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Abstract

A potential role for viral and bacterial-viral interactions in the pathogenesis of autoimmune
disease has been long recognized. Recently, intensive investigation has begun to decipher
interactions between specific microbes with the host that contribute toward autoimmunity. This
work has primarily focused on known viral and bacterial pathogens. A major challenge is to
determine the role of bacteria that are typically considered as commensals as well as chronic
viruses. Furthermore, equally challenging is to prove causality given the potential complexity of
microbe-microbe interactions. Important initial contributions to this field have shown that specific
interactions of microbes with hosts that contain a background of genetic susceptibility can play a
role in autoimmune pathogenesis. In this review, we describe principles of immune tolerance with
a focus on its breakdown during pathogenic as well as commensal relationships between the host
and the microbial world.

Introduction

Autoimmunity simply stated is one's immune system responding to self. Self-recognition is
an important physiological process contributing to the maintenance of homeostasis and is
essential for tissue repair and regeneration. In contrast, autoimmune diseases are those in
which the immune system inappropriately responds to self in a manner leading to tissue
destruction or dysfunction. Autoimmune diseases encompass a diverse set of entities with
more than 80 recognized autoimmune conditions afflicting an estimated 100 million people
around the globe [1]. Increasing evidence has linked genetic polymorphisms in key immune
system pathways to specific autoimmune disease development. A strong association for the
development of certain autoimmune diseases has been tied to polymorphisms at the major
histocompatibility complex [2], and genome wide association studies (GWAS) have further
demonstrated links to critical of components of innate and adaptive immunity [3]. These
links are explored in depth in this issue of Current Opinionsin Immunology (Diamond/
Gregersen; Sollid/Wucherpfennig; Wijmenga/Xavier).
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Despite insights from genetic studies and subsequent investigation, our understanding of
autoimmune disease pathogenesis is far from complete. It is increasingly evident that
inheritable factors do not fully explain the etiology of autoimmune conditions. Discordance
in twin studies has spurred the search for environmental factors contributing to autoimmune
disease pathogenesis [4,5]. Microbes, particularly pathogens, have long been investigated as
a missing link between genetic predisposition and autoimmune disease pathogenesis. This
hypothesis is supported by human epidemiological studies linking specific pathogens to a
range of autoimmune diseases, phenomena that have been modeled and dissected in animal
models [6]. Recently, attention has been focused on the role of commensal microbes in the
development of autoimmune conditions. Here, we review principles of immune tolerance
related to proposed mechanisms of autoimmune disease pathogenesis with a focus on the
relationship between pathogens, commensal microbes, and the genetically susceptible host.

Immune Tolerance

To understand the pathogenesis of autoimmune disease, an understanding of the
mechanisms in place to prevent its development is essential. The immune system is faced
with a formidable task: to recognize and defend against foreign attack without inducing
significant harm to the host. In addition to avoiding host antigens, the immune system is
faced with the added complexity of distinguishing typically nonpathogenic commensal
microbes from pathogens, an important function that is essential to preserve the mutually
beneficial relationship between the host and microbiome.

Decades of investigation have focused on identifying the key mechanisms by which
tolerance of the adaptive immune system is achieved. T-cell tolerance has been divided into
central and peripheral mechanisms; detailed examination of which has been extensively
reviewed elsewhere [7,8]. Briefly, central tolerance is achieved through the process by
which T-cells are selected during thymic development. Lymphocytes that exhibit host MHC
restriction (capable of recognizing host MHC) undergo positive selection, while
lymphocytes that robustly respond to host MHC displayed self-antigens undergo negative
selection. The fidelity of T-cell receptor (TCR) signaling is critical to the development of
central tolerance. Accordingly, mutations in a downstream kinase (ZAP70) abrogate central
tolerance and contribute to the development of autoimmune arthritis in a mouse model [9].
The importance of central tolerance is further illustrated by studies investigating AIRE, a
transcription factor that is essential for T-cell negative selection via its ability to induce
ectopic expression of host peripheral (non-thymic) proteins during T-cell development
[10,11]. In the absence of AIRE, negative selection does not occur resulting in the
development of multiple autoreactive T-cell clones, autoantibodies, and a wide range of
autoimmune phenomena [12-14]. The role of AIRE in autoimmune pathogenesis is further
strengthened by the discovery of multiple mutations in AIRE that are associated with
autoimmune disease in humans [15].

