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Gut microbiota-derived butyrate restores
impaired regulatory T cells in patients
with AChR myasthenia gravis via mTOR-
mediated autophagy

Long He'?", Zhuotai Zhong?", Shuting Wen?, Peiwu Li*", Qilong Jiang® and Fengbin Liu*"®

Abstract

More than 80% of patients with myasthenia gravis (MG) are positive for anti-acetylcholine receptor (AChR)
antibodies. Regulatory T cells (Tregs) suppress overproduction of these antibodies, and patients with AChR
antibody-positive MG (AChR MG) exhibit impaired Treg function and reduced Treg numbers. The gut microbiota
and their metabolites play a crucial role in maintaining Treg differentiation and function. However, whether
impaired Tregs correlate with gut microbiota activity in patients with AChR MG remains unknown. Here, we
demonstrate that butyric acid-producing gut bacteria and serum butyric acid level are reduced in patients with
AChR MG. Butyrate supplementation effectively enhanced Treg differentiation and their suppressive function

of AChR MG. Mechanistically, butyrate activates autophagy of Treg cells by inhibiting the mammalian target of
rapamycin. Activation of autophagy increased oxidative phosphorylation and surface expression of cytotoxic
T-lymphocyte-associated protein 4 on Treg cells, thereby promoting Treg differentiation and their suppressive
function in AChR MG. This observed effect of butyrate was blocked using chloroquine, an autophagy inhibitor,
suggesting the vital role of butyrate-activated autophagy in Tregs of patients with AChR MG. We propose that gut
bacteria derived butyrate has potential therapeutic efficacy against AChR MG by restoring impaired Tregs.
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Background

Myasthenia gravis (MG) is an autoimmune disorder
characterized by weakness in the ocular, respiratory,
limb, and bulbar muscles [1] that is worsened by activ-
ity [2]. Long-term studies have confirmed that muscle
weakness in MG is typically caused by autoantibod-
ies against nicotinic acetylcholine receptors (AChRs),
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presence of anti-AChR antibodies have become one of
the significant clinical hallmarks of MG [9].

AChR-specific CD4* T cells (T helper (Th) 1
and Thl17 cells) and related cytokines [10, 11] are
involved in the synthesis of anti-AChR antibodies [12].
Increased numbers of Thl and Thl7 cells stimulate
B cells to produce excessive anti-AChR antibodies in
patients with AChR MG [13-15]. However, the inter-
action of AChR-specific CD4" T cells with B cells to
produce anti-AChR antibodies is regulated by regu-
latory T (Treg) cells. Treg cells maintain immune
homeostasis by suppressing excessive immune
responses [16]. In AChR MG, Tregs can function as
suppressors to inhibit the abnormal over-differentia-
tion of AChR-specific CD4" T cells and related cyto-
kines [17, 18], thereby balancing the production of
anti-AChR antibodies. Researchers have observed the
impaired suppressive function of Tregs in AChR MG,
and the proportion of Tregs is lower in patients with
AChR MG than in healthy controls [19]. However, the
mechanism of Treg dysfunction and reduced Treg cell
numbers in AChR MG is not fully understood.

The gut microbiota play a significant role in the
progression of various autoimmune diseases, such
as rheumatoid arthritis [20], systemic lupus erythe-
matosus [21], and multiple sclerosis [22]. Previous
researches have demonstrated that the composition
and abundance of gut microbiota in MG are signifi-
cantly different from healthy controls [23]. Gut micro-
biota may serve as biomarkers for the diagnosis of MG
[23]. Recent studies have confirmed that gut microbi-
ota could potentially affect the host immune responses
is by directly functioning as antigens or via their
metabolites. For example, Clostridia and Roseburia are
known to promote the numbers of Treg cells as well

Table 1 Detailed clinical characteristics of all participants

Variables HC MG p
Sample Sizes 11 22 -
Female 4(36.36%) 7(31.82%) 0.546
Age-years 495543904 4445+2770 0.2964
Duration of disease-years 3.50+0.63

With thymoma -

Anti-AChR antibody (+) 22(100%)
Immunosuppressive -

treatment

Inflammatory disease history

(with the last months)

Antibiotic treatment

(within the last 3 months)

MGFA classification

lla - 2

llb - 20

Two-tailed student test for continuous variables (age), Chi-square analyses for
categorical variables (sex)
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as contributing to the production of short-chain fatty
acids (SCFAs) [24]. SCFAs, including acetic acid, pro-
pionic acid, and butyric acid, can activate the differen-
tiation of CD4* T cells [25, 26] and CD8" T cells [27].
Moreover, reduced SCFAs levels, especially butyrate,
have been observed in patients with MG [28]. How-
ever, disturbed gut microbiota as a characteristic of
patients with AChR MG has not been reported, and
the association between gut microbiota and impaired
Tregs in AChR MG is still unknown.

In this manuscript, we analyzed the characteristics
of gut microbiota in patients with AChR MG, and the
serum levels of gut microbiota-derived SCFAs. We
further investigated the effects of SCFAs, particularly
butyrate, on Tregs in patients with AChR MG. This
may provide a potential pathogenic mechanism for
MG.

Materials and methods

Human subjects

11 healthy controls and 22 patients MG matched in
gender and age were recruited. Patients were diag-
nosed according to the Myasthenia Gravis Foundation
of America (MGFA). Patients were tested for antibod-
ies using an enzyme-linked immunosorbent assay,
and only patients with AChR antibody positive were
included. All patients in our study were come from
Guangdong province (China), and maintained in the
same diet, and had not assume probiotics or antibiot-
ics within three months (Table 1).

Sample collection

Fecal and peripheral blood samples were collected
from HCs and patients with stage Ila to IIb AChR MG.
Serum was obtained from fresh blood via centrifuga-
tion at 1500 g for 10 min, and peripheral blood mono-
nuclear cells (PBMCs) were separated using human
lymphocyte isolation solution (TBD Biological Manu-
facture Co., Ltd., Tianjin, China).

Fecal genomic DNA extraction

Fecal samples were collected from HCs and patients
with AChR MG. DNA extraction was performed on
the samples using the MoBio DNA Isolation Kit (MO
BIO Laboratories, Carlsbad, CA, USA).

16 S rRNA sequencing and bioinformatic analysis
Qualified genomic DNA samples underwent PCR

amplification with the following primers: 515F
(5-GTGCCAGCMGCCGCGGTAA-3 and  806R
(5-GGACTACHVGGGTWTCTAAT-3’). Amplifica-

tion products were purified by Agencourt AMPure
XP magnetic beads (Beckman Coulter Inc., Brea CA,
USA). Agilent 2100 Bioanalyzer (Agilent Technologies,
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USA) was used to detect the resultant RNA fragment
range and determine the concentration of the library.
Qualified libraries were selected for sequencing on the
HiSeq platform, based on the size of the inserted frag-
ments. The raw sequencing data were processed using
a window-based method to remove low-quality data.
The paired reads obtained by paired-end sequencing
were assembled into a sequence based on the over-
lapping relationship, and then FLASH software (Fast
Length Adjustment of Short reads v1.2.11) was used to
obtain Tags of the hypervariable region. The spelling
was performed under the condition of 97% similarity,
using the USEARCH software (v7.0.1090). The con-
nected Tags were clustered, and finally the sequence
of OUT was obtained. By comparing with the chimera
database in the 16 S chimera database (v20110519),
the chimeras generated by PCR amplification were
removed using UCHIME software (v4.2.40). All tags
were aligned into OUT sequences one by one using
the usearch_global, and finally obtained the abundance
value of OUT for each sample.

