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Abstract Molecular mimicry is defined as similar structures shared by molecules
from dissimilar genes or by their protein products. Either several linear amino acids
or their conformational fit may be shared, even though their origins are separate.
Hence, during a viral or microbe infection, if that organism shares cross-reactive
epitopes for B or T cells with the host, then the response to the infecting agent will
also attack the host, causing autoimmune disease. A variation on this theme is when
a second, third, or repeated infection(s) shares cross-reactive B or T cell epitopes with
the first (initiating) virus but not necessarily the host. In this instance, the secondary
infectious agents increase the number of antiviral/antihost effector antibodies or T
cells that potentiate or precipitate the autoimmune assault. The formation of this
concept initially via study of monoclonal antibody or clone T cell cross-recognition in
vitro through its evolution to in vivo animal models and to selected human diseases
is explored in this mini-review.
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1
Definition of Molecular Mimicry and Development of the Concept

We initially defined molecular mimicry as similar structures shared by
molecules from dissimilar genes or by their protein products (Fujinami et al.
1983; Oldstone 1987; reviewed in Oldstone 1998). Either the molecules’ linear
amino acid sequences or their conformational fit (Fig. 1) may be shared,
even though their origins are separate. Examples would be self-determinants
from a virus and a normal host or from two kinds of viruses, one that persists
in a selected tissue with little or no injury until the second virus infects the
same host and generates an immune response that cross-reacts with tissue
expressing peptides from the first virus.

Fig. 1 Cartoon of a shared linear amino acid sequence or of a conformational fit
between a microbe and a host “self” determinant. This is the basis for the first phase
of molecular mimicry. Autoimmunity can occur if: (1) a host immune response raised
against the sequence from the microbe cross-reacts with the host “self” sequence,
and (2) the host sequence is a biologically important domain, e.g., encephalitogenic
site of myelin basic protein, the site on the acetylcholine receptor that is important
for gating membrane changes needed for a synapse. A similar scenario might occur
when, early in life, a virus or microbe initiates a persistent infection in a specific tissue,
and a second cross-reactive infectious agent later induces an antiviral or antimicrobial
immune response
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The sequence homology between the infected host’s self-components and
those of the microbe must be close enough to share immunogenic determi-
nants, yet sufficiently distant to be recognized as nonself by the host’s immune
system. Further, such homology must involve a self-determinant having im-
portant biological activity so that the immune assault injures tissue and
causes disease (Fig. 1). For instance, we know that immune attack on the en-
cephalitogenic peptide of myelin can injure oligodendrocytes and that similar
violence to islet or myocardial surface-expressed peptides harms the pancreas
or heart, respectively. Such homologies between proteins have been detected
either by use of immunologic agents, humoral or cellular, that cross-react with
two protein structures (virus–host, virus–virus) or by computer searches to
match proteins described in storage banks. Because guanine-cytosine (GC)
sequences and introns designed to be spliced away may provide false hy-
bridization signals and nonsense homologies, respectively, focus on molecu-
lar mimicry is necessary at the protein level. Regardless of the methods used
for identification, it is now abundantly clear that molecular mimicry occurs
between proteins encoded by numerous microbes and host self-proteins and
is rather common [reviewed in Cunningham and Fujinami 2000; Oldstone
1989, 1998; with over 500 published papers on this subject listed in PubMed
from 2003 to the present (October 2004)]. This information is useful not only
for research in autoimmunity but also to those seeking a likely mechanism
by which viral proteins are processed inside cells (Dales et al. 1983a, 1983b;
Oldstone 1998).

The conceptual basis for molecular mimicry was first defined in the early
1980s when monoclonal antibodies against viruses were also shown to react
with nonviral host protein; in this case, measles virus phosphoprotein cross-
reacted with host cell cytokeratin (Fujinami et al. 1983), herpes simplex virus
type 1 with host cell vimentin (Fujinami et al. 1983) and vaccinia virus with
host cell intermediate filaments (Dales et al. 1983b). After this discovery, oth-
ers emerged, again at the clonal level, that T cell clones against proteins from
a variety of infectious agents also reacted with host antigenic determinants
(Cunningham 2004; Wucherpfennig and Strominger 1995). The clonal dis-
tinction was imperative for the initial definition of mimicry. At least 30 years
before our initial description of molecular mimicry involving cross-reactions
between numerous microbes, on the polyclonal antibody level, streptococcus
was believed to react with renal glomeruli, heart ,and basal ganglia to account
for glomerulonephritis, heart and valvular disease, and chorea, respectively
(reviewed in Froude et al. 1989; Kaplan 1963). However, subsequent research
showed that the nephritis was caused by immune complex deposits and the
tissue damage they produced (Dixon 1963). Later, in 1990, the cross-reactivity
of streptococcal antigen with myocardial antigens on a clonal level was un-



4 M. B. A. Oldstone

covered (Dell et al. 1991). Hence, for both historical reasons and mechanistic
understanding, it is best to provide evidence for cross-reactivity at the clonal
level to prove that molecular mimicry exists.

2
Occurrence of Molecular Mimicry at the Antibody and T Cell Level

Critical analysis has revealed that molecular mimicry during the infectious
process is not rare. For example, multiple monoclonal antibodies against
a battery of DNA and RNA viruses were noted to be cross-reactive with
host determinants (reviewed in Oldstone et al. 1998). Frequency of cross-
reactivity between viral proteins and host self-antigens analyzed with more
than 800 monoclonal antibodies revealed that nearly 5% of the monoclonal
antibodies against 15 different viruses cross-reacted with host cell determi-
nants expressed on or in uninfected tissues (Lane and Hoeffler 1980; Old-
stone 1998; Shrinivasappa et al. 1986). The viruses studied were among the
most common that afflict humans, including those of the herpesvirus group,
vaccinia virus, myxoviruses, paramyxoviruses, arenaviruses, flaviviruses, al-
phaviruses, rhabdoviruses, coronaviruses, and human retroviruses. Consid-
ering that five to six amino acids are needed to induce a monoclonal anti-
body response, the probability that 20 amino acids will occur in six identical
residues between two proteins is 206 or 1 in 128,000,000. Similarly, a variety
of T lymphocytes sensitized to cellular proteins such as myelin basic protein,
proteolipid protein of myelin, and glutamic decarboxylase (GAD) were also
noted to cross-react when added to proteins or peptides from selected viruses.
Biological/chemical analyses used to document these effects were amino acid
sequencing, immunochemistry, cell proliferation, lysis, and the release or
display of cytokines (reviewed in Cunningham and Fujinami 2000; reviewed
in Oldstone 1989, 1998; Wucherpfennig and Strominger 1995). The reverse
was also noted, in that T lymphocytes sensitized specifically to a virus would
cross-react with a host protein or peptide (Oldstone et al. 1999). The permis-
sivity of the T cell receptor to numerous peptides (Mason 1998) indicated that
the problem was not the probability of multiple recognition but rather how
the host limited/controlled such cross-recognition.

Computer searches revealed interesting sequence homologies that might
explain a variety of diseases; for example, the amino acids shared between
specific coagulation proteins and dengue virus or between human immun-
odeficiency virus and brain proteins could indicate part of the pathogenic
mechanism underlying dengue hemorrhagic shock syndrome and AIDS de-
mentia complex, respectively. Clinical studies have shown a high degree of
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correlation between the immune response to GAD and other islet antigens in
patients who progress to or who have insulin-dependent diabetes. Sequences
obtained by computer search revealed identity between a component of GAD
amino acids 247 to 279 and other auto-antigens with several viruses (Atkinson
et al. 1994; Honeyman et al. 1998). Similarly, evidence has linked chlamydia
protein with heart disease, herpes simplex virus with corneal antigens, her-
pes viruses with myasthenia gravis (Bachmaier et al. 1999; Schwimmbeck et
al. 1989; Zhao et al. 1997), the bacteria Campylobacter jejuni with Guillain-
Barré disease (Hafer-Macko et al. 1996; Yuki et al. 2004) and certain strains
of Yersinia, Shigella, and Klebsiella with ankylosing spondylitis (AS) (Old-
stone 1998; Schwimmbeck et al. 1987). In these instances, the protein and
antigen of the microbe acting as mimics and inducers of antibodies and/or T
lymphocytes were implicated as likely causes of the respective diseases.

3
Searches for Molecular Mimics

As experimental knowledge increased about the T cell epitopes and their
flanking sequences that were necessary for T cell recognition, it became
possible to change a single amino acid and, thereby, convert a poorly binding
T cell epitope to one that bound with high affinity and, vice versa, convert
a strongly binding peptide to one of mediocre affinity (Table 1). Armed with
this information, better designs for computer searches are now possible to
identify molecular mimics. These data, coupled with interesting sequence
similarities to evaluate, provide a list of microbial and host proteins worthy of
investigation (Table 2). However, immunochemical analysis of cross-reactive
epitopes has revealed that reactivity can be dependent on a single amino
acid (Dyrberg and Oldstone 1986; Dyrberg et al. 1990; Hudrisier et al. 2001)
(Table 1), so experimental evidence is required to support computerized
identification of a sequence fit.

4
Experimental Animal Models of Molecular Mimicry
and Autoimmune Disease

An essential step in validation of the molecular mimicry concept was obtain-
ing proof of principle from animal models to establish molecular mimicry as
more than an epiphenomenon. The initial observation utilized myelin basic
protein and the model of experimental autoimmune encephalomyelitis (EAE)
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Table1 Effect of mutation at non-anchor position P2 on the H-2Db binding properties
of H-2Db-restricted viral peptides

Binding affinity

Peptide Competition Stabilization

(IC50, nM) (SC50, nM)

Influenza

NP366–374
Ala Ser Asn Glu Asn Met Glu Thr Met

7 ± 1 10 ± 1

[Glu]2-NP366–374
Ala Glu Asn Glu Asn Met Glu Thr Met

1,939 ± 109 12,350 ± 350

LCMV

GP33–41
Lys Ala Val Tyr Asn Phe Ala Thr Cys Gly Ile

21 ± 4 470 ± 63

[Glu]2-GP33–41
Lys Glu Val Tyr Asn Phe Ala Thr Cys Gly Ile

13000 ± 3790 53000 ± 8460

GP276–286
Ser Gly Val Glu Asn Pro Gly Gly Tyr Cys Leu

13 ± 2 23 ± 3

[Glu]2-GP276–286
Ser Glu Val Glu Asn Pro Gly Gly Tyr Cys Leu

15067 ± 5715 43000 ± 5650

LCMV

GP16–24
Asp Glu Val Ile Asn Ile Val Ile Ile

>100000 >100000

[Ser]2-GP16–24
Asp Ser Val Ile Asn Ile Val Ile Ile

1400 ± 450 2050 ± 390

[Gly]2-GP16–24
Asp Gly Val Ile Asn Ile Val Ile Ile

2033 ± 887 4930 ± 721

Substitution of a single amino acid can reverse a good binder to a poor binder or
enhance a poor binder to become a better binder. IC50 of <100 nM indicates a good
binder, whereas <50 nM indicates an excellent binder. These data are from study of
binding of virus-specific MHC-restricted peptides to the appropriate MHC class I-Db

glycoprotein. See Hudrisier et al. 2001 for details.

(Fujinami and Oldstone 1985) (Fig. 2). Several myelin basic protein sequences
that cause EAE are known, and the encephalitogenic site of 8 to 10 amino acids
has been mapped for multiple animal species. The first step was computer
analysis to match the myelin proteins (peptides) known to cause EAE to viral
proteins for homologies. That search uncovered several such viral proteins,
including a hemagglutinin nucleoprotein of influenza virus, the core protein
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Table 2 Interesting sequence similarities between microbial proteins and human host
proteins

Protein Residue Sequence

Measles virus P3 219 EISDNLGQEGRASTSGTP

Myelin basic protein 158 EISFKLGQEGRDSRSGTP

Measles virus P3 13 LECIRALK

Corticotropin 18 LECIRACK

Adenovirus 12 E1B 384 LRRGMFRPSQCN

A-gliadin 206 LGQGSFRPSQQN

Klebsiella pneumoniae nitrogenase 186 SRQTDREDE

Human lymphocyte antigen B27 70 KAZTDREDL

Rabies virus glycoprotein 147 TKESLVIIS

Insulin receptor 764 NKESLVISE

Papillomavirus E2 76 SLHLESLKDS

Insulin receptor 66 VYGLESLKDL

Poliovirus VP2 70 STTKESRGTT

Acetylcholine receptor 176 TVIKESRGTK

Coxsackie B3 2152 YEAFIRKIRSV

Myosin 138 YEAFVKHIMSV

Dengue 269 IKKSKAL

Coagulation factor x1 68 IKKSKAL

HIV Pol 222 DSTKWRKVD

Brain protein 156 DSTKNRKTD

HCMV IE-2 79 PDPLGRPDED

HLA DR 50 VTELGRPDAE

of adenovirus, the EC-LF2 protein of Epstein-Barr virus, the hepatitis B virus
polymerase (HBVP), and several other viral proteins. The best fit was between
the myelin basic protein encephalitogenic site in the rabbit and HBVP. Sub-
sequently, inoculation of the HBVP peptide peripherally into rabbits caused
perivascular infiltration localized to the central nervous system, reminiscent
of thedisease inducedby inoculatingwholemyelinbasicproteinor thepeptide
component of the encephalitogenic site of myelin basic protein (Fujinami and
Oldstone 1985) (Fig. 2). Furthermore, a specific immune response, both cel-
lular and humoral, to myelin basic protein occurred. However this model was
artificial, because there was no epidemiological evidence associating hepatitis
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Fig. 2 First demonstration that molecular mimicry could cause disease. When New
Zealand rabbits were inoculated with the 10-amino acid peptide from hepatitis B
virus polymerase (HBVP), they generated specific T (proliferation) and B (antibody)
lymphocyte responses. Most significant, inoculated rabbits developed histopathologic
criteria for lesions of EAE. In contrast, studies with over 10 different peptides in
multiple rabbits failed to elicit EAE. (See Fujinami and Oldstone 1985 for experimental
details)

B with an EAE-like disease. Nevertheless, the importance of the observation
was in providing proof of the molecular mimicry concept in vivo. A more
meaningful model followed with our observations correlating several bacte-
ria with HLA B27-associated ankylosing spondylitis (AS), an arthritic disease
of humans. Epidemiological, bacteriologic, and immunologic evidence is firm
for a strong relationship between AS, the hypervariable region of HLA B27,
and several bacterial infections including those of Shigella flexneri, Yersinia
enterocolitica, and Klebsiella pneumoniae (Brewerton et al. 1973; Gilliland and
Mannik 1986; Khare et al. 1996; Schwimmbeck and Oldstone 1989). Over 90%
of patients who develop AS have the HLA B27 haplotype, but this haplotype
occurs in only about 10% of the general population. Further, monozygotic
twins show a discordance for AS (Eastmond and Woodrow 1977), indicating
a role for environmental factors, which epidemiological evidence suggests is
associated with infections by selective bacteria. For example, in a S. flexneri
epidemic of about 150,000 cases in Finland during the 1940s, 344 infected
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individuals developed Reiter’s syndrome; of these 82 went on to develop AS.
We observed amino acid sequence homology between enteric bacteria known
to cause Reiter’s syndrome and thus associated with AS and with the hyper-
variable region of HLA B27 (Table 2, Fig. 3).

To mimic AS, we humanized mice through transgenic technology to ex-
press human HLA (LaFace et al. 1995). For HLA B27-restricted T cell function,
it was necessary to create a triple transgenic mouse that not only expressed
human HLA B27 but also human β2-microglobulin and human CD8 (Tishon
et al. 2000). Challenge of such humanized transgenic mice with cross-reactive
peptides derived from the bacteria (Fig. 3) led to immune responses with in-
flammatory cells located in the joints and vertebral columns of approximately

Fig. 3 Sequence sharing between the hypervariable region of HLA B27 molecule and
sequences from bacteria epidemiologically associated with causing Reiter’s syndrome,
a disease that often precedes HLA B27-associated ankylosing spondylitis. Inoculation
of the Shigella flexneri peptide (center panel) or Klebsiella pneumoniae peptide (right
panel) into transgenic mice expressing HLA B27 human β2-microglobulin and human
CD8 leads to inflammatory responses in joints and the vertebral column. Monoclonal
antibodies to HLA B27 are also found in these mice, but not in other mice given cross-
reactive bacterial peptides. The control mice also fail to demonstrate inflammatory
lesions (left panel)
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40% of the inoculated, triple transgenic mice but not of control mice (Old-
stone 1998). Interestingly, a transgenic rat model was developed by Hammer
et al. (1990) in which HLA B27 expression was associated with a clinical and
histopathologic picture reminiscent of AS. AS-like disease occurred in rats
housed in a normal vivarium but not when such rats were quartered under
germ-free conditions (Taurog et al. 1994). Yet, when the germ-free rats were
later colonized by bacteria, they developed arthritis (Rath et al. 1996). In
addition to the molecular mimicry mechanism, HLA B27 may be associated
with a delayed or disordered clearance of these bacterial pathogens.

Several other informative animal models were developed to show cross-
reactivity between a microbe and self-antigen leading to autoimmune disease
(reviewed in Cunningham and Fujinami 2000, Oldstone 1989, 1998). One in-
teresting example is presented in publications from the laboratories of Harvey
Cantor and Priscilla Schaffer (Zhao et al. 1997) for herpes simplex virus with
corneal antigens. Others are reviewed in this volume. Steve Miller and his
associates describe a Theiler’s virus-induced molecular mimicry model of
multiple sclerosis, whereas Larry Steinman and colleagues report on molec-
ular mimicry and peptide protection of EAE. The last chapter in the series on
animal models of infection is from my laboratory and focuses on the princi-
ples of how molecular mimicry works and the quantitation of cross-reactive
antigen-specific T cells required for disease in a transgenic model of type I
diabetes.

5
Equating Human Autoimmune Disease with Molecular Mimicry

The most difficult step in the process described here is to definitively prove
the relevance of molecular mimicry to human autoimmune disease. Vari-
ous correlations ranging from those that are reasonably convincing to those
that are less so have been published (reviewed in Oldstone 1998). Two ex-
amples are selected for brief mention. The first is the autoimmune disease
myasthenia gravis. The majority of these patients have antibodies against the
acetylcholine receptor (AChR). Purification of antibodies from patients with
myasthenia gravis using the human AChR α-subunit from amino acids 157
to 170 as a probe uncovered, as expected, immunoglobulin G antibodies that
bound to native AChR and inhibited the binding of α-bungarotoxin to its
receptor. In addition, the human AChR α-subunit from amino acids 160 to
167 showed specific immunologic cross-reactivity with a shared homologous
domain on herpes simplex virus glycoprotein D, residues 286 to 293, by both
specific binding and inhibition assays. Antibodies, including monoclonals,
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to the human AChR α-subunit bound to herpes simplex virus-infected cells
(Schwimmbeck et al. 1989). The data on the immunologic cross-reactivity of
the AChR “self-epitope” with herpes simplex virus and the presence of cross-
reactive antibodies in the sera of patients with myasthenia gravis suggest the
possibility that this virus may be associated with some cases of myasthenia
gravis.

In another study, Wucherpfennig and Strominger (1995) imposed a struc-
tural requirement for molecular mimicry searches. These investigators used
the known structures for MHC class II disease-associated molecules that bind
to specific peptides and the T cell receptor for a known immunodominant
myelin basic protein peptide. A database search produced a panel of 129 pep-
tides from microbes that matched the molecular mimicry motif, and these
were tested with several T cell clones obtained from the cerebrospinal fluid of
patients with multiple sclerosis. Eight peptides (seven of viral origin and one
of bacterial origin) were found to efficiently activate three of these clones. In
contrast, onlyoneof theeightpeptideswouldhavebeen identifiedasanappro-
priate molecular mimic by sequence alignment. These observations indicated
that a single T cell receptor could recognize several distinct but structurally
related peptides from multiple pathogens, suggesting more permissivity for
the T cell receptor than has been previously appreciated (also see Mason
1998). This issue is further explored in this volume by K.W. Wucherpfennig.

In this volume, for additional studies of human disease, K. Bachmaier
and J. Penninger review their body of work associating chlamydia-induced
molecular mimicry and other microbial infections with immune responses
to cardiac antigens and resultant heart disease; and John Stuart discusses
HTLV-1-induced molecular mimicry and tropical sprue myelopathy. Betty
Diamond presents recent provocative findings of molecular mimicry between
anti-DNA antibodies and the NR2 glutamate receptor in systemic lupus ery-
thematosus.

6
Overview of Autoimmune Responses and Infections

The autoimmune response is often a pathway of immunity that attacks one’s
own tissues and causes disease. Most autoimmune diseases are organ (tissue)
specific, and they develop when lymphocytes or their products (cytokines,
antibodies, perforin, etc.) react with a limited number of antigens in that
tissue. The molecular mechanisms leading to autoreactive immune responses
resemble those generated against foreign antigens such as bacteria, parasites,
or viruses. However, in autoimmune disease either incomplete clonal deletion
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or formation of clonal anergy of T cells establishes a population of cells that is
potentially intolerant but under special circumstances able to react with the
host’s antigens. Autoimmune disorders are, then, characterized by the break-
ing of immunologic tolerance or of unresponsiveness to self-antigens. What
is the evidence suggesting that some infectious agents, primarily viruses, can
similarly break immunologic tolerance and are thus implicated in autoim-
mune diseases?

The evidence suggesting the involvement of viruses or other infectious
agents in human autoimmune diseases came initially from studies of iden-
tical twins that clearly implicated environmental factors as a cause, because
genetic factors alone could not be responsible. Genetic studies in such autoim-
mune diseases as multiple sclerosis, diabetes, AS, etc., were complemented
by epidemiological evidence incriminating local events (geography) or mul-
tiple infections with these diseases (Eastmond and Woodrow 1977; Ebers et
al. 1987; Gamble 1980; Green 1990; Jury et al. 1996; Kurtzke 1993; Merriman
and Todd 1995; Panitch 1994; Theofilopoulos 1995). Indeed, it is well known
that newly forming autoimmune responses or those previously present are
enhanced after infection by numerous human DNA and RNA viruses (re-
viewed in Oldstone 1998). In fact, after infection, patients can mount immune
responses to nucleic acids, cytoskeletal proteins, myosin, and lymphocytes,
etc., as shown over 45 years ago by the great Swedish immunologist Asterid
Fagraeus. Additionally, experimental acute and persistent infections with
a DNA or RNA virus have induced, accelerated, or enhanced autoimmune
responses and caused autoimmune disease. The New Zealand mouse family
is a genetically defined group in which certain strains spontaneously develop
autoimmune disease. For example, among their several typical autoimmune
responses, NZB mice develop antibodies to DNA and red blood cells, whereas
NZB×NZW (F1) mice develop antibodies to DNA and other nuclear antigens,
closely resembling the picture of humans with systemic lupus erythemato-
sus. When NZB or (NZB×W) F1 mice are persistently infected with either
a DNA (polyoma) or an RNA (lymphocytic choriomeningitis virus, LCMV)
virus, their autoimmune responses occur earlier, reach higher titers, and
lead to disease sooner than in their uninfected counterparts (Tonietti et al.
1970). More interestingly, NZW mice compared to NZB and (NZB×W) F1
mice normally have no or only moderate autoimmune responses. However,
NZW mice contain the necessary gene(s) for autoimmune disease and de-
velop markedly accelerated autoimmune responses and acquire a lupus-like
disease after infection by polyoma virus or LCMV. Other viruses, including
retroviruses, cause a similar phenomenon. In human autoimmune diseases
like multiple sclerosis, insulin-dependent diabetes mellitus (IDDM), or AS,
the incidence of disease varies in monozygotic twins, again indicating that
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other factors, in addition to genetics and most likely environmental, play
a role (Green 1990; Jury et al. 1996; Merriman and Todd 1995; Oldstone 1998;
Theofilopoulos 1995). Some have observed that infectious agents or cytokines
released in the presence and/or absence of preexisting infections can break
tolerance in potentially autoreactive CD4+ T or CD8+ T cells. Others have re-
ported epidemiological and serological correlations between certain viruses
and autoimmune diseases like multiple sclerosis (Ebers et al. 1987; Kurtzke
1993; Panitch 1994) and IDDM (Gamble 1980; Honeyman et al. 1998; Notkins
and Yoon 1984). For example, Coxsackie B virus and rubella virus have been
linked with IDDM. In a few instances, Coxsackie B virus has been directly
isolated from pancreatic tissues of individuals with acute IDDM. Inoculation
of this virus into mice then produced IDDM, fulfilling Koch’s postulates (Yoon
et al. 1989), although this occurrence is rare.

7
Summary

In conclusion, molecular mimicry is but one mechanism by which autoim-
mune diseases can occur in association with infectious agents. The concept
of molecular mimicry remains a viable hypothesis for framing questions and
approaches to uncovering the initiating infectious agent as well as recog-
nizing the “self”-determinant, understanding the pathogenic mechanism(s)
involved, and designing strategies for the treatment and prevention of autoim-
mune disorders. The Oxford Dictionary defines hypothesis as “a supposition
or conjecture put forward to account for certain facts and used as a basis
for further investigation by which it may be proved or disproved.” In many
instances, hard data derived in experimental systems clearly indicate molec-
ular mimicry as a mechanism for disease causation. For others, especially
human disorders, the evidence can be strongly suggestive, but additional in-
formation is required before molecular mimicry can be accepted or rejected
as biological reality. The availability of computer data banks, structural infor-
mation on specific MHC alleles, and MHC maps for particular autoimmune
diseases is crucial for answering such questions. Further, the ability to iden-
tify anchoring and flanking sequences of a peptide that binds to the MHC
allele or T cell receptor in question provides the opportunity to better iden-
tify the microbial causes of autoimmune diseases. The application and use
of transgenic models designed to evaluate molecular mimicry enable us to
understand the sequence of events that leads to the related pathological effects
as well as to design specific and unique therapies that can reverse or prevent
the autoimmune destructive process.
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Abstract The activation and expansion of T cells in an antimicrobial immune response
is based on the ability of T cell receptors (TCR) to discriminate between MHC-bound
peptides derived from different microbial agents as well as self-proteins. However,
the specificity of T cells is constrained by the limited number of peptide side chains
that are available for TCR binding. By considering the structural requirements for
peptide binding to MHC molecules and TCR recognition of MHC–peptide complexes,
we demonstrated that human T cell clones could recognize a number of peptides from
different organisms that were remarkably distinct in their primary sequence. These
peptides were particularly diverse at those sequence positions buried in pockets of
the MHC binding site, whereas a higher degree of similarity was present at a limited
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number of peptide residues that created the interface with the TCR. These T cell clones
had been isolated from multiple sclerosis patients with human myelin basic protein,
demonstrating that activation of such autoreactive T cells by microbial peptides with
sufficient structural similarity may contribute to the disease process. Similar findings
have now been made for a variety of human and murine T cell clones, indicating
that specificity and cross-reactivity are inherent properties of TCR recognition. The
observations that particular TCR are highly sensitive to changes at particular peptide
positions but insensitive to many other changes in peptide sequence are not con-
tradictory, but rather the result of structural interactions in which a relatively flat
TCR surface contacts a limited number of side chains from a peptide that is deeply
embedded in the MHC binding site.

1
How Specific Is TCR Recognition of MHC–Peptide Complexes?

The experimental practice of isolating “antigen-specific” T cells by in vivo or
in vitro selection with a particular antigen led to the widely held notion that T
cell receptor (TCR) recognition is highly specific because T cell clones selected
in such a fashion are typically not activated by control antigens. Within this
conceptual framework it was thought that rare microbial antigens in which the
peptide sequences were closely related to a self-peptide could represent mim-
ics responsible for the induction of autoimmune diseases. Sequence alignment
between an encephalitogenic epitope of myelin basic protein (MBP) and mi-
crobial proteins permitted identification of a peptide from the hepatitis B
virus DNA polymerase that induced histological signs of experimental au-
toimmune encephalomyelitis (EAE) after immunization of rabbits (Fujinami
and Oldstone 1985). Subsequently, many investigators used sequence align-
ments to identify potential mimicry peptides, but the vast majority of peptides
had no biological activity. It thus appeared that TCR cross-reactivity might
be a very rare event. Given the paucity of definitive experimental data, the
biological relevance of TCR cross-reactivity was questioned by many basic
scientists.

However, structural studies on the interaction of MHC molecules with
peptides and on TCR recognition of MHC–peptide complexes suggested that
this view of TCR recognition might have to be reconsidered. Peptide elution
studies demonstrated that a single MHC molecule could bind a very large
and diverse set of peptides because several hundred distinct peptide masses
could be defined with mass spectrometry techniques (Hunt et al. 1992; Chicz
et al. 1993). Investigation of the structural requirements for peptide bind-
ing by MHC class II molecules demonstrated that five peptide side chains
contributed to binding (Stern et al. 1994). However, each of these “anchor
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residues” could typically be substituted by a number of other amino acids so
that the resulting peptide binding motifs were highly degenerate (Hammer
et al. 1993). For the multiple sclerosis (MS)-associated HLA-DR2 molecule
(DRA, DRB1*1501) that has been the focus of our studies, three of these five
peptide positions (P6, P7, and P9 pockets) could be substituted by many dif-
ferent amino acids. Even though a higher degree of specificity was observed
for the P1 and P4 anchor residues, substitutions by structurally related amino
acids were permitted (Wucherpfennig et al. 1994a). The crystal structure of
HLA-DR1 with a bound peptide from influenza hemagglutinin (HA, 306–318)
elucidated how peptides are bound with high affinity, despite such degenerate
sequence motifs: A significant fraction of the binding energy is derived from
interactions between the backbone of the peptide and conserved residues of
the MHC class II binding cleft. This structure also demonstrated that the
peptide is buried in the binding site such that substitutions of peptide side
chains located in deep pockets might not interfere with TCR recognition of
the MHC–peptide surface (Stern et al. 1994).

Analysis of TCR recognition of MHC-bound peptides in light of this struc-
tural information demonstrated that specificity was typically confined to
a small number of peptide side chains. For the MBP-specific T cell clones that
we have studied, three peptide side chains in the core of the MBP peptide
(P2 His, P3 Phe, and P5 Lys) were particularly relevant for TCR recogni-
tion (Wucherpfennig et al. 1994a; Wucherpfennig and Strominger 1995). This
observation appeared to be general because similar findings were made for
murine TCR reactive with microbial or self-antigens. Global amino acid re-
placements in the moth cytochrome C (93–103) peptide recognized by murine
I-Ek restricted T cells demonstrated a strong preference for a particular amino
acid at three peptide positions (Reay et al. 1994). For the Ac(1–11) peptide
of MBP that is encephalitogenic in PL/J mice, only four native MBP residues
were required for activation of MBP-specific T cells (Gautam et al. 1994).

