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for the clinical association between microbial infection and
the clonal expansion of autoreactive T cells as a cause of
autoimmune disease. One mechanism is the activation and
expansion of autoreactive T cells by an antigen nonspecific
inflammatory stimulus of the innate immune system.’
Microorganism-induced activation of antigen-presenting
cells (APCs) leads to the release of inflammatory cytokines
and/or chemokines, thus enhancing antigen-processing,
and the up-regulation of peptide-MHC complexes and
co-stimulatory molecules on the cell surface (microbial ad-
juvant effects).*” Local infection causes tissue destruction,
and the release of sequestered antigen follows.™® The
inlammatory state can also promote the expansion of
memory T cell populations (bystander activation).”” An-
other mechanism is that microbial superantigens activate
large numbers of T cells expressing particular VB gene
segments, and a limited population can cross-react to a
self-antigen.”” Cross-recognition by T cells between self-
antigens and infectious agents is another important mecha-
nism (molecular mimicry theory)."™'* In any case, tissue
destruction would be expanded by epitope spreading. These
concepts are useful to explain the as yet unsolved mecha-
nisms for the etiological linkage between infection and
autoimmunity. .

The concept of molecular mimicry was broadened by
recent insights into T cell recognition. Molecular mimicry
phenomena were noted in disease-associated autoreactive
CD4* T cells in autoimmune disorders such as multiple
sclerosis (MS), type I diabetes, and Lyme arthritis in
humans.”™ Lyme disease, a chronic inflammatory joint
discase, is caused by infection with the spirochete Borrelia
burgdorferi." Susceptibility to Lyme arthritis is associated
with HLA-DR4 and HLA-DRI1 alleles, It has been re-
ported that synovial fluid T cells from patients with treat-
ment-resistant Lyme disease showed a strong response to
outer surface proteins A (OspA) of B. burgdorferi and
cross-reacted to self LFA-1. The sequence homology be-
tween OspA pl65-173 and the al.-chain of hLFA-1 p332-
340 was considered to be a basis for molecular mimicry in
treatment-resistant Lyme disease.”” On the other hand, the
association between microbial infection and autoimmune
disease has also been investigated using a mouse model* ™
In a model of herpes simplex virus (HSV) type-I induced
herpes stromal keratitis (HSK), which is a T cell-mediated
inflammatory disease of the cornea, corneal antigen auto-
reactive T cells recognized HSV-1 UL-6 protein.*' How-
ever, an HSV-1 point mutant that contains a single amino
acid substitution within the putative mimicry cpitope im-
paired its capacity to induce HSK.” In this system, two
different pathogenic pathways, innate immune mechanisms
and molecular mimicry, are involved. In this report, mim-
icry was considered to be essential for disease induction
with a limited number of autoreactive T cells, while innate
immune mechanisms are also important to provoke disease
with high numbers of autoreactive T cells.

~ Because of the importance of CD4" T cclls in the devel-
opment of autoimmunity, efforts have been dirccted toward
the identification of cross-reactive cpitopcs of microbial
antigens recognized by autorcactive CD4' T cells. For

many vears, 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 in-
fectious microorganisms.” Since the 1990s, studies using
peptide analogues with single amino acid substitution
or positional scanning synthetic combinatorial peptide li-
braries (PS-SCLs) _have demonstrated that antigen
recognition by TCR is highly degenerate and many dif-
ferent peptides can activate an individual T cell”®”
Wucherpfennig and Strominger” reported that microbial
peptides with a relatively limited sequence homology to
myelin basic protein (MBP) could activate MBP
autoreactive T cell clones. Using PS-SCLs, Hemmer
et al.® noted differing recognition profiles in individual
autoreactive T cell clones from patients with MS, and pre-
dicted stimulatory ligands that showed no sequence homol-
ogy with the known cognate peptide. Therefore, molecular
mimicry may be a more frequent event than was generally
assumed.

Here, we focus on: (1) degeneracy in antigen recognition
by TCR; {2) differences in the physiological outcomes of T
cell responses manipulated by altered peptide ligands; (3)
the latest methods for the identification of diverse TCR
epitopes for CD4* T cell clones.

Structure of the TCR-peptide/HLA-class 1l complex

The HLA-class II molecules are heterodimeric membrane
glycoproteins consisting of a and p chains. DRa chains are
monomorphic, but DPa and DQa chains and {3 chains are
highly polymorphic. The molecule has a peptide-binding
groove on the top of the molecule and binds antigenic pep-
tides processed by APCs such as dendritic cells (DCs) or B
cells. The structural requirements for HLA-class IT binding
peptides have been analyzed in detail, and peptide binding
motifs specific for various human and mouse class II mol-
ecules have been reported.” Three to five amino acid resi-
dues, separated from each other by one to two intervening
residue(s), acted as anchor residue(s), for binding to HLLA-
class I molecules.” On the other hand, side chains of amino
acid residues flanking anchor residues were the main recog-
nition sites for TCR, This view was clearly established in
crystallographic analyses of the DR molecules bound by
either self-* or nonself-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 IT molecules are shaped by clusters of polymor-
phic residues, indicating that the class IT allelic variant has
a major effect on differences in the structures of bound
peptides, and determines the individual differences in T cell
responscs to a given antigenic peptide.

TCR is composed of two membrane-anchored polypep-
tides, « and f chains, and each chain consists of one con-
stant {C) and one variable (V) domain. The TCR Va or Vp
regions are composed of V-Ju or V-D-J3 productively rear-
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Fig. 1. A Structure of the HAL7 TCR-IHIA/DR1 complex™ with TCR
at the top and DR1 at the bettom. The T cell clone HA .7 is specific to
HA p306-318 in the context of HLA-DRI1. al. a2. §1. and 52 indicatc
the extracellular domains of a and 3 chains of HLA class I1 molecules.
Va, Vfi, Ca, and C[j indicate the variable and constant regions of T cell
receptor a or fJ chains. respectively, B The structure of HA p306-318/
HLA-DRI1 complex and relative orientation of the CDR loops of
HA1.7 TCR on top of HA/DR1 complex. CDR loeps of TCR Vo and
V[ chains are displayed in tubes. HA p306-318 peptide is shown in a
ball-and-stick model. The top of «al and f}1 domains create a groove-
like structure consisting of a 3-sheet floor and two side walls made of
two antiparalle] a-helices. The peptide sequences of HA p306-308 are
given in a single-letter amino acid code. This figure was produced by
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ranged gene products.” 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.
Recent crystallographic studies of TCR-peptide/MHC
complexes provide a structural basis for antigen recognition
by offTCRs.” All aSTCRs represent a relatively flat surface
bound to the peptide/MHC complex, ahd represent a simi-
lar binding mode. The angle between the peptide direction
and the long axis of the class I-restricted TCR interface is
between 45 and 70° (diagonal mode).™ In contrast, the class
Il-restricted TCR interface is between 70 and 80° (orthogo-
nal mode). " Figure 1 shows a recent model of the crystal-
lographic structure of the HAL7 TCR-HA p306-318/DR1
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complex. The CDRI loops of the TCR V-regions contact
hoth peptide and MHC molecules. On the other hand, the
CDR2 loops contact prominent a-helices of the MHC
molecule. The long CDR3 loops of the TCR V-regions
extend down over the center of the antigenic peptide. TCR
contacts span only ninc residucs (P — 1-P8) of the antigenic
peptide in both human and murine TCR-peptide/MHC 11
complexes.

Differences in physiological outcomes of T cell
responses manipulated by altered peptide ligands

Aliered peptide hgands (APLs) represent a useful ool for
studying differential recognition by TCR. It was previously
considered that the recognition and response of T cells
were apparently an on/off phenomenon. However, findings
in mice utilizing peptide analogues with a 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™* or the
induction of anergy as a consequence of partial activa-
tion."* and sometimes induced dissociation between pro-
liferative response and cytokine production.®” Some
peptide analogues with antagonistic properties for TCR
partially 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,* Analyses of the
physical interactions of purified TCR with MBC-APL com-
plexes revealed differences in the half-life of receptor-
ligand interactions. These phenomena led to differences in
the signals transduced by the TCR, resulting in differences
in functional outcomes.™

We analyzed the responses of human CD4" T cell clones
to a large number of peptide analogues.”" Figure 2 shows a
summary of the antagonistic activity of APLs in an acetyl-
choline receptor (AChR) ¢ subunit autoreactive T cell
clone SK2.11, established from a patient with infant-onset
myasthenia gravis (MG)." Infant-onset MG is unique to
Asian populations, and disease susceptibility is strongly
associated with DR9 (DRB1*0901)-DQ9 (DQA1*0301-
DQB1%0303) and DR13 (DRB1*1302)-DQ6 (DQA1*0102-
DQB1#0604) haplotypes that are also unique to Asians.
This T cell clone recognizes AchRa p71-91 in the context
of disease-susceptible DQ6 (DQA1*0102-DQB1*0604).
Although the majority of analogues substituted at residues
Phe-77, Leu-80, and Asn-82 stimulated proliferation of the
T cell clone {data not shown), the majority of peptide ana-
logues substituted at either Gln-81 or Glu-83, while those
which were the most likely TCR contact residues showed
antagonistic activity.

