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Abstract

TCR recognition of MHC/peptide complexes directs many aspects of T cell biology, including thymic selection, surviixe af cells
and differentiation into effector and memory T cells. It was widely thought that TCR recognition is highly specific, with an individual T cell
being capable of only recognizing a particular peptide and closely related sequence variants. By considering the structural requirements for
peptide binding to MHC molecules and TCR recognition of MHC/peptide complexes, we demonstrated that T cell clones could recognize a
number of peptides from different organisms that are remarkably distinct in their primary sequence. These peptides are particularly diverse
at those sequence positions buried in pockets of the MHC binding site, while a higher degree of similarity is present at a limited number
of peptide residues that create the interface with the TCR. Many examples have now been documented for human and murine T cells,
indicating that TCR crossreactivity represents a general feature of TCR recognition.
© 2003 Elsevier Ltd. All rights reserved.
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1. How specific is TCR recognition of MHC/peptide the paucity of definitive experimental data, the biological
complexes? relevance of TCR crossreactivity was questioned by many
basic scientists.

The experimental practice of isolating “antigen-specific’ ~ However, structural studies on the interaction of MHC
T cells by in vivo or in vitro selection with a particular anti- molecules with peptides and on TCR recognition of
gen led to the widely held notion that TCR recognition is MHC/peptide complexes suggested that this view of TCR
highly specific since T cell clones selected in such a fash- recognition might have to be reconsidered. Peptide elution
ion are typically not activated by control antigens. Within studies demonstrated that a single MHC molecule could
this conceptual framework it was thought that rare micro- bind a very large and diverse set of peptides since several
bial antigens in which the peptide sequences were closelyhundred distinct peptide masses could be defined with mass
related to a self-peptide could represent mimics and be re-spectrometry techniqueddgnt et al., 1992; Chicz et al.,
sponsible for the induction of autoimmune diseases. Since1993. Investigation of the structural requirements for pep-
it was assumed that such peptides would have to possesgide binding by MHC class Il molecules demonstrated that
substantial sequence identity with the self-antigen, sequencdive peptide side chains contributed to bindirgsgrn et al.,
alignments with self-peptides were used to identify candi- 1994. However, each of these ‘anchor residues’ could typ-
date sequences. This approach was used to identify a pepically be substituted by a number of other amino acids so
tide from the hepatitis B virus DNA polymerase that in- that the resulting peptide binding motifs were highly de-
duced histological signs of experimental autoimmune en- generate lammer et al., 1993 For the multiple sclerosis
cephalomyelitis (EAE) following immunization of rabbits (MS) associated HLA-DR2 molecule (DRA, DRB1*1501)
(Fujinami and Oldstone, 1985However, a large number of  that has been the focus of our studies, three of these five
groups used this method to identify potential mimicry pep- peptide positions (P6, P7 and P9 pockets) could be substi-
tides with largely disappointing results since the vast major- tuted by many different amino acids. Even though a higher
ity of peptides had no biological activity. It thus appeared degree of specificity was observed for the P1 and P4 anchor
that TCR crossreactivity might be a very rare event. Given residues, substitutions by structurally related amino acids

