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Abstract: Autoimmunity is a complex and multifaceted process that contributes to widespread
functional decline that affects multiple organs and tissues. The pandemic of autoimmune diseases,
which are a global health concern, augments in both the prevalence and incidence of autoimmune
diseases, including type 1 diabetes, multiple sclerosis, and rheumatoid arthritis. The development of
autoimmune diseases is phenotypically associated with gut microbiota-modulated features at the
molecular and cellular levels. The etiology and pathogenesis of autoimmune diseases comprise the
alterations of immune systems with the innate and adaptive immune cell infiltration into specific
organs and the augmented production of proinflammatory cytokines stimulated by commensal
microbiota. However, the relative importance and mechanistic interrelationships between the gut
microbial community and the immune system during progression of autoimmune diseases are still not
well understood. In this review, we describe studies on the profiling of gut microbial signatures for the
modulation of immunological homeostasis in multiple inflammatory diseases, elucidate their critical
roles in the etiology and pathogenesis of autoimmune diseases, and discuss the implications of these
findings for these disorders. Targeting intestinal microbiome and its metabolomic associations with
the phenotype of autoimmunity will enable the progress of developing new therapeutic strategies to
counteract microorganism-related immune dysfunction in these autoimmune diseases.

Keywords: intestinal microbiome; metabolomic profiling; autoimmunity; type 1 diabetes; multiple
sclerosis; rheumatoid arthritis

1. Introduction
1.1. The Pathophysiology of T Cell-Modulated Autoimmune Disease

T cell-modulated autoimmune diseases, including type 1 diabetes (T1D), multiple
sclerosis (MS), and rheumatoid arthritis (RA), are chronic inflammatory disorders in specific
organs and contribute to critical clinical problems because of their prevalence in young
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populations and the associated healthcare cost. The prevalence and incidence of these
autoimmune diseases have increased in both developed and developing countries in the
last 30 years [1–3]. These organ-specific diseases result from the disorders of the immune
system induced by self-antigens. In addition, environmental factors have been reported
to regulate and modulate the development of such diseases both in humans and mouse
models. The activation of T cells by self-antigens in specific organs leads to the expression
of inflammatory cytokines and damage of the target tissues [4]. Moreover, differential
modulation of environment and lifestyle is regarded as the principal contributor to the
enhanced prevalence and pathogenesis of these chronic immune-mediated diseases [5,6].

1.2. The Effect of Microbiota on the Development of Autoimmune Diseases

Individuals’ microbiomes can be fingerprinted by the rare microbial strains, whereas
the unique form of microbial fingerprinting from personal microbiome provides the differ-
ent functions to deliver valuable clues about the past exposures to environmental influ-
ences in inflammatory processes [7]. It has been reported that personalized microbiome
dynamics dissected by cytometric fingerprints can provide the rapid progress to identify
microbiome-associated inflammatory diseases and calculate the difference in the commu-
nity composition of microbiome to evaluate the inflammatory level of autoimmune diseases
in both murine models and human, and therefore can serve as the potential diagnostic
tool to quantify the diversity of microbiome [8–10]. Moreover, the molecular dissection for
gut microbial metabolism of ingested compounds will provide personalized medicine and
inform toxicology risk assessment to modulate the drug discovery to affect the regenerative
development [11]. Recent studies have revealed that modulation of bacterial populations
with metabolic properties is critical for the association with inflammatory processes [12].
The short-chain fatty acids (SCFA) generated from the microbiota-accessible carbohydrates
in dietary fiber play crucial roles for maintaining gut barrier homeostasis [13]. Dietary
fiber-mediated short-term intervention is able to modulate the metabolic function and the
bacterial community structure in the intestinal tissues [14]. Moreover, the intervention
with the high-fiber diet or the diet with fermented foods have the potential to promote
the microbial diversity and downregulate the expression markers for immune-modulated
inflammatory progress [15]. These results suggest that the dietary interventions act on both
the microbiome and the immune system and may be a critical strategy for alleviating the
impact of the industrial microbiome on the inflammatory progress of autoimmune diseases.

1.3. The Interaction of Microbiota and the Immune System

The microbiota is critical for the balance of the host immune system, whereas the
composition of microbiota provides multiple modulatory functions to the immune sys-
tem such as synthesizing nutrients and regulating immune responses to antigens [16,17].
Dysbiosis of gut microbiome is highly associated with the damages of specific tissues
and inflammatory progresses in susceptible individuals [18]. During the development of
autoimmune diseases, the changes of microbiome are critical for modulating inflammation
and promoting the loss of immune tolerance [19,20]. Previous studies reported that that T
helper (Th) cells are critical modulators of the inflammation of autoimmune diseases by a
range of pathogens, and the modulation of cytokines can differentiate into multiple lineages
of Th cells with distinct effector subsets, including Th1, Th2, Th17, and regulatory T (Treg)
cells [21,22]. The collective functional capacity and diversity maintenance of the microbiota
plays the important roles in promoting optimal metabolic regulation for the development
of Th1, Th2, Th17, and Treg cells in the immune system. It has been reported that the genus
Clostridium clusters IV and XIVa can provide an environment rich in transforming growth
factor-β to promote the development of Treg cells and modulate the intestinal homeostasis
by preventing inflammation [23]. Moreover, Toll-like receptors 2 (TLR2) and CD39 on T
cells are critical for the recognition of microbial patterns and are required for Treg function
during the inflammatory progress [24,25], revealing that the immune system is able to
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classify between pathogens and the microbiota through recognition of symbiotic bacterial
molecules (Figure 1).

