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Abstract

Genetic composition and major histocompatibility complex polymorphisms unequivocally
predispose to autoimmune disease, but environmental factors also play a critical role in
precipitating disease in susceptible individuals. Notorious among these has been microbial
infection. Older studies describing associations between microbial infection and autoimmune
disease are now followed by new studies demonstrating correlations between susceptibility to
autoimmune disease and commensal colonization of the intestinal tract. T helper 17 (Ty17) cells
have gained a prominent role in autoimmune disease, and notably, their development within the
intestine has been linked to colonization with specific commensal bacteria. Here, we consider
current views on how microbes, TH17 cells, and autoimmunity are connected. We speculate on
how the intricate relationships among commensal, pathogen, and the host might ultimately
determine susceptibility to autoimmune disease.
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Introduction

Genetic polymorphisms in the major histocompatibility complex (MHC) constitute the
strongest genetic association with the major human autoimmune diseases: multiple sclerosis
(MS), type 1 diabetes mellitus (T1D), systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), and inflammatory bowel diseases (IBD) (reviewed in [1]). Genome-wide
association studies, where variations in hundreds of thousands of genes are concomitantly
revealed, have tied more than 200 genetic loci with one or more autoimmune disease [2].
These studies have implicated a critical role for discrete functional pathways in innate
immunity and host defense, lymphocyte activation and differentiation, and cytokine/cytokine
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receptor signaling [2]. While high concordance rates among monozygotic twins support the
predominant involvement of genetic factors, disease discordance has also been observed,
instigating the search for environmental triggers of autoimmune disease [3, 4]. Popular
contenders are microbes, both viruses and bacteria, as strong epidemiological links are
present between infections with certain pathogens and the development of autoimmune
disease in genetically susceptible individuals [5]. Here, we examine the associations of
microbial pathogens and commensal microorganisms with different autoimmune diseases
focusing primarily on the role of T cells, particularly Ty17 cells.

Avoiding and triggering autoimmunity

Central tolerance

The first step in prevention of autoimmunity is the elimination of self-reactive T cells during
thymic development in a process called central tolerance. Its aim is to achieve a T cell
repertoire that is tolerant to self-antigens (reviewed in [6]). Immature lymphocytes arriving
in the cortex of the thymus from the bone marrow initiate expression of their T cell receptor
(TCR) via assembly of three separate gene segments, the variable (V), diversity (D), and
joining (J) genes, in a process called VV(D)J recombination. New TCRs are then tested for
reactivity with MHC molecules bearing peptides derived from various self-proteins ((MHC
complexes) displayed on the surface of cortical thymic epithelial cells. The first goal is to
achieve MHC restriction, that is, the ability to bind pMHC with a minimal threshold of
reactivity that signals survival and thus positive selection. To survive, a minority of
thymocytes undergo TCRa chain editing by V(D)J recombination replacing their TCRa
chain with one that might deliver just the right signals for positive selection. These signals
also entail shut down of V(D)J recombination, TCR downregulation, and chemokine
receptor upregulation to guide thymocytes toward the thymic medulla where another round
of testing eliminates, via negative selection, those thymocytes bearing TCRs with high
avidity to self-pMHC complexes, which are now displayed on the surfaces of medullary
thymic epithelial cells (MTECSs) and dendritic cells (DCs). Throughout these processes, the
threshold of TCR signaling critically determines thymocyte survival such that mutations in
the signal transducing ¢-chain (TCR)-associated protein kinase of 70 kDa (ZAP-70), which
reduce accurate perception of this threshold, result in impaired positive and negative
selection of autoreactive thymocytes causing autoimmune arthritis in mice [7].

A fascinating aspect of negative selection relates to how self-pMHC complexes in the
thymus, upon which thymocyte TCR avidity is tested, could possibly represent the variety of
self-proteins that a T cell might encounter in tissues, such as the pancreas, liver, or intestine,
once it exits to the periphery. Here, the autoimmune regulator (AIRE) plays a critical role
(reviewed in [8]). AIRE is a transcription factor predominantly expressed by MTECs and
functions in mediating ectopic expression of peripheral tissue restricted proteins within these
cells by releasing stalled RNA polymerases [9]. MTECs isolated from Aire”/~ mice show
lost or reduced expression of an estimated 1,200 genes. These include pancreatic
preproinsulin 11, salivary gland proteins 1 and 2, liver a-1-microglobulin/bikunin precursor,
Paneth cell cryptidin-related sequence 2, and multiple tissue-specific proteins such as
cytochrome P450, lactotransferrin, prostaglandin D, and insulin-like growth factor 1. But
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even with AIRE, a number of genes, like the pancreatic protein GAD65 encoding gene, are
not expressed in the thymus, or expressed at lower levels that preclude their detection.
Interestingly, proteins encoded by these genes are often targets for autoimmunity.

An immune function for AIRE was first recognized when genetic AIRE mutations were
linked to a rare and severe autosomal recessive autoimmune disease, autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), also known as
autoimmune polyendocrine syndrome type | (APS-1). More than 60 mutations of AIRE have
now been identified, and phenotype varies depending on the mutation. Diagnosis relies on
presentation of at least two of the most common manifestations: Addison disease,
hypoparathyroidism, and chronic cutaneous candidiasis, while other disease components can
also occur such as diabetes mellitus, autoimmune hepatitis, chronic diarrhea, type A
autoimmune gastritis, keratitis, alopecia, and vitiligo [10]. Besides the presence of
autoantibodies against IFN-a and IFN-w in the plasma of APS-I patients, these patients also
develop autoantibodies to IL-17A, IL-17F, and IL-22 but not to other cytokines like IL-6,
IL-23, IL-21, IL-1p, or TGF-B. These autoantibodies (specifically to IL-17A) neutralize
Tn17-cell function, which predisposes to mucocutaneous candidiasis, a common ailment in
APS-1 patients [11]. Despite the importance of Ty17 cells in immunity to a number of
pathogens in mice [12], APS-I patients are uniquely susceptible to infections with Candida
albicans, defense against which requires the T17 effector cytokine 1L-17 in mouse models
[13], but surprisingly not to infections with other pathogens.

Peripheral tolerance

A dominant role for central tolerance ensures that all developing lymphocytes bearing TCRs
with high affinity to self-pMHC are deleted from the T cell repertoire. However, autoreactive
T cells do escape central tolerance [14] and have been detected in the peripheral blood of not
only patients with autoimmune disease (multiple sclerosis and type 1 diabetes), but also
healthy individuals [15-17]. Self-reactive T cells that escape central tolerance are generally
capable of only low-affinity interactions with their cognate ligands, but as mentioned above,
there is the potential for T cells bearing high-affinity TCRs, specific to tissue-restricted
antigens, to escape central tolerance when this antigen is poorly expressed by MTECs.
Therefore, peripheral tolerance is required to prevent activation of such autoreactive T cells
[18].

