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Abstract

The microbiota is considered to be an important factor influencing the pathogenesis of
autoimmunity at both barrier sites and internal organs. Impinging on innate and adaptive
immunity, commensals exert protective or detrimental effects on various autoimmune animal
models. Human microbiome studies of autoimmunity remain largely descriptive, but suggest a role
for dysbiosis in autoimmune disease. Humanized gnotobiotic approaches have advanced our
understanding of immune-commensal interactions, but little is known about the mechanisms in
autoimmunity. We propose that, similarly to infectious agents, the microbiota mediates
autoimmunity via bystander activation, epitope spread, and, particularly under homeostatic
conditions, via crossreactivity. This review presents an overview of the current literature
concluding with outstanding questions in this field.
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Host-microbe interactions: from Pasteur to present

‘Messieurs, c’est les microbes qui auront le dernier mot.” (Gentlemen, it is the
microbes who will have the last word) — Louis Pasteur

Louis Pasteur was right in many ways. All animals are indeed ‘walking culture dishes’ and
will be decomposed and metabolized by the collection of all commensals that colonize us:
the microbiota (see Glossary). We are colonized from birth by a large diversity of microbes
spanning all three domains of life that form evolutionary ties with the human host. These
microorganisms have a range of relationships with their hosts, and exist as mutualists,
symbionts, or pathobionts. To date, our understanding of commensal-immune interactions
comes principally from studying the gut microbiota. However, the microbiota outside the gut
is likely to be equally important, especially with regards to ‘barrier diseases’ that occur on
mucosal or skin surfaces that are colonized with niche-specific microbiota [1].
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Far beyond the crucial role of gut bacteria in nutrition and metabolism, it is well established
that their influence reaches many host physiologic systems [2,3]. Gnotobiotic animal
experiments have shed light on how the microbiota influences the metabolism of drugs,
neurological function, immune development and homeostasis, and various chronic diseases
of modern societies [3]. Commensals exert profound effects on the development and
function of the immune system and therefore likely influence immune-mediated diseases
[4]. Indeed, gut bacteria prevent, exacerbate, or induce numerous autoimmune, allergic, or
inflammatory diseases and malignancies in animal models [5-26]. A causal role for
multifactorial autoimmune diseases in humans is still outstanding, but such a role has been
demonstrated in murine models of multiple sclerosis (MS) [7-9], rheumatoid arthritis (RA)
[11-13], and type 1 diabetes (T1D) [14-18], and is likely to extend to systemic lupus
erythematosus (SLE) [27]. Many autoimmune diseases have a female sex bias, and animal
studies have provided insight into gut commensal effects on hormonal status and gender bias
in autoimmunity [17,18]. The purpose of this review is to provide a basic overview of auto-
immunity in the context of commensals, and to explore recent advances in the understanding
of the complex interactions between commensal bacteria, the immune system, and the
effects these interactions have on autoimmune disease.

Genetics, environment, and commensals: pieces of the autoimmunity

puzzle

Genetic polymorphisms, in particular at the human leukocyte antigen (HLA) loci, play a key
role in the predisposition to autoimmunity (Box 1) [28,29], but genetics alone cannot fully
explain multifactorial autoimmunity. In addition to genetic factors, several environmental
and dietary factors have been identified in epidemiologic studies and have been
mechanistically linked to autoimmunity /n vitro and in vivo. Exactly how these dietary or
environmental factors influence autoimmunity in patients, however, is still largely unknown
[30].

Because any dietary and environmental trigger needs to enter the host through one of the
mucosal or skin barriers, its effects on autoimmunity are likely modulated by the colonizing
microbiota, which is itself shaped by the environment and diet [31]. Diet and antibiotic use,
for instance, are well established to profoundly alter the gut microbiota, leading to long-
lasting changes in metabolic profiles [32,33]. These metabolites, such as short-chain fatty
acids (SCFAs) or retinoic acid, can either dampen or ignite inflammation depending on their
effects on host adaptive immune cells, in particular on regulatory T cells (Tregs) and T helper
17 (Tw17) cells [34-37]. Environmental triggers of autoimmunity may thus enhance
commensal-mediated inflammatory processes and thereby influence autoimmunity, but these
links have yet to be demonstrated. However, independently of environmental factors, the gut
microbiota is emerging as a key player in the development of autoimmunity.

The abundance and diversity of organisms colonizing the host (Box 2) represent an
enormous challenge to the innate and adaptive immune system. On one hand, the immune
system needs to recognize any potentially detrimental non-self antigen that enters the host,
while on the other hand it cannot eliminate the commensal communities at barrier organs
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because it would negatively affects host fitness [38]. This conundrum was aptly termed
‘learning tolerance while fighting ignorance’ [39]. The interplay between pathogen and
commensal recognition by the immune system is a delicate balance which, when altered,
may lead to unintended consequences such as chronic inflammatory and autoimmune
diseases.

Dysbiosis: intestinal homeostasis and inflammatory bowel disease

Dietary changes, antibiotic use, and excessive hygiene disrupt commensal homeostasis
leading to dysbiotic states that drive chronic inflammation (Figure 1). Chronic inflammation
in the gut is the hallmark of inflammatory bowel disease (IBD), which encompasses a
spectrum of diseases from ulcerative colitis (UC) to Crohn’s disease (CD). The gut
microbiota is known to play an especially important role in IBD, which is not surprising
given that the gut is a barrier organ that carries the largest microbiota, and an abnormal
innate and adaptive immune response to multiple members of the gut microbiota is thought
to drive inflammation [10,23,24,40].

