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Summary Mimicry of host antigens by infectious agents may induce cross-reactive autoimmune responses to
epitopes within host proteins which, in susceptible individuals, may tip the balance of immunological
response versus tolerance toward response and subsequently lead to autoimmune disease. Epitope mimicry
may indeed be involved in the pathogenesis of several diseases such as post-viral myocarditis or Chagas
disease, but for many other diseases in which it has been implicated. such as insulin-dependent diabetes
mellitis or rheumatoid arthritis, convincing evidence is still lacking. Even if an epitope mimic can support a
cross-reactive T or B cell response in vitro, its ability to induce an autoimmune disease in vivo will depend
upon the appropriate presentation of the mimicked host antigen in the target tissue and. in the case of T cell
mimics, the ability of the mimicking epitope to induce a proliferative rather than anergizing response upon
engagement of the MHC—peptide complex with the T cell receptor. B cell presentation of mimicking foreign
antigen to T cells is a possible mechanism for instigating an autoimmune response to self antigens that in turn
can lead to autoimmune disease under particular conditions of antigen presentation. secondary signalling and
effector cell repertoire. In this review evidence in support of epitope mimicry is examined in the light of the
necessary immunological considerations of the theory.

Key words: altered peptide ligands, autoimmunity, cross-reactivity, epitope mimicry, molecular mimicry.

Introduction

Epitope mimicry is widely thought to be the mechanism
for the induction of autoimmune disease. The theory is
that an infectious agent (parasite, bacteria, yeast or virus)
displays epitopes immunologically resembling host deter-
minants and due to the minor antigenic differences be-
tween the two, the pathogen’s epitope is able to induce an
immune response that breaks tolerance to the host
epitope. The cross-reactive T or B cell 1s then able to
induce a pathogenic autoimmune response that leads to
disease.' Bacterial urinary tract infections have been sug-
gested to induce cross-reactive immune responses to anti-
gens in the liver epithelium that contribute to the devel-
opment of primary biliary cirrhosis (PBC).> Mimicry of a
self antigen, the ZP3 zona pellucida antigen, by another
unrelated self molecule, the nicotinic acetylcholine recep-
tor delta chain, has even been proposed as an instigator of
autoimmune reactivity to ovary cells.?

Molecular mimicry is a widely adopted term but it is
more correct when considering the induction of autoim-
mune disease by mimicking pathogens to use the term
epitope mimicry. This distinguishes it from other types of
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molecular mimicry such as ligand-receptor mimicry.,?
messenger RNA mimicry® and mimicry of cytokines and
chemokines.® All types of mimicry may be strategies used
by pathogens to gain entry to target cells, to manipulate
inter- and intra-cellular processes or to avoid immune
responses that limit their life cycle in the host. Autoimmu-
nity resulting from epitope mimicry may be an unfortu-
nate by-product of the anti-pathogen immune response
that can lead to disease in pre-disposed individuals.

The scope of this review does not permit a comprehen-
sive account of all studies on epitope mimicry that have
emerged recently. Other reviews on mimicry’ and its role
in arthritis,® AIDS” and diabetes'” are available. In this
paper, the evidence needed to support the case for epitope
mimicry in the induction of autoimmune disease will be
addressed. The type of data which is presented to support
the case for epitope mimicry and the necessary immuno-
logical considerations will be examined.

Cross-reactive auto-antibodies

There are three points to be made to establish the phe-
nomenon of antibody cross-reactivity: (i) some antibodies
can react with self; (i) some auto-antibodies also react
with a non-self antigen; and (iii) some antibodies to for-
eign antigens can cross-react to self antigens. It has been
observed in a panel of 600 anti-viral mAb that as many as
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3.5% cross-react with mammalian proteins.'' In experi-
ments using mice constitutively expressing the hcl-2 gene
that inhibits apoptosis and hence, clonal deletion, anti-
bodies to dSDNA were generated after immunization with
the bacterial hapten pneumococcal cell wall.'2 Many ex-
perimental or clinical examples of auto-antibodies could
have been cited here to support the existence of auto-
antibodies in the peripheral B cell repertoire but this
paper'~ is particularly pertinent to the topic of mimicry
since the elicitor of the anti-dsDNA antibodies was a
bacterial hapten. Among the normal human population
there 1s a prevalence of natural auto-antibodies to intra-
cellular molecules such as DNA. nuclear and cytoskeletal
proteins which for the major part are not pathogenic but
may contribute to the normal regulation of the immune
system,'?

Cross-reactive and auto-reactive T cells

The presence of auto-reactive T cells in the periphery is
exemplified by the ability to expand T cells of multiple
sclerosis (MS) patients to the auto-antigens of myelin, for
example myelin basic protein (MBP).'* A new study of
Graves' disease has revealed y8 T cells reactive to self
epitopes expressed by thyroid cells.'> Demonstration of
cross-reactivity of T cells is relatively new but several
papers provide evidence for its occurrence. Plasticity in
the recognition of MBP-specific T cell clones for various
analogues of the immunodominant MBP epitope in MS
has been shown by Bhardwaj er al.'® Wucherpfennig and
Strominger'” tested the ability of 128 viral and bacterial
peptides identified by data base searching as having se-
quence similarity to a motif of the immunodominant
MBP epitope in MS for reactivity with T cell clones re-
stricted by the MS-associated HLA DR2 presenting cells
and found eight of these peptides induced cross-reactive
proliferative responses.'’” These studies show that a de-
gree of difference between peptides can be accommodated
by the trimolecular TCR-MHC-peptide interaction.

