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Summary

Feinberg School of Medicine, Northwestern Human autoimmune diseases, such as multiple sclerosis, type 1 diabetes,

University, Chicago, IL, USA rheumatoid arthritis and systemic lupus erythematosus (SLE), are linked

genetically to distinct major histocompatibility complex (MHC) class IT mol-
ecules and other immune modulators. However, genetic predisposition is only
one risk factor for the development of these diseases, and low concordance
rates in monozygotic twins as well as geographical distribution of disease risk
suggest a critical role for environmental factors in the triggering of these
autoimmune diseases. Among potential environmental factors, infections
have been implicated in the onset and/or promotion of autoimmunity. This
review will discuss human autoimmune diseases with a potential viral cause,
and outline potential mechanisms by which pathogens can trigger autoim-
mune disease as discerned from various animal models of infection-induced
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Potential mechanisms of infection-induced
triggering of autoimmune disease

Introduction

The immune system has evolved to distinguish self- from

harmful non-self to preserve the integrity of the host. Defi-
cits in this process can result in susceptibility to infections
or over-reactivity to potentially harmless antigens, leading
to immunopathology (e.g. allergy) and autoimmunity.
Thus, it is not surprising that genes that influence the sen-
sitivity, intensity and/or class of immune response that are
associated with risk for development of autoimmune dis-
eases might only manifest themselves as regulating autoim-
munity following infection. Potential mechanisms by which
pathogens may trigger or protect from development of
autoimmune diseases will be discussed. The focus of this
overview on pathogen-induced activation of autoimmune
disease will be on recent studies showing the mouse strain-
specific induction of a CD4 T cell-mediated autoimmune
central nervous system (CNS) inflammatory model of mul-
tiple sclerosis (MS) following CNS infection with Theiler’s
murine encephalomyelitis virus (TMEV), a positive-strand
RNA virus.

Multiple mechanisms have been described to explain how
viruses may trigger autoimmune diseases [1], including
virus-induced general activation of the immune system and
provision of viral antigens that specifically stimulate
immune responses, which cross-react with self-antigens and
therefore cause autoreactive immunopathologies. Figure 1
shows a schematic of these potential mechanisms which are
discussed in more detail below.

Adjuvant effects of pathogens in priming autoreactive
immune responses

The innate ability of the host to defend against invading
microbes is mediated by germline-encoded receptors known
as pattern-recognition receptors (PRRs). These molecules
include Toll-like receptors (TLRs), nucleotide-binding and
oligomerization domain non-obese diabetic (NOD)-like
receptors (NLRs) (RIG-I)-like helicases and a subset of
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Fig. 1. Possible mechanisms of infection-induced autoimmunity.

(a) Autoreactive T cells can be activated via molecular mimicry by
cross-reactive recognition of a viral antigen that has similarity to
self-antigen. (bi) Microbial infection stimulates Toll-like receptors
(TLRs) and other pattern-recognition receptors on antigen-presenting
cells (APCs), leading to the production of proinflammatory
mediators, which can lead in turn to tissue damage. (bii) Self-antigen
that is released from damaged tissue can be taken up by activated
APCs, processed and presented to autoreactive T cells (concomitant
with presentation of virus antigen to virus-specific T cells) in a
process known as bystander activation. Alternatively, an infection can
lead to microbial superantigen-induced activation of a subset of T
cells, some of which could be specific for self-antigen. (biii) Further
tissue destruction by activated T cells and inflammatory mediators
causes the release of more self-antigen from tissues. (biv) The
response can then spread to involve T cells (or antibodies) specific for
other self-antigens in a process known as epitope spreading.

C-type lectin receptors, which together recognize a large
number of molecular patterns present in bacteria, viruses
and fungi [2]. The signalling pathways triggered by engage-
ment of these molecules lead to cellular activation, which
increases the expression of co-stimulatory molecules by
antigen-presenting cells (APCs), as well as activating their
antigen-presenting capacity and production of type I inter-
ferons, proinflammatory cytokines and chemokines, which
initiate and direct the immune response against the invading
pathogen. By triggering PRRs, stimulating early innate
immune responses and increasing the function of APCs,
pathogens act as adjuvants for the immune response, while
also providing an antigen source to drive T cell and B cell
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activation and effector function. In this highly inflammatory
environment, it is easy to envision how an aberrant destruc-
tive immune response can be triggered and/or escalated if
autoreactive cells are present. There are a number of postu-
lated mechanisms by which pathogenic infections can trigger
autoimmune disease, but most evidence in animal models
supports the idea that cross-reactive immune responses
cause autoimmunity due to similarities between viral and
self-antigens.

