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Abstract Myasthenia gravis (MG) is a neuromuscular dis-
ease caused in most cases by anti-acetyl-choline receptor
(AChR) autoantibodies that impair neuromuscular signal
transmission and affect skeletal muscle homeostasis. Myo-
genesis is carried out by muscle stem cells called satellite
cells (SCs). However, myogenesis in MG had never been
explored. The aim of this study was to characterise the func-
tional properties of myasthenic SCs as well as their abili-
ties in muscle regeneration. SCs were isolated from mus-
cle biopsies of MG patients and age-matched controls. We
first showed that the number of Pax7+ SCs was increased
in muscle sections from MG and its experimental autoim-
mune myasthenia gravis (EAMG) mouse model. Myoblasts
isolated from MG muscles proliferate and differentiate more
actively than myoblasts from control muscles. MyoD and
MyoG were expressed at a higher level in MG myoblasts as
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well as in MG muscle biopsies compared to controls. We
found that treatment of control myoblasts with MG sera or
monoclonal anti-AChR antibodies increased the differentia-
tion and MyoG mRNA expression compared to control sera.
To investigate the functional ability of SCs from MG muscle
to regenerate, we induced muscle regeneration using acute
cardiotoxin injury in the EAMG mouse model. We observed
a delay in maturation evidenced by a decrease in fibre size
and MyoG mRNA expression as well as an increase in
fibre number and embryonic myosin heavy-chain mRNA
expression. These findings demonstrate for the first time
the altered function of SCs from MG compared to control
muscles. These alterations could be due to the anti-AChR
antibodies via the modulation of myogenic markers result-
ing in muscle regeneration impairment. In conclusion, the
autoimmune attack in MG appears to have unsuspected
pathogenic effects on SCs and muscle regeneration, with
potential consequences on myogenic signalling pathways,
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and subsequently on clinical outcome, especially in the case
of muscle stress.

Keywords MG patients - AChR antibodies - Myogenic
factors - Experimental autoimmune myasthenia gravis
(EAMG)

Introduction

Myasthenia gravis (MG) is an autoimmune disease that
affects the neuromuscular junction (NMJ). MG is caused
by circulating autoantibodies against components of
the post-synaptic membrane. In about 85% of cases, the
autoantibodies target the nicotinic acetyl-choline receptor
(AChR) [5, 15]. However, other targets, such as Muscle-
Specific Kinase (MuSK) or Lipoprotein-Related Protein 4
(LRP-4), have been described [30, 58, 82]. In this study, we
focused on the main form of the disease mediated by anti-
ACHhR antibodies. Although causes of the disease remain
unclear, the immunopathogenic mechanisms are already
established. The thymus appears to play a key role in the
immune system dysregulation in the early form of the dis-
ease. It contains ectopic germinal centres including B cells
synthesising anti-AChR antibodies [6]. The mechanisms of
action of anti-AChR antibodies at the NMJ involve com-
plement-dependent lysis of the post-synaptic membrane,
receptor internalisation as well as direct interference with
binding of acetylcholine to AChR [20, 31]. These altera-
tions impair the neuromuscular transmission of the signal
[57, 67] and thus could affect the function of the skeletal
muscle fibres [41, 44]. Few studies describe the effects of
the anti-AChR antibodies on muscle physiology and biol-
ogy. For example, Zouvelou et al. reported, with magnetic
resonance imaging, a human case of general muscle atro-
phy early in the disease before receiving steroid treatment
[83]. Similarly, Martignago et al. have shown MG muscle
fibre atrophy both in type I and type II fibres but with a
higher rate in type II fibres [41]. Maurer et al. revealed that
anti-AChR antibodies alter IL-6 production in MG mus-
cles affecting Akt/mTOR signalling pathways which could
explain the observed muscle fatigability in MG [42]. Poéa-
Guyon et al. showed that MG-produced proinflammatory
cytokines are able to up-regulate the expression of the adult
AChHR in muscles of EAMG mice [59]. Similarly, Guyon
et al. demonstrated that anti-AChR antibodies are involved
in the up-regulation of adult AChR mRNA expression in
both the TE671 human rhabdomyosarcoma cell line and
control human myotubes [28]. This last finding suggests
the presence of a compensatory mechanism after the auto-
immune attack regulating the expression of AChR in MG
patients. It is noteworthy to mention that overexpression of
AChR mRNA is observed in several other situations, such
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as the blockade of neuromuscular transmission and during
denervation processes [28, 35].

Most physiological dysfunctions affect skeletal muscle
homoeostasis and lead to the muscle repair that is carried out
by two key steps: the activation and proliferation of muscle-
specific stem cells called satellite cells (SCs), and subsequent
myogenic differentiation and maturation of the regenerated
muscles. SCs are located between the sarcolemma and base-
ment membrane of the muscle fibres [43]. They are the
main cell-type controlling postnatal skeletal muscle growth
and repair [13, 51]. The crucial role of SCs in regenerating
damaged muscle has been extensively described [37, 61].
When SCs switch from a quiescent to an activated state, they
become myoblasts. They are able to proliferate both in vivo
in regenerating muscle and in vitro in high serum-containing
medium, expressing myogenic factors such as MyoD and
MyoG. These factors play an essential role in the proliferation
and differentiation of SCs, respectively [81]. In normal physi-
ological conditions, most SCs are maintained in a quiescent
undifferentiated state in the muscle and express the specific
Pax7 marker [65]. However, myopathies, injuries, or intense
effort that could represent a muscle stress rapidly activate
SCs to form new myofibres and repair damaged muscle [37].

Although the muscle is the target organ, molecular and
cellular mechanisms of myogenesis in MG are still unknown.
The aim of this study was to investigate whether SCs from
MG muscle display functional differences compared to those
from control muscles. To reach this goal, we analysed the
proliferation and differentiation capacity of SCs isolated
from human control and MG muscles. In addition, we stud-
ied muscle regeneration following toxin injury in the exper-
imental mouse model of myasthenia gravis (EAMG). We
showed that SCs from MG muscles displayed higher rates of
proliferation and differentiated more than SCs from control
muscles. The treatment of control human myoblasts with
MG sera or anti-AChR monoclonal antibodies increased dif-
ferentiation via modulation of the myogenic factor MyoG.
We found that regenerated muscle in EAMG mice displayed
smaller fibres with higher mRNA expression of MyoG and
embryonic myosin heavy chain (MyHC) compared to control
mice. To conclude, our results demonstrate for the first time
that the autoimmune attack by the anti-AChR antibodies in
MG results in substantial functional changes of the SCs, with
potential consequences on the clinical outcome.

