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Acquired myasthenia gravis  (MG)  is an uncommon disorder 
(200–400 cases per million; ref. 1). Its symptoms are caused by a 
characteristic muscle weakness that worsens after use of affected 
muscles. In about two-thirds of patients, the extrinsic ocular 
muscles (EOMs) present the initial symptoms. The symptoms 
usually progress  to the other bulbar muscles and  limb mus-
cles, resulting in generalized MG (gMG). In about 10% of MG 
patients, symptoms remain limited to the EOM, and this condi-
tion is termed ocular MG (oMG).

MG fulfills the strict criteria of an Ab-mediated autoimmune 
disorder: (a) Abs are present at the site of pathology, the neuro-
muscular junction (NMJ); (b) Ig from MG patients or anti-AChR 
Abs from experimental animals cause MG symptoms when inject-
ed into rodents; (c) immunization of animals with AChR repro-
duces the disease; and (d) therapies that remove Abs decrease the 
severity of MG symptoms.

Historical perspective
The first described case of MG is likely that of the Native American 
Chief Opechancanough, who died in 1664, as reported by Virgin-
ian chroniclers: “The excessive fatigue he encountered wrecked 
his constitution; his flesh became macerated; his sinews lost their 
tone and elasticity; and his eyelids were so heavy that he could not 
see unless they were lifted up by his attendants . . . he was unable 
to walk; but his spirit rising above the ruins of his body directed 
from the litter on which he was carried by his Indians” (2). In 1672, 
the English physician Thomas Willis described a patient with the 
“fatiguable weakness” of limbs and bulbar muscles characteris-
tic of MG (3). In the late 1800s, the first modern descriptions of 
patients with myasthenic symptoms were published (3), and the 
name myasthenia gravis was coined by fusing the Greek terms for 
muscle and weakness to yield the noun myasthenia and adding the 
Latin adjective gravis, which means severe (4).

Attempts at rational treatments of MG began in the 1930s. A 
major step forward occurred in 1934 when Mary Walker realized 
that MG symptoms were similar to those of curare poisoning, 

which was treated with physostigmine, a cholinesterase inhibi-
tor. She showed that physostigmine promptly improved myas-
thenic symptoms (5), making anticholinesterase drugs a staple 
in MG management. Because thymus pathology is common in 
MG patients, as first noted in the late 1800s (3), in 1937, Blalock 
removed a mediastinal mass from a young woman who had MG 
(3); the patient improved postoperatively. Later, Blalock reported 
other myasthenic patients who improved after thymus removal 
(3), establishing thymectomy as a treatment for MG.

In 1959–1960, Simpson and Nastuck proposed independently 
that MG has an autoimmune etiology (6, 7) based on several obser-
vations: (a) MG patients’ sera compromise contraction in nerve-
muscle preparations; (b) the level of serum complement correlates 
inversely with the severity of MG symptoms; (c) infants of myas-
thenic mothers may present transient myasthenic symptoms (neo-
natal MG); (d) inflammatory infiltrates may occur in muscles of MG 
patients, and pathologic changes are common in their thymi; and (e) 
MG may be associated with other putative autoimmune disorders.

In  1973,  Patrick  and  Lindstrom  demonstrated  that  rabbits 
immunized with purified muscle-like AChR developed MG-like 
symptoms (experimental autoimmune MG [EAMG]) (8). After that 
seminal discovery, many studies demonstrated an autoimmune 
response against muscle AChR in MG and the role of anti-AChR 
Abs in causing the structural and functional damage of the NMJ. 
These findings promoted the use of immunosuppressants in MG. 
In the 1970s, prednisone and azathioprine became established 
treatments for MG (9), and plasma exchange was introduced as an 
effective acute treatment for severe MG (10), further proving that 
circulating factors caused MG symptoms.

Pathogenesis of MG: current state of the art
Structure and function of the NMJ. The  terminal arborization of  
α–motor neuron axons from the ventral horns of the spinal cord 
and brainstem provides the nerve terminals that form the NMJ 
(Figure 1). These myelinated axons reach the muscles through 
peripheral nerves; then each axon divides into branches that inner-
vate many individual muscle fibers. As it approaches its target fiber, 
each branch loses the myelin sheath and further subdivides into 
many presynaptic boutons, which contain ACh-loaded synaptic 
vesicles and face the surface of the muscle fiber at the NMJ (Figure 
1). The synaptic bouton and the muscle surface are separated by 
the synaptic cleft, a 20 nm–thick space that contains acetylcholin-
esterase (AChE) and other proteins and proteoglycans involved in 
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Figure 1
Structure of the NMJ. As it enters the muscle and approaches its target fibers, each α–motor neuron axon divides into branches that innervate 
many individual muscle fibers. Each branch loses its myelin sheath and further subdivides into many presynaptic boutons, which contain ACh-
loaded synaptic vesicles and face the surface of the muscle fiber at the NMJ. The synaptic bouton and the muscle surface are separated by the 
synaptic cleft, which contains AChE and proteins and proteoglycans involved in stabilizing the NMJ structure. The NMJ postsynaptic membrane 
has characteristic deep folds, and the AChR is densely packed at the fold top. When the nerve action potential reaches the synaptic bouton, ACh 
is released into the synaptic cleft, where it diffuses to reach and bind the AChR. ACh binding triggers the AChR ion channel opening, permitting 
influx of Na+ into the muscle fiber. The resulting EPP activates voltage-gated Na+ channels at the bottom of the folds, leading to further Na+ influx 
and spreading of the action potential along the muscle fiber. Other proteins, including Rapsyn, MuSK, and agrin, which are involved in AChR 
clustering, are also present on the muscle membrane in close proximity to the AChR. MASC, myotube-associated specificity component; RATL, 
rapsyn-associated transmembrane linker. Figure modified with permission from Lippincott Williams and Wilkins (126).
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stabilizing the NMJ structure. The NMJ postsynaptic membrane 
has characteristic deep folds: the AChR is densely packed (about 
12,000 molecules per μm2) in highly ordered hexagonal lattices of 
molecules at the tops of the folds.

