Aschman, T.; Hoffmann, S.; Blau, I.W.; Meisel, C.; Alexander, T.; Meisel,
A. Daratumumab for Treatment-Refractory Antibody-Mediated Diseases in Neurology. Eur. J. Neurol. 2022, 29, 1847–1854.
[CrossRef]

72. Aricha, R.; Mizrachi, K.; Fuchs, S.; Souroujon, M.C. Blocking of IL-6 Suppresses Experimental Autoimmune Myasthenia Gravis. J.
Autoimmun. 2011, 36, 135–141. [CrossRef]

73. Jonsson, D.I.; Pirskanen, R.; Piehl, F. Beneficial Effect of Tocilizumab in Myasthenia Gravis Refractory to Rituximab. Neuromuscul.
Disord. 2017, 27, 565–568. [CrossRef]

74. Anand, P.; Slama, M.C.C.; Kaku, M.; Ong, C.; Cervantes-Arslanian, A.M.; Zhou, L.; David, W.S.; Guidon, A.C. COVID-19 in
Patients with Myasthenia Gravis. Muscle Nerve 2020, 62, 254–258. [CrossRef] [PubMed]

75. A Multi-Center, Randomized, Double-Blind, Placebo-Controlled Clinical Trial of the Efficacy and Safety of Tocilizumab in the
Treatment of Generalized Myasthenia Gravis. Available online: https://clinicaltrials.gov/ct2/show/nct05067348 (accessed on
31 August 2022).

76. A Phase III, Randomized, Double-Blind, Placebo-Controlled, Multicenter Study To Evaluate Efficacy, Safety, Pharmacokinetics,
And Pharmacodynamics Of Satralizumab In Patients With Generalized Myasthenia Gravis. Available online: https://clinicaltrials.
gov/ct2/show/nct04963270 (accessed on 4 September 2022).

77. Pelechas, E.; Memi, T.; Markatseli, T.E.; Voulgari, P.V.; Drosos, A.A. Adalimumab-Induced Myasthenia Gravis: Case-Based Review.
Rheumatol. Int. 2020, 40, 1891–1894. [CrossRef] [PubMed]

78. Nicocia, G.; Bonanno, C.; Lupica, A.; Toscano, A.; Rodolico, C. Myasthenia Gravis after Etanercept and Ustekinumab Treatment
for Psoriatic Arthritis: A Case Report. Neuromuscul. Disord. 2020, 30, 246–249. [CrossRef] [PubMed]

79. Davidson, A. Targeting BAFF in Autoimmunity. Curr. Opin. Immunol. 2010, 22, 732–739. [CrossRef]
80. Kang, S.Y.; Kang, C.H.; Lee, K.H. B-Cell–Activating Factor Is Elevated in Serum of Patients with Myasthenia Gravis. Muscle Nerve

2016, 54, 1030–1033. [CrossRef]
81. Hewett, K.; Sanders, D.B.; Grove, R.A.; Broderick, C.L.; Rudo, T.J.; Bassiri, A.; Zvartau-Hind, M.; Bril, V. Randomized Study of

Adjunctive Belimumab in Participants with Generalized Myasthenia Gravis. Neurology 2018, 90, e1425–e1434. [CrossRef]
82. Mohamed, A.J.; Yu, L.; Bäckesjö, C.M.; Vargas, L.; Faryal, R.; Aints, A.; Christensson, B.; Berglöf, A.; Vihinen, M.; Nore, B.F.; et al.

Bruton’s Tyrosine Kinase (Btk): Function, Regulation, and Transformation with Special Emphasis on the PH Domain. Immunol.
Rev. 2009, 228, 58–73. [CrossRef]

83. Estupiñán, H.Y.; Berglöf, A.; Zain, R.; Smith, C.I.E. Comparative Analysis of BTK Inhibitors and Mechanisms Underlying Adverse
Effects. Front. Cell Dev. Biol. 2021, 9, 630942. [CrossRef]