Materials and methods

Experimental autoimmune myasthenia gravis (EAMG)
induction

The EAMG induction was performed as previously
described [70] with some modifications to optimize the rate
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of sick animals [78]. Five-week-old female C57B1/6J mice
were obtained from Janvier laboratories (Le Genest Saint-
Isle, France) and acclimatized 1 week in the SPF animal
facility (CEF, Université Pierre et Marie Curie) prior to the
immunization procedure. The experiments were performed
following the principles of the French council on animal
care (authorisation number: 02637). AChR was extracted
and purified from the electric organ of Torpedo californica
by chromatography as previously described [1]. To induce
EAMG, the mice (n = 13) were immunized by five sub-
cutaneous injections, two in both hind footpads and three
in the back, with Torpedo AChR (30 pg/mouse) emulsified
in Complete Freund Adjuvant (CFA) further supplemented
with non-viable Mycobacterium tuberculosis (1 mg/mouse).
Control (Ctl) mice (n = 6) were immunized only with CFA
further supplemented with non-viable Mycobacterium tuber-
culosis at the same concentration. Four weeks later, a boost
was performed with one injection in the back using the
same amount of Torpedo AChR in CFA. The control mice
received only CFA. Grip strength and the weight of the mice
were monitored every 2 weeks and the global clinical score
was calculated taking into account the loss of weight, the
grip test, and the grid test as fully described in Weiss et al.
[78]. Each test had a maximum score of 3, and then, the
maximum clinical score was 9. The mice were considered
sick when their global clinical score reached 2 or higher. Ten
mice out of 14 were sick in this experiment, which means
71% of the total mice. We did not evaluate the AChR anti-
body level, as this level is generally high in the immunized
mice but not correlated with the clinical status [78].

Cardiotoxin-induced muscle regeneration

When the percentage of sick mice (score >2) reached 70%
(Online Resource Fig. S1a), acute skeletal muscle regen-
eration was performed as described in [16] and reviewed
in [24]. Briefly, 30 pl of cardiotoxin at the concentration of
12 uM in saline (Latoxan, Portes-1¢s-Valence, France) was
injected into tibialis anterior (TA) muscles to induce mus-
cle injury and subsequent regeneration. Control and EAMG
right TA muscles were injected with cardiotoxin to induce
regeneration, while the contralateral TA muscles from the
same mice were injected with PBS. Mice were sacrificed by
progressive CO, inhalation 7 days after injection and TA
were collected, snap frozen in N,-precooled isopentane, and
stored at —80 °C until use. We choose the 7 days window as
the satellite cells are activated at this step [24].

Human muscle biopsies

Human muscle biopsies (Online Resource Tables Sla
and S1b) were obtained from MG patients (n = 20) and

age-matched controls (n = 19) (20-56 years) undergoing
thymectomy or cardiovascular surgery, respectively. Since
the age, but not the gender, can affect the quality of the skel-
etal muscle and the quantity of SCs [53], the control muscles
were age- but not sex-matched. Biopsies were derived from
the pectoralis major muscle under sterile conditions and in
accordance with the declaration of Helsinki and approved by
French committee on ethical rules “Comité de Protection des
Personnes (CPP, Ile-de-France VI)”, GH Pitié-Salpétriere,
Paris, France (authorization number 2010-A00250-39).
All participants gave informed written consent to use their
biopsies. For histological analysis, muscles (Ctl n = 5, MG
n =35) were aligned, frozen in N,-precooled isopentane, and
stored at -80 °C until use. For total RNA isolation, muscles
(Ctl n =9, MG n = 10) were put into cryotubes under sterile
conditions, frozen in liquid N, until use. For SC isolation,
another batch of muscle specimens (Ctl n = 6, MG n = 6)
was used.

Human primary myoblast cultures

SCs were isolated from muscle biopsies using the explant
method as previously described [21]. Note that once SCs
migrate out from the muscle explant, they became active
and they are called myoblasts. Briefly, biopsies were
rinsed in Phosphate Buffered Saline (PBS) supplemented
with antibiotics (penicillin 100 units/ml, streptomycin
100 pg/ml) then scissor-minced in Foetal Bovine Serum
(FBS, Eurobio, Les Ulis, France). The tissue fragments
were plated into 75 cm? flasks (BD Biosciences, Le Pont
de Claix, France) pre-coated with 0.2% gelatin (Sigma-
Aldrich, Saint-Quentin Fallavier, France). After 10 days
of culture in growth medium (GM) containing four parts
Dulbecco’s modified Eagle’s medium (DMEM, 4.5 mg/
ml glucose, Life Technologies, Saint Aubin, France), one
part medium 199 (Life Technologies), 20% FBS (Eurobio),
5 pg/ml bovine insulin (Sigma-Aldrich), 0.5 ng/ml fibro-
blast growth factor (Life Technologies), 5 ng/ml epidermal
growth factor (Life Technologies), 0.2 ng/ml dexametha-
sone (Life Technologies), and 50 pg/ml fetuin (Life Tech-
nologies); the cells which had migrated out of the explants
were trypsinized and collected by centrifugation. The myo-
blasts were then positively selected using anti-CD56 mag-
netic microbeads according to the manufacturer’s instruc-
tions (Miltenyi Biotec, Bergisch Gladbach, Germany).
CD56 positive cells, which represent generally about
90-95% of total cells after cell sorting, were incubated in
75 cm? flask at 37 °C in a humid atmosphere containing 5%
CO, then expanded in GM. Since the intermediate filament
protein desmin is muscle specific, the myogenic purity of
the cell culture was monitored using desmin immunolabe-
ling by counting the number of desmin-positive cells as
a percentage of the total number of nuclei. The primary
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myoblast cultures were considered to be pure enough to
be used for our experiments when their percentage in the
culture was 90% or more.

Myoblast proliferation assay

Proliferation of myoblasts was assessed using a flow cytom-
etry counting tool. Briefly, after expansion of the CD56 posi-
tive myoblasts, control and MG myoblasts were seeded into
six-well plates (BD Biosciences) at 2000 cells/cm? in GM.
After 1-4 days of proliferation, the cells were trypsinized,
washed, and fixed with 4% paraformaldehyde, then analysed
on a FACSVerse Flow cytometer for counting with Flow
Sensor tool (BD Bioscience). Cell density was normalized
to the volume used to count.

Myoblast differentiation assay

The differentiation was assessed by fusion index and
myotube size using MF20 antibody (Hybridoma Bank
DSHB, Iowa City, IA, USA) which labels muscle Myo-
sin Heavy Chain (MyHC). MyHC is a specific marker
of differentiated fibres. Fusion index was calculated as
the ratio of the number of nuclei into myotubes to the
total number of nuclei. Myotube size was evaluated as
the stained surface of MF20 using the ImageJ analysis
software [60]. Briefly, myoblasts were seeded on to six-
well plates (BD Biosciences) at 50,000 cells/cm? in GM
as described above. The day after, when cells stuck to the
plates, GM was shifted to differentiation medium (DM)
containing DMEM 4.5 mg/ml glucose, 5 pg/ml bovine
insulin (Sigma-Aldrich), and 0.1% Ultroser-G (w/v)

Table 1 Information about primary and secondary antibodies

(Sigma-Aldrich). Then, the cultures were supplemented or
not with control or MG patient sera. In some experiments,
the cultures were supplemented with monoclonal antibod-
ies against AChR (Kindly provided by Tzartos et al. [71])
or IgG2a isotype control (R&D Systems, Inc. Abingdon,
United Kingdom) according to the experiments. The sera
were used diluted at 1/100 in the DM. The monoclonal
antibodies and their relevant isotype control were used at
a final concentration of 3 pug/ml.