Muscle AChR molecules are transmembrane proteins formed 
by 5 subunits: 2 identical α subunits, which contribute important 
structural elements to the ACh-binding sites, and 3 different but 
homologous subunits, termed β, γ (or ε; see below), and δ. Muscle 
expresses 2 developmentally regulated AChR isoforms. Embryonic 
muscle expresses AChRs formed by α, β, γ, and δ subunits. After 
innervation, expression of the γ subunit gene is substituted by that 
of the homologous ε subunit gene to yield the adult AChR iso-
form, a complex of α, β, δ, and ε subunits. Some adult muscles, 
notably the EOM, still express embryonic AChR (11).

When the nerve action potential reaches the synaptic bouton, the 
depolarization opens voltage-gated Ca2+ channels on the presynap-
tic membrane. This Ca2+ influx triggers fusion of synaptic vesicles 
with the presynaptic membrane and ACh release. Quantal content of a 
nerve impulse refers to the number of ACh vesicles (quanta) released 
by that impulse. The ACh diffuses into the synaptic cleft (where it 
can be hydrolyzed by AChE) and reaches and binds to AChR, thereby 
triggering the opening of its cation channels and influx of Na+ into 
the muscle fiber. The resulting endplate potential (EPP) activates 
voltage-gated Na+ channels, leading to further influx of Na+ and 
spreading of the action potential along the muscle fiber.

The postsynaptic transmembrane protein, muscle-specific tyro-
sine kinase (MuSK) (Figure 1), is the main autoantigen in some 
MG patients (12). MuSK expression in both developing and mature 
muscle is similar to that of AChR. In mature muscle, MuSK is pres-
ent prominently only at the NMJ, where it is part of the receptor 
for agrin. Agrin is a protein synthesized by motor neurons and 
secreted into the synaptic basal lamina. The signaling mediated by 
agrin/MuSK interaction triggers and maintains rapsyn-dependent 
clustering of AChR and other postsynaptic proteins (13). Rapsyn, 
a peripheral membrane protein exposed on the cytoplasmic sur-
face of the postsynaptic membrane, is necessary for clustering of 
AChR, with which it coclusters. Rapsyn and AChR are present in 
equimolar concentrations at the NMJ, and they may be physically 
associated. Rapsyn causes clustering of NMJ proteins other than 
the AChR, including MuSK. Mice lacking agrin or MuSK fail to 
form NMJs and die at birth of profound muscle weakness, and 
their AChR and other synaptic proteins are uniformly expressed 
along the muscle fibers (14).

NMJ properties that influence susceptibility to muscle weakness in MG. The 
EPP generated in normal NMJs is larger than the threshold needed 
to generate an action potential. This difference may vary in different 
muscles, as discussed below. Neuromuscular transmission safety fac-
tor is defined as the ratio between the actual EPP and the threshold 
potential required to generate the muscle action potential. Its reduc-
tion is the electrophysiological defect that causes MG symptoms.

The quantal content of an impulse, the conduction properties 
and density of postsynaptic AChR, and the activity of AChE in the 
synaptic cleft all contribute to the EPP (15). Also, the postsynaptic 
folds (Figure 1) form a high-resistance pathway that focuses end-
plate current flow on voltage-gated Na+ channels in the depths of 
the folds, thereby enhancing the safety factor. A reduction in the 
number or activity of the AChR molecules at the NMJ decreases the 
EPP, which may still be adequate at rest; however, when the quantal 
release of ACh is reduced after repetitive activity, the EPP may fall 
below the threshold needed to trigger the action potential.

NMJ properties vary among muscles and may influence muscle 
susceptibility to MG (15). This is well illustrated by the NMJ of the 
EOMs, which are especially susceptible to developing myasthenic 
weakness. The NMJs of EOM differ from those of skeletal muscle 
in several ways. They have less prominent synaptic folds, and there-
fore fewer postsynaptic AChRs and Na+ channels, and a reduced 
safety factor (16). They are subject to very high neuronal firing 
frequency, making them prone to fatigue. Also, they express less 
intrinsic complement regulators, making them more susceptible 
to complement-mediated injury (17). In skeletal muscles, fast-
twitch fibers have NMJs with greater quantal contents, a greater 
degree of postsynaptic folding (18), and higher postsynaptic sensi-
tivity to ACh than slow-twitch NMJs (19), and they have increased 
Na+ current in the NMJ region (20). These properties may make 
fast-twitch skeletal muscle fibers less susceptible to myasthenic 
failure than slow-twitch fibers.

Effector mechanisms of anti-AChR Abs. Anti-AChR Abs affect neuro-
muscular transmission by at least 3 mechanisms: (a) binding and 
activation of complement at the NMJ; (b) accelerated degradation 
of AChR molecules crosslinked by Ab (a process known as anti-
genic modulation); and (c) functional AChR block (Figure 2).

The NMJs of MG patients and EAMG animals contain activa-
tion fragments of complement component 3 (C3), the terminal 
and  lytic complement component 9  (C9), and the membrane 
attack complex (MAC) (21). Different lines of indirect evidence 
suggest that complement activation at the NMJ might be the pri-
mary cause of AChR loss and failure of neuromuscular transmis-
sion (Figure 2A): (a) complement depletion protects animals from 
EAMG (22); (b) administration of Abs that block complement 
component 6 (anti-C6) (23) or a complement inhibitor (soluble 
CR1) (24) protects rodents from EAMG; (c) mice with a reduced 
complement function because of a genetic deficit of complement 
components are resistant or less susceptible to EAMG induction 
than mice with normal complement (25); (d) IL-12–deficient mice, 
which synthesize Th1-driven, complement-fixing Abs poorly (26), 
develop minimal EAMG symptoms after AChR immunization 
in spite of robust anti-AChR Ab synthesis; moreover, their NMJs 
contain Abs but not complement, suggesting that anti-AChR Abs 
that do not activate complement do not effectively compromise 
neuromuscular transmission.

