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Pathogenic epitopes, heterologous
Immunity and vaccine design

Raymond M. Welsh and Robert S. Fujinami

Abstract | Substantial research has been directed towards the development of a
new generation of vaccines that are based on the inclusion of immunogenic
epitopes in recombinant vectors. Here we examine the evidence that under certain
conditions immunogenic epitopes can do more harm than good and might
therefore be considered pathogenic. We suggest that the specific removal of such
pathogenic epitopes from vaccines might increase their prophylactic potential,
while minimizing the risk of side-effects from vaccine use.

The goal of vaccination is to provide lasting
immunity to a pathogen. Most vaccination
strategies for viral infections aim to gener-
ate high titres of high-affinity neutralizing
antibodies that bind to virions and prevent
productive virus infections'. Variations

in the virus-encoded epitopes that are the
targets of these neutralizing antibodies com-
plicate vaccination strategies. For example,
there are three poliovirus serotypes, each of
which has distinct neutralizing epitopes, so
that poliovirus vaccines, which have high
efficacy, include three strains of inactivated
or attenuated polioviruses® Influenza A
viruses continually evolve strain variations
due to mutations in the neutralizing epitopes
encoded by their surface glycoproteins.
These variations can either be due to point
mutations (antigenic drift) that are driven in
part by immune selection, or be attributable
to the complete substitution of glycoprotein
genes owing to reassortment with other
influenza viruses (antigenic shift)>.

New influenza A virus strains frequently
emerge and require novel influenza vaccines
that can induce the appropriate neutral-
izing antibody responses. Influenza poses
some interesting additional problems, as
immunizations often boost the production
of non-protective antibodies that cross-
react with previously encountered strains,
sometimes at the expense of inducing high
quality, protective antibody responses.

This phenomenon has been referred to as

‘original antigenic sin, whereby a history
of a response to crossreactive antigens can
bias the response toward those antigens and
inhibit the response to a new infection or
vaccine®. Dengue viruses also pose prob-
lems for vaccine design, with no effective
vaccine and millions of human infections
every year. There are four dengue virus
serotypes, as defined by neutralization, but
these serotypes are otherwise antigenically
similar. Non-neutralizing antibodies that are
specific for one dengue serotype can bind to
a second dengue serotype and facilitate the
infection of cells that express antibody (Fc)
receptors, in a process known as ‘immune
enhancement’” Immune enhancement
has been linked to severe cases of dengue
haemorrhagic fever and dengue shock syn-
drome, so immunization against one dengue
virus serotype has the potential to prime an
individual for a more severe infection with a
second serotype.

Viral vaccines that are currently licensed
for use in humans include inactivated
virus preparations (hepatitis A, influenza,
Japanese encephalitis, polio and rabies),
recombinant proteins (hepatitis B and papil-
loma) and attenuated viruses that have been
passaged in vitro or in eggs to reduce their
virulence towards humans (adenovirus,
measles, mumps, polio, rubella, varicella-
zoster, yellow fever and the modified vac-
cinia virus (VV) vaccine for smallpox)"®.
Although studies using the passive transfer

of serum have clearly shown that antibodies
alone can provide protective immunity to
some viruses, it is generally thought that
vaccines that induce T-cell responses in
addition to B-cell responses should produce
better and longer lasting protective immu-
nity. Inactivated and recombinant vaccines
induce responses by helper CD4* T cells,
whose T-cell receptors (TCR) recognize
viral peptides that are captured by antigen-
presenting cells, processed and presented by
their class IT major histocompatibility com-
plex (MHC) molecules. Attenuated vaccines
are better than inactivated or recombinant
vaccines at stimulating good CD8* T-cell
responses, because cells infected with live
replicating virus load viral peptide epitopes
onto their class I MHC molecules and these
epitope-charged MHC molecules are the
targets of CD8" T cells. Many papers have
indicated that CD8" T cells are effective
at clearing acute viral infections and at
controlling low-level persistent infections,
such as those caused by cytomegalovirus
(CMV), Epstein-Barr virus (EBV), and
herpes simplex viruses (HSV)”. CD8"* T cells
are thought to be especially important for
the control of HIV-1 and hepatitis C virus
(HCV) infections and are being targeted in
experimental vaccination studies for both®-°.
Three general conclusions can be reached
regarding T-cell responses to viral infections.
First, although many viral peptides can be
processed and presented by MHC mol-
ecules, the T-cell response is mostly directed
against a relatively small number of discrete
‘immunodominant’ epitopes. What causes
immunodominance is not completely under-
stood, but it requires the ability of the cell to
enzymatically digest a protein into a particu-
lar peptide, and requires that peptide to have
the appropriate amino-acid sequence to bind
with good affinity to the antigen-presenting
groove of the MHC molecule'. The amount
of protein synthesized, and when it is syn-
thesized, during the infection cycle are also
important factors. Many dominant epitopes
are derived from proteins that are expressed
early during infection, before the cellular
antigen-presenting system is shut down,
an event which occurs in many, but not all,
viral infections. Of great importance is the
availability of a repertoire of T cells that
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can recognize the epitope'*'*. Some studies
have indicated that one in 50-100,000 naive
T cells recognizes a specific epitope, though
this average number is likely to vary with
the epitope'>'®. Inmunodominance patterns
of antigenic epitopes alter if a host has been
previously infected with a pathogen that

has T-cell crossreactive epitopes'”*s. T-cell
recognition of peptide-MHC complexes
can be quite degenerate, with estimates

that a single TCR can recognize up to 10°

to 10° peptide-MHC combinations'*.