Histology and immunofluorescent labelling

Freshly frozen muscles were used for immunofluorescence.
Cryostat sections (7 um thick) of tibialis anterior and pec-
toralis major, respectively, from mice and humans were
made, air-dried under the hood for 10 min, and fixed in 4%
paraformaldehyde (w/v) for 20 min at room temperature
(RT). Sections were then processed for antigen retrieval
with unmasking solution (CliniSciences, Nanterre, France)
at 95 °C for 15 min and blocked with PBS-BSA 5% (w/v)
for 2 h then incubated overnight (ON) at 4 °C with anti-
Pax7, anti-MyoD, anti-Ki67, and anti-laminin. Bound
antibodies were revealed with the appropriate Alexa conju-
gated secondary antibodies (Fluoprobes Interchim, Mont-
lucon, France). Antibodies are listed in Table 1. For MyHC
labelling, myotubes at day 0, day 2, and day 4 of differen-
tiation were washed with PBS and fixed with cold ethanol
for 20 min at —20 °C. Then, cultures were blocked with
PBS-BSA 5% (w/v) for 1 h and incubated ON at 4 °C with
anti-MyHC monoclonal antibody (MF-20). Bound antibody
was detected with appropriate AlexaFluor-488 conjugated
secondary antibody (Fluoprobes, Interchim). Nuclei were

Molecular  Species specificity  Species origin and IgG isotype Clone  Dilution Application Manufacture

specificity

Primary antibodies

Pax7 Mouse/Rat/Human Mouse mAB IgGl PAX7 1/10 IH Hybridoma Bank DSHB, 1A, USA

MyoD Mouse/Rat/Human Mouse mAB IgGl 5.8A 1/50 IH BD Pharmingen, NJ, USA

MyHC Human Mouse mAB 1gG2b MF-20 1/20 IH Hybridoma Bank DSHB; IA, USA

Ki67 Human Rat mAB IgGl 5D7 1/100 IH Abeam, Paris, France

CD56 Human Mouse mAB IgGl 1/5 Sorting Miltenyi Biotec, Bergisch Gladbach,
Germany

Laminin Mouse/Rat/Human Rabbit pAB IgG 1/200 IH Dako, Les Ulis, France

Secondary antibodies

1gG Mouse Alexa-488goat polyclonal 1/400 IH Fluoprobes Interchim, Montlucon, France

1gG Rat Alexa-488 donkey polyclonal 1/300 H Fluoprobes Interchim, Montlucon, France

1gG Mouse Alexa-555goat polyclonal 1/300 H Fluoprobes Interchim, Montlucon, France

1gG Rabbit Alexa-488 donkey polyclonal 1/400 H Fluoprobes Interchim, Montlucon, France

1gG Mouse AffiniPureFab Fragment goat 1/50 IH Jackson Immunoresearch, PA, USA

IH immunohistology, /gG immunoglobulin G, mAB monoclonal antibody, pAB polyclonal antibody
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counter-stained with DAPI (1 pg/ml) for 5 min at RT. For
haematoxylin and eosin (H&E) staining, mouse TA sections
were air-dried then fixed in 4% paraformaldehyde (w/v) for
10 min at RT. After washing twice in PBS, sections were
stained with Mayer’s haematoxylin for 10 min, washed in
tap water and stained in eosin for 2 min. Sections were then
dehydrated few seconds in progressive baths of ethanol,
cleared twice in xylene for 15 min each, and finally mounted
in permanent mounting medium (CliniSciences). For fusion
index and myotube size quantification, approximately 2500
nuclei of total nuclei were counted by well and duplicate
wells were analysed. For mouse muscles, approximately
1500 fibres were counted. For human muscles, approxi-
mately 800 fibres were counted. Images were acquired with
the Zen software (Carl Zeiss, Marly le Roi, France) using
Axiocam MRm CCD monochrome camera fitted to Axio
Observer.Al epifluorescence microscope (Carl Zeiss, Marly
le Roi, France). Image analysis and quantification were per-
formed using colour segmentation procedure programmed
with ImagelJ [60].

mRNA isolation and quantitative PCR (qPCR)

Total RNA was extracted from mouse tibialis anterior,
human pectoralis major and human myoblasts and myo-
tubes with Trizol reagent (Life Technologies) according to
the manufacturer’s instructions. The sample concentration
and purity was assessed using the NanoDrop spectropho-
tometer. cDNA synthesis was performed on 1 pg of total
mRNA extracts for 1 h at 42 °C using Oligo-dT prim-
ers and Avian Myeloblastosis Virus (AMV) reverse tran-
scriptase (Life Technologies) in a final volume of 50 ul. One
microliter of the resulting cDNA was submitted to SYBR
Green qPCR amplification using a LightCycler® 480 sys-
tem (Roche Life Sciences, Meylan, France), as previously
described [38]. Primer sequences (Eurogentec, Angers,
France) were designed using the online Primer3 software.
The primer sequences and qPCR details are shown in sup-
plemental data (Online Resource Table S2). For Ki67, prim-
ers were ready-to-use and provided from RealTimePrimers.
com.

Statistical analysis

Data are expressed as mean + SEM. Data shown are repre-
sentative of two repeated experiments using the same sam-
ples in duplicate. Differences between groups were com-
pared using the non-parametric Mann—Whitney test using
the GraphPad Prism 6 software (San Diego, CA, USA). For
myofibre distribution analysis, differences between groups
were compared with two-way ANOVA Bonferroni’s mul-
tiple comparisons test. Significant differences were deter-
mined at p < 0.001 (***), p < 0.01 (**), and p < 0.05 (¥).

Results

SC number was increased in mouse EAMG and human
MG skeletal muscle

To analyse whether the SCs were affected in MG, TA
muscles were collected from control and EAMG mice and
were submitted to Pax7 immunolabeling and RT-qPCR.
Pax7 is a specific marker of SCs [65]. We showed that
the number of Pax7+ SCs (in red), localised between the
sarcolemma and the basal lamina characterised by laminin
staining (in green) (Fig. la, b) was increased in the TA
of EAMG muscles compared to controls (Fig. 1c). The
significantly high mRNA expression of Pax7 in EAMG
muscles (Fig. 1d) evaluated by RT-qPCR confirmed that
AChR-injected mice displayed more SCs than CFA-
injected mice in their skeletal muscle after 7 weeks of
immunization.

Then, to investigate whether human MG muscle dis-
played similar alteration as in EAMG mice, we performed
quantitative analysis of Pax7 using immunolabeling and
RT-PCR. We observed that MG muscles displayed signifi-
cantly more SCs than controls (Fig. 2a—c). This result was
confirmed by a higher mRNA expression of Pax7 in MG
muscle biopsies compared to the controls (Fig. 2d). These
results suggest that the myogenic cell population is affected
in MG.

