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Abstract: Myasthenia gravis is an autoimmune disease that affects skeletal muscle strength by impeding commu-
nication within the neuromuscular junction (NMJ). Research has shown that sphingosine-1-phosphate (S1P)/S1P 
receptor signaling may be involved in the process of neuromuscular diseases. Fingolimod is structurally similar to 
S1P, whose immunosuppressive effect has been recognized in many immune diseases. However, the mechanism 
underlying fingolimod’s action on experimental autoimmune myasthenia gravis is still far from clear. The aim of this 
study was to investigate the efficacy and possible mechanism of fingolimod on experimental autoimmune myasthe-
nia gravis. Our results showed that pretreatment with fingolimod improved experimental autoimmune myasthenia 
gravis symptoms in a dose-dependent manner, including decreased anti-acetylcholine receptor-2α autoantibody 
titer, reduced compound muscle action potential decrement, and increased acetylcholine receptor content. Further 
investigation indicated that fingolimod inhibited lymphocyte proliferation responses and also regulated the balance 
of Th1/Th2 cells and Treg/Th17 cells. Moreover, fingolimod suppressed the secretion of pro-inflammatory or inflam-
matory cytokines IL-17A, IL-6, and INF-γ, but did not noticeably alter the secretion of immunosuppressive cytokines 
TGF-β1 and IL-4. In conclusion, our results suggest that fingolimod has a preventive effect on experimental autoim-
mune myasthenia gravis by interfering with lymphocyte function.
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Introduction

Myasthenia gravis (MG) is an autoimmune dis-
ease that affects skeletal muscle strength by 
impeding communication within the neuromus-
cular junction (NMJ). The characteristic symp-
toms of MG are muscle weakness and fatigue. 
Antibodies against the muscle nicotinic acetyl-
choline receptor (anti-AChR Abs) play an impor-
tant role in the pathogenesis of MG. These anti-
bodies, which are produced by autoreactive B 
cells, belong to either the IgG1 or IgG3 sub-
class. The anti-AChR Abs activate the classical 
complement cascade, resulting in the destruc-
tion of neuromuscular architecture and the fail-
ure of neuromuscular transmission [1, 2]. In 
fact, MG patients have abundant anti-AChR 
Th1 cells, which induce synthesis of comple-
ment-fixing IgG subclasses in the peripheral 
blood [3]. In addition, patients with thymic 

hyperplasia always display germinal centers 
(GCs) [4] that exhibit an overexpression of cyto-
kine IL-17 [5, 6]. The frequency of regulatory T 
(Treg) cells decreases markedly in MG patients 
[7, 8]. However, the functions of Treg cells are 
also defective [9].

Current MG therapies mainly target the NMJ 
and the immune system [10, 11]. Acetylcho- 
linesterase inhibitors (AChEI) increase the activ-
ity of acetylcholine (ACh) at the NMJ and com-
pensate for reduced acetylcholine receptor 
(AChR) densities [12]. General immunosuppres-
sion and thymectomy are first-line immunosup-
pressive treatments for patients who do not 
adequately respond to AChEI therapy [12]. Addi- 
tional immunotherapies are emerging, such as 
eculizumab, which is approved for refractory 
MG by the FDA, and efgartigimod, which is con-
sidered effective in phase II clinical trials [13]. 
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The existing standard treatments for MG are 
not guaranteed to keep the disease well-con-
trolled. Furthermore, they require a lifelong 
regimen and have significant side effects, such 
as risks of malignancy and infection. Therefore, 
there is an urgent need to overcome these 
shortcomings and find more effective treat- 
ments.