16S ribosomal DNA (rDNA) profiling studies revealed a decrease in the diversity of
microbial communities in IBD compared to controls [41]. Despite efforts to understand
these diseases, reports of the specific microbial communities associated with dysbiosis in
IBD are variable [40,41]. Recent work attempts to overcome previous limitations by
leveraging a standardized multicenter cohort of new-onset pediatric CD and healthy controls.
Gevers and colleagues collected samples from 668 patients and controls from multiple sites
within the intestinal tract before treatment. These efforts led to the identification of
candidate organisms in microbial dyshiosis of pediatric CD. An increase in
Enterobacteriaceae, Pasteurellaceae, Veillonellaceae, and Fusobacteriaceae, and a decrease
in Erysipelotrichales, Bacteroidales, and Clostridiales, correlated with disease status [40].
While correlative studies in humans are proving useful to identify biomarkers and potential
pathobionts, novel approaches (e.g., 16S rDNA sequencing of IgA-coated microbiota) and
mechanistic studies in gnotobiotic models are key to better delineating the pathogenesis of
IBD (Box 3) [24,42].

The microbiota shapes adaptive immunity and influences autoimmunity

Studies of gut microbial dysbiosis in IBD has greatly added to our understanding of host—
microbiota interactions within the confines of the gut, but it is well established that gut
commensals also affect peripheral immunity, even in the absence of dysbiosis [1,5]. Early
observations of the profound effects of commensals on host immunity came from animals
without natural microbial colonization at birth (germ-free animals). Germ-free mice have
severely decreased numbers of CD4* T cells in the periphery [43]. In addition, the balance
of CD4" Ty cell populations are skewed towards a T2 phenotype with a decrease in Tyl
cells, supporting the hygiene hypothesis that the incidence of allergic and immune-mediated
diseases rise with increased hygiene (Figure 2A) [19,20,44].
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Bacteroides fragilis regulates Ty cell balance

How the microbiota influences adaptive immune responses was largely unknown until a
groundbreaking study by Mazmanian et a/. demonstrated that B. fragilis corrects several
immune defects seen in germ-free mice through the production of the zwitterionic
polysaccharide A (PSA) [45]. PSA is now considered a symbiosis factor because orally
administered PSA alone replicates the effect of B. fragilis monocolonization on TR1/TH2
balance, whereas a PSA-deficient strain of B. fragilis failed to do so (Figure 2A) [45].

Remarkably, PSA exerted protective effects in a mouse model of MS known as experimental
autoimmune encephalomyelitis (EAE). PSA was shown to act through the innate immunity
toll-like receptor 2 (TLR2) and to mediate the expansion of tissue-specific CD39* FOXP3*
interleukin-10" Teqs (Figure 2B) [46,47]. It has recently been shown that plasmacytoid
dendritic cells interacting with CD4* T cells are necessary for the protective effect of PSA in
EAE and colitis [48]. The anti-inflammatory effects of PSA may be beneficial in other
autoimmune models via several mechanisms. In addition to the induction of the anti-
inflammatory cytokine IL-10, upregulation of the ectonucleotidase CD39 in conjunction
with CD73 on the cell surface of Tyegs promotes degradation of ATP, ADP, and AMP to
adenosine, which is thought to dampen the inflammatory effects of excess ATP (Figure 2B)
[49].

It should be noted that not all strains of B. fragilis are anti-inflammatory and they may have
immunoregulatory roles that are independent of PSA [50,51]. Particular strains of B. fragilis
are highly pathogenic, producing the enterotoxin B. fragilistoxin (BFT). BFT-producing B.
fragilis are known to induce pathology leading to inflammation-mediated diarrhea, and
recent studies suggest it may also play a role in gastrointestinal tumorigenesis [50].
Furthermore, B. fragilis was shown to protect from autism-like disease in an animal model
that was linked to immune dysregulation [51]. These studies illustrate how the same
commensal species can exert pleiotropic effects depending on the model studied, and on the
molecular details of how commensals influence the immune system.

Clostridium clusters and SCFAs: ‘quenching the fire’

Clostridium clusters 1V, X1Va, and XVII1 have been identified as inducers of FOXP3* CD4"*
Tregs in mice [34]. Unlike the individual commensal effects described above, this work
highlights the importance of community composition on immune modulation because
individual species of Clostridia were unable to replicate the effect of the collection of 46
strains of Clostridia on Tyeg induction [34]. Follow-up work showed that 17 strains of
Clostridia isolated from a human fecal sample could also induce Tyegs in germ-free mice
colonized with this mix [52]. Similarly to murine Clostridia, a minimum number of strains
was necessary to promote human Tyeq numbers and function [53]. The induction of Tyegs by
these bacteria appears to be mediated through the production of SCFAs, in particular
butyrate (Figure 2B) [54].

Several groups have recently characterized the molecular mechanisms of SCFA-induced
Tregs. It has been shown that butyrate inhibits histone deacetylases that in turn promote Tieg
induction and maintenance as well as intestinal macrophage function [55,56]. In addition,
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SCFAs signal through G protein-coupled receptors eliciting gut homing of cells expressing
these receptors. Depending on which immune cells are recruited and in what context, SCFA-
mediated homing contributes to both pro- and anti-inflammatory responses; for instance,
recruitment of FOXP3" T g5 by SCFAs creates an anti-inflammatory environment
[36,37,57-59]. The effect of SCFAs on Tiegs is not dependent on the presence of bacteria
because orally administered SCFAs induce changes in Tyegs similar to those observed in
animals colonized with SCFA-producing bacteria [36,55]. Transcriptional regulation of Tyegs
is also partially mediated by signals from Clostridia. A recent study demonstrated that the
DNA methylation adaptor Uhrf1 is rapidly upregulated in germ-free mice upon colonization
with these Clostridium clusters, and that this functions to stabilize and promote Tyegs [60].
Collectively, these studies represent a framework to understand some of the intricate
molecular pathways affected by the production of SCFAs in the gastrointestinal tract.