Figure 1. Microbiota modulates the differentiation T helper cells in the pathogenic conditions of autoimmune diseases. The
critical interaction between gut microbiota and immune cells in autoimmune diseases. The outcome of gut microbiota-
mediated inflammation by the different subsets of CD4+ cells in the specific tissue. In T1D, the augmented expression
of bacteria from Akkermansia, Clostridiales, Lachnospiraceae, Prevotellaceae, and Rikenellaceae in the gut can promote the
Th17 cell differentiation, whereas the decrease of Bifidobacterium, Escherichia, Lactobacillus, and Sutterella contribute to the
downregulated expression of Treg cells. In MS, the enhanced expressions of L. reuteri, A. calcoaceticus, A. muciniphila,
Streptococcus modulate the expansion of intestinal Th17 cells, whereas the upregulation of L. murinus, L. helveticus, P. histicola
and Bifidobacteria is able to augment the expression of the anti-inflammatory cytokine IL-10 in Th cells. In RA, bacteria of
Prevotella, Lautia, Clostridium XIVa, and Ruminococcus can promote the differentiation of Th17 or Tfh cells.

Studies on the roles of commensal microorganisms as immune modulators have
shown that the presence of commensal bacteria-derived signals is critical for regulating
the immune system development and the host immune response [26,27]. Recent studies
have revealed that the initial stages of the pathological immune response associated with
autoimmune diseases occur at the sites of mucosal tissues, such as the intestinal or oral
mucosa, and are highly associated with the abundance of specific bacterial species [28,29].
In this paper, we will review the modulatory effects of host microbiota on T cell-mediated
autoimmune diseases, including T1D, MS, and RA (Figure 1).

2. Overview of the Modulatory Effects of Host Microbiota on Autoimmune Diseases
2.1. Type 1 Diabetes
2.1.1. The Introduction of T1D and Gut Microbiota

T1D is a T cell-modulated autoimmune disease caused by the damage of β-cells in
pancreatic islets, and patients with T1D need lifelong exogenous insulin treatment [30]. The
pathogenesis of T1D depends on the cytolytic function of islet antigen-specific CD4+ and
CD8+ T cells [31]. In addition, innate immune cells, such as nature killer cells and dendritic
cells (DCs), are involved in regulating the onset of autoimmunity and the development of
T1D [32,33]. Moreover, recent reports revealed that the pathogenesis of T1D is complex
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and contributes to interactions between the genetic and environmental determinants, such
as the composition of gut microbiota, which is the indispensable element to the rapid
increase of T1D [34]. Furthermore, the immune system closely interacts with the gut
microbial community, which plays important roles in shaping the immunity by educating
the immune cells and enabling their functional maturation [35].

The phenotypes of gut microbiota in humans are influenced by differences in geography
(rural vs. urban) and lifestyle (westernized vs. nonwesternized) [36]. Kemppainen et al.,
demonstrated that gut microbiome in children showed strong physical differences in subjects
at high risk of T1D [37]. The collaboration of a European childhood diabetes registers (EURO-
DIAB) study, which assessed the incidence of newly diagnosed T1D in children aged <15 years,
revealed that Finland had the highest incidence of T1D compared with other countries [38].
The study of the Environmental Determinants of Diabetes in the Young (TEDDY) also reported
that the early gut microbial composition was correlated with human leukocyte antigen (HLA)-
conferred susceptibility to T1D and the bacterial diversity in children was lesser in Finland
than in other locations [37,39]. Tommi et al., analyzed 10,913 metagenomes in fecal samples
from 783 mostly white, non-Hispanic children. They used samples that were collected in the
TEDDY study to clarify the association between microbiome, development of T1D, and the
early-life use of antibiotics. In the control children, the microbiomes contained more genes
that were associated with fermentation and the biosynthesis of SCFAs. Three Bifidobacterium
species (B. bifidum, B. breve, and B. longum) were found to be dominant in the first year of
life, and a subset of B. longum was specifically present in breast-fed infants [40]. It has been
reported that human milk oligosaccharides regulate the microbiota via the modulation of gut
microbial metabolites and direct priming of the response of Treg cells in autoimmune systems.
Moreover, the protective role of SCFAs derived from human milk oligosaccharides against the
development of T1D was observed in both humans and rodent models [40,41]. These findings
suggest that gut microbiota has a potential role in modulating the development of T1D.