were permitted \(Wucherpfennig et al., 199%aThe crystal
* Tel.: +1-617-632-3086; fax:+1-617-632-2662. structure of HLA-DR1 with a bound peptide from influenza
E-mail addresswucherpf@mbcrr.harvard.edu (K.W. Wucherpfennig). hemagglutinin (HA, 306-318) elucidated how peptides are
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bound with high affinity, despite such degenerate sequencea peptide from human MBP (residues 85-99) that is bound
motifs: a significant fraction of the binding energy is de- with high affinity by the MS-associated HLA-DR2 molecule
rived from interactions between the backbone of the peptide (DRA, DRB1*1501) Wucherpfennig et al., 1994aAnaly-
and conserved residues of the MHC class Il binding cleft. sis of TCR crossreactivity for T cell clones activated by this
This structure also demonstrated that the peptide is buriedHLA-DR2/MBP peptide complex could thus provide in-
in the binding site such that substitutions of peptide side sights into disease mechanisms in MS. We defined the mini-
chains located in deep pockets might not interfere with TCR mal structural requirements for binding of the MBP peptide
recognition of the MHC/peptide surfacBtérn et al., 1994 to HLA-DR2 and for TCR recognition of this MHC/peptide
Analysis of TCR recognition of MHC-bound peptides complex and searched available sequence databases with
in light of this structural information demonstrated that this motif information. This approach permitted the identi-
specificity was typically confined to a small nhumber of fication of many examples of TCR crossreactivity, not only
peptide side chains. For the myelin basic protein (MBP) for the human MBP specific T cell clones that we have
specific T cell clones that we have studied, three pep- studied but also for CD4 and CD8 T cells of both human
tide side chains in the core of the MBP peptide (P2 His, and murine origin, as described in some of the other contri-
P3 Phe and P5 Lys) were particularly relevant for TCR butions to this issue. A more recent variant of this approach
recognition Wucherpfennig et al., 1994a; Wucherpfennig has been to determine the search motif with peptide analogs
and Strominger, 1995 This observation appeared to be in which all neighboring positions carry mixtures of amino
general since similar findings were made for murine TCR acids (so called combinatorial peptide libraries/positional
reactive with microbial or self-antigens. Global amino acid scanning libraries)Hemmer et al., 1997 These libraries
replacements in the moth cytochrome C (93-103) peptide provide less detailed motif information, but can be used on
recognized by murine IHErestricted T cells demonstrated any MHC class Il restricted T cell clone.
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 3. T cell clones can recognize multiple peptides with
four native MBP residues were required for activation of limited sequence similarity
MBP-specific T cells Gautam et al., 1994
Based on these considerations, we developed the hypoth- The search criteria focused on the two major HLA-DR2
esis that TCR recognition is characterized by a considerableanchor residues of the peptide (P1 and P4) and four putative
degree of crossreactivity and that a TCR could recognize aTCR contact residues (at P-1, P2, P3 and P5), all of which
number of different peptides that may be rather distinct in were located in a six amino acid core segment of the peptide.
their sequence. This hypothesis was supported by a reportedn the initial study, we synthesized a panel of 129 microbial
case of crossreactivity where no obvious sequence similar-peptides that matched these criteria and tested them for their
ity was present between the two peptides, as well as theability to activate human MBP specific T cell clones that
observation that many T cell clones recognized alloreactive had been isolated from the peripheral blood of two patients
MHC/peptide complexesBhardwaj et al., 1993; Burrows with MS. Even though we only analyzed T cell clones that
et al., 1994 recognized a single self-peptide, we could identify eight mi-
crobial peptides that activated MBP reactive T cell clones
(Wucherpfennig and Strominger, 199%hese peptides were
2. Development of a strategy to systematically examine remarkably distinct in their sequence from each other and
TCR crossreactivity the MBP peptide and only one of the eight peptides had
obvious sequence similarity with the MBP peptide in the
The challenge therefore was to develop a systematic ap-core segment. The motif-based strategy was thus essential
proach that would allow us to identify such peptides even for the identification of these peptides. In the initial study,
though their structural similarity might not be evident by such peptides were identified for three of the seven T cell
conventional sequence alignments. Formation of the tri- clones that we studied. In order to determine whether mi-
molecular complex of MHC, peptide and TCR is based on crobial peptides could activate the majority of these clones,
two independent binding events: high affinity binding of we examined the recognition motif for two of the four re-
peptide to an MHC molecule and the more short-lived asso- maining clones in detail and synthesized a panel of peptides
ciation of TCR with this MHC/peptide surface. We decided that included sequences from recently characterized micro-
to base our strategy on the minimal structural requirementsbial genomes. A total of five bacterial peptides were iden-
for each of these two binding events. This approach took tified in this set of experimentdHausmann et al., 199%a
advantage of the fact that T cell epitopes can be mapped toThus, we have identified a total of 13 microbial peptides
short peptide segments and that the contribution of individ- that can activate human T cell clones specific for a single
ual peptide side chains to MHC binding and TCR recog- myelin peptide. Since we could only synthesize a subset of
nition can be evaluated with a series of peptide analogs. peptides identified in each search and a number of microbial
Experimentally, this work focused on T cell recognition of genomes have not yet been sequenced, it is evident that a
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substantial number of microbial peptides can activate T cell formed B cells. However, the lytic cycle and expression of
clones that recognize this MBP peptide. These experimentsthe EBV DNA polymerase gene can be induced by treat-
thus demonstrated that T cell clones could recognize a va-ment of EBV transformed B cells with phorbol estelbafta
riety of different peptides with limited sequence similarity. et al., 198). A HLA-DR2* B cell line that had been treated
A number of different terms have been used to describe with a phorbol ester activated a MBP specific T cell clone
this property of TCR recognition. TCR crossreactivity de- that recognized both MBP and EBV DNA polymerase pep-
scribes the basic biological observation, while plasticity tides. T cell activation was blocked by a mAb specific for
and degeneracy suggest structural mechanisms—mobilityHLA-DR but not by a control mAb against HLA-DQ, and
of TCR CDR loops (plasticity) or a relatively poor fit of the was not observed when MHC-mismatched EBV transformed
TCR on the MHC/peptide surface (degeneracy). Molecular B cells were used as antigen presenting cells. These results
mimicry has been widely utilized to describe the specialized demonstrated that the MBP specific T cell clone recognized
case where TCR crossreactivity involves peptides from an not only the EBV peptide but also antigen presenting cells
infectious agent and a self-antigen. in which the viral gene was transcribed/cherpfennig and
Strominger, 199p