Cells are protected from activation of autologous complement 
on their surfaces by the so-called intrinsic complement regulators. 
These include the decay-accelerating factor (DAF or CD55), the 
membrane cofactor protein (MCP or CD46), and the membrane 
inhibitor of reactive lysis (MIRL or CD59) (27–29). Consistent 
with an important role of complement in EAMG, passive transfer 
of EAMG with anti-AChR Abs causes more severe muscle weakness 
in DAF-deficient mice than in wild-type mice (30).

Antigenic modulation is the ability of an Ab to cross-link 2 anti-
gen molecules, thereby triggering a cellular signal that causes accel-
erated endocytosis and degradation of the cross-linked molecules 
(Figure 2B). IgG from MG patients causes antigenic modulation of 
muscle AChR in vivo and in vitro (31). If accelerated degradation 
is not compensated by increased AChR synthesis (32), it will lead 
to a reduction of the available AChR molecules at the NMJ and 
myasthenic symptoms. This property can be used as a diagnostic 
test for MG (32). However, not all anti-AChR Abs cause antigenic 
modulation because, even though all IgG Abs have 2 antigen-bind-
ing sites, the epitope location on the AChR surface may restrict the 
ability of Abs to cross-link a second AChR molecule (33).
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Functional AChR block due to Ab binding to the ACh-binding site 
(Figure 2C) is an uncommon pathogenic mechanism in MG, yet it 
may be clinically important. This is because the presence of Ab to the 
ACh-binding site of the AChR causes acute, severe muscle weakness 
in rodents without either inflammation or necrosis of the NMJ (34). 
Many MG patients have low levels of anti-AChR Abs that recognize 
the ACh-binding site (35); these might block the AChR in spite of 
their low concentration and contribute to acute myasthenic crises.

Role of CD4+ T cells in MG. Pathogenic anti-AChR Abs are high-
affinity IgGs, whose synthesis requires that activated CD4+ T cells 

interact with B cells, resulting in low-affinity anti-AChR Abs. This 
triggers somatic mutations of the Ig genes, leading to synthesis of 
high-affinity Abs. B cells secreting low-affinity anti-AChR Abs are 
common; for example, about 10% of monoclonal IgGs in multiple 
myeloma patients bind muscle AChRs (36). Myelomas are rarely 
associated with MG, perhaps because of the low affinity of their 
anti-AChR Abs (36).

MG patients have AChR-specific CD4+ T cells with T helper 
function in the blood and thymus (37), and their symptoms 
improve after thymectomy (38) or treatment with anti-CD4 Abs 

Figure 2
Effector mechanisms of anti-AChR Abs. (A) Ab binding to the AChR activates the complement cascade, resulting in the formation of membrane 
attack complex (MAC) and localized destruction of the postsynaptic NMJ membrane. This ultimately leads to a simplified, altered morphology of the 
postsynaptic membrane of the NMJ of MG patients, which lacks the normal deep folds and has a relatively flat surface. (B) Abs cross-link AChR mol-
ecules on the NMJ postsynaptic membrane, causing endocytosis of the cross-linked AChR molecules and their degradation (antigenic modulation). 
This ultimately leads to a reduced number of AChR molecules on the postsynaptic membrane. (C) Ab binding the ACh-binding sites of the AChR 
causes functional block of the AChR by interfering with binding of ACh released at the NMJ. This results in failure of neuromuscular transmission. 
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(39). Moreover, in MG patients with AIDS, a reduction in CD4+ 
T cells correlates with myasthenic symptom improvement (40). 
Studies  in experimental  systems directly demonstrated that 
CD4+ T cells are necessary for the development of MG symp-
toms. SCID mice engrafted with blood lymphocytes from MG 
patients produce anti–human AChR Abs and develop MG symp-
toms only if the grafted cells include CD4+ T cells (41). Also, 
mice genetically deficient  in functional CD4+ T cells do not 
develop EAMG (42). Healthy subjects may have AChR-specific 
CD4+ T cells, which do not cause a clinically significant autoim-
mune response, probably because of mechanisms of immuno-
logical tolerance, which fail in autoimmunity.

Blood CD4+ T cells from both gMG and oMG patients respond 
to the AChR in vitro. Those from gMG patients respond to all the 
AChR subunits (43), and their epitope repertoire expands as the 
disease progresses (44). A few AChR sequences were recognized 
by most gMG patients (e.g., see ref. 45). CD4+ T cell lines specif-
ic for these “universal” AChR epitopes, when grafted into SCID 
mice, support anti-AChR Ab production by B cells, which result in 
MG symptoms (41). The responses to AChR and AChR epitopes 
of CD4+ T cells from oMG patients were weaker and less stable 
over time than in those of gMG patients (44). Also, CD4+ T cells 
from individual oMG patients rarely recognize all AChR subunits, 
even when the disease has lasted for many years (44). It is not clear 
whether CD4+ T cells from oMG patients recognize the embryonic γ  
or the adult ε subunit or both (44).

The pathogenic role of anti-AChR CD4+ T cells in MG and EAMG 
explains the important role of MHC class II molecules, which pres-
ent the antigen epitopes to the specific CD4+ T cells. In mice, sus-
ceptibility to EAMG correlates with the class II molecule alleles 
that they express (46). Moreover, a mutation of the gene encoding 
the β subunit of the I-Ab molecule converts the highly susceptible 
C57BL/6 strain of mice into the EAMG-resistant BM12 strain of 
mice (47). MG patients, like patients with other autoimmune dis-
eases, express some MHC (HLA) alleles with higher frequency than 
expected in the general population. HLA gene products found fre-
quently in MG patients include the B8 and A1 class I molecule, the 
DR3/DW3 class II molecule, and certain DQ allele products. Some 
studies have used mice that express individual DR or DQ alleles 
transgenically, to determine whether some DR or DQ molecules 
influence the development of EAMG. Those studies confirmed 
that expression of the DQ8 and DR3 molecules correlated with 
EAMG susceptibility and expression of the DQ6 molecule corre-
lated with resistance (48, 49).