Despite thymic selection mechanisms, some autoreactive T-cells escape central tolerance
[16]. Such cells have been demonstrated in both healthy people and those with type 1
diabetes and multiple sclerosis [17-19]. Under physiologic conditions these autoreactive T-
cells do not typically produce disease as they are controlled through peripheral tolerance, a
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mechanism that prevents activation of these T-cells against self. Peripheral tolerance is
achieved by limited lymphocyte trafficking, promotion of anergy through lack of co-
stimulation, apoptotic deletion, and T-regulatory cell mediated suppression. The importance
of peripheral tolerance has been established in animal models as well as human studies;
GWAS analyses have linked several autoimmune diseases with loci associated with co-
stimulatory molecules [20]. Moreover, patients with mutations in the key T-regulatory cell
transcription factor FOXP3 develop significant life-threatening autoimmunity [21].
Significant work has demonstrated that dysregulation of certain T-cell subsets, including
these T-regulatory cells and Th17 lineage cells, are important for the development of
autoimmunity [22,23].

The innate immune system also plays essential roles in immune tolerance by governing the
initial host response to damaged tissue and pathogens and as well as triggering appropriate
adaptive immune responses. For example, the role of dendritic cells in both central and
peripheral tolerance is well documented [24]. NK cells participate in immune tolerance
through inhibitory cell surface receptors. Mutations in the killer immunoglobulin-like
inhibitory receptors have been associated with autoimmune conditions such as alopecia
areata, rheumatoid arthritis, and systemic lupus erythematosus [25-27]). Additionally, NK
cells shape T-cell responses directly by deleting autoreactive T-cells and indirectly via
secretion of cytokines known to regulate T-cell tolerance [28,29].

Infection and Autoimmunity

The role of microbes in development of autoimmune disease can best be appreciated by
highlighting many of the proposed pathologic mechanisms at play. Microbe-driven or
associated autoimmune diseases have been hypothesized to occur through a variety of
classic processes including molecular or epitope mimicry of self-antigens, immune
recognition of previously unexposed self-antigen, bystander activation of autoreactive
lymphocytes, and superantigen mediated polyclonal T-cell activation with exaggerated
cytokine release. Importantly, the role of bacteria and viruses in shaping the repertoire of T-
cells subsets implicated in autoimmunity is also an ongoing area of interest [30,31]. Key
examples of autoimmunity stemmed from the bacterial and viral pathogens are provided
below.

The link between certain bacterial infections and autoimmunity is particularly compelling,
and molecular mimicry is often implicated in autoimmune disease pathogenesis. One of the
best studied examples is the occurrence of rheumatic fever that occurs after pharyngeal
infection with the gram-positive bacteria Streptococcus pyogenes. The host antibody
response is targeted against the bacterium's dominant carbohydrate epitope (N-acetyl-p -D-
glucosamine) and a virulence factor (M-protein). These antibodies cross-react with cardiac
myosin as well as laminin and vimentin, antigens that are found on both semilunar and
atrioventricular valves of the host. Consequently, this host antibody response directly causes
serious pathological sequela of rheumatic fever, carditis and cardiac valve dysfunction [32].
Post-infectious glomerulonephritis is another example of an autoimmune condition
associated with prior infection. Here, nephritogenic strains of Streptococcus and
Saphylococcus encode particular exotoxins [33,34]). Glomeruli are not acutely damaged by
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these infections or toxins, and they are not a site of active bacterial infection. Instead, the
process of molecular mimicry damages glomeruli through the process of cross reactive
antibodies.

Medical treatment of the above autoimmune conditions has been shaped by these
discoveries and the role of bacteria in autoimmune disease pathogenesis. For example, a
patient diagnosed with rheumatic fever or post-infectious glomerulonephritis is typically
given a course of antibiotics aimed at bacterial source control for the population at large
even if the patient's initial pharyngitis has abated clinically or by microbial detection. This
overall approach has been successful in the developed world with a decreasing incidence of
both these diseases, coincident with an increased use of empiric antibiotics for pharyngitis
[35].