Clostridium clusters are a heterogeneous group containing pathogenic and commensal
bacteria [61]. As discussed above, clusters IV, XIVa, and XVIII create an anti-inflammatory
milieu, but species within other clusters are implicated in colitis and autoimmunity. For
instance, members of the Allobaculum genus (cluster XV1) were increased compared to
controls in an HLA-transgenic model of RA [62]. Further, Clostridium difficile (cluster XI),
which can be part of the normal human microbiota in about 3% of healthy subjects, is a
frequent causative agent of antibiotic-associated colitis, with differences in pathogenesis
being accounted for by strain differences [63]. The Clostridium clusters thus highlight the
complexity of microbial interactions with the host immune system, ranging from anti-
inflammatory responses to fulminant colitis depending on the clusters, genera, species, and
strains.

Commensals are potent inducers of Ty17 cells: segmented filamentous bacteria and

beyond

Seminal work by Ivanov et al. showed that the murine commensal segmented filamentous
bacterium (SFB), a non-culturable Clostridiunrrelated species, induces proinflammatory
CD4" TH17 cells in the small intestinal lamina propria [64]. This effect is likely related to
the adherent colonization of the intestinal epithelium unique to SFB. SFB penetrate the
mucosal layer and adhere tightly to the surface of the epithelial cells in the terminal ileum
(Figure 2C) [64]. Interestingly, the complete absence of SFB from particular commercial
suppliers of laboratory mice was linked to a dearth of lamina propria Ty17 cells in these
animals [16,64]. This fact likely contributes to the variation in disease phenotypes observed
within and across animal facilities [16].

Given the importance of Ty17 cells in inflammation and T17-mediated autoimmune
diseases, it is plausible that SFB would have an effect on autoimmune pathogenesis. Indeed,
several groups have shown that SFB colonization status modulates the outcomes in
autoimmune models [9,12,16,18]. It is notable that SFB colonization can both promote the
pathogenesis in animals models of autoimmunity, such as RA and MS, and have protective
effects in others, such as the non-obese diabetic (NOD) animal model of T1D [9,12,16,18].
The differences are likely dependent on genetic background and on which CD4* T cell
phenotype drives a particular type of autoimmune disease.
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Germ-free rederivation of the K/B x N mouse model of RA led to protection from disease
with a decrease in systemic Ty17 cells, follicular T cells (Tgy), and germinal centers [12].
Upon monocolonization with SFB these mice again developed disease, but were protected
by elimination of SFB via antibiotics [12]. Similar results were found in EAE, with
colonization of SFB driving not only TH17 responses in the gut but also IL-17A-secreting
TH17 cells in the central nervous system (CNS) [9].

The effects of the microbiota on the NOD mouse model of T1D were theorized based on the
variance of diabetes incidence in NOD mice housed at different institutions, with complete
penetrance in germ-free NOD mice [14]. However, natural segregation of SFB colonization
in NOD mice (i.e., tracking physiologic spread of commensals within a colony) was
correlated with protection against diabetes, although only in the more-susceptible female
mice [16]. Monocolonization of NOD mice with SFB modestly protected male mice, likely
due to substrain differences or the combined effects of SFB with associated commensals that
are missing in the monocolonized setting [18]. The mechanistic basis for these gender-
specific protective effects of SFB has yet to be elucidated in detail, but it is remarkable that
SFB increased testosterone levels in this setting, which is known to protect against female-
biased autoimmunity [18].

In addition to the effects SFB has on immune cells, the influence of SFB on mouse models
of autoimmunity appears to be highly dependent on genetic background. Using a
spontaneous mouse model of relapsing—remitting MS, the SJL/J mouse model, a recent
study found that the phenotype was dependent on the microbiota, but was only partially
affected by SFB colonization [8]. In this model, the gut microbiota was necessary to activate
autoantigen-specific T cells in the gut-associated lymphoid tissue, and to recruit
autoantibody-producing B cells to the CNS [8]. Additional work demonstrated that B10.S
mice, which are genetically resistant to EAE induction, harbor significantly higher
populations of Ty17 cells in the intestine compared to SJL/J EAE-susceptible mice.
Blockade of the gut-homing integrin a4p7 abrogated resistance in B10.S mice [65]. The link
between intestinal immune cells and autoimmunity outside the gut remains to be fully
elucidated. These studies nevertheless provide intriguing clues to better understand
microbiota effects in the heterogeneous human population.

The link between genetics, gut microbiota, and target organ autoimmunity may not be
limited to SFB and EAE because altered gut microbial communities and increased gut
permeability have been demonstrated in an HLA-DRB1*0401-susceptible mouse model of
RA [62]. Together, these studies serve as an important reminder that observations in one
animal model of autoimmunity may not hold in another model of the same disease, and that
one must consider the complex interplay between the genetic background of the host and the
composition of the microbiota.

Furthermore, one must also take into account the host specificity of the microbiota [66]. SFB
have yet to be readily identified in humans, although one study suggests that colonization is
age-dependent and is mainly found within the first 2 years of life [67]. It is unknown if these
SFB, identified by comparative studies, induce lamina propria T417 in humans. In adults, it
is likely that there are other gut commensals capable of inducing Ty17 cells. Interestingly, a
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chloroform-sensitive fraction of the human adult microbiota is capable of inducing Ty17
cells in gnotobiotic mice, suggesting that such microbial communities exist [52]. Certainly,
identifying human commensals that could promote similar Ty cell phenotypes will be of
great importance.

Commensal bacteria shape the IgA repertoire at mucosal surfaces

Also blurring the distinction between host and microbe, Alcaligenes species were shown to
inhabit Peyer’s patches (PP) in both mice and humans, and to induce murine antigen-specific
IgA production [68]. SFB, and particularly Alcaligenes, are potent inducers of not only
antigen-specific but also total IgA (Figure 2D) [69,70]. The intimate contact with host tissue
(epithelial cells for SFB and PP for Alcaligenes) is likely crucial for this process, but the
mechanisms must be distinct as SFB expand in the absence of IgA, whereas Alcaligenes
decline [68,71], suggesting an evolutionary dependence of this unusual commensal on IgA
induction.

