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Abstract

Introduction.—Myasthenia gravis (MG) is an autoimmune neuromuscular disorder with no cure 

and conventional treatments limited by significant adverse effects and variable benefit. In the last 

decade, therapeutic development has expanded based on improved understanding of autoimmunity 

and financial incentives for drug development in rare disease. Clinical subtypes exist based on age, 

gender, thymic pathology, autoantibody profile, and other poorly defined factors, such as genetics, 

complicate development of specific therapies.

Areas covered.—Clinical presentation and pathology vary considerably among patients with 

some having weakness limited to the ocular muscles and others having profound generalized 

weakness leading to respiratory insufficiency. MG is an antibody-mediated disorder dependent on 

autoreactive B cells which require T cell support. Treatments focus on elimination of circulating 

autoantibodies or inhibition of effector mechanisms by a broad spectrum of approaches from 

plasmapheresis to B cell elimination to complement inhibition.

Expert Commentary.—Standard therapies and those under development are disease modifying 

and not curative. As a rare disease, clinical trials are challenged in patient recruitment. The great 

interest in development of treatments specific for MG is welcome, but decisions will need to be 

made to focus on those that offer significant benefits to patients.
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1. Introduction

Myasthenia gravis (MG) is an autoimmune, neuromuscular disease with antibodies directed 

against the skeletal muscle nicotinic acetylcholine receptor (AChR), the muscle specific 

kinase (MuSK), and likely other proteins concentrated at the neuromuscular junctions. Great 

advances have been made in understanding the pathogenesis as well as therapeutic 

development, but a third of patients still experience MG exacerbations and respond poorly to 

standard therapy, which require hospitalization, and disease- and treatment-related morbidity 

remains high [1, 2]. Non-immunosuppressive treatments often do not relieve symptoms, and 

immune-suppressive and –modulators may have poor side effect profiles with variable 

benefit. MG has been a target for new drug development because of improved understanding 

of the pathophysiology of MG, a clear unmet need for better therapeutics, and its rare 

disease status, which has financial incentives for pharmaceutical investment. The review will 

provide a broad review of the clinical presentation of MG, pathophysiology, and 

conventional therapies. We will then review the extremely broad array of drug development 

initiatives ranging from pre-clinical to early phase clinical trials occurring in MG.

2. Clinical presentation

The clinical hallmark of MG is the reduction of muscle strength with repetitive activity. The 

severity of weakness (Table 1) also varies over time based on fluctuations of underlying 

disease severity, hormonal fluctuations, treatments, infections, and unknown factors. The 

spectrum and course of the disease is highly variable with rare spontaneous remissions as 

well as sudden exacerbations that may produce respiratory insufficiency requiring intubation 

with mechanical ventilation. Typically, the initial symptoms in over half of patients are 

ptosis and diplopia. Ptosis may be unilateral or bilateral and will fluctuate in severity 

throughout the day. Involvement of extraocular muscles produces varying degrees of 

diplopia, which may be vertical, horizontal, or diagonal. Upwards of twenty percent will 

remain with weakness limited to these muscle, so-called ocular myasthenia [3–5].

Generalized weakness involves all skeletal muscles to varying degrees of severity with a 

distinct subgroup of patients having clinical weakness isolated to the bulbar muscles, 

producing dysphagia and dysarthria. Facial muscle weakness occurs compromising 

emotional expression producing a dour appearance. Obicularis oculi weakness impairs eye 

closure and is often present among patients with purely ocular myasthenia. Limb muscles 

are affected in a predominantly proximal pattern, with arms more often affected than legs. 

Neck extension weakness occurs, which may be so severe as to compromise the airway and 

swallowing [6, 7]. At times remarkably, focal weakness of neck, respiratory, or limb muscles 

may occur leading to confusion with peripheral nerve injury [2, 8] Patients with MuSK 

antibodies tend to have a preponderance of bulbar manifestations and individuals with long-

standing disease develop muscle atrophy [9]. Fatiguing weakness often is less prominent and 

the course may mimic a progressive myopathy [10].
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3. Diagnosis

Once the clinical presentation is recognized as consistent with MG, there are “bedside” tests 

that can be performed to assist in confirmation of the diagnosis. The classic edrophonium 

test involves administration of the acetylcholinesterase inhibitor and monitoring for 

objective improvement in a weak muscle, usually an ocular muscle. The sensitivity of the 

test is upwards of ninety percent but false positives do occur [11]. The ice pack test employs 

the principle of improved neuromuscular transmission at low muscle temperatures and is 

used to externally cool the levator palpebrea with observation of improved lid elevation. The 

test is helpful when unequivocally positive, but the predictive value of the test has been 

poorly defined [11].

Serologic testing is of critical importance for diagnosis. 74 to 88 percent of generalized MG 

patients will be positive for AChR antibodies, while at most 50–60 percent of ocular MG 

patients are seropositive [12]. The most sensitive and specific AChR antibody is the binding 

antibody assay which is a radioimmunoassay that uses human AChR. The modulating and 

blocking antibodies are of limited diagnostic value. MuSK-Ab are present in 38–50% of 

those testing negative for AChR-antibodies and are uncommon in ocular MG [10]. As will 

be described, autoantibodies to low density lipoprotein receptor-related protein (LRP)-4 are 

detected in some patients without antibodies to the other autoantigens and account for two to 

three percent of patients. Such patients appear to have a similar phenotype to AChR-positive 

patients.[13] Upwards of eight percent of patients with MG will not have detectable 

autoantibodies.

Electrodiagnostic studies assist in differentiation from other conditions and confirmation of 

the clinical diagnosis in those patients have no identified autoantibodies. Repetitive nerve 

stimulation leading to a decremental response in the compound muscle action potential is 

observed in at most 75 percent of patients [14]. Single-fiber electromyography, which 

involves recording of action potentials activated at single muscle fibers, may identify 

asynchronous activation of potentials (jitter). Increased jitter is not specific for MG and may 

be observed in neuropathies and motor neuron diseases [11]; however, these usually can be 

easily distinguished on clinical grounds. When performed by experts, single-fiber 

electromyography is highly sensitive and may correlate with treatment response [15, 16]. 

However, the method is dependent on the skill of the performer and therefore, published 

reports of its sensitivity of 99% are not likely to be generalize to common clinical practice 

and a normal single fiber exam does not rule out MG [17, 18].

4. Pathophysiology

In 1973 Patrick and Lindstrom identified the skeletal muscle acetylcholine receptor AChR as 

the likely autoantigen causing MG [19]. After their publication, supportive work rapidly 

demonstrated MG fulfilled strict criteria for autoimmunity [20]. 1) Antibody is present at the 

site of pathology, the neuromuscular junction. 2) AChR antibody from patients when 

injected into experimental animals will induce disease. 3) Immunization of animals with 

purified AChR will produce manifestations similar to the human disease and 4) plasma 

exchange, which removes AChR antibodies, improves patient symptoms. In 2001 the muscle 
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specific kinase (MuSK) was identified as another autoantigen for patients [21], who had no 

detectable antibodies towards the AChR and since then MuSK-associated MG has fulfilled 

criteria for autoimmunity. Recently, antibodies towards the lipoprotein receptor like 

protein-4 (LRP4) have been found in patients with MG, but thus far their pathogenicity has 

not been unequivocally established. Still a significant minority of patients do not have 

detectable circulating autoantibodies [13, 22–24]. Using cell-based assays which present the 

complex pentameric, membrane bound AChR in a more native state, AChR antibodies can 

be found among seronegative patients [25]. Antibodies directed against several other muscle 

proteins have been identified, including cortactin, agrin. potassium channels, and the 

ryanodine receptor [26–28]. Some of these patients do not have other autoantibodies, but in 

others multiple autoantibodies may be detected. The following sections will discuss the basis 

of the neuromuscular transmission defect, the autoantibodies producing this defect, and the 

cellular autoimmune mechanisms involved in disease generation. Each of these areas are 

targets for therapy.