On the basis of these considerations, we developed the hypothesis that TCR
recognition is characterized by a considerable degree of cross-reactivity and
that a TCR could recognize a number of different peptides that may be rather
distinct in their sequence. This hypothesis was supported by a reported case
of cross-reactivity where no obvious sequence similarity was present between
the two peptides, as well as the observation that many T cell clones recognized
alloreactive MHC–peptide complexes (Bhardwaj et al. 1993; Burrows et al.
1994).
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2
Development of a Strategy to Systematically Examine
TCR Cross-Reactivity

The challenge therefore was to develop a systematic approach that would al-
low us to identify such peptides even though their structural similarity might
not be evident by conventional sequence alignments. Formation of the tri-
molecular complex of MHC, peptide, and TCR is based on two independent
binding events: high-affinity binding of peptide to an MHC molecule and
the more short-lived association of TCR with this MHC–peptide surface. We
decided to base our strategy on the minimal structural requirements for each
of these two binding events. This approach took advantage of the fact that T
cell epitopes can be mapped to short peptide segments and that the contribu-
tion of individual peptide side chains to MHC binding and TCR recognition
can be evaluated with a series of peptide analogs. Experimentally, this work
focused on T cell recognition of a peptide from human MBP (residues 85–
99) that is bound with high affinity by the multiple sclerosis (MS)-associated
HLA-DR2 molecule (DRA, DRB1*1501) (Wucherpfennig et al. 1994a). Anal-
ysis of TCR cross-reactivity for T cell clones activated by this HLA-DR2/MBP
peptide complex could thus provide insights into disease mechanisms in MS.
We defined the minimal structural requirements for binding of the MBP pep-
tide to HLA-DR2 and for TCR recognition of this MHC–peptide complex and
searched available sequence databases with this motif information. This ap-
proach permitted the identification of many examples of TCR cross-reactivity,
not only for the human MBP-specific T cell clones that we have studied but
also for CD4 and CD8 T cells of both human and murine origin, as described
in some of the other chapters in this volume. A more recent variant of this
approach has been to determine the search motif with peptide analogs in
which all neighboring positions carry mixtures of amino acids (so-called
combinatorial peptide libraries/positional scanning libraries) (Hemmer et al.
1997). These libraries provide less detailed motif information but can be used
on any MHC class II restricted T cell clone.

3
T Cell Clones Can Recognize Multiple Peptides
with Limited Sequence Similarity

The search criteria focused on the two major HLA-DR2 anchor residues of
the peptide (P1 and P4) and four putative TCR contact residues (at P -1, P2,
P3, and P5), all of which were located in a six-amino acid core segment of the
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peptide. In the initial study, we synthesized a panel of 129 microbial peptides
that matched these criteria and tested them for their ability to activate human
MBP-specific T cell clones that had been isolated from the peripheral blood
of two patients with MS. Even though we only analyzed T cell clones that
recognized a single self-peptide, we could identify eight microbial peptides
that activated MBP-reactive T cell clones (Wucherpfennig and Strominger
1995). These peptides were remarkably distinct in their sequence from each
other and the MBP peptide, and only one of the eight peptides had obvious
sequence similarity with the MBP peptide in the core segment. The motif-
based strategy was thus essential for the identification of these peptides. In the
initial study, such peptides were identified for three of the seven T cell clones
that we studied. To determine whether microbial peptides could activate
the majority of these clones, we examined the recognition motif for two of
the four remaining clones in detail and synthesized a panel of peptides that
included sequences from recently characterized microbial genomes. A total of
five bacterial peptides were identified in this set of experiments (Hausmann
et al. 1999a). Thus we have identified a total of 13 microbial peptides that
can activate human T cell clones specific for a single myelin peptide. Because
we could only synthesize a subset of peptides identified in each search and
a number of microbial genomes have not yet been sequenced, it is evident
that a substantial number of microbial peptides can activate T cell clones that
recognize this MBP peptide. These experiments thus demonstrated that T cell
clones could recognize a variety of different peptides with limited sequence
similarity.

A number of different terms have been used to describe this property of
TCR recognition. TCR cross-reactivity describes the basic biological observa-
tion, and plasticity and degeneracy suggest structural mechanisms—mobility
of TCR CDR loops (plasticity) or a relatively poor fit of the TCR on the MHC–
peptide surface (degeneracy). Molecular mimicry has been widely used to
describe the specialized case in which TCR cross-reactivity involves peptides
from an infectious agent and a self-antigen.

4
Activation of MBP-Specific T Cells by Naturally Processed Viral Antigen

One of the viral peptides was derived from the EBV DNA polymerase, and
we examined whether the viral peptide is presented by infected antigen-
presenting cells to MBP-specific T cells. The EBV DNA polymerase gene is
part of the lytic cycle and is therefore not transcribed in EBV-transformed
B cells. However, the lytic cycle and expression of the EBV DNA polymerase
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gene can be induced by treatment of EBV-transformed B cells with phorbol
esters (Datta et al. 1980). A HLA-DR2+ B cell line that had been treated with
a phorbol ester activated a MBP-specific T cell clone that recognized both MBP
and EBV DNA polymerase peptides. T cell activation was blocked by a mAb
specific for HLA-DR, but not by a control mAb against HLA-DQ, and was
not observed when MHC-mismatched EBV-transformed B cells were used as
antigen-presenting cells. These results demonstrated that the MBP-specific T
cell clone recognized not only the EBV peptide but also antigen-presenting
cells in which the viral gene was transcribed (Wucherpfennig and Strominger
1995).

5
Crystal Structure of the HLA-DR2–MBP Peptide Complex

Because the peptides that can be recognized by the same TCR are quite distinct
in theirprimarysequence, an importantquestionrelates to thestructuralbasis
of TCR cross-reactivity. Structural information is also required to determine
why only a subset of peptides that match the MHC binding/TCR recognition
motif activate the appropriate T cell clones. We determined the crystal struc-
ture of HLA-DR2 (DRA, DRB1*1501) with the bound MBP peptide as a step
toward defining molecular mimicry at a structural level (Smith et al. 1998).
Figure 1gives an overview of the structure and illustrates features of HLA-DR2
that are important for MBP peptide binding as well as TCR recognition of the
HLA-DR2-MBP peptide complex. The MBP peptide is bound in an extended
conformation as a type II polyproline helix, and MBP peptide side chains
occupy the P1, P4, P6, and P9 pockets of the binding groove (Fig. 1A). The
two major anchor residues of the MBP peptide (Val and Phe) occupy the P1
and P4 pockets of HLA-DR2. The P4 pocket of HLA-DR2 is distinct from
DR molecules associated with other autoimmune diseases. In HLA-DR2, this
pocket is large and predominantly hydrophobic because of the presence of
a small residue (Ala) at a key polymorphic position (DRβ 71), which per-
mits an aromatic side chain of the MBP peptide to be accommodated (Phe)
(Fig. 1C). The peptide residues shown to be important for TCR recognition of
the MBP peptide (P2 His, P3 Phe, and P5 Lys) are solvent exposed in the struc-
ture of the HLA-DR2-MBP peptide complex (Fig. 1B, D; Fig. 2). The recently
determined structure of the complex of a human MBP-specific TCR (Ob.1A
12 TCR) and HLA-DR2/MBP demonstrated an unusual topology in which
the TCR was shifted to the peptide N-terminus. Rather than being centered
over the P5 peptide residue as in the structures involving microbial peptides
(Garboczi et al., 1996; Ding et al., 1998; Hennecke et al., 2000), the CDR3 loops
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Fig. 1A–D Crystal structure of the complex of HLA-DR2 (DRA, DRB1*1501) and the
MBP (85–99) peptide. A Overview of the structure. MBP peptide side chains that are
located in four pockets of the binding site are indicated: P1 Val, P4 Phe, P6 Asn, and P9
Thr. B Solvent-exposed residues that are important for TCR recognition of the MBP
(85–99) peptide: P2 His, P3 Phe, and P5 Lys. C P4 pocket of the HLA-DR2 binding
site. This large and hydrophobic pocket is occupied by P4 Phe of the MBP peptide.
The necessary room for this aromatic side chain is created by the presence of a small
residue (Ala) at the polymorphic DRβ 71 position. D Close-up view of MBP peptide
residues recognized by the TCR of MBP reactive T cell clones: P-1 Val, P2 His, P3 Phe,
and P5 Lys. Preferences at these positions were considered in the search criteria for the
identification of microbial peptides that activate MBP-reactive T cell clones. (Reprinted
from The Journal of Experimental Medicine, Smith et al. 1998, with permission of the
publisher)
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Fig. 2A, B Electron density and model of the MBP peptide in the binding site of
HLA-DR2. A Experimental electron density of the MBP peptide bound to HLA-DR2.
B. Model of the MBP peptide based on the electron density. The DR2-MBP peptide
complex crystallized as a dimer of dimers, as other HLA-DR molecules (Brown et al.
1993; Stern et al. 1994), and both peptide copies are shown (blue and yellow). The
peptide backbones superimpose in the P1 to P4 segment and are more divergent in the
C-terminal segment because of different crystal contacts. (Reprinted from The Journal
of Experimental Medicine, Smith et al. 1998, with permission of the publisher)

of TCRα and TCRβ are centered over P2 His of the MBP peptide (Hahn et al.,
2005; see book cover). These results provide a potential mechanism for the
escape of these T cells from thymic negative selection.

6
Common Features of Microbial Peptides
That Activate MBP-Specific T Cells

The structural information on the HLA-DR2–MBP peptide complex was used
to dissect the cross-reactive peptides identified for the MBP-specific T cell
clone (Ob.1A12) for which the largest number of stimulatory microbial pep-
tides were identified. The cross-reactive peptides were aligned with the MBP
peptide in order to determine residues that may be located in pockets of the
HLA-DR2 binding site (Table 1). This analysis shows that the HLA-DR2 con-



The Structural Interactions Between T Cell Receptors 27

Table1 Sequencesofmicrobial peptides that activatehumanMBP-specificTcell clones

Peptides that activate T cell clone Ob.1A12 (HLA-DR2 restricted)

Organism Source protein Sequence

Homo sapiens Myelin basic protein ENPVVHFFKNIVTPR

Staphylococcus aureus VgaB VLARLHFYRNDVHKE

Mycobacterium avium Transposase QRCRVHFLRNVLAQV

Mycobacterium tuberculosis Transposase QRCRVHFMRNLYTAV

Bacillus subtilis YqeE ALAVLHFYPDKGAKN

Haemophilus influenzae/
Escherichia coli

HI0136/ORF DFARVHFISALHGSG

Peptides that activate T cell clone Hy.1B11 (HLA-DQ1 restricted)

Organism Source protein Sequence

Homo sapiens Myelin basic protein ENPVVHFFKNIVTPR

Herpes simplex virus type 1 UL15 protein FRQLVHFVRDFAQLL

Adenovirus type 12 ORF DFEVVTFLKDVLPEF

Human papillomavirus type 7 L2 protein IGGRVHFFKDISPIA

Pseudomonas aeruginosa Phosphomannomutase DRLLMLFAKDVVSRN

Microbial peptides that activate two human T cell clones reactive with the MBP (85–99)
peptide are shown. Clone Ob.1A12 is restricted by HLA-DR2 (DRA, DRB1*1501),
and five microbial peptides have been identified that activate this T cell clone. Clone
Hy.1B11 is HLA-DQ1 restricted and activated by four microbial peptides that are
quite distinct in their primary sequence. The peptide from human papillomavirus
type 7 is the only peptide with obvious sequence similarity to the MBP peptide within
the entire set of identified microbial peptides. Residues that are identical between
the MBP peptide and microbial peptides are in bold. The HLA-DQ1-restricted T cell
clone recognizes the same core segment of the MBP peptide as HLA-DR2-restricted
clones (Wucherpfennig and Strominger 1995; Wucherpfennig et al. 1994a; Hausmann
et al. 1999a). ORF, open reading frame.

tact surface of this set of peptides is highly diverse. No sequence identity with
the MBP peptide is required on the HLA-DR2 binding surface, as illustrated
by comparison of the MBP and Bacillus subtilis peptides. Common features
of putative HLA-DR2 contact residues are the presence of an aliphatic residue
in the P1 pocket and a large hydrophobic residue in the P4 pocket. At P6,
a preference for asparagine is observed, whereas the residues that occupy the
P7 and P9 positions are diverse. These data are in agreement with HLA-DR2
binding studies, which indicated that only two positions of the peptide (P1
and P4) were critical for binding and that they could be substituted with other
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aliphatic residues or phenylalanine (P1 pocket) or other hydrophobic residues
(P4 pocket).

Analysis of the residues that may be solvent exposed and that could interact
with the TCR shows a higher degree of sequence similarity/identity, in partic-
ular in the center of the epitope (Table 2). All peptides that activate this T cell
clone carry the two primary TCR contact residues of the MBP peptide (His
and Phe at P2 and P3). Also, a preference for a positively charged residue (Lys
and Arg) is observed at P5. A high degree of sequence diversity is observed
in the N- and C-terminal flanking segments, even though they are required

Table 2 Alignment of microbial peptides based on the crystal structure of the HLA-
DR2–MBP peptide complex

Residues located in HLA-DR2 binding pockets

1 4 67 9

Homo sapiens Myelin basic protein ----V--F-NI-T--

Staphylococcus aureus VgaB ----L--Y-ND-H--

Mycobacterium avium Transposase ----V--L-NV-A--

Mycobacterium tuberculosis Transposase ----V--M-NL-T--

Bacillus subtilis YqeE ----L--Y-DK-A--

Haemophilus influenzae/
Escherichia coli

HI0136/ORF ----V--I-AL-G--

Solvent-exposed residues

23 5 8

Homo sapiens Myelin basic protein ENPV-HF-K--V-PR

Staphylococcus aureus VgaB VLAR-HF-R--V-KE

Mycobacterium avium Transposase QRCR-HF-R--L-QV

Mycobacterium tuberculosis Transposase QRCR-HF-R--Y-AV

Bacillus subtilis YqeE ALAV-HF-P--G-KN

Haemophilus influenzae/
Escherichia coli

HI0136/ORF DFAR-HF-S--H-SG

Peptide sequences were dissected in terms of putative HLA-DR2 anchor residues
and solvent accessible residues that are available for interaction with the TCR. The
HLA-DR2 contact surface of these peptides is highly diverse, and no sequence identity
is observed at these five positions between the MBP and Bacillus subtilis peptides. A
higher degree of sequence similarity/identity is observed for peptide residues that
are likely to interact with the TCR (P2, P3, and P5). Numbers above the sequences
represent positions in a nine-amino acid peptide core, starting with the anchor
residue for the P1 pocket of the binding site.



The Structural Interactions Between T Cell Receptors 29

for efficient T cell stimulation. The recent structure of the Ob.1A12 TCR
bound to HLA-DR2/MBP explains these findings: only two TCR loops contact
side chains of the HLA-DR2 bound MBP peptide (Hahn et et al., 2005). This
TCR therefore forms a smaller interfaction surface with the peptide than the
influenza virus hemmagglutinin-specific HA 1.7 TCR (Hennecke et al., 2000).

The data also indicate that combinatorial effects shape the peptide surface
that can be recognized by a TCR. Analysis of double-amino acid substitutions
of the MBP peptide demonstrated that certain combinations of amino acids
at TCR contact residues were stimulatory, even though the individual analogs
had no activity (Ausubel et al. 1996). This notion is supported by the observa-
tion that the majority of microbial peptides that match the MHC binding/TCR
recognition motif did not stimulate the MBP-specific T cell clones. Identifica-
tion of a complete set of peptide sequences that represent agonists for a TCR
will therefore require analysis of complex peptide libraries. At present, such
analyses represent a technical challenge because a large number of peptides
may need to be sequenced from phage display libraries or peptide libraries on
beads. However, the complexity of the peptide repertoire that is recognized
by an individual TCR may be underestimated unless the combinatorial nature
of peptide recognition by the TCR is taken into consideration.

7
Structural Features of Autoreactive TCRs That Contribute
to the Degree of Cross-Reactivity

Comparison of the MBP (85–99)-reactive T cell clones demonstrated obvious
differences in the degree of specificity/cross-reactivity. For some of the T cell
clones, such as Ob.A12, amino acid identity was required at two TCR contact
residues of the MBP peptide, whereas every TCR contact residue of the MBP
peptide could be substituted by at least one structurally related amino acid
for other T cell clones.

Two of the T cell clones (Ob.1A12 and Ob.2F3) differed only in the CDR3
loops of TCR α and β because they had identical Vα-Jα and Vβ-Jβ rearrange-
ments (Wucherpfennig et al. 1994b). Nevertheless, the clones differed in the
level of cross-reactivity because only three of the five microbial peptides iden-
tified for clone Ob.1A12 activated the other clone. We examined the basis for
the different level of cross-reactivity and found that the clones had a very
similar fine specificity for the MBP peptide, except for the P5 position of the
peptide (P5 Lys). The microbial peptides that activated clone Ob.1A12 were
characterized by conservative or nonconservative changes at P5 (Lys to Arg,
Ser, or Pro). In contrast, clone Ob.2F3 was only stimulated by the peptides that
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had a conservative lysine-to-arginine substitution. The degree of specificity
in recognition of the P5 side chain was the key difference between these TCR
because the Haemophilus influenzae /Escherichia coli peptide stimulated both
clones when the P5 position was substituted from serine to arginine (Haus-
mann et al. 1999a). In the crystal structure of the HLA-DR2-MBP peptide
complex, P5 Lys was a prominent, solvent-exposed residue in the center of the
DR2/MBP peptide surface (Fig. 1). In the Ob.1A12 TCR structure this peptide
side chain is contacted by the outer surface of the CDR3 loop of TCRβ. The two
TCRsdiffer atoneof the residues thatmakesadirect contact toP5Lys, account-
ing for the difference in the degree of TCR crossreactivity (Hahn et al., 2005).

Similar findings were made for MHC class I restricted T cell clones that
recognize the HTLV-1 Tax (11–19) peptide bound to HLA-A2. The crystal
structure of the MHC–peptide-TCR complex has been determined for both of
these TCRs (A6 and B7), which demonstrated major differences in the shape
and charge of the TCR pocket for the P5 peptide residue (Garboczi et al. 1996;
Ding et al. 1998). The B7 TCR was exquisitely specific for P5 tyrosine of Tax
(11–19) because only aromatic substitutions were tolerated. In contrast, the
A6 TCR was much more degenerate at the P5 position because 10 of 17 analog
peptides induced lysis of target cells at lowpeptide concentrations (Hausmann
et al. 1999b). The absolute requirement for an aromatic side chain by the B7
T cell clone could be explained based on the structure of the P5 pocket: The
P5 Tyr represented a tight fit for this TCR pocket and a favorable stacking
interaction between the aromatic ring of P5 Tyr, and an aromatic residue of
the CDR3 loop of the TCR β chain (Y104 β) was observed. In contrast, the A6
TCR had a larger P5 pocket and the P5 Tyr did not interact with an aromatic
TCR residue. These data demonstrate that the TCR CDR3 loops can determine
the degree of specificity and degeneracy of the central TCR pocket.

Further characterization of the peptide from the EBV DNA polymerase
gene demonstrated a second structural mechanism for TCR cross-reactivity.
The HLA-DR2 haplotype that confers susceptibility to MS encodes two DRβ
chain genes (DRB1*1501 and DRB5*0101), both of which can pair with the
nonpolymorphic DRα chain to form functional DR heterodimers (Sone et
al. 1985). Both DR molecules are expressed by antigen-presenting cells in
subjects with the HLA-DR2 haplotype. The Hy.2E11 clone recognized the
MBP peptide bound to DRA, DRB1*1501 molecules, but surprisingly the EBV
peptide bound to DRA, DRB5*0101 molecules. Comparison of the two crystal
structures demonstrated a striking degree of similarity, in particular for the
peptide positions previously shown to be required for TCR recognition (Lang
et al. 2002; Wucherpfennig and Strominger 1995). TCR cross-reactivity can
therefore involve the recognitionofdifferent peptidesbound to the sameMHC
molecule, or recognition of different peptides on other self-MHC molecules.
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8
TCR Cross-Reactivity and Immunopathology

Several different experimental autoimmune diseases have been induced by
immunization with microbial peptides, indicating that cross-reactive T cell
populations can be pathogenic. EAE has been induced in different strains of
mice and in Lewis rats with mimicry peptides of MBP and myelin oligoden-
drocyte glycoprotein (Ufret-Vincenty et al. 1998; Grogan et al. 1999; Gautam
et al. 1998; Mokhtarian et al. 1999; Lenz et al. 2001). However, the physiolog-
ically more relevant question is whether autoimmune disease can also result
from infection with pathogens that carry such T cell epitopes. To address this
question, Olson et al. (2001) generated recombinant Theiler’s viruses in which
the candidate sequences were placed into the leader segment of the virus. The
first recombinant virus carried the sequence of the PLP (139–151) peptide
that is immunodominant in SJL mice, and infection with this virus resulted
in the rapid development of central nervous system (CNS) inflammation and
vigorous CD4 T cell responses to the PLP peptide. It is important to note that
the wild-type Theiler’s virus also induced CNS pathology, but disease onset
was significantly later (day 30 rather than day 10), permitting the two disease
states to be distinguished. Also, tolerance induction with the PLP (139–151)
peptide prevented induction of the early disease process with the PLP (139–
151)-expressing virus, but not the late disease caused by wild-type Theiler’s
virus (Olson et al. 2002). Importantly, CNS autoimmunity could be induced
not only by a virus that carried the self-peptide, but also by a recombinant
virus that expressed a peptide fromHemophilus influenzae shown to stimulate
PLP (139–151)-specific T cells (Olson et al. 2001).

The relationship between autoimmune disease and viral infection has also
been examined with natural pathogens, in particular with the Herpes sim-
plex keratitis (HSK) model (Panoutsakopoulou et al. 2001). Infection of the
eye with Herpes simplex virus (HSV-1, KOS strain) triggers a T cell-mediated
autoimmune process that persists after the virus has been cleared. To rig-
orously test the role of molecular mimicry in this disease process, a single
amino acid substitution was made in the cross-reactive T cell epitope of the
viral UL-6 protein. The mimicry T cell epitope was found to be important
for disease induction in C.AL-20 mice because 1,000-fold larger quantities of
the mutant virus were required than of wild-type HSV-1, even though both
viruses replicated at the same rate. However, in mice that expressed the Cl-6
TCR and therefore harbored large numbers of autoreactive T cells, infection
with HSV-1 was not required because scratching of the cornea or local appli-
cation of LPS was sufficient for the induction of disease. The cross-reactive T
cell epitope was thus required for the expansion of autoreactive T cells, but
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activation of the innate immune system was sufficient when large numbers of
such T cells were already present. This model therefore clarified the poten-
tial contributions of TCR cross-reactivity and “bystander” activation in the
induction of autoimmune diseases.

The diverse nature of the viral/bacterial peptides that stimulate autore-
active T cell clones suggests that different infectious agents could initiate
autoimmunity by molecular mimicry. However, it is important to keep in
mind that a number of other mechanisms could also result in the activa-
tion of autoreactive T cells. The diverse nature of the mimicry peptides and
the ubiquitous presence of some of these pathogens may make it difficult
to establish a direct epidemiological link between infectious agents and the
occurrence of certain autoimmune diseases. In particular, the temporal rela-
tionship between an infection and development of an autoimmune process
may in many cases not be clear because of the time that frequently elapses
before clinical symptoms become obvious and a diagnosis is made. Such epi-
demiological relationships may be more readily established for autoimmune
disorders with a rapid disease onset because early diagnosis can greatly in-
crease the likelihood of establishing a link with a preceding infection. Recent
data have demonstrated a relationship between an inflammatory, demyeli-
nating disease of the peripheral nervous system (Guillain-Barré syndrome)
and preceding infections (Rees et al. 1995). Patients with this disease acutely
develop severe symptoms, and rapid diagnosis permitted isolation of Campy-
lobacter jejuni from approximately a third of new cases, compared to 2% of
household controls. A better understanding of the epidemiology of infectious
agents and autoimmunity could thus help to advance our understanding of
the molecular mechanisms that trigger autoimmune diseases.

9
TCR Cross-Reactivity as a General Property of T Cell Recognition

A large number of studies have now demonstrated TCR cross-reactivity for
a variety of human and murine T cells (Bhardwaj et al. 1993; Hemmer et al.
1997; Grogan et al. 1999; Evavold et al. 1995; Hagerty and Allen 1995; Loftus
et al. 1996; Misko et al. 1999; Brehm et al. 2002). An interesting example is
the melanoma/melanocyte-derived peptide MART-1 (res. 27–35) because it
demonstrates how cross-reactivity can shape the T cell repertoire. In normal
human donors with the HLA-A2 haplotype, T cells specific for this melanocyte
peptide were detected at a surprisingly high frequency, and such T cells could
be visualized directly ex vivo with HLA-A2/MART-1 tetramers (frequency
of ~0.1%). This suggested that these T cells cross-reacted with microbial
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peptides, and a motif search similar to the one that we had performed for
humanMBPspecificTcell clonesyielded12peptides thatwereable to sensitize
target cells for lysis. One of these peptides was derived from the glycoprotein
C of HSV, and anti-MART effectors lysed cells infected with a recombinant
vaccinia virus encoding HSV-1 glycoprotein C (Loftus et al. 1996; Dutoit et al.
2002).

TCR cross-reactivity can also have a profound effect on protective immune
responses toviral pathogens invivo, as shown inamurinemodel inwhichCD8
T cells cross-reacted with peptides from two different viruses—lymphocytic
choriomeningitis virus (LCMV) and Pichinde virus (PV) (Brehm et al. 2002).
LCMV and PV are members of the Arenaviridae family, but the two viruses are
only distantly related as shown by sequence comparison. Prior infection with
eitherLCMVorPVprovidedpartial protectionagainst theheterologousvirus,
and LCMV-immune mice showed a 97% reduction in viral titer compared to
naïve mice when challenged with PV. CD8 T cells from mice infected with
either virus cross-reacted with a nucleoprotein-derived peptide (NP 205–
212) from the other virus; these two nucleoprotein peptides shared six of eight
residues and differed at positions 5 (Tyr versus Phe) and 8 (Leu versus Met).
In LCMV-infected mice the NP 205–212 epitope was subdominant and 3.6%
of CD8 T cells responded to this epitope on day 8 after infection. However,
CD8 T cells specific for this NP 205–212 peptide became the predominant
CD8 T cell population (30% of all CD8 T cells) when mice that had previously
encountered PV were infected with LCMV. These experiments demonstrated
that TCR cross-reactivity influences the hierarchy of CD8 T cell responses and
shapes the pool of memory T cells.

TCR cross-reactivity is also a critical aspect of T cell development in the
thymus, and weaker TCR signals are required for positive selection in the
thymus compared to activation of mature T cells. Positive selection in the
thymus is peptide dependent and is affected by both the density of a particular
MHC–peptide complex and the affinity of the TCR for this complex. In thymic
organ cultures, positive selection was observed with peptides that represented
weak agonists or antagonists for the corresponding mature T cells, or with low
densities of the agonist peptide (Jameson et al. 1994; Sebzda et al. 1994; Alam
et al. 1996). The creation of transgenic mice that expressed a single MHC–
peptide ligand in the thymus provided a striking demonstration of cross-
reactive TCR recognition in thymic development (Ignatowicz et al. 1996). In
this experiment, a peptide was covalently linked to the N terminus of the
MHC class II β chain so that all MHC class II molecules were occupied with
this peptide. The total numbers of CD4 T cells in these mice were ~20%
compared to wild-type mice, and these CD4 T cells expressed a wide variety
of different Vβ segments, indicating that a relatively diverse T cell repertoire
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could develop in the presence of a single MHC class II–peptide ligand. T
cell hybridomas isolated from these mice reacted with peptides that had no
primary sequence identity with the selecting peptide (Ignatowicz et al. 1997).
These experiments demonstrated that T cells could be activated by peptides
that were unrelated in sequence to their selecting peptide.

The examples described above indicate that TCR cross-reactivity is com-
mon and represents an important aspect of TCR recognition. The balance
between specificity and cross-reactivity is likely to represent a compromise
that permits a sufficient number of T cells to recognize a pathogen novel
to the individual’s immune system. The potentially negative impact of TCR
cross-reactivity may be in part balanced by in vivo selection of T cells with
high-avidity TCR for the relevant MHC–peptide complexes. It has been pos-
tulated that a single TCR can recognize 106 different peptide ligands, and
this estimate is based on the observation that a subset of T cell clones can be
activated by complex peptide mixtures in which only one peptide position is
specified (Mason 1998). Although the number of peptide variants that can be
recognized may be very large, the number of natural ligands from microbial
and self-antigens is likely to be considerably smaller. Nevertheless, a number
of different peptides can act as agonists for a given T cell and a considerably
larger number of peptide ligands may induce weak signals, such as those
that promote positive selection in the thymus and survival of naïve T cells in
the periphery. TCR specificity and cross-reactivity thus represent important
aspects of T cell biology.
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Abstract Multiple sclerosis1 (MS) is an immune-mediated autoimmune demyelinat-
ing disease in humans. The initiating event in MS is unknown, but epidemiological
evidence suggests that virus infections may be important and one possible mechanism
for induction of infection-induced autoimmune disease is molecular mimicry. To test
the ability of a virus encoding a self myelin mimic epitope to induce an autoimmune
response, we have developed a mouse model wherein the immunodominant myelin
epitope PLP139–151, or mimics of this epitope, were inserted into a nonpathogenic
variant of Theiler’s murine encephalomyelitis virus (TMEV). SJL mice infected with
TMEV containing PLP139–151 or a mimic of PLP139–151 expressed by the protease IV
protein of Haemophilus influenzae, sharing only 6/13 amino acids with the native
epitope, developed an early-onset demyelinating disease associated with activation of
CD4+ T cells reactive with PLP139–151. We have used this molecular mimicry model to
further address the requirements for mimic epitope processing and presentation dur-
ing infection and the requirements for TCR recognition and MHC binding of mimic
epitopes. We have also investigated whether molecular mimicry may require multiple
infections, with either the mimic-encoding virus or an unrelated virus, to initiate
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autoimmune disease. Finally, we have asked whether a virus encoding a molecular
mimic has to directly infect the target organ to induce autoimmune disease. Overall,
this virus-induced molecular mimicry model has provided critical information re-
garding the mechanisms by which infection-induced molecular mimicry can induce
autoimmune diseases.