The commensal microbiome in humans has markedly changed in the past seven
decades because of modified living conditions with consumption of processed water and
food and overuse of antibiotics in agriculture and medical treatment. The dramatically
changed microbiome and the associated metabolomic profile play critical roles in the
adaption of human gut microbiota [42,43]. In adult gut microbiota, Bacteroidetes (Gram-
negative bacteria) and Firmicutes (Gram-positive bacteria) are the two main phyla, while
Verrucomicrobia, Proteobacteria, and Actinobacteria are normally minor constituents of the
human gut microbiota [44]. Microbiome equilibrium in the gastrointestinal tract appears to
be essential for hindering strong inflammatory responses to maintain homeostasis in the
host [45,46]. Overgrowth of certain microorganisms and loss of others might contribute to
an imbalance of the gut microbial ecosystem, which is called dysbiosis. Moreover, dysbiosis
of microbiota contributes to chronic inflammation and the development of T1D [47] and
inflammatory bowel disease [48]. These findings suggest that gut microbiota has a potential
role in modulating the progress of T1D (Figure 2).

2.1.2. The Modulatory Effect of Gut Microbiota in T1D

The gut microbiota has important effects on both mucosal and systemic immune
systems of the hosts in rodent models, especially the nonobese diabetic (NOD) mice,
which is considered the most common animal model to study the complex mechanisms
of genetic and immunological tolerance in clinical diabetes [31]. The interaction between
intestinal commensal bacteria and innate immunity is regarded as an important epigenetic
factor that contributes to the susceptibility for T1D. Moreover, the detection of pathogen-
associated molecular patterns and regulation of host immune responses are modulated
by toll-like receptors (TLRs) [49,50]. Myeloid differentiation factor 88 (MyD88) is an adap-
tor protein involved in signaling by multiple TLRs and interleukin (IL)-1 receptor. To
clarify the role of TLRs in the development of T1D, NOD mice with genetic deficiency in
MyD88 (NOD.Myd88−/−) were generated and reared under specific pathogen-free (SPF)
or germ-free (GF) conditions [51]. Under the SPF conditions, NOD.Myd88−/− mice were



Microorganisms 2021, 9, 1930 5 of 19

fully protected from T1D. Antibiotic-treated SPF NOD.Myd88−/− mice showed a higher
incidence of T1D than untreated mice. Surprisingly, NOD.Myd88−/− mice developed
diabetes under the GF conditions. Moreover, the GF mice with altered Schaedler flora
were resistant to the development of T1D [52]. Furthermore, the deficiency of MyD88
in NOD mice contributed to altered composition of intestinal microbiota and strongly m
CD8+ T cell-mediated T1D development through gut microbiota in islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP)-reactive CD8+ T cell receptor NY8.3
transgenic NOD mice [51,53]. In addition, a microbial peptide mimic (derived from a mag-
nesium transporter (GenePept accession No. WP_006806773) of Leptotrichia goodfellowii) of
Fusobacteria and the bacteria directly activated IGRP-specific NY8.3 T cells and accelerated
the development of diabetes [54]. Interestingly, a gut microbial mimic expressed by a
species of the genus Bacteroides that encodes a low-avidity mimotope of IGRP206-214 was
demonstrated to regulate the recruitment of diabetogenic CD8+ T cells to the gut and sup-
press the development of colitis through targeting the gut DCs [55]. In addition to MyD88,
toll-IL receptor-domain-containing adapter-inducing interferon-β (TRIF) is a critical adap-
tor protein downstream of TLR signaling, especially TLR3 and TLR4. The deficiency of
TRIF protected NOD mice from autoimmune diabetes only when housed with wild-type
NOD mice. The abundance of Sutterella (Proteobacteria) and Rikenella (Bacteroidetes) was
significantly reduced in the NOD mice with the deficiency of TRIF [56]. Moreover, ad-
ministration of human gut microbiota to germ-free (GF) NOD mice can modulate their
development of autoimmune diabetes, but the pace of function loss of β-cell loss was
not transferable to the rodent model [40]. These findings suggest that the interactions
between innate immunity and gut microbiota were involved in the development of T1D.
Furthermore, colonization of the gut with Gram-positive aerobic rods (Bacillus cereus) [57]
or segmented filamentous bacteria was found to attenuate the development of T1D. Com-
pared with untreated control mice, the induction of Treg cells was slower in the small
intestinal lamina propria (siLP) of these mice [58]. In addition to colonization studies,
antibiotic treatment studies are used to evaluate the role of intestinal microbiota in the
disease progression of T1D.

Figure 2. Gut microbiota-modulated regulation of the damage of pancreatic tissues by adaptive immune cells. The
production of cytokines by distinct T helper cells are indicated in components involved in regulating Th1, Th2, Th17, Tfh,
Treg, and B cells. These pro-inflammatory cytokine-producing Th subsets include T-bet/STAT4-mediated Th1 (interferon
(IFN)-γ), Rorγt-modulated Th17 (IL-17A, GM-CSF), and BCL-6-mediated Tfh (IL-21), whereas these anti-inflammatory
cytokine-secreting Th subsets are Gata3-modulated Th2 (IL-4, IL-13), Foxp3-mediated Treg (IL-10), and Tr1 (IL-10, IFN-γ)
cells. The networks of cytokines in pancreatic tissues affected by gut microbiota regulate the development of adaptive
immune cells.