Fingolimod (FTY-720), a novel immunosuppres-
sant, is structurally similar to sphingosine-
1-phosphate (S1P). Current results show that 
FTY-720 regulates lymphocyte homing to lym-
phoid organs by binding to sphingosine-1-phos-
phate receptor 1 (S1PR1) and inducing its inter-
nalization and degradation [14-16]. The immu-
nosuppressive effect of FTY-720, which results 
from its depletion of peripheral lymphocytes, 
has been recognized in organ transplantation 
and multiple sclerosis [14]. Moreover, FTY-720 
mitigates the severity of chronic colitis and ath-
erosclerosis by interfering with lymphocyte 
function [17, 18]. In addition to these therapeu-
tic effects, FTY-720 is under consideration for 
use in treating other autoimmune diseases as 
well, such as rheumatoid arthritis [19] and sys-
temic lupus erythematosus [20]. Therefore, we 
speculated that FTY-720 might be a prospec-
tive treatment for MG and experimental autoim-
mune myasthenia gravis (EAMG). Previous stu- 
dies have shown that FTY-720 ameliorates 
EAMG [21, 22], although the mechanism of 
FTY-720 on MG is still far from clear. In this 
study, we focused on the possible mechanism 
of FTY-720 on EAMG. Particular attention was 
paid to the role of FTY-720 in lymphocyte func-
tion. The efficacy of FTY-720 against EAMG was 
determined by measuring autoantibody titer, 
repetitive nerve stimulation (RNS), and AChR 
content, followed by the study of possible me- 
chanisms, including lymphocyte proliferation, 
balance of Th cells, and secretion of cytokines. 
Our data suggested that FTY-720 pretreatment 
ameliorated the severity of EAMG, and which 
was associated with lymphocyte proliferation 
suppression, regulation of Treg/Th17 and Th1/
Th2 balance, and downregulation of proinflam-
matory or inflammatory cytokines, such as 
IL-17A, IL-6, and INF-γ. Research has shown that 
S1P/S1P receptor signaling may be involved in 
the processes of neuromuscular diseases, 
including Duchenne muscular dystrophy and 
MG [23]. FTY-720 is the first reported S1PR 
agonist with immunosuppressive activity. Since 
it is a nonspecific S1PR modulator, new similar 

compounds are expected to develop. Our data 
indicated that FTY-720 has a therapeutic poten-
tial for EAMG via interfering with lymphocyte 
function. These data may lay the foundation for 
new drug design in the treatment of autoim-
mune diseases, including MG.

Materials and methods

Animal

Female Lewis rats (weighing 150-180 g) were 
provided by the Qinglong Mountain Breeding 
Center (license no. SCXK (Su) 2017-0001, 
Nanjing, China) and 8- to 10-week-old male 
Sprague Dawley (SD) rats were purchased from 
Shanghai Sippr-BK Laboratory Animal Co. Ltd. 
The animals were kept in 12-h light/dark cycle 
conditions with food and water ad libitum. All 
experiments were performed in accordance 
with animal ethics rules.

Induction of EAMG and drug administration

Thirty Lewis rats were divided into five groups 
(six per group). All rats, except for the normal 
controls, were immunized with 300 μg of 
AChR2α (Bosgene Biotech, Nanjing, China), a 
purified recombinant 2 alpha subunit of human 
AChR, in complete Freund’s adjuvant (CFA) 
(Sigma-Aldrich, St. Louis, MO, USA) subcutane-
ously on the back and both feet on day 0. 
Subsequently, the rats were booster immu-
nized with 300 μg of AChR2α in incomplete 
Freund’s adjuvant (IFA) (Sigma-Aldrich, St. 
Louis, MO, USA) on day 20, and booster immu-
nized with 300 μg of AChR2α in CFA on day 30 
[24]. The control rats were injected with the 
same volume of PBS and adjuvant without 
AChR2α. In order to evaluate the therapeutic 
effect of FTY-720, rats were treated with either 
vehicle, 0.15 mg/kg, or 1.5 mg/kg of FTY-720 
every day. Prednisone dosed at 3.5 mg/kg was 
treated as the positive control. All rats were 
weighed twice a week until they were eutha-
nized on day 35.

Repetitive nerve stimulation

Compound muscle action potential (CMAP) 
decrement was tested using the BL-420F Da- 
ta Acquisition & Analysis System (Techman, 
Chengdu, China). Rats were anesthetized, and 
their temperatures were maintained at 37°C. A 
stimulating electrode was then inserted near 
the sciatic nerve for supramaximal stimulation 
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at 5 Hz and 10 Hz. CMAPs were recorded with 
recording electrodes, which were placed in the 
gastrocnemius muscle. Decrement values were 
calculated as the percent of amplitude attenua-
tion between the 1st and 4th CMAPs.

