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Myasthenia gravis (MG) is a rare autoimmune diseasemediated by pathogenic antibodies

(Ab) directed against components of the neuromuscular junction (NMJ), mainly the

acetylcholine receptor (AChR). The etiological mechanisms are not totally elucidated,

but they include a combination of genetic predisposition, triggering event(s), and

hormonal components. MG disease is associated with defective immune regulation,

chronic cell activation, inflammation, and the thymus is frequently abnormal. MG is

characterized by muscle fatigability that is very invalidating and can be life-threatening

when respiratory muscles are affected. MG is not cured, and symptomatic treatments

with acetylcholinesterase inhibitors and immunosuppressors are life-long medications

associated with severe side effects (especially glucocorticoids). While the muscle is the

ultimate target of the autoimmune attack, its place and role are not thoroughly described,

and this mini-review will focus on the cascade of pathophysiologic mechanisms taking

place at the NMJ and its consequences on themuscle biology, function, and regeneration

in myasthenic patients, at the histological, cellular, and molecular levels. The fine

structure of the synaptic cleft is damaged by the Ab binding that is coupled to focal

complement-dependent lysis in the case of MG with anti-AChR antibodies. Cellular

and molecular reactions taking place in the muscle involve several cell types as well

as soluble factors. Finally, the regenerative capacities of the MG muscle tissue may be

altered. Altogether, the studies reported in this review demonstrate that the muscle is

not a passive target in MG, but interacts dynamically with its environment in several

ways, activating mechanisms of compensation that limit the pathogenic mechanisms of

the autoantibodies.
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transcriptome

INTRODUCTION

Autoimmune Myasthenia Gravis (MG) is characterized by muscular weakness aggravated by
exercise and improved by rest. The symptoms fluctuate, whichmakes the clinical diagnosis difficult.
MG is mediated by antibodies (Ab) to components of the neuromuscular junction (NMJ), the
muscle is thus the target of the autoimmune attack. About 85% of MG patients present Ab against
the acetylcholine receptor (AChR) (1). In about 5% of MG patients, the autoreactive Ab target the
muscle-specific kinase (MuSK) protein (2), which is involved in the clustering of AChRs (3). More
recently, the agrin receptor LRP4 (low-density lipoprotein receptor-related protein 4), which forms
a complex with MuSK, has been recognized as a novel autoantigen in a small proportion of MG
patients without anti-AChR or -MuSK Ab (4). Antibodies to cortactin and agrin (5, 6) have been
described, but their presence is most often concomitant to one of the other types of Ab.
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MG is a complex disease to which genetic predispositions
and defects of the immune system contribute (7–9). Thymic
abnormalities are frequently found in the subgroup of MG with
anti-AChR Ab but not in that with anti-MuSK Ab (10), and
thymectomy has clinically favorable effects in AChR-MG (11),
but not in MuSK-MG (12). MG patients with anti-AChR Ab
can be classified in several subgroups according to the age of
onset, the gender, thymic pathology, and anti-AChR antibodies
[Reviewed in (13)]. While the defects of the immune system are
richly described (7, 14, 15), reviews on the mechanisms taking
place at the level of the muscle tissue are more sporadic (16–18),
therefore we will focus on this aspect.

ULTRASTRUCTURAL AND
PHYSIOLOGICAL CHANGES OF THE NMJ
IN MG

The development and maintenance of the NMJ are primarily
dependent on the agrin-MuSK-LRP4 signaling system (19, 20).
LRP4 and MuSK are anchored in the post-synaptic membrane.
Agrin, secreted by the nerve terminal, binds to LRP4, which
then binds to the extracellular domain of MuSK, resulting in
phosphorylation and activation of MuSK (19). Phosphorylated
MuSK recruits then Dok-7, an adaptor protein that becomes
phosphorylated and recruits additional signaling molecules
essential for synapse formation and AChR clustering (21).

Detailed structure and mechanism of the NMJ have been
described in several reviews (22–25). Briefly, the post-synaptic
membrane is characterized by deep junctional folds, the top
of which are rich in AChRs, while voltage-gated Na+ channel
(VGSCs) are concentrated in the depths [Review in (22, 24)].
There are ∼10,000 AChR per square micrometer on the muscle
surface in themotor plate, whereas the concentration is negligible
outside the synaptic area. At the presynaptic side, 150,000–
300,000 vesicles contain a quantum of acetylcholine (ACh) each
(∼10 000 molecules). Upon local depolarization, one quantal
content (about 20 vesicles) is released in the synaptic cleft. The
binding of ACh to AChRs induces an entry of Na+ into the
muscle fibers, causing the local depolarization of the membrane
and forming the endplate potential (EPP). The EPP stimulates
the opening of the VGSCs, and upon reaching the firing
threshold, a further influx of Na+ ions ensues, and the action
potential spreads along the muscle fiber. It reaches and opens
the stocks of intracellular calcium that finally trigger the muscle
contraction (Figure 1A). In the healthy NMJ, the amplitude
of EPP exceeds the threshold necessary to produce an action
potential in the muscle. The ratio between the actual EPP and the
threshold required to generate an action potential represents the
safety factor of neuromuscular transmission, which is especially
important during intense activation of the NMJ (26). In humans,
the safety factor is about two, whereas it is higher in rodents or
feline (27).

In AChR-MG disease, morphometric analysis reveals
degenerative changes of the postsynaptic regions with widening
and simplification of synaptic clefts and accumulation of debris
in the synaptic zone (28, 29) (Figure 1B). In addition, nerve

terminals are often smaller than normal size, and their sprouting
may be observed (28). The degradation of the post-synaptic
membrane results in a decrease in the expression of the AChR
and the VGSCs channels, both contributing to the significant
reduction of the safety factor: (1) EPP is lowered by the partial
loss of functional AChRs and (2) the firing threshold is raised
due to the reduction in the density of the sodium channels (30).
During prolonged synaptic activity, as the quantal content of
ACh normally runs down, the summation of EPP falls below the
threshold, and they can no longer trigger the action potential
of the muscle fibers (Figure 1B, numbers 1, 2, 3, 4). Then,
several NMJ will present perithreshold EPP and intermittent
transmission failures concomitantly, and the summation of
several progressive blocks of NMJ transmission will lead to the
MG symptoms (31).

Interestingly, the extraocular muscles (EOM) have
physiologically less developed post-synaptic folding, hence
a lower baseline safety factor, which could explain their high
predisposition to dysfunction inMG (32). Furthermore, in ocular
MG, these muscles are susceptible to complement-mediated
attack due to a deficiency in complement-inhibitory proteins of
the EOM and orbital tissue (33).