The use of antibiotics in agriculture and medical treatment has increased over the
past 50 years. Moreover, antibiotic use is involved in the increased incidence of some
diseases, such as obesity, and Clostridium difficile infections [59]. Increasing evidence in-
dicates that environmental factors that alter the composition of gut microbiota strongly
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impact the risk of developing T1D [60–62]. Wild-type neonatal NOD mice treated with
vancomycin (a glycopeptide antibiotic that inhibits cell wall synthesis by targeting Gram-
positive bacteria) from birth until weaning (4 weeks) showed slower onset and lower
incidence of diabetes compared with the untreated group. The populations of CD4+ T
cells in the siLP and proinflammatory cytokines, such as interferon-γ and tumor necrosis
factor-α, were higher in neonatally vancomycin-treated mice. Moreover, the number of
IL-17-producing T cells was higher in neonatally vancomycin-treated mice than in adult
vancomycin-treated mice and untreated mice. Furthermore, the composition of intestinal
microbiota was analyzed in the neonatally vancomycin-treated mice using pyrosequencing.
The major phyla of Firmicutes and Bacteroidetes were found to be depleted in the gut, while
Akkermansia muciniphila became a dominant species in the gut of these mice. A. muciniphila
might play a protective role in the early stage of development of autoimmune diabetes [63].
Bacteria of the genera Escherichia, Lactobacillus, and Sutterella were found to be increased in
the gut of antibiotic-treated mice, while those of Clostridiales, Lachnospiraceae, Prevotellaceae,
and Rikenellaceae were reduced [53,63]. However, different antibiotic treatments target-
ing distinct bacteria contribute to opposite effects in autoimmune disease development.
Offspring of vancomycin-treated pregnant female mice showed accelerated autoimmune
diabetes development, while neomycin-treated offspring showed attenuation of diabetes,
and the composition of the gut microbiota was distinctly different than that in untreated
control mice [64].

Antibiotic use in early life changes the gut microbiome and results in a predisposition
to disease. Pulsed therapeutic antibiotics (PTA) treatment in early life accelerated the inci-
dence of T1D in male NOD mice. Moreover, the microbiota composition and structure was
altered in these mice compared with control mice. Bifidobacterium (including B. adolescentis,
B. animalis, and B. pseudolongum) levels were lower and Akkermansia levels were higher
in PTA-treated male mice. Th17 and Treg populations and intestinal serum amyloid A
(SAA) expression were lower in prediabetic male PTA-treated mice than in control mice.
Microbial lipid metabolism and the expression of cholesterol biosynthetic genes in the
host were affected by PTA [65]. Bacteroides fragilis and B. fragilis-like commensals cause
proinflammatory responses and lead to T1D in at-risk subjects [66].

2.1.3. Targeted Therapies for Gut Microbiota in Autoimmune Diabetes

It has been reported that both environmental factors and genetic risks play important
roles in the development of T1D [67,68]. The intestinal microbiota composition is different
between C57BL/6 and NOD mice because of distinct genetic backgrounds. Lactobacillus
was the dominant bacteria in NOD mice, while Allobaculum was in C57BL/6 mice. Early-life
exposure and housing conditions affect the microbiome composition in NOD mice, while
the genetic background of NOD mice constrains the overall microbiota community compo-
sition. Early-life factors, including breastfeeding and exposure to being preconception (in
utero and postnatally), are related to the increased risk of T1D [69]. NOD.insulin-dependent
diabetes (Idd)3/Idd5 mice, which have both protective alleles with the Idd3 locus (Il2) and
the Idd5 locus (Ctla4, Slc11a1, and Acadl), were protected from T1D and possessed dramatic
alterations of microbiota composition compared with wild-type mice [51,52]. Decreased
inflammation in the ileum and colon and production of antimicrobial peptides (AMPs)
were observed in NOD.Idd3/Idd5 mice, while mucous production by goblet cells and
levels of regulatory cytokine IL-10 were higher in these mice than in control mice [70,71].
Administration of IL-2 therapy reduced inflammation, increased the population of Treg
cells, and changed the microbiota in NOD mice. Bacteria belonging to Bacteroidales and
Oscillospira were significantly reduced and Bifidobacteria were increased following IL-2
therapy. Moreover, participants in the TwinsUK cohort who were at high risk of T1D and
had IL-2 pathway loci showed some similar microbiome alterations as those observed in
the rodent model [72].

Accumulated evidence suggests that microbial-derived metabolites influence the
immune response [73] and might result in the development of T1D. SCFAs are the major
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metabolites of the gut microbiota and are mostly produced in the colon via the bacterial
fermentation of dietary fiber. The function and levels of induced Treg cells in the colon are
stimulated by SCFAs. Treatment of NOD mice with SCFAs reduced immunoglobulin a
response, which is induced by the gut bacteria, and dampened the severity of insulitis [74].
Apart from SCFAs, acetate and butyrate also affect the immune response [75]. Feeding
specialized diets, which included acetate or butyrate, to NOD mice provided a protective
effect against T1D. A diet containing acetate decreased the population of autoreactive T
cells in lymphoid organs, while a diet containing butyrate enhanced the development
of Treg cells [76]. AMPs play a critical role in eliminating infection and regulating the
intestinal microbiota. Serum levels of cathelicidin, which is an AMP, were reduced in
patients with T1D compared with healthy subjects [77]. Cathelicidin-related antimicrobial
peptide (CRAMP), which was produced by insulin-secreting β-cells and the production of
CRAMP, were defective in NOD mice. Treatment of prediabetic NOD mice with CRAMP
decreased the incidence of autoimmune disease and induced regulatory immune cells (DCs
and T cells) in pancreatic islets. In addition, the levels of CRAMP produced by β-cells
were regulated by SCFAs that were produced by the gut microbiota [78]. Another AMP,
mouse β-defensin 14, whose expression is induced by pancreatic innate lymphoid cells,
attenuated the development of T1D in NOD mice. In addition, pancreatic innate lymphoid
cells regulate the IL-22 secretion induced by intestinal microbiota-derived metabolites [79].
These findings suggest that the metabolites of gut microbiota provide a helpful and natural
approach against the several immunological defects that lead to T1D.

