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Abstract

Several common autoimmune diseases, such as rheumatoid arthritis, systemic lupus erythematosus
(SLE) and multiple sclerosis, are genetically linked to distinct human MHC class 11 molecules 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 point towards environmental factors in the genesis of these
diseases. Among these environmental factors, infections have been implicated in the onset and/or
promotion of autoimmunity. In this review, we outline mechanisms by which pathogens can trigger
autoimmune disease, and also pathways by which infection and immune control of infectious disease
might be dysregulated during autoimmunity.

The immune system walks a fine line to distinguish self- from harmful non-self to preserve the
integrity of the host. Deficits in this discrimination can result in susceptibility to infections or
over-reactivity to harmless antigens, leading to immunopathology and autoimmunity.
Therefore, it is not surprising that genetic factors that influence the sensitivity of the immune
system are associated with autoimmune diseases, but might only manifest themselves as
autoimmunity after stimulation by environmental factors, including viral infections.
Unfortunately, this implies also that the over-reactive immune system of individuals
susceptible to autoimmune disease might be triggered by more than one pathogen or even by
more severe primary infections with common pathogens. Both factors make it difficult to
associate distinct pathogens with particular autoimmune diseases. This review discusses the
mechanisms by which pathogens could trigger autoimmune diseases and mechanisms by which
autoimmune disease could alter the ability of the host to control infections and regulate the
immune system. In discussing these aspects, we highlight recent studies showing the induction
of autoimmune inflammation in the central nervous system (CNS) of mice following infection
with Theiler’s murine encephalomyelitis virus (TMEV), and the dysregulation of immune
responses against Epstein—Barr virus (EBV) in humans with the autoimmune disease multiple
sclerosis. The discussed mechanisms and correlations between altered immune responses to
these pathogens and autoimmune diseases could be developed as therapeutic targets or as
diagnostic markers in the future.
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How can antiviral responses trigger autoimmunity?

As we discuss here, several mechanisms have been described to explain how viruses might
trigger autoimmune diseases, 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.

Adjuvant effect of pathogens in priming autoreactive immune responses

The ability of the host to defend against invading pathogens is to a large extent mediated by a
group of germline-encoded receptors known as pattern-recognition receptors (PRRs). These
molecules include Toll-like receptors (TLRS), nucleotide-binding and oligomerization domain
(NOD)-like receptors (NLRs), (RIG-1)-like helicases and a subset of C-type lectin receptors,
which together recognize a large number of molecular patterns present in bacteria, viruses and
fungi (reviewed in 1). The signalling pathways that are triggered by engagement of these
molecules lead to cellular activation, which increases the antigen-presenting capacity of and
the expression of co-stimulatory molecules by antigen-presenting cells (APCs), as well as their
production of type I interferons, pro-inflammatory cytokines and chemokines, which initiate
and direct the immune response against the invading pathogen. Microbial antigens as well as
PRR-triggered inflammatory molecules drive the clonal expansion of pathogen-specific T and
B cells. By triggering PRRs, stimulating early responses by the innate immune system and
increasing the function of APCs, pathogens act as adjuvants for the immune response, while
at the same time providing an antigen source to drive T-cell and B-cell activation and effector
function (Figure 1). In this highly inflammatory environment, it is easy to envision how an
aberrant destructive immune response can be triggered and/or escalated if autoreactive cells
are present. There are several postulated mechanisms by which pathogenic infections can
trigger autoimmune disease, but most evidence in animal models has been gathered to support
the idea that cross-reactive immune responses cause autoimmunity due to similarities of viral
and self antigens.

Molecular mimicry

The well-documented degeneracy of antigen recognition by the T-cell receptor (TCR), which
allow T-cell activation by different peptides bound to one or even several MHC molecules 2,
implies that responses to foreign antigens could result in the activation of T cells that are also
cross-reactive with self antigens. Similarly monoclonal antibodies, reflecting B-cell receptor
specificity were found to recognize both microbial and self-antigens 3. This idea, known as
molecular mimicry (Figure 2A), was first put forward by Fujinami and Oldstone 4+, It is now
generally accepted thatasingle T cell can respond to various distinct peptides, and that different
peptide/MHC complexes can lead to cross-reactivity by the same TCR as long as the complexes
have similar charge distribution and overall shape 8. This flexibility of TCR recognition is
thought to be central to many immunological processes including thymic selection and the
ability to recognize nearly all pathogen-derived peptides. A side effect of this is the induction
of autoimmunity by microbial antigens. Vice versa the identification of such cross-reactivities
can also help to uncover etiologic agents of autoimmune disease. In vitro studies have clearly
shown that viral peptides with some degree of homology with self peptides can stimulate
autoreactive T cells 6.

Animal models in which molecular mimicry can trigger autoimmune disease are abundant.
These include: TMEV-induced demyelinating disease (TMEV-1DD), a model of human
multiple sclerosis in which intracerebral TMEV infection of mice leads to an autoimmune
demyelinating disorder 30-40 days after infection 9; herpes simplex virus (HSV)-associated
stromal keratitis, in which HSV infection leads to T-cell-mediated blindness in both humans
and mice 10-12; diabetes model(s) 13; autoimmune demyelinating disease associated with
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Semliki Forest virus (SFV) 14; autoimmune myocarditis associated with coxsackie virus
infection 15 and murine cytomegalovirus 16 (Table 1). Even so we primarily focus on a possible
role of viruses in autoimmune diseases, other microbial pathogens have also been implicated
in contributing to autoimmune disease by molecular mimicry, like for example streptococcus
in rheumatoid myocarditis 17. There are also many less physiological scenarios that do not
necessarily aim to closely model a particular disease but serve to reveal potential mechanisms
through which immune responses to infections could lead to autoimmunity through molecular
mimicry.

Along these lines, many investigations have used models of molecular identity, in which an
exact microbial protein or epitope is transgenically expressed in a particular tissue. Under these
conditions, animals are not generally susceptible to the development of spontaneous
autoimmune disease. However, after infection with the microorganism containing the protein,
autoimmunity in the transgenic protein-expressing organ ensues 18-21, Although these
approaches are clearly artificial, they do 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 transgene-expressed antigen is also expressed in the thymus, so that normal mechanisms
of negative selection significantly decrease the number of high-affinity T cells specific for the
viral/self antigen, infection eventually results in autoimmunity 2. These experiments indicate
that even T cells with low affinity for a self antigen and that have escaped negative selection,
as would be the case for many self-antigen-specific responses, can be activated through
molecular mimicry with a microbial antigen and cause disease. Similarly, in the TMEV-IDD
model of multiple sclerosis, a severe rapid-onset demyelinating disease in the CNS is induced
by intracerebral or peripheral infection with TMEV that has been engineered to express the
immunodominant self epitope from myelin, proteolipid protein (PLP)139-151 22,

Several bacterial and viral peptides that mimic PLP139.151 23 have been identified, and these
have been used in models that more directly address the possibility of autoimmune disease
induced by molecular mimicry. TMEV engineered to express peptides derived from
Haemophilus influenzae that mimic PLP139.151 (TMEV-HI, which shares 6 of 13 amino acids
with PLP139.151) or murine hepatitis virus (TMEV-MHV, which shares only 3 of 13 amino
acids with PLP439.151), induces a rapid onset, severe demyelinating disease that is similar to
that induced by infection with TMEV expressing PLP139.151 2224 itself. The H. influenzae
mimic of PLP139.151 can also be processed and presented out of its own native flanking
sequences when larger portions of the bacterial protein are expressed in TMEV, which further
supports the potential role for molecular mimicry in a natural infection 2°. Relevant to human
disease, bacterial peptide mimics of the myelin basic protein (MBP) epitope 85-99, derived
from such different pathogens as Mycobacterium tuberculosis, Bacillus subtilis and
Staphylococcus aureus, induce demyelinating disease in mice that transgenically express a
human MBPgs_gg-specific TCR as well asan HLA class Il molecule that can present the peptide
26 Molecular mimicry was also shown in a model of diabetes in which lymphocytic
choriomeningitis virus (LCMV) nucleoprotein was expressed under the control of the rat
insulin promoter. Infection with Pichinde virus, which contains an epitope that mimics a
subdominant epitope in the LCMV nucleoprotein, accelerated autoimmune disease that had
already been established by previous infection with LCMV 13, HSV-induced stromal keratitis
is mediated by corneal-antigen-specific T-cell responses that are induced following corneal
HSV infection. This is a non-synthetic, natural model of autoimmune disease in which
molecular mimicry can occur in the absence of genetic manipulation 19. The results from these
experiments were called into question by a later study in which HSV-induced stromal keratitis
could be induced in mice in the absence of T-cell responses against HSV 11. However, the
former model allows for efficient HSV specific immune control, whereas in the absence of
HSV specific immune control in the latter model, keratitis could be caused by pathogen induced
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immunopathology. Therefore, as different model systems with possibly different disease
mechanisms were used to investigate HSV-induced stromal keratitis, the strong case for
molecular mimicry put forth by the former study has yet to be ruled out 12,

In keeping with the observation that specific T cells that have been primed by pathogens and
cross-react with self antigens can cause autoimmunity in animal models, patients with
autoimmune diseases such as SLE, rheumatoid arthritis and multiple sclerosis have been found
to have higher frequencies and activation states and/or less co-stimulatory requirements of self-
reactive lymphocytes 27-30. In multiple sclerosis, receptor analysis of T and B cells in CNS
tissue and in the cerebrospinal fluid (CSF) showed clonal expansions in both populations,
indicating that there is clonal reactivity to a restricted number of disease-relevant antigens
31-33 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 patients with
multiple sclerosis 34-36 indicating a strong, persisting memory response and/or ongoing
autoantigen exposure at least for a subset of myelin-reactive T cells in multiple sclerosis.