4.1 Neuromuscular transmission defect

Regardless of the autoantibody type the underlying physiological abnormality leading to 

skeletal muscle weakness is the reduction of the safety factor for neuromuscular 

transmission [29, 30]. The safety factor is the difference in the endplate potential and the 

threshold potential required to generate an action potential, which will then trigger 

contraction of the muscle fiber. Whether there are AChR, MuSK, or no other autoantibody 

presently detected, the reduction of AChR is the primary contributor to a reduced endplate 

potential. Loss of synaptic folds and post-synaptic sodium channels serve to reduce the 

safety factor further. This tenuous situation of low safety factors among neuromuscular 

junctions across all skeletal muscle in a patient leads to the variability in weakness 

depending on the level of activity, degree of damage, temperature, and unknown factors 

produces the characteristic fatigable weakness that patients experience. Repetitive neuronal 

activity leads to a small reduction in release of acetylcholine, which under normal conditions 

is unimportant, but at the myasthenic junction can reduce the endplate potential that is 

required for action potential generation with consequent reduced muscle force generation 

and weakness. The basal lamina of the synaptic cleft is concentrated with 

acetylcholinesterase (AChE), which serves to terminate the activity of acetylcholine released 

from the presynaptic nerve terminal. AChE inhibition increases the available acetylcholine 

for binding to the AChR thereby increasing the endplate potential and improving a 

compromise of the safety factor.

4.2 Autoantibodies in MG

Antibodies to the skeletal muscle nicotinic AChR are the most commonly identified 

autoantibodies among MG patients. The AChR consists of five homologous subunits two α 
and single β, ε and δ in adults with a γ subunit replacing the ε-subunit in fetal mammalian 

tissue and at some neuromuscular junctions of extraocular muscle [31–33]. Antibodies may 

be directed against any of the subunits but a main immunogenic region is present on the α-

subunit where the majority of pathogenic antibodies bind [31, 34]. AChR antibodies, 

primarily of the IgG1 and IgG3 subclass, are polyclonal IgGs pathogenic through three 

mechanisms. First, AChR antibodies activate the complement cascade leading to injury of 
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the post-synaptic muscle surface. Complement-mediated injury of the post-synaptic surface 

is likely the primary mechanism of injury [35–37]. Second, the divalent AChR antibodies 

crosslink the tightly packed AChRs resulting in enhanced endocytosis and subsequent 

degradation [38, 39]. This process is referred to as antigenic modulation. Third, AChR 

antibodies may inhibit activation of the AChR through blocking of the ACh binding site or 

inhibition of ion channel opening [40, 41]. There is little correlation between serum AChR 

antibodies concentration and clinical severity [42, 43]. This is likely due to variations in 

binding affinity, specific location of binding, and IgG subclass.

Antibodies towards MuSK have been demonstrated to be pathogenic through cell culture 

systems, passive transfer, and active immunization [44, 45]. MuSK is involved in agrin-

induced clustering of AChR at the NMJ to promote efficient neuromuscular transmission 

[46]. In contrast to AChR antibodies, MuSK antibodies primarily belong to the IgG4 

subclass, which cannot activate complement, but rather directly bind to the extracellular N-

terminal Ig-like domains of the MuSK. This binding interferes with MuSK signaling to 

induce AChR clustering and ultimately leads to a deficiency of AChR on the post-synaptic 

surface [47–49].

LRP4 antibodies are primarily reported in MG patients without AChR or MuSK antibodies 

[13]; however this is not always the case and patients with amyotrophic lateral sclerosis have 

also been identified with LRP4 antibodies [50]. Antibodies to LRP4 are predominantly IgG1 

and appear to induce weakness by disrupting the interaction between LRP4-agrin signaling 

and by complement-activation [51]. Antibodies to LRP-4 have been detected in about 18% 

of patients without AChR and MuSK antibodies in a large multicenter analysis from Europe 

[13], while a study from China indicated a frequency of 4% [52]. At present the LRP-4 

antibodies have not been fully validated as pathogenic.

Other autoantibodies target skeletal muscle proteins, including agrin, collagen Q, cortactin, 

titin, the ryanodine receptor (RyR) and the voltage-gated potassium channel Kv1.4 [26, 53] 

but their pathogenicity is not well-established. Serum from some patients with no detectable 

circulating antibodies may induce transmission defects, when injected into mice [54]. This 

suggest that antibody-mediated disease mechanisms are also in play in these MG patients.

4.3 Thymus pathology

Abnormalities of the thymus are often found in MG patients and correlate with clinical 

subtypes with circulating AChR antibody [55, 56]. Early-onset MG (EOMG) has a poorly 

characterized age cut-off. Late onset MG (LOMG) patients are more commonly men with 

thymic atrophy. About 10% of patients have a thymoma and more commonly are men. 

Normal thymus is responsible for the differentiation of T cells and the establishment of 

central tolerance [57]. In the thymic cortex immature CD4+/8+ T cells interact with major 

histocompatibility complex (MHC) molecules displayed on thymic epithelial cells (TEC) via 

T cell receptors (TCRs). Through the process of positive selection, only a small number of T 

cells survive for the further differentiation through TCR interactions with MHC molecules 

[58]. In the thymic medulla, negative selection occurs with apoptosis of thymocytes through 

high affinity interactions between TCR and MHC. Medullary TEC express tissue-specific 

antigens under the control of the autoimmune regulator (AIRE) to present to T cells [58, 59]. 
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Dysregulation of positive and negative selection has the consequence of producing an 

immune response towards the AChR and other skeletal muscle proteins including the titin 

and ryanodine receptor which are expressed on TECs [53].

4.3.1 Thymoma—In approximately ten percent of patients with MG a paraneoplastic 

process occurs related to an underlying thymoma, a neoplasm of the TEC [60]. Most 

thymomas retain the ability to generate and positively select T cells that preferentially 

recognize AChR and other muscle antigens. Positive selection is likely supported by a 

deficiency of the autoimmune regulator AIRE, which is observed in the majority of 

thymomas. The loss of AIRE expression would lead to inappropriate expression of self-

antigen [61]. Negative selection of autoreactive T cells and generation of regulatory T cells 

is also impaired. Neoplastic epithelial cells contain muscle-specific antigens and can present 

these peptides to T cells in the thymoma leading to the production of autoreactive T cells, 

specific for muscle-specific antigens [62, 63]. These can then be exported to the periphery 

where they are maintained through unknown mechanisms. Once triggered by the tumor, the 

autoimmune reaction often persists despite removal of the tumor and surrounding thymus 

[64].