84. Reich, D.S.; Arnold, D.L.; Vermersch, P.; Bar-Or, A.; Fox, R.J.; Matta, A.; Turner, T.; Wallström, E.; Zhang, X.; Mareš, M.; et al. Safety
and Efficacy of Tolebrutinib, an Oral Brain-Penetrant BTK Inhibitor, in Relapsing Multiple Sclerosis: A Phase 2b, Randomised,
Double-Blind, Placebo-Controlled Trial. Lancet Neurol. 2021, 20, 729–738. [CrossRef]

85. A Phase 3, Randomized, Double-Blind, Placebo-Controlled, Parallel-Group Study to Evaluate the Efficacy and Safety of Tolebruti-
nib (SAR442168) in Adults With Generalized Myasthenia Gravis (MG). Available online: https://clinicaltrials.gov/ct2/show/
nct05132569 (accessed on 31 August 2022).

86. Sahashi, K.; Engel, A.G.; Lindstrom, J.M.; Lambert, E.H.; Lennon, V.A. Ultrastructural Localization of Immune Complexes
(IgG and C3) at the End-Plate in Experimental Autoimmune Myasthenia Gravis. J. Neuropathol. Exp. Neurol. 1978, 37, 212–223.
[CrossRef]

87. Kusner, L.L.; Sengupta, M.; Kaminski, H.J. Acetylcholine Receptor Antibody-Mediated Animal Models of Myasthenia Gravis and
the Role of Complement. Ann. N. Y. Acad. Sci. 2018, 1413, 136–142. [CrossRef] [PubMed]

http://doi.org/10.2147/tcrm.2006.2.3.271
http://www.ncbi.nlm.nih.gov/pubmed/18360602
http://doi.org/10.4049/jimmunol.1002539
http://www.ncbi.nlm.nih.gov/pubmed/21239719
http://doi.org/10.1136/bmjopen-2018-024523
http://www.ncbi.nlm.nih.gov/pubmed/30696682
http://doi.org/10.1016/j.neuro.2014.02.001
http://doi.org/10.1111/cge.13015
http://doi.org/10.1093/intimm/dxg111
http://doi.org/10.3389/fonc.2022.851864
https://clinicaltrials.gov/ct2/show/nct04159805
http://doi.org/10.1111/ene.15266
http://doi.org/10.1016/j.jaut.2010.12.001
http://doi.org/10.1016/j.nmd.2017.03.007
http://doi.org/10.1002/mus.26918
http://www.ncbi.nlm.nih.gov/pubmed/32392389
https://clinicaltrials.gov/ct2/show/nct05067348
https://clinicaltrials.gov/ct2/show/nct04963270
https://clinicaltrials.gov/ct2/show/nct04963270
http://doi.org/10.1007/s00296-020-04587-4
http://www.ncbi.nlm.nih.gov/pubmed/32322981
http://doi.org/10.1016/j.nmd.2020.01.001
http://www.ncbi.nlm.nih.gov/pubmed/32057636
http://doi.org/10.1016/j.coi.2010.09.010
http://doi.org/10.1002/mus.25162
http://doi.org/10.1212/WNL.0000000000005323
http://doi.org/10.1111/j.1600-065X.2008.00741.x
http://doi.org/10.3389/fcell.2021.630942
http://doi.org/10.1016/S1474-4422(21)00237-4
https://clinicaltrials.gov/ct2/show/nct05132569
https://clinicaltrials.gov/ct2/show/nct05132569
http://doi.org/10.1097/00005072-197803000-00008
http://doi.org/10.1111/nyas.13555
http://www.ncbi.nlm.nih.gov/pubmed/29356015


J. Clin. Med. 2022, 11, 6394 18 of 20

88. Nakano, S.; Engel, A.G. Myasthenia Gravis: Quantitative Immunocytochemical Analysis of Inflammatory Cells and Detection of
Complement Membrane Attack Complex at the End-Plate in 30 Patients. Neurology 1993, 43, 1167–1172. [CrossRef] [PubMed]

89. Basta, M.; Illa, I.; Dalakas, M.C. Increased in Vitro Uptake of the Complement C3b in the Serum of Patients with Guillain-Barré
Syndrome, Myasthenia Gravis and Dermatomyositis. J. Neuroimmunol. 1996, 71, 227–229. [CrossRef]

