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Abstract: The role of gut microbiota in health and diseases has been receiving increased attention
recently. Emerging evidence from previous studies on gut-microbiota-brain axis highlighted the im-
ARTICLE HISTORY portance of gut microbiota in neurological disorders. Multiple sclerosis (MS) is a chronic, inflam-
matory, demyelinating disease of the central nervous system (CNS) resulting from T-cell-driven,
myelin-directed autoimmunity. The dysbiosis of gut microbiota in MS patients has been reported in
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in the pathogenesis of MS, including increasing the permeability of the intestinal barrier, initiating
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inflammation. The possibility for gut microbiota as a target for MS therapy has also been discussed.
This review provides new insight into understanding the role of gut microbiota in neurological and
inflammatory diseases.
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1. INTRODUCTION Multiple sclerosis (MS) is a chronic, inflammatory, demy-
elinating disease of the CNS that mainly affects the white mat-
ter of the brain, spinal cord, and optic nerves [17]. It has be-
come the most common cause of neurologic disability in
young adults with a prevalence of 24 to 265 in 100000 people
and an incidence of 7 to 20 per 100,000 people per year in
western populations from 2001 to 2016 [18]. The occurrence
of this disease is more common in females and the sex ratio is
around 3:1 (female: male) [19]. MS is currently considered to
be a disorder existing within a spectrum extending from a re-
lapsing disease to a progressive disease [20]. Various mecha-
nisms have been reported to play important roles in the initia-
tion and development of MS, including the disruption of the
blood brain barrier (BBB), T-cell-driven and myelin-directed
autoimmunity, chronic inflammation, neurodegeneration
caused by oligodendrocyte damage, and axonal loss [21, 22].
Because of recent advancements in understanding MS pathol-
ogy, MS treatment has been further developed and mainly
consisting of disease-modifying therapies administered in the
early stages of the disease (including immunosuppressant,
immunomodulatory, and immune reconstitution therapies) and
symptomatic therapies used for different symptoms of the
disease such as anticholinergics for bladder dysfunction and
medication for neuropathic pain [23].

The human microbiota, mainly composed of non-
pathogenic bacteria, is widely distributed on the skin, in the
mouth, and in the respiratory, urogenital, and gastrointestinal
(GI) tracts [1, 2]. Adult human microbiota express 100 times
more genes than the human genome [3, 4]. The human mi-
crobiome is involved in various physiological functions, in-
cluding digestive, immune, metabolic, and even neurological
functions [5-7]. The intestinal epithelium provides the largest
human-microbial interface [8], making the gut microbiota
the most abundant microbial ecosystem in humans (contain-
ing up to 100 trillion microorganisms belonging to more than
1000 microbial species) to support various physiological
functions [3, 9]. The dysbiosis of gut microbiota has been
reported to be linked with various diseases, including neuro-
logical diseases [10, 11], gastric disorders [12], diabetes
[13], asthma [14], and obesity [15]. Gut microbiota could
regulate the development and function of the central nervous
system (CNS) through the immune and circulatory pathways,
and in turn, the CNS can also influence the constitution of
gut microbiota [6, 16].
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bility drive the initiation, development, and progression of
MS [24-28]. Environmental factors (including viruses infec-
tion, smoking, sun exposure and diet) account for 2/3 risk of
MS as monozygotic twins have only 30% concordance to
develop MS [27, 28], and may act many years before clinical
onset [29]. Among these factors, diet is an important element
that influences the diversity and number of gut microbiota
[30]. Moreover, in the past few years, increasing evidence
suggests that gut microbiota participate in the pathology of
MS development [31-37]. Therefore, in this manuscript, we
aim to summarize the evidence of gut microbiota involve-
ment in the pathogenesis of MS and the potential mechanism
by which gut microbiota modulates the development of MS.
These delineations might provide a comprehensive insight
for researchers to understand the role of gut microbiota in
CNS diseases.

2. THE INTERACTION BETWEEN GUT MICROBIO-
TA AND THE CNS

Gut microbiota has been reported to be an important con-
tributor to the development and function of the CNS. It can
modulate various neurological processes, including BBB
formation, myelination, neurogenesis, and microglia matura-
tion [38]. The bidirectional communication between the gut
microbiota and the brain, called the microbiota-gut-brain
axis, has also been discovered in the past few years and in-
cludes top-down modulation (brain-gut axis) and bottom-up
modulation (gut-brain axis) [39, 40].