This might be partly due to the ability of

a TCR to adjust its conformation to bind

to the part of the peptide presented by the
MHC?'. If the T-cell memory pool contains
T cells that crossreact with an epitope of a
newly encountered virus, those T cells could
proliferate and dominate the subsequent
response. In humans it can be difficult to
determine whether an epitope is intrinsically
immunodominant, or whether its immuno-
dominance is attributed to crossreactivity
with a previously encountered pathogen.

Second, broad-based T-cell responses
that are directed against several epitopes
are desirable*-*. It was noted, for example,
that HIV-1-infected individuals with CD8*
T-cell responses directed mainly against a
single epitope developed full-blown AIDS
more rapidly than individuals with CD8*
T-cell responses directed against several
epitopes?. One advantage of a broad-based
immune response is that the virus is less
likely to accumulate mutations that enable
escape from the immune response. Studies
of HCV in chimpanzees and lymphocytic
choriomeningitis virus (LCMV) in mice
have correlated narrow T-cell repertoires
with the generation of escape mutants®?*.

A second advantage of a broad-based T-cell
response under conditions of high viral load
is that it might be more difficult for the virus
to exhaust the immune response to several
epitopes than it is to exhaust the response

to a single epitope**?. Repeated stimula-
tion of T cells can ‘stun’ them and render
them dysfunctional (anergic), or drive them
into apoptosis through the process known
as activation-induced cell death?”%. This
impairment or elimination of specific T cells
is known as clonal exhaustion. Studies of
persistent LCMYV infections in mice revealed
different degrees of T-cell exhaustion that
varied with the epitope?*-%%.

Third, there can be a delicate balance
between the ability of T cells to provide pro-
tective immunity and clear an infection, and
their propensity to mediate damaging immu-
nopathology. The balance between protective
immunity and immunopathology might be

a consequence of the number of responding
T cells compared with their efficacy in clear-
ing the virus. DNA immunization of mice
with the LCMV nucleoprotein gene, which
encodes a potent CD8* T-cell epitope, results
in a rapid immunopathology when mice are
subsequently infected intracerebrally with
LCMV. In contrast, DNA immunization with
the glycoprotein gene, which encodes neutral-
izing antibody epitopes as well as CD8* and
CD4" T-cell epitopes, results in protective
immunity™®.

Over the past few years, concerted efforts
have been made to identify the immuno-
dominant T-cell epitopes of several human
viruses and to incorporate these epitopes
into vaccines. Specific sequences coding for
epitopes and cytokine enhancing factors
can be incorporated into viral vectors or
DNA vaccines. The same approach offers
promise in tumour immunotherapy, through
the design of vaccines that incorporate
immunogenic epitopes presented by human
tumour cells®. In this Opinion, however, we
question whether designing vaccines against
a small number of epitopes is a good strategy
for virus infections, in which there are many
potential epitopes that are presented by vari-
ous MHC molecules, with the attendant pos-
sibility of viral escape variants and different
crossreactivities. In particular, we question
this because viral epitopes can sometimes be
pathogenic and induce T-cell responses that
cause immunopathology rather than protec-
tive immunity. Alternatively, they can induce
poorly protective T-cell responses, which
inhibit the induction of responses against
more protective epitopes.

T cells and heterologous immunity
Heterologous immunity is a term used to
describe the partial immunity (or altered
immunopathology) that occurs in response
to a pathogen if the host has been previously
infected or immunized with an unrelated
pathogen. In some cases, heterologous
immunity is attributed to T cells that
crossreact with both pathogens. CD8*
T-cell crossreactivity has been documented
between two epitopes on the same viral
protein®, between epitopes of different
proteins from the same virus® and, more
importantly, between epitopes of proteins
from different viruses*. Many examples of
T-cell crossreactivity among viruses have
been documented, and this crossreactivity
can, perhaps unsurprisingly, occur between
genetically related viruses within virus
groups, such as arenaviruses', flaviviruses
(dengue)*, polyomaviruses®, hantaviruses®
and orthomyxoviruses (influenza A)*.