1
Introduction

Multiple sclerosis (MS) is a human autoimmune demyelinating disease with
an unknown origin. However, epidemiological evidence suggests that both
genetic and environmental factors play a role in development of the CD4+

T cell-mediated demyelination. There is a higher incidence of MS for people
living in areas with moderate to cold climates (northern and central Europe,
North America, Australia, New Zealand) than for people living in warmer
climates (Asia, Africa). This susceptibility to disease remains with individuals
that migrate from high-risk areas to low-risk areas, but only if relocation
occurs after the age of 15 years (Kurtzke 1993). These data, along with the
fact that MS is not often diagnosed in young children, suggest that risk
factors accrue for many years before the onset of MS. Epidemics of MS have
been reported in Iceland, the Faroe Islands, and the Shetland-Orkney Islands
(Kurtzke 2000; Kurtzke et al. 1993; Kurtzke and Hyllested 1979). Together,
these studies provide strong circumstantial evidence that infectious agents,
particularly those endogenous to areas of high risk, may play an important
role in triggering or propagating MS. Much effort has been put into linking
specific viral and bacterial infections with the development of MS. One study
claims that antigens derived from human herpesvirus type 6 are found in MS
plaques, but not in tissues from patients with other neurological conditions
(Challoner et al. 1995). Also, cerebrospinal fluid (CSF) from MS patients has
been reported to show higher levels of the intracellular bacteria Chlamydia
pneumoniae than CSF from patients with other neurological diseases (Sriram
et al. 1999). Although other reports have contradicted these results (Derfuss
et al. 2001), it is well established that relapses or disease flares in patients
diagnosed with the relapsing-remitting form of MS are often associated with
exogenous infections, in particular, upper respiratory infections (Edwards et
al. 1998; Andersen et al. 1993). In total, over 24 viral agents have been linked
to MS (Fujinami 2001; Olson et al. 2001b).

There are several possible mechanisms by which a pathogen can induce
autoimmune disease. T cells targeting a persistent pathogen may induce by-
stander damage to the surrounding tissue and lead to the release of self-
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antigens; the subsequent generation of autoreactive T cells is known as epi-
tope spreading (Miller et al. 1997; Olson et al. 2001b; Vanderlugt and Miller
2002). Alternately, autoreactive T cells may be activated in a nonspecific man-
ner by the cytokines and other inflammatory mediators produced during
an infection (bystander activation). However, the most widely proposed and
studied mechanism is molecular mimicry, in which T cells generated against
foreign epitopes are also cross-reactive with self-epitopes. Several reports
have shown that MS patients have activated T cells specific for epitopes on
myelin basic protein (MBP) and other myelin proteins, including proteolipid
protein (PLP) and myelin oligodendrocyte glycoprotein (MOG) (Allegretta
et al. 1990; Wucherpfennig et al. 1994b; Zhang and Raus 1994; Bielekova et
al. 2004). Subsequently, eight pathogen-derived peptides including epitopes
from herpes simplex virus, adenovirus, and human papillomavirus, were
identified and shown to activate MBP-specific T cell clones derived from MS
patients (Wucherpfennig and Strominger 1995). Significantly, these peptides
were presented most efficiently by subtypes of MHC class II HLA-DR2 that
are associated with susceptibility to MS. Although these findings demon-
strate that molecular mimicry is a feasible link between infection and MS, the
search continues for more direct evidence of the role of molecular mimicry
in inducing human disease.

It was originally thought that a foreign peptide needed to have signifi-
cant sequence similarity to self-peptide in order to induce an autoreactive
response. It is now known that degeneracy in the TCR allows several different
peptides to be recognized by the same T cell clone (Wucherpfennig et al. 1995).
Likewise, degeneracy in MHC class II binding (Wucherpfennig et al. 1994a)
means that a peptide may need only possess a few critical amino acid residues
in order to activate a T cell. “Noncritical” residues may also contribute to
degeneracy by affecting the overall structure of the peptide, thereby affecting
TCR and MHC binding. One group demonstrated that KRN T cells (expressing
a single TCR) recognize a self-peptide presented by one MHC class II molecule
and a foreign peptide presented by a different MHCII molecule (Basu et al.
2000, 2001). The two peptides only shared sequence similarity at one residue;
thus tight regulation is required to inhibit activation of self-reactive T cells in
vivo. Similarly, it was recently shown that two distinct peptides with limited
conservation of crucial residues can activate a single TCR when presented by
two different MHC molecules (Lang et al. 2002). More specifically, although
both MBP85–99 and EBV627–641 bind DRB1*1501 (HLA-DR2b), only MBP85–99

activates the TCR on the human MS patient-derived T cell clone Hy.2E11 when
presented in the context of this particular MHC molecule, whereas EBV627–641

can activate Hy.2E11 when presented by DRB5*0101 (HLA-DR2a). The in-
ability of EBV627–641 to activate Hy.2E11 in the context of DRB1*1501 likely
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results from a shift in the MHC-binding register. Thus cognate recognition is
dependent upon the peptide-binding registry of both the TCR and MHC class
II (Wucherpfennig et al. 1994a, 1995; Kohm et al. 2003).

2
Virus-Induced Molecular Mimicry Model of Multiple Sclerosis

Theiler’s murine encephalomyelitis virus (TMEV) is a natural mouse
pathogen that is neurotropic and establishes a persistent infection in the
central nervous system (CNS)-resident microglial cell population. The
persistent virus infection of the CNS leads to the activation of virus-specific
CD4+ T cells and subsequent development of autoimmune demyelinating
disease via the process of epitope spreading to myelin antigens, including the
proteolipid protein, PLP139–151, epitope and other minor determinants (Miller
et al. 1997; Vanderlugt and Miller 2002). TMEV-induced demyelinating
disease serves as a mouse model for MS, sharing multiple immunological
and pathological characteristics with the human disease.

Another mechanism by which autoimmune diseases may arise after virus
infection is molecular mimicry. We thus designed a TMEV mouse model of
molecular mimicry-induced autoimmune disease (Olson et al. 2001a). We
originally developed a recombinant TMEV that had a 23-amino acid deletion
in the region encoding the virus leader protein with the insertion of a ClaI
restriction enzyme coding site (∆Cla-TMEV). ∆Cla-TMEV does not persist
in the CNS; thus infected mice do not undergo epitope spreading to myelin
antigens anddonotdevelopdisease.Todeterminewhether thenonpathogenic
∆Cla-TMEV could serve as a vector to test the potential of infection-induced
molecular mimicry to initiate CNS autoimmunity, we inserted the coding
region for immunodominant encephalitogenic myelin antigen, PLP139–151, as
a 30-amino acid insertion, PLP130–159 (Fig. 1) using the ClaI restriction site.
The the 30-mer rather than the minimal encephalitogenic epitope was used
to ensure that disease could only be induced if the T cell determinant was
correctly processed from its flanking residues in the context of the virus
infection.

Mice infected with PLP-TMEV developed an early-onset severe demyeli-
nating disease (7–10 days after infection) associated with an early encephal-
itogenic PLP139–151-specific CD4+ T cell response (arising 7 days after in-
fection) (Fig. 2A) compared to wild-type TMEV with a late disease onset
(30–40 days after infection) and late development (40–50 days after infection)
of PLP139–151-specific CD4+ T cell responses (Miller et al. 1997). Tolerance to
PLP139–151 induced by the i.v. injection of PLP139–151-coupled splenocytes into
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Fig. 1 Construction of TMEV-containing sequences for PLP139–151 and molecular
mimics of PLP139–151. cDNA from TMEV strain BeAn 8386 had a ClaI restriction
site inserted into the leader sequence, resulting in a 23-amino acid deletion. Amino
acid sequences (30–39 residues in length) encompassing the native immunodominant
encephalitogenic myelin epitope proteolipid protein epitope, PLP139–151, H147A and
W144A substituted PLP139–151 sequences, a PLP139–151 mimic epitope from H. influen-
zae, or OVA323–339 control peptide were inserted into the ClaI restriction site in the
viral cDNA. Viral RNA was synthesized and infectious virus was produced in BHK-21
cells and tested for the ability to induce early-onset demyelinating disease

the mouse before infection with the PLP-TMEV prevented development of
demyelinating disease concomitant with reduction of the PLP139–151-specific
CD4+ T cell response (Olson et al. 2002). In addition, PLP139–151-specific CD4+

T cells activated after PLP-TMEV infection were encephalitogenic, as demon-
strated by the ability of these cells to induce disease when transferred to naïve
recipient mice. These data provide proof of principle that SJL mice infected
with TMEV encoding an immunodominant encephalitogenic myelin epitope
develop a pathological CNS autoimmune disease due to infection-induced
molecular identity. Mice infected with ∆Cla-TMEV engineered to express the
non-self OVA323–339 epitope (OVA-TMEV) did not develop the early-onset
demyelinating disease (Fig. 2B) but, interestingly, developed late-onset de-
myelinating disease similar to mice infected with wild-type TMEV.
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Fig. 2 Summary of induction of early-onset demyelinating disease following intrac-
erebral infection of SJL mice with picornaviruses expressing molecular mimics of
PLP139–151. Figure showsapictorial versionof theabilityofTMEVencodingPLP139–151,
OVA323–339, and various molecular mimics of PLP139–151 to induced early-onset de-
myelinating disease following intracerebral infection of SJL mice

To provide proof of principle for infection-induced molecular mimicry
in initiation of CNS autoimmunity, we next engineered the nonpathogenic
parental ∆Cla-TMEV virus to express mimic PLP139–151 sequences containing
nonconservative amino acid substitutions in either the primary or secondary
T cell receptor (TCR) recognition sites (Olson et al. 2001a). Infection of mice
with TMEV containing PLP139–151 with a nonconservative substitution in the
primary TCR site (residue 144), W144A-TMEV, did not induce an early-onset
demyelinating disease and did not activate early cross-reactive PLP139–151-
specific CD4+ T cell response (Fig. 2C); however, these mice developed the
late-onset demyelinating disease similar to the wild-type TMEV-infected
mice. In contrast, mice infected with TMEV containing PLP139–151 with a con-
servative substitution at the secondary TCR recognition site (residue 147),
H147A-TMEV, developed early-onset demyelinating disease and activated
cross-reactive PLP139–151-specific CD4+ T cell responses similar to the mice
infected with the native PLP-TMEV (Fig. 2D). These mimic viruses demon-
strate that a virus encoding an epitope with a similar sequence to self-antigen
can induce an autoimmune disease with cross-reactive CD4+ T cell response.
These viruses further demonstrate that essential MHC class II and TCR recog-
nition sites must be maintained for the TMEV-encoded mimic epitope to
induce CNS autoimmune disease.
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3
Haemophilus influenzae Is a Molecular Mimic of PLP139–151

Next, we wanted to directly test whether a molecular mimic from a microbe
could induce cross-reactive response to PLP139–151 and induce demyelinat-
ing disease. PLP-TMEV was engineered to express a PLP139–151 mimic pep-
tide derived from the protease IV protein (sppA) of Haemophilus influen-
zae, HI574–586 (HI-TMEV) (Carrizosa et al. 1998). This peptide shares 6 of 13
amino acids with PLP139–151 including the primary TCR contact residue at
position 144 and the primary and secondary MHC class II binding residues
(positions 145 and 148) (Figs. 2E, 3B). HI-TMEV-infected mice developed
early-onset demyelinating disease, although the clinical disease was not as
severe as that observed in PLP-TMEV-infected mice (Fig. 3B) (Olson et al.
2001a). HI-TMEV disease induction was characterized by the activation of
CD4+ IFN-γ-producing Th1 cells responsive to both HI574–586 and PLP139–151

(Fig. 3C) and by CNS infiltration of activated CD4+ T cells and F4/80+

macrophages/microglia. Further, peripheral tolerance to either PLP139–151 or
HI574–586 before infection with HI-TMEV or PLP-TMEV decreased clinical dis-
ease and PLP139–151-specific CD4+ T cell responses, definitively proving that
the infection-induced disease was due to the cross-activation of autoreactive
PLP139–151-specific T cells (Croxfort et al. 2005a).

We further wanted to determine whether HI574–586 was a natural peptide
mimic, i.e., could it be processed and presented from within its native se-
quence. A 39-amino acid coding region (HI566–604) from H. influenzae pro-
tease IV gene that encompassed the core epitope HI574–586 mimic epitope was
inserted into the ∆Cla-TMEV (HI39-TMEV). Mice infected with HI39-TMEV
developed an early-onset demyelinating clinical disease, again not as severe
as PLP-TMEV infected mice, but similar to HI-TMEV infected mice (Figs. 2F,
3B). HI39-TMEV-infected mice also developed CD4+ Th1-mediated IFN-γ re-
sponses to both HI574–586 and PLP139–151 (Fig. 3C) of magnitude similar to that
in mice infected with HI-TMEV, indicating that the mimic can be processed
from its native sequence and induce autoreactive PLP139–151-specific CD4+ T
cells. Interestingly, immunizationofSJLmicewithHI574–586 peptideemulsified
in complete Freund’s adjuvant (CFA) does not induce autoimmune demyeli-
nation. Although HI574–586/CFA-immunized mice develop HI574–586-specific
CD4+ T cell responses, as well as cross-reactive PLP139–151-specific CD4+ T
cells, unlike mice infected with either HI-TMEV or HI39-TMEV, the cross-
reactive T cells produced low levels of IFNγ (Olson et al. 2001a). This latter
result indicates that induction of autoimmune disease via molecular mimicry
also requires that the infection promotes the induction of adequate innate
immune signals to promote activation of pathologic cross-reactive Th1-type
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Fig. 3A–C Induction of early-onset demyelinating disease following intracerebral in-
fection of SJL mice with TMEV expressing the native PLP139–151 epitope (PLP-TMEV)
and with a PLP139–151 mimic from the protease IV protein of Haemophilus influen-
zae (HI-TMEV) is associated with the activation of PLP139–151-specific Th1 cells.
A Comparison of the amino acid sequence of PLP139–151 and the H. influenzae prote-
ase IV HI574–586 molecular mimic indicating the primary and secondary TCR and MHC
class II binding residues. B Separate groups of mice (n=8–10) were injected intracere-
brally with 3×107 PFU of recombinant virus PLP139-TMEV, HI13-TMEV, HI39-TMEV,
OVA323-TMEV, or the parental ∆Cla-TMEV virus and observed for development of
clinical signs of demyelinating disease over a 50-day observation period. C Spleen
cells harvested at 21 days PI were rechallenged with viral peptide (VP270–86), myelin
peptides (PLP139–151), or mimic peptide (HI574–586) and supernatants collected after
48 h and measured for IFN-γ secretion by ELISA. *Values significantly above control
levels, p<0.05

T cell responses. These results indicate that HI574–586 can be a naturally pro-
cessed molecular mimic for PLP139–151 only if the proper innate immune
stimuli are present during infection. Collectively, these studies definitively
indicate that infection of the CNS with a pathogen containing a mimic epitope
for a self-myelin antigen can induce a cross-reactive CD4+ T cell response
resulting in autoimmune demyelinating disease.
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4
Multiple Infections with Molecular Mimic-Encoding Pathogens
Increase Disease Severity

As discussed above, epidemiological evidence suggests that MS has a viral
etiology based on migration studies, twin studies, and epidemics of MS in
Iceland and the Faroe Islands (Kurtzke and Hyllested 1986; Kurtzke et al.
1993; Kurtzke 1997; Sadovnick et al. 1993). One hypothesis based on these
studies is that an early childhood infection with a mimic-containing virus
may result in an expanded repertoire of autoreactive T cells that may become
autoreactive memory T cells. These autoreactive memory T cells may be re-
activated on secondary infection with the same virus or a different virus. MS
patients often report respiratory infections preceding the onset of MS symp-
toms (relapses), which would support this hypothesis (Edwards et al. 1998;
Andersen et al. 1993).

We have preliminarily investigated the role of secondary infections in the
clinical disease severity of mice infected with the PLP139–151 mimic-expressing
HI-TMEV virus. Mice reinfected with the HI-TMEV virus 14 days after the
initial infection developed a severe clinical disease resulting in spastic paral-
ysis and severe inflammation of the CNS (Croxfort et al. 2005b). The second
infection with HI-TMEV increased disease severity and inflammation com-
pared to mice infected only once with HI-TMEV. Interestingly, mice infected
with HI-TMEV and reinfected with OVA-TMEV also developed a more se-
vere disease, although less severe than the disease in the HI-TMEV-reinfected
mice. Therefore, we suggest that after the initial activation of cross-reactive
T cells, reinfection with either the primary or a secondary virus can initiate
a cascade of events, which leads to an exacerbation of clinical disease. From
these results there are numerous possibilities with which to test the hypothe-
sis that molecular mimicry can induce severe autoimmune disease, including
reactivation with a secondary infection.

5
Infection of the Target Organ Is Not Required for Autoimmune Disease
Induced by Molecular Mimicry

Autoimmune diseases such as MS are organ-specific, with the autoimmune
T cell response developing to tissue-specific self-antigens. For molecular
mimicry-induced autoimmune disease, it is not known whether the infec-
tion must occur primarily in the target organ or whether it can occur in
a distal site. Direct infection of the target organ may be important for pro-
viding an inflammatory environment for local activation of cross-reactive T
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cells and may be important for tissue damage to release self-antigens into the
inflammatory environment. TMEV is a natural mouse pathogen and is ad-
ministered by intracerebral injection, resulting in a persistent infection in the
CNS throughout the lifetime of the mouse. Thus, in the molecular mimicry-
inducedTMEVmodeldescribedabove, thevirus is injected into theCNStarget
organ and remains persistent in the CNS (Olson et al. 2001a). To attempt to
address the necessity for initial infection of the target organ, we infected SJL
mice with PLP-TMEV by various peripheral routes including intraperitoneal,
intravenous, and subcutaneous (Olson et al. 2002). Mice infected at periph-
eral sites developed mild demyelinating disease associated with activation of
PLP139–151-specific CD4+ T cell responses, suggesting that primary infection
outside of the CNS target organ could induce CNS autoimmune disease.

To further determine whether infection of the target organ is necessary
for molecular mimicry-induced autoimmune disease, we inserted PLP139–151

and HI574–586 into Coxsackie virus B3 (CVB3), a related picornavirus that
primarily infects the heart and pancreas. Mice infected with PLP130–159 ex-
pressed in CVB3 (PLP-CVB3) develop an early-onset mild demyelinating
disease (Fig. 2G) associated with activation of PLP139–151-specific CD4+ T cell
response (unpublished results). Thus these results indicate that initial virus
infection at a site distal to the eventual target organ of the autoimmune disease
can stimulate myelin-reactive CNS-homing T cells via molecular mimicry.

6
Model for Molecular Mimicry
Induced Autoimmune Demyelinating Disease

Our current model for virus-induced autoimmune demyelinating disease via
molecular mimicry is depicted in Fig. 4. A TMEV encoding a mimic of an
encephalitogenic myelin PLP139–151 epitope, such as HI-TMEV, infects the
CNS and the periphery, which activates CD4+ T cells specific for virus anti-
gens, including the mimic epitope. On infection of the CNS, cytokines and
chemokines are expressed that attract CD4+ T cells and professional antigen-
presenting cells (APCs) to the CNS and promote the activation of Th1 type T
cells. The local antigen-presenting cells, microglia, become activated on in-
fection, upregulate MHC class II and costimulatory molecules, and efficiently
present viral antigens to the infiltrating CD4+ T cells (Olson et al. 2001c). Acti-
vation of the APCs can result in release of TNF-α and nitric oxide, which have
been implicated in directly damaging the myelin surrounding the oligoden-
drocytes on the axons (Selmaj and Raine 1988; van der Veen et al. 1997). The
myelin antigens can then be processed and presented by the activated APCs in
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Fig. 4 Molecular mimicry model of autoimmune disease induction. After virus infec-
tion, precursor CD4+ precursor T cells are activated by a virus mimic peptide (1).
Activated virus-specific Th1 (vTh1) cells expressing receptors that recognize both the
viral epitope and a self-myelin epitope migrate through the blood-brain barrier and
enter the CNS parenchyma. Reactivation of the cross-reactive T cells in the infected
organ by tissue-resident APCs presenting the self-peptide mimic and the original
virus peptide (2) results in the release of cytokines and chemokines (3) that recruit
and activate both tissue-resident and peripheral monocytes/macrophages that medi-
ate myelin damage (4). The subsequent release of self-tissue antigens and their uptake
and presentation by APCs perpetuates the autoimmune disease (5)

the CNS to the mimic epitope-specific CD4+ Th1 cells, which also cross-react
with the myelin antigens via molecular mimicry to induce an autoimmune
response. Continued damage from the initial infection or a secondary infec-
tion leads to further activation of the myelin-specific CD4+ T cells, resulting
in the development of chronic autoimmune demyelinating disease.
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7
Conclusions and Perspectives

Collectively, these studies present compelling evidence indicating that virus-
induced molecular mimicry can both induce and enhance a Th1-mediated
CNS autoimmune disease model of MS and may have important implications
for explaining the initiation and relapse phases of MS pathogenesis. The find-
ing that PLP139–151 tolerance significantly inhibits the incidence and severity of
disease following HI-TMEV infection and specifically inhibits both HI574–587-
and PLP139–151-specific CD4+ T cell responses definitively demonstrates func-
tional activation of pathological cross-reactive HI574–586 and PLP139–151 CD4+

T cells. The finding that infection with the HI39-TMEV virus induces a similar
early-onset demyelinating disease and similar activation of PLP139–151-specific
CD4+ Th1 cells as is observed after infection with the HI-TMEV virus demon-
strates that the HI mimic sequence is a natural epitope that can processed and
presented in vivo by SJL APCs to activate PLP139–151-specific autoreactive Th1
cells. This is a significant advanceoverpast descriptionsof pathological mimic
epitopes, which uniformly employ minimal mimic sequences identified in T
cell hybridoma screens for their disease-inducing ability and do not take into
account the possibility that the mimic peptide may not be capable of being
processed from its surrounding amino acid residues in the native mimic pro-
tein. In addition, the model illustrates that a critical component required for
infection-induced initiation of autoimmune disease via molecular mimicry is
the ability of the pathogen to trigger an appropriate innate immune response
leading to efficient expansion and differentiation of pathological autoreactive
Th1 responses. Finally, the demonstration that a secondary infection with
a myelin mimic-expressing neurotropic virus can exacerbate a mild preexist-
ing CNS disease indicates that mimicry may also trigger clinical relapses in
autoimmune disease.

There are numerous outstanding questions relating to molecular mimicry
and MS that we hope to address with our mouse model. The potential require-
ment for target organ infection and persistence of the pathogen in initiation
of autoimmune disease by infection-induced molecular mimicry require fur-
ther study. It is uncertain how similar to the autoepitope a molecular mimic
has to be in order to induce disease in the context of infection-induced innate
immune signals. In addition to the HI mimic, additional pathogen-derived
mimics of PLP139–151 have been identified (Carrizosa et al. 1998). These mim-
ics are naturally expressed by a variety of infectious agents including Es-
cherichia coli, Salmonella, Candida albicans, and mouse hepatitis virus. Each
mimic varies in the degree of similarity to PLP139–151, most significantly at
key MHC binding and TCR recognition residues. Viruses containing these
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mimic sequences are being tested to determine whether these mimics can
induce a cross-reactive PLP139–151-specific CD4+ T cell response. Another
question is, What is the phenotype of the T cell population induced on mimic
infection? As discussed here, HI-TMEV-infected mice develop a less severe
disease than PLP-TMEV-infected mice. This may suggest that the induced
T cell repertoires are different. Studies are under way to determine whether
HI-specific CD4+ T cells are a separate population with a few overlaps with
the PLP139–151-specific CD4+ T cell population, or whether they are a subset
within the PLP139–151-specific CD4+ T cell population. Another line of in-
vestigation is testing whether infection of SJL mice with H. influenzae can
directly activate autoreactive PLP139–151-specific T cells and possibly clinical
CNS disease via molecular mimicry. Finally, double transgenic mice express-
ing a human MBP85–99-specific TCR and either HLA-DR2a or HLA-DR2b are
being tested for induction of CNS demyelinating disease after infection with
TMEV expressing relevant MBP85–99 molecular mimics (Wucherpfennig and
Strominger 1995), which may be more relevant to the etiology of human MS.
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Abstract Molecular mimics of self-antigens can behave as altered peptide ligands
and serve to ameliorate autoimmune disease. Analysis of experimental autoimmune
encephalomyelitis with proteomic autoantibody microarrays reveals that there might
exist a wide variety of microbes with features that mimic self-epitopes. Autoimmunity
could therefore be modulated via microbial immunity, which may account for relapse
and remission of ongoing disease.

Fujinami and Oldstone demonstrated molecular mimicry between myelin ba-
sic protein (MBP) and hepatitis B (Hep B) viral polymerase. When a common
stretch of six amino acids shared between MBP and HepB polymerase was
injected into rabbits, the animals developed inflammatory brain lesions char-
acteristic of experimental autoimmune encephalomyelitis (EAE) (Fujinami
and Oldstone 1985). This seminal paper provided the foundation for the idea
that structural mimicry between microbes and self could lead to autoimmu-
nity, when an immune response launched during an infection with a microbe
cross-reacts with self.

Molecular mimicry refers to structural homologies between a self-protein
and a microbial protein. The concept of molecular mimicry might have patho-
logical consequences and provide a basis for the relapses and remissions so
often characteristic of autoimmune disease. For example, molecular mimics
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may actually modulate the course of multiple sclerosis (MS) and other au-
toimmune diseases. Consider these examples, based on the immune response
in humans with MS to an epitope of MBP: A major epitope of MBP, p87–99
(VHFFKNIVTPRTP), induces EAE in rats and in mice and is a major target of
the immune response in MS (Sakai et al. 1988; Bielekova et al. 2000; Kappos
et al. 2000; Steinman 2001, 2004). Intravenous tolerization to the MBPp87–99
epitope in patients with MS leads to the abrogation of anti-MBP antibodies,
an effect lasting for months after a single intravenous injection (Warren et
al. 1997). In a placebo-controlled double-blinded study administration of an
altered peptide ligand (APL) of MBPp87–99 reduced the number of active
lesions enhancing with gadolinium on magnetic resonance scans (Kappos
et al. 2000). These two examples from actual clinical trials with MS patients
emphasize how an immune response to MBPp87–99 or to an APL based on
MBPp87–99 can either provoke disease or tolerize during the course of on-
going disease. These clinical examples point to the potential relevance of the
“molecular mimicry” hypothesis when applied to human disease.

1
Microbial Mimics Resembling Altered Peptide Ligands
Modulate Animal Models of MS

The pentapeptide VHFFK contains the major residues for binding of this self-
molecule to the TCR receptor (TCR), to the human leukocyte antigen DR2
molecule of the major histocompatibility complex, and to anti-MBP antibod-
ies from MS patients (Warren et al. 1995; Wucherpfennig et al. 1997; Smith et
al. 1998). Peptides from papillomavirus strains containing the motif VHFFK
induce T cells that are capable of transferring EAE (Ufret-Vincenty et al. 1998).
In contrast, Ruiz et al. showed that APL peptides resembling MBPp87–99 pep-
tide, but differing in certain key residues from the native VHFFK, suppressed
EAE. Thus a peptide from human papillomavirus type 40 (HPV 40) containing
VHFFR, and one from HPV 32 containing VHFFH, prevented EAE (Ruiz et al.
1999). The K residue was shown to be the major TCR contact site in SJL mice
for MBPp87–99 (Brocke et al. 1996). Likewise, K at position 91 is the major
TCR contact site in humans for T cell clones recognizing the native VHFFK
bound to human leukocyte antigen DR2 (Vergelli et al. 1998; Smith et al. 1998).

In our EAE studies, in addition to the sequences from HPV 32 and HPV
40, a sequence from Bacillus subtilis (RKVVTDFFKNIPQRI) also prevented
EAE. We also showed that T cell lines, producing interleukin 4 and specific
for these microbial peptides including HPV40, HPV32, and Bacillus subtilis,
suppressed EAE, probably by inducing a Th1→Th2 shift (Ruiz et al. 1999).



Suppression of Autoimmunity via Microbial Mimics of Altered Peptide Ligands 57

These findings demonstrated that microbial peptides, differing from the core
motif of the self-antigen, MBPp87–99, functioned as altered peptide ligands,
and behaved as TCR antagonists, in the modulation of autoimmune disease.

2
Viral Damage, Subsequent Breakdown in Self-Tolerance,
and Epitope Spreading In Animal Models of MS

When certain neurotropic viruses trigger inflammation in the central nervous
system (CNS), immune cells in the inflammatory infiltrate attack neighboring
myelin antigens in the CNS (Miller et al. 1997; Steinman and Conlon 1997).
This immune response then spreads to various epitopes on various myelin
antigens, a process known as epitope spreading (Lehnmann et al. 1992; Miller
et al. 1997). In the context of epitope spreading, molecular mimicry can either
exacerbate or ameliorate disease. A virus that mimics one or more of these
epitopes that are targeted by the immune system after epitope spreading
may trigger a flare-up of demyelinating disease (Ufret-Vincenty et al. 1998),

Fig. 1 Prevention of EAE by passive transfer of T cell lines specific for microbial
mimicry peptides. Mice were injected intraperitoneally with 5 (circles) transfer, mice
were challenged for EAE by immunization with gpSCH. Results are expressed as mean
disease score in groups of five animals. From Ruiz PJ, Garren H, Hirschberg DL,
Langer-Gould AM, Levite M, Karpuj MV, Southwood S, Sette A, Conlon P, Steinman
L (1999) Microbial epitopes act altered eptide ligands to prevent EAE. J Exp Med
189:1275–1284
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whereas APLs resembling the immunogenic portion of certain neurotropic
viruses can suppress EAE (Ruiz et al. 1999, Fig. 1). Earlier work from my labo-
ratory showed that administration of such APLs could lead to the widespread
clearance of inflammatory infiltrates in the brain. Such infiltrates are com-
prised of a diverse collection of T cells and B cells in the brain (Brocke et al.
1996). An APL of MBP p87–99 was able to actually cause such a collection to
disperse from areas of inflammation.