IgA synthesis can be T cell dependent or independent [72]. Try and follicular regulatory T
cells (Tgr) control T cell dependent immunoglobulin production and are also implicated in
autoimmunity [73,74]. The co-inhibitory receptor PD-1 on Tgy cells selects IgA plasma cell
repertoires and gut microbiota composition [75]. Whether commensal IgA dynamics are
involved in autoimmunity is not clear, but it is notable that IgA deficiency predisposes to
multiple autoimmune diseases [76]. Also, Tgr-induced IgA selection enhances the
diversification of the gut microbiota through selection of the antibody repertoire [77].

A diverse microbiota is generally a sign of gut health, and restricted diversity emerges as a
signature of a variety of chronic disease states including autoimmunity [6]. It is therefore
likely that IgA-microbiota interactions are key in the pathogenesis of autoimmunity, as
supported by recent studies on the IgA-bound fraction of fecal microbiota from IBD patients
[24]. Interestingly, Ti17 cells have also been shown to convert to Tgy cells in the PP of the
gut and aid IgA production in mice [78]. Finally, mucosal IgA production can be shifted to
systemic 1gG, especially in humans that are regularly exposed to environmental gut irritants
and pathogens [79]. This was illustrated by a recent study showing that HI\-specific B cell
clones from patients crossreacted with commensal bacteria and were detected in the gut as
well as peripheral blood [79]. Taken together, there are multiple ways that the microbiota
influences B cell responses, which in turn could impact on autoimmunity.

Sex, drugs, and bugs

Host immune—-microbiota interactions in autoimmunity become even more complex when
considering also the effects of hormones, medications, and non-bacterial microbiomes. Most
autoimmune diseases are female-biased, including RA, MS, and SLE, and commensals also
appear to contribute to this gender bias [31]. Studies have shown that the gut microbiota
influences the gender bias seen in the NOD mouse model of T1D [17,18]. While T1D is not
female-biased in humans, the NOD mouse develops other endocrine autoimmunity
(thyroiditis, adrenalitis) resembling the female-biased autoimmune polyglandular syndrome
type I1, and also serves as a model for the highly female-biased Sjo gren’s syndrome [80].

Trends Mol Med. Author manuscript; available in PMC 2018 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruff and Kriegel

Page 8

This work thus highlights the importance of exploring not only sex hormones and X-linked
genes but also the microbiome in autoimmune gender bias [31].

Further, the commensal metabolome is vast, and directs not only aspects of adaptive
immunity but also of host metabolism and drug metabolism [81]. The exact mechanisms of
drug metabolism by commensals are not yet well characterized for most drugs. The cardiac
drug digoxin, however, was recently shown to be inactivated by the specific strain
Eggerthella lenta DSM2243, whereas other strains were incapable of inactivating digoxin
[82]. Strain-specific effects thus appear to be particularly important in understanding drug
metabolism.

Finally, it is important to consider non-bacterial commensals in host immunity and disease.
While the roles of endogenous retroviruses, viral elements, bacteriophages, and commensal
fungi on autoimmunity are poorly studied, it is an area of intense investigation and is
probably also an important aspect of autoimmunity and human disease [27,83,84]. In
addition, chronic infestation with helminths, which is largely absent in industrialized
nations, is linked to protection from various immune-mediated diseases, including allergies,
IBD, T1D, and MS, by creating an anti-inflammatory environment in the host [85]. Taken
together, the influence of viral, bacterial, and eukaryotic microbiomes on autoimmunity is
likely much larger than currently appreciated, and future studies on the precise mechanisms
of the host—-commensal interactions will be crucial to fully understanding autoimmune
diseases.

Commensal-specific T cells: are antigens the issue?

Commensal antigen-specific T cells are detectable distant from the gut and are generated
following mucosal breaches in the gut barrier [86]. Parallel studies from two groups have
demonstrated that T417 cells induced by SFB colonization are SFB-specific and dependent
on antigen presentation via MHC class Il on intestinal dendritic cells [87,88]. Using an SFB-
specific T cell receptor (TCR)transgenic model, it was shown that most T17 cells in the
small intestinal lamina propria of mice colonized with SFB were antigen-specific for this
commensal [87]. In addition, this work explored the role of competing bacteria on the
induction of SFB TCR transgenic helper subsets. Co-colonization with Listeria
monocytogenes, a potent inducer of Ty1 populations, had no effect on the expression of
ROR-yt in SFB antigen-specific T cells. Ty17 cells that are SFB-specific are thus robustly
induced and not easily skewed [87]. More importantly, they can exit the mucosal
environment and circulate in the periphery, potentially affecting the biology at distant sites
[87]. How SFB promote non-SFB antigen-specific Ty17 cells in the periphery, and how
these cells affect autoimmune pathogenesis, are crucial questions in the field that remain to
be elucidated.

In addition to commensal-specific Tyl and TH17 cells, commensal-specific Tyegs have also
been identified [89]. These particular cells likely evolved to maintain tolerance to
commensal bacteria that are beneficial to the human host [39,90,91]. There is evidence that
both thymic selection and peripheral education influences commensal-specific Tyeq
populations [92,93]. These commensal-specific Tyegs are not fixed and can switch to effector
phenotypes during homeostatic disruptions — as evidenced during infections [86]. This
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switch from regulatory to effector phenotypes may have profound implications for the
development of autoimmunity both at barrier organs (i.e., skin, gut, and lung) and systemic
target organs such as the brain in MS, or joints in RA.