More surprisingly, T-cell crossreactivity
has been found between unrelated viruses.
For example, T cells that are specific
for distinct influenza A virus antigens
crossreact with HCV?*, HIV-1* and EBV*!
antigens. Some T cells that are specific
for the arenaviruses LCMV and Pichinde
virus (PV) crossreact with antigens of the
poxvirus vaccinia*’. Some human T cells
that are specific for a coronavirus epitope
crossreact with a papillomavirus epitope®.
These crossreactivities might be due to a
high level of amino-acid sequence similarity
between epitopes, although this is not always
the case. Crossreactivity occurs between the
immunodominant HLA-A2.1-restricted
influenza A virus epitope M1,  and the
major EBV-specific epitope BMLF1,, . an
these epitopes share only three out of nine
amino acids. When a host that is immune
to one virus is infected with another virus
that encodes a crossreactive epitope, there
can be a shift in the immunodominance
hierarchy '%, because crossreactive memory-
T-cell populations might be present at much
higher frequencies than antigen-specific
naive T cells and could therefore dominate
the response.

d

Narrowing of TCR repertoires. An extensive
analysis of the T cell repertoire that is
produced in response to a crossreactive
class I MHC K"-restricted epitope (NP, . , )
between LCMV and PV has been carried
out*. These two epitopes share six out of
eight amino acids and are highly crossreac-
tive at the effector level'®. TCR V3 clonal
analyses showed that mice infected with
either LCMV or PV generated broad-based
T-cell responses, in which for every 14
clones sequenced there were at least 10 dis-
tinct clonotypes. Homologous challenge of
LCMV-immune mice with LCMYV slightly
skewed the response toward a predictable
VB clonotype with a typical amino-acid
pattern (or ‘motif’), in the antigen-bind-
ing complementarity-determining region 3
(CDR3) of the TCR. However, following
heterologous viral challenge, a dramatic
narrowing of the T-cell repertoire was
observed. This is probably because only a
subset of the memory CD8* T cells reacted
to the crossreactive peptide with sufficient
affinity to induce proliferation. Thus,

not only was the T-cell response skewed
toward a normally subdominant epitope
(FIG. 1), but the normally diverse TCR
usage was reduced to a narrow oligoclonal
response. Predictably, PV-immune mice
that were infected with a dose of LCMV
sufficient to cause a persistent infection
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generated an NP, _ = epitope escape
mutant of LCMYV in the presence of such a
narrow T-cell response*.

One caveat is that although repertoire
narrowing might be expected to occur in
most cases of crossreactivity***, it does not
always occur if the repertoire is narrow to
start with. In such cases heterologous immu-
nity might actually broaden the response by
recruiting T cells that would not normally
be dominant clones*. Why TCR repertoires
for specific epitopes are diverse in the first
place is unclear, although one report has cor-
related this diversity with the complexity of
the amino-acid epitope side chains that are
presented by the MHC*.

Impact of TCR private specificity.
Genetically identical individuals, such as
monozygotic twins, have genetically differ-
ent immune systems because T- and B-cell
repertoires are generated from independent,
random DNA recombination events*. A
naive T-cell repertoire has millions of T cells
present at low frequencies, so that immune
responses to viral infections are similar in
genetically identical naive mice, despite
differences in TCR usage*. This is shown

in FIC. 2, in which genetically identical
individuals mounted quantitatively similar

acute responses that used different T-cell
repertoires. However, when an immune
repertoire is altered by the deposition of
highly expanded clones of memory T cells
that vary in sequences between individuals,
the impacts of these private TCR repertoires
might subsequently be observed following
infection with a heterologous pathogen.

For example, the sequential infection
studies using LCMV and PV (discussed
previously) revealed dramatic differences in
the magnitude of the crossreactive responses
and in the crossreactive epitope-specific TCR
usage between mice*. These variations in the
crossreactive responses reflected the private
specificities of the immune repertoire of
individual immune mice, because transfer
of splenocytes from one immune donor
into three naive recipient mice resulted in
quantitatively and qualitatively similar T-cell
responses after challenge with the heter-
ologous virus. These studies indicate that
the private specificity of the TCR repertoire
(which is unique to the individual) might
have a central role in immune responses
to viruses during infection if crossreactive
responses and heterologous immunity are
present. It also implies that individuals might
experience different types of pathologies
when heterologous immunity is a factor.
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Figure 1 | Narrowing of a T-cell response by crossreactivity and heterologous immunity.
This figure shows a diverse naive repertoire of T cells. Two different, but crossreactive, viruses
stimulate T cells with different specificities to different epitopes. The red and half-red circles
indicate crossreactive responses. Infection of a virus immune host with the crossreactive virus
(virus 2) causes a change in immunodominance and a focusing of the immune response by
expanding crossreactive T cells.

Altered immunopathology and patterns of
crossreactivity. Experimental models have
suggested that changes in T-cell hierarchies
are accompanied by changes in viral load
and alterations in immunopathology*.
Changes in pathology as a consequence of
heterologous immunity have been studied
by challenging mice that are immune to
LCMYV with VV. VV grows to 10-100-fold
higher titres in naive mice compared with
LCMV-immune mice, and adoptive trans-
fer studies have implicated LCMV-specific
memory CD4" and CD8* T cells in this
protective immunity*®.