Detection of anti-AChR2α-IgG

Serum samples from Lewis rats were prepared 
in order to detect anti-AChR2α-IgG using ELISA 
in accordance with the manufacturer’s instruc-
tions. In brief, 96-well plates, pre-coated with 
AChR2α, were incubated with diluted serum 
(1:5, 50 μL) for 35 min at 37°C, followed by 
washing three times with wash buffer and incu-
bating with 100 μL enzyme-labeled antibodies 
for 30 min at 37°C. After additional washing, 
substrate A and substrate B were added and 
incubated for 15 min at 37°C. Finally, the reac-
tion was stopped, and the optical density (OD) 
value at 450 nm was measured.

Immunohistochemical staining

In order to analyze the AChR content of the 
NMJ, 20-Μm-thick frozen sections of gastroc-
nemius muscle were prepared and washed 
with TBST (0.1% Tween 20). The sections were 
then blocked with 10% goat serum for 2 h at 
room temperature (RT), and 3 μg/mL α- 
Bungatotoxin-FITC (Alomone Labs, Jerusalem 
BioPark, Israel) and anti-neurofilament heavy 
polypeptide (Abcam, Cambridge, MA, USA) 
were added to detect AChR and endplate, 
respectively [25]. After washing, sections were 
incubated with goat anti-rabbit IgG-Alexa Fluor 
594 (Proteintech, Wuhan, China) for 1 h at RT. 
Finally, sections were observed and photo-
graphed under a 200-fold fluorescence micro-
scope, and a quantitative analysis of AChR fluo-
rescence intensity was performed using ImageJ 
software.

Preparation of lymphocytes

Splenic lymphocytes of Lewis rats from the dif-
ferent treatment groups were prepared by 
grinding spleens through a cell strainer on day 
35, after the first immunization. The freshly-
prepared cells were then adjusted to 5×106 
cells/mL in RPMI 1640 incomplete medium 
(HyClone, Logan, UT, USA) containing 10% fetal 
bovine serum (FBS) (Gibco, Thornton, NSW, 
Australia). Splenic lymphocytes from SD rats 
were isolated using a Ficoll-Paque PREMIUM 
medium, and the cells were then cultured in an 

RPMI 1640 medium including 20% FBS at 
2×106 cells/mL.

Lymphocyte proliferation assay

A CCK-8 assay (Beyotime, Shanghai, China), in 
which WST-8 could be reduced to soluble 
formazan, was used to determine the effect of 
FTY-720 on lymphocyte proliferation. Briefly, 
200 μL of cell suspension from SD rats, pre-
treated with FTY-720 (0.5, 1, 5 μM) for 24 h at 
37°C, was cultured in 96-well plates. The cells 
were then stimulated with or without concana-
valin A (ConA, 5 μg/mL, Sigma, USA) for 24 and 
48 h, respectively, followed by incubation with 
10 μL CCK-8 for another 2 h. Cell culture super-
natants were then collected for cytokine detec-
tion. OD values at 450 nm were measured 
using a microplate reader. The results were 
expressed in terms of the stimulation index (SI 
= ODdrug/ODcontrol).

Furthermore, 5×105 cells from different treated 
rats were seeded into 96-well plates in the 
presence or absence of AChR2α (10 μg/mL). 
After 72 h of incubation, the cells were cultured 
for another 4 h with MTT. This was followed by 
the removal of supernatants and the addition 
of 100 μL DMSO to dissolve formazan, after 
which the OD values were tested at 490 nm. 
The results were expressed in terms of the 
stimulation index.

Cell cycle

In order to determine the effect of FTY-720 on 
the cell cycle, 2 mL of cell suspension from SD 
rats was cultured in six-well plates with or with-
out FTY-720 (0.5, 1, 5 μM) for 24 h, after which 
the cells were collected and washed with PBS. 
After fixation with 1 mL 70% ethyl alcohol for 6 
h at 4°C, the cells were stained with 0.5 mL 
propidium iodide (PI, Beyotime, Shanghai, 
China) at 37°C in the dark. Finally, the cells 
were detected using flow cytometry (Beckman 
Coulter, Brea, CA, USA), and the cell cycle was 
analyzed with FlowJo software.

