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Autoimmune disease occurs when the immune
system is fooled into attacking ‘self ’. Almost any
organ or tissue in the body represents ‘self ’ and can
therefore be a target for autoimmune destruction. 
In the USA, ~1 in 30, or >8.5 million, individuals 
have one or more autoimmune diseases1. Thus,
autoimmunity is a prevalent problem that impacts 
on many individuals worldwide.

Although autoimmune diseases are multifactorial,
genetics plays an important role. Twin studies have
demonstrated that if one monozygotic twin develops
an autoimmune disease, the other twin has roughly
25–60% concordance, depending on the autoimmune
disease in question2–6. Genetics therefore contributes
to disease susceptibility. More than 12 genes
contribute to autoimmunity but the contribution 
of each gene varies. Interestingly, when human
leukocyte antigen (HLA) genes are studied, in 
most cases class II HLA molecules appear to be the
restricting element, and these molecules appear 
to be associated with disease susceptibility3,7,8. The
one exception is HLA-B27 and its association with
ankylosing spondylitis (AS)9. AS is associated with
this class I HLA molecule, but the mechanism by
which HLA-B27 relates to the pathogenesis of this
particular autoimmune disease is still unclear.

The key role of genetics in susceptibility to
autoimmune disease presumably involves the
presentation of self peptides by particular class II
HLA molecules. However, other factors such as
contributions from the environment (e.g. infections)
have an essential role in the development of
autoimmunity. Here, we will consider multiple
sclerosis (MS), the human central nervous system
(CNS) autoimmune demyelinating disease.
Epidemiological studies indicate a paucity of MS
around the equatorial regions of the earth10, and 
the prevalence of MS is higher as you move further
north or south from the equator. This phenomenon 
is connected not only with the genetics of the
populations who inhabit different parts of the world

but also with environmental agents present in these
areas. Migration studies are cited as evidence for
environmental factors and their timing being
important in MS. An individual moving from a high-
risk area to a lower-risk area after the age of 15 keeps
the high-risk phenotype11,12. If that individual moves
before age 15, they acquire the risk of the area to
which he/she has moved. However, other studies have
shown the reverse: that an individual moving from a
low-risk area to a high-risk area after age 15 keeps
the low-risk phenotype, but if they move before 
age 15 they acquire the high-risk rate of that region.
In addition, MS is often diagnosed in individuals
between the ages of 20 and 40. These data have been
interpreted to indicate that environmental factors
such as infections and the timing of these infections
can influence susceptibility to MS (Refs 13,14).

Along these lines, various investigators have
made an association between virus and/or virus
infections and the initiation and/or exacerbation of
autoimmune disease. Such reports can be divided
into two categories. The first involves reports in
which investigators have isolated viruses from
individuals with autoimmune diseases. Although 
in MS >16 viral agents have been isolated from
individuals with the disease, no virus has been
confirmed as the causative agent. By contrast, 
in diabetes, another autoimmune disease, a
Coxsackievirus has been isolated from the pancreas
of a patient who died of acute diabetes. When mice
were infected with this virus, they developed
diabetes. Clearly, in this case, the virus was the
causative agent of disease15. Similarly, congenital
rubella virus infection is also associated with the
occurrence of diabetes16–19; in one study >12% of
children with congenital rubella virus infection
acquired diabetes20. Fortunately, the incidence of
diabetes owing to rubella in young children has
fallen dramatically because of vaccination against
rubella. Thus, in certain cases, there is supporting
evidence that virus infections can induce
autoimmunity. However, Coxsackievirus and rubella
virus persistence cannot explain the vast majority of
type I diabetes. 

One potential explanation for the development of
virus-induced autoimmunity is that viruses with a
particular tropism for the pancreas or CNS could
initiate inflammation via the local induction of
proinflammatory cytokines. The presence of the virus
would drive presentation of self antigens by activated
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antigen-presenting cells, leading to autoimmune
reactivity. This has been documented in two
experimental models of virus-induced CNS
autoimmune disease. Rats infected with a rodent-
adapted strain of measles virus develop T cells
reactive to myelin basic protein (MBP)21. More
recently, infection of mice with Theiler’s murine
encephalomyelitis virus was shown to induce
autoreactive T cells against myelin proteolipid
protein (PLP) late in the demyelinating phase
(reviewed in Ref. 22). In both examples, virus
persisted in the CNS and was not cleared.
Alternatively, because virus could be isolated from 
the target organ, the disease could have arisen from
an antiviral immune response in the target organ
and, if this is the case, should not be considered a
strict autoimmune disease. This possibility has been
discussed in a previous review article23.

