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Summary

Activation of autoreactive CD4" T cells is a crucia step in the development of T cell mediated
autoimmunity and crossreactivity between microbial and self antigens, a phenomenon known as molecular mimicry,
is one of the mechanisms that account for the link between infection and autoimmunity. Accumulating evidence
indicates that recognition by TCRs is far more degenerate than formerly presumed. Therefore, elucidating the
recognition nature of TCRs has a great significance for revelation of the disease process. For this purpose, we
developed a new expression cloning system to identify CD4+ T cell epitopes using an epitope presenting vector, pCl,
aderivative of ahuman invariant chain (i) expression vector, in which the class |1 associated invariant chain peptide
(CLIP, li p89-101) could be substituted with antigenic peptides. We inserted double-stranded oligo DNAs of
randomized sequences into this vector and prepared an epitope-presenting library which loads randomized 13-mer
peptides onto HLA class Il molecules co-expressed in COS-7 cells. Utilizing thislibrary, we isolated a cross-reactive
epitope recognized by a glutamic acid decarboxylase (GAD) 65-autoreactive T cell clone established from a patient
with type | diabetes. Although the newly identified epitope was far different from the original epitope, GADE5 p116-
128, it did have the capacity to stimulate the T cell clone comparable to that of the origina GAD epitope.
Furthermore, we generated a DNA-based randomized epitope library based on the original GAD epitope using CLIP-
substituted invariant chains and analyzed cross-recognition profiles of two GAD65-autoreactive CD4" T cell clones,
established from independent type | diabetes patients. The epitope library was composed of seven sublibraries, in
which three successive residues within the epitope were randomized simultaneously. Analysis of agonistic epitopes
indicate that recognition by both TCR was significantly affected by combinations of amino acids in the antigenic
peptide, although the degree of combinatorial effect differed between the two TCRs. Protein database searching based
on the TCR recognition profile proved successful in identifying several microbial and self-protein-derived mimicry
epitopes. Some of the identified mimicry epitopes were actually produced from recombinant microbial proteins by
APCsto stimulate T cell clones. The epitope expression library system using CL1P-substituted li-genes provide an
entirely new strategy not only for identification of cross-reactive epitopes for CD4+ T cells of known specificity, but
also for detection of epitopes stimulatory for CD4+ T cells the epitopes of which are unknown. Importantly in
analyzing molecular mimicry, this system deciphers overall conformations within epitopes on TCR recognition and
also holds important prospects for providing a greater understanding of recognition mode in HLA-class | restricted
TCR.
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Introduction

1. Antigen-processing pathways for the MHC class | I-restricted antigen presentation

The class || major histocompatibility complex (MHC) molecules, expressed in antigen presenting cells
(APCs), present peptides originating from exogenous proteins, membrane proteins or intravesicular pathogens that
enter the cell through the endocytic route to CD4" T cells (1). APCs include the dendritic cellsinitiating priming
response of naive T cells, macrophages specialized to taken up particulate materials, and B cells that efficiently
internalize specific antigen by receptor-mediated endocytosis of the antigen bound to their surface immunoglobulin (2,
3). Asshown in Fig. 1, proteins incorporated into cells through endocytosis become enclosed in endosome, which
become increasingly acidic as they progress into the interior of the cell, eventually fusing with lysosomes. The
endosomes and lysosomes contain proteases, known as acid proteases, which are activated at low pH and eventually
degrade the protein antigens contained in the vesicles. These acid proteases include the cysteine proteases cathepsins;
B, D, and E, the last of which is the most active enzyme in this family. The biosynthetic pathway for MHC class |1
molecules starts with their translocation into the endoplasmic reticulum, and they must therefore be prevented from
binding prematurely to peptides transported into the endoplasmic reticulum lumen or to thecell’s own newly
synthesized polypeptides. The binding is prevented by the assembly of newly synthesized MHC class Il molecules
with a protein known as the MHC class |1-associated invariant chain (Ii) (4-7). The invariant chain have another
function, a delivery of the MHC class Il molecules to alow-pH endosomal compartment where peptide loading onto
MHC class Il molecules can occur. In such vesicles, proteases including cathepsins S and L cleave the invariant chain,
leaving the CLIP peptide bound to the MHC class || molecules. Pathogens and their proteins are cleaved down into
peptides within acidified endocytic vesicles, but these peptides cannot bind to MHC class || molecules that are
occupied by CLIP. The class I like molecule, HLA-DM, binds to MHC class |I/CLIP complexes, catalyzing the
release of CLIP and the binding of antigenic peptides. HLA-DO is produced in thymic epitherial cellsand B cells and
acts as a negative regulator of HLA-DM. HLA-DO interacts with HLA-DM to inhibit both the HLA-DM-catalyzed
release of CLIP from, and the binding of other peptide to, MHC class || molecules.

2. Structure of TCR-peptide/HL A-class |1 complex

The HLA-class Il molecules are heterodimeric membrane glycoproteins consisting of a and b chains.
DRa chainsis monomorphic, in contrast DPa and DQa chains and b chains are highly polymorphic. The molecule
has a peptide-binding groove on top of the molecule and binds antigenic peptides processed by antigen presenting
cells (APC) such as dendritic cells (DCs) or B cells. Structural requirements for HLA-class || binding peptides have
been analyzed in detail and peptide binding motifs specific for various human and mouse class || molecules have
been reported (8). Three to five amino acid residues separated from each other by one to two intervening residue(s)
acted as anchor residue(s) for binding to HLA-class || molecules (Fig. 2) (9-11). On the other hand, side chains of
amino acid residues flanking anchor residues were the main recognition sites for TCR. Thisview was clearly
established in crystallographic analyses of the DR molecules bound by either self- (4) or non-self (12) peptides.
Sixty-five percent of the peptide surface made contact with the DR molecule and the remaining portion was
accessible to solvents, thus being recognized by the TCR. Most pockets in the groove of the HLA-class Il molecules
are shaped by clusters of polymorphic residues, indicating the class |1 alelic variant has a major effect on differences
in structures of peptides bound, and which determines individual differencein T cell responses to a given antigenic
peptide (13).

TCR is composed of two membrane-anchored polypeptides, a and b chains, and each chain consists of one
constant (C) and one variable (V) domain. The TCR Va or Vb regions are composed of V-Ja or V-D-J productively
rearranged gene products (14). The complementary determining regions (CDRs) are hypervariable loops at one end of
the TCR that recognize the HLA molecule and the antigenic surface derived from the solvent accessible side chains of
amino acid residues flanking HLA anchoring residues. The recent crystallographic studies of TCR—peptide/MHC
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Structure of a peptide-binding groove of a HLA-class || molecule and bound peptide.  (ref. 12)

A. Conformation of HLA-DR1 bound HA p306-318 peptide. The HA peptide is bound to HLA-DR1 as a straight
extended strand with the peptide N and C termini projecting out of the ends of the binding site. The peptide he
pronounced twist, and successive side chains project from the peptide backbone about every 130 degrees. Pepti
atoms are shaded by degree of interactionwith HLA-DR1: black, atoms completely buried in HLA-DR1/HA
peptide complex; grey, atoms that contact HLA-DR1 and are also solvent-accessible in the complex; white, ator
that do not contact HLA-DR1. Boxed residues indicate the HLA-DR anchoring residues.

B. Top view of the peptide-binding groove of a HLA-DR1 molecule. The to@ma&fand bl domains create

groove-like structure consisting of ab-sheet floor and two side walls made of two antiparallela-helices. There are
five pocket like structures indicated by circles in the groove and the side-chains of P1 (the most N-terminal 1st D
anchor position), P4, P6, P7 and P9 anchor residues of the binding peptide are accommodated in each pock
shown in this figure. Black colored residues are polymorphic in HLA-DR molecules.



complexes provide a structural basis for antigen recognition by abTCRs (Fig. 3) (15). All abTCRsrepresent a
relatively flat surface, bound to the peptide/MHC complex, and represent a similar binding mode. The angle between
peptide direction and the long axis of the class |-restricted TCR interface is between the 45~70 degrees (diagonal
mode) (16). In contrast the class |I-restricted TCR interface is between the 70~80 degrees (orthogonal mode) (Fig. 4)
(17). Fig. 3 shows amodel of arecent crystallographic structure of the HA1.7 TCR-HA p306-318/DR1 complex (18).
The CDR1 loops of TCR V-regions contact both peptide and MHC molecules. On the other hand the CDR2 loops
contact prominent a-helices of the MHC molecule. The long CDR3 loops of TCR V-regions extend down over the
center of the antigenic peptide. TCR contacts span only nine residues (P-1~P8) of the antigenic peptide in both in
human and murine TCR-peptide/MHC || complexes.

3. Structure and function of invariant chain

The invariant chain (1), atype Il integral membrane glycoprotein, play acritical rolein MHC class |1-
restricted antigen presentation pathway by stabilizing peptide-free class || ab heterodimersin a nonameric (ab li),
complex (Fig. 5) (5) and has the following two important functions with regard to antigen presentation by MHC class
I molecules: 1) li associates with newly synthesized MHC class Il a and b dimersin the endoplasmic reticulum to
form a complex and directly prevents peptides in the endoplasmic reticulum from binding to MHC class || molecules,
using adomain termed class |l-associated |i peptide (CLIP) that occupies the peptide-binding groove of class |l ab
dimers (Fig. 5), 2) Thisab-li complex is composed of one li trimer and three ab dimers and transported via the Golgi
apparatus to the endosomal pathway where peptide loading of class |1 takes place, by the targeting signal; di-leucine
motif [(D/E)XXX(L/M)(L/1/V)] (19, 20), in the cytoplasmic domain of li. In this pathway, i is proteolytically
degraded from the lumental C-terminus and the class Il ab-CLIP complex is generated. In specialized endocytic
organelles enriched in MHC class |1 molecules and designated MHC class || compartments (M11Cs) or class ||
vesicles (ClIVs) (Fig. 1) (21-23), HLA-DM catalyzes the dissociation of CLIP from class Il ab dimer and binding of
other peptides (24, 25). The CLIP region of Ii, roughly residues 81-104, is one of two segments shown to interact
with class || HLA-DR molecules. The other segment, |i 118-216 is C-terminal to CLIP, mediates trimerization of the
ectodomain of li and interfereswith DM/class || binding.

4. MHC class | I -associated-susceptibility to autoimmunity triggered by infection

Particular class-11 human histocompatibility leukocyte antigen (HLA-class 11) alleles are associated with
susceptibility to particular autoimmune diseases (26). CD4* T cells recognize 10-20 amino acid-long peptidesin the
context of class || molecules expressed on antigen-presenting cells through their T cell receptor (TCR). Autoreactive
CD4" T cells are considered to have a central role in development of autoimmune diseases. Even in the presence of
exogenous non-self antigens, the majority of HLA-class Il molecules bind self-peptides processed mainly from self-
membrane or secretory proteins. If the density of self-peptidessHLA-class || complexes expressed on the surface of
cellsislarge enough to ensure high avidity engagement of TCR, most autoreactive CD4* T cells are deleted in the
thymus or become anergic in the periphery. If the density of self-peptide/HLA-class Il complexesis small enough not
to activate T cellsin the periphery, T cells do not need to acquire tolerance to such complexes and ignore them (27).
Thereby, CD4" T cells do not respond to these self-peptides in the context of self HLA-class I molecules, except in
autoimmune states.

Epidemiological studies indicated that a number of autoimmune diseases are either developed or are
exacerbated after infections. Several possible mechanisms can account for the clinical association between microbial
infection and clonal expansion of autoreactive T cells as a cause of autoimmune disease. One mechanism is activation
and expansion of autoreactive T cells by antigen nonspecific inflammatory stimulus of the innate immune system (28).
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FIGURE 3. Structure of the HA1.7 TCR-HA/DR1 complex.
A. Structure of the HA1.7 TCR-HA/DR1 complex (18) with TCR at the top and DR1 at the bottom. The T cell clone

HAL1.7 is specific to HA p306-318 in the context of HLA-DR1.a1l, a2, b1 and b2 indicate the extracellular domains of a
and b chains of HLA class Il molecules. Va, Vb, Ca and Cb indicate the variable and constant-regions of T cell recepto

a or b chains respectively.
B. The structure of HA p306-3018/HLA-DR1 complex and relative orientation of the CDR loops of HA1.7 TCR on top of

HA/DR1 complex. CDR loops of TCR \a and Vb chains are displayed in tubes, respectively. HA p306-318 peptide
shown in a ball-and-stick model. The top of a1 and b1 domains create a groove-like structure consisted of ab-sheet floor

and two side walls made of two anti-pararela-helices. The peptide sequences of HA p306-318 are given in single | etts
amino acid code. This figure was produced by BOBSCRIPT (119).
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FIGURE 4

FIGURE 4. Comparison of docking modes of TCRson pMHC | versus p
ligands. Thisfigureiscited from ref.17.