The hunt for new immunomodulatory commensals

As it becomes clear that commensals exert immunomodulatory functions that have profound
effects on human autoimmunity, it will be necessary to identify both individual commensal
species and commensal communities that exhibit these capacities. The identification and
study of immunomodulatory commensals is expedited by sophisticated techniques such as
the colonization of germ-free mice using combinatorial communities combined with high-
throughput screening [94,95]. Similarly, profiling the IgA-coated fraction of human fecal
microbiota of IBD patients revealed communities that drive IBD in humanized, gnotobiotic
models [24]. Identifying these species is the first step to being able to perform mechanistic
studies that will ultimately lead to new diagnostic and therapeutic approaches in humans.
While studies using germ-free mice are artificial, and are associated with an abnormal
neonatal immune development that could bias autoimmune studies in adult animals [96], the
use of advanced techniques, such as those mentioned above, are crucial to better understand
the influence of the microbiota on autoimmunity in vivo.

Commensals: mediators of autoimmunity?

In the absence of a breach of mucosal barriers, commensal-specific T and B cells are
generally restricted to mucosal compartments and are tolerogenic [89,97]. As discussed
earlier, commensal-specific Treqs are capable of switching to effector phenotypes during
disruption of mucosal barriers, as evidenced during infections [86]. This switch from
regulatory to effector phenotypes would allow one to draw an analogy to how infectious
agents breach immunologic tolerance in autoimmunity, chiefly via three mechanisms:
bystander activation, epitope spreading, and molecular mimicry (Figure 3) [98].

Bystander activation refers to concomitant presentation of a self- and a microbial antigen
(including superantigen) to antigen-specific T cells during tissue damage, with triggering of
pattern-recognition receptors, such as toll-like receptors (TLRs) and nod-like receptors
(NLRs), that override tolerogenic signals [99]. Commensals, either during a breach in
mucosal barriers or under homeostatic conditions in a genetically predisposed individual,
may trigger a break in tolerance that overrides tolerogenic signals of auto-antigen specific T
and B cells.

Epitope spreading occurs during an immune response to microbial antigens that leads to
tissue destruction and apoptosis, release of self-antigens, and concomitant presentation of
self- and microbial-antigens. This generates a break in tolerance to multiple self-antigens
that spreads from epitope to epitope [100]. Similarly to bystander activation, dysbiotic
conditions may lead to disruptions of the mucosal barriers, and commensal-specific immune
recognition would switch from tolerogenic to effector responses, and this would drive tissue
destruction and possible epitope spreading.
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These latter two mechanisms occur mainly in the setting of overt inflammation and tissue
damage as evoked by invading pathogens or a dysbiotic commensal environment. The vast
majority of gut commensals, however, co-exist in the host without eliciting an inflammatory
response [39]. In this case, molecular mimicry or crossreactivity with commensal antigens
would be most plausible.

The microbiota: a crossreactive universe?

The idea that molecular mimicry is a driver in autoimmunity was proposed long ago.
Although it is difficult to prove definitively, this mechanism has been supported by several in
vitroand in vivo experiments in cases of human autoimmunity [101]. Some of the best-
studied examples are rheumatic fever (triggered by Streptococci) and Guillain— Barré
syndrome (induced by Campylobacter jejuni infections) [102,103], both of which are
transient autoimmune syndromes. While sequelae from the autoimmune attack (carditis or
paralysis) can be long-lasting, autoreactivity typically wanes over time. It is tempting to
speculate that chronic autoimmune diseases are instead sustained by crossreactivity with
persistently colonizing commensals, especially when considering the enormous number of
commensals and their proteomes (Box 2) [104,105].

While crossreactivity to commensals has not been proven to drive autoimmunity, recent
work has established that commensals can induce crossreactive lymphocytes, which may
have evolved to increase host fitness [106]. Healthy individuals contain memory T cells
specific to viruses to which they have never been exposed [106]. The virus-specific memory
cells were shown to cross-react with both exogenous and commensal antigens [106]. Despite
this crossreactivity, commensal/self-reactive T cells should be of a regulatory phenotype
under normal conditions. However, it may suffice that Tyeq responses to gut commensals are
genetically or environmentally skewed to a pathogenic T subset (Ty1, Tyl7, or Tgy cells),
for instance in the setting of barrier disruption or genetic predisposition with single-
nucleotide polymorphisms in /LZRA or /L 7R as in MS [107]. Support for Ty cell skewing
during barrier disruption comes from a study that demonstrated a break in T cell tolerance to
commensals during pathogen-induced breaches of the intestinal barrier [86]. Therefore, the
physiologic adaptive immune responses that are generated under homeostasis to contain the
gut microbiota within the mucosal barrier might suffice to elicit a crossreactive response
under conditions of physiologic stress.

Crossreactivity to commensals is not restricted to T cell recognition because antibody
responses in the gut are directed to commensal and self-antigens, with up to 25% being
polyreactive [108]. Increased B cell polyreactivity is caused by defects in central and
peripheral B cell tolerance pathways, and is an important factor in autoimmunity [109,110].
Defects in B cell tolerance checkpoints are well established in patients with T1D, RA, or MS
[111-113].

Recent work in mice suggests that B cell lineages can develop in the lamina propria and that
the B cell receptor light-chain repertoire is influenced by the microbiota [114]. Supporting a
role for commensal crossreactivity to increase host fitness, HIV-1 envelope protein gp41-
specific antibodies crossreact with commensal bacteria (specifically an intracellular £. coli
RNA polymerase) [79].
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In any of these situations, such as homeostatic responses to gut commensals at steady-state,
inflammatory breaches of the gut barrier, or genetic lesions predisposing to aberrant immune
system responses to commensals, crossreactive T and B lymphocytes could be generated that
sustain an immune response to self-antigen in chronic autoimmune diseases. This hypothesis
is testable /n vitro with human samples and /7 vivo in animal models, especially if a genetic
deletion of the autoantigen is available. However, predicting crossreactive antigens remains a
challenge.