90. Romi, F.; Kristoffersen, E.K.; Aarli, J.A.; Gilhus, N.E. The Role of Complement in Myasthenia Gravis: Serological Evidence of
Complement Consumption in Vivo. J. Neuroimmunol. 2005, 158, 191–194. [CrossRef]

91. Toyka, K.V.; Drachman, D.B.; Griffin, D.E.; Pestronk, A.; Winkelstein, J.A.; Fischbeck, K.H.; Kao, I. Myasthenia Gravis. Study of
Humoral Immune Mechanisms by Passive Transfer to Mice. N. Engl. J. Med. 1977, 296, 125–131. [CrossRef]

92. Lennon, V.A. The Immunopathology of Myasthenia Gravis. Hum. Pathol. 1978, 9, 541–551. [CrossRef]
93. Menon, D.; Bril, V. Pharmacotherapy of Generalized Myasthenia Gravis with Special Emphasis on Newer Biologicals. Drugs 2022,

82, 865–887. [CrossRef]
94. Howard, J.F.; Utsugisawa, K.; Benatar, M.; Murai, H.; Barohn, R.J.; Illa, I.; Jacob, S.; Vissing, J.; Burns, T.M.; Kissel, J.T.; et al.

Safety and Efficacy of Eculizumab in Anti-Acetylcholine Receptor Antibody-Positive Refractory Generalised Myasthenia Gravis
(REGAIN): A Phase 3, Randomised, Double-Blind, Placebo-Controlled, Multicentre Study. Lancet Neurol. 2017, 16, 976–986.
[CrossRef]

95. Muppidi, S.; Utsugisawa, K.; Benatar, M.; Murai, H.; Barohn, R.J.; Illa, I.; Jacob, S.; Vissing, J.; Burns, T.M.; Kissel, J.T.; et al.
Long-Term Safety and Efficacy of Eculizumab in Generalized Myasthenia Gravis. Muscle Nerve 2019, 60, 14–24. [CrossRef]

96. Nowak, R.J.; Muppidi, S.; Beydoun, S.R.; O’Brien, F.L.; Yountz, M.; Howard, J.F. Concomitant Immunosuppressive Therapy Use
in Eculizumab-Treated Adults With Generalized Myasthenia Gravis During the REGAIN Open-Label Extension Study. Front.
Neurol. 2020, 11, 556104. [CrossRef]

97. Dalakas, M.C. Role of Complement, Anti-Complement Therapeutics, and Other Targeted Immunotherapies in Myasthenia Gravis.
Expert Rev. Clin. Immunol. 2022, 18, 691–701. [CrossRef] [PubMed]

98. Sheridan, D.; Yu, Z.X.; Zhang, Y.; Patel, R.; Sun, F.; Lasaro, M.A.; Bouchard, K.; Andrien, B.; Marozsan, A.; Wang, Y.; et al. Design
and Preclinical Characterization of ALXN1210: A Novel Anti-C5 Antibody with Extended Duration of Action. PLoS ONE 2018,
13, e0195909. [CrossRef] [PubMed]

99. Vu, T.; Meisel, A.; Mantegazza, R.; Annane, D.; Katsuno, M.; Aguzzi, R.; Enayetallah, A.; Beasley, K.N.; Rampal, N.; Howard,
J.F., Jr. Terminal Complement Inhibitor Ravulizumab in Generalized Myasthenia Gravis. NEJM Evid. 2022, 1, EVIDoa2100066.
[CrossRef]

100. Howard, J.F.; Nowak, R.J.; Wolfe, G.I.; Freimer, M.L.; Vu, T.H.; Hinton, J.L.; Benatar, M.; Duda, P.W.; MacDougall, J.E.; Farzaneh-
Far, R.; et al. Clinical Effects of the Self-Administered Subcutaneous Complement Inhibitor Zilucoplan in Patients with Moderate
to Severe Generalized Myasthenia Gravis: Results of a Phase 2 Randomized, Double-Blind, Placebo-Controlled, Multicenter
Clinical Trial. JAMA Neurol. 2020, 77, 582–592. [CrossRef]

101. A Phase 3, Multicenter, Randomized, Double Blind, Placebo-Controlled Study to Confirm the Safety, Tolerability, and Efficacy of
Zilucoplan in Subjects With Generalized Myasthenia Gravis. Available online: https://clinicaltrials.gov/ct2/show/nct04115293
(accessed on 31 August 2022).