Tolerance versus autoimmunity

The ability to find cross-reactive T cells or antibodies
which can recognize self epitopes does not necessarily
mean an autoimmune disease will develop. Immunologi-
cal tolerance to self molecules is a balance that is normally
maintained by mechanisms such as thymic and peripheral
clonal deletion via apoptosis, direct T cell suppression, or
antigen specific anergy.'®-2? The capability of cross-
reactive immune responses to break tolerance and induce
autoimmune disease depends on numerous intrinsic and
extrinsic factors such as the ability of host MHC mole-
cules to bind and present particular antigens, the likeli-
hood of a peptide being processed for binding to the
MHC, the existence in the periphery of B cells with anti-
body or T cells with receptors specific for self epitopes and
the level of cytokines induced after an immune recogni-
tion event.

Epitope mimicry may be one means of breaking immu-
nological non-responsiveness to an endogenous tissue an-

tigen. The route by which a foreign antigen is presented
may be quite different to that of an endogenous molecule
which is likely to be presented on the cell surface in the
groove of MHC class I. An antigen of an infectious agent
is likely to be presented in the groove of MHC class II on
the surface of a professional APC, such as a dendritic cell,
or an activated B cell that could provide the appropriate
secondary signalling, such as B7, for stimulating a prolif-
erative response. This difference needs to be considered as
does the effect of interaction of a peptide mimic with the
TCR. The significance of T cell stimulation with epitope
mimics or altered peptide ligands that fail to induce pro-
liferation will be discussed later.

B cell and T cell responses contribute to autoimmune
disease

Both cross-reactive antibody and T cell responses may
contribute to the pathogenesis of an autoimmune disease.
T cell pathogenesis is exemplified by several experimental
models of autoimmune disease which can be transferred
to naive laboratory animals using T cells primed in vitro to
auto-antigens such as MBP for experimental allergic
encephalitis®' and heat shock protein (HSP) for adjuvant
arthritis (AA).>? B cell-mediated autoimmune pathogene-
sis and indeed epitope mimicry is demonstrated in a
murine model of myocarditis. Antibodies generated after
CMYV infection were affinity purified against cardiac my-
osin. These antibodies cross-reacted with murine CMV
polypeptides and could passively transfer myocarditis to
naive mice.>?

Besides their contribution to the pathogenesis of an
autoimmune disease another link between B cell and T
cell activity is in antigen presentation. Mamula et al.**
showed that murine B cells primed in vivo to the human
small nuclear ribonucleoprotein (snRNP) antigen can be
transferred to naive mice whose T cells subsequently pro-
liferated in response to both the human and the murine
snRINP antigen. Presumably, the B cells reactive with the
foreign snRNP antigen acted as APC, processing and pre-
senting self sSnRNP to T cells in the recipients previously
unable to proliferate to self snRNP and enabling their T
cells to respond to self snRNP protein.

Investigation of epitope mimicry

An early experimental study of epitope mimicry by Fuji-
nami and Oldstone?® elucidates a number of important
features of the theory of autoimmune disease induction by
epitope mimicry. Rabbits were injected with a Hepatitis B
virus polymerase peptide (IGCYGSLPQE) that mim-
icked an epitope of MBP (TTHYGSLPQK) and which
was able to induce antibodies to MBP in five out of seven
rabbits. Central nervous system lesions resembling some
aspects of the demyelinating disease experimental allergic
encephalomyelitis (EAE) were observed in some rabbits.
Since then several lines of evidence support the theory
of epitope mimicry. The first is exemplified by a paper
describing primary sequence homologies between various
viruses and the peptides of the auto-antigen La (SS-B) that
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were most frequently recognized by antibodies in sera of
Sjogren’s syndrome (SS) and SLE patients.® In this paper
and many others, only primary sequence similarity is
listed as a suggestion of epitope mimicry. Data on im-
mune recognition of the potential mimic is lacking.

The second line of evidence is the demonstration of
cross-reactivity of disease relevant mAb or affinity puri-
fied antibodies to a different antigen of unrelated origin.
This is exemplified by another murine model of myo-
carditis. A mAb to Streptococcus pyogenes cross-reacts
with high molecular weight cardiac and skeletal myosin
and this reaction can be absorbed by S. pyogenes. Further
to this a mAb to ventricular myosin was found to cross-
react with S. pyogenes antigen.?’

The third type of data presented for epitope mimicry is
T cell cross-reaction. For example, the ability of the arthri-
togenic anti-HSP T cell clone of AA to cross-react with
host proteoglycan.?? Another is a recent paper presenting
data on T cell lines from 14 MS patients which were
raised in vitro against MBP, some of which cross-react
with a coronavirus epitope.”® Further examples of data in
support of the theory of epitope mimicry are listed in
Table 1.

Evidence is needed for epitope mimicry

If epitope mimicry by an infectious agent is to trigger an
autoimmune response that leads to an autoimmune dis-
ease then several facts need to be established: (1) the pres-
ence of the pathogen needs to associate with the onset of
symptoms or disease in a convincing proportion of cases:
(i1) a clinically detectable immune response to the patho-
gen should be demonstrable at least at the onset of the
disease and this response should be shown to cross-react
with host antigens of the affected tissue; (ii1) also. the

Table 1 Evidence for epitope mimicry

pathology of the disease ought to be consistent with the
proposed immune response. These criteria are often hard
to fulfil since the pathology inducing autoimmune disease
may have commenced long before the onset of clinical
symptoms which hampers research into the triggers of
autoimmunity.

Epitope mimicry in human disease

Epitope mimicry in parasitic diseases

A disease in which there is convincing evidence for
epitope mimicry is Chagas disease induced by the parasite
Trypanosoma cruzi. First there is a real association of the
parasite with the disease. During infection of the host,
various antibody idiotypes are elicited by a parasite, some
of which directly cross-react with host proteins and may
contribute to the pathogenicity of the infection.?” Auto-
antibodies and T cell responses are directed against both
cardiac and nervous tissue antigens.*®*? The prevalence
of antibody cross-reactivity is high: 30 out of 30 chronic
and 11 out of 13 acute Chagas patients have antibodies to
a 150 kDa parasitic antigen which lyses the blood stage of
the parasite and cross-reacts with human and murine
striated and smooth muscle.*” More than one epitope of a
160 kDa parasite antigen induces cross-reactive antibod-
ies to different epitopes of a 48 kDa antigen of myentric
and sciatic nerve cells.?' Since an autoimmune inflamma-
tory pathology is evident in Chagas patients, the pathol-
ogy occurs in the absence of parasites in the local region
and since there are several parasitic antigens which appear
to induce antibodies to nerve and muscle antigens*’*' it
1s reasonable to suggest that molecular mimicry may be an
initiating mechanism.