4. Activation of MBP specific T cells by naturally
processed viral antigen 5. Crystal structure of the HLA-DR2/MBP peptide
complex

One of the viral peptides was derived from EBV DNA
polymerase and we examined whether the viral peptide is Since the peptides that can be recognized by the same
presented by infected antigen presenting cells to MBP spe-TCR are quite distinct in their primary sequence, an impor-
cific T cells. The EBV DNA polymerase gene is part of the tant question relates to the structural basis of TCR crossre-
Iytic cycle and is therefore not transcribed in EBV trans- activity. Structural information is also required to determine

Fig. 1. 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 OR71 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 microbiahpeptides th
activate MBP reactive T cell clones. Reprinted frde Journal of Experimental Medicir®&mith et al., 1998with permission of the publisher.
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Fig. 2. 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., 1994nd both peptide copies are shown (blue and yellow). The peptide backbones superimpose
in the P1-P4 segment and are more divergent in the C-terminal segment due to different crystal contacts. Reprifieel Jmmal of Experimental
Medicine (Smith et al., 1998with permission of the publisher.

why only a subset of peptides that match the MHC bind- 6. Common features of microbial peptides that activate
ing/TCR recognition motif activate the appropriate T cell MBP specific T cells

clones. We determined the crystal structure of HLA-DR2

(DRA, DRB1*1501) with the bound MBP peptide as astep  The structural information on the HLA-DR2/MBP pep-
towards defining molecular mimicry at a structural level tide complex was used to dissect the crossreactive peptides
(Smith et al., 1998 Fig. 1 gives an overview of the struc- identified for the MBP specific T cell clone (Ob.1A12) for
ture and illustrates features of HLA-DR2 that are impor- which the largest number of stimulatory microbial peptides
tant for MBP peptide binding as well as TCR recognition were identified Table 1. The crossreactive peptides were
of the HLA-DR2/MBP peptide complex. The MBP peptide aligned with the MBP peptide in order to determine residues
is bound in an extended conformation as a type Il polypro- that may be located in pockets of the HLA-DR2 binding site
line helix and MBP peptide side chains occupy the P1, P4, (Table 9. This analysis shows that the HLA-DR2 contact
P6 and P9 pockets of the binding groovEq, 19. The surface of this set of peptides is highly diverse. No sequence
two major anchor residues of the MBP peptide (Val and identity with the MBP peptide is required on the HLA-DR2
Phe) occupy the P1 and P4 pockets of HLA-DR2. The P4 binding surface, as illustrated by comparison of the MBP
pocket of HLA-DR2 is distinct from DR molecules asso- andBacillus subtilispeptides. Common features of putative
ciated with other autoimmune diseases. In HLA-DR2, this HLA-DR2 contact residues are the presence of an aliphatic
pocket is large and predominantly hydrophobic due to the residue in the P1 pocket and a large hydrophobic residue in
presence of a small residue (Ala) at a key polymorphic the P4 pocket. At P6, a preference for asparagine is observed,
position (DR3 71), which permits an aromatic side chain while the residues that occupy the P7 and P9 positions are
of the MBP peptide to be accommodated (PHep(19. diverse. These data are in agreement with HLA-DR2 binding
The peptide residues shown to be important for TCR recog- studies, which indicated that only two positions of the pep-
nition of the MBP peptide (P2 His, P3 Phe and P5 Lys) tide (P1 and P4) were critical for binding and that they could
are solvent exposed in the structure of the HLA-DR2/MBP be substituted with other aliphatic residues or phenylalanine
peptide complexKig. 1band d;Fig. 2). Comparison with  (P1 pocket) or other hydrophobic residues (P4 pocket).