A recent study attempting to overcome these limitations combined high-throughput /n vitro
screens with predictive algorithms to determine crossreactive candidates [115]. These
methods successfully predicted several candidate antigens and showed that the degree of
crossreactivity in MS autoantigen-specific T cell clones is broader than previously
anticipated [115]. While this study only focused on limited dominant epitopes from MS T
cell clones, it opens the possibility to explore crossreactivity between commensal antigens
and autoreactive T cells in a variety of autoimmune diseases.

Concluding remarks and future perspectives

Antigen-specific recognition of self is the hallmark of autoimmune diseases. Commensals
exert remarkable effects on the pathogenesis of autoimmunity in a variety of models, but
many questions remain unanswered (Box 4). Because recent work supports the generation of
commensal antigen-specific Ty cell subsets, we propose bystander activation, epitope
spread, and crossreactivity as potential mechanisms of how immune recognition of the
microbiota could mediate disease (Figure 3). Given the ‘antigenic universe’ that is encoded
in the microbiome, we suspect that crossreactive commensal immune responses are common
and underappreciated. We have focused in this review primarily on CD4* T cell responses
but would like to extend this hypothesis equally to cytotoxic T cell and B cell responses.
Crossreactive follicular Ty cells that support B cell production of autoantibodies could
theoretically fuel antibody-mediated autoimmune diseases. In addition, conformational or
linear crossreactive B cell epitopes could similarly be derived from gut commensals.

Finally, we propose that the mechanisms of how autoimmunity is induced and sustained by
commensal bacteria are different in diseases that affect the barrier organs versus those
targeting distant organs. As briefly discussed in this review, IBD is likely instigated by a
large pool of gut bacteria with antigen-specific responses being secondary to innate
inflammation at the barrier site. Similar mechanisms are probably involved in psoriasis or
interstitial lung disease [116,117]. Gut, lung, or skin inflammation might therefore be
propagated by many commensals provided that they induce a local inflammatory response,
whereas RA, lupus, or organ-specific autoimmune diseases that affect distant or immune-
privileged sites (e.g., T1D, MS, uveitis, autoimmune hepatitis) might be driven by the
antigen-specific effects laid out in this review (Figure 3). Much work still needs to be done
to dissect the contribution of the microbiota in innate and adaptive immune responses
involved at barrier sites and beyond, but the journey is worthwhile if one considers the
therapeutic opportunities that lie within the microbiota [118]. To close again with Louis
Pasteur: “The role of the infinitely small in nature is infinitely great.’
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Bacteroides fragilis

B. fragilis is a Gram-negative, human gut commensal with unique immunoregulatory
functions. Strains containing polysaccharide A (PSA) induce gut Tyeq and splenic Ty1 cell
responses. Other strains contain toxins implicated in chronic colon inflammation and
tumorigenesis that are not covered in this review

Clostridia

Gram-positive, spore-forming bacteria that include pathogens, soil bacteria, and several
commensals with immunomodulatory functions. Strains within Clostridium clusters 1V,
XIVa, and XVIII are able to induce Tiegs

Gnotobiotic

a state describing germ-free animals or animals colonized with a defined microbiota, usually
with a small community (e.g., altered Schaedler flora — ASF) or single species
(monocolonization)

Microbiome

the genetic material within a microbiota, typically defined by 16S rDNA sequencing. Often
used synonymously with microbiota although strictly speaking not identical. The full gene
content and composition of microbiomes is termed the metagenome, which can be assessed
by whole-genome shotgun sequencing

Microbiota

the sum of all commensals within a niche (gut, skin, mouth, lung, vagina, etc.).
Preferentially used compared to outdated terms such as flora or microflora that describe the
same

Molecular mimicry
a longstanding theory that T and B cells specific for pathogen-derived antigens can
crossreact with a self-antigen, leading to the development of autoimmunity

Pathobiont

a commensal that promotes non-infectious disease and is detrimental to health and
homeostasis under particular circumstances (e.g., genetic predisposition to over-react to a
commensal, inflammation and translocation due to barrier disruption, suppression of
beneficial commensals within the same niche). A pathobiont should be differentiated from a
pathogen or opportunistic pathogen that causes an infectious disease
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Segmented filamentous bacteria (SFB)

until recently non-culturable commensal bacteria that can act as pathobionts or symbionts in
autoimmunity depending on the host or model. SFB are capable of inducing IgA,
intraepithelial lymphocytes, and antigen-specific Ty17 cell responses in the small intestine,
which is their physiologic niche in mice

Short-chain fatty acids (SCFASs)

acetate, butyrate, and propionate are produced by the gut microbiota, particularly after a
high-fiber diet. SCFAs act via multiple mechanisms including histone modification and G
protein-coupled receptor signaling. SCFAs have multiple biological effects including the
induction and recruitment of Tyegs

Symbiont
a commensal beneficial for the host. Both the commensal and the host need each other, and
thus are living in symbiosis by providing factors that improve fitness
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Box 1. Genetics of autoimmunity

Autoimmunity is grossly broken down into monogenic and poly-genic multifactorial
diseases. Monogenic autoimmune diseases represent rare and highly devastating diseases,
typically arising from defects in either central or peripheral tolerance pathways such as
FOXP3and A/RE[119]. Polygenic multifactorial autoimmune diseases represent
complex diseases that are caused by a combination of genetic and environmental factors.
Diseases such as T1D, RA, MS, and SLE are multifactorial autoimmune diseases.
Genetic influence over these diseases is becoming clearer in large part through advances
in bioinformatic approaches and sharing of patient genomic data through large consortia
[120,121]. How genetics influences the microbiota and thus autoimmunity is not well
understood. Numerous genetically modified mouse models display an altered microbiota,
although these findings could be biased by non-genetic factors [122].

