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Abstract

In recent decades, the treatment of myasthenia gravis has been extensively
developed, but a standardized standard still needs to be used. Its treatment
strategy is associated with patient prognosis, economic costs, and complica-
tions. This article reviews the pathogenesis, treatment methods, and compli-
cations of myasthenia gravis, providing new ideas for diagnosing and treating
myasthenia gravis and fully embodies the principle of safety and precision.
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1. Introduction

Myasthenia Gravis (MQG) is a disease that targets neuromuscular joints and post-
synaptic membrane antibodies. Its clinical feature involves skeletal muscles be-
coming tired and weak, with varying degrees of severity [1]. The annual inci-
dence of this disease ranges from 4.1 to 30 cases per million people, while the
yearly prevalence rate is 150 to 200 cases per million people [2]. Due to immune
attacks on the postsynaptic membrane of neuromuscular joints, the typical
symptoms are fluctuating weakness and fatigue, affecting their eye muscles,
spinal cord function, limbs, and respiratory muscles. MG is one of the treatable
neurological diseases. Currently, the main clinical treatments for this disease are
drug treatment, surgical treatment, and traditional Chinese medicine. [3] Signif-
icant progress has been made in developing innovative treatment methods in
recent decades. Yet, there still needs to be standardized and uniform treatment
standards, and the traditional treatment methods have some deficiencies. Hence,

opting for a rational diagnosis and treatment strategy is crucial. A review of MG’s
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latest biological treatment strategies is presented to garner greater clinical atten-
tion towards this rare neurological disease and enable more patients to access op-

timal care.

2. Traditional Treatment Strategies and Their Shortcomings
2.1. Anticholinesterase Drugs

Neurodegenerative diseases are a group of disorders characterized by the pro-
gressive loss of structure or function of neurons, including Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis. Acetylcholinesterase
(AChE) plays a crucial role in the pathogenesis of these disorders by influencing
inflammatory responses, cell apoptosis, oxidative stress, and aggregation of pa-
thological proteins. Initially, neostigmine and physostigmine were identified by
Scottish doctors as drugs that transiently improved skeletal muscle in patients
with myasthenia gravis (MG) and were called the “Mary Walke effect” [4]. Once
the diagnosis of MG is established, treatment should be to control the symptoms
promptly. Acetylcholinesterase inhibitors (AChEI), such as pyridostigmine bro-
mide, are the most common symptomatic treatment drugs, and their clinical ef-
ficacy has been confirmed by electrophysiological measurements [5]. Good clin-
ical practice has supported their widespread use in the treatment of MG [6].
These drugs improve the structure and functional defects of the neuromuscular
junction (NM]) in patients with MG by prolonging the release of acetylcholine
into the synaptic cleft. However, the use of AChEI can lead to excessive accu-
mulation of acetylcholine at the NMJ and synapses, resulting in symptoms of
muscarinic and nicotinic toxicity. In a study by Remijn-Nelissen et al [7], all pa-
tients treated with pyridostigmine for MG reported side effects (55% in the con-
trol group). The most common side effects were gastrointestinal gas, urinary ur-
gency, muscle spasms, blurred vision, and hyperhidrosis, with 26% of patients
discontinuing treatment due to intolerance. The study found that the most
common reason for stopping pyridostigmine was diarrhea, abdominal cramps,
and muscle cramps. Currently, AChEIs are commonly used for the clinical di-
agnosis of MG. In addition to using AChEIs alone to improve symptoms in early
generalized MG treatment, other cases require combined medication. However,
the combined pill has many adverse reactions and is difficult to control. Due to
the many adverse reactions of AChEIs and to fully embody the concept of indi-
vidualized precision medicine and maximize patient benefits, seeking new treat-
ment strategies or developing new AChEI drugs at appropriate times is neces-

sary.

2.2. Thymectomy

The thymus has been recognized as the primary site of auto-sensitization in pa-
tients with AChR-MG, with most of these patients exhibiting thymus abnormal-
ities, including follicular hyperplasia and thymoma [8]. The reported thymic
hyperplasia in about 70% of patients with early-onset MG represents the ratio-
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nale behind thymectomy as a therapeutic strategy to modify the natural course
of MG. The underlying concept is to remove the site of the autoimmune attack
that is responsible for self-sensitization [9]. Wolfe et al. [10] conducted a mul-
ti-center, randomized trial comparing the efficacy of thymectomy plus predni-
sone versus prednisone alone in patients with MG. The results showed that pa-
tients who underwent thymectomy had a lower time-weighted average severe
quantitative muscle weakness score over three years compared to patients who
received prednisone alone (6.15 vs. 8.99, p < 0.001). The thymectomy group also
had a lower average requirement for prednisone (44 mg vs. 60 mg, p < 0.001).
There were fewer patients in the thymectomy group compared to the predni-
sone-alone group who required azathioprine immunosuppression (17% vs. 48%,
p < 0.001) or were hospitalized due to acute exacerbations (9% vs. 37%, p <
0.001). The two groups had no significant difference in the number of patients
with treatment-related complications (p = 0.73). Still, the thymectomy group
had fewer treatment-related symptoms related to immunosuppression (p <
0.001) and lower symptom-related distress (p = 0.003). This confirms the bene-
ficial effect of thymectomy in patients with hyperplastic thymus and supports
using thymectomy as a therapeutic strategy to modify the natural course of MG,
particularly in non-thymoma MG patients. However, the significance of thy-
mectomy in the treatment of non-thymoma MG has remained controversial un-
til recent times. Zhang et al. [11] proposed that thymectomy applies to almost all
patients with thymoma and severe myasthenia gravis patients with acetylcholine
receptor antibodies. This includes patients with severe myasthenia gravis, espe-
cially young female patients; patients who are refractory to or intolerant of med-
ical therapy; patients with thymic tumors or thymic enlargement; and patients
with thymic inflammation or other severe comorbidities. It is particularly suita-
ble for patients with acetylcholine receptor antibodies, severe myasthenia gravis,
symptoms not limited to ocular myasthenia gravis, age < 50 years, and short du-
ration of severe myasthenia gravis. A study has shown [12] that among 46 pa-
tients with severe myasthenia gravis undergoing thymectomy, thymoma (23.96%)
was more common in elderly patients (53 + 20 years old compared to 33 + 24
years old) and males (54.5% compared to 18.8%). One year after thymectomy,
28.2% of patients had a poor prognosis, while 54.3% of patients had a good
prognosis. Thymectomy in patients with MG can have a wide range of histolog-
ical findings, from normal thymus to thymoma, with a preference for cortical
phenotype. Still, there may be some errors in pathological specimens [13]. The
incidence and prevalence of MG patients with thymoma are relatively low, and
the inconsistent results of various studies and the need for long-term observa-
tion of treatment efficacy make it challenging to generate compelling data. A
comprehensive analysis suggests that thymectomy can be beneficial under cer-
tain conditions, as it can significantly reduce the medication dosage required by
postoperative MG patients. For MG patients with thymoma, the risk of surgery
should be jointly considered by thoracic surgeons and neurologists, often under