SCs of human MG skeletal muscles displayed high
proliferative rate

Since we found more SCs in human MG skeletal muscles
compared to control ones, we next asked whether the SCs
in MG muscles were active and functional. To this end,
we analysed the expression of MyoD and Ki67, two mark-
ers of SC activation and proliferation, on muscle sections.
The co-immunolabeling of Pax-7 and laminin identified the
SCs (Fig. 3a), and the co-immunolabeling of MyoD and
laminin in serial sections (Fig. 3b) allowed us to investi-
gate whether the Pax-7+ cells were activated. In parallel,
the co-immunolabeling of Pax7 and Ki67 showed the SCs
(Pax7+ cells) that were in proliferating state (Ki67+ cells)
(Fig. 3c). The precise counting of the positive cells dem-
onstrated that MG muscles displayed a significantly higher
number of MyoD and Ki67 positive cells among total SCs
(respectively, Fig. 3d, f) compared with controls. This was
confirmed by the higher mRNA expression of MyoD and
Ki67 in MG muscle biopsies compared to the controls
(respectively, Fig. 3e, g). Together, these results suggest
that SCs were more active in MG muscles and displayed
higher proliferative rate during MG disease compared to
control muscles.
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Fig. 1 EAMG mice displayed more satellite cells in their tibialis
anterior muscles than control ones. Pax7 immunolabeling (a, b),
quantification of Pax7+ nuclei (¢), and Pax7 mRNA expression (d) in
Ctl (n = 6) and EAMG (n = 6) mouse TA muscles. Pax7 is a specific
marker of SCs. Yellow squares show magnification of one transver-
sal myofibre section containing SCs. White arrows show SCs which

Isolated human MG myoblasts proliferate more actively
than control ones

We then explored the functional features of the SCs iso-
lated from MG and control biopsies. As mentioned above,
once SCs move out from their muscle environment, they
became active, and they are called myoblasts. Myoblasts
were cultured in high serum-containing medium during
4 days (Fig. 4a, b). Cells were counted every day using the
FACSVerse Flow Sensor counting tool. We showed that
myoblasts from MG muscles proliferated more actively
than control cells at day 3 and day 4 (Fig. 4c). Using RT-
gPCR, we observed that mRNA expression of Myf5, the
myoblast activation marker, was gradually decreased dur-
ing proliferation similarly in MG and control myoblasts
(Fig. 4d). mRNA expression of MyoD, the myogenic pro-
liferation marker, was gradually increased during prolifera-
tion in MG and control myoblasts, but to a greater extent
in MG myoblasts (Fig. 4e). mRNA expression of Ki67 was
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are located between basal lamina (yellow dotted line) and sarcolemma
(white dotted line). Pax7+ nuclei quantification was normalized to the
total number of myonuclei. Nuclei were stained with DAPI. Cyclo-
philin A (CYPA) was used as an internal control for qPCR. Values
represent the mean + SEM. p < 0.05 (¥), p < 0.01 (¥*). Bar 20 pm

gradually increased up to day 3 and then decreased at day
4 of proliferation. However, at day 3, Ki67 mRNA was sig-
nificantly increased in MG myoblasts compared to controls
(Fig. 4f). These results show that control and MG myoblasts
displayed biologically different features even out of their
muscle environment. The increase mRNA MyoD expression
in MG myoblasts suggests its implication for the observed
high proliferation.

Human MG myoblasts differentiated more rapidly
than control ones

To investigate further the functional differences between
SCs from MG and control biopsies, we examined the dif-
ferentiation of these myoblasts. By shifting the cell cul-
ture to serum-free medium, human myoblasts differenti-
ate and fuse into multinucleated myotubes [54, 79]. To
evaluate cell differentiation, we calculated fusion index
and myotube size in cultures stained with anti-myosin
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Fig. 2 Human MG muscles displayed more satellite cells than con-
trol ones. Pax7 immunolabeling (a, b), quantification of Pax7+ nuclei
(Ctl n = 5, MG n = 5) (c¢), and Pax7 mRNA expression (Ctl n = 9,
MG n = 10) (d) in Ctl and MG human muscle biopsies. It should be
noted that patients with thymoma behave similarly as non-thymoma
patients. Yellow squares show magnification of one transversal

heavy-chain (MyHC) antibody (MF20) which is a spe-
cific antibody to label myotubes. Staining of control and
MG myotubes are shown in Fig. 5a, b, respectively. We
demonstrated that myoblasts from MG muscles displayed
higher fusion index and bigger myotubes than myoblasts
from control ones at day 2 and day 4 of differentiation
(respectively, Fig. 5c, d). These results suggest that MG
myoblasts differentiate more rapidly than control ones.
These findings were confirmed by mRNA expression
investigation. Indeed, the specific marker of differen-
tiation, MyoG, was expressed at a higher level in MG
myotubes compared to controls at day 4 of differentiation
(Fig. 5e). Moreover, similar to cultured myotubes, MG
muscles biopsies displayed higher MyoG mRNA expres-
sion compared to control muscle biopsies (Fig. 5f). These
results suggest that cultured myoblasts from MG and con-
trol muscles showed biological differences and that MG
myoblasts exhibited specific features that could explain
the observed increased differentiation.

21 T

Pax7 mRNA
(normalized to EMD)

Ctl MG
muscle muscle

myofibre section containing SCs. White arrows show SCs which are
located between basal lamina (yellow dotted line) and sarcolemma
(white dotted line). Pax7+ nuclei quantification was normalized to the
total number of myonuclei. Nuclei were stained with DAPI. Emerin
(EMD) was used as an internal control for qPCR. Values represent
the mean + SEM. p < 0.05 (*), p < 0.01 (**). Bar 20 um

Sera of MG patients increased differentiation of control
myoblasts

To investigate the functional properties of the myoblasts
in MG conditions, with the aim to define factors that were
responsible for the observed high proliferation and differ-
entiation, we analysed the effects of sera from MG patients
on the proliferation and differentiation of human control
myoblasts. MG sera treatment had no effect on proliferation
(Online Resource Fig. S3a, S3b, and S3c) neither on MyoD
mRNA expression (Online Resource Fig. S3d) compared
to control sera. However, in the differentiation assay, we
showed that MG sera treatment significantly increased the
differentiation of control myoblasts (Fig. 6a, b) assessed by
the high fusion index (Fig. 6¢) and the high myotube size
(Fig. 6d) compared with control sera treatment at days 2 and
4. The high expression of MyoG mRNA at day 4 (Fig. 6¢)
confirmed the increased differentiation of the control myo-
blasts treated with MG sera compared with those treated
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Fig. 3 Human MG muscles displayed satellite cells with higher pro-
liferative rate than control ones. Pax7 (a, ¢), MyoD (b), and Ki67
(¢) immunolabeling, quantification of MyoD+ and Ki67+ cells (Ctl
n =35, MG n = 5) (respectively, d and f) among Pax7+ cells, and
MyoD and Ki67 mRNA expression (Ctl n = 9, MG n = 10) (respec-
tively, e and g) in Ctl and MG human muscle biopsies. It should be

with control sera. These results suggest that the MG serum
contains one or more factors responsible for the increase
differentiation observed in control myoblasts.