We suggest that these memory responses 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 EBV infection, resulting in infectious mononucleosis, are associated
with an increased risk of developing multiple sclerosis 37-39, and could prime these polyspecific
T-cell responses. Accordingly, patients with multiple sclerosis have predominant clonal
expansions of T cells specific for the EBV-encoded nuclear antigen 1 (EBNAZL), which is the
most consistently recognized EBV-derived CD4* T-cell antigen in healthy virus carriers, and
EBNAZ1-specific T cells recognize myelin antigens more frequently than other autoantigens
that are not associated with multiple sclerosis 4. Notably, myelin and EBNA1 cross-reactive
T cells produce interferon-y (IFNy) but differ from EBNA1-monospecific cells in their capacity
to produce additional cytokines, such as interleukin-2, which is indicative of polyfunctional T
cells. Because T cells successively use their ability to produce more than one cytokine during
differentiation, polyfunctional T cells are thought to be particularly important under conditions
of antigen persistence and high antigen load because they are less susceptible to clonal
exhaustion or activation-induced cell death #1. However, viral titres in circulating blood cells
from patients with multiple sclerosis are similar to those detectable in healthy virus carriers
42 and patients with multiple sclerosis do not differ from healthy EBV carriers in the rate of
EBV-induced B-cell transformation or in their ability to control the outgrowth of EBV-infected
B cells in vitro#°, which argues against increased viral replication or impaired immune control
of chronic EBV infection driving EBV-specific T-cell expansion in patients with multiple
sclerosis. Instead, a more extensive priming of polyfunctional cross-reactive T cells during
symptomatic primary EBV infection with high levels of viral load, and continuous
restimulation caused by autoimmune tissue inflammation, could potentially establish and
maintain a distinct repertoire of myelin-reactive virus-specific T cells, which could predispose
for multiple sclerosis.

Bystander activation of autoreactive cells and epitope spreading

APCs that have become activated within the inflammatory milieu of a pathogenic infection
can stimulate the activation and proliferation 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 43:44 (Figure 2B). In
addition to autoimmune responses that are initially primed by APCs and stimulated by
bystander activation, additional autoantigen-specific T or B cells can be primed through epitope
spreading 4> — a situation in which an immune response that is initiated by various stimuli,
including microbial infection, trauma, transplanted tissue or autoimmunity, ‘spreads’ to include
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responses directed against a different portion of the same protein (intramolecular spreading)
or adifferent protein (intermolecular spreading) (Figure 2B). Activating a broader set of T cells
through epitope spreading is helpful in an antipathogen or antitumour immune response,
because the pathogen or tumour cannot easily escape immune control with a single mutation
in an immunogenic epitope. However, disease potentially arises when spread to and within self
proteins occurs subsequent to the destruction of self tissue. Epitope spreading 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 experimental autoimmune encephalomyelitis (EAE), a non-infectious model of
multiple sclerosis 4647, as well as in TMEV-1DD 948-50 and in the non-obese diabetic (NOD)
mouse model of type 1 diabetes ®1 (S.D.M., unpublished observations). While these examples
document epitope spreading within autoantigens 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.

An even broader form of bystander activation is achieved by cross-linking MHC class 11
molecules on APCs with TCRs comprising a certain V3 domain by superantigens. T-cell
populations that are stimulated in this manner could potentially contain a subset of T cells
specific for a self antigen °2. There are multiple examples in which superantigens are involved
in diseases such as EAE, arthritis and inflammatory bowel disease, making superantigens
another mechanism by which bystander activation can initiate, or at the least exacerbate
autoimmunity in mouse models 23755, In these studies, staphylococcal, mycoplasma- and
enteric microbiota-derived 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
56, with multiple sclerosis has been reported °7. However, VB7+ and VB13* T-cell populations,
which are stimulated by the retroviral superantigen, do not seem to be selectively expanded in
patients with multiple sclerosis. Nevertheless, viral-antigen-specific and/or superantigen-
expanded T cells might participate in the development or maintenance of autoimmune disease.
So although molecular mimicry might initially prime autoreactive T cells, these responses
could be amplified by superantigen-mediated expansion and by activation of autoantigen-
specific T cells that express a given VB chain that is targeted by microbial superantigens.

Emerging mechanisms

Infections can affect the immune response in many ways, and mechanisms such as molecular
mimicry and bystander activation are certainly not the only ways in which pathogens might
trigger or accelerate autoimmune disease. A recent study showed that in a spontaneous animal
model of SLE, lipid raft aggregation on T cells, which was induced by Cholera toxin B from
Vibrio cholerae in this particular study, but could be induced by several microorganisms or
toxins, enhanced T-cell signalling and exacerbated SLE 8. Furthermore, viral infections could
also directly maintain autoreactive effector cells or autoantigen-presenting cells . As one
example, persistent infection of microglia with TMEV has been shown to cause upregulation
of MHC and costimulatory molecules and enhance the ability of these cells to function as
effective APCs 0. In another example, EBV immortalizes B cells and assists in their
differentiation to long-lived memory B cells 61, In addition, even in infected memory B cells,
that usually do not express the latent EBV proteins that are associated with immortalization,
non-translated viral RNAs contribute to resistance to cell death 2. These mechanisms could
preserve autoreactive B cells or a reservoir of APCs capable of presenting autoantigens to
promote autoimmunity. For example, a reservoir of EBV-infected B cells was recently found
in submeningeal aggregates of brains from patients with multiple sclerosis®. Although several
causal relationships between pathogen infection and autoimmunity have been identified in
animal models and correlations have been drawn in human autoimmune diseases, pathogen-
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derived triggers of autoimmunity have been difficult to identify, because 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 antiviral immune responses might have subsided, the so-called ‘hit-and-run’
hypothesis.

Reciprocal relationships of pathogen-derived mechanisms of autoimmunity

All of these mechanisms are interrelated, non mutually exclusive, 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 (Figure 2). For example, epitope spreading can be initiated
through molecular mimicry as illustrated by the activation of PLP17g.191-specific T cells in
SJL mice in which autoimmunity was induced by infection with TMEV expressing either
PLP139.151 0r a PLP139.151 mimic peptide 22, or following bystander damage. Molecular
mimicry can initially activate autoreactive T cells that then expand and become pathogenic
through bystander activation, or vice versa. As a result, it can be difficult to distinguish between
the postulated mechanisms, even in seemingly simple animal models 5:11:12,64,

How can these mechanisms lead to overt autoimmune disease?

Animal studies have made it clear that in principle, infections can trigger autoimmune
responses. This must be distinguished, however, from the elicitation of overt autoimmune
disease as a direct result of microbial infection, which might be more difficult to establish.

Autoreactive adaptive immune cells are unavoidably present in the periphery in humans and
animals. These cells can exist because their cognate self-antigen was not expressed in the
thymus and the antigen will therefore only become apparent to the immune system after tissue
destruction as a result of infection or trauma. Alternatively, whereas many autoreactive T cells
are deleted in the thymus during development, some T cells that make their way to the periphery
might be highly specific for a microbial antigen, but also have lesser affinity for a self antigen.
The presence of autoreactive cells in the periphery, however, does not necessarily predispose
for clinical autoimmune disease.

It is clear that in many cases, an infection is necessary for the development of overt disease,
even when abundant autoreactive T cells are present. A cogent example is that although
demyelinating disease is readily induced in mice either by priming with PLP39.151 peptide in
complete Freund’s adjuvant (CFA), or by infecting with TMEV expressing a PLP139.151
mimic, priming with PLP13g.151 mimics in CFA does not induce overt disease, despite the fact
that T cells from mice primed with mimic peptides robustly respond to PLP;3g.151 2312444,
Presumably, TLR engagement and other innate immune stimuli that are present upon infection
with TMEV expressing the mimic peptide allow APCs to provide the necessary signals for
full-blown activation and optimal migration of autoreactive T cells 0. So, the nature of a
pathogen, which directs the type of immune response that is elicited, can profoundly influence
the potential for development of autoimmune disease, and could in fact increase or decrease
the likelihood of autoimmunity in the presence of autoreactive cells. In this regard, T helper 1
(TH1)- and TH17-polarized T-cell responses have been proposed to accelerate autoimmunity,
whereas Tp2-polarized responses might confer protection %°. Also, in the case of molecular
mimicry, the virus-encoded mimic itself has an important role, as a peptide that partially mimics
a self antigen (known as an altered peptide ligand), depending on the context of the infection,
could have a tolerizing rather than an immunizing effect 0.

Even the presence of autoreactive T cells together with the presence of an appropriate infection
might not lead to autoimmune disease. For example, in Pichinde virus infection of RIP-LCMV-
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NP mice, although the mimic-encoding Pichinde virus was not sufficient to initiate overt
autoimmunity, it was able to accelerate autoimmune disease that had already been established
by infection with LCMV 13, So, viral “adjuvant” and self mimics might in some cases be able
to trigger autoimmune disease only if autoreactive cells are already ‘primed’ to some degree,
such that the autoreactive T cells have been previously activated and exist at a higher precursor
frequency 6. The affinity of TCRs for various self-peptide-MHC complexes might also have
a key role in the development of autoimmune disease. Indeed, a threshold level of TCR affinity
has been shown to be important for the establishment of autoimmunity 67, In RIP-LCMV mice,
whether or not the self antigen was expressed in the thymus during development (which affects
T-cell affinity) has a significant impact on the speed with which autoimmune disease develops
20 TLR engagement alone can be sufficient to induce the correct environment for the
development of autoimmune disease if autoreactive T cells are of high enough affinity for self
antigen 20:68, However, as most T cells will have low affinity for self under physiological
situations, studies in which TCR affinity for self-antigen is low may have greater relevance to
human autoimmune disease.