Figure 3 shows a summary of the responses of T cell
clone YN5-32 specifically recognizing a streptococcal M12
p54-68in the context of DR4 (DRB1*0406) to 156 indepen-
dent peptide analogues with a single residue substitution.
P1 (position 1) means the putative most N-terminal DR
anchor residue.” The residues Leu-57 (P1), Ala-60 (P4),
and Asn-62 (P6) were the most likely to be DR-anchor
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Fig. 2. Summary of antagonistic activities of peptide analogues with
single-residue substitutions in human AchRa p73-87 peptide. T cell
clone SK2.11 autoreactive to AchRa p75-87 in the context of HLA-
DQ6 and established from 2 patient with infant-onset MG was cultured
with irradiated APCs prepulsed with a minimal dose of AchRa p75-87
peptide in the presence of a large number of soluble peptide analogues.
P1 {position 1) means the putative most N-terminal anchor residue.
Antagonistic activity was expressed by the percentage inhibitory effect
of the analogue on proliferative responses of SK2.11 to the wild-type
peptide. The response was in the range 7000-10000cpm. Asterisks
indicates not tested, because some of these analogues exhibited TCR
agonism and because other analogues were not synthesized

residues, and 30% (17/57) of peptide analogues substituted
at these residues exhibited full agonism to stimulate various
magnitudes of proliferative responses in the T cell clone.
Only 7.5% (3/40) of not fully agonistic peptides exhibited
TCR antagonism. On the other hand, residues Glu-58 (P2),
Tyr-61 (P5), and Glu-63 (P7) were the most likely to be
TCR-recognition sites, and only 15.8% (9/57) of analogues
stimulated proliferative responses in YN5-32, which means
that substitutions at these residues frequently abrogate T
cell recognition.

Interestingly, as many as 60.4% (29/48) of analogues
without fully agonistic properties exhibited TCR antago-
nism, which inhibited the proliferative response of YN5-32
to the wild-type peptide. Eight (27.6%}) of these antagonis-
tic analogues with relatively conservative amino acid substi-
tution exhibited partial agonism, which induced increases in
cell size and expression levels of CD4, CDlla (LFA-L),
CD28, CD49d (VLA-4), and CDY95 (Fas). and small in-
creases in CD25 and CD44 expression on the T cell surface,
as compared with responses 1o the wild-type peptide. The
wild-type peptide (but not the partially agonistic APLs)
induced down-modulation of CD3 expression and up-
regulation of CD54 and CD6Y expressions. None ol the

P TCR full agonism
O TGR tun agenism + TCA gntagerism
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Fig. 3. Summary of responses of the HLA-DR4-restricted T cell clone
YN5-32 to 156 peptide analogues with single-residue substitutions in
a streptococcal M12 p54-68 peptide. From P1-P7 positions, residues
were replaced with all other amino acides. Percentages of peptide
analogues exhibiting either agonism or TCR antagonism are indicated
for positions. Full agonism means stimulation of the proliferative re-
sponses of the T cell clone to various degrees. TCR antagonism means
that an excess amount of peptide analogues inhibited proliferative
responses of the T cell clone to a minimal dose of wild-type peptide,
and without inducing T cell anergy. Black bars, TCR full agonism;
white bars, TCR full agonism + TCR antagonism: gray hars, TCR
antagonism

APLs with partially agonistic properties stimulated IFN-y
production and induced anergy.

These observations collectively indicate that: (1) differ-
ent physiological outcomes are induced in the recognition
of APLs in human CD4" T cell clones, as noted by other
studies of murine T cells; (2) APLs with antagonistic prop-
erties were mainly observed by substitution at TCR contact
sites, but substitution at the HLA anchoring residues also
could contribute to TCR antagonism; (3) many APLs with
substitution at HLLA anchoring residues exhibit agonistic
properties.

A slight alteration in an antigenic peptide or DR
molecule, even far from the recognition surface,
significantly affects recognition by TCR

Because single amino acid polymorphism at residue 37
of the HLA-DRf} chain (DRf37) between DRB1%#0406
and 0403 markedly influences susceptibility to the insulin
autoimmune syndrome.” we investigated the effects of
DRp37 polymorphism on the recognition of nonself
peptides by YN5-32.¥ As described above, 154 peptide
analogucs were tested for agonist and TCR antagonist
propertics. Of these, 46 analogues showed full agonism, 34
analogues exhibited TCR antagonism, and 45 analogues
exhibited neither full agonism nor TCR antagonism, irre-
spective of the presenting molecules DRB1#0406 or
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DRB1#0403. On the other hand, 29 analogues substituted at
each of residues 57(P1)-63(P7) of M12p54-68 were recog-
nized differently by YN5-32, depending on the presenting
HLA-DR molecules. Figure 4 shows a summary of the
distinct responses observed to 29 peptide analogues of
YNS5-32 induced by DRB37 polymorphism. The agonistic
and antagonistic activities of all the 29 analogues with a
single substitution spanning the core epitope were clearly
diverse. These observations indicate that single amino acid
polymorphism (Ser-Tyr) at the DR(37 residue induced
conformational changes in peptides, which can be distin-
guished by TCR. This can be inferred from the differences
in affinity between two DR4 molecules and peptides or
between TCR and their ligands.. These conformational
changes were observed even in APLs with single residue
substitutions at residues far from a putative DR37 contact
site.

In recent studies, Kersh et al.™* showed that TCRs
can discriminate between two APLs in which only a single
I-E* P6 anchor residue was substituted for a chemically
conservative one, which does not significantly alter the
binding affinity to MHC. Alterations in the main chain con-
formation in P6-P8 and a slight change in the angle of the
P8 TCR-contacted side chain were evident in a crystal
analysis. As a result, the physiological response changed
from full agonism to antagonism. This observation indicates
that recognition by TCR is significantly affected by slight
alterations far from the TCR recognition surface, and its
physiclogical reactivity can be markedly changed.

Degeneracy in antigen recognition by TCR is not
predictable by an independent contribution model

Much epidemiological evidence related to human auto-
immune diseases is almost compatible with the molecular
mimicry hypothesis for the development of disease. Indeed,
subjects have been seen to develop autoimmune disease
after infection. Elucidation of the structural requirements
for peptides to be cross-recognized by autoreactive T cells is
of great importance in understanding disease processes. To
date, mimicry epitopes have been predicted and identified
based on primary sequence homology, the data being ob-
tained from single-residue substituted peptide analogues, or
PS-SCLs.** PS-SCLs using synthetic peptide are the main
means currently used, and are fundamentally based on the
concept that the antigen recognition surface of TCR is rela-
tively flat, and each amino acid in each position on the
peptide independently contributes to recognition by TCR
(independent contribution model).* In such systems, puta-
tive mimicry peptides were searched using algorithms
designed by combining the amino acids selected for each
position by referring to tested data. However, the combina-
tions of amino acids used in these systems did not always
function as expected. In fact, artificial peptides composed of
the optimal residue for each position selected, and based on
analysis with PS-SCLs, do not necessarily show agonistic
activity.”

Although TCR shows a high degree of degeneracy in
recognized peptides, a slight alteration of an antigenic pep-
tide or a DR molecule, even far from the recognition sur-
face, can affect TCRs, which show exquisite specificity. It
has been reported that certain TCR recognition is affected
by each amino acid adjacent or not adjacent to TCR contact
residues, or by each amino acid combination in an antigenic
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peptide.™™ Our extensive analysis of the combinatorial
nature of epitopes recognized by TCRs, using a class 1I-
associated invariant chain peptide (CLIP)-substituted
epitope expression library, also indicated that recognition
by TCR was significantly affected by combinations of amino
acids in the antigenic peptide.* Therefore, the potency of a
peptide to stimulate certain T cells cannot be predicted
precisely in approaches based on an independent contribu-
tion model.

The use of an epitope expression library for
systematic analysis of diverse cross-reactive epitopes

On the basis of these observations, we developed a new
strategy to identify epitopes of HLA-class 11 restricted
TCRs from a library of randomized 13-mer peptides.®’ The
establishment of an efficient system for the delivery of anti-
genic peptides to the HLA-class Il-restricted antigen pre-
senting pathway should be useful for the development of a
library of cells expressing a diverse array of peptides in the
context of HLA-class IT molecules. We prepared an oligo-
nucleotide library by replacing a gene segment encoding for
CLIP (invariant chain p89~101) of invariant chain {Ii} with
double-stranded DNAs of randomized sequences, and pre-
pared an epitope-presenting library which loads random-
ized peptides onto HLA-class II molecules ¢co-expressed in
COS-7 cells. The use of an invariant chain with targeting
signals to endosomes is a pertinent strategy for antigen
presentation to CD4* T cells.** This approach, by which
multiple residues were simultaneously randomized, has the
great advantage of producing overall conformation of
the peptide/HLA-class II complexes, and increasing the
possibility of finding degenerate sequences with agonistic
properties.

The screening system is depicted schematically in Fig,. 5.
Plasmid clones encoding epitopes agonistic to CD4” T cells
can be identified by measuring the IFN-y produced by the
stimulated T cells. The sensitivity of the screening was con-
sidered to be sufficient to identify unknown epitopes in the
presence of more than 1000 irrelevant clones in a single well
of a 96-well plate, and it is possible to screen 107 clones
using one 96-well plate (Fig. 6). As a model system, we
searched for a cross-reactive epitope for a T cell clone
SA32.5 specific to glutamic acid decarboxylase (GAD) 65,
an autoantigen implicated in type I diabetes.” Screening a
tibrary containing 2 X 10" independent plasmid clones iso-
lated a plasmid clone, designated pCIGm!, that stimulates
SA 32.5 (Fig. TA). We investigated whether the epilope
enceded by the inserted DNA in pCIGm] was stimulatory
for SA 32.5 when added as a synthetic peptide. We synthe-
sized four peptides (Gml.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 Ii. and examined the capacity
to stimulate SA 32.5. The T cell stimulatory activity of
these peptides was tested by proliferation assay in which
the T cell clone and DRS3-positive irradiated peripheral

Detection of antigen-specific

Peptide library {13 mer) production of IFN-y by T cells
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Fig. 5. The expression cloning system to identify epitopes for CD4™ T
cells using the CLIP-substituted li-chain-based epitope presenting
library. The screening system to identify epilopes from the epitope
library and construct the epitope library using the CLIP-substituted Ii
p33 gene are presented schematically. Plasmid DNA of the epitope
library is introduced along with HLA class 11 expression vectors into
COS-7 cells, Transiently transfected COS-7 cells, which express a di-
verse array of peplides in the context of class II molecules, are co-
cuttured with CD4* T cells in 96-well culture plates. The response of
stimulated T cells is detected by the production of IFN-y if agonistic
cpitopes are expressed in the well. DNA sequencing of CLIP inserts
determined the agonistic epitope sequences. N means any nucleotide,
K means guanin (G} or (thymine} T, and X means any amino acid
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Fig. 6. IDetermination of the sensitivity of screening for T cell epitopes
using the pCl expression vector. A Construct of pCIG, the GAIDGS-
epitope-presenting vecter in which human GADGS p116-129 was in-
serted to pCL B pClG as relevant stimulative plasmid DNA was
diluted with pCI as irrclevant plasmid at graded ratios, The mixtures
of plasmids (pCl/pCIG) along with HLA-DRA*0I0)] and HLA-
IDRB4#0103 genes were transfeeted into COS-7 cells in a well of the Y6-
well plate. After overnight culture, GADGS pl16-129 specitic 17 cell
clone SA 32.5 (5 ¥ 1 cellsfwell) were added to COS-7 cells followed
by 48 h culture. The amount of IFN-yin the supernatants was measured
using CLISA. Results are expressed as means of triplicate determini-
tions & §D. Circles indicate IFN-y produced in a well in which C0OS-7
cells were transfected with the pCL pCIG. and DR expression vectors

— 202 —



li-}eth 2 peptide substiuted for GLIP (1i p89-101) ejett-1i

A Library construc!  CCCAAACCTGTG | NNKNNKNNKHNKNNKHNNKNNKNNKNNXNNKNNKNNENNK | CTGCCTATGEGGA
P X P V|X X X X X X X X X X X X X|L P H G
pCIGm1 CCCAMACCTGTG | CAGTTGTCGAATCAGTGGCATGTIGTTGGTGCTACGTTT| CTGCCTATGGGA
P K P V|Q L 5 N QWHVYV YV G ATF E|L P MG
['H] Thymidine incorporation {(cpm x 10"}
B Peptide Amino acid sequence 0 1 2 3 Ll 5
GADES - -
0116128 NILLQYVVKSFDR - e
Gmidl  PKPV|QLSNQWHVVGA : S .'I'
Gm1.2 PV |QLSNQWHVVGATF =it
Gm1.3 QLSNOWHVVGATF
Gm1.4 SNOQWHVVGATF | LPMG
"* a peplide substituled for -b}-i-li

Fig. 7. Identification of a cross-reactive epitope for a GAD-65-specific
T cell clone SA 32.5. A The construct of a CLIP-substiluted peptide
library and the peptide encoded by the insert DNA of the plasmid
clone pCIGmI identified by screening of the library. X indicates a
random amino acid encoded by nucleotide triplets NNK, where N
stands for an equal mixture of the deoxynucleotides G, A, T, and C.
and K stands for an equal mixture of G and T. B Determination of a
cross-reactive epitope using synthetic peptides. The amino acid se-
quence encoded by the nucleotide sequence, substituted for CLIP of
the isolated plasmid clone pCIGm1 was QLSNQWHVVGATF. Four

blood mononuclear cells (PBMC) were co-cultured in the
presence of 50uM peptide (Fig. 7B). Of the four peptides,
Gml.1 (PKPVQLSNQWHVVGA) and Gml.2
(PVQLSNQWHVVGATEF), 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 Gml.3,
with a deletion of two amino acids at the N-terminus of
the 13-mer insert, did not do so. Also, the proliferative
responses of SA 32.5 to both peptides increased in a pep-
tide dose-dependent manner (data not shown), and the
Gm1.2 peptide stimulated comparable responses to those
induced by the GAD65 p116-128. Although, the newly
identified epitope (PVQLSNQWHVVGATF) was very
different from the original epitope, GAD65 pl16-128
(NILLOYVVKSFDR), it did have a capacity to stimulate
the T cell clone which was comparable to that seen with the
original GAD epitope.

Structural mimicry for the future direction of research
on molecular mimicry

In the past few years, it has been considered that the appli-
cation of APLs to down-regulate the responses of patho-
genic T cells would be of therapeutic value in treating
subjects with autoimmune disease.”™ Some TCR antago-
nists can induce anergy and change the cytokine profiles
of T cell clones™™ The secretion of anti-inflammatory

CLIP (li pB9-1071)

overlapping peptides containing all or part of this sequence. together
with lLi-derived flanking sequences. were synthesized. To investigate
the T cell stimulatory activities of these peptides, a T cell proliferation
assay was carried out. The T cell clone SA 32.5 (3 X 10 cells/well) was
culiured in the presence of 50-uM tested peptides and irradiated HLA-
DR53-positive PBMC (1.5 X 10" cells/well} for 72h in wells of a 96-well
plate, and the proliferative responses were measured by counting
{'H])-TdR incorporation. Results are expressed as means of triplicate
determinations = SD

cytokines IL-4, IL-10, and TGF-{3 by autoreactive T cells is
associated with potent bystander suppression. APLs allow
the in vivo generation of IL-4- IL-10- and TGF-p-secreting
autoreactive T cells capable of migrating to the autoim-
mune site and suppressing local inflammatory responses.
The injection of APLs is of clear therapeutic value in treat-
ing models of experimental encephalomyelitis (EAE).” In
this case, the application of APL selectively silences patho-
genic T cells, and other nonpathogenic T cells are recruited
to the site of the disease as a result of the production of
I1.-4 and the reduction of TNF-a in the lesion.

However, it is difficult to find APLs of self-antigenic
peptides that have no risk of 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 the exacer-
bation of MRI-detectable lestons. In contrast, a low dose of
an APL led to an immune deviation toward increases in IL-
4 secretion by MBP-reactive T cells, with no progressicn in
lesions.”™ This observation suggests that the engagement
of diverse TCRs with a single APL derived from a self-
antigen yields a variety of substantial cross-reactivities to a
self-antigen. " Although monoclonal or oligoclonal expan-
sion 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 more
diverse. Thus, a completely different sequence that mimics
self-antigen may be a key epitope that activates a limited
fraction of autoreactive T cells. OQur findings indicate that
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the cross-reactivity of TCR can be triggered by the peptide
with, unexpectedly, no resemblance to the epitope of the
autoantigen. Therefore, it may be more effective to use
TCR antagonists of microbial mimicry epitopes that down-
regulate the limited fraction of self-reactive T cells.

Recently, the mode of recognition by a single
autoreactive TCR of two independent peptides in the con-
text of two different DR2 molecules was structurally pre-
sented.” The T cell clone established from an MS patient
cross-recognized MBP p85-99in 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 is not only important for molecular mimicry
involving antigenic peptides, but also supports the struc-
tural basis of molecular mimicry generated by peptide—
HLA-class II interactions.

Conclusions

Recent elucidation of the three-dimensional structures of
the TCR-peptide/HLA-DRI complex provides a structural
basis for antigen recognition by HLA-class II restricted
TCR. Flexibility in recognition by MHC-class I restricted
TCR could also be structurally explained by large confor-
mational changes of three CDR loops on binding to the
ligand.”™ Similar changes in CDR loops of MHC-class 11
restricted TCR on binding can also be expected. The use of
synthetic peptides in analyses of TCR recognition has pro-
vided a large number of useful concepts in T cell immunity.
Using a set of peptide analogues, it has become clear that
many modifications of the antigenic peptide are tolerated.
Using extensive PS-SCLs, a high degree of degeneracy in
TCR recognition has become evident. Although degen-
eracy in antigen recognition by TCR becomes an effective
protection against infection in a limited T cell repertoire,
and also helps maintain an immune system which can cope
with a continuously changing antigenic environment, it may
eventually cause autoimmunity through molecular mimicry.
Previously, conformational changes in peptides on the
groove of MHC class Il molecules caused by binding could
not have been predicted. This was also the case even if PS-
SCLs were adapted. We have clearly shown that our
epitope expression library system using CLIP-substituted
li-genes provides an entirely new strategy not only for the
identification of the cross-reactive epitopes for CD4" T cells
of known specificity, but also for the detection of epitopes
which stimulate CD4" T cells, the epitopes of which are
unknown. Importantly, in analyzing molecular mimicry, this
system deciphers overall conformations within epitopes on
TCR recognition. The system also gives the prospect of
providing a greater understanding of recognition mode in
HLA-class II restricted TCR that could lead to preventive
and therapeutic approaches.
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Among a number of human tumar antigens identified using the serclogical analysis of
recombinant cDNA expression libraries (SEREX), only MAGE-1, tyrosinase, and NY-ESQ-1
have been reparted to be immunogenic tumor antigens that have the potential to elicit both
humorat and cellular immunity. In this study, we determined whether our SEREX-defined
pancreatic cancer antigens could be recognized by CTL, and report that one SEREX-defined
antigen, coactosin-like protein {CLP), encoded cellular epitopes recognized by HLA-AZ-
restricted and tumor-reactive CTL. Three CLP peptides at positions 15-24, 57-65, and
104-113 possessed the ability to induce HLA-A2-restricted and tumor-reactive CTL from the
PBMC of cancer patients. Subsequently, humoral responses to these peptides were investi-
gated. 19G antibodies specific to the CLP 15-24, 57-65, and 104-113 peptides were
detected in sera from 12, 0, and 12 of 12 cancer patients tested, and were also found in 5,
0, and 0 of 9 healthy donors, respectively. IgE antibodies specific 1o these peptides were
also detected in sera from certain cancer patients and healthy donors. Since peptide-
specific IgE was detected, type-! allergy to these peptides was tested. Unexpectedly the
CLP 57-65 peptide, to which IgE was found in only 2 healthy donors, but not the other two
peptides, was found to elicit an immediate-type hypersensitivity in all 10 healthy volunteers
tested. These results indicate that identical antigenic peptides can be recognized by both
cellular and humoral immune systems to a tumor-associated antigen. The CLP 15-24 and
104-113 peptides might be appropriate vaccine candidates for peptide-based immunother-
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apy of HLA-A2* cancer patients,

Key words: SEREX / Coactosin-like protein / Cancer antigen / CTL / Antibody

1 Introduction

The recent development of molecutar technology for
analyzing cellular and humoral immune reactivity to can-
cer cells at the gene level has led to the identification and
characterization of a farge number of human tumor anti-
gens recognized by CD8* T cells and antibodies. Many
genes encoding tumor antigens and peptides that are
recognized by CTL have been identified by c¢DNA
expression cloning methods [1-8], thereby introducing
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the possibility of a peptide-based cancer immunother-
apy. Post-vaccination PBMC became to show CTL activ-
ity against tumor cells in the clinical studies of peptide-
based cancer immunotherapy, but these immunothera-
pies have rarely resulted in tumor regression [7, 8. The
failure to obtain tumor regression could be in part due to
that immunogenicity of these tumor antigenic peptides
was not strong enough to induce adaptive immunity
against tumor cells. From this point of view, peptides
with the ability to induce both CTL responses and
humoral immunity could be better than those with the
ability to induce either one. Over 1,500 types of tumor
antigens have been identified using the serological anal-
ysis of recombinant cDNA expression libraries (SEREX)
method [9-11]. However, only three (MAGE-1, tyrosi-
nase, and NY-ESO-1) have been reported to have the
ability to elicit both cellular and humoral immune
respanses to tumor cells [12-15); CTL responses to the
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majority of SEREX-defined tumoer antigens remain to be
elucidated. Furthermore, there is no report on antigenic
epitopes recognized by both cellutar and humoral
immune system to tumor-associated antigens.

We previously reported 18 SEREX-defined pancreatic
cancer antigens [16]. This study has extended these
studies and investigated whether five SEREX-defined
pancreatic cancer antigens could be recognized by
tumor-reactive CTL. We also provide evidence that one
of the antigens is able to encode the identical epitopes
recognized by both the cellular and the humoral immune
system.

2 Results

2.1 Recognition of coactosin-like protein-derived
peptides by an HLA-A2-restricted and tumor-
reactive CTL line

Five genes coded for SEREX-defined pancreatic can-
cer antigens were considered from the perspective of
whether or not their products could be recognized by an
HLA-A2-restricted and tumor-reactive OK-CTL line by
co-transfection of these cDNA and HLA-A0207 cDNA
into COS-7 cells. This cell line was established from the
tumor-infiltrating lymphocytes (TIL) of a patient (OK) with
colon cancer, and responds to tumor celilines in an HLA-
A2-restricted manner, as reported previously [4, 6). The
OK-CTL fine produced a significant level of IFN-y in
response to the COS-7 cells transfected with both KM-
PA-4 and HLA-A*0207 cDNA (Fig. 1A). Maximum pro-
duction of IFN-y was observed when 100 ng KM-PA-4
cDNA was transfected. In contrast, the OK-CTL line
failed to produce significant levels of IFN-y in response
to COS-7 cells transfected with both KM-PA-4 cDNA
and an irrelevant HLA-A*2402 cDNA, or with one of four
kinds of cDNA (KM-PA-5, KM-PA-14, KM-PA-15, and
KM-PA-18) together with HLA-A*0207 cDNA. In our pre-
vious study {16], the KM-PA-4 was found to encode
coactosin-like protein {CLLP) consisting of 142 amino
acids, as shown. These results indicate that KM-PA-4/
CLP-derived antigens could be recognized by HLA-A2-
restricted and tumor-reactive CTL. To determine the anti-
genic peptides recognized by the OK-CTL, eight differ-
ent CLP-derived peptides with HLA-A2 binding motifs
were prepared, and these peptides were then loaded
onto T2 cells at a concentration of 10 pM; samples were
tested for the ability to induce IFN-y production by the
OK-CTL (Fig. 1B). Three peptides (CLP 15-24, CLP
57-65, and CLP 104-113) had the ability to induce IFN-y
production by the OK-CTL.