MECHANISMS OF ACTION OF THE Ab

Anti-AChR Ab
The pathogenicity of anti-AChR Ab has been shown by their
ability to transfer the disease to control animals (34) and to
reduce the number of α-bungarotoxin binding sites in myotube
cultures (35). There is no correlation between the clinical severity
of the disease and the Ab titer, but there is a correlation between
the Ab titer and the ability of the sera to degrade AChR in vitro
(36). However, in patients with immunosuppressive treatment,
the changes in the level of anti-AChR antibodies is correlated
with the clinical score (37).

Anti-AChR Ab can reduce the expression of muscle AChR
by several mechanisms (Figure 1B): (1) removal of AChRs
due to cross-linking and subsequent internalization (number
2); (2) functional AChR block (number 3), and (3) activation
of complement with formation of membrane-attack complexes
(MAC) that cause focal lysis (number 4) [Review in (38)]. Anti-
AChR Ab are mainly IgG1 and IgG3 isotypes that bind the
complement. This mechanism is likely the most pathogenic one:
(a) there is an inverse relationship between the integrity of
junctional folds and the abundance of C9, one molecule of the
MAC (39); (b) mice mutated for complement factors (C3, C4, C5,
C6) develop a lower incidence of MG upon active immunization,
and their NMJ does not harbor the MAC [Review in (38)]; (c)
Some patients with refractory MG have significant, often rapid,
improvement in symptoms when treated with eculizumab, that
inhibits the cleavage of C5 (40); (d) NMJ degradation decreases
the safety factor and the efficacy of the transmission (41).

Anti-MuSK Ab
As a receptor tyrosine kinase, MuSK interacts with a plethora
of proteins and downstream pathways, some of which involved
in nuclear anchoring, gene transcription, Wnt interactions,
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FIGURE 1 | Simplified structure and function of the neuromuscular junction (A) and physiological Changes in autoimmune Myasthenia Gravis (B). Direct, indirect

consequences of the various autoantibodies and compensatory mechanisms, are identified by numbers. Anti-MuSK and anti-LRP4 autoantibodies act mainly by

(Continued)
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FIGURE 1 | inhibiting AChR clustering (1). Anti-AChR antibodies reduce the expression of muscle AChR by removal of AChRs due to cross-linking, internalization, and

degradation (2), functional AChR block (3), and activation of complement with formation of membrane-attack complexes that cause focal lysis (4). Blinding of

anti-AChR antibodies also include muscle production of paracrine factors, microvesicles and exosomes, as well as cytokines (5) with potential effects over neighboring

structures (satellite cells, muscle cells and nerve terminal). Pro-inflammatory environment can be enhanced during MG acute phase by infiltrating macrophages release

of cytokines (6). Compensatory mechanism at molecular (7,8) and cellular levels (9) preserve MG muscle fibers from the AChR autoantibodies induced damage. Ach,

Acetylcholine; AChR, Acetylcholine receptor; LRP-4, low-density lipoprotein receptor-related protein; MAC, membrane attack complex; MuSK, muscle specific kinase;

VGSC, voltage-gated sodium channel.

scaffolding, and AChR stabilization (20). MuSK-MG is often
characterized bymuscle atrophy and excellent response to plasma
exchanges. Experimentally, animals that received repeated daily
injections of patient IgG (42) or actively immunized with
MuSK (43) show impaired neuromuscular transmission, with
reductions in endplate AChR and EPP amplitudes [Review in
(44)]. In vitro, anti-MuSK Ab induce inhibition of proliferation
of a cell line, an effect correlated with disease severity and anti-
MuSK Ab titer, that could explain the muscle atrophy in MuSK+
MG patients (45). The isotype of anti-MuSK Ab is generally IgG4
that lacks complement-activating properties and is considered
functionally monovalent and is thus unable to induce antigenic
modulation (46). Anti-MuSK Ab bind to a structural epitope in
the first Ig-like domain ofMuSK, prevent binding betweenMuSK
and LRP4 and inhibit agrin-stimulated MuSK phosphorylation
resulting in defects of AChR clustering (Figure 1B, number
1) (47). In addition, anti-MuSK Ab block binding of ColQ to
the NMJ, that may lead to compromised agrin-mediated AChR
clustering and AChR deficiency in MuSK-MG patients (48).
Finally, some anti-MuSK Ab are directed against the Cysteine-
rich domain of MuSK that mediates the Wnt-MuSK interactions
(49). In summary, by contrast with anti-AChRAb, anti-MuSKAb
induce a functional effect by interfering withMuSK signaling and
AChR clustering.

Anti-LRP4 Ab
Mice immunized with the extracellular domain of LRP4
exhibit MG-associated symptoms, including muscle weakness,
reduced compound muscle action potentials, and compromised
neuromuscular transmission (50, 51). Additionally, fragmented
and distorted NMJs are evident at both the light and electron
microscopic levels suggesting that LRP4 contributes to NMJ
maintenance in adulthood. In nerve terminals, a reduction in
synaptic vesicle density and ACh release is observed, while on
the postsynaptic side, AChR density is significantly reduced, with
flattened junctional folds (50). Interestingly, injection in mice of
neural agrin (N-agrin) that binds to LRP4 leads toMG-associated
symptoms, suggesting that agrin Ab may also play a role in MG
pathogenesis (52).

MOLECULAR AND CELLULAR CHANGES
IN MG MUSCLE

Several changes have been described inside and outside the
giant syncytial muscle cell, and the importance of the local
environment is increasingly considered (Figure 1B).

Inflammation and Cytokines
It is generally admitted that diffuse signs of inflammation
are not evident in the muscle of MG patients. First of all,
immune cells are scarcely found (29) [Review in (53)]. Second,
the transcriptome analysis did not reveal an inflammatory
signature (54).

However, increased expression of cytokines (TNF-α, IL-1, and
IL-6) due to infiltrating macrophages has been described in the
muscle of models of experimental autoimmune MG (EAMG),
during the early phase of the disease (55) (Figure 1B, number
6). In addition, muscle tissues can also produce immunologically
relevant factors. Rat skeletal muscle exposed to anti-AChR Ab
synthesizes MCP-1, IL-15, and NO, that promote the generation
of disease symptoms (56–58) (Figure 1B, number 5). Besides,
myotubes in MG and EAMG overexpress IP-10 and CXCR3,
two molecules regulated by interferon-γ (59). Interestingly, the
skeletal muscle also upregulates the PD-L1 in MG, which may
participate in the control of the local immune-mediated damage
through the function of a checkpoint inhibitor (60).