Despite these changes in protective
immunity there are considerable differences
in immunopathology. Naive mice that were
intranasally infected with VV developed
severe airway-obstructing oedema in the
lungs, whereas LCMV-immune mice that
were infected with V'V have little oedema,
but instead have large defined cellular
infiltrates (bronchus-associated lymphoid
tissue (BALT)) that contain LCM V-specific
T cells”. In addition, these mice present
with bronchiolitis obliterans, a pathology of
unknown aetiology in humans that occurs
after infection or lung transplantation.
Whereas naive mice infected intraperito-
neally with V'V have little pathology in the
visceral fat of the peritoneal cavity, LCMV-
immune mice that are challenged with
VV experience a severe fatty necrosis and
panniculitis that is associated with the infil-
tration of fat with LCMV-specific T cells*.
This resembles the pathology of erythema
nodosum, a human disease of unknown ori-
gin that sometimes occurs after vaccination
or viral infection.

T-cell crossreactivity between LCMV and
VV is complex and involves several epitopes,
but the epitope specificity of LCM V-specific
T cells that proliferate in response to VV infec-
tion varies among LCMV-immune mice*.
This variation in T-cell crossreactivity
between individuals is also a function of
the private specificity of the T-cell reper-
toire, rather than random events, because
adoptive transfers of splenocytes from
LCMV-immune donor mice into three naive
recipients resulted in similar specificities of
the LCMV-specific recall responses follow-
ing VV challenge. This indicates that even
though two individuals with a similar MHC
composition can experience infections with
the same two viruses, these individuals will
not necessarily generate strong crossreactive
T-cell responses to the same epitopes, as
shown in FIC. 2. This might be reflected by
variations in the resultant immunopathology
suffered by individuals®.
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Figure 2 | Impact of TCR private specificities on heterologous viral challenge. This figure shows
genetically different naive T-cell repertoires from genetically identical individuals, such as identical
twins. Although using different TCRs, the twins’ naive immune systems make quantitatively similar
responses to a primary virus challenge that stimulates the T cells that have a ‘red’ TCR. However, they
now have expanded clones of memory T cells, which might (red circles, top) or might not (no red circles,
bottom) respond to a non-identical but crossreactive heterologous pathogen. These private TCR

specificities cause an alteration in memory responses to a second pathogen. TCR, T-cell receptor.

Viral load and heterologous immunity.

Most studies on heterologous immunity
between pathogens in C57BL/6 mice have
shown reduced levels of replication of the
challenge virus, as quantified by viral plaque
assays as early as 2-3 days post-infection.
Associated with this inhibition is the activa-
tion of the pre-existing memory T cells and
their synthesis of high levels of interferon
(IFN)-y#-%. In some pathogen combina-
tions there is increased replication of the
challenge pathogen, much like that observed
for antibody-mediated immune enhance-
ment with dengue virus. For example,
although prior infection with influenza virus
might render a mouse more resistant to a
subsequent V'V infection, it increases the
susceptibility of the mouse to infection with
LCMYV or murine CMV?. The mechanism
underlying this phenomenon has not been
elucidated, but might relate to altered T-cell
responses, owing to heterologous immunity,
that are less efficient at controlling viral titres
compared with newly generated T cells in a
naive repertoire.

Human disease

Heterotypic immunity to influenza A virus.
The term heterologous immunity is cur-
rently used to describe the potential impact
of T-cell-dependent crossreactive immunity
between unrelated viruses®. The term
‘heterotypic immunity” has long been used
to describe T-cell responses to preserved
determinants on different variants of influ-
enza virus, but the systems are conceptually
similar®. Through original antigenic sin,
antibodies and T cells can crossreact to
different influenza strains and dominate

immune responses’, and when viral strains
have mutations in T-cell epitopes, more
narrow T-cell repertoires are generated®?. It
is noteworthy that all influenza A viruses
that have infected humans in the past 80
years have expressed a conserved HLA-
A2.1-restricted M1, immunodominant
epitope®. As individuals are infected by a
series of influenza A strains during their
lifetimes, a TCR repertoire that is specific
for this epitope evolves from the diverse
use of several V3 families to a virtually
exclusive V3 17 response using a discrete
amino-acid motif in the CDR3 region of the
TCR*. Whether these responses are helpful
in controlling influenza A viral infections
is unclear, but it seems unlikely that they
are particularly beneficial, because immune
individuals remain susceptible to infection
with crossreactive influenza virus strains.