SCFAs measurements

Serum SCFAs were measured using the gas chroma-
tography coupled with mass spectrometry (Agilent
GC 7890B/MSD 5977 A; Wilmington, USA). The stan-
dards of SCFAs were mixtures of acetic acid, propionic
acid, butyric acid, valeric acid, and caproic acid. All
standards were purchased from Sigma-Aldrich.

Purification of human naive CD4" T cells and differentiation
of Tregs

Human naive CD4" T cells were sorted from fresh
PBMCs using an EasySep™ Human Naive CD4" T Cell
Isolation Kit (Stem Cell Technologies, UK) following
the manufacturer’s instructions. For Treg differentia-
tion, naive CD4% T cells (2x10° cells) were cultured
for 3 days in the presence of plate-bound anti-CD3
(Tonbo Biosciences, USA), 5 pg/ml anti-CD28 (Tonbo
Biosciences, USA), 3 ng/ml TGF-p1 (PeproTech, NJ,
USA), and 100 IU/ml IL-2 (PeproTech, USA), with or
without butyrate (0.2 mM), as previously described
[29].

Treg purification and expansion

Human Tregs were isolated from fresh PBMCs using
an EasySep™ Human CD4*CD127,,,,CD25* Regulatory
T Cell Isolation Kit (Stem Cell Technologies, Canada),
following the manufacturer’s instructions. For Treg
expansion, sorted Tregs were cultured in the presence
of plate-bound anti-CD3, anti-CD28 (5 pg/ml), and
IL-2 (300 IU/ml) antibodies for 4 weeks. The culture
media were changed every 5-7 days. Harvested Tregs
were used for western blot analysis.
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Treg suppression assay

CD4*7CD25~ Tresps were labeled with 5 pM CFSE
(Thermo Fisher Scientific, USA) and co-cultured with
sorted Tregs (2x10° cells) for 5 days with or without
butyrate (0.2 mM) or chloroquine (20 uM). The prolif-
eration of Tresps was calculated using the mean fluo-
rescence intensity of CFSE™ cells, which was measured
by flow cytometry.

Flow cytometry

For surface markers, cells were stained with FITC-
conjugated anti-CD4 (Tondo Biosciences, USA), APC-
conjugated anti-CD25 (Tondo Biosciences, USA),
and APC-conjugated anti-CTLA-4 (BioLegend, USA)
antibodies in phosphate-buffered saline containing
1% fetal bovine serum. For intracellular maker, cells
were fixed, permeabilized, and then stained with PE-
conjugated anti-Foxp3 (eBioscience, USA). FACS
experiments were performed using BD Accuri C6 or
LSRFortessa (BD Biosciences, USA). Data were ana-
lyzed using FlowJo V10 software.

Western blot

Expanded CD47CD127,,,CD25" Tregs were cultured
with or without butyrate (0.2 mM). On day 6, cells
were harvested and the western blot analysis was per-
formed using the following antibodies (all purchased
from Cell Signaling Technologies, USA): phospho-
mTOR (Ser2448, #5536), phospho-p70S6K (Thr398,
#9209), SQSTM1/p62 (#23,214), LC3B (#3868), and
B-actin (#3700).

Immunofluorescence

Immunofluorescence assays were performed as pre-
viously described [30]. Briefly, naive CD4* T cells or
Tregs were sorted on polylysine-coated slides. The
cells were fixed, permeabilized, blocked, and incubated
with diluted primary antibodies overnight at 4 °C. On
the second day, cells were washed and stained with
Alexa Fluor™ 568 (# A-11,077, Thermo Fisher Scien-
tific, USA). Finally, the cells were treated with Invitro-
gen SlowFade Gold anti-fade reagent (Thermo Fisher
Scientific, USA).

Measurement of glycoPER and OCR

Sorted naive CD4" T cells were cultured under Treg
polarizing conditions as described above and treated
with or without butyrate (0.2 mM) for 3 days, har-
vested, and seeded in 24-well plates coated with
22.4 pg/mL Corning™ Cell-Tak Cell and Tissue Adhe-
sive (Biocoat, USA) using a density of 3x10° cells per
well. OCR and glycoPER were measured using the
Seahorse XF Mito Stress Test Kit (Agilent Technolo-
gies, USA) and Seahorse XF Glycolytic Rate Test Kit
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(Agilent Technologies, USA), respectively, following
the manufacturer’s instructions.

Induction of experimental autoimmune MG (EAMG) model
in mice

The EAMG mice model was established as previously
described [23, 31]. Briefly, female C57B/L6 mice, aged
8-10 weeks, were immunized by subcutaneous injec-
tion with 50 pg of R97-116 peptides (purity=95%,
GL Biochem, Shanghai, China) in complete Freund’s
adjuvant (Sigma-Aldrich), boosted on the 4th and 6th
weeks with R97-116 protein in incomplete Freund’s
adjuvant (IFA). Clinical scores for MG were graded
as follows: grade 0, no muscle weakness, even after
30 consecutive paw grips; grade 1, normal at rest but
weakness after 30 consecutive paw grips; and grade
2, weakness even at rest [32]. All experimental pro-
tocols were approved by the Animal Ethics Commit-
tee of Guangzhou University of Chinese Medicine
(TCMF1-2021012).

Butyrate treatment

Mice were treated with 200 mM sodium butyrate in
drinking water as previously described [26]. Sorted
naive CD4™T cells or Treg cells were treated with
sodium butyrate at concentrations of 0 pM, 100 uM,
200 uM and 400 uM in cell culture medium. The 200
uM butyrate treatment performed more efficiently
on promoting naive CD4*T cell differentiation into
CD4"CD25*FOXP3*Tregs. Accordingly, 200 pM
butyrate was used for all subsequent experiments.

Open field experiment

Open field experiments were performed as previously
described [23]. Mice were kept in a quiet room for
0.5 h before experimental measurements. Then, a sin-
gle mouse was gently placed in the corner of an opaque
box (40x40x40 cm?®). Motor activities of the mice
were recorded for 5 min using a camera, and motion
tracks were visualized by Imagine ] software (NIH,
MD, USA).

Enzyme-linked immunoassay (ELISA)

ELISA kits for IFN-y, IL-17 A and TGF-p were pur-
chased from Dogesce (Beijing, China). A mouse anti-
R97-116 antibody ELISA kit was purchased from
Jingmei Biological Engineering Co. Ltd (Shenzhen,
China). Cytokine levels from serum or culture super-
natant samples were measured according to the manu-
facturer’s instructions.

Statistics
All data were presented as the meantstandard devia-
tion (SD) or median (M) with interquartile boundary
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values (P25-P75) and were analyzed using GraphPad
Prism V9.3. Differences between the two groups were
analyzed using unpaired Student’s t-tests or Mann-
Whitney U-tests. One-way ANOVA was used to com-
pare multiple groups. Statistical significance was set at
»<0.05.