Some cytokines and inflammatory proteins are increased
in the sera of MG patients and constitute an inflammatory
environment (61–64), then direct effects of these molecules on
muscles could be suspected. As a proof of concept, muscle cells
are responsive to IL-4, IL-6, IFN-γ, and LPS, by producing
immunologically relevant molecules and may become antigen-
presenting cells (65, 66). The expression of Toll-like receptors by
the skeletal muscle could favor the sensitization of the muscle to
the environment [reviewed in (67)].

Molecular Changes and Mechanisms of
Compensation
Whether the molecular and cellular changes observed in and
around the NMJ participate in the pathogenesis of MG disease or
provide a mechanism of compensation are still an open question.
Here, we will focus on two of these compensatory mechanisms.

First, the decreased expression in AChR is compensated by the
release of an increased number of vesicles containing ACh, that
has been shown in bothmuscles ofMG patients and experimental
rat models (Figure 1B, number 8) (27, 31, 68). The mechanism
of this compensation may reside in several elements of the NMJ
[Review in (27)]. At the presynaptic level, Ca2+/calmodulin-
dependent protein kinase II (CaMKII) act through activation by
Ca2+ (69), and this mechanism has been shown to be involved in
themodel of rats treated with alpha-bungarotoxin (70). Although
not directly demonstrated in MG models, neuroligin (71), and
Munc18 would act through the modulation of the number of
docked release-ready vesicles (72). From the post-synaptic side,
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LRRK2 would trigger the increase of the size of the release-
ready pool of vesicles (73). It has also been suggested that a
specific pool of ACh vesicles, with a slower turn-over, would be
used for transient increase of quantal content (74). LRP4 may be
considered as a retrograde factor acting from muscle toward the
presynaptic side (75). Clinically, the compensatory mechanism
mediated by increased quantal content would be especially
important during phases of intense, repetitive stimulation of
the NMJ as it would counterbalance the natural rundown of
quantal contents partially. Importantly, it should be noted that
in MuSK-MG, this compensatory mechanism is not present, or
it is blocked by the Ab, and these patients develop more severe
disease (25, 27, 76).

Second, as a consequence of the attack of the AChR by Ab
(Figure 1B, number 7), the degradation of the AChR is followed
up by increased mRNA level expression of AChR subunits in
muscles of myasthenic rats, rabbits, and mice compared with
control animals (77–79). In MG patient muscle, the increase
in AChR subunit transcripts correlates with the severity of the
disease, indicating that this mechanism takes place only when the
expression of AChR is significantly altered (80); in vitro studies
show that the increase in AChR mRNA appears after a certain
threshold loss of AChR (induced by monoclonal anti-AChR Ab)
(80, 81). The expression of AChR is the resultant of loss and
re-expression. Without such a mechanism of compensation, the
AChR expression could be dramatically reduced, resulting in
a fatal disease. Thus, this compensatory mechanism aims to
balance the loss of AChR in human MG and is triggered above
a certain degree of AChR loss (80).

Upregulation of AChR expression could also result from
activation of neuregulin1/ErbB signaling pathway through
overexpression of MuSK and rapsyn (82). Whether this pathway
is implicated in MG has not been documented.

Other molecular alterations have been described in EAMG
models and are likely to be secondary to the cross-reactive
immune response. Notably, caveolin-3 shows aberrant
overexpression. This muscle-specific membrane protein
localized to the sarcolemma and T-tubule system is usually
needed for muscle repair and skeletal muscle development (83).
Also, the glucose-regulated protein 78 (GRP78) mRNA that
is activated by ER stress is increased, suggesting that muscle
weakness in MG might be caused by both NMJ disruption and
ER stress (84). Another intriguing observation relates to the bone
mineral density at skeletal sites, which is significantly decreased
in the femur of EAMG mice compared to control animals, in
parallel with the severity of the disease (85).

TRANSCRIPTOMIC ANALYSIS

A transcriptomics study was performed in 3 different muscles
[EOM, diaphragm, and extensor digitorum longus (EDL)] in rats
passively receiving anti-AChR Ab. Changes in 62 genes common
among all muscle groups fall into four major categories (stress
response, immune response, metabolism, and transcription
factors). Interestingly, the EOM demonstrated a distinct RNA
expression signature from EDL and diaphragm (86).

Transcriptome analyses were also performed on muscle
biopsies from MG patients (compared with healthy controls)
and on models of active EAMG in rats (compared with
control rats). Similar changes in human and rat myasthenic
muscles were found, highlighting the deregulation of genes
included in the muscle fiber category. Also, genes related to cell
metabolism and immune response were deregulated: Insulin-
Like Growth Factor 1 (IGF-1) and Interleukin-6 (IL-6) pathways
were identified. Indeed, increased IL-6 production was observed
in human muscle cell cultures treated with MG sera or anti-
AChR Ab. Besides, monoclonal anti-AChR Ab decrease Akt
phosphorylation in response to insulin, indicating an effect of the
Ab on cell metabolism (54). Since Akt plays a key role in multiple
cellular processes such as growth and glucose metabolism, this
reduced phosphorylation of Akt may have a significant impact on
themuscle homeostasis, and fatigability observed inMGpatients.

EFFECTS ON SATELLITE CELLS

Satellite cells (SCs) are quiescent muscular stem cells (Figure 1).
After an injury, a process ofmuscle degeneration occurs, followed
by the activation of the SCs that proliferate, become so-called
myoblasts, differentiate, and fuse to give rise to new fibers (87).

Recently, the article by Attia et al. (88) unveiled an unexpected
action of the anti-AChR Ab on these SCs. First, muscle sections
from MG and EAMG contain an increased number of SCs
identified by the Pax7 marker. Besides, SCs isolated from MG
muscles proliferate as myoblasts and differentiate more actively
than cells from control muscles. In addition, after a muscle
injury induced in the EAMGmouse model, several changes were
observed: a decrease in fiber size and MyoG mRNA expression
and an increase in the number of fibers and embryonic myosin
heavy-chain mRNA expression. These alterations suggest that as
a result of the autoimmune attack, there is a delay in maturation
of the muscle fibers.

A direct effect of the anti-AChR Ab on SC is unlikely since
SCs do not express AChR. More likely, the binding of anti-
AChR Ab to their antigens impairs the NMJ (see the mechanisms
above) and alters the production of several paracrine factors,
micro-vesicles, or exosomes by the muscle. These factors could
then induce paracrine effects on the neighboring SCs associated
with subtle modifications of the epigenetic signatures (Figure 1B,
Number 9). This leads to the expression of MyoD and MyoG
in MG SCs that will proliferate and differentiate more than in
healthy ones.

Together, these data propose that MG muscles from EAMG
mice regenerate worse than control ones. From a clinical
perspective, symptom exacerbation upon sports practice or after
a muscle injury could also be due to difficulties for MG patients
to regenerate their muscle.