Crossreactivity between influenza A virus
and EBV. Many viral diseases result in more
severe symptoms in teenagers and young
adults than in young children®*. Such dis-
eases include chicken pox, measles, mumps,
polio and, perhaps most characteristically,
infectious mononucleosis. The difference
between a clinical and a subclinical case

of infectious mononucleosis seems to be
related to the magnitude of the CD8* T-cell
response rather than the virus load”. It is
proposed that diseases that have more severe
pathologies in this older age group might
involve the activation of crossreactive mem-
ory T cells that were generated in response
to a previously encountered virus or other
microorganism*. Such immune responses
may be robust, owing to their generation

from high frequencies of memory cells, but
they may not have sufficient affinity, or be
broadly based enough, to rapidly clear the
pathogen. Consistent with this hypothesis,

T cells that are crossreactive between the
influenza M1 epitope and the main immuno-
dominant BMLF1 epitope of EBV are
present at a high frequency during infectious
mononucleosis*.

There can be wide variations in the
severity of infectious mononucleosis, but
crossreactivity is not found in all patients,
perhaps reflecting private specificities in the
patients’ immune T-cell repertoires. Although
it is plausible that the EBV infection, as well as
infections with other potentially crossreactive
viruses, serve to modify the influenza-specific
T-cell repertoire as individuals age, this
possibility has not been studied.

Crossreactivity between influenza A virus
and HCV. One viral disease that presents
with extreme differences in symptoms
between individuals is hepatitis C. HCV can
cause either clinical or subclinical infections
and can either be cleared from the host or
cause a lifelong persistent infection. The rea-
sons for this variation are unknown. T-cell
crossreactivity, however, has been found
between a major immunodominant HLA-
A2.1-restricted epitope of HCV (NS3 . )
and the NA | epitope of influenza A
virus®. A study carried out on the breadth
of the T-cell response to a library of peptides
that encompass the entire HCV genome
revealed that many acute HCV patients gen-
erated T cells that recognized a wide array
of peptides. However, two patients with
persistent severe fulminant HCV were found
to have narrow T-cell responses that were
almost exclusively directed against a peptide
that spans the crossreactive influenza virus
and HCV epitopes®. This important finding,
in common with studies carried out using
animal models, links severe pathology to
T-cell crossreactivity in humans. As all of
the patients had presumably previously
encountered influenza A viral infections,
their private specificities probably dictated
the dominance of the crossreactive T-cell
responses.

Crossreactivity between different serotypes
of dengue virus. Dengue haemorrhagic
fever and dengue shock syndrome are
severe diseases which occur most fre-
quently in individuals that are immune

to one dengue virus serotype and become
infected with a second serotype (there are
four serotypes of dengue virus). These syn-
dromes might be partly due to the presence
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of immune-enhancing antibodies that facili-
tate the infection of cells by dengue virus, but
crossreactive T cells might also be involved.
One study showed that T-cell responses to

a crossreactive epitope during dengue virus
serotype 3 infection had a high affinity to a
previously encountered dengue virus sero-
type 2, but relatively low affinity to the newly
encountered dengue virus serotype 3 (REF. 59).
This could have been due to the elicitation of
crossreactive memory T cells that dominated
the immune response but were inefficient

at clearing virus. The dramatic variations in
disease between individuals infected with
dengue viruses could indeed reflect private
specificities of immune responses.

Immune deviation

Differentiation of T cells produces T cell
subtypes that are characterized by distinct
patterns of cytokine production, and one
consequence of reactivating memory T cells
is the synthesis and secretion of large concen-
trations of the cytokines that they have been
programmed to synthesize®. Reactivation of
memory T cells that produce type 1 cytokines
(for example, IFN-y) might therefore help

to prime a new response into a type 1 direc-
tion, whereas reactivation of memory cells
that express type 2 cytokines (for example,
interleukin-4 (IL-4)) might drive immune
responses in a type 2 direction.

The classic example of a ‘vaccine gone
wrong is that of the formalin-inactivated
respiratory syncytial virus (RSV) vaccine
that was administered to children in the
1960s®. Following exposure of children to
wild-type RSV several months after vaccina-
tion, many children were not protected
from infection and instead developed
severe infections, some of which were fatal.
These patients presented at the clinic with
an unusual lung pathology that included
eosinophilia. Experimental mouse models
of RSV have reproduced some of the feat-
ures of this disease. Balb/c mice that were
immunized with the RSV G protein, either
provided in adjuvant, or in the form of a VV
recombinant vaccine (VV-G), developed a
severe eosinophilia and a T, 2 CD4* T-cell
response after subsequent challenge with
RSV. This contrasted with the T, 1 response
that was mounted by non-vaccinated
RSV-challenged control mice, which easily
controlled the infection®-%. The reason for
the severe immune deviation resulted from a
combination of the expression of a specific
class II pathogenic epitope encoded by the
RSV G protein and a rather limited repertoire
of CD4* T cells expressing V314 TCR®'. How-
ever, mice that were infected with influenza

virus prior to VV-G immunization did not
develop eosinophilia when subsequently
challenged with RSV Influenza A virus-
immune mice challenged with VV produce
much higher levels of type 1 cytokines
(IFN-v) than VV-challenged naive mice*~,
so the IFN-y induced by heterologous
immunity between influenza and VV might
have changed a type 2 cytokine response
into a type 1 cytokine response following
immunization with VV-G.