The mechanisms of peripheral tolerance generally fall under several categories including T
cell ignorance, where restricted trafficking of naive T cells between the lymph and blood
limits their encounters with self-antigens expressed in peripheral tissues, and T cell anergy,
where recognition of cognate self-pMHC at steady state, in the absence of infection or
inflammation induced costimulatory molecule expression, aborts proliferation, and prevents
sustained clonal expansion. For example, distinct populations of splenic CD8a* [19] and
tissue CD103* DC (for example, in the lung [20]) are specialized in cross-presentation of
apoptotic cell-derived antigens at steady state, thereby enforcing peripheral tolerance of
potentially self-reactive CD8* T cells. Multiple E3 ubiquitin ligases such as Cbl/b and Itch
regulate T cell activation by ubiquitinating target proteins downstream of TCR signaling
[21], and mice deficient in these molecules are susceptible to autoimmune disease as
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exemplified by rapid disease development as a result of combined deficiency for AIRE and
Cbl-b [22]. Molecules such as CTLA-4 and PD-1, expressed by T cells following their
activation and critical for limiting T cell proliferation, have also been recognized as
important mediators of peripheral tolerance based on the observations that mice deficient for
CTLA-4 or PD-1 (or its two ligands PDL-1 and PDL-2) develop spontaneous autoimmunity
[23]. Genome-wide association scans have discovered autoimmunity risk alleles in genes
encoding CTLA-4 and PD-1 along with other genes encoding costimulatory molecules such
as inducible T cell costimulator (ICOS) ligand, CD58, CD40, CD244, CD226, and tumor
necrosis factor superfamily members 4 and 15 (TNFSF4 and TNFSF15, respectively) [24].

T cell deletion can also occur in the periphery where autoreactive T cells die by apoptosis
dependent on the pro-survival BCL-2 antagonist BIM and triggered by the death receptor
FAS. FasP" MRL mice express a mutant allele of Fas that fails to transmit a death-inducing
signal, and these mice suffer from severe T cell lymphoproliferative and autoimmune disease
[25]. Deficiency in pro-apoptotic BIM leads to progressive lymphadenopathy and a systemic
autoimmune disease with older mice developing plasmacytosis and autoimmune kidney
disease. Many of these symptoms were reproduced by overexpression of BCL-2 [26].

Finally, the most important mechanism of peripheral tolerance is mediated through the
function of suppressor FOXP3* T regulatory (Treg) cells (reviewed in [27, 28]). Originally
described merely as CD4*CD25* T cells, their depletion led to autoimmunity and IBD in
otherwise healthy mice, and deletion of FOXP3 in mice or loss of function mutations in
FOXP3 (Scurfy mice) leads to fatal autoimmune-like disease. Mutations in human FOXP3
lead to IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome
manifesting in aggressive multisystem autoimmunity where presentation with diarrhea,
insulin-dependent diabetes mellitus, thyroid disorders, and eczema occurs early in life.
These observations demonstrate that FOXP3* Treg cells function to inhibit autoimmune
responses. A large body of work has revealed that FOXP3* T4 cells mediate their
suppressive functions via multiple mechanisms including the production of
immunosuppressive cytokines like IL-10, IL-35, and TGF-B, Granzyme- and perforin-
dependent cytolysis of effector T cells, as well as the controversial deprivation of IL-2
needed by those cells. Tyeq cells can also downmodulate antigen-presenting cell (APC)
function via interaction of CTLA4 on FOXP3* Treg cells with CD80/CD86 on APC. This
interaction initiates an immunosuppressive program within APC characterized by decreased
expression of T cell costimulatory molecules and activation of the indoleamine-2,3-
dioxygenase (IDO) and FOXO3 pathways that restrain APC inflammatory cytokine
production [29].

Microbial triggers of autoimmunity

Alongside the above-described genetic defects in central or peripheral tolerance
mechanisms, which can confer increased susceptibility to autoimmune diseases,
autoimmunity has also been epidemiologically linked to infections. Many theories have been
proposed to explain how microbes could initiate or predispose to autoimmunity (Fig. 1a),
and these include bystander activation of autoreactive T cells by pathogen encoded
superantigens or inflammatory cytokines produced by APC responding to infection. The
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dominant theory is “molecular mimicry”, or more specifically “epitope mimicry”, where
self-reactive B or T cells are activated inappropriately upon recognition of peptides derived
from pathogens that share sequence or structural homology with peptides derived from self-
antigens (reviewed in [30]). However, molecular mimicry, especially in the case of T cell
epitope mimicry, has been controversial due to varying views regarding the experimental
evidence in animal models, and the lack of strong evidence in human disease [5, 31-34].
The case may be stronger for B cell epitope mimicry with recent evidence in human SLE
(more on this below) [35]. More recently, in a dramatically different manner of associating
microbes with autoimmune disease, colonization with certain commensals appears to
determine susceptibility to autoimmune disease. In the next two sections, we examine some
of the associations that have been made between pathogens and autoimmune disease, and
how some have been explained by molecular mimicry. We also review newer studies looking
at the role of commensals in modulating autoimmune disease. The precise molecular basis
underlying these associations, for either pathogen or commensal, remains poorly understood.

Infections with pathogenic microbes

There are several autoimmune disease states that have been associated with infection with
specific pathogens [36, 37]. Perhaps the best known example is Guillain-barré syndrome
(GBS) [38]. GBS is characterized by immune mediated destruction of nerves in the
peripheral nervous system. Despite recent speculation as to whether GBS should continue to
be classified as an autoimmune disease due to its acute onset and transient nature [39], it is
thought to occur via an infection which then triggers autoimmune pathology. Two-thirds of
GBS patients report a recent gastrointestinal or respiratory infection. While Epstein-Barr
virus (EBV), cytomegalovirus (CMV) and Mycoplasma pneumoniae have all been reported
to precede GBS, Campylobacter jejuni, a gram-negative enteric bacillus, has emerged as the
principal infectious agent implicated in the induction of GBS, although of note only 1/1,000
patients with C. jejuni enteritis present with GBS [38, 40]. The lipopolysaccharides of C.
Jejuniisolated from patients with GBS were found to have outer core oligosaccharides
identical to those of GM1 and GD1a gangliosides expressed by peripheral nerve axons [41].
Immunization of rabbits with the LPS oligosaccharide fraction obtained from a clinical
isolate of C. jejuni, containing homology to GM1 or GD1a, led to development of anti-GM1
IgG antibodies along with infiltration of macrophages into the periaxonal space and
subsequent flaccid limb paralysis [40]. Anti-GM1 or anti-GD1a specific 1gG autoantibodies
are seen in GBS patients suggesting an involvement of CD4* T cell help, likely from CD1-
restricted lipid-specific T cells, although no evidence for this is reported [38].

Another frequently cited example of microbial infection leading to autoimmune pathology is
infection with the spirochete Borrelia burgdorferias a result of a deer tick bite, which causes
Lyme disease (reviewed in [42]). A chronic inflammatory joint disease, Lyme arthritis, can
be a complication of infection with B. burgdorferiwhen infection is not treated or is
refractory to treatment with antibiotics [43]. However, even with successful treatment and
subsequent confirmation of the absence of B. burgdorferi DNA in synovial fluid, arthritis
persists in a small percentage of patients, pointing to an autoreactive etiology to the
inflammation. Patients mount both a T cell and antibody response to the B. burgdorferi
outer-surface protein A (OspA), which correlates with the severity of arthritis. Epitope
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mimicry was invoked with the identification of partial sequence homology to a peptide
derived from human lymphocyte function-associated antigen-1 (hLFA-1a), and CD4* T
cells from patients with antibiotic refractory arthritis produced IFN-y to both OspA and
hLFA-1. However, later studies using OspA-specific T cell clones could confirm these
results with only 10 % of the clones, and a search for other self-derived epitopes that might
cross-react with OspA did not yield results that could be applicable to the large majority of
patients. On the other hand, strong evidence demonstrates that HLA-DR4 presentation of
OspA165-173 confers increased susceptibility and severity of chronic Lyme arthritis [42].