2.1. Top-down Modulation

Brain activity can modulate gut microbiota by the stress
response of gut via direct neural input and the hypothalamic-
pituitary-adrenal (HPA) axis [41]. The brain can regulate gut
functions, including regional motility, secretion of gastric
acid, mucus, bicarbonate, gut peptides, antimicrobial pep-
tides, epithelial fluid maintenance, intestinal permeability,
and mucosal immune response via parasympathetic and
sympathetic nerve fibers directly or by stimulating the enter-
ic nervous system in the submucosal and myenteric plexus of
the gut indirectly. As a consequence, these changes in gut
physiology can affect the microbial habitat, thereby modulat-
ing microbiota composition and activity [42]. Besides, host
neuroendocrine system can communicate with gut microbio-
ta directly via intraluminal release of host signaling mole-
cules, including but not limited to catecholamines, 5-HT,
dynorphin, and cytokines, secreted from neurons, immune
cells, and enteroendocrine cells [39].

2.2. Bottom-up Modulation

In turn, gut microbiota can influence CNS through at
least three pathways, including neurotransmitter, neuroendo-
crine, and neuroimmune signaling mechanisms [41]. First,
gut microbial metabolites and hormones (including serotonin
(5-HT), cholecystokinin, glucagon-like peptide-1, and pep-
tide YY) released by enteroendocrine cells (EECs) of the gut
epithelial layer can stimulate vagal afferent fibers, thus initi-
ating bottom-up signaling [43]. Furthermore, these afferent
projections can spread throughout the entire brain, involving
the hypothalamic neurons and nucleus tractus solaritarius
with its downstream projections [43, 44]. In addition, the gut
microbiota can also independently generate neuroactive mol-
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ecules (y-aminobutyric acid, 5-HT, norepinephrine, and do-
pamine) or directly stimulate the release of these molecules
[45, 46]. Second, the gut microbiota can produce or contrib-
ute to the production of a variety of metabolites, such as neu-
rotransmitters, short-chain fatty acids (SCFAs), and second-
ary bile acids (2BAs), which could enter systemic circulation
and travel to the brain to modulate the function of neurons,
microglia, astrocytes, and the BBB [47-49]. Third, immuno-
genic endotoxins generated by the gut microbiota, such as
lipopolysaccharide (LPS), can induce neuroinflammation
and autoimmunity by traveling directly to the brain via blood
circulation, or indirectly activate peripheral immune cells,
subsequently migrating to the brain [50-52].

2.3. Dysbiosis of Gut Microbiota in MS

Several autoimmune inflammatory conditions, including
inflammatory bowel disease (IBD) and rheumatoid arthritis,
have been reported to be associated with the enrichment or
depletion of certain gut microbiota [53-55]. MS has been
reported to be associated with several gut disorders. Anorec-
tal dysfunction, including constipation and fecal inconti-
nence, is a common symptom of MS. Approximately, 40%
of MS patients have been reported to have anorectal dysfunc-
tion [56]. In addition, Minuk ez al. reported a familial con-
currence of IBD and MS [57, 58]. Yacyshyn et al. and Ki-
mura et al. also reported the coexistence of IBD and MS [59,
60]. Moreover, the incidence of demyelinating diseases, in-
cluding MS and optic neuritis, has been reported to be higher
in patients with IBD [61]. The reduction in the diversity of
gut bacteria in IBD has been reported, even though it is not
known if it initiates IBD or is a result of IBD [62, 63]. How-
ever, the dysbiosis of gut microbiota might be a bond con-
necting MS and gut disorders. Alterations in the gut micro-
biota might also participate in the pathology of MS.