However, similar successes have not yet been realized in autoimmune conditions linked to
viruses, partly due to an incomplete understanding of their role in driving autoimmunity as
well as inherent difficulty in viral diagnosis and effective antiviral treatments. The complex
link between viruses and autoimmune conditions is exemplified by some of the first work
demonstrating an association between viral infection and autoimmune disease pathogenesis.
Work in the 1970s and 1980s showed an association between neonatal lymphocytic
choriomeningitis (LCMV) and polyoma virus infection with immune complex
glomerulonephritis and associated mortality [36]. Interestingly, further work showed that
infection with LCMYV inhibits development of two rodent models of autoimmune diabetes
[37,38], a condition characterized by autoantibodies and reactive T-cell mediated destruction
of pancreatic B-cells [39]. The finding that a specific viral infection carries divergent risks
for the development of glomerulonephritis and type 1 diabetes highlights the complex
relationship between virus infection and autoimmunity.

Intriguingly, different viral infections are associated with opposing risks of type 1 diabetes
development. While LCMV has been implicated in diabetes protection, current evidence
points to a pathogenic role for enteroviral infection; a hypothesis fueled by epidemiological
data and further supported by experimental animal models and isolation of virus from the
pancreatic islets of Langerhans [40-42]. Interestingly, the enterovirus, Coxsackie B4, was
shown to infect thymocytes both in cell culture and mice resulting in aberrant T-cell
maturation potentially impacting the development of central tolerance [43,44]. Further
evidence for the role of Coxsackie infection in development of type I diabetes stems from
GWAS studies that identified the interferon-induced helicase (IFIH1) locus, a key innate
immune sensor of Coxsackie infection, as a risk susceptibility region [45]. In addition, there
is molecular similarity between the islet enzyme tyrosine phosphatase 1A-2 and a conserved
and highly immunogenic enterovirus capsid protein that may result in molecular mimicry
[48].

When considering potential mechanisms of disease pathogenesis, viral association with
autoimmune disease must be considered within the context of the dynamic relationship
between the virus and host. After initial or acute infection, some viruses are capable of
establishing persistence or latent infection. In fact, healthy humans harbor multiple lifelong
viruses [47,48]. The establishment of persistent infection and latency is associated with
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distinct viral gene expression from that during acute infection. These findings underscore the
need to precisely understand which components of the viral life cycle contribute to
autoimmunity.

Ebstein-Barr Virus (EBV) is one of the most well-studied viruses capable of latency and has
been implicated in systemic lupus erythematosus, Sjogren's syndrome, and rheumatoid
arthritis [49]. After initial early infection, EBV typically persists in the majority of the
population in a latent form with a restricted gene expression pattern [50]. However, in
patients with systemic autoimmune conditions, EBV is associated with increased viral loads,
increased antibody titers, and altered cell-mediated immunity [49]. Whether these findings
represent inability of genetically susceptible hosts to control acute infection, establish or
maintain latency is unclear.

The development of chronic viral infections, such as hepatitis B and C, in certain individuals
further calls attention to the importance of our understanding of the role of long-standing
viral infection in autoimmune disease. Hepatitis infection can progress over years to liver
failure and cancer development. Additionally, autoantibodies are frequently observed in
patients, both children and adults, with chronic hepatitis virus [51]. However, the role of an
autoimmune process in the disease evolution is unclear. Defining disease pathogenesis
becomes difficult in chronic viral infections with ongoing inflammation and host cellular
damage. Where does persistent infection end and autoimmunity begin? Does the immune
response to persistent infection or to subsequent infections drive the evolution of
autoimmune pathology? These questions showcase how much there remains to understand
in the host-pathogen interaction.

Moreover, host genetics may contribute to whether a viral infection results in autoimmunity.
This intricacy is exemplified by the role of a murine enteric infection in an experimental
model of inflammatory bowel disease (IBD). Cadwell et. al showed that abnormalities
associated with IBD including abnormal Paneth cell granule packaging in mice with a
hypomorphic allele of ATG16L1 (a risk factor for Crohn's disease in humans) is dependent
on persistent infection with murine norovirus [52]. This work underscores the potential role
of viral infection in autoimmunity in a genetically susceptible host and may shed light on the
vast heterogeneity of autoimmune disease development in the human population.