A. Stereo view of scD10 TCR (V aVb) on Conalbumin/I-AK. The MHC Il molecule I-AK i<
shown in molecular surface representation with the a chain in light green and the b chainin
orange. The peptide is drawn in ball-and-stick format with NJd and COOH-termini at th
left and right, respectively, in this view. The TCR V domains are shown a:
worm diagram, with Va in green and ¥ in blue. The angle between peptide direction a
the long axis of the TCR interface is 80 degrees, very close to the right angle. (orth
mode)

B. Stereo view of 2C TCRMUM) on dEV8/H-2R. The MHC | molecule, M:2I
shown in yellow in molecular surface representation. The peptide is drawn in ball-and-stic
format with NH-and COOH-termini oriented as &).(The TCR molecule is show
brown as a backbone worm diagram. The angle between peptide direction and the long axi
of the TCR interface is 45 degrees. (diagonal mode)
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FIGURE 5.
Model of thetrimericinvariant chain bound to MHC class || a:f3 heterodimers.
Inthe ER, the MHC class |1 a and b heterodimers associate with an invariant chain (Ii), to assemble into nonameric

complexes comprising threea-, three b-, and three li-chain subunits. A lumenal domain of Ii, known as C
interacts with peptide-binding groove of MHC class |1, rending the groove inaccessible to peptides present in
ER.
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Microorganisms-induced activation of APCs leads release of inflammatory cytokine and/or chemokine, enhancing
antigen-processing, up-regulation of peptide-MHC complexes and costimulatory molecules on the cell surface
(microbia adjuvant effects) (29-33). Local infection causes tissue destruction and the release of sequestered antigen
follows (34-35). The inflammatory state can also promote the expansion of memory T cell populations (by stander
activation) (28, 36). Another mechanism is that microbial superantigens activate large numbers of T cells expressing
particular Vb gene segments, and alimited population can crossreact to a self-antigen (37-39). Cross-recognition by

T cells between self antigens and infectious agents is other important mechanism (molecular mimicry theory) (40, 41).
In any case, the tissue destruction would be expanded by epitope spreading. These concepts are useful to explain
unsolved mechanisms for the etiological linkage between infection and autoimmunity.

5. Molecular mimicry and autoimmunity

One of the mechanisms that account for the break down in immune tolerance is cross-recognition by TCR
between a pathogen-derived antigen and a host antigen (molecular mimicry theory) (40, 41). The concept of
molecular mimicry was broadened by recent insightsinto T cell recognition. Molecular mimicry phenomena were
noted in disease-associated autoreactive CD4" T cells in autoimmune disorders such as multiple screlosis (MS), Type
| diabetes, and Lyme arthritis in humans (42-44). Lyme disease, a chronic inflammatory joint disease, is caused by
infection with spirochete Borrelia burgdorferi (44, 45). Susceptibility to Lyme arthritis is associated with HLA-DR4
and HLA-DR1 aleles. It was reported that synovial fluid T cells from patients with treatment-resistant Lyme disease
showed a strong response to outer surface proteins A (OspA) of B. burgdorferi and crossreacted to self LFA-1. The
sequence homology between OspA p165-173 and aL-chain of hLFA-1 p332-340 was considered to be a basis for
molecular mimicry in treatment-resistant Lyme disease (45). On the other hand, the association between microbial
infection and autoimmune disease has been also investigated using a mice model (46-49). In amodel of herpes
simplex virus (HSV) type-l induced herpes stromal keratitis (HSK), aT cell mediated inflammatory disease of cornea,
corneal antigen autoreactive T cells recognized HSV-1 UL-6 protein (46). However, an HSV-1 point mutant that
contains a single amino acid exchange within the putative mimicry epitope impaired its capacity to induce HSK (47).
In this system, two different pathogenic pathways, innate immune mechanisms and molecular mimicry, are involved.
In that report, mimicry was considered to be essential for disease induction with alimited number of autoreactive T
cells, while innate immune mechanisms are also important to provoke disease with high numbers of autoreactive T
cells.

6. Degeneracy of antigen recognition by T cell receptor

For many years, antigen recognition by TCR was considered to be highly specific and the concept of
molecular mimicry had been defined based on the level of primary sequence similarities between self and antigenic
determinants of infectious microorganisms (50). Since the 1990s, studies using peptide anal ogues with single amino
acid substitution (Fig. 6) (51) or positional scanning synthetic combinatorial peptide libraries (PS-SCLSs) (Fig. 7) (52)
demonstrated that antigen recognition by TCR is highly degenerate and many different peptides can activate an
individua T cell. Wucherpfenning et a. reported that microbial peptides with arelatively limited sequence homology
to myelin basic protein (MBP) could activate MBP autoreactive T cell clones (42). Using positional scanning
synthetic combinatoria peptide libraries (PS-SCLs), Hemmer et al. noted differing recognition profiles of individual
autoreactive T cell clones from patients with multiple sclerosis (MS) and predicted stimulatory ligands that showed
no sequence homology with the known cognate peptide (53). Therefore, molecular mimicry may be a more frequent
event than was generally assumed.
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FIGURE 6

FIGURE 6. Application of singleresidue substituted peptide analogues for analysi
of T cell epitopes.

Thisfigureiscited from ref.51.

A. Substitutional analysis of myelin basic protein (MBP) Ac1-11 (AcASQKRPSQRSK).
In this approach, each position of the epitope was substituted by all 20 naturally occurri
amino acids. The amino acids allowed at each individual position of the epitope ar¢
to establish TCR recognition motif“réstricted MBP Acl1-11 specific T cell:
tested for proliferation at a peptide concentration of M. Stimulation index are shown il
the figure. Dark boxesindicate S 15. Values in the top line represent the wild-type (w
peptide; al other values correspond to single substitution anal ogues.

B. The defined motif resulting from the substitution analysis, i.e., the amino acids all owe
at each individual position of the 11-mer epitope. Bracketed residues indicate the allov
substitutions; X = all amino acids; braced residues represent all amino acids except
in the brackets. The defined motifs were searched for protein database in pa
search.
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FIGURE 7
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FIGURE 7. Application of positional scanning synthetic combinatorial peptide
libraries (PS-SCL s) to the analysis of degeneracy in T-cell recognition of antigen.
Thisfigureiscited from ref.52.

A. The library was made up of 10 positional peptide libraries having N-termin
and C-terminal amide groups. Each positional library was composed of 20 peptide
mixtures, in which a single position is defined with one of the 20 natural L-amin
(represented asO), and the remaining nine positions of the 10-residue sequen
composed of mixtures (represented as X) of 19amino acids (cystein omitted). Each
positional library containsthe samediversity of peptide sequences, the 10 positional
libraries differ only in the location of their defined position. Each peptide mixture is made

up of approximately 3 x 131 (199) individual sequencesfor a library composed of

approximately 6.4 x 182 decapeptides. The advantage of the positional scanning methc
isthat it enables the identification of the relative importance of each amino acid for eve
position of the peptide, thus providing an unbiased approach in comparisor

using individual substitution analogues.

B. The proliferative response of T-cell clones to the different positional libraries [sho
as counts per minute (CPM)] is used to define the optimal amino acids for each posit
For the GP3G6 T cell clone specific for myelin basic protein (MBP) peptide 88—
lysine PS-SCL gives a positive response for position 4, matching the lysine in th
sequence (displayed above the graph).
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7. Differencesin physiological outcomesof T cell responses stimulated by altered peptide ligands

Altered peptide ligands (APLSs) represent a useful tool for studying the differential recognition by TCR. In
days of old, it was considered that recognition and response of T cells were apparently an on/off phenomenon.
However, findings in mice utilizing peptide analogues with single residue substitution revealed that T cell clones
recognize these APLs and altered T cell responses occur. APLs induced T cell nonresponsiveness through TCR
antagonism (54, 55) or induction of anergy as a consequence of partial activation (56, 57), and sometimes induced
dissociation between proliferative response and cytokine production (58, 59). Some peptide analogues with
antagonistic properties for TCR partialy stimulated T cells to induce increases in cell size and expression levels of
CD11a(LFA-1) and CD25 (IL-2R) on the T cell surface, but not proliferation (56). Analyses of physical interactions
of purified TCR with MHC-APL complexes revealed differences in affinity and/or off-rate of receptor-ligand
interaction these phenomena led to differences in signals transduced by the TCR, resulting in differencesin functional
outcomes (60). Our recent observations indicate that; 1) different physiological outcomes are induced in recognition
of APLsin human CD4* T cell clones, as noted by other studies of murine T cells. 2) APLs with antagonistic
properties were mainly observed by substitution of TCR contact sites, however substitution at the MHC anchor
residues also could contribute to TCR antagonism. and 3) many APLs with substitution at HLA anchoring residues
exhibit agonistic properties (61).

8. Slight alteration of an antigenic peptide or DR molecule even far from the recognition surface significantly
affect therecognition by TCR

In our previous study, single amino acid polymorphism at residue 37 of the HLA-DRDb chain (DRp37)
between DRB1* 0406 and 0403 markedly influences the responses to the altered peptide ligands (APLs) of T cell
clone YN5-32 specifically recognizing a streptococcal M12 p54-68 in the context of DR4 (DRB1*0406) (62). In that
study, it was suggested that; 1) single amino acid polymorphism (Ser-Tyr) at the DRp37 residue induced
conformational changes of peptides, which can be distinguished by TCR; and 2) these conformational changes were
observed even in APLswith single residue substitutions at residues far from a putative DRb37 contact site.

In recent studies, Kersh et al. described that TCRs can discriminate between the two APLs in which only
asingle I-E* P6 anchor residue was substituted for a chemically conserative one, which does not significantly alter
the binding affinity to MHC (Fig. 8) (63, 64). Alterations of main chain conformation in P6-P8 and slight changein
the angle of the P8 TCR contacted side chain were evident in a crystal analysis. As aresult, the physiological
response changed from full agonism to antagonism. This observation indicates that recognition by TCR is
significantly affected by dlight alterations far from the TCR recognition surface and its physiological reactivity can be
markedly changed.

9. Degeneracy in antigen recognition by TCR isnot predictable by an independent contribution model

Elucidation of the structural requirements for peptides to be cross-recognized by autoreactive T cell isa
great importance for understanding disease processes. Heretofore, mimicry epitopes have been predicted and
identified based on primary sequence homology (65, 66), the data obtained from single residue substituted peptide
analogues (Fig. 6) (42, 51, 67, 68), or PS-SCLs (Fig. 7) (53, 69, 70, 71, 72). The latter, the majority of currently used
means using synthetic peptide, are fundamentally based on the concept that the antigen recognition surface of TCRis
relatively flat and each amino acid on each position of the peptide independently contributes to recognition by TCR
(independent contribution model) (Fig. 9) (73). In these systems, putative mimicry peptides were searched using
algorithms designed by combining the amino acides selected for for each position referring to tested data. However,
combinations of amino acids used in these systems do not always function as expected. In fact, artificial peptides
composed of the optimal residue for each position selected and based on analysis with PS-SCL s do not necessarily
show agonistic activity, as we reported (74).
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FIGURE 9
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Although TCR shows a high degree of degeneracy in recognized peptides, slight alteration of an antigenic
peptide or a DR molecule even far from the recognition surface can be discriminated by TCR, these showing
exquisite specificity. It has been reported certain TCR recognition is affected by each amino acid adjacent or not
adjacent to TCR contact residues or by each amino acid combinations in antigenic peptide (75-77). Therefore, the
potency of peptide to stimulate certain T cells cannot be precisely predicted in approaches based on an independent
contribution model.

10. Targeting antigensto HLA class |1 presentation pathway using invariant chain

The presentation of antigenic peptides by major histocompatibility complex (MHC) class|| to CD4+ T cellsiscrucial
to initiate immune responses. Several groups including our group, developed a new system for delivery of an
antigenic peptide to the MHC class || pathway, using the invariant chain (li) (78-80). As shouwn in Figl0, we
designed a mutated human p33-form li, CLIP-substituted i, in which streptococca M12p55-68
(RDLEQAY NEL SGEA) was substituted for CLIP (class || associated invariant chain peptide) (78). We examined the
peptide presenting function of this construct, in comparison with the previously reported C-terminal fused li, in which
a cathepsin cleavage site and M 12p54-68 was ligated to the C-terminus of li. Mouse L cell transfectants expressing
either of these two mutated li along with HLA-DR4 could process and present M 12p55-68 to the peptide specific and
DR4-restricted CD4+ T cell clone. CLIP-substituted li was much more efficient in antigen presentation than was the
C-terminal fused li. Similar to the wild-type li, the CLIP-substituted |i was associated intracellularly with DR4
molecules. These results indicate that the peptide substituted for CLIP of Ii p33 bound to the groove of DR molecules
in the same manner as CLIP and it was preferentially presented to the CD4+ T cell clone in the absence of HLA-DM
molecules. This system may prove useful for immunotherapy with DNA vaccines or for construction of an antigen
presenting cell library with diverse peptides.

11. 65kDa glutamic acid decar boxylase as a candidate autoantigen in type | diabetes

GADSG5 is one of the important islet antigens implicated in autoimmunity of the NOD mouse and Type | diabetesin
humans (81-83). We used two T cell clones established from Japanese patients with Type | diabetes and restricted by
disease susceptible HLA-DR53 and they responded to GADGE5 protein in the presence of APCs (84). The epitope
(GADG65 p115-127) used in this study was also reported to be immunodominant in studies using HLA-DR4
transgenic mice (85, 86).

