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Modulation of CD81 T-cell responses specific for an
exogenous antigen by epitope variants would be ad-
vantageous to develop a novel means of antigen-
specific immune regulation. We have analyzed CD81

T-cell responses to single amino acid-substituted vari-
ants of a peptide corresponding to residues 142–149
(p142-149; LAYFYPEL) of as1-casein, a major milk al-
lergen, which is a dominant determinant restricted by
H-2Kb. An analog peptide L142I with a substitution of
Ile for Leu at the nonanchor N-terminal residue in-
duced more IFN-g secretion than p142-149 from spe-
cific CD81 T cells. Furthermore, L142I could prime
CD81 T cells more efficiently in vivo, and these L142I-
primed cells secreted more IFN-g than p142-149-
primed CD81 T cells upon stimulation with p142-149 in
vitro. These findings are mainly explained by the
greater ability of L142I to form stable Kb–peptide com-
plexes. These findings indicate that appropriate ana-
log peptides may be useful as efficient inducers of
CD81 T cells which recognize the parent peptide and
secrete IFN-g, a potent inhibitor of Th2-dependent
events, including IgE production. © 1998 Academic Press
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INTRODUCTION

Most CD81 T cells recognize endogenous peptide
antigens presented by MHC class I molecules and show
cytotoxic activity. Therefore, CD81 T cells have impor-
tant roles in tumor immunity (1) or in suppressing
infections by viruses (2) and microbial pathogens (3).
However, it has been shown that exogenous antigens
also can be presented by MHC class I molecules (4) and
generate CD81 T-cell responses (5, 6). These CD81 T
cells have been shown to play an important role in
regulation of immune responses (7–10). Thus, modula-
tion of CD81 T-cell responses would be effective in
treatment of some kinds of immune diseases.

Many attempts have been made to analyze and mod-
ify T-cell responses by using analog peptides which

have an amino acid substitution at their T-cell receptor
(TCR)-contacting residues or residues anchoring in
MHC molecules (11). Analog peptides can generate
qualitatively different T-cell responses compared to
those induced by the wild-type peptide, such as cyto-
kine production without proliferation (12), anergy (13,
14), or modulation of cytokine production patterns (15,
16). Moreover, some analog peptides are able to induce
quantitatively different T-cell responses. It has been
shown that the immunogenicity of antigenic peptides
correlated well with both their affinities for MHC class
I molecules (17) and the stability of the peptide/MHC
class I molecule complexes (18). Thus, appropriate
modification of an antigenic peptide to achieve a
greater ability to bind to MHC class I molecules and/or
to achieve more stable peptide/MHC class I molecule
complexes may result in stronger CD81 T-cell re-
sponses. In fact, many approaches to improve the im-
munogenicity of epitopes from tumor-specific antigens
or viruses have been done by replacing anchor or non-
anchor residues (19–22).

Analog peptides which strongly induce CD81 T cells
specific for an exogenous antigen to produce interferon
(IFN)-g would be useful for peptide-based therapy for
Th2-biased immune diseases such as allergies, because
IFN-g is a potent inhibitor of Th2-dependent events,
including IgE production (23, 24). Moreover, these pep-
tides would modulate the immune responses to the
antigen without the risk of accidental activation of
CD41 Th2 cells. In the present study, we prepared a
panel of 90 analog peptides each with a single amino
acid substitution based on the sequence of an octamer
peptide corresponding to residues 142–149 (p142-149)
of bovine as1-casein, a major milk allergen. p142-149 is
recognized in a H-2Kb-restricted manner by CD81 T-
cell clones specific for as1-casein (10, 25, 26). Consider-
ing that p142-149 has a sequence in exact accordance
with a Kb-binding motif reported by Falk et al. (27),
substitutions at its anchor residues are not likely to
increase its ability to bind to Kb molecules. Thus, the
substitutions were introduced at nonanchor residues of
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the peptide. We screened this panel of peptides for
strong inducers of IFN-g production in assays of CD81

T-cell clones. We observed that an analog peptide in-
creased IFN-g secretion from not only the CD81 T-cell
clones but also polyclonal p142-149-specific CD81 T
cells. In addition, the analog peptide could strongly
prime CD81 T cells in vivo, and these primed cells
produced IFN-g upon stimulation with the wild-type
peptide.

MATERIALS AND METHODS

Mice

Female C57BL/6 mice (6 weeks old) were purchased
from Clea Japan Inc. (Tokyo, Japan). BALB.B mice
were kindly provided by Dr. M. Takada (Kochi Medical
School, Nangoku, Japan).