The potential for the development of overt disease is clearly dependent on the presence of
autoreactive T cells. However, whether overt disease actually occurs can depend on various
other coincident events, including the number of autoreactive T cells present, the avidity and
affinity of these cells (determined by co-receptor expression and binding to MHC/peptide
complexes, respectively), and the presence of innate inflammatory signals required for
activation and differentiation of those T cells to a pathogenic phenotype. Despite the
requirement for all of these elements, it is clear that they do not need to happen at the same
time or in the same place to elicit autoimmune disease.

Autoimmunity can occur at a site distal to the initiating infection

In many animal models, autoimmune responses are triggered during the initial or acute response
toaninfection, and autoimmune disease occurs exclusively in the infected organ, such as during
corneal HSV infection leading to stromal keratitis 101112 Along these lines, submeningeal
reservoirs of EBV infected B cells have been reported in the brains of patients with multiple
sclerosis 83, but it remains unclear if these focus pathogenic immune responses to the diseased
tissue. Models in which infection directs autoreactive responses to distinct tissues provide a
simple system in which to study the pathological mechanisms of infection-induced
autoimmunity. However, in most cases a robust immune response to a pathogenic infection in
the target organ is usually not associated with the development of autoimmunity in humans.
None of the proposed mechanisms for the development of infection-induced autoimmunity
excludes the possibility that disease can occur temporally and/or spatially distal from the site
of the initiating infection (Figure 3). Animal models that allow investigators to study this aspect
of infection-induced autoimmune disease are few, but they might provide important insights
relevant to human disease.

Autoimmune CNS demyelinating disease can be triggered by molecular mimicry when the
pathogen containing the mimic epitope does not infect the CNS itself. When mice that express
an LCMV protein in the CNS were peripherally infected with LCMV, autoimmune responses
occurred in the CNS despite the fact that LCMV was not detectable in that organ 21. In non-
transgenically manipulated mice, pancreatropic Coxsackie virus engineered to express
PLP139.151, induces CNS demyelinating disease associated with PLP139.151-specific T-cell
responses, also in the absence of any apparent infection in the CNS itself (S.D.M.,unpublished
observations).

The fact that the various mechanisms for infection-induced autoimmunity discussed here are
non-mutually exclusive make them both more complicated and more plausible as potential
causes for human autoimmune disease. For example, molecular mimicry and adjuvant effects
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of pathogens might work early on during the development of autoimmune responses, whereas
bystander activation through the inflammatory environment of infections and/or superantigens
might exacerbate autoimmune responses later on. However, as we consider the potentially
multi-mechanistic and multi-step nature of autoimmunity, it is important to remember that an
established autoimmune response can also have effects on pathogen-directed immune
responses occurring in the same organ or elsewhere in the body.

How might antiviral responses be triggered by autoimmunity?

The flip side of autoimmunity being driven by viral infections is that autoreactive immune
responses or even only predisposition to these might affect the development of antiviral
immune responses. This might alter their composition, the viral set-point during chronic
infections and the anatomical distribution of virus-specific lymphocytes. These alterations
could be used as diagnostic markers for autoimmune disease activity, but might not regulate
the autoimmune disease itself.

Bystander activation

The activation of innate immune cells can be initiated by both pathogen-associated “stranger”
signals  and damage-associated, altered-self “danger” signals °. These apparently disparate
mechanisms trigger inflammation through common means, as stranger and danger signals both
ligate PRRs. TLRs have a particularly instructive role in innate immune responses against
microbial pathogens, as well as the subsequent induction of adaptive immune responses. Both
experimental infections in mice lacking individual TLRs and key molecules of the TLR
signaling pathways 1 as well as natural infections in humans with primary immunodeficiencies
that selectively impair TLR responses 2 clearly show the crucial role of TLRs in shaping
protective antiviral immunity.

A role for TLR signaling in the induction and maintenance of autoimmune diseases was first
highlighted by Leadbetter et al. 73 who showed that immunoglobulin in the blood provokes
autoimmune responses when immune cells recognize it as a complex with self-DNA. In B-cell
receptor (BCR)-transgenic mice in which most B cells express surface antibodies with low
affinity for self-lgG2a, which is the rheumatoid-factor specificity, immunoglobulin neither
activates the B cells nor makes them tolerant unless these mice are crossed onto an autoimmune-
prone Ipr background; self-lgG2a in the offspring of this cross is immunogenic, resulting in
high titres of circulating rheumatoid-factor autoantibodies, a diagnostic marker of autoimmune
disease 74. This study found that immune complexes consisting of self-IgG2a and self-DNA,
triggering both surface BCRs and endosomal TLRs, were necessary and sufficient for the loss
of self-tolerance in this model. Similar models have been reported for RNA-containing immune
complexes and TLR7/TLRS activation 776, So, endogenous TLR ligands such as self-DNA
or RNA or nucleic acid-associated proteins could act as adjuvants in autoimmune diseases that
are characterized by prominent tissue damage or impaired removal of apoptotic cell or necrotic
debris 77, and could assist in the priming of anti-viral immune responses.

Furthermore, the induction and maintenance of autoimmune tissue inflammation crucially
depends on the cytokine polarization profile of pathogenic Ty cells in animal models of T-cell-
mediated autoimmune diseases 5°:78:79, Both Tiy1 and Ti17 cells are thought to coordinate
autoimmune inflammation in these diseases, presumably through distinct pathways 9.
Although the T1-cell cytokine IFNy can inhibit the generation of Ty17 cells, it also reinforces
Tw1-cell differentiation 78, which is instrumental in establishing protective antiviral immune
responses. Therefore, the Ty1-polarizing milieu of autoimmune diseases might support
superior anti-viral immune responses 81:82,
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Although it has not yet been shown in experimental models, we suggest that the increased
availability of intrinsic “danger-signals” released through autoimmune tissue damage probably
both affects host responses to microbial pathogens at sites of autoimmune inflammation and
enhances pathogen-specific innate and adaptive immune responses.

Increased pathogen replication

In addition to the adjuvant activity of autoimmunity, which might enhance pathogen-specific
immune responses, autoimmunity can also affect pathogens that persist in lymphocytes.
HTLV-1and EBV are classical examples, with HTLV-1 persisting in memory T cells and EBV
persisting in memory B cells. Both viruses seem to establish latency without detectable
antigenic protein expression in these cellular reservoirs 83:84, Reactivation of HTLV-1 occurs
upon TCR and co-stimulatory molecule engagement 82, Similarly, lytic replication of EBV can
only be observed in plasma cells 8, and it can be induced by cross-linking of surface
immunoglobulin on infected B cells 87. Therefore, autoimmunity could trigger reactivation of
these pathogens (Figure 4), as has been documented in the case of EBV reactivation by malaria
antigens . Indeed, patients with SLE have abnormally high frequencies of EBV-infected cells
that have aberrant expression of the immediate early lytic antigen BZLF1 in peripheral blood
89 Interestingly, increased cell-associated viral loads correlated with autoimmune disease
activity. Moreover, increased EBV loads correlated with EBV-specific CD8" T-cell responses
in patients with SLE 90, which had decreased cytotoxicity as a sign of exhaustion 91, possibly
due to persistent restimulation by the high antigenic load. By contrast, CD4* T-cell responses
to EBV were also upregulated in patients with SLE, but negatively correlated with viral loads,
suggesting enhanced immunoprotection by these cells 9. Whereas EBV viral loads are up to
40-fold increased in patients with SLE, they are 10-fold increased in patients with rheumatoid
arthritis 92, Again, CD8" T-cell responses to EBV antigens positively correlate with these
increased viral loads 93, Also in rheumatoid arthritis the increased antigen load seems to cause
further differentiation of EBV-specific CD8* T cells, resulting in the presence of a
subpopulation of terminally differentiated, and presumably costimulation-insensitive,
CD27-CD28 cells that are rarely observed in healthy EBV carriers 93:94, In addition to EBV-
specific T-cell responses, subdominant antibody responses and broadened responses to
dominant EBV antigens are also observed in patients with rheumatoid arthritis®3, again
suggesting that the increased EBV antigen load in these patients hyperstimulates EBV-specific
humoral and cell-mediated immune responses. Although these increased immune responses
maintain EBV-specific immune control in most cases, the increased autoantigen-mediated
stimulation of the B-cell compartment can even result in lymphoma development by driving
B cells to hypermutation and germinal centre reactions, which increases the risk of acquiring
transforming mutations. In the case of rheumatoid arthritis, Hodgkin lymphomas, including
EBV* tumours, are more strongly associated with the autoimmune disease than non-Hodgkin
lymphomas 9. These studies suggest that lymphotropic pathogens such as EBV can be affected
by autoimmune stimulation of host immune cells, leading to increased viral titres, increased
immune responses against the pathogen and even pathogen-associated malignancies.
Collectively, the evidence indicates that dysregulation of EBV-specific immune responses is
a feature of rheumatoid arthritis and SLE, and is probably driven by autoantigen-mediated
activation of EBV-infected B cells.