Another well-known example of a post-infection autoimmune disease is rheumatic fever
following pharyngeal infection with g-hemolytic Streptococci. The autoimmune pathology
following infection with g-hemolytic Streptococci presents as an acutely febrile illness that
can involve multiple organs, including kidneys, joints, and the heart, and can develop even
with proper treatment or prophylaxis (reviewed in [31]). Disease pathogenesis is thought to
be caused largely by T cells in the myocardium, and a pre-dominance of infiltrating CD4* T
cells are found in rheumatic lesions of affected individuals. Several studies have
demonstrated cross-reactivity of these infiltrating T cells with streptococcal M proteins, the
major virulence factors of Streptococci, and cardiac myosin, laminin or tropomyosin [31].
Several streptococcal and human cross-reactive antibodies, particularly to cardiac myosin,
have also been described in the sera of rheumatic fever patients [44].

A gram-negative bacterium causing chronic infection in gastric mucosa, Helicobacter pylori,
has also been associated with some autoimmune conditions, particularly autoimmune
gastritis. Autoimmune gastritis in the context of H. py/oriinfection is thought to be T cell
mediated via molecular mimicry [45], and described autoantibodies have been found to be
produced by B cells after activation by components of H. py/ori, including urease [46]. A
potential role for bacterial heat-shock proteins (HSP) has been postulated because of the
high level homology between bacterial and human HSP sequences. However, H. pylori has
also been associated with protection from certain autoimmune diseases, including IBD,
possibly because of its propensity for chronic low level infection and tolerance induction
(reviewed in [47]).

Besides associations with bacterial pathogens, infections with viruses, particularly
enteroviruses such as Coxsackie virus B4, which have tropisms for pancreatic gislet cells,
have been associated with the development of T1D [48-50]. These viruses can be detected
in pancreatic but also intestinal biopsies from patients with T1D, especially after recent
onset [50]. Innate recognition of enteroviral nucleic acids through Toll-like receptor (TLR) 3
and/or RIG-I and MDA-5, pattern recognition receptors that mediate viral nucleic acid
recognition and subsequent type | interferon (IFN) production [51], are thought to be critical
in initiating a sequence of events including recruitment of inflammatory cells, apoptosis of
infected gislet cells, presentation of apoptotic g cell-derived antigens by activated DCs to
autoreactive T cells, and increased levels of MHC class | on remaining gislet cells leading
to their targeting by activated autoreactive T cells [52]. Consistent with the importance of
type | IFNs in these events, four rare polymorphisms in the gene encoding MDA-5, /fihl
(interferon induced with helicase C domain 1), which confers recognition of RNA from
picornaviruses (the class to which enteroviruses belong), were predicted to reduce MDA-5
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function and were associated with lowered risk of developing T1D [53]. Besides T1D,
several other human autoimmune diseases are thought to arise from viral infection, including
cardiomyopathy (myocarditis), also from infection with group B (B3) Coxsackie viruses and
group A streptococci [54], as well as acute disseminating encephalomyelitis and MS, which
have been associated with viral pathogens such as EBV, measles virus, and HHV-6 [30]. In
MS, clinical studies have shown that infection with EBV is a consistent and strong risk
factor. In fact, it has been reported that in individuals infected with EBV in early childhood,
the risk of MS is about tenfold higher compared to EBV-negative individuals, and at least
20-fold greater if they also have developed mononucleosis [55, 56]. SLE is also associated
with prior viral infection. Prior to clinical onset of SLE, the initial autoantibodies that
develop in patients to the 60KDa protein Ro, a common target in SLE, were found to cross-
react with a peptide from the latent EBV viral protein Esptein-Barr virus nuclear antigen-1
(EBNA-1) [35]. Rabbits immunized with either Ro or the cross-reactive EBNA-1 peptide
developed autoantibodies that bound to multiple epitopes of Ro, and the animals
progressively developed symptoms of lupus [35]. These data support a role for B cell
epitope mimicry in the initiation of SLE.

In the context of Crohn’s disease (CD), an IBD that affects mainly the ileum but can also
occur anywhere in the intestinal tract, recent work in mice has shown that viral infection can
also contribute to the development of IBD in a susceptible genetic background [57]. Since
the autophagy gene Atg16/1 has been linked to CD in humans, a mouse model was
generated where the expression of the ATG16L1 protein is rendered hypomorphic (HM) by
inhibiting the expression of intact mRNA after gene trap-mediated disruption of the gene
[58]. ATG16L1"M mice are viable and survive to adulthood. While the morphology of both
ileum and colon is intact in these mice, evident abnormalities in granule exocytosis were
detected as well as in the transcriptional profile of Paneth cells derived from these mice,
consistent with similar observations in patients homozygous for the Atg16/1 risk allele.
Strikingly, these abnormalities were absent if the same line of mice were raised in an
enhanced barrier facility, and chronic infection by the murine norovirus was required for the
observed phenotype [57]. Treatment with dextran sulfate sodium (DSS), which induces
colitis in mice via toxicity toward intestinal epithelial cells leading to disruption of intestinal
barrier integrity and consequent inflammation, generates an altered response to injury in
ATG16L1"M mice and recapitulates the main characteristics of IBD. It was concluded that
both gene susceptibility and virus infection are likely responsible for triggering Crohn’s-like
disease in these mice.

Infection and intestinal homeostasis seem to also be related to peripheral autoimmune
diseases such as RA, which causes chronic inflammation of the joints and of the tissues
around the joints, as well as in other organs in the body [59, 60]. Several epidemiological
studies in patients affected with arthritis have reported a correlation between the onset of the
disease and preceding gut infections [59]. It has been estimated that the annual incidence of
enteric infection-related arthritis within a population approaches 1/1,000 [61, 62]. These
observations suggest that the outcome of an enteric infection can have significant impact on
the development of arthritis in humans.
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Colonization with commensal microbes

The commensal microbial community populating the mammalian gut has recently emerged
as a critical player that contributes to both health and disease, affecting a range of systemic
diseases. Skewing of the commensal community or “dysbiosis” can result in autoimmune
pathology in the intestine as well as at distant sites. While host genetics underlies the
susceptibility to autoimmunity, accumulating evidence emerging from both clinical and
experimental studies shows that the intestinal microbiota can also modulate the
susceptibility to autoimmune disease (Conclusions from studies in animal models are
schematized in Fig. 1b).