4.3.2 Thymic follicular hyperplasia—Lymphoid follicular hyperplasia with germinal 

centers is the hallmark pathology observed in EOMG patients [65]. The perivascular spaces 

are swollen with lymphoid tissue that resembles peripheral immune organs; and active 

germinal centers are present, similar to the secondary lymph follicles of peripheral lymph 

nodes. The thymus expresses AChR-like proteins and contains antigen presenting cells. 

Hyperplastic MG thymus contains significant numbers of mature immune cells including 

anti-AChR T and B cells, which are capable of mounting a pathogenic AChR antibody 

response. An inflammatory response resulting from infection in the thymus could cause 

professional antigen presenting cells to present epitopes derived from the thymus AChR-like 

proteins. This would activate potentially autoreactive anti-AChR T cells and initiate the 

autoimmune reaction of MG [66–69]. Several cytokines, including CXCL12, CCL17, 

CCL21, CXCL13, APRIL and BAFF, are over expressed in the hyperplastic thymus [70, 

71]. These cytokines support recruitment of B-cells and dendritic cells to the thymus. 

Interferon (IFN)-β is overexpressed in MG thymuses. IFN-β might play central role in the 

pathophysiology of EOMG by triggering the overexpression of α-AChR, inducing thymic 

dendritic cell autosensitization [72], the abnormal recruitment of peripheral cells, and GC 

formation. The trigger for thymic inflammation is not known.

4.3.3 Atrophic thymus—The thymus is usually found to be atrophic in LOMG. 

Morphometric analysis does not reveal significant differences between LOMG and normal 

thymus from age matched controls. The epithelial cells are steadily substituted with fat over 

time and the number of myoid cells and AIRE positive cells decline with age [55]. A 

diversity of autoantibodies, including anti-titin and anti-RyR, are found in the circulation of 

LOMG patients [73]. The pathogenesis of LOMG and thymoma-associated MG share 

similarities in the clinical preponderance of men and autoantibodies to several skeletal 

muscle proteins [68].
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4.4 Defects of immune system

MG is a T cell-dependent, B cell-mediated autoimmune disorder [20, 74]. When naive B 

cells react with the antigens and receive the help of CD4+T-cell in lymph nodes, they 

differentiate into memory B cells, antibody-secreting short-lived plasmablasts and long-lived 

plasma cells [74]. AChR autobody-producing B cells can be found in thymus, circulation, 

lymph nodes and bone marrow. As discussed above, immune-cell infiltrates and ectopic 

germinal centers are found in the thymus of EOMG patients, but in MuSK MG this 

pathology is rarely observed suggesting MuSK antibody generation occurs primarily outside 

the thymus [75]. Regulatory B cells (Bregs) are a rare B-cell subset, which promote immune 

tolerance [76]. The frequency of B10 cells (B cells that produce Il-10 and moderate 

inflammation) in AChR and MuSK MG is lower than in healthy controls, which is consistent 

with MG patients having impaired immune tolerance [77].

The production of autoantibodies in AChR MG requires the support of CD4+ T cells which 

have T helper (Th) lymphocyte function. They secrete inflammatory cytokines to induce 

autoimmune reactions to self-antigen and activate B-cells [78]. In MG patients there are 

several abnormalities in T cells subsets. AChR MG had higher frequency of AChR-specific 

Th1 and Th17 cells with increased production of interferon (IFN) γ and IL-17 [79]. The 

critical role of IL-17 secreting Th17 cells in MG pathogenesis has been confirmed in AChR 

induced EAMG [80]. CD4+CD25+ forkhead box P3 (FoxP3)+ regulatory T (Treg) cells 

control the immune response through inhibition of autoreactive T lymphocytes. Thymic and 

peripheral Treg quantitative defects are reported in MG patients compared with healthy 

controls [81, 82]. Follicular Th (Tfh) cells that promote B-cell maturation and Ab production 

in germinal centers, and their counterpart of follicular Treg (Tfr) cells with suppressive 

function, have been investigated in MG patients. MG patients have high ratios of Tfh /Tfr 

cells and lower frequency of Tfr cells, which indicates that there are immune tolerance 

failure in MG [83].

A balance of apoptosis and cell proliferation plays an important role in the development and 

homeostasis of the immune system and emerging evidence indicates apoptotic elimination of 

autoreactive immune cells is defective in many autoimmune disorders[84],[85, 86] 

Autoimmunity and cancer share several features: uncontrolled replication of 

“misprogrammed” cells, the inability of these pathological cells to undergo cell death, a 

breakdown in normal control mechanisms, and abnormal cell migration. Expression of anti-

apoptotic factors is common among many forms of cancer and is associated with resistance 

to treatment. They also influence nuclear factor kappa B transcription factors and therefore 

provide a link to inflammation and possibly autoimmunity. The continued expression of 

autoreactive lymphocytes in the thymus or circulation of patients with MG may be supported 

by the expression of anti-apoptotic factors [87–89].

5. Standard treatments

From the description of the pathology of MG, there are several points that would be logical 

to target treatment. The following sections discuss presently used therapies and their 

disadvantages (Table 2). Several groups have established guidelines for treatment of patients, 

which will not be discussed in this review [90–92].
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5.1 Acetylcholinesterase (AChE) inhibitors

AChE inhibitors (pyridostigmine bromide) retard the hydrolysis of acetylcholine at the 

neuromuscular junction and thereby increase the chance of activation of existing AChRs at 

the damaged myasthenic junction. For mild to moderate weakness, these are usually the 

initial treatment [93, 94] and for rare patients cholinesterase inhibitor therapy may be the 

only therapy required [93]. Often when immunotherapies are optimized AChE inhibitors 

may be discontinued and can be restarted, if symptoms develop again. Adverse effects, in 

particular nausea, bloating, and diarrhea, limit the use of AChE inhibitors. Excessive 

sweating is a common complaint of some patients. Respiratory secretions may be increased, 

which complicates treatment of patients with pulmonary diseases and may actually worsen 

breathing.

5.2 Thymectomy

Removal of the thymus has been a treatment for MG since the middle of the last century, but 

only recently was thymectomy found in a randomized, controlled trial to reduce 

corticosteroid dose over time, particularly the first six months of surgery, and limit weakness 

for patients with AChR antibodies between the ages of 18 and 65 [95]. Removal of the 

thymus reduces AChR antibody levels, but not to zero, and thymectomy is usually not 

considered a cure [96]. Therefore, there continues to be a stimulus for autoantibody after 

thymectomy. Similarly, in thymoma-associated MG, the removal of the tumor and 

surrounding thymus does not lead to remission, but removal of the tumor and surrounding 

thymus is required as a treatment. There is insufficient evidence to determine whether MuSK 

antibody and seronegative patients benefit from thymectomy, but the procedure is not 

commonly performed on this population [75, 97].