12. The aims of this study

As mentioned above, TCR shows a high degree of degeneracy in antigens recognition, therefore delineating the
recognition nature is essential for revelation of the T cell mediated autoimmunity triggered by infection. The goal of
this study is to establish a method to identify the epitopes for CD4* T cell clones, and on the basis of this method, to
develop a strategy for systematic analysis of degeneracy of epitopes recognized CD4" T cell clones. By adopting this,
we sought to identify candidate mimicry microbial epitopes for GADG5 autoreactive T cell clones established from
type | diabetes patients.
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Materialsand Methods

1. T cell clonesand T cell proliferation assay

12-mer peptide anal ogues with single amino acid substitutions derived from GADG65 p116-127 were purchased from
Chiron Mimotopes (Victoria, Australia) and 13-mer peptides were synthesized as described (61). Two human CD4* T
cell clones, SA32.5 and MK 20.2, recognizing GAD65 p116-127 (NILLQYVVKSFD) in the context of HLA-DR53
molecules (DRA* 0101+ DRB4*0103) susceptible to type | diabetes were used throughout the study (84). T cells
were fed weekly with 50 U/ml human rIL-2 and the irradiated DR53 matched allogenic PBMCs pre-pul sed with the
GADG65 p111-131 (LQDVMNILLQYVVKSFDRSTK) in RPMI1640 medium supplemented with 10 % heat-
inactivated human plasma, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine. T cell proliferation
assays were set up in 96-well flat-bottom culture plates (Falcon, Becton Dickinson, Lincoln Park,NJ) with 3x10 T
cellsand irradiated (6000 cGy) DR53-positive 1.5x105 PBMCsor 1.0x104 dendritic cells per well in the presence of
peptides or recombinant proteins at various concentrations. After 48 h of culture, [ "H]-thymidine was added (1
nCi/well), and after an additional 16 h cells were harvested onto glass fiber filters and radioactivity was counted on a
b scintillation counter (Wallac, Gaithersburg, MD).

2. In vitro generation of dendritic cells (DCs)

DCs were generated from CD14" monocytes purified by positive immunoselection from HLA-DR53 positive
alogenic PBMCs, using an anti-CD14 mAb coupled onto magnetic microbeads; CD14 microbeads (Milteny| Biotec,
Auburn, CA). The CD14* monocytes were cultured at 1 x 10° cells/ml in the presence of 100 ng/ml of GM-CSF and
100 U/ml of IL-4 (Ono Pharmaceutical Co., Ltd., Japan) in RPMI 1640 supplemented with 10% human plasma, 2
mM L-glutamine, and 100 ng/ml streptomycin. Cultures were fed on days 3 and 5 with fresh medium containing
GM-CSF and IL-4. On day 5, DCs were treated with TNFa (20 ng/ml). On day 7, the non adherent cells were
harvested and served as mature DCs. For the assessment of HLA class |I-restricted presentation of recombinant
microbial proteins, recombinant proteins were cultured for 14 h with mature DCs before used as APCs for
proliferation assay.

3. 13-mer randomized peptide expression library

The procedure for construction of 13-mer randomized epitope presenting library is schematically depicted in Fig. 11
(87). Double-stranded DNA's encoding randomized peptides were prepared by PCR, using a 115-base single-stranded
DNA including degenerate sequence, 5-TCC CTC CTG GTG ACT CTG CTC CTC TTT AAA CCT GTG (NNK)
CTG CCT ATG GGA GCT CCA AGT CGG AAC AGC AGA TAA CAA T-3' astemplate and with 5'-biotinylated
primers, 5-TCC ATC CTG GTG ACT CTG CTC CTC-3'and 5-ATT GTT ATC TGC TGT TCC GAC TTG-3'; where
N means any nucleotide and K means G or T. PCR products were digested with Dra | and Sac | and biotinylated
terminal fragments along with undigested and partially digested PCR products were removed with streptoavidin
agarose. The purified DNA fragments containing degenerate regions were ligated to the modified pCl digested with
Smal and Sac |, to prepare the plasmid library. Subsequently, sub-libraries, each consisting of about 500 clones, were
prepared for the primary screening.

4. GADG65-based randomized peptide expression library

Oligonuclectide fragments encoding degenerate-GAD65 pl15-127 were synthesized and purified using
polyacrylamide gel (Genemed Synthesis, Inc., South San Francisco, CA). These oligonucleotide fragments were
amplified by PCR with 5'-biotinylated primers, 5-TCC CTC CTG GTG ACT CTG CTC CTC-3' and 5-ATT GTT
ATC TGC TGT TCC GAC TTG-3'. The purified PCR products were digested with Dra | and Sac |, purified with
streptavidin agarose and ligated to Sma I-Sac |-digested pCl, the CLIP-substituted epitope expression vector. The
construct encodes li protein inserted with partially degenerate-fusion peptides based on GAD65 p115-127
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FIGURE 11

Template DNA including degenerate sequence

5' - TCCCCTCCTGGTGACTCTGCTCCTC- 3
5' - TCCCCTCCTGGTGACTCTGCTCCTCTTTAAACCT GT GNNKNNKNNKNNKNNKNNKNNKNNKNNKNNKNNKNNKNNKCT GCCT AT GGGACT CCAAGT CGGAACAGCAGATAACAAT - 3

3' - GTTCAGCCTTGTCGTCTATTGITA- 5

—0

# PCR with biotinylated primers

o

Dral # Sac| Enzyme digestion

o s———— % ——")

N

Remove flanking DNA fragments
with streptoavidin agarose

Replace CLIP-coding region with PCR products

Aat 11 4840 |EcoR |0
SRa promoter
Amp R
EooN 1815

=-—Sac '/Xbal' 1233
EcoR | 1252

Sac Il 1419 li p33 cDNA

Smal 1590
Sac | 1646

Hind 111'/BamH I' 2657 j

poly A

FIGURE 11. Construction of epitope library using CLIP-replacing epitope
presenting vector, pCl.

Double-stranded DNAsincluding randomized sequences were prepared by PCR
using a 115-base single-stranded DNA including degenerate sequence as template wi
5'-bictinylated PCR-primers. N means any nucleotide and K means Guanine or
Thymine, and X means any amino acid. PCR products were digested Bighl anc
Sac | and biotinylated terminal fragments were removed with streptoavidin
The purified DNA fragments containing degenerate regions were ligated to pCl
digested with Sma | and Sac [, to prepare plasmid libraries.

4915 bp
pBR322 origin

22



(MNILLQYVVKSFD) instead of li p89-101 (SKMRMATPLLMQA) within the CLIP sequence (88). Escherichia
coli (DH5a) was transformed with the ligation mixture, and the transformants were divided into 96 well culture
blocks (QIAGEN, Studio City, CA) to generate transformant pools of 30-50 clones and grown overnight in LB
medium containing ampicillin (100 mg/ml). The amplified Plasmid DNA was purified using a QlAprep 96 Turbo
Miniprep system. (QIAGEN, Studio City, CA). The complexity of each degenerate-GAD65 p115-127 expression
sublibraries was approximately 1.5x 10 ~2.0x 10 .

5. Screening of the 13-mer randomized peptide expression library

The screeeing system of the 13-mer randomized peptide expression library is schematically depicted in Fig. 12. For
transfection in each well, 33 ng each of library DNA and expression vectors for HLA-DRA*0101 and DRB4*0103
genes were mixed with 0.3 ng Transfectam (Promega) in 40 m serum-free DMEM. The DNA/Transfectam mixture
was then added to COS-7 cells (8 x 10 cells/well) in a 96 well-plate and incubated for 90 min at 37°C. After removal
of the transfection medium, the COS-7 cells were incubated in 100 mi of DMEM supplemented with 10% FCS for 24
h. Subsequently, T cells (5x104/well) were added to the wells followed by incubation for 48 h in RPMI-1640 medium
supplemented with 10% heat-inactivated human plasma, antibiotics, and L-glutamine. At the end of the culture, 50 m
of supernatants was collected from each well to quantify |FN-g concentrations by ELISA. The library DNA pool, by
which significant production of IFN-g was induced, was transformed into bacteria to prepare sub-library DNA pools
consisting of about 50 clones. Secondary screening was done as described above, using sub-libraries. Single plasmid
clones were obtained by repeating the screening procedure for 3 times. DNA sequence of the purified plasmid clone
was analyzed, using an automated sequence analyzer (Applied Biosystems).

6. Screening of GADG5-based peptide epitope expression library

Library DNA pools and expression vectors for HLA-DRA*0101 and DRB4* 0103 were mixed with Transfectam
Reagent (Promega, Madison, WI) in serum-free DMEM. The DNA/Transfectam mixtures were then added to the
COS-7 cells (1 x 10  cells/well) in 96-well flat-bottom culture plates and incubated for 90 min at 37°C. After removal
of the transfection medium, the COS-7 cells were incubated overnight in DMEM supplemented with 10% FCS. 24 h
later, cells were washed twice with DMEM medium and T cells were added at a concentration of 3 x 104 Iwell in
RPMI-1640 medium supplemented with 10% heat-inactivated human plasma, 100 U/ml penicillin, 100 nmg/ml
streptomycin, and 2 mM L-glutamine. After 48 h incubation, the supernatant was collected and |FN-g concentration
was measured using a standard ELISA assay (ENDOGEN, Woburn, MA). The library of DNA pools, for which a
significant production of IFN-g was detected, was used to transform the bacteria to prepare a sublibrary of DNA
pools consisting of about 10 clones. Secondary screening was done as described above, using sublibraries. Single
plasmid clones were obtained after three rounds of screening. DNA sequences of the purified plasmid clones were
analyzed using BigDye Terminator Cycle Sequencing Ready Reaction Kitsand the ABlI PRISM™310 Genetic
Analyzer (Applied Biosystems, Foster City, CA). For construction of expression vectors encoding mimicry peptides
or analogues of GADG65 epitope, both strands of oligonucl ectide fragments encoding these peptides were synthesized
(Espec Oligo Service, Tsukuba, Japan), annealed and ligated to Sma |-Sac I-digested pCl. The amplified plasmid
DNAs were purified for transfection. The agonistic activity was assessed in an IFN-g secretion assay at various
dilutionswith pCl (wild li: irrelevant DNA).

7. Analysisof TCR V-(D)-J junctional regions of GADG5 autoreactive T cell clones

Total RNA was extracted from T cells using the TRIZOL reagent (GIBCO BRL, Gaithersburg, MD) and first strand
cDNA was synthesized using Superscript RNase H" Reverse Transcriptase (GIBCO BRL, Gaithersburg, MD) and
random hexamers. cDNA was subjected to PCR amplification for rearranged TCR a with 29 5 TCRAV family-
specific oligonucleotides (Val-32) and a3’ TCRAC (Ca) constant primer, and for rearranged TCR b with 27
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5" TCRBV family-specific oligonucleotides (V b1-25) and a3 TCRBC (Cb) constant primer (89). The amplified PCR
products of the a-chain and of the b-chain were cloned into a plasmid vector, pPGEM-T (Promega,Madison,WI), and
sequenced. The resulting sequences were analyzed using IMGT: the international ImMunoGeneTics database
(http://imgt.cnusc.fr: 8104/).

8. Northern blot analysis

Northern blot analysis was done as described (90). To prepare the probes, the MK20.2 cDNA was subjected to PCR
amplification for 5 TCRVa15 or 5 TCRVa 16 specific oligonucleotide and 3' TCRJa region oligonuclectide primers
and each PCR product was TA cloned, digested and gel purified. The two cDNA fragments of the TCRAV gene were
labeled with [a®-P] dCTP. After hybridization and quantitative analysis of signal intensities, probes were stripped
and a second hybridization was carried out using an b-actin probe. To assess crossreactivity of the Va-specific probes,
TCRAV cDNA fragments were arrayed onto two copies of nylon membrane filters and hybridized using TCRAV
cDNA probes.

