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ABSTRACT

Observations in patients with autoimmune diseases and studies in animal models of autoimmunity have revealed
that external environmental factors including exposure to microbes and the state of the host gut microbiota can
influence susceptibility to autoimmunity and subsequent disease development. Mechanisms underlying these
outcomes continue to be elucidated. These include deviation of the cytokine response and imbalance between
pathogenic versus regulatory T cell subsets. Furthermore, specific commensal organisms are associated with
enhanced severity of arthritis in susceptible individuals, while exposure to certain microbes or helminths can
afford protection against this disease. In addition, the role of metabolites (e.g., short-chain fatty acids, trypto-
phan catabolites), produced either by the microbes themselves or from their action on dietary products, in
modulation of arthritis is increasingly being realized. In this context, re-setting of the microbial dysbiosis in RA
using prebiotics, probiotics, or fecal microbial transplant is emerging as a promising approach for the prevention
and treatment of arthritis. It is hoped that advances in defining the interplay between gut microbiota, dietary
products, and bioactive metabolites would help in the development of therapeutic regimen customized for the
needs of individual patients in the near future.

Th17/Treg balance
Tryptophan

1. Introduction

Rheumatoid arthritis (RA) is one of the most common chronic au-
toimmune diseases, with an estimated global prevalence varying from
0.24 to 1 per cent in different countries [1,2]. Although, the highest
reported prevalence of RA is in western, post-industrial nations, the
burden of this disease is rapidly increasing in developing nations [3-5].
The exact etiology of this disease remains unknown, but genetics, sex,
age, smoking, and infection are among the factors that influence RA
susceptibility [6-8]. Synovitis (inflammation of the synovial lining of
the joints) is often preceded years earlier by the appearance of serum
biomarkers such as anti-cyclic citrullinated peptide antibodies (ACPA)
and rheumatoid factor (RF) [7]. Genome-wide association studies have

identified certain HLA-DRBI alleles and the shared epitope (SE), as well
as PTPRC (protein tyrosine phosphatase, receptor type C) and PTPN22
(protein tyrosine phosphatase, non-receptor type 22) as genetic risk
factors for RA [9-11]. Besides genetics, other factors are involved in the
onset and progression of RA [9,12,13]. The monozygotic twin con-
cordance for RA varies from 15 to 30% in studies from different
countries, which is lower compared to 35%-45% for certain other au-
toimmune disorders [14-16]. The concordance rate of RA in mono-
zygotic twins is about 4 times higher than that for dizygotic twins [16].
The sibling recurrence risk rate reported for RA is generally low, about
8% when accounting for the total population prevalence, compared to
that for other common autoimmune diseases [17]. These statistics point
towards the importance of environmental factors in RA pathogenesis
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Fig. 1. The ‘Hygiene hypothesis’ proposes an imbalance in the host immune
response (e.g., Thl versus Th2; Th17/Treg) to various environmental agents
and pathogens such that the host is rendered more prone to allergies and au-
toimmunity, while retaining the ability to fight effectively against certain in-
fectious pathogens.

[18,19].

Industrialization continues to alter our environment in ways that
have had unexpected deleterious implications on human health. The
World Health Organization (WHO) has emphasized upon the likely
contribution of these changes to the increasing prevalence of many
chronic non-communicable diseases (NCDs), including RA [168,22].
Indeed, pollutants, pathogens, dietary factors, and the complexity of an
individual’s microbiome have been linked to increased risk of certain
chronic NCDs (Fig. 1) [8,20-24]. The idea of an environmental impact
on RA susceptibility and severity was proposed several decades ago
[25]. However until recently, direct mechanisms linking the environ-
ment to the risk of RA development remained largely speculative and
correlative, as it was not known why certain environmental factors
would break immune tolerance and trigger or worsen the disease. There
are now examples of toxins such as 2,3,7,8-tetrachlorodibenzodioxin
(TCDD) found in air pollutants and cigarette smoke, which exacerbate
the RA-associated inflammatory process in the synovial tissue of the
joints [26]. Also, correlations between microbiome composition and
dietary habits of RA patients are being elucidated [27]. The fact that
numerous experimentally-induced animal models of RA are based on
injection of a microbial product (e.g., complete Freund’s adjuvant)
[28,29]. and that relative “cleanliness” of the animal housing facility
can modify disease severity [30], the impact of environmental “hy-
giene” and the microbiome on disease development is increasingly
being appreciated [31,32]. In this review, we first introduce the “Hy-
giene hypothesis” of autoimmune pathogenesis, and then present a
summary of the early work connecting autoimmune disorders to mi-
crobial factors, followed by more recent studies in the last decade or so
on the influence of the microbiome on RA pathogenesis.