5.3 Corticosteroids

High doses of oral corticosteroids given for months followed by low doses often for years 

are the first-line immunotherapy recommended for patients who experience functionally 

limiting ocular or generalized weakness and cannot be adequately improved by AChE 

inhibitors [98–101]. Corticosteroids are the most effective treatment for MG but are 

compromised by numerous adverse effects. The optimal dosing of corticosteroids is not 

known, and expert opinion and investigations vary considerably [73]. International 

consensus guidelines provide options that either begin with a high dose or a low dose 

escalating to a high dose [92]. Each followed by slow tapers. Also, there is a possibly up to 

30 percent of patients being poorly responsive to corticosteroids based on a lack of 

improvement or intolerance [102–104]. Treatment resistance is likely to be more a function 

of individual differences in corticosteroid responsiveness than severity of disease per see 

[103–106]. Corticosteroids impact autoimmune mechanisms in several ways. Corticosteroids 

act by binding the glucocorticoid receptor and thereby influence transcription of a number of 

pathways that ultimately suppress autoimmune responses by glucocorticoid receptor-

mediated apoptosis of autoreactive cells and suppression of proinflammatory cytokines 

[107]. Lymphocytes vary in their susceptibility to corticosteroid induced apoptosis and 

therefore treatment-resistance is not only dependent on severity of disease but the host’s 

Wang et al. Page 8

Expert Rev Neurother. Author manuscript; available in PMC 2019 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitivity to treatment. Polymorphisms in the glucocorticoid receptor gene are associated 

with differential response to glucocorticoid treatment of patients with MG [104].

5.4 Azathioprine

Azathioprine (AZA) was the first immunosuppressive used for MG either alone or as an 

agent to limit corticosteroid use [108]. A single, randomized trial indicated that efficacy 

takes 12–18 months as assessed by a reduction of corticosteroid requirement [109]. Purine 

synthesis is inhibited by azathioprine leading to inhibition of rapidly dividing cells, 

including lymphocytes involved in the autoimmune response [110, 111]. An increased risk 

of neoplasm, particularly lymphoma, has been observed among patients with long term use 

of azathioprinl [112, 113]. Azathioprine has the potential for significant hepatotoxicity and 

myelosuppression [114]. A consensus guideline has judged azathioprine not to have 

significant teratogenic potential [115]. Assessment for thiopurine S-methyltransferase 

enzyme activity prior to initiation of azathioprine therapy may identify patients at risk for 

severe reactions.

5.5 Mycophenolate mofetil

Although small, retrospective studies suggested that mycophenolate reduces severity of MG,

[116–119] two large, randomized, controlled studies failed to meet their primary outcome 

measures [120, 121]. However, each were compromised by their short duration [122]. 

Mycophenolate selectively inhibits proliferation of T and B lymphocytes, which exclusively 

use the de novo pathway for purine synthesis [123]. The depletion of autoreactive 

lymphocytes would be expected to take several months. Mycophenolate is well-tolerated, 

although significant leukopenia may occur and rarely severe infections including progressive 

multi-focal leukoencephalopathy may develop [124]. Mycophenolate is a teratogen [125] 

and may increase the risk of malignancy [126–128]

5.6 Tacrolimus

Tacrolimus is a macrolide similar in action to cyclosporine, which has been used for MG but 

has a milder nephrotoxic profile, and is used for corticosteroid sparing [129–131]. One study 

showed that prednisone was withdrawn in 95% of patients with pharmacologic remission or 

complete remission achieved by >85% of patients [132]. Tacrolimus is calcineurin inhibitor 

which provides an immunosuppressive effect by modulation of T cell activity and support of 

antibody production in B cells. It may also enhance T regulatory cell function. Tacrolimus 

also enhances muscle contraction rapidly by modulation of intracellular calcium-release 

channels, thereby providing a rapid onset of improvement in some patient. Adverse effects 

include hyperglycemia and hypomagnesemia. Tremor and paresthesias may also occur and 

generally resolve after dose adjustment.

5.7 Cyclosporine

Cyclosporine has been used alone or as a steroid-sparing agent since the 1980s for patients 

with treatment-resistant disease [133–136] but has significant downside of renal toxicity and 

hypertension with five percent of patients unable to tolerate the medication in one study 

[134]. Cyclosporine increases risk of osteoporosis [137]. Monitoring trough levels and 
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creatinine must be performed to limit toxicity. The primary adverse effects of cyclosporine 

are renal insufficiency and hypertension. Cyclosporine has many drug interactions, which 

may reduce or elevate serum levels of cyclosporine. Cyclosporine is a highly specific 

inhibitor of T cell activation [131, 138]. Cyclosporine inhibits the phosphatase activity of 

calcineurin leading to modulation of the nuclear factor of activated T cell transcription 

factor. Also, cyclosporine blocks the activation of JNK and p38 signaling pathways, which 

are triggered by antigen recognition.

5.8 Methotrexate

Methotrexate inhibits de novo pyrimidine and purine syntheses necessary for DNA and RNA 

syntheses, and would therefore would inhibit cellular proliferation of autoreactive 

lymphocytes. [139]. A randomized, controlled trial of methotrexate did not find a steroid-

sparing effect after 1 year of treatment [140], while a single-blind comparison study against 

azathioprine found both drugs to have similar steroid-sparing effects [141]. As a relatively 

inexpensive generic drug, methotrexate may be considered as an option for treatment. 

Methotrexate has significant adverse effects of hepatoxicity and anemia. Most patients 

develop hair loss, which is reversible.

5.9 Cyclophosphamide

Intravenous and oral cyclophosphamide has been used for treatment-resistant patients and 

one study found half of patients at one year to be asymptomatic [136, 142]. High-dose 

cyclophosphamide alone is not myeloablative, which allows a patient’s endogenous stem 

cells to repopulate the hematopoietic/immune systems. Such an approach has been applied 

to patients with treatment-resistant autoimmune diseases, including MG [143]. Autologous 

hematopoietic stem cell transplantation has been used in combination with 

cyclophosphamide in a limited number of patients [144]. Cyclophosphamide therapy may 

have severe complications including alopecia, diarrhea, nausea, vomiting, and hemorrhagic 

cystitis. The drug has carcinogenic, teratogenic potential, and a likelihood of producing 

infertility. Rarely, interstitial pneumonitis and hepatic injury occur. Cyclophosphamide 

inhibits lymphocyte replication but also has more broader immunomodulatory effects 

including modulation of Th2/Th1 ratios, altered cytokine production, and enhanced 

proliferation and survival of certain lymphocyte populations, and modulation of dendritic 

cell activity [145].

5.10 Intravenous Immunoglobulin (IVIG)

IVIG is used in the setting of life-threatening weakness or manifestations that significantly 

compromise activities of daily living. IVIG may be administered at total dose of 2 grams per 

kg over 2–5 days [146, 147]. IVIG has also been used as a maintenance therapy to limit 

prolonged corticosteroid use while other immunosuppressive agents are initiated. IVIG 

presumably has multiple mechanisms of action in autoimmune MG. IVIG causes inhibition 

of cytokines, competition with autoantibodies, inhibition of complement deposition, 

interference with Fc receptor binding on macrophages or binding of immunoglobulins on B 

cells, and interference with antigen recognition by sensitized T cells [147]. Response to 

IVIG therapy may be seen within days of initiation but on average at three weeks. When 

compared to plasma exchange, IVIG therapy may have fewer complications and similar 
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overall efficacy [146, 148, 149]. Headache including severe migraine, occurs in a large 

minority of patients at the time of infusion or days after; chills, myalgia, or chest discomfort 

may also occur. Flu-like symptoms, urticarial, and petechiae may occur within days of 

treatment and resolve over weeks to months. Pre-treatment with diphenhydramine and 

acetaminophen may limit some of these reactions. Rare anaphylactic reactions are noted in 

patient with IgA deficiency. Rarely, deep venous thrombosis, pulmonary emboli, cerebral 

infraction or myocardial infarction may occur [150].