stable conditions, to reduce the incidence of postoperative crisis. However, sur-
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gery may not significantly improve MG symptoms in patients with malignant

thymoma, as it primarily aims to treat the thymoma itself.

2.3. Immunosuppressive Drugs

Immunosuppression is a common clinical approach for treating MG, including
“broad-spectrum” immunosuppressive therapy using drugs such as corticoste-
roids, azathioprine, mycophenolate mofetil, methotrexate, ciclosporin, tacroli-
mus, etc. In 1935, Simon [14] reported the effectiveness of using pituitary ex-
tracts to treat MG. This may be the first description of the therapeutic effect of
corticosteroids on MG. However, there is currently no standard oral corticoste-
roid dosing regimen in guidelines. Glucocorticoids (GC) are the preferred
treatment for MG, based on their rapid onset of action, low cost, and high effi-
ciency, which can improve the condition of 80% - 95% of patients. Once the
symptoms are relieved, the corticosteroid dose should be reduced or stopped to
minimize long-term side effects [15]. With their widespread use, the side effects
of corticosteroids have been extensively studied, including side effects ranging
from mild to severe, affecting multiple bodily systems, including musculoskeletal
(such as osteoporosis and muscle disease), metabolic and endocrine (such as
hyperglycemia, Cushing’s syndrome, weight gain, and hirsutism), immunologi-
cal (such as infection), cardiovascular (such as hypertension and arrhythmia),
gastrointestinal (such as gastric ulcer and bleeding), neuropsychiatric (such as
mood changes and psychosis), ocular (such as glaucoma and cataracts), and la-
boratory abnormalities (such as hypokalemia) [16]. Menon D [17] et al believe
that this type of treatment has many drawbacks, such as increasing the risk of
life-threatening infections, widespread systemic side effects, delayed onset of ac-
tion, and an apparent increase in the risk of malignancies and drug toxicity. In
clinical practice, most patients experience significant side effects after long-term
use of immunosuppressants. At the same time, reducing the dosage of immuno-
suppressants is associated with a risk of recurrence. If the reduction is too rapid,
the risk of recurrence increases even more. Therefore, GC is generally used as a
first-line rescue treatment for MG patients experiencing side effects when using
AChEL

2.3.1. Azathioprine

Azathioprine is a purine analog whose metabolism produces the active com-
pounds 6-mercaptopurine and 6-thioguanine triphosphate. These metabolites
inhibit cell synthesis and replication by incorporating into DNA and RNA, thus
limiting lymphocyte proliferation [18]. As early as 150 years ago, azathioprine
was successfully used to treat MG at 200 - 1969 mg/d [19]. A prospective ran-
domized study included three MG patients and compared prednisolone + aza-
thioprine with prednisolone + placebo, finding that maintenance remission rates
were significantly lower in the prednisolone group compared with the placebo
group, with a lower recurrence rate in the azathioprine group [20]. Another

prospective randomized study showed that using azathioprine reduced predni-
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solone dosing rapidly [21]. In clinical practice, azathioprine is one of the pre-
ferred steroid-sparing agents for patients who cannot receive corticosteroids or
are taking corticosteroids but cannot tolerate the side effects. It is initiated at a
dose of 50 mg daily for two weeks, then gradually increased to the total amount
of 2 - 3 mg/kg/day, rarely causing idiosyncratic reactions but requiring regular
monitoring of peripheral blood cell count and liver enzymes, with good tolera-

bility and low incidence of side effects.

2.3.2. Tacrolimus

Tacrolimus (FK 506) is a macrolide antibiotic that functions similarly to cyclos-
porine A (CsA). By binding with immunophilin, calmodulin was inhibited, in-
terleukin synthesis, nitric oxide synthase activation, and cell degranulation, and
the effect of glucocorticoid was enhanced. [22]. A systematic review of prospec-
tive clinical trials from 1947 to 2014 showed that tacrolimus reduced QMG
scores and corticosteroid burden in patients with refractory and newly diag-
nosed MG [23]. The starting dose of tacrolimus is 4 mg/d or 8 - 10 mg/kg/d ad-
ministered twice daily, with a target trough concentration of 81.90 - 91 ng/mL
[24]. Side effects include hyperglycemia, hypomagnesemia, hypertension, head-

ache, tremors, diarrhea, nausea, and sensory abnormalities [25].