CONCLUSION AND PERSPECTIVES

In MG disease, the Ab to the different components of the NMJ
have pathogenic consequences that are more extended than a
focused effect on the target antigens. In other autoimmune
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diseases, the attack by the Ab and by the MAC would have
induced the death of the target cells. In the case of the muscle,
this does not occur, but activation of molecular transcription
and signaling pathways, mechanisms of compensation, and
biological effects on local cell types such as satellite cells
demonstrate that the muscle responds actively. Thus, the muscle
is not a passive target in MG but interacts dynamically with
its environment in several ways. However, the number of
studies examining theses processes is still quite limited. A
better appraisal of these processes would allow identifying new
mechanisms and pathways, and new levels for symptomatic
medical interventions. New approaches are rapidly developing to
model MG and facilitate such studies. Indeed, with the advent

of pluripotent stem cells differentiation, and the growth of
bioengineering, cocultures of human myogenic and neurogenic

cells are possible in two (89) or three dimensions (90, 91),
so as to study the effect of MG Ab, and/or to provide
organoid-like platforms for the study of pathologies and their
drug design.

AUTHOR CONTRIBUTIONS

SB-A and J-TV wrote the manuscript with support from RL. AB
conceived and designed the figure.

FUNDING

This work was supported by grants from the European
Community (FIGHT-MG, HEALTH-2009-242-210) and from
the Association Française contre les Myopathies.

REFERENCES

1. Appel SH, Almon RR, Levy N. Acetylcholine receptor antibodies

in myasthenia gravis. N Engl J Med. (1975) 293:760–1.

doi: 10.1056/NEJM197510092931508

2. HochW,McConville J, Helms S, Newsom-Davis J, Melms A, Vincent A. Auto-

antibodies to the receptor tyrosine kinase MuSK in patients with myasthenia

gravis without acetylcholine receptor antibodies. Nat Med. (2001) 7:365–8.

doi: 10.1038/85520

3. Sanes JR, Apel ED, Burgess RW, Emerson RB, Feng G, Gautam M, et al.

Development of the neuromuscular junction: genetic analysis in mice. J

Physiol Paris. (1998) 92:167–72. doi: 10.1016/S0928-4257(98)80004-1

4. Higuchi O, Hamuro J, Motomura M, Yamanashi Y. Autoantibodies to low-

density lipoprotein receptor-related protein 4 in myasthenia gravis. Ann

Neurol. (2011) 69:418–22. doi: 10.1002/ana.22312

5. Illa I, Cortes-Vicente E, Martinez MA, Gallardo E. Diagnostic utility of

cortactin antibodies in myasthenia gravis. Ann N Y Acad Sci. (2018) 1412:90–

94. doi: 10.1111/nyas.13502

6. Zhang B, Shen C, Bealmear B, Ragheb S, Xiong WC, Lewis RA, et al.

Autoantibodies to agrin in myasthenia gravis patients. PLoS ONE. (2014)

9:e91816. doi: 10.1371/journal.pone.0091816

7. Berrih-Aknin S. Myasthenia Gravis: Paradox versus paradigm in

autoimmunity. J Autoimmun. (2014) 52:1–28. doi: 10.1016/j.jaut.2014.05.001

8. Romi F, Hong Y, Gilhus NE. Pathophysiology and immunological profile of

myasthenia gravis and its subgroups. Curr Opin Immunol. (2017) 49:9–13.

doi: 10.1016/j.coi.2017.07.006

9. Cavalcante P, Cufi P, Mantegazza R, Berrih-Aknin S, Bernasconi P, Le Panse

R. Etiology of myasthenia gravis: innate immunity signature in pathological

thymus. Autoimmun Rev. (2013) 12:863–74. doi: 10.1016/j.autrev.2013.03.010

10. Leite MI, Strobel P, JonesM,Micklem K,Moritz R, Gold R, et al. Fewer thymic

changes in MuSK antibody-positive than in MuSK antibody-negative MG.

Ann Neurol. (2005) 57:444–8. doi: 10.1002/ana.20386

11. Wolfe GI, Kaminski HJ, Aban IB, Minisman G, Kuo H-C, Marx A, et al.

Randomized trial of thymectomy in myasthenia gravis. N Engl J Med. (2016)

375:511–22. doi: 10.1056/NEJMoa1602489

12. Clifford KM, Hobson-Webb LD, Benatar M, Burns TM, Barnett C,

Silvestri NJ, et al. Thymectomy may not be associated with clinical

improvement in MuSK myasthenia gravis. Muscle Nerve. (2019) 59:404–10.

doi: 10.1002/mus.26404

13. Gilhus NE, Tzartos S, Evoli A, Palace J, Burns TM, Verschuuren

JJGM. Myasthenia gravis. Nat Rev Dis Prim. (2019) 5:30.

doi: 10.1038/s41572-019-0079-y

14. Berrih-Aknin S, Le Panse R. Myasthenia gravis: a comprehensive review of

immune dysregulation and etiological mechanisms. J Autoimmun. (2014)

52:90–100. doi: 10.1016/j.jaut.2013.12.011

15. Avidan N, Le Panse R, Berrih-Aknin S, Miller A. Genetic basis of

myasthenia gravis - a comprehensive review. J Autoimmun. (2013) 52:146–53.

doi: 10.1016/j.jaut.2013.12.001

16. Huijbers MG, Lipka AF, Plomp JJ, Niks EH, van der Maarel SM, Verschuuren

JJ. Pathogenic immune mechanisms at the neuromuscular synapse: the role of

specific antibody-binding epitopes in myasthenia gravis. J Intern Med. (2014)

275:12–26. doi: 10.1111/joim.12163

17. Phillips WD, Vincent A. Pathogenesis of myasthenia gravis: update on disease

types, models, and mechanisms. F1000Res. (2016) 5:F1000 Faculty Rev-1513.

doi: 10.12688/f1000research.8206.1

18. Howard JF, Howard Jr. JF. Myasthenia gravis: the role of complement

at the neuromuscular junction. Ann N Y Acad Sci. (2018) 1412:113–28.

doi: 10.1111/nyas.13522

19. ZhangW, Coldefy AS, Hubbard SR, Burden SJ. Agrin binds to the N-terminal

region of Lrp4 protein and stimulates association between Lrp4 and the first

immunoglobulin-like domain in muscle-specific kinase (MuSK). J Biol Chem.