Detection of Th cells

In order to detect the distribution of Th1/Th17/
Th2 cells, 2 μL of PMA/ionomycin mixture and 
2 μL of BFA/monensin mixture (MultiSciences, 
Hangzhou, China) were added to 500 μL of cell 
culture media and incubated for 6 h. The cells 
were then stained extracellularly with anti-CD3-
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FITC (eBioscience, San Diego, CA, USA), and 
anti-CD8a-PE-Cy7 for 30 min at 4°C in the dark. 
After fixation for 15 min at RT, the cells were 
stained intracellularly with anti-INF-γ-eFluor 
660, anti-IL-17A-PE, and anti-IL-4-eFluor 660 in 
the permeabilization solution, respectively. In 
order to detect Treg cells, surface markers on 
the splenocytes were analyzed by incubation 
with anti-CD4-FITC and anti-CD25-PE for 30 
min at 4°C. After fixation and permeabilization, 
the cells were stained intracellularly with anti-
Foxp3-APC for 30 min at 4°C. Finally, the sam-
ples were detected using flow cytometry.

Detection of cytokines

Sera from different treatment groups were pre-
pared to detect TGF-β1 (R&D Systems, Min- 
neapolis, MN, USA), IL-17A, and IL-6 (Bio-Rad, 
Hercules, CA, USA), and cell culture superna-
tants were harvested to detect TGF-β1, IL-4, 
IL-6, INF-γ, and IL-17A via Luminex assay in 
accordance with the manufacturer’s instru- 
ctions.

Statistical analysis

Data were expressed as mean ± SEM, and sta-
tistical differences among various groups were 
determined using a one-way ANOVA, with a 
post hoc test (LSD) performed for multiple com-
parisons. Statistical differences between two 
groups were determined using Student’s t-test, 
with P < 0.05 indicating significant difference.

Results

FTY-720 alleviates AChR2α antigen-induced 
EAMG in Lewis rats

In order to determine the effect of FTY-720 on 
EAMG, the body weight, autoantibody titer, 
RNS, and AChR content of the rats were mea-
sured. During the experiment, the rats in differ-
ent groups exhibited no significant difference in 
body weight (Figure 1A). The levels of anti-AChR 
IgG in the EAMG group were significantly in- 
creased compared with the levels in the control 
group (P < 0.001). Prednisone (P < 0.05) and 
FTY-720 at 1.5 mg/kg (P = 0.052) significantly 
reduced anti-AChR Abs titer compared with the 
EAMG group (Figure 1B). To determine the 
changes in AChR levels in the gastrocnemius 
muscle, frozen sections were double stained 
with BTX and anti-neurofilament heavy poly-

peptide antibody. The results revealed that 
AChR fluorescence intensity in the EAMG group 
was noticeably weaker than that in the control 
rats (P < 0.05). Treatment with FTY-720 and 
prednisone significantly strengthened the fluo-
rescence intensity of AChR compared with the 
EAMG groups (Figure 2A and 2B) (P < 0.05). In 
addition, gastrocnemius muscle function was 
tested using CMAP decrement. Consistent with 
all the above results, there was an obvious 
CMAP decrement in EAMG rats with supramaxi-
mal stimulation at 5 Hz and 10 Hz compared 
with the control group (P < 0.001 and P < 0.01, 
respectively). Compared with the EAMG group, 
both FTY-720 and prednisone noticeably redu- 
ced CMAP decrement, although this reduction 
did not reach statistical significance in the FTY-
720 treated groups (Figure 1E and 1F). All of 
these data suggest that FTY-720 could allevi-
ate the severity of EAMG.

FTY-720 inhibits lymphocyte proliferation

Lymphocyte proliferation was measured to 
determine whether the therapeutic effect of 
FTY-720 was related to lymphocyte responses. 
Splenic lymphocytes of SD rats were pretreated 
with FTY-720 (0.5, 1, 5 μM) for 24 h, then stim-
ulated with ConA (5 μg/mL) and continuously 
incubated for 24 h or 48 h. The results revealed 
that FTY-720 dose-dependently inhibited lym-
phocyte proliferation (5 μM, P < 0.001; 1 μM, P 
< 0.05) (Figure 3A and 3B). Furthermore, in 
order to determine the effect of FTY-720 on the 
antigen (AChR2α)-specific lymphocyte prolifer-
ation reaction, lymphocytes from different 
treatment groups were cultured with AChR2α 
(10 μg/mL) for 72 h. As can be seen in Figure 3, 
splenic lymphocytes from EAMG rats exhibited 
an obvious proliferation reaction in response to 
AChR2α compared with lymphocytes from con-
trol rats (P < 0.001). Lymphocyte proliferation 
was markedly decreased, however, in the pred-
nisone group and the 1.5 mg/kg FTY-720 group 
(P < 0.01 and P < 0.05, respectively) compared 
with the control group (Figure 3C).