Molecular mimicry

Antigen recognition by the T cell receptor (TCR) is degen-
erate, allowing T cell activation by different peptides bound
to one or even multiple major histocompatibility complex
(MHC) molecules [3]. Thus, responses to foreign antigens
could result in the activation of T cells that are also cross-
reactive with self-antigens. Similarly, monoclonal antibodies
have been shown to recognize both microbial and self-
antigens [4]. This concept, known as molecular mimicry
(Fig. 1a), was first put forward by Fujinami and Oldstone
[5]. Flexibility of TCR recognition is thought to be central to
the ability of the immune system to recognize and respond to
the majority of pathogen-derived peptides, but a side effect
of this degeneracy is the potential induction of autoimmu-
nity by microbial antigens. In vitro studies have shown
clearly that viral peptides with some degree of homology
with self-peptides can stimulate autoreactive T cells [6].

There are numerous animal models in which molecular
mimicry has been shown to trigger autoimmune diseases
(Table 1). These include: Theiler’s murine encephalomyelitis
virus (TMEV) engineered to express mimics of encephalito-
genic myelin epitopes, a model of human multiple sclerosis
(MS) [7]; herpes simplex virus (HSV)-associated stromal
keratitis, in which HSV infection leads to T cell-mediated
blindness in both humans and mice [8]; various models of
type 1 diabetes [9]; autoimmune demyelinating disease asso-
ciated with Semliki Forest virus (SFV) [10]; and autoim-
mune myocarditis associated with coxsackievirus [11] or
murine cytomegalovirus infection [12]. Microbial pathogens
have also been implicated in contributing to autoimmune
disease by molecular mimicry, e.g. streptococcus infection in
rheumatic fever [13].

There are multiple models of molecular identity, in which
an exact microbial protein or epitope is expressed transgeni-
cally in a particular tissue. Under these conditions, animals
do not develop spontaneous autoimmune disease, but
autoimmunity in the transgenic protein-expressing organ
often ensues after infection with the microorganism contain-
ing the protein [14,15]. Although artificial, these approaches
indicate that T cells specific for a ‘self’-antigen can become
activated by infection with a microorganism containing an
identical antigen, which provides appropriate innate
immune signals, resulting in overt autoimmune disease.
Even when the transgenic antigen is also expressed in the
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Table 1. Selected murine models of infection-induced autoimmune diseases.
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Disease modelled Infectious agent

Mechanism(s) of disease initiation or exacerbation*"

Multiple sclerosis TMEV
TMEV expressing PLP139
TMEV expressing PLP139 mimics

LCMV (in mice expressing LCMV protein in CNS)

Semliki virus

EAE + bacterial superantigen staphylococcal enterotoxin B (SEB)*

Type 1 diabetes Coxsackie B4

LCMV (in mice expressing LCMV protein in pancreas)
Pichinde virus (in mice expressing LCMV protein in pancreas)

Myocarditis Mouse cytomegalovirus
Coxsackie B3 virus
Chlamydia

Stromal keratitis HSV

Rheumatoid arthritis
mycoplasma superantigen (MAM)*

Collagen-induced arthritis (CIA) + murine arthritogenic

Bystander activation and epitope spreading
Molecular identity

Molecular mimicry

Molecular identity

Molecular mimicry

Superantigen

Bystander activation

Molecular identity

¥ Molecular mimicry

Bystander activation or molecular mimicry
Molecular mimicry
Molecular mimicry

Molecular mimicry and/or bystander activation

Superantigen

*Unless otherwise noted, the infectious agent has been shown to trigger the indicated disease. "References to these murine models of infection-

induced autoimmune diseases can be found in Munz et al. [46]. *The indicated infectious agent does not cause disease, but results in exacerbation of

disease established by other means. TMEV: Theiler’s murine encephalomyelitis virus; PLP: proteolipid protein; LCMV: lymphocytic choriomeningitis

virus; CNS: central nervous system; EAE: experimental autoimmune encephalomyelitis; HSV: herpes simplex virus.

thymus, so that normal mechanisms of negative selection
significantly decrease the number of high-affinity T cells
specific for the viral/self-antigen, infection results eventually
in autoimmunity [16]. This indicates that even T cells with
low affinity for a self-antigen and that have escaped negative
selection can be activated through molecular mimicry with a
microbial antigen and cause disease. Similarly, in the TMEV
model of MS, a severe rapid-onset demyelinating disease in
the CNS is induced by intracerebral or peripheral infection
of SJL/J mice with TMEV that has been engineered to express
the immunodominant self-epitope from myelin, i.e. proteo-
lipid protein (PLP39_15:) [17].