The second group of studies involving viruses and
autoimmunity24–27 also show an association between
virus infection and exacerbation of disease, but the
virus is no longer present or isolatable. For example,
in approximately 1 in 1000 cases of acute measles
virus infections of humans, post-infectious
encephalomyelitis develops where T cells reactive to
MBP are present. These patients clear the virus, and
it is no longer isolatable, yet autoreactive cells are
retained28. Interestingly, in exacerbations in 20 MS

patients, Beck et al.29 found that before the
exacerbation, increased interferon (IFN)-γand tumor
necrosis factor (TNF) production preceded disease
relapses, suggesting an infectious association.
Furthermore, Panitch25 concluded that infectious
illnesses, largely of non-specific viral origin, were
responsible for the majority of exacerbations in a
population of 30 relapsing–remitting MS patients.
This evidence is indirect, and a problem with such
associations is that a cause and effect conclusion is
often difficult to substantiate30. However, several
experimental animal models have been developed to
address the issue of how virus infections can protect
from or potentiate autoimmune diseases.

Beneficial viral infections

Two experimental models in which virus infections
protect against autoimmune disease will be
discussed. The first model takes advantage of the
non-obese diabetic (NOD) mouse strain31 and the BB
rat32,33, both of which spontaneously develop type I
diabetes. Infection of either animal with lymphocytic
choriomeningitis virus (LCMV) reduces the incidence
of diabetes compared with sham-infected animals. In
this work31–33, it was shown that both insulitis and
the normally elevated levels of insulin in the urine
were markedly reduced. This was one of the first
models to demonstrate that virus infections can
protect against autoimmune disease. More recently,
another group injected NOD mice with CpG-
containing oligonucleotides or plasmid DNA
containing CpG motifs and were also able to modulate
diabetes34. The mechanism of inhibition and actual
viral infection is probably similar, and will be
discussed later.

The second experimental model is an animal
model of MS known as experimental
allergic/autoimmune encephalomyelitis (EAE). In
EAE, animals are sensitized with myelin, myelin
proteins such as MBP or PLP, or encephalitogenic
peptides (derived from the myelin proteins) in
complete Freund’s adjuvant (CFA), which potentiates
immune responses. Animals can develop a
relapsing–remitting clinical disease with CNS lesions
similar to the acute inflammatory lesions seen in
MS patients35. Infection with a recombinant vaccina
virus can protect mice from EAE. This model takes
advantage of molecular mimicry36,37 as the
recombinant virus shares an immunological
determinant with a host CNS protein (Fig. 1).
Molecular mimicry occurs when a microorganism 
and its host share an immunological epitope; the
epitope can be a similar amino acid sequence or a
comparable conformational determinant. An immune
response induced by infection with a virus having 
a cross-reactive determinant also recognizes the
similar host epitope. Another example of this is 
the cross-reaction between the M protein of
Streptococcus and heart myosin – infection with
certain strains of Streptococcus can lead to
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Fig. 1. Molecular mimicry. Molecular mimicry occurs when a
microorganism and its host share an immunological epitope. Infection
with a virus having molecular mimicry (a cross-reacting determinant)
with a self epitope could lead to an autoimmune response. Cross-
reacting antibodies are known to react with conformational as well as
linear epitopes and, more recently, it has been described that cross-
reacting  T cells recognize not only linear epitopes but also epitopes
having similar conformations presented by major histocompatibility
complex (MHC) molecules.



myocarditis owing to a cross-reacting immune
response (reviewed in Refs 38,39).