Commensal Bacteria and Autoimmunity

Our understanding of the importance of our microbiota is continuously evolving and is
paramount in our understanding of autoimmune disease pathogenesis. The contribution of
the gut bacterial microbiota increases cell number an estimated ten-fold and genes a
hundred-fold to the overall superorganism. What role do these relationships and associated
gene expression play in the induction and propagation of autoimmunity?

Although still mechanistically unclear, the role of the gut microbiome in the development of
IBD is under intense investigation [53-55]. Differences in bacterial species isolated from
fecal samples between healthy people and those with IBD have been demonstrated [56], and
studies from monozygotic twins discordant for IBD has shown differences in gut microbial
composition [57]. Consistent with a role of commensals in disease pathogenesis, IBD
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patients treated with probiotics or antibiotics have a transient decrease in disease-associated
symptoms [58]. However, little is known about which species is driving pathology. Recent
investigation has illuminated the dysbiosis of the gut microbiota in pediatric patients with
Crohn's Disease prior to antibiotic treatment, and strikingly antibiotic exposure further
amplified the observed dysbiosis [59].

Animals models have consistently borne out the importance of the gut microbiota in IBD
with disease phenotypes ameliorated or absent in animals housed in germ-free or specific
pathogen free facilities [60]. In the hypomorphic Atg16l1 mouse model, dextran sodium
sulfate induced colitis that produces features of human IBD is abrogated in antibiotic treated
animals [52], further supporting the importance of the microbiota in genetic susceptibility
models. This study also highlights the complex interaction of commensal bacteria and
chronic viral infection [61]. Spontaneous colitis development in the IL-10-/- mouse model is
dependent on commensal relationships and the ability to signal through MyD88, a key
adaptor protein in Toll-like receptor signaling and innate immune recognition of bacteria
[62]. Prior work in our laboratory has demonstrated that in the antibiotic responsive mouse
model of IBD (IL10-/- and T-cell dominant negative TNF-f), a subset of commensal
Bacteriodes species can induce disease pathology [63]. Further underscoring the complex
interactions between viruses, bacterial commensals and genetic susceptibility in disease
pathogenesis, a recent study demonstrated that the gut microbiota is required for murine
norovirus to induce disease in the IL-10-/- model of IBD [64].

Intriguingly, the effect of gut commensal relationships on autoimmune disease development
is not simply local, but has systemic effects. In a mouse model of rheumatoid arthritis, germ-
free animals are protected from arthritis [65], and differences in the gut microbiota
composition have also been demonstrated in patients with early rheumatoid arthritis
compared to those with fibromyalgia [66]. These findings imply that further study of
microbiota and autoimmune pathogenesis may reveal far reaching, and potentially
surprising, effects.

To further add to this complexity, our bacterial microbiota hosts its own virobiota, existing
as bacteriophages. These viruses are capable of regulating the gut microbiota composition;
production of a specific bacteriophage confers a selective growth advantage to Enterococcus
faecalis over related Enterococcus strains in its intestinal niche [67]. An additional layer of
intricacy appears when one considers the presence of retroviral elements inserted into our
genome. In fact, patients with multiple sclerosis have increased DNA copies of and
transcription from a particular retroelement compared to controls with corresponding protein
expression confirmed by brain immunohistology [68]. The above examples emphasize how
systematic characterization of microbiota and virobiota in currently established animal
models is critical for understanding their applicable toward studying human disease.
Conversely, detailed analysis of the microbiota and virobiota in human disease will be
paramount to aid the generation of more precise animal models.
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Conclusion/Future Areas of Investigation

The role of our microbiota in autoimmune disease development is supported by numerous
human studies and experimental animal models. While we have learned a great deal about
host and pathogen immunity, true causality has remained elusive and difficult to prove in
humans. Much work has focused on pathogenic relationships between the microbiota and
host organism in disease development with loss of immune tolerance through molecular
mimicry as a major pathogenic mechanism. Undoubtedly, the role of microbes in the
dysregulation of key T-cell subsets implicated in autoimmunity will be particularly
informative in future studies. Furthermore, we have only become to scratch the surface of
the role of chronic infections and commensal relationships in autoimmune conditions, and
future studies will undoubtedly seek to delineate their effects. Such work will undoubtedly
be aided by significant advances in sequencing technology and expansion of our
understanding of the composition and relationship between the microbiota and host.
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