Several bacterial and viral peptides that mimic PLP,s9_;5,
have been identified [18] and used in animal models that
address more directly the possibility of induction of auto-
immune disease via infection-induced molecular mimicry.
TMEYV engineered to express peptides derived from Haermo-
philus influenzae that mimic PLPis.151 (TMEV-HI, which
shares six of 13 amino acids with PLP135.15,) or murine hepa-
titis virus (TMEV-MHYV, which shares only three of 13
amino acids with PLPs_5,), induces a rapid-onset, severe
demyelinating disease that is similar to that induced by infec-
tion with TMEV expressing PLP 3.5, itself [17,19]. Interest-
ingly, the three critical amino acids conserved in the HI and
MHYV mimics corresponded to the primary and secondary
MHC class I and the primary TCR contacts, again illustrat-
ing the remarkable degeneracy of the TCR repertoire. The H.
influenzae mimic of PLP;s_;5; could be processed and pre-
sented out of its own native flanking sequences when larger
portions of the bacterial protein were expressed in TMEV,
which further supports the potential pathological role for
molecular mimicry in a natural infection [19]. These studies

also illustrate the importance of pathogen-stimulated innate
immune responses as infection with TMEV engineered to
express the HI PLP13, 15 mimic induced autoreactive myelin-
specific T cells capable of mediating CNS demyelination,
while immunization with this peptide in complete Freund’s
adjuvant (CFA) was not able to induce clinical CNS disease
[19]. Relevant to human MS, bacterial peptide mimics of the
human leucocyte antigen (HLA)-DR2-restricted myelin
basic protein epitope (MBPgs), derived from different
pathogens such as Mycobacterium tuberculosis, Bacillus sub-
tilis and Staphylococcus aureus, induce demyelinating disease
in mice that express transgenically a human MBPss o-
specific TCR as well as the HLA-DR2 restricting molecule
[20]. Molecular mimicry was also shown in a model of dia-
betes in which lymphocytic choriomeningitis virus (LCMV)
nucleoprotein was expressed under the control of the rat
insulin promoter. Infection with Pichinde virus, which con-
tains an epitope that mimics a subdominant epitope in the
LCMV nucleoprotein, accelerated autoimmune disease that
had already been established by previous infection with
LCMV [9]. HSV-induced stromal keratitis is mediated by
corneal-antigen-specific T cell responses that are induced
following corneal HSV infection. This illustrates a natural
model of autoimmune disease in which molecular mimicry
can occur in the absence of genetic manipulation of either
the virus or host [8].

Self-reactive lymphocytes from patients with autoim-
mune diseases such as SLE, rheumatoid arthritis and MS
have been shown to have higher frequencies and activation
states and/or less requirement for co-stimulation [21-23]. In
MS, receptor analysis of T and B cells in CNS tissue and in
the cerebrospinal fluid (CSF) showed clonal expansions in
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Table 2. Selected autoimmune diseases and their proposed viral associations and potential mechanisms.

Proposed mechanism*"

Disease Proposed viral association
Multiple sclerosis Measles
EBV
HHV-6
Type 1 diabetes Coxsackie virus
Rubella
Rheumatoid arthritis EBV
Parvovirus
SLE EBV
HTLV-1-associated myelopathy HTLV-1
Stromal keratitis HSV-1

None suggested
Molecular mimicry/bystander activation
Molecular mimicry

Bystander activation, molecular mimicry
Molecular mimicry

None suggested
None suggested

Molecular mimicry
Molecular mimicry

Molecular mimicry

*For those diseases in which no proposed mechanism has been suggested, evidence for involvement of the indicated virus in disease pathogenesis

includes association of increased anti-viral responses or increased detectable virus at site of diseased tissue, and/or epidemiological evidence. "References

to these virus-associated human autoimmune diseases can be found in Munz et al. [46]. EBV: Epstein—Barr virus; HHV: human herpesvirus; HTLV:

human T cell lymphotropic virus; HSV: herpes simplex virus; SLE: systemic lupus erythematosus.