Genetic factors—Family-based genetic epidemiological studies provide unequivocal
evidence that the susceptibility for autoimmune diseases is inherited, and genome-wide
microsatellite screens and large-scale single nucleotide polymorphism (SNP) association
studies have identified chromosomal loci that are associated with specific disorders such as
SLE, rheumatoid arthritis, type 1 diabetes and multiple sclerosis. HLA-DR and -DQ alleles
within the HLA class Il region on chromosome 6p21 are by far the strongest risk-conferring
genes for all of the aforementioned conditions 96:97:98:99 Although the MHC region has proven
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difficult to dissect because of its intense and variable patterns of linkage disequilibrium, there
is evidence that additional loci in the HLA class 111 and HLA class | genomic regions and loci
telomeric of genes encoding the classical MHC might have independent associations with
autoimmune disease 9. Furthermore, less robust susceptibility effects have been identified in
non-MHC regions. Among these, the ITGAM-ITGAX region on chromosome 6p11, which
encodes the a-chain of the oy Bo-integrin (also known as Mac-1, CR3 and CD11b), which is
important for neutrophil and monocyte adherence to stimulated endothelium as well as the
clearance of immune complexes, was associated with SLE in multiple studies 97:100,:101 and
the IL7RA region on chromosome 5p13 and IL2RA on 10p15 were identified as loci associated
with multiple sclerosis 102-104, Epistatic interactions between these risk-conferring and
protective allelic variants are thought to define the overall genetic threshold for disease
susceptibility 8.

We propose that immune functions of autoimmune susceptibility genes and their products
probably affect host-pathogen interactions in patients with autoimmune diseases ’2. Along
these lines, it was shown that CD8* T cells recognizing an immunodominant EBV epitope,
restricted by HLA-B8, cross-reacted on HLA-B*4402, presumably presenting a self-peptide
105, This cross-reactivity was strong enough to mediate alloreactivity against HLA-B*4402*
cells, and result in deletion of this EBV specificity in HLA-B*4402*/HLA-B8* individuals by
negative selection, which ablates T cells of this specificity from the repertoire of EBV-specific
immune responses in these individuals. Incomplete deletion of these alloreactive T cells in
genetically susceptible individuals could however result in autoreactive and EBV-specific T
cells. Similar to the genetic variation of the host predisposing for particular viral peptide
presentation and recognition, as documented by the just discussed example, genetic variation
of viruses might also favour peptide presentation that can stimulate cross-reactive T cell
specificities. For example, the EBV strain B95-8 carries a point mutation in the HLA-B8
restricted CD8* T-cell epitope discussed above, which affects T-cell recognition of the virus
through inefficient binding to HLA-B8 106, Vice versa, autoreactive T cell specificities could
be preferentially triggered by certain virus strains encoding peptide epitopes that stimulate
cross-reactive T cell specificities. With increased sequence variation also mapping to EBNA1
107 especially an association between multiple sclerosis and a particular EBV strain remains
possible, and sequence variation in the viral strain might enhance particular EBV-specific T-
and B-cell responses that could participate in the autoimmunity. Therefore, the particular HLA
background of an individual and the distinct viral strains carried by the individual could select
for T-cell specificities with autoreactive capacity during anti-viral immune responses.

Considering this potential mechanism, it is apparent that disease promoting or protective effects
of gene-environment interactions should ideally be investigated in patients with autoimmune
diseases in comparison to syngeneic controls such as non-affected monozygotic twins 108, As
this is not feasible, we suggest that patients and controls should at least be matched for
expression of large-size risk alleles such as HLA-DR and HLA-DQ allelic variants as this
strategy minimizes the risk that detected differences in pathogen-specific immune responses
are consequence rather than cause of disease susceptibility.

Redistribution of antiviral immune responses to sites of autoimmune inflammation

Besides genetic factors on both the pathogen and the host side that might boost distinct virus-
specific immune responses, the preferential homing of primed antiviral T cells might also

falsely implicate pathogens in the immunopathology of autoimmune diseases (Figure 5). For
example, lytic EBV infection was suspected to contribute to rheumatoid arthritis after it was
found that lytic EBV antigen-specific T cells were enriched in inflamed joints 109, Indeed

CD8™* T cells specific for immediate early and early lytic EBV antigens were first cloned from
the synovial fluid of patients with rheumatoid arthritis 109. These specificities, which are now
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recognized to be among the most frequent T-cell responses, develop during persistent infection
with EBV 110, Similarly the first lytic EBV antigen-specific CD4* T-cell responses were also
cloned from this source 111, Interestingly, it was later found that these lytic EBV antigen-
specific T cells home to a variety of autoimmune inflamed tissues 112, including knees affected
by rheumatoid arthritis, eyes of patients with uveitis, and the brains of patients with multiple
sclerosis. These data were interpreted as primarily reflecting the migration of EBV-specific T
cells in response to inflammatory chemokines, such as the CXCR3 ligand CXCL10, rather
than a direct involvement of EBV-directed immunity in the immunopathology of the
autoimmune diseases. Similarly pathogen infected lymphocytes could preferentially migrate
to inflamed tissues and this localization could be erroneously interpreted as a contribution of
the pathogen in the autoimmune pathology, whereas it reflects in reality only the normal
migratory behavior of infected host cells. The enrichment of EBV infected B cells in tertiary
lymphoid tissue in post mortem CNS tissue form patients with multiple sclerosis might result
from changes in the migratory behaviour of infected B cells %3, and needs to be further
evaluated. In particular, CXCL13-mediated recruitment of CXCR5* B cells to multiple
sclerosis lesions should be evaluated along these lines 113, Therefore, the enrichment of both
pathogen-specific and pathogen-infected lymphocytes at sites of autoimmunity might be
informative with respect to the migration behaviour of pathogen-infected host cells and
lymphocytes targeting them, rather than indicating the involvement of the respective pathogens
in the immunopathology of autoimmune diseases. Nevertheless, a better understanding of these
mechanisms could suggest how certain pathogens focus the autoimmune reactivity of a
sensitized immune system to certain organs and reveal the diagnostic usefulness of monitoring
antiviral immune responses in patients with autoimmune diseases.

Concluding remarks

Besides genetic predisposition to autoimmunity, environmental factors are known to be
involved in the initiation and promotion of autoimmune diseases. Among these, viral infections
are main candidate environmental factors due to their capacity to elicit strong immune
activation and to induce autoimmune diseases in animal models, as well as the correlation of
viruses with autoimmune diseases in humans, as described in the recent studies highlighted in
this review. These studies suggest that viruses can trigger autoimmunity through molecular
mimicry and their adjuvant effects during initiation of disease, and can promote autoimmune
responses through bystander activation or epitope spreading via inflammation and/or
superantigens. However, an association of dysregulated antiviral immune responses with a
given autoimmune disease has to be interpreted with caution, because these can be differently
primed in individuals with ongoing autoimmune disease or with a genetic predisposition to
autoimmune disease. Furthermore, the autoimmune disease can alter virus infection by
affecting its host cells, and might lead to redistribution of antiviral lymphocytes to sites of
autoreactive tissue inflammation. These changes might prove to be useful as diagnostic markers
for autoimmune reactivity, and might be harnessed therapeutically. However, any therapeutic
approach that targets these responses should be done with caution so that immune control
against the pathogen is not compromised.
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Glossary

Pattern-recognition
receptors (PRRS)

Adjuvant

Molecular mimicry

Negative selection

Polyfunctional T cells

Clonal exhaustion

Activation-induced
cell death (AICD)

Bystander activation

Epitope spreading

Immunodominant
epitope

Superantigens

Altered peptide ligand
(APL)

A host receptor (such as Toll-like receptors) that can sense
pathogen-associated molecular patterns and initiate signalling
cascades (which involve activation of nuclear factor-xB) that lead
to an innate immune response.

A non-infectious form of immune activation that is used to increase
immune responses to antigen.

A term used to describe what happens when a T- or B-cell receptor
recognizes a microbial peptide that is structurally similar to a self
peptide. The immune response initially directed at the microbial
peptide spreads to tissues presenting the crossreactive self peptide,
resulting in autoimmunity.

The intrathymic elimination of double-positive or single-positive
thymocytes that express T-cell receptors with high affinity for self
antigens.

T cells that have two or more functions including, but not limited
to, degranulation or production of cytokines or chemokines. The
development of multiparameter flow cytometry has facilitated the
extensive analysis of T-cell effector functions at the single-cell
level.

A state of non-reactivity when all precursor lymphocytes are
induced by persistent antigen(s) to become effector cells, purging
the immune-response repertoire of this specificity(s).

A process by which fully activated T cells undergo programmed cell
death through engagement of cell-surface-expressed death receptors
such as CD95 (also known as FAS) or the tumour-necrosis-factor
receptor.

Activation and/or expansion of an immune response at a site of
direct inflammation-induced tissue damage.

The de novo activation of autoreactive T cells or B cells to epitopes
within the same or different self antigens that have been released
after T-cell or B-cell-mediated bystander tissue damage.

A portion of an antigen that is targeted preferentially or to a greater
degree during an immune response.

A microbial protein that activates all T cells expressing a particular
set of T-cell receptor (TCR) VP chains by crosslinking the TCR to
a particular MHC regardless of the peptide presented.

APLs are peptide analogues that are derived from the original
antigenic peptide. They commonly have amino-acid substitutions at
T-cell receptor (TCR) contact residues. TCR engagement by these
APLs usually leads to partial or incomplete T-cell activation.
Antagonistic APLs can specifically antagonize and inhibit T-cell
activation that is induced by the wild-type antigenic peptide.

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

Rheu

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

Page 13

matoid factor An antibody (usually IgM) that binds to the Fc region of 1gG thereby
forming immune complexes. Rheumatoid factors are sometimes
found in patients with rheumatoid arthritis and other autoimmune
diseases such as systemic lupus erythematosus.