9. Generation of recombinant proteins

Genomic DNA of Legionella pneumophila (strain Philadelphia-1) was kindly provided by Dr. T. Akaike and Dr. T.
Akuta (Kumamoto University School of Medicine, Japan). Lactococcus lactis (subspecies; lactis) was provided by
the Institute of Physical and Chemical Research, Japan. Bacterial genomic DNA were purified using DNeasy Tissue
Kits (QIAGEN). The O-succinylbenzoic acid-CoA ligase gene (coding for amino acid residues 101 - 201) /
Lactococcus lactis, putative PTS system, lactose-specific component 11BC gene (coding for amino acid residues 426 -
546) | Sreptococcus pyogenes (ATCC 19615), putative dihydrolipoamide dehydrogenase gene (coding for amino acid
residues 101 - 205) / Neisseria meningitidis, glutamine amidotransferase, class | gene (coding for amino acid residues
1-104) / Sreptococcus pneumoniae (ATCC49619), and the pilus assembly protein PilB gene (coding for amino acid
residues 28 - 131) / Legionella pneumophila were PCR amplified and cloned into the plasmid vector (0GEM-T-easy
vector system). Fusion proteins containing relatively small fragment (100-120 a.a.) of microbia proteins were
generated, because larger recombinant proteins tend to become insoluble in bacteria and are difficult to purify. The
inserted fragments were digested and ligated directionally into the prokaryotic expression vector pGEX-4T
(Pharmacia) to produce glutathione-S-transferase (GST) fusion protein. The integrity of the constructs was confirmed
by DNA sequencing. The procedure for protein induction and purification were described in our previous report (91).
The purity and integrity of the fusion protein were confirmed by SDS/PAGE. The recombinant proteins were
concentrated and separated from small peptide fragments with Centricon-30 (Amicon, MA, USA) and the buffer was
replaced with culture medium.
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Results

1. Determination of the sensitivity of screening for T cell epitope using the pCl expression vector.

We previously generated a vector, pCl, with which one can easily generate cultured cells expressing
CLIP-substituted li, and the latter was efficient inloading an antigenic peptide onto HLA-DR4 molecule and
stimulating CD4+ T cells. Using this vector, we have now generated an epitope-presenting library and devised an
expression cloning system to identify epitopes stimulating CD4+ T cells. In the screening system (Fig. 12), we
adapted transient transfection in COS-7 cells for expression of the epitope library, and quantification of IFN-g by
ELISA to detect the T cell response. Fig. 10 shows predicted trimolecular complex intra-cellularly generated in COS-
7 cells composed of HLA class |l a and b chains and mutated i bearing an antigenic peptide that replaces CLIP.

We first evaluated sensitivity of the screening, using a GADG65 p116-129 autoreactive T cell clone SA
32.5 restricted by disease susceptible HLA-DR53 and established from a patient with type | diabetes (84). The
plasmid clone, pClIG, encoding a mutant Ii, in which human GAD65 p116-129 peptide (NILLQYVVKSFDRS) was
substituted for CLIP (li p89-102) of Ii, was mixed with pCl, encoding wild type li, in various ratios. The plasmid
mixtures (pCIG/pCl) together with HLA-DRA*0101 and HLA-DRB4*0103 genes, encoding HLA-DR53, were
transfected into COS-7 cells. COS-7 cells expressing DR53 and CLIP-substituted li were cultured with SA 32.5ina
96-well plate, and the IFN-g produced by T cells was measured using ELISA. As shown in Fig. 13, we detected the
target clone, pCIG, even when the plasmid was diluted with pCl at a molar ratio of 1:4000. Dilution experiments
using pCIM, in which an epitope derived from streptococcal M12 protein was inserted into pCl (78), as an irrelevant
plasmid gave similar results. These results suggest that this system can identify a positive clone in the presence of
more than 1000 irrelevant clones in asingle well of a 96-well plate, and that one can screen 10 clones using one 96-
well plate. Sengitivity of the screening was considered to be sufficient to identify unknown epitopes.

2. Generation of a pCl-based epitope library encoding mutant li containing randomized 13-mer peptides
substituted for CLIP.

Some CD4* T cell clones recognize 9-mer peptide as aminimal core epitope in the context of HLA class
Il molecules. But the T cell stimulating activities of the core peptides are usually lower than peptides containing
flanking residues in addition to the core sequence, as reported (92). Thereby, we generated a pCl-based epitope
library encoding mutant li containing 13-mer randomized peptides substituted for CLIP (li p89-101). The library was
prepared by ligating double stranded oligo DNAs containing the degenerate sequence (NNK)® into pCl; where N
stands for an equal mixture of the deoxynucleotides G, A, T and C, and K stands for an equal mixtureof Gand T.
Thus, NNK represents an equal mixture of 32 triplets, including codons for all 20 amino acids along with the amber
stop codon; and the insert fragment is expected to be an equal mixture of 32* different nucleotide sequences (Fig.
14A). The degenerate sequence (NNK)™ was replaced for the 89-101 residues of li, because these 13 residuesin
CLIP contain the binding site for HLA class || molecules.

3. Identification of a cross-reactive epitope recognized by the GAD65-autoreactive T cell clone.

Using the method described above, we searched for a novel epitope cross-recognized by SA 32.5. Asa
result of screening of a library containing 2 x 10° independent plasmid clones, we isolated a plasmid clone,
designated as pClGm1 and which stimulates SA 32.5. As shown in Fig. 14B, pCIGm1, when co-transfected with the
DR53 expression vectors to COS-7 cells, stimulated SA 32.5 to produce | FN-gin a dose-dependent manner. We
determined if the epitope encoded by the inserted DNA in pCIGm1 was stimulatory for SA 32.5, when it was added
as a synthetic peptide. We synthesized 4 peptides (Gm1.1-1.4) containing all or part of the 13-mer peptide
(QLSNQWHVVGATF) substituted for CLIP (Ii p89-101) together with different flanking sequences derived from i,
and examined them on the capacity to stimulate SA 32.5 (Fig. 15). T cell stimulatory activity of these peptides was
tested by proliferation assay in which the T cell clone and DR53 positive, irradiated PBMC were co-cultured in the
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FIGURE 12
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FIGURE 12. Schematic representation of the screening system to identify epitoge
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Plasmid DNA of epitope library isintroduced along with HLA class Il expression vector:
into COS-7 cells. Transiently trasfected COS-7 cells, which express diverse array of
peptides in the context of class Il molecules, are cocultured with CD4T cellsin 96-wel
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FIGURE 13
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FIGURE 13. Determination of the sensitivity of screening for T cell epitopes, using the pCl expression vector.
A. Construct of pClIG; the GADG65-epitope-presenting vector in which human GAD65 p116-129 was inserted to pCl.
B. pCIG asrelevant stimulative plasmidDNA was dilutedwith pCl asirrelevant plasmid at graded ratios. Tle
mixtures of plasmids (pCl/pCIG) along with HLA-DRA*0101 and HLA-DRB4*0103 genes were transfected
COS-7 cellsin awell of a96-well plate. After an overnight culture, 5x1H GADG5 autoreactive T cell clone SA 32.!
were added to COS-7 cells followed by 48 h culture. The amount of IFNin the supernatants was measured, usin
ELISA. Results are expressed as means of triplicate determinatiahsSD. The circle in this graph indicates | Ft
produced in awell in which COS-7 cells were transfected with the pCl and DR expression vectors.
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FIGURE 14
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FIGURE 14. Identification of a cross-reactive epitope for a GAD-65 specific T cell clone SA 32.5.

A. The construct of CLIP-substituted peptide library and the peptide encoded by the insert DNA of the plasmid clore
pClIGmLl identified by screening of the library. X indicates random amino acid encoded by nucleotide triplets NNI
where N stands for an equal mixture of the deoxynucleotides Guanine, Adenine, Thymine and Cytosine,
stands for an equal mixture of Guanine and Thymine.

B. Stimulation of T cell clone SA 32.5 by pCIGm1. pCIGm1, the plasmid encoding a novel cross-reactive epito
was diluted with pClI as an irrelevant plasmid at graded ratios( ). The mixtures of plasmids (pCl/pCIGm1) aon
with HLA-DRA*0101 and HLA-DRB4* 0103 expression vectors were transfected into COS-7 cells. Assay anc
quantification of IFN-gproduced by SA 32.5 was done as for Fig. 13B. Results are expressed as means of triplice
determinationst SD.

28



FIGURE 15
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FIGURE 15. Determination of a novel cross-reactive epitope, using synthetic

peptides.

As shown in Fig.14, the amino acid sequence encoded by the nucleotide sequence
substituted for CLIP of the isolated plasmid clone pClGm1 was QLSNQWHVVGATF.
We synthesized 4 overlapping peptides containing all or part of this sequence together
with li-derived flanking sequences. To investigate T cell stimulatory activities of these
peptides, T cell proliferation assay was carried out. The T cell clone SA 32.5 (3%x10
cells’'well) was cultured in the presence of 50 nM of tested peptides and irradiated
HLA-DR53 positive PBMC (1.5x1® cells/well) for 72h in wells of 96-well plate, and
the proliferative responses was measured by counting3H]-TdR incorporation. Results

are expressed as means of triplicate determinations = SD.
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FIGURE 16. Comparison of the stimulatory activity of the identified peptide wih
the original GADGE5 peptide.

The T cell clone and irradiated PBM C were co-cultured in the presence of indical
concentrations of Gm1.2 peptide or GAD65 pl116-128 for 72 h. The proliferative
response was measured by counting $H]-TdR incorporation and results are expresse

as means of duplicate determinations £ SD.
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presence of 50 nM peptide Of the 4 peptidess Gmll (PKPVQLSNQWHVVGA) and Gml.z2
(PVQLSNQWHVVGATF) containing all or part of the insert sequence with two or four CLIP-flanking residues at
the N-terminus stimulated SA 32.5, but peptide Gm1.3 with a deletion of two amino acids at the N-terminus of 13-
mer insert did not do so (Fig. 15). To compare the stimulatory activity of the identified peptide Gm1.2 to the original
peptide GAD65p116-128 (NILLQY VVKSFDR), we investigated proliferative responses of the T cell clone SA 32.5
cultured with different concentrations of these peptides in the presence of irradiated PBMC. As shown in Fig. 16,
proliferative responses of SA 32.5 to the both peptides increased in a peptide dose-dependent manner, and the Gm1.2
peptide stimulated comparable responses to those induced by the GAD65 p116-128.

Several groups of researchers, including ours, have prepaired multiple-residue randomized peptide
libraries from which agonistic epitopes could be directly isolated, using plasmid vectors expressing epitopes or bead-
bound peptide library systems (93, 94). As described above, we identified crossreactive epitopes recognized by an
autoreactive T cell clone using an expression cloning strategy by genetic exchange of CLIP with 13-mer randomized
residues. Based on data obtained in these studies and in the study using combinatorial peptide libraries, one certain
CD4' T cell clone was estimated to be able to recognize at least 10° different minimal peptide epitopes even at low
nanomolar concentrations (93-96). Therefore, identification of all of the agonistic ligands for asingle CD4* TCRsis
practically impossible using currently available technologies. To analyze recognition profiles of TCRs, we planned to
identify the majority of stimulatory ligands from peptide libraries in which randomized residues were narrowed down
into three successive ones. The theoretical complexity of peptide mixtures containing the 3-mer randomized portion
is 20° (=8000), and we considered it possible to make peptide libraries covering this scale of variation and to isolate
agonistic epitopes. In the next study, we constructed seven libraries in which three successive residues were
randomized on the basis of a native ligand, GAD65 p116-127, and consecutive libraries overlapped by 2 residues. We
used two different GADG5-specific T cell clones, SA32.5 and MK20.2, expressing distinct TCR but recognizing the
same epitope with the same restriction element, HLA-DR53 susceptible to type | diabetes in the Japanese population
(84).

4. A novel strategy to analyze combinatorial effects of amino acids on the antigenic peptide in exhibition of
molecular mimicry

The goal of this study was to develop new and comprehensive methods for analysis of the combinatorial
effects of residues in antigenic peptides on recognition by HLA-class | restricted TCRs. We also tried to clarify how
significant would be the effect of amino acid combination within antigenic peptide in recognition by TCR. By
adopting the strategy, we sought to identify candidate mimicry epitopes for GAD65 autoreactive T cell clones
established from Type | diabetes patients.

5. Specificity of GAD65 reactive T cell clones SA32.5 and MK 20.2 analyzed using single amino acid residue
substituted peptide analogues

To investigate structural features of peptides cross-recognized by autoantigen specific TCRs, we analyzed
HLA-DR53-restricted SA32.5 and MK20.2 CD4* T cell clones reactive to GAD65 (p116-127). These T cell clones
were established from two independent Type | diabetes patients in our previous study (84). At the beginning of this
study, we verified that thetwo T cell clones expressed single TCRs, because it has been reported that a significant
fraction of T cellsin human peripheral blood expresses dual TCRs (97). The complementarity determining region
(CDR) sequences of the antigen contact sites were defined. As shown in Table |, TCRa and TCRb chains of SA32.5
T cell clonerevealed functional TCRAV1S2 and TCRBV9S1 gene rearrangements aswell as an out of frame
rearrangement of AV27S1. TCRa and TCRb chains of MK20.2 TCR revealed an in frame dual Va rearrangement
(TCRAV15S1 and TCRAV 16S1 transcripts) and TCRBV 3S1 rearrangement. In northern blot analysis (Fig. 17), T
cell clone MK20.2 expressed TCRAV 16S1 but not the TCRAV 15S1 gene transcript. Therefore, TCRAV16S1
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Tablel.

TCR gene usage and TCR V-(D)-J junctional region sequences of a and f chains
expressed in GADG65 (p116-127) autoreactive T cell clones SA32.5 and MK20.2

CDRS3
TCRV FW  CDR3 FwW  TCRJ Length
SA325 TCRAV1S2 CAV  SGQGAQKL VFG AJ54*01 8

TCRAV27S1 CAV  DSRVRNWSQZZADI WKRNNSECZT
(out of frame)

MK?20.2 TCRAV15S1 CAD SLLSPNSGSARQL TFGAJ22*01 13
TCRAV16S1 CAA WANNFNKF Yl AJ21*01 7

SA325 TCRBV9S1 CAS SPTGQGAHTGEL FFGBJ?2-2*01 12
(TCRBC2)

MK20.2 TCRBV3S1 CAS SSTGVSPGEL FI BJ2-2*01 10
(TCRBC2)

Functional TCRs for each T cell clone are represented in boldface. The deduced
amino acid sequence of the CDR3 loop is shown putatively supported by two
framework branches (FW). Amino acids preceding “ CA” of V region and those
following the highly conserved “ FG” of Jregion are not shown. Two T cell clones
used distinct CDR3a and CDR3b sequences at the amino acid level and distinct CDR3
length. Both T cell clones used the same Db rearrangement.
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FIGURE 17
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FIGURE 17. Identification of the TCRa chain expressed in T cell clone MK 20.2 ty
Northern blot analysis.