Monoclonal anti-AChR antibodies induce an increased
differentiation of control myoblasts

Since one main difference between MG and control serum
is the presence of the antibodies against AChR, we investi-
gated whether the high differentiation observed in MG myo-
blasts could be due to the pathogenic effect of anti-AChR
antibodies. To answer this question, we tested two different
anti-AChR monoclonal antibodies (198 and 155) and their
relevant isotype as control (IgG2a). The mAB198 antibody
is directed against the main extracellular immunogenic
region of the alpha subunit of AChR, whereas mAB155
antibody binds to its major epitope of the cytoplasmic side
[71]. We observed that both mAB198 and mAB155 anti-
bodies had a significantly larger effect compared to 1gG2a
isotype control (Fig. 7a—c) on fusion index (Fig. 7d) and
myotube size (Fig. 7e) exhibiting a better differentiation
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noted that patients with thymoma behave similarly as non-thymoma
patients. Serial sections were used for Pax7 and MyoD immuno-
labeling in (a) and (b). White arrows show Pax7+ (a), MyoD+ (b),
or Pax7+/Ki67+ (c¢) cells. Nuclei were stained with DAPI. Emerin
(EMD) was used as an internal control for qPCR. Values represent
the mean + SEM. p < 0.01 (**), p < 0.05 (¥). Bar 5 pm

of control myoblasts at days 2 and 4. The effect of anti-
ACHhR antibodies on control myoblast differentiation was
confirmed by high MyoG mRNA expression at days 2 and
4 for mAB155 antibody but only at day 4 for mAB198 anti-
body (Fig. 71).

Since MG sera and purified monoclonal anti-AChR anti-
bodies had similar effects on control myoblasts, these data
suggest that anti-AChR antibodies in MG sera were able to
induce muscle differentiation probably via modulation of
MyoG expression.

Delayed muscle regeneration in myasthenic skeletal
muscle following acute injury

Since our results showed that anti-AChR autoantibod-
ies could be responsible for the alteration of SC features
in vitro, we asked whether the main function of SCs, i.e.,
muscle regeneration, was altered in myasthenic muscles
in vivo. To address this question, we induced EAMG
in mice. The different clinical scores and clinical items
(weight, grid score, and grip strength) are shown in Fig.
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Fig. 4 Myoblasts from MG muscle biopsies proliferated faster than
those from control ones. Myoblasts, which are isolated and activated
SCs, from Ctl (n = 6) and MG (n = 6) muscle biopsies were allowed
to proliferate in kinetic study (day O-day 4) in growth medium.
Phase-contrast microscopy views (a, b), cell density quantification

S1 (Online Resource). Then, we injured right TA muscles
(nominated R-muscle) in control and EAMG mice by car-
diotoxin injection (see experimental design in Fig. 8a),
while the contralateral TA muscles from the same mice
were injected with PBS. We analysed the morphology and
distribution of muscle fibres at day 7 of regeneration. Fig-
ure S6 shows the efficiency of the muscle regeneration in
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(¢), and Myf5 (d), MyoD (e), and Ki67 (f) mRNA expression of Ctl
and MG myoblasts during proliferation. Emerin (EMD) was used
as an internal control for qPCR. Values represent the mean + SEM.
p <0.05 (%), p <0.01 (¥*). Bar 50 pm

non-EAMG mice: the CSA mean is reduced and MyoG is
increased in the cardiotoxin injected-muscle compared to
contralateral muscle of the same mice (Online Resource
Fig. S6). In addition, in the Ctl muscle, we did not observe
significant differences in the size and number of fibres
compared to EAMG muscle, indicating that in the absence
of muscle injury (Online Resource Fig. S4 and Fig. S5),
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Fig. 5 Myoblasts from MG muscles differentiate more than those
from control ones. Myoblasts from Ctl (n = 6) and MG (n = 6) mus-
cle biopsies were allowed to differentiate in kinetic study (day O—day
4) in differentiation medium forming myotubes. MF20 immunolabe-
ling of Ctl (a) and MG (b) myotubes at day 4 of differentiation. MF20
label total muscle Myosin Heavy Chain (MyHC). Differentiation was
evaluated by fusion index (¢) and myotube size (d), as described in

there is no sign of altered regeneration in the myasthenic
muscle. Similar features were observed in human muscle
biopsies that did not display significant muscle atrophy
or features of ongoing regeneration process (not shown).
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“Materials and methods. MyoG mRNA expression was measured
during differentiation (e) as well as in control and MG muscle biop-
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thymoma behave similarly as non-thymoma patients. Nuclei were
stained with DAPI. Emerin (EMD) was used as an internal control for
qPCR. Values represent the mean + SEM. p < 0.01 (**). Bar 50 um

We then compared the R-muscle in control and EAMG
mice. First and as expected, we observed that in both
groups of mice, the R-muscles displayed many cen-
trally nucleated myofibres (Fig. 8b) that represent newly
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Fig. 6 Control myoblasts treated with MG sera differentiated more
than those treated with control sera. Myoblasts from control muscle
biopsies (n = 6) were allowed to differentiate in kinetic study (day
0—day 4) in differentiation medium supplemented with Ctl (n = 3) or
MG (n = 6) sera. MF20 immunolabeling of control myotubes at day 4
of differentiation treated with Ctl (a) or MG (b) sera. Differentiation

regenerated fibres. However, regenerated EAMG muscles
significantly showed smaller cross-sectional area (CSA)
(Fig. 8c), and a higher number of fibres (Fig. 8d) compared
to the control ones. A detailed analysis of the muscle sec-
tion areas revealed that EAMG muscles exhibited a large
number of fibres with a CSA lower than 550 um? compared
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was evaluated by index fusion (¢) and myotube size (d), as described
in “Materials and methods”. MyoG mRNA expression (e) was meas-
ured during the differentiation. Emerin (EMD) was used as an inter-
nal control for gPCR. Values represent the mean + SEM. p < 0.01
(**). Bar 50 yum

to control muscles (Fig. 8e). Furthermore, we showed that
the CSA, the number, and the distribution of the size of
the myofibres in EAMG muscles were correlated with the
clinical score of the mice (respectively, Fig. 8f-h), suggest-
ing a direct relationship between the severity of the EAMG
and its effect on regenerated muscles. Similar results were
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Fig. 7 Monoclonal anti-AChR
antibodies induced higher dif-
ferentiation of control myoblasts
than IgG isotype. Myoblasts
from control muscles (n = 6)
were allowed to differentiate

in kinetic study (day O—day

4) in differentiation medium
supplemented with two dif-
ferent monoclonal anti-AChR
antibodies (155 and 198) and

a relevant IgG isotype control
(IgG2a). MF20 immunolabeling
of control myotubes at day 4

of differentiation treated with
Isotype control IgG2a (a) or 155
antibody (b) or 198 antibody
(¢). Differentiation was evalu-
ated by fusion index (d) and
myotube size (e), as described
in “Materials and methods”.
MyoG mRNA expression (f)
was measured during the dif-
ferentiation. Emerin (EMD)
was used as an internal control
for gPCR. Values represent the
mean + SEM. p < 0.05 (¥*) and
p <0.01 (**). Bar 50 um

# ’f
+Ig62a Day 4

e

+ 198 AB Day 4

obtained when the classical clinical scale was used (Online
Resource Fig. S2), although the results were less striking,
likely because the classical clinical scale includes only five
scoring levels (0—4) instead of ten in our global clinical
score (0-9).