the published high resolution crystal structures of human  Analysis of the residues that may be solvent exposed and
MHC class I/peptide/TCR complexeSégrboczietal., 1996;  that could interact with the TCR shows a higher degree of
Garcia et al., 1998; Ding et al., 19p8uggests that P5 Lys  sequence similarity/identity, in particular in the center of the
binds in a TCR pocket formed by the CDR3 loops of the  epitope Table 9. All peptides that activate this T cell clone
andp chains. carry the two primary TCR contact residues of the MBP
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Table 1
Sequences of microbial peptides that activate human MBP specific T cell clones

Peptides that activate T cell clone Ob.1A12 (HLA-DR?2 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/E. coli HIO136/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 UL1S 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 highlighted. The HLA-DQZ1 restricted T cell clone recognizes the same core segment of the MBP peptide as HLA-DR2
restricted clonesWucherpfennig & Strominger, 1995; Wucherpfennig et al., 1994a; Hausmann et al.,)18%¥g open reading frame.

peptide (His and Phe at P2 and P3). Also, a preference for7. Structural features of autoreactive TCRs that
a positively charged residue (Lys and Arg) is observed at contribute to the degree of crossreactivity
P5. A high degree of sequence diversity is observed in the
N- and C-terminal flanking segments, even though they are  Comparison of the MBP (85-99) reactive T cell clones
required for efficient T cell stimulation. demonstrated obvious differences in the degree of speci-
The data also indicate that combinatorial effects shape theficity/crossreactivity. For some of the T cell clones, such as
peptide surface that can be recognized by a TCR. Analy- Ob.A12, amino acid identity was required at two TCR con-
sis of double-amino acid substitutions of the MBP peptide tact residues of the MBP peptide while every TCR contact
demonstrated that certain combinations of amino acids atresidue of the MBP peptide could be substituted by at least
TCR contact residues were stimulatory, even though the in- one structurally related amino acid for other T cell clones.
dividual analogs had no activitA@isubel et al., 1996 This Two of the T cell clones (Ob.1A12 and Ob.2F3) differed
notion is supported by the observation that the majority of only in the CDR3 loops of TCRx and 8 since they had
microbial peptides that match the MHC binding/TCR recog- identical Va-Jo and VB3-JB rearrangement&ucherpfennig
nition motif did not stimulate the MBP specific T cell clones. et al., 1994k Nevertheless, the clones differed in the level
Identification of a complete set of peptide sequences thatof crossreactivity since only three of the five microbial pep-
represent agonists for a TCR will therefore require analysis tides identified for clone Ob.1A12 activated the other clone.
of complex peptide libraries. At present, such analyses rep-We examined the basis for the different level of crossre-
resent a technical challenge since a large number of peptidesctivity and found that the clones had a very similar fine
may need to be sequenced from phage display libraries orspecificity for the MBP peptide, except for the P5 posi-
peptide libraries on beads. However, the complexity of the tion of the peptide (P5 Lys). The microbial peptides that
peptide repertoire that is recognized by an individual TCR activated clone Ob.1A12 were characterized by conserva-
may be underestimated unless the combinatorial nature oftive or non-conservative changes at P5 (Lys to Arg, Ser or
peptide recognition by the TCR is taken into consideration. Pro). In contrast, clone Ob.2F3 was only stimulated by the
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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

Myelin basic protein
Staphylococcus aureus
Mycobacterium avium
Mycobacterium tuberculosis
Bacillus subtilis

Haemophilus influenzae/E. coli

Solvent exposed residues

Myelin basic protein
Staphylococcus aureus
Mycobacterium avium
Mycobacterium tuberculosis
Bacillus subtilis

Haemophilus influenzae/E. coli

1 4679
----V--F-NI-T--
----L--Y-ND-H--
----V--L-NV-A--
----V--M-NL-T--
----L--Y-DK-A--

----V--I-AL-G--

23 5 8
ENPV-HF-K--V-PR
VLAR-HF-R--V-KE
QRCR-HF-R--L-QV
QRCR-HF-R--Y-AV
ALAV-HF-P--G-KN
DFAR-HF-S--H-SG
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tyrosine of Tax (11-19) since only aromatic substitutions
were tolerated. In contrast, the A6 TCR was much more
degenerate at the P5 position since 10 of 17 analog peptides
induced lysis of target cells at low peptide concentrations
(Hausmann et al., 199%bThe absolute requirement for an
aromatic side chain by the B7 T cell clone could be ex-
plained 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 TR
chain (Y104 ) 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 crossreactivity. The HLA-DR2 hap-
lotype that confers susceptibility to MS encodes twoDOR
chain genes (DRB1*1501 and DRB5*0101), both of which
can pair with the non-polymorphic DRchain to form
functional DR heterodimersSpne et al., 1985 Both DR
molecules are expressed by antigen presenting cells in sub-
jects with the HLA-DR2 haplotype. The Hy.2E11 clone