102. Club, B.; Business, F.A.Q.; Bureau, G.D.; Investigate, T.V. UCB Announces Positive Data in Myasthenia Gravis with Zilucoplan
Phase 3 Study Results|UCB. Available online: https://www.14news.com/prnewswire/2022/02/04/ucb-announces-positive-
data-myasthenia-gravis-with-zilucoplan-phase-3-study-results/?outputType=amp (accessed on 4 September 2022).

103. Kang, T.H.; Jung, S.T. Boosting Therapeutic Potency of Antibodies by Taming Fc Domain Functions. Exp. Mol. Med. 2019, 51, 1–9.
[CrossRef]

104. Patel, D.D.; Bussel, J.B. Neonatal Fc Receptor in Human Immunity: Function and Role in Therapeutic Intervention. J. Allergy Clin.
Immunol. 2020, 146, 467–478. [CrossRef]

105. Sesarman, A.; Vidarsson, G.; Sitaru, C. The Neonatal Fc Receptor as Therapeutic Target in IgG-Mediated Autoimmune Diseases.
Cell. Mol. Life Sci. 2010, 67, 2533–2550. [CrossRef] [PubMed]

106. Habib, A.A.; Ahmadi Jazi, G.; Mozaffar, T. Update on Immune-Mediated Therapies for Myasthenia Gravis. Muscle Nerve 2020, 62,
579–592. [CrossRef]

107. Huda, R. New Approaches to Targeting B Cells for Myasthenia Gravis Therapy. Front. Immunol. 2020, 11, 240. [CrossRef]
108. Ulrichts, P.; Guglietta, A.; Dreier, T.; Van Bragt, T.; Hanssens, V.; Hofman, E.; Vankerckhoven, B.; Verheesen, P.; Ongenae, N.;

Lykhopiy, V.; et al. Neonatal Fc Receptor Antagonist Efgartigimod Safely and Sustainably Reduces IgGs in Humans. J. Clin.
Investig. 2018, 128, 4372–4386. [CrossRef]

http://doi.org/10.1212/WNL.43.6.1167
http://www.ncbi.nlm.nih.gov/pubmed/8170563
http://doi.org/10.1016/S0165-5728(96)00133-6
http://doi.org/10.1016/j.jneuroim.2004.08.002
http://doi.org/10.1056/NEJM197701202960301
http://doi.org/10.1016/S0046-8177(78)80135-X
http://doi.org/10.1007/s40265-022-01726-y
http://doi.org/10.1016/S1474-4422(17)30369-1
http://doi.org/10.1002/mus.26447
http://doi.org/10.3389/fneur.2020.556104
http://doi.org/10.1080/1744666X.2022.2082946
http://www.ncbi.nlm.nih.gov/pubmed/35730504
http://doi.org/10.1371/journal.pone.0195909
http://www.ncbi.nlm.nih.gov/pubmed/29649283
http://doi.org/10.1056/EVIDoa2100066
http://doi.org/10.1001/jamaneurol.2019.5125
https://clinicaltrials.gov/ct2/show/nct04115293
https://www.14news.com/prnewswire/2022/02/04/ucb-announces-positive-data-myasthenia-gravis-with-zilucoplan-phase-3-study-results/?outputType=amp
https://www.14news.com/prnewswire/2022/02/04/ucb-announces-positive-data-myasthenia-gravis-with-zilucoplan-phase-3-study-results/?outputType=amp
http://doi.org/10.1038/s12276-019-0345-9
http://doi.org/10.1016/j.jaci.2020.07.015
http://doi.org/10.1007/s00018-010-0318-6
http://www.ncbi.nlm.nih.gov/pubmed/20217455
http://doi.org/10.1002/mus.26919
http://doi.org/10.3389/fimmu.2020.00240
http://doi.org/10.1172/JCI97911