Ishii KJ, Koyama S, Nakagawa A, Coban C, Akira S. Host innate immune receptors and beyond:
making sense of microbial infections. Cell Host Microbe 2008;3:352—63. [PubMed: 18541212]

. Marrack P, Scott-Browne JP, Dai S, Gapin L, Kappler JW. Evolutionarily conserved amino acids that

control TCR-MHC interaction. Annu Rev Immunol 2008;26:171-203. [PubMed: 18304006]

. Fujinami RS, Oldstone MB, Wroblewska Z, Frankel ME, Koprowski H. Molecular mimicry in virus

infection: crossreaction of measles virus phosphoprotein or of herpes simplex virus protein with human
intermediate filaments. Proc Natl Acad Sci U S A 1983;80:2346-50. [PubMed: 6300911]

. Oldstone MB. Molecular mimicry and immune-mediated diseases. Faseb J 1998;12:1255-65.

[PubMed: 9761770]

. Fujinami RS, Oldstone MB. Amino acid homology between the encephalitogenic site of myelin basic

protein and virus: mechanism for autoimmunity. Science 1985;230:1043-5. [PubMed: 2414848] This
publication introduced the concept of molecular mimicry.

. Wucherpfennig KW, Strominger JL. Molecular mimicry in T cell-mediated autoimmunity: viral

peptides activate human T cell clones specific for myelin basic protein. Cell 1995;80:695-705.
[PubMed: 7534214]

. Lang HL, et al. A functional and structural basis for TCR cross-reactivity in multiple sclerosis. Nat

Immunol 2002;3:940-3. [PubMed: 12244309]

. Gregersen JW, et al. Functional epistasis on a common MHC haplotype associated with multiple

sclerosis. Nature 2006;443:574—7. [PubMed: 17006452]

. Miller SD, et al. Persistent infection with Theiler’s virus leads to CNS autoimmunity via epitope

spreading. Nat Med 1997;3:1133-6. [PubMed: 9334726] The first description that a persistent virus
infection can lead to autoimmunity via epitope spreading.

. Zhao ZS, Granucci F, Yeh L, Schaffer PA, Cantor H. Molecular mimicry by herpes simplex virus-
type 1: autoimmune disease after viral infection. Science 1998;279:1344-7. [PubMed: 9478893]

Deshpande SP, et al. Herpes simplex virus-induced keratitis: evaluation of the role of molecular
mimicry in lesion pathogenesis. J Virol 2001;75:3077-88. [PubMed: 11238834]

Benoist C, Mathis D. Autoimmunity provoked by infection: how good is the case for T cell epitope
mimicry? Nat Immunol 2001;2:797-801. [PubMed: 11526389]

Christen U, et al. A viral epitope that mimics a self antigen can accelerate but not initiate autoimmune
diabetes. J Clin Invest 2004;114:1290-8. [PubMed: 15520861]

Mokhtarian F, Zhang Z, Shi Y, Gonzales E, Sobel RA. Molecular mimicry between a viral peptide
and a myelin oligodendrocyte glycoprotein peptide induces autoimmune demyelinating disease in
mice. J Neuroimmunol 1999;95:43-54. [PubMed: 10229114]

Gauntt CJ, et al. Molecular mimicry, anti-coxsackievirus B3 neutralizing monoclonal antibodies, and
myocarditis. J Immunol 1995;154:2983-95. [PubMed: 7533190]

Lawson CM. Evidence for mimicry by viral antigens in animal models of autoimmune disease
including myocarditis. Cell Mol Life Sci 2000;57:552-60. [PubMed: 11130455]

Cunningham MW, et al. Cytotoxic and viral neutralizing antibodies crossreact with streptococcal M
protein, enteroviruses, and human cardiac myosin. Proc Natl Acad Sci U S A 1992;89:1320-4.
[PubMed: 1311095]

Oldstone MB, Nerenberg M, Southern P, Price J, Lewicki H. Virus infection triggers insulin-
dependent diabetes mellitus in a transgenic model: role of anti-self (virus) immune response. Cell
1991;65:319-31. [PubMed: 1901765] Initial description of initiation of autoimmune disease
following virus infection of a transgenic mouse expressing virus protein.

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

Page 14

19. Ohashi PS, et al. Ablation of “tolerance” and induction of diabetes by virus infection in viral antigen
transgenic mice. Cell 1991;65:305-17. [PubMed: 1901764] Initial description of initiation of
autoimmune disease following virus infection of a transgenic mouse expressing virus protein.

20. von Herrath MG, Dockter J, Oldstone MB. How virus induces a rapid or slow onset insulin-dependent
diabetes mellitus in a transgenic model. Immunity 1994;1:231-42. [PubMed: 7889411]

21. Evans CF, Horwitz MS, Hobbs MV, Oldstone MB. Viral infection of transgenic mice expressing a
viral protein in oligodendrocytes leads to chronic central nervous system autoimmune disease. J Exp
Med 1996;184:2371-84. [PubMed: 8976191]

22. Olson JK, Croxford JL, Calenoff MA, Dal Canto MC, Miller SD. A virus-induced molecular mimicry
model of multiple sclerosis. J Clin Invest 2001;108:311-8. [PubMed: 11457884] Initial description
of initiation of autoimmune disease following infection with a non-pathologic virus variant
engineered to express a peptide mimic of a self myelin antigen.

23. Carrizosa AM, et al. Expansion by self antigen is necessary for the induction of experimental
autoimmune encephalomyelitis by T cells primed with a cross-reactive environmental antigen. J
Immunol 1998;161:3307-14. [PubMed: 9759846]

24. Croxford JL, Ercolini AM, Degutes M, Miller SD. Structural requirements for initiation of cross-
reactivity and CNS autoimmunity with a PLP139-151 mimic peptide derived from murine hepatitis
virus. Eur J Immunol 2006;36:2671-80. [PubMed: 16981179]

25. Croxford JL, Olson JK, Anger HA, Miller SD. Initiation and exacerbation of autoimmune
demyelination of the central nervous system via virus-induced molecular mimicry: implications for
the pathogenesis of multiple sclerosis. J Virol 2005;79:8581-90. [PubMed: 15956599]

26. Greene MT, Ercolini AM, Degutes M, Miller SD. Differential induction of experimental autoimmune
encephalomyelitis by myelin basic protein molecular mimics in mice humanized for HLA-DR2 and
an MBP(85-99)-specific T cell receptor. J Autoimmun. 2008

27. Yurasov S, et al. Defective B cell tolerance checkpoints in systemic lupus erythematosus. J Exp Med
2005;201:703-11. [PubMed: 15738055]

28. Samuels J, Ng YS, Coupillaud C, Paget D, Meffre E. Impaired early B cell tolerance in patients with
rheumatoid arthritis. J Exp Med 2005;201:1659-67. [PubMed: 15897279]

29. Lovett-Racke AE, et al. Decreased dependence of myelin basic protein-reactive T cells on CD28-
mediated costimulation in multiple sclerosis patients. A marker of activated/memory T cells. J Clin
Invest 1998;101:725-30. [PubMed: 9466965]

30. Markovic-Plese S, Cortese I, Wandinger KP, McFarland HF, Martin R. CD4+CD28- costimulation-
independent T cells in multiple sclerosis. J Clin Invest 2001;108:1185-94. [PubMed: 11602626]

31. Baranzini SE, et al. B cell repertoire diversity and clonal expansion in multiple sclerosis brain lesions.
J Immunol 1999;163:5133-44. [PubMed: 10528220]

32. Babbe H, et al. Clonal expansions of CD8" T cells dominate the T cell infiltrate in active multiple
sclerosis lesions as shown by micromanipulation and single cell polymerase chain reaction. J Exp
Med 2000;192:393-404. [PubMed: 10934227]

33. Skulina C, et al. Multiple sclerosis: brain-infiltrating CD8* T cells persist as clonal expansions in the
cerebrospinal fluid and blood. Proc Natl Acad Sci U S A 2004;101:2428-33. [PubMed: 14983026]

34. Meinl E, etal. Myelin basic protein-specific T lymphocyte repertoire in multiple sclerosis. Complexity
of the response and dominance of nested epitopes due to recruitment of multiple T cell clones. J Clin
Invest 1993;92:2633-43. [PubMed: 7504690]

35. Goebels N, et al. Repertoire dynamics of autoreactive T cells in multiple sclerosis patients and healthy
subjects: epitope spreading versus clonal persistence. Brain 2000;123(Pt 3):508-18. [PubMed:
10686174]

36. Muraro PA, et al. Molecular tracking of antigen-specific T cell clones in neurological immune-
mediated disorders. Brain 2003;126:20-31. [PubMed: 12477694]

37. Thacker EL, Mirzaei F, Ascherio A. Infectious mononucleosis and risk for multiple sclerosis: a meta-
analysis. Ann Neurol 2006;59:499-503. [PubMed: 16502434] Initial description of an elevated risk
for developing MS after symptomatic primary EBV infection.