(2011) 286:40624–30. doi: 10.1074/jbc.M111.279307

20. Wu H, Xiong WC, Mei L. To build a synapse: signaling pathways

in neuromuscular junction assembly. Development. (2010) 137:1017–33.

doi: 10.1242/dev.038711

21. Okada K, Inoue A, Okada M, Murata Y, Kakuta S, Jigami T, et al. The muscle

protein Dok-7 is essential for neuromuscular synaptogenesis. Science. (2006)

312:1802–5. doi: 10.1126/science.1127142

22. Fagerlund MJ, Eriksson LI. Current concepts in neuromuscular transmission.

Br J Anaesth. (2009) 103:108–14. doi: 10.1093/bja/aep150

23. Tintignac LA, Brenner H-R, Rüegg MA. Mechanisms regulating

neuromuscular junction development and function and causes of muscle

wasting. Physiol Rev. (2015) 95:809–52. doi: 10.1152/physrev.00033.2014

24. Slater CR. The structure of human neuromuscular junctions: some

unanswered molecular questions. Int J Mol Sci. (2017) 18:E2183.

doi: 10.3390/ijms18102183

25. Nishimune H, Shigemoto K. Practical anatomy of the neuromuscular

junction in health and disease. Neurol Clin. (2018) 36:231–40.

doi: 10.1016/j.ncl.2018.01.009

26. Wood SJ, Slater CR. Safety factor at the neuromuscular junction. Prog

Neurobiol. (2001) 64:393–429. doi: 10.1016/S0301-0082(00)00055-1

27. Plomp JJ. Trans-synaptic homeostasis at the myasthenic neuromuscular

junction. Front Biosci. (2017) 22:1033–1051. doi: 10.2741/4532

28. Engel AG.Morphologic and immunopathologic findings in myasthenia gravis

and in congenital myasthenic syndromes. J Neurol Neurosurg Psychiatry.

(1980) 43:577–89. doi: 10.1136/jnnp.43.7.577

29. Nakano S, Engel AG. Myasthenia gravis: quantitative immunocytochemical

analysis of inflammatory cells and detection of complement membrane attack

complex at the end-plate in 30 patients. Neurology. (1993) 43:1167–72.

doi: 10.1212/WNL.43.6.1167

Frontiers in Neurology | www.frontiersin.org 6 December 2019 | Volume 10 | Article 1343

https://doi.org/10.1056/NEJM197510092931508
https://doi.org/10.1038/85520
https://doi.org/10.1016/S0928-4257(98)80004-1
https://doi.org/10.1002/ana.22312
https://doi.org/10.1111/nyas.13502
https://doi.org/10.1371/journal.pone.0091816
https://doi.org/10.1016/j.jaut.2014.05.001
https://doi.org/10.1016/j.coi.2017.07.006
https://doi.org/10.1016/j.autrev.2013.03.010
https://doi.org/10.1002/ana.20386
https://doi.org/10.1056/NEJMoa1602489
https://doi.org/10.1002/mus.26404
https://doi.org/10.1038/s41572-019-0079-y
https://doi.org/10.1016/j.jaut.2013.12.011
https://doi.org/10.1016/j.jaut.2013.12.001
https://doi.org/10.1111/joim.12163
https://doi.org/10.12688/f1000research.8206.1
https://doi.org/10.1111/nyas.13522
https://doi.org/10.1074/jbc.M111.279307
https://doi.org/10.1242/dev.038711
https://doi.org/10.1126/science.1127142
https://doi.org/10.1093/bja/aep150
https://doi.org/10.1152/physrev.00033.2014
https://doi.org/10.3390/ijms18102183
https://doi.org/10.1016/j.ncl.2018.01.009
https://doi.org/10.1016/S0301-0082(00)00055-1
https://doi.org/10.2741/4532
https://doi.org/10.1136/jnnp.43.7.577
https://doi.org/10.1212/WNL.43.6.1167
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Vilquin et al. The Muscle in Myasthenia Gravis

30. Ruff RL, Lennon VA. How myasthenia gravis alters the safety factor

for neuromuscular transmission. J Neuroimmunol. (2008) 201–202:13–20.

doi: 10.1016/j.jneuroim.2008.04.038

31. Plomp JJ, Huijbers MGM, Verschuuren JJGM. Neuromuscular synapse

electrophysiology in myasthenia gravis animal models. Ann N Y Acad Sci.

(2018) 1412:146–53. doi: 10.1111/nyas.13507

32. Serra A, Ruff RL, Leigh RJ. Neuromuscular transmission failure in myasthenia

gravis: decrement of safety factor and susceptibility of extraocular muscles:

safety factor in ocular myasthenia. Ann N Y Acad Sci. (2012) 1275:129–35.

doi: 10.1111/j.1749-6632.2012.06841.x

33. Soltys J, Gong B, Kaminski HJ, Zhou Y, Kusner LL. Extraocular muscle

susceptibility to myasthenia gravis: unique immunological environment? Ann

N Y Acad Sci. (2008) 1132:220–4. doi: 10.1196/annals.1405.037

34. Lindstrom JM, Einarson BL, Lennon VA, Seybold ME. Pathological

mechanisms in experimental autoimmune myasthenia gravis. I.

immunogenicity of syngeneic muscle acetylcholine receptor and quantitative

extraction of receptor and antibody-receptor complexes from muscles of

rats with experimental automimmune m. J Exp Med. (1976) 144:726–38.

doi: 10.1084/jem.144.3.726

35. Drachman DB, Adams RN, Josifek LF, Self SG. Functional activities

of autoantibodies to acetylcholine receptors and the clinical

severity of myasthenia gravis. N Engl J Med. (1982) 307:769–75.

doi: 10.1056/NEJM198209233071301

36. Eymard B, de la Porte S, Pannier C, Berrih-Aknin S, Morel E, Fardeau

M, et al. Effect of myasthenic patient sera on the number and distribution

of acetylcholine receptors in muscle and nerve-muscle cultures from

rat. correlations with clinical state. J Neurol Sci. (1988) 86:41–59.

doi: 10.1016/0022-510X(88)90006-8

37. Heldal AT, Eide GE, Romi F, Owe JF, Gilhus NE. Repeated

acetylcholine receptor antibody-concentrations and association to

clinical myasthenia gravis development. PLoS ONE. (2014) 9:e114060.

doi: 10.1371/journal.pone.0114060

38. Tuzun E, Christadoss P. Complement associated pathogenic

mechanisms in myasthenia gravis. Autoimmun Rev. (2013) 12:904–11.

doi: 10.1016/j.autrev.2013.03.003

39. Sahashi K, Engel AG, Lambert EH, Howard FM. Ultrastructural localization

of the terminal and lytic ninth complement component (C9) at the motor

end-plate in myasthenia gravis. J Neuropathol Exp Neurol. (1980) 39:160–72.

doi: 10.1097/00005072-198003000-00005

40. Howard JF, Utsugisawa K, Benatar M, Murai H, Barohn RJ, Illa I, et al.

Safety and efficacy of eculizumab in anti-acetylcholine receptor antibody-

positive refractory generalised myasthenia gravis (REGAIN): a phase 3,

randomised, double-blind, placebo-controlled, multicentre study. Lancet

Neurol. (2017) 16:976–86. doi: 10.1016/S1474-4422(17)30369-1

41. Ruff RL, Lennon VA. End-plate voltage-gated sodium channels are lost in

clinical and experimental myasthenia gravis. Ann Neurol. (1998) 43:370–9.

doi: 10.1002/ana.410430315

42. Ghazanfari N, Linsao EL, Trajanovska S, Morsch M, Gregorevic P, Liang

SX, et al. Forced expression of muscle specific kinase slows postsynaptic

acetylcholine receptor loss in a mouse model of MuSK myasthenia gravis.