Mice were vaccinated with a recombinant vaccinia
virus encoding an encephalitogenic epitope of MBP
(Ref. 40). This infection alone did not cause
autoimmune CNS disease. When these vaccinated
mice were sensitized with the same encephalitogenic
peptide or the entire MBP, they did not develop the
symptoms or pathological changes of EAE (Ref. 40),
whereas non-vaccinated mice and mice vaccinated
with a control virus did develop EAE. Vaccinated
mice had decreased lymphoproliferative and
delayed-type hypersensitivity (DTH) responses to
MBP. CD4+ T cells from these animals could not
adoptively transfer EAE to naive mice, whereas
T cells from mice infected with the control virus
(vaccinia virus encoding β-galactosidase, VVSC11)
could transfer disease. It is likely that recombinant
vaccina virus can protect from EAE because
acetylation of the first amino acid is important for the
ability of this peptide to induce EAE (Ref. 41), and 
in the virus-encoded MBP peptide this residue is 
not acetylated. The recombinant virus presents an
altered peptide ligand to the mouse, resulting in
protection from autoimmune disease42–44. It should
be noted that another possible explanation is that
T cells specific for the cross-reacting epitope were
inappropriately stimulated during infection leading
to anergy or unresponsiveness owing to activation-
induced cell death45. However, when taken together,
these data indicate that viral infections can protect
individuals against autoimmune disease; the types of
infections described above might explain the paucity
of MS observed in the equatorial regions of the world. 

Detrimental viral infections

The other side of the coin is that viral infections 
can induce or initiate autoimmune disease. Two
laboratories have developed an interesting model
involving transgenic mice encoding the LCMV
glycoprotein (GP) or nucleoprotein (NP)46,47. The viral
gene is under the control of the rat insulin promoter;
the viral protein is therefore expressed in the
pancreas and, because it is present in the mouse from
inception, it is considered to be a ‘self ’protein. When
mice are infected with LCMV, they develop diabetes
and this LCMV infection also generates an immune
response to the ‘self ’LCMV GP or NP present in the
pancreas. Thus, the murine immune system is fooled
into attacking a self protein present in the pancreas.
The effector cell in this model is the CD8+ T cell48. A
class I major histocompatibility complex (MHC)
blocking peptide can inhibit the CD8+ T cells from
mediating diabetes49,50. 

This cross-reactive immune response leads to
inflammation, insulitis and diabetes. If the ‘self ’
(LCMV) protein is expressed in the thymus as well 
as the pancreas, CD4+ T cells are required to expand
and activate the CD8 population sufficiently to induce
overt disease51. The hypothesis here is that an

individual becomes infected very early in life with a
virus having a specific tropism for an organ such as
the pancreas or brain and this virus then persists in
that organ. A later infection, with the same virus or 
a related virus having a similar epitope, leads to
immune-mediated attack of virus-infected cells in
that organ. Periodic infections with the same or
related viruses could lead to increased damage and
frank clinical disease. A similar scenario could occur if
animals were infected with a virus having molecular
mimicry with a pancreatic epitope. The immune-
mediated damage could in itself result in sufficient
tissue destruction to cause functional disease (i.e.
diabetes) or immune-mediated attack of the target
cells could release other self antigens. The release of
other self antigens in this inflammatory milieu would
lead to the presentation of additional self peptides 
to the immune system, initiating an autoimmune
response different from that of the original inciting
self determinant. This is often referred to as
determinant or epitope spreading52.

Another model of a virus potentiating an
autoimmune disease is a variant of the EAE model.
Here, mice infected with a recombinant vaccinia
virus encoding myelin PLP did not develop CNS
disease with infection by this virus alone. However,
at a later time, mice were challenged with an
encephalitogenic peptide, PLP139–151, to induce 
EAE and developed exacerbated, acute disease53.
This suggests that infection with virus capable of
molecular mimicry with a self protein could prime
for autoimmune disease.