To further investigate the mechanisms involved in muscle
regeneration of EAMG mice, we analysed the expression
of myogenic markers in the muscle. We showed that Pax7
mRNA expression (Fig. 9a) was not significantly different in
EAMG and control muscles at day 7 of regeneration. How-
ever, we observed a significant decrease in MyoG mRNA
expression (Fig. 9b) and an increase in the embryonic MyHC
mRNA expression (Fig. 9¢) in EAMG muscles compared to
the control ones. Moreover, we showed that the embryonic
MyHC mRNA expression in EAMG muscles was correlated
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with the clinical score of the mice (Fig. 9d). Taken together,
these results suggest that the alteration of the muscle repair
in EAMG mice could result from the impairment of the
fusion and maturation processes of newly formed fibres dur-
ing the muscle regeneration.

Discussion

The purpose of this study was to characterise the functional
features of SCs from MG muscle compared to the control
muscle. Our main results are as follows: (1) we found an
increased number of SCs associated with a high prolif-
erative rate in the skeletal muscles of MG patients and of
induced-EAMG mice compared to controls. These findings
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suggest that MG pathogenic mechanisms affect not only the
post-synaptic membrane but also other muscle components;
(2) cultured MG and control SCs from muscle biopsies dis-
played significant differences in proliferation and differen-
tiation, even several weeks after being taken outside from
their in vivo muscle environment; (3) cultured control SCs
differentiated more rapidly when they were treated with
MG sera or monoclonal anti-AChR antibodies compared to
their respective controls, suggesting the implication of the
circulating anti-AChR antibodies in the pathogenic mecha-
nisms affecting the main functions of SCs; and (4) skeletal
muscles of EAMG mice displayed smaller and higher num-
ber of fibres than skeletal muscles of control mice follow-
ing cardiotoxin-acute injury. These findings, along with an
enhanced expression of embryonic myosin heavy chain, sug-
gest that myofibres displayed a delay of maturation during
the regeneration process. Altogether, these results highlight
for the first time that circulating anti-AChR autoantibodies
in MG disease have pathogenic effects on SCs and muscle
regeneration processes.

MG-specific factors have pathogenic effects
on the number and activity of SCs

In the first part of this study, we evidenced the effects of
the MG on SC quantity and activity. We showed that both
MG and EAMG muscle biopsies displayed a higher number
and activity of SCs than their respective controls. SCs were
initially identified by electron microscopy based on their
anatomical location and morphology [43]. They are essen-
tial for homoeostasis maintenance and muscle regeneration
[40, 75]. SCs are able to proliferate and differentiate into
skeletal muscle cells [8, 48, 64] as well as to self-renew [14,
51], which confer them the muscle stem cell grade. Dys-
function of these cells, as observed in several diseases, may
cause a decrease in self-renewal with a depletion of the SC
pool, whereas uncontrolled self-renewal and proliferation
would result in overproduction of SCs with a tumorigenic
risk [36, 62]. The observed increased number and activity
of SCs in MG muscle biopsies are new information in the
MG field. Many diseases affecting muscle are associated
with a reduction in the SC pool [26, 29, 73]. For example,
SC reduction was found in X-linked muscular dystrophy
(MDX) in mice [45] or in type 1 diabetes characterised by
the alteration of Notch signalling pathway on skeletal mus-
cle [18]. On the other hand, as observed in our study, an
increase in the SC pool was described in several cases such
as degenerative muscle disease [34], neuromuscular disease
as “arrested development of right response” (ADR) myoto-
nia [63], drug treatment [56], or mechanical stress [11, 76].
Moreover, it is known that both number and functionality
of SCs are age-dependent with a significant decline during
life span until senescence [7, 74]. However, our results were

carried out without any specific treatment or stress, and
cells were removed from their in vivo muscle environment
and from the serum pathogenic factors. In addition, they
were obtained using age-matched control muscles, suggest-
ing that the observed high number of SCs in MG biopsies
was not due to an age difference. Since MyoD is known to
play a critical role in the proliferation of myoblasts [62], the
most likely scenario to explain the increase in the number
of SCs is the increased cell activation through overexpres-
sion of MyoD, as previously seen in some neuromuscu-
lar disorders [33, 77]. This hypothesis is supported by our
data showing that MG muscles displayed higher MyoD and
Ki67 positive cells among total SCs compared to control
muscles. Interestingly, the data from the quantitative analy-
sis of SCs in MG muscle biopsies were supported by our
ex vivo experiment using the EAMG mouse model, where
an increased number of SCs were also found in 7A muscles.
Since EAMG is an induced model obtained by immuniza-
tion with Torpedo Californica AChR, these results strongly
suggest that the increased number of SCs is due to the path-
ogenic effects of the antibodies against AChR generated
during the disease, and not to a pre-existing abnormality
in MG patients. However, SCs do not express a high level
of AChR. It is, therefore, very likely that the interaction
of the antibodies with the AChR on the myofibres at the
muscle endplate results in the production of paracrine fac-
tors, such as growth factors, microvesicles, or exosomes,
which could influence the features of the SCs. An increased
number of SCs could theoretically lead to muscle hyper-
trophy or hyperplasia. However, this was not observed in
MG patients (data not shown). These data are consistent
with the report of Gidaro et al. [25] that has shown that
an increasing number of SCs in oculopharyngeal muscular
dystrophy patient do not necessarily induce a better muscle
function. This observation allows us assuming that in MG
muscles, the excess of SCs could play a role in the repair of
muscle fibres that have been damaged by MG pathogenic
mechanisms, and this could represent a compensatory pro-
cess to maintain muscle homoeostasis. This hypothesis is
supported by similar observations in situations of sustained
neuromuscular blockade by botulinum toxin [19]. Indeed, a
single injection of Botox resulted in a significant short-term
increase in satellite cell activation and myonuclear addition
in adult rabbit extraocular muscles [72].

Furthermore, our ex vivo results showed that myoblasts,
from MG muscle biopsies, differentiated more rapidly than
control ones. Since MyoG is known to play a role in the dif-
ferentiation of myoblasts [62], we analysed the expression
of this factor and showed that it was indeed more expressed
in MG myoblasts compared to controls during the differen-
tiation process.