Ags and Abs

An octamer peptide corresponding to residues 142–
149 of bovine as1-casein (p142-149, LAYFYPEL) was
synthesized by means of a peptide synthesizer (430A;
Applied Biosystems, Foster City, CA) and purified by
HPLC. An analog of p142-149 with a substitution of Ile
for 142Leu, designated L142I, was purchased from Bio
Synthesis (Lewisville, TX). The other analog peptides
(Fig. 1) were purchased from Chiron Mimotopes Pty
LTD (Clayton, Victoria, Australia).

Anti-IFN-g mAb XMG1.2 (28) was kindly provided by
Dr. J. S. Abrams (DNAX, Palo Alto, CA). Anti-IFN-g mAb
R4-6A2 (29) was obtained from the American Type Cul-
ture Collection (Rockville, MD). The cells producing these
mAbs were grown in ascites, and the mAbs were purified
using MAb Trap G II (Pharmacia Biotech, Uppsala, Swe-
den) and concentrated by ammonium persulfate precipi-
tation. Anti-Kb mAb E122.46 (30) was purchased from
Seikagaku Corp. (Tokyo, Japan).

Cell Lines

as1-Casein-specific CD81 T-cell clones 5F1, Uc (25),
and 6B1 (10) were derived from C57BL/6 mice immu-
nized with as1-casein in CFA and have been shown to
respond to trypsin-digested as1-casein (t-CN) in the
context of Kb molecules (6). Each of these CD81 T-cell
clones expresses a different TCR Vb gene (Vb11, Vb2,
and Vb3 for 5F1, 6B1 and Uc, respectively; Ref. 26).
These clones were maintained in conditioned RPMI
1640 medium (Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 5 3 1025 M 2-ME, 100 U/ml peni-
cillin, and 100 mg/ml streptomycin, in the presence of
10% FCS and 20 U/ml IL-2, and were stimulated every
10 to 14 days with irradiated syngeneic splenocytes
and 5 mg/ml t-CN. The mouse mutant lymphoma cell

line RMA-S (31) was kindly provided by Dr. T. Mizuo-
chi (National Institute of Infectious Diseases, Tokyo,
Japan), and these cells were maintained in conditioned
RPMI 1640 medium containing 10% FCS.

Separation of CD81 T Cells from Ag-Primed Lymph
Node Cells

C57BL/6 mice were each immunized with 10 mg of
a peptide emulsified in complete Freund’s adjuvant
H37Ra (CFA H37Ra; Difco Laboratories, Detroit, MI)
in the footpads and at the base of tail. Seven days after
immunization, the inguinal and popliteal lymph node
cells were prepared, and CD81 T cells were purified
using anti-CD8-mAb-coupled magnetic microbeads
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. In brief,
the lymph node cells (1 3 108) were treated with 100 ml
of microbeads for 15 min at 4°C, and CD81 T cells were
concentrated using MACS separation columns (Milte-
nyi Biotec GmbH).

Assessment of the Quantity of Cytokine Secretion

Freshly isolated T cells (4 3 105/well) or cloned T
cells (4 3 104/well) were plated into 96-well flat-bottom
plates with irradiated syngeneic splenocytes (2 3 105/
well) in the presence or absence of various concentra-
tions of antigen in 200 ml of RPMI supplemented with
10% FCS. Supernatants were collected after 48 or 72 h.
The quantity of IFN-g in the culture supernatant was
assessed by two-site ELISA as previously reported by
Abrams et al. (32). To detect IFN-g, microtiter plates
(MaxiSorp; Nunc, Roskilde, Denmark) were coated
with R4-6A2 and treated with biotinylated XMG1.2,
followed by incubation with alkaline phosphatase-con-
jugated streptavidin and disodium p-nitrophenylphos-
phate for color development. The OD was measured at
a test wavelength of 405 nm and at a reference wave-
length of 490 nm.

Peptide Binding to H-2Kb on RMA-S Cells

Binding of peptides to H-2Kb molecules was assessed
using RMA-S cells. This T lymphoma cell line ex-
presses thermolabile, empty MHC class I (Kb) mole-
cules because of lack of expression of the TAP-2 peptide
transporter, which transports peptides from the cyto-
plasm to the ER where MHC class I molecules bind
peptides (31). The level of expression of MHC class I
molecules on the surface of RMA-S cells increases
when they are incubated at 22–28°C (33) or when they
are incubated with peptides that bind to the class I
molecule (34). Relative levels of peptide binding to Kb