There is a similarly strong case for mimicry of the S

Discase Evidence described Reference
Lyme discase mADb to flagellin of Borrelia burgdorferi X-R with human axons. 29
Patient sera react with axons.
Myasthenia gravis Active site peptide of acetyl choline receptor (AChR) has sequence similarity 30
with the HSV gpD and antibodies to the gpD peptide X-R with AChR and
inhibit binding of ligand to AChR.
TMEV in mice mAb to TMEV VP-1 protein X-R with oligodendrocytes and augments 31
demyelination.
Viral myocarditis mAD to coxsackie B4 VP-I protein X-R with mouse a-cardiac myosin. 32
Neutralizing antibodies to conformational epitopes of the coxsackie B3 capsid 33
protein induce myocarditis in naive mice; these neutralizing antibodies X-R
with the surface of cultured cardiac fibroblasts and induce complement
mediated lysis in vitro.
Peripheral demyelinating neuropathy mAb to HSV 1 ribonucleotide reductase X-R with P, myelin protein. 34
Patient derived IgM mAb to myelin associated glycoprotein X-R with 35
90-100 kDa protein of Citrobacter diversus and Proteus morgani.
Systemic lupus erythematosus 23 of 63 patients’ antibody reacts with ribonucleoprotein smD peptide 95-119 36

with sequence similarity to EBV nuclear antigen | (EBNA1) polypeptide.
Three patient sera affinity purified against the smD peptide X-R with the
EBNAI1 polypeptide and EBV transfected cells.

EBV Epstein Barr virus, HSV herpes simplex virus, TMEV Theilers murine encephalitis virus, X-R cross-reacts.
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antigen of the optic nerve and the retina being the cause of
the eye pathology of river blindness in Onchocerca volvu-
I'rlf.\ patients. Antibodies to the Ov39 antigen of the para-
site, which is recognized by O. volvulus patient sera. cross-
react with a 44 kDa antigen isolated from a human cDNA
library that localizes to neural tissue in the retina. The two
mimicking antigens are also able to stimulate cross-
reactive T cell responses.®? The case for the epitope mimi-
cry leading to the pathogenesis of the eye disease is sup-
ported by the work with experimental uveitis in which a
similar disease can be induced in Lewis rats by immuni-
zation with the S antigen epitope** and T cells specific for
the epitope can adoptively transfer the disease.??

Epitope mimicry in GBS

The disease Guillain-Barre syndrome (GBS) deserves at-
tention here since: (i) it fulfils the first criterion for epitope
mimicry—association with the pathogen; (ii) it is not fre-
quently considered despite the observation that the post-
infectious syndrome is clearly associated with antibodies
to peripheral nerves; and (iii) it exemplifies the fact that
epitope mimicry need not be confined to peptide epitopes
but may include molecules such as glycolipids. There is a
good association with intestinal infection with Campylo-
bacter jejuni and the onset of GBS, a disease of the periph-
eral nervous system involving T cell and antibody reactiv-
ity to the myelin antigens P, P, and gangliosides GM ,,
GD,, and GD,,, GT and/or GQ,,, as well as increased
expression of MHC class II molecules on Schwann cells,
IFNy, ICAM-1. and increased macrophage infiltration.*?
Mimicry of the myelin gangliosides by the LPS of the
intestinal bacteria C. jejuni which can be isolated from
patients with GBS, has been postulated to cause the anti-
myelin autoimmunity.*® Yuki er al.*” described the asso-
ciation of prior infection with C. jejuni serotype 19 and
the development of GBS and noted that the carbohydrate
of its LPS is structurally identical to part of the GM,
ganglioside. They also showed that C. jejuni can be 1so-
lated from patients with Fisher syndrome (FS), the acute
onset form of GBS which is characterized by antibodies to
the GQ,, ganglioside, and that mAb to the GQ,, gangli-
oside and auto-antibodies to GQ,,, from FS cross-react to
C' jejuni LPS. Antibodies from C. jejuni infected enteritis
patients without neurological symptoms did not react
with gangliosides. In a high percentage of GBS patients (9
out of 11) with previous C. jejuni infections antibodies to
GM 1 can be competitively inhibited by two strains of C.
jejuni.*® This data provides good circumstantial support
for the hypothesis of mimicry inducing the neurological
symptoms that develop after intestinal infection with C.
Jejuni. An observation that some people who had clinical
signs of enteritis but no neurological symptoms were in-
fected with the same strain as those who develop FS*°
implies that induction of neurological pathology is re-
stricted by host factors, such as HLA type, which would be
in keeping with an autoimmunological mechanism of dis-
ease. The ability to show that antibodies to the glycolipids
can cause the pathology of GBS would be necessary to
support the case for epitope mimicry.