both populations, indicating that there is clonal reactivity to
a restricted number of disease-relevant antigens [24,25]. In
addition, longitudinal studies provided evidence for long-
term persistence of individual myelin-specific T cell clones
tracked over several years in the blood of MS patients [26],
indicating a strong, persisting memory response and/or
ongoing autoantigen exposure at least for a subset of myelin-
reactive T cells. These memory responses may reflect, at least
in part, persisting clonal expansions of polyspecific T cells
recognizing both self and virus antigens that have been
found associated with human autoimmune diseases
(Table 2). For example, high viral loads that occur during
symptomatic primary Epstein—Barr virus (EBV) infection,
resulting in infectious mononucleosis, are associated with an
increased risk of developing multiple sclerosis [27,28], and
could prime these polyspecific T cell responses [29]. Accord-
ingly, patients with multiple sclerosis have predominant
clonal expansions of T cells specific for the EBV-encoded
nuclear antigen 1 (EBNAL), which is the most consistently
recognized EBV-derived CD4" T cell antigen in healthy virus
carriers, and EBNA1-specific T cells recognize myelin anti-
gens more frequently than other autoantigens that are not
associated with multiple sclerosis [30].

Bystander activation of autoreactive cells and
epitope spreading

APCs that are activated within the inflammatory milieu of a
pathogenic infection can stimulate the activation and prolif-
eration of autoreactive T or B cells in a process known as
bystander activation. In this case, APCs present self-antigen,
obtained subsequent to tissue destruction and/or the uptake
of local dying cells, to autoreactive cells [31] (Fig. 1bi). In
addition to autoimmune responses that are primed initially
by APCs and stimulated by bystander activation, additional
autoantigen-specific T or B cells can be primed through

epitope spreading [32,33] — wherein an immune response
initiated by various stimuli, including microbial infection,
trauma, transplanted tissue or autoimmunity, ‘spreads’ to
include responses directed against a different portion of the
same protein (intramolecular spreading) or a different
protein (intermolecular spreading) (Fig. 1biii, iv). Activating
a broader set of T cells through epitope spreading is clearly
helpful in anti-pathogen or anti-tumour immune responses.
However, autoimmune disease is potentially induced and/or
exacerbated when spread to and within self-proteins occurs
subsequent to the destruction of self-tissue. Epitope spread-
ing in animal models proceeds in an orderly, directed and
hierarchical manner, such that more immunodominant
epitopes elicit responses first, followed by less dominant
responses. This type of spreading has been shown in experi-
mental autoimmune encephalomyelitis (EAE), a non-
infectious model of MS [33,34], as well as in TMEV-induced
demyelinating disease induced by infection with the non-
engineered, wild-type BeAn virus strain [35-37] (Fig. 2) and
in the spontaneously arising NOD mouse model of type 1
diabetes [38] (S. D. M., unpublished observations). While
these examples document epitope spreading within autoan-
tigens and to additional autoantigens, the inflammatory
environment of viral infections could support these immune
response cascades by increasing the presentation of self-
antigens via provision of signals through PRRs, which has
been shown to be required for the activation of myelin
peptide-specific T cells via epitope spreading in SJL mice
infected with wild-type TMEV [39,40].

An even broader form of bystander activation is achieved
by cross-linking MHC class IT molecules on APCs with TCRs
expressing a certain V3 domain by superantigens (Fig. 1bii).
T cell populations that are stimulated in this manner could
potentially contain a subset of T cells specific for a self-
antigen [41]. There are multiple examples in which super-
antigens are involved in diseases such as EAE, arthritis and

18 © 2010 British Society for Immunology, Clinical and Experimental Immunology, 160: 15-21
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Disease Early Late
onset chronic chronic
o TMEV o TMEV. o TMEV

o PLP139-151
o PLP178-191
o PLP56-70

o MOG92-106
o MBP84-104

Clinical severity

ﬁ} 20 40 60 80 100 120 140
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Fig. 2. Model of induction of central nervous system (CNS)
autoimmunity in SJL mice infected with Theiler’s murine
encephalomyelitis virus (TMEV) via epitope spreading to released
endogenous myelin antigens. Intracerebral (i.c.) infection of SJL