Physiol Rep. (2015) 3:e12658. doi: 10.14814/phy2.12658

43. Shigemoto K, Kubo S, Maruyama N, Hato N, Yamada H, Jie C, et al. Induction

of myasthenia by immunization against muscle-specific kinase. J Clin Invest.

(2006) 116:1016–24. doi: 10.1172/JCI21545

44. Mori S, Shigemoto K. Mechanisms associated with the pathogenicity of

antibodies against muscle-specific kinase in myasthenia gravis. Autoimmun

Rev. (2013) 12:912–7. doi: 10.1016/j.autrev.2013.03.005

45. Boneva N, Frenkian-Cuvelier M, Bidault J, Brenner T, Berrih-Aknin S.

Major pathogenic effects of anti-MuSK antibodies in myasthenia gravis. J

Neuroimmunol. (2006) 177:119–31. doi: 10.1016/j.jneuroim.2006.05.017

46. Koneczny I, Stevens JAA, De Rosa A, Huda S, Huijbers MG, Saxena A,

et al. IgG4 autoantibodies against muscle-specific kinase undergo fab-arm

exchange in myasthenia gravis patients. J Autoimmun. (2017) 77:104–15.

doi: 10.1016/j.jaut.2016.11.005

47. Huijbers MG, Zhang W, Klooster R, Niks EH, Friese MB, Straasheijm KR,

et al. MuSK IgG4 autoantibodies cause myasthenia gravis by inhibiting

binding between MuSK and Lrp4. Proc Natl Acad Sci USA. (2013) 110:20783–

8. doi: 10.1073/pnas.1313944110

48. Kawakami Y, Ito M, Hirayama M, Sahashi K, Ohkawara B, Masuda A, et al.

Anti-MuSK autoantibodies block binding of collagen Q to MuSK. Neurology.

(2011) 77:1819–26. doi: 10.1212/WNL.0b013e318237f660

49. Takamori M, Nakamura T, Motomura M. Antibodies against Wnt

receptor of muscle-specific tyrosine kinase in myasthenia gravis.

J Neuroimmunol. (2013) 254:183–6. doi: 10.1016/j.jneuroim.2012.

09.001

50. Shen C, Lu Y, Zhang B, Figueiredo D, Bean J, Jung J, et al. Antibodies against

low-density lipoprotein receptor-related protein 4 induce myasthenia gravis. J

Clin Invest. (2013) 123:5190–202. doi: 10.1172/JCI66039

51. Mori S, Motohashi N, Takashima R, Kishi M, Nishimune H, Shigemoto

K. Immunization of mice with LRP4 induces myasthenia similar to

MuSK-associated myasthenia gravis. Exp Neurol. (2017) 297:158–67.

doi: 10.1016/j.expneurol.2017.08.006

52. Yan M, Liu Z, Fei E, Chen W, Lai X, Luo B, et al. Induction of anti-agrin

antibodies causes myasthenia gravis inmice.Neuroscience. (2018) 373:113–21.

doi: 10.1016/j.neuroscience.2018.01.015

53. Europa TA, Nel M, Heckmann JM. A review of the histopathological

findings in myasthenia gravis: clues to the pathogenesis of treatment-

resistance in extraocular muscles. Neuromuscul Disord. (2019) 29:381–7.

doi: 10.1016/j.nmd.2019.03.009

54. Maurer M, Bougoin S, Feferman T, Frenkian M, Bismuth J, Mouly V, et al. IL-

6 and Akt are involved in muscular pathogenesis in myasthenia gravis. Acta

Neuropathol Commun. (2015) 3:1. doi: 10.1186/s40478-014-0179-6

55. Li H, Shi FD, Bai X, Huang Y, Diab A, He B, et al. Cytokine and

chemokine mRNA expressing cells in muscle tissues of experimental

autoimmune myasthenia gravis. J Neurol Sci. (1998) 161:40–6.

doi: 10.1016/S0022-510X(98)00181-6

56. Reyes-Reyna S, Stegall T, Krolick KA.Muscle responds to an antibody reactive

with the acetylcholine receptor by up-regulating monocyte chemoattractant

protein 1: a chemokine with the potential to influence the severity and

course of experimental myasthenia gravis. J Immunol. (2002) 169:1579–86.

doi: 10.4049/jimmunol.169.3.1579

57. Stegall T, Krolick KA. Myocytes respond in vivo to an antibody reactive

with the acetylcholine receptor by upregulating interleukin-15: an interferon-

gamma activator with the potential to influence the severity and course

of experimental myasthenia gravis. J Neuroimmunol. (2001) 119:377–86.

doi: 10.1016/S0165-5728(01)00401-5

58. Garcia YR, May JJ, Green AM, Krolick KA. Acetylcholine receptor-reactive

antibody induces nitric oxide production by a rat skeletal muscle cell line:

influence of cytokine environment. J Neuroimmunol. (2001) 120:103–11.

doi: 10.1016/S0165-5728(01)00414-3

59. Feferman T, Maiti PK, Berrih-Aknin S, Bismuth J, Bidault J, Fuchs

S, et al. Overexpression of IFN-induced protein 10 and its receptor

CXCR3 in myasthenia gravis. J Immunol. (2005) 174:5324–31.

doi: 10.4049/jimmunol.174.9.5324

60. Iwasa K, YoshikawaH, Furukawa Y, YamadaM. Programmed cell death ligand

1 expression is upregulated in the skeletal muscle of patients with myasthenia

gravis. J Neuroimmunol. (2018) 325:74–8. doi: 10.1016/j.jneuroim.2018.09.012

61. Xie Y, Li HF, Jiang B, Li Y, Kaminski HJ, Kusner LL. Elevated plasma

interleukin-17A in a subgroup of myasthenia gravis patients. Cytokine. (2016)

78:44–6. doi: 10.1016/j.cyto.2015.06.011

62. Roche JC, Capablo JL, Larrad L, Gervas-Arruga J, Ara JR, Sánchez A, et al.

Increased serum interleukin-17 levels in patients with myasthenia gravis.