Epitope mimicry in insulin-dependent diabetes mellitis

A case for epitope mimicry in insulin-dependent diabetes
mellitis (IDDM) is emerging in the literature but reason-
able association of the purported agent, Coxsackie B
virus and IDDM has been difficult to establish. The
65 kDa isoform of glutamic acid decarboxylase (GAD) is
believed to be the primary target antigen in IDDM and
auto-antibodies to GAD are well documented in
IDDM?? and sequence homology to the P2-C replication
protein of Coxsackie B enteroviruses has been noted.5!
The Coxsackie viruses have been associated with IDDM
by the ability to demonstrate T cell proliferation to three
Coxsackie strains in about 50% of 22 newly diagnosed
IDDM patients®® and increased prevalence of anti-
Coxsackie antibodies in newly diagnosed children with
IDDM.>? T cell proliferation and antibodies to both the
GAD 65 in the region of amino acids 247-279 which
encodes the sequence similar to the Coxsackie P2-C
antigen and the P2-C mimic have been demonstrated in
four IDDM patients.”* Antibodies to both the GAD 65
and similar P2-C peptides have been found in both
Coxsackie B4 infected diabetic mice and IDDM patients
and response to each antigen can be competitively inhib-
ited by the other.”> Other studies found that the T cell
epitope of GAD 65 lies in the region of amino acids
473-555, which is inconsistent with the hypothesis of
mimicry of GAD amino acids 250-273°% and MAb to
GAD derived from one patient with IDDM were not
cross-reactive with the proposed mimicking sequences.®’
Rabbit antisera against the Coxsackie virus B4 P2-C
peptide can cross-react and precipitate GAD 65, how-
ever, these authors also showed that only 18% of IDDM
chidren and 10% of normal subjects have antibodies to
this peptide.’® None the less, Coxsackie B viruses can
potentiate diabetes in laboratory animals, anti-P2-C pep-
tide antibodies react with GAD 65 and prior infection
with Coxsackie B viruses, and in particular strain B4, is
found in a number of IDDM patients.>*>? It has been
proposed that expression of P2-C during Coxsackie virus
infection primes T cells to both the exogenous and
endogenous GAD antigen on f-cells of the pancreas.
Whether GAD is presented on the surface of B-cells in
MHC molecules such that T cells could access and bind
them has yet to be shown.

Epitope mimicry in rheumatic fever

Microbial infections have long been blamed for the devel-
opment of rheumatic fever via the induction of cross-
reactive antibodies to heart antigens.®®-®? A popular
theory which has subsequently been partially substan-
tiated>7-¢? that molecular mimicry by so called prominent
group A streptococcal antigens, now known to be epitopes
in the M surface protein were inducing cross-reactions to
antigens in human tissue.®' This is further supported by a
report describing structural similarity between the Strep-
tococci sialyl Lewis oligosaccharide and host cardiac selec-
tin which could facilitate binding of bacteria to the heart
endocardium® and possibly be a target for autoimmu-
nity. Expansion of the epidemiological evidence for the
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involvement of bacteria in rheumatic fever has been re-
viewed in Smiley and Hoffman.®®

Epitope mimicry by bacteria in reactive arthritis and
ankylosing spondylitis

In the 1980s extensive investigation was undertaken to
show that mimicry by antigens of a number of enteric
bacteria such as Klebsiella, Shigella and Streptococcus
caused the pathogenesis of reactive arthritis or ankylosing
spondylitis. This area has been thoroughly reviewed else-
where (for example Smith er al.®) and is not discussed
here. However, it is noteworthy that the suspected target
of mimicry was the HLA-B27 molecule and this is the
first implication that the target of mimicry was a molecule
directly involved in antigen presentation. It is fair to state
that a firm link between arthritic diseases and enteric
bacteria remains controversial.

A subsequent study has revealed two further candidates
for mimicry by K. pneumoniae for the pathogenesis of
ankylosing spondylitis (AS). Fielder e al.®® propose that
the observed sequence similarity between the pulD gene
product and B27, and the pulA gene product and type |
and IV collagen are involved via epitope mimicry, in the
induction of AS. A significant IgG and IgA response to
synthetic peptides corresponding to these regions of simi-
larity was demonstrated by ELISA with AS patient sera
but it can be noted that the antibody response to collagen
was low.

MHC mimicry and autoimmune pathogenesis

Many have noted that the target of mimicry may be the
HLA molecules themselves. Rheumatoid factor IgM has
been shown to recognize peptides of HLA class [ A2 a2
peptides and 53% of 30 RF positive RA patients reacted
with these peptides.®” T cells specific for M. leprac HSP
3-13 epitope are also activated by the V3 peptide of the
HLA class Il DR2 chain.®®

Of the tens of thousands of peptides associated with
MHC class II molecules on the surface of B cells, peptides
derived from MHC domains are dominant.®®7" It is plau-
sible that MHC peptides would make good targets of
autoimmune reactions because of this relatively high level
of expression on the cell surface. An organism wishing to
evade an immune response may seek to mimic epitopes
which should be tolerized by the host (i.e. its own tissue
type antigens). The fact that an attempted mimicry is
incomplete and only similarity results, the epitope created
by a mimic may be sufficient to overcome the tolerance
mechanisms and prime the immune response against self.
The puzzle for this theory being the scenario for the in-
duction of organ specific or non-systemic disease such as
rheumatoid arthritis (RA) and IDDM is that the target
HLA antigen would be expressed on cells systemically.

Epitope mimicry of the HLA-DR4 susceptibility locus
in RA

It has been suggested that a viral antigen or bacterial HSP
which mimics host HSP could be the initiating RA by

molecular mimicry.”' Initially the proposed mimic was
mycobacterial HSP 65 and the target was the human
homologue HSP 65. Now there i1s another level of com-
plexity to the mimicry since not only is the host HSP 65 a
target but there is also proposed mimicry by bacterial
HSP and other antigens of infectious agents and the HLA
DR4 B-chain allele associated with RA susceptibility In
the region where this allele differs from other non-RA
associated alleles (EQRRAA)."?