Peptide sequences were dissected in terms of putative HLA-DR2 anchorrecognized the MBP peptide bound to DRA, DRB1*1501
residues and solvent accessible residues that are available for interactionmglecules, but surprisingly the EBV peptide bound to
with the TCR. The HLA-DR2 contact surface of these peptides is highly DRA, DRB5*0101 molecules. Comparison of the two crys-

diverse, and no sequence identity is observed at these five positions
between the MBP an@. subtilis peptides. A higher degree of sequence

tal structures demonstrated a striking degree of similarity,

similarity/identity is observed for peptide residues that are likely to interact 1IN particular for the peptide positions previously shown
with the TCR (P2, P3 and P5). Numbers above the sequences represento be required for TCR recognitionLéng et al., 2002;

positions in a nine-amino acid peptide core, starting with the anchor \Wucherpfennig and Strominger, 1995 CR crossreactivity
residue for the P1 pocket of the binding site.

can therefore involve the recognition of different peptides
bound to the same MHC molecule, or recognition of differ-

peptides that had a conservative lysine to arginine substi-ent peptides on other self-MHC molecules.

tution. The degree of specificity in recognition of the P5

side chain was the key difference between these TCR since

the Haemophilus influenz#&g. coli peptide stimulated both 8. TCR crossreactivity and immunopathology

clones when the P5 position was substituted from serine to

arginine Hausmann et al., 199%94dn the crystal structure of Several different experimental autoimmune diseases have

the HLA-DR2/MBP peptide complex, P5 Lys was a promi- been induced by immunization with microbial peptides,

nent, solvent exposed residue in the center of the DR2/MBPindicating that crossreactive T cell populations can be

peptide surfaceHig. 1). Structures of MHC class I/peptide  pathogenic. EAE has been induced in different strains of

complexes have shown that this peptide side chain occupiesmice and in Lewis rats with mimicry peptides of MBP and

a central TCR pocket created by the CDR3 loops of ®CR myelin oligodendrocyte glycoproteitJfret-Vincenty et al.,

andp (Garboczi et al., 1996; Ding et al., 1998 his sug- 1998; Grogan et al., 1999; Gautam et al., 1998; Mokhtarian

gests that the two MBP specific TCR differ in the size and etal., 1999; Lenz et al., 20DIHowever, the physiologically

shape of the TCR pocket that accomodates the central lysinemore relevant question is whether autoimmune disease can

of the MBP peptide. also result frominfectionwith pathogens that carry such T
Similar findings were made for MHC class | restricted cell epitopes. To address this questi@ison et al. (2001)

T cell clones that recognize the HTLV-1 Tax (11-19) generated recombinant Theiler's viruses in which the can-

peptide bound to HLA-A2. The crystal structure of the didate sequences were placed into the leader segment of

MHC/peptide/TCR complex has been determined for both the virus. The first recombinant virus carried the sequence

of these TCRs (A6 and B7), which demonstrated major of the PLP (139-151) peptide that is immunodominant in

differences in the shape and charge of the TCR pocket SJL mice. Infection with this virus resulted in the rapid de-

for the P5 peptide residueGérboczi et al.,, 1996; Ding  velopment of central nervous system (CNS) inflammation

et al., 1998. The B7 TCR was exquisitely specific for P5 and vigorous CD4 T cell responses to the PLP peptide. It
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is important to note that the wild-type Theiler’s virus also data have demonstrated a relationship between an inflamma-
induced CNS pathology, but disease onset was significantlytory, demyelinating disease of the peripheral nervous system
later (day 30, rather than day 10), permitting the two dis- (Guillain—Barré syndrome) and preceding infectioRe¢s
ease states to be distinguished. Also, tolerance inductionet al., 199%. Patients with this disease acutely develop se-
with the PLP (139-151) peptide prevented induction of the vere symptoms and rapid diagnosis permitted isolation of
early disease process with the PLP (139-151) expressingCampylobacter jejunirom approximately one-third of new
virus, but not the late disease caused by wild-type Theiler's cases, compared to 2% of household controls. A better un-
virus (Olson et al., 200R Importantly, CNS autoimmu-  derstanding of the epidemiology of infectious agents and
nity could not only be induced by a virus that carried autoimmunity could thus help to advance our understand-
the self peptide, but also by a recombinant virus that ex- ing of the molecular mechanisms that trigger autoimmune
pressed a peptide frorllemophilus influenzashown to diseases.
stimulate PLP (139-151) specific T cell®léon et al.,
2001).