Muscle Nerve. (2011) 44:278–80. doi: 10.1002/mus.22070

63. Zheng S, Dou C, Xin N, Wang J, Wang J, Li P, et al. Expression of

Interleukin-22 in myasthenia gravis. Scand J Immunol. (2013) 78:98–107.

doi: 10.1111/sji.12057

64. Molin CJ, Westerberg E, Punga AR. Profile of upregulated inflammatory

proteins in sera of myasthenia gravis patients. Sci Rep. (2017) 7:39716.

doi: 10.1038/srep39716

65. Marino M, Scuderi F, Mazzarelli P, Mannella F, Provenzano C,

Bartoccioni E. Constitutive and cytokine-induced expression of MHC

and intercellular adhesion molecule-1 (ICAM-1) on human myoblasts.

J Neuroimmunol. (2001) 116:94–101. doi: 10.1016/S0165-5728(01)

00287-9

66. Stegall T, Krolick KA. Myocytes respond to both interleukin-4 and interferon-

gamma: cytokine responsiveness with the potential to influence the severity

Frontiers in Neurology | www.frontiersin.org 7 December 2019 | Volume 10 | Article 1343

https://doi.org/10.1016/j.jneuroim.2008.04.038
https://doi.org/10.1111/nyas.13507
https://doi.org/10.1111/j.1749-6632.2012.06841.x
https://doi.org/10.1196/annals.1405.037
https://doi.org/10.1084/jem.144.3.726
https://doi.org/10.1056/NEJM198209233071301
https://doi.org/10.1016/0022-510X(88)90006-8
https://doi.org/10.1371/journal.pone.0114060
https://doi.org/10.1016/j.autrev.2013.03.003
https://doi.org/10.1097/00005072-198003000-00005
https://doi.org/10.1016/S1474-4422(17)30369-1
https://doi.org/10.1002/ana.410430315
https://doi.org/10.14814/phy2.12658
https://doi.org/10.1172/JCI21545
https://doi.org/10.1016/j.autrev.2013.03.005
https://doi.org/10.1016/j.jneuroim.2006.05.017
https://doi.org/10.1016/j.jaut.2016.11.005
https://doi.org/10.1073/pnas.1313944110
https://doi.org/10.1212/WNL.0b013e318237f660
https://doi.org/10.1016/j.jneuroim.2012.09.001
https://doi.org/10.1172/JCI66039
https://doi.org/10.1016/j.expneurol.2017.08.006
https://doi.org/10.1016/j.neuroscience.2018.01.015
https://doi.org/10.1016/j.nmd.2019.03.009
https://doi.org/10.1186/s40478-014-0179-6
https://doi.org/10.1016/S0022-510X(98)00181-6
https://doi.org/10.4049/jimmunol.169.3.1579
https://doi.org/10.1016/S0165-5728(01)00401-5
https://doi.org/10.1016/S0165-5728(01)00414-3
https://doi.org/10.4049/jimmunol.174.9.5324
https://doi.org/10.1016/j.jneuroim.2018.09.012
https://doi.org/10.1016/j.cyto.2015.06.011
https://doi.org/10.1002/mus.22070
https://doi.org/10.1111/sji.12057
https://doi.org/10.1038/srep39716
https://doi.org/10.1016/S0165-5728(01)00287-9
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Vilquin et al. The Muscle in Myasthenia Gravis

and course of experimental myasthenia gravis. Clin Immunol. (2000) 94:133–

9. doi: 10.1006/clim.1999.4822

67. MarinoM, Scuderi F, Provenzano C, Bartoccioni E. Skeletal muscle cells: from

local inflammatory response to active immunity.Gene Ther. (2011) 18:109–16.

doi: 10.1038/gt.2010.124

68. Plomp JJ, Van Kempen GT, De Baets MB, Graus YM, Kuks JB, Molenaar PC.

Acetylcholine release in myasthenia gravis: regulation at single end-plate level.

Ann Neurol. (1995) 37:627–36. doi: 10.1002/ana.410370513

69. Wang Z-W. Regulation of synaptic transmission by presynaptic

CaMKII and BK channels. Mol Neurobiol. (2008) 38:153–66.

doi: 10.1007/s12035-008-8039-7

70. Plomp JJ, Molenaar PC. Involvement of protein kinases in the upregulation

of acetylcholine release at endplates of α-bungarotoxin-treated rats. J Physiol.

(1996) 493:175–86. doi: 10.1113/jphysiol.1996.sp021373

71. Sons MS, Busche N, Strenzke N, Moser T, Ernsberger U, Mooren FC, et al.

Alpha-Neurexins are required for efficient transmitter release and synaptic

homeostasis at the mouse neuromuscular junction. Neuroscience. (2006)

138:433–46. doi: 10.1016/j.neuroscience.2005.11.040

72. Toonen RFG, Wierda K, Sons MS, de Wit H, Cornelisse LN, Brussaard A,

et al. Munc18-1 expression levels control synapse recovery by regulating

readily releasable pool size. Proc Natl Acad Sci USA. (2006) 103:18332–7.

doi: 10.1073/pnas.0608507103

73. Penney J, Tsurudome K, Liao EH, Kauwe G, Gray L, Yanagiya A, et al. LRRK2

regulates retrograde synaptic compensation at the drosophila neuromuscular

junction. Nat Commun. (2016) 7:12188. doi: 10.1038/ncomms12188

74. Wang X, Pinter MJ, Rich MM. Reversible recruitment of a

homeostatic reserve pool of synaptic vesicles underlies rapid

homeostatic plasticity of quantal content. J Neurosci. (2016) 36:828–36.

doi: 10.1523/JNEUROSCI.3786-15.2016

75. Yumoto N, Kim N, Burden SJ. Lrp4 is a retrograde signal for presynaptic

differentiation at neuromuscular synapses. Nature. (2012) 489:438–42.

doi: 10.1038/nature11348

76. Viegas S, Jacobson L, Waters P, Cossins J, Jacob S, Leite MI, et al.

Passive and active immunization models of MuSK-Ab positive myasthenia:

electrophysiological evidence for pre and postsynaptic defects. Exp Neurol.