2.3.3. Cyclosporine

CsA is a lipophilic cyclic peptide derived from fungi that inhibits T-cell activa-
tion by blocking the transcription of cytokine genes [22]. Cyclosporine is effec-
tive in patients with MG who are refractory to standard first-line agents or de-
pendent on IVIG or PLEX for a long time. A study evaluated CsA treatment in
52 patients with severe generalized MG whose disease was not controlled by an-
ti-cholinesterase drugs, thymectomy, corticosteroids, and azathioprine. This
study showed that CsA is an effective and safe treatment for severe and refrac-
tory forms of MG [26]. It is initiated at a dose of 3 mg/kg/d and increased to 6
mg/kg/d, titrated based on clinical response, therapeutic drug monitoring (400 -
600 ng/mL), or serum creatinine levels [27]. Possible side effects include in-
fluenza-like symptoms, myalgia, nephrotoxicity, hypertension, gingival hyper-
plasia, hypertrichosis, postural tremors, headache, sensory abnormalities, and
optic neuropathy [26].

Although such treatments have significantly improved patients’ survival rates,
MG patients’ quality of life still needs improvement. Introducing new alternative
treatment options is the key to changing the clinical treatment pattern of MG.
Current biologics can specifically eliminate abnormal antibodies, reducing at-
tacks on the neuromuscular system and improving MG symptoms, and may be-
come potential alternative treatment options to immunosuppressants for treat-
ing MG.

2.4. Venous Plasma Replacement and Immunoglobulin Therapy

Plasma exchange has been widely used in autoimmune neurological diseases and
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is the standard treatment for myasthenic crisis and Guillain-Barre syndrome
(GBS) [28]. Currently, plasma exchange (PE) is commonly used for patients with
acute exacerbation of MG. Safa et al [29] suggested that patients receiving
intravenous immunoglobulin (IVIG) or plasma exchange (PLEX) as first-line
treatment have better outcomes in improving MG symptoms compared to pa-
tients receiving steroid treatment alone (95% vs 63%, p = 0.011). Nagayasu ef al.
[30] conducted a study that showed preoperative plasma exchange may help
improve the prognosis of MG patients after thymectomy. In early observational
reports [31], IVIG was effective in nearly 70% - 75% of MG patients. Peng et al
[32] believed that PE combined with IVIG could effectively enhance the immune
function of MG patients and promote the prognosis, ensuring treatment safety.
Japanese researchers have shown that PE can be applied to various neurological
diseases to recognize immune involvement [33]. The most common illnesses
treated by PE are MG, followed by autoimmune encephalitis/encephalopathy,
multiple sclerosis (MS), neuromyelitis optica spectrum disorder (NMOSD),
chronic inflammatory demyelinating polyneuropathy (CIDP), and GBS. Current
MG guidelines recommend intravenous immunoglobulin or PE during the
myasthenic crisis. Still, intravenous immunoglobulin or PE is expensive and of-
ten unavailable in developing countries, and there is a risk of blood-borne infec-

tions during plasma exchange therapy.

3. New Treatments with Biological Drugs

Some MG patients either do not respond adequately or have poor tolerance to
existing drugs, thus necessitating new treatments. This paper describes the latest
situation of three categories of targeted biological agents in chronic manage-
ment, with complement inhibitors, FcRn cells, and B cells as the focus for treat-
ing MG.

3.1. FcRn Cell Therapy Strategy

A study by Nair SS [34] et al found that FcRn blockers and B cell depletion
agents have shown promising efficacy in MG treatment regimens. Such drugs
are most valuable for refractory MG patients, and their use in early severe pa-
tients may alleviate symptoms. Neonatal Fc receptor (nFcR) antagonists are a
new class of drugs first used in MG [35]. The neonatal Fc receptor (FcRn) func-
tions as the intracellular protective receptor for IgG [36]. Antagonizing FcRn to
prevent its binding with IgG can accelerate the latter’s catabolism, reducing IgG
levels, including pathogenic autoantibodies, thereby achieving therapeutic effects
[37]. The ability of these drugs to rapidly reduce circulating Igs provides a new
therapeutic option for antibody-mediated diseases; if proven effective, nFcR could
become an alternative to intravenous immunoglobulin or plasma exchange,
overcoming the increasing demand for human plasma or the feasibility of single
donation in patients with poor vascular access [38]. Keller et al [39] are devel-

oping therapeutic strategies that utilize FcRn function to enhance endogenous
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IgG degradation or increase the serum half-life of therapeutic Abs, which could

significantly improve the treatment management of MG.

3.2. FcRn Therapeutics

Efgartigimod is an Fc fragment, while rozanolixizumab, batoclimab, nipocali-
mab, and olisoxib are monoclonal antibodies against FcRn. Efgartigimod has
been FDA-approved for managing refractory generalized myasthenia gravis
(gMG) and is currently undergoing phase III trials for nipocalimab and batocli-
mab [40]. Studies have shown that efgartigimod improves health-related quality
of life in gMG patients, with significant and rapid improvement in HRQoL ob-
served up to 2 weeks after the first infusion of TC 8 and TC 1 [41]. In critical
clinical trials of gM@G patients, efgartigimod a rapidly reduced disease symptoms
and improved quality of life [42]. Rozanolixizumab is also being developed to
mitigate pathogenic IgG in autoimmune and alloimmune diseases [43]. In vari-
ous phase I, II, and III trials to date, phase I trials have assessed the drug’s safety,
tolerability, pharmacokinetics, and pharmacodynamics on circulating IgG con-
centrations. Pharmacokinetics showed nonlinear increases with dose, and serum
IgG concentrations (IV and SC rozanolixizumab) had sustained dose-dependent
reductions [44]. Phase II trials have investigated clinical efficacy and safety in
gMG patients, with data suggesting that rozanolixizumab may provide clinical
benefits to gMG patients, usually with good tolerability [45]. Compared to
FcRn-targeted therapies, the regulation of classic FcyR function or signaling has
been less studied in MG, and further research is needed to understand their bi-
ology and potential pathogenic role in MG. FcyR modulation may benefit sever-
al Ab-mediated autoimmune diseases [39]. This year, efgartigimod has been of-
ficially launched in China and approved by the National Medical Products Ad-
ministration to be used in combination with conventional therapeutic drugs for
the treatment of adult generalized myasthenia gravis patients with acetylcholine
receptor (AChR) antibody positivity. This marks a milestone in helping MG pa-

tients improve muscle strength and quality of life.