Results

Butyric acid-producing bacteria and butyric acid
concentration were reduced in patients with AChR MG

We recruited 11 healthy controls (HCs) and 22
patients with AChR MG. The detailed clinical charac-
teristics of all participants are summarized in Table 1.
Fecal samples were collected from these participants,
and analyzed by the 16 S ribosomal RNA (rRNA) gene
sequencing. Linear discriminant analysis of effect size
identified significant differences in biomarker pres-
ence between the patients with AChR MG and HCSs.
Compared with the AChR MG, Clostridia, Clostridi-
ales, Lachnospiraceae, Clostridium cluster _XI[Va and
Roseburia were enriched in HCSs (Fig. 1A). Further, a
disease classifier was constructed and 11 species were
identified as candidate markers for AChR MG patients
from HCs (Fig. S1A). The area under the receiver
operating curve (AUC) of the corresponding ROC
curve reached 0.959 (Fig. S1B). Moreover, the ROC
curve of a validation cohort based on 12 HCs and 15
patients with AChR MG reached 0.811, which further
highlighted the reliable role of these gut microbiota as
a disease classifier between HCs and AChR MG (Fig.
S1C). We also observed significant differences between
HCSs and AChR MG at the class and genus levels. At
the class level, the relative abundance of Clostridia
was depleted, whereas that of Gammaproteobacteria,
Bacilli and Actinobacteria was increased in patients
with AChR MG (Fig. 1C). At the genus level, the rela-
tive abundances of Clostridium cluster _XIVa and
Roseburia were lower in AChR MG (Fig. 1D).

Previous studies have reported that Clostridia, Clos-
tridium cluster _X[Va, and Roseburia contribute to the
production of SCFAs [24]. We quantified the concen-
trations of SCFAs in the serum of all participants and
found that the butyric acid content in patients with
AChR MG was significantly lower than that in HCs.
No significant differences were observed in the con-
centrations of acetic acid, propionic acid, valeric acid,
or caproic acid between the two groups (Fig. 1D).

Butyrate enhances Treg differentiation and suppressive
function

Next, we investigated the effects of butyrate on Treg
differentiation and its suppressive function in AChR
MG. Naive CD4*T cells (sorted from HCs and patients
with AChR MG) were cultured under Treg-polarizing
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Fig. 1 Profiling of the gut microbiota and short-chain fatty acids (SCFAs) in patients with AChR MG. (A) LEfSe clustering tree. Yellow color represents
healthy controls (HCs,n=11), and black color represents patients with AChR MG (n=22). Nodes of different colors represent microbial groups that play an
important role in the group represented by the color. (B) The relative abundance of Clostridia (Mann-Whitney U=58, p=0.0153), Gammaproteobacteria
(Mann-Whitney U=61, p=0.0213), Bacilli (Mann-Whitney U=25, p <0.0001), Actinobacteria (Mann-Whitney U=69, p=0.0481), Clostridium cluster _XIVa
(Mann-Whitney U=37, p=0.0008) and Roseburia (Mann-Whitney U =54, p=0.0094) in HCs compared to patients with AChR MG. (C) The concentrations
of acetic acid, propionic acid, butyric acid (Mann-Whitney U=5.5, p=0.0008), valeric acid, and caproic acid in the sera of HCs and patients with AChR MG.
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conditions with different doses of sodium butyrate
for 3 days. We observed that butyrate treatment per-
formed excellently for promoting naive CD4*T cell dif-
ferentiation into CD4*CD25*FOXP3*Tregs (Fig. 2A)
and significantly increased forkhead box P3 (FOXP3)
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protein expression in the naive CD4™T cells (Fig. S2A).
Accordingly, 200 uM of sodium butyrate was used for
all subsequent experiments. In addition, Pearson’s cor-
relation analysis showed that the serum butyrate con-
centrations in HCs and patients with AChR MG were

A Treg-polarizing conditions
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Fig. 2 Butyrate promotes Treg differentiation and suppressive function. (A) Magnetically sorted naive CD4* T cells (2x 10° cells) obtained from the pe-
ripheral blood of patients with AChR MG were cultured for 3 days under Treg-polarizing conditions using butyrate at concentrations of 0 uM, 100 pM, 200
UM and 400 uM. The frequencies of CD4*CD25FOXP3* Tregs were determined by flow cytometry. (B, C, D) Magnetically sorted CD4*CD25™ responder
T cells (2% 10° cells) from patients with AChR MG were labeled with CFSF and cultured with CD4*CD25*CD127,,,, Tregs for 5 days in the presence of
plate-bound anti-CD3 and anti-CD28, with or without 200 uM butyrate. The suppressive function of Tregs was measured by calculating the proliferation
of CFSE* cells (t=18.81, p<0.001for difference between Vehicle and Butyrate with unpaired t-test; F=211.4, p=0.0043 for difference between 1:1 and 1:2
with ANOVA, p=0.0236 for difference between 1:1 and 1:4 with ANOVA). Each dot represents an individual sample. Data are shown as the mean +SEM, *

p<0.05,** p<0.01, *** p<0.001, ns=not significant
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positively correlated with Treg numbers, respectively
(Fig. S2B).

To determine whether butyrate influences the Treg
suppression function in patients with AChR MG, we
co-cultured sorted Tregs with carboxyfluorescein suc-
cinimidyl ester (CFSE)-labeled CD4"CD25" responder
T cells (Tresps) in the presence of butyrate. After 5
days of culture, we observed that butyrate treatment
directly inhibited the proliferation of CESE-labelled
Tresps (Fig. 2B, 2 C). Furthermore, Treg suppressive
activity was significantly increased in the presence
of butyrate at different ratios of Tregs versus Tresps
(Fig. 2B and D).

Butyrate reprograms the energy metabolism in Tregs
Oxidative phosphorylation (OXPHOS) and glycolysis
metabolic pathways have been reported to regulate T
cell differentiation. Thus, we assessed OXPHOS lev-
els by measuring mitochondrial oxygen consumption
rates (mitoOCR). Sorted naive CD4+T cells obtained
from patients with AChR MG were cultured under
Treg-polarizing conditions in the presence of butyr-
ate for 3 days. We observed that butyrate treatment
significantly increased basal and maximum mitoOCR
(Fig. 3A C). In addition, the glycolytic proton efflux
rate (glycoPER) is the subtraction of the mitochondrial
proton efflux rate from the total proton efflux rate
[33] and is more representative of the glycolysis level
than the extracellular acidification rate. We observed
that butyrate supplementation significantly decreased
glycoPER levels (Fig. 3D and E) and increased the
basal mitoOCR/glycoPER ratio (Fig. 3F). An increased
mitoOCR/glycoPER ratio indicates the preferential use
of OXPHOS over glycolysis. Hypoxia-inducible fac-
tor-1 alpha signaling is known to promote glycolysis
[34], we observed reduced expression of this protein
under butyrate treatment (Fig. 3G).