Role of CD4+ T cell subtypes and cytokines in MG and EAMG. Differenti-
ated CD4+ T cells are classified into subtypes based on the cytokines 
they secrete. Among them, Th1 and Th2 cells have different and at 
times opposing functions (50) (Figure 3). Th1 cells secrete proin-
flammatory cytokines, such as IL-2, IFN-γ, and TNF-α, which are 
important in cell-mediated immune responses. Th2 cells secrete 
antiinflammatory cytokines, such as IL-4, IL-6, and IL-10, which are 
also important inducers of humoral immune responses. Moreover, 
IL-4 stimulates differentiation of Th3 cells, which secrete TGF-β 
and are involved in immunosuppressive mechanisms (51). Both Th1 
and Th2 cytokines may induce Ab synthesis. However, they support 
the synthesis of different Ig types. In mice (and likely in humans) 
Th1 cells induce IgG subclasses that bind and activate complement 
efficiently whereas Th2 cells induce Ig isotypes and IgG subclasses 
that fix complement poorly or not at all. In rats, both Th1 and Th2 
cells induce complement-fixing IgG subclasses (52).

MG patients have abundant anti-AChR Th1 cells in the blood 
that recognize many AChR epitopes (e.g., see ref. 53) and induce 
synthesis of pathogenic anti-AChR Abs when grafted together with 
B cells and macrophages from the same patient into SCID mice (41). 
MG patients also have anti-AChR Th2 and Th3 cells in the blood 
(54). Mice congenitally lacking or overexpressing a cytokine have 
been used to study the role of cytokines in EAMG. Those studies 
suggested that Th1 cells and their cytokines are needed for EAMG 
development, probably because they induce expression of comple-
ment-binding pathogenic anti-AChR Abs (e.g., see refs. 26, 55).The 
resistance to EAMG induction conferred by genetic deficiency in 
TNF-α or TNF receptor proteins (56) is overcome by treatment 
with IL-12, confirming that sensitization and differentiation of 
Th1 cells is important for EAMG development (57). Other studies 
demonstrated the important role of Th1 cells in EAMG by chang-
ing the concentration of Th1 cytokines in rodents with normal 
genes for cytokines and their receptors. For example, treatment of 
rats with anti–TNF-α Abs suppresses EAMG development (58), and 
treatment of mice with a soluble recombinant form of the human 
TNF receptor, able to outcompete mouse TNF-α for binding to the 
mouse receptor, significantly improves symptoms of established 
EAMG (59). Moreover, estrogen enhances EAMG development in 
mice by promoting augmented IL-12 production by AChR-specific 
Th1 cells, suggesting that estrogens mediate sex differences in auto-
immunity because of a Th1-mediated mechanism (60) (Figure 3). 
Proinflammatory Th1 cytokines induce expression of MHC class II  
molecules in muscle, thereby facilitating presentation of muscle 
AChR epitopes and further expansion of activated anti-AChR CD4+ 
T cells (61). Increased IFN-γ production may explain the increased 
expression of IFN-γ–induced chemokines and monokines and their 
receptors in muscle, thymus, and lymph nodes in MG patients and 
rats with EAMG. A decrease in chemokine expression correlates 
with decreased severity of symptoms (62).

Anti-AChR Th2 cells have complex and contrasting roles  in 
EAMG. They can be protective (e.g., refs. 63, 64), but the Th2 
cytokines IL-5, IL-6, and IL-10 also foster EAMG development (e.g., 
refs. 65–67). The resistance to EAMG of mice genetically deficient 
in IL-6 is associated with a reduced formation of germinal centers 
in the spleen and a reduced synthesis of anti-AChR IgG Abs while 
the anti-AChR IgM response is normal, suggesting a defect in T 
cell help and in the switching from IgM to IgG isotypes (67).

Other CD4+ T cell subtypes may have a role in MG. CD4+ T cells 
that express the CD25 marker and the transcription factor Foxp3 
are known as Tregs and are	important in maintaining self toler-
ance (Figure 3). Tregs in MG patients may be functionally impaired 
(68). In addition, the number of circulating Tregs has been shown 
to increase after thymectomy, and the increase correlated with 
symptom improvement (69).

Role of NK and NKT cells in MG and EAMG. CD1-d–restricted NKT 
cells may be involved in maintaining self tolerance. In EAMG and 
MG, NKT cells and Tregs may cooperate in regulating the anti-
AChR response. In AChR-immunized mice, activation of NKT cells 
by a synthetic glycolipid agonist inhibits EAMG development; these 
therapeutic effects are likely mediated by the increase in number 
and modulatory function of Tregs induced by the glycolipid (70).

NK cells can also influence the development of EAMG and pos-
sibly MG. In mice, NK cells are necessary for EAMG development 
(71). The “permissive” role of NK cells in EAMG is due to their 
secreting IFN-γ, thereby permitting and enhancing the sensitiza-
tion of Th1 cells. IL-18 is an important growth and differentiation 
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factor for both NK cells and Th1 cells, especially in cooperation 
with IL-12 (55). Thus, IL-18 may be especially important in MG 
and EAMG pathogenesis. This is supported by the finding that  
IL-18–deficient mice are resistant to EAMG and pharmacologic 
block of IL-18 suppresses EAMG (55, 71). The finding that MG 
patients have increased serum levels of IL-18, which are higher 
in gMG than in oMG patients and tend to decrease with clinical 
improvement, supports a role for IL-18 in human MG (72).

Other autoantigens in MG. Up to 20% of MG patients do not have 
anti-AChR  Abs  and  are  consequently  known  as  seronegative 
patients (73). Many seronegative patients (31%–41% in most stud-
ies) (74) develop Abs against MuSK. Lower frequencies of patients 
with anti-MuSK Abs among seronegative MG patients may occur 
in particular ethnic groups or geographic locations (e.g., Chinese, 
Norwegians) (74, 75); this might reflect environmental or genetic 
susceptibility factors. MG patients with anti-MuSK Abs never have 
anti-AChR Abs, with the notable exception of a group of Japanese 
patients investigated in one study (74, 76).