60

Cellular Immunology 339 (2019) 59-67
2. ‘Hygiene hypothesis’

2.1. Origin of the ‘Hygiene hypothesis’ and expansion of its scope to include
autoimmune diseases

The ‘Hygiene hypothesis’ was initially proposed to explain the epi-
demiological finding that there was an increase in the incidence of
atopy in industrialized nations, when compared with developing
countries [31,33,34]. Atopy, a term derived from Greek word atopos
meaning “out of the way,” is used medically to define a genetic pre-
disposition to develop type I hypersensitivity (allergic illnesses such as
asthma, rhinitis, and dermatitis) mediated by immunoglobulin E (IgE)
and other related mediators [35]. The hypothesis was developed by
Strachan after he observed that children without siblings were more
likely to develop hay fever [36], and that there was an inverse corre-
lation between household size and the incidence of hay fever [37]. It
was suggested that the increased exposure to microbes during early
childhood, as a result of having other siblings, protected these children
from immune hypersensitivities. Since then, the scope of the Hygiene
hypothesis has been expanded to include helminthic parasites and
commensal organisms (microbiota), as well as autoimmune diseases
such as type 1 diabetes (T1D) and multiple sclerosis (MS) [31,38,39].
There is compelling evidence that exposure to certain microbes and
helminths could be beneficial in ameliorating immune-mediated dis-
eases such as allergies and autoimmune diseases (Table 1, Figs. 1 and 2)
[40]. Relatively recent epidemiological studies seem to support the
Hygiene hypothesis. For example, children in Central Europe growing
up on farms [41] and those exposed to pets, farm animals, and residing
in rural areas of Eastern Europe [42] showed reduced risk of developing
asthma. Additionally, a study in the US showed that both food allergy
and asthma were reduced in children raised with a greater number of
siblings; however, the incidence of skin infection and respiratory syn-
cytial virus infection was increased [43], suggesting that exposure to
certain microbes can exacerbate, while that to others can reduce im-
mune-related disorders. Protection from inflammatory bowel disease
(IBD) was also shown to be a result of spending early childhood on a
farm [44]. Interestingly, an epidemiological study conducted in South
Africa suggested that childhood exposure to helminthic infection is
associated with reduced incidence of IBD [45]. In order to further ex-
amine the relationship between environmental biodiversity, human
commensal microbiota and allergic diseases, a study was conducted to
examine skin biodiversity between healthy and atopic patients [46].
From that study, it was concluded that healthy patients had higher
environmental biodiversity in their surroundings as well as higher ge-
netic diversity of gammaproteobacteria (one of the classes of bacteria of
the phylum Proteobacteria, which contains gram negative bacteria) on
their skin. Furthermore, IL-10 expression in peripheral blood mono-
nuclear cells (PBMC) was positively correlated with a specific gam-
maproteobacterial genus, Acinetobacter, in healthy individuals com-
pared to atopic individuals. Recently, it has been shown that infection
of a RA patient with Aggregatibacter actinomycetemcomitans triggered
disease symptoms as well as ACPA production, both of which were
significantly reduced upon effective antibiotic therapy [47]. The asso-
ciation of this bacteria with ACPA production is attributed to its toxin,
named leukotoxin A, which facilitates global hypercitrullination in
neutrophils.This study provided a direct evidence for infection-induced
autoimmunity in RA.