mice with the BeAn strain of TMEV leads to a chronic-progressive
CNS demyelinating disease, with clinical signs first appearing
approximately 30 days post-infection. TMEV establishes a persistent
CNS infection in CNS-resident microglia, as well as in
CNS-infiltrating macrophages and dendritic cells (DCs). Disease

is initiated by TMEV-specific CD4" T cells which release
proinflammatory cytokines in response to viral epitopes presented in
the CNS by the various APCs leading to bystander damage to myelin
and release of endogenous myelin epitopes. Infiltrating myeloid DCs
process and present released myelin epitopes leading to de novo
activation of myelin epitope-specific T cells via epitope spreading. The
response spreads initially to the immunodominant proteolipid protein
(PLP);39-151 epitope and subsequently to other less dominant
encephalitogenic myelin peptides in late progressive disease.

inflammatory bowel disease, making superantigens another
mechanism by which bystander activation could initiate, or
at the least exacerbate, autoimmunity in mouse models [42].
In this study, superantigens were shown to amplify, but
not initiate, autoimmune T cell responses (Table 1).
Furthermore, the association of certain genotypes of the
superantigen-encoding endogenous retrovirus HERV-K18,
which is transactivated by EBV, with MS has been reported
[43]. These various mechanisms are not mutually exclusive,
e.g. molecular mimicry might initially prime autoreactive T
cells, but these responses could be amplified by epitope
spreading [7,17] or by superantigen-mediated expansion
and by activation of autoantigen-specific T cells that express
a given VP chain.

Emerging mechanisms

Infections can affect the immune response in many ways,
and mechanisms such as molecular mimicry and bystander
activation/epitope spreading are certainly not the only ways
in which pathogens might trigger or accelerate autoimmune

99™ DAHLE

disease. A recent study showed that in a spontaneous animal
model of SLE, lipid raft aggregation on T cells could be
induced by several microorganisms or toxins leading to
enhanced T cell signalling and exacerbated disease [44]. Fur-
thermore, viral infections could also directly maintain
autoreactive effector cells or autoantigen-presenting cells. As
one example of the latter, persistent infection of microglia
with TMEV has been shown to cause up-regulation of MHC,
co-stimulatory molecules as well as cytokines required for
CD4 T cell differentiation, and enhance the ability of these
cells to function as effective APCs [45]. Lastly, it is possible
that virus infections can cause changes in normal immuno-
regulatory mechanisms [47]. Recent unpublished studies in
our laboratory have shown that susceptibility to TMEV-
induced demyelinating disease in SJL/J] mice is mediated by
virus-induced activation of regulatory T cells (T.;) in the
susceptible SJL/]J strain, which interfere with CTL-mediated
virus clearance leading to persistent CNS infection and later
initiation of autoimmunity via epitope spreading. In con-
trast, infection of disease resistant C57BL/6 mice fails to
activate Ty, and thus virus is rapidly cleared.

Conclusions

Results from the multiple animal models summarized above
show clearly that various mechanisms including molecular
mimicry, bystander activation and epitope spreading can ini-
tiate activation of autoreactive T cells that then expand, dif-
ferentiate and become pathogenic. It is important to realize
that these mechanisms are interrelated, non-mutually exclu-
sive and dynamic, so the idea of microbial infection eliciting
autoimmunity must be viewed not as a defined event that
occurs through a particular mechanism, but as a process that
can occur through many pathways simultaneously and/or
sequentially (Fig. 1). For example, epitope spreading can be
initiated through molecular mimicry, as illustrated by the
activation of PLP, 19-specific T cells in SJL mice in which
autoimmunity was induced by infection with TMEV
expressing either PLPiso_;5; or a PLPj3.;5; mimic peptide
[17].

Despite the multiple causal relationships between infec-
tion and autoimmunity which have been identified in animal
models and the correlations drawn in human autoimmune
diseases, pathogen-derived triggers of human autoimmunity
have been difficult to identify. This could be due to the fact
that evidence of autoimmunity is likely to become clinically
apparent only after a considerable period of subclinical
autoimmune responses, at which time the pathogen might
have already been cleared and/or the anti-viral immune
responses might have subsided, the so-called ‘hit-and-run’
hypothesis. It is also possible that the initiating infection may
take place in a site distal from the target organ of the autoim-
mune disease. As a result, it can be difficult to distinguish
between the postulated mechanisms, even in seemingly
simple animal models.

© 2010 British Society for Immunology, Clinical and Experimental Immunology, 160: 15-21 19
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