A. Probes of TCRAV 15S1 (left lane) and TCRAV 16S1 (right lane) were hybridizec
paralel with replicafilters.

B. Filters were probed with b-actin probe for control of amounts of RNA.

C. Cross-hybridization analysis of TCRAV16S1 and TCRAV15S1 cDNA probes. To
assess the cross-hybridization of each probe, cONA dot hybridization was done u:
replicafilters. Replicate dot blots on which the indicated amounts of TCRAV 16S1 (upper
dots) and TCRAV15S1 (lower dots) were manually spotted and hybridized with cDM
probes of TCRAV15S1 (left panel) or TCRAV 16S1 (right panel). Cross-hybridization o
each probe was not observed.
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combined with TCRBV 3S1 gene product mediates antigen recognition in MK20.2 TCR. These data indicated that
reactivities of these T cell clones were determined by each single TCR. These T cell clones use distinct CDR3a and
CDR3b sequences at the amino acid level and a distinct CDR3 length while both T cell clones use the same Jb
rearrangement.

Next we analyzed these T cell clones to understand the scheme of antigen recognition properties, using
conventiona means, in which we examined proliferative responses of these T cell clones to the 35 peptide analogues
carrying chemically conservative or non-conservative single amino acid substitution in the native 12-mer epitope
(GADG65 p116-127). As shown in Fig. 18, several amino acids with different chemical properties (K, D, N, S, and V)
were tested for position 117 (I in the native ligand). MK 20.2 tolerated all of these substitutions. In contrast, SA32.5
did not tolerate the negatively charged D. In the analysis using the same substitutions as position 117, these clones
showed distinct specificity at position 118 (L in the native ligand) and at position 119 (L in the native ligand). With
substitution at position 123 (V in the native ligand), MK 20.2 responded to hydrophobic residues (L, I, A, and M), in
several orders of magnitude. On the other hand, SA32.5 showed a significant response to only | among the tested
substitutions at this position. SA32.5 tolerated Y to W substitution at position 121 and K to R substitution at position
124, abeit with a significantly weaker response. In contrast, MK20.2 did not respond to these conservative
substitutions at these positions. These data indicated that these T cell clones differ in responses against peptide
analogues with a single amino acid substitution. In particular, peptide analogues carrying replacement of Y 121 and
K124 with even conservative amino acids completely abrogated reactivity of MK20.2, suggesting that these residues
are directly contacted by MK20.2 TCR.

6. Construction of the T cell epitope expression library using CLIP-substituted li-genes

We constructed a set of T cell epitope expression libraries by utilizing an li-based epitope presenting
plasmid vector, pCl, in which the CLIP region of |i was substituted for with MHC class I1-restricted epitopes (Fig.
19A). Inthe libraries, sequences of peptides are derived from the GAD65 p115-127, and three successive residues
within the sequence were totally randomized, the theoretical maximum complexity of each library being 20° (Fig.
19B). We defined the 1117 of GAD65 p115-127 asthe relative position 1, in this study. As shown in Fig. 19B, the
library set (series CIR) is composed of seven sublibraries; CIR-1-2, CIR2-4, CIR3-5, CIR4-6, CIR5-7, CIR 6-8, and
CIR7-9. (CIR-1-2 represents a library in which three successive residues from arelative position—1to 2 inthe T cell
epitope GADGB5 p115-127 are replaced by randomized amino acids.) The positions of inserted randomized amino
acids are serially overlapped between individual sublibraries covering the core epitope GAD65 p116-125. Individual
libraries contained about 14,400~19,200 DNA clones and were divided into sub-pools composed of 30-50 clones.
Summation of al the complexity of peptidesis estimated to be at least 120,000 species.

7. Two GADG65 p116-127 autor eactive and HLA-DR53-restricted TCRsresponded differently to T cell epitope
expression libraries; Crossreactivity scanning

The epitope recognition by the two GADG65 p116-127 reactive TCRs was further investigated using the T
cell epitope expression system to identify the diverse peptide ligands of these T cell clones. Thetwo T cell clones
were examined in parallel with their production of IFN-gin responseto a set of T cell epitope expression libraries.
Fig. 20 shows the frequency of pools stimulating T cell clones in the epitope libraries. The vector DNA encoding
native GADG65 p115-127 mixed with a 100x excess amount of the wild type Ii gene was assigned to have an arbitrary
activity of 1 unit, leading to determination of the relative activity of each separated pool. Thus, these TCRs responded
to pools of each epitope library at different frequencies. MK20.2 responded to many of the pools of CIR-1-2 (99.7%)
and CIR2-4 (66.0%) libraries with more than 0.5 units of response. In contrast, this TCR responded to a few of the
poolsin relatively C-terminus randomized libraries, CIR3-5 ~ CIR7-9 libraries (<7%). These results suggest that the
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FIGURE 18
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FIGURE 18. Proliferative response of GAD65 pl16-127-autoreactive human T cell clones to peptide
analogues carrying a single amino acid substitution in the GAD65 p116-127 peptide.

Data are given as % wild type response which were standardized by calculating the percentage to the response to
wild-type peptide. The T cell responses to wt GAD65 p116-127 were 27,021 cpm for SA32.5 and 23,146 cpm for
MK20.2. Medium control response without peptide was < 200 cpm. All data are expressed as the mean value of

duplicate determinations + SD.
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FIGURE 19

T cell epitope expression library

A

89 91 99 101
li-CLIP KPV | SKMRVATPLLMQA | LPM
i-GAD65 p115-127 KPV | MNI LLQYWWKSFD | LPM
115 117 125 127
B
Relative position # --123456789- - Total clone
GAD65 p115-127 MNI LLQYVVKSFD size
CIR -1-2 MXXXLQYVVKSFD 19,200
CIR 2-4 MNI XXXYVVKSFD 19,200
CIR 3-5 MNI LXXXVVKSFD 14,400
CIR 4-6 MNI LLXXXVKSFD 19,200
CIR 5-7 MNI LLQXXXKSFD 14,400
CIR 6-8 MNI LLQYXXXSFD 19,200
CIR 7-9 MNI LLQYVXXXFD 14,400

FIGURE 19. Design of aT cell epitope expression library using CLIP-substituted li-genes.

A. For construction of thislibrary, the CLIP encoding region (Ii p89-101) was genetically replaced with GAD65 p115-

127 to align 1117 of GAD65 p115-127 to M91 of |i p89-101, the first DR-anchoring residue of the CLIP.

B. The series of T cell epitope expression library was composed of seven sublibraries; CIR-1-2, CIR2-4, CIR3-5,
CIR4-6, CIR5-7, CIR6-8, and CIR7-9. CIR-1-2 represents a sublibrary in which three successive residues from relative
position —1 to 2 on the GADG65 p115-127 were replaced by randomized amino acids. Each sublibrary was aligned and is
indicated in single letter amino acid code. X indicates a random amino acid encoded by nucleotide triplets NNK, where

N stands for any nucleotide and K stands for G or T. In each of three randomized codons the third position was limite

to Guanine or Thymine to minimize appearance of stop codons.
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FIGURE 20
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FIGURE 20. Response of GAD65 p116-127 autoreactive TCRsto pools of a peptide expression library.

Each pool was expected to contain about 30-50 distinct peptide ligands. |FN-g production for each pool is
expressed in terms of units. The response to pCIG (relevant DNA; GAD65 p115-127) 100 folds diluted with
(irrelevant DNA; CLIP) was defined to be arelative value one unit |FNyproduction ranging from 232~506 pg/ml
Percentages of positive pools for individual sublibraries are indicated. Positive pools which stimulated a significe
IFN-gproduction (relative value >0.5) were assigned. The negative control culture was stimulated by pCl and | FNe

production stimulated by pCl ranged between 5.75~36.33 pg/ml. The experiment was repeated twice with
reproducible results.
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highest specificity of MK20.2 TCR exists at the relatively C-terminal side of GAD65 p115-127. In contrast SA32.5
showed a broader response profile against several libraries spanning the epitope functional core. Notably SA32.5
TCR showed a number of strong responses with library CIR6-8 (73.4%). These results collectively indicate that the
spectrum of fine specificity in TCR recognition was clearly different between these two TCRs.

8. I'solation of diverse stimulatory peptides recognized by TCRs

The T cell epitope expression library was used to identify a series of agonistic peptide ligands for these
TCRs. We screened 2,796 pools (total clone size was estimated to be 120,000) and after three rounds of screening,
possible stimulatory peptides with higher antigenicity for SA32.5 (85 ligands) and MK 20.2 (63 ligands) TCRs
respectively were identified. The wt GAD65 p115-127 sequence was isolated from several libraries but not from
library CIR-1-2, CIR3-5, and CIR6-8. For some peptide sequences identified, the same sequences were isolated more
than twice, and in approximately 70% of such cases, peptides were encoded by distinct nucleotide sequences. The
sequences of stimulatory peptides and their stimulatory activity are shown in Fig. 21 and 22. MK 20.2 TCR responded
to most of the pools (99.7%) of library CIR-1-2 in the first round of screening (Fig. 20). Therefore, agonistic peptide
ligands for MK20.2 TCR were not isolated from this library and sequences isolated from library CIR-1-2 as
stimulatory ligands for SA32.5 TCR were tested for their capacity to stimulate MK20.2 TCR (Fig. 21). With regard to
library CIR2-4 for SA32.5 TCR (14.8%) and MK20.2 TCR (66.0%) and the library CIR6-8 for SA32.5 TCR (73.4%),
stimulatory ligands were not exhaustively isolated because of the high frequency of positive pools.

9. Analysis of stimulatory ligandsfrom library CIR-1-2 (MXXXLQYVVKSFD library)

The panel of stimulatory ligands isolated from library CIR-1-2 (Fig. 21) shows that both SA32.5 and
MK20.2 tolerated F, M, L, |, V and C at relative positionl (I in the native ligand). These amino acids were compatible
to the HLA-DR primary anchor residue that was restricted by the Va/Gly dimorphism at DRb86 where Val isused in
the HLA-DR53 molecule (98). For SA32.5 TCR, relative position 2 showed a strong preference for N and L. MK20.2
TCR tolerated most of the agonistic sequences identified with SA32.5 TCR with different stimulatory capacities.
However MK20.2 TCR did not respond to peptides which incorporated N at relative position 2.

10. Analysis of stimulatory ligandsfor SA32.5 TCR; CIR2-4~CIR7-9 libraries

SA32.5 TCR had a preference for L and N at relative position 2 in screening of CIR-1-2 (Fig. 21) and
CIR2-4 (Fig. 22), and M and H were also tolerated in CIR2-4. This TCR showed a strong preference for P with an
imino-ring at relative position 3 in the screening of two separate libraries, CIR2-4 and CIR3-5. At this position, |
sharing achemically conservative side chain with native L was also tolerated. At relative position 4, L, M, V, and Q
were tolerated almost equally in CIR2-4 and CIR3-5 libraries. In CIR3-5, | was also tolerated, however Q at relative
position 4, the same amino acid as in the native ligand, was the most frequently observed (7/14) in CIR4-6. At this
position, H, E, and S were also tolerated in CIR4-6. At relative position 5, located at the center of the epitope, this
TCR did not tolerate chemically conservative single amino acid substitutions except for W in the analysis peptide
analogues with single amino acid residue substitution (Fig. 18). However, ligands containing Y, F, and W, which share
an aromatic ring and H with an imidazol ring at this position were isolated from the two libraries; CIR3-5 and CIR4-6.
Neighboring residues may compensate for conformational mimicking.

Notably, W at relative position 5 was the most frequently observed amino acid (8/10) in stimulatory
ligands isolated from CIR5-7. At relative position 6, this TCR has a preference for positively charged R and H in
CIR4-6, CIR5-7, and CIR6-8. However, E, S, T, and V were also tolerated in CIR4-6. In addition, S, Q, V, and G
were also tolerated in CIR5-7. Similarly, Q and V were also tolerated in CIR6-8. At relative position 7, this TCR
showed a preference for hydrophobic residues (M, L, V, and P) in CIR5-7 and (L, M, V, and |) in CIR6-8. This
preference in chemical character is not significantly changed in these two libraries. However, there is a drastic change
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FIGURE 21. Identification of diverse crossreactive epitopesrecognized by GAD6
autoreactive T cell clonesusinga T cell epitope expression cloning strategy.
Agonistic sequences isolated with SA32.5 TCR from library CIR-1-2 and their capacities

to stimulate IFN-g production by SA32.5 and MK20.2. The sequences of CLIP-

substituted peptidesand relativestimulatory activity of |FNproduction measuredn
culture with a mixture of relevant: irrelevant DNA ratios at 1:50 are summarized. Data ar
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FIGURE 22
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FIGURE 22. Identification of diverse crossreactive epitopes recognized by GADG65 autoreactive T
cell clonesusing a T cell epitope expression cloning strategy.
A. Agonistic sequences isolated with SA32.5 TCR from CIR2-4, CIR3-5, CIR4-6, CIR5-7, CIR6-8, and
CIR7-9 libraries and responses of SA32.5 and MK20.2.
B. Agonistic sequences isolated with MK20.2 TCR from CIR2-4, CIR3-5, CIR4-6, CIR5-7, CIR6-8, and

CIR7-9 libraries and the response of SA32.5 and MK 20.2.