In EAE and MS we have constructed large-scale proteomic microarrays
to assess the diversity of epitope spreading in the autoantibody response
(Robinson et al, 2003). The 2,304-feature myelin proteome arrays contain 232
distinct antigens, including proteins and sets of overlapping peptides repre-
senting MBP, proteolipid protein, MOG, myelin-associated oligodendrocytic
basic protein (MBOP), oligodendrocyte-specific protein (OSP), B-crystallin,
cyclic nucleotide phosphodiesterase (CNPase) and Golli-MBP. These arrays

�
Fig. 2a–c a Hierarchical clustering of antigen features with statistically significant
differences in myelin proteome array reactivity between sera derived from groups of
normal control mice and from groups of mice on recovery from acute EAE induced
with PLP(139–151) (day 17), MBP(85–99) (day 22), or spiral cord homogenale (day
25). Mice were later scored daily for 10 weeks to determine the number of relapses
for each mouse (indicated in parentheses). The average relapse rates for mice included
in the primary subnodes of the dendrogram, and P values by Mann-Whitney test
for the differences in relapse rate between these nodes, are indicated. b, c Antigen
features with statistically significant differences in array reactivity between subsets
of mice with the greatest (three and four) and least (one) number of relapses within
groups induced for EAE with PLP(139–151) or MBP(85–99). SAM (Robinson et al.
2003) was used to identify antigen features with statistically significant differences
in array reactivity between groups of mice. A hierarchical cluster algorithm based
on a pairwise similarity function was applied to order mice based on similarities in
their array reactivities for the SAM-identified features (dendrograms depicting cluster
relationships are displayed above the individual mice), and to order antigen features
based on similarities in reactivities in the mice studied (dendrograms displayed to
the right). Relationships between mice or antigen features are represented by tree
dendrograms whose branch lengths reflect the degree of similarity in array reactivity
determined by the hierarchical cluster algorithm. After clustering, labels were added
above the dendrograms to indicate the location of clusters of mice induced for EAE
with different encephalitogens. With permission from Nature Biotechnology, Vol.
21, pp. 1033 to 1039, Protein microarrays guide tolerizing DNA vaccine treatment
of autoimmune encephalomyelitis. by Robinson, WH, Fontoura P, Lee BJ, Neuman
de Vegvar HE, TomJ, Pedotti R, DiGennaro C, Mitchell DJ, Fong D, Ho PK, Ruiz P,
Maverakis E, Stevens D, Bernard CCA, Olsson T, Martin R, Kuchroo VK, van Noort
JM, Genain CP, Utz PJ, Garren H, Steinman L, et al.
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contained 13 proteins and 219 synthetic peptides, including 4 proteins and
85 peptides from MBP, 3 proteins and 30 peptides from PLP, 3 proteins and
50 peptides from MOG, 2 peptides from MBOP, 1 protein and 16 peptides
from B-crystallin, 20 peptides from CNPase, 1 protein and 11 peptides from
peripheral myelin protein 2 (P2), 2 peptides from the acetylcholine receptor,
and 4 nonmyelin peptides or proteins.

We used myelin proteome arrays to profile autoantibody responses in
serum derived from mice with EAE, and images of representative arrays are
presented in Fig. 2. A similar broad diversity of autoantibody responses is be-
ing detected in cerebrospinal fluid of MS patients and in the serum of patients
with acute disseminated encephalomyelitis (Robinson et al., in preparation).
These studies imply that there might exist a wide variety of microbes with
features similar enough to some or even many of these myelin epitopes. If so,
then modulation of autoimmunity might be triggered or modulated, similar
to what was seen in animal studies of EAE (Wucherpfennig and Strominger
1995; Ufret-Vincenty et al. 1998). A search of the literature reveals that there
are a reasonable number of microbes whose structures resemble many of the
myelin epitopes that are targeted in EAE (Robinson et al. 2003), and in MS
and acute disseminated encephalomyelitis (Robinson et al., in preparation).

First of all it is worth remembering that the homologies between a microbe
and its mimic do not have to be extensive. We demonstrated that a polyala-
nine peptide with only five native MBP residues is able to induce EAE in
(PLSJL/J)F1 mice (Gautam et al. 1995) Further analysis also showed that an
11-amino acid peptide, consisting mostly of alanines with only four native
Ac1–11 residues, was able to induce T cell hybridoma proliferation. Taking
the approach of introducing either d-amino acids or unnatural amino acids
in place of l-amino acids into MBPpAc1–11 analogs, we showed that T cells
recognize only a short stretch of six or seven amino acids. More importantly,
this stretch contains only four native MBPpAc1–11 residues. We also tested
T cell recognition in vivo, using EAE as a measure of activation. We showed
that a short peptide of six amino acids with a core of only five native Ac1–11
amino acids induces EAE (Karin et al. 1998).

Molecular mimicry between Semliki Forest virus and MOG was shown to
induce a chronic onset late EAE, with unusual characteristics including CNS
vacuolation. (Mokhtarian et al. 1999). Hughes and coworkers showed that
“antisera against MBP (residues 110–124) reacted with both Acinetobacter
and Pseudomonas peptides from 4- and gamma-carboxymuconolactone de-
carboxylase, respectively. MOG (residues 43–57) antisera reacted with Acine-
tobacter peptide from 3-oxo-adipate-CoA-transferase subunit A” (Hughes et
al. 2003). Linington and coworkers have shown interesting homologies be-
tween two immunoglobulin supergene family members, MOG and the milk
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protein butyrophilin (Guggenmos et al. 2004). Zhang and coworkers showed
that “greater than 50% of T cells recognizing MBP(93–105) cross-reacted with
and could be activated by a synthetic peptide corresponding to residues 1 to
13 of human herpes virus 6 U24 in MS patients” Tejada-Simon et al, 2003].

As we wrote in 1999, “the interaction of the immune system with microbes
may allow the selection of viral and bacterial subtypes” (Ruiz et al. 1999).
It is interesting to speculate, from our studies with HPV subtypes, “that
attenuation of the immune response by a peptide derived from a papilloma
viral subtype, containinganAPL-likemotif,maybedesirable forviral survival.
A virus capable of subverting the immune response against itself might be
selected because it could survive and persist, instead of being eradicated in
the wake of an autoimmune response.” Arguing from the precedent of T
cells specific for MBPp87–99, “there may be a delicate physiological interplay
betweenself- andmicrobial antigens, allowing themodulationof autoimmune
disease and the persistence and survival of mutant microbes. Attenuating
inflammation in the brain may allow microbes to survive, sequestered within
the central nervous system. It is remarkable that certain viral subtypes are
mutated exactly at a main TCR contact site, and such mutations may represent
an adaptive response of a virus, which then acts as an APL” (Ruiz et al. 1999).
There are now numerous other examples of potential APL-like sequences in
other microbial mimics for other epitopes that are targeted by immunity as
epitope spreading involves in the course of demyelinating disease (Robinson
et al. 2003).
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Abstract The portrait of autoimmune diabetes mellitus or type I diabetes can be
copied by a transgenic model in which either the nucleoprotein (NP) or glycoprotein
(GP) of lymphocytic choriomeningitis virus (LCMV) is expressed in beta cells of the
islets of Langerhans. In the absence of further environmental insult ,diabetes does
not occur. However, when LCMV or a dissimilar virus that shares cross-reactive T cell
epitopes with LCMV initiates infection, diabetes ensues. If the self “viral” transgene
is expressed only in the beta cells, then diabetes occurs acutely within 8 to 12 days.
Specific antiviral (self) CD8 T cells are mandatory for disease, but CD4 T cells are not.
In this instance, diabetes can occur in the absence of infection if interferon γ or B7.1
molecules are also expressed in the islets but not when IL-2, IL-4, IL-10, or IL-12 is
similarly expressed. In contrast, both CD8 and CD4 antiviral (self) specific T cells are
required when the self “viral” transgene is expressed concomitantly in beta cells and in
the thymus. In this instance, infection by LCMV or cross-reacting virus is essential to
cause diabetes. Further, the time from onset of infection until disease depends, in part,
on the host’s MHC background and its quantitative influence on negative selection
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of high-avidity antiviral (self) T cells. Knowledge of the cells, their numbers, and the
molecules required to cause diabetes allows the design of successful strategies to treat
and prevent the autoimmune disease.

1
Introduction

The autoimmune response is a pathway of the immune response that attacks
one’s own tissues and causes disease. Most autoimmune diseases are organ
(tissue) specific, and they develop when lymphocytes or their products (cy-
tokines, antibodies, perforin, etc.) react with a limited number of antigens
in that tissue. The molecular mechanisms leading to autoreactive immune
responses resemble those generated when the body acts to expel foreign anti-
gens such as bacteria, parasites, or viruses. However, in autoimmune disease
either incomplete clonal deletion or formation of clonal anergy of T and or B
cells establishes a population of cells that can, under special circumstances,
react with the host’s antigens. Self-reactive B cells are deleted in the bone mar-
row, and self-reactive T cells are eliminated in the thymus, during ontogeny,
leaving only those cells that are tolerated by the immune system. Autoimmune
disorders are, then, characterized by the breaking of immunologic tolerance
or unresponsiveness to self-antigens. Autoimmune diseases affect about 5% of
people in developed countries (Bach 2002; Jacobson et al. 1997); however, the
incidence of some, such as type 1 diabetes and multiple sclerosis, has signif-
icantly increased over the last few years (EURODIAB ACE Study Group 2000;
Joy and Johnston 2001; National Diabetes Data Group 1995; Wynn et al. 1990).

Genetic traits and environmental factors as well as the interaction between
these elements influence susceptibility to autoimmune diseases (see the chap-
ter on evolution of the concept of molecular mimicry by M.B.A. Oldstone, this
volume, for evidence and references). Of all the relevant environmental on-
slaughts, infection is by far the major initiator or potentiator of autoimmune
disorders (Oldstone 1989, 1998; von Herrath et al. 1998, 2002) (Table 1).

Infections trigger autoimmune disease by at least two distinct mechanisms
that can function independently or together. One mechanism for understand-
ing how infectious agents cause autoimmunity is molecular mimicry, which is
the subject of this volume of Current Topics in Microbiology and Immunology.
Molecular mimicry in nature is common (Srinivasappa et al. 1986) (see the
chapter on evolution of the concept of molecular mimicry by M.B.A. Old-
stone, this volume). Experimentally, roughly 5% of monoclonal antibodies
generated against a variety of RNA and DNA viruses cross-react with tissue
proteins native to test animals. The potential for cross-reactivity of antigens
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Table 1 Mechanisms by which infectious agents trigger autoimmune disease

in host tissues with autoreactive T cells also exists, because a single T cell re-
ceptor (TCR) can recognize a broad range of epitopes, including host and viral
peptides consisting of sequences that are common to both and those unique
to each (Hemmer et al. 2000; Mason 1998). An individual T cell has been
calculated to be capable of recognizing more than a thousand distinct peptide
epitopes (Mason 1998), although only a few would bind with a sufficient affin-
ity to allow positive selection in the thymus or escape from negative selection
with survival in the periphery. Molecular mimicry can also be initiated in
other ways. For example, a virus that persists in a selected organ (Oldstone et
al. 1984) could serve as a target for the immune response generated later in life
after a second virus infection. Experimental evidence for such a scenario was
recently suggested by Pinschewer and colleagues (Merkler et al. 2005). Epi-
tope spreading as defined by Sercarz’s and Miller’s groups provides a means by
which cryptic antigen can be uncovered and brought into play after the initial
immune attack, thus potentiating related disease by several independent and
distinct immune response pathways (McRae et al. 1995; Miller et al. 2001). In
contrast and distinct from molecular mimicry, a microorganism may induce
autoimmune disease via a bystander activation pathway. Here the mechanism
is not antigen specific. Instead, the microbial infection either releases pre-
viously sequestered antigens or stimulates cytokines and chemokines, both
of which activate antigen-presenting cells and attract lymphoid cells into the
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target area (Horwitz et al. 1998, 2002). However, the role of bystander cells is
still not clear and may vary depending on the experimental system. For exam-
ple and in contrast to Horwitz’s data (Horwitz et al. 1998, 2002), bystander T
cell migration to the islets of Langerhans and the CNS without causing tissue
injury have also been recorded (Holz et al. 2001; McGavern and Truong 2004;
Rhode et al. 2005; von Herrath et al. 1995a).

This review focuses primarily on evidence from the author’s laboratory in-
dicating how a virus infection can break immunologic tolerance and, through
the mechanism of molecular mimicry, can cause autoimmune insulin-
dependent diabetes (IDDM). The work discussed has been carried out over
the last 20 years with several gifted colleagues in the Viral-Immunobiology
Laboratory, including Peter Southern, Michael Nerenberg, Matthias von Her-
rath, Jean Edouard Gairin, Andreas Holz, Dirk Homann, Noemi Sevilla, Kurt
Edelmann, Urs Christen, Dorian McGavern, Antoinette Tishon, and Hanna
Lewicki, as well as with several external colleagues: Marshall Horwitz, Jacques
Miller, Nora Sarvetnick, Andrew Luster, Mark Slifka, and Richard Flavell.

2
Experimental Model Designed to Test How Molecular Mimicry Occurs
and Produces Virus-Induced Autoimmune IDDM

To better understand the events and molecules involved, we designed a trans-
genic model and developed the strategy (Oldstone et al. 1991) displayed in
Fig. 1. With the rat insulin promoter (RIP), the glycoprotein (GP) or nucleo-
protein (NP) of lymphocytic choriomeningitis virus (LCMV) was expressed
in the beta (β) cells of the islets of Langerhans of these mice. The GP and NP
genes were chosen because they encode the vast majority of dominant and
subdominant epitopes recognized by T cells generated during LCMV infection
(Ahmed et al. 1984; Riviere et al. 1985, 1986). In contrast, two other LCMV
genes are not T cell provocateurs: the polymerase (L), which rarely elicits a T
cell response (Lewicki et al. 1992; Riviere et al. 1986), and Z, which up to
now has not produced a recognizable response (Homann et al. 2001; Oldstone
and Tishon 2004). The general findings of this model are outlined in Fig. 1.
In a variation of this model, we expressed the LCMV GP or NP transgene in
the thymuses of some transgenic lines as well as in the β cells of their islets
(Oldstone et al. 1991; von Herrath et al. 1994b) (Fig. 2). By this means, we were
able to evaluate the role of the thymus and the occurrence of autoimmune
disease in the presence or absence of negative selection (Fig. 2). Whether or
not the RIP-LCMV GP or NP mice had thymic expression of LCMV GP or
NP, diabetes did not occur spontaneously (incidence less than 0.01%) unless
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Fig. 1 Cartoon illustrating how a model of IDDM in transgenic mice was caused by
molecular mimicry and the phenotype of this disease

tolerance was broken either by viral infection or by other means, as described
below, and then the incidence was >90% (Oldstone et al. 1991).

3
Role of the Thymus in Autoimmune Disease

When the transgene was not expressed in the thymus but only in β cells of the
islets of Langerhans, potentially autoreactive T cells of high affinity passed
through the thymus by positive selection and migrated to the periphery (von
Herrath et al. 1995b) (Fig. 3). Under these circumstances, tolerance could be
spontaneously broken by interferon (IFN)-γ or B7.1 expressed in the β cells
(Lee et al. 1995; von Herrath et al. 1995b), resulting in diabetes. However, the
expression of neither interleukin (IL)-2 nor IL-12 was able to break tolerance
(Holz et al. 2001; von Herrath et al. 1995a). On challenge with LCMV, toler-
ance was broken, and IDDM followed within 7–12 days in RIP-LCMV mice.
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Fig. 2 Role of the thymus in the kinetics of IDDM establishment and in CD8+ T cell-
dependent but CD4+ T cell-independent injury. When the viral transgene is expressed
only in pancreatic β cells, disease occurs rapidly within 7 to 12 days after viral infection
andrequiresonlyCD8Tcells asobserved inRIP-LCMVmice lackingCD4orCD8Tcells
(knockout background) or after depletion of either CD4 or CD8 T cell populations with
monoclonal antibodies specific to each. In contrast, when the transgene is expressed
in the thymus as well as the β cells, the onset of disease is slower, i.e., IDDM occurs
in months instead of days. Further, CD4 and CD8 antigen-specific T cells are both
required (see von Herrath et al. 1994b)

This IDDM did not require CD4 T cell participation; only CD8 T cells were
needed (Laufer et al. 1993; von Herrath et al. 1994b) (Fig. 2). The mechanism
involved is displayed in Fig. 3. Figure 4 lists the molecules we found that could
break tolerance in the absence of viral infection or effectively enhance the
autoimmune disease in association with viral infection. These studies were
performed on double transgenic mice that expressed the molecule(s) shown
in Fig. 4 along with the viral transgene solely in the β cells of the islets of
Langerhans (Holz et al. 2001; Lee et al. 1994, 1995; Mueller et al. 1995, 1996;
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Fig. 3 Activation of positively selected high-affinity antiviral (self) autoimmune cells
in the periphery causes acute-onset IDDM. In this scenario, the transgene (viral, self)
determinant is in the β cells of the islets of Langerhans but not in the thymus

von Herrath and Oldstone 1997; von Herrath et al. 1995a, 1995b). A similar
transgenic model of acute autoimmune diabetes was simultaneously devel-
oped and reported by Ohashi and colleagues (Ohashi et al. 1991). However,
both models recapitulate the less common form of this autoimmune disease,
e.g., rapid-onset IDDM. Instead, autoimmune diseases commonly take sev-
eral months or years to develop after the initial stimuli. Our model in which
the cross-reactive epitope lies both in the thymus and in the target organ
(Figs. 2, 5) best mirrors autoimmune diseases like IDDM. T cells are essential
in causing IDDM; neither B lymphocytes nor antibodies are needed (Holz et
al. 2000).
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Fig. 4 Summary of data from double-transgenic mice. The molecules displayed are
expressed under control of the RIP promoter and then crossed to RIP LCMV transgenic
mice and are associated with the spontaneous development of IDDM with or without
virus infection. In these mice, infection enhances the kinetics and severity of IDDM

The thymusplayed twootheressential roles.Thefirst role is the relationship
between MHC haplotype and thymic control over negative selection. For these
studies, the LCMV NP gene was expressed in the thymus with the Thy1.2
promoter (von Herrath et al. 1994a). On primary challenge with LCMV, H-2d

BalbandH-2b C57Bl/6mice,not expressingLCMVNPin their thymi,mounted
a cytotoxic T lymphocyte (CTL) response to an immunodominant domain
of the NP at aa 118–127 and aa 396–405, respectively. In the transgenic mice
with LCMV NP expressed in their thymi, this high-affinity CD8 CTL response
was deleted but a low-affinity NP CTL response was made. Dilutions of H-2b

or H-2d NP peptide indicated that 3 to 4 logs less of the H-2b NP peptide
were required to sensitize syngeneic target cells for CTL-specific lysis than
that needed by the H-2d NP peptide. In contrast, equivalent amounts of both
peptides were required to sensitize target cells taken from normal, non-Thy1.2
NP transgenic mice. When the LCMV NP transgene was expressed in both the
thymus and islet β cells, the H-2b mice developed IDDM sooner (1–2 months)
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Fig. 5 Cartoon of steps involved in causing autoimmune disease with low-affinity
antiviral (self) T cells in the periphery. In this scenario the transgene (virus, self
determinant) is expressed both in the β cells of the islets of Langerhans and in the
thymus

than H-2d mice (3–4 months) or H-2k mice (6 months); the latter also required
less peptide than H-2b mice for sensitization. Thus MHC control over thymic
selection helps to dictate the numbers and affinities of antigen-specific T cells
in the periphery. This, in turn, is associated with the kinetics (1–2 vs. 3–4 vs.
6 months) and severity (H-2b>H-2d>H-2k) of ensuing disease.
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The second essential role of the thymus in this context is its impact on
the avidity of T cell responders. We had noted a choice of subdominant CD8
T cells for preferential escape from negative selection, resulting in alteration
of the antiviral T cell hierarchy (Slifka et al. 2003; von Herrath et al. 1994a)
(Fig. 6). As an example, in H-2d mice infected with LCMV Armstrong (ARM),
the immunodominant viral epitope is NP aa 118–126, whereas the subdomi-
nant epitopes are GP 283–292 and NP 313–321. When we created transgenic
mice that expressed LCMV ARM NP in the thymus, CD8 T cells specific for the
subdominant epitope NP 313 were essentially unaffected by thymic and/or
positive selection. In contrast, the T cell response against the dominant epi-
tope NP 118 was significantly compromised in terms of both functional avidity
and structural avidity. The functional response was quantitated by stimula-
tion with subsaturating amounts of peptides or activation by various peptide
analogs. The avidity of the dominant T cell populations could be determined
by peptide-tetramer binding assays (Slifka et al. 2003). In terms of negative
selection events that occurred in vivo, three important points were uncovered.
First, CD8+ T cells specific for subdominant epitopes escaped virtually un-
scathed from negative selection in the thymus and peripheral organs. Second,
the most promiscuous CD8+ T cells specific for an immunodominant self-

Fig. 6 Negative selection of CD8 T cells in the thymus alters the hierarchy of the
antiviral (self) autoaggressive cells (see Slifka et al. 2003; von Herrath et al. 1994a)
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epitope were deleted during negative selection. Third, CD8+ T cells specific
for dominant epitopes were deleted as a function of their structural avidity,
but this deletion caused no major changes in expression levels of TCR or in
the family of Vβ genes used. Thus the process of negative selection narrows
the structural diversity of the peripheral T cell pool, but without necessarily
leading to unacceptable defects within the TCR repertoire.

4
Molecular Mimicry and Quantitation of Antigen-Specific T Cells Required
to Cause IDDM Autoimmune Disease

Molecular mimicry is not necessary for but can play a role in the activation
of high-affinity antiviral (self) autoimmune T cells in the periphery (Fig. 3).
However, molecular mimicry is essential for the expansion and activation
of low-affinity antiviral (self) autoimmune T cells in the periphery (Fig. 5).
In addition, the initiating virus must be tropic for the target organ attacked
by the immune cells. This local infection prepares the tissue for an eventual
autoimmune assault (von Herrath and Holz 1997). These events are portrayed
in Fig. 5. This assault is specific, as we showed by using RIP-LCMV NP H-2b

(Balb) transgenicmice inwhich theLCMVARMNPis expressed in the thymus
and β cells and low-affinity anti-LCMV NP (self) autoimmune T cells are in
the periphery. As Fig. 7 illustrates, only infection with LCMV strains ARM or
E350 can cause IDDM (defined as a blood glucose level above 300 mg/dl) in
a CD8 sufficient mouse (Fig. 7). Diverse RNA and DNA viruses like Coxsackie,
vaccinia, herpes simplex (not shown), or Pichinde cannot. Similarly, LCMV
strains Pasteur and Traub, which share over 95% homology of NP with ARM
and E350, cannot elevate blood glucose levels or cause CTL migration into
the islets to cause IDDM. As quantitated by limiting dilution analysis, at least
one antigen-specific CD8+ cell per approximately 1,000 total CD8 T cells is
required to cause IDDM. The Pasteur strain of LCMV fails to make sufficient
CTL to cause IDDM because it has three amino acid mutations in the single
immunodominant NP epitope 118–127, with L substituting for P at aa 119,
K for Q at aa 120, and T for A at aa 121. The Traub strain has a NP 118–127
sequence homologous with that of ARM and E350 but substitutes an A for
a T at position 131. Transfection studies show that this mutation in the COO–

flanking region significantly alters intracellular processing of the Traub NP
(Sevilla et al. 2000). Yet Traub, Pasteur, E350 and ARM strains of LCMV all
cross-react with each other at the T cell level at the NP aa 118–128 CD8 epitope.
Thus the inability to generate sufficient effector CTL for cross-reacting viruses
that fail to cause IDDM can be mapped to point mutations in the CTL epitope
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Fig.7 Bothspecificityandaquantifiablenumberofantigen-specificTcells are required
to cause the autoimmune disease

per se or its COO- flanking region. These important data indicate that neither
the standard epidemiological markers nor molecular analysis with nucleic acid
probes currently in use reliably distinguish among viruses that do or do not
cause IDDM and that the same likely holds true for other autoimmune diseases.

Recently, Dorian McGavern established a quantitative assay for evaluating
the migration and deposition of antigen-specific CD8 T cells required to cause
disease (McGavern et al. 2002). For this technique, one crosses transgenic mice
that express green fluorescent protein (GFP) under a beta actin promoter
with transgenic mice having immunodominant H-2Db-restricted LCMV CD8
TCR. The double-positive cells are isolated and adoptively transferred into
syngeneic RIP LCMV mice. On LCMV challenge, the TCR (GFP staining)
cells rapidly expand by several magnitudes and move to the target area. This
assay allows direct counting of migrating and target-resident antigen-specific
CD8 cells (or CD4 T cells when GFP-expressing mice are crossed to TCR CD4
cells) in the organ afflicted with autoimmune disease. According to this assay,
approximately four million antigen-specific CD8 T cells must occupy the islets
to cause IDDM (Christen et al. 2004b).

Definitiveevidence formolecularmimicrycausing IDDMin theRIP-LCMV
model, as cartooned in Fig. 5, was recently observed when H-2b transgenic
mice inoculated with Pichinde virus failed to develop the expected IDDM
yet did so when inoculated with LCMV ARM (Figs. 7, 8A). The cause of
this IDDM had absolute immunologic specificity, i.e., the source was CTL
against the immunodominant H-2b Db-restricted LCMV ARM NP epitope aa
396–404. This conclusion was confirmed when a variant LCMV ARM with
L substituted for F at aa 403 failed to cause IDDM (Fig. 8A) and also failed
to elicit a virus-specific CD8 CTL response (Lewicki et al. 1995a, 1995b). As
anticipated, removal of the effector CD8 T cells genetically or with anti-CD8 T
cell antibody aborted the ability of LCMV ARM to cause IDDM. However, in
a two-step protocol with LCMV given first to activate low-affinity anti-LCMV
NP (self) CD8 T cells, followed 3 to 4 weeks later by exposure to Pichinde
virus, the incidence of IDDM over that caused by LCMV inoculation alone
was accelerated and enhanced (Christen, Edelmann et al. 2004b) (Fig. 8B).
It was subsequently shown that the Kb-restricted Pichinde virus epitope NP
aa 205–212 YTVKFPNM dramatically enhanced a subdominant LCMV NP
epitope NP aa 205–212 YTVKYPNL (Fig. 8C) as initially shown by Ray Welsh.
When these studies were repeated on Kb knockout mice, neither the NP
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Fig. 8A–C Molecular mimicry accelerates autoimmune IDDM by expanding cross-
reactive CD8 T cells that interact with the subdominant domain of NP aa 205–
212 of Pichinde virus and with LCMV ARM (see Christen et al. 2004b for details).
A Inoculation of RIP LCMV-NP mice that contain the NP transgene in both the thy-
mus and pancreatic β cells with 1×105 PFU of LCMV ARM causes IDDM in 90% of
mice (28 per group) by 12 weeks. The immunodominant epitope is NP aa 396–404.
Inoculation of 1×105 variant LCMV ARM that contains a single aa substitution in
this epitope is unable to generate LCMV-specific NP CTL and cannot cause IDDM.
However, this variant LCMV generates CTL to GP epitopes (see references in Lewicki
et al. 1995a, 1995b). Inoculation of 1×105 Pichinde virus (PV) fails to cause IDDM
after a 20-week observation period. B When PV is given 4 weeks after primary LCMV
ARM CTL in RIP LCMV-NP transgenic mice, 50% of mice develop IDDM by 5 weeks
of age as compared to 50% of mice given LCMV ARM requiring 12 weeks. In contrast,
administering PV followed by LCMV or another inoculation of PV results in less than
7% of mice developing IDDM over a 16-week observation period. C Expansion of NP
205 CTL by molecular mimicry. Numbers of NP 205–212 CTL are enhanced in LCMV-
primed recipients of PV inoculation 4 weeks later (data for two mice shown; mouse
1 LCMV primed + PV, mouse 2 LCMV primed + PV). This response is Kb- not Db

restricted, and Pichinde virus-induced IDDM does not occur in Kb knockout mice (see
Christen et al. 2004b). The expansion and migration of these additional Kb-restricted
NP aa 205–212 CD8 antigen-specific T cells to the islets of Langerhans can be detected
by using a tetramer technique (see Christen et al. 2004b). As a result, the number of
specific autoaggressive CD8 T cells increases to the level required to kill sufficient β
cells to cause IDDM



Molecular and Cellular Mechanisms, Pathogenesis, and Treatment 79

205–212 CTL response nor the IDDM occurred after Pichinde virus infection
(Christen et al. 2004b). Further, with the use of tetramer technology to mark
antigen-specific CD8 T cells in the islet tissue in KbDb sufficient mice given
the double infection of LCMV ARM followed by Pichinde virus, it was noted
that Kb-specific CD8 T cells were absent in Kb knockout mice that failed to
develop IDDM but were present in Kb-sufficient mice that became diabetic.

5
Successful Treatment and Prevention of IDDM Autoimmune Disease

Understanding and quantitating the events underlying IDDM in the RIP-
LCMV model allowed us to design therapeutic approaches to prevent or halt
this virus-induced autoimmune disease. Table 2 lists the successful procedures
and the mechanistic basis of their functions. Briefly, when the cytokine profile
in the islet of Langerhans milieu was changed from a Th1 to a Th2 phenotype
(IFN-γ to IL-4, IL-10, TGF-β), IDDM was blocked (Homann et al. 1999; Lee
et al. 1994, 1996; Mueller et al. 1995, 1996; von Herrath et al. 1996). One
interesting way this occurred was through the oral administration of porcine
insulin (Fig. 9, left upper panel) (Homann et al. 1999; von Herrath et al.
1996). This therapy had no demonstrable effect on the precursor frequency of
effector CD8+ CTL. However, when a single or double amino acid change was
made in the β chain of the insulin molecule that ordinarily protected against
IDDM, the protective effect was lost, and some preparations even enhanced

Table 2. Successful therapies to treat and prevent IDDM
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Fig. 9 Oral insulin or inoculation of a designer peptide successfully blocks the occur-
rence of IDDM. Left upper panel: Oral injection of insulin prevents IDDM by altering
the islet milieu with a decrease of T lymphocytes expressing IFN-γ replaced by T
lymphocytes expressing IL-4 (see Homann et al. 1999; von Herrath et al. 1996). Lower
panel: Creation of a designed peptide capable of blocking natural Db epitopes for
CD8 T cells (see Oldstone et al. 1999). nM, 50% inhibition, with a value of <50 nM
being a good binder. The engineered peptide is able to block CTL-mediated killing by
the three immunodominant CTL epitopes displayed. Right upper panel: The designer
peptide, when administered to RIP-LCMV NP H-2b mice, aborts the expected IDDM
after inoculation of such mice with LCMV. Here the numbers of effector CTLs is sig-
nificantly reduced from 1 antigen-specific CD8 T cell per 130 total CD8 T cells to 1
antigen-specific T cell to 6,000 total CD8 T cells, thereby abrogating the diabetic onset

Fig. 10 Expression of the E3 transcriptional complex of adenovirus in β cells of the
islets of Langerhans aborts IDDM in RIP-LCMV mice. Left upper panel: Generation
of double-transgenic mice. Right upper panel: The expression of E3 in β cells prevents
IDDM (see von Herrath et al. 1997). Subsequent experiments implicate the GP-19 tran-
scriptional unit as likely responsible for downregulating the relevant MHC molecule.
Lower panel: Lack of migratory lymphocytes (left) in a RIP LCMV×RIP E3 transgenic
mouse treated with LCMV. In the lower right panel, lymphocytes are clearly visible in
a similarly treated single transgenic RIP LCMV mouse
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the IDDM. In the latter instances, transgenic mice got IDDM within 1 week
after LCMV challenge. This outcome documents how little we know about
what controls immunity vs. tolerance with respect to oral therapy. A second
approach was to design a peptide that bound at high affinity to the MHC
allele involved in IDDM (Fig. 9, lower panel) (Oldstone et al. 1999). After
administration of this reagent, IDDM did not occur; although CD4+ and
CD8+ T cells were not found in the islets (Fig. 9, upper right panel). What this
peptide therapy accomplished was to reduce the numbers of antigen-specific
T cells so that too few remained to cause IDDM. A third approach was to abort
expression of the MHC class I molecule by expressing the E3 transcription
complex of adenovirus in β cells with the RIP promoter (Fig. 10) (von Herrath
et al. 1997). The focal reduction of MHC class I expression in the islets was
associated with a normal precursor frequency of CD8+ CTL. Effector T cells
did not accumulate in the islets, so IDDM did not develop. Preliminary studies

Fig. 11 Neutralization of the chemokine IP-10 produced in the islets after virus infec-
tion aborts the expansion and migration of lymphocytes into the islets and prevents
IDDM (see Christen et al. 2004a). The induction of IP-10 in the islets in vivo within 24 h
after LCMV infection is shown in the upper left panel. Note the lower levels of other
chemokines in the islets at this time. Treatment with antibody to IP-10 diminishes
the migration of antigen-specific T cells into the islets (lower panel) and aborts the
expected occurrence of IDDM (right upper panel)
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with Marshall Horwitz using RIP E3×RIP-LCMV transgenic mice in which
various transcription factors of E3 gene were knocked out suggested that
deletion of GP-19, which decreases MHC molecules but leaves intact FAS
and TNF-α, aborts the protective effect of the E3 gene. When, instead, the
transcripts for TNF and FAS were deleted but GP-19 remained intact, the E3
gene kept its protective effect.