Recent research has addressed the role of the gut microbiome in autoimmune dis-
eases [80–82]. Longitudinal studies on humans revealed that the diversity and intestinal
dysbiosis of microbiota, which is regarded as a group of beneficial microorganisms, were
decreased in patients with T1D. Moreover, bacteria of the genus Bacteroides were increased
and B. adolescentis and B. pseudocatenulatum were decreased in children with β-cell autoim-
munity [83]. Oral administration of Lactobacillus johnsonii strain N6.2 in the rodent model
was observed to a Th17 cell bias in the mesenteric lymph nodes and dampened the onset
of T1D [84]. However, the mechanisms by which the alterations of microbiota modulate
tissue-specific autoimmune responses are still not well understood.

2.2. Multiple Sclerosis
2.2.1. The Role of Gut Microbiota in Central Nervous System-Based Autoimmune Diseases

MS is an inflammatory demyelinating disease which involves the immune system
and CNS interaction. Therefore, animal modeling has been critical for addressing MS
pathogenesis [85–87]. The three most characterized animal models of MS are: (1) experi-
mental autoimmune encephalomyelitis, which is the widest research bench of studying MS
through immunization with self-antigens to induce autoimmunity; (2) virus-induced de-
myelinating disease, the demyelination mice induced by viral infections. The best studied
is Theiler’s murine encephalomyelitis virus (TMEV) [88]; (3) toxic models of demyelination
and remyelination [89].

Immune cells, such as DCs and Th cells, are critically involved in attacking the
myelin sheath to cause myelin loss and neuroaxonal degeneration to disrupt neuronal
signaling [90]. DCs present the myelin epitopes to myelin-reactive T cells and stimulate
them to differentiate into Th1 and Th17 cells. These Th cells are reactivated by CNS-
resting tissue macrophages (microglia) to contribute to brain inflammation and myelin
damage through the expression of inflammatory cytokines, including interferon-γ, IL-17,
and granulocyte-macrophage colony-stimulating factor [91–94]. The development of MS
is strongly associated with environmental factors, such as diet-modulated microbiota,
which promote the interaction between DCs and T cells to modulate the risk of disease [95].
Furthermore, GF mice are resistant to the progress of EAE development compared with SPF
mice, and reduced gut commensal microflora by oral antibiotic treatment also regulates the
susceptibility to EAE [96,97]. Moreover, metagenomic and metabolomic analyses indicated
that gut microbiota-derived metabolites modulate the pathogenesis of MS by affecting
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brain function and behavior through regulating the activation of T cells and their cytokine
production [98,99]. These findings indicate that the gut microbiota has crucial roles in
influencing the pathogenesis of EAE and MS.

2.2.2. The Modulatory Effect of Gut Microbiota on the Diet–Microbiota Axis in MS
and EAE

The gut microenvironment is critical for the activation and proliferation of myelin-
reactive Th17 cells at the initiation stage of EAE, and then these cells migrate to the
CNS to cause nerve inflammation during the development of EAE [100]. Moreover, the
Streptococcus and Akkermansia was the expansion of Th17 cells and the Prevotella was
promoted IL-10 producing in the intestinal tissue, and the phenomena was highly correlated
with the severity of disease [101]. Patients with MS have a higher proportion of Streptococcus
and a lower proportion of Prevotella in the small intestine than healthy controls [101].
Recent studies have revealed that, aside from CD4+ T cells, microbiota is also crucial
for the maturation and function of microglia and astrocytes, which are involved in the
pathogenesis of MS [102,103]. These findings suggest that the microbiota-modulated effect
on the adaptive immune response is critical for the pathogenesis of MS.