The agrin/MuSK signaling pathway likely maintains the struc-
tural and functional integrity of the postsynaptic NMJ apparatus 
also in adult muscle. Anti-MuSK Abs and IgG from MG patients 
who have anti-MuSK Abs disrupt AChR aggregation in myotubes 
from MuSK-immunized animals and block agrin-induced AChR 
clustering (12, 77). Also, immunization of animals with MuSK 
fragments induces myasthenic symptoms (77). This suggests that 
anti-MuSK Abs affect the agrin-dependent maintenance of AChR 
clusters at the NMJ, ultimately leading to reduced AChR numbers. 
Complement-mediated damage might also be responsible for loss 
of AChRs and NMJ damage. However, some MG patients with 
anti-MuSK Abs do not experience AChR loss at the NMJ (78), per-
haps because anti-MuSK Abs are mainly IgG4, which do not bind 
complement efficiently (79). Moreover, some studies have found 
that anti-MuSK Abs do not cause substantial AChR loss, comple-
ment deposition, or morphologic damage at the NMJ (78). Anti-
MuSK Abs may have other pathogenic mechanisms. In this regard, 
a recent study that investigated the effects of anti-MuSK Ab–con-

Figure 3
Cytokine network and cells involved in the pathogenesis and immunoregulation of MG. Th1 cytokines stimulate production of IgG subclasses 
that bind and activate complement effectively, whereas Th2 cytokines stimulate the production of Ig classes and IgG subclasses that do not. The 
Th2 cytokine IL-4 is also a differentiation factor for Th3 cells, immunosuppressive cells that secrete TGF-β. The Th1 cytokine IFN-γ stimulates 
expression of MHC class II molecules on the muscle cell membrane, thus facilitating presentation of muscle AChR. The IL-18 secreted by APCs 
favors the differentiation of Th1 cells both directly and indirectly through the action of NK cells. CD1-d–restricted NKT cells can activate Tregs, 
thereby inhibiting autoimmune processes. See text for further details.
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taining sera from MG patients on muscle cell cultures found that 
some sera inhibit cell proliferation by causing cell cycle arrest and 
cause downregulation of the expression of AChR subunits, rapsyn, 
and other muscle proteins (80).

Some seronegative patients who do not have either anti-AChR or 
anti-MuSK Abs might have a plasma factor that activates a second 
messenger pathway in the muscle, resulting in phosphorylation 
and inactivation of the AChR (81).	MG patients may also synthe-
size Abs against non–muscle-specific proteins, such as myofibril-
lar proteins (82). Some of those Abs, especially anti-myosin Abs 
and anti–fast troponin Abs, may cross-react with the AChR (83). 
MG patients with thymoma have Abs against titin (84) and the 
ryanodine receptor (85).

Diagnosis of MG
Textbook descriptions suggest that clinical diagnosis of MG should 
be straightforward. However, this is not always the case. Delayed 
or missed diagnoses occur frequently. This is because MG is rela-
tively rare and therefore unfamiliar to practitioners, and its fluc-
tuating muscular weakness can be puzzling. Once suspected, the 
diagnosis of MG relies on serological tests that detect anti-AChR or 
anti-MuSK Abs and sometimes Abs against other muscle proteins 
(actin, striational protein) and electrodiagnostic tests that detect 
characteristic defects in neuromuscular transmission (Table 1).

The discovery of anti-AChR Abs yielded useful diagnostic tests. 
The demonstration of serum anti-AChR Abs proves the diagno-
sis of MG. However, their absence does not exclude it because 
anti-AChR Abs are detectable only in 80%–90% of gMG patients 
and 30%–50% of oMG patients (86). The most commonly used 
anti-AChR Ab assay measures the serum levels of an autoanti-
body that precipitates muscle AChR extracted from appropriate 

human cell lines or amputated tissue. The AChR is detected by 
the binding of a radiolabeled, irreversible cholinergic antagonist, 
α-bungarotoxin (86). Thus, this assay cannot reveal anti-AChR 
Abs against the cholinergic site, which can be assayed by testing 
the ability of the patients’ IgG to competitively inhibit the bind-
ing of cholinergic ligands (86). Yet another serologic test mea-
sures the ability of the patients’ sera or IgG to induce antigenic 
modulation of the AChR in cell cultures (86). In patients with 
MG symptoms who do not have detectable anti-AChR Abs (73), 
serologic diagnosis of MG can be attempted by determining the 
presence of anti-MuSK Abs (12). About 5% of MG patients have 
neither anti-AChR nor anti-MuSK Abs.

Standard electrodiagnostic tests that utilize repetitive stimula-
tion of peripheral nerves are commonly used to detect neuromus-
cular transmission defect in MG. They are relatively sensitive and 
reliable (Table 1). The most sensitive electrodiagnostic test for MG 
is single-fiber electromyography, which reveals deficits of neuro-
muscular transmission in 95%–99% of MG patients and excludes 
the diagnosis of MG when it yields normal results (87). It selectively 
records action potentials from a small number (usually 2 or 3) of 
muscle fibers innervated by a single motor unit. The amount of 
ACh released at the NMJ at different times has a small variability, 
resulting in comparable variations in the rise of EPP and the muscle 
fiber pair interpotential intervals. This variability is highly sensitive 
to neuromuscular transmission abnormalities and is increased in 
MG patients. Neuromuscular blocking	is the failure of transmis-
sion of one of the potentials, when one of the muscle fibers fails to 
transmit an action potential because the EPP does not reach the 
necessary threshold. The American Association of Neuromuscular 
& Electrodiagnostic Medicine has developed guidelines for electro-
diagnostic testing for evaluation of MG (88).