3.3. Targeted B-Cell Therapeutic Strategies and Drugs

B-cells are a vital element in the immunopathogenesis of MG, and drugs that se-
lectively target these cells may be therapeutically relevant. Therefore, therapeutic
approaches that target critical molecules of B-cells (primarily CD19 and CD20)
are expected to be effective in treating MG [46]. CD20 plays a crucial role in
B-cell growth and differentiation into plasma cells. Rituximab, a chimeric mo-
noclonal antibody against the B-cell surface antigen CD20, depletes CD20-positive
B-cells for 6 - 12 months, primarily through cell apoptosis and receptor down-
regulation. Its immune effects include reducing antigen presentation, reducing
cytokine production, T-cell and macrophage activation, and upregulating Treg
cells [47]. Compared to rituximab, epratuzumab is a humanized IgGka monoc-

lonal antibody that targets the CD19 surface antigen on B-cells. A placebo-controlled
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trial for NMO spectrum disorders showed that the treatment group had a lower
recurrence rate, indicating that epratuzumab may also be a targeted B-cell ther-
apy option for MG [48]. In addition, inflammatory cytokines initiate and acti-
vate dendritic cells, antigen-specific helper T-cells, and B-cells, inducing patho-
genic differentiation and development of plasma cells. Therefore, drugs that in-
hibit cytokine/chemokine activity represent an effective potential therapeutic
strategy [49]. Studies have shown that abnormal proportions and functions of
Breg cells can cause harmful effects in MG patients and trigger autoimmunity
[50]. A better understanding of the interactions between human Breg and other
immune cells, especially in the thymus of MG patients, is worth pursuing to de-
velop new therapeutic strategies. Non-controlled studies have shown that the use
of rituximab can significantly reduce or discontinue the use of steroids and other
immunosuppressants [51]. Compared to acetylcholine receptor antibodies
(AChR Ab+), rituximab is more effective in MuSK Ab+ MG [52]. However, side
effects include infusion reactions (itching, redness, shortness of breath, and
chills), infections, hematological disorders, alopecia, and atrial fibrillation [53].
In addition, drugs that inhibit cytokine/chemokine activity represent an effective
potential therapeutic strategy [52]. Studies have shown that abnormal propor-
tions and functions of Breg cells can cause harmful effects in MG patients and
trigger autoimmunity [53]. A better understanding of the interactions between
human Breg and other immune cells, especially in the thymus of MG patients, is

worth pursuing to develop new therapeutic strategies.

3.4. Complement Inhibitor Therapeutic Strategies and Drugs

The main driver of the pathology of AChR antibody-positive MG is represented
by complement activation. The role of the complement cascade has been widely
demonstrated in patients and MG animal models [54]. The primary function of
complement is to recognize and destroy invading microorganisms through the
formation of the membrane attack complex (MAC) [55], and it also plays a cru-
cial role in adaptive immunity by enhancing the antibody response. It is asso-
ciated with clearing apoptotic cells and immune complexes [56]. Anti-C5 thera-
py has been used in patients with gMG and NMOSD, two neurological disorders
driven by different pathogenic autoantibodies, which have become catalysts for
developing complement inhibitors in this field [57]. Targeting the complement
cascade represents a new strategy based on pathological mechanism principles.
Therefore, compared with current conventional therapies, it has the potential for
faster and better disease control with higher tolerance and safety. Zilucoplan is a
C5 macrocyclic peptide inhibitor undergoing preclinical development, which
can be self-administered via daily SC injection to rapidly and powerfully reduce
complement activity and improve patient symptoms, demonstrating good safety
and tolerability in Phase I and II studies [58]. Eculizumab, a monoclonal anti-
body, prevents the cleavage of C5 and inhibits complement-mediated membrane
lysis [59]. It was approved by the FDA for AChR-positive MG patients in 2017
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[60], becoming the first FDA-approved complement inhibition therapy for MG.
For patients with antibodies that activate the complement cascade, this drug can
effectively improve symptoms but requires a combination with immunosup-
pressive treatment, as eculizumab only inhibits terminal complement activation
[61]. Ravulizumab is the next-generation eculizumab, a monoclonal antibody
targeting complement C5. It is modified by four amino acid substitutions on the
heavy chain of the drug, promoting the separation of C5 within the nuclear
body. Changing the Fc fragment also increases ravulizumab’s affinity for FcRn,
avoiding intracellular degradation and prolonging its half-life in the blood [39].
Zilucoplan is a synthetic macrolide drug with a more extraordinary relationship
for inhibiting C5 complement cleavage and also binds to preformed C5b, block-
ing its interaction with the C6 complement [58]. It was initially developed as a
replacement for eculizumab-resistant patients with paroxysmal nocturnal he-
moglobinuria (PNH), with the advantages of self-administration and rapid SC
administration [17]. In summary, complement inhibitors are expected to be-
come a new standard for treating generalized severe myasthenia gravis patients,
providing earlier treatment for more patients. This will reduce dosing frequency

and patient burden, increasing patient compliance with treatment.

4. Summary and Outlook

The treatment of MG requires consideration of multiple aspects, including
symptom relief, disease control, prognosis improvement, and hospitalization
cost reduction. Therefore, personalized and individualized treatment is neces-
sary. For the treatment of MG, a comprehensive approach is essential, but it
needs to be personalized based on each patient’s specific situation. Different
causes and mechanisms require other treatment plans, addressing the primary
symptoms while also addressing the patient’s primary symptoms. Each patient’s
psychological state, lifestyle, and economic conditions can also affect the treat-
ment effect. Psychological counseling, guidance on lifestyle habits, and selecting
appropriate treatment plans can achieve the best treatment effect.