Butyrate enhances surface cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) expression of Tregs

Surface CTLA-4-mediated suppressive function is
key for the immunosuppressive function of Treg
cells [35], and CTLA-4 is a risk factor in MG [36].
Thus, we evaluated the effects of butyrate on surface
CTLA-4 expression in Tregs of patients with MG. In
agreement with previous studies, our flow cytometry
results showed that surface CTLA-4 expression was
significantly lower in CD4" FOXP3* Tregs of patients
with AChR MG than in those of HCs (Fig. 4A and B).
However, we observed that butyrate supplementation
significantly increased the surface CTLA-4 expres-
sion of CD4*CD25*CD127,,, Tregs in patients with
AChR MG (Fig. 4C and D). Immunofluorescence
staining also showed that elevated surface CTLA-4
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was recruited from intracellular under butyrate treat-
ment (Fig. 4E). Indeed, the treatment of CD4" T
cells with butyrate also increased the percentage of
FOXP3*CTLA-4* cells (Fig. 4F and G). Furthermore,
we observed increased levels of TGF-f and reduced
levels of IFN-y and IL-17 A in the cell supernatants
after butyrate treatment (Fig. 4H). However, treat-
ment of CD4* T cells with CTLA-4-Ig may block the
effects of butyrate on surface CTLA-4 expression and
secreted cytokine levels (Fig. 4F—H).

Butyrate attenuates MG and enhances surface CTLA-4
expression of Tregs in vivo

Next, we investigated the effects of butyrate on experi-
mental autoimmune MG (EAMG) mice. EAMG mice
were immunized with R97-116 protein and boosted
on the 4th and 6th week. After secondary immuniza-
tion, mice received water or butyrate orally (Fig. 5A).
As expected, mice in the butyrate treatment group
exhibited lower clinical scores for MG (Fig. 5B), lower
serum anti-AChR antibody levels (Fig. 5C), and longer
motion tracks than those in the EAMG group (Fig. 5D).
In addition, treatment with butyrate increased the per-
centage of CD4*FOXP3™" Tregs in the spleen of EAMG
mice (Fig. 5E). Surface CTLA-4 expression in Tregs
of the spleen also increased under butyrate treatment
(Fig. 5F). Moreover, EAMG mice treated with butyr-
ate showed higher levels of TGF- and lower levels of
IEN-y and IL-17 A in their sera (Fig. 5Q).

Butyrate activates mammalian target of rapamycin
(mTOR)-mediated autophagy in Tregs

To investigate the underlying mechanism by which
butyrate restored the impaired AChR MG Tregs, we
used the gutMGene database to identify 48 potential
targets of butyrate (Fig. 6A) and the GeneCards data-
base to identify 792 targets of MG. The intersection of
these two target sets contained CCL2, MAPK1, JUN,
IL10, TNF, CHGA, IL4R, IL6, IL12A, IL12B, FOXP3,
MTOR, IL1B, TLR4, and CXCLS8 (Fig. 6B). We selected
mTOR as a candidate target because it is a major medi-
ator of autophagy [37], which is active in Tregs, and
autophagy defects may lead to Treg dysfunction [38].
Indeed, our western blot analysis showed that butyrate
treatment reduced the phosphorylation of mTOR and
p70S6K in Tregs of HCs and patients with AChR MG
(Fig. 6C). This indicated that butyrate could inhibit
mTOR signaling in AChR MG Tregs.

To determine whether butyrate restored the
impaired Tregs of AChR MG patients by activat-
ing autophagy, we measured the expression of p62/
SQSTM1 and LC3, markers of autophagy. Western blot
analysis revealed that butyrate treatment increased the
expression of LC3 proteins and reduced that of p62/
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SQSTM1 in sorted Tregs from HCs and patients with ~ Butyrate influences Tregs via an autophagy-dependent
AChR MG (Fig. 6D). Elevated LC3 expression was also  pathway

detected using immunofluorescence staining (Fig. 6E). In addition to acting as a mediator of autophagy,
In addition, treatment of naive CD4" T cells under mTOR also regulates Treg differentiation through
Treg-polarizing conditions with butyrate also reduced  glycolysis [39], and autophagy may be involved in the
the expression of mTOR and enhanced the expression  regulation of glycolysis and CTLA-4 metabolism [39,
of LC3 (Fig S3A, S3B). 40]. Thus, we postulated that butyrate promotes Treg
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Fig. 5 Effects of butyrate on experimental autoimmune MG (EAMG) mice. (A) Methods for MG induction in the EAMG mouse model and butyrate ad-
ministration (n="5). (B) Clinical scores of EAMG mice that were or were not treated with butyrate (F=44.67, p=0.0339 for difference between EAMG and
EAMG + Butyrate with ANOVA). (C) Levels of serum anti-AChR-Ab antibodies were determined by ELISA from the complete Freund's adjuvant (CFA) group,
EAMG group, and butyrate treatment group (F=65.63, p=0.002 for difference between EAMG and EAMG + Butyrate with ANOVA). (D) Motion tracks for
control mice, EAMG mice fed with or without butyrate (F=55.43, p=0.0023 for difference between EAMG and EAMG+ Butyrate with ANOVA). (E, F) Per-
centages of CD4"FOXP3* Tregs (F=26.19, p=0.0019 for difference between EAMG and EAMG + Butyrate with ANOVA) and surface CTLA-4 expression on
Tregs (F=14.05, p=0.0349 for difference between EAMG and EAMG + Butyrate with ANOVA) in the spleen. (G) Serum levels of IFN-y (F=35.36, p=0.0059
for difference between EAMG and EAMG +Butyrate with ANOVA), IL-17 A (F=55.81, p=0.0005 for difference between EAMG and EAMG + Butyrate with
ANOVA) and TGF-3 (F=35.95, p=0.0003 for difference between EAMG and EAMG + Butyrate with ANOVA) in mice were detected by ELISA. Each dot rep-

resents an individual sample. Data are shown as the mean+5SD, * p<0.05, ** p<0.01, *** p<0.001, ns=not significant

differentiation and suppressive function through the
activation of autophagy. Chloroquine (CQ) blocks
autophagy by impairing lysosomal function [41], and
we observed that CQ significantly blocked the promo-
tion of Treg differentiation by butyrate supplemen-
tation (Fig. 7A and B). Inhibition of autophagy also
blocked the effects of butyrate on increasing the ratio
of mitoOCR/glycoPER in Tregs of patients with MG
(Fig. 7C and D). Furthermore, enhancement of Treg
suppressive function and surface CTLA-4 expression
by butyrate supplementation was significantly reduced
by CQ treatment (Fig. 7E-H).

Discussion

In recent years, gut microbiota has been reported to
be involved in the pathology of many autoimmune dis-
eases. MG, an autoimmune disorder of the neuromus-
cular junction [4], is characterized by impaired Tregs,
and it is unclear whether dysregulation of Tregs in
patients with MG is associated with their gut micro-
biota. We showed that gut microbiota-derived butyric
acid promotes Treg differentiation and suppressive
function in patients with AChR MG. Butyrate sup-
plementation inhibits mTOR signaling, thereby acti-
vating the autophagy of Tregs in patients with AChR
MG. Furthermore, activated autophagy increases Treg
surface CTLA-4 expression and inhibits glycolysis,
leading to enhanced Treg suppressive function and dif-
ferentiation. These results provide a potential mecha-
nism for the link between disturbed gut microbiota
and dysregulated Tregs in AChR MG.