Table 1
Diagnostic tests for MG

Test	 Sensitivity	 Comments	

Clinical	tests
Edrophonium Detectable in 80%–90% of MG patients Edrophonium testing is safe. However, because of known adverse  
  effects, alternative nonpharmacological tests have been developed.
Sleep Criteria poorly defined
Ice-pack test Criteria poorly defined

Assays	of	serum	Abs
Anti-AChR Detectable in approximately 80%–90% of  May also be observed in patients with Lambert-Eaton syndrome and  
 gMG patients and 30%–50% of oMG patients motor neuron disease, thymoma patients without MG, and relatives  
  of MG patients.
Anti-MuSK Detectable in approximately 30%–40% of  
 anti-AChR Ab–negative gMG patients and  
 rarely in oMG patients
Anti-striational protein Detectable in 80% of thymomatous MG  More common in older patients. First autoantibody detected in MG.  
 patients and 30% of nonthymomatous  However, poor specificity makes this test nondiagnostic. 
 MG patients

Electrodiagnostic	tests
Repetitive stimulation  Positive in approximately 90% of gMG  
of peripheral nerves patients and 30%–60% of oMG patients
Single-fiber  Positive in 95%–99% of MG patients Despite its sensitivity, single-fiber electromyography is not the test of  
electromyography  choice because it is dependent on operator skills and patient  
  cooperation. Also, results are abnormal in neuropathies and motor  
  neuron and muscle diseases.
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Therapeutic MG management
The current management of MG includes the use of anticholines-
terase drugs for temporary improvement of neuromuscular trans-
mission, removal of anti-AChR Abs by plasma exchange or specific 
immunoadsorption procedures, use of nonspecific immunosup-
pressants or immunomodulators to curb the anti-AChR response, 
and thymectomy (Table 2). No current treatment targets the autoim-
mune defect of MG selectively. However, the advances in understand-
ing the pathogenesis of autoimmunity and MG suggest that new 
approaches that will curb or even eliminate the anti-AChR response 
specifically will be forthcoming (see Table 2 and “The future”).

Anticholinesterase drugs  improve myasthenic  symptoms  in 
nearly all patients, but they fully relieve the symptoms in only a 
few. Thus, most patients require additional immunosuppressive 
treatment (see below). A novel approach to long-term therapeutic 
inhibition of AChE activity in MG patients is based on the obser-
vation that in the NMJ of both MG patients and EAMG animals, 
there  is enhanced transcription and altered splicing of AChE 
pre-mRNA, with accumulation of a normally rare readthrough 
AChE-R variant (89). The commonly occurring synaptic AChE-S 
variant forms membrane multimers. In contrast, AChE-R exists 
as  soluble  monomers  that  lack  the  carboxyterminal  cysteine 
needed for membrane attachment. Thus, AChE-R permeates the 
synaptic space and degrades ACh before it reaches the postsyn-
aptic membrane, thereby compromising AChR activation. These 
observations prompted the design and use of EN101, an antisense 
oligonucleotide that suppresses the expression of AChE-R. EN101 
normalizes neuromuscular transmission in EAMG by modulat-

ing the synthesis of AChE variants, thereby affecting the rate of 
ACh hydrolysis and the efficacy of AChR activation (90). EN101 is 
undergoing human trials.

Despite the lack of large controlled trials, corticosteroids are the 
immunosuppressive agent most frequently used for the treatment 
of MG and the most consistently effective (91). They are adminis-
tered at high doses for several months and at low doses for years. 
Anti-AChR Ab levels decrease in the first months of therapy. Most 
patients obtain a clinical benefit, which may be related to reduc-
tion of lymphocyte differentiation and proliferation, redistribu-
tion of lymphocytes into tissues that are not sites of immunore-
activity, changes in cytokine expression (primarily of TNF, IL-1, 
and IL-2), inhibition of macrophage function and of antigen pro-
cessing and presentation, or a possible increase in muscle AChR 
synthesis. The shortcoming of corticosteroid treatment is the fre-
quent steroid-related complications. This has motivated the use 
of other immunosuppressants, either as “steroid-sparing” agents 
or as a substitute for corticosteroids; a proportion of MG patients 
can be treated successfully without corticosteroids.

Azathioprine, a purine analog, reduces nucleic acid synthesis, 
thereby interfering with T and B cell proliferation. It has been 
utilized as a single immunosuppressant agent in MG since the 
1970s, and large, retrospective reports support its efficacy (92). A 
randomized, double-blind trial demonstrated its efficacy also as a 
steroid-sparing agent. Its major disadvantage is the delayed clini-
cal response, which may take up to 15 months (93).

Cyclophosphamide administered  intravenously and orally 
is an effective treatment for MG (94); more than half of the 

Table 2
Current and potential therapies for MG management

Approach	 Therapeutics	 Mechanism	of	action

Current
Modulation of neuromuscular Cholinesterase inhibitors Prolong ACh activity 
transmission EN101 Antisense nucleotide that suppresses the synthesis of AChE-R, the soluble  
  and most effective form of synaptic AChE
Immunomodulation Thymectomy Probably multiple effects
 Plasma exchange Removal of Ab
 IVIg Multiple effects
 Immunoadsorption Removal of anti-AChR Ab
General immunosuppression Prednisone Multiple effects
 Azathioprine Purine analog. Inhibits T and B cell proliferation
 Cyclosporine, Tacrolimus Blocks T cell activation and growth
 Mycophenolate mofetil Inhibits guanosine nucleotide synthesis and selectively inhibits activated T cells
 Etanercept Recombinant soluble TNF receptor that competitively inhibits TNF-α binding

Potential	 	
Complement inhibition Anti-C6 Abs Abs that block complement component 6 and protect rodents from EAMG
 CR1 Soluble recombinant receptor that competitively inhibits complement 
Induction of tolerance to AChR Multiple approaches Administration of AChR or portion of sequence by tolerance-inducing routes  
  (e.g., oral, nasal)
  T cell vaccination
  Use of modified APCs loaded with AChR epitopes
Depletion of AChR-specific B  Multiple approaches For example, AChR toxin to eliminated B cells, Fas ligand conjugates targeted 
or T cells  to T cells
Interruption of MHC class II, Multiple approaches For example, APL (peptide epitope analogs that cannot activate CD4+ T cells) 
epitope peptide, T cell receptor,  
and CD4+ complex  
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patients became asymptomatic after 1 year of treatment.  Its 
delayed effect and undesirable side effects (hair loss, and less 
frequently, nausea, vomiting, anorexia, and skin discoloration) 
limits its use to the management of patients who do not respond 
to other immunosuppressive treatments.