Certain environmental factors, such as dietary habits, are strongly associated with hu-
man health and known to regulate the risk for MS and EAE. The severity and development
of EAE were augmented in mice fed with a typical Western diet, which contains abundant
salt and saturated fat [104]. Moreover, a decrease in Lactobacillus levels was observed dur-
ing the development of EAE, and this finding may contribute to the impaired composition
of the gut microbiota [105]. Moreover, dietary habits play critical roles in affecting the
composition and function of microbes in the gut [13]. The levels of Lactobacillus murinus
were decreased in the gut of mice with the feeding of the high-salt diet compared with
that of mice with the feeding of the normal salt diet, and the oral supplementation of
L. murinus was able to reduce the population of Th17 cells and ameliorate the progress of
EAE during feeding of the high-salt diet [106]. Furthermore, the level of sodium intake was
positively correlated with the clinical disease activity in patients with MS [107]. Apart from
L. murinus, the administration of Lactobacillus helveticus SBT2171 (LH2171) also attenuated
EAE and reduced the production of IL-6 to impair the differentiation of Th17 cells [108].
However, 16S ribosomal RNA gene sequencing revealed that the levels of L. murinus and
Lactobacillus reuteri exhibit an inverse correlation in the microbiome during the progress of
EAE, implying that L. reuteri may contribute to the pathogenesis of EAE [109]. A recent
study also reported that the activation of myelin-specific T cells is modulated by L. reuteri,
which potentially mimics myelin oligodendrocyte glycoprotein peptides in the small in-
testine [110]. The pathogenicity of myelin-specific T cells is enhanced by operational
taxonomic unit 0002 to augment the development of EAE [110]. These findings suggest that
the different species of Lactobacillus possess distinct and critical roles in the development of
EAE and contribute to the modulatory effect on the microbiota–gut–brain axis.

Dr. Emanuel Vamanu and his colleague had reported that the modulation of microbiota in
the degenerative diseases is critical for the alleviations of neurodegenerative pathologies [111].
The composition of gut microbiota was altered by dietary habits [112]. Obese patients have
increased Firmicutes/Bacteroidetes ratio in the fecal microbiota [113,114]. The obese mice also
showed an increased Firmicutes and decreased Bacteroidetes in feces [115]. Furthermore, HFD-
induced obese mice developed an exacerbated EAE and promote CNS infiltration through
IL-6 and CCL-2 [116]. In the US, the researchers found that adolescents of women with a body
mass index (BMI) ≥30 kg/m2 had a 2-fold increased risk of MS [117]. The study of Sweden
found that obesity at age 20 (BMI ≥ 27 kg/m2) in both men and women was associated with a
greater than 2-fold increased risk of MS [118]. Additional research also found a 2-fold increased
risk of MS as a result of obesity, including data from Norway and Italy [119]. These studies
suggest the link between obesity, gut microbiota, and the pathogenesis of MS.
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2.2.3. Targeted Therapies for Gut Microbiota in MS and EAE

Fatty acids are classified as long-chain fatty acids (LCFAs) and SCFAs. LCFAs are
highly abundant in western diets. SCFAs are metabolized by the gut microbiota. Mice fed
with LCFAs developed more severe EAE via expansion of pathogenic Th17 cells in the
small intestine, whereas those fed with SCFAs exhibited attenuated development of EAE
through the promotion of Treg cell differentiation [120]. Moreover, SCFAs, including acetate,
propionate, and butyrate, are the major products of the microbiota fermentation of dietary
fiber in the intestines and have a critical role in the microbiota–gut–brain axis [121,122].
The oral administration of acetates, such as glatiramer acetate and oleanolic acid acetate,
has been reported to alleviate clinical symptoms of EAE [123,124]. Furthermore, the oral
administration of butyrate in mice suppressed demyelination via the accumulation and
maturation of microglia, leading to enhanced remyelination in demyelinated lesions [125].
The levels of SCFAs, including acetate, propionate, and butyrate, are decreased in patients
with MS compared with healthy controls, and SCFAs can induce IL-10 production by
Treg cells [126]. In addition, dietary restriction of tryptophan, which is an essential amino
acid, abrogated the clinical signs of EAE through inhibition of IL-17A and the granulocyte-
macrophage colony-stimulating factor, but promoted IL-10 secretion leading to impaired
encephalitogenicity of T cells [127]. Thus, diet and dietary supplementation are the major
factors that alter the composition of the gut microbiota.

Fecal microbiota transplantation is a treatment strategy that transfers fecal microbiota
from a donor to a recipient [128]. In mice with EAE that received fecal microbiota enriched
with A. muciniphila and Acinetobacter calcoaceticus from patients with MS showed more severe
disease and decreased production of IL-10 from CD4+ T cells [129]. Prevotella histicola, which is
abundant in human feces after the consumption of a high-fiber diet, results in attenuating the
development of EAE through downregulation of Th17-associated cytokine production and
upregulation of Treg cell expression [130]. Only two cases have been reported regarding the
effect of fecal microbiota transplantation on MS progression. In both cases, amelioration of the
disease was observed [131,132]. Moreover, microRNAs (miRNAs) in the feces are involved
in the pathogenesis of MS and EAE [133]. miRNA sequencing using a next-generation
sequencing platform indicated that the expression of miRNAs is changed in motor neurons
during the development of EAE, and the miRNA expression profile is correlated with the
clinical symptoms of EAE [134]. In addition, levels of the miRNA miR-30d-5p are increased
in the feces of both patients with EAE at the disease peak and patients with MS. The oral
administration of miR-30d-5p ameliorated EAE and promoted Treg cell expression through
the increased abundance of commensal microbiota, such as A. muciniphila, in the gut [135].
Therefore, dietary modification may prevent or attenuate the development of EAE/MS via
maintenance of intestinal homeostasis (Figure 3).