One mimic postulated to be involved in the develop-
ment of RA is the epitope of the E. coli HSP dnal
(QKRAA) which has been used to induce rabbit antibod-
ies that recognize the HLA protein.”? During microbial
infection, the immunological responses against the infec-
tious agent generate expression of HSP of host origin and
HSP of the infectious agent may also be expressed and
responded to by auto-reactive T cells.”* This process
could initiate an autoimmune response against host syn-
ovium and thus commence the pathogenesis of RA. In the
experimental model AA, responses to an epitope of myco-
bacterial HSP 65 by a specific T cell clone induces arthri-
tis in Lewis rats presumably by mimicry of the host HSP
65.2 Numerous studies have shown that patients with
RA have both humoral’® and cell-mediated immune re-
sponses to HSP 65 from both mycobacterial and human
origin.”®=7% In support of a pathogenic role for immune
responses to HSP in arthritis, Born et al.”* show that the
recognition of HSP 65 is by v T cells and antibodies to
HSP have been observed to react with synovial tissues of
arthritic rats and rheumatoid and osteoarthritis in
humans.’® A case against the role of either microbial HSP
mimicry of HSP and/or of HLA epitopes is made in an
extensive study using ELISA with HSP antigens of vari-
ous sources. Jarjour et al 8" found increased reactivity to
human HSP60 only in 20% of patients with mixed con-
nective tissue disease not AS, Reiter's syndrome (RS) or
RA patients. Similarly, Karopoulos et a/.*' found no dif-
ference in the serum antibody response to HSP 65 be-
tween RA, SLE, mycobacterially infected and multisys-
temic autoimmune disease patients and normal control
subjects. In contrast, Albani er al.®* report that T cells
from 18 out of 21 RA patients proliferated in response to
the dnaJpl peptide that contains the region of similarity
to the HLA molecule and that RA patient antibody but
not control subject antibody responses to dnaJ were in-
hibited by the dnaJpl peptide. However, it should be
noted that in their study anti-HSP antibodies were found
in both RA and normal sera. It is possible that different
epitopes are recognized by RA than other sera but in the
study of Karopoulos et al.®' no difference between the two
sera sets was found in the recognition of truncated forms
of the HSP gene expressed in E. coli and therefore this
seems an unlikely explanation.

The second sequence similarity with the RA-associated
DR4 haplotype (EQKRAA) is with the 110 kDa glycopro-
tein of EBV (BALF-4). Affinity purified antibodies from
EBV-infected mononucleosis patients will cross-react
with the HLA DR4 antigen.®* EBV is a virus often impli-
cated in the pathogenesis of RA and other rheumatic
autoimmune diseases like SLE due to serological reactiv-
ity to EBV antigens in some patients.®* Also epitope mim-
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icry between EBNA-1 and type | collagen has also been
suggested as being implicated in the pathogenesis of RA.%>
Wilson et al.®® report two further examples of sequence
similarity and antibody reactivity to peptides mimicking
HLA DR4*0401 and not DR4*0402. RA patient sera and
not AS or normal sera reacted with peptides of: (i) P.
mirabilis haemolysin (ESRRAL) and the RA susceptibil-
ity sequence of DR4*0401 (EQRRAA); and (ii) P. mirabi-
lis urease (LRREI) and collagen XI (LRRET).

The implications of these studies are that HLA associ-
ation with RA may be more than simply the effect of HLA
differences on antigen presentation®” and linkage to other
unknown co-segregating genes. However the case for
epitope mimicry in the pathogenesis of arthritis is hin-
dered by the fact that the proposed pathogens are fairly
common and it is difficult to establish an exclusive asso-
ciation of specific infections with the disease.

MHC mimicry and the induction of AIDS

There is increasing evidence that mimicry of MHC mole-
cules by the HIV contributes to the depletion of T cells in
AIDS. Many examples of mimicry between the HIV env
proteins and HLA molecules have been found and some
of these are described in Table 2. It has also been shown
that monoclonal anti-idiotypes against the gp120 of HIV
were able to compete with the peptide antigen defining the
epitope and inhibit binding of the peptide with its
antibody.”? It is feasible that gp120 itself could induce
idiotypes that bind to the host cell determinants like the
MHC and initiate an immune response to the cells bear-
ing those molecules.

If mimicry of MHC class Il is occurring in AIDS, as
patients develop antibodies to the HIV env, T cells could
be destroyed by autoimmune reactions. Evidence for this
aspect of pathogenesis is supported by the observation
that the frequency of antibodies to B2 microglobulin free
HLA increase with higher disease severity scores.”* Simi-
larly, Silvestris ¢t al.” report that antibodies to the HLA
molecule correlate with lymphocytopenia. Evidence to
support an alternative theory of direct viral effects 1s that

Table 2 Epitope mimicry between HIV and MHC proteins

plasma virons incorporate MHC molecules from their
host cell into their envelope. The virus particle may then
be seen as self and avoid immune response, or act to
prime the immune system against the aberrantly ex-
pressed MHC.?* Mimicry of the MHC class Il molecule at
the CD4 binding site by gp120 may result in partial stim-
ulation of T cells binding through CD4 to the gpl20
without co-stimulation of T cell CD3 or CD28 by other
normal APC molecules thus resulting in anergy or apop-
tosis of the T cell.”®

Considerations for the investigation of epitope mimicry

The results discussed so far has arisen from either: (i)
primary sequence similarities between autoimmune
epitopes or key proteins; or (ii) discovery of cross-reactive
antibody or T cell reactions involved in the autoimmune
disease. There are uncertainties in interpreting these re-
sults and other sequence similarities listed in the literature
as evidence for epitope mimicry.