A fourth therapeutic approach was to discourage the expansion and migra-
tion of antigen-specific T cells to the islet target tissue. This was accomplished
by using antibody to IP-10 (Christen et al. 2004a). Within the first 24 h of an
initial infection with LCMV, we noted that IP-10 levels were enhanced nearly
200-fold over baseline values in the islets (Fig. 11, left panel). Our subsequent
treatment with neutralizing antibodies to IP-10 (Christen et al. 2004a) pre-
vented the expansion and migration of antigen-specific T cells to the target
tissue and to the islets of Langerhans (Fig. 11, lower panel), thereby aborting
the otherwise inevitable IDDM (Fig. 11, right panel).

6
Conclusions

Infectious agents, particularly viruses, are implicated in autoimmunity on
the basis of three findings. The first is that autoimmune responses made de
novo or those already present are enhanced by infection with a wide variety
of human DNA and RNA viruses. This point is strengthened by the second
finding that, in several experimental animal models, both acute and persistent
virus infections can induce, accelerate, or enhance autoimmune responses
and cause autoimmune disease. Third, with an investigative approach that
focuses on one potential mechanism whereby microbes cause autoimmunity,
i.e., molecular mimicry, a number of etiologic agents have been defined as
potential causes of autoimmune disease.

Analysis of molecular mimicry in an animal model of IDDM reveals several
important concepts that challenge how current epidemiological surveys are
employed to seek the causative agents of human autoimmune diseases. First,
the initiating event (viral infection) absolutely must begin the autoimmune
process, but, in most instances, this instigator is gone from the host by the time
that autoimmune disease becomes manifested (a hit-and-run phenomenon).
One or multiple infections that follow are or may be by themselves not suffi-
cient to directly cause autoimmune disease but, by eliciting a cross-reactive
immune response, can enhance the number of activated antiself T cells to the
levels necessary for disease. Thus epidemiological studies carried out not at
the earliest stage, but instead when disease is overt, are unlikely to identify the
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initiating agent. Finally, a few point mutations in the T cell epitope or in the
flanking sequences allow one to detect viruses that cross-react immunologi-
cally and are definable in Northern or Western blots, but the cross-reaction,
per se, is inefficient in generating the numbers of antigen-specific T cells
required to cause disease. Thus serological profiling and gene probes as cur-
rently used to seek the etiologic agents of diabetes and other autoimmune
disease will likely miss the agent(s) of interest that cause the disease.

Finally, and importantly, because a quantifiable number of antigen-specific
autoreactive cells are an absolute requirement to cause autoimmune injury
and disease, the design and use of strategies that limit and reduce that number,
even when not depleting all the autoaggressive cells, should be effective in
treating and preventing autoimmune attacks, as well as enhancing the survival
of islet grafts.
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Abstract Chagas’ disease, caused by Trypanosoma cruzi, has been considered
a paradigm of infection-induced autoimmune disease. Thus, the scarcity of parasites
in the chronicphaseof thedisease contrastswith the severe cardiacpathologyobserved
in approximately 30% of chronic patients and suggested a role for autoimmunity as
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the origin of the pathology. Antigen-specific and antigen-non-specific mechanisms
have been described by which T. cruzi infection might activate T and B cells, leading
to autoimmunity. Among the first mechanisms, molecular mimicry has been claimed
as the most important mechanism leading to autoimmunity and pathology in the
chronic phase of this disease. In this regard, various T. cruzi antigens, such as B13,
cruzipain and Cha, cross-react with host antigens at the B or T cell level and their role
in pathogenesis has been widely studied. Immunization with those antigens and/or
passive transfer of autoreactive T lymphocytes in mice lead to clinical disturbances
similar to those found in Chagas’ disease patients. On the other hand, the parasite
is becoming increasingly detected in chronically infected hosts and may also be the
cause of pathology either directly or through parasite-specific mediated inflammatory
responses. Thus, the issue of autoimmunity versus parasite persistence as the cause
of Chagas’ disease pathology is hotly debated among many researchers in the field.
We critically review here the evidence in favor of and against autoimmunity through
molecular mimicry as responsible for Chagas’ disease pathology from clinical, patho-
logical and immunological perspectives.

Abbreviations
Ag(s) Antigen(s)
IFN Interferon
CTL Cytotoxic T lymphocyte
IL Interleukin
TNF Tumor necrosis factor
mAb Monoclonal antibody
iNOS Inducible nitric oxide synthase
DTH Delayed-type hypersensitivity
TCR T cell receptor
ECM Extracellular matrix
MHC Major histocompatibility complex
Mhc Myosin heavy chain
CMhc Cardiac myosin heavy chain
SMhc Skeletal myosin heavy chain
APC(s) Antigen-presenting cell(s)
ICAM Intercellular adhesion molecule
CCC Chronic chagasic cardiompathy
VCAM Vascular cell adhesion molecule

1
Chagas’ Disease

1.1
General Aspects and Life Cycle

Chagas’ disease (Chagas 1909) is a debilitating multisystemic disorder which
affects several million people (approximately 18 million individuals are in-
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fected with Trypanosoma. cruzi, with 120 million at risk) in Central and South
America (Moncayo 1999; Prata 2001; Tanowitz et al. 1992) and is considered
a paradigm of infection-mediated autoimmune disease. It is caused by the
flagellated protozoan parasite Trypanosoma cruzi, with a complex life cy-
cle involving several stages in both vertebrates and insect vectors. T. cruzi
has three main different morphologies: epimastigote, which replicates in the
blood-sucking triatomine insect vector; trypomastigote, which infects the
vertebrate host’s cells; and amastigote, which replicates intracellularly in the
host’s cells (Burleigh and Andrews 1998; Tanowitz et al. 1992).

Transmission of T. cruzi to humans occurs when feces released by the bug
while it takes a blood meal, containing infective metacyclic trypomastigote
forms of the parasite penetrate, into the bloodstream, where the metacyclic
forms infect a wide variety of host phagocytic and non-phagocytic cells.
Once inside the cells, the metacyclic forms escape from endocytic vacuoles
to the cytoplasm, where they transform into amastigotes, which multiply
intracellularly (see Fig. 1 for details).

Individuals residing in rural areas of Latin America are at highest risk of
infection, because the bugs live in these dwellings and feed on the inhabitants
at night. The World Health Organisation has conducted several programs
for the elimination of the insect vector, with great results on the incidence
of new infections (Moncayo 1999). On the other hand, transfusion-acquired
Chagas’ disease is becoming a significant health problem in countries other
than Central and South America, especially those receiving high numbers of
immigrants from that region (Kirchhoff 1989; Wendel 1998).

1.2
Clinical Findings

Twophases, acute andchronic, canbedifferentiated inChagas’ disease (Kirch-
hoff 1993; Prata 2001; Tanowitz et al. 1992). In the acute phase, encompassing
a few weeks after infection, a local inflammatory lesion appears at the site
of infection, where the metacyclic trypomastigotes infect and undergo their
first rounds of multiplication. After parasite dissemination through the body,
circulating blood trypomastigotes are easily observed in blood (parasitemia)
and a small number of patients develop symptoms of cardiac insufficiency,
reflecting an underlying severe myocarditis, leading, in some instances, to
heart failure responsible for the few deaths in acute Chagas’ disease (Dias et al.
1956; Prata 1994). Meningoencephalitis may also occur, especially in some im-
munosuppressed patients (Hoff et al. 1978). However, the acute phase mostly
remains undiagnosed without severe clinical symptoms. In contrast, the se-
vere pathology and the most common manifestations of this disease develop
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Fig.1 Infective cycle of Trypanosoma cruzi. Transmission of T. cruzi to humans occurs
when feces released by the bug while it takes a blood meal and containing infective
metacyclic trypomastigote forms of the parasite (A1) penetrate into the bloodstream,
where they infect a wide variety of host phagocytic and non-phagocytic cells (A2).
Once inside the cells, the metacyclic forms escape from endocytic vacuoles to the
cytoplasm, where they transform into amastigotes, which multiply intracellularly
(A3). At some point, the amastigotes break off from the cell (A4) and differentiate into
non-replicative flagellated blood trypomastigotes which in turn can penetrate and
infect adjacent susceptible cells or spread to infect cells and tissues at distant locations
of the body (A5a). Amastigotes can also directly infect phagocytic cells (A5b). Muscle
cells, including those of the heart, are amongst the most heavily infected. Circulating
trypomastigotes may be taken up by a new triatomine bug during a blood meal
(A6). Inside the vector’s intestine, ingested blood trypomastigotes differentiate into
replicative epimastigotes, which, as they move to the mid and lower gut, transform
into non-replicative but infective metacyclic trypomastigotes

many years (10 to 30) after the initial infection with T. cruzi in the so-called
chronic phase, although only in 30%–40% of the infected people (Kirchhoff
1993; Prata 2001; Tanowitz et al. 1992). During the chronic phase, circulating
parasites cannot be observed by inspection of blood but progressive tissue
damageoccurs involving theesophagus, colonandheart (Prata2001;Tanowitz
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et al. 1992). Treatment with benznidazol or nifurtimox is effective during the
acute phase of infection, but no treatment exists for the chronic phase (Prata
2001; Tanowitz et al. 1992). To date, an effective immunotherapy or vaccine is
still lacking.

1.3
Immune Response

The immune response against this parasite is complex and far from being
clearly established. Both humoral and cellular immune responses are involved
in controlling T. cruzi, which is not surprising because of the complexity of
the parasite’s life cycle. Thus, although B cell-deficient mice succumb to in-
fection (Kumar and Tarleton 1998), the protective immune response seems
to depend on CD8+ T cells that produce interferon (IFN)-γ. CD8+ T cells
can control the infection through cytotoxic T lymphocyte (CTL)-induced
perforin/granzyme-mediated killing of infected cells and/or FAS-mediated
apoptosis (Kumar and Tarleton 1998). However, there are reports indicating
that CD8+ T cells cannot completely control infection because they become
unresponsive (Martin and Tarleton 2004). Cytokines play a key role in reg-
ulating both the induction and type of immune response as well as parasite
replication in infected hosts (Fresno et al. 1997). Macrophages, which can be
infected by T. cruzi, also play a crucial role in the elimination of this parasite.
Activation of monocytes by cytokines released by Th1 cells seems to be a key
process in controlling infection in vitro as well as in vivo. Thus, Interleukin
(IL)-12 produced by macrophages in response to infection mediates resis-
tance to T. cruzi (Aliberti et al. 1996). Tumor necrosis factor (TNF)-α and IFN
have been identified as the most important cytokines involved in the killing of
intracellular T. cruzi through an NO-mediated-l-arginine dependent killing
mechanism (Gazzinelli et al. 1992; Muñoz-Fernandez et al. 1992). This was
corroborated in vivo, because anti-IFN-γ monoclonal antibody (mAb) ad-
ministration results in a drastic increase in parasitemia and mortality (Silva
et al. 1992; Torrico et al. 1991). Moreover, mice deficient for IFN-γ receptor
and inducible nitric oxide synthase (iNOS) had an increased susceptibility to
infection and parasitemia (Holscher et al. 1998; Goni et al. 2002), although the
role of NO has been recently disputed because some iNOS-deficient mice do
not seem to be more susceptible to infection (Laucella et al. 2004). TNF-R1-
FcIgG3 transgenic mice are also more susceptible to T. cruzi infection, clearly
indicating a protective role for TNF-α (Castanos-Velez et al. 1998).
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2
Chronic Chagasic Cardiopathy

2.1
Pathological Findings

The most important pathology of Chagas’ disease develops 10–30 years after
primary infectionandaffects several internalorgans,mainly,heart, esophagus
and colon, as well as the peripheral nervous system. The heart is the organ
most commonly involved; cardiopathy frequently develops, congestive heart
failure being a common cause of death in these patients. Megaesophagus
and/or megacolon may also develop in chronic chagasic patients, which in
the most severe form can cause life-threatening malnutrition and intractable
constipation.Chronic chagasic cardiopathy (CCC) is thus themostdevastating
manifestation of Chagas’ disease. However, despite affecting about a third of
the infected people the pathogenesis of CCC is still poorly understood.

CCC may be considered a progressive disease, in which myocardial in-
flammation and fibrosis plays a pivotal role (Carrasco Guerra et al. 1987;
Higuchi et al. 1987; Pereira Barretto et al. 1986). Higher percentages of severe
myocarditis, fibrosis and myocardial hypertrophy are found in CCC patients
with heart failure compared to patients in the indeterminate phase and with
cardiac arrhythmia. Examination of the hearts of CCC patients who have
died of heart failure shows biventricular enlargement with occasional apical
aneurysms. In addition, individuals with CCC often develop mural thrombi,
which may cause cerebrovascular accidents. Histological examination of the
heart reveals diffuse interstitial fibrosis, lymphoid infiltration and damaged
myocytes, all occurring in the apparent absence of parasites. Fibrosis and
chronic inflammation are also detected in the conduction system of the heart,
which may account for the high incidence of arrhythmias.

2.2
Mechanisms of Pathogenesis

Despite intensive research, the etiology of Chagas’ heart disease, both in
humans and in experimental animal models of the disease, is not clearly
understood. Although the acute and chronic phases of the disease share some
similar pathological findings, it is still unclear whether similar pathogenic
mechanisms operate. In this regard, infiltration by CD4+ T cells seems to take
place in the acute phase of the disease, whereas CD8+ T cells predominate in
the chronic phase (Henriques-Pons et al. 2002). Moreover, it is plausible that
the pathology of the acute phase may affect the final outcome of the chronic
phase.
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To date, many pathogenic mechanisms have been described to explain how
cardiac pathology develops. They can be mediated directly by the parasite or
caused by an inflammatory/immune/autoimmune mechanism or a combina-
tion of these. These mechanisms are summarized below:

– Primary neuronal damage resulting in denervation of the parasympathetic
autonomous system in the heart. This was one of the first pathogenic mech-
anisms described during the acute phase (Koberle 1961, 1970). However,
subsequent studies only show slight neuronal damage in the heart, sug-
gesting that neuronal lesions are an epiphenomenon, secondary to inflam-
mation and fibrosis (Davila et al. 1991, 2002; Rossi 1996).

– T. cruzi-induced damage to cardiomyocytes, due to the cytopathic effect
caused by intracellular infection with amastigotes or by the release of se-
creted T. cruzi product(s), which can be toxic for host cells and tissues
(Koberle and Nador 1955). This is an obvious mechanism, but may have
only some relevance in the acute phase and in heavily parasitized or im-
munosuppressed patients.

– Parasite-induced microvascular changes may lead to cardiac hypoperfusion
and finally to myocyte degeneration and chronic inflammation (Factor et
al. 1985; Morris et al. 1990; Petkova et al. 2001).

– Persisting T. cruzi antigens may act as trigger for specific CD4+ or CD8+ T-
cell mediated responses of either the delayed-hypersensitivity (DTH) type
or cytotoxic CD8+ cells that lead to damage to infected cells or to bystander
cells in the host tissues (Ben Younes-Chennoufi et al. 1988; Tarleton 2001;
Tarleton and Zhang 1999). This mechanism may take place in both the
acute and the chronic phase.

– Autoimmunity may occur by a variety of mechanisms (listed in Table 1).
Those could be due to T. cruzi antigen (Ag)-specific mechanisms (molec-
ular mimicry) or non-parasite Ag-specific effector mechanisms and are
discussed in detail below.

An important point which is often ignored in this debated field is that
none of the mechanisms listed above is mutually exclusive. Moreover, it seems
unlikely that heart damage can be attributed to only one of these mechanisms.

2.3
Immunological Findings

In CCC, 50% macrophages, 40% T cells with a predominance of CD8+

over CD4+ T cells and 10% B cells comprise the inflammatory infiltrate
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Table 1 Mechanisms for activation of T and B cells in autoimmune diseases

a. Microbial antigen specific:

– Molecular mimicry between parasite and host antigens triggers autoimmunity

– Bystander activation (TCR dependent)

b. Microbial antigen non-specific:

– Release of autoantigen(s) during an infection

– Bystander activation (TCR independent)

– Cryptic epitopes

– Superantigens

(Cunha-Neto et al. 2004). T cell receptor (TCR) Vβ transcripts are heteroge-
neous in heart biopsies from CCC patients (Cunha-Neto et al. 1994) which
is a characteristic of other well-defined autoimmune diseases. The number
of CD4+ T cells increased in parallel to the number of CD8+ T cells in
acute-phase but not in chronic-phase patients with heart failure, suggesting
an immunological imbalance.

Cytokines and chemokines produced in response to the parasite may up-
regulate vascular cell adhesionmolecule (VCAM)-1 and intercellular adhesion
molecule (ICAM)-1, increased on endothelial cells of patients, which recruit
VLA-4+LFA-1+CD8+ T lymphocytes (dos Santos et al. 2001). In this regard,
a role for cell adhesion molecules and integrin receptors, extracellular matrix
(ECM) components , matrix metalloproteinases and chemokines has been
proposed in the differential recruitment and migration in infected hosts of T.
cruzi-elicited CD8+ and inflammatory cells into the heart and other suscep-
tible host tissues (Marino et al. 2003a, 2003b). It is worth noting that ECM
components may absorb parasite Ags and cytokines which could contribute
to the establishment and perpetuation of inflammation. Moreover, we have
found that T. cruzi requires β1 integrins to gain access to the cell (Fernandez
et al. 1993). The inflammatory response, which is probably recurrent, under-
going periods of more accentuated exacerbation, is most likely responsible
for progressive neuronal damage, microcirculation alterations, heart matrix
deformations and consequent organ failure.

CCC patients have increased expression of major histocompatibility com-
plex (MHC) molecules. Thus, class I MHC are upregulated in the sarcolemma
of myocytes in the myocardium (Higuchi Mde et al. 2003) and there is also
evidence for an over-expression of class II MHC in endothelial cells (Ben-
venuti et al. 2000; Laucella et al. 1999; Reis et al. 1993). This may favor the
presentation of cryptic epitopes to infiltrating T cells.
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3
Autoimmunity and Infection

Two main classes of mechanisms have been described by which infectious
agents might activate T and B cells, leading to autoimmunity: Ag-specific
and Ag-non-specific (Table 1). The Ag-specific mechanisms mostly state that
sequence similarity between infectious agents and self-proteins (molecular
mimicry or epitope mimicry) is responsible for the triggering of the autoim-
mune response (Oldstone 1989; Penninger and Bachmaier 2000; Rose 2001;
Rose and Mackay 2000; Wucherpfennig 2001). Autoreactive B and/or T cells, in
response to foreign Ags originated by molecular mimicry, can arise from a T/B
cell cooperation mechanism, but experimental direct evidence is still scarce
(Oldstone 1989; Rose and Mackay 2000). However, there are as yet no absolute
formal proofs demonstrating that molecular mimicry is the initiating event
of human autoimmune disease and responsible for the pathology, as noted
recently (Benoist and Mathis 2001; Fourneau et al. 2004). Probably, Chagas’
disease is close to that paradigm. There is some consensus that in order to
prove the involvement of epitope mimicry in a disease of suspected autoim-
mune etiology five criteria must be demonstrated experimentally (Benoist
and Mathis 2001; Kierszenbaum 1986) (see Table 2).

The microbial Ag-non-specific theory has several variations. The common
characteristic is that no particular microbial determinant is implicated, al-
though the infection may be the initial event which triggers the autoimmune
reaction. For example, infection might cause host cell destruction, which re-
sults in the release of large quantities of normally sequestered Ags. Those
cryptic epitopes found in intracellular proteins are not normally presented in
the context of Class I MHC and are therefore not normally encountered by
host lymphocytes. These Ags could then be captured by dendritic cells that
migrate to T cell areas of the lymphoid organs, where they trigger naïve T cells,
or presented at the invasion site, leading to activation of autoreactive cells (but

Table 2 Criteria required for demonstration of the involvement of molecular mimicry
in a disease of suspected autoimmune etiology

1. Association of the disease with a particular microorganism

2. Identification of the culprit microorganism epitope that elicits
the cross-reactive response

3. T or B cell populations against that epitope should be expanded in the infection

4. Elimination of the cross-reactive epitope from the microorganism should result
in non-pathogenic infection

5. Autoreactive T cells should be able to transfer the disease
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not against the infecting microorganism). In addition, cryptic epitopes may
initiate and maintain autoimmunity through various non-mutually exclusive
mechanisms (Lanzavecchia 1995). Those cryptic epitopes can be presented
by non-professional Ag-presenting cells (APCs, such as B cells) and induce T
cell activation. Autoreactive B cells initiate autoimmunity in the absence of
T cells specific for the self-Ag. Alternatively, autoreactive B cells may take up
a foreign Ag that cross-reacts with a self-Ag at the B cell level but contains
different T cell epitopes. Finally, activated B cells, which efficiently take up
and present self-Ag, may prime autoreactive T cells. All these mechanisms
may result in a self-sustained autoimmune response.

Microbial infection may result in bystander activation, which may take
place in the setting of a proinflammatory milieu. Thus microbial infection in-
duces the release of proinflammatory cytokines such as TNF and chemokines
which could be able to activate autoreactive T cells by lowering the threshold
of activation (Kim and Teh 2001; Vakkila et al. 2001). These T cells may then
proliferate in response to self-Ags presented on host APCs. Inflammation
could also alter lymphocyte migration patterns and activate APCs, render-
ing them more effective as APCs by enhancing Ag uptake and processing,
cell surface expression of major MHC molecules, or costimulatory molecules.
Finally, infection might provoke polyclonal lymphocyte activation via either
a mitogen or a super-Ag effect (Stauffer et al. 2001).

4
Autoimmunity in T. cruzi Infection

The finding of a T cell-rich inflammatory mononuclear cell infiltrate and the
scarcity of parasites in heart lesions questioned the direct participation of
T. cruzi in CCC and suggested the possible involvement of autoimmunity,
although this remains a hotly debated issue (Engman and Leon 2002; Kier-
szenbaum 1986, 1999; Levin 1996; Soares et al. 2001; Tarleton 2001, 2003).
Several early studies on Chagas’ disease already emphasized the scarcity of
parasites in histological sections in the chronic phase of the disease (An-
drade and Andrade 1955; Mazza 1949). Since then, much research in the field
has focused on the possibility that autoimmune responses set off by molecu-
lar mimicry and/or bystander activation contribute to tissue damage. Those
mechanisms were initially reported many years ago (Acosta and Santos-Buch
1985; Cossio et al. 1984, 1974a, 1974b; McCormick and Rowland 1989; Santos-
Buch and Teixeira 1974; Takle and Hudson 1989; Wood et al. 1982) and they
were supported by a large body of circumstantial evidence thereafter and have
been extensively and sequentially reviewed (Eisen and Kahn 1991; Engman
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and Leon 2002; Kierszenbaum 1986, 1999; Leon and Engman 2001; Soares et
al. 2001). Although the presence of “anti-self” immune responses in T. cruzi
infections has been unquestionably demonstrated, the case of the mediation
of cross-reactive antibodies or T cells in pathology is still far from settled.
Taking into account the variety of the mechanisms of induction of autoim-
munity shown in Table 1 the relevant question is, Which mechanisms can be
applied to T. cruzi infection?

On the other hand, mounting evidence is challenging this view. Thus, with
the use of more sensitive techniques, parasite Ags or parasite DNA has been
detected during the chronic phase, attributing all the damage either to an
inflammatory response against the parasite or to the parasite replication itself
(reviewed in Tarleton 2001, 2003; Tarleton and Zhang 1999). It should be
emphasized that to date there is no unequivocal demonstration that either
autoimmunity or parasite-specific immunity is pathogenic.

5
Molecular Mimicry

The detection of circulating anti-T. cruzi antibodies that cross-react with host
heart and neural Ags is a common finding in chagasic humans and animal
models of infection (reviewed in Engman and Leon 2002; Kierszenbaum
1999, 2003) but, with few exceptions, none of the autoantibodies seems to be
the leading cause of autoimmune pathogenesis. In T. cruzi infection many
examples of molecular mimicry at the level of T cells or antibodies have been
described (recently reviewed in Cunha-Neto et al. 2004). However, few of
these have been extensively studied and/or defined at the molecular level (see
Table 3). We will focus our review only on those examples.

5.1
Mimetic B Cell Epitopes

5.1.1
Myosin

Probably the most studied cross-reactive autoantigen in Chagas’ disease is
myosin. Several T. cruzi Ags have been shown to cross-react with myosin
(cardiac or skeletal muscle) and have been implicated in pathogenesis through
molecular mimicry. Cunha-Neto and collaborators have described cardiac
myosin heavy chain (CMhc) as a major Ag of heart-specific autoimmunity
and suggested the possible relevance of myosin recognition in human CCC
(Cunha-Neto et al. 1995; Kalil and Cunha-Neto 1996). Antibodies to CMhc
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Table 3 Molecular mimicry described during T. cruzi infection. Defined and partially
defined cross-reactive epitopes

Cross-reactive
antigens

Cross-reactive
epitopes

Molecular
definition

Reference

Host
T. cruzi

Cardiac myosin heavy
chain (CMhc)
B13

AAALDK

::: ::

AAAGDK

Ab
T cells

Abel
et al.
1997

Host
T. cruzi

23-kDa ribosomal
protein
Ribosomal
protein (R13)

EESD(D/E)DMGFGLFD

:: : : ::::::::

EEED D DMGFGLFD

Ab Levitus
et al.
1991

Host
T. cruzi

β1 Adrenergic receptor
Ribosomal protein PO

AESDE

::: :

AESEE

Ab Ferrari
et al.
1995

Host
T. cruzi

β1 Adrenergic receptora

M2 muscarinic receptora

Ribosomal protein (R13)

--ED-D-GF-LFDa

--EDDDMGF-LFDa

EEEDDDMGFGLFD

Ab Mahler
et al.
2004

Host
T. cruzi

47-kDa neuron protein
FL-160

TPQRKTTEDRPQ Ab Van
Voorhis
et al.
1991

Host
T. cruzi

Cha antigen
Shed acute-phase
antigen (SAPA)

SLVTCPAQGSLQSSPSMEI

: . :: : :.:: .

STPSTPADSSAHSTPSTPV

T cells Girones
et al.
2001b

Host
T. cruzi

Cha antigen
TENU2845/36 kDa

MRQLDTNVER

.:::: ::.

LRQLDF-VEE

Ab Girones
et al.
2001a,
2001b

aResidues of the R13 epitope that when interacting with purified antibodies trigger
stimulation of the denoted receptor.

were found insymptomaticaswell asasymptomaticpatients.Affinity-purified
anti-CMhc antibodies specifically recognized two polypeptides of 140,000 and
116,000 Da in T. cruzi trypomastigotes. At the molecular level, cross-reactivity
was shown to exist between the amino acid sequence AAALDK of CMhc and
the AAAGDK sequence from a recombinant T. cruzi peptide named B13
(Table 3). All sera from patients with CCC disease, but only 14% of sera from
asymptomatic chagasic patients, recognized B13 (Gruber and Zingales 1993).
These results have been often disputed, although no contradictory results
have been published (see Kierszenbaum 2003). However, there were some
discrepancies between the 100% reactivity of the sera from chronic patients
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with overt heart disease with CMhc and only 61% reactivity in those with T.
cruzi, a finding difficult to reconcile with molecular mimicry.

Cruzipain, a well-defined and highly abundant T. cruzi Ag, is involved
in CCC pathogenesis by various direct and indirect mechanisms. The latter
are also related to cross-reactivity with myosin, although not with CMhc but
with skeletal muscle myosin heavy chain (SMhc). Thus purified anti-cruzipain
antibodies raised in cruzipain-immunized mice cross-react with SMhc (Gior-
danengo et al. 2000a, 2000b) and, more importantly were associated with heart
conduction disturbances in those animals. Moreover, ultrastructural findings
revealed severe alterations of cardiomyocytes and IgG deposit on heart tissue
of immunized mice. Giordanengo et al. investigated whether antibodies in-
duced by cruzipain transferred from immunized mothers to their offspring
could alter the heart function in the pups. All IgG isotypes against cruzipain
derived from transplacental crossing were detected in pups’ sera. Electrocar-
diographic studies performed in the offspring born to immunized mothers
revealed conduction abnormalities (Giordanengo et al. 2000b). These results
provide strong evidence for a pathogenic role of the humoral autoimmune
response induced by a purified T. cruzi Ag in the development of experi-
mental Chagas’ disease. More recently, Sterin-Borda et al. have reported that
immunization with cruzipain also induces autoantibodies against muscarinic
acetylcholine receptors which can be implicated in pathology (Sterin-Borda et
al. 2003). However, in both cases described above the molecular identification
of cross-reactive epitopes of cruzipain and host proteins is still lacking.