The first piece of evidence comes from studies in the context of IBD defined as chronic
inflammatory disorders affecting the intestinal tract. The most common types of IBD are CD
described above, and ulcerative colitis (UC)—an inflammation of the colonic mucosa. The
main cause of these diseases is still unclear and despite an essential role for the genetic
background in determining susceptibility to disease, several observations in humans and
mice suggest an important contribution of the intestinal microbiota (reviewed in [63]). We
mention only a handful of studies here. First, abnormal composition and activity of the
microbiota have been observed in IBD patients as compared to healthy individuals. An
increased frequency of mucosa-associated bacteria and the emergence of adherent/invasive
strains of Escherichia colihas been reported in patients with CD. Also, a serological
response against commensal-derived antigens such as £. coli outer membrane protein C
(OmpC), the Crohn’s related bacterial sequence 12 from Pseudomonas fluorescence, and
bacterial flagellin have been detected in patients with CD. Approximately 70 % of patients
with UC have anti-neutrophil cytoplasmic antibody (pANCA), which curiously cross-reacts
with select species of commensal bacteria suggesting that pANCA may be directed toward a
phylogenetically conserved sequence within histone-H1 [64]. Analysis of the C3H/HeJBir
strain of mice, which spontaneously develop colitis, has shown the presence of CD4* Tyl
cells proliferating in response to enteric bacterial flora, and these cells are able to transfer
the disease in scid/scid recipients after antigen-specific activation. More recently, Treg cells
were shown to promote production of intestinal IgA specific to the immunodominant
flagellin antigen CBirl [65]. In addition, several polymorphisms in genes predisposing to
IBD are involved in innate immune recognition of bacterial ligands and their processed
byproducts. These include polymorphisms in the nucleotide-binding oligomerization domain
containing 2 (NOD2) and TLRs 2, 4 and 5. In humans, clinical experience suggests that
antibiotic treatment or administration of probiotics and prebiotics can treat symptoms of
IBD although their benefits in carefully designed clinical trials have not been formally
established. In genetic mouse models of IBD, the development of colitis and ileitis is often
blocked after antibiotic treatment or housing in germ-free conditions. Some examples
include /107"~ mice and Tg(£26) mice, a transgenic line that expresses high copy number of
the CD3e human gene leading to an arrest in T cell development (reviewed in [66]). In the
Samp-1/Yit strain of mice, which develop a spontaneous ileitis similar in many features to
human CD, as well as //2”~ mice, manifestations of IBD are also attenuated in germ-free
conditions [66]. Similarly, ATG16L1"M mice infected with norovirus are protected against
DSS-induced colitis after antibiotic treatment [57]. Colonization of mice with an
experimentally standardized microbiota called the Altered Schaedler Flora (ASF) or with
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commensal bacterial species, such as Clostridium, protects against DSS-induced colitis by
promoting colonic generation of Ty cells [67, 68].

An altered fecal microbiota has been shown to be responsible for an increased susceptibility
to DSS-induced colitis in mice deficient for the inflammasome components NLRP6, ASC
and caspase-1 [69]. These proteins form a large multi-protein complex called the
inflammasome, assembly and activation of which is initiated by members of the Nod-like
receptor (NLR) family. Assembly of the inflammasome leads to the activation of
inflammatory caspases, cysteine proteases, that are produced as zymogens and which induce
cell death or inflammation upon activation. Caspase-1 interacts with some members of the
NLR family via a CARD domain-containing protein called PYCARD (or ASC), and when
activated upon cleavage, leads to the cleavage of pro-IL-18 and pro-1L-18 to generate the
biologically active forms of these cytokines [70]. In this context it has been shown that
NLRP6 inflammasome expression in epithelial cells and consequent I1L-18 production limits
the host colonization by bacterial phyla Bacteroidetes (Prevotellaceae) and TM7, which are
highly colitogenic and increase susceptibility to DSS-induced colitis [69]. Consistently,
antibiotic treatment of NLRP6 deficient mice decreases the abundance of these species and
susceptibility of the mice to colitis. In contrast to these findings, mice deficient for
activation-induced cytidine deaminase (AID), which is expressed by germinal center B cells
and acts as a central regulator of somatic hypermutation and class switch recombination, are
often used as a spontaneous model of gastritis. Interestingly, no change in the development
of autoimmunity has been observed in AID deficient mice during germ-free housing [71].

As has been shown for IBD, alterations in the gut microbiota have also been reported in
patients with RA [72]. The development of RA in mice deficient for the IL-1 receptor
antagonist (//1rr") is associated with spontaneous autoimmune T cell-mediated arthritis
because of excessive IL-1 signaling. Notably, development of arthritis in this model is
dependent on commensals because germ-free mice do not develop the disease [73].
Interestingly, monocolonization with Lactobacillus bifidus induces rapid onset of arthritis in
germ-free //1rr'~animals. In a more recent study, the onset of autoimmune arthritis in a
different model was also shown to be attenuated under germ-free conditions [74]. The
authors used the K/BxN mouse model of inflammatory arthritis where mice express both the
NOD strain MHC class Il molecule A97 and the transgenic TCR KRN specific to a self-
peptide derived from glucose-6-phosphate isomerase (GPI) presented within the context of
AY7 [75]. The autoreactive KRN T cell response induces high levels of anti-GPI antibodies,
which recognize cationic GPI associated specifically with the cartilage surface, leading to
inflammatory deposition of immune complexes at the cartilage surface. Development of
arthritis is significantly reduced in K/BxN mice housed in germ-free conditions, but these
mice develop arthritis within two weeks of being transferred into a specific pathogen free
(SPF) facility [74]. The titer of anti-GPI autoantibodies was reduced in germ-free mice, and
gene expression analysis of their splenic CD4* T cells showed an impaired Ty17 and Tyl
signature compared to their SPF counterparts [74].

Contrary to these observations, T1D has long been known to be fully penetrant in germ-free
NOD mice, while housing under SPF conditions reduces disease incidence [76, 77].
Surprisingly, SPF housed NOD mice are completely protected from T1D when bred onto a
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background deficient for the TLR signaling adaptor MyD88 [78]. Compared to Myd88"~
NOD mice, the intestinal microbiota in My@88~ NOD mice was altered in composition
(for example, significantly lower ratio of Firmicutesto Bacteroidetes), and exposure of
germ-free NOD mice to this altered microbiota led to severe attenuation of pancreatic islet
immune cell infiltration [78]. Therefore, in an experimental model of diabetes, the lack of
microbiota increases disease penetrance, although some commensal species, such as
Bacteroidetes, can be protective. It has been suggested that production of anti-inflammatory
short chain fatty acids from dietary fiber, which Bacteroidetes have been described to do,
induces systemic anti-inflammatory responses that protect against diabetes [79].
Furthermore, based on the increased susceptibility of germ-free mice to infections with
Coxsackie B virus, member of the aforementioned enteroviruses that have been linked to
diabetes, colonization with specific commensals is speculated to prevent infection with
Coxsackie virus, and thereby protect from development of subsequent diabetes [80].

Two recent studies have also highlighted the role of commensal flora in the context of
experimental autoimmune encephalomyelitis (EAE), a mouse model of MS. Disease is
caused by damage to the myelin sheath of neurons, and activation of autoreactive T and B
cells is involved in disease development. One study has shown that the induction of EAE
upon injecting animals with a peptide derived from myelin oligodendrocyte glycoprotein
(MOG) in Complete Freund’s Adjuvant (CFA) was attenuated if animals were housed in
germ-free conditions compared to their SPF housed counterparts [81]. In a second study, a
spontaneous model of EAE was used where TCR transgenic mice termed relapsing-
remitting (RR) mice express a TCR specific for MOG peptide92-106 in the context of 1-AS
[82]. Backcrossed to the EAE susceptible SIL/J background, most RR mice spontaneously
develop EAE sharing many features of human MS. The authors demonstrated that
commensal bacteria were required for the development of spontaneous EAE since RR germ-
free mice were fully protected while SPF animals developed disease within 3-8 months [82].
In parallel, reduced titers of anti-MOG antibodies in the serum and impaired germinal center
formation in the cervical lymph nodes of germ-free RR mice were also observed. MOG-
specific antibody titers were promptly increased upon recolonization with conventional
commensal microbiota [82].