5.11 Plasma exchange

Plasma exchange was identified as an effective acute treatment for severe MG in 1976 and 

often produces rapid improvement in severe weakness. Indications include myasthenic crisis 

and optimization of muscle function prior to surgery, including thymectomy [148, 151, 152]. 

Plasma exchange is done three times per week for up to six exchanges, with limited 

evidence for benefit with more exchanges. The exchange is performed with resins that 

remove proteins of certain molecular weights, particularly aimed at removal of circulating 

antibodies [149]. Benefit may be seen within hours but typically over days. Plasma exchange 

may be used as a chronic therapy in rare patients. However, plasma exchange is limited by 

its restriction to major medical centers and frequent need for large bore intravenous 

catheters. Adverse reactions include rebound symptoms in weeks following initial 

exchanges, which may be mitigated with the use of concomitant immunosuppressive 

treatments. During the exchanges paresthesia may occur. Hypotension, nausea and vomiting 

may occur due to fluid shifts and electrolyte alterations during plasma exchange. The most 

significant complications are infections and thrombotic complications related to need for 

intravenous catheters. The risk of exchange may be decreased by use of peripheral catheters, 

which is possible in upwards of 75 percent of patients [152].

5.12 Eculizumab

Eculizumab is a monoclonal antibody directed against the C5 component of complement. 

Preclinical testing found it to be highly effective for moderation of experimental MG in 

rodents [153] and its efficacy confirmed in a phase 3 trial for AChR antibody positive 

patients who had failed immunosuppressive treatment [154]. The Food and Drug 

Administration of the United States approved its use for AChR antibody positive, 

generalized MG in 2017. The authors expect eculizumab will be used for treatment resistant 

patients and possibly as acute management of severe disease. It is important to appreciate 

that eculizumab should only be used for AChR antibody positive patients because 

complement activation is the primary driver of neuromuscular junction injury. Despite the 

potential risk of infection with capsulated bacterium particularly meningococcus, with 

appropriate pre-treatment vaccination, eculizumab thus far has shown good safety and 

tolerability [155, 156]. A deficiency of eculizumab is its inactivity among patients with a 

genetic variant of the C5 epitope to which it binds [157, 158], and its general complement 

inhibition in an immunosuppressed population. Also, eculizumab is an extremely expensive 

drug, which will likely cost several hundred thousand dollars per year in the United States 

for care of MG patients.
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6. Therapies under development

As should be appreciated from the discussion thus far, current therapeutics for MG do not 

cure the disease, most are non-specific, and all have the potential for significant adverse 

effects. Although great advances have been made in understanding of disease pathogenesis 

and in therapy, more than a third of patients experience MG exacerbations, which require 

hospitalization, and disease- and treatment-related morbidity remains high. Non-

immunosuppressive treatments often do not completely relieve symptoms, and immune 

system targeted treatments have poor side effect profiles with variable benefit. There is also 

a concern for increased frequency of neoplasia for several of the drugs. Although mortality 

of MG patients has improved over the decades, MG remains a disease with high morbidity 

and at times, mortality. From the description of standard therapies, it should be appreciated 

that there is great unmet need. Presently, no investigators are claiming a cure may be at 

hand, but therapeutic development is focused on moderating symptom severity or reduction 

of corticosteroid dose. More rationale targeting of MG specific pathology is needed. Below 

we describe therapies that are in pre-clinical or early phase clinical trials.

6.1 Enhanced muscle contraction

The oldest effective treatment for MG is inhibition of ChE. No fundamental change in this 

approach has occurred in over eight decades. A potentially promising treatment was 

assessed in Phase 1b open-label trial with oral EN101 with patient reported and objective 

measures showing improvement [159]. Additionally, improvement was maintained for 

greater than 24 hours, which would be a great improvement over pyridostigmine. EN101 is 

an antisense oligodeoxynucleotide that acts at the mRNA level and selectively reduces the 

enzymatic isoform of AChE-R, which is generated with injury to the NMJ produced by MG 

[160, 161]. Despite its promise no commercial interests have moved development forward. 

There is some interest in improving pyridostigmine by limiting its adverse effect profile or 

improving the pharmacokinetic profile, but none have moved to phase 2 development. Also, 

a potassium channel inhibitor, amifampridine phosphate, is under Phase 3 evaluation. The 

agent appears to improve acetylcholine release and muscle contraction. Tirasemtiv is a 

troponin activator, which enhances the force generation of muscle contraction, is in Phase 2 

assessment. The question is whether these latter two compounds will be significant 

improvements compared to cholinesterase inhibitors.

6.2 Moderation of autoantibody levels

Several approaches have been taken to remove pathogenic antibody. In order to improve 

conventional plasma exchange, protein A based absorption to bind immunoglobulin, and 

thereby limit removal of other plasma proteins have been evaluated [162–164]. 

Unfortunately, trials have failed to find improved safety or efficacy [165]. Resins with bound 

AChR or peptides with the extracellular domains of the AChR subunits have been 

constructed and assessed in preclinical studies. The expectation is such resins would 

enhance efficacy of plasma exchange [166–168].

Another antibody specific approach involves enhancement of IgG removal from circulation. 

Normally, IgG molecules moving through the circulation undergo endocytosis by endothelial 
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cells and the endocytosed IgG interacts with the neonatal Fc receptor (FcRn), which are then 

returned to the circulation but with a significantly extended half-life [169, 170]. Neonatal Fc 

receptor (FcRn) monoclonal antibodies are currently in clinical trials in MG and other 

autoimmune diseases (Table 3). The disruption of FcRn-IgG interaction results in IgG 

catabolism and lowering of serum IgG levels. The expectation is that such an approach 

would be used in a similar fashion as plasma exchange or IV IG for significant exacerbations 

or potentially as a maintenance therapy by chronically maintaining IgG levels (and 

presumably autoantibodies) below a threshold associated with clinical symptoms.

6.3 Complement inhibition

With eculizumab validating complement inhibition as a therapy for AChR-positive MG, 

interest has increased in improving the approach and efficacy of complement targeted 

therapeutics [36, 37, 171, 172]. RA101495 is a small molecule inhibitor of C5 that is 

administered as a daily subcutaneous injection is in phase 2 testing (NCT03315130). Akari 

Pharmaceuticals has a small recombinant protein (Coversin), which has been used 

successfully for treatment of paroxysmal nocturnal hemaglobinuria and is being 

contemplated for use in MG after successful preclinical evaluation [173, 174]. Alnylam 

Pharmaceuticals has developed small interfering RNAs to suppress the synthesis of liver-

derived C5, which have moderated severity of animal models of MG (unpublished data HK 

and Alnylam Pharmaceuticals). Preclinical studies of C1q and Factor B inhibition have 

shown some efficacy but have yet to move to human studies [175, 176]

Thus far all the emerging treatments discussed do not address the underlying processes that 

generate pathogenic antibody. The following sections discuss approaches that attempt to 

reestablish tolerance, eliminate key pathogenic cells, or moderate signaling molecules.