Genome-wide association studies (GWAS) led to the identification of SNPs associated
with disease such as those in genes within the HLA locus or cytokine receptor genes
(e.9., ILZRA, IL7RA) implicated in Trq homeostasis and function [28,120]. Each SNP
confers a small risk, but taken together the risk is thought to be additive [29]. Consistent
with a shared autoimmune pathogenesis, particular SNPs impact upon immune pathways
across autoimmune diseases such as HLA loci, co-stimulatory, and proinflammatory
pathways [29]. Despite the wealth of information gained from GWAS, this approach has
been criticized for lacking the power to identify causal variants. Only a few functional
SNPs have been characterized to date, such as those in PTPN22and TNFA/IP3[111,123].
Groups using novel bioinformatic techniques are addressing this critique [124]. Clearly,
combining environmental/ commensal factors with genetics will lead to a more complete
understanding of autoimmunity.
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Box 2. Commensals by the numbers

It is estimated that human bacteria alone outnumber human cells by a factor of 10 with
roughly 100 trillion bacteria colonizing an individual at any point in time [104]. The
number of bacterial genes constituting the microbiome is even larger with recent
reference catalogs of over 9.8 million non-redundant genes [105].

Improvements in 16S rDNA sequencing methods and dramatic decreases in sequencing
costs are allowing a more complete and individualized picture of the microbial
communities colonizing each person over time. It is believed that around 1000 species of
gut bacteria are present across the human population, with each person harboring 100-
160 species at a given moment in time [125,126]. Gut bacterial communities, in the
absence of medical interventions (such as antibiotic use) or pathogen infection, tend to be
stable over time [126,127]. It should, however, also be noted that the gut microbiota
encodes 100-fold more proteins than the human genome, including over 2 million
proteins that are found in less than 20% of individuals [128]. This immense number
provides a major source for antigenic variation that could contribute to immune
stimulation and crossreactivity in autoimmunity.
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Box 3. IBD as a paradigm

The contribution of the gut microbiota has been dissected in multiple IBD models. One
well-studied animal model is the TRUC (T-bet/"Rag2~/~ ulcerative colitis) mouse model
[129]. TRUC mice develop spontaneous ulcerative colitis due to genetic defects in innate
(T-bet in dendritic cells) and adaptive immunity (Rag2 in lymphocytes). Interestingly, the
altered microbial communities present in these mice were shown to transfer disease to
genetically intact mice, supporting a dominant role of pathobionts over host genetics
[129]. Recently, this model was shown to be important to decipher the effects of
treatment modalities commonly used in human UC. Anti-TNF therapy, which is
successfully used in human IBD patients, suppresses the pathobionts that mediate colitis
[23]. Intriguingly, once anti-TNF therapy is discontinued, the pathobionts outgrow again,
providing one plausible mechanism why biologic therapies currently used in autoimmune
diseases do not cure patients and why patients usually flare after discontinuing
immunosuppressive therapies. Furthermore, TRUC animals with active disease have a
reduced potential in carbohydrate and energy metabolism, and an increased potential for
flagellar assembly, tetrathionate respiration, and benzoate degradation [130]. These
findings support the hypothesis that, during states of inflammation, particular bacteria can
exploit host substrates, which leads to an increase in fitness. For example, the ability to
respire tetrathionate improves the fitness of several Enterobacteriaceae and can also
increase the bioavailability of ATP, which is linked to enhanced inflammatory Ty17
skewing [131-133]. In addition to the human study of pediatric CD, increases in
Enterobacteriaceae have also been shown in the TRUC model [23]. The specific disease
trigger, however, may vary based on the maternally transmitted microbiome, the animal
facility, or other external variables. Indeed, another group in Europe identified
Helicobacter typhlonius as the causal pathobiont in the TRUC model [134]. It therefore
remains to be seen if UC and CD are both instigated by similar communities within the
gut microbiota, or if different communities drive each disease that may also vary in
individual patients. In either case, these studies support that pathobionts exploit
inflammation, which in turn drives additional proinflammatory feedback mechanisms.
These processes could serve to promote IBD and also autoimmune diseases outside the
intestine.
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Box 4. Outstanding questions

. Does the neonatal microbial community composition (and thus the mode of
delivery and nursing) affect autoimmune predisposition later in life?

. Do HLA and other genetic risk loci select for a pathogenic microbiota in
autoimmune patients?

. Do common gut microbial or metagenomic signatures exist across
autoimmune diseases similarly to shared genetic risk loci?

. What is the role of the microbiota in the pathogenesis of systemic
autoimmunity?

. Do commensal antigens crossreact with autoantigens in genetically
predisposed individuals, thereby driving chronic autoreactivity at steady-
state?

. Is IgA coating of pathobionts consistently identifiable in autoimmune

patients, and could it serve as a novel biomarker?

. Can dietary interventions favor a balanced microbiota in autoimmune patients
with dysbiosis?

. Do bacteriophages, viral, or eukaryotic microbiomes influence autoimmunity
by interacting with the bacterial microbiome?

Trends Mol Med. Author manuscript; available in PMC 2018 April 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ruff and Kriegel Page 23

MMMV
. AUAALALA
o & @ . Barrierorgan:
& & " microbiota ?

™ 1 | .

- l Symbionts: @
Pathobionts: tolerogenic
inﬂamrlil—at’oL’T/J

Inflammation/dysbiosis:
direct barrier damage
Genetic predisposition?
I
NOD2, IL23R, MUC5B
|
Yes ¢ ¢ No
Chronic inflammation: Transient inflammation:
pathogenic non-pathogenic
IBD Psoriasis
TRENDS in Molecular Medicine
Figure 1.