The role of T helper 17 cells (Ty17) cells

Tyl7 cells occupy center stage in autoimmune disease

Interest in the last several years has centered on the association of autoimmune inflammation
with Ty17 cells, a T helper cell subset known for its role in pathogenesis of organ-specific
autoimmunity in both animal models as well as human disease. Ty17 cells are also
important for host defense against certain microbial infections, and a variety of pathogenic
bacteria induce TH17 cells in the intestine or at other mucosal surfaces.

Even before the definition of Ty17 cells, IL-17 cytokine produced by CD4* T cells has been
associated with host defense against infectious pathogens as well as with autoimmune
diseases. At the turn of the century, it became clear that CD4* T cells that express IL-17 do
not co-express interferon-y (IFN-y) and vice versa [83]. Subsequent studies of mice
deficient for IL-23 in autoimmune disease models showed that although this cytokine was
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not important for expression of IFN-y, it was required for expression of IL-17, indicating
that IL-17 and IFN-y are differentially regulated [84, 85]. IL-23 was subsequently shown to
selectively induce proliferation of in vivo primed IL-17-expressing CD4* T cells [86]. T
cells induced to proliferate with IL-23 express a distinctive set of genes: they do not produce
IFN-y or IL-4 but instead express 1L-23 receptor (IL-23R) and IL-17. IL-23R expression
was later found to be essential for successful completion of the differentiation process in
Tn17 but not Tyl cells in vivo [87]. In investigating the requirements for Ty17-cell
differentiation, two groups independently showed that naive CD4* T cells uniquely
differentiate into 1L-17-expressing T cells distinct from Tyl or T2 under the influence of
TGF-gand IL-6, with IL-23 driving the expansion of these cells [88, 89]. Ty17 cells have
since been recognized as a separate lineage of T-helper cells that plays a crucial role in T
cell-mediated adaptive immunity. This idea has been supported in the last several years with
many studies describing their unique cytokine profile and transcriptional regulation, both in
human and mouse systems (reviewed in [90]). TH17 cells are not only distinct from other T-
helper cell subsets in terms of gene expression and regulation, but also in their biological
function. Ty17 cells are generally thought to be pro-inflammatory, especially through the
production of IL-17 (reviewed in [12]). They play a role in recruiting neutrophils and
macrophages to infected tissues, and participate in other functions such as abscess formation
and induction of antimicrobial peptides.

The importance of Ty17 cells in the pathogenesis of organ-specific autoimmune
inflammation has now been well established and demonstrated in many different animal
models (reviewed in [91]). As IL-17 being the signature cytokine produced by Ty17 cells,
looking for its presence both at the transcript and protein levels or disrupting IL-17 signaling
has predominated earlier studies. EAE was found to be severely attenuated in mice lacking
IL-17, IL-17 receptors A (IL-17RA) or IL-17RC [92-94], while treatment with antibody to
IL-17 inhibited chemokine expression, and thereby inflammation, in the brain [89]. Using
various models of arthritis such as collagen-induced arthritis or spontaneous arthritis in
K/BxN or //1rr'~ mice, deficiency for IL-17 or IL-17R demonstrated a critical role for
IL-17A in arthritis (reviewed in [95]). IL-17 was found to increase joint inflammation by
inducing synovial pro-inflammatory cytokine and chemokine production, and aggravate
bone and cartilage erosion in murine collagen-induced arthritis, also acting synergistically
with IL-1 and TNF. Its neutralization before the onset of arthritis prevented the development
of arthritis in both collagen-induced and spontaneous models of the disease. Consistent with
these studies, loss of I1L-23 is protective in autoimmune arthritis in mouse models, while loss
of IL-12 correlates with increased severity of disease as well as increased numbers of I1L-17-
expressing lymphocytes [85]. IL-17 is also implicated in mouse models of IBD. Blocking
IL-23, but not IL-12, is sufficient to prevent onset of colitis in //207/~ mice, by a mechanism
involving inhibition of IL-17, and administration of recombinant IL-23 accelerated colitis
induced by CD4*CD45RBNIN T cell transfer into Rag/~ mice [96]. Also, in a different
acute colitis model of IBD employing the use of 2,4,6 trinitrobenzenesulfonic acid (TNBS),
IL-17R deficient mice showed lower levels of colonic IL-6 and MIP-2, with a resultant
reduction in colonic neutrophil infiltration and reduced severity of colonic inflammation
[97]. Conversely, treatment of control C57BL/6 J mice with an adenoviral vector encoding a
soluble IL-17R-1gG fusion protein significantly reduced IL-6 and MIP-2 levels. Finally, via
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secretion of IL-22, TH17 cells also play a pathogenic role in dermal inflammation and
psoriasis, an autoimmune disease characterized by faster multiplication of skin cells and
recruitment of leukocytes in both dermis and epidermis (reviewed in [98]). Increased IL-22
MRNA and protein levels have been found both in the skin and blood of psoriatic patients. In
a CD4* T cell-dependent mouse model of psoriasis where CD4*CD45RBM T cells depleted
of CD25" Ty¢q cells were transferred into lymphocyte deficient mice, IL-22 neutralization
prevented disease development.

High levels of IL-17A in the synovial fluid and systemic levels of IL-23 have been detected
in patients with RA [99-102]. Increased IL-17 transcripts along with IL-6 and IFN-y
transcripts were found in central nervous system autopsy lesions as well as CSF collected
from patients with MS [103, 104]. Also, IL-17-expressing perivascular lymphocytes have
been described in brain lesions of patients with active MS, while these IL-17* cells were
reduced in patients with quiescent MS [105]. I1L-23 expression by monocyte-derived DCs
was found to be significantly higher in MS patients than healthy subjects [106]. This
observation correlated with more production of IL-17 by CD4* T cells isolated from patients
with MS. In patients with UC and CD, elevated IL-17 mRNA levels were found in the
colonic mucosa as compared to corresponding samples from either normal controls or
patients with infectious or ischemic colitis [107]. IL-17-producing TH17 cells have also been
observed in gut mucosa of CD patients. Along with IL-17, these cells also produced IFN-y
and expressed IL-23R and CCR6 [108]. Increased numbers of lamina propria CD14* 1L-23-
producing macrophages were noted in patients with CD [109]. Recently, CD3* lamina
propria mononuclear cells from both patients with CD and UC were shown to produce
increased levels of IL-17 and IFN-y compared to healthy controls [110]. Similarly, IL-17
mRNA can be detected in psoriatic skin lesions, and IL-17-producing cells have also been
isolated from dermis of psoriatic lesions [111, 112].