On the other hand, T. cruzi- infected A/J mice (a strain of mice highly
susceptible to T. cruzi infection) generated anti-myosin IgG, both in the acute
phase and the chronic phase of infection (Leon et al. 2001). Moreover, heart
lesions resembling those seen in T. cruzi-infected mice can be induced by im-
munization with purified myosin. However, not all mouse strains are equally
susceptible to myocytolysis after T. cruzi infection (Leon and Engman 2001).
Interestingly, in C57BL/6 mice, the levels of anti-myosin IgG found after T.
cruzi infection were small or undetectable and no myocarditis was observed
in the acute phase (Leon et al. 2001). Moreover, the C57BL/6 mouse strain has
been claimed not to develop cardiac autoimmunity after immunization with
myosin (Neu et al. 1987). These results suggest that generation of anti-myosin
antibodies by T. cruzi infection or myosin immunization depends on the ge-
netic background of the host and that there is a clear relationship between
anti-myosin IgG and heart damage. However, from these results it is unclear
whether anti-myosin IgG is the cause or the effect of heart damage. Accord-
ingly, we have seen that C57BL/6 mice infected with T. cruzi did not develop
clinically relevant myocarditis in the acute phase. However, at 120 days after
infection, C57BL/6 mice developed a milder myocarditis compared to mice
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deficient for iNOS gene with the same genetic background (Girones et al.
2004). Because C57BL/6 developed lower parasitemias than iNOS knockout
mice in the acute phase, this may be taken as an indication that the presence
or absence of myocarditis may depend on the initial level of control of parasite
replication rather than on the genetic background of the host.

In contrast to the above, other reports suggested that anti-myosin anti-
bodies are not involved in the pathogenesis. For example, immunization with
myosin in immunosuppressed mice did not induce autoantibodies but still
caused myocarditis (Neu et al. 1990). How myosin can trigger myocarditis
in these immunosuppressed mice is difficult to envisage. Moreover, passive
transfer of a high-titer anti-myosin antibody preparation failed to induce
myocarditis (Neu et al. 1990). Because the fine specificity of the different anti-
myosin Igs has not been addressed in most of those studies, they are difficult
to compare. Myosin is a very large molecule and it is possible that the myosin
determinant(s) recognized by the different sera are not identical.

Some authors believe that other mechanisms than molecular mimicry can
explainmyosinautoreactivity (seeBenoist andMathis2001;EngmanandLeon
2002; Kierszenbaum 2003). They feel that mimicry is less likely to be occurring
than Ag release due to myocardial damage leading to expansion of normally
tolerant myosin-reactive T cells, particularly because myosin autoimmunity is
seen in myocarditis associated with other insults. Thus anti-myosin antibod-
ies are induced in patients with heart disease unrelated to T. cruzi infection
such as viral myocarditis, myocardial infarction, coronary artery bypass and
heart valve surgery, among others (de Scheerder et al. 1989; Fedoseyeva et al.
1999; Nomura et al. 1994). B cell anti-myosin response seems to be mainly
responsible for pathology in other heart infections, induced by Coxsackie B3
viral infection (Rose and Hill 1996) or by bacteria (Cunningham 2004). In this
regard, it is worth mentioning that peptides of CMhc, a cytoplasmic protein,
are associated with MHC class II molecules on APCs even in normal mouse
myocardium(SmithandAllen1992) andMHCclass IImolecules are increased
in the heart of T. cruzi-infected patients and animals. Cardiomyocyte damage
caused either by parasite replication in the heart or by inflammation may
release self-Ags, leading to the induction of anti-heart antibodies rather than
anti-cross-reactive T. cruzi Ags. Thus it could be likely that the initial heart tis-
sue destruction resulting from infection could induce anti-myosin immunity
in Chagas’ heart disease, being thus the effect and not the cause of the pathol-
ogy. Alternatively, is possible that although several pathogens may share the
ability to destroy the heart they may have different cross-reactive epitopes
with heart proteins (myosin). Thus it is possible that the trigger is the combi-
nation of pathogen and damage together, although the fine specificity of the
autoreactive responseagainstmyosinwill bedifferent for eachheartpathogen.
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In summary, before suggesting a possible role for anti-myosin immunity
in Chagas’ heart disease, some questions need to be fully addressed: (1) Is the
damage during T. cruzi infection different from heart tissue injury of a dif-
ferent etiology? (2) Do anti-myosin antibodies truly contribute to chagasic
pathology? (3) If anti-myosin antibodies appeared after the occurrence of tis-
sue damage, would they aggravate the pathology by mediating the destruction
of intact cardiomyocytes?

5.1.2
Ribosomal Proteins

Another set of autoantigens which have been involved in CCC pathology are
ribosomal proteins. Anti-ribosomal P protein antibodies were detected in
the serum of chagasic patients and their titer associated with the degree of
myocarditis, suggesting a correlation between the appearance of these an-
tibodies and heart pathology (Levin et al. 1990, 1989; Skeiky et al. 1992).
By screening a T. cruzi expression cDNA library with such sera, some DNA
clones were identified. One of the clones, termed JL5, codified for a T. cruzi
ribosomal protein, TcP2L, and showed sequence homology with human P
ribosomal proteins. The homology was between the EDDDMGFGLFD region
of Tc2PL and the SD(D/E)DMGFGLFD sequence present in the C-terminal
region of human P ribosomal protein (R13 epitope) which was responsible
for the cross-reactivity in chagasic serum (Table 3). However, reactivity with
ribosomal proteins is also found in some patients with systemic lupus ery-
thematosus (SLE); approximately 15% of SLE patients have autoantibodies to
a shared epitope (H13) located in the C-terminal regions of the ribosomal
proteins, P0, P1, and P2 (Elkon et al. 1986). However, antibodies against ri-
bosomal proteins from CCC and SLE patients show differential recognition.
Thus sera from patients with chronic Chagas’ heart disease have been shown
to contain relatively high levels of anti-R13 but low levels of anti-H13 antibody
(Lopez Bergami et al. 1997), whereas both titers are comparable in SLE sera
(Kaplan et al. 1997, 1993). Despite this positive correlation between molecu-
lar mimicry and pathology, some discrepancies exist. First, attempts to link
anti-R13 reactivity by ELISA in the sera with the symptomatology in chronic
or asymptomatic patients failed to find a significant correlation. Thus 60%
and 49%, of chronic and asymptomatic sera, respectively, displayed reactiv-
ity with R13 but varied significantly depending on the geographical origin
of the patients (Aznar et al. 1995). Moreover, no correlation between anti-
R13 reactivity and cardiomyopathy was found in a group of 14 patients from
whom endomyocardial biopsies and blood samples were taken at the same
time. Furthermore, mice immunized with TcP2L developed antibodies against
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the cross-reactive epitope, as well as many others, in contrast with the fine
specificity of antibodies obtained from infected mice (Sepulveda et al. 2000).

On the other hand, some evidence indicates that those anti-P ribosomal an-
tibodies could be pathogenic. Thus purified IgG, reactive with the C-terminus
epitope of T. cruzi ribosomal P protein, caused a chronotropic alteration in
primary rat cardiomyocytes through selective stimulation of β1-adrenergic
receptors (Elies et al. 1996; Ferrari et al. 1995). However, in this case, the rel-
evant cross-reactive epitope included the AESDE amino acid sequence from
the second extracellular loop of the human β1-adrenergic receptor, which is
homologous to the internal AESEE sequence of TcP0 (Table 3) (Ferrari et al.
1995). Moreover, passive transfer of a mAb against R13, which cross-reacts
with the human β1-adrenergic receptor, had a chronotropic effect on cul-
tured rat cardiomyocytes (Mahler et al. 2001). Mice immunized with P0 T.
cruzi ribosomal protein develop electrocardiographic alterations late after
immunization, when the titer of antibodies is extremely high, similar to those
in chagasic animals but not identical to the complex response of chronic T.
cruzi infection (Lopez Bergami et al. 2001). In contrast, those hyperimmu-
nized with TcP2L died at an earlier time and did not show heart inflammation.

Sera from chagasic patients also contain IgG antibodies which immuno-
precipitated human M2 muscarinic cholinergic receptor molecules and which
were able to activate them, having an agonist effect on cardiomyocytes and
causing partial desensitization (Leiros et al. 1997). The original stimulus for
the formation of these antibodies was not ascertained and whether they could
cause heart dysfunctions of the types seen in chagasic patients remains an
open question.

5.1.3
Cha

We have described an autoantigen, Cha, a mammalian transcription factor
which is recognized by almost all chagasic sera and by sera from T. cruzi-
infected mice (Girones et al. 2001b). This Ag was isolated by screening of
a library with seven CCC sera and has two regions of homology with T. cruzi,
one with in an expressed sequence tag of the parasite (TENU2845) and an-
other with SAPA, the Ag shed in the acute phase of T. cruzi infections (Table 3)
(Cazzulo and Frasch 1992; Pollevick et al. 1993). Interestingly, we found that
the two epitopes, named R1 and R3, are recognized by T and B cells, respec-
tively, both having significant sequence homology. Very interestingly, there is
a strong association of anti-Cha (R3) antibodies and pathology. Thus the titer
of the sera from chagasic patients against R3 increases with symptomatology
and decreases with treatment (Girones et al. 2001a). However, we have not
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determined yet whether anti-R3 antibodies have any effect on pathology of
the disease. Future experiments will focus on this. Our hypothesis is that these
antibodies arise during infection by cooperation of Cha-specific B cells with
T cells of different specificity (Fig. 2).

Fig. 2 Generation of anti Cha T/B cell responses. T. cruzi infection causes the secre-
tion of parasite Ags to the medium and lyses host’s cells, triggering release of self
Ags. In particular, during T. cruzi infection SAPA Ag is released to the extracellular
environment and is taken up by macrophages (1). There SAPA is processed intracel-
lularly and presented to naïve T cells through MHC Class II molecules (2). These T
cells undergo maturation and develop into primed effector T cells specific for SAPA
and the cross-reactive epitope R1 of Cha (3). Interaction of SAPA/R1 T cells with B
cells of the same specificity (4) triggers anti-SAPA antibody production (5), which
is observed during infection. However, the Cha Ag epitopes can be presented on the
surface of B cells by MHC Class II molecules by two possible mechanisms: (a) The Cha
epitopes can be naturally presented on B cells and (b) the Cha epitopes can be released
during infection due to lysis of infected cells. Then, SAPA/R1 T cells can interact with
B cells that present the R1 cross-reactive epitope of Cha (6) and trigger anti-Cha(R3)
antibodies of different specificity (7). On the other hand, SAPA/R1 T cells are able
to induce inflammatory infiltrates and damage in hearts of recipient mice through
cytokines and/or activation of CD8 T cells (8)
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5.2
Autoreactive T Cells

Perhaps the best evidence supporting a role for autoantigen-specific autoim-
munity in disease pathogenesis derives from studies on T cell-mediated im-
munity in mice. Ribeiro-Dos-Santos et al. have reported that a CD4+ T cell
line obtained from a chronic chagasic mouse consisting of approximately 95%
CD4+ T cells proliferated in response to either a crude T. cruzi Ag preparation
or heart tissue extracts from different animal species (Ribeiro-Dos-Santos et
al. 2001). In culture, this cell line arrests the beating of fetal heart cells and,
more importantly, induces myocarditis in immunized mice and promotes
rejection of transplanted normal hearts in the absence of T. cruzi (Ribeiro-
Dos-Santos et al. 2001). The requirement of the parasite to cause rejection
in mice transplanted with T cells from infected mice has been also widely
debated (Cunha-Neto et al. 1995; dos Santos et al. 1992; Ribeiro-Dos-Santos
et al. 2001; Tarleton et al. 1997). Thus rejection of syngeneic transplanted
hearts in chronically infected mice has been shown to take place either in the
absence (dos Santos et al. 1992) or in the presence (Tarleton et al., 1997) of
the parasite. These differences may be due to the different mice and parasite
strain combinations used, and when the presence of the parasite is required
for rejection, inflammation and not T. cruzi replication may be necessary to
provide the necessary adjuvant effect to trigger autoreactivity and could be
the rejection-inducing agent in the implanted hearts.

Besides proposing that B cell cross-reactivity against myosin is involved
in pathogenesis, Cunha-Neto et al. have also proposed that myosin cross-
reactive T lymphocytes infiltrating heart tissue lesions are also involved in
chronic chagasic heart tissue lesions (Cunha-Neto et al. 1996, 1995). These T
cells are also activated by CMhc cross-reactive T. cruzi Ag B13 as in B cells
(Cuhna-Neto 2000; Cunha-Neto et al. 1996) (Table 3). Thus T cells from cha-
gasic patients with overt heart disease or asymptomatic patients responded
to in vitro stimulation with B13 with increased IFN-γ and reduced IL-4 pro-
duction, suggesting a Th1-type cytokine profile (Cunha-Neto and Kalil 2001;
Cunha-Neto et al. 1998). Those authors proposed that heart damage in CCC
could be secondary to the release of inflammatory cytokines and a DTH pro-
cess initiated by B13. However, the assumption that pathology arises from
molecular mimicry between B13 T. cruzi and CMhc has been challenged by
other authors because T cell autoreactivity against B13 was shown to exist
not only in CCC but also in asymptomatic patients and in other cardiopathies
(Kierszenbaum 2003). Moreover, both the level of the response to B13 and
the cytokine production profile of lymphocytes from asymptomatic chagasic
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patients were similar to those of T cells from patients with overt heart disease
(Cunha-Neto and Kalil 2001).

It is noteworthy that immunological tolerance to heart Ags induced in mice
by heart Ag administration and anti-CD4 antibody before their infection
by T. cruzi resulted in less intense cardiopathy than that in control non-
tolerized animals (Pontes-de-Carvalho et al. 2002), which is in favor of an
autoimmune pathology. This treatment affects CD4+ responses and not the
production of anti-myosin IgG. Although this suggests that the regime to
make the mice tolerant was not as effective as expected, at least regarding the
humoral response (Th2 mediated), it is becoming increasingly evident that
the response involved in heart damage is Th1 mediated. Recently, Leon et
al. have described (although in the acute phase) that myosin autoimmunity,
while a potentially important inflammatory mechanism in acute and chronic
infection, is not essential for cardiac inflammation (Leon et al. 2003), although
immunization with a T. cruzi extract induced a DTH response against myosin
(Leon et al. 2004).

We also studied the T cell response to Cha autoantigen during T. cruzi in-
fection. T lymphocytes from T. cruzi-infected mice also proliferated to recom-
binant Cha. More interestingly, transfer of T cells from chronically infected
mice to naïve syngeneic mice led to heart infiltration and to production of
anti-Cha antibodies, detectable 60 days later (when chronic pathology arises
in mice after T. cruzi infection) (Girones et al. 2001b). Transferred T cells were
almost pure CD3 cells (99%). Consistently, transfer of T cell clones specific for
SAPA/R1 cross-reactive epitopes results in heart infiltration in the absence of
anti-Cha antibody production (Girones et al., in preparation). Therefore, in
some cases the presence of the parasite is not necessary to produce pathol-
ogy if one transfers activated autoreactive T cells. How this takes place and
whether the Cha autoantigen (normally an intracytoplasmic protein) comes
to be presented to T cells are under investigation in our laboratory (see Fig. 2
for a hypothetical model). The observed anti-Cha response is likely due to
a cooperation of R1-Cha-specific T cells with naïve anti-R3 autoreactive B
cells. We believe that Cha autoreactive T cells are responsible for the heart
damage, and that Cha autoantibodies are an epiphenomenon secondary to
heart tissue destruction. Our results suggest that T cells cooperate with naïve
B cells in the animal after heart damage because transfer of T cell clones
induces heart infiltration but no anti-Cha antibodies. Although our results
suggest that Cha may be involved in pathology, this by no means indicates
that Cha would be the only autoantigen involved in the pathology of Chagas’
disease.
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6
Bystander Activation

As reviewed recently by von Herrath et al. (2003), bystander activation is
defined as the activation of autoreactive lymphocytes that do not recognize
microbial Ags. This can be mediated through cytokines and/or APCs (TCR-
independent bystander activation). However, bystander activation might also
require concurrent exposure to the cognate Ag. Ag-specific cells induced by
molecular mimicry can be activated by a non-specific stimulus such as other

Fig.3 Diagramof the different mechanisms of induction of pathogenicity byT. cruzi. T.
cruzi induces T and B cell anti-parasite responses which, through molecular mimicry
with extracellular Ags or epitopes in Ags normally presented by APCs, can lead to
autoimmune disease. T. cruzi can lead to secretion of cytokines which mediate some
cardiac damage, liberating autoantigens reconized by autoreactive T cells and au-
toantibodies that further damage the cardiac tissue via bystander activation. Simulta-
neously parasite replication can induce release of self-antigens, usually intracellular,
which contain cryptic epitopes that can be presented by APCs. Also, over-expression
of intracellular Ags induced by T. cruzi can result in presentation of cryptic epitopes
by APCs. If cryptic epitopes are cross-reactive with T. cruzi epitopes, then autoim-
mune disease can arise. T. cruzi contains several molecules capable of stimulating the
immune system in a non-Ag-specific manner, known as the adjuvant effect, which to-
gether with the release of self-antigens and exposure of cryptic epitopes can contribute
to sustain a local immune activation known as bystander activation
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infections or heart damage, or by adjuvants in experimental settings, to in-
duce autoimmune disease. Regarding T. cruzi Ags, both types of bystander
activation have been described. T. cruzi parasitization of host tissue induces
the release of autoantigens (Talvani et al. 2000) and a proinflammatory envi-
ronment rich in cytokines, nitric oxide and chemokines sufficient to activate
autoreactive T cells by lowering the threshold of activation (Fedoseyeva et al.
1999) (see Fig. 3). These cells may then proliferate in response to self-Ag pre-
sented on host APC. If this were the case for myosin, aberrant Ag presentation
per se would not be necessary, because peptides of cardiac myosin, a cytoplas-
mic protein, are found complexed with class II MHC molecules on APCs even
in normal mouse myocardium (Smith and Allen 1992) and are increased in
the heart of infected patients and animals. The anti-self response is initiated
and tissue damage may ensue if the response is of sufficient intensity.

7
Parasite Persistence

Despite all the facts mentioned above, several researchers in this field defend
the idea that T. cruzi persistence in the infected host is solely responsible for
the damage in the chronic phase. Tarleton has reviewed all the arguments
in favor of the parasite persistence hypothesis to explain the pathogenesis of
chronic Chagas’ disease in general and of CCC in particular (Tarleton 2001,
2003; Tarleton and Zhang, 1999). Arguments in favor of the idea that disease
is linked to parasite presence are supported by the fact that treatments which
decrease the parasite burden in the acute phase are associated with a de-
crease in clinical symptoms (Viotti et al. 1994). Enhancing the efficiency of
the anti-parasite response by immunotherapy, gene deletion, or vaccination
results in decreased severity of the chronic phase, not exacerbation of disease
as predicted by the autoimmune hypothesis (Tarleton 2003). However, this
argument cannot be used against autoimmunity because the fine specificity
(cross-reactivity?) of those anti-parasite responses was not studied. Effective
chemotherapy could also enhance anti-T. cruzi immunity in mice (Olivieri et
al. 2002). In humans, the link between persistence of T. cruzi and clinical dis-
ease is also supported by the tissue-specific detection of parasite DNA in the
hearts, but not in the esophageal tissue, of individuals with cardiac disease,
and vice versa (Jones et al. 1993; Vago et al. 1996). Very recent data in humans
show a higher frequency of parasite-specific IFN-γ-producing CD8+ T cells
among chronic Chagas’ disease patients with mild clinical disease than in
those with the most severe form of the disease, supporting a link between the
strength and nature of the anti-parasite response and the severity of chronic-
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stage disease (Laucella et al. 2004). Apparently this supports the parasite
persistence hypothesis in opposition to autoimmunity, arguing strongly in
favor of the participation of an effective anti-parasite response in preventing
disease (Tarleton 2003). Conversely, it has been observed that immunosup-
pressive treatments correlate with exacerbation of the infection and disease
(Ferreira and Borges 2002) although this is not always the case. Thus the use of
cyclosporin A has been shown to reactivate parasitemia in several but not all
of the heart-transplanted patients. In general, chagasic heart transplants are
not rejected or suffer from myocarditis despite the use of immunosuppressive
drugs (see Kierszenbaum 2003). These data have been taken as an argument
against an autoimmune-based pathology in CCC because transplanted hearts
given to patients with the most severe cases of Chagas’ heart disease remained
essentially undamaged for so many years. However, we need to be cautious
because few studies have gone more than 10 years when in a normal in-
fection the pathology of CCC sometimes appears 15–30 years after primary
infection. Moreover, if proven true, this mostly discards autoantibodies as
the main pathological cause of CCC, but not autoreactive T cells. The same
treatment that suppressed alloantigen T cell reactivity may have suppressed
autoreactive T cells. So a role for T cells cannot be discarded.

In addition, we have found that autoreactivity in the chronic phase is also
linked to parasitemia because the antibody titer and number of reactive T cells
against the Cha autoantigen are lower in C57BL/6 (non-susceptible) than
in BALB/c (susceptible) mice (Girones et al. 2001b). Moreover, potentially
pathogenic anti-Cha autoantibodies also decreased with chemotherapeutic
treatment of Chagas’ patients. The titer of anti-Cha antibodies, as well as anti-
T. cruzi antibodies, decreased in parallel with treatment and increased with
symptomatology (Girones et al. 2001a) (Table 4). Thus anti-parasite response,
some anti-self responses and pathology seem to go together. This poses a word

Table 4 Myocarditis and antibody responses in chagasic patients increase with symp-
tomatology and decrease with treatment

Chagasic patients Anti-Cha
antibodies

Anti-T. cruzi
antibodies

Myocarditis

Symptomatic +++ +++ +++

Asymptomatic untreated ++ ++ −

Asymptomatic treated + + −

The presence or absence of myocarditis was given by clinical histories of patients.
Antibody response was taken from Girones et al. 2001a (OD 450 nm<0.3, +; OD
450 nm between 0.3 and 1.0, ++; OD 450 nm<1.0, +++).
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of caution in interpreting some clinical data when not all aspects of the
problem are measured. Those results may be interpreted in very different
ways: (a) theparasite is theonly causeof thedisease andanti-parasite andanti-
self responses are direct consequences of parasite replication, (b) pathology
may be caused by the anti-T. cruzi response or (c) the parasite is the trigger
of autoimmune response which is the effector mechanism.

The presence of T. cruzi in the chronic phase of the disease was already
observed in early descriptions (Vianna 1911) and was documented subse-
quently by other authors (Almeida et al. 1984; Teixeira Vde et al. 1993). With
more sensitive techniques such as polymerase chain reaction (PCR), the par-
asite (more properly parasite DNA) is commonly detected in chronic patients
(reviewed in Higuchi Mde et al. 2003). Recent immunohistochemistry stud-
ies have demonstrated higher frequencies of T. cruzi Ags, reaching 100% of
hearts from chronic chagasic patients who died due to heart failure when
several samples of the myocardium were analyzed (Higuchi 1993; Palomino
2000). Many previous failures to detect parasite Ags in biopsy material from
patients in the chronic phase have been attributed to the fact that it seems
necessary to examine several different sections of the heart to detect the par-
asite in this phase of the disease (Higuchi Mde et al. 2003). Using a mouse
strain which develops chagasic cardiomyopathy when infected with a highly
virulent T. cruzi strain, amastigotes were detected in myocytes through the
chronic phase, although their numbers were low and much lower than in the
acute phase (Guarner et al. 2001). A general finding not always acknowledged
by the supporters of the parasite persistence hypothesis is that there is no
direct correlation between the sites of parasite detection and heart damage,
and also no correlation between the levels of parasites (for example, as de-
tected by PCR) and clinical findings (Monteon-Padilla et al. 2001). However,
a significant association between the presence of T. cruzi Ags in the heart
and severe or moderate inflammation was observed both in humans (Higuchi
Mde et al., 2003) and in animal models of the disease (Buckner et al. 1999).
However, the number of parasites was low in relation to the intensity of the
myocarditis and whole myocardial fibers containing parasites did not elicit
inflammation (Higuchi Mde et al. 2003). This suggests two possibilities: exu-
berant host reactions to the few remaining parasites, either immune mediated
or not, or autoimmune-induced inflammation. Parasite Ags probably work as
a trigger response against the myocardial fibers. In addition, it is plausible that
some lesions lack parasites or parasite Ags because of the effective clearance
of parasites from the site by an effective anti-parasite immune response, thus
preventing observation of an exact correlation. However, this is difficult to
reconcile with the fact that a strong anti-parasite immune response results in
decreased symptoms (Laucella et al. 2004).
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Thus parasites are somehow present in the chronic phase, but what one
ought to know is whether relevant parasite Ags persist and are presented
by APCs to T cells. No matter the Ag recognized, Ag-specific T cells must
be stimulated to become effector cells (helper, cytotoxic or other). For this,
the Ag needs to be presented. Although some APCs could be very efficient
in presenting Ags, it is rather unlikely that there are enough parasite Ags to
continuously support chronic T cell stimulation.

Recently, it has been shown that T. cruzi kinetoplast DNA is able to integrate
into human and other mammalian cell genomes and was transmitted to the
descendants (Nitz et al. 2004). This has important implications not only for
the detection of parasite mentioned above (some based in kinetoplast DNA)
but also for pathology, because T. cruzi kinetoplast Ag could be continuously
presentedandmaycontinuously triggera response to thoseAgsof theparasite,
thus killing normal cells.

8
Coexistence of Parasite Persistence and Autoimmunity

We think that because cardiac myosin autoimmunity develops in the acute
phase, when there is lysis of cardiac myocytes and easily detectable para-
sites, it is very likely that the two processes, bystander damage and molecular
mimicry, co-exist until the chronic phase, where damage is produced via ef-
fector cells recognizing cross-reactive T. cruzi/autoantigen through molecular
mimicry.

Thus we propose that the parasite is the trigger which activates some T
cells (autoantigen/cross-reactive parasite Ag). Once they are activated, they
secrete inflammatory cytokines which mediate some cardiac damage. This
liberates autoantigen which is also recognized by some other autoreactive
T cells and autoantibodies which further damage the cardiac tissue via by-
stander activation. This is like a vicious cycle triggered by parasite Ags but
fueled by cross-reactive autoantigens and implies that purely parasite-specific
T cells may cause very little cardiac damage. This also involves two of the pro-
posed pathogenic mechanisms: bystander damage and molecular mimicry. T.
cruzi might also function as an adjuvant for an immunological cross-reaction
between common parasitic and myocardial fiber Ags, resulting in severe lym-
phocytic myocarditis (see Fig. 3).

Thus parasites are necessary to trigger autoantibodies and autoreactive T
cells and may be necessary to maintain them in the chronic phase. Altogether,
we believe that active T. cruzi infection is necessary to trigger the autoimmune
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process, most likely through autoreactive T cells, which once induced can
produce the cardiac pathology.

Obviously, the elucidation of the mechanisms of pathogenesis in Chagas’
disease may have implications for vaccination and therapy. If autoimmunity
by molecular mimicry is responsible, anti-T. cruzi chemotherapy would not
necessarily suppress pathogenic autoimmune responses initially elicited by
parasite Ags and subsequently boosted by host tissue Ags. Also, in the search
for protective vaccine we should discard T. cruzi Ags that elicit pathogenic
anti-self responses.

9
Final Remarks

As mentioned above, several criteria, put originally forth in the T. cruzi field by
Kierszenbaum 1986 and more broadly by Benoist et al. (Benoist and Mathis,
2001) must be met to consider a disease as caused by molecular mimicry
(see Table 2). In T. cruzi infection, the first three conditions have been clearly
demonstrated, and this has allowed the identification of several candidate
autoantigens. If there were a unique cross-reactive Ag, infection with genet-
ically deficient parasites lacking the inducing Ag, or infection of knockout
mice lacking the cross-reactive autoantigen, would prevent the disease. How-
ever, as multiple autoantigens seem to be involved in the pathology of Chagas’
disease, such experiments are very difficult to perform, and therefore the
fourth criterion has not been demonstrated yet.

The fifth criterion is considered to be the decisive test of the concept of
autoimmunity.

In most publications about autoimmunity in Chagas’ disease the putative
causes are either autoantibodies or autoreactive T cells originated by molec-
ular mimicry between parasite and host Ags. Nevertheless, evidence for the
mediation of cross-reactive antibodies or T cells in pathology is still far from
settled. Moreover, most of the data come from experimental T. cruzi infection,
and an additional problem is the extrapolation of the results to the human
model which is more difficult to study.

One way to determine the pathological effect of autoreactive T or B cells
wouldbe to immunizemicewith cross-reactiveAgs to seewhether this induces
pathology. However, immunization with an autoantigen (injected together
with adjuvants and via different routes than natural infection) may not reflect
the way the autoantigen is presented during natural infection and may elicit
hyperimmune responses, tolerance or regulatory T cells which may suppress
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autoimmunity. An alternative approach is the transfer of putative autoreactive
T cells from chronically infected mice specific for a given autoantigen. Either
immunization with or transfer of T cells specific for autoantigens may answer
some of these questions and determine which of the candidates are really rele-
vant for pathology. In this respect, the presence of autoreactive T cells against
Cha proteins shown in our experiment with Cha autoantigen is the closest
to this. Recently, an interesting observation was made by von Herrath et al.
(2003), proposed that autoimmune diseases could be induced and exacerbated
by many different microbial infections. Their hypothesis is that after infection
there is exposure to self, foreign and environmental agents. After clearance
of infection, the inflammatory response drops, but when there are additional
infections the threshold for autoimmunity is reached and autoaggressive T
cells expand and develop.