The sequences of CLIP-substituted peptides and relative stimulatory activity of IFN-g production
measured in culture with a mixture of relevant: irrelevant DNA ratios at 1:50 are summarized. Data are

given as % wild type response. All data are expressed as the mean value of duplicate determinations + SD.
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in the preference in CIR7-9 at this position in which the 3-mer randomized portion was moved to C-terminal side
only by one amino acid from CIR6-8. This TCR has a preference for positively charged R at relative position 7. In
addition, T and Rin CIR6-8 and M and V in CIR7-9 were also permitted at this position. At relative position 8,
several amino acids with different chemical properties (R, P, S, I, M, L, V, A, and G) were tolerated almost equally in
CIR6-8. On the contrary, similar drastic changes in preference observed at position 7 were also observed at position 8
in CIR7-9, and this TCR has a strong preference for P at this position. Several amino acids with different chemical
properties were tolerated at relative position 9.

11. Epitope expression library revealed the importance of linear combinations of residuesin recognition by
SA325TCR

By observing the preference of residuesin peptides in recognition by SA32.5 TCR, preferable residues at
each position in the N-terminal side were relatively similar in each separated library. However, in the peptide C-
termina side (CIR5-7, CIR6-8, and CIR7-9 in Fig. 22A), thereis adifferent preference at each position depending on
which successive residues were randomized. It is conceivable that this phenomenon is affected by fixed residues
flanking the randomized regions. Amino acids at relative position 6 in library CIR6-8 are not fixed, so that this
position tolerates several amino acids with different chemical properties. In the isolated ligands from CIR6-8, if
positively charged amino acids (R and H) located at relative position 6, hydrophobic amino acids (L, M, I, and V)
were followed at relative position 7. Subsequently, R, S, or hydrophobic and aliphatic amino acids were followed at
relative position 8 (see clones 6.8.51~11 in Fig. 22B). At the same time, it shapes the most dominant motif in CIR6-8,
and 11 of 15 agonistic clones (73%) were positive for this motif. Also if Q located at relative position 6, neutral or
hydrophobic amino acids were followed at relative position 7 and aliphatic amino acids were followed at relative
position 8 successively (6.8.512~S14). In the case of V located at relative position 6, R at relative position 7 and P at
relative position 8 were followed successively (6.8.S15 and 7.9.S1~S8). V at relative position 6 was fixed in the
CIR7-9 library, so that it preferentially made up the most dominant V-R-P (relative position 6~8) motif (62%) and
excluded other motifs. If M was located at relative position 7, P or R followed at relative position 8 (7.9.510 and S11).
Incase of V at relative position 7, positively charged R or K followed at relative position 8 (7.9.512 and S13). These
observations indicate that fixed residues sometimes limit adjacent residues and exclude other recognition motifs. In
this way, peptide libraries with three successive randomized residues and their overlapping system yielded different
information related to TCR-recognition motifs depending on which successive ones are randomized.

In summary, SA32.5 exhibited a preference for P at relative position 3 of peptides in screening of two
separate libraries; CIR2-4 and CIR3-5. This residue does not correspond to the native sequence. In addition, this TCR
tolerated F, W, and H with similar structural side chains at relative position 5 when combined with some successive
residues different from native ones. In the C-terminal side of peptide, three overlapping libraries; CIR5-7, CIR6-8,
and CIR7-9, presented distinct recognition profiles. In this case, linear combinations of residues formed by the
chemical properties of each were significantly influenced. With these promiscuous interactions, all of the TCR
contacts may be altered by substitutions of other residues.

12. Analysis of stimulatory ligandsfor MK20.2 TCR; CIR2-4~CIR7-9 libraries

MK?20.2 did not respond to most of the agonistic sequences among many peptides identified with SA32.5
(Fig. 22B). At relative position 2, MK20.2 TCR has apreference for M, L, and Y with hydrophobic side chains and
for H and R with positively charged side chainsin CIR2.4 (Fig. 22B). It seems that this position tolerates bulky side
chains, as there is no relationship among chemical properties of the amino acid side chains identified. At relative
position 3, this TCR indicates a strong preference for M and Q in two overlapped libraries; CIR2-4 and CIR3-5,
which do not correspond to the native sequence. In addition, I, Cand T in CIR2-4 and L and | in CIR3-5 are also
tolerated. At relative position 4, this TCR has a preferencefor L, M, V, Q, and Sin two overlapping libraries (CIR2-4
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and CIR3-5). In addition, Fin CIR2-4 and A and T in CIR3-5 were also tolerated. In contrast, with the screening of
CIR4-6, this TCR has a preference for Q and S at this position, and L and A were also tolerated at this position. At
relative position 5, this TCR showed almost exclusive specificity for Y in three consecutive libraries; CIR3-5, CIR4-6,
and CIR5-7, which is the same amino acid as the native sequence. In addition, when Sis at relative position 6, W was
tolerated at position 5. At relative position 6, several amino acids with different chemical properties were tolerated. In
CIR4-6, MK20.2 TCR tolerated S, T, R, V and |. In CIR5-7 and CIR6-8, small amino acidssuch as A, V, G, and S
were preferred. At relative position 7, V, S, T, R, and D in CIR5-7 and V, C, S, and A, in CIR6-8 were permitted.
However, this TCR has a preference for A, S, N, and D, at this position in CIR7-9. At relative position 8, MK20.2
TCR was highly specific to K in two overlapping libraries, CIR6-8 and CIR7-9, as in the native GAD65 p115-127
sequence. Several amino acids with different chemical properties were tolerated at relative position 9. SA32.5
responded to alimited fraction of the agonistic sequences identified with MK20.2.

In summary, MK20.2 TCR was specific for Y at relative position 5 and K at relative position 8 of the
antigenic peptide, as judged by screening data from most of the separate libraries. However, several combinations of
other residues were observed depending on which successive residues were randomized.

13. Combinatorial effects of multiple residuesin exhibition of antigenicity

Several investigators reported that single amino acid modifications in a given peptide exert positive or
negative effects when combined in one peptide species containing multiple substitutions (69, 99). These phenomena
were also observed in a series of agonistic sequences we identified using the CLIP-substituted li library, as shownin
left panels of Fig. 23 A-C. Asshown in Fig. 23A and B, SA32.5 shows decreased or totally abrogated T cell reactivity
against Y5W (standing for a peptide analogue having Y to W substitution at the relative position 5), Y5F, Y5H, V7R,
V7M, K8P, and S9T. However, when these residues in each position were combined with other adjacent residues,
these peptides had a completely restored T cell reactivity. For instance, when QWH (4.6.S6 clone in Fig. 22A,
substituted residues are underlined), QFR (4.6.54), MHH (4.6.S9), at relative positions 4-6, RPT (7.9.S5), and MPG
(7.9.510), at relative positions 7-9 were introduced into the peptide in combination, SA32.5 exhibited marked IFN-g
production and proliferation. Although the MK20.2 T cell clone exhibited strong specificity for K at relative position
8 (Fig. 22B), combinatorial effects were also observed for this TCR (Fig. 24A). For example, substitution of asingle
residue S9D decreased T cell reactivity but in combination with N (7.9.M9) or S (7.9.M5) at relative position 7 in
combination exhibited an increased response. These data indicate that this strategy allows one to identify linear
combinations of residues in antigenic peptide triggering TCRs.

To determine if combinations of two stimulatory sequences consisting of three successive amino acids
would affect TCR recognition, we constructed CLIP substituted i expression vectors which encode peptides that
incorporated two identified stimulatory sequences. These peptides did not always exhibit strong agonism for these
TCRs (Fig. 23C and 24B). It seems that substitution of multiple residues have a substantial effect on the recognition
of SA32.5 TCR. It is conceivable that the overall linear combination of residues in antigenic peptide significantly
affect recognition by SA32.5 TCR.

We asked if the combinatorial effects we found in the analysis using the CLIP-substituted vector system
were reproducible when epitopes were added as synthetic peptides. 13-mer peptides were synthesized and tested for
proliferative response of T cell clones to the peptides at various doses. As shown in Fig. 23 A-C, 24 A and B right
panels, the results of proliferation assay using synthetic peptides were almost in parallel with those obtained in
experiments using epitope presenting vector and quantification of INF-g produced by the T cell cones (Fig. 23, 24).
Therefore, we could verify the combinatorial effect also in the experiments using synthetic peptides. Thereafter, 13-
mer peptides incorporating multiple stimulatory three successive amino acids identified, MY FNIQY QTV GFD for
SA32.5 and MPVRMLYVSKGFD for MK20.2, were synthesized. As shown in the right panels of Fig. 23C and 24B,
these peptides with no resemblance to GAD65 115-127 activated T cell clones, respectively, at lower concentrations
than did the native sequence, thereby indicating that simultaneous multiple residue modification deduced from the
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FIGURE 23. Combinatorial effectson TCR-recognition of multipleresiduesin antigenic peptide.
Left panels of AB, and CIFN-g production stimulated by the CLIP substituted li-chain epi
expression system in GAD65 p116-127 specific T cell clone SA32.5. All data are expresst
mean value of duplicate determinations.

Right panels of A, B, and C:Proliferative responses of GAD65 p116-127 specific T cell clone SA32.
to the synthetic peptides at indicated concentrations. Medium control response without peptide wer
200 cpm. All data are expressed as the mean value of triplicate determinat#oB88. Sequences (
CLIP-substituted peptidesencoded for by mutated li-genesand synthetic peptides were indicated.
Residues identical with GAD65 p115-127 are represented in boldface.

Single asterisks (*) indicate peptides tested in both transfection and synthetic peptide assay. |
asterisks (**) indicate peptides tested only in proliferation assay to synthetic peptides.
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FIGURE 24
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FIGURE 24. Combinatorial effects on TCR-recognition of multipleresiduesin antigenic

peptide.

Left panels of A, and B:IFN-g production stimulated by the CLIP substituted li-chain epito}
expression system in GAD65 p116-127 specific T cell clone MK 20.2. All data are expressed
the mean value of duplicate determinations.
Right panels of A, and Proliferative responses of GAD65 p116-127 specific T cell ¢
MK20.2 to the synthetic peptides at indicated concentrations. Medium control response withot
peptide were < 200 cpm. All data are expressed as the mean value of triplicate determinations
SD. Sequences of CLIP-substituted peptides encoded for by mutated li-genes and sy
peptides were indicated. Residuesidentical with GAD65 p115-127 are represented in boldface.
Single asterisks (*) indicate peptides tested in both transfection and synthetic peptide
Double asterisks (**) indicate peptides tested only in proliferation assay to synthetic peptides.



results obtained using epitope expression cloning strategy could generate superagonists.

These data strongly suggest that linear combinations of residues on antigenic peptides affect recognition
by TCRs. Therefore, amino acid combinatorial effects should be considered when searching for crossreactive
epitopes. We also suggest that T cell epitope expression cloning can provide the strategy for efficient identification of
optimal sequences.

14. I dentification of microbial and self mimicsfor GADG5 p115-127 autoreactive TCRs

The results obtained from T cell epitope expression library were used to establish recognition motifs for
SA32.5 and MK20.2 TCRs. As shown in Fig. 25, amino acids with similarities in chemical characteristics and with
successive stimulatory combination with residues obtained from library screening that may induce mimicry were
considered to provide search criteriafor peptide mimics of GADE5 (p115-127). As for the SA32.5 TCR, motifs
consisting of amino acidsL, |, and P at relative position 3, and Y, W, and F at relative position 5 were considered
because these residues were critical for recognition by SA32.5 TCR (Fig. 22). With regard to the peptide C-terminal
side (relative position 6-8), three kinds of search criteria were considered (Fig. 25A), because a successive
combination of residues in the antigenic peptide may significantly affect the recognition by SA32.5 TCR. Asfor
MK20.2 TCR, amino acids M, Q, | and L at relative position 3 with strong preference were considered. Amino acids
Y at relative position 5 and K at relative position 8 were fixed on the basis of exquisite specificity of MK20.2 TCR
(Fig. 25B).