In order to examine how FTY-720 affects lym-
phocyte proliferation, primary isolated splenic 
lymphocytes were treated with FTY-720 (0.5, 1, 
5 μM) for 24 h followed by PI staining. Flow 
cytometry was performed to determine the cell 
cycle phase distribution. The results indicated 
that FTY-720 significantly increased the per-
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centage of S phase lymphocytes (5 μM, P < 
0.001) (Figure 4D). Meanwhile, the percentage 
of G1 or G2 phase lymphocytes slightly de- 
creased, and there was no statistical differ-
ence between the groups (Figure 4C and 4E). 
These data suggest that FTY-720 could lead to 
S phase arrest followed by the inhibition of anti-
gen-activated lymphocyte responses.

FTY-720 regulates the distribution of Th cells

In order to investigate the mechanisms of  
FTY-720 on EAMG, CD3+CD8a-INF-γ+ Th1 cells, 

CD3+CD8a-IL-4+ Th2 cells, CD4+CD25+Foxp3+ 
Treg cells, and CD3+CD8a-IL-17A+ Th17 cells 
from different groups were detected using flow 
cytometry. In the EAMG group, Th1 (P < 0.001), 
Th2 (P < 0.001), Treg (P < 0.05), and Th17 cells 
(P < 0.001) noticeably increased (Figure 5E, 5F, 
5H and 5I, respectively), which might be due to 
an immune system response to extrinsic anti-
gens. In addition, we further analyzed the ratios 
of Th1/Th2 and Treg/Th17 in different groups 
and found a disorder related to Th cell distribu-
tion. The Th1/Th2 ratio markedly increased (P 
< 0.001) while the Treg/Th17 ratio decreased 

Figure 1. Pretreatment with FTY-720 improved EAMG severity. EAMG was induced in Lewis rats after three immuni-
zations with AChR2α on days 0, 20, and 30. During the experiment, the rats were treated with either vehicle, 0.15 
mg/kg FTY-720, 1.5 mg/kg FTY-720, or 3.5 mg/kg prednisone (positive drug) every day. The control group and the 
EAMG group were supplied with placebo (n = 6 per group). Body weight and anti-AChR Ab titer are presented in (A 
and B); CMAPs stimulated with 5 Hz or 10 Hz are shown in (C and D), respectively; and the percent of amplitude 
attenuation stimulated by 5 Hz or 10 Hz are shown in (E and F). Data are presented as mean ± SEM (*P < 0.05, 
**P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. EAMG); EAMG = experimental 
autoimmune myasthenia gravis.
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in the EAMG groups compared with the control 
group (Figure 5G and 5J), indicating that CD4+  
T cells differentiated towards Th1 and Th17 
cells in EAMG rats. After drug administration, 
Th1 and Th17 cells markedly decreased in rats 
treated with FTY-720 in a dose-dependent 
manner (Figure 5E and 5I) compared with the 
EAMG group. Similarly, Th2 cells and Treg cells 

6B) (P < 0.01). There was no significant differ-
ence in immunosuppressive cytokine TGF-β1 
among all groups, although there was a slight 
decrease in the FTY-720 group (Figure 6A). 
Moreover, the IL-6 level significantly increased 
in the EAMG group (P < 0.001) and decreased 
in the 1.5 mg/kg FTY-720 group (P < 0.05) 
(Figure 6C). Second, we detected TGF-β1, IL-4, 

Figure 2. Gastrocnemius AChR levels in each group were detected. Frozen 
sections were blocked with 10% goat serum, incubated with BTX-FITC and 
anti-neurofilament heavy polypeptide overnight at 4°C, and then washed 
and incubated with goat anti-rabbit IgG-Alexa Fluor 594. Finally, the sections 
were observed and photographed with a fluorescence microscope, and 
quantitative analysis of AChR fluorescence intensity was performed using 
ImageJ software. The representative photographs and quantitative analyses 
are shown in (A and B), respectively. Data are presented as mean ± SEM (*P 
< 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P 
< 0.001 vs. EAMG).