(2012) 234:506–12. doi: 10.1016/j.expneurol.2012.01.025

77. Asher O, Neumann D, Fuchs S. Increased levels of acetylcholine receptor

alpha-subunit mRNA in experimental autoimmune myasthenia gravis. FEBS

Lett. (1988) 233:277–81. doi: 10.1016/0014-5793(88)80442-3

78. Asher O, Neumann D, Witzemann V, Fuchs S. Acetylcholine receptor gene

expression in experimental autoimmune myasthenia gravis. FEBS Lett. (1990)

267:231–5. doi: 10.1016/0014-5793(90)80932-9

79. Asher O, Fuchs S, Zuk D, Rapaport D, Buonanno A. Changes in the

expression of mRNAs for myogenic factors and other muscle-specific proteins

in experimental autoimmune myasthenia gravis. FEBS Lett. (1992) 299:15–8.

doi: 10.1016/0014-5793(92)80089-Y

80. Guyon T, Levasseur P, Truffault F, Cottin C, Gaud C, Berrih-Aknin S.

Regulation of acetylcholine receptor alpha subunit variants in human

myasthenia gravis. quantification of steady-state levels of messenger RNA

in muscle biopsy using the polymerase chain reaction. J Clin Invest. (1994)

94:16–24. doi: 10.1172/JCI117302

81. Guyon T, Wakkach A, Poea S, Mouly V, Klingel-Schmitt I, Levasseur P, et al.

Regulation of acetylcholine receptor gene expression in human myasthenia

gravis muscles. evidences for a compensatory mechanism triggered by

receptor loss. J Clin Invest. (1998) 102:249–63. doi: 10.1172/JCI1248

82. Wu S, Huang Y, Xing Y, Chen L, Yang M, Li S. Two pathways

regulate differential expression of nAChRs between the orbicularis oris and

gastrocnemius. J Surg Res. (2019) 243:130–42. doi: 10.1016/j.jss.2019.04.056

83. Iwasa K, Furukawa Y, Yoshikawa H, Yamada M. Caveolin-3 is

aberrantly expressed in skeletal muscle cells in myasthenia gravis.

J Neuroimmunol. (2016) 301:30–4. doi: 10.1016/j.jneuroim.2016.

10.011

84. Iwasa K, Nambu Y, Motozaki Y, Furukawa Y, Yoshikawa H, Yamada M.

Increased skeletal muscle expression of the endoplasmic reticulum chaperone

GRP78 in patients with myasthenia gravis. J Neuroimmunol. (2014) 273:72–6.

doi: 10.1016/j.jneuroim.2014.05.006

85. Oshima M, Iida-Klein A, Maruta T, Deitiker PR, Atassi MZ. Decreased

bone mineral density in experimental myasthenia gravis in C57BL/6

mice. Autoimmunity. (2017) 50:346–53. doi: 10.1080/08916934.2017.13

67772

86. Zhou Y, Kaminski HJ, Gong B, Cheng G, Feuerman JM, Kusner L. RNA

expression analysis of passive transfer myasthenia supports extraocular

muscle as a unique immunological environment. Invest Ophthalmol Vis Sci.

(2014) 55:4348–59. doi: 10.1167/iovs.14-14422

87. Feige P, Brun CE, Ritso M, Rudnicki MA. Orienting muscle stem cells

for regeneration in homeostasis, aging, and disease. Cell Stem Cell. (2018)

23:653–64. doi: 10.1016/j.stem.2018.10.006

88. Attia M, Maurer M, Robinet M, Le Grand F, Fadel E, Le Panse R,

et al. Muscle satellite cells are functionally impaired in myasthenia gravis:

consequences on muscle regeneration. Acta Neuropathol. (2017) 134: 869–88.

doi: 10.1007/s00401-017-1754-2

89. Steinbeck JAA, Jaiswal MKK, Calder ELL, Kishinevsky S, Weishaupt A,

Toyka KV V, et al. Functional connectivity under optogenetic control allows

modeling of human neuromuscular disease. Cell Stem Cell. (2016) 18:134–43.

doi: 10.1016/j.stem.2015.10.002

90. Afshar Bakooshli M, Lippmann ES, Mulcahy B, Iyer N, Nguyen CT,

Tung K, et al. A 3D culture model of innervated human skeletal muscle

enables studies of the adult neuromuscular junction. Elife. (2019) 8:e44530.

doi: 10.7554/eLife.44530

91. Maffioletti SM, Sarcar S, Henderson ABH, Mannhardt I, Pinton L, Moyle

LA, et al. Three-dimensional human iPSC-derived artificial skeletal

muscles model muscular dystrophies and enable multilineage tissue

engineering. Cell Rep. (2018) 23:899–908. doi: 10.1016/j.celrep.2018.

03.091

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Vilquin, Bayer, Le Panse and Berrih-Aknin. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 8 December 2019 | Volume 10 | Article 1343

https://doi.org/10.1006/clim.1999.4822
https://doi.org/10.1038/gt.2010.124
https://doi.org/10.1002/ana.410370513
https://doi.org/10.1007/s12035-008-8039-7
https://doi.org/10.1113/jphysiol.1996.sp021373
https://doi.org/10.1016/j.neuroscience.2005.11.040
https://doi.org/10.1073/pnas.0608507103
https://doi.org/10.1038/ncomms12188
https://doi.org/10.1523/JNEUROSCI.3786-15.2016
https://doi.org/10.1038/nature11348
https://doi.org/10.1016/j.expneurol.2012.01.025
https://doi.org/10.1016/0014-5793(88)80442-3
https://doi.org/10.1016/0014-5793(90)80932-9
https://doi.org/10.1016/0014-5793(92)80089-Y
https://doi.org/10.1172/JCI117302
https://doi.org/10.1172/JCI1248
https://doi.org/10.1016/j.jss.2019.04.056
https://doi.org/10.1016/j.jneuroim.2016.10.011
https://doi.org/10.1016/j.jneuroim.2014.05.006
https://doi.org/10.1080/08916934.2017.1367772
https://doi.org/10.1167/iovs.14-14422
https://doi.org/10.1016/j.stem.2018.10.006
https://doi.org/10.1007/s00401-017-1754-2
https://doi.org/10.1016/j.stem.2015.10.002
https://doi.org/10.7554/eLife.44530
https://doi.org/10.1016/j.celrep.2018.03.091
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	The Muscle Is Not a Passive Target in Myasthenia Gravis
	Introduction
	Ultrastructural and Physiological Changes of the NMJ in MG
	Mechanisms of Action of the Ab
	Anti-AChR Ab
	Anti-MuSK Ab
	Anti-LRP4 Ab

	Molecular and Cellular Changes in MG Muscle
	Inflammation and Cytokines
	Molecular Changes and Mechanisms of Compensation

	Transcriptomic Analysis
	Effects on Satellite Cells
	Conclusion and Perspectives
	Author Contributions
	Funding
	References