Despite all the evidence linking IL-17 and Ty17 cells to autoimmune disease, none of the
genome-wide association studies looking for autoimmunity risk alleles have identified the
/1171ocus as a susceptibility gene for human autoimmune disease. On the other hand, /23R
polymorphisms have been linked to a range of autoimmune diseases including MS, IBD,
RA, psoriasis and psoriatic arthritis [113-118]. Similarly, polymorphisms in the genes
encoding Janus kinase 2 and STAT3, downstream of IL-23R signaling, have also been
identified as risk alleles [119, 120]. How does the IL-23R contribute to the pathogenesis of
autoimmune disease? Although the connection between IL-23 (the ligand for IL-23R) and
IL-17 has been solidified by experimental evidence in mouse models of autoimmune disease
[86, 121, 122], IL-23 rather than IL-17 has emerged as the master regulator of disease [123].
A previously unsuspected function for IL-23 relates to its role in mediating a conversion in
the cytokine expression profile of T17 cells into one that is more Ty1-like in nature.
Adding IL-23 to T17 cells that had previously been generated with TGF-gand IL-6 led to
a decrease in the frequency of IL-17-expressing cells and a concomitant increase in the
frequency of IFN-y~producing T cells in a STAT4- and T-bet-dependent manner [124].
Generation of //17aCreR26REYFP fate reporter mice, which allowed tracing of IL-17A-
expressing cells in inflammatory responses in vivo, showed that after immunization with
MOG and CFA to induce EAE, IL-17-producing Ty17 cells proceeded from expressing
IL-17A, to co-expressing IL-17A with IFN-, to expressing IFN-y alone [125]. In fact, the
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main source of the IFN-y» was MOG-specific CD4* T cells that derived mostly from ex-
TH17 cells (eYFPY). Ex-TH17 cells expressed the Tl transcription factor T-bet as well as
IL-12R32, which was co-expressed with IL-12RA1 imparting high affinity binding to IL-12.
Ex-Tw17 had also downregulated the Ty17 transcription factor ROR-t and IL-23R. Unlike
bona fide Tyl cells, ex-Ty17 IFN-y~producing cells retained expression of the aryl
hydrocarbon receptor, previously shown to be expressed by Ty17 cells [126], and also
expressed IL-1R1. Most importantly, when //17a-Cre R26REYFP reporter mice were crossed
to 1L-23p19 deficient mice, IL-17A*IFN-»* cells as well as single IFN-»"* cells were no
longer found suggesting that IL-23 was critical for the switch in Ty17 cells toward IFN-y»
production.

Collectively, the findings from these studies were notable not only because they revealed a
fundamental aspect of T-helper cell biology demonstrating surprising plasticity in the
differentiation fates of these cells (reviewed in [127]), but also explained previous data that
seemed at odds with a center stage for Ty17 cells in autoimmune disease. These included
reports describing (1) the presence of double-producing IL-17A*IFN »* cells in inflamed
tissues [128, 129], which in light of the new studies are perhaps transitional Ty17 cells on
the way to becoming IFN-y producers, (2) that deficiency for STAT4 or T-bet prevented
development of EAE [130, 131], again perhaps because these transcription factors that act
downstream of 1L-23 were shown to be important in mediating the conversion to IFN- y-
producing cells, (3) how transfer of Ty17 polarized cells induced IFN-y-dependent disease
as in the case of islet-specific TCR transgenic TH17 cells inducing diabetes and islet injury
dependent on IFN- [132, 133], and induction of colitis upon transfer of ex vivo polarized
TH17 cells into Rag™'~ mice associated with a decrease in IL-17A and IL-17F production
and an induction of IFN-y in the transferred T cells [124], (4) how in the absence of IL-23,
TH17 cells demonstrated reduced production of inflammatory cytokines and increased
secretion of IL-10, which correlated with an impaired ability to transfer EAE [134], and (5)
how compared to IL-17A, IL-17RA or IL-17RC deficient mice [92, 93, 135], and even
IL-23p19 deficient mice [84], IL-12 p40 deficient mice are completely protected from EAE
[136]. The most logical conclusion from these studies is one where adoption of a T1-like
cytokine profile by autoreactive TH17 cells has been speculated to be the main cause of
pathology in autoimmune disease [125]. However, some experimental evidence in T1D
exists that does not fully support this, and the picture may be even more complex. An
attempt to identify IL-17A-producing T cells using IL-17A-enhanced green fluorescent
protein (€GFP) bicistronic reporter mice in the CD8* T cell-driven lymphocytic
choriomeningitis virus (LCMV)-induced model of T1D, where LCMV glycoprotein is
transgenically expressed as self in the pancreas, failed to locate CD4* or CD8* T cells
producing IL-17A in either diabetic or pre-diabetic mice [137]. Furthermore, adoptively
transferred IL-17A-eGFP reporter, LCMV glycoprotein-specific TCR transgenic CD4* T
cells produced copious amounts of IFN-y, but no IL-17. While these results appear
consistent with those where IFN-y producers were detected after transfer of Ty17 polarized
islet-specific TCR transgenic into NOD/SCID mice [132, 133], the status of 1L-23
expression in these T1D mouse models remains to be investigated.

One final note: it appears that one more important step needs to take place for T17 cells to
adopt a T1-like fate, which is that T-bet and IFN-y can only be expressed in the absence of
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signals from TGF-£[124, 138]. It has been conjectured that perhaps this could explain how
pathogenic Ty17 cells arise in the absence of TGF-£[125, 139]. Consistent with this notion,
Treg cells and TGF-S have been shown to inhibit the conversion of T17 into colitogenic
IFN-y~producing Ty1-like cells [124, 140].

Commensals, Tyl7 and autoimmune disease

The studies we discussed in the section regarding commensal microbes demonstrate that
colonization with commensals critically impacts development of autoimmune disease in
different animals models for autoimmunity. Although the exact mechanisms are far from
being fully elucidated, a correlation has emerged between the appearance of intestinal Ty17
cells upon colonization with commensals and development of autoimmune disease. A
number of studies have focused on the homeostatic balance in the numbers of Ty17 and
TReg Cells within the intestinal lamina propria given the close interface of the intestinal
epithelium with the abundant intestinal microbiota. T17 cells are not detected in the small
intestinal lamina propria of germ-free mice while the numbers of FOXP3* TReg Cells are
increased, even systemically, in these mice [81, 141-143]. Notably, Treg cells are decreased
in the colons of germ-free mice suggesting a dichotomy in the signals inducing their
generation in the colon versus the small intestine [67]. Furthermore, antibiotic treatment of
mice housed in SPF conditions significantly decreases the number of intestinal T17 cells
over time [142]. Consistent with these observations, the frequencies of such Ty17 cells are
variable in mice purchased from different vendors: mice from Taconic Farms show elevated
numbers of intestinal TH17 cells compared to those from The Jackson Laboratory [141].
Detailed investigations of the composition of the small intestinal microbiota showed that
Taconic but not Jackson mice were enriched for commensal segmented filamentous bacteria
(SFB), gram-positive anaerobes of the order Clostridiales. Monocolonization of germ-free
mice with SFB specifically induces Ty17 generation in both the small and large intestine
while decreasing Treq cell numbers, providing strong evidence that commensal bacteria
influence homeostasis of the intestinal immune system [67, 74, 141, 144]. Certain members
of the intestinal microbiota also affect Treg cell generation in the colon. The ASF
specifically increases the frequency of CD4*CD25*Foxp3™ cells, which in turn were shown
to prevent generation of Ty17 and Tl in an IL-10-dependent manner [68]. Colonization of
mice with various commensal species of Lactobacillus, Clostridium clusters 1V and XIVa, or
Bacteroides fragilis also increased Treg cells in the intestinal lamina propria [67, 145-148].
Consistent with these observations, high-throughput sequencing has revealed that many Tyeq
cells in the colon possess unique TCRs that recognized commensal-derived antigens
including those from Clostridium species [149].