38. Nielsen TR, et al. Multiple sclerosis after infectious mononucleosis. Arch Neurol 2007;64:72—75.
[PubMed: 17210811]

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 15

Nielsen T, et al. Effects of infectious mononucleosis and HLA-DRB1*15 in multiple sclerosis. Mult
Scler. 2009

Linemann JD, et al. EBNA1-specific T cells from patients with multiple sclerosis cross react with
myelin antigens and co-produce IFN-y and IL-2. J Exp Med 2008;205:1763-1773. [PubMed:
18663124] Description of the selective expansion of EBNAL specific CD4™ T cells in MS patients.
Harari A, et al. Skewed association of polyfunctional antigen-specific CD8 T cell populations with
HLA-B genotype. Proc Natl Acad Sci U S A 2007;104:16233-8. [PubMed: 17911249]

Linemann JD, et al. Increased frequency and broadened specificity of latent EBV nuclear antigen-1-
specific T cells in multiple sclerosis. Brain 2006;129:1493-506. [PubMed: 16569670]

Zipris D, et al. TLR activation synergizes with Kilham rat virus infection to induce diabetes in BBDR
rats. J Immunol 2005;174:131-42. [PubMed: 15611235]

Walker LS, Abbas AK. The enemy within: keeping self-reactive T cells at bay in the periphery. Nat
Rev Immunol 2002;2:11-9. [PubMed: 11908514]

Lehmann PV, Forsthuber T, Miller A, Sercarz EE. Spreading of T-cell autoimmunity to cryptic
determinants of an autoantigen. Nature 1992;358:155~7. [PubMed: 1377368] Initial description of
epitope (determinant) spreading).

McRae BL, Vanderlugt CL, Dal Canto MC, Miller SD. Functional evidence for epitope spreading in
the relapsing pathology of experimental autoimmune encephalomyelitis. J Exp Med 1995;182:75—
85. [PubMed: 7540658] Initial description of the functional pathological significance of epitope
spreading to disease progression in relapsing EAE.

Yu M, Johnson JM, Tuohy VK. A predictable sequential determinant spreading cascade invariably
accompanies progression of experimental autoimmune encephalomyelitis: a basis for peptide-
specific therapy after onset of clinical disease. J Exp Med 1996;183:1777-88. [PubMed: 8666934]
Katz-Levy Y, et al. Endogenous presentation of self myelin epitopes by CNS-resident APCs in
Theiler’s virus-infected mice. J Clin Invest 1999;104:599-610. [PubMed: 10487774]

Katz-Levy Y, et al. Temporal development of autoreactive Thl responses and endogenous
presentation of self myelin epitopes by central nervous system-resident APCs in Theiler’s virus-
infected mice. J Immunol 2000;165:5304-14. [PubMed: 11046065]

Borrow P, et al. Investigation of the role of delayed-type-hypersensitivity responses to myelin in the
pathogenesis of Theiler’s virus-induced demyelinating disease. Immunology 1998;93:478-84.
[PubMed: 9659218]

Kaufman DL, et al. Spontaneous loss of T-cell tolerance to glutamic acid decarboxylase in murine
insulin-dependent diabetes. Nature 1993;366:69-72. [PubMed: 7694152]

Wucherpfennig KW. Mechanisms for the induction of autoimmunity by infectious agents. J Clin
Invest 2001;108:1097-104. [PubMed: 11602615]

Brocke S, et al. Induction of relapsing paralysis in experimental autoimmune encephalomyelitis by
bacterial superantigen. Nature 1993;365:642-4. [PubMed: 7692305]

Cole BC, Griffiths MM. Triggering and exacerbation of autoimmune arthritis by the Mycoplasma
arthritidis superantigen MAM. Arthritis Rheum 1993;36:994-1002. [PubMed: 8318046]

Dalwadi H, Wei B, Kronenberg M, Sutton CL, Braun J. The Crohn’s disease-associated bacterial
protein 12 is a novel enteric t cell superantigen. Immunity 2001;15:149-58. [PubMed: 11485746]
Sutkowski N, Conrad B, Thorley-Lawson DA, Huber BT. Epstein-Barr virus transactivates the human
endogenous retrovirus HERV- K18 that encodes a superantigen. Immunity 2001;15:579-89.
[PubMed: 11672540]

Tai A, et al. Human endogenous retrovirus-K18 Env as a risk factor in multiple sclerosis. Mult Scler
2008;14:1175-80. [PubMed: 18701576]

Deng GM, Tsokos GC. Cholera toxin B accelerates disease progression in lupus-prone mice by
promoting lipid raft aggregation. J Immunol 2008;181:4019-26. [PubMed: 18768857]

Pender MP. Infection of autoreactive B lymphocytes with EBV, causing chronic autoimmune
diseases. Trends Immunol 2003;24:584-8. [PubMed: 14596882]

Olson JK, Ludovic Croxford J, Miller SD. Innate and adaptive immune requirements for induction
of autoimmune demyelinating disease by molecular mimicry. Mol Immunol 2004;40:1103-8.
[PubMed: 15036915]

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Page 16

Thorley-Lawson DA, Gross A. Persistence of the Epstein-Barr virus and the origins of associated
lymphomas. N Engl J Med 2004;350:1328-37. [PubMed: 15044644]

Nanbo A, Inoue K, Adachi-Takasawa K, Takada K. Epstein-Barr virus RNA confers resistance to
interferon-alpha-induced apoptosis in Burkitt’s lymphoma. Embo J 2002;21:954-65. [PubMed:
11867523]

Serafini B, et al. Dysregulated Epstein-Barr virus infection in the multiple sclerosis brain. J Exp Med
2007;204:2899-912. [PubMed: 17984305] Characterized deregulated EBV infection in the CNS of
MS patients.

Fujinami RS, von Herrath MG, Christen U, Whitton JL. Molecular mimicry, bystander activation, or
viral persistence: infections and autoimmune disease. Clin Microbiol Rev 2006;19:80-94. [PubMed:
16418524]

Gutcher I, Becher B. APC-derived cytokines and T cell polarization in autoimmune inflammation. J
Clin Invest 2007;117:1119-27. [PubMed: 17476341]

Hamilton-Williams EE, et al. Cutting edge: TLR ligands are not sufficient to break cross-tolerance
to self-antigens. J Immunol 2005;174:1159-63. [PubMed: 15661868]

Gronski MA, etal. TCR affinity and negative regulation limit autoimmunity. Nat Med 2004;10:1234—
9. [PubMed: 15467726]

Lang KS, et al. Toll-like receptor engagement converts T-cell autoreactivity into overt autoimmune
disease. Nat Med 2005;11:138-45. [PubMed: 15654326]

Medzhitov R, Janeway CA Jr. Decoding the patterns of self and nonself by the innate immune system.
Science 2002;296:298-300. [PubMed: 11951031]

Matzinger P. An innate sense of danger. Ann N Y Acad Sci 2002;961:341-2. [PubMed: 12081934]
Qureshi ST, Medzhitov R. Toll-like receptors and their role in experimental models of microbial
infection. Genes Immun 2003;4:87-94. [PubMed: 12618855]

Quintana-Murci L, Alcais A, Abel L, Casanova JL. Immunology in natura: clinical, epidemiological
and evolutionary genetics of infectious diseases. Nat Immunol 2007;8:1165-71. [PubMed:
17952041]

Leadbetter EA, etal. Chromatin-1gG complexes activate B cells by dual engagement of IgM and Toll-
like receptors. Nature 2002;416:603-7. [PubMed: 11948342]

Leslie D, Lipsky P, Notkins AL. Autoantibodies as predictors of disease. J Clin Invest 2001;108:1417—
22. [PubMed: 11714731]

Lau CM, et al. RNA-associated autoantigens activate B cells by combined B cell antigen receptor/
Toll-like receptor 7 engagement. J Exp Med 2005;202:1171-7. [PubMed: 16260486]

Vollmer J, et al. Immune stimulation mediated by autoantigen binding sites within small nuclear
RNAs involves Toll-like receptors 7 and 8. J Exp Med 2005;202:1575-85. [PubMed: 16330816]
Bratton DL, Henson PM. Autoimmunity and apoptosis: refusing to go quietly. Nat Med 2005;11:26-
7. [PubMed: 15635442]

Bettelli E, Korn T, Oukka M, Kuchroo VK. Induction and effector functions of T(H)17 cells. Nature
2008;453:1051-7. [PubMed: 18563156]

McFarland HF, Martin R. Multiple sclerosis: a complicated picture of autoimmunity. Nat Immunol
2007;8:913-9. [PubMed: 17712344]

Carlson T, Kroenke M, Rao P, Lane TE, Segal B. The Th17-ELR+ CXC chemokine pathway is
essential for the development of central nervous system autoimmune disease. J Exp Med
2008;205:811-23. [PubMed: 18347102]

Maloy KJ, et al. CD4* T cell subsets during virus infection. Protective capacity depends on effector
cytokine secretion and on migratory capability. J Exp Med 2000;191:2159-70. [PubMed: 10859340]
Rentenaar RJ, et al. Development of virus-specific CD4* T cells during primary cytomegalovirus
infection. J Clin Invest 2000;105:541-8. [PubMed: 10683384]

Matsuoka M, Jeang KT. Human T-cell leukaemia virus type 1 (HTLV-1) infectivity and cellular
transformation. Nat Rev Cancer 2007;7:270-80. [PubMed: 17384582]

Babcock GJ, Decker LL, Volk M, Thorley-Lawson DA. EBV persistence in memory B cells in vivo.
Immunity 1998;9:395-404. [PubMed: 9768759]

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

Page 17

85. Dumais N, et al. T-cell receptor/CD28 engagement when combined with prostaglandin E2 treatment
leads to potent activation of human T-cell leukemia virus type 1. J Virol 2003;77:11170-9. [PubMed:
14512564]

86. Laichalk LL, Thorley-Lawson DA. Terminal differentiation into plasma cells initiates the replicative
cycle of Epstein-Barr virus in vivo. J Virol 2005;79:1296-307. [PubMed: 15613356]