2.2. Support for the ‘Hygiene hypothesis’ from studies in various
experimental models of autoimmunity

Our laboratory’s foray into studying the potential role of “hygiene”
in modulating the susceptibility to adjuvant arthritis (AA) in rats was
initiated by a finding that Fischer 344 (F344) rats manifested differ-
ential clinical profiles of AA induction and severity depending on
whether they were bred and maintained in a specific pathogen free
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Table 1
The impact of exposure to microbes or helminths on disease susceptibility and severity in animal models of autoimmunity.
Response Diseases Mechanisms Reference
Immune response to Hsps  RA Spontaneous T cell response to BCTD of Bhsp65 can protect against AA in CV F344 rats [30]
MS, T1D, and IBD Oral treatment with Bhsp65-expressing L. lactis promotes Treg induction [121-123]
Immune tolerance Allergy and IBD GF environment increases iNKT cells which exacerbate oxazolone-induced colitis and OVA-induced allergic ~ [51]
asthma
T1D TLR and MyD88 adaptor function is necessary for commensal bacteria-mediated resistance to T1D in NOD [54]
mice
Allergy, IBD, T1D, RA, Healthy probiotic species has been used to protect against OVA-induced asthma, spontaneous/DSS-induced [126-132]
and MS colitis, spontaneous T1D, CIA, and MOG-induced EAE. Typically, the mechanisms of immunoregulation
involve decreasing proinflammatory cytokines such as TNF-a and IFN-y, but increasing IL-10 and TGF-f
IBD and MS PSA from Bacteroides fragilis can protect against infectious colitis by increasing IL-10-producing CD4+ T cells,  [165,166]
and against EAE by inducing IL-10-secreting FoxP3+ Tregs
Allergy, IBD, and Bifidobacterium and Bacteroides produce acetate and propionate that bind to Gpr43 expressed on granulocytes,  [138]
arthritis and can suppress colitis, K/BxN arthritis, and OVA-induced asthma
Allergy Endotoxin tolerance from exposure to farm dust can protect against dust mite-induced asthma by reducing IL-  [167]
5 and IL-13, and it requires A20 (DUB enzyme) to be expressed in lung epithelial cells
Allergy, T1D, RA, and Nematodes, trematodes, and a protozoan parasite have been used to treat OVA- and house dust mite-induced  [20,63-79]

MS

asthma, anaphylaxis, CIA, spontaneous arthritis in MRL/Ipr mice, T1D, and EAE. While most typical
mechanisms involve increasing FoxP3 ™ Tregs and elevating TGF- levels, some parasites can increase IL-10-
producing T or B cells. Components of parasites such as egg antigen or excretory-secretory products can elicit
Tregs, increase IL-5 and IL-33, or induce Th2 skewing

(SPF) versus a conventional (CV) facility [30]. Specifically, CV F344
rats were relatively resistant to AA, whereas SPF F344 rats were sus-
ceptible to AA with over 70% incidence rate and disease scores of in-
termediate severity. Our findings corroborated those of earlier studies
that had identified a similar trend between the disease incidence and
the type of housing facility in which animals were raised [48,49]. We
suggested that this difference was due to the higher exposure of rats to
microbes in the CV facility relative to a SPF or a germ-free (GF) facility.
In order to examine this proposition, we performed two different sets of
experiments. First, we transferred the SPF F344 rats into the CV en-
vironment for at least 3-4 weeks and observed whether this was suffi-
cient to confer significant resistance to AA. Interestingly, such a transfer
rendered the SPF F344 rats resistant to AA. Next, we transferred SPF
F344 rats into the CV facility, but also regularly fed them with neo-
mycin in water or acidified water for 4 weeks. We observed that F344
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rats that received regular water were resistant to AA, while F344 rats
that were fed either neomycin or acidified water remained susceptible
to AA at levels similar to that of SPF F344 rats. These results supported
the idea that a higher microbial burden in CV F344 rats compared to
SPF F344 rats suppressed the development and severity of AA.
Similarly, in the collagen-induced arthritis (CIA) model, Dark
Agouti rats in a GF facility develop more severe disease than those in a
CV facility [50]. Furthermore, commensal organisms or external mi-
crobes have been shown to be protective in animal models of IBD
[51,52], and T1D [53,54] as well as in a rat experimental autoimmune
encephalomyelitis (EAE) model of human multiple sclerosis [55]. In-
terestingly, a study in GF rats concluded that colonizing rats with gram-
negative bacteria before inducing AA resulted in milder disease devel-
opment, whereas colonizing them with gram-positive bacteria resulted
in relatively severe disease [56]. This observation was possibly a result
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Fig. 2. The impact of dietary and other exogenous compounds on the maintenance of health, regulation of the host immune system through specific metabolites, and
homeostasis of the host microbiome. Perturbation of microbial composition and the metabolites generated either by them and/or from their dietary substrates may