Since these effects were still observed in vitro, in the
absence of paracrine factors, it is likely that intrinsic
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«Fig. 8 EAMG regenerated muscle displayed more and smaller fibres
than control regenerated ones following an acute injury. Experimen-
tal design (a): 6-week-old female randomised-mice were injected
subcutaneously at day 1 with CFA (n = 6) or CFA+AChR (n = 13)
to induce experimental autoimmune myasthenia gravis (EAMG).
At week 6, when the global clinical score of EAMG mice reached
at least 2, control and EAMG right TA muscles (R-muscle) were
injected with cardiotoxin to induce regeneration. Left TA muscles
were used as contralateral. At day 7 post-cardiotoxin injections, mus-
cles were sampled then analysed. Haematoxylin and eosin staining
(b, upper panels) and Laminin immunolabeling (b, bottom panels)
of regenerating TA muscles at day 7. Myofibre mean cross-sectional
area (c), number of myofibres per mm? (d), and myofibre area dis-
tribution (e) of TA muscles at day 7 of regeneration. Myofibre mean
cross-sectional area, myofibre number, and myofibre distribution
at day 7 of regeneration in EAMG R-muscles were correlated with
mouse clinical score (respectively, f~h). Each symbol represents one
mouse clinically sick from the EAMG mouse group. In (b, bottom
panels), nuclei were stained with DAPL. In h, white squares represent
the distribution of the myofibres which were smaller than 600 yum?
and black dots represent the ones which were bigger than 1200 um?.
Values represent the mean + SEM. p < 0.01 (¥*), p < 0.001 (¥*%).
Bar 20 ym

mechanisms could explain the observed high prolifera-
tion and differentiation of SCs. Moresi et al. [49, 50] have
reported epigenetic changes in SCs during the myogenic
processes from activation to proliferation and from prolif-
eration to differentiation. They described the activities of
the histone methylation, acetylation, and deacetylation that
modulate the transcription of specific genes or the role of
microRNA enhancing or repressing transcription factors
during myogenesis. These data indicate a robust SC reac-
tion in response to different types of stress. It is, therefore,
likely that SCs undergo stable epigenetic changes in the MG
patients that are conserved during cell culture. All together,
these findings suggest that MG and control SCs display sig-
nificant functional differences, raising the hypothesis that
MG-specific factors are able to alter SC properties directly
via paracrine factors and by acquired epigenetic modifica-
tions in SCs.

Role of anti-AChR antibodies on observed alterations
of MG SC

In MG muscles, the main pathological mechanisms of
anti-AChR antibodies described so far are: degradation of
AChRs in a complement-dependent manner, induced AChR
internalisation, and blocking of the binding site of acetyl-
choline to its receptor [5, 39]. These mechanisms induce a
reduction in the ability of motor nerves to transmit signals
thus affecting the function of the skeletal muscle [2, 3, 22].
Investigating for the first time whether the anti-AChR anti-
bodies could induce pathogenic mechanisms that alter spe-
cifically SC features, we tested the effects of MG sera and
two monoclonal AChR antibodies (mAB155 and mAB198)
on the proliferation and differentiation of SCs from control

muscle. Our results demonstrated that MG sera (Online
Resource Fig. S2) or anti-AChR antibodies (data not shown)
had no effects on the proliferation of control myoblasts,
probably because of the low expression of AChR by these
cells. Indeed, when expressed in myoblasts, AChRs are
diffusely and weakly distributed, while when expressed in
myotubes, AChRs are clustered and more largely present
[42, 46]. However, the treated SCs with MG sera or mABs
differentiated more rapidly than those treated with control
sera or appropriate IgG control. The fact that MG sera and
anti-AChR antibodies induced similar effects strongly sug-
gests that the observed high differentiation is specifically
mediated by anti-AChR antibodies. These results were
confirmed by increased mRNA expression of the specific
marker of the differentiation MyoG after the treatments.
The relevance of these data is strengthened by the observa-
tion that MG muscle biopsies also displayed higher mRNA
expression of MyoG compared to control ones, confirming
that our in vitro model is appropriate to explore the patho-
genic mechanisms in MG.

Accordingly, we assume that anti-AChR antibodies bind
to the clustered and widely expressed AChRs on myofibres
inducing a cascade of intracellular events and the release
of factors that can affect SCs and enhance their differentia-
tion via increase of MyoG expression. Indeed, Eftimie et al.
and Asher et al. [3, 22] have demonstrated that removal or
blockade of the neurotransmission signal, as well as the pres-
ence of anti-AChR antibodies, induces an increased level
of MyoD and MyoG expression which in turn increase the
AChR expression. This increased expression of MyoG and
MyoD has also been observed when injecting in the muscle
the botulinum toxin that blocks the nerve activity, suggest-
ing that blockade of neuromuscular transmission results
in a release of myogenic factors that play a major role in
satellite cell function [19]. Furthermore, Maurer et al. [42]
have shown that monoclonal anti-AChR antibodies induce a
significant increase in IL-6 expression by control myoblasts
via the modulation of Akt/mTOR signalling pathway. IL-6 is
known to stimulate SC proliferation and differentiation [66].
Of note, mAB 155 that is known to recognize a cytoplasmic
domain was as efficient as mAB198 both for IL-6 produc-
tion and myotube differentiation, raising several potential
explanations: (1) mAB155 could recognize an extracel-
lular domain in addition to its main recognition domain;
(2) mAB155 could act through an FC receptor or another
transporter at the muscle cell surface; and (3) if muscle cells
are damaged, mAB155 could act directly on cytoplasmic
domain.

Others studies support the implication of anti-AChR anti-
bodies in the alteration of the gene transcription process on
myoblasts. Indeed, Guyon et al. [27, 28] have shown in vitro,
using TE671 muscle cell line and cultured normal human
myotubes, a decrease in nicotinic AChR protein expression
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Fig. 9 EAMG regenerated muscle showed impaired regeneration
compared to control regenerated muscle. Pax7 (a), MyoG (b), and
embryonic MyHC (¢) mRNA expression. Embryonic MyHC mRNA
expression was correlated with the mouse clinical score (d). Each
symbol represents one mouse clinically sick (score >2) from the
EAMG mouse group. Cyclophilin A (CYPA) was used as an internal
control for gPCR. Values represent the mean + SEM. p < 0.05 (*)

mediated by monoclonal anti-AChR antibodies. This loss
induces an increase in the mRNA level of AChR subunits
suggesting the presence of muscle-specific compensatory
signalling pathways which regulate gene expression, to limit
the loss of the AChR protein.

The reported scenarios reveal functional differences
between SCs derived from control and MG muscles. We
suggest that these differences may represent a pathogenic
mechanism of the anti-AChR antibodies on SCs mediated
by various signalling pathways that alter MyoD and MyoG
expression which in turn play a key role in SC features.