On the other hand, the parasite persistence hypothesis is based on the
fact that T. cruzi persists in the chronic phase of Chagas’ disease and that
treatment against the parasite results in a decrease of the severity of the
disease. There are also some questions that need to be fully addressed: (1)
Why do lesions develop primarily in the heart and not at other sites of parasite
persistence? (2) Why does parasite burden not always correlate with disease
severity? A demonstration of these hypotheses is also difficult to perform,
because one ought to separate the components of the immune response, self
and anti-self during infection. However, we think that things are not so easy,
because co-existence of self and non-self Ags would enhance the immune
response against both, being always triggered by the parasite.
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Abstract As a model for molecular mimicry, we study patients infected with human T-
lymphotropic virus type 1 (HTLV-1) who develop a neurological disease called HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), a disease with im-
portant biological similarities to multiple sclerosis (MS) (Khan et al. 2001; Levin et al.
1998, 2002a; Levin and Jacobson 1997). The study of HAM/TSP, a disease associated
with a known environmental agent (HTLV-1), allows for the direct comparison of the
infecting agent with host antigens. Neurological disease in HAM/TSP patients is as-
sociated with immune responses to HTLV-1-tax (a regulatory and immunodominant
protein) and human histocompatibility leukocyte antigen (HLA) DRB1*0101 (Bang-
ham 2000; Jacobson et al. 1990; Jeffery et al. 1999; Lal 1996). Recently, we showed that
HAM/TSP patients make antibodies to heterogeneous nuclear ribonuclear protein A1
(hnRNP A1), a neuron-specific autoantigen (Levin et al. 2002a). Monoclonal antibod-
ies to tax cross-reacted with hnRNP A1, indicating molecular mimicry between the
two proteins. Infusion of cross-reactive antibodies with an ex vivo system completely
inhibited neuronal firing indicative of their pathogenic nature (Kalume et al. 2004;
Levin et al. 2002a). These data demonstrate a clear link between chronic viral infection
and autoimmune disease of the central nervous system (CNS) in humans and, we
believe, in turn will give insight into the pathogenesis of MS.
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1
Background

The purpose of this review is to examine the potential role of molecular
mimicry in the pathogenesis of human T-lymphotropic virus type 1 ((HTLV-
1)-associated myelopathy/tropical spastic paraparesis (HAM/TSP)). Compre-
hensive reviews on the pathogenic mechanisms of HTLV-1-associated human
diseases are available throughout themedical literature (Bangham2000,, 2003;
Barmak et al. 2003; Jacobson 2002; Levin and Jacobson 1997; Nagai and Osame
2003; Osame 2002). Approximately 25 years ago the first human retrovirus,
HTLV-1, was isolated (Poeisz et al. 1980). Subsequently, infection with HTLV-1
was shown to cause adult T-cell leukemia (ATL) and HAM/TSP (Gessain et
al. 1985; McFarlin and Blattner 1991; Osame et al. 1986; Poeisz et al. 1980;
Yoshida et al. 1987). HTLV-1 may infect up to 30% of people in endemic areas
and 10–20 million people worldwide (Barmak et al. 2003; Edlich et al. 2000).
However, only 1%–5% develop either ATL or HAM/TSP, the remainder being
clinically asymptomatic carriers of HTLV-1 (Bangham 2000, 2003; Barmak
et al. 2003; Jacobson 2002; Levin and Jacobson 1997; Nagai and Osame 2003;
Osame 2002). Why infection with HTLV-1 causes ATL or HAM/TSP in some
people while the vast majority of individuals are asymptomatic is largely un-
known. Some possible factors that may differentiate the asymptomatic from
the diseased state include viral strain, human histocompatibility leukocyte
antigen (HLA), viral load, and the immune response (Bangham 2000, 2003;
Barmak et al. 2003; Jacobson 2002; Levin and Jacobson 1997; Nagai and Osame
2003; Nagai et al. 1998; Niewiesk et al. 1994; Osame 2002).

Clinically, HAM/TSP is more common in women than men, and age of
onset is between 35 and 45 years. People with HAM/TSP develop progressive,
spastic paraparesis. Weakness of the lower extremities is due to damage of the
corticospinal tract, the major motor pathway of the CNS. Weakness is typically
symmetrical and slowly progressive and, over time, may ascend to include
the upper extremities. Bladder symptoms are common because of the spinal
cord involvement of the disease. Sensory symptoms such as paresthesias also
occur, suggesting involvement of the posterior columns of the spinal cord;
however, sensory involvement is minor compared to motor dysfunction in
these patients (Hollsberg and Hafler 1993; Khan et al. 2001; Levin et al. 1997;
Levin and Jacobson 1997; McFarlin and Blattner 1991; Nakagawa et al. 1995).

The study of the neuropathology of HAM/TSP revealed two important
features: First, CNS damage correlates strongly with the clinical features of
the disease and second, the immune system is involved in the pathogenesis of
HAM/TSP. Pathologically, there is severe demyelination and axonal dystrophy
of the corticospinal tract and posterior columns throughout the brain and
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spinal cord. Associated with this CNS damage is a robust immune response
that includes damage to the blood-brain barrier, infiltrating lymphocytes,
macrophages, immunoglobulins, and local cytokine production (Giraudon et
al. 2000; Izumo et al. 2000; Jernigan et al. 2003; Levin et al. 1997; Moore et al.
1989; Romero et al. 2000; Umehara et al., 1998, 2002; Wu et al. 1993). Because
of this intense inflammatory response in the CNS, immune mechanisms are
thought to play a critical role in the pathogenesis of HAM/TSP.

2
The Role of the Immune Response in the Pathogenesis of HAM/TSP

The mechanism by which CNS damage occurs in HAM/TSP is incompletely
understood but provides an excellent model that takes into account the rela-
tionship among infection with an environmental agent, genetic background,
the host immune response, and potential autoantigens in the pathogenesis
of autoimmune disease of the nervous system. There is no experimental evi-
dence that direct infection of the CNS results in neural cell damage (Bangham
2000; Hollsberg and Hafler 1993; Levin and Jacobson 1997; Osame 2002).
Instead, several observations support the hypothesis that immune-mediated
mechanisms play a crucial role. HAM/TSP patients have higher antibody and
cytokine levels in sera and cerebrospinal fluid (CSF) than do patients infected
with HTLV-1 who lack neurological symptoms (Levin and Jacobson 1997;
Osame et al. 1987). It is the immune response to HTLV-1-env and tax, two
immunodominant proteins, that differentiates patients with HAM/TSP from
control populations (Bangham 2000; Goon et al. 2002; Jacobson et al. 1990; Lal
et al. 1994; Noraz et al. 1993). Specifically, HAM/TSP patients develop a CD8+

cytotoxic T-lymphocyte (CTL) response specific for the N-terminal of HTLV-
1-tax (tax11–19 in association with HLA-A2) (Bangham 2000; Elovaara et al.
1993; Jacobson et al. 1990). Whether these CTLs are pathogenic or protective
is an area of ongoing investigation. Some data suggest that tax-specific CTLs
enter the CNS and cause tissue damage (Jacobson 2002). Other studies sug-
gest that high levels of tax-specific CTLs in association with HLA-A2 protect
against the development of HAM/TSP (Bangham 2000; Jeffery et al. 1999). In
contrast to HLA-2, which may be protective, HLA-DRB1*0101 was found to
double the risk of HAM/TSP (Jeffery et al. 1999). Other studies implicate a role
for CD4+ T-helper lymphocytes in the pathogenesis of HAM/TSP. Specifically,
CD4+ T-lymphocytes are present in the CNS of HAM/TSP patients early in dis-
ease (Levin and Jacobson 1997; Osame 2002). Also, HAM/TSP patients develop
CD4+ T-helper lymphocytes specific for env and tax that secrete increased lev-
els of interferon-γ (IFN-γ) compared to interleukin-4 (IL-4), suggesting a Th1
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phenotype (Goon et al. 2002). Antibodies also play a role in the pathogene-
sis of HAM/TSP (Levin and Jacobson 1997; Osame 2002). HAM/TSP patients
have elevated antibody titers to HTLV-1 in sera and CSF and exhibit increased
intrathecal synthesis of IgG (Levin and Jacobson 1997; Osame et al. 1987).
Some studies suggest that antibody titer is proportional to severity of disease
(Levin and Jacobson 1997; Osame et al. 1987). Patients infected with HTLV-1
preferentially react with env proteins, which are used to diagnose infection
(Lal 1996; Noraz et al. 1993). The IgG response in HAM/TSP patients to tax
is to the C terminus (tax316–335) (Lal, 1996; Rudolph et al., 1994). Data also
indicate that viral load is important in stimulating the immune responses
in HAM/TSP because these patients have elevated viral loads of tax (Bang-
ham 2000; Nagai et al. 1998; Saito et al. 2004). Also, HTLV-1-infected patients
showed marked immunoreactivity to a number of nuclear and cytoplasmic
autoantigens (Muller et al. 1995). These data suggest that a cross-reactive
immune response between immunodominant HTLV-1 proteins and a CNS
autoantigen may exist and contribute to the pathogenesis of HAM/TSP. How-
ever, a specific CNS autoantigen that may act as a target for a cellular or
antibody-mediated autoimmune response has not been identified. Our data
indicate that there is molecular mimicry between HTLV-1 and hnRNP A1
derived from neurons and that mimicry is likely to be significantly involved
in the pathogenesis of HAM/TSP (Levin et al. 1998, 2002a).

3
Experimental Data Indicating a Role for Molecular Mimicry
in the Pathogenesis of HAM/TSP

Because HAM/TSP patients develop damage specifically of the CNS, we hy-
pothesized that patients would make antibodies to a CNS antigen and that
this immune response would play a role in the pathogenesis of the disease.
To test this hypothesis, we isolated IgG from the sera of HAM/TSP and con-
trol patients, biotinylated it, and reacted it with normal human tissues, using
immunohistochemistry. IgG from HAM/TSP patients, in contrast to seroneg-
ative controls, stained CNS neurons (Levin et al. 1998, 2002a). Furthermore,
the HAM/TSP IgG did not stain CNS glial cells or sections derived from sys-
temic organs. In similar experiments, a monoclonal antibody to HTLV-1-tax
(tax Mab) also stained CNS neurons, but not glial cells (Levin et al. 1998,
2002a). This suggests that molecular mimicry exists between the tax epitope
recognized by the Mab and a neuronal autoantigen.

To identify the autoantigen, neurons derived from human brain were pu-
rified and the neuronal proteins were separated by two-dimensional gel elec-
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trophoresis and transferred to membranes for Western blot using biotinylated
HAM/TSP IgG. The HAM/TSP IgG reacted with neuronal proteins with molec-
ular weights of 34,000 and 38,000, pI 9.3 (Levin et al. 2002a). Immunoreactive
proteins were dissected from the gels, trypsinized, and analyzed by matrix-
assisted laser desorption ionization (MALDI) mass spectroscopy. The protein
was identified as hnRNP A1 (Levin et al. 2002a). We then cloned and expressed
hnRNP A1. We showed that the molecular weight of hnRNP A1 was identical
to that of the neuronal autoantigen and that preincubation of HAM/TSP IgG
with hnRNP A1 abolished immunoreactivity to neurons by Western blot, thus
proving that the autoantigen is hnRNP A1. Importantly, IgG isolated from
10 of 10 HAM/TSP patients reacted with hnRNP A1, in contrast to 0 of 10
controls. This established hnRNP A1 as an autoantigen associated with the
development of HAM/TSP (Levin et al. 2002a).

To confirm that the immune reaction was specific for the CNS, we ex-
tracted proteins from human organs and tested them for immunoreactivity
with HAM/TSP IgG by Western blot. These data showed that HAM/TSP IgG
only reacted with neurons derived from brain and recombinant hnRNP A1.
There was no reactivity to proteins isolated from systemic organs (Jernigan
et al. 2003). Next, because HAM/TSP patients develop clinical and patho-
logical damage to corticospinal pathways, we hypothesized that HAM/TSP
IgG would preferentially react with neurons of this motor system. We sepa-
rated neurons of the precentral gyrus (motor cortex that contains Betz cells,
the neurons of origin of the corticospinal tract) from other cortical areas
of normal, HTLV-1 seronegative, human brain. Western blots of pre-central
gyrus neurons showed an intense signal with HAM/TSP IgG, in contrast to
other brain areas. These observations correlated with immunohistochemical
staining with HAM/TSP IgG, in which intense labeling was evident in the
pyramidal and Betz cells of the pre-central gyrus compared to neurons of
the parietal-occipital lobe (Levin et al. 2002a). Concurrently, we hypothesized
that antibody deposition in HAM/TSP autopsy specimens would localize to
the corticospinal system. In histological sections derived from the brain of
HAM/TSP patients, in situ IgG localized to the corticospinal system, includ-
ing neurons of the frontal cortex and pre-central gyrus, as well as within
corticospinal axons in subcortical white matter, periventricular white matter,
posterior limb of the internal capsule, midbrain, pons, and medulla (Jernigan
et al. 2003). Also, IgG isolated directly from the brain and CSF of HAM/TSP
patients reacted with hnRNP A1 (Jernigan et al. 2003; Levin et al. 2002a). These
data indicate that HAM/TSP IgG reactivity is highly specific for neurons and
axons of the corticospinal tract, the major site of neurological dysfunction in
HAM/TSP patients.
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In addition to HAM/TSP IgG, the tax Mab also reacted with hnRNP A1
(Levin et al. 2002a). The epitope of the tax Mab was unknown. Using the
Mimotope Multipin system (in which 15-mer peptides are synthesized that
represent the 353-amino acid sequence of tax), we mapped the epitope of the
tax Mab to the C terminal of tax (tax346–353) (Levin et al. 2002b). This region
overlaps the antibody immunodominant domain (tax329–353) in humans (Lal
1996; Levin et al. 2002b). Preincubation of the tax Mabs with increasing
concentrations of the C-terminal peptide (KHFRETEV, tax346–353) inhibited
antibody binding to tax, hnRNP A1, and CNS neurons (Levin et al. 2002b).
These data indicate that there is molecular mimicry between HTLV-1-tax
and hnRNP A1, and that the mimicking epitope of tax coincides with the
immunodominant domain for IgG in humans.

We also have preliminary data on the hnRNP A1 epitope reactive with sera
from HAM/TSP patients. hnRNP A1 is an RNA binding protein that is critical
for the transport of mRNA from the nucleus to the cytoplasm and cellular
processes (Krecic and Swanson 1999; Nakielny and Dreyfuss 1997; Shyu and
Wilkinson 2000). The N-terminal portion of the protein binds RNA at two
specific sites known as the RNA binding domains (RBDs). The C terminus
includes a sequence known as M9, which is the nuclear localization signal
(NLS) and nuclear export signal (NES), the sequence required for transport
of hnRNP A1 in and out of the nucleus. We designed primers representing
the RBDs and the C terminus of hnRNP A1. Protein fragments representing
these sequences were cloned, expressed, separated by gel electrophoresis,
transferred to membranes, and used for Western blotting with HAM/TSP
IgG. There was intense immunoreactivity to the C terminus of hnRNP A1,
but not to the N terminus. We then expressed the M9 sequence and found
that HAM/TSP IgG was specific for it compared to other fragments contained
within the C-terminal sequence (unpublished observation).

Database analyses showed no exact match between tax and hnRNP A1.
This suggests that molecular mimicry between these two proteins is based
on immunological cross-reactivity rather than on primary sequence. Because
epitopebinding isbasedon three-dimensional structure, theseandother stud-
ies suggest that molecular mimicry, defined by cellular or antibody-mediated
cross-reactivity, has increased biological significance compared to that de-
fined by primary sequence analysis (Albert and Inman 1999; Gran et al. 1999;
Oldstone 1998; Wucherpfennig 2002).

Next, we designed experiments to test whether cross-reactive antibodies
to HTLV-1-tax and hnRNP A1 were pathogenic to neurons. We used neu-
ronal patch-clamp techniques in which brain slices containing motor cortex
were removed from rats and submerged in a recording chamber containing
CSF. Antibodies were circulated in the extracellular CSF, and recordings were
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taken from individual neurons. Under these conditions, HAM/TSP IgG, in
concentrations of IgG equal to those in human CSF, inhibited neuronal firing
in a concentration-dependent manner. Similarly, the tax Mab and affinity-
purified antibodies to hnRNP A1 also completely inhibited neuronal firing.
Neither IgG isolated from normal individuals nor a Mab to neurofilament
inhibited neuronal firing (Kalume et al. 2004; Levin et al. 2002a). These data
indicate that antibodies to HTLV-1-tax and hnRNP A1 are biologically active
and that a cross-reactive immune response between HTLV-1-tax and hnRNP
A1 is pathogenic to neurons (Kalume et al. 2004; Levin et al. 2002a).

4
Conclusions

How autoimmune disease develops in the CNS is incompletely understood
but is related to interactions among several factors including genetic back-
ground (such as HLA), environmental agents, autoantigens, and the immune
response. One hypothesis that couples infections with autoimmune disease
is molecular mimicry (see Fig. 1). We believe that HAM/TSP is an excellent
model to test molecular mimicry because it is associated with a specific envi-
ronmental agent (HTLV-1), HLA (DRB*0101), and a robust immune response
to viral antigens and autoantigens (Bangham 2000, 2003; Barmak et al. 2003;
Jacobson 2002; Levin and Jacobson 1997; Muller et al. 1995; Nagai and Osame
2003; Osame 2002). Using this model, we determined that HAM/TSP pa-
tients develop an antibody response to normal CNS neurons that cross-reacts
with HTLV-1-tax. The immunoreactive component of the neuron is hnRNP
A1. Importantly, the antibody response to the mimicking proteins, tax and
hnRNP A1, has fulfilled a critical definition of molecular mimicry, that cross-
reactivity between two proteins is not random but must include a biologically
important region of the proteins. Our data indicate that the antibody response
to the mimicking sequence of tax includes its immunodominant epitope in
humans. The epitope recognized on hnRNP A1 is M9, a sequence critical to
transport of the protein in and out of the nucleus, which in turn, is required
for normal cell function. In addition, as shown by the intense staining of
Betz cell neurons and IgG deposition of the corticospinal system in HAM/TSP
autopsy specimens, immunoreactivity is specific for neurons and axons se-
lectively damaged in HAM/TSP. Finally, cross-reactive antibodies inhibited
CNS neuronal firing, indicating they are not “bystanders” but are biologically
active and potentially pathogenic (Jernigan et al. 2003; Kalume et al. 2004;
Levin et al. 1998, 2002a, 2002b).
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Fig. 1 The contribution of molecular mimicry between HTLV-1 and hnRNP A1 in
the pathogenesis of HAM/TSP. The left side of the figure shows a schematic cross
section of human brain that includes the pre-central gyrus. This area of motor cortex
contains Betz cells whose axons make up the corticospinal tract. The corticospinal
tract is shown as it courses through the internal capsule, midbrain, pons, medulla,
and spinal cord. The tracing at the bottom of the figure shows the firing rate of motor
neurons. Infection with HTLV-1 causes an antibody response to HTLV-1-tax (top).
In this model, tax-specific antibodies immunodominant for its C terminus, cross-
react with the M9 sequence of hnRNP A1 expressed by CNS neurons, particularly of
corticospinal origin. This immune reaction results in inhibition of neuronal firing and
potentially neurodegeneration and death



HTLV-1 Induced Molecular Mimicry in Neurological Disease 133

These data indicate that molecular mimicry contributes to the pathogen-
esis of HAM/TSP. Certainly, other immune mechanisms are also involved
(Bangham 2000, 2003; Barmak et al. 2003; Jacobson 2002; Levin and Jacobson
1997; Nagai and Osame 2003; Osame 2002). Importantly, we think these data
will provide valuable insights as to the cause of MS. There are important par-
allels between the two diseases. Clinically, some forms of MS, such as primary
progressive MS, closely resemble HAM/TSP (Khan et al. 2001; Levin and Ja-
cobson 1997). Pathologically, both diseases are associated with an activated
immune response with infiltrating lymphocytes and macrophages within the
CNS in areas of demyelination and axonal dystrophy (Levin and Jacobson
1997; Martin and McFarland 1995; Wu et al. 1993; Yoshioka et al. 1993). Both
diseases have HLA associations and are more common in women (Jeffery et
al. 1999; Martin and McFarland 1995). Interestingly, recent data suggest that
infection with human herpes virus-6 (HHV-6), Chlamydia pneumoniae, and
Epstein–Barr Virus (EBV) may contribute to the pathogenesis of MS (Lang
et al. 2002; Soldan et al. 1997; Sriram et al. 1999). Thus, similar to the epi-
demiology of HAM/TSP, large numbers of people may be exposed to one of
these common environmental agents, compared to small numbers afflicted
with the disease. Remarkably, myelin basic protein, the single most studied
autoantigen in MS, is transported in the oligodendrocyte by hnRNP A2, a ri-
bonucleoprotein with significant homology to hnRNP A1 (Munro et al. 1999).
Future studies may show that immunoreactivity to hnRNPs are significant
contributors to the pathogenesis of autoimmune diseases of the CNS.
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Abstract Although cells of the innate immune response have a variety of pattern recog-
nition receptors that are triggered by blood classes of markers, a critical feature of the
adaptive immune response is antigenic specificity. Yet it is becoming increasingly clear
that the specificityof lymphocyte receptorsadmitsof some laxity.Cross-reactivitymay,
in fact, be necessary for lymphocyte survival as antigen receptor signaling maintains
cellular viability in the absence of antigen activation. Studies of molecular mimicry
have revealed many instances in which antibodies to microbial antigens bind also
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to self-antigens; in some cases, this cross-reactivity has pathogenic potential. In this
chapter, we describe cross-reactivity between two self-antigens, DNA and NMDA
receptors, and how antibodies with specificity for DNA in patients with splenic lupus
may cause central nervous system damage by virtue of binding also to neuronal
receptors. This example serves as a reminder that cross-reactivity may exist among
self-antigens as well as between foreign and self-antigens.

1
Introduction

Systemic lupus erythematosus (SLE) is a rheumatic disorder and, like many
autoimmune diseases, primarily affects women. Complications involving the
central nervous system (CNS) are frequently reported, with the percentage
of patients displaying CNS symptoms varying from 15% to 85%, depending
on the instrument used for clinical assessment as well as the patient cohort.
Symptoms include headache, migraines, seizures, chorea, as well as cognitive
decline and psychiatric manifestations such as anxiety, mood disorder, and
psychosis (Kozora et al. 1996). Whether the CNS disorders observed in SLE
are a result of the direct impact of the immune system on neuronal function,
a consequence of vascular disease or hypertension, or a result of pharmaco-
logical interventions has been unclear. We have recently shown that anti-DNA
antibodies, the signature autospecificity in SLE and known to cause renal dis-
ease, can cross-react with NMDA receptors expressed on neurons (DeGiorgio
et al. 2001). This binding causes neuronal death, leading to altered behav-
ior and impaired cognition (Kowal et al. 2004). This observation represents
an example of molecular mimicry, with autoantibodies recognizing multiple
self-antigens, and perhaps mediating damage through multiple mechanisms.

2
Induction of Anti-DNA Antibodies

Normal immune system function requires a balancing of the ability to respond
to foreign challenge with the necessity of remaining nonresponsive to self
molecules. Achieving immunity and maintaining tolerance involve multiple
mechanisms, including negative selection regulatory networks and immune
privilege. SLE is an autoimmune disease characterized by anti-nuclear anti-
bodies, especially antibodies to double-stranded (ds) DNA. There has long
been a question regarding the trigger for the production of these antibodies.
Recent studies from murine models of SLE have clearly shown that on a per-
missive genetic background the failure to clear apoptotic cells can lead to the
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production of anti-DNA antibodies (Licht et al. 2004; Potter et al. 2003). There
is scant evidence, however, that many patients fail to clear apoptotic debris;
thus it remains unclear whether this is a major trigger of anti-DNA antibody
production in SLE. One alterative hypothesis has always been that anti-DNA
antibodies arise by molecular mimicry.

We have long been interested in identifying microbial antigens that might
induce production of anti-DNA antibodies in a host with poor regulation of
autoreactivity. Some time ago we showed that an antibody to phosphoryl-
choline (PC), a dominant epitope on pneumococcal cell wall polysaccharide,
could acquire a single amino acid substitution and gain specificity for dsDNA
(Diamond and Scharff 1984). We subsequently showed that in a non-lupus-
prone mouse strain, approximately 40% of the B cells responding to immu-
nization with PC coupled to a protein carrier cross-react with dsDNA. These
B cells mature in germinal center reactions but are eliminated before entering
the memory B cell compartment. On the basis of this finding, we postulated
that lupus-prone individuals may have poor negative selection of the B cell
repertoire or inadequate immune regulation. Under abnormal conditions,
such as may exist in SLE, some of the B cells that acquire autospecificity
after antigen activation may mature into plasma cells and memory B cells
and lead to elevated serum anti-DNA reactivity. We subsequently demon-
strated that approximately half of the anti-pneumococcal antibodies present
in a combinatorial library made from spleen cells of a lupus patient vac-
cinated with pneumococcal polysaccharide before therapeutic splenectomy
cross-react with DNA. We have also shown that serum anti-DNA antibodies
cross-react with pneumococcal polysaccharide and that anti-DNA antibod-
ies are somatically mutated. These observations make it plausible that poor
regulation of somatically mutating B cells that have been activated by micro-
bial antigen can lead to autoantibody production. Others have shown that
anti-DNA antibodies can cross-react with other microbial antigens. Recently,
there have been studies suggesting that EBV infection may predispose to SLE,
and anti-viral antibodies may cross-react with nuclear antigens (Stein et al.
2002). In composite, these studies suggest that many microbial antigens may
elicit anti-DNA antibodies in a susceptible host. It is therefore appealing to
speculate that a B cell repertoire established with an inadequate threshold
for the elimination of autoreactivity leads to autoreactivity in the response to
microbial antigen and fails to focus the anti-microbial response on protective
antigenic epitopes. Thus, diminished protective immunity may accompany
autoimmunity.
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3
Cross-Reactivity Among Self-Antigens

Anti-DNA antibodies not only cross-react with microbial antigens; there is
also an extensive literature on self-antigens bound by anti-DNA antibodies.
These studieshave focusedon renal antigens thatmightbebound inglomeruli
by anti-DNA antibodies, leading to an inflammatory response and to lupus
nephritis. Among the antigens bound by anti-DNA antibodies and present in
glomeruli are heparan sulfate, laminin, and alpha actinin (Deocharan et al.
2002;Faaberet al. 1986; Sabbagaet al. 1989). Ithasnotbeenconclusively shown
that anti-DNA antibodies with one or more of these cross-reactivities deposit
in glomeruli by virtue of the binding to extracellular matrix components,
but it has been demonstrated that antibodies will bind glomeruli even after
the glomeruli have been treated with DNase (Venkatesh and Diamond 2004).
Many of these cross-reactive antigens will also trigger production of anti-
DNA antibodies when administered to mice in a strong adjuvant. There are
currently no compelling data, however, to suggest that these nonnucleic acid
self-antigens are presented in an immunogenic fashion in SLE and constitute
the trigger for anti-DNA antibody production. In particular, T cell reactivity
to these antigens has not been demonstrated Rather, they represent target
antigens for tissue damage.

4
Anti-DNA Antibody Reactivity with NMDA Receptors

Motivated by studies showing that protein antigens can be the target tissue
antigen bound by anti-DNA antibodies, and looking to determine whether
some protein antigens might elicit anti-DNA antibodies in SLE, we elected
to screen a phage peptide display library with a murine anti-DNA antibody,
R4A, capable of binding to glomeruli. The screening revealed that the consen-
sus sequence Asp/Glu-Trp-Asp/Glu-Tyr-Ser/Gly (DWEYS) was bound by this
antibody (Gaynor et al. 1997). Immunization with this sequence on a carrier
protein induces an antibody response to both peptide and dsDNA in BALB/c
mice, a strain that is not spontaneously prone to develop autoantibodies. The
induced antibodies deposit in glomeruli and result in proteinuria (Putterman
and Diamond 1998). The consensus sequence of this peptide is present in
pneumococcal choline kinase. Immunization of BALB/c mice with choline ki-
nase leads to the development of high titers of anti-DNA antibodies, thereby
identifying yet another microbial antigen capable of eliciting anti-DNA anti-
bodies (Kowal and Diamond 2004; unpublished data).
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This peptide motif is also present in the extracellular, ligand-binding do-
main of both mouse and human N-methyl-d-aspartate (NMDA) receptor
subunits NR2a and NR2b. These receptors are widely expressed by neurons
in the forebrain, and they bind the neurotransmitter glutamate (Kosinski
et al. 1998, Kuppenbender et al. 2000; Scherzer et al. 1998; Standaert et al.
1994). Glutamate receptors are involved in memory and learning (Morris et
al. 1986), they display altered expression in psychosis, and overstimulation of
these receptors can cause neuronal apoptosis (Akbarian et al. 1996; Choi and
Rothman 1990; Mattson et al. 2000). In light of the similarity between NMDA
receptor function and the observed cognitive deficits observed in lupus pa-
tients, combined with the presence of the consensus motif in the receptor, we
sought evidence for a mechanism mediated by cross-reactive anti-DNA anti-
bodies. Western blot analysis confirmed that anti-dsDNA antibodies bound
NR2-containing receptors (DeGiorgio et al. 2001).

5
Autoreactivity in the CNS

Autoimmunitywithin theCNShasbeenstudiedprimarily inmultiple sclerosis
(MS) and in rodent models of MS, which are characterized by an inflammatory
infiltrate in the brain and subsequent demyelinization. Cognitive and motor
defects, as well as certain personality disorders, are present in MS and in
other autoimmune disorders, including SLE, and postinfectious autoimmu-
nity (Paul et al. 1998; Ring et al. 1998), but the link between the neurological
syndromes and the autoreactivity that can be detected in serum or peripheral
blood cells is unclear. Most surprisingly, it has been proposed by some that
the immune system contributes to the development and pathogenesis of neu-
ropsychiatric disorders (Fessel 1962); however, the mechanisms of immune
modulation of neuronal function have largely remained unclear.

Brain-reactiveautoantibodies (BRAAs)havebeenreported inpatientswith
a range of neurological and psychiatric disorders, including SLE, antiphos-
pholipid syndrome, myasthenia gravis, Lambert-Eaton syndrome, Syden-
ham chorea, Guillain-Barré syndrome, schizophrenia, Sjögren’s syndrome,
chronic fatigue syndrome, autism, motor neuron disease, neuromyotonia,
paraneoplastic cerebellar degeneration, Rasmussen encephalitis, as well as
HIV-related dementia (Aarli 2000; Ang et al. 2004; Cavill et al. 2004; Kim and
Neher 1988; Leveque et al. 1992; Rutter et al. 1987; Rutter and Schopler 1987;
Sastre-Garriga and Montalban 2003; Schutzer et al. 2003; Sinha et al. 1991;
Tanaka et al. 2003; Vojdani et al. 2002; Waterhouse et al. 1991). Connections
are also being sought between autoimmunity and disorders such as fibromyal-
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gia, Gulf War syndrome, sudden infant death syndrome, and chronic Lyme
disease of the CNS (Martin et al. 2001; Staines 2004a, 2004b, 2004c).

It continues to be debated whether BRAAs are an effector of neuronal
damage or a marker of disease that arises subsequent to alterations in brain
antigenicity, vasculature, or function. In some situations, there is evidence
that infection triggers the generation of autoantibodies through the mecha-
nism of molecular mimicry. In others, it has been argued that autoreactivity
occurs secondary to brain injury and the ensuing autoimmune response re-
flects a novel exposure of mature lymphocytes to brain antigens. Although
neurological syndromes often arise during autoimmune diseases, the nature
of their link to the autoreactivity itself has, remained unclear. Thrombotic
events and vascular alterations often accompany autoimmunity (Trivedi and
Bussel 2003). These can predispose to the presentation of brain antigen by ac-
tivated dendritic cells. Moreover, autoimmunity may cause inflammation and
compromise the blood-brain barrier (BBB), which may result in neurological
side-effects that are not directly related to a new loss of self-tolerance, but
rather the exposure of brain tissue to antibodies in the systemic circulation.
Finally, neuropathology often develops slowly and may not be identified until
after the instigating pathogen has been cleared. Thus, identifying the primary
infection may be challenging, and proof linking an infection to neuropsychi-
atric symptoms may be elusive.