result in chronic inflammation locally and at peripheral sites (e.g., the joints).
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of effector responses induced by gram-specific cell wall components.
However, the fact that most probiotics are gram-positive lactic acid
bacteria (LAB), including Lactobacillus and Bifidobacterium, suggests
that this association cannot be attributed to gram-specific cell wall
components alone. Based on above observations, there are suggestions
that deliberate exposure to microbes or specific adjuvants can be used
to induce protection against some autoimmune diseases, for example
T1D [53]. However, unlike above examples, a reverse pattern of disease
modulation, namely induction or aggravation of autoimmunity by ex-
posure to microbes, including housing in a CV environment compared
to GF conditions, has also been observed in animal models of anky-
losing spondylitis (HLA-B27 transgenic rats) [57], iodine-induced
thyroiditis in NOD-H2™ mice [58], experimental autoimmune thyr-
oiditis in rats [59], EAE in mice transgenic for T cell receptor specific
for myelin-basic protein [60], and Pristane-induced arthritis in mice
[61]. Mechanisms involved in triggering autoimmunity include, but are
not limited to, breakdown of immune tolerance, molecular mimicry,
and production of pro-inflammatory cytokines [30,62].

2.3. The role of helminthic and other parasites in the modulation of
autoimmunity

Parasites induce a strong T helper 2 (Th2) cell response and eosi-
nophilia, and they have been shown to enhance immunoregulation in
not just Thl1-mediated autoimmune diseases, but also in Th2-mediated
allergies [63]. Parasites that ameliorate disease in animal models of
autoimmunity and allergy include nematodes such as Heligmosomoides
polygyrus, Nippostrongylus brasiliensis, and Litomosoides sigmodontis; tre-
matodes such as Schistosoma mansoni, Schistosoma japonicum, and Fas-
ciola hepatica; and protozoan Trypanosoma brucei. Several helminthic
and other parasites have been tested for their therapeutic effects in
various diseases using animal models, including ovalbumin-induced
(OVA)/house dust mite-induced asthma [63,64], anaphylaxis [65], CIA
[20,66,67], spontaneous arthritis in MRL/lpr mice [68], T1D [69-72],
and EAE [73] (Table 1). While the most typical mechanism of protec-
tion by these parasites involves increasing FoxP3™ Treg and elevating
TGF-f levels, some parasites can increase IL-10-producing T or B cells
[63]. Interestingly, IL-5 has also been shown to induce Foxp3+ Treg
[73], which further reinforces the connection between parasites and
induction of Treg. Instead of whole parasites, certain components of
parasites such as egg antigen [74,75] or excretory-secretory products
[76-79] have been used as therapeutic agents. These components elicit
similar immunoregulatory mechanisms as mentioned above, but also
involve increasing IL-5 and IL-33 to promote eosinophilia [77] and Th2
skewing [78]. However, not all parasites assist in down-modulating
allergy or autoimmunity. For example, the rat tapeworm Hymenolepis
diminuta was shown to aggravate arthritis in K/BxN model by in-
creasing complement component C5a and mast cell activation [80].

3. Role of the gut microbiome and the gut-associated immune
responses in RA pathogenesis

After the generation of gnotobiotic and GF animals in the middle of
the 20th century, it became apparent that the bacteria in and around us
influence the development of our immune system in ways not pre-
viously anticipated [81]. Later, Joshua Lederberg emphasized that our
understanding of the microbiome’s role in many facets of health and
disease had been all but ignored [82]. In the following years, numerous
studies examined the correlations between the microbiome composition
and autoimmunity, as highlighted by studies in MS and RA [83-85].
However, many of the earlier studies were limited to correlations alone,
without much elaboration of the underlying mechanisms. Nevertheless,
it has become clear that the dysbiosis observed in RA and some other
autoimmune diseases needs to be re-set (Fig. 2), and this can be
achieved via multiple approaches such as prebiotic diets, probiotics,
antimicrobial interventions, and fecal microbiota transplants [85-87].
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3.1. Mechanisms to explain the association of gut microbiota with RA and
other autoimmune diseases