Modern medicine has accumulated experience treating MG, providing clini-
cians with specific ideas and methods, but a suitable treatment plan still needs to
be a standard. The ideal goal of MG treatment is to control and relieve symp-
toms while minimizing drug side effects. This goal currently requires more work
to achieve. MG patients have significant genetic backgrounds, clinical manifesta-
tions, and drug reactions. Conventional treatment methods have certain defects
for patients who are drug-resistant or cannot tolerate side effects. According to
current clinical trials and evidence, new biological agent therapies may replace
traditional treatment methods as the first choice for MG treatment and progno-
sis improvement due to their precise and safe characteristics. New natural agent
therapies have brought more options and hope to patients. Better utilization of
new treatment models can provide benefits and guidance for clinical practice,

alleviate MG conditions and relapses, avoid crises, and improve the overall re-
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search level of this disease.

Conflicts of Interest

The authors declare that this project has not received any funding support, so

there is no conflict of interest.

References

(1]

(4]

(5]

(6]

(7]

(10]

(11]

(12]

Zheng, X.L. and Wu, L.L. (2023) Status of Social Anxiety Disorder and Influencing
Factors in My-Asthenia Gravis Children. Journal of Clinical Psychosomatic Diseas-
es, 29, 133-135.

Dresser, L., Wlodarski, R., Rezania, K., et al (2021) Myasthenia Gravis: Epidemiol-
ogy, Pathophysiology and Clinical Manifestations. Journal of Clinical Medicine, 10,
Article 2235. https://doi.org/10.3390/jcm10112235

Tian, B.Y. and Wang, L.H. (2021) Overview of the Progress in the Treatment of
Myasthenia Gravis. Modern Journal of Integrated Traditional Chinese and Western
Medicine, 30, 3858-3862.

McCarter, S.J., Burkholder, D.B., Klaas, J.P., ef al (2019) The Mary Walker Effect:
Mary Broadfoot Walker. Journal of the Royal College of Physicians of Edinburgh,
49, 255-259. https://doi.org/10.4997/jrcpe.2019.317

Melzer, N., Ruck, T., Fuhr, P., et al (2016) Clinical Features, Pathogenesis, and
Treatment of Myasthenia Gravis: A Supplement to the Guidelines of the German
Neurological Society. Journal of Neurology, 263, 1473-1794.
https://doi.org/10.1007/s00415-016-8045-z

Mehndiratta, M.M., Pandey, S. and Kuntzer, T. (2011) Acetylcholinesterase Inhibi-
tor Treatment for Myasthenia Gravis. Cochrane Database of Systematic Reviews, 2,
CD006986. https://doi.org/10.1002/14651858.CD006986.pub2

Remijn-Nelissen, L., Verschuuren, J.J.G.M., et al (2022) The Effectiveness and Side
Effects of Pyridostigmine in the Treatment of Myasthenia Gravis: A Cross-Sectional
Study. Neuromuscular Disorders, 32, 790-799.
https://doi.org/10.1016/j.nmd.2022.09.002

Cron, M.A., Maillard, S., Villegas, J., et al (2018) Thymus Involvement in Ear-
ly-Onset Myasthenia Gravis. Annals of the New York Academy of Sciences, 1412,
137-145. https://doi.org/10.1111/nyas.13519

Harvey, A.M., Lilienthal, J.L. and Talbot, S.A. (1942) Observations on the Nature of
Myasthenia Gravis. The Effect of Thymectomy on Neuro-Muscular Transmission.
Journal of Clinical Investigation, 21, 579-588. https://doi.org/10.1172/JCI101336

Wolfe, G.I., Kaminski, H.J., Aban, LB., et a/ (2016) Randomized Trial of Thy-

mectomy in Myasthenia Gravis. The New England Journal of Medicine, 376, 2097.
https://doi.org/10.1056/NEJMx170003

Zhang, C.C., Wu, L. and Fan, J. (2023) A New Surgical Procedure for the Treatment
of Myasthenia Gravis—Thoracoscopic Extended Thymectomy with Double Retrac-
tors Subxiphoid. Chinese Journal of New Clinical Medicine, 16, 547-551.

Cabrera-Maqueda, J.M., Alba-Isasi, M.T., Hernandez, R., ef a/ (2020) Timectomia
en miastenia grave timomatosa y no timomatosa: Andlisis de una cohorte de 46
pacientes [Thymectomy in Thymomatous and Non-Thymomatous Myasthenia Gravis:
Analysis of a Cohort of 46 Patients]. Revue Neurologique, 70, 213-219.

https://doi.org/10.33588/rn.7006.2019411

DOI: 10.4236/jbm.2023.1112010

115 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.1112010
https://doi.org/10.3390/jcm10112235
https://doi.org/10.4997/jrcpe.2019.317
https://doi.org/10.1007/s00415-016-8045-z
https://doi.org/10.1002/14651858.CD006986.pub2
https://doi.org/10.1016/j.nmd.2022.09.002
https://doi.org/10.1111/nyas.13519
https://doi.org/10.1172/JCI101336
https://doi.org/10.1056/NEJMx170003
https://doi.org/10.33588/rn.7006.2019411

Y. P. Sun, X. L. Cheng

(13]

(14]

[15]

(16]

(17]

(18]

[19]

(20]

[21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

Bansod, S., Vaideeswar, P. and Ravat, S. (2022) Thymectomy for Myasthenia Gravis:
A Pathological Analysis. Indian Journal of Pathology & Microbiology;, 65, 129-132.