5.1
Neurological Disease in SLE

An intriguing feature of many of the neurological symptoms that develop in
lupus patients is the discordance between symptoms and disease flares. We
hypothesize that this is a reflection of the immune-privileged nature of the
CNS. Because the CNS is protected from immune assault by the presence of
the BBB, two insults may be required for neurological disease to develop: One
insult results in the development of an antineuronal response, and a second
insult breaks the BBB and allows autoantibodies to reach their target antigens.
Breakdown of the BBB may be a feature of disease activity, such as vasculitis or
other vascular involvement, or may be due to an event independent of disease
activity such as infection or stress (Abdel-Rahman et al. 2002; Esposito et
al. 2002; Friedman et al. 1996; Xaio et al. 2001). Thus tissue damage in the
CNS may occur with or without disease activity so long as autoantibodies are
present in the systemic circulation.

The actual role of autoantibodies in neuropsychiatric lupus remains con-
troversial. Studies of MRL/lpr mice, which spontaneously develop a lupuslike
disease, have revealed neurological defects including diminished learning and
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memory capacity (Szechtman et al. 1997). These defects have been linked to
the development of autoimmune disease, rather than to an innate genetic de-
fect in the strain (Sakic et al. 1992; Sherman et al. 1990). Neurodegeneration
present in older MRL/lpr mice occurs in conjunction with the infiltration of
activated T cells into the CNS and the presence of neurotoxic autoantibod-
ies in the cerebrospinal fluid, and correlates with behavioral changes (Ballok
et al. 2004b). Mice are at least partially protected from the development of
neurodegeneration by immunosuppressive therapy (Sakic et al. 2000). A link
between autoantibodies, hippocampal dysfunction, and behavior abnormal-
ities has recently been noted, and is associated with the presence of apoptotic
neurons in the CA3 region of the hippocampus (Ballok et al. 2004a). This
finding was also noted in a post-mortem analysis of a patient who died of
SLE. Although BRAAs were identified in the serum of affected mice, a causal
relationship between the autoantibodies and the onset of neurological disease
was not demonstrated. Specifically, it is not known whether BRAAs are the
mechanism for neuronal death, or a marker for neuronal injury mediated by
another mechanism. Moreover, cellular infiltrates have been observed in the
brains of MRL/lpr mice and could represent a cell-mediated mechanism for
neuronal death (Kier 1990). This stands in contrast to the antibody-mediated
model we have explored.

6
Lupus Antibodies Cause Neuronal Damage In Vivo

Once we determined that the R4A anti-DNA antibody bound a consensus
sequence present in NR2-containing receptors and bound to NMDA receptors,
we demonstrated that purified R4A antibody injected into the hippocampus
of non-autoimmune mice resulted in neuronal loss (DeGiorgio et al. 2001).
Fab’2 fragments of the antibody also mediated neuronal death, indicating
a mechanism that is independent of complement activation or the activation
of Fc-receptor bearing cells in the brain. Serum antibodies from lupus patients
purified on a peptide affinity column bound NR2 and dsDNA, confirming
the cross-reactivity we had initially observed. These antibodies also induced
neuronal apoptosis when injected into the hippocampus. Furthermore, when
the NMDA receptor antagonist MK801 was given systemically to mice, it
protected against neuronal death induced by direct injection of antibody into
the hippocampus. Several important observations were therefore made. First,
neuronal apoptosis occurred in the absence of any cellular infiltrate. Second,
cell death was not dependent on complement or cell-mediated pathways,
as anti-NR2 Fab’2 fragments were also able to induce death. Finally, mice
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pretreated with MK-801, an NR2 blocker, were protected from antibody-
mediated neuronal damage, strongly indicating that R4A binding induced
cellular signaling. Thus the mechanism of neuronal death was determined
to be dependent on antibody-mediated neuronal activation. The antibody
therefore appeared to function as a receptor agonist, and to mediate apoptosis
through excitotoxicity.

In nonspontaneously autoimmune BALB/c mice immunized with the DNA
peptide mimetope DWEYS coupled to a multi-antigenic poly-lysine back-
bone (MAP), high serum titers of anti-peptide antibodies arise (Gaynor et al.
1997). These autoantibodies have pathogenic potential as they deposit in renal
glomeruli and cause proteinuria and a mild inflammatory reaction (Gaynor
et al. 1997; Putterman and Diamond 1998). An examination of the brains of
these mice revealed no neuronal damage, no infiltration of inflammatory cells,
and no immunoglobulin deposition in the cortex or hippocampus (Kowal et
al. 2004). These data confirmed the importance of the BBB; reactivity of serum
with brain antigens is insufficient for neuropathology to develop a breach in
the BBB.

The BBB constitutes a significant protective mechanism to shield the CNS
from potentially pathogenic infectious or inflammatory agents. Presumably,
although tissue destruction accompanying an immune response may be tol-
erated to varying degrees in other tissues, the loss of even small numbers of
neuronal cells may be devastating. Moreover, inflammation can have signifi-
cant pathogenic effects on the CNS, as the brain is anatomically constrained
by the skull. Thus the movement of cells and small molecules into and out of
the CNS is actively controlled by cells making up the BBB, and most molecules
that cross the membrane do so by means of active transport (Pardridge 1998).
Multiple mechanisms are known to open the BBB that are of particular impor-
tance in SLE. Both infection and stress may result in opening of the BBB (Oztas
et al. 2004) and expose autoreactive antibodies to tissues where they may influ-
ence neurological function. Studies have shown that epinephrine can induce
opening of the BBB (Banks 2001). Bacterial antigens, such as lipopolysaccha-
ride (LPS), can also increase BBB permeability (Xaio et al. 2001), and it has
been demonstrated in vivo that some bacterial infections, like streptococcus,
can induce opening of the BBB (Paul et al. 1998; Ring et al. 1998). This is of
particular interest in light of recent observations that the consensus sequence
bound by the antibody R4A, and appearing in the glutamate receptor, also
appears in the enzyme choline kinase of Streptococcus pneumonia and that
immunization with choline kinase induces anti-DNA anti-peptide antibodies
(Kowal and Diamond 2004). Finally, sex hormones can modulate permeability
of the BBB (Oztas 1998), possibly explaining the increased incidence of certain
autoimmune neurological syndromes during pregnancy (Cervera et al. 1997).
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Previous reports have indicated that when LPS opens the BBB, there is no
resulting brain pathology (Xaio et al. 2001). Therefore we administered LPS
by intraperitoneal injection to mice were immunized with the dsDNA mime-
tope DWEYS. At 1 week after LPS administration, intense immunoglobulin
deposition was observed in the hippocampal neurons (Kowal et al. 2004).
Examination of the brains of these mice revealed extensive hippocampal neu-
ronal loss in the absence of inflammation, especially of pyramidal neurons in
the CA1 region of the hippocampus. To further confirm the regional speci-
ficity of the damage to these mice, magnetic resonance spectroscopy was used
to probe brain metabolism. Measurement of the brain metabolite N-acetyl
aspartate (NAA) and of the ratio of NAA to creatine (Cr) permits the identi-
fication of areas of neuronal loss (Hetherington et al. 1995; Hugg et al. 1993).
Mice immunized with the dsDNA mimetope developed anti-NR2 antibod-
ies and displayed decreased NAA-to-Cr ratios in the hippocampus consistent
with neuronal loss when the BBB was compromised by LPS. This effect was not
seen after LPS treatment in mice immunized with the carrier alone. Moreover,
behavior studies in these immunized mice treated with LPS revealed cogni-
tive deficits. Specifically, mice performed poorly in challenges that tested
hippocampal function; these defects were especially evident in memory trials
(Kowal et al. 2004). The cognitive dysfunction found in these mice parallels
similar patterns of cognitive performance found in lupus patients (Brey et al.
2002; Denburg and Denburg 1999).

Confirmation that neuronal damage occurred as a consequence of signal-
ing through NMDA receptors was obtained with the inhibitor memantine.
Memantine is a selective inhibitor of NR2A- and NR2B-containing receptors
(Avenet et al. 1997; Danysz and Parsons 2003). Nonautoimmune BALB/c mice
were immunized with DWEYS, resulting in anti-peptide, anti-dsDNA, and
anti-NR2 antibodies. As previously mentioned, treatment with LPS resulted
in an opening of the BBB and subsequent neuropathology. However, admin-
istration of the NR2-inhibitor memantine before LPS protected mice from
neuronal apoptosis, despite significant anti-NR2 antibody titers (Kowal et al.
2004). No hippocampal injury was observed, and no Fluoro Jade staining or
activated caspase was detected. This confirmed that autoantibody-mediated
cell signaling by NR2-containing receptors was responsible for the observed
neuronal damage.
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7
Epinephrine Opens the BBB

In addition to LPS, which may be present during bacterial infection, studies
also show that stress can induce BBB opening. Epinephrine has been shown to
increase BBB permeability (Oztas et al. 2004) and was explored in this model.
We administered epinephrine systemically to DWEYS peptide-immunized
mice. Of interest, the hippocampus is spared after epinephrine administration
but there is apoptosis of cells in the amygdala. These mice perform normally in
tests of memory function but fail to respond to a fear-conditioning paradigm.
The histology in the amygdala, as in the hippocampus, reveals an absence
of inflammatory cell activation. Thus we have evidence that antibodies can
mediate both cognitive and behavioral changes by functioning as receptor
agonists.

8
Conclusion

A significant obstacle to the interpretation of autoimmune-mediated neuro-
logical syndromes is that disease flares do not correlate well with neurological
status. This might reflect the fact that neurological symptoms may not be de-
tected until the putative instigating infection has been cleared. The model we
propose for autoimmune neuropathologies, specifically neuropsychiatric lu-
pus, is a two-partmodel. Initially, autoimmunity arises that contains reactivity
to brain antigens. This autoimmunity may be a product of cross-reactivity
from an infection or of cross-reactivity to other self-antigens that are triggers
for autoantibody production. However, as we have reported, the presence of
BRAAs in the serum alone is not sufficient for the development of neurolog-
ical disease (Kowal et al. 2004). There must be an abrogation of the BBB and
antibody access to brain tissue.

Recent studies have provided strong evidence that anti-neuronal antibod-
ies can arise in the course of immune reactions to foreign antigens (Kalume et
al. 2004; Kirvan et al. 2003; Kowal et al. 2004). Not only are these antibodies ca-
pable of binding to neuronal surface antigens, but they have been shown to be
capable of modulating neuronal function as both stimulatory and inhibitory
molecules. These mechanisms have parallels in pharmaceutical agents that
are known to mediate their cognitive effects by apparently similar mecha-
nisms (Heresco-Levy and Javitt 1998; Marino and Conn 2002). Moreover, it is
highly significant that studies have identified the targets of several BRAAs to
be targets of psychiatric pharmaceuticals.
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The model of neurological disease as a result of an immune-mediated,
noninflammatory neuronal loss suggests a new mechanism of disease devel-
opment. Immune- and autoantibody-mediated neuropathologies are impli-
cated or suspected in a number of psychiatric diseases, and it seems likely that
the contribution of the immune system in these disorders has only begun to
be appreciated. The conditions under which neuropathogenic antibodies de-
velop require additional investigation, especially as it becomes clear that for-
eign antigens and possibly vaccines can elicit unanticipated cross-reactivities.
Coupled with this knowledge, we must be aware of how this reactivity inter-
acts with the nervous system, and how changes in blood-brain permeability
influence disease development. These challenges will require a new synergy
between the fields of neurology and immunology.
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Abstract Chlamydial infections are among the most common human infections. Ev-
ery year, in millions of humans, they cause infections of the eyes, the respiratory
tract, the genital tract, joints, and the vasculature. Chlamydiae are obligate intra-
cellular prokaryotic pathogens. Chlamydiae promote, in susceptible host cells that
include mucosal epithelial cells, vascular endothelial cells, smooth muscle cells, and
monocytes and macrophages, their survival while causing disease of varying clinical
importance and consequence in their hosts. Chlamydia infections often precede the
initiation of autoimmune diseases, and Chlamydiae are often found within autoim-
mune lesions. Thus, they have been suspected in the etiology and pathogenesis of
autoimmune diseases. Autoimmune diseases have many causes. Genes, notably genes
encoding cell-surface proteins that display peptides for immune recognition, the ma-
jor histocompatibility complex (MHC), the environment, and the microbial diversity
within the human body determine the susceptibility to autoimmune diseases. One
mechanism by which infection is linked to the initiation of autoimmunity is termed
molecular mimicry. Molecular mimicry describes the phenomenon of protein prod-
ucts from dissimilar genes sharing similar structures that elicit an immune response
to both self and microbial proteins. Molecular mimicry might thus be a mechanism
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by which infections trigger autoimmune diseases. For the purpose of this chapter, we
will focus on chlamydial proteins that mimic host self-proteins and thus contribute to
initiation and maintenance of autoimmune diseases. Thus far, the strongest cases for
molecular mimicry seem to have been made for chlamydial heat shock proteins 60,
the DNA primase of Chlamydia trachomatis, and chlamydial OmcB proteins.

What bacteria do is of very much more moment
than what they look like.

Macfarlane Burnett

1
Chlamydial Proteins That Mimic Endogenous Proteins

There is ample evidence that in the pathogenesis of many important human
diseases, cellular and humoral immune response are directed at self-proteins
(Rose and Mackay 1985). What is less clear is the etiology of such autoimmune
responses. However, there is epidemiological, clinical, and experimental evi-
dence of associations between autoimmunity and infection. Indeed, the first
autoimmune diseases to be described, early in the twentieth century, were
sequelae of infections (Silverstein 2001). Molecular mimicry describes the
phenomenon of protein products from dissimilar genes, for example, pro-
teins derived from microbes and humans, sharing similar structures that elicit
cross-reactivity of the adaptive immune system with host self and microbial
epitopes (Oldstone 1987). Molecular mimicry might thus be a mechanism by
which infections trigger autoimmune diseases. Criteria to judge molecular
mimicry as a mechanism by which infection triggers autoimmunity should
contain: The responsible epitopes, from microbial and self-proteins, should
be known. The microbial epitope should be able to elicit a lymphocyte re-
sponse that is cross-reactive to the self-epitope. The relevance of the micro-
bial and self-epitopes, and the cross-reactive response to them, needs to be
established. For example, can antigen-presenting cells that display mimicking
epitopes be found in autoimmune lesions? Do cross-reactive lymphocytes ex-
pand during the immune response that triggers disease? Are both, microbial
and self-epitopes, necessary for the development of the autoimmune disease?
It is important to stringently distinguish between a mechanism that involves
molecular mimicry and other, diverse mechanisms (Benoist and Mathis 2001).
According to thesecriteria thecurrent examples formolecularmimicrycaused
by chlamydial proteins will be examined. For the purpose of this chapter, we
will focus on chlamydial proteins that mimic host self-proteins and thus con-
tribute to initiation and maintenance of autoimmune diseases. The strongest
cases for molecular mimicry have been made for chlamydial heat shock pro-
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teins 60, the DNA primase of Chlamydia trachomatis, and chlamydial OmcB
proteins.

1.1
Chlamydial Hsp60

Heat shock proteins (hsp) are produced by cells in response to, for example,
an increase in temperature, cytokines, or free radicals. Hsp are evolutionary
conserved, having a high degree of amino acid sequence homology among all
species, ranging from prokaryotes to humans. Mouse hsp60 and hsp60 from
Chlamydia trachomatis share a high degree of amino acid sequence identity.
Attempts to induce autoimmunity using endogenous and chlamydial Hsp60
proteins in mice showed that autoimmune responses were induced only by
immunization with both mouse and chlamydial hsp60 proteins. Immuniza-
tion with mouse hsp60 alone induced T lymphocytes that secreted high levels
of interleukin-10 (IL10) but did not proliferate in response to in vitro stimula-
tion with mouse hsp60. On the other hand, co-immunization with mouse and
chlamydial hsp60s induced T lymphocytes that proliferated strongly in re-
sponse to mouse hsp60, and secreted high levels of interferon gamma (IFNγ)
and low levels of IL10 (Yi et al. 1997). These results, while consistent with
the notion of molecular mimicry, do not actually prove it. T cells reactive
to chlamydial hsp60 following experimental murine infection have been de-
scribed by others as well (Beatty and Stephens 1992); however, whether these
T cells would react to endogenous hsp60 was not addressed. Similarly, T cells
obtained from Chlamydia-infected patients that were specific for chlamydial
hsp60 were not tested for cross-reactivity to human hsp60 (Witkin et al. 1994;
Kinnunen et al. 2002). These human T cells predominantly produced IL10,
(Kinnunen et al. 2002), a cytokine that would downregulate Th1-mediated
immune responses. IL10, a cytokine that inhibits IFNγ production and that is
restricted, in mice, to Th2 cells, predominates in murine models of chlamydial
infection (Yang et al. 1999; Morrison and Morrison 2000; Yi et al. 1997). Oth-
ers have shown that T-cell lines, established from atherosclerotic plaques of
carotid artery tissue specimens obtained from patients who had undergone
carotid endarterectomy, proliferated to stimulation with chlamydial hsp60
(Mosorin et al. 2000). However, cross-reactivity to endogenous hsp60 was not
tested.

1.2
DNA Primase of Chlamydia trachomatis

HLA-B27 is strongly associated with spondyloarthropathies, including anky-
losing spondylitis and reactive arthritis. It has been proposed that presenta-
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tion by HLA-B27 of peptides derived from its own molecule with homology to
bacterial proteins could be responsible for autoimmunity following bacterial
infection. Ramos et al. demonstrated that a 12-amino acid peptide derived
from the intracytoplasmic tail of HLA-B27, corresponding to amino-acid
residues 309–320, RRKSSGGKGGSY, was a natural ligand, in vivo, of three
disease-associated subtypes (B*2702, B*2704, and B*2705) but not of two
(B*2706 and B*2709) that are only weakly or not associated with spondy-
loarthropathy. A homologous synthetic peptide derived the DNA primase
of Chlamydia trachomatis, aa211–222: RRFKEGGRGGKY, bound, in vitro,
disease-associated subtypes equally well as the natural B27-derived ligand.
Molecular modeling suggested that the B27-derived and chlamydial peptides
take on very similar conformations in complex with B*2705. Interestingly, this
chlamydial peptide was generated following proteolysis by the 20S protea-
some, the major proteinase generating antigenic peptides in cells. The results
demonstrate that an HLA-B27-derived peptide and mimicking chlamydial
peptides are natural ligands of disease-associated HLA-B27 subtypes (Ramos
et al. 2002). Furthermore, HLA-B27-mimicking chlamydial peptide might be
presented by HLA-B27 on Chlamydia-infected cells and thus have etiologic
and pathogenetic roles in reactive arthritis.

1.3
Chlamydia OmcB Proteins

In vivo mapping of a pathogenic motif, first discovered on endogenous α-
myosin heavy chain protein, was used to directly test the mechanism of
molecular mimicry (Bachmaier et al. 1999). In mice, immunization with heart
muscle myosin induces autoimmune myocarditis (Neu et al. 1987), a disease
that is dependent on CD4+ T cells that recognize a heart muscle-specific
peptide in association with self major histocompatibility complex (MHC)
class II molecules. The identification of pathogenic epitopes on the myosin
molecule was based on the comparison of the pathogenicity between cardiac
α-myosin and soleus muscle β-myosin. Only α-myosin was found to induce
myocarditis, with high severity and prevalence (Pummerer et al. 1996). There-
fore, the epitopes present on immunodominant α-myosin but absent in the
nonpathogenic β-myosin were synthesized and tested for their ability to in-
duce inflammatory heart disease. Thus, pathogenic epitopes on the murine
heart muscle-specific α-myosin heavy chain were identified (Pummerer et al.
1996). Immunization with a 16-amino acid peptide, aa614–629: SLKLMATLF-
STYASAD, of the cardiac-specific α-myosin heavy chain, designated M7Aα,
induces severe inflammatory heart disease in BALB/c mice (Table 1) (Bach-
maier et al. 1999). In contrast, the homologous region of the β-myosin heavy
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chain isoform (M7Aβ) which contains defined amino acid changes does not
induce disease (Table 1). The introduction of single amino acid substitutions
into M7Aα further revealed that the residues xxxMAxxxSTxxx were impor-
tant for the pathogenicity of M7Aα in vivo. These immunogenic amino acids
are conserved between murine and human α-myosin heavy chains, and injec-
tion of the human M7Aα homologue into BALB/c mice induces inflammatory
heart disease (K. Bachmaier, unpublished data). To test whether the Chlamy-
dia peptides containing the M7Aα motif could induce inflammatory heart
disease, BALB/c mice were immunized with murine M7Aα or the homolo-
gous peptides, derived from the OmcB proteins of Chlamydia trachomatis,
Chlamydia psittaci, and Chlamydia pneumoniae. All were able to induce in-
flammatory heart disease at a similar frequency, albeit at significantly lower
severity, as compared to M7Aα-immunized mice (Table 1). Like the inflam-
mation that follows immunization with the endogenous autoantigen M7Aα,
the disease induced by all the Chlamydia-derived peptides was characterized
by perivascular and pericardial infiltration of mononuclear cells and fibrotic
changes. These results suggested that antigenic mimicry between Chlamydia
peptides and a heart muscle-specific myosin peptide can lead to the devel-
opment of inflammatory heart disease. To directly address the hypothesis
of antigenic mimicry between an endogenous cardiac-specific peptide and
Chlamydia-derived peptides, T cell proliferation studies were performed. T
cells from mice immunized with the endogenous peptide M7Aα strongly
proliferated when incubated with splenocytes pulsed with the M7Aα pep-
tide. T cells from these mice also showed a strong proliferative response to
the Chlamydia-derived peptide (Bachmaier et al. 1999). Importantly, splenic
T cells from mice immunized with Chlamydia-derived peptide proliferated
strongly against Chlamydia-derived peptide as well as against the endogenous
M7Aα peptide. These data demonstrated that Chlamydia-derived peptide

Table1 Sequence alignment of chlamydial peptides with the pathogenic mouse M7Aα
and the non-pathogenic mouse M7Aβ peptides

Peptide Amino acid sequence Prevalence Severity

M7Aα SLKLMATLFSTYASA High Severe

Chlamydia trachomatis VLETSMAEFTSTNVIS High Mild

Chlamydia trachomatis VLETSMAESLSTNVIS High Mild

Chlamydia pneumoniae GIEAAVAESLITKIVA High Mild

Chlamydia psittaci KIEAAAAESLATRFIA Low Mild

M7Aβ SLKLLSNLFANYASA – –
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immunizations can crossprime for T cell reactivity against the endogenous
M7Aα. Immunization with endogenous M7Aα peptide led to the production
of serum antibodies reactive against the M7Aα peptide used for the induc-
tion of the disease. Mice immunized with the endogenous peptide M7Aα
also showed serum antibodies reactive against the Chlamydia-derived pep-
tide. Likewise, immunization with Chlamydia-derived peptide induced the
production of serum antibodies reactive against the endogenous M7Aα. The
peptides used in these studies are located within the leader signal peptide
of OmcB proteins (Allen and Stephens 1989). Thus, these peptides might
be cleaved from the mature protein during translocation and, degraded, be
unavailable to elicit antibody responses during a natural infection. How-
ever, actual Chlamydia infections lead to the activation of autoaggressive
lymphocytes reactive to heart-specific antigens. BALB/c mice were infected
with Chlamydia trachomatis through the respiratory tract and the reproduc-
tive organs. Chlamydial infection led to the production of IgG antibodies to
heart-specific epitopes in BALB/c mice (Bachmaier et al. 1999). These data
demonstrated that infection by Chlamydia trachomatis activates autoaggres-
sive lymphocytes in BALB/c mice. Thus, Chlamydia-mediated heart disease
in mice is induced by antigenic mimicry of a heart muscle-specific protein.

2
Molecular Mimicry of Endogenous Proteins by Chlamydial Proteins
and Human Disease

There is ample evidence that many important human diseases, leading causes
of illness and death, are linked to infectious agents. In the sections that
follow, the case for autoimmunity, and of molecular mimicry as its inducing
mechanism, is presented for atherosclerosis, arthritis, pelvic inflammatory
disease, and dilated cardiomyopathy.

2.1
Atherosclerosis

Cardiovascular disease is the leading cause of death and illness in rich coun-
tries and predictions are that it will soon become the pre-eminent disease
worldwide (Murray and Lopez 1997). Atherosclerosis, the single most impor-
tant contributor to this growing health care burden, is a progressive disease
characterized by an ongoing inflammatory response and the accumulation
of lipids and fibrous elements in the large arteries. Infection with Chlamydia
pneumoniae is an emerging risk factor for cardiovascular disease. Chlamy-
diae produce large amounts of hsp60 during chronic, persistent infections.
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Atherosclerotic lesionsoften contain chlamydial andhumanhsp60.Both stim-
ulate macrophage functions, in a manner relevant to atherosclerosis and its
complications, such as production of proinflammatory cytokines, TNFα, and
matrix-degrading metalloproteinases (Kol et al. 1998). Whether chlamydial
hsp60 might mediate the induction of these effects by mimicking endogenous
hsp60 has, however, not been tested. Serum reactivity to the chlamydial hsp60
is an independent risk factor, but, according to one study, specifically indepen-
dent of reactivity to human hsp60. The presence of elevated anti-chlamydial
hsp60 IgG antibodies, but not anti-human or anti-E. coli homologues, is in-
dependently associated with coronary artery disease (Mahdi et al. 2002). On
the other hand, high anti-chlamydial hsp60 antibody response might identify
a subset of patients with chlamydial infection and significant coronary artery
disease (Mahdi et al. 2002). In a more recent study, high levels of antibodies to
humanhsp60, amongpatientswith antibody levels to Chlamydiapneumoniae,
was shown to represent independent risk factors for the development of acute
myocardial infarction (Heltai et al. 2004). There are, as mentioned previously,
human T-cell lines, established from atherosclerotic plaques, that proliferated
to stimulation with chlamydial hsp60 (Mosorin et al. 2000). Again, it is not
clear whether molecular mimicry is responsible for this effect, since molecu-
lar mimicry has not been tested. At this point, there is not enough evidence
unequivocally linking autoimmunity to endogenous hsp60, or the mechanism
of molecular mimicry, etiology, and pathogenesis of atherosclerosis (Stephens
2003).

2.2
Arthritis

Reactive arthritis can be triggered by infections of the urogenital tract with
Chlamydia trachomatis (Keat et al. 1987; Braun et al. 1995), and chlamydia-
induced arthritis is the most frequent form of reactive arthritis in Western
countries (Zeidler et al. 2004). There is some evidence of involvement of au-
toimmunity in the course of oligoarticular juvenile rheumatoid arthritis: T
lymphocytes react to endogenous human hsp60. It is noteworthy, however,
that T cell reactivity to human hsp60 was associated with disease remission
(Prakken et al. 1996). No evidence exists to implicate molecular mimicry in the
pathogenesis of juvenile rheumatoid arthritis. HLA-B27 is strongly associated
with spondyloarthropathies, including ankylosing spondylitis and reactive
arthritis. Recently, it was demonstrated that HLA-B27 binds in vivo a peptide
from its own molecule, B27(309–320). B27(309–320) is a natural ligand of
arthritis-associated subtypes, but not of subtypes weakly or not associated
to this disease. Thus, among known HLA-B27 ligands derived from the B27
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molecule itself, this peptide shows the best correlation with association to
ankylosing spondylitis. The homologous chlamydial peptide DNA primase
(211–222) binds in vitro B*2702, B*2704, and B*2705 with the same efficiency
as the B27-derived peptide, suggesting that, if generated in vivo, this bacterial
peptide could be presented by these three subtypes on Chlamydia-infected
cells. Moreover, chlamydial peptide was generated following proteolysis by
the 20S proteasome, the major proteinase generating antigenic peptides in
cells. The results demonstrate that an HLA-B27-derived peptide and mimick-
ing chlamydial peptides are natural ligands of disease-associated HLA-B27
subtypes (Ramos et al. 2002). These finding might provide a molecular basis
for the association between Chlamydia and arthritis. However, this work does
not explain why only a very small proportion of HLA-B27-positive individuals
develop disease.

2.3
Pelvic Inflammatory Disease

Pelvic inflammatory disease is an infection of the upper female genital tract
encompassing endometritis, parametritis, salpingitis, oophoritis, and peri-
tonitis. Complications include infertility, ectopicpregnancy, andchronicpain.
Serum antibodies to chlamydial hsp60 are associated with an increased risk
for pelvic inflammatory disease caused by infection with Chlamydia tra-
chomatis (Peeling et al. 1997). When the serum reactivity to chlamydial hsp60
antigen, among women with high antibody titers to Chlamydia trachomatis,
was assessed, 80% of the sera from women with ectopic pregnancy, a severe
consequence of Chlamydia trachomatis infection, showed reactivity, com-
pared to only 31% of sera obtained from women with salpingitis (Wagar et al.
1990; Cerrone et al. 1991). These findings link serum reactivity to Chlamydia
trachomatis hsp60 to severe disease outcomes. The issue of whether chlamy-
dial pelvic inflammatory disease is a consequence of persistent infection,
immunopathology, or molecular mimicry remains unresolved.

2.4
Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is the prime condition that necessitates heart
transplantations.Approximately50%ofDCMiscausedby inflammationof the
myocardium.Myocarditis andDCMare closelymimickedby the experimental
inflammatory heart disease in mice. Experimental models demonstrating
that the Chlamydia-derived peptides can cause myocarditis in mice—and
that natural infection with both Chlamydia pneumoniae (Blessing et al. 2000)
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and Chlamydia trachomatis (Fan et al. 1999) leads to inflammatory heart
disease similar to the one seen after immunization with Chlamydia-derived
peptides—suggest the possibility of molecular mimicry in the etiology and
pathogenesis of human inflammatory heart disease. In humans, Chlamydia
trachomatis infections have been directly linked to myocarditis (Odeh et al.
1991; Grayston et al. 1981; Wesslen et al. 1992; Tong et al. 1995). Furthermore,
there is now the first clinical evidence that DCM in patients is associated with
persistent Chlamydia pneumoniae infection (Song et al. 2001). Conclusive
evidence for molecular mimicry in human DCM is still lacking.

3
Conclusions

Criteria have been designed to stringently distinguish between a mechanism
that involves molecular mimicry and other, diverse mechanisms. Rational
treatment strategies for disease rely on a correct understanding of the eti-
ology and pathogenesis of these diseases. Associations between a particu-
lar microbial infection and a particular inflammatory state are numerous.
Disease-causing microbial and self-proteins have been identified. In many
cases, the relevance of the microbial and self-epitopes for human disease
remains unclear. As for Chlamydiae, it seems fair to say that the case for
molecular mimicry is still open. Where the experimental evidence for molec-
ular mimicry is strong, the clinical and epidemiological evidence is weak.
Where the epidemiological and clinical evidence is ample, the experimental
support is weak. Unless we continue to gain further insights in the etiology
and pathogenesis of Chlamydia-associated diseases, we will not be able to
devise better treatment strategies for some of the most important human
diseases.
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