Determining the significance of primary sequence
similarities

The degree of similarity in mimicking peptides necessary
for interaction of epitopes with antibody or TCR and
MHC molecule, and the degree of divergence that will
allow the mimic to escape the normal down-regulating
mechanisms are the unknown entities. Though the effects
of amino acid substitutions in linear epitopes can to an
extent be predicted by use of matrices such as that pre-
pared for antibody recognition by Geysen ¢t al.”® or for
isomorphic amino acid substitutions in protein by Tudos
et al..”” their success is not universal. When conducting a
retrospective analysis of T cell amino acid substitutions
described in the literature it was found that only 63.4% of
amino acid substitutions in 213 examples of T cell-
epitope-MHC interactions complied with the predicted
outcome of the amino acid substitution based on the
Tudos matrix.”® For T cell epitopes the matrices do not

Protein Sequence Experimental result Reference
HLA class I B-domain and NGTERVR mAb to peptide reacts with gp41 and HLA proteins. 88
gpd | EGTDRVI 35% of HIV patient sera reacted with the MHC I1
molecule.
HLA DQ. DR and DP - QEET- TGVVSTP Not tested. 89
chains and Nef Bru protein  QEEEEVGFPVTP
HLA DR B-chain and gp120  VVSTGLIHNG 41.6% of HIV patients recognize both peptides. 90
VVSTQLLLNG
HLA DR a-chain and gp120 EEHVIIQAEFYLN 48.2% of HIV patients recognize both peptides. 90
EEVVIRSANFTDN
HLA DR a-chain and gp4| VEHWGLDQP L 28.5% of HIV patients recognize both peptides. 90
VERY L KDQQL
Common region of HLA conformation epitope of gpl20 The gp120 epitope is immunodominant in HIV 91

class I and gpl20

amino acids 490-492 and 505-508

patients. mAb cross-reactivity.

The letters in bold type represent identical amino acids present in both sequences.
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take into account the position of anchor residues for
MHC binding or TCR binding sites which are more con-
strained than other amino acids in the epitope. The
method of discovering mimics of an epitope defined by a
primary sequence involves database searching for similar
sequences then consideration as to the likely significance
of the similar sequences. Database search programs such
as FASTP?? were originally devised to find evolutionary-
related protein families, hence matches with low level
similarity over longer stretches rank higher than high lev-
els of homology over short sequences. A factor to consider
is the bias of the databases for human, E. coli and viral
genomes. Hence the sequences in the data bases, though
they are constantly expanding in number, are limited to
targets of interest to researchers. An essential consider-
ation to be made when database searching for epitope
similarity is that of the significance of the similarity. The
probability of chance similarity in primary sequences de-
creases in proportion with the length over which the sim-
ilarity extends. The probability of incorporating by
chance the same six amino acids in a row in two unrelated
proteins is | in 20° if each amino acid is considered
equally likely to be associated next to any other amino
acid. However, amino acids tend to pair together and not
associate by random assortment.”’'°" Many short oli-
gopeptide motifs ranging in length from di- to octa-
peptides have been abundantly found in protein similarity
searches of totally unrelated sequences.'?''°® The fre-
quency of homologous pentamers found in databases was
determined to be 7.9 x 10-7'"" and of all possible tet-
rapeptides. 20% did not occur at all and 20% only oc-
curred once in databases. Weise and Carnegie chose the
value of greater than 60% similar over 6-15 amino acids
for consideration as a peptide with potential physiological
mimicry.'%?

The likelihood of a linear sequence of amino acids
being an epitope

Not all linear sequence similarities give rise to antibody or
T cell reactivity to the similar or mimicked sequence
despite the ability to generate cross-reactive antibodies in
experimental animals. For example, similar peptides with
conservative amino acid substitutions of MBP and hu-
man T cell leukaemia virus-I (HTLV-I) which induces a
demyelinating encephalitis named HTLV-I associated
myelopathy (HAM) were able to induce cross-reactive
antibodies in rabbits yet neither peptide was recognized
by HAM patient sera or T cells.'”* A similar study inves-
tigating the role of MBP sequence similarity in the patho-
genesis of the encephalitic condition of visna in maedi
visna virus (MVV) infected sheep demonstrated cross-
reactivity of antibodies raised against the MVV peptide to
the similar MBP peptide and sheep MBP but only the
MBP peptide was recognized by the MV V-infected sheep
antibodies and no T cell response could be detected to
either peptide.'% In the study of Dyrberg et al. serological
cross-reactivity was generated between some but not all
HSV gpD peptides that shared sequence similarity with
the acetylcholine receptor a-chain.'%®

In the previously mentioned study of Wucherpfennig
and Strominger only 8 out of 128 peptides that had pri-
mary sequence similarity to the MBP epitope motif were
able to stimulate the T cell line, despite peptide selection
based on structurally conserative amino acid substitut-
ions.'” Peptides with 9 out of 12 identical amino acids of
the Grave's disease antigen thyroid peroxidase (TPO) did
not support cross-reactivity of T cell clones specific for the
TPO antigen because anchor residues binding to the
MHC (DQBI1*0602/DQAI1*0102) groove resulted in a
different conformation presented to the T cell clone.'"’
These data demonstrate that factors other than primary
sequence similarity are needed for the generation of cross-
reactive B and T cell responses.

The suspected mimics need to ehcit T or B cells
specific for their potential epitope. Epitope prediction
strategies have been designed for B cell epitopes'"® and
T cell epitopes'”” based on MHC binding motifs, am-
phipathy of alpha helices. surface probability. flexibility
and hydropathy which may provide an indication as to
the epitopes within a protein sequence. Epitope predic-
tion programs are not universally applicable or
reliable.''®

The need for epitope presentation and antigen
accessibility

For T cell epitopes the similar sequences need to be pre-
sented in the appropriate MHC molecule associated with
disease. HLA binding studies have now enabled the pre-
diction of peptides that will bind particular MHC
motifs."'" The HLA associations for particular autoim-
mune diseases are well characterized now and part of this
association can be attributed to the ability of particular
MHC haplotype to bind key epitopes through specific
anchor residues.''*''? The RA-associated and non-
associated DR types differ at four sites in the B-chain and
binding specificity to peptides also differ.®” The non-RA
DRBI1*0402 MHC allele which is associated with the
autoimmune skin disease pemphigus vulgaris. differs in
the P4 pocket of the MHC from the RA-associated DRB]
allele and this results in its ability to present the skin
disease antigen desmoglein 3.''* The binding of HLA A
0201 and B27 to EBV EBNA-1 protein peptides was
found to be limited not because there are no MHC bind-
ing motifs present in EBNA-1 but for other reasons not
accounted for by the ability of the MHC to bind the
peptides.' ' After examination of the data in the paper by
Stuber er al.''* it was evident that prediction of peptides
which might bind the particular MHC does not always
correspond to the experimental result of binding studies.
More than MHC binding is necessary for effective presen-
tation of antigen to T cells. As well as an epitope being
able to bind an MHC molecule, factors such as the prote-
olytic processing of the antigen in the specific cell and the
resulting conformation of the MHC and bound peptide
are important. In line with this, Englehard and colleagues
observed that the frequency of peptides eluted from MHC
molecules did not correlate with the affinity of those pep-
tides for the MHC.''®
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Effects of amino acid substitution in T cell epitopes