Simon, H.E. (1935) Myasthenia Gravis: Effect of Treatment with Anterior Pituitary
Extract. JAMA, 104, 2065-2066. https://doi.org/10.1001/jama.1935.02760230013004

Sanders, D.B. and Evoli, A. (2010) Immunosuppressive Therapies in Myasthenia
Gravis. Autoimmunity, 43, 428-435. https://doi.org/10.3109/08916930903518107

Moghadam-Kia, S. and Werth, V.P. (2010) Prevention and Treatment of Systemic

Glucocorticoid Side Effects. International Journal of Dermatology, 49, 239-248.
https://doi.org/10.1111/j.1365-4632.2009.04322.x

Menon, D., Barnett, C. and Bril, V. (2020) Novel Treatments in Myasthenia Gravis.
Frontiers in Neurology, 11, Article 538. https://doi.org/10.3389/fneur.2020.00538

Maltzman, J.S. and Koretzky, G.A. (2003) Azathioprine: Old Drug, New Actions.

Journal of Clinical Investigation, 111, 1122-1124.
https://doi.org/10.1172/JCI200318384

Mertens, H.G., Hertel, G., Reuther, P., et al (1981) Effect of Immunosuppressive
Drugs (Azathioprine). Annals of the New York Academy of Sciences, 377, 691-699.
https://doi.org/10.1111/j.1749-6632.1981.tb33767.x

Palace, J., Newsom-Davis, J. and Lecky, B. (1998) A Randomized Double-Blind Tri-
al of Prednisolone Alone or with Azathioprine in Myasthenia Gravis. Myasthenia
Gravis Study Group. Neurology, 50, 1778-1783.
https://doi.org/10.1212/WNL.50.6.1778

Fonseca, V. and Havard, C.W. (1990) Long Term Treatment of Myasthenia Gravis
with Azathioprine. Postgraduate Medical Journal, 66, 102-105.
https://doi.org/10.1136/pgm]j.66.772.102

Matsuda, S. and Koyasu, S. (2000) Mechanisms of Action of Cyclosporine. /mmu-
nopharmacology, 47, 119-125.
https://doi.org/10.1016/S0162-3109(00)00192-2

Cruz, ].L., Wolff, M.L., Vanderman, A.J. and Brown, J.N. (2015) The Emerging Role
of Tacrolimus in Myasthenia Gravis. Therapeutic Advances in Neurological Dis-
orders, 8, 92-103. https://doi.org/10.1177/1756285615571873

Fan, Z., Li, Z., Shen, F., Zhang, X., et al (2020) Favorable Effects of Tacrolimus
Monotherapy on Myasthenia Gravis Patients. Frontiers in Neurology, 11, Article
594152. https://doi.org/10.3389/fneur.2020.594152

Wang, L., Xi, J., Zhang, S., Wu, H., Zhou, L., Ly, J., Zhang, T. and Zhao, C. (2019)
Effectiveness and Safety of Tacrolimus Therapy for Myasthenia Gravis: A Single

Arm Meta-Analysis. Journal of Clinical Neuroscience, 63, 160-167.
https://doi.org/10.1016/j.jocn.2019.02.004

Lavrnic, D., Vujic, A., Rakocevic-Stojanovic, V., et al (2005) Cyclosporine in the
Treatment of Myasthenia Gravis. Acta Neurologica Scandinavica, 111, 247-252.
https://doi.org/10.1111/j.1600-0404.2005.00378.x

Alhaidar, M.K., Abumurad, S., Soliven, B., et al (2022) Current Treatment of
Myasthenia Gravis. Journal of Clinical Medicine, 11, Article 1597.
https://doi.org/10.3390/jcm11061597

Jiang, Y., Tian, X., Gu, Y., et al (2019) Application of Plasma Exchange in Steroid-
Responsive Encephalopathy. Frontiers in Immunology, 10, Article 324.

https://doi.org/10.3389/fimmu.2019.00324

Safa, H., Johnson, D.H., Trinh, V.A,, et al (2019) Immune Checkpoint Inhibitor
Related Myasthenia Gravis: Single Center Experience and Systematic Review of the

DOI: 10.4236/jbm.2023.1112010

116 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.1112010
https://doi.org/10.1001/jama.1935.02760230013004
https://doi.org/10.3109/08916930903518107
https://doi.org/10.1111/j.1365-4632.2009.04322.x
https://doi.org/10.3389/fneur.2020.00538
https://doi.org/10.1172/JCI200318384
https://doi.org/10.1111/j.1749-6632.1981.tb33767.x
https://doi.org/10.1212/WNL.50.6.1778
https://doi.org/10.1136/pgmj.66.772.102
https://doi.org/10.1016/S0162-3109(00)00192-2
https://doi.org/10.1177/1756285615571873
https://doi.org/10.3389/fneur.2020.594152
https://doi.org/10.1016/j.jocn.2019.02.004
https://doi.org/10.1111/j.1600-0404.2005.00378.x
https://doi.org/10.3390/jcm11061597
https://doi.org/10.3389/fimmu.2019.00324

Y. P.Sun, X. L. Cheng

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

[42]

(43]

Literature. Journal for InmunoTherapy of Cancer, 7, 319.
https://doi.org/10.1186/s40425-019-0774-y

Nagayasu, T., Yamayoshi, T., Matsumoto, K., et a/ (2005) Beneficial Effects of
Plasmapheresis before Thymectomy on the Outcome in Myasthenia Gravis. The

Japanese Journal of Thoracic and Cardiovascular Surgery, 53, 2-7.
https://doi.org/10.1007/s11748-005-1001-y

Murai, H., Uzawa, A., Suzuki, Y., et al (2019) Long-Term Efficacy and Safety of
Eculizumab in Japanese Patients with Generalized Myasthenia Gravis: A Subgroup
Analysis of the REGAIN Open-Label Extension Study. Journal of the Neurological
Sciences, 407, Article ID: 116419. https://doi.org/10.1016/j.jns.2019.08.004