What is the correlation between autoimmune disease and T17 cells in the small intestine?
Based on the aforementioned higher incidence of T1D in germ-free NOD mice, the
prediction would be that T17 cells, development of which is impaired under those
conditions, would inhibit autoimmune disease. Protection could be mediated via the function
of Ty17 effector cytokines such as IL-22, which induces synthesis of anti-microbial peptides
by intestinal epithelial cells [98]. The action of these anti-microbial peptides would be
expected to shape the composition of the intestinal microbiota, which perhaps like the
microbiota in My@88'= NOD mice, would attenuate T1D. IL-22 is also important for
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maintaining integrity of the intestinal epithelial barrier [98], compromise of which by enteric
pathogens has been linked to T1D [150]. Consistent with the prediction, when female NOD
mice were housed in SPF facilities that were positive for SFB, which induced intestinal
Tw17 cells, the incidence of T1D was significantly lower than those housed in SFB-negative
SPF facilities [151]. Notably, these results, along with those in Mya@88~'~ NOD mice [78],
highlighted the importance of composition of the microbiota rather than general germ-free
versus SPF conditions per se in determining the incidence of T1D. Therefore, under SPF
conditions, it is the increased representation of SFB and/or Bacteroidetes (mentioned above)
that appears to critically dictate the attenuation of T1D.

However, contrary to the prediction and results based on T1D in the NOD model, the
incidence of autoimmune disease is strongly reduced under germ-free conditions in other
mouse models of autoimmune disease. Indeed, colonization of germ-free K/BxN mice with
SFB induced the appearance of small intestinal T17 cells, but provoked rapid onset of
arthritis within 3 days of oral gavage (compared to 2 week onset in SPF conditions) [74].
Time of disease onset correlated with the appearance of splenic TH17 cells that expressed
a4, areceptor expressed by gut-imprinted T cells, suggesting that intestinal Ty17 cells
had migrated to the spleen. In fact, arthritis could successfully be blocked by neutralization
of IL-17, and IL-17R deficient B cells transferred along with splenocytes from arthritic
K/BxN mice into BxN Rag/"recipients could not support germinal center formation [74].
Presumably, TH17 cells specific to the aforementioned GPI might differentiate within the
small intestine upon SFB colonization, accumulate in the spleen during their recirculation,
and via the production of IL-17, provide help to IL-17R* B cells to promote germinal center
formation and GPI autoantibody production. In light of the ubiquitous nature of GPI and the
increased frequency of autoreactive GPI-specific T cells in the K/BxN model, the authors
argued that the need for molecular mimicry, i.e. cross-reactivity with an epitope derived
from an intestinal microbe, was not necessary [74].

Other studies have also supported a link between Tw17 cells and autoimmune disease in the
context of commensals. Splenocytes isolated from germ-free //2r77/~ mice which, unlike
their SPF housed counterparts fail to develop RA, were less sensitive to anti-CD3 and TLR
stimulation and showed decreased production of IL-17 [73]. In the context of EAE induced
by injection of MOG peptide with CFA, attenuated disease in germ-free mice was linked to a
reduction in both IL-17- and IFN-~producing cells harvested from cervical draining lymph
nodes or spinal cords, while CD4*CD25*Foxp3™ Teq cells were increased [81]. In vitro
experiments showed that DCs from germ-free mice were less efficient in inducing T417 and
Tn1 differentiation of TCR transgenic MOG-specific CD4* T cells, suggesting a role for the
microbiota in modulating the capacity of DCs to induce T cell differentiation.
Monocolonization of germ-free mice with SFB restored the susceptibility to EAE consistent
with a considerable increase in IL-17- and IFN-y~-producing cells in the intestines as well as
the spinal cords [81]. In another report, a requirement of commensal bacteria for developing
EAE was observed in the aforementioned relapsing-remitting (RR) model of spontaneous
disease [82]. Again, less T17 cells were found specifically in the intestinal lamina propria
and Peyer’s patches of germ-free mice, and both IL-17 and IFN- y levels produced by
splenocytes after restimulation with anti-CD3 or MOG peptide were lower than those made
by splenocytes from SPF housed mice. Given the direct correlation between EAE incidence,
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commensal colonization and TH17 generation, it was possible that T17 cells generated in
response to a commensal antigen were cross-reactive with MOG. However, MOG-specific
molecular mimicry was excluded based on the observation that both polyclonal CD4* T
cells derived from wild type (WT) SJL/J mice and transgenic MOG-specific CD4™ T cells
derived from RR mice pro-liferated to the same extent, and only within the lamina propria
upon adoptive transfer into WT SPF mice, but remarkably, not mice treated with antibiotics
[82]. This suggested that a general inflammatory milieu in the gut, rather than a specific
epitope, drove proliferation of MOG-specific CD4" T cells. More convincingly, SPF housed
RR mice deficient for the MOG protein failed to develop anti-MOG autoantibody despite a
normal microbiota, and conversely, injection of MOG with CFA into RRXMOG~~mice
readily induced the production of MOG-specific autoantibody [82]. Furthermore, it was
demonstrated that specificity of B cells to MOG and presence of the MOG protein were both
required to form cervical lymph node germinal centers. Based on these data, the authors
proposed a model where increased frequencies of pathogenic MOG-specific autoreactive
IL-17-producing T cells (TH17 cells) in RR mice proliferate in the intestine under
inflammatory signals initiated upon commensal colonization, and provide help to MOG-
specific B cells in cervical lymph node germinal centers.

Collectively, with the notable exception of T1D in NOD mice, the studies above have
established a connection between commensal colonization in the gut, generation of intestinal
Tn17 cells, and initiation of a non-gut autoimmune disease. An important point to raise here
is that despite this connection, the antigen specificities of intestinal T17 cells at
homeostasis is currently not known. It is likely that these cells harbor self-reactive T cells,
especially in light of recent observations showing that like Treg cells, TH17 cells can be
selected on self-antigens within the thymus, express a4f; and CCR6, and migrate to the
lung, liver and gut [152]. It is also possible that these TH17 cells are specific to commensals
like SFB similar to the specificities found in intestinal Treg cells to Clostridium, for example
[149]. On the other hand, there is evidence from TCR transgenic mice that intestinal lamina
propria TH17 cells can be generated at relatively normal numbers in the absence of the
transgenic TCR’s cognate antigen [68, 153].