2.2.4. The Introduction of Microbiota and RA

Rheumatoid Arthritis is a systemic autoimmune disease with the chronic synovial
inflammation, hyperplasia, and immune cell infiltration in multiple joints, which eventually
leads to the degradation and damage of the cartilage, bone erosion, and polyarthritis [136].
RA affects nearly 1% of the population worldwide [137], and the comorbidities related to
RA often lead to high morbidity and reduced life expectancy [138]. The etiology of RA is
multifactorial, including genetic and environmental factors as well as immune-mediated
synovial inflammation and cytokine production [139]. The environmental risk factors
known to trigger the development of RA in genetically susceptible individuals include
tobacco smoking [140], diet, and the mucosal commensal microbiota [141,142]. Increasing
evidence has highlighted the importance of the altered gut microbiome in the pathogenesis
of RA [143–145].
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Figure 3. Fecal microbiota regulates the polarity of T helper cells in the brain–gut axis. The enhanced expressions of
L. reuteri, A. calcoaceticus, A. muciniphila, Streptococcus modulate the expansion of intestinal Th1 and Th17 cells to promote the
expression of IFN-γ, IL-17A, and GM-CSF, whereas the upregulation of L. murinus, L. helveticus, P. histicola and Bifidobacteria is
able to augment the expression of the anti-inflammatory cytokine IL-10 from Treg cells to modulate the barrier function. Gut
microbiota-modulated metabolomic profiling regulates the chronic inflammation in the gut and promotes the pathogenic T
helper cell infiltration into the brain.

2.3. Rheumatoid Arthritis
2.3.1. The Role of Intestinal Microbiota in Murine Models of Arthritis

Dysbiosis of the gut microbiota is related to the development of arthritis in several
different mouse models. For example, van den Berg et al., elucidated that spontaneous onset
of arthritis was abrogated in IL-1 receptor antagonist-knockout (IL1rn−/−) mice, which
is an autoimmune T cell-modulated arthritis model, housed under GF conditions [116].
Nevertheless, arthritis development was induced on monocontamination of GF IL1rn−/−

mice with Lactobacillus bifidus [146]. Abdollahi-Roodsaz et al., demonstrated an expansion
of Th17 cells in the LP and increase of IL-17 production by intestinal LP lymphocytes
in the autoimmune arthritis-prone IL1rn−/− mice, and these effects were transferable to
wild-type mice by fecal microbiota transplantation. In addition, the onset and severity of
arthritis could be attenuated in IL1rn−/− mice housed under GF conditions or treated with
selective antibiotics [145].

Notably, naïve SKG mice, which are zeta-chain-associated protein kinase 70 (Zap70)
gene point mutation arthritis-prone mice [144], do not develop arthritis under GF condi-
tions [147]. Nevertheless, the severity of ankle arthritis was higher in SKG mice with the
breeding in the SPF conditions than those housed under GF conditions after treatment with
curdlan, which is a proinflammatory pathogen-associated molecular trigger. Takeda et al.,
showed that dysbiosis via inoculation of fecal samples from patients with RA into GF SKG
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mice could induce the development of severe arthritis through activation of autoreactive T
cells and an increased number of Th17 cells in the murine intestine compared with SKG
mice inoculated with fecal microbiota from healthy controls [143].

In addition, Kuhn et al., demonstrated that depletion of intestinal microbiota could
reduce disease severity in the collagen-induced arthritis mouse model. Moreover, reduced
levels of inflammatory cytokines, such as IL-17A and IL-22, in the murine intestine and of
anti-type II collagen antibodies were observed, which imply that dysbiosis in the murine
gut microbiota can modulate the mucosal immune responses and affect the development
of arthritis in the collagen-induced arthritis mouse model [148]. Nevertheless, further
studies are needed to understand which species of the gut microbiota have greater effects
on the development of experimental inflammatory arthritis in murine models as well as
the direct pathophysiological mechanism underlying these effects. These findings indicate
that the gut microbiota plays an important role in the development of arthritis and even
one particular species of commensal bacteria is sufficient to induce arthritis in different
murine inflammatory arthritis models.

2.3.2. The Role of Intestinal Microbiota in Human RA

Previous studies have demonstrated the robust impact of gut and oral cavity mi-
crobiomes on the pathogenesis of RA [149]. Increasing evidence shows alteration in
the microbiota composition in patients with RA compared with healthy controls or pa-
tients with other diseases. In a systemic review and meta-analysis, decreased levels of
Faecalibacterium in the gut of patients with early RA and RA compared with healthy con-
trols were found in more than three articles. Moreover, decreased levels of Streptococcus
and Haemophilus and increased levels of Prevotella in the oral cavity of patients with early
RA and RA compared with healthy controls were also reported in more than three articles,
which established a significant difference in the abundance of oral or gut microbiome
between patients with RA and healthy controls [150]. In addition, enrichment of Prevotella
species, especially Prevotella copri, in fecal microbiota [29,143,151] and reduced abundance
of Bacteroides species in the intestine were noted in patients with RA [151,152].