6.4 Induction of tolerance [177]

The first attempts to induce tolerance involved administration of denatured Torpedo AChR, 

which reduced severity of EAMG in rabbits and rodents.[178–181] However, the use of 

Torpedo AChR is compromised by its immunogenicity and quantity required. Recently, 

bacterially-expressed human AChR cytoplasmic domains have been successful in reversing 

established weakness in animal models [182, 183]. These experiments found that AChR 

antibody production continues to be produced but is directed primarily towards cytoplasmic 

domains, which are not pathogenic. Presently, there are no clinical trials planned to assess 

this approach. If successful, such a treatment has the potential to be curative.

A phase 1b study in patient with MG is ongoing with CV-MG-101. CV-MG01 is a 

combination of two synthetic peptides designed to complement the structure of the main 

immunogenic region of the AChR. The expectation is that the administration of exogenous 

peptide will induce anti-idiotype and anti-clonotypic responses against binding sites of 

antigen receptors on autoreactive lymphocytes. This will then reduce AChR-specific T cell 

help and anergize autoreactive B cells [184–186]. A vaccination with the peptide in dogs 

with spontaneously occurring MG reduced weakness and antibodies more rapidly to 

historical controls [187]. However, canine MG has high rates of spontaneous remissions 

limiting firm conclusions to be drawn about efficacy [188].
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6.5 Cytokine targeted therapies

Dysregulated cytokine signaling is observed in MG and despite cytokine inhibitors in 

therapeutic development, there has been limited application to MG. Patients have increased 

numbers of transcripts of tumour necrosis factor alfa (TNF-α) expressing mononuclear cells 

in the blood compared to normal individuals and T cells from MG patients have significantly 

greater TNF-α receptors [189, 190]. TNF-α is involved in the generation of AChR-specific 

T and B cell responses during the development of EAMG and etanercept, a TNF-receptor 

blocker, can suppress established EAMG without inducing significant immunosuppression 

[191]. In a small group of patients, etanercept, reduced steroid requirements [192, 193]. 

However, there are case reports suggesting TNF-α agents may exacerbate MG and 

therapeutic development has not been pursued [194].

In MG patients, B cell activating factor (BAFF) cytokine levels are increased in the serum, 

while expression of BAFF and its receptors have been identified in MG thymus [195–197]. 

BAFF promotes the survival, growth, and maturation of B-cells, including autoreactive B-

cells and rescue B-cells from apoptosis [198]. Associations have been found between 

EOMG and BAFF gene polymorphisms [199]. Using a conjugate of BAFF receptor specific-

monoclonal antibody and short interference RNA, EAMG was treated with a high-dose 

regimen, which resulted in accumulation of Fas expressing CD19+/B220+ cells and 

concurrent expression of type 1 interferon in lymph nodes. In contrast a low-dose of 

conjugate did not induce FAS expression but caused marked BAFF receptor deficiency in 

lymph nodes that was associated with improved MG manifestations. Surprisingly, despite 

inhibition of BAFF receptor in PBMCs the treatment did not reduce the AChR antibody titer. 

The results indicate a dose-dependent, immunomodulatory distant effect resulting from 

BAFF receptor specific mAb-siRNA conjugate treatment of EAMG [200]. A clinical trial 

has been completed of belimumab, an antibody directed towards BAFF but results are yet to 

be published (NCT01480596).

6.6 Immune cell-targeted therapy

B cells are an obvious target for an MG therapeutic. Rituxan is a chimeric IgG1 monoclonal 

antibody that targets CD20 present on a large number of B cells and by activation of 

complement-mediated or antibody-dependent cell-mediated cytotoxicity eliminates CD20 

positive cells [201]. Rituximab is now commonly used in clinical practice but is not 

approved by the US Federal Drug Administration for MG. A phase II trial for patients with 

AChR antibody-positive MG has been completed enrollment with results pending 

(NCT02110706). In MuSK antibody-positive patients, rituximab also reduces prednisone 

dose and induces withdrawal of concomitant immunosuppressants along with clinical 

improvement and significant decrease in the MuSK antibody titers [202].

Rituximab depletes CD20 positive B cells but does not affect autoantibody producing 

plasmablasts or plasma cells (see below) that do not express CD20. Thus, these cell subsets 

are not directly affected and the dramatic effects observed in some MG patients receiving 

rituximab is likely accounted for by either indirect modulation of plasma cell populations 

(i.e., cell signaling) or by depleting plasma cell precursors, such as activated B cells.
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6.7 Plasma cell therapeutics

Elimination of plasma cells responsible for synthesis of autoantibodies would be expected to 

be a highly effective therapy [203]. The first therapy to become available is bortezomib 

[204]. Bortezomib is a proteasome inhibitor used for treatment of mantle cell lymphoma and 

multiple myeloma, which causes accumulation of nondegraded, misfolded proteins within 

plasma cells leading to apoptosis. Bortezomib treatment of EAMG animals reduces disease 

severity and in vitro studies of MG patient thymus cultures treated with bortezomib 

demonstrated plasma cell depletion [205]. In EAMG studies, reduced AChR antibody 

production, reduced postsynaptic muscle membrane damage, and clinical improvement have 

been observed [206]. Clinical trials of bortezomib to treat MG are currently underway and 

other proteasome inhibitors are under development for multiple myeloma and could be 

considered as a treatment for MG. Unfortunately, upwards of 35% of bortezomib treated 

patients with cancer develop a painful neuropathy [207]. This level and severity of toxicity 

would not be suitable for patients with MG who are otherwise relatively healthy and have 

many other treatment options. Next generation proteasome inhibitors are under development 

with the expectation that they will have fewer adverse effects [208]. Given the prime role of 

plasma cells in autoantibody production a therapeutic that selectively targets autoreactive 

plasma cells and overcomes the current limitations of existing therapies should be a focus 

for therapeutic development in MG.

The monoclonal antibody daratumumab targeting CD38 expressed on plasmablasts has been 

approved for treatment of refractory multiple myeloma offering another agent which may be 

effective for MG [209]. However, significant limitations are being identified. An effect of 

daratumumab observed in multiple myeloma patients is depletion of immune suppressive 

CD38 expressing regulatory T cells and expansion of helper and cytotoxic T cell populations 

[210]. Dysfunctional regulatory T cells and abnormal activation of T cell populations are 

present in MG and therefore daratumumab may exacerbate the disease [79, 211].

6.8 Targeting T cells

Despite the well appreciated role of T cells in the pathogenesis of MG there are limited 

therapeutics to modulate their activity. Strategies aimed at reducing T cell activation, 

improving regulatory T cell (Treg) function, and inhibiting stimulatory interactions between 

activated T cells and B cells hold promise for MG therapy.

Studies have demonstrated strong Th1 and Th17 cell involvement in both AChR and MuSK 

positive MG. Th17 cells represent a subset of CD4+ T cells characterized by the production 

of inflammatory cytokines interleukin-17 (IL-17) and IL-21 [212–215]. MG patients show 

upregulation of Th17 genes in PBMCs and increased peripheral IL-17A levels [216–218]. 