In the past few years, several studies have explored the
differences in fecal gut microbiota between MS patients and
healthy controls, revealing that gut microbial dysbiosis with
both depletion and enrichment of certain gut microbiota in
MS patients (Table 1). Chen et al. observed increases in
Pseudomonas, Mycoplasma, Haemophilus, Blautia, and
Dorea genera and decreases in Parabacteroides, Adlercreut-
zia, and Prevotella genera in relapsing-remitting MS
(RRMYS) patients [64]. Jangi et al. also reported that Meth-
anobrevibacter and Akkermansia levels were increased,
whereas the levels of Butyricimonas were decreased in
RRMS patients [34]. In addition, these changes were associ-
ated with variations of expression in the genes involved in
dendritic cell maturation, interferon signaling, and NF-xB
signaling pathways in circulating T cells and monocytes
[34]. The authors also demonstrated the influence of MS
drug treatment on gut microbiota. MS patients with beta-
interferon or glatiramer acetate treatment exhibited increased
Prevotella and Sutterella and decreased Sarcina compared to
untreated patients [34]. These results were consistent with
findings from the study conducted by Castillo-Alvarez et al.
[65]. Another investigation also revealed a decreased pres-
ence of Bacteroidaceae and Faecalibacterium, and an in-
creased levels of Ruminococcus, after administration of vit-
amin D in RRMS patients without glatiramer acetate treat-
ment [31]. In a Japanese cohort research study, the high pro-
portion of several gut bacteria belonged to Clostridia clusters
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Table 1. The gut microbiota changed in MS patients and their related functions.
Researches Chal.lges (Tf Gut Associated Functions and Sample Sources Sample Size Geograp.hlccal
Microbiota Pathways Location

Jangi et al.
[34]

Increased :
Methanobrevibacter,
Akkermansia.
Decreased :

Butyricimonas.

Inflammatory cells recruitment,
human dendritic cells activation,

proinflammatory pathways regu-
lation,

barrier function disruption.

Stool samples
from RRMS pa-
tients in remission
(vs. healthy con-
trols).

n =60 in
MS,n=43
in healthy

controls.

Boston, Massachusetts,
USA.

Miyake et al.
[32]

Increased :
Bifidobacterium,
Streptococcus.
Decreased :
Bacteroides,
Faecalibacterium,
Prevotella,

Anaerostipes.

Systemic inflammation.

Stool samples
from RRMS pa-
tients in remission
(vs. healthy con-
trols).

n=20in
MS, n=40
in healthy

controls.

Tokyo, Japan.

Cekanaviciute
et al. [74]

Increased :

Acinetobacter,
Akkermansia.
Decreased :

Parabacteroides

The differentiation of Treg cells
and Thl cells.

Stool samples
from RRMS pa-
tients in remission
(vs. healthy con-
trols).

n=71in
MS,n=71
in healthy

controls

San Francisco, CA,
USA.

New York, NY, USA.
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XIVa and IV and several Bacteroides were significantly re-
duced in patients with MS [32]. Tremlett et al. analyzed the
relationship between gut microbiota diversity changes and
relapse risk in pediatric MS, and their results showed that the
depletion of Fusobacteria was associated with the risk of
pediatric MS relapse [33, 66]. However, all findings dis-
cussed above were from gut microbiota in stool samples of
MS patients in remission. A recent investigation analyzed the
microbiota changes in small intestinal tissues from MS pa-
tients in the active phase [67]. The authors showed the ratio
of Firmicutes to Bacteroidetes and presence of Streptococcus
were increased, whereas the presence of the Prevotella strain
was decreased in patients with active MS compared to
healthy controls and MS patients in remission [67]. Moreo-
ver, the relative presence of Prevotella strains was negatively
correlated with the proportion of Th17 cells in the small in-
testine, which is positively associated with the disease activi-
ty [67]. Although the changes of gut microbiota have been
reported, it is still unclear whether these changes were the
result or the cause of the disease.

The influence of gut microbiota on the development of
MS has also been widely explored in animal models. Mice
maintained in germ-free conditions exhibited attenuated ex-
perimental autoimmune encephalomyelitis (EAE) develop-
ment compared to mice housed in a non-sterile environment.
Moreover, disease activity was significantly reduced in
germ-free mice when EAE was induced [35, 68, 69]. The
reduction of gut microbiota through oral antibiotic treatment
also remarkably inhibits the development of EAE [52]. Ac-
cordingly, reconstitution with wild type Bacteroides fragiles
maintained the EAE induction resistance, whereas that with
Bacteroides fragiles, which is deficient in polysaccharide A
(PSA) production, restored EAE susceptibility [70], suggest-
ing the role of PSA-producing Bacteroides fragiles in the
suppression of EAE initiation. In an HLA-DR3.DQ8 double
transgenic mouse EAE model, Prevotella histicola also ex-
hibited significant inhibition of EAE initiation after PLPg; ;19
induction [71]. Besides, Lavasani et al. reported that mixing
three probiotic  Lactobacillus strains (L.  paracasei DSM
13434, L. plantarum DSM 15312 and DSM 15313) could
suppress disease progression and reverse the clinical and
histological manifestations in the EAE mice [72]. When mi-
crobiota from twins was transferred into transgenic mice that
expressed a myelin autoantigen-specific T-cell receptor, gut
microbiota from twins with MS showed a higher incidence to
induce CNS-specific autoimmunity than microbiota from
healthy twins [73]. It has also been reported that germ-free
mice with microbiota transplants from MS patients displayed
more severe EAE symptoms and reduced proportions of IL-
10+ Tregs compared to mice with microbiota transplants
from healthy controls [74]. These results indicate that the
dysbiosis of gut microbiota in MS patients is an important
contributor to the development of MS.