Abnormal abundance of bacterial species was found to be associated with the al-
teration of lymphocyte subpopulations and cytokine levels, which might contribute to
the pathogenesis of RA [153]. Compared with healthy controls, patients with RA had a
greater abundance of Proteobacteria and lesser levels of Firmicutes in the gut microbiota.
In patients with RA with lower levels of peripheral subpopulations of T, B, CD4+ T, and
Treg cells, increased abundance of Blautia, Clostridium XlVa, and Ruminococcus in the gut
microbiota was observed. The relative abundances of Clostridium XlVb, Clostridium XVIII,
Pelagibacterium, and Oxalobacter were correlated with serum cytokine levels in patients
with RA. Hence, these findings indicate that the diversity and relative abundance of gut
microbiota species of patients with RA were clearly different from those of healthy controls,
and different gut microbiota species were closely associated with serum cytokine levels in
patients with RA [153].

It has been reported that an augmented number of intestinal Th17 cells and more
severe arthritis in SKG mice receiving microbiota from patients with RA and elevated IL-17
cytokines in regional lymph nodes and the colon after treatment with the arthritis-related
autoantigen 60S ribosomal protein L23a were found in an in vitro study [143]. Abdollahi-
Roodsaz et al., demonstrated that monocontamination of GF mice with L. bifidus could
induce the development of arthritis, and reached the severity scores comparable to those in
non-GF mice [146]. In addition, acute stimulation of TLRs, which are primarily contained
in the innate immune response to microbial pathogens [50], by a TLR2 agonist, Pam3Cys,
could aggravate the severity in IL1rn−/− arthritis mice [146]. Moreover, a cross-sectional
study conducted in the United Kingdom and Switzerland using genotyping and microbiota
data from human blood and stool samples of previous cohort studies demonstrated that
Prevotella spp. in the gut microbiota are indeed positively correlated with the genotype
of RA in the absence of disease onset. This finding suggested that the host genotype is
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associated with microbiota profile before the development of disease [154]. However,
the detailed microbiota-mediated molecular mechanisms involved in the pathological
exacerbation of RA in humans need further investigation.

2.3.3. Dietary Modification and Gut Microbiome as a Potential Therapeutic Target for RA

Different dietary patterns could influence the composition and function of the gut
microbiome [155]. In a nested case-control study, the individuals at risk of RA had lower
concentrations of omega-3 fatty acids in red blood cell membranes, which indicated a
potential beneficial effect of omega-3 fatty acids on RA-related autoimmunity [156]. In
addition, another meta-analysis aiming to explore the association between fish consump-
tion and the subsequent development of RA found a protective effect of fish intake per
week [157]. SCFAs produced by the gut flora from ingested plant fibers are known to have
various beneficial effects, including improving the function of the gut barrier [158,159] and
regulating IgA secretion [160]. Another prospective cohort study conducted by Zaiss et al.,
showed reduced serum levels of zonulin, which is a biological marker of the intestinal
barrier function [161], at the end of the follow-up and an increase in the number of circu-
lating Treg cells, favorable Th1/Th17 ratios, as well as decreased levels of bone erosion
markers after 28 days of dietary intervention using fiber supplementation in patients with
RA [162]. However, the detailed mechanistic interactions between specific diet components,
especially the beneficial effects of SCFAs, and the resulting altered gut microbiome need
further investigation. In addition, the pathological autoimmune response triggered in
patients with RA initiates at the mucosal sites, such as the intestinal mucosa, instead of ini-
tiating in the synovium of the joints [28] and is associated with several particular bacterial
species [29]. Thus, modulation of the intestinal microbiome through dietary modification
may be a therapeutic target for patients with RA and needs to be investigated (Figure 4).

Figure 4. The critical roles of gut microbiota-modulated features in joint-associated colonic inflammation. Microbiota-
mediated short-chain fatty acids (SCFA) modulate the risk of RA development and their potential effects on the innate
immune cells (Dendritic cell, Macrophage and Neutrophil) or adaptive immune cells (Th1, Th17, Treg, and B cells). The
outcome of gut microbiota dysregulation for the chronic inflammation in the joint tissue reflects the balance between pro-
and anti-inflammatory mediators, and bacterial component translocation regulates the inflammatory response by enhancing
Th1 and Th17 cell differentiation.

3. Conclusions

This review describes the recent studies that have demonstrated that the develop-
ment of autoimmune diseases is phenotypically associated with gut microbiota-modulated
features at the molecular and cellular levels. The modulatory interactions between the
gut microbial community and the immune system are critical for the progression of au-
toimmune disease, and the future aims, which are to clarify the modulatory effects of
these modifications in autoimmune disease may focus on the profiles of gut microbial
signatures for the modulation of immunological homeostasis in multiple inflammatory
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diseases. Taken together, studies on gut microbial community and its associated immune
disorders have revealed critical aspects of controlling machinery and may offer new in-
sights into the modulation of immune systems as well as the development of therapeutic
treatment targeting the intestinal microbiome and its metabolomic profile rather than
using broad immunosuppressive agents. Moreover, targeting intestinal microbiome and
its metabolomic associations with the phenotype of autoimmunity will provide a logical
motivation for developing new therapeutic strategies to counteract microorganism-related
immune dysfunction in these autoimmune diseases.
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