Viral proteins are synthesized within infected
cells. Both viral proteins and cellular proteins are
ubiquitinated and transported to proteasomes. In 
the proteasome, proteins are degraded into peptides
and can be presented on the cell surface by MHC
molecules to T cells, which recognize viral peptides
presented in association with MHC molecules.
Ubiquitination of PLP targets it to the proteasome54.
Three-week-old female SJL/J mice were injected 
with a cDNA construct encoding ubiquitinated PLP
(pUPLP)55. Injection of young mice with pUPLP
leads to the synthesis of PLP within cells, with PLP
degradation via proteasomes (similar to an infection
with a virus sharing cross-reacting epitopes with
PLP) occurring early in life. The mice were rested
and then challenged with a non-specific
immunological stimulus (the adjuvant CFA).
Interestingly, 20% of the mice developed EAE. One
interpretation of these data is that viruses having
molecular mimicry with self CNS proteins could
prime mice for disease early in life and a non-specific
immunological challenge such as an infection could
initiate or exacerbate disease at a later time. To
further test this hypothesis, mice were inoculated
with pUPLP and rested; they were then infected 
with a recombinant vaccinia virus encoding
β-galactosidase, an antigen that does not cross-react
with any CNS protein, instead of being given CFA as
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a non-specific challenge. Again, 20% of these mice
developed CNS inflammatory lesions. Therefore, 
a non-specific virus infection could replace CFA as 
an immunological stimulus. As a corollary to these
experiments, mice were infected with recombinant
vaccinia virus encoding PLP (VVPLP), rested and 
then given CFA as an immunological stimulus. The
majority of mice developed inflammatory lesions
within the CNS. Under these conditions, viruses
encoding cross-reacting epitopes could silently prime
mice for autoimmune disease and, at a later time, a
viral infection could exacerbate the disease55. This
could explain why no virus has been identified as the
causative agent in many autoimmune diseases such
as MS and why infections are often seen in temporal
association with attacks.

An hypothesis

I speculate that certain kinds of virus infections such
as LCMV infection can inhibit or reduce spontaneous
autoimmune disease in NOD mice or BB rats by
inducing the production of large amounts of IFN-α/β,
the type 1 IFNs. The production of type 1 IFNs
downregulates the production of interleukin (IL)-12
by monocytes and dendritic cells56. In many
experimental models of autoimmune disease, IL-12
exacerbates disease. For example, IL-12 can
exacerbate diabetes when given to NOD mice57.
Similarly, IL-12 can initiate an attack of EAE
(Ref. 58). Therefore, IL-12 plays an important role in
the expansion and activation of autoreactive CD4+

T cells. Thus, in the NOD–LCMV model, where
viruses have a beneficial effect, we propose that the
induction of IFN-α/β by infection results in the
downregulation of IL-12, leading to a decrease in
spontaneous disease.

In the experimental model where viruses with
molecular mimicry to CNS proteins can prime 
mice for autoimmune disease, and a non-specific
immunological challenge can exacerbate disease, we
predict that certain kinds of viral infections – those
that produce very little type 1 IFN and enhance
IL-12 production – could exacerbate autoimmune
disease (Fig. 2). Interestingly, viruses that stimulate
the production of IL-12, including herpes simplex
virus, human herpesvirus 6, influenza virus and
coronavirus59–67, have been isolated from or been
associated with exacerbation of MS (Refs 25,68).
Virus-stimulated IL-12 production could lead to
early NK cell activation. These NK cells produce
large amounts of IFN-γ (Refs 69,70). IFN-γand IL-12
have been shown to be two prerequisites for the
activation of CD4+ T cells71,72. If autoreactive CD4+

T cells have been previously expanded by virus
infections having molecular mimicry with self CNS
proteins, then infections with one of the viruses that
induce high levels of IL-12 could now lead to further
expansion of the autoreactive cells. Having these
cells above a certain threshold could manifest as
autoimmune disease.
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Fig. 2. Proposed model showing why some virus infections can protect against autoimmune disease
and others exacerbate disease. Certain viruses induce the production of large amounts of type I
interferon (IFN-α/β). Type I IFNs downregulate interleukin (IL)-12 production leading to
downregulation of disease. By contrast, other viruses induce the production of IL-12, which in turn can
activate natural killer (NK) cells. IFN-γproduced by NK cells, together with IL-12, could stimulate and
further expand autoreactive CD4+ T cells, which then exacerbate disease. This could explain why
some infections are associated with exacerbations of autoimmune disease.
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