J. Clin. Med. 2022, 11, 6394 19 of 20

109. Howard, J.F.; Bril, V.; Burns, T.M.; Mantegazza, R.; Bilinska, M.; Szczudlik, A.; Beydoun, S.; Garrido, F.J.R.D.R.; Piehl, F.; Rottoli,
M.; et al. Randomized Phase 2 Study of FcRn Antagonist Efgartigimod in Generalized Myasthenia Gravis. Neurology 2019, 92,
e2661–e2673. [CrossRef]

110. Howard, J.F.; Bril, V.; Vu, T.; Karam, C.; Peric, S.; Margania, T.; Murai, H.; Bilinska, M.; Shakarishvili, R.; Smilowski, M.; et al.
Safety, Efficacy, and Tolerability of Efgartigimod in Patients with Generalised Myasthenia Gravis (ADAPT): A Multicentre,
Randomised, Placebo-Controlled, Phase 3 Trial. Lancet Neurol. 2021, 20, 526–536. [CrossRef]

111. Evaluating the Pharmacodynamic Noninferiority of Efgartigimod PH20 SC Administered Subcutaneously as Compared to
Efgartigimod Administered Intravenously in Patients with Generalized Myasthenia Gravis (ADAPTsc). Available online:
https://clinicaltrials.gov/ct2/show/nct04735432 (accessed on 31 August 2022).

112. Evaluating the Long-Term Safety and Tolerability of Efgartigimod PH20 SC Administered Subcutaneously in Patients with
Generalized Myasthenia Gravis (ADAPTsc+). Available online: https://clinicaltrials.gov/ct2/Show/nct04818671 (accessed on
31 August 2022).

113. FDA Approves New Treatment for Myasthenia Gravis. Available online: https://www.fda.gov/news-events/press-
announcements/fda-approves-new-treatment-myasthenia-gravis (accessed on 31 August 2022).

114. European Medicines Agency Authorization for Vyvgart (Efgartigimod) in Myasthenia Gravis. Available online: https://www.
ema.europa.eu/en/medicines/human/epar/vyvgart#authorisation-details-section (accessed on 4 September 2022).

115. Efgartigimod Expanded Access for Generalized Myasthenia Gravis. Available online: https://clinicaltrials.gov/ct2/show/nct0
4777734 (accessed on 31 August 2022).

116. Smith, B.; Kiessling, A.; Lledo-Garcia, R.; Dixon, K.L.; Christodoulou, L.; Catley, M.C.; Atherfold, P.; D’Hooghe, L.E.; Finney, H.;
Greenslade, K.; et al. Generation and Characterization of a High Affinity Anti-Human FcRn Antibody, Rozanolixizumab, and the
Effects of Different Molecular Formats on the Reduction of Plasma IgG Concentration. MAbs 2018, 10, 1111–1130. [CrossRef]
[PubMed]

117. Bril, V.; Benatar, M.; Andersen, H.; Vissing, J.; Brock, M.; Greve, B.; Kiessling, P.; Woltering, F.; Griffin, L.; van den Bergh, P.
Efficacy and Safety of Rozanolixizumab in Moderate to Severe Generalized Myasthenia Gravis: A Phase 2 Randomized Control
Trial. Neurology 2021, 96, e853–e865. [CrossRef] [PubMed]

118. An Open-Label Extension Study to Evaluate Rozanolixizumab in Study Participants with Generalized Myasthenia Gravis.
Available online: https://clinicaltrials.gov/ct2/show/nct04650854 (accessed on 31 August 2022).