Increased frequencies of Th17 cells are found in MuSK+ MG patients compared with 

controls following polyclonal T cell stimulation and AChR antibody positive MG patients 

demonstrate a memory response with high IL-17 production [79, 219]. These findings 

strongly suggest that MG patients are primed for proinflammatory IL-17 responses. This 

makes Th17 a likely target for therapy. Multiple subcutaneously administered monoclonal 

antibodies are in development that target the inflammatory cytokine IL-17 or its receptor and 

may have applications to MG. The IL-17 receptor A is targeted by brodalumab and approved 
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for the treatment of adults with moderate to severe plaque psoriasis. Two approved 

monoclonal antibodies target the IL-17A cytokine itself. Ixekizumab is also moderate to 

severe plaque psoriasis, while secukinumab has additional indications for psoriatic arthritis 

and ankylosing spondylitis.

A pilot clinical trial is ongoing in MG (NCT03059888) with the fusion protein Abatacept, 

consisting of the extracellular domain of human cytotoxic T-lymphocyte-associated antigen 

4 (CTLA-4) and a modified Fc region of human immunoglobulin G1. It blocks the required 

co-stimulatory signal to activate T cells that is mediated by CD80/CD86 (also known as B7–

1 and B7–2) on antigen presenting cells. Abatacept inhibits T cell activation, resulting in 

reduced levels of proinflammatory cytokines that are implicated in MG, such as TNF-α, 

interferon-γ, and IL-2. Abatacept has failed in clinical trials in multiple sclerosis and 

ulcerative colitis.

Monoclonal antibodies targeting the CD40 – CD40L interaction are currently in clinical 

testing in MG (NCT02565576). Antigen presenting cells, including B cells, macrophages 

and dendritic cells, constitutively express CD40 on their surface. Activated CD4+ T cells 

interact with CD40 through CD40L (CD154) leading to dendritic cell activation, production 

of proinflammatory cytokines, and enhanced humoral immune responses [220, 221] Studies 

in EAMG demonstrated clinical improvement in established disease following delivery of 

anti-CD40L monoclonal antibodies and a reduction in Th1 related inflammatory cytokines 

[222].

Multiple studies have shown regulatory T cell (Treg) dysfunction in both the thymus and 

periphery [211, 217, 223]. EAMG studies and a single case report in MG suggest that 

granulocyte-macrophage colony-stimulating factor (GM-CSF) can increase Treg frequencies 

and function and ameliorate disease [224–227]. Methods for selectively improving Treg 

function are currently under development, but are still several years away.

6.9 Stem cell transplant

Allogenic hematopoietic stem cell transplantation led to resolution of symptoms and 

discontinuation of all MG medications in one MG patient [228]. A case series of seven 

patients and a report of one patient treated with autologous haematopoietic stem cell 

transplantation (AHSCT) for MG found all patients achieved durable MGFA complete stable 

remission [144, 229]. Compared to allogenic HSCT, AHSCT does not require a compatible 

donor and does not result in graft-versus-host disease. Significant treatment related 

morbidity and mortality of AHSCT must be taken into account when considering this 

treatment. Nevertheless, based on these few reports, autologous hematopoietic stem cell 

transplantation can be an effective therapeutic option for carefully selected patients with 

severe, treatment refractory MG [229].

7. Expert Commentary

MG is a chronic, autoimmune neuromuscular disorder caused by antibodies directed towards 

proteins concentrated at the neuromuscular junction.
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The characteristic clinical feature of MG is weakness which fatigues and may involve any 

voluntary muscle. The ocular muscle are preferentially involved leading to ptosis or diplopia 

in nearly all patients at some point in their illness.

Antibodies are primarily directed against the skeletal muscle AChR and a small population 

of patients with antibodies to MuSK. LRP-4 is likely a new antigenic target but has not been 

fully validated. AChR-antibodies induce injury of the neuromuscular junction primarily by 

activation of complement.

Regardless of autoantibody, a compromise of neuromuscular transmission occurs through 

the reduction of AChR on the post-synaptic surface leading to a compromised safety factor 

for neuromuscular transmission.

MG is a clinically and biologically heterogeneous condition with subgroups based on age of 

onset, autoantibody, thymic pathology, and disease severity. Thymic hyperplasia with 

germinal center formation is the hallmark pathology observed in AChR-antibody positive 

early-onset MG with women being predominantly effected. Approximately ten percent of 

patients have a thymoma, a tumor of thymic epithelial cells. Although removal of the tumor 

is required, it does not reduce the clinical severity of MG.

MG is a T cell-dependent, B cell-mediated autoimmune disorder. AChR autobody-producing 

B cells can be found in thymus, circulation, lymph nodes and bone marrow. MuSK MG this 

pathology is rarely observed suggesting MuSK antibody generation occurs primarily outside 

the thymus.

Thymectomy has been demonstrated by a randomized, evaluator-blinded clinical trial to 

reduce the severity and corticosteroid use of patients with AChR antibody positive patients 

with predominantly early-onset MG.

Cholinesterase inhibition and corticosteroids are the most common initial therapies and 

effective in the majority of patients.

Because of the significant adverse effects of corticosteroids and treatment resistance, many 

patients will require additional therapy the immunosuppressives, such as azathioprine, 

mycophenolate, or tacrolimus.

Eculizumab has been approved for use in Europe, Japan, and the United States for 

generalized, AChR-antibody positive MG.

Guidelines for treatment have been issued by a panel with international national 

representation as well as Japanese and British neurological associations.

Large pharmaceutical corporations, biotech companies, and academics in the last decade 

have taken an interest in development of agents that target specific mechanisms of MG 

disease pathology. These therapies range for enhancers of muscle contraction to reduction of 

circulating autoantibodies or autoreactive cells.
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Thus far, there is no promising approach that will lead to a sustained return to tolerance to 

the autoantigen inciting the disease and there is limited understanding of the initial trigger, 

which produces MG.

8. Five-year view

A tremendous amount of late stage preclinical work and clinical trials at various stages is 

being done for MG. This is surprising given the slow pace of therapeutic development in the 

late 1900’s and first decade of this century [108]. We suspect the reasons for this are a 

combination of its relatively well-defined pathophysiology, advances in understanding of 

autoimmunity, and financial advantages that exist for drug development for rare diseases. 

MG now has the advantage of a community of clinicians and scientists who have established 

strong collaborations and rigorous assessments for human trials [230]. A situation that was 

not present 20 years ago. All these forces will bring an explosion of data to drive further 

refinement of treatments. Since clinical trials are expensive and trial patients are few, a 

major concern for the field is how clinicians and drug developers will be able to prioritize 

their efforts to improve therapeutics. Leaders in MG, be they clinicians, scientists, patient 

advocacy, or the pharmaceutical industry will need to come to consensus as to how to 

expend limited resources.
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9. Key Issues

• MG remains a deadly disorder with a large minority of patients responding 

poorly to conventional treatments.

• MG is caused by antibodies directed towards proteins concentrated at the 

neuromuscular junction, primarily the acetylcholine receptor and the muscle 

specific kinase.