on the surface of RMA-S cells were examined by basi-
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cally the same methods as described previously (35).
RMA-S cells were incubated in RPMI 1640 medium
supplemented with 10% FCS at 25°C for 16–18 h to
allow the cells to express empty Kb on the cell surface.
The cells were washed twice with RPMI 1640 medium,
resuspended in RPMI 1640 medium containing 1%
FCS in the presence or absence of serial dilutions of
peptides, and left at 25°C for 1 h. Then the cells were
incubated at 37°C for 3 h. The cells were washed with
RPMI 1640 medium containing 10% FCS and resus-
pended in HBSS (Gibco BRL, Gaithersburg, MD). Bi-
otin-conjugated anti-mouse H-2Kb mAb (E121.46) was
added to the cells at the appropriate concentration and
the cells were incubated for 30 min on ice. The cells
were washed and incubated for 20 min on ice with an
appropriate dilution of streptavidin-PE (Gibco BRL).
The cells were washed and fluorescence intensity was
measured by FACSort (Becton–Dickinson, Mountain
View, CA).

Relative dissociation rates of peptide/Kb complexes
on the surface of RMA-S cells were estimated by the
method described previously (36). RMA-S cells were
incubated in RPMI 1640 medium supplemented with
10% FCS at 25°C for 16–18 h and for a further 1 h at
25°C in the presence of each peptide at 10 mM. The
cells were then washed three times with RPMI 1640
medium and placed again at 25°C. This time point was
taken as time zero. At this time point and at 2, 4, 6, 7,
8, and 9 h, aliquots of the cells were transferred to a
37°C incubator. At 10 h, each group of cells was col-
lected and stained for Kb–peptide complexes with an-
ti-Kb mAb as described above. Cells loaded with pep-
tides and incubated at 25°C for 10 h were also
examined.

RESULTS

Efficient Induction of IFN-g Secretion from
as1-Casein-Specific CD81 T-Cell Clones
by Variants of the Epitope Peptide

In our previous report, we showed that CD81 T cells
purified from lymph node cells of C57BL/6 mice immu-
nized with bovine as1-casein secreted IFN-g in re-
sponse to t-CN (6). The minimal determinant recog-
nized by the purified CD81 T cells was found to be an
octamer peptide corresponding to p142-149 (26). Three
as1-casein specific CD81 T-cell clones, 5F1, 6B1, and
Uc, were established from lymph node cells derived
from as1-casein-immunized C57BL/6 mice as described
previously (10, 25). These clones exhibited IFN-g se-
cretion in response to t-CN (10, 25) or p142-149 (26).
According to the H-2Kb binding motif reported by Falk
et al. (27), anchor residues of p142-149 were considered
to be residues 144Tyr, 146Tyr, and 149Leu. To find vari-
ants of p142-149 with the potential to augment the

CD81 T-cell responses, we designed 90 analog peptides
with single amino-acid substitutions at nonanchor res-
idues, 142Leu, 143Ala, 145Phe, 147Pro, and 148Glu of
p142-149 (Fig. 1) and IFN-g secretion by CD81 T-cell
clones treated with these peptides was examined.

A summary of the levels of IFN-g produced by the
three CD81 T-cell clones in response to each of the 90
analog peptides at 10 mM is shown in Fig. 1. We found
that two of the analog peptides induced significantly
greater amounts of IFN-g production than did p142-
149. The peptide L142I, with a substitution of Ile for
residue 142Leu, exhibited strong induction of IFN-g
secretion from all three clones. L142I induced two to
five times greater amounts of IFN-g secretion than
p142-149. Another peptide, F145H, with a substitution
of His for 145Phe, also induced about a threefold greater
amount of IFN-g secretion from 5F1 and Uc than
p142–149. However, no IFN-g secretion from 6B1 was
detected upon stimulation with F145H.

Subsequently, we focused on L142I and examined
the levels of IFN-g secretion from CD81 T-cell clones in
response to various concentrations of p142-149 or
L142I (Fig. 2). The amount of secreted IFN-g increased
in proportion to the antigen dosage. IFN-g secretion
induced by L142I constantly exceeded that induced by
p142-149 at any peptide concentration from 1028 to
1024 M in the case of both 5F1 and Uc. There were
considerable differences in the maximum levels of
IFN-g produced by Uc cells in response to L142I and
p142-149. This suggests that L142I possesses the po-
tential to elicit IFN-g secretion from Uc more strongly
than p142-149 even when present in an amount in
excess of that required for saturating the Kb molecules.