Some amino acid changes in epitopes have been shown to
actually enhance the reactivity of T cells.!'”:!''® Alterna-
tively, T cell recognition of an epitope bound in MHC
need not result in a proliferative immune response that is
auto-degenerative. The effect of amino acid substitutions
in sequence similarities is dependent upon numerous fac-
tors which need to be determined empirically for each
sequence similarity identified or epitope being assessed
for mimicry. For example, an epitope of MBP which
induces EAE in mice was substituted with alanine in up to
five places and the corresponding peptide was still able to
induce disease''” which is convincing evidence in support
of a degree of flexibility in the interaction of TCR for
MHC class II-epitope complexes.

Amino acid substitutions may alternatively result in
analogues of the epitope which are presented by the MHC
molecule, bind the TCR but deliver only partial second-
ary signals resulting in altered cytokine production and
inhibition of proliferation.'*%'2!. Analogues of the influ-
enza haemagglutinin 301-319 epitope bound the MHC
class 11 complex but T cell response was specifically and
non-competitively inhibited due to lack of induction of
intracellular inositol phosphate production, calcium accu-
mulation and IL-2 production.'?? Substitution of an an-
chor residue in the influenza matrix protein epitope re-
sulted in the analogue’s ability to bind the HLA-B35
MHC complex but it was not able to induce T cell prolif-
eration and also antagonized the proliferation of the T
cells presented with the original epitope.'?? Therefore
epitope mimics, which are effectively analogues of self
epitopes. may likewise inhibit a reaction or fail to induce
proliferation of T cells.

Analogues may act antagonistically and much lower
concentrations of the analogue may inhibit the response
normally resulting from the original epitope. Epitope an-
alogues of the HSP 65 180-188'2 for AA and a combi-
nation of antagonist peptides of the encephalitic proteo-
lipid protein epitope 139-151'** or MBP epitope 97-
99!126 for EAE have been used in therapy for prevention of
the autoimmune disease at concentrations up to 10-fold
lower than the original epitope concentration required to
induce disease. Mimicking peptide epitopes from patho-
gens may therefore act to anergize or down-regulate a
response to self epitope. There are natural examples of
viruses which contain and express altered epitopes that
abrogate the immune response to its natural or dominant
antigen version. Natural antagonistic epitope analogues
have been found in isolates of HIV'?7-!28 and HBV.'*"
The ability to induce a cross-reactive T cell response to an
HLA allele by an EBV peptide'*® was found to result in
absence of a particular T cell response to that epitope n
individuals with that particular HLA allele.'*' Therefore
rather than a proliferative response being induced by the
presence of a similar epitope in the virus, the response had
been abrogated and the people were tolerant to that
epitope. Page et al.'*? showed that though an altered
peptide ligand was unable to stimulate T cell proliferation
it was functional in the ability to induce negative selection
of T cells in the thymus. In the light of the research

presented in this paragraph it is evident that primary
sequence similarity and even T cell recognition of similar
peptides should be considered with guarded optimism
when searching for potential instigators of autoimmunity
through cross-reactive immune responses. A mimic may
be as likely to tolerize as to induce a proliferative response
depending on other factors such as the genetic haplotype
and presence of co-stimulatory signals.

Cross-reactions with non-linear or non-protein epitopes

A further consideration for the theory of mimicry is that
the mimicking antigen need not be similar at the primary
amino acid sequence level. Cross-reactivity of T cells be-
tween peptides from unrelated proteins with only mar-
ginal sequence similarity has been shown.'?7-'33 Antibody
cross-reactivity is often demonstrated without primary
sequence similarity. A similar antigenic surface can be
made up of associations of amino acids from distal re-
gions of the same or different peptide chains of a complex
protein antigen or totally dissimilar molecules such as
carbohydrate or nucleotide structures, or linear stretches
of amino acids which display the same conformation to
the antibody or TCR. For example, synthetic peptide
libraries have been used to define the polyspecificity of
mADb to an oncogene peptide and it was found that certain
peptides were mimotopes but had no amino acid homol-
ogy to the original epitope and some peptides even had
higher affinity binding to the mAb than the original
antigen.'** In mice, the in vivo expression of the polyoma
virus T antigen from a plasmid carrying the T antigen
gene was sufficient to generate antibodies reactive to
double strand DNA and histones.'?> The mechanism by
which expression of a viral DNA binding protein induced
antibodies to either DNA and DNA binding proteins was
not elucidated but it was stated by the authors that anti-
DNA antibodies in some SLE patients are expressed
simultaneously with polyoma virus production. Another
study showed that the anti-DNA antibodies in SLE may
be directed against protein antigens or at least be cross-
reactive with a protein, HP8, selected from a cDNA
library by antibodies to DNA.'3¢ Hence there is molecular
mimicry between the shape of the DNA and this protein
to which these antibodies also bind. It may be possible
that the polyoma T antigen and other viral proteins act as
mimics of host DNA and are a priming target for the
development of auto-antibodies in diseases like SLE and
SS.