119. Ling, L.E.; Hillson, J.L.; Tiessen, R.G.; Bosje, T.; van Iersel, M.P.; Nix, D.J.; Markowitz, L.; Cilfone, N.A.; Duffner, J.; Streisand, J.B.;
et al. M281, an Anti-FcRn Antibody: Pharmacodynamics, Pharmacokinetics, and Safety Across the Full Range of IgG Reduction
in a First-in-Human Study. Clin. Pharmacol. Ther. 2019, 105, 1031–1039. [CrossRef]

120. Guptill, J.; Antozzi, C.; Bril, V.; Gamez, J.; Meuth, S.G.; Muñoz Blanco, J.L.; Nowak, R.J.; Quan, D.; Sevilla, T.; Szczudlik, A.; et al.
Vivacity-MG: A Phase 2, Multicenter, Randomized, Double-Blind, Placebo-Controlled Study to Evaluate the Safety, Tolerability,
Efficacy, Pharmacokinetics, Pharmacodynamics, and Immunogenicity of Nipocalimab Administered to Adults with Generalized
Myasthenia Gravis. Neurol. 2021, 96 (Suppl. 15), 2157.

121. A Study of Nipocalimab Administered to Adults with Generalized Myasthenia Gravis. Available online: https://clinicaltrials.
gov/ct2/show/nct04951622 (accessed on 31 August 2022).

122. Post-Trial Access for Nipocalimab in Participants with Warm Autoimmune Hemolytic Anemia (WAIHA). Available online:
https://clinicaltrials.gov/ct2/show/nct05221619 (accessed on 31 August 2022).

123. Zuercher, A.W.; Spirig, R.; Baz Morelli, A.; Rowe, T.; Käsermann, F. Next-Generation Fc Receptor–Targeting Biologics for
Autoimmune Diseases. Autoimmun. Rev. 2019, 18, 102366. [CrossRef]

124. Yan, C.; Duan, R.S.; Yang, H.; Li, H.F.; Zou, Z.; Zhang, H.; Zhou, H.; Li, X.L.; Zhou, H.; Jiao, L.; et al. Therapeutic Effects of
Batoclimab in Chinese Patients with Generalized Myasthenia Gravis: A Double-Blinded, Randomized, Placebo-Controlled Phase
II Study. Neurol. Ther. 2022, 11, 815–834. [CrossRef]

125. Phase 3 Study to Assess the Efficacy and Safety of Batoclimab as Induction and Maintenance Therapy in Adult Participants with
Generalized Myasthenia Gravis. Available online: https://clinicaltrials.gov/ct2/show/nct05403541 (accessed on 31 August 2022).

126. Blumberg, L.J.; Humphries, J.E.; Jones, S.D.; Pearce, L.B.; Holgate, R.; Hearn, A.; Cheung, J.; Mahmood, A.; Del Tito, B.; Graydon,
J.S.; et al. Blocking FcRn in Humans Reduces Circulating IgG Levels and Inhibits IgG Immune Complex-Mediated Immune
Responses. Sci. Adv. 2019, 5, eaax9586. [CrossRef]

127. A Safety Study of SYNT001 in Subjects with Chronic, Stable Warm Autoimmune Hemolytic Anemia (WAIHA). Available online:
https://clinicaltrials.gov/ct2/show/nct03075878 (accessed on 31 August 2022).

128. Werth, V.P.; Culton, D.A.; Concha, J.S.S.; Graydon, J.S.; Blumberg, L.J.; Okawa, J.; Pyzik, M.; Blumberg, R.S.; Hall, R.P. Safety,
Tolerability, and Activity of ALXN1830 Targeting the Neonatal Fc Receptor in Chronic Pemphigus. J. Investig. Dermatol. 2021, 141,
2858–2865.e4. [CrossRef]

129. Affibody Announces Termination of ABY-039 (FcRn) Program. Available online: https://www.affibody.se/affibody-announces-
termination-of-aby-039-fcrn-program/#:~{}:text=aby-039%20is%20a%20bivalent%20antibody-mimetic%20that%20targets%20
the,in%20patients%20with%20myasthenia%20gravis%20in%20Phase%203. (accessed on 31 August 2022).