clearly decreased in 1.5 mg/
kg of FTY-720 treated rats (P < 
0.05 and P < 0.01, respective-
ly), but these cell levels in the 
0.15 mg/kg FTY-720 group 
exhibited no significant differ-
ence when compared with lev-
els in the EAMG group (Figure 
5F and 5H). Although FTY-720 
could downregulate Th2 and 
Treg cells at high doses, the 
Th1/Th2 ratios in the 0.15 
mg/kg and 1.5 mg/kg FTY-
720 groups decreased signifi-
cantly (P < 0.01 and P < 0.001, 
respectively), while the Treg/
Th17 ratio in the 0.15 mg/kg 
FTY-720 group increased mar- 
kedly (P = 0.053) compared 
with the EAMG groups (Figure 
5G and 5J). This indicates that 
FTY-720 shifted CD4+ T cells 
from Th1 and Th17 cells to 
Th2 and Treg cells. These data 
suggest that FTY-720 pre-
treatment may improve EAMG 
by regulating Th1/Th2 and 
Treg/Th17 cell balance.

FTY-720 alters cytokine secre-
tion in EAMG

To further investigate whether 
FTY-720 affects the secretion 
of cytokines, we first mea-
sured TGF-β1, IL-17A, and IL-6 
levels in serum samples from 
different treatment groups. 
The level of IL-17A, a pro-infla- 
mmatory cytokine, increased 
in EAMG rats compared with 
the control group, although 
with no statistical significan- 
ce, while the levels in the 1.5 
mg/kg FTY-720 group mark-
edly decreased compared 
with the EAMG group (Figure 



Fingolimod ameliorates experimental autoimmune myasthenia gravis

2606 Am J Transl Res 2020;12(6):2600-2613

Figure 3. FTY-720 suppresses lymphocyte proliferation. Splenic lymphocytes from SD rats were pretreated with FTY-
720 (0.5, 1, 5 μM) for 24 h, and then stimulated with ConA for 24 h or 48 h. Cell viability was determined by CCK-8 
assay. In order to perform the antigen-specific lymphocyte proliferation reaction, lymphocytes from Lewis rats of 
different groups were stimulated with AChR2α for 72 h. Results are expressed as SI, where SI = ODdrug/ODControl. The 
results of stimulation with ConA for 24 h and 48 h are shown in (A and B); the results of stimulation with AChR2α for 
72 h are shown in (C). Data are presented as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 
0.05, ##P < 0.01, ###P < 0.001 vs. ConA or EAMG).
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IL-6, INF-γ, and IL-17A levels in cell culture 
supernatants using Luminex assay. Compared 
to control cells, ConA significantly increased 
INF-γ level. The enhanced INF-γ, however,  
was suppressed in a concentration-dependent 
manner by FTY-720 (5 μM, P < 0.01) (Figure 
6D). Similarly, the levels of IL-17A and IL-6 were 
noticeably upregulated in the presence of ConA 
(P < 0.01 and P < 0.05, respectively), but down-
regulated by FTY-720 in a concentration-depen-
dent manner, although with no significant dif-
ference (Figure 6G and 6H). In addition, the 
results in Figure 6E and 6F suggested that FTY-
720 has no marked effect on the immunosup-
pressive cytokines IL-4 and TGF-β1.

Discussion

MG is an autoimmune disease characterized by 
skeletal muscle weakness and fatigue. Cur- 
rently, there are few effective treatments, which 
encouraged us to explore and discover new 
therapies. In the present study, we evaluated 
the efficacy and mechanism of immunosup-
pressant FTY-720, a novel selective functional 
antagonist of S1PR1, on EAMG rats. The rats 
pretreated with FTY-720 had lower anti-AChR 
Abs titers, higher AChRs, and less CMAP decre-
ment. Since CD4+ helper T-cell subtypes play a 
crucial role in the pathogenesis of EAMG, we 
focused our research on the relationship be- 
tween the therapeutic effects of FTY-720 and 
the alteration of CD4+ helper T-cell subtypes in 
rat EAMG. We speculated that FTY-720 might 
improve the symptoms of EAMG by suppressing 
lymphocyte proliferation, regulating Treg/Th17 
and Th1/Th2 balance, and altering the secre-
tion of cytokines.