The relative abundance of gut microbiota is sig-
nificantly altered in patients with MG compared with
that of microbiota in healthy individual. Zheng et al.
observed a decreased OTUs of Lachnospiraceae, Pep-
tostreptococcaceae, Ruminococcaceae, Erysipelotricha-
ceae, and Clostridiaceae in MG subjects [23]; Qiu et
al. observed decreased relative abundances of Clos-
tridium and Eubacterium in patients with MG [28],
while Morris et al. observed reduced relative propor-
tion of Verrucomicrobia and Actinobacteria [42]. Fur-
thermore, Liu et al. identified P copri, Megamonas
funiformis, Fusobacterium wmortiferum, Megamonas
hypermegale, and Prevotella stercorea as candidate

markers for AChR MG patients from HCs [43]. Unlike
these studies, we observed a decreased relative abun-
dance of Clostridia and Roseburia in patients with
AChR MG. We hypothesized that differences in illness
duration, diet, and living environment all may lead to
different characteristic of gut microbiota in patients
with AChR MG in different studies.

Gut microbiota constituents, such as Lachnospira-
ceae, and Erysipelotrichaceae, can contribute to the
production of SCFAs, particularly butyrate [44]. In this
study, the relative abundances of Clostridium cluster
X1Va and Roseburia were significantly lower in patients
with AChR MG than in HCs. About 95% of SCFAs
were absorbed through the intestine before reaching
and affecting distant tissues through bloodstream cir-
culation. Compared with the SCFAs in feces, serum
butyrate could directly affect Treg differentiation and
suppressive function sorted from the peripheral blood
of HCs and AChR MG. Thus, we preferred quantified
serum level of SCFAs rather than SCFAs levels feces
in our study. A quantification of SCFAs in serum indi-
cated a corresponding decrease in butyrate concentra-
tions in patients with AChR MG, which was consistent
with its lower concentration in fecal samples [28].

Emerging studies show that butyrate plays an impor-
tant role in the regulation of Tregs in various diseases;
for example, it is involved in promoting the polariza-
tion of Tregs in arthritis [29], maintaining the Th17/
Treg balance by inhibiting histone deacetylase 1 in
inflammatory bowel disease [45], and stimulating bone
formation via Treg-mediated regulation of WNT10B
expression [24]. We demonstrated that butyrate sup-
plementation effectively increased the differentiation
and suppressive function of Tregs in patients with MG.
Accordingly, we hypothesized that butyrate may be
a key link between the gut microbiota and Treg dys-
function in patients with MG. Besides, we also inves-
tigated the effect of butyrate on Tregs in an EAMG
mice model. Sun et al. demonstrated that butyrate
treatment significantly increased Treg cell numbers,
while reduced the presence of Th17, Tfh, and B cells in
EAMG mice [46]. We also observed a promotion effect
of butyrate on the population of Treg cells in vivo.
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Fig. 6 Butyrate activates autophagy by inhibiting mTOR signaling. (A
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with positive (red line) and negative (black line) regulation by butyrate. (B) A Venn diagram depicting the intersection of MG disease and butyrate targets.
(C, D) Magnetically sorted CD4*CD25*CD127,,, Tregs from HCs and patients with AChR MG were cultured for 5 days with or without 200 UM butyrate.
Cells were harvested and the expression of p-mTOR, p-p70S6K, p62, and LC3 was determined by Western blot. (E) Immunofluorescent images of LC3 (red)

on Tregs (scale bar =20 uM)

More importantly, we also found the enhancement of
butyrate on surface CTLA-4 expression on Treg cells.
Furthermore, we found that butyrate effectively
inhibited the expression of mTOR, which is a key
mediator of autophagy [37]. Inhibition of mTOR
complex 1 can activate autophagy in Tregs [47], and
autophagy is essential for Treg differentiation and

function [38, 48]. Thus, we propose that butyrate may
reactivate autophagy in Tregs, thereby enhancing Treg
differentiation and suppressive functions in patients
with MG. Furthermore, surface CTLA-4 expression
is reduced in Tregs of patients with MG [11]. Block-
ing CTLA-4 leads to impaired Treg suppressive func-
tion [49]. Moreover, CTLA-4 has been detected in
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lysosomes [50, 51], indicating that the metabolism of
CTLA-4 may be associated with autophagy. We found
that butyrate supplementation significantly enhanced
autophagy in Tregs of patients with MG, accompanied
by increased surface CTLA-4 expression.

mTOR plays a key role in Treg differentiation by
regulating glycolysis [39]. Activated autophagy can
further suppress glycolysis to maintain Treg stability
[39]. We observed that the glycolysis level of Tregs in
patients with MG decreased after butyrate treatment.
However, whether glycolysis is upregulated or down-
regulated during Treg differentiation remains contro-
versial. Jun et al. proposed a negative role of glycolysis
in Treg differentiation [38], while De Rosa V et al. con-
cluded that the induction of Tregs is dependent on
glycolysis [52]. Glycolysis is necessary for early stages
of Treg differentiation but is replaced by OXPHOS
during later stages to maintain Treg functional stabil-
ity [53, 54]. We found that butyrate supplementation
decreased the level of glycolysis and increased the
ratio of mitoOCR/glycoPER in Tregs of patients with
MG, indicating a shift from glycolysis to OXPHOS.
This suggests that butyrate plays an important role in
reprogramming the energy metabolism of Treg differ-
entiation in patients with MG.

Bafilomycin-Al, 3-methyladenine, and CQ are com-
monly used autophagy inhibitors: bafilomycin-A1l
blocks autophagosome-lysosome fusion [55] while
3-methyladenine reduces autophagosome formation
[56]. CQ, on the other hand, elevates lysosomal pH,
thereby impairing lysosomal enzyme activity [57].
Lysosomes participate in mTORCIl-mediated gly-
colysis and autophagy [64, 65] and may play a role in
CTLA-4 degradation [58, 59]. Thus, we selected CQ
to investigate whether butyrate promoted AChR MG
Treg functions by activating autophagy. We established
that CQ treatment blocked the effect of butyrate on
Treg differentiation and suppressive function, empha-
sizing the importance of butyrate-activated autophagy
in the dysregulation of AChR MG Tregs.

There remained some limitations in our study. Some
researchers did administer butyrate to mice by supple-
menting into the drinking water [26]. However, it was
difficult to measure the amount of butyrate that each
mouse assumed. Besides, the quantitative myasthe-
nia gravis (QMG) scores can be applied to assess the
disease severity of patients with MG. Since the QMG
scores were not obtained in small number of included
patients, and we were unable to further analyze the
association between QMG scores and relative abun-
dances of gut microbiota in patients with AChR MG,
which need our further study in the future.

In summary, our study revealed a link between dis-
turbed gut microbiota and dysregulated Tregs in
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patients with MG. Butyric acid produced by gut micro-
biota can effectively promote Treg differentiation and
suppressive function by activating mTOR-mediated
autophagy. Accordingly, butyrate shows therapeutic
potential in the treatment of MG; however, further
evaluations are needed in this regard.