Certain microbial species are present more often or in higher
amounts in the microbiome of RA patients relative to healthy in-
dividuals. These include Porphyromonas gingivalis and Prevotella copri
[88-90]. The species P. gingivalis of the phylum Bacteroidetes is the
only bacteria of the human microbiome known to produce citrullinated
proteins, a result of harboring the enzyme peptidyl arginine deiminase
(PAD), which can convert an arginine residue in a protein into citrulline
(post-translational modification)[91]. Strains of P. gingivalis are shown
to exacerbate the severity of CIA [92]; however, not all strains in-
creased arthritis severity when given prior to onset of the disease.
Another species of the Bacteroidetes phylum, P. copri, has also been
linked to human RA. When fecal samples from RA patients harboring
dysregulated P. copri numbers were administered to SGK mice (=zeta-
chain (TCR) associated protein kinase; mutation 1, Shimon Sakaguchi
mice), their Th17 numbers increased along with arthritis severity [93].
Members of the genus Prevotella may influence bone loss by regulating
the levels of short-chain fatty acids (SCFAs) that mediate osteoclasto-
genesis in the host [94]. Another member of the genus Prevotella, Pre-
votella histicola, has been shown to inhibit the development of CIA in
humanized, HLA-DQ8-bearing mice. This effect was mediated primarily
through modulation of the Th17/Treg balance via CD103 + dendritic
cells (DCs) and myeloid suppressors, but without affecting innate
pathways involving Toll-like receptors (TLRs) [95].

Furthermore, the T cells exhibit plasticity and under certain con-
ditions can convert from disease-regulating Treg into Th17. Such Th17
cells were found to be pathogenic, at least in CIA [96]. Certain gut
microbiota also stimulate IL-1p production and assist in the develop-
ment of Th17 cells [97]. Therefore, it is not surprising that in some
autoimmune models, the gut microbiota seem to play a critical role in
their pathogenesis (Fig. 2). For example, Dan Littman and colleagues
showed that the presence of segmented-filamentous bacteria (SFB) in
mice increased the expression of inflammatory genes and drove the
differentiation of Th17 cells relative to non-colonized mice [98]. These
findings have been corroborated, and SFB has been shown to exacerbate
disease in the K/BxN model (of arthritis) and EAE [99,100]. It has been
suggested that SFB drives Th17 differentiation through flagellin-medi-
ated TLR5 activation of dendritic cells (DCs) in the gut [101]. However,
the relevance of this finding to human RA is not yet fully clear because
humans appear to be colonized with SFB only during early childhood
[102]. In addition, this phenomenon may not apply to every Th17/
Treg-mediated autoimmune disease as SFB has been shown to protect
against T1D in NOD mice despite enhanced Th17 cells present in the gut
[103]. Interestingly, the TLR5-binding site may be conserved in other
commensals of the human gut such as Clostridium sporogenes [104], but
it is not yet clear if there is a direct correlation between this particular
species of the gram-positive genus Clostridium and RA. However, an
abundance of Clostridiaceae has been reported in both RA and IBD-as-
sociated arthropathy [105].

The host regulates the microbiome, and vice versa. From the host
side, this dynamic relationship is partially mediated via pattern re-
cognition receptors (PRRs) such as the TLRs in a MyD88 (myeloid dif-
ferentiation primary response 88)-dependent manner, as shown in
commensal bacteria-mediated resistance to T1D in NOD mice [54]. It is
likely that this immune pathway and others might regulate the immune
events prior to the onset of RA as well as during the disease course, in
part as a result of immune cells that undergo differentiation and acti-
vation in the gut [106]. However, the precise mechanisms by which the
microbiome regulates this process has not yet been fully defined. Re-
cently, it was shown that the gut microbiota of K/BxN mice, a model of
spontaneous autoimmune arthritis, influences disease by regulating the
migration and activity of T follicular helper (Tfh) cells in the Peyer’s
patches [107]. This arthritis model is often used to study antibody-
mediated mechanisms of autoimmune arthritis. A contrasting but
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significant role of gut commensals in autoimmunity is highlighted by
the activation of autoreactive T cells by a crossreactive antigen derived
from gut microbiota, leading to the development of autoimmune uveitis
[108,109]. This study also revealed that potentially autoreactive T cells
can be primed in the gut, but mediate their effector function at a per-
ipheral site (the eye), as discussed below in reference to the patho-
genesis of autoimmune arthritis as well.