Gut microbiota balance inflammation at barrier organs. Complex interactions between
genetics, environment, and the microbiota shape the inflammatory status at barrier sites, and
this impinges on autoinflammatory and autoimmune diseases. Diet, hygiene, antibiotics,
pathogenic infections, and hormones shape the balance between pathobionts and symbionts
at barrier organs. The barrier sites themselves, as well as the effects of each of these external
factors on the barrier organs, are influenced by genetics. Increases in pathobionts or
decreases in anti-inflammatory commensals favor aberrant immune interactions with these
microbes, leading to dyshiosis and direct barrier damage. In genetically predisposed
individuals, barrier damage is thought to instigate inflammatory bowel disease (IBD) in the
gastrointestinal tract and psoriasis at cutaneous surfaces. The susceptible sites are
determined by the colonization patterns of commensals. Other barrier sites might be equally
affected by the microbiota, for example interstitial lung disease (ILD) in the lung.
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Individuals not genetically predisposed will have only transient or no inflammation with
limited pathogenesis. Genes implicated in gut, skin, or lung barrier integrity are, for
example, nucleotide-binding oligomerization domain-containing protein 2 (NODZ,
polymorphic in IBD), interleukin-23 receptor (/L23R; polymorphic in psoriasis), and mucin
5B (MUC5B; polymorphic in ILD).
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Figure 2.
Microbiota influence CD4* helper T (Tw) cell subsets. (A) Germ-free animals have

decreased numbers of CD4" T cells in the periphery. The splenic CD4* T cell population of
germ-free animals is skewed towards T2 cells over Tyl cells, favoring allergic diseases.
This phenotype is reversed by monocolonization with the zwitterionic polysaccharide-A
(PSA)-producing Bacteroides fragilis (B. fragilis) or oral administration of PSA alone. This
process is mediated through the recognition and presentation of PSA by dendritic cells
(DCs) sampling the intestinal lumen. (B) In the gut, PSA signals through the innate toll-like
receptor 2 (TLR2) mediating the expansion of CD39* FOXP3* interleukin-10* (IL-10)
Tregs: The ectonucleotidases CD39 in conjunction with CD73 promote degradation of ATP.
PSA-induced Tiegs have been shown to inhibit multiple sclerosis (MS) and colitis in animal
models. Additional anti-inflammatory effects are elicited by bacterial production of short-
chain fatty acids (SCFAs) that also dampen colitis. SCFAs promote the stabilization of Tyegs
by inhibiting histone deacetylases and triggering chemotactic G protein-coupled receptors
(GPRs) on FOXP3* Tegs. (C) Segmented filamentous bacteria (SFB) induce the
differentiation of inflammatory CD4* Ty17 cells through direct interactions with intestinal
epithelial cells and MHC class 11-dependent antigen presentation of SFB antigens to CD4* T
cells by intestinal DCs. The induction of intestinal T17 cells by SFB has been linked to
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inhibition of type 1 diabetes (T1D) and the induction of rheumatoid arthritis (RA) and MS in
animal models. (D) SFB and A/caligenes species promote the antigen-specific and antigen-
independent production of immunoglobulin A (IgA) in the intestinal lumen and in the
periphery. The gut microbiota influences the production of T cell dependent
immunoglobulin (Ig) production likely through PD-1* follicular Ty cells (Tgy) that are
known to instruct B cells to produce antigen-specific 1g. This process could influence
systemic lupus erythematosus (SLE) or other autoantibody-mediated autoimmune diseases.
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Figure 3.

The gut microbiota impinges on non-gut autoimmunity. The gut microbiota balances the
development of organ-specific and systemic autoimmunity in animal models. Dietary,
antibiotic, genetic, hormonal, and hygienic factors affect the composition of the intestinal
microbiota. Altered microbial community composition or function (dysbiosis) influences
immune homeostasis locally and systemically. Genetic susceptibility (particularly via HLA
haplotypes and genes regulating inflammation), combined with barrier disruption and
dysbiosis, will increase the propensity of antigen-presenting cells [e.g., dendritic cells (DCs)
or B cells] to take up antigen at different sites (lamina propria and Peyer’s patches), become
activated, and present antigen to cognate T cells in secondary lymphoid organs. Follicular
Th cells (Tgw; shown as Tfh) cells help B cells in the germinal centers of lymph nodes or
Peyer’s patches to produce different classes of antibodies, such as secretory IgA (sIgA) in
the gut and IgG and IgA in the periphery. Activated immune cells traffic from the intestine to
the mesenteric lymph nodes where they become imprinted with intestinal-homing markers.
Some cells will also circulate systemically entering peripheral lymph nodes and target
tissues. The development of autoreactive lymphocytes is proposed to occur due to three
mechanisms: bystander effects, molecular mimicry, and epitope spreading. These
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mechanisms are not mutually exclusive and can also affect barrier organ autoimmunity. Each
of these three mechanisms applied to commensals could be implicated in the development of
non-barrier organ autoimmune diseases, for example type 1 diabetes (T1D), rheumatoid
arthritis (RA), multiple sclerosis (MS), or systemic lupus erythematosus (SLE), similarly to
transient autoimmune syndromes induced by pathogenic infections affecting for instance the
joints (rheumatic fever) or nervous system (Guillan-Barré syndrome). Without genetic
susceptibility, the proposed anti-commensal responses would be limited and lead to no overt
autoimmunity. In a genetically predisposed host, several scenarios can occur depending on
the genetics and pathobiont/ symbiont balance. Dysbiosis could be sustained by a genetic
predisposition that leads to innate or B cell hyper-responsiveness, for example via
polymorphisms in protein tyrosine phosphatase 22 (P7TPN22) or tumor necrosis factor a-
induced protein 3 (7NFA/P3). Without overt dysbiosis, antigen-specific recognition of
commensals could lead to autoimmunity via crossreactivity if HLA polymorphisms or
genetically encoded defects in Treqs Or T cell homeostasis are present, for example in
interleukin-2 receptor a (/L2RA), interleukin-7 receptor (/L 7R), or cytotoxic T lymphocyte-
associated protein 4 (CTLA4).
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