2.4. Potential Mechanisms of Gut Microbiota Involvment
in MS
2.4.1. Increased Intestinal Permeability

Increased intestinal permeability in MS patients was first
reported by Yacyshyn ez al. in 1996 [59]. A recent investiga-

tion demonstrated that more than 70% of MS patients dis-
played increased intestinal permeability, which is significant-
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ly higher than healthy controls (28%) [75, 76]. In an EAE
mouse model induced by adoptive transfer of autoreactive T-
cells, the increase in intestinal permeability occurred before
the onset of neurological symptoms and was worse when
neurological symptoms were already present [77]. The de-
struction of the intestinal epithelial barrier might be a result
of increased production of toxic metabolites and pro-
inflammatory cytokines, while beneficial substances, such as
SCFAs and other anti-inflammatory factors produced by gut
microbiota are reduced [78]. The increase in intestinal per-
meability might further facilitate gut microbiota activate
immune cells in the periphery (especially gut-associated
lymphoid tissue, GALT) and transport of toxigenic metabo-
lites into blood [78].

2.4.2. Connection between Gut Microbiota and the Auto-
immune Response

The autoimmune response has been proven to be an es-
sential component of the initiation and development of MS.
Oligoclonal immunoglobulin bands (OCBs) due to the in-
trathecal secretion of immunoglobulin (Ig) by CNS antigen-
driven B-cells are detectable in 95% of MS patients in their
initial presentation and could be a prognostic biomarker for
future development of MS [79-81]. Several Igs that are auto-
reactive to various auto-antigens, including myelin compo-
nents (MBP, PLP, and MOG) [82], axoglial proteins (neuro-
fascin and contactin-2) [83, 84], and ion channels (potassium
channel KIR 4.1) [85], have also been found in MS. Com-
pared to auto-antibodies, the auto-reactive T-cells were
thought to play more important roles in the pathogenesis of
MS [17, 86]. They were thought to be activated in the pe-
riphery, subsequently invaded into the CNS, and initiated a
series of responses against the local auto-antigenic tissues
[87]. However, how and where these auto-reactive T-cells
are triggered is still unclear. The gut-associated lymphoid
tissue (GALT) contains a rich diversity of innate and adap-
tive immune cells, which can respond to both specific anti-
gens and microbial signals, and subsequently turn GALT to a
pro- or anti-inflammatory micro-environment [88]. It was
also considered to be an important organ where the autoim-
mune T-cells were generated followed by an interaction be-
tween T-cells and the gut microbiota [87]. However, the gut
microbiota involvement in the generation and activation of
these auto-reactive T-cells in MS or EAE is still unknown.
One important hypothesis is that the autoreactive T-cells
were activated in GALT due to a molecular mimicry re-
sponse to microbial components mimicking the autoantigen,
such as myelin basic protein (MBP), proteolipid protein
(PLP), and myelin oligodendrocyte glycoprotein (MOG).