Peng, X., Xie, X.B., Tan, H., et al (2022) Effects of Plasma Exchange Combined with
Immunoglobulin Therapy on Consciousness, Immune Function, and Prognosis in
Patients with Myasthenia Gravis Crisis: A Prospective Randomized Test. Computa-
tional and Mathematical Methods in Medicine, 2022, Article ID: 7796833.
https://doi.org/10.1155/2022/7796833

Lin, Y., Oji, S., Miyamoto, K., Narita, T., Kameyama, M. and Matsuo, H. (2023)
Real-World Application of Plasmapheresis for Neurological Disease: Results from
the Japan-Plasmapheresis Outcome and Practice Patterns Study. Therapeutic
Apheresis and Dialysis, 27, 123-135. https://doi.org/10.1111/1744-9987.13906

Nair, S.S. and Jacob, S. (2023) Novel Immunotherapies for Myasthenia Gravis. /m-
munoTargets and Therapy, 12, 25-45. https://doi.org/10.2147/TTT.S377056

Heo, Y.A. (2022) Efgartigimod: First Approval. Drugs, 82, 341-348.
https://doi.org/10.1007/s40265-022-01678-3

Blumberg, L.J., Humpbhries, J.E., Jones, S.D., et al (2019) Blocking FcRn in Humans
Reduces Circulating IgG Levels and Inhibits IgG Immune Complex-Mediated Im-
mune Responses. Science Advances, 5, eaax9586.
https://doi.org/10.1126/sciadv.aax9586

Zhu, L.N., Hou, H.M., Wang, S., et al (2023) FcRn Inhibitors: A Novel Option for
the Treatment of Myasthenia Gravis. Neural Regeneration Research, 18, 1637-1644.
Mantegazza, R. and Antozzi, C. (2020) From Traditional to Targeted Immunothe-
rapy in Myasthenia Gravis: Prospects for Research. Frontiers in Neurology, 11, Ar-
ticle 981. https://doi.org/10.3389/fneur.2020.00981

Keller, C.W., Pawlitzki, M., Wiendl, H., et al (2021) Fc-Receptor Targeted Thera-
pies for the Treatment of Myasthenia gravis. International Journal of Molecular
Sciences, 22, Article 5755. https://doi.org/10.3390/ijms22115755

Bhandari, V. and Bril, V. (2023) FcCRN Receptor Antagonists in the Management of
Myasthenia Gravis. Frontiers in Neurology, 14, Article 1229112.
https://doi.org/10.3389/fneur.2023.1229112

Sacca, F., Barnett, C., Vu, T., et al (2023) Efgartigimod Improved Health-Related
Quality of Life in Generalized Myasthenia Gravis: Results from a Randomized,
Double-Blind, Placebo-Controlled, Phase 3 Study (ADAPT). Journal of Neurology,
270, 2096-2105. https://doi.org/10.1007/s00415-022-11517-w

Heo, Y.A. (2023) Efgartigimod Alfa in Generalised Myasthenia Gravis: A Profile of
Its Use. CNS Drugs, 37, 467-473. https://doi.org/10.1007/s40263-023-01000-z

Smith, B., Kiessling, A., Lledo-Garcia, R., et al (2018) Generation and Characteriza-
tion of a High Affinity Anti-Human FcRn Antibody, Rozanolixizumab, and the Ef-
fects of Different Molecular Formats on the Reduction of Plasma IgG Concentra-
tion. MAbs, 10, 1111-1130.

DOI: 10.4236/jbm.2023.1112010

117 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.1112010
https://doi.org/10.1186/s40425-019-0774-y
https://doi.org/10.1007/s11748-005-1001-y
https://doi.org/10.1016/j.jns.2019.08.004
https://doi.org/10.1155/2022/7796833
https://doi.org/10.1111/1744-9987.13906
https://doi.org/10.2147/ITT.S377056
https://doi.org/10.1007/s40265-022-01678-3
https://doi.org/10.1126/sciadv.aax9586
https://doi.org/10.3389/fneur.2020.00981
https://doi.org/10.3390/ijms22115755
https://doi.org/10.3389/fneur.2023.1229112
https://doi.org/10.1007/s00415-022-11517-w
https://doi.org/10.1007/s40263-023-01000-z

Y. P. Sun, X. L. Cheng

(44]

[45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

Kiessling, P., Lledo-Garcia, R., Watanabe, S., et al (2017) The FcRn Inhibitor Ro-
zanolixizumab Reduces Human Serum IgG Concentration: A Randomized Phase 1
Study. Science Translational Medicine, 9, eaan1208.
https://doi.org/10.1126/scitranslmed.aan1208

Bril, V., Benatar, M., Andersen, H., et al (2021) Efficacy and Safety of Rozanolix-
izumab in Moderate to Severe Generalized Myasthenia Gravis: A Phase 2 Rando-
mized Control Trial. Neurology, 96, €853-¢865.
https://doi.org/10.1212/WNL.0000000000011108

Schneider-Gold, C. and Gilhus, N.E. (2021) Advances and Challenges in the Treat-
ment of Myasthenia Gravis. Therapeutic Advances in Neurological Disorders, 14,
1-12. https://doi.org/10.1177/17562864211065406

Stathopoulos, P., Kumar, A., Heiden, J.A.V., et al (2018) Mechanisms Underlying B
Cell Immune Dysregulation and Autoantibody Production in MuSK Myasthenia
Gravis. Annals of the New York Academy of Sciences, 1412, 154-165.
https://doi.org/10.1111/nyas.13535

Cree, B.A.C., Bennett, J.L., Kim, H.]., ef a/ (2019) Inebilizumab for the Treatment
of Neuromyelitis Optica Spectrum Disorder (N-MOmentum): A Double-Blind,
Randomised Placebo-Controlled Phase 2/3 Trial. The Lancet, 394, 1352-1363.
https://doi.org/10.1016/S0140-6736(19)31817-3

Chan, F., Swayne, A,, Gillis, D., et al. (2019) Long-Term Follow-up of Patients with
Myasthenia Gravis Treated with Low-Dose Rituximab. Journal of Neurology, Neu-
rosurgery & Psychiatry, 90, 955-956. https://doi.org/10.1136/jnnp-2018-319410

Tandan, R., Hehir II, M.K., Waheed, W. and Howard, D.B. (2017) Rituximab
Treatment of Myasthenia Gravis: A Systematic Review. Muscle Nerve, 56, 185-196.
https://doi.org/10.1002/mus.25597

Zhao, C., Pu, M., Chen, D., et al (2021) Effectiveness and Safety of Rituximab for
Refractory Myasthenia Gravis: A Systematic Review and Single-Arm Meta-Analysis.