Interestingly, studies have shown that targeting the alpha4beta7
(a4P7) gut-homing integrin can ameliorate arthritis in certain auto-
immune arthritis models [110,111]. For example, the efficacy of AM80
(a synthetic retinoid that is an agonist for retinoic acid receptor -
a (RARa)) in ameliorating CIA was attributed to retaining of the T cells
in the gut and preventing systemic trafficking of Tfh and Th17 cells, in
part by regulating a4p7 expression [110]. Also, the targeting of a4p7
with inhibitors was shown to protect against CIA [111]. Other studies
have revealed that certain natural compounds mediate their effect
against arthritis in part by regulating the balance of Th17 vs Treg cells
in the gut-associated lymphoid tissue (GALT) [112,113]. Interestingly,
the relative percentage of a4B7 " T cells, particularly the Treg fraction
in this population, in the synovial tissue of RA patients has been found
to be significantly higher than that in their peripheral blood or synovial
fluid [114]. This was attributed to C-C chemokine receptor type 2
(CCR2)-mediated recruitment of a4B7* T cells to the inflamed tissue.
However, the integrin a47 is recognized by mucosal vascular ad-
dressin cell adhesion molecule-1 (MADCAM-1), and MADCAM-1 in at
least one study was reported to be expressed in the bone marrow tissue
adjacent to subchondral bone of the joint [115]. Therefore, additional
factors might be involved in the preferential migration of these cells
into the joints.

Recently a study in RA showed that individuals possessing the
PTPN22 risk allele have higher incidence of harboring DNA from
Mycobacterium paratuberculosis (MAP) [116,117]. This again brings up
the potential association of mycobacterial infection or of mounting of a
T cell response to heat-shock protein (Hsp) of microbial origin, with
developing autoimmunity. However, immune response to Hsps may
also have a protective effect against arthritis. As discussed above, we
showed that response to Hsp65 may partially explain the disparate
susceptibility trends of SPF F344 vs CV F344 to AA [30]. In that study,
we examined the T cell responses to the T cell determinant region 177-
191 (B177) of 65kDa mycobacterial heat shock protein (Bhsp65),
which represents the pathogenic epitope of that antigen. Also tested
was the T cell response to Bhsp65 C-terminal determinants (BCTD),
which we have previously shown to be associated with recovery from
AA [29]. Splenocytes isolated from CV F344 rats raised weak, but sig-
nificant proliferative responses to BCTD when compared with SPF F344
splenocytes, without any differences in the response to B177 or control
antigen (hen egg lysozyme (HEL)) (Table 1). In addition, the adoptive
transfer into SPF F344 rats of BCTD-restimulated splenocytes of CV
F344 prior to AA induction conferred resistance in recipient rats. In-
terestingly, antibody responses to hsp65 appeared to also depend on the
presence of commensal gut flora [118]. In this regard, hsp60 from
microflora identified in the appendix and large intestine can stimulate
the differentiation of naive T cells into Foxp3* Treg cells [119]. Indeed,
certain gut microbes may drive proliferation of both conventional T
cells and Foxp3™ T cells since long-term antibiotic treatment prevents
their activation [120]. Immune response to Hsps has been exploited for
therapeutic purposes. For example, genetically-engineered Lactococcus
lactis that expresses Bhsp65 and assists in the expansion of Treg has
been used to decrease disease severity in experimental models of MS
[121], T1D [122], and IBD [123].

4. Probiotics for health maintenance and regulation of
autoimmunity

Understanding the complex relationship between the host and the
microbiome may also enable disease modulation in RA using probiotic
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species [124,125]. Some of the microorganisms that have been used to
treat diseases in animal models of allergy and autoimmunity are typi-
cally “healthy” commensal species such as Lactobacillus, Bifidobacteria,
Bacteroides, and Escherichia coli Nissle 1917 (Fig. 2). These bacteria have
been shown to induce protection against OVA-induced asthma [126],
spontaneous/DSS-induced colitis [127,128], T1D [129,130], CIA [131],
and EAE [132]. Typically, the mechanisms of immunoregulation in-
volve a decrease in pro-inflammatory cytokines such as TNF-a and IFN-
y, but an increase in immunosuppressive cytokines such as IL-10 and
TGF-f. There is some controversy over probiotic benefit in humans due
in part to the lack of long-term survival of the probiotic in the gut after
being consumed. The harsh environment of the stomach combined with
poor dietary habits may make an individual’s gut unsuitable for many
probiotic species, but currently efforts are being made to address pro-
biotic viability issues [124]. It has now been shown that strain-specific
characteristics such as the expression of different cell wall components
may influence probiotic potencies [133]. Of different strains of P.
freudenreichii cultured with human PBMCs, the strains with specific
surface proteins (SlpB and SIpE) induced the highest IL-10 levels and
reduced TNF-a and IFN-y [134]. This strain-specific phenotype was
believed to be the result of the ability of the probiotic to bind closely to
the cell monolayer layer, allowing for increased uptake of microbial
metabolites that are potentially immunoregulatory in nature. A recent
study revealed inter-individual differences among people in terms of
successful colonization, or resistance to it, of gastrointestinal mucosa by
the probiotic (live bacterial strain) as well as its impact on the gut
microbiome and local gene expression [135]. These disparate outcomes
were determined in part by the baseline host-intrinsic factors and mi-
crobiome. Furthermore, the above-mentioned differences were not re-
flected in the fecal presence of the probiotic, which was comparable
among individuals. Interestingly, unlike humans, mice were inherently
resistant to colonization by the probiotics, which was driven by the gut
microbiome [135]. Another study examined the effects of antibiotics
treatment on colonization of gastrointestinal mucosa by the probiotics
as well as subsequent reconstitution of gut microbiome and local gene
expression profiles in people [136]. Antibiotic treatment was found to
enhance such colonization, but probiotic treatment following antibiotic
therapy interfered with recovery of the gut microbiome and transcrip-
tional program to its original baseline levels. However, these deficits
could be compensated by autologous fecal microbiome transplantation
[136]. Furthermore, the above-mentioned enhancement of probiotic
colonization following antibiotic treatment was much more marked in
humans than in mice [136]. The sections below highlight some mi-
crobe-derived metabolites with immunoregulatory properties, whose
production by “healthy” commensals and probiotics could explain how
they contribute to ensuring homeostasis.