To identify potential mimicry epitopes from natural proteins, a pattern match search for microbia and self
proteins was done using SWISS-PROT (104559 protein entries) database and TrEMBL (560376 protein entries)
database and ScanProsite program (http://www.expasy.ch/tools/scnpsit2.html; January 2002). Among al of the
candidates conforming to the criteria, we selected 47 sequences with successive stimulatory combinations recognized
by TCRs. In addition, with respect to the selection of microbial peptide, proteins derived from possible infectious
pathogens were considered and listed (Table I1). To determine whether these candidate peptides would activate T cell
clones, we constructed CLIP substituted li expression vectors encoding these peptide candidates. These candidates
were examined on their potentia to stimulate production of IFN-gby T cell clones using COS-7 cells expressing the
CLIP-substituted i and HLA-DR53. Among the 47 candidates selected, SA32.5 responded to 7 candidates,
Lactococcus lactis, Streptococcus pyogenes, Neisseria meningitidis, Chlamydia pneumoniae, H. sapiens/ claudin-17,
tafazzin, and tafazzin like protein-derived peptides. T cell clone MK20.2 responded to 5 candidates, Legionella
pneumophila, Streptococcus pneumoniae, Saphylococcus aureus, Rickettsia prowazekii, and Human herpesvirus 6 -
derived peptides.

Based on the data obtained, we synthesized 12 candidate peptides and tested their capacity to stimulate T
cell clones (Fig. 26). These peptides stimulated each T cell clone respectively and with different activity. Peptides
derived from Neisseria meningitidis; putative dihydrolipoamide dehydrogenase (147-159) and self protein tafazzin
(207-219) activated SA32.5 at concentrations of < 1nM despite a limited sequence homology to the native GAD65
sequence (Fig. 26A and B). Peptide mimics derived from Legionella pneumophila; pilus assembly protein PilB (39-
51) and Staphylococcus aureus; hypothetical protein SAV0107 (227-239) activated MK 20.2 at concentrations of <
100nM (Fig. 26C). In total, seven agonistic peptides derived from microbial or self protein (21.6% of the peptide
mimic candidates conforming to the search criteria) were identified for SA32.5 and five agonistic peptides derived
from microbial protein (25% of the peptide mimic candidates) were identified for MK20.2.

15. Crossreactivity of T cell clones SA32.5 and MK 20.2 to naturally processed microbial antigens

To investigate whether these microbial peptide mimicsidentified by our library scanning can be naturally
processed and presented, five recombinant proteins carrying mimicry epitopes were generated as GST-fusion proteins
and tested for their capacity to induce proliferative responses of these T cell clones. As APCs we used dendritic cells
generated from CD14" monocytes. As shown in Fig. 27, T cell clone SA32.5 responded to fusion proteins of putative
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dihydrolipoamide dehydrogenase (101-205) derived from Neisseria meningitidis and O-succinylbenzoic acid-CoA
ligase (101-201) derived from Lactococcuslactis. T cell clone MK20.2 responded to afusion protein of glutamine
amidotransferase, class | (1-104) derived from Streptococcus pneumoniae. However, fusion proteins derived from
Sreptococcus pyogenes and Legionella pneumophila did not activate either T cell clone. Furthermore, these
responses were markedly inhibited by HLA-DR mAb L243 (data not shown). Crossreactivity of the SA32.5 T cell
clone to fusion proteins carrying mimicry epitopes for MK20.2 were not observed, and vice versa. These data suggest
that some of these microbial peptide mimics identified using our strategy can be naturally processed in DCs and
presented to GADG65 specific CD4* T cell clones.
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FIGURE 25

FIGURE 25. Summary of motifs recognized by TCRsfor a database search of

peptide mimics.

Motifs for database search
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A. Motifs recognized by SA32.5 TCR for a database search.
B. Motifs recognized by MK20.2 TCR for a database search.

The search motifs were considered by amino acid preference in TCR recognition. Wi
regard to SA32.5 TCR, three kinds of search motifs were considered depending on
specific recognition properties. Search motifs are given in single letter amino acid co

and X indicates all amino acids.
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Tablell.

1. Candidate selection for mimicry peptides

Mimicry Candidates for T Cell Clone SA32.5

Mimicry Candidates for T Cell Clone MK20.2

No. Sequence Source No. Sequence Source
Relative position # Relative position #
--123456789- - --123456789- -
MNI LLQYVVKSFD H. sapiens/ GAD65 115-127 MNI LLQYVVKSFD H. sapiens/ GAD65 115-127
Motif 1 Y519 KNLLI QFVRNHYG Haemophilus influenzae M307  KMSLLQYI VKNKI Legionella pneumophila
Y520  DKNLI QFVWKGSN Borrelia burgdorferi M308  KTSLQQYGSKDQL Mycoplasma pneumoniae
Y521 TRLNPLW/RPVGS Hepatitis G virus M309 DDl MVBYAAKGFV Streptococcus pneumoniae
Motif 2 Y531  LLSLPLYHVSGQG Haemophilus influenzae M310  PYVLLAYI VKSVG Saphylococcus aureus
Y532 LI VNPLYRLKGYG Bacillus subtilis M311 DAl LQWVSKFLF Mycoplasma capricolum
Y533 LATLLLWHVWGAT Mycobacterium avium M312  DTVLQWGEKHAG Salmonella typhimurium
Y534 LG MPLYHWGFF Pseudomonas sp. M313 Sl | LMLYATKFFE Mycoplasma pulmonis
Y535  LLSLPLFHVSGQG Salmonella typhimurium M314  RKLLQAYGAKLVL Listeria innocua
Y536  LVI LPMFHVSGLS Lactococcus lactis M315  ELVLMSYRDKLVL Rickettsia prowazekii
Y537  YNI MLQYRVKVES Vibrio cholerae M316  KYLRLVYG\KI LS Prevotella ruminicola
Y538  AVLLPLYRLRQYA Bacillus halodurans M317  AQNRMSYSNKDYD Listeria monocytogenes
Y539  VOFNPQAQLALVA Pasteurella multocida M318  GESMVAYAVKGHR Pseudomonas aer uginosa
Y540  REI LPQYQLVI LA Streptococcus pyogenes M319 RDVM AYATKAHV Streptococcus pneumoniae
Y541  KKNLLQWQTSADS Clostridium acetobutylicum M320 | AVRVAYSSKTPT Bacillus subtilis
Y542 QEFLI SYRLKI VD Helicobacter pylori M321  TPMRLSYI EKKKG Salmonella typhimurium
Y543  PVI LPQAQSLGNR Neisseria meningitidis M322  VNVMITYTVKPGT Saphylococcus aureus
Y544  PKVLPQYQSLQNW Chlamydia pneumoniae M323  KELLQSYVSKNNN Human herpesvirus 6
Y545  QAWNI LYQTVQAF Chlamydia pneumoniae M324  MRNMLQYVSKNLD Orf virus
Y546  WLMNPLFRLI SKA Haemophilus influenzae M325 | ADLQQYRNKLET Human rotavirus
Y547  SFVLPLFRVAALL Pseudomonas aeruginosa M326 CEVRQAYGAKGFS H. sapiens/ Glypican-6
Y548  RPI NPLFHI LVET Streptococcus pneumoniae precursor 31-43
Y549 | LMLLQFRVLDRR Brucella melitensis
Y550  YLI NPMFRI | ANT Brucella melitensis
Y551 TTLLPQARVSAFV H. sapiens/ Claudin-17 24-36
Y552 Pl | LPLWHVGWD H. sapiens/ Tafazzin 207-219
Y553 Pl | LPLWHVGEPG H. sapiens/ Tafazzin like protein
138-150
Motif 3 Y554  QYVMLQFTVKERP Treponema paraluiscuniculi

Of the peptide mimicry candidates we obtained from a pattern match search,

sequences with stimulatory combinations of three successive amino acids for

recognition by TCRs were selected. Candidates for mimicry peptide sequences are

given in a single letter amino acid code aligned with GAD65 pl115-127. Sequences

stimulating significant 1FN-g production (>200 pg/ml) determined using the CLIP-

substituted epitope expression system are represented in boldface.

47



3H-thymidine incorporation (cpmx1074)

FIGURE 26
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FIGURE 26. Proliferative response of GAD65 p116-127 specific T cell clonesto the mimicry peptides
in comparison with GAD65 p115-127.
A. Response of SA32.5 to microbial mimicry peptides.
B. Response of SA32.5 to self mimicry peptides.
C. Response of MK20.2 to microbia mimicry peptides.

Sequences of mimicry peptides are indicated and residues identical with GAD65 p115-127 are represente
in boldface. Medium control responses without peptide were < 200 cpm. All data are expressed as the mes
value of triplicate determinations + SD.
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3H-thymidine incorporation (cpmx1074)

FIGURE 27
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FIGURE 27. Proliferative response of GAD65 p116-127 specific T cell clones to recombinant
proteins carrying the mimicry peptidesin comparison with GADG5 protein.

A. Response of SA32.5 to microbial proteins: putative dihydrolipoamide dehydrogenase (101 - 205)
Neisseria meningitidis, O-succinylbenzoic acid-CoA ligase (101 - 201) / Lactococcus lactis, and
putative PTS system, lactose-specific component [1BC (426 - 546) / Streptococcus pyogenes.

B. Response of MK20.2 to microbia proteins: glutamine amidotransferase, class | (1 - 104) /
Sreptococcus pneumoniae and pilus assembly protein PilB (28 - 131) / Legionella pneumophila.
Medium control responses without recombinant protein were < 150 cpm. Data are expressed as the mean

value of duplicate determinations+ SD.
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Discussion

1. Establishment of an expression cloning system for CD4" T cell epitopes.

In our first study, we established epitope expression cloning system for CD4" T cells. In the epitope
library, randomized 13-mer peptides were produced and presented in the context of HLA class || molecules co-
expressed in COS-7 cells. The use of an invariant chain with targeting signals to endosome is a pertinent strategy for
antigen presentation to CD4* T cells (100). This approach by which multiple residues were simultaneously
randomized has a great advantage to produce overall conformation of the peptide/HLA-class Il complexs, and
increases the possibility of finding degenerate sequences with agonistic properties. Plasmid clones encoding epitopes
agonistic to CD4" T cells were identified by measuring |FN-g produced by the stimulated T cells. The sensitivity of
the screening is sufficient to detect one agonistic epitope from 500-1000 irrelevant sequences in one well of a 96-well
culture plate. Using this system, we identified a cross-reactive epitope, which stimulates a Type | diabetes-related
GAD-65-reactive human CD4* T cell clone.

Boen et al. reported a method similar to the present system, using alibrary of peptides covalently attached
to the b chain of HLA-DR (101). From the library, they identified novel cross-reactive epitopes for an influenza
hemaggl utinin specific human CD4* T cell clone. Compared to their system, the library of peptides presented by
recombinant li chains has some advantage in that, once produced, the library can be applicable to any TCRs whatever
the restriction molecules. In addition, the present system is simpler in that T cell clones can be used for screening
with sufficient sensitivity, while a T cell hybridomaintroduced with a human-mouse-chimeric TCR and mouse
ICAM-1 was used in their system (101).

We isolated the plasmid clone pClGm1, which stimulated the CD4" T cell clone SA 32.5. The encoded
amino acid sequence substituting for li p89-102 of CLIP in this plasmid clone was QLSNQWHVVGATF. The
synthetic peptide of this sequence did not stimulate proliferative responses of the T cell clone, but the synthetic
peptide, PVQLSNQWHVVGA, which included two CLIP-flanking residues at the N-terminus, was agonistic to the T
cell clone. Because we have not definitely determined the MHC-anchor positionsin the original GAD65 epitope and
the newly identified epitope, we cannot precisely compare the structural similarity between these two epitopes.
However, the newly identified epitope differs apparently from the original epitope NILLQYVVKSFDR, and is not
deducible using currently available methods based on synthetic peptides.

2. Systematic analysis of the combinatorial nature of epitopes recognized by GADGE5 specific TCRs.

In the succeeding study, we developed a novel strategy to analyze the combinatorial effects of residuesin
the antigenic peptides on recognition by TCRs. It allows for systematic separation and identification of diverse T cell
epitopes from a mixture of randomized peptides. We showed that the degree of combinatorial effects differs
depending on part of the antigenic peptide and structure of TCRs, even when the epitope and restriction molecule are
identical, and the combinatorial effects can be classified by analyzing the epitope sequences with agonistic properties.
We searched protein databases with the defined search criteriaincorporating combinatoria effect, and we identified
mimicry epitopes of microbial origin, which stimulate GAD65 autoreactive T cell clones established from Type |
diabetes patients. The findings demonstrate the importance of combinatorial effects of each amino acid residue in the
antigenic peptide on TCR recognition and propose a new direction for examining crossreactive epitopes of TCR in
investigating autoimmunity.

Because of the importance of CD4" T cells in autoimmunity, much effort has been directed toward
identifying cross-reactive epitopes of microbial antigens recognized by autoreactive CD4" T cells. So far, cross-
reactive epitopes have been predicted and identified by primary sequence homology, the data obtained from single
residue substituted peptide analogues, or PS-SCLs (42, 51, 67-72). The majority of these approaches using synthetic
peptides have been fundamentally based on the concept that antigen-recognition surface of TCRsis relatively flat and
each amino acid on each position of the peptide independently contributes to recognition by TCR (73). On the basis
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of this assumption, mimicry epitopes have been searched in protein databases using pattern match searching with
information on suitable amino acids for each position of the peptide. The use of PS-SCLs for analyses of T cell
recognition has yielded the many useful concepts. However, some T cell clones did not respond to PS-SCLs (74) or
responded to PS-SCLs ambiguously (70). In addition, artificia peptides composed of the optimal residue for each
position selected based on analysis with PS-SCLs do not necessarily show agonistic activity, as we previously
described (74). The major drawback of this method is that it identifies only the relative importance of each amino
acid for each position of the peptide, and one could not directly analyze the agonistic activity induced by
combinations of residues in antigenic peptides.