Molecular mimicry, where a foreign antigen shares a
similar sequence or structure with self-antigens, is one of the
leading mechanisms by which infectious or chemical agents
might initiate or exacerbate autoimmunity [89, 90]. The gut
microbiome contains 100 times more genes than the host and
this encodes various products [91], meaning that their prod-
ucts might share certain similarities with certain antigens in
humans. Gut microbiota has been proven to be associated
with the initiation of several autoimmune diseases through
molecular mimicry mechanisms in the past few years. For
example, integrase expressed by Bacteroides has been re-
ported to encode a low-avidity mimotope of islet-specific
glucose-6-phosphatase-catalytic-subunit-related protein
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(IGRPy6.214) [92], which is an important pancreatic p-cell
autoantigen recognized by islet-associated CD8+ T-cells in
type 1 diabetes (T1D) in nonobese diabetic (NOD) mice [93,
94]. AQP4 p61-80, a naturally processed immunodominant
determinant of intact AQP4, also contained 10 residues (66—
75) with a 90% homology to a sequence (207-106) with-
in Clostridium perfringens adenosine triphosphate-binding
cassette (ABC) transporter permease [95]. Interestingly, neu-
romyelitis optica, which is caused by the AQP4 auto-
antibody, shares many similarities with MS. The cross-
recognition of viral peptides and myelin peptides in MS has
been identified [96-98], indicating molecular mimicry might
be an important mechanism involved in the initiation of MS.
Bacterial peptidoglycan has been found within antigen-
presenting cells in the brain of MS patients and was thought
to be a contributer of T- and B-cell activity during brain in-
flammation [99]. Hughes et al. have also revealed the cross-
reaction of auto-antibodies in MS and peptides in Acineto-
bacter and Pseudomonas [100]. Antisera against MBP (resi-
dues 110-124) could cross-react with 4-carboxymucono-
lactone decarboxylase in Acinetobacter and vy -carboxymu-
conolactone decarboxylase in Pseudomonas. MOG (residues
43-57) antisera can cross-react with 3-oxoadipate-CoA-
transferase subunit A in Acinetobacter [100]. These two gen-
era of bacteria are important compositions of gut microbiota
and have been reported to be increased in MS patients [64].
In a recent investigation, Planas et al. have identified guano-
sine diphosphate (GDP)-L-fucose synthase as an autoanti-
gen, which is recognized by CSF-infiltrating CD4+ T cells
from HLA-DRB3*-positive patients with MS [101]. In addi-
tion, these CSF-infiltrating CD4+ T cells that were reactive
against the human GDP-L-fucose synthase peptide (161 -
175) also recognized two gut microbial GDP-L-fucose syn-
thase peptides from bacterial genera (Akkermansia and
Prevotella), which have been associated with MS'"'. There-
fore, the molecular mimicry might be a potential pathway for
gut microbiota participating in the initiation of autoimmune
response and the development of MS.

2.4.3. The Disruption of the Blood-brain Barrier

In physiological conditions, the BBB acts as a gatekeeper
to control the passage of molecules and cells between the
brain parenchyma and the blood, and restrict the nonspecific
influx of ions, proteins, and other substances into the CNS to
ensure homeostasis in the CNS [102]. The breakdown of the
BBB is associated with a variety of CNS disorders, including
MS [102]. The disruption of the BBB is evident and consid-
ered to be important in the development and progression of
MS [103-105]. BBB disruption is thought to occur in the
early phases of MS [106], which might facilitate the migra-
tion of leukocytes into the CNS, further promoting the de-
velopment of MS [107].

The impact of gut microbiota on BBB development and
maintenance has been revealed by several studies in the re-
cent years [108]. Fetal mice at E16.5 to E18.5 days of em-
bryonic development in germ-free mice displayed an in-
creased BBB permeability compared to fetal mice in patho-
gen-free mothers in the same stages of development [109]. In
addition, the disruption of BBB integrity was also found in
germ-free adult mice, partially accounting for the disor-
ganized tight junctions and low expression of the transmem-
brane tight junction proteins, including human tight junction
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protein 1 (ZO1), occluding, and claudin-5 [109]. However,
the transplantation of fecal microbiota from pathogen-free
adult mice or administration of bacterial strains that produce
SCFAs to germ-free adult mice restored the integrity of the
mouse BBB [109], implying that SCFAs might be an im-
portant molecule involved in the impact of gut microbiota on
BBB integrity. SCFAs, such as butyrate, acetate, and propio-
nate are mainly produced through the fermentation of dietary
fibers by gut microbiota [110]. Bacteria producing high lev-
els of butyrate, such as Clostridium tyrobutyricum, have
been reported to improve BBB integrity in germ-free mice
via the upregulation of tight junction protein expression
[111]. Bacterial cell wall constituents such as LPS from
Gram-negative bacteria and lipoteichoic acid (LTA) from
Gram-positive bacteria might also be involved in the altera-
tion of the tight junction expression and BBB integrity
through interaction with toll-like receptors (TLRs) expressed
on the neurovasculature [112, 113].