Cyclosporine is a cyclic undecapeptide that blocks the synthesis 
of cytokines (and especially IL-2), IL-2 receptors, and other pro-
teins critical in the function of CD4+ T cells. Its efficacy in MG was 
first suggested by a small, randomized, placebo-controlled study, 
which has not been followed by similar studies on larger groups of 
patients (95). However, larger retrospective studies have supported 
its use as a steroid-sparing agent (96).

Tacrolimus, a macrolide antibiotic, is similar to cyclosporine in 
its biological activity. No large controlled studies on the efficacy 
of tacrolimus in MG are available. However, a large retrospec-
tive study of treatment-resistant patients supports its use as a 
steroid-sparing agent (97).

In the US, mycophenolate mofetil is increasingly used both as a 
steroid-sparing agent and as a stand-alone immunosuppressant. 
Unfortunately, the investigations that support its use studied 
small patient groups or were of a retrospective nature; therefore 
the value of their conclusions is limited (98). Those studies sug-
gest that mycophenolate has limited toxicity, consistent with its 
selective inhibitory activity of guanosine nucleotide synthesis in 
activated T and B cells, which should limit its effects on other cell 
types (99). Randomized, controlled trials to evaluate mycopheno-
late mofetil usefulness in MG treatment are under way.

For some MG patients, symptoms do not improve with the use of 
corticosteroids or one of the immunosuppressive agents described 
above, alone or in combination, and they may develop intolerable 
side effects prompting consideration of other therapeutic options. 
MG patients resistant to therapy have been successfully treated 
with cyclophosphamide in combination with bone marrow trans-
plant (100) or with rituximab, a monoclonal Ab against the B cell 
surface marker CD20 (101). Etanercept, a soluble, recombinant 
TNF receptor that competitively blocks the action of TNF-α, has 
been shown to have a steroid-sparing effects in studies on small 
groups of patients (102). Plasma exchange and i.v. Ig (IVIg) (dis-
cussed below) can be used as chronic therapy although their ben-
efit has not been documented in rigorously designed studies.

Plasma exchange (plasmapheresis) and IVIg are used for acute 
management of severe muscular weakness. Plasmapheresis involves 
replacing 1–1.5 times the plasma volume with saline, albumin, or 
plasma protein fraction, leading to a reduction of serum AChR 
Ab levels (103). For IVIg therapy, Ig isolated from pooled human 
plasma by ethanol cryoprecipitation is administered for 5 days 
(0.4 g/kg/day). Fewer infusions at higher doses are also used. The 
mechanism of action of IVIg is complex and likely includes inhibi-
tion of cytokines, competition with autoantibodies, inhibition of 
complement deposition, interference with binding of Fc receptor 
on macrophages and Ig receptor on B cells, and interference with 
antigen recognition by sensitized T cells (104). More specific tech-
niques to remove pathogenic anti-AChR Abs utilizing immunoad-
sorption have been developed recently, which offer a more targeted 
approach to MG treatment (105).

The observations that lead to therapeutic ablation of the thymus 
in MG have been mentioned above. However, the clinical efficacy 
of thymectomy has been questioned because the evidence support-
ing its use is not solid (106). Retrospective studies yielded widely 
different conclusions, but they included patients whose thymi were 

removed by different surgical approaches, and they used differ-
ent definitions of remission and limited statistical analysis (107). 
Moreover, corticosteroids and other immunosuppressive agents are 
commonly used by MG patients undergoing thymectomy, making 
it difficult to ascertain whether thymectomy provides additional 
benefits. Usually, thymectomy is performed on patients early in the 
course of their disease and restricted to patients younger than 60. A 
review by the American Academy of Neurology concluded that, while 
thymectomy should be considered a treatment option, its benefits in 
nonthymomatous MG have not been firmly established (106) and 
that a prospective, controlled, randomized study with standardized 
medical therapy for all patients is needed. Also, the NIH is sponsor-
ing a clinical trial to determine whether the extended transsternal 
thymectomy reduces corticosteroid requirements for patients with 
AChR Ab–positive nonthymomatous gMG (108).

Thymectomy may not be a viable therapeutic approach for anti-
MuSK Ab–positive patients because their thymi lack the germinal 
centers and the infiltrates of lymphocytes that characterize thymi 
from patients who have anti-AChR Abs. This suggests that a differ-
ent pathologic mechanism occurs in anti-MuSK Ab–positive and 
anti-AChR Ab–positive MG.

Lack of well-designed investigations with appropriate statistical 
power undermines the rationale for use of the current immuno-
therapies for MG. Moreover, there are no rigorous trials that com-
pare the efficacy of the various immunosuppressive approaches. 
Different factors contribute to this situation, including the vari-
able clinical presentations and time course of MG and its low inci-
dence; a lack of agreed-upon clinical scales to measure the outcome 
of the treatment; and a suboptimal cooperation among the major 
centers that care for MG patients during clinical trials (109).

The future
Complement inhibition is an attractive future therapeutic approach 
for MG because it is effective in rodent EAMG (e.g., ref. 24). More-
over, anti-C5 inhibitors show short-term safety and are effective in a 
variety of human disorders, including myocardial infarction (110), 
coronary artery bypass graft surgery (111), and lung transplanta-
tion (112). Thus, therapeutic approaches based on inhibition of 
complement activation will likely be tried for MG in the future.