As is well known, anti-AChR Abs participate in 
the pathogenesis of MG. These antibodies 
induce pathogenicity by activating the classical 
complement cascade, which leads to mem-
brane lysis and serious damage to the post-
synaptic apparatus, including AChR loss, which 
impedes communication in the neuromuscular 
junction [2, 10, 26]. Anti-AChR Abs produced by 
antigen-specific B-cell subsets require activat-
ed AChR-specific CD4+ T cells and B cells [27]. 

In our study, FTY-720 was found to inhibit ConA-
induced lymphocyte proliferation in a dose-
dependent manner and inhibit AChR2α anti-
gen-specific lymphocyte proliferation. To fur-
ther investigate the mechanisms of splenic 
lymphocyte proliferation suppression, we ex- 
amined the effect of FTY-720 on the cell cycle. 
Our data suggested that FTY-720 induced the S 
phase of cell cycle arrest, which might subse-
quently affect other cellular functions, includ-
ing proliferation. Specific lymphocytes primarily 
contain T cells and B cells, and the interaction 
of activated CD4+ T cells and B cells induce 
autoantibody production [27]. Taken together, 
our results indicated that the protective effect 
of FTY-720 on EAMG may be due to the prolif-
eration inhibition of activated AChR2a-CD4+ T 
cells and B cells.

Furthermore, naïve CD4+ T cells differentiate 
into several subtypes when stimulated by den-
dritic cells or antigens, and both the Th sub-
types and cytokines they secrete influence the 
pathogenesis of the autoimmune response. 
Th1 cells and their cytokine INF-γ facilitate anti-
gen presentation, activate anti-AChR CD4+ T 
cells, and induce complement-fixing IgG sub-
classes [28, 29]. Meanwhile, Th17 cells and 
IL-17A promote GC formation [30-32] and 
increase in the IgG1 and IgG3 subclasses [33], 
whereas Th2 cells and IL-4 suppress the activa-
tion of antigen-presenting cells (APCs) and Th1 
cells [34]. Treg cells could directly kill antigen-
presenting and autoantibody-producing B cells 
in a cell contact-dependent manner [35], and 
their cytokine TGF-β could skew the production 
of antibodies toward non-inflammatory Ig [36].

Lili Mu et al. found that in EAMG rats, the fre-
quencies of Th1 cells and Th17 cells significant-
ly increased, and the frequencies of Th2 and 
Treg cells markedly decreased compared with 
control rats [37]. These findings suggested that 
naïve CD4+ T cells differentiate toward Th1 and 
Th17 cells in EAMG rats, and the disequilibrium 
of Th1/Th2 and Treg/Th17 cells promotes the 
development of EAMG. Similarly, our data 
revealed that naïve CD4+ T cells of EAMG rats 
differentiated towards Th1 and Th17 cells, 

Figure 4. Effect of FTY-720 on cell cycle. Splenic lymphocytes were treated with FTY-720 (0.5, 1, 5 μM) for 24 h, 
stained with propidium iodide, detected using flow cytometry, and analyzed with FlowJo software. The representa-
tive fitting graphs of the cell cycle are shown in (A); the cell cycle statistics are shown in (B); and the percent of cells 
in the G1, S, or G2 phase in the cell cycle are shown in (C-E), respectively. Data are presented as mean ± SEM (*P 
< 0.05, **P < 0.01, ***P < 0.001 vs. control).
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which promoted the pathological development 
of EAMG. FTY-720 treatment shifted CD4+ T 
cells from Th1 and Th17 cells to Th2 and Treg 
cells. The new balance of Th cells indicates, in 
part, a modified T cell migration, which might 
be regulated by FTY-720 via the S1P-S1PR1 sig-
naling pathway. However, the effect of FTY-720 
on specific Th subsets requires further investi- 
gation.