In animal models of MS, mice treated with Prevotella
histicola displayed reduced BBB permeability and reduced
inflammatory Thl and Thl17 cells in the CNS compared to
normally developed EAE mice [71]. This study indicated
that Prevotella histicola might protect mice against EAE by
modulating the migration of inflammatory cells to the CNS
via the regulation of BBB intergrity [71]. This study demon-
strated that the dysfunction of gut microbiota might be one
contributor to the disruption of the BBB, which is the basis
of inflammatory immune cells infiltrating into the CNS.

2.4.4. The Formation of Chronic Inflammation

Various immune cell types in both innate and adaptive
systems and cytokines released by them participate in the
formation of chronic inflammation in MS [114]. The infiltra-
tion of activated and CNS-specific immune cells from the
periphery into the perivascular space and CNS is a classic
characteristic of MS [115, 116]. The infiltrated immune cells
might cause oligodendrocyte death, thus inducing demye-
lination and axonal damage [25, 117]. Moreover, these cells
can also release various cytokines to activate vascular endo-
thelial cells and enhance the disruption of the BBB, leading
to the recruitment of additional immune cells into the CNS,
increasing CNS inflammation, and promoting the progres-
sion of MS [24, 25, 118]. Among these immune cells, Th17
cells are considered to be the central effector cells in chronic
MS inflammation [119-122]. They are the main source of
inflammatory cytokines, including IL-17, IL-21, and IL-22
[123].

Gut microbiota plays an important role in maintaining the
balance between pro- and anti-inflammatory immune re-
sponses through mediating the development of Treg cells
and maturation of Th17 cells (Table 2) [69, 124]. The disrup-
tion of gut microbiota might promote the development of
several inflammatory disorders, including MS [125]. Several
gut microbiota genera (such as Akkermansia and Acinetobac-
ter) increased in MS patients could induce the differentiation
of Thl and Th17 cells [74]. However, this result was drawn
from an in vitro study by exposing peripheral blood mono-
nuclear cells (PBMCs) from healthy donors to bacterial ex-
tracts from MS patients. Nevertheless, gut microbiota may
not interact with PBMCs directly in vivo.
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Table 2. The pro-inflammatory and anti-inflammatory characteristics of gut microbiota changed in MS.
- Gut microbiota Functions Sample sources References
Induce the production of inflammatory cyto- . .
. . o . . . PBMC d d from healthy individu-
Pro-inflammatory Bacteroides fragilis kines, including IFN- v, IL-1 B, IL-6, TNF-a , .CI‘IVC rom fiea X ym lv,l U [147]
als stimulated by certain bacteria
IL-17, and IL-2.
. . . Ruminococcus gnavus isolated from
Ruminococcus Metabolize sialic acids and degrade mucin to . .
- navus omote proinflammatory response the fecal microbiota of a healthy hu- [148]
vu .
& P P yresp man adult
Promote the expansion of proinflammatory
. cytokines. Exposing PBMCs from healthy d
- Akkermansia Xpostng S trom hea My Conors | 15, 64 74)
Induce differentiation of IFN-y-producing Th1 | to bacterial extracts from MS patients.
cells.
Suppress the differentiation of Treg cells and .
E PBMCs from healthy d
- Acinetobacter induce differentiation of IFN-y-producing Thl xp Osmg_ 8 from Aeatiy .onors [74]
to bacterial extracts from MS patients.
cells
.. . I thi t; f CD4+CD25+IL-10+ | E ing PBMCs from healthy d
Anti-inflammatory Parabacteroides ncrease the percentage o xpomng s from healthy F)nors [74]
FoxP3+ Treg cells. to bacterial extracts from MS patients.
Induce CD4+Foxp3+ regulatory T cells, tolero-
genic dendritic cells and suppressive macro- Experimental autoimmune encepha-
hage. iti i -
) Prevotella histicola phag lomyel}tls (EAE) in a human leuko. [71]
Inhibit the myelin antigen-specific T cells re- cyte antigen (HLA) class II transgenic
sponse and decreased the level of IL-17 and mouse model.
IFN-y in the periphery and CNS.
Induce CD4+FoxP3+ Treg cells in the GALT . Experimental autoimmune encepha-
lomyelitis (EAE) in a human leuko-
- - Reduce the level of Thl and Th17 cells, and 5 5 [149, 150]
o ) ‘ . cyte antigen (HLA) class II transgenic
activation of microglia and astrocytes in CNS.
mouse model.
Promote the convention of CD4+ T cells into . .
Foxp3+ regulatory T (Treg) cells and inducin, Experimental autoimmune encepha-
- Bacteroides fragilis P g 4 € . € lomyelitis (EAE) model induced by [70]
the production of IL-10 through the modulation PLP
of PSA. '
An i 1 d from h
- Lactobacillus Induce the production of SCFAs. flmocuium prfep ared from uman [151]
eces