Impairment of the myofibre maturation after acute
injury in the EAMG mouse model

When skeletal muscle undergoes injury, satellite cells
become activated and proliferate to form a pool of stem
cells. Then, they differentiate and fuse to form new muscle
cells. Finally, the newly formed myotubes, maturate to aug-
ment existing muscle fibres and to form new fibres. Thus
the regeneration process includes three main steps: prolif-
eration, differentiation, and maturation. Our data obtained
in the EAMG model suggest that in myasthenic muscles,
among all regeneration steps, the maturation process is
altered. This is supported by the following experimental
data: (1) we did not observe a significant difference in the
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expression of Pax 7, the satellite cell marker, suggesting
that satellite cell proliferation is not altered; (2) we observed
smaller cross-sectional area and higher number of the mus-
cle fibres; (3) we showed an overexpression of embMyHC
in myasthenic muscles compared to control ones which
were correlated with the myasthenic clinical score. Thus,
these data point out that during regeneration in EAMG
mice, the satellite cells fuse efficiently to form small fibres,
but these small fibres could not mature and fuse more to
form bigger fibres.

This result could appear conflicting with our in vitro data
that shows an increased differentiation by the monoclonal
antibodies. Several hypotheses could be raised to explain
this apparent contradiction: (1) the chronic presence of
anti-AChR antibodies in the synapses of the MG mice or
patients could affect the AChR permanently, interfering with
the electrical signals and its numerous consequences [20,
31], while the cultures of myoblasts were not continuously
treated with the anti-AChR antibodies; (2) the in vitro model
is constituted of pure myoblasts and is devoid of nerve termi-
nals and other cell types that could play a role in the matura-
tion process. It is indeed well known that in the absence of
nerve, the process of regeneration, and muscle differentia-
tion are impaired [17].

Moreover, it is important to discuss a last point concern-
ing the re-innervation process during muscle regeneration.
Re-innervation and synapse formation are essential during
skeletal muscle regeneration, especially for differentiation
and maturation of myofibres [68]. Our data are the first
to analyse the regeneration process after a muscle injury
in the MG context. As indicated above, our data clearly
show an impaired maturation process of the myofibres.
It is, therefore, tempting to speculate that this defect is
due to the chronic presence of anti-AChR antibodies in
the synapses that could affect the re-innervation process.
The arguments supporting this hypothesis are as follows:
(1) in the absence of AChR, the innervation is compro-
mised. Indeed, the clustering of the RACh in the myofibre
is required for the muscle innervation [23, 52]. During the
degeneration/regeneration process, the motor endplate is
deprived of their post-synaptic components for a few days
and the formation of the synaptic connections is impaired,
since the post-synaptic folds of the skeletal neuromus-
cular junction contain several molecules, such as AChR,
that is essential for a functional neuromuscular transmis-
sion (Reviewed in Hughes et al. [32]). However, In the
EAMG model, the anti-AChR antibodies that are chroni-
cally expressed could prevent the normal expression and
clustering of AChR. In this compromised situation with
low AChR expression, muscle innervation is expected to
be damaged. In support to these data, impaired re-innerva-
tion has already been suggested in MG patients [69]; (2) it
is known that denervated muscles recover less efficiently
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than the non-denervated controls, following cardiotoxin
injection [17]. Denervated skeletal muscle displays higher
number of myofibres and higher expression of embMyHC
than innervated skeletal muscles [10]. MG is a type of
functional denervation as anti-AChR antibodies decrease
the number of AChR, induce a simplification of the post-
synaptic folds, that results in a decrease in the neuromus-
cular transmission [28]. Combined with our results, these
literature data strongly suggest that anti-AChR antibodies
may impair re-innervation of the neuromuscular junction
and thereby slow down the myofiber growth.

Implication of Akt/mTOR pathway

Cohen et al. in 2015 and Bodine et al. in 2001 have dis-
cussed the fact that protein degradation could occur in
muscles through genetic reduction of Akt/mTOR signalling
pathway resulting in fibre atrophy [9, 12]. These data sug-
gest that Akt/mTOR signalling pathway is a crucial regu-
lator of muscle mass and its alteration can induce muscle
atrophy in vivo. Moreover, and as we mentioned above,
Maurer et al. have demonstrated that IL-6 expression, was
increased in myasthenic muscles of mice [42] inducing a
reduction of Akt phosphorylation and activity. Furthermore,
several studies have shown that muscles of MG patients dis-
played muscle atrophy especially in type II fibres [41, 80].
Together, these findings suggest that anti-AChR antibodies
could alter Akt/mTOR signalling pathway by modulation of
IGF-1 or IL-6 expression. This alteration could explain the
observed atrophy in newly regenerated myasthenic muscle
fibres.

Several sports and physical practice studies have shown
that a decrease in the frequency and intensity of electrical
stimulation in skeletal muscle cells, as observed in MG mus-
cles, induces defects in mTOR signalling [4, 55]. These data
suggest that mTOR activity is also dependent on the neuro-
muscular signal transmission. On the other hand, Miyabara
et al. showed that post-injury treatment of skeletal mus-
cles with rapamycin, an mTOR signalling inhibitor, causes
a delay in the expression of contractile adult MyHC and
formation of newly regenerated myofibres [47]. This sug-
gests that mTOR is critical in muscle regeneration mostly
in the embryonic-to-adult MyHC shift which takes place on
maturation step. Therefore, this information suggests that
the observed delay of myofibre maturation in myasthenic
muscles during the regeneration, evidenced by the increased
expression of embryonic MyHC, could be due to a defect in
the activation of the mTOR signalling. Since pAkt is known
to be a downstream activator of mTOR in muscle [9], this
last assumption concerning the alteration of Akt/mTOR
signalling pathway could be the most likely one. Indeed,
our supplemental results showed a decrease of pAkt protein

expression in EAMG muscle compared to control muscle
(Online Resource Fig. S7).

Conclusion

Taken together, our results led us to propose a hypotheti-
cal mechanism by which anti-AChR antibodies act. In MG
muscles, we suppose that the binding of anti-AChR antibod-
ies to the receptors on motor endplate induces molecular
changes or alters the production of several paracrine fac-
tors, microvesicles or exosomes. These factors could then
induce paracrine effects on the neighbouring SCs associated
with subtle modifications of the epigenetic signatures. This
leads to the expression of the myogenic transcription factors
MyoD and MyoG in MG SCs that will proliferate and dif-
ferentiate more than in healthy ones. In the case of injured
MG muscles, we assume that the modulation of MyoD and
MyoG expression, which could be possibly due to the alter-
ation of Akt/mTOR signalling pathways, affects the regen-
eration efficiency inducing impairment of myofibre matura-
tion. This last point is very important from the clinical point
of view. The fact that clinicians know that MG muscles
regenerate worse than control ones is crucial information to
avoid symptom exacerbation during muscle repair following
an intensive sports activity or muscle injury. Sports activity
and muscle injury treatment in MG patients must, therefore,
be adapted to patients and the severity of the disease. We
provide here, an argument in favour of a new mechanism
of action of anti-AChR antibodies on myasthenic muscles.
Further experiments will be necessary to dissect the signal-
ling pathway(s) that is (are) involved downstream the anti-
AChR autoantibodies impact on AChRs. The autoimmune
attack in MG leads to important changes in the SC features
that could represent a mechanism of compensation to pre-
serve muscle fibres that have been damaged by the AChR
autoantibodies.
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