The relationship between autoimmune disease and viral9. TCR crossreactivity as a general property of T cell
infection has also been examined with natural pathogens, inrecognition
particular using the Herpes simplex keratitis (HSK) model
(Panoutsakopoulou et al., 2001nfection of the eye with A large number of studies have now demonstrated TCR
Herpes simplex virus (HSV-1, KOS strain) triggers a T crossreactivity for a variety of human and murine T cells
cell-mediated autoimmune process that persists after the(Bhardwaj et al., 1993; Hemmer et al., 1997; Grogan et al.,
virus has been cleared. In order to rigorously test the role of 1999; Evavold et al., 1995; Hagerty and Allen, 1995; Loftus
molecular mimicry in this disease process, a single amino et al., 1996; Misko et al., 1999; Brehm et al., 2D02&n in-
acid substitution was made in the crossreactive T cell epi- teresting example is the melanoma/melanocyte-derived pep-
tope of the viral UL-6 protein. The mimicry T cell epitope tide MART-1 (res. 27-35) since it demonstrates how cross-
was found to be important for disease induction in C.AL-20 reactivity can shape the T cell repertoire. In normal human
mice since 1000-fold larger quantities of the mutant virus donors with the HLA-A2 haplotype, T cells specific for this
were required than of wild-type HSV-1, even though both melanocyte peptide were detected at a surprisingly high fre-
viruses replicated at the same rate. However, in mice thatquency, and such T cells could be visualized directly ex vivo
expressed the CI-6 TCR and therefore harbored large num-with HLA-A2/MART-1 tetramers (frequency 0£0.1%).
bers of autoreactive T cells, infection with HSV-1 was not This suggested that these T cells crossreacted with microbial
required since scratching of the cornea or local applica- peptides and a motif search similar to the one that we had
tion of LPS were sufficient for the induction of disease. performed for human MBP specific T cell clones yielded
The crossreactive T cell epitope was thus required for the 12 peptides that were able to sensitize target cells for lysis.
expansion of autoreactive T cells, but activation of the in- One of these peptides was derived from the glycoprotein C
nate immune system was sufficient when large numbers ofof Herpes simplex virus (HSV) and anti-MART effectors
such T cells were already present. This model therefore lysed cells infected with a recombinant vaccinia virus en-
clarified the potential contributions of TCR crossreactivity coding HSV-1 glycoprotein CLpftus et al., 1996; Dutoit
and ‘bystander’ activation in the induction of autoimmune et al., 2002.
diseases. TCR crossreactivity can also have a profound effect on

The diverse nature of the viral/bacterial peptides that stim- protective immune responses to viral pathogens in vivo,
ulate autoreactive T cell clones suggests that different in- as shown in a murine model where CD8 T cells crossre-
fectious agents could initiate autoimmunity by molecular acted with peptides from two different viruses—lymphocytic
mimicry. However, it is important to keep in mind that a choriomeningitis virus (LCMV) and Pichinde virus (PV)
number of other mechanisms could also result in the ac- (Brehm et al., 2002 LCMV and PV are members of the
tivation of autoreactive T cells. The diverse nature of the Arenaviridaefamily, but the two viruses are only distantly
mimicry peptides and the ubiquitous presence of some of related as shown by sequence comparison. Prior infection
these pathogens may make it difficult to establish a direct with either LCMV or PV provided partial protection against
epidemiological link between infectious agents and the oc- the heterologous virus and LCMV-immune mice showed a
currence of certain autoimmune diseases. In particular, the97% reduction in viral titer compared toiwa mice when
temporal relationship between an infection and developmentchallenged with PV. CD8 T cells from mice infected with
of an autoimmune process may in many cases not be clearither virus crossreacted with a nucleoprotein-derived pep-
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lished for autoimmune disorders with a rapid disease on- LCMV infected mice the NP 205-212 epitope was subdom-
set since early diagnosis can greatly increase the likelihoodinant and 3.6% of CD8 T cells responded to this epitope on
of establishing a link with a preceding infection. Recent day 8 following infection. However, CD8 T cells specific
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