The cytolytic activity of the T-cell clones when stim-
ulated with L142I was greater than that when stimu-
lated with p142-149, although the difference was not so
significant (data not shown). Therefore, the enhanced
production of IFN-g induced by L142I does not appear
to be due to less effective lysis of antigen-presenting
cells as suggested by a previous report showing that
the poorer target of cytolysis was the better inducer of
IFN-g production from a CTL and vice versa (37).
These CD81 T-cell clones showed a proliferative re-
sponse when stimulated with L142I greater than that
elicited by p142-149 (data not shown). These observa-
tions suggest that L142I is not likely to selectively
enhance activation of the signaling pathway leading to
IFN-g production alone. IL-2 production was not ob-
served in the culture supernatants 24 h after stimula-
tion with p142-149 (26) or L142I (data not shown).

Kb-Molecule Binding Capacity of p142-149 and L142I

To assess the mechanisms underlying the enhanced
levels of IFN-g secretion induced by L142I, the abilities
of L142I and p142-149 to bind to MHC class I (Kb)
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molecules were examined. For this analysis, we used
RMA-S cells and examined the ability of each of the
two peptides to stabilize expression of H-2Kb on the cell

surface. RMA-S cells are defective in TAP function and
cannot load MHC class I molecules with peptides de-
rived from the cytoplasm, resulting in expression of

FIG. 1. IFN-g secretion from as1-casein-specific CD81 T-cell clones induced by single amino acid-substituted analogs of an epitope peptide
corresponding to residues 142–149 of bovine as1-casein (p142-149). as1-Casein-specific CD81 T-cell clones 5F1, 6B1, and Uc (4 3 104/well)
were cultured with irradiated syngeneic splenocytes (2 3 105/well) in the presence or absence of each peptide at 10 mM. Supernatants were
collected 48 h later and the quantity of IFN-g in each culture supernatant was assessed by two-site ELISA. Relative values were calculated
as below: (relative IFN-g production) 5 [(IFN-g production induced by the relevant peptide) 2 (IFN-g production in the absence of peptide)]/
[(IFN-g production induced by p142-149) 2 (IFN-g production in the absence of peptide)].
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empty Kb molecules on the cell surface which are stable
at 22–28°C but not at 37°C (33). When RMA-S cells
that have been grown at 25°C to induce expression of
high levels of empty Kb molecules are incubated with
peptides capable of binding to Kb molecules, the pep-
tide/Kb complexes can stably exist on the cell surface
even after the cells have been transferred to 37°C (34).
Therefore, the finding of a larger amount of Kb mole-
cules on the surface of cells incubated with a certain
peptide would suggest its higher affinity for Kb mole-
cules. Kb molecules were detected by means of biotin-
conjugated anti-mouse H-2Kb mAb followed by treat-
ment with streptavidin-PE and the fluorescence
intensity was measured by flow cytometry. It was as-
sumed that the fluorescence intensity was directly pro-
portional to the number of peptide/MHC complexes on
the cell surface. At the same time, a cytokine produc-
tion assay was carried out using peptide-pulsed RMA-S
cells as antigen-presenting cells (APC) to further study
the relationship between the amounts of secreted
IFN-g and the number of peptide/MHC complexes ex-
pressed on APC.

The results are shown in Fig. 3. L142I treatment
generated stronger fluorescence intensity than treat-
ment with p142-149 at concentrations in the range of
1029 to 1024 M (Fig. 3A). L142I induced the same level
of Kb molecule expression as that induced by about a
100-fold higher concentration of p142-149, suggesting
that L142I possesses about 100 times higher affinity
for Kb molecules than p142-149. In accordance with the
binding assay results, the amount of IFN-g secretion
induced by L142I presented on RMA-S cells exceeded
that induced by p142-149 at all concentrations exam-
ined (Fig. 3B).

It has been reported that the intensity of T-cell re-
sponses induced by a peptide in complex with a MHC
class I molecule depends on the stability of the com-

plexes formed between the peptide and the MHC class
I molecules (18) as well as its affinity for MHC class I
molecules (17). To assess the ability of L142I and p142-
149 to form stable complexes with Kb molecules, we
analyzed the time-dependent decrease in number of
peptide/Kb complexes on the surface of RMA-S cells at
37°C by flow cytometry. As shown in Fig. 4, L142I/Kb

complexes on the cell surface were more stable than
the p142-149/Kb complexes. The half-lives of the p142-
149/Kb complex and the L142I/Kb complex were 3.3 h
and 8 h, respectively.

These results revealed that one of the reasons for the
increase in IFN-g production induced by L142I was its
higher capacity to form a stable complex with Kb mole-
cules as well as its higher affinity for Kb molecules. In
addition, the amino-acid substitution