However, the ultimate goal for MG treatment is to eradicate the 
rogue anti-AChR autoimmune response specifically and reestab-
lish tolerance to the AChR without affecting the other functions of 
the immune system or causing other adverse effects. Such targeted 
immunosuppressive approaches (Table 2) are still far from clinical 
use. However, their success in EAMG suggests that approaches for 
specific modulation of the autoimmune anti-AChR response may 
become part of MG patient care in the next decade. We will sum-
marize here the different approaches that have proven successful for 
the prevention and treatment of EAMG induced by immunization 
with AChR. We will also analyze the possible technical and biological 
limitations to their application for the treatment of human MG.

Approaches that have proven successful in rodent EAMG include 
the following: (a) administration of AChR or parts of its sequence 
in a manner known to induce tolerance; (b) depletion of AChR-
specific B cells or T cells; and (c) interference with formation of the 
complex between MHC class II molecules, epitope peptide, T cell 
receptor, and CD4 molecule.

Antigen presentation under special circumstances may lead to 
antigen-specific tolerance in adult animals rather than activated 
CD4+ T cells. Earlier studies showed that in rats, presentation of 
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AChR epitopes by unsuitable APCs (fixed B cells that had been 
incubated with AChR under conditions favoring AChR uptake and 
processing) caused unresponsiveness of the AChR-specific CD4+ 
T cells to further stimulation with AChR (113). More recently, 
several studies have demonstrated that DCs, especially after treat-
ment with TGF-β, IFN-γ, or IL-10, when injected into rats with 
developing or ongoing EAMG, suppressed or ameliorated the 
myasthenic symptoms (114–116). The effect was correlated with 
a reduced production of anti-AChR Abs without a reduced prolif-
erative response of T cells to the AChR. Approaches based on the 
use of tolerance-inducing APCs, which should present all AChR 
epitopes and therefore influence all AChR-specific T cells, might 
be useful for the treatment of MG. Should pulsing of the APCs 
with human AChR be needed, biosynthetic human AChR subunits 
could be used as antigens.

Mucosal or subcutaneous administration of AChR or synthetic 
or biosynthetic AChR peptides to rodents — approaches known to 
induce antigen-specific tolerance in adult animals — prevented or 
delayed EAMG development (e.g., see refs. 117–119). Depending 
on the dose of the antigen administered, anergy/deletion of anti-
gen-specific T cells (at high doses) and/or expansion of cells pro-
ducing immunosuppressive cytokines (TGF-β, IL-4, IL-10) (at low 
doses) are major mechanisms in mucosal tolerance induction. The 
use of mucosal tolerization procedures in human MG, however, 
is problematic because those procedures can be a double-edged 
sword (120); they reduce AChR-specific CD4+ T cell responses but 
may also stimulate AChR-specific B cells to produce Abs, thereby 
worsening the disease. Also, a large amount of human AChRs 
would be required, which may be difficult to obtain.

Conjugates of a toxin with AChR or synthetic AChR sequences, 
when administered to animals with EAMG, eliminated B cells 
producing anti-AChR Abs (121). This  is probably because the 
AChR moiety of the conjugate docks onto the membrane-bound 
Abs of AChR-specific B cells, which can then be killed by the toxic 
domain. This approach has 2 caveats. First, the toxin may damage 
other cells. Second, anti-AChR CD4+ T cells can recruit new B cells 
to synthesize more anti-AChR Abs.

AChR-specific CD4+ T cells can be specifically eliminated in 
vitro by APCs genetically engineered to express relevant portions 
of the AChR, Fas ligand (to eliminate the activated AChR-specific 
T cells with which they interact), and a portion of Fas-associated 
death domain, which prevents self-destruction by the Fas ligand 
(122). It is not known yet whether this strategy can be safely used 
to modulate EAMG in vivo.

Activation of CD4+ T cells requires interaction and stable bind-
ing of several proteins on the surfaces of the CD4+ T cell and of 
the APC. In experimental systems, interfering with formation of 
this complex usually reduced the activity of autoimmune CD4+ T 
cells. This may be obtained by administering or inducing Abs that 
recognize the binding site for the antigen of the T cell receptor 

(known as T cell vaccination) (123). T cell vaccination is already 
used in clinical trials for the treatment of multiple sclerosis, rheu-
matoid arthritis, and psoriasis (124). It is effective in EAMG, and it 
is a promising future strategy for the treatment of MG (124). The 
mechanisms of action of T cell vaccination are complex, and they 
likely include the induction of modulatory CD4+ and CD8+ T cells 
(124). Another approach used synthetic peptide analogs of an epi-
tope recognized by autoimmune CD4+ T cells that bind the MHC 
class II molecules but cannot stimulate the specific CD4+ cells. 
These are known as altered peptide ligands (APLs). APLs com-
pete with peptide epitopes derived from the autoantigen, thereby 
turning off the autoimmune response. APLs might also stimulate 
modulatory antiinflammatory CD4+ T cells or anergize the patho-
genic CD4+ T cells (125). The rich epitope repertoire of anti-AChR 
CD4+ T cells in MG patients reduces the therapeutic potential of 
approaches that interfere with activation of specific CD4+ T cells; 
targeting only a few epitopes may not significantly reduce the anti-
AChR response. Moreover, these treatments are likely to produce 
only transient improvement that ceases when administration of 
the anti–T cell Ab is discontinued. 

MG and EAMG have offered unique opportunities to investi-
gate the molecular mechanisms of an Ab-mediated autoimmune 
disease. Many factors have contributed to making MG the best 
understood human autoimmune disease. These include the sim-
plicity of the pathogenic mechanism in MG, where NMJ failure 
explains all symptoms; the deeper understanding of the structure 
and the function of the NMJ and its molecular components, most 
notably, the AChR; and the increasing understanding of the mech-
anisms that modulate immune responses and maintain tolerance. 
Hopefully increasing knowledge of the immunobiology of MG 
will form a foundation for designing new and specific therapeutic 
approaches aimed at curbing the rogue autoimmune response and 
reestablishing immunological tolerance without interfering with 
the other immune functions.

If this expectation is fulfilled, MG, which has been a benchmark 
to understanding autoimmunity in humans, will become a refer-
ence point for the design of specific immunosuppressive treat-
ments of other autoimmune Ab-mediated diseases.
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