5. Microbiota-derived metabolites and their impact on
autoimmune pathogenesis

5.1. Short-chain fatty acid (SCFA)-metabolizers and SCFAs

Much of the probiotic research has been focused on understanding
the benefits of a few classes of bacteria capable of producing lactic acid
and SCFAs (e.g., acetate, propionate, and butyrate) [124]. Indeed, nu-
merous clinical and preclinical studies show that SCFA-producing
probiotic strains improve disease outcome [84]. For example, supple-
menting Lactobacillus helveticus was recently shown to protect mice
against CIA [137]. Additionally, Bifidobacterium and Bacteroides pro-
duce SCFAs such as acetate and propionate from the fermentation of
carbohydrates. These metabolites bind to the G-coupled protein re-
ceptor 43 (Gpr43) expressed on granulocytes to suppress diseases such
as colitis, arthritis in the K/BxN model, and OVA-induced asthma
[94,138]. However, the mechanism of reduction in inflammation im-
parted by increasing SCFAs may be dependent on the major cell type or
process driving the disease in a particular autoimmune model [139],
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and occasionally unexpected outcomes may be noted. For example, oral
supplementation of SCFA ameliorated EAE and CIA, which represent
predominantly T cell-driven diseases, whereas similar treatment wor-
sened arthritis in the K/BxN serum (antibody)-induced arthritis model
[139]. In an effort to expand on the scope of the influence of the mi-
crobial metabolome on RA, researchers have begun studying other
metabolites known to be produced by the microbiome and elucidating
their cross-talk with various immune pathways.

5.2. Tryptophan (Trp)-metabolizers and Trp derivatives

It has been reported that endogenous metabolism of tryptophan is
perturbed in RA [140-142]. Mice in a CV facility showed considerable
difference in tryptophan metabolism, when compared to mice raised in
a GF facility [143]. This observation in animals raises the possibility
that the microbiome may contribute to the increased endogenous host
tryptophan metabolism observed in RA, as mentioned above. In addi-
tion to production of SCFAs described above, certain commensal and
probiotic species including Lactobacillus and Bifidobacterium species also
produce tryptophan-derivatives that bind the aryl hydrocarbon receptor
(AhR) [124,125,144]. The AhR was originally studied in the context of
toxicology and oncology with regard to the effects of TCDD [145,146].
It is now evident that AhR can interact with several endogenous ligands
as well as numerous exogenous ligands that are present in the en-
vironment. Interestingly, a recent study showed that SCFAs, especially
butyrate, enhanced the responsiveness of human Caco-2 cells to mi-
crobe-derived AhR ligands [119,120]. This implies cross-talk between
the immune pathways involved in the signaling of these different me-
tabolites. However, it has yet to be shown whether increasing SCFAs
enhances AhR responsiveness in vivo, and whether this might be a re-
levant mechanism explaining the outcomes of SCFA treatment studies.