• The pathogenesis of MG varies based autoantibody, thymic pathology, age of 

onset, and gender. Targeted therapies will be needed to cure these subtypes.

• Conventional therapeutics are focused on moderating symptoms and 

reduction of corticosteroid use.

• Eculizumab, a complement inhibitor, was approved for use of acetylcholine 

receptor antibody-mediated MG and represents a fundamentally new class of 

drug for MG.

• Agents that target directly or indirectly target antibody production by B cells 

and plasma cells may offer therapies that produce long-term remission in all 

of MG subtypes.

• Induction of self-tolerance to the inciting autoantigen will be the key to 

potentially curing of MG but remains an elusive goal.

• With the plethora of therapies in development at various stages, there is a 

critical need for leaders from industry, patient advocacy, and researchers to 

prioritize therapeutic development.

Wang et al. Page 30

Expert Rev Neurother. Author manuscript; available in PMC 2019 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 31

Table 1.

Clinical Severity Based on MGFA Clinical Classification

Class I: Any ocular muscle weakness; may have weakness of eye closure. All other muscle strength is normal.

Class II: Mild weakness affecting muscles other than ocular muscles; may also have ocular muscle weakness of any severity.

IIa. Predominantly affecting limb, axial muscles, or both. May also have lesser involvement of oropharyngeal muscles.

IIb. Predominantly affecting oropharyngeal, respiratory muscles, or both. May also have lesser or equal involvement of limb, axial 
muscles, or both.

Class III: Moderate weakness affecting muscles other than ocular muscles; may also have ocular muscle weakness of any severity.

IIIa. Predominantly affecting limb, axial muscles, or both. May also have lesser involvement of oropharyngeal muscles.

IIIb. Predominantly affecting oropharyngeal, respiratory muscles, or both. May also have lesser or equal involvement of limb, axial 
muscles, or both.

Class IV: Severe weakness affecting muscles other than ocular muscles; may also have ocular muscle weakness of any severity.

IVa. Predominantly affecting limb, axial muscles, or both. May also have lesser involvement of oropharyngeal muscles.

IVb. Predominantly affecting oropharyngeal, respiratory muscles, or both. May also have lesser or equal involvement of limb, axial 
muscles, or both.

Class V: Defined as intubation, with or without mechanical ventilation, except when employed during routine postoperative management. 
The use of a feeding tube without intubation places the patient in class IVb.

Expert Rev Neurother. Author manuscript; available in PMC 2019 July 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 32

Table 2.

Standard Therapies and Adverse Effects

Treatment Major Adverse Effects

Cholinesterase Inhibition Bloating, diarrhea, excess respiratory secretions, bradycardia

Prednisone Osteoporosis, weight gain with central obesity, glaucoma, cataracts, hypertension, peripheral edema, psychiatric 
changes (depression, mania, personality alterations), sleep disturbance, easy bruising, glucose intolerance

Azathioprine Idiosyncratic flu-like reaction, leukopenia, hepatotoxicity, alopecia, teratogen, possible risk of neoplasia

Cyclosporine Renal insufficiency, hypertension, gingival hyperplasia, drug interactions

Mycophenolate Anemia, leukopenia, gastrointestinal discomfort, diarrhea

Tacrolimus Tremor, headache, diarrhea, hypertension, nausea, renal insufficiency, hyperkalemia, hypomagnesemia, drug 
interactions

Methotrexate Hepatoxicity, anemia, hair loss

Cyclophospamide alopecia, diarrhea, nausea, vomiting, hemorrhagic cystitis, carcinogenic, teratogenic potential, infertility, interstitial 
pneumonitis, hepatic toxicity

Eculizumab Meningococcal and other infections, headache
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Table 3.

Potential New Therapies for Myasthenia Gravis

Cholinesterase Inhibition

EN101 Acetylcholinesterase inhibitor • antisense oligodeoxynucleotide
• acts at the mRNA level
• selectively reduces the enzymatic isoform of AChE-R

Moderation of Autoantibody Levels

Neonatal Fc receptor (FcRn) 
monoclonal antibodies

IgG endocytosis by endothelial cells • disrupts of FcRn-IgG interaction
• lowers the serum IgG levels
• compounds under development by ArGEN-X, UCB, 
HanALL Biopharma

Complement inhibition

RA101495 inhibits C5 complement • daily subcutaneous injection
• used for treatment of paroxysmal nocturnal 
hemoglobinuria

Induction of Tolerance

Bacterially-expressed human AChR 
cytoplasmic domains

induces tolerance to antigen • AChR antibody production continues primarily towards 
cytoplasmic domains, which are not pathogenic
• no clinical trials planned
• If effective, it has the potential to be curative

Cytokine Targeted Therapies

Etanercept TNF-receptor blocker • can suppress established EAMG without inducing 
significant immunosuppression
• TNF-α agents may exacerbate MG
• therapeutic development has not been pursued

Belimumab B cell activating factor (BAFF) 
Antibody

• results from the study yet to be published

Immune Cell-Targeted Therapy

Rituxan chimeric IgG1 monoclonal antibody 
that targets CD20

• eliminates CD20 positive cells by complement-mediated 
or antibody-dependent cell-mediated cytotoxicity
• commonly used but not approved by the US Federal 
Drug Administration for MG
• appears effective in MuSK+ MG patients
• does not affect autoantibody producing plasmablasts or 
plasma cells that do not express CD20

Plasma cell therapeutics

Bortezomib proteasome inhibitor • causes accumulation of nondegraded, misfolded proteins 
within plasma cells which leads to apoptosis
• in EAMG reduced AChR antibody production and 
reduces postsynaptic muscle membrane damage
• clinical trials currently in progress
• significant side effect is a painful neuropathy

Daratumumab targets CD38 expressed on 
plasmablasts

• depletion of immune suppressive CD38 expressing 
regulatory T cells and expansion of helper and cytotoxic T 
cell populations
• may exacerbate MG
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Targeting T cells

IL-17 Antibodies target the inflammatory cytokine 
IL-17 or its receptor

• MG patients are likely primed for proinflammatory IL-17 
responses

Brodalumab target the IL-17 receptor A • approved for the treatment of moderate to severe plaque 
psoriasis

Ixekizumab targets the IL-17A cytokine itself • approved for the treatment of moderate to severe plaque 
psoriasis

Secukinumab targets the IL-17A cytokine itself • approved for the treatment of moderate to severe plaque 
psoriasis, and psoriatic arthritis and ankylosing spondylitis

Abatacept blocks the required co-stimulatory 
signal to activate T cells that is 
mediated by CD80/CD86 on antigen 
presenting cells

• fusion protein, consists of the extracellular domain of 
human cytotoxic T-lymphocyte-associated antigen 4 
(CTLA-4) and a modified Fc region of human 
immunoglobulin G1
• inhibits T cell activation, resulting in reduced levels of 
pro-inflammatory cytokines
• failed in clinical trials in multiple sclerosis and ulcerative 
colitis

Stem cell transplant

Allogenic hematopoietic stem cell 
transplantation

stem cells • One successful curative case

Autologous haematopoietic stem cell 
transplantation

stem cells • Seven patients that achieved durable MGFA complete 
stable remission
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