Abbreviations

AChRMG  Anti-acetylcholine receptor antibody-positive myasthenia gravis
AChRs Acetylcholine receptors
CFSE Carboxyfluorescein succinimidyl ester

cQ Chloroquine

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
EAMG Experimental autoimmune MG

FOXP3 Forkhead box P3

glycoPER  Glycolytic proton efflux rate

HCs Healthy controls

MG Myasthenia gravis

mitoOCR Mitochondrial oxygen consumption rates
mTOR Mammalian target of rapamycin

OXPHOS Oxidative phosphorylation

SCFAs Short-chain fatty acids

Th T helper

Treg Regulatory T

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-024-01588-9.

Supplementary Material 16: Supplementary Fig. 1. (A) Heatmap of the
relative abundance of gut microbiota for candidate markers of AChR MG
patients. (B) Receiver operating characteristic (ROC) in the disease classi-
fier. (C) The validation cohort of microbial markers identifies in HCs and
patients with AChR (HCs, n=12; AChR MG, n=15)

Supplementary Material 1: Supplementary Fig. 2. (A) Naive CD4" T cells
obtained from two patients with AChR MG were cultured under Treg-
polarizing conditions for 3 days in the presence of 200 uM butyrate; cells
were harvested and FOXP3 expression was determined by Western blot.
(B) Pearson correlation analysis of serum butyric acid and % Treg in HCs
and patients with AChR MG

Supplementary Material 2: Supplementary Fig. 3. Magnetically sorted
naive CD4™ T cells from HCs and AChR MG were cultured for 3 days with

or without 200 uM butyrate. (A) The expression of p-mTOR and LC3 were
detected by Western blot. (B) LC3 expression was determined by immuno-
fluorescence assay

Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9
Supplementary Material 10
Supplementary Material 11
Supplementary Material 12
Supplementary Material 13

Supplementary Material 14

Supplementary Material 15



https://doi.org/10.1186/s12964-024-01588-9
https://doi.org/10.1186/s12964-024-01588-9

He et al. Cell Communication and Signaling (2024) 22:215

Acknowledgements
We thank the Lingnan Medical Research Centre of Guangzhou University of
Chinese Medicine for providing the experimental platform.

Author contributions
FL and LH designed the study. LH, SW and ZZ conducted the experiments;
ZZ,PL and QJ collected fecal and blood samples. LH, SW and PL analyzed

the data and performed the statistical analyses. LH wrote the manuscript. FL

revised the article for content. All authors have read and approved the final
manuscript.

Funding
This study was supported by the National Key Research and Development

Program of China (Grant No. 2022YFC3501302), the National Natural Science

Foundation of China (Grant No. 8190413) and the Scientific Research Team
Training Project of Guangzhou University of Chinese Medicine (Grant No.
2021XK18).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

All experimental protocols were approved by the Animal Ethics Committee
of Guangzhou University of Chinese Medicine (TCMF1-2021012). All clinical
sample collections were approved by the Ethics Committee of Guangzhou
University of Chinese Medicine (ZYYECK [2019] 120) and registered in the
Chinese Clinical Trial Register Center (ChiCTR2000032085).

Consent for publication
All authors provided consent for publication.

Competing interests
The authors declare no competing interests.

Author details

'Department of Digestive Endoscopy, The First Affiliated Hospital of
Guangzhou University of Chinese Medicine, Guangzhou, China
’Guangdong Clinical Research Academy of Chinese Medicine,
Postdoctoral Research Station of Guangzhou University of Chinese
Medicine, No. 16 Airport Road, Baiyun District, Guangzhou,

Guangdong Province 510405, China

3Department of Gastroenterology, Wangjing Hospital, China Academy
of Chinese Medical Sciences, No. 6, Wangjing Zhonghuan South Road,
Futong East Street, Chaoyang District, Beijing City, China

“Department of Gastroenterology, The Second Affiliated Hospital of
Guangzhou University of Chinese Medicine, No. 55, Inner Ring West Road,
Panyu District, Guangzhou, Guangzhou, Guangdong Province

511400, China

°Department of Hepatobiliary, The First Affiliated Hospital of Guangzhou
University of Chinese Medicine, No. 16 Airport Road, Baiyun District,
Guangzhou, Guangdong Province 510405, China

®Department of Myopathies, The First Affiliated Hospital of Guangzhou
University of Chinese Medicine, No. 16 Airport Road, Baiyun District,
Guangzhou, Guangdong Province 510405, China

’Baiyun Hospital of the First Affiliated Hospital of Guangzhou University
of Chinese Medicine, No. 2 He Longgi Road, Renhe, Baiyun District,
Guangzhou 510000, China

8Institute of Gastroenterology, The First Affiliated Hospital of Guangzhou
University of Chinese Medicine, No. 12 Airport Road, Baiyun District,
Guangzhou, Guangdong Province 510405, China

Received: 12 December 2023 / Accepted: 23 March 2024
Published online: 03 April 2024

References
1. Vincent A, Palace J, Hilton-Jones D. Myasthenia gravis. Lancet.
2001;357(9274):2122-8.

20.

21.

22.

23.

24.

25.

Page 15 of 16

Takata K, Stathopoulos P, Cao M, Mane-Damas M, Fichtner ML, Benotti ES,
Jacobson L, Waters P, Irani SR, Martinez-Martinez P et al. Characterization of
pathogenic monoclonal autoantibodies derived from muscle-specific kinase
myasthenia gravis patients. JCl Insight. 2019;4(12).

Drachman DB. Myasthenia gravis. N Engl J Med. 1994;330(25):1797-810.
Spillane J, Higham E, Kullmann DM. Myasthenia gravis. BMJ. 2012;345:e8497.
Higuchi O, Hamuro J, Motomura M, Yamanashi Y. Autoantibodies to low-
density lipoprotein receptor-related protein 4 in myasthenia gravis. Ann
Neurol. 2011,69(2):418-22.

Zhang B, Shen C, Bealmear B, Ragheb S, Xiong WC, Lewis RA, Lisak RP,

Mei L. Autoantibodies to agrin in myasthenia gravis patients. PLoS ONE.
2014,9(3):e91816.

Lazaridis K, Tzartos SJ. Autoantibody specificities in Myasthenia gravis;
implications for improved diagnostics and therapeutics. Front Immunol.
2020;11:212.

Gilhus NE, Tzartos S, Evoli A, Palace J, Burns TM, Verschuuren J. Myasthenia
gravis. Nat Rev Dis Primers. 2019;5(1):30.

Hong Y, Liang X, Gilhus NE. AChR antibodies show a complex interac-

tion with human skeletal muscle cells in a transcriptomic study. Sci Rep.
2020;10(1):11230.

Cebi M, Durmus H, Aysal F, Ozkan B, Gul GE, Cakar A, Hocaoglu M, Mercan

M, Yentur SP, Tutuncu M, et al. CD4(+) T cells of Myasthenia Gravis patients
are characterized by increased IL-21, IL-4, and IL-17A productions and higher
presence of PD-1 and ICOS. Front Immunol. 2020;11:809.

XuW, Ren M, Ghosh S, Qian K, Luo Z, Zhang A, Zhang C, Cui J. Defects

of CTLA-4 are associated with regulatory T cells in Myasthenia Gravis
implicated by intravenous immunoglobulin therapy. Mediators Inflamm.
2020;2020:3645157.