Microbe-derived tryptophan-derivatives are enzymatically pro-
duced in a few pathways with indole, indole-3-aldehyde (IAld), or in-
dole-3-propionate (I3P) being some of the major compounds produced.
There are several additional intermediates that have varying affinity
and agonistic activity for the AhR pathway [144,147]. Clostridium
sporogenes produces I3P, an agonist for the pregnane X receptor (PXR),
which can protect against IBD in animals by reducing the expression of
TNF-a by enterocytes and improving the tight junction barrier [148]. It
was also shown using a Citrobacter rodentium colitis model that I3P
administration increased the number of IL-17A" intraepithelial leuko-
cytes [149]. Whether this compound (i.e., I3P) has physiological re-
levance in RA remains to be shown, but it appears to regulate disease-
relevant pathways through the PXR. The concentration of these tryp-
tophan-derivatives may be tightly controlled by tryptophan availability
[150]. Interestingly, endogenous tryptophan metabolism is also altered
in CIA [151]. Although microbial tryptophan metabolism may play a
role in the development of RA and disease in animal models of RA,
causation has yet to be directly studied. In an autoimmune model of
MS, it was shown that microbe-derived tryptophan metabolites mediate
disease in an AhR-dependent manner [152]. Indirubin, derived from
the Indigo plant (Indigo naturalis) and used in a Chinese herbal medicine
for leukemia treatment [153], is also produced by gut bacteria from the
metabolism of tryptophan. Indirubin was shown to reduce IL-6 and IL-8
in response to TNF-a stimulation of ex vivo-cultured RA fibroblast-like
synoviocytes (RA-FLS), and this effect was partially dependent on mi-
togen-activated protein kinases (MAPK) signaling and activation of
P21-activated kinase 1 (PAK1) [154].

5.3. Other microbe-derived immunoregulatory metabolites that influence
arthritis

Various AhR ligands may exert pleiotropic effects on the immune
system, as observed in the case of EAE [155,156]. The AhR-mediated
effects on EAE are specific to the immune state during which the re-
ceptor is engaged, with protection mediated through dendritic cells and
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T cells [157]. AhR signaling supports retinoic acid production by DCs in
addition to the differentiation of Foxp3™ Treg. The metabolite 1,4-di-
hydroxy-2-naphthoic acid (DHNA), only known to be produced by
Propionibacterium freudenreichii and Lactobacillus casei LP1, is an AhR
ligand [158,159]. These bacteria and DHNA can be found in cheese,
with L. casei being investigated as a probiotic therapy for RA [84].
Vitamin K2 is a class of menaquinones (MK) that vary in chain length,
of which MK5-12 is produced by the microbiome. Interestingly, DHNA
can be converted to MK by the gut microbiota. Plant-derived MK4 has
been tested in CIA as well as clinical studies, and microbiome-derived
MK?7 has been tested in a clinical trial; treatment with MK4/MK?7 led to
reduced levels of general inflammatory markers, namely C-reactive
protein and matrix metaolloproteinase-3 as well as disease activity
score-28 (DAS28) [160-162]. In addition to producing MKs, trypto-
phan-derivatives, and SCFAs, several species of Lactobacillus and Bifi-
dobacterium can also generate the neurotransmitter y-aminobutyric
acid (GABA) [163], another anti-arthritic metabolite. Inflammation in
CIA was downregulated in mice given GABA [164]. Since whole live
probiotics may have unwanted side effects as well, bacterial products
such as polysaccharide A (PSA) from Bacteroides fragilis has been tested
and shown to protect against infectious colitis by increasing IL-10-
producing CD4+ T cells [165], and against EAE by inducing IL-10 se-
creting FoxP3+ Treg [166]. In another study on IBD and RA, an in-
crease in gut microbial tyrosine degradation pathways was found in
IBD-associated arthropathy [105].

6. Concluding remarks

It is evident that both external (foreign) and internal (commensals)
microbial agents and helminthic parasites can modify the onset and
progression of autoimmunity in genetically susceptible individuals.

As the population in the United States ages and more countries in-
dustrialize, the burden of RA and other autoimmune diseases is likely to
grow. Therefore, finding new ways to limit the exposure to environ-
mental risk factors and to ensure a healthy homeostatic state of mi-
crobiome-host relationship is critical for preventing or delaying the
onset of autoimmunity as well as reducing the progression and flare-up
of the disease process in RA and other autoimmune diseases. In parallel,
personal and public health measures to implement appropriate cultural
and life-style changes would be required to curb the increasing pre-
valence of autoimmune diseases.
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