130. A Study to Investigate the Safety, Tolerability and Pharmacokinetics of ABY-039. Available online: https://clinicaltrials.gov/ct2
/show/nct03502954 (accessed on 31 August 2022).

http://doi.org/10.1212/WNL.0000000000007600
http://doi.org/10.1016/S1474-4422(21)00159-9
https://clinicaltrials.gov/ct2/show/nct04735432
https://clinicaltrials.gov/ct2/Show/nct04818671
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-myasthenia-gravis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-myasthenia-gravis
https://www.ema.europa.eu/en/medicines/human/epar/vyvgart#authorisation-details-section
https://www.ema.europa.eu/en/medicines/human/epar/vyvgart#authorisation-details-section
https://clinicaltrials.gov/ct2/show/nct04777734
https://clinicaltrials.gov/ct2/show/nct04777734
http://doi.org/10.1080/19420862.2018.1505464
http://www.ncbi.nlm.nih.gov/pubmed/30130439
http://doi.org/10.1212/WNL.0000000000011108
http://www.ncbi.nlm.nih.gov/pubmed/33219142
https://clinicaltrials.gov/ct2/show/nct04650854
http://doi.org/10.1002/cpt.1276
https://clinicaltrials.gov/ct2/show/nct04951622
https://clinicaltrials.gov/ct2/show/nct04951622
https://clinicaltrials.gov/ct2/show/nct05221619
http://doi.org/10.1016/j.autrev.2019.102366
http://doi.org/10.1007/s40120-022-00345-9
https://clinicaltrials.gov/ct2/show/nct05403541
http://doi.org/10.1126/sciadv.aax9586
https://clinicaltrials.gov/ct2/show/nct03075878
http://doi.org/10.1016/j.jid.2021.04.031
https://www.affibody.se/affibody-announces-termination-of-aby-039-fcrn-program/#:~{}:text=aby-039%20is%20a%20bivalent%20antibody-mimetic%20that%20targets%20the,in%20patients%20with%20myasthenia%20gravis%20in%20Phase%203.
https://www.affibody.se/affibody-announces-termination-of-aby-039-fcrn-program/#:~{}:text=aby-039%20is%20a%20bivalent%20antibody-mimetic%20that%20targets%20the,in%20patients%20with%20myasthenia%20gravis%20in%20Phase%203.
https://www.affibody.se/affibody-announces-termination-of-aby-039-fcrn-program/#:~{}:text=aby-039%20is%20a%20bivalent%20antibody-mimetic%20that%20targets%20the,in%20patients%20with%20myasthenia%20gravis%20in%20Phase%203.
https://clinicaltrials.gov/ct2/show/nct03502954
https://clinicaltrials.gov/ct2/show/nct03502954


J. Clin. Med. 2022, 11, 6394 20 of 20

131. Seijsing, J.; Lindborg, M.; Höidén-Guthenberg, I.; Bönisch, H.; Guneriusson, E.; Frejd, F.Y.; Abrahmsén, L.; Ekblad, C.; Löfblom,
J.; Uhlén, M.; et al. An Engineered Affibody Molecule with PH-Dependent Binding to FcRN Mediates Extended Circulatory
Half-Life of a Fusion Protein. Proc. Natl. Acad. Sci. USA 2014, 111, 17110–17115. [CrossRef] [PubMed]

132. Sabre, L.; Punga, T.; Punga, A.R. Circulating MiRNAs as Potential Biomarkers in Myasthenia Gravis: Tools for Personalized
Medicine. Front. Immunol. 2020, 11, 213. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1417717111
http://www.ncbi.nlm.nih.gov/pubmed/25406323
http://doi.org/10.3389/fimmu.2020.00213
http://www.ncbi.nlm.nih.gov/pubmed/32194544

	Introduction 
	Pathophysiology of Myasthenia Gravis 
	New Therapeutic Strategies in Myasthenia Gravis 
	B-Cell Inhibitors 
	Direct B-Cell Inhibitors 
	Indirect B-Cell Inhibitors 

	Complement Inhibitors 
	FcRn Inhibitors 
	Efgartigimod 
	Rozanolixizumab 
	Nipocalimab 
	Batoclimab 
	Other FcRn Antagonists and Related Drugs 


	Discussion and Conclusions 
	References