LiuX,Ma Q QiuL,OuC, Lin Z LuY,Huang H, Chen P, Huang Z, Liu W.
Quantitative features and clinical significance of two subpopulations of
AChR-specific CD4 +T cells in patients with myasthenia gravis. Clin Immunol.
2020;216:108462.

Kusner LL, Sengupta M, Kaminski HJ. Acetylcholine receptor antibody-medi-
ated animal models of myasthenia gravis and the role of complement. Ann N
Y Acad Sci. 2018;1413(1):136-42.

Lu J,Wu J, Xie F, Tian J, Tang X, Guo H, Ma J, Xu P Mao L, Xu H, et al. CD4(+) T
cell-released extracellular vesicles potentiate the efficacy of the HBsAg vac-
cine by enhancing B cell responses. Adv Sci (Weinh). 2019;6(23):1802219.
Duan X, Sun P, Lan Y, Shen C, Zhang X, Hou S, Chen J, Ma B, Xia Y, Su C. (1)
IFN-alpha modulates memory tfh cells and memory B cells in mice, following
recombinant FMDV adenoviral challenge. Front Immunol. 2020;11:701.
Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of
chronic obstructive pulmonary disease. Lancet. 2011;378(9795):1015-26.
Chen S, Fang L, Guo W, Zhou Y, Yu G, Li W, Dong K, Liu J, Luo Y, Wang B, et

al. Control of Treg cell homeostasis and immune equilibrium by Lkb1 in
dendritic cells. Nat Commun. 2018;9(1):5298.

Yu HR, Tain YL, Sheen JM, Tiao MM, Chen CC, Kuo HC, Hung PL, Hsieh KS,
Huang LT. Prenatal dexamethasone and postnatal high-fat diet decrease
interferon gamma production through an age-dependent histone modifica-
tion in male Sprague-Dawley rats. Int J Mol Sci. 2016;17(10).

Kohler S, Keil TOP, Hoffmann S, Swierzy M, Ismail M, Ruckert JC, Alexander

T, Meisel A. CD4(+) FoxP3(+) T regulatory cell subsets in myasthenia gravis
patients. Clin Immunol. 2017;179:40-6.

Chiang HI, Li JR, Liu CC, Liu PY, Chen HH, Chen YM, Lan JL, Chen DY. An Asso-
ciation of gut microbiota with different phenotypes in Chinese patients with
rheumatoid arthritis. J Clin Med. 2019:8(11).

LiY,Wang HF, Li X, Li HX, Zhang Q, Zhou HW, He Y, Li P, Fu C, Zhang XH, et al.
Disordered intestinal microbes are associated with the activity of systemic
Lupus Erythematosus. Clin Sci (Lond). 2019;133(7):821-38.

Freedman SN, Shahi SK, Mangalam AK. The gut feeling: breaking down

the role of gut microbiome in multiple sclerosis. Neurotherapeutics.
2018;15(1):109-25.

Zheng P, LiY, Wu J, Zhang H, Huang Y, Tan X, Pan J, Duan J, Liang W, Yin B, et
al. Perturbed microbial ecology in Myasthenia gravis: evidence from the gut
microbiome and fecal metabolome. Adv Sci (Weinh). 2019;6(18):1901441.
Tyagi AM, Yu M, Darby TM, Vaccaro C, Li JY, Owens JA, Hsu E, Adams J,
Weitzmann MN, Jones RM, et al. The microbial metabolite butyrate stimulates
bone formation via T regulatory cell-mediated regulation of WNT10B expres-
sion. Immunity. 2018;49(6):1116-e11311117.

Luu M, Pautz S, KohlV, Singh R, Romero R, Lucas S, Hofmann J, Raifer H,
Vachharajani N, Carrascosa LG, et al. The short-chain fatty acid pentanoate



He et al. Cell Communication and Signaling

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

(2024) 22:215

suppresses autoimmunity by modulating the metabolic-epigenetic crosstalk
in lymphocytes. Nat Commun. 2019;10(1):760.

Sun M, Wu W, Chen L, Yang W, Huang X, Ma C, Chen F, Xiao Y, Zhao Y, Ma C, et
al. Microbiota-derived short-chain fatty acids promote Th1 cell IL-10 produc-
tion to maintain intestinal homeostasis. Nat Commun. 2018;9(1):3555.
Bachem A, Makhlouf C, Binger KJ, de Souza DP, Tull D, Hochheiser K, Whitney
PG, Fernandez-Ruiz D, Dahling S, Kastenmuller W, et al. Microbiota-derived
short-chain fatty acids promote the memory potential of antigen-activated
CD8(+) T cells. Immunity. 2019;51(2):285-97 e285.

Qiu D, Xia Z, Jiao X, Deng J, Zhang L, Li J. Altered gut microbiota in Myasthe-
nia Gravis. Front Microbiol. 2018;9:2627.

Hui W, Yu D, Cao Z, Zhao X. Butyrate inhibit collagen-induced arthritis via
Treg/IL-10/Th17 axis. Int Immunopharmacol. 2019;68:226-33.

Qadeer ZA, Valle-Garcia D, Hasson D, Sun Z, Cook A, Nguyen C, Soriano A,

Ma A, Griffiths LM, Zeineldin M, et al. ATRX in-frame fusion neuroblastoma

is sensitive to EZH2 inhibition via modulation of neuronal gene signatures.
Cancer Cell. 2019;36(5):512-e527519.

Zhang J, Jia G, Liu Q, Hu J, Yan M, Yang B, Yang H, Zhou W, Li J. Silencing
miR-146a influences B cells and ameliorates experimental autoimmune
myasthenia gravis. Immunology. 2015;144(1):56-67.

Du A, Huang S, Zhao X, Feng K, Zhang S, Huang J, Miao X, Baggi F, Ostrom RS,
Zhang Y, et al. Suppression of CHRN endocytosis by carbonic anhydrase CAR3
in the pathogenesis of myasthenia gravis. Autophagy. 2017;13(11):1981-94.
Cumming BM, Addicott KW, Adamson JH, Steyn AJ. Mycobacterium tubercu-
losis induces decelerated bioenergetic metabolism in human macrophages.
Elife. 2018;7.

Sutendra G, Michelakis ED. The metabolic basis of pulmonary arterial hyper-
tension. Cell Metab. 2014;19(4):558-73.

Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer immuno-
suppression - implications for anticancer therapy. Nat Rev Clin Oncol.
2019;16(6):356-71.

Renton AE, Pliner HA, Provenzano C, Evoli A, Ricciardi R, Nalls MA, Marangi G,
Abramzon Y, Arepalli S, Chong S, et al. A genome-wide association study of
myasthenia gravis. JAMA Neurol. 2015;72(4):396-404.

Kim YC, Guan KL. mTOR: a pharmacologic target for autophagy regulation. J
Clin Invest. 2015;125(1):25-32.

WeiJ, Long L, Yang K, Guy C, Shrestha S, Chen Z, Wu C, Vogel P, Neale G,
Green DR, et al. Autophagy enforces functional integrity of regulatory T cells
by coupling environmental cues and metabolic homeostasis. Nat Immunol.
2016;17(3):277-85.