Molecular mimicry and self antigens
Pathogenic epitopes in autoimmunity. The
term ‘pathogenic epitope’ was originally
coined to describe epitopes that are the tar-
gets of autoimmune reactions. Experimental
autoimmune encephalitis (EAE) is a central
nervous system (CNS) disease of animal
models for human multiple sclerosis (MS).
In the mouse model of MS, pathogenic class
Iand IT MHC-restricted epitopes encoded
by CNS proteins have been identified. These
include epitopes that are derived from mye-
lin basic protein (MBP), myelin proteolipid
protein (PLP) and myelin oligodendrocyte
glycoprotein and these proteins, and the
encephalitogenic peptides that are derived
from these proteins, can induce EAE when
injected with adjuvant into mice. The
pathogenic epitopes are highly specific. The
N-terminal 9 amino-acid sequence from
MBP comprises a pathogenic epitope for the
PL/] strain of mouse, with the MHC of H2".
Its N-terminal amino acid is acetylated®, but
if a non-acetylated peptide is used EAE is
not induced. Development of EAE is a highly
regulated process and epitopes administered
under different immunization schemes can
sometimes result in T cell anergy or tolerance
instead of autoimmunity®.

Autoimmune T-cell responses share com-
monality with anti-viral T-cell responses, in
that they can comprise T cells that react against
several different epitopes. Injection of SJL/J
mice (H2°) with the intact PLP molecule results
in activation of CD4* T cells that are specific
for co-dominant PLP ,, - and PLP
epitopes, and immunization of mice with
either of these epitopes induces EAE. Mice
immunized with a subdominant PLP, ,
epitope develop EAE but far more slowly®.
Similarly, adoptive transfer of CD4* T cells
from mice sensitized with PLP, , | _into naive
mice results in slower EAE development
compared with that induced in PLP . -or
PLP . - immunized mice®. Interestingly,
little reactivity is observed to PLP , -
when mice are immunized with intact PLP.
Therefore, PLP is referredtoas a

104-117
non-dominant cryptic T-cell determinant.

Although autoimmunity is often initially
associated with just a few pathogenic
epitopes, these immune responses can some-
times spread to epitopes that are encoded by
other proteins. For example, immunization
of SJL/J mice with PLP ;. will subsequently
generate a response to MBP,, | . This has led
to the concept of ‘determinant spreading’ .
In this case, activated antigen-presenting
cells within the inflammatory milieu engulf
myelin, degrade it and present other myelin
epitopes to T cells. This might be the oppo-
site of what is observed in sequential viral
infections, in which crossreactivity could
drive a narrowing of the T-cell response*.

Precipitation of autoimmunity by viral
infection. Some viral and self epitopes can
crossreact at the level of T cells or B cells.
Infection of animals with viruses that encode
epitopes that are crossreactive with self
antigens, or infection with recombinant
viruses encoding engineered self-epitopes,
can result in activation of self reactive
T cells that initiate autoimmune disease.
An epitope expressed by the UL6 protein of
HSV-1 crossreacts with a corneal antigen
in an HSV-1-induced murine model of
autoimmune keratitis®®®. Theiler’s murine
encephalomyelitis virus (TMEV) infec-
tion of mice induces TMEV viral protein
(VP)-1-specific crossreactive T cells that
can produce IFN-y and kill uninfected host
cells. Transfer of these T cells into naive
uninfected mice induces CNS inflamma-
tion”*”". Insertion of a bacterial epitope from
protease IV of Haemophilus influenzae into
TMEYV increases the rate of TMEV-induced
inflammation in the CNS”. Incorporation of
self CNS proteins into recombinant VV also
primes mice for autoimmune disease’>.
Some studies have indicated that autoim-
munity might be induced by viral infection
in humans as well as in mice. HLA-DR3
predisposes humans to autoimmune
diabetes, with glutamic acid decarboxylase
(GAD,,) the targeted autoantigen in this
disease. Studies have defined a CD4*
T-cell crossreactive HLA-DR3-restricted
response against epitopes with sequence
similarity between the autoantigen and a
CMV-encoded antigen’®. MBP-reactive
T cells that were isolated from MS patients
react with various viral and bacterial pep-
tides. The crossreactive viral or microbial
peptide epitopes do not always share amino-
acid similarity but can still activate the MBP-
specific T-cell clones. Recently, however,
CD4" T cells that were isolated from MS
cerebrospinal fluid were shown to react with
polyarginine sequences that are similar to
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Figure 3 | Progression of virus-induced autoimmunity. This figure shows how infection with a
virus (virus 1) that encodes a self-like epitope might initiate an autoimmune process and how
infection with a second virus (virus 2) might shift a controlled response into one that causes an

autoimmune disease.

those encoded by the CNS «¢.-1B adrenergic
receptor and several viruses. One virus that
encodes an epitope homologous to the CNS
o.-1B adrenergic receptor is the ubiquitous
Torque Teno ‘orphan’ virus, a small DNA
virus that replicates in the CNS but has not
been associated with any disease””. Arginine-
rich domains are found in the DNA-binding
proteins of many viruses, leading to the
possibility that exacerbation of MS could be
related to infections with different viruses.