Moreover, IL-6 and TGF-β regulate the differen-
tiation of Treg cells and Th17 cells. TGF-β induc-

es naïve T cells into Treg cells, although the 
synergistic effect of TGF-β and IL-6 induces 
naïve T cells into Th17 cells, which means that 
IL-6 suppresses the differentiation of naïve T 
cells into Treg cells [38]. Our data revealed that 
FTY-720 suppressed the secretion of IL-17A, 
IL-6, and INF-γ, but had no obvious effect on the 
secretion of TGF-β1 and IL-4. Based on the 
obtained data and related literature, we specu-
lated that FTY-720 reduced pro-inflammatory 
or inflammatory cytokines such as IFN-γ, th- 
ereby decreasing antigen-presenting activity. 

Figure 5. Effect of FTY-720 on Th1/Th2 and Treg/Th17 cells. The representative scatterplots of the content of 
CD3+CD8a-INF-γ+ Th1 cells, CD3+CD8a-IL-4+ Th2 cells, CD4+CD25+Foxp3+ Treg cells, and CD3+CD8a-IL-17A+ Th17 
cells from the rats in different groups are shown in (A-D). The percent of Treg cells among CD4+ T cells is shown in 
(H); Th1, Th2, and Th17 cells among splenic CD3+CD8a- T cells are shown in (E, F, I), respectively. Graphs of the Th1/
Th2 ratio and the Treg/Th17 ratio are shown in (G and J), respectively. Data are presented as mean ± SEM (*P < 
0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. EAMG).

Figure 6. Effect of FTY-720 on cytokine secretion. Sera from different groups were harvested to detect TGF-β1, 
IL-17A, and IL-6. Splenic lymphocytes from SD rats were pretreated with FTY-720 (0.5, 1, 5 μM), and cell culture 
supernatants were harvested to detect INF-γ, IL-4, TGF-β1, IL-17A, and IL-6 after stimulation with ConA for 48 h. The 
serum levels of TGF-β1, IL-17A, and IL-6 are shown in (A-C), respectively; and the levels of INF-γ, IL-4, TGF-β1, IL-17A, 
and IL-6 from culture supernatants are shown in (D-H), respectively. Data are presented as mean ± SEM (*P < 0.05, 
**P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. ConA or EAMG).
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Furthermore, FTY-720 decreased IL-6, thereby 
facilitating the differentiation of naïve CD4+ T 
cells into immunosuppressive Treg cells. In 
addition, FTY-720 downregulated Th1/Th17 
cells, thereby reducing the levels of comple-
ment-fixing IgG subclasses. Meanwhile, FTY-
720 had no marked effect on Th2 and Treg 
cells, whose abilities could suppress the activa-
tion of APC and Th1 cells and kill antigen-pre-
senting and autoantibody-producing B cells, 
respectively. Finally, by regulating Th cell bal-
ance and cytokine secretion, FTY-720 decrea- 
sed the anti-AChR Abs titer, increased AChR 
content in the NMJ, and enhanced neuromus-
cular transmission (Figure S1).

In conclusion, this study demonstrated that 
FTY-720 exhibits a preventive effect on EAMG 
by inhibiting lymphocyte proliferation, regulat-
ing the balance of Th1/Th2 cells and Treg/
Th17 cells, and altering the secretion of cyto-
kines. Although more in-depth research is still 
needed, the present data may lay the founda-
tion for the development of new drugs to treat 
MG.
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Figure S1. Role of Th cells and cytokines in the pathogenesis of MG [29]. Th1 cells and cytokines induce the produc-
tion of complement-fixed IgG subclasses. Th1 cytokine IFN-γ facilitates the expression of MHC II molecules, which 
induce antigen presentation and activate anti-AChR CD4+ T cells. Th17 cells and IL-17A also increase in the IgG1 
and IgG3 subclasses, which activates the complement cascade. Th2 cells, however, suppress Th1 cells. In addition, 
Treg cells could directly kill antigen-presenting and autoantibody-producing B cells in a cell contact-dependent man-
ner by secreting perforin and granzyme. Moreover, Treg cells suppress Th17 cells. In MG, anti-AChR Abs belong to 
the high-affinity IgG1 and IgG3 subclasses. The Fc region of Abs binds to C1q and triggers the complement cascade, 
which destroys the muscle membrane and decreases AChR, leading to impeded neuromuscular transmission.