In EAE models, antibiotic treatment profoundly en-
hanced the frequency of IL-10-producing Foxp3" Treg cells
but suppressed the Th17 cells response [52], indicating the
modulation of gut microbiota for Th 17 and Treg cells. It has
also been reported that Prevotella histicola can suppress the
pro-inflammatory Thl and Th17 cells and promote the im-
mune suppressive cells, including Treg cells, tolerogenic
dendritic cells, and suppressive macrophages, to inhibit the
development of EAE [71]. Besides, the administration of
Prevotella histicola inhibited the myelin antigen-specific T-
cell response and decreased the level of IL-17 and IFN-y in
the periphery and CNS [71].

Bacteroides fragilis plays controversial roles in the regu-
lation of the immune system. On the one hand, they have
been reported to induce the production of inflammatory cy-
tokines, including IFN-y, IL-1p, IL-6, TNF-q, IL-17, and IL-
2, whereas, on the other hand, they can exert an anti-
inflammatory role by promoting the conversion of CD4" T-
cells into Foxp3" regulatory T-cells (Treg) and inducing the
production of IL-10 through the modulation of PSA in ex-

perimental colitis [126]. The similar modulatory role of Bac-
teroides fragilis on Treg cells has also been identified in the
EAE model [70]. In addition, the administration of PSA
alone has been reported to protect mice against EAE prophy-
lactically and therapeutically [127]. PSA treatment could
enhance the proportion of CD103" DCs, inducing the con-
version of naive CD4 " cells into IL10-producing Treg cells in
EAE mice [127]. However, the protective effect was abro-
gated in IL-10-deficient mice [127], indicating that IL-10 is
indispensable in the protective role of PSA in EAE.

2.5. Therapeutic Potential of Gut Microbiota for MS

Since gut microbiota dysbiosis was involved in various
diseases, it could be a potential target for disease therapy.
Many clinical trials have investigated the effect of fecal mi-
crobiota transplantation (FMT) on several diseases, including
Clostridium difficile infection, inflammatory bowel disease,
irritable bowel syndrome, and hepatic encephalopathy, and
have demonstrated the beneficial role of FMT on these dis-
eases [128]. As yet, however, no randomized clinical trials
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Fig. (1). The mechanism of the gut microbiota involment in the initiation and development of MS. Gut microbiota might active the auto-
reactive T cells in GALT via mimicry or/and other pathway through disrupted intestinal barrier. Besides, they might also induce the produc-
tion of auto-antibodies through the stimulation of APC and the activation of B cells. The decrease of anti-inflammatory metabolites (such as
SCFAs) and the enhancement of pro-inflammatory signals (such as salic acids metabolism) caused by the dysbiosis of gut microbiota could
suppress the differentiation of Treg cells and promote the expansion of Thl and Th17 cells. In addition, several toxic microbiota components
and metabolites (including LPS and LTA) might enter into blood and contribute to the destruction of BBB. Subsequently, Th1l, Th17 and
auto-reactive T cells can infiltrate the CNS through disrupted BBB, resulting in the inflammation in CNS and the injury of myelin and neu-
rons damage. In turn, the inflammation CNS may also recruit more inflammatory immune cells and cytokines, aggravating the CNS injury.
APC, antigen presenting cell; BBB, blood brain barrier; CNS, central nervous system; GALT, gut associated lymphoid tissue; LPS, lipopoly-

saccharide (LPS); LTA, lipoteichoic acid; SCFAs, short-chain fatty acids.