87. Daibata M, Speck SH, Mulder C, Sairenji T. Regulation of the BZLF1 promoter of Epstein-Barr virus
by second messengers in anti-immunoglobulin-treated B cells. Virology 1994;198:446-54.
[PubMed: 8291228]

88. Chene A, et al. A molecular link between malaria and Epstein-Barr virus reactivation. PLoS Pathog
2007;3:e80. [PubMed: 17559303]

89. Gross AJ, Hochberg D, Rand WM, Thorley-Lawson DA. EBV and systemic lupus erythematosus: a
new perspective. J Immunol 2005;174:6599-607. [PubMed: 15905498]

90. Kang I, et al. Defective control of latent Epstein-Barr virus infection in systemic lupus erythematosus.
J Immunol 2004;172:1287-94. [PubMed: 14707107]

91. Berner BR, et al. Phenotypic and functional analysis of EBV-specific memory CD8 cells in SLE. Cell
Immunol 2005;235:29-38. [PubMed: 16181618]

92. Balandraud N, et al. Epstein-Barr virus load in the peripheral blood of patients with rheumatoid
arthritis: accurate quantification using real-time polymerase chain reaction. Arthritis Rheum
2003;48:1223-8. [PubMed: 12746895]

93. Liinemann JD, etal. Increased frequency of EBV specific effector memory CD8™ T cells is associated
with higher viral load in rheumatoid arthritis. J Immunol 2008;181:991-1000. [PubMed: 18606650]

94. Appay V, et al. Memory CD8" T cells vary in differentiation phenotype in different persistent virus
infections. Nat Med 2002;8:379-85. [PubMed: 11927944]

95. Smedby KE, Baecklund E, Askling J. Malignant lymphomas in autoimmunity and inflammation: a
review of risks, risk factors, and lymphoma characteristics. Cancer Epidemiol Biomarkers Prev
2006;15:2069-77. [PubMed: 17119030]

96. Baranzini SE, et al. Genome-wide association analysis of susceptibility and clinical phenotype in
multiple sclerosis. Hum Mol Genet 2009;18:767-78. [PubMed: 19010793]

97. Harley JB, et al. Genome-wide association scan in women with systemic lupus erythematosus
identifies susceptibility variants in ITGAM, PXK, KIAA1542 and other loci. Nat Genet
2008;40:204-10. [PubMed: 18204446]

98. Tamiya G, et al. Whole genome association study of rheumatoid arthritis using 27 039 microsatellites.
Hum Mol Genet 2005;14:2305-21. [PubMed: 16000323]

99. Concannon P, et al. A second-generation screen of the human genome for susceptibility to insulin-
dependent diabetes mellitus. Nat Genet 1998;19:292—6. [PubMed: 9662408]

100. Hom G, et al. Association of systemic lupus erythematosus with C8orf13-BLK and ITGAM-ITGAX.

N Engl J Med 2008;358:900-9. [PubMed: 18204098]

101. Nath SK, et al. A nonsynonymous functional variant in integrin-alpha(M) (encoded by ITGAM) is
associated with systemic lupus erythematosus. Nat Genet 2008;40:152—-4. [PubMed: 18204448]

102. Hafler DA, et al. Risk alleles for multiple sclerosis identified by a genomewide study. N Engl J Med
2007;357:851-62. [PubMed: 17660530]

103. Lundmark F, et al. Variation in interleukin 7 receptor alpha chain (IL7R) influences risk of multiple
sclerosis. Nat Genet 2007;39:1108-13. [PubMed: 17660816]

104. Gregory SG, et al. Interleukin 7 receptor alpha chain (IL7R) shows allelic and functional association
with multiple sclerosis. Nat Genet 2007;39:1083-91. [PubMed: 17660817]

105. Burrows SR, Khanna R, Burrows JM, Moss DJ. An alloresponse in humans is dominated by cytotoxic
T lymphocytes (CTL) cross-reactive with a single Epstein-Barr virus CTL epitope: implications for
graft-versus-host disease. J Exp Med 1994;179:1155-61. [PubMed: 7511682]

106. Apolloni A, et al. Sequence variation of cytotoxic T cell epitopes in different isolates of Epstein-
Barr virus. Eur J Immunol 1992;22:183-9. [PubMed: 1370413]

107. Bell MJ, et al. Widespread sequence variation in Epstein-Barr virus nuclear antigen 1 influences the
antiviral T cell response. J Infect Dis 2008;197:1594—7. [PubMed: 18419576]

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129

Page 18

Redondo MJ, Jeffrey J, Fain PR, Eisenbarth GS, Orban T. Concordance for islet autoimmunity
among monozygotic twins. N Engl J Med 2008;359:2849-50. [PubMed: 19109586]

Scotet E, et al. T cell response to Epstein-Barr virus transactivators in chronic rheumatoid arthritis.
J Exp Med 1996;184:1791-800. [PubMed: 8920867]

Hislop AD, Taylor GS, Sauce D, Rickinson AB. Cellular responses to viral infection in humans:
lessons from epstein-barr virus. Annu Rev Immunol 2007;25:587-617. [PubMed: 17378764]
Landais E, et al. Direct killing of Epstein-Barr virus (EBV)-infected B cells by CD4 T cells directed
against the EBV lytic protein BHRF1. Blood 2004;103:1408-16. [PubMed: 14563644]

Scotet E, et al. Frequent enrichment for CD8 T cells reactive against common herpes viruses in
chronic inflammatory lesions: towards a reassessment of the physiopathological significance of T
cell clonal expansions found in autoimmune inflammatory processes. Eur J Immunol 1999;29:973—
85. [PubMed: 10092102]

Krumbholz M, et al. Chemokines in multiple sclerosis: CXCL12 and CXCL13 up-regulation is
differentially linked to CNS immune cell recruitment. Brain 2006;129:200-11. [PubMed:
16280350]

Meyer-Bahlburg A, Rawlings DJ. B cell autonomous TLR signaling and autoimmunity. Autoimmun
Rev 2008;7:313-6. [PubMed: 18295736]

Horwitz MS, et al. Diabetes induced by Coxsackie virus: initiation by bystander damage and not
molecular mimicry. Nat Med 1998;4:781-5. [PubMed: 9662368] An example of virus-induced
autoimmune disease induction by bystander tissue damage.

Lawson CM, O’Donoghue HL, Reed WD. Mouse cytomegalovirus infection induces antibodies
which cross-react with virus and cardiac myosin: a model for the study of molecular mimicry in the
pathogenesis of viral myocarditis. Immunology 1992;75:513-9. [PubMed: 1315309]

Fairweather D, Kaya Z, Shellam GR, Lawson CM, Rose NR. From infection to autoimmunity. J
Autoimmun 2001;16:175-86. [PubMed: 11334481]

Horwitz MS, llic A, Fine C, Rodriguez E, Sarvetnick N. Presented antigen from damaged pancreatic
beta cells activates autoreactive T cells in virus-mediated autoimmune diabetes. J Clin Invest
2002;109:79-87. [PubMed: 11781353]

Jones DB, Crosby . Proliferative lymphocyte responses to virus antigens homologous to GAD65
in IDDM. Diabetologia 1996;39:1318-24. [PubMed: 8932998]

Ylipaasto P, et al. Enterovirus infection in human pancreatic islet cells, islet tropism in vivo and
receptor involvement in cultured islet beta cells. Diabetologia 2004;47:225-39. [PubMed:
14727023]

Menser MA, Forrest JM, Bransby RD. Rubella infection and diabetes mellitus. Lancet 1978;1:57—
60. [PubMed: 74564]

Ou D, Mitchell LA, Metzger DL, Gillam S, Tingle AJ. Cross-reactive rubella virus and glutamic
acid decarboxylase (65 and 67) protein determinants recognised by T cells of patients with type |
diabetes mellitus. Diabetologia 2000;43:750-62. [PubMed: 10907121]

Levin MC, et al. Autoimmunity due to molecular mimicry as a cause of neurological disease. Nat
Med 2002;8:509-13. [PubMed: 11984596]

Johnson RT, et al. Measles encephalomyelitis--clinical and immunologic studies. N Engl J Med
1984;310:137-41. [PubMed: 6197651]

Jarius S, et al. The intrathecal, polyspecific antiviral immune response: Specific for MS or a general
marker of CNS autoimmunity? J Neurol Sci. 2008

Link H, et al. Virus-reactive and autoreactive T cells are accumulated in cerebrospinal fluid in
multiple sclerosis. J Neuroimmunol 1992;38:63-73. [PubMed: 1374425]

Ascherio A, Munch M. Epstein-Barr virus and multiple sclerosis. Epidemiology 2000;11:220-4.
[PubMed: 11021623]

Sundstrom P, et al. An altered immune response to Epstein-Barr virus in multiple sclerosis: a
prospective study. Neurology 2004;62:2277-82. [PubMed: 15210894]

. Levin LI, et al. Temporal relationship between elevation of Epstein-Barr virus antibody titers and

initial onset of neurological symptoms in multiple sclerosis. JAMA 2005;293:2493-2500.