On occasion, individuals develop post-
infectious encephalomyelitis following
acute measles virus infection’. This is an
inflammatory response within the CNS that
mirrors EAE in the Lewis rat. Post infec-
tious encephalomyelitis following infection
with measles virus might be due to a cross-
reactive immune response between measles
virus and a CNS protein, but this has yet to
be proven.

Autoimmunity and heterologous immunity.
Experimental model systems for study-

ing the ability of viral infections to break
tolerance and induce autoimmunity have
included transgenic mice that express viral
proteins as ‘self” antigens”-*2. LCMV infec-
tion induces a transient encephalitis (or
limited insulitis) in transgenic mice that
express an LCMV nucleoprotein in the brain
or pancreatic islets. After the LCMV infec-
tion is cleared, a heterologous infection with
either PV or VV can induce a second wave
of CNS inflammation® (FIC. 3). This model
might mimic the viral infection-associated
exacerbation of human MS”. After LCMV
infection in the insulitis model, it was

noted that PV challenge induced pancreatic
inflammation and diabetes associated

with the infiltration and proliferation of
crossreactive NP -specific T cells. The

205-212

LCMYV infection (but not the PV infection)

could break tolerance to NP, but the PV
infection of LCMV-immune mice further
stimulated crossreactive cells and pushed the
host into diabetic disease®.

In a different experimental model for MS,
mice that were immune to one virus that
encodes epitopes that mimic myelin devel-
oped CNS inflammatory lesions and associ-
ated demyelination, after infection with a
different virus or Mycobacterium tuberculosis
in adjuvant. Mice infected with a recom-
binant VV encoding the CNS protein PLP
cleared the virus after two weeks. If these
VV-immune mice were then challenged with
M. tuberculosis in adjuvant or were infected
with murine CMYV, they developed CNS
white matter lesions””*. One explanation
for this observation is that the first virus
infection primes autoreactive T cells that are
stimulated by the second pathogen, possibly

owing to crossreactivity. However, because
the autoantigen is present, the second patho-
gen might be stimulating the disease through
a bystander activation event. In these examples
the first pathogen does not expand the
autoreactive T cells to sufficient numbers to
initiate CNS lesions, but the second challenge
expands crossreactive T cells, thereby caus-
ing the CNS lesions (FIG. 3). It is known that

a threshold number of autoreactive T cells
must be generated during a sensitization
regimen, or provided by adoptive transfers of
T cells, for an autoimmune disease to occur.
Heterologous immunity between viruses
provides a potential mechanism for amplify-
ing an autoimmune response that is initiated
by the first virus. One natural situation in
which this is posited to occur is human MS,
in which several viruses encode polyarginine
sequences that can be recognized by CD4*

T cells that are isolated from the CNS”".

Pathogenic epitopes and vaccine design

It is clear that specific virus-encoded T-cell
epitopes could contribute to aberrant
immunopathologies during viral infections.
This might be achieved through: stimulating
immunodominant low-affinity oligoclonal
responses that inhibit broad-based high-
affinity responses to other well-presented
epitopes; deviating protective cytokine
responses to damaging cytokine responses;
or eliciting responses against autoantigens.
In this Opinion we have described how the
LCMV NP, _ . epitope might function as

a pathogenic epitope in models of heterolo-
gous immunity and immunopathology'®*,

how the influenza M1,, _ epitope could be a

Glossary

Bystander activation

The term as it is used here refers to the virus-induced
activation of T cells whose TCRs are not being triggered by
the antigens that are driving the immune response. The
TCRs are triggered by third party self (auto) antigens and
this activation might be mediated by cytokines.

Complementarity-determining region

(CDR). The antigen-receptor region (in T- and B-cell
receptors) that interacts with the antigen, in which
hypervariable sequences are located. CDR3 is partly
encoded by the germline variable (V), diversity (D) and
joining (J) regions of each receptor chain. Extensive diversity
is generated during gene rearrangement by nucleotide
trimming and/or template-independent nucleotide additions
by terminal deoxynucleotidyl transferase.

Immune deviation

The channeling of T cells through discrete differentiation
series associated with distinct production of and
responses to cytokines. For example, T,,1 CD4* T cells that
preferentially synthesize IFN-yand T 2 cells which
preferentially synthesize IL-4.