Zeng H, Chi H. mTOR signaling in the differentiation and function of requla-
tory and effector T cells. Curr Opin Immunol. 2017;46:103-11.

Walker LS, Sansom DM. The emerging role of CTLA4 as a cell-extrinsic regula-
tor of T cell responses. Nat Rev Immunol. 2011;11(12):852-63.

Chen J, Zhang ZQ, Song J, Liu QM, Wang C, Huang Z, Chu L, Liang HF, Zhang
BX, Chen XP. 18beta-Glycyrrhetinic-acid-mediated unfolded protein response
induces autophagy and apoptosis in hepatocellular carcinoma. Sci Rep.
2018,8(1):9365.

Moris G, Arboleya S, Mancabelli L, Milani C, Ventura M, de Los Reyes-Gavilan
CG, Gueimonde M. Fecal microbiota profile in a group of myasthenia gravis
patients. Sci Rep. 2018;8(1):14384.

Liu P JiangY,Gu S, Xue Y, Yang H, Li Y, Wang Y, Yan C, Jia P, Lin X, et al.
Metagenome-wide association study of gut microbiome revealed potential
microbial marker set for diagnosis of pediatric myasthenia gravis. BMC Med.
2021;19(1):159.

Petersen LM, Bautista EJ, Nguyen H, Hanson BM, Chen L, Lek SH, Sodergren
E, Weinstock GM. Community characteristics of the gut microbiomes of
competitive cyclists. Microbiome. 2017;5(1):98.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

Page 16 of 16

Zhou L, Zhang M, Wang Y, Dorfman RG, Liu H, Yu T, Chen X, Tang D, Xu L, Yin
Y, et al. Faecalibacterium prausnitzii produces butyrate to maintain Th17/Treg
Balance and to ameliorate colorectal colitis by inhibiting histone deacetylase
1. Inflamm Bowel Dis. 2018;24(9):1926~40.

Sun J, Chen J, Xie Q, Sun M, Zhang W, Wang H, Liu N, Wang Q, Wang M.
Sodium butyrate alleviates R97-116 peptide-induced myasthenia gravis in
mice by improving the gut microbiota and modulating immune response. J
Inflamm (Lond). 2023;20(1):37.

Kato H, Perl A. Blockade of Treg Cell differentiation and function by the
Interleukin-21-mechanistic target of rapamycin axis via suppression of
autophagy in patients with systemic Lupus Erythematosus. Arthritis Rheuma-
tol. 2018;70(3):427-38.

Becher J, Simula L, Volpe E, Procaccini C, La Rocca C, D'Acunzo P, Cianfanelli

V, Strappazzon F, Caruana |, Nazio F, et al. AMBRA1 controls requlatory T-cell
differentiation and homeostasis upstream of the FOXO3-FOXP3 axis. Dev Cell.
2018;47(5):592-e607596.

Mitsuiki N, Schwab C, Grimbacher B. What did we learn from CTLA-4 insuf-
ficiency on the human immune system? Immunol Rev. 2019;287(1):33-49.
Egen JG, Allison JP. Cytotoxic T lymphocyte antigen-4 accumulation in the
immunological synapse is regulated by TCR signal strength. Immunity.
2002;16(1):23-35.

lida T, Ohno H, Nakaseko C, Sakuma M, Takeda-Ezaki M, Arase H, Kominami

E, Fujisawa T, Saito T. Regulation of cell surface expression of CTLA-4 by
secretion of CTLA-4-containing lysosomes upon activation of CD4+T cells. J
Immunol. 2000;165(9):5062-8.

De Rosa V, Galgani M, Porcellini A, Colamatteo A, Santopaolo M, Zuchegna

C, Romano A, De Simone S, Procaccini C, La Rocca C, et al. Glycolysis controls
the induction of human regulatory T cells by modulating the expression of
FOXP3 exon 2 splicing variants. Nat Immunol. 2015;16(11):1174-84.

Almeida L, Lochner M, Berod L, Sparwasser T. Metabolic pathways in T cell
activation and lineage differentiation. Semin Immunol. 2016;28(5):514-24.
ShiLZ, Wang R, Huang G, Vogel P, Neale G, Green DR, Chi H. HIF 1alpha-
dependent glycolytic pathway orchestrates a metabolic checkpoint for the
differentiation of TH17 and Treg cells. J Exp Med. 2011,208(7):1367-76.
Schaub T, Gurgen D, Maus D, Lange C, Tarabykin V, Dragun D, Hegner B.
mTORC1 and mTORC2 differentially regulate cell fate programs to coor-
dinate osteoblastic differentiation in mesenchymal stromal cells. Sci Rep.
2019,9(1):20071.

Zhou M, Wang R. Small-molecule regulators of autophagy and their potential
therapeutic applications. ChemMedChem. 2013;8(5):694-707.

Wu K, Zhang Q Wu X, Lu W, Tang H, Liang Z, Gu Y, Song S, Ayon RJ, Wang Z,
et al. Chloroquine is a potent pulmonary vasodilator that attenuates hypoxia-
induced pulmonary hypertension. Br J Pharmacol. 2017;174(22):4155-72.
Almacellas E, Pelletier J, Manzano A, Gentilella A, Ambrosio S, Mauvezin C,
Tauler A. Phosphofructokinases axis controls glucose-dependent mTORC1
activation driven by E2F1.iScience. 2019;20:434-48.

Yu X, Teng XL, Wang F, Zheng Y, Qu G, Zhou Y, Hu Z, Wu Z, Chang Y, Chen L, et
al. Metabolic control of regulatory T cell stability and function by TRAF3IP3 at
the lysosome. J Exp Med. 2018;215(9):2463-76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Gut microbiota-derived butyrate restores impaired regulatory T cells in patients with AChR myasthenia gravis via mTOR-mediated autophagy
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Human subjects
	﻿Sample collection
	﻿Fecal genomic DNA extraction
	﻿16 S rRNA sequencing and bioinformatic analysis
	﻿SCFAs measurements
	﻿Purification of human naive CD4﻿+﻿ T cells and differentiation of Tregs
	﻿Treg purification and expansion
	﻿Treg suppression assay
	﻿Flow cytometry
	﻿Western blot
	﻿Immunofluorescence
	﻿Measurement of glycoPER and OCR
	﻿Induction of experimental autoimmune MG (EAMG) model in mice
	﻿Butyrate treatment
	﻿Open field experiment
	﻿Enzyme-linked immunoassay (ELISA)
	﻿Statistics

	﻿Results
	﻿Butyric acid-producing bacteria and butyric acid concentration were reduced in patients with AChR MG
	﻿Butyrate enhances Treg differentiation and suppressive function
	﻿Butyrate reprograms the energy metabolism in Tregs
	﻿Butyrate enhances surface cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) expression of Tregs
	﻿Butyrate attenuates MG and enhances surface CTLA-4 expression of Tregs in vivo
	﻿Butyrate activates mammalian target of rapamycin (mTOR)-mediated autophagy in Tregs
	﻿Butyrate influences Tregs via an autophagy-dependent pathway

	﻿Discussion
	﻿References