(RCT) assessing the effect of FMT in MS patients have been
performed. Only two case reports that included four MS pa-
tients have suggested the promising therapeutic potential of
FMT on MS [129, 130]. In animal models, FMT with stool
samples acquired from MS patients can elevate the disease
incidence or severity in EAE [73, 74]. Several clinical trials
about the effect of FMT in MS are ongoing and the results of
these clinical trials will hopefully pave the way to the devel-

opment of better and more effective future therapies for MS
[131].

In spite of FMT, antibiotic and probiotic treatment are al-
so widely used to modulate gut microbiota. It has been re-
ported that germ-free mice showed reduced disease inci-
dence in the induction of EAE and decreased disease activity
when EAE was induced [35, 68, 69]. Besides, antibiotic
treatment significantly altered the composition of the gut

microbiota and suppressed the induction of EAE [52]. More-
over, the transplantation of several bacteria strains has also
been demonstrated to inhibit the initiation of EAE or to re-
verse the clinical and histological manifestation of EAE [71,
72], indicating probiotic treatment might be a promising ap-
proach for MS treatment.

CONCLUSION AND PERSPECTIVES

Currently available investigations indicate that gut mi-
crobiota plays an indispensable role in MS. The alteration of
gut microbiota diversity and composition in MS patients in
remission or in the active phase has been identified by a
number of studies. However, the results of these studies are
not completely congruent, which might be a result of the
differences in the disease course and ethnicity. Besides, re-
search on the changes of gut microbiota in pre-MS patients
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that have not exhibited significant clinical manifestations is
rare for the difficulty to define pre-MS patients. The rela-
tionship of the alteration of a certain subgroup of gut micro-
biota and the susceptibility of MS patients is also undiscov-
ered and needs additional prospective clinical studies to ex-
plore this further. The resolution of these problems might
promote advances in the influence of gut microbiota on MS.

In this manuscript, we proposed the potential mechanism
of the gut microbiota participating in the pathology of MS
(Fig. 1). The increase in intestinal barrier permeability
caused by gut microbiota dysbiosis and inflammation might
be the early step of gut microbiota involvement in the pa-
thology of MS. Subsequently, certain gut microbiota prod-
ucts that share a similar sequence with auto-antigens in MS
might be one of the contributors to initiate the autoimmune
response through mimicry. Besides, several components and
metabolites of the gut microbiota might enter into circulation
and impact the integrity of the BBB, which plays an im-
portant role in the development of MS. The most widely
investigated pathway of gut microbiota involvement in MS
pathogenesis is the formation of chronic inflammation. It has
been denmostrated that gut microbiota could regulate in-
flammation through the metabolism of sialic acids, degrada-
tion of mucin (pro-inflammatory pathway); and modulation
of SCFAs, PSA, and estrogens (anti-inflammatory pathway)
[132]. The dysbiosis of gut microbiota might lead to an im-
mune imbalance, resulting in the expansion of pro-
inflammatory Thl and Th17 cells and suppression of anti-
inflammatory Treg cells, finally contributing to the for-
mation of chronic inflammation in MS.

The composition and diversity of gut microbiota were
modulated by genetic [133], gender [134], age [135], and
various environmental factors, including diet [30], obesity
[30], smoking [136], virus [137, 138], season [139] and vit-
amin D [139]. Diet and obesity are the most important fac-
tors influencing the diversity and composition of gut micro-
biota [15, 140, 141]. What is interesting is that diet and BMI
are also related to the susceptibility and disease activity of
MS [142-146]. Besides, several clinical trials have reported
that diet habits change might affect the development of MS
[131]. These results implied that living habits might affect
the initiation and development of MS via some extent of the
shaping of gut microbiota. Thus, it is meaningful to explore
whether the gut microbiota can be a marker in combination
with other factors to predict individuals susceptible to MS
and whether changing certain lifestyles can be beneficial to
prevent the initiation or the relapse of MS through reshaping
gut microbiota in the future. In addition, therapies targeted
on gut microbiota, such as FMT and antibiotic and probiotic
treatments, have been demonstrated to modulate the induc-
tion of the EAE model and severity of disease in EAE. Thus,
whether the clinical use of these strategies affects the devel-
opment, relapse, and treatment of MS also needs to be inves-
tigated further.
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