Memory CD8+* T cells

Class | MHC-restricted T cells that have previously been
stimulated by antigen and are currently in a resting state.
Memory T cells are present at high frequencies in immune
hosts.

Oligoclonal

This refers to a T-cell response that is composed of a small
number of T-cell clones, in contrast to a polyclonal
response, which involves many clones.

Recall response

When the first encounter with the antigen has been
cleared, a subsequent immunization with the same antigen
induces a memory T- and B-cell response that is referred to
as a recall response.

Tolerance

A state of T-cell unresponsiveness to stimulation with
antigen. It can be induced by either improper stimulation
or stimulation with a large amount of specific antigen in
the absence of the engagement of co-stimulatory
molecules.
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Influenza A strain 1 (natural exposure)

Figure 4 | Heterotypic immunity with influenza A virus. This figure illus-
trates a theoretical T-cell response to various influenza A virus epitopes
(influenza virus A strain 1), including the highly conserved and immunodo-
epitope (coloured red). Vaccination with a different influenza

minant M1,

ﬂg —©eee Y
h T @0O®O®

Influenza A strain 2 (vaccination)

Epitope response

A strain (strain 2) should boost the response to the M1
expense of responses to other epitopes. We propose that if the M1
epitope was deleted (AM1) or mutated, a more effective response might be
induced to a broader selection of epitopes (right-hand side, lower panel).

©e000
©e
©e

epitope at the
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pathogenic epitope in infectious mononucle-
osis patients infected with EBV*, and how
crossreactive dengue virus epitopes might
contribute to low-affinity T-cell responses
and poor clearance of virus during dengue
haemorrhagic fever®. We have also dis-
cussed how an RSV G protein epitope might
produce a deviated type 2 cytokine-induced
pathogenic immune response®-** and how
an influenza virus NA,  epitope could
contribute to narrowly focused immuno-
dominant T-cell responses that are associ-
ated with fulminant HCV. In all of these
examples the pathogenic epitope seems to
direct immune responses away from those
that are best suited to clear the viral infection
with minimal pathology.

Research is now being directed at defin-
ing immunodominant viral epitopes, in
order to include them in vaccines that are
designed to strongly focus an immune
response against protective epitopes, to
improve the efficacy of immunization.

We caution against emphasis on directing
vaccine strategies towards a small number
of immunodominant epitopes, because
broad-based responses using diverse TCR
repertoires that are directed against several
epitopes might provide better protective

immunity and could reduce the possibility
of selecting disease-producing virus escape
variants, as has been suggested by clinical
and experimental studies®*-**. In addition,
the large variation in human MHC mol-
ecules that present different peptide epitopes
and in virus-encoded epitope sequences,
which sometimes occur through the genera-
tion of escape mutations, are problematic for
epitope-based vaccine designs.

Perhaps equal attention should be
directed toward the elimination of patho-
genic epitopes from vaccines. When empiri-
cal studies link aberrant human immune
T-cell responses and immunopathology to
specific epitopes, eliminating them from
vaccines might be appropriate. For example,
would it be wise to develop an attenuated
HCV vaccine that contained an epitope that
is crossreactive with influenza A virus, when
it is likely that almost all recipients of any
HCYV vaccine would have previously been
infected with the influenza A virus? It is
probable that some of the vaccinated indi-
viduals would develop a focused oligoclonal
response to the crossreactive epitope that
might promote, rather than inhibit, disease.
Is it wise to include the M1_,___ epitope in

58-66
an attenuated live influenza A virus vaccine,

when most HLA-A2.1-expressing adults
have T-cell responses to that epitope already
and when it might inhibit the induction of
broad-based responses to other influenza
epitopes (as shown in FIG. 4)? Would it make
sense to mutate the BMLF1,, . epitope
from a putative EBV vaccine, because it
might crossreact with that same ubiquitous
influenza A virus M1 epitope? Is it advisable
to immunize HLA-DR3* individuals with an
attenuated CMV containing the epitope that
stimulates crossreactivity with the diabetes-
associated autoimmune antigen GAD, 2"
These types of issues have, for a long time,
been considered problematic for developing
dengue virus vaccines, given the correlation
of immune-enhancing antibodies with
dengue haemorrhagic fever.

We argue that these questions should
be considered as new vaccines are being
designed, but we recognize that such
considerations come with several caveats.
Some epitopes, such as the highly conserved
Ml,, . influenza epitope, might be difficult
to delete while preserving the viability of an
attenuated virus. Importantly, many epitopes
that could potentially be deleted might
contribute to protective immune responses in
most individuals, and a risk/benefit analysis
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might be needed to assess the protective ben-
efits versus what could be rare incidences of
damaging immune pathology. Heterologous
immunity is often beneficial because cross-
reactive responses can augment clearance of
the challenge virus***. Indeed, the private
specificities of immune responses that are
unique to the individual might ensure vari-
ability in the responses (and pathologies)
experienced by vaccine recipients.
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