B cells as presenters of epitope mimics

Much of the data on mimicry is in reference to antibody
cross-reactivity and one criticism of the theory of mimicry
is that T cells mediate many of the autoimmune diseases.
An hypothesis could be that B cells are intrinsically in-
volved in autoimmune pathogenesis mediated by mimi-
cry due to their role as APC and thus cross-reactive B cell
responses may be crucial to the pathogenesis of autoim-
mune disease because they present mimicking epitopes to
T cells. Mamula and colleagues described two experi-
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ments in which either human snRNP or cytochrome C
was used to prime an immune response in mice against
the non-self protein and as a result, an immune response
to the self protein was elicited. Immunization with the
murine protein could not induce a T or B cell response to
the murine protein but immunization with the human
homologue caused antibody production to the murine
protein. Transfer of self reactive B cells to naive mice
facilitated a T cell response to the murine protein in
recipients.?*'37 The importance of this research is that an
autoimmune response was induced by a foreign molecule
with only slight antigenic differences from the self mole-
cule. Similarly, mimicking epitopes of pathogens could in
theory induce a B cell response to the mimic that can
present antigen to T cells and break the mechanisms that
are normally maintaining the self tolerance. James et
al.'*® injected a single peptide of auto-antigen RNP Sm
B/B’ into numerous rabbits and antibodies to a range of
epitopes from that molecule and other RNP were induced
over time. It has been noted that six regions of the 60 kDa
Ro antigen in SLE share sequence similarity with the
nucleocapsid (N) protein of the vesicular stomatitis virus
(VSV) purported to be implicated in SLE. Immunization
of rabbits with the VSV N protein induced antibodies
reactive with the N protein and the similar Ro antigen.
Repeated immunization with the N protein induced anti-
bodies to numerous Ro peptides including ones that did
not share sequence similarity.'*? It was inferred that the
N protein activated cross-reactive B cells that recognized
the Ro antigen and then acted as antigen presenting cells
priming T cells to other Ro peptides which in turn pro-
vided help to other B cells thus resulting in epitope
spreading. It would follow then that a mimicking antigen,
similar in only one epitope, may initiate a primary cross-
reactive response to that epitope that subsequently results
in recognition of numerous epitopes in the mimicked host
protein. If this were to be the case, one would expect that
autoimmune diseases would be characterized by re-
sponses to many epitopes and the initial target would be
difficult to determine. Recognition of multiple antigens
and epitopes is evident in IDDM, SLE, RA, PBC and
probably most autoimmune diseases. Clinical studies are
usually conducted in the phase of pathogenesis when mul-
tiple epitopes and antigens are recognized by polyclonal T
and B cell responses. It is conceivably difficult to investi-
gate the hypothesis of mimicry at this stage since the
initial event leading to autoimmunity may have long since
passed.

A model of autoimmune pathogenesis mediated by
epitope mimicry

A useful model for the induction of autoimmune disease
based on the observations presented in this review is
shown in Figure 1. A mimicking antigen sufficiently dif-
ferent from self proteins as to avoid tolerance, yet similar
enough to self epitopes as to cross-react, primes a B cell
that may produce antibodies that cross-react with a self
protein. In addition or alternatively, the primed B cell
presents the mimicking epitope bound in MHC class Il to

Virus or bac_teria B cell or antigen
00 with mimicking presenting cell

epitope o i
@ : ! .‘fB colf) '\‘l
\ \ & 7 /
N

ool el \

pathogen specific
antibody production

cross-reactive
autoimmune
interaction

pathogenic response
Target cell O or anergy?

epitope spreading

mimicked self epitope expressed
on the surface bound to MHC

Figure 1 Mechanisms of autoimmune disease induced by
epitope mimicry. B cells present mimicking epitopes of infectious
agents to T cells via a MHC class II pathway. In addition. they
produce antibodies with specificity for the instigating epitope
that cross-react with host proteins containing the mimicked
epitope. T cells interact with host tissue expressing the mimicked
self epitope in the context of MHC class | and, depending on the
appropriate secondary signalling. a pathogenic autoimmune re-
sponse develops. As the immune response persists new epitopes
are processed from the target tissue and epitope spreading occurs.

T cells in a manner that results in stimulation of the T
cells that then interact with the antigen bound by MHC
class I in situ. In this way a disease process could be
initiated. As the disease progresses, new epitopes from the
original and related molecules may emerge and mask the
response to the instigating epitope. This model would
account for the oligo or polyclonality seen in the T cell
responses of autoimmune disease patients, for example
MS or RA patients.'?"-'*!" This model does not explain
why disease develops in a particular tissue if the target
auto-antigen 1s common to all cells such as the mitochon-
drial pyruvate dehydrogenase complex which is the pri-
mary auto-antigen in PBC.'*? This model depends on a
self epitope being expressed in the context of MHC class |
on the cell surface with the necessary secondary signalling
for T cell reactivity or in the instance of antibody cross-
reactivity the accessibility of a B cell epitope. It is known
that stimulation of inactive T cells with peptide epitopes
complexed with soluble MHC class Il and no secondary
signals undergo apoptosis.'*? The ‘out clause’ in this
model, then, is that T cells inapproprately stimulated
with antigen mimics would be likely to apoptose, or aner-
gize, and thus an autoimmune response would not ensue.
A combination of factors such as local increased expres-
sion of cytokines, vascular adhesion molecules, HSP and
MHC induced by infection may create an environment in
which mimicry of host epitopes could initiate an ongoing
autoimmune response in patients with the permissive ge-
netic background. Fortunately, the requirements for the
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induction of an autoimmune disease are multiple and the
probability of an individual having the combination of all
the environmental and genetic factors that lead to an
autoimmune disease 1s relatively low.

The existence of natural auto-antibodies and T cells
that will cross-react with self molecules supports the no-
tion that the immune system is able to cope with periph-
eral presence of auto-reactive B and T cells and that
tolerance to self antigens is normally maintained in such
an environment. Mimicry may be one mechanism to
break the balance of tolerance and trigger the autoim-
mune response but the mere presence of self determinants
in a virus or bacteria need not result in pathogenesis.
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