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minz et al.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Page 19

Linemann JD, et al. Broadened and elevated humoral immune responses to EBNAL in pediatric
multiple sclerosis. Neurology 2008;71:1033-1035. [PubMed: 18809840]

Tosato G, Steinberg AD, Blaese RM. Defective EBV-specific suppressor T-cell function in
rheumatoid arthritis. N Engl J Med 1981;305:1238-43. [PubMed: 6270556]

Tosato G, et al. Abnormally elevated frequency of Epstein-Barr virus-infected B cells in the blood
of patients with rheumatoid arthritis. J Clin Invest 1984;73:1789-95. [PubMed: 6327772]
Alspaugh MA, Henle G, Lennette ET, Henle W. Elevated levels of antibodies to Epstein-Barr virus
antigens in sera and synovial fluids of patients with rheumatoid arthritis. J Clin Invest
1981;67:1134-40. [PubMed: 6259211]

McClain MT, etal. Early events in lupus humoral autoimmunity suggest initiation through molecular
mimicry. Nat Med 2005;11:85-9. [PubMed: 15619631]

Challoner PB, et al. Plaque-associated expression of human herpesvirus 6 in multiple sclerosis. Proc
Natl Acad Sci U S A 1995;92:7440-4. [PubMed: 7638210]

Soldan SS, et al. Association of human herpes virus 6 (HHV-6) with multiple sclerosis: increased
IgM response to HHV-6 early antigen and detection of serum HHV-6 DNA. Nat Med 1997;3:1394—
7. [PubMed: 9396611]

Sospedra M, et al. Recognition of conserved amino acid motifs of common viruses and its role in
autoimmunity. PLoS Pathog 2005;1:e41. [PubMed: 16362076]

Kozireva SV, et al. Incidence and clinical significance of parvovirus b19 infection in patients with
rheumatoid arthritis. J Rheumatol 2008;35:1265-70. [PubMed: 18484700]

Saal JG, et al. Persistence of B19 parvovirus in synovial membranes of patients with rheumatoid
arthritis. Rheumatol Int 1992;12:147-51. [PubMed: 1439481]

Seve P, et al. Lupus-like presentation of parvovirus B19 infection. Semin Arthritis Rheum
2005;34:642-8. [PubMed: 15692957]

Nat Rev Immunol. Author manuscript; available in PMC 2010 April 14.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Page 20

Nucleus

MHC +
\ microbial
. antigen
Type | IFNs Inflammatory Cellular matlfratlon; 9
—\\ cytokines Up-re_gulatlon of
costimulatory
molecules

~

Autoimmune tissue damage

Figure 1. Infectious agents act as adjuvants for the activation and potentiation of immune responses,
fostering induction of autoimmune diseases

Detection of pathogen-associated molecular patterns (PAMP) occurs via pattern recognition
receptors (PRR). These include Toll-like receptors (TLRs), a set of receptors that sense a variety
of molecules associated with bacteria and viruses outside or within endosomes or phagosomes
of cells; nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs), which
detect similar molecules found within the cytoplasm; retinoic acid-inducible gene-1 (RIG-1)-
like helicases (RLH), which detect viral RNA within the cytoplasm; and a subset of C-type
lectin receptors (CLR), which detect microbial DNA, RNA, or cell wall components.
Activation of these PRRs results in a cascade of events culminating in the activation of
interferon response factors (IRF) and NF«kB, which trigger release of Type | Interferons and
inflammatory cytokines, respectively. PRR ligation also results in cellular maturation and
activation, including the upregulation of costimulatory molecules to allow efficient T-cell
activation. Autoreactive T cells, activated in this fashion, could then cause autoimmune tissue
damage. In addition, PRR stimulation can result in class switching and upregulation of antibody
production in B cells 114, Thus for autoreactive B cells, PRR triggers can directly augment
autoimmune responses. Finally, the presence of a microbial infection provides antigen for
activation of microbe-specific T and B cells that potentiate the inflammatory response, or for
activation of T and B cells specific for antigens that are cross-reactive with self antigens.
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Figure 2. Mechanisms of infection-induced autoimmunity

A) Molecular mimicry occurs through cross-reactive recognition between a microbial antigen/
MHC and a self antigen/MHC complex. B) i, Microbial infection stimulates TLRs, NLRs,
etc., leading to tissue destruction via inflammatory mediators originating from cells of the
innate immune system. ii, During bystander activation, engulfment of self antigen by activated
APC is followed by presentation to autoreactive T cells (concomitant with presentation of virus
antigen to virus-specific T cells). Alternatively an infection can lead to microbial
superantigen-induced activation of a subset of T cells, some of which are specific for self
antigen. iii, T cell-mediated tissue destruction along with inflammatory molecule-mediated
destruction releases more self antigen from tissues. iv, During epitope spreading, the response
spreads to T cells specific for other self antigens.
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Figure 3. Mechanisms by which infection-induced autoimmune disease can occur in an organ
distant from that of the initial infection, and/or subsequent to pathogen clearance

Autoreactive T cells can be activated via molecular mimicry or bystander activation in a tissue
undergoing infection, without eliciting overt autoimmune disease before the infection is
resolved. A) After migrating to a distant site, if sufficient antigen is available at this site, these
previously activated T cells can trigger autoimmune disease. If sufficient self-antigen is not
present, the induction of overt autoimmune disease may require a secondary infection or
trauma. B) Similarly, T cells that were activated during infection in a particular tissue can
become re-activated at a later date by a secondary infection with the same or a new microbe,
or by a trauma. Presumably, autoimmune disease subsequent to microbial clearance can occur
in the initial tissue or in a secondary site, if enough self-antigen is available for presentation.
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Figure 4. Adjuvant activity and cognate autoantigen recognition in autoantigen complexes can lead

to the reactivation of lymphotropic viruses like EBV

B cell receptor cross-linking triggers lytic infection in EBV positive B cells, increasing viral
load and lytic EBV antigen presentation to specific T cells. This might lead to elevated EBV
specific immune control in patients with autoimmune disease. The adjuvant activity of
autoantigen complexes might sustain or reactivate latent EBV antigen expression, resulting in

the expansion of latent EBV specific T cell responses.
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Autoimmune lesion

Figure 5. Primed T and B cells might accumulate in autoimmune lesions due to their migratory
behaviour to inflamed tissues

The chemokine CXCL10/IP-10 binding to CXCR3 has been implicated in effector T cell
recruitment to inflamed tissues, and the chemokine CXCL13 has been implicated in CXCR5-
dependent attraction of B cells to multiple sclerosis lesions.
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Table 1

Selected pathogen-induced murine models of human autoimmune disease

Relevant Mouse Model/ Proposed Comment References
Human Infectious agent Mechanism(s) of
Disease autoimmunity
Multiple TMEV-IDD Bystander Natural virus- 9
sclerosis activation/ Epitope | induced
spreading autoimmune
disease of mice
TMEV transgenically Molecular identity 22
expressing PLP;39
TMEV transgenically Molecular mimicry 22,2425
expressing PLP;3g
mimics
Coxsackievirus B4 Molecular identity | Infection can be In
transgenically expressing at a site distant preparation
PLP;39 from where (SD Miller)
autoimmunity
occurs
LCMV infection of mice Molecular identity 21
expressing LCMV
proteins in the CNS
Semliki forest virus (SFV) | Molecular mimicry 14
infection
T1D Coxsackie B4 virus Bystander 115
infection activation
LCMV infection of mice Molecular identity | TCR affinity for 18-20
expressing LCMV protein the LCMV peptide
in the pancreas determines
rapidity and
severity of
autoimmune
disease
Pichinde virus infection Molecular mimicry | Autoimmunity can | 13
of mice expressing only be
LCMV protein in the accelerated, not
pancreas initiated de novo,
in this model
Myocarditis | Mouse cytomegalovirus Bystander Circumstantial 16,116,117
infection activation or evidence points
molecular mimicry | to molecular
mimicry, but does
not exclude
bystander
activation
Coxsackievirus B3 Molecular mimicry 15,16,117
infection
Stromal Corneal HSV infection — Molecular Some 10-12
Keratitis induced stromal keratitis mimicry/bystander | controversy over
(HSK) activation which mechanism

is responsible
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Table 2

Some viral pathogens implicated in human autoimmune diseases

Page 26

Pathogen Autoimmune Evidence Selected
disease references
|
RNA viruses
Coxsackievirus | T1D . Altered Immune responses 115,118119,120
. Enterovirus positive beta cells detected in pancreata from
T1D subjects
. Experimental infection causes T1D
|
Rubella virus TiD . Tropism for pancreatic beta cells 121,122
. Molecular mimicry
|
HTLV-1 HTLV-1 associated . Molecular mimicry 123
myelopathy
|
Measles virus multiple sclerosis . Infection can result in demyelination Higher titres of virus- | 124,125126
specific 1gG and increased frequencies of virus-specific T
cells in the CSF
|
DNA viruses
HHV1/HSV1 Autoimmune stromal . Molecular mimicry 10
keratitis
|
HHV4/EBV multiple sclerosis . Increased risk to develop multiple sclerosis after primary 127128,12937,38,42,63
symptomatic infection 40.130
. Increased antibody responses in healthy individuals who
will develop multiple sclerosis
. Increased seroprevalence
. Altered T cell and humoral immune responses
. Molecular mimicry
. Localization in diseased tissue
rheumatoid arthritis . Altered immune responses 131109,132,1339293
. Higher viral loads in circulating blood cells
. Localization in diseases tissues
SLE . Increased seroprevalence 9089134
. Altered immune responses
. Increased viral load
. Molecular mimicry
|
HHV6 multiple sclerosis . Localization in diseased tissue 135,136
. Heightened Immune Responses
|
Torque Teno multiple sclerosis . Localization in diseased tissue 137

virus
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Pathogen Autoimmune Evidence Selected
disease references
. Clonally expanded CSF-infiltrating T cells recognize virus-
encoded antigen
Parvovirus B19 | rheumatoid arthritis . Phenotype of acute infection can mimic early rheumatoid 138,139
arthritis
. Detection of viral DNA in synovial tissue
SLE . Phenotype of acute infection can mimic early SLE 140140

SLE patients Increased frequency of virus carriers
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