To address these problems, we used a totally different approach. The novelty of this system is that it
enables one to directly identify sequences of T cell epitopes from plasmid-based epitope libraries composed of
thousands of randomized sequences. Based on the accumulated information on sequences of agonistic peptides, one
can determine the combinations of residues with agonistic properties. We used two different GAD65-specific T cell
clones, SA32.5 and MK 20.2, expressing distinct TCR but recognizing the same epitope with the same restriction
element (84). At first, we verified that two T cell clones expressed single TCR, then we identified epitopes agonistic
to each of these two TCRs from the epitope libraries and compared their sequences.

Itis clear that TCRs of SA32.5 and MK20.2 represent distinct crossreactivity and different recognition
profiles (Fig. 22A and B). It was observed that SA32.5 TCR tolerates structurally related amino acids at position 5
only when combined with specific adjacent residues (Fig. 22B and 23B). The patterns of the recognition profiles
significantly differ depending on where randomized residues had been inserted. These findings were observed mainly
on the peptide C-terminal side (Fig. 22A and 23B). Also, overall combinations of residues in the antigenic peptide
affect the recognition by SA32.5 TCR more significantly than that by MK20.2 TCR (Fig 22B and 23A-C). Notably
SA32.5 TCR permits the exchange of residues at all of the positions, as reported (102). In contrast, MK20.2 TCR
permits specifically Y and K for relative positions 5 and 8, respectively, even when residues around them are
randomly exchanged (Fig. 22B). These residues are also conserved in the origina GAD65 p115-127. However, even
in the case of this TCR, significant amino acid combinatorial effects were observed in some positions (Fig. 22A,
247).

3. Structural aspect of GAD65 autoreactive TCRs

Asshown in Table I1l, MK20.2 had the same Vb3.1 usage as did HA1.7 and it was reported that Vb3.1
was predominantly expressed in HA p306-318 specific TCRs which preferred P8 K of HA 306-318 (18). Molecular
modeling (Fig. 28A) of the fit of MK20.2 TCR to the recent crystal structure of HA1.7 TCR-HA peptide/HLA-DR1
complex (18) was done. As shown in Fig. 28, the model predicted that the D28b and E30b of CDR1 loop of
TCRVb3.1 made a charged interaction with K at position 8 of HLA-DR53-bound GADG65 p115-127 peptide (Fig.
28B), thus implying the exclusive specificity for K at relative position 8. In contrast with BV3S1, BV9S1 of SA32.5
TCR uses the small amino acid G in 28b and the negatively charged amino acid of D in 30b (Table111), which would
weaken electrostatic interactions toward K at position 8. This observation seems consistent with the finding that
SA32.5 TCR did not have a strong preference for K at position 8 (Fig. 22A).

4. Peptide binding properties of HL A-DR53 molecule.

The HLA-DR53 binding motif has not yet been determined and only a few peptides with binding affinity
to HLA-DR53 molecul e have been reported. However, the data obtained in our study led us to speculate on the
peptide binding properties to HLA-DR53 molecules. In arecent study on HLA-DR53 binding peptides, the molecule
did not show any amino acid preference in P1 position (103). In fact, although HLA-DR53 possess pocket-1
consisting of V at DRb86, which commonly accommodates aliphatic residues, it permits K and Y (103). These results
are consistent with our finding that relative position 1 permits several residues with different chemical properties (Fig.
18). However, the peptide sequences isolated from the epitope expression library indicate that relative position 1
preferred aliphatic residues. A more comprehensive scan may yield the information of thisissue. In celiac disease, the
disease susceptible HLA-DR53 molecul e selectively binds alarge number of gliadin-derived peptides that are
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Tablelll.

Comparison of CDR sequences of TCRf chains of GAD65 p115-127 specific MK20.2,
SA32.5 and HA p306-318 specific HAL.7

TCell Clone Vb usage CDR1b CDR2b CDR3b
28 30 48 51 54 56 96 99

HAL1.7 TCRBV3SL ECVQD MDHENVFW | Y'I‘:SYPVK“MgEKGDCASSSTGL P- - YGYTF
K(P8) DR67a K DR39a K K(P8)

MK20.2 TCRBV3SL ECVQD MDHENMFW | YESYDVKMKEKGDCASSSTGVS- - PGELF

SA325 TCRBV9SLT KCEQN LGHDTMYWWMFSYNNKELI | NETCASSPTGQGAHT GELF

As determined in a crystallographic analysis (18), interactions between residues that
provide TCR-DR binding sites between a-helical structure of DRa chain and CDR2
region of HA1.7 TCR are lined with dotted doublet lines. Electrostatic interactions
between P8K of HA (p306-318) and CDR region of HA1.7 are indicated by solid
doublet lines. Predicted interactions between residues of CDR region of MK20.2 or
SA32.5 TCR and those of the GAD65 (p115-127)/DR53 complex are indicated and
lined.
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FIGURE 28

MK20.2 TCR

GADG5 peptide

HA p306-318 PKYVKONTLKLAT
GAD65 p115-127  MNI LLQYWKSFD

FIGURE 28. Structureof HA1.7 TCR-HA/DR1 complex (A) and molecular modeling of MK 20.2
TCR-GADG65/DR53 complex (B).

A. Structure of the HA1.7 TCR-HA/DR1 complex (18) and relative orientation of the CDR lo
HA1.7 TCR on top of HA/DR1 complex. CDR loops of TCRa/and Vb chains are displayed in tube
and colored in yellow and orange, respectively. HA p306-318 peptide is shown in a ball-and-stick mod
and its TCR binding residues are in red and the othersin gray. DR-chain isin cyan and theb-chain in
blue.

B. Molecular modeling of predicted el ectrostatic interactions between P8 lysine of GAD65 p115-127 an
acidic residues of MK20.2 TCR. Here the homology model of MK20.2 TCR-GAD65/DR53 complex was
based on the above HA1.7 TCR-HA/DR1 complex. The residues on CDR1 and 3 of MK20.2 TCly
chain are in orange. The GADG65 peptide is shown in a ball-and-stick model and P8K isin green
DR53 a-chain is displayed in cyan. Electrostatically active atoms are shown in red and blue (negative
and positively charged respectively). Numbers represent the position of relevant side chain resi
Hydrogen bonding and electrostatic interactions are shown as dotted yellow lines. This figure was
produced by BOBSCRIPT (119) and Raster 3D (120). The peptide sequences of HA 306-308 and GAD6E5
115-127 are given in single letter amino acid code.
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extremely rich in Q and P (104). Accordingly, it was suggested that one or more peptide binding pockets of HLA-
DR53 molecules preferentially engaged the side chain of Q or P. In the TCR recognition motif of the T cell clone
SA32.5, P at relative position 3 and Q at relative position 4 and 6 are the most important residues for TCR agonism
(Fig. 22A). Although the two TCRs represented a distinct specificity at relative positions 3, 5, 7, or 8 of the peptides,
SA32.5 TCR and MK20.2 TCR represented similar preferences for certain amino acids at some positions. For
example, at relative position 1, both TCR tolerate F, M, L, |, V, and C, at relative position 4 they tolerate L, M, Q, and
S, and at the relative position 6 neutrally or positively charged residues and small aliphatic amino acids are allowed
(Fig. 22). These residues may be HLA-DR53 anchor residues, however this remains to be elucidated. It is
conceivable that findings observed in this study also reflect peptide binding characteristics in which anchor
combinations are important for HLA binding, as described (105). Not only requisition for direct TCR contact but also
constraints of HLA-DR53 binding could explain the combinatoria effect observed on the peptide C-terminal side, i. e.
a positively charged amino acid is required at 122-124 in combination with a bulky amino acid at 121 for the
recognition by SA32.5 TCR.

5. Identification of candidate molecular mimics and it’s epidemiologic correlations.

Several groups of investigators have reported epidemiologic correlations between infection and Type |
diabetes (106, 107). Among the cross-reactive ligands identified in this study, epitopes derived from N. meningitidis,
S pneumoniae, and L. lactis can actually be produced from proteins by APCsto stimulate the T cells (Fig. 27). N.
meningitidis is a Gram-negative and pathogenic bacterium. The outcome of meningococcal infection ranges from
asymptomatic carriage to meningitis and fulminant meningococcaemia in children and young people (108). S
pneumoniae is a Gram-positive and pathogenic bacterium, which causes bacterial sepsis, pneumonia, meningitis, and
otitis mediain young children (109). N. meningitidis and S. pneumoniae that are also human respiratory commensals
in common can spread in the bloodstream under an immune compromised state etc. It is conceivable that these
normally residing as harmless commensals may spread and participate in priming of autoreactive T cells and increase
memory poolsin the periphery. Also, asymptomatic carriages may predispose genetically susceptible children and
initiate the autoimmune process. L. lactis is a nonpathogenic Gram-positive bacterium, used to produce fermented
foods and dairy goods. When orally taken with food, this bacterium is metabolically active in al compartments of the
intestinal tract (110). It is presumed to be taken up by M cellsin intestinal lymphoid organs and to sensitize T cells.
Although its relationship to autoimmune process has yet to be reported, it isintriguing in consideration with a recent
report that short-term breastfeeding and the early introduction of cow’s milk-based infant formula can predispose
genetically susceptible children to Type | diabetes (111).

6. Structural mimicry; it’simplication to clinical medicine.

In the past few years, it has been considered that application of APLs to down regulate the responses of
pathogenic T cells would be of therapeutic value in treating subjects with autoimmune disease (112-114). However, it
isdifficult to find APLs of self-antigenic peptides that serve no risk in activating autoreactive T cells. Recent clinical
trials with an APL of MBP p85-99 for MS patients indicate that a high dose of an APL induced MBP reactive T cells,
at a high frequency, resulting in exacerbation of MRI detectable lesions. In contrast, alow dose of an APL led to
immune deviation toward increases in |L-4 secretion by MBP reactive T cells, with no progression in lesions (115,
116). This observation suggests that engagement of diverse TCRswith single APL derived from a self-antigen yield a
variety of substantial cross-reactivities to a self-antigen. Although monoclonal or oligoclonal expansion of
autoreactive T cells has proven to play a central role in the pathogenesis of autoimmunity, T cell populations which
recognize certain self-antigens are relatively somewhat more diverse. Thus an absolutely different sequence that
mimics self-antigen may be a key epitope that activates a limited fraction of autoreactive T cells. Our findings
indicate that cross-reactivity of TCR can be triggered by the peptide with unexpectedly no resemblance to the epitope
of autoantigen.

Recently, the mode of recognition by single autoreactive TCR of two independent peptides in the context
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of two different DR2 molecules was structurally presented (117). The T cell clone established from an M S patient
cross-recognized MBP p85-99 in the context of DRB1* 1501 and EBV DNA polymerase p627-641 peptide in the
context of DRB5*0101, both DRB alleles are in a strong linkage disequilibrium and are associated with susceptibility
to MS. This finding not only provides importance for molecular mimicry involving antigenic peptides but also
supports the structural mimicry generated by peptide-HLA-class || interactions.

Conclusion

Recent elucidation of three-dimensional structures of TCR-peptide/HLA-DR1 complex provide a
structural basis for antigen recognition by HLA-class |1 restricted TCR. Flexibility in recognition by MHC-class |
restricted TCR could also be structurally explained by large conformational changes of three CDR loops on binding
to theligand (118). Also similar changesin CDR loops of MHC-class |1 restricted TCR on binding can be expected.
The use of synthetic peptidesin analyses of TCR recognition has provided alarge amount of useful conceptsin T cell
recognition. Using a set of peptide analogues, it has become clear that many modifications of the antigenic peptide
are tolerated. Using an extensive PS-SCL s, a high degree of degeneracy in TCR recognition has become evident.
Although degeneracy in antigen recognition by TCR becomes effective to protect against infection in alimited T cell
repertoire and to maintain an immune system to adopt with a continuously changing antigenic environment, it
eventually may cause autoimmunity through molecular mimicry. Heretofore, conformational changesin peptides on
the groove of MHC class || molecules caused by binding could not have been predicted. This was also the case even
if PS-SCLs were adapted. We clearly showed that our epitope expression library system using CLIP-substituted li-
genes provides an entirely new strategy not only for identification of the crossreactive epitopes for CD4+ T cells of
known specificity, but also for detection of epitopes stimulatory for CD4+ T cells, the epitopes of which are unknown.
Also, we established a novel system to analyze the combinatorial effects of residues in the antigenic peptide on
recognition by HLA-class Il restricted TCR. Importantly in analyzing molecular mimicry, this system deciphers
overall conformations within epitopes on TCR recognition. The system also holds important prospects for providing a
greater understanding of recognition mode in HLA-class Il restricted TCR that could lead to preventive and
therapeutic approaches.
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