Frontiers in Neurology, 12, Article 736190.
https://doi.org/10.3389/fneur.2021.736190

Huda, R. (2020) New Approaches to Targeting B Cells for Myasthenia Gravis
Therapy. Frontiers in Immunology, 11, Article 240.
https://doi.org/10.3389/fimmu.2020.00240

Lin, Y., Chang, T., Lin, J., et al (2022) Regulatory B Cells Are Decreased and Func-
tionally Impaired in Myasthenia Gravis Patients. Frontiers in Neurology, 13, Article
808322. https://doi.org/10.3389/fneur.2022.808322

Mantegazza, R., Vanoli, F., Frangiamore, R. and Cavalcante, P. (2020) Complement
Inhibition for the Treatment of Myasthenia Gravis. ImmunoTargets and Therapy,
9, 317-331. https://doi.org/10.2147/ITT.S261414

Mantegazza, R. and Antozzi, C. (2018) When Myasthenia Gravis Is Deemed Re-
fractory: Clinical Signposts and Treatment Strategies. Therapeutic Advances in
Neurological Disorders, 11, 1-11. https://doi.org/10.1177/1756285617749134

Botto, M. and Walport, M.J. (2002) C1lq, Autoimmunity and Apoptosis. mmuno-
biology, 205, 395-406. https://doi.org/10.1078/0171-2985-00141

Pittock, S.J., Berthele, A., Fujihara, K., et al (2019) Eculizumab in Aquapo-
rin-4-Positive Neuromyelitis Optica Spectrum Disorder. The New England Journal
of Medicine, 381, 614-625. https://doi.org/10.1056/NEJM0al900866

Howard Jr., J.F., Vissing, J., Gilhus, N.E., et al (2021) Zilucoplan: An Investigational
Complement C5 Inhibitor for the Treatment of Acetylcholine Receptor Autoanti-
body-Positive Generalized Myasthenia Gravis. Expert Opinion on Investigational

DOI: 10.4236/jbm.2023.1112010

118 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.1112010
https://doi.org/10.1126/scitranslmed.aan1208
https://doi.org/10.1212/WNL.0000000000011108
https://doi.org/10.1177/17562864211065406
https://doi.org/10.1111/nyas.13535
https://doi.org/10.1016/S0140-6736(19)31817-3
https://doi.org/10.1136/jnnp-2018-319410
https://doi.org/10.1002/mus.25597
https://doi.org/10.3389/fneur.2021.736190
https://doi.org/10.3389/fimmu.2020.00240
https://doi.org/10.3389/fneur.2022.808322
https://doi.org/10.2147/ITT.S261414
https://doi.org/10.1177/1756285617749134
https://doi.org/10.1078/0171-2985-00141
https://doi.org/10.1056/NEJMoa1900866

Y. P.Sun, X. L. Cheng

[59]

[60]

(61]

Drugs, 30, 483-493. https://doi.org/10.1080/13543784.2021.1897567

Wijnsma, K.L., Ter Heine, R., Moes, D.J.A.R., et al (2019) Pharmacology, Pharma-
cokinetics and Pharmacodynamics of Eculizumab, and Possibilities for an Individu-
alized Approach to Eculizumab. Clinical Pharmacokinetics, 58, 859-874.
https://doi.org/10.1007/s40262-019-00742-8

Pascuzzi, R.M. and Bodkin, C.L. (2022) Myasthenia Gravis and Lambert-Eaton
Myasthenic Syndrome: New Developments in Diagnosis and Treatment. Neurop-
sychiatric Disease and Treatment, 18, 3001-3022.
https://doi.org/10.2147/NDT.S296714

Smith, V.M., Nguyen, H., Rumsey, J.W., et al (2021) A Functional Human-on-a-Chip
Autoimmune Disease Model of Myasthenia Gravis for Development of Therapeutics.
Frontiers in Cell and Developmental Biology; 9, Article 745897.
https://doi.org/10.3389/fcell.2021.745897

DOI: 10.4236/jbm.2023.1112010

119 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.1112010
https://doi.org/10.1080/13543784.2021.1897567
https://doi.org/10.1007/s40262-019-00742-8
https://doi.org/10.2147/NDT.S296714
https://doi.org/10.3389/fcell.2021.745897

	New Progress in the Treatment of Myasthenia Gravis
	Abstract
	Keywords
	1. Introduction
	2. Traditional Treatment Strategies and Their Shortcomings
	2.1. Anticholinesterase Drugs
	2.2. Thymectomy
	2.3. Immunosuppressive Drugs
	2.3.1. Azathioprine
	2.3.2. Tacrolimus
	2.3.3. Cyclosporine

	2.4. Venous Plasma Replacement and Immunoglobulin Therapy

	3. New Treatments with Biological Drugs
	3.1. FcRn Cell Therapy Strategy
	3.2. FcRn Therapeutics
	3.3. Targeted B-Cell Therapeutic Strategies and Drugs
	3.4. Complement Inhibitor Therapeutic Strategies and Drugs

	4. Summary and Outlook
	Conflicts of Interest
	References