Concluding remarks and perspective

Importance of the intestinal commensal microbiota for determining susceptibility to
autoimmune disease has added an exciting new dimension to the complexity of autoimmune
diseases. Much work remains in understanding how commensals within the intestine can
affect the course of autoimmune disease in distant organs. On the other hand, the link
between infections and autoimmune diseases has been known for a long time, and as
discussed in this review, many mechanisms have been presented, foremost of which has been
“epitope mimicry”. However, an accurate understanding of the course of events during
microbial infection that set the stage for later autoimmune disease is still elusive. We became
interested in the link between microbe and autoimmune diseases during the course of our
studies on phagocytosis of dying cells and impact of this process on T cell activation. We
had found that innate recognition of apoptotic cells carrying ligands for TLRs drives
differentiation of naive CD4* T cells into Ty17 cells [154]. We had reported that blocking
apoptosis during infections with Citrobacter rodentium impairs the ensuing Ty17 response
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[154]. We have subsequently been interested in understanding the outcome of antigen
presentation within the context of phagocytosis of infected apoptotic cells, specifically
whether self-antigens derived from infected apoptotic cells could be presented within an
inflammatory/T cell costimulatory context. Phagosomes carrying infected apoptotic cells
should contain peptides derived from both self and non-self. Based on our previous work
[155], the prediction would be that compartmentalized TLR signals from a phagosome
carrying infected apoptotic cells would optimally tailor that phagosome for antigen
presentation, providing equal opportunity for both self and non-self-peptides to be loaded
onto MHC class 1l molecules. This is very different than the simultaneous phagocytosis of
microbe and apoptotic cell into distinct phaogosomes, where only the phagosome carrying
microbe is favored for antigen presentation [155]. Our working hypothesis is that
presentation of self-antigens within the context of phagocytosis of infected apoptotic cells
would, under conditions where T cell tolerance has been compromised, lead to activation of
self-reactive T cells (schematized in Fig. 2). Could these cells differentiate into Ty17 cells?
Would they be pathogenic or protective? Could this event at the forefront of innate immunity
lead to autoimmunity and eventually, within the appropriate genetic susceptibility
background, culminate in autoimmune disease?

Finally, rather than viewing the associations of pathogens or commensals with autoimmune
disease as separate entities (Table 1), could it be that these associations are all
interconnected, and that the outcome of the relationships among host, commensal and
pathogen is what ultimately shapes susceptibility to autoimmune disease? For example,
colonization with a certain commensal (an attenuator of risk for autoimmune disease) might
protect the host from an infection with a certain pathogen (a precipitator of autoimmune
disease). On the other hand, infection with a pathogen that may have no relation to
autoimmune disease might alter the composition of the host microbiota to one that
predisposes to autoimmune disease in a genetically susceptible host.
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A Mechanisms proposed to link infection to autoimmune disease
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Fig. 1.
Both pathogenic and commensal microbes can influence development of autoimmunity. a In

molecular mimicry, or T cell epitope mimicry, peptides derived from a pathogen share
homology with some self-peptides. During infection, autoreactive T cells that have escaped
clonal deletion in the thymus, can become activated by antigen-presenting cells (APC)
presenting these “mimic” antigens. Pathogens may also contribute to autoimmunity by
causing tissue damage and allowing abnormal exposure of self-antigens. Self-antigens
presented by APC activated by PAMPs present during infection can then stimulate
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autoreactive T cells by a process known as epitope spreading. Bystander activation occurs
when “bystander” T cells are activated via the pro-inflammatory cytokine milieu
surrounding an infection. b In addition to pathogenic bacteria, commensals also influence
the development of autoinflammatory conditions, by promoting inflammation in certain
cases and preventing it in others. However, the mechanism by which commensals can be
pro-inflammatory or protective remains unclear—although T17 and Treg and the balance
in their numbers clearly seem to be involved in autoimmunity, whether protective
commensals such as Lactobacillus promote tolerance via Teg activity or otherwise is not
known. Some pro-inflammatory commensals such as SFB have been shown to induce Ty17
cells, which exacerbate the development of rheumatoid arthritis. However, for the most part,
these links and the antigen specificity of the T cells involved, have yet to be fully elucidated.
Specific links that have not been tested are indicated with question marks. ASF, Altered
Schaedler Flora, SFB, segmented filamentous bacteria
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Our model: Presentation of self antigens during infection
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Fig. 2.

M%del proposing the potential MHC Il presentation of self-peptides after phagocytosis of
infected apoptotic cells. During infection that causes apoptosis of host cells, APCs recognize
“eat me” signals such as phosphatidylserine (PS) and engage receptors such as Stabilin-2,
BAI-1 and TIM-4 along with TLRs [156]. Following phagocytosis of infected apoptotic
cells, apoptotic cell (self) and microbial (non-self) peptides contained simultaneously within
TLR ligand carrying phagosomes, can become presented by the APC, leading to stimulation
of both pathogen-specific and self-reactive CD4* T cells
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The associations between pathogen or commensal and autoimmune disease
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Disease type or experimental
model

Role of infection in onset of the
disease and associated pathogens

Role of microbiota in onset of the disease
and associated commensal species

Refs

GBS (peripheral nervous system)

Myocarditis

MS, enchephalomyelitis and EAE
(MOG + CFA, RR mice) (central
nervous system)

Lyme arthritis
Rheumatic fever

Clinical and experimental
rheumatoid arthritis (//2rm, K/
BxN)

Autoimmune gastritis

Crohn’s disease, DSS in
ATG16L1HM mice, Samp-1/Yit
mice

Ulcerative colitis, genetic models.
Not reported of colitis (C3H/
HeJBir, /1107, Tg(£26), 127")
and DSS treatment

Type | diabetes, NOD mice

Induction of autoimmunity (EBV,
CMV, Mycoplasma pneumoniae,
Campylobacter jejuni)

Induction of autoimmunity (B3
coxsackievirus and group A
streptococci)

Induction of autoimmunity (EBV,
measles virus, HHV-6)

Induction of autoimmunity
(Borrelia burgdorferi)

Induction of autoimmunity (8-
hemolytic Streptococci)

Induction of autoimmunity
(Enteropathogenic bacteria, EBV,
CMV and parvovirus in humans)

Induction of autoimmunity

(Helicobacter pylori) Aicda™ mice

Induction of Crohn’s like
symptoms in ATG16L1"M mice
after DSS treatment (murine
norovirus)

Not reported

Induction of autoimmunity
(Coxsackie virus B4 in humans)

Not reported

Not reported

Induction of autoimmunity (SFB, MOG +
CFA), Germ-free housing (MOG + CFA, RR
mice) and antibiotic treatment (RR mice) are
protective

Not reported
Not reported

Induction of autoimmunity (Lactobacillus
bifidus, I11r""), SFB (K/BxN)

Germ-free housing is protective (//1rm!=, K/
BxN)

No change in autoimmunity in germ-free
conditions

Humans: Altered composition and activity of
microbiota and response against commensal-
derived antigens (invasive escherichia coll,
Pseudomonas fluorescence)

Mice: Germ-free housing (Samp-1/Yit) and
antibiotic treatment (ATG16L1"M mice) are
protective

Humans: Composition and activity
microbiota of and response against
commensal-derived antigens

Mice: Induction of colitis (Bacteroidetes
(Prevotellaceae) and TMT7)

Protection of colitis (ASF, Clostridium,
Lactobacillus, Bacteroides fragilis)
Germ-free housing (//107-, Tg(£26), 1/277)
is protective

Commensal Bacteroidetes are protective
SPF housing is protective correlating with
presence of commensal SFB

[38, 40]

[54]

[30, 35, 56, 81, 82]

[42, 43]

[31, 44]

[59-62, 72-75]

[45, 46, 71]

[57, 63, 64, 66]

[63, 65, 66-69]

[48-50, 76-78, 80]
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