Cetlular and humoral immunity to a pancreatic cancer antigen, CLP 827
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Fig. 1. Recognition of CLP-derived peptides by HLA-A2-
restricted and tumor-reactive CTL. One of the highly repro-
ducible results in a triplicate assay is indicated. {A) Different
amounts of five SEREX-defined ¢DNA clenes and 100 ng
HLA-A*C207 or -A*2402 cDNA were co-transfected into
COS-7 cells, followed by a test of the capacity to stimulate
IFN-y production by the HLA-AZ2-restricted and tumor-
reactive OK-CTL. The experimental values, with the back-
ground production of IFN-y release by the CTL in response
to untransfected COS-7 cells (less than 100 pg/mi} sub-
tracted, are shown. {B) Eight CLP-derived peptides with
HLA-A2 binding motifs were loaded onto T2 cells at a con-
centration of 10 uM, and were tested for their ability to
induce IFN-v production by the OK-CTL. The experimental
values, with the background production of IFN-y {less than
30 pg/mf) by the CTL in response to T2 cells pre-loaded with
the irrelevant HIV peptide subtracted, are shown. Three pep-
tides, which were judged to be positive for this assay, are
underlined.

2.2 Induction of tumor-reactive CTL by CLP
peptides

We next attempted to generate tumor-reactive CTL from
the PBMC of HLA-AZ* patients with pancreatic or colon
cancer, or of HLA-A2" healthy donors, The PBMC were
stimulated with either the CLP 15-24, CLP 57-65, or
CLP 104-113 peptide. These in vitro-sensitized PBMC
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were tested for their cytotoxicity against various kinds of
tumor cell lines in a 6-h *'Cr-release assay {Fig. 2). The
mMRBNA expression of the CLP gene in these cell lings
used as target cells was confirmed by both reverse tran-
scription {RT)-PCR and Northern blot analysis (data not
shown). The CLP 15-24 peptide-sensitized PEMC from
three of five cancer patients and two of six healthy
donors showed significant levels of CTL activity against
HLA-A2" Panc-1 and YPK-3 cells, but not against HLA-
A2" PaCa-2 cells, HLA-A2" PHA-blasts or an HLA-A2*
EBV-B cell line {Fig. 2). This was also the case with the
CLP 57-65 peptide-sensitized PBMC in three of eight
cancer patients, and in two of nine healthy donors
(Fig. 2). Similarly, the CLP 104-113 peptide-sensitized
PBMC from three of five cancer patients and one of
seven healthy donors showed HLA-A2 restricted and
tumor-reactive CTL activity (Fig. 2). The summary is
shown in Table 1. In all cases, the percentage of CD8* T
cells in peptide-stimulated PBMC was more than 80%
(data not shown). These PBMC produced IFN-y in
response to T2 cells pre-loaded with a corresponding
peptide in a dose-dependent manner {data not shown),
and their IFN-y production in response to HLA-A2" Panc-
1 was inhibited by the addition of anti-HLA-class |, anti-

Pt7 £t8

Eur. J. Immunol. 2002, 32: 826-836

CD8 or anti-HLA-A2 mAb (data not shown). These
results indicate that these cytotoxicities were mediated
by the peptide-specific and HLA-A2-restricted CD8*
CTL.

2,3 Detection and quantification of serum IgG
and IgE antibodies reactive to the CLP-
derived peptides

We determined whether IgG specific to the whole CLP
antigen could be detected in sera from pancreatic can-
cer patients and healthy donors using the SEREX
method. IgG antibodies against the CLP antigen were
found in the sera from 9 of 10 pancreatic cancer patients,
and from 3 of 10 healthy donors (data not shown). We
then examined if the three CLP peptides identified above
could be recognized by the serum antibodies from can-
cer patients and healthy donors. ELISA was used to
quantify levels of serum IgG and IgE specific to the CLP-
derived peptides. Serum samples were judged as posi-
tive for peptide-specific antibody when the absorbance
(unit) values changed in relation to the dilution of the
serum samples; representative results are shown in
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Fig. 2. Cytotoxic activity of PBMC stimulated with the CLP peptides. PBMC from patients with cancer and from healthy donors,
listed in Table 1, were stimulated with the indicated peptides, followed by a test of the cytotoxicity against HLA-A2* Panc-1 and
YPK-3, HLA-AZ™ PaCa-2 pancreatic cancer cell lines, HLA-A2" PHA-blasts, and the HLA-A2* EBV-B cell line, OKAB2, by a 6-h
5'Cr-release assay. Values represent the mean of triplicate assays. One of two highly reproducible results is indicated.
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Table 1. Serum levels of IgG and IgE specific to the CLP peplides and induction of peplide-specific CTL from PBMC of

HLA-A2* donors

CLP 15-24 CLP 57-65 CLP 104-113
HLA-A2* Donor  CTL induction  19G tgE CTL induction  I1gG IgE CTL induction  1gG IgE
Pancreatic Cancer ’
Pt1 NT® 3.7¢ 01 - <01 <0.1 NT 1.0 <0.1
P22 NT 4.5 <0.1 NT <0.1 <0.1 NT 2.3 <0.1
Pt3 NT 6.0 a4 - <0.1 <01 NT 1.7 0.1
Pt4 NT 23 <0.1 - <01 <(.1 NT 16 <0.1
Pt5 NT 38 19 + <0.1 <01 NT 15 1.5
Pt6 +% 5.2 0.3 + <0.1 <0.1 + 2.6 <0.1
Pi7 + 3.7 0.4 NT <0.1 <01 - 1.0 1.0
P18 + 4.5 <0.1 NT <0.1 <0.1 + 2.0 <0.1
Colon Cancer .
Pt9 (OK)* - 4.5 0.1 + <0.1 <0.1 - 20 <01
Pti0 NT 4.4 0.5 - <0.1 <0.1 NT 1.9 04
Pt11 NT 52 - <0.1 NT <0.1 <0.1 NT 24 <0.1
P12 - 4.3 0.5 - <0.1 <0.1 + 1.8 14
Healthy Donor
HD1 - 0.3 01 - <0.1 <0.1 - <01 <0.1
HD2 + 19 0.4 - <0.1 0.7 - <0.1 0.1
HD3 NT 18 <0.1 - <0.1 <0.1 - <0.1 <0.1
HD4 NT 2.0 0.2 + <0.1 <0.1 NT <0.1 11
" HD5 NT 16 <0.1 - <0.1 <01 NT <0.1 <0.1
HD& + <0.1 <0.1 + <0.1 <01 + <01 <0.1
HD7 - <0.1 <0.1 - <01 <01 - <0.1 <01
HD8 - <0.1 0.2 - <01 <Q.1 - <0.1 <0.1
HD9 - <0.1 <0.1 - <0.1 <0.1 - <0.1 <0.1

a) The KM-PA-4/CLP was identified by the SEREX method using serum from this patient [16].

b} The OK-CTLs were established from this patient [4, 6).
c) NT: not tested.

d) The resutts of IgG and IgE antibadies binding to either the CLP 15-24, CLP 57-85 or CLP 104-113 peptide are shown by 10X
absorbance values (10X OD unit) in ELISA. The experimental values, from which the background absorbance (10X OD unit)
without peptide was subtracted, are shown. Serum samples were diluted at x100 for IgG and at x2 for IgE, respectively,
Values judged as positive for peptide-specific antibody in ELISA are underlined.

e) The symbol represents successful induction of peptide-specific and HLA-A2" tumor-reactive CTL. The results are shown in

Fig. 2.

Fig. 3A and B. A decrease in the absorbance unit of IgG
against both the CLP 15-24 and CLP 104-113 peptides,
but not against the CLP 57-65 peptide, was observed in
serum dilutions in all 4 patients tested (Fig. 3A). As with
IgE, sera from Pt5 and P17, and HD4 were evaluated as
positive for IgE to both the CLP 15-24 and CLP 104-113
peptides, but not against the CLP 57-65 peptide
(Fig. 3B). In the case of HD2, serum dilution resulted in a
decrease in the absorbance of IgE against all three pep-
tides (Fig. 3B). A competitive binding inhibition assay
was performed to confirm the peptide specificity of IgG
or IgE detected in this ELISA system. Detection of 1gG or
IgE antibody was inhibited by adding a corresponding
. peptide to the sample serum in a dose-dependent man-

ner, but not by adding an irrelevant peptide {data not
shown). These results indicate that an excess of a free
peptide in serum samples showed a peptide-specific
competition against the coating peptide, validating the
peptide specificity of this ELISA system.

1gG and IgE specific to the CLP peptides were measured
in sera of 12 HLA-AZ2* patients with cancer (Pt1-12) (8
pancreatic cancer and 4 colon cancer) and 9 HLA-A2*
healthy donors (HD1-9), summarized in Table 1, IgG spe-
cific to the CLP 15-24 peptide was detected in the sera
of all 12 cancer patients, and was also found in 5 of @
healthy donors, while IgE specific to this peptide was
detected in the sera of 8 of 12 cancer patients and of 4 of

—210—



830 T. Nakatsura et al.

A IgG

Pt1 Pt2

T Fos T s
S e ean L TIpasEe
: | -4-p104-113!
& ! 02 »\_\\ L heres
o o B
100 400 1600 8400 DL. N .
Serum Dilution
P13 Pt4
eslir ) i
i N s | N TR
Ty (e p104-113) i -p104-1131
02 L paTB5 |

B ST R

P15 Pt?

Ty

| hiEhs
S p104-113 P10
gty psres |
° LH,‘,_. e DT PR ‘....@1_.{.‘_-“._:‘..5
2 L] iz 128 2 '3 ET) 128
HD2 HD4

[Zip15-24
st e p 108113

L PSTES
PRILE. iy _..—_._1_.-___‘_4‘

2 L] a3z 128

Fig. 3. Detection and quantification of serum IgG and IgE
antibodies specific to the CLP peptides. One representative
result of two highly reproducible experiments is shown.
Peptide-reactive 1gG and IgE in serially diluted serum sam-
ples from cancer patients and healthy donors were exam-
ined in (A) and (B}, respectively.

9 healthy donors. IgG and Igk specific to the CLP
104-113 peptide were detected in the sera of 12 and 5 of
12 cancer patients, and in the sera of 0 and 2 of 9 healthy
donors, respectively. In contrast, no 1gG reactive to the
CLP 57-65 peptide was detected in any of the donors
tested. IgE reactive to the CLP 57-65 peptide was
detected in only 1 healthy donor (HD2). Similar results
were cbserved in HLA-AZ2™ cancer patients and healthy
donors for antibodies reactive to the CLP 15-24 and CLP
104-113 peptides, but IgG specific to the CLP 104-113
peptide was detected in the sera of 4 of 10 HLA-A2"
healthy donors {data not shown). There was no signifi-
cant association between the presence of the CLP
15-24 or CLP 104-113 peptide-specific IgG antibody in
sera and successful induction of CTL from PBMC in vitro
(0=0.546 and 0.222, respectively, evaluated by the ¥°
test). There was no inverse correlation between the exis-

Eur. J. Immunol, 2002. 32: 826-836

tence of Igk antibody and successful CTL induction.
CLP 15-24 or CLP 104-113 peptide-specific CTL were
induced from PBMC, regardless of the detection of
serum IgE specific to these peptides.

2.4 Type-l allergic reaction to the CLP 57-65
peptide

Type-l allergic reactions to some CTL epitopes were
observed in the skin tests of cancer patients in the phase
l clinical trial of peptide-based immunctherapy, and
those patients who showed type-l allergic reaction
against the peptide were not vaccinated with the pep-
tide, because of the risk of systemic anaphylaxis (Gou-
hara et al., unpublished results). Because serum IgE
reactive to the CLP peptides were detected in certain
patients and healthy donors (Table 1), we investigated
whether these CLP-derived CTL epitope peptides could
elicit type-l allergic reactions in five HLA-A2* healthy and
five HLA-A2™ healthy volunteers, The CLP §7-65 peptide
elicited the type-l allergy in all ten healthy volunteers
tested, whereas the other two peptides failed to induce
the type-I reaction in any donors,

The CLP 57-65 peptide and the analogue peptides in
which individual amino acid residues were substituted by
glycine (glycine scan} were prepared to gain a better
understanding of the molecular basis of the type-I
allergy, and the results of the skin test with the CLP
57-65 analogue peptides are listed in Table 2. The gly-
cine substitution at positions 1 and 7 resulted in a
decrease of the type-| allergic reaction, suggesting that
position 1 (arginine) and position 7 {arginine) were impor-
tant for the type-l allergic reaction to the CLP 57-65 pep-
tide. On the other hand, substitution at position 6
resulted in an increase of the type-| allergic reaction in ali
cases tested. The results of IgE binding to analogues of
the CLP 57-65 peptide are listed in Table 3. The glycine
substitution at pasition 5, 6, or 8 in HD2 or at position 6,
7, and 9 in HD10 resulted in a complete or a moderate
loss of IgE recognition, respectively. There was a dis-
crepancy between important amino acid residues for the
type-I1 allergic reaction and those for IgE antibody bind-
ing. These peptide analogues were also tested for the
ability to stimulate the CLP 57-65 peptide-stimulated
PBMC to produce IFN-y. In contrast to the results of the
type-| allergic reaction and antibody hinding, recognition
by peptide-specific CTL was lost in the majority of
glycine-substituted analogue peptides (data not shown).
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Table 2. Results of skin test with the CLP 57-65 analogue peptides *

Donors ™

CLP-derived peptides HD2 {HLA-AZ2", IgE")

HD6 (HLA-A2', IgE)

HD10 (HLA-A2, IgE") HD11 (HLA-A2, IgE)

Area of redness (cm?)

57-65 RLFAFVRFT 100 100 100 100
A57G GLFAFVRFT 36.0% 174 39.1 16.7
L58G RGFAFVRFT 114 100 156 100
F59G RFGAFVRFT 114 100 56.3 52.9
AB0OG RLFGFVRFT 114 156 66.0 82.6
F61G RLFAGVRFT 64.0 156 56.3 67.0
V62G RLFAFGRFT 128 278 352 186
R63G RLFAFVGFT 16.0 174 316 13.2
F64G RLFAFVRGT 114 178 66.0 ' 151
T65G RLFAFVRFG 100 50.2 100 20.7

a) The results of the skin test with analogues of the CLP 57-65 peptide are shown as relative percentages compared

with those with the wild-type peptide.

b) Skin test was tested in 10 healthy volunteers, and the results of 4 donors (HLA-A2" or -A2,, positive or negative of
serum IgE specific 1o the CLP 57-65 peptide) are shown in the table.
¢) Values showing more than 50% reduction, compared with those with the wild-type peptide, are underlined.

3 Discussion

The SEREX-defined KM-PA-4 gene was highly
expressed at the mRNA leve! in pancreatic cancer cell
lines as compared with normal pancreatic tissues in our
previous study [16]. The sequence of the KM-FPA-4 gene
was identical to that of the CLP gene (derived from
human placenta) already registered in the GenBank
{accession no. L54057). CLP was referred to because
CLP protein product {142 amino acids) showed a signifi-
cant homology to coactosin [17], a filamentous {F)-actin-
binding protein from Dictyostelium discoideum, with
33.3% identity in amino acid sequence [18]. The mRNA
of CLP is 1824 bp long and is expressed predominantly
in placenta, lung, liver, and kidney, but not in the heart,
brain, skeletal muscle, and pancreas [18]. Smith-
Magenis syndrome {SMS), which involves the clinical
symptoms of mental retardation, neuro-behavioral
abnormalities, sleep disturbances, short stature, minor
craniofacial and skeletal anomalies, congenital heart
defects, and renal anomalies, is caused by deletion of
the short arm of chromosome 17 in band p11.2. CLP
gene is mapped to the SMS common deletion region
[18]. This SMS critical region overlaps with a break-
point cluster region associated with primitive neuro-
ectodermal tumors, suggesting that CLP plays a role in
DNA rearrangements of somatic cells [18]. CLP has
also been demonstrated to interact directly with 5-

lipoxygenase (5L.0), which plays a pivotal role in cellular
leukotriene synthesis [19, 20]. 5LO appeared to compete
with F-actin for the binding of CLP. Further studies are
needed to clarify the biological functions of CLP.

It has been reported that the same immunodominant
myelin basic protein peptides were important for anti-
body binding and Th cell recognition in multipte sclerosis
patients [21]. However, there has been no report of anti-
bodies against class I-associated CTL epitopic peptides.
In this study, we provided evidence of IgG and IgE anti-
bodies against GTL epitopic peptides. We suppose that
IgG and IgE antibodies detected by ELISA were specific
to the CLP peptides based on the following: (1) serial
dilution of serumn resulted in a proportional decrease in
antibody binding to the peptides; (2) addition of free pep-
tides inhibited the peptide-specific binding of antibodies
in serum to coating peptides, as shown in the competi-
tive binding inhibition assay; and (3) peptide binding was
significantly influenced by several analogue peptides
with only one amino acid substitution. These results vali-
date the specificity of IgG and IgE against the CLP pep-
tides. On the other hand, IgG and IgE antibodies specific
to the CLP-derived peptides were detected in the sera of
HLA-A2-negative donors in similar proportion to that of
both HLA-AZ2* cancer patients and healthy donors (data
not shown). Determination of class Il-associated epi-
topes of the CLP antigen is critically important to fully
understand T cell response to the CLP.
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Table 3. Binding of IgE antibodies to the CLP 57-85 analogue peptides®

Donor

CLP-derived peptides HD2 -

HD10

IgE bound to analogue peptides (0D unit) ®

57-65  ALFAFVRFT 100 {0.067)
R57G  GLFAFVRFT 140 (0.094)
L58G  RGFAFVRFT 139 (0.093)
F50G  RFGAFVRFT 118 (0.079)

AB0G RLFGFVRFT 85.1 (0.057)
FB81G RLFAGVRFT o {0)
V862G RLFAFGRFT [L ()]
R63G RLFAFVGFT 85.1 {0.057)
F64G RLFAFVRGT 97.0 {0.065)
T65G RLFAFVRFG 0 (O

(0.113)

77.0 (0.087)

(0.183)

92.0 (0.104)
85.0 (0.096)
85.0 (0.096)
15.9 (0.018)
10.6 (0.012)
61.9 (0.070)
29.2 (0.033)

a) The levels of IGE antibodies binding to analogues of the CLP 57-65 peptide are
shown as relative percentages compared with those of the wild-type peptide.

b) Absorbance values (OD units) are shown in parentheses. The values were
subtracted by the background absorbance {OD units) without peptides.

¢) Values showing more than 50% reduction, compared with those bound to the

wild-type peptide, are underlined.

Three patterns of existence of peptide-specific 1gG anti-
bodies were shown in the three CLP peptides. IgG anti-
bodies against the CLP 15-24 peptide were detected in
the sera from all of the cancer patients; these antibodies
were also found in half of the healthy donors. Antibodies
against the CLP 104-113 peptide were detected in the
sera from all cancer patients, and they were found in
none of the healthy donors. Antibodies against the CLP
57-65 peptide were not detected in the sera from any of
the cancer patients or the healthy donors. in the present
study, we found that CLP-derived peptide-specific and
tumor-reactive CTL could be induced predominantly in
cancer patients. In particular, CLP 104-113 peptide-
specific and tumor-reactive CTL activity was induced in
three of five cancer patients (60.0%), and in one of seven
healthy donors {(14.3%). Thus, the CLP 104-113 peptide
may have the highest potential among the three peptides
to induce tumor-specific cellular and humoral immunity
in PBMC of cancer patients. On the other hand, we could
not induce CTL against various peptides in some of the
patients. We think that these variations may be partly
due to the hetercgeneity of tumor cells and T cell reper-
toires in each patient. There may be difference in precur-
sor frequency of peptide-specific CTL in each individual.
It is also possible that cellular immunity of some cancer
patients may be depressed. The number of cancer
patients who had CTL precursors reactive to EBV pep-
tide was significantly lower than that of healthy donors
(unpublished observation).

The type-l allergic reaction to the CLP 57-65 peptide
was not restricted to HLA-A2* donors. This type of reac-
tion to some CTL epitopes was also cbserved in pre-
vaccinal skin tests of cancer patients in the phase | clini-
cal trial of peptide-based immunotherapy (Gouhara et
al., unpublished results). Allergy is classically defined as
an immunclogical reaction to a foreign antigen (22].
However, anaphylactic shock to a self peptide was
recently described in mouse EAE [23)]. Injection of a mye-
lin proteolipid protein 139-151 peptide in mice after
immunization with the same peptide was reported to
cause anaphylactic shock. The type-| allergic reaction to
the CLP 57-65 peptide was observed in all donors
tested, whereas detectable levels of IgE were only found
in sera from two donors (HD2 and 10}. The CLP 57-65-
specific IgE may be trapped on the surface of mast cells
by a high-affinity FceR-1, and only a small amount of IgE,
at levels too low to detect, is present in the circulation.

There was a discrepancy between important amino acid
residues for the type-l allergic reaction and for IgE anti-
body binding. This observation may, in part, explain why
IgE reactive to the CLP 57-65 peptide was not detected
in the majority of donors who exhibited type-I allergic
reaction. Glycine substitution at position 6 (V62G})
resulted in an increase of type-| allergic reaction. This
could be due to the molecular mimicry between micro-
bial non-self peptides and V62G analogue of the CLP
57-65. Escherichia coli, Mycobacterium tuberculosis
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and many other microbes have sequences sharing a six-
amino acid sequence identity with V62G. On the other
hand, the type-I allergic reaction and IgE binding activity
was lost when glycine substitution was introduced in
relatively localized amino acid residues, whereas CTL
recognition was lost in the majority of the glycine-
substituted analogue peptides. Both positions 2 and 9 of
the peptides are considered to be anchor residues, and
residues at other positions are thought to be TCR con-
tact residues. The loss of CTL recognition in analogue
peptides carrying a glycine substitution at position 2 or 9
is most likely due to the failure of peptide binding to
HLA-A2, because glycine does not have a side chain.
The loss of CTL recognition in their analogue peptides
might be due to fow affinity or to the lack of binding of
CTL to TCR, because positions 1, 3, 4, 5, 6, 7, and 8 of

the CLP 57-65 peptide have side chains of considerable

size.

CLP is a self antigen, and its mRNA is expressed in some
normal tissues [16, 19], as well as being overexpressed
in pancreatic cancer cell lines, compared to normal pan-
creatic tissues. CTL induced by stimulation with CLP-
derived peptides showed cytotoxicity against cancer celt
lines, but not against two kinds of proliferating T and B
lymphoblasts (Fig. 2). These results suggest that vacci-
nation with these peptides were not associated with
adverse effects on normal cells and tissues. Some self
antigens expressed in certain normal tissues prove to be
gooed candidates for cancer immunotherapy. For exam-
ple, immunizing patients with normal self peptides
derived from melanosomnal proteins has resulted in dra-
matic turnor regression with only occasional vitiligo in
some patients who had been prescribed immunotherapy
with melanoma epitopes together with administration of
IL-2 [24]. Further study of immune responses of self-
antigen-recognizing and tumor-reactive CTL to normal
cells and tissues is required.

NY-ESO-1 protein is thought to be the most immuno-
genic antigen, since it has been reported {o have the
ability to elicit both cellular and humoral immune
responses to turnor cells. However, there are no reports
on tumor-associated antigenic epitopes recognized by
both cellular and humoral immune systems. We provide
evidence that CLP can encode identical epitopes recog-
nized by both the cellular and humoral immune systems.
Further study is needed to clarify whether these peptides
have the ability to induce orchestrated anti-tumor
immune responses of not only CTL, but also Th cells and
antibodies.

In conclusion, we identified three CLP peptides that were
capable of propagating HLA-A2-restricted and tumor-
- reactive CTL from PBMC. One of these peptides, CLP

Cellular and humoral immunity to a pancreatic cancer antigen, CLP 833

57-65, elicits a type-| allergic reaction. The HLA-AZ allele
is found in 23% of Black Africans, 53% of Chinese, 40%
of Japanese, 49% of Northern Caucasians, and 38% of
Southern Caucasians [25]. These results indicate that the
CLP 15-24 and CLP 104-113 peptides could be appro-
priate candidates in use for specific immunotherapy for a
large number of cancer patients.

4 Materials and methods

4.1 HLA-A2-restricted CTL line

An HLA-A2-restricted and tumor-reactive CTL fine, OK-CTL,
was used to investigate whether SEREX-defined genes
could encode antigens recognized by CTL. This cell line was
established from the TIL of a colon cancer patient OK (HLA-
A*0207/°3101, -B46/51, -Cw1) by incubation in medium
supplemented with IL-2 {100 U/ml) alone for more than
50 days, the details of which have been described else-
where [4, 8]

4.2 Analysis for antigen recognition by CTL

Eighteen candidate genes encoding pancreatic can-
cer antigens were identified using serum from Pt2
(HLA-AT0210/2402, -B*5201/*4006, -DRB1*1502/09012,
-DQB1*'0601/03) with pancreatic cancer through SEREX
screening of a cDNA library generated from a human pan-
creatic adenocarcinoma cefl line, CFPAC-1 [16]. Among
them, five types of full-length cDNA clones encoding either
KM-PA-4/CLP, KM-PA-5/HALPHASS, KM-PA-14/CGISS5 pro-
tein, KM-PA-15/GIF, or KM-PA-18/hsp105, which were
packaged in the EcoRl- and Xhol-digested pBluescript vec-
tors, were inserted into the expression vector pCMV-
SPORT-2 (Life Technologies, Rockville, MD}). The cDNA of
HLA-A"0207 or -A"2402 genes was obtained by RT-PCR
and was cloned into the eukaryotic expression vector pCR3
{Invitrogen, San Diego, CA). cDNA (0-200 ng) of the of each
of the SEREX-defined genes and 100 ng HLA-A*0207 or
-A"2402 cDNA were suspended in 50 ul Opti-MEM (Life
Technologies}, mixed with Lipofectamine™ reagent (Life
Technologies), and samples were cultured at room tempera-
ture for 30 min. A 50-ul aliquot of the mixture was then
added to the COS-7 cells (5x10%, which were then incu-
bated for 6 h. Thereafter, the COS-7 cells were cultured for
2 days in RPMI 1640 medium supplemented with 10% FCS,
followed by the addition of CTL {5x10* cells/well). After an
18-h incubation, 100 ! of the culture supernatant was col-
lected and assayed in triplicate for IFN-y production by
ELISA.

4.3 Peptides

Eight different CLP-derived peptide candidates with the
potential to bind to the HLA-A2 molecules [26, 27] were syn-
thesized (Fig. 1B). The peptides and their analogues with a
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single amino acid substitution to glycine were synthesized
by Fmoc/PyBOP. These peptides were purchased from
Sawady Laboratory (Tokyo, Japan), and their purity, esti-
mated by HPLC, was >70%. For the additional studies,
three peptides, including the CLP 15-24, 57-65, and
104-113 peptides, with a purity of >35%, were prepared. As
a negative control, an HLA-A2-binding HIV-derived peptide
(SLYNTYATL) with a purity of 90-98%, kindly provided by Dr,
Kanaoka (Sumitomo Pharmaceutical, Osaka, Japan), was
used.

4.4 Cancer cell lines

The cancer cell lines used in this study and their HLA-A
alleles, shown in parentheses, were as follows: Panc-1
(HLA-A"0201/1101) pancreatic adenocarcinoma, YPK-3
(HLA-A0201} pancreatic adenocarcinoma, PaCa-2 (HLA-
A'2402) pancreatic adenocarcinoma, and RERF-LC-
MS (HLA-A*1101) lung adenocarcinoma. HLA-A2* EBV-
transformed B cell lines and HLA-A2* PHA-activated T lym-
phocytes were used as centrol cells.

4.5 In vitro sensitization of PBMC with the peptides

PBMC were isclated from 20 ml of heparinized blood of
HLA-A2* cancer patient donors and healthy donors by
Ficoll-Conray density gradient centrifugation, as reported
previously [5]. Informed consent was obtained from all
donors. HLA class | typing was performed on blood lympho-
cytes using the classical serological method [5]. A simple
method was used to generate peptide-specific CTL from
PBMC (Hida et al., unpublished results). In brief, PBMC
(1x10° cells/well} were incubated with 10 pM peptide in
200 pl culture medium in U-bottom-type 96-well microcul-
ture plates (Nunc, Roskilde, Denmark). The culture medium
consisted of 45% RPMI 1640 medium, 45% AIM-V®
medium (Gibco-BRL}, 10% FCS, 100 U/m! of recombinant
human IL-2, and 0.1 uM MEM nonessential amino acid solu-
tion (Gibco-BRL). Half of the medium was removed and
replaced with fresh medium containing the corresponding
peptide (20 uM) every 3 days for up to 12 days.

4.6 Assays for tumor antigen-reactive T cell responses

Peptide-stimulated PBMC were further expanded in the
presence of feeder cells pre-pulsed with the indicated pep-
tide for 21-28 days to obtain a refatively large number of
cells. Thereafter, they were tested for their responses
against various targets by a 6-h 3'Cr-release assay [5]. The
surface phenotypes of the CTL were examined by direct
immunofluorescence staining with FITC-conjugated anti-
CD3, -CD4, or -CD8 mAb (Nichirei, Tokyo, Japan) [6]. To
determine both effector cells and MHC restriction, 20 pg/m!
anti-HLA-class | (W6/32, 1gG2a), anti-HLA-A2 (BB7.2,
IgG2b), anti-CD8 (Nu-Ts/c, 1gG2a), anti-HLA-DR (H-DR-1,
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lgG2a), and anti-CD4 (Nu-Th/i, IgG1) mAb were added at the
beginning of the cultures. Anti-CD13 (MCS-2, 1gG2a) and
anti-CD14 (UML-H14, 1gG1) mAb were used as isotype-
matched negative controls [6],

4.7 Skin test

Each peptide was dissolved in DM3O at 10 mg/m!, asepti-
cally aliquoted, and stored at —80°C. Stock solutions were
diluted with saline just before use. A sterility test was per-
formed according to the method described in Section B-484
of the Japanese Pharmacopoeia 13th edn. Peptide solution
{50 pl, 0.2 mg/ml) was injected intradermally into healthy
volunteers and, 15 min later, flare and induration were
inspected. Informed consent was obtained from all partici-
pants.

4.8 Detection of serum IgG reactive to the entire CLP
antigen

SEREX-positive clones of CLP were subcloned and re-
tested for serum reactivity, according to the following
method. To determine the reactivity of other allogeneic sera
samples (1:100 dilution) obtained from ten healthy blood
donors (50-63 years old, mean 56.7 years, four men and six
women) and ten patients with pancreatic ductal adenocarci-
noma {43-79 years old, mean 62.1 years, four men and six
women) against SEREX-positive clones, plates containing
an equal number of sero-positive and sero—negative control
clones were similarly processed. The immunoscreening
method has been described previously [16).

4.9 Measurement of serum IgG and IgE reactive to the
peptides

An ELISA was used to quantify serum levels of IgG and 1gE
reactive to the CLP-derived peptides. Immobilization of the
peptides at their C termini to a 96-well Nunc Covalink flat
plate (Fisher Scientific, Pittsburgh, PA) using disuccinimidy!
suberate (Pierce, Rockford, IL} was performed according to
the manufacturer’s instructions. The plate of immaobilized
peptides (10 pg/well) was blocked with Block Ace {Yukijiru-
shi, Tokyo, Japan), and washed with 0.05% Tween 20-PBS
(PBST); 100 ul/well of either serum or plasma samples
diluted with 0.05% Tween 20-Block Ace was then added to
the plate. The plate was washed with PBST after 2-h incuba-
tion at 37°C, and further incubated for 2 h at 37°C with
1:1,000-diluted rabbit anti-human IgG antibodies (Dako,
Glostrup, Denmark). The plate was washed nine times, and
100 wl of 1:100-diluted goat anti-rabbit 1g-conjugated horse-
radish peroxidase-dextran polymer (EnVision, Dako) was
added to each well, and the plate was incubated at room
temperature for 40min. After washing, 100 pl/well of
letramethyl-benzidine substrate sclution (KPL, Guildford,
GB) was added, and the reaction was stopped by the addi-
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tion of 1 M H,PQ,. Absorbance was measured at 450 and
630 nm. As with the IgG-measurement procedure, levels of
IgE were measured using 1:1,000-diluted rabbit anti-human
IgE {Dako). Analogues of the CLP 57-65 peptide, in which
the indicated positions were substituted by glycine, were
used to determine amino acid positions crucial for the type-I
allergic reaction, antibody binding, and CTL recognition.
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