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Three T-cell determinants of Cry j 1 and Cry j 2, the major
Japanese cedar pollen antigens, retain their immunogenicity
and tolerogenicity in a linked peptide
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SUMMARY

It has been demonstrated in detail that administration of a dominant T-cell determinant to animals
induces activation or immunological tolerance of T cells. However, it has not been determined
whether multiple T-cell determinants, when integrated into a single peptide, retain their potential to
induce T-cell activation and tolerance. We prepared a synthetic peptide comprising three T-cell
determinants of Cry j 1 and Cry j 2, the major Japanese cedar pollen antigens, and investigated the
immunogenicity and tolerogenicity of each T-cell determinant in the linked peptide by means of
lymph node cell proliferation assays using mice. Lymph node cells from mice immunized with each
of the three T-cell determinants proliferated against the linked peptide in a dose-dependent manner,
similar to that of the immunized peptide. Lymph node cells from mice immunized with the linked
peptide proliferated against all of the three T-cell determinants. In addition, the degree of
proliferation against the three T-cell determinants occurred according to their original immuno-
genicity, as observed in the native protein antigens. Oral administration of the linked peptide to
mice before they were immunized with Cry j 1 and Cry j 2 inhibited lymph node cell proliferation
against the three T-cell determinants, depending on the dose of the linked peptide administered. In
conclusion, it was demonstrated that three T-cell determinants retain their original immunogenicity

and tolerogenicity in a linked peptide comprising them.

INTRODUCTION

It has been demonstrated in detail that administration, to
animals, of a peptide (with or without adjuvant), corresponding
to a dominant T-cell determinant of a protein antigen, induces
activation or immunological tolerance of specific T cells.'™ The
peptide-specific T-cell response is critically controlled by mole-
cular interaction between T-cell receptors on T cells and major
histocompatibility complex (MHC) class II molecules on anti-
gen-presenting cells (APCs). Theoretically, a sequentially
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linked peptide comprising multiple T-cell determinants is able
to react on many peptide-specific T cells, as long as each
component T-cell determinant has sufficient length and inter-
action with the MHC class II molecules. T-cell reactivity of T-
cell determinants in a linked peptide has been progressively
investigated.>'° However, it has not been experimentally deter-
mined whether multiple (at least three) T-cell determinants,
when integrated into a single peptide, retain their original
immunogenicity and tolerogenicity, namely, the potential to
induce activation or inactivation of specific T cells.

In this study, we prepared a synthetic peptide of 42 amino
acid residues in length, which comprised three 14-mer murine
T-cell determinants of Cry j 1 and Cry j 2, the major Japanese
cedar (Cryptomeria japonica) pollen antigens. In a previous
study, we searched for T-cell determinants of Cry j 1 and Cry j 2
in BALB/c mice by using overlapping peptides. We identified
three peptides corresponding to a dominant T-cell determinant
of Cry j 1 (P1-277-290) and a dominant (P2-246-259) and a
subdominant (P2-70-83) T-cell determinant of Cry j 2. We
previously reported that a dominant peptide, P2-246-259,
induces T-cell tolerance against the peptide itself and Cry j 2
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when orally administered to mice. In the present study, we
investigated whether three T-cell determinants in a linked
peptide would retain their immunogenicity and tolerogenicity,
even after they were integrated into a single peptide.

MATERIALS AND METHODS

Mice

Six-week-old female BALB/c mice were purchased from
Charles River Japan (Tokyo, Japan) and housed under conven-
tional conditions. The Institutional Animal Care and Use Com-
mittee of Sankyo approved all the experiments in this study.
Three mice were used for each group in each experiment.

Antigens and peptides

Cry j 1 (353 amino acids, 45 kDa) and Cry j 2 (388 amino acids,
38 kDa) were purified using monoclonal antibodies (mAbs), as
described previously.!""'? Three peptides corresponding to the
three T-cell determinants (P1-277-290, P2-70-83 and P2-246—
259) were synthesized using a solid-phase peptide synthesizer
(Symphony; Protein Technologies, Tucson, AZ), which uses
standard Fmoc chemistry. A linked peptide comprising the three
T-cell determinants (hereafter called ‘3TD peptide’) without
spacer amino acids between them was synthesized using a 430-
A multipeptide synthesizer (Applied Biosystems, Foster City,
CA). The amino acid sequences of these peptides are shown in
Table 1. These peptides were purified by high-performance
liquid chromatography (HPLC) and used after verifying the
purity and validating the amino acid sequences.

Immunization

Mice were injected subcutaneously (s.c) at the base of the tail
and into the footpads with 1 pg of Cry j 1 and 1 pg of Cry j 2,
1 pg of each T-cell determinant, or 1 pg of the 3TD peptide in
emulsion. The emulsion was prepared by mixing the antigens in
phosphate-buffered saline (PBS) and complete Freund’s adju-
vant (CFA) containing Mycobacterium tuberculosis H37 Ra
(Difco Laboratories, Detroit, MI) (W : O =1:1). Ten days later,
popliteal and inguinal lymph node cells (LNCs) were removed
and used in the proliferation assay.

In experiments evaluating tolerogenicity of the 3TD peptide,
mice were injected intranasally (i.n.) with 1 pg of Cry j 1 and
1 pg of Cry j 2. The antigens were mixed with 1 pg of cholera
toxin B subunit (Research Biochemicals Inc., Natick, MA) and
5ng of cholera toxin (Sigma Chemical Co., St Louis, MO) as a
mucosal adjuvant, and all antigens were dissolved in 7-3 pl of
PBS. Two weeks later, the mice were boosted i.n. with the same

Table 1. Three T-cell determinants of Cry j 1 and Cry j 2, and 3TD

peptide
Peptide Residue Length Amino acid sequence
P1-277-290 Cry j 1/277-290 14-mer = KQVTIRIGCKTSSS
P2-70-83 Cry j 2/70-83 14-mer HFTFKVDGIIAAYQ
P2-246-259  Cry j 2/246-259 14-mer RAEVSYVHVNGAKF
3TD peptide 42-mer RAEVSYVHVNGAKF-
KQVTIRIGCKTSSSHF-
TFKVDGIIAAYQ

antigens. One week after the booster, cervical LNCs were
removed and used for the proliferation assay.

Induction of oral tolerance

Mice were administered, orally (using a plastic animal-feeding
needle), 2-5, 25, or 250 pg of the 3TD peptide dissolved in
0-2 ml of PBS. Mice were administered the peptide four times at
intervals of 3 or 4 days within 2 weeks, and 3 days after the last
administration the mice were subsequently immunized i.n. with
Cry j 1 and Cry j 2, as described above.

T-cell proliferation assay

Single-cell suspensions were prepared from LNCs. In the
experiments evaluating tolerogenicity of the 3TD peptide, an
erythrocyte-depleted, X-ray-irradiated spleen-cell suspension
was also prepared from autologous normal mice and used as
APCs. The pooled LNCs from the popliteal and inguinal lymph
nodes were cultured at 4 x 10’ cells/well, and the cervical LNCs
were cultured at 3 x 10° cells/well together with the APCs at
4 x 10° cells/well, in 0-2ml of culture medium in 96-well flat
bottom plates (Corning Inc., Corning, NY). The cells were
cultured in RPMI-1640 supplemented with 100 U/ml of peni-
cillin, 100 pg/ml of streptomycin (all from Life Technologies,
Inc., Grand Island, NY) and 1% autologous normal mouse
serum. The cells were cultured with or without antigens in
triplicate wells for 3 days at 37°. In some experiments, con-
canavalin A (Sigma Chemical Co.) was used as a positive
control antigen. Each well then received 0-5 nCi [ H]thymidine
(Amersham Pharmacia Biotech. Ltd, Tokyo, Japan) and the
cells were incubated for a further 18 hr. The cells were harvested
and the incorporated radioactivity was measured by using a
liquid scintillation counter. The results are shown as mean
counts per minute (c.p.m.) &+ standard deviation (SD).

Statistics

Significant differences were determined by the parametric
Williams® test'® using the computer software SAS, Version
4-0 (SAS Institute Inc., Cary, NC).

RESULTS

Preparation of the 3TD peptide comprising three T-cell
determinants of Cry j 1 and Cry j 2

In order to investigate the immunogenic and tolerogenic poten-
tial of the T-cell determinants in a linked peptide, we prepared a
synthetic peptide comprising three T-cell determinants of Cry j
1 and Cry j 2 (Table 1). Peptides P1-277-290, P2-70-83 and P2-
246-259 represent a dominant T-cell determinant of Cry j 1, a
subdominant T-cell determinant of Cry j 2 and a dominant T-cell
determinant of Cry j 2, respectively. We first investigated
whether LNCs from mice immunized with Cry j 1 and Cry j
2 would proliferate against the 3TD peptide as well as against
the three T-cell determinants when the cells were stimulated in
vitro with each of these peptides separately. Mice were immu-
nized s.c. with Cry j 1 and Cry j 2 together with CFA. Ten days
later, popliteal and inguinal LNCs were removed from the mice
and stimulated in vitro with P1-277-290, P2-70-83, P2-246—
259 and the 3TD peptide. LNCs proliferated against the three
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Figure 1. Overall immunogenicity of the 3TD peptide. Three mice
were immunized subcutaneously (s.c.) with 1 pg of Cry j 1 and 1 pg of
Cry j 2 in complete Freund’s adjuvant (CFA), and 10 days later lymph
node cells were stimulated in vitro with 10uM of the three T-cell
determinants P1-277-290, P2-70-83 and P2-246-259, and with
10puM of the 3TD peptide comprising them. Cell proliferation was
measured as described in the Materials and methods. Results are
expressed as mean counts per minute (c.p.m.) =+ standard deviation
(SD) and are representative of three identical experiments.

T-cell determinants, P1-277-290, P2-70-83 and P2-246-259,
according to their immunodominance (Fig. 1). The LNCs also
proliferated against the 3TD peptide (Fig.1). Overall T-cell
immunogenicity of the 3TD peptide in vitro was confirmed and
thus we used it for further investigation.

Immunogenicity of T-cell determinants in the 3TD
peptide in vitro

We next investigated whether each T-cell determinant in the
3TD peptide had its own immunogenicity in vitro. Mice were

immunized s.c. with P1-277-290, P2-70-83 or P2-246-259.
LNCs were removed from the mice and stimulated in vitro
with these T-cell determinants and the 3TD peptide. LNCs from
P1-277-290-immunized mice proliferated against the 3TD
peptide as well as against P1-277-290, but did not proliferate
against P2-70-83 or P2-246-259 (Fig. 2a). LNCs from P2-70-
83-immunized mice proliferated against the 3TD peptide and
P2-70-83, but not against P1-277-290 or P2-246-259 (Fig. 2b).
Finally, LNCs from P2-246-259-immunized mice proliferated
against the 3TD peptide and P2-246-259, but not against
P1-277-290 or P2-70-83 (Fig. 2c). Taken together, these results
show that LNCs proliferated against specific T-cell deter-
minants and the 3TD peptide. The results indicate that the
three T-cell determinants in the 3TD peptide have the poten-
tial to induce T-cell proliferation against specific T cells
in vitro.

Immunogenicity of T-cell determinants in the 3TD
peptide in vivo

We next investigated the immunogenicity of each T-cell deter-
minant in the 3TD peptide in vivo. Mice were immunized s.c.
with the 3TD peptide. LNCs were removed from the mice and
stimulated in vitro with P1-277-290, P2-70-83, P2-246-259
and the 3TD peptide. The LNCs from the 3TD peptide-immu-
nized mice proliferated against all the three T-cell determi-
nants, P1-277-290, P2-70-83 and P2-246-259, as well as
against the 3TD peptide (Fig.3). In addition, the degree of
proliferation against P1-277-290 and P2-246-259 was strong,
while that against P2-70-83 was relatively weak, which was
consistent with the original immunogenicity of the three T-cell
determinants in the native protein antigens, as shown in Fig. 1.
This result indicates that the three T-cell determinants in
the 3TD peptide have the potential to induce activation of
specific T cells in vivo, and that they retain their original
immunogenicity.
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Figure 2. In vitro immunogenicity of three T-cell determinants in the 3TD peptide. Three groups of mice were immunized
subcutaneously (s.c.) with 1 pg of P1-277-290 (a), P2-70-83 (b), or P2-246-259 (c) in complete Freund’s adjuvant (CFA), and
10 days later lymph node cells were stimulated in vitro with different concentrations of the three T-cell determinants and 3TD peptide
comprising them. Cell proliferation was measured as described in the Materials and methods. Results are expressed as mean counts per
minute (c.p.m.) = standard deviation (SD) and are representative of three identical experiments.
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Figure 3. Immunogenicity of three T-cell determinants in the 3TD
peptide. Mice were immunized subcutaneously (s.c.) with 1 pug of 3TD
peptide in complete Freund’s adjuvant (CFA) and 10 days later lymph
node cells were stimulated in vitro with 10uM of the three T-cell
determinants (P1-277-290, P2-70-83 and P2-246-259) and with
10 uMm of the 3TD peptide. Cell proliferation was measured as described
in the Materials and methods. Results are expressed as mean counts per
minute (c.p.m.) =+ standard deviation (SD) and are representative of
three identical experiments.

Tolerogenicity of T-cell determinants in the 3TD peptide
in vivo
We finally investigated the tolerogenicity of each T-cell deter-

minant in the 3TD peptide. We previously reported that oral
administration of P2-246-259 to mice before they were immu-
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nized in. with Cry j 2 inhibited proliferative responses of
cervical LNCs against P2-246-259 and Cry j 2. In this report,
we examined whether the 3TD peptide would also induce
immunological tolerance in BALB/c mice. Groups of mice
received orally 2-5, 25 or 250 pug of the 3TD peptide, or PBS
alone, four times within 2 weeks and were subsequently immu-
nized i.n. with Cry j 1 and Cry j 2, together with cholera toxin.
After the mice were boosted with the same antigens, cervical
LNCs from each of the four groups were removed and stimu-
lated in vitro with P1-277-290, P2-70-83, P2-246-259, Cry j 1,
Cry j 2 and concanavalin A (Con A), which was used as a
positive control. LNCs from 3TD peptide-treated mice showed
inhibited proliferation against the three T-cell determinants, P1-
277-290, P2-70-83 and P2-246-259, compared to those from
the PBS-treated control mice (Fig.4). In addition, LNC pro-
liferation against Cry j 1 and Cry j 2 was also inhibited in the
3TD peptide-treated groups. The inhibitory rate for each antigen
was dependent on the dose of the 3TD peptide administered. As
LNC proliferation against Con A was almost the same among
the four groups, the inhibition was considered not to be caused
by any non-specific effects of the 3TD peptide. In accordance
with the inhibited cell proliferation, LNCs from the 3TD
peptide-treated group showed inhibited interleukin-2 (IL-2)
secretion against the three T-cell determinants, Cry j 1 and
Cry j 2, compared to that in the control group (data not shown).
Therefore, oral administration of the 3TD peptide induced
specific T-cell tolerance for the three T-cell determinants and
the native protein antigens (Cry j 1 and Cry j 2). The results
indicate that the three T-cell determinants in the 3TD peptide
have the potential to induce tolerance against specific T cells
in vivo.
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Figure 4. Tolerogenicity of three T-cell determinants in the 3TD peptide. Four groups of mice were administered orally with the 3TD
peptide, four times at intervals of 3 or 4 days, within 2 weeks prior to being immunized intranasally with 1 pg of Cry j 1 and 1 pg of Cry j
2 in cholera toxin. Two weeks after the immunization, the mice were boosted with the same antigens, and lymph node cells were
stimulated in vitro with 5 pM of the three T-cell determinants, 100nM Cry j 1, 100nM Cry j 2 and 5 pg/ml of concanavalin A (Con A)
1 week after the booster. The cell proliferation was measured as described in the Materials and methods. Results are expressed as mean
counts per minute (c.p.m.) = standard deviation (SD) and are representative of three identical experiments. The background responses
in the control group and 3TD peptide-treated group (2-5, 25, 250 pg) are 86 &= 26, 39 30, 39 & 17 and 40 £ 14 c.p.m., respectively. The
results for Con A are presented as quarter-sized bars. *P < 0-01 versus control.
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DISCUSSION

The purpose of this study was to investigate the potential of T-
cell determinants in a sequentially linked peptide for inducing
activation and tolerance of specific T cells. As a model for a
linked peptide, we prepared a synthetic peptide comprising
three murine T-cell determinants of Cry j 1 and Cry j 2, and
we investigated the immunogenicity and tolerogenicity of the T-
cell determinants in a 3TD peptide by means of LNC prolifera-
tion assays.

In terms of immunogenicity, it was first demonstrated that
each T-cell determinant in the 3TD peptide has the potential to
induce specific T-cell proliferation in vitro. Three types of
peptide-specific LNCs were prepared from mice immunized
with the three T-cell determinants. Specificity of the LNCs was
confirmed because the cells proliferated only against the immu-
nized T-cell determinant and not against the other two T-cell
determinants. Under the same conditions, a similar dose-depen-
dent T-cell proliferation was observed between the 3TD peptide
and each of the three T-cell determinants. This result sug-
gests that each of the T-cell determinants in the 3TD peptide
was processed and presented by APCs included in the LNCs
in a similar manner to the individual T-cell determinants in
vitro.

In terms of immunogenicity, it was also demonstrated that
each T-cell determinant in the 3TD peptide has the potential to
induce specific T-cell activation in vivo. LNCs from mice
immunized s.c. with the 3TD peptide proliferated against all
the three T-cell determinants (P1-277-290, P2-70-83 and P2-
246-259). This suggests that local APCs, such as dendritic cells,
captured the 3TD peptide, migrated to draining lymph nodes
and appropriately presented each of the T-cell determinants in
the 3TD peptide to specific T cells. The activated specific T cells
in the lymph nodes were detected by proliferation against the
three T-cell determinants in vitro. Notably, the degree of LNC
proliferation to each T-cell determinant appears to be correlated
to its original T-cell immunogenicity in the native protein
antigens; LNCs from the 3TD peptide-immunized mice pro-
liferated significantly against the dominant T-cell determinants
(P1-277-290 and P2-246-259) and showed a weak, but positive,
proliferation against P2-70-83. These results from experiments
assessing the potential of each T-cell determinant in the 3TD
peptide for inducing activation of specific T cells both in vitro
and in vivo, revealed that the T-cell determinants retain their
own immunogenicity, even after they are integrated into a linked
peptide.

Ria et al.® reported that in a peptide comprising two T-cell
determinants, the T-cell response was directed mainly towards
the more immunogenic T-cell determinant, whereas the less
immunogenic T-cell determinant elicited little or no T-cell
response. Our data appear inconsistent with their results in
terms of an emphasized hierarchy of T-cell immunogenicity in
a sequentially linked peptide. They stated that the enhanced
hierarchy of T-cell determinants might be caused by compe-
titive binding to the MHC molecules between the two pep-
tides. Their peptide comprised 13- (the less immunogenic) and
15- (the more immunogenic) amino acid peptides, whereas our
3TD peptide comprises three 14-amino acid peptides. Thus,
length of peptide in addition to intermolecular competition

© 2002 Blackwell Science Ltd, Immunology, 107, 517-522

might influence accessibility to MHC molecules and con-
sequently the T-cell immunogenicity of T-cell determinants
in a linked peptide, as it has been reported that MHC class II
molecules preferentially bind to longer peptides in the pro-
cess of antigen presentation.'*'® Further investigation is
necessary to clarify whether accessibility of MHC mole-
cules to T-cell determinants in a linked peptide would influ-
ence their immunogenicity. It should be noted, however, that
immunogenicity of the three T-cell determinants in the 3TD
peptide was not so different from their original immunogeni-
city.

In terms of tolerogenicity, it was finally demonstrated that
each T-cell determinant in the 3TD peptide has the potential to
induce specific T-cell tolerance in vivo. Oral administration of
the 3TD peptide to mice before they were immunized i.n. with
Cryj 1 and Cry j 2, significantly inhibited LNC proliferation and
IL-2 secretion against the three T-cell determinants (P1-277—
290, P2-70-83 and P2-246-259), depending on the dose of the
3TD peptide administered. This result suggests that APCs in
gut-associated lymphoid tissues, such as Peyer’s patch, captured
the 3TD peptide, appropriately presented the three T-cell deter-
minants in the 3TD peptide to specific T cells, and rendered
them tolerant. Although the mechanism of the oral tolerance is
not clear, it appears evident that each T-cell determinant in the
3TD peptide has tolerogenicity because T cells from cervical
lymph nodes showed an inhibited response against the three
T-cell determinants.

Rogers et al.® also reported tolerogenicity of a linked peptide
comprising three human T-cell determinants of Fel d 1. They
showed that s.c. injection of the linked peptide to mice before
they were immunized with antigenic peptides from Fel d 1
significantly inhibited LNC proliferation against the linked
peptide, a mixture of three T-cell determinants, and the immu-
nogen. However, they did not determine the LNC proliferation
against the three human T-cell determinants separately and thus
tolerogenicity of each T-cell determinant in the linked peptide
was not clearly demonstrated.

Sufficient tolerogenicity of T-cell determinants in a linked
peptide has practical significance. As a result of inhibition to T
cells specific for dominant T-cell determinants, LNC prolifera-
tion against Cry j 1 and Cry j 2, native antigens the T-cell
determinants were derived from, was also inhibited. The
contribution of T cells specific for the subdominant T-cell
determinant to induce tolerance against Cry j 2 might be limited.
Our study is the first, as far as we know, to demonstrate
immunological tolerance against two protein antigens using a
single peptide. There is a possibility that T-cell responses
against multiple protein antigens can be inhibited by a single
peptide comprising many dominant T-cell determinants of the
antigens. Indeed, we have developed a peptide comprising
seven human T-cell determinants of Cry j 1 and Cry j 2 as a
candidate immunotherapeutic peptide.'*

In summary, we have demonstrated that each of the three T-
cell determinants in a 3TD peptide retains its immunogenicity.
We have also demonstrated that each of the three T-cell deter-
minants in the 3TD peptide has tolerogenicity. Our results have
clarified potential T-cell immunogenicity and tolerogenicity of
T-cell determinants in a linked peptide which comprises multi-
ple T-cell determinants. These findings imply that a linked
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peptide could be a novel immunotherapeutic tool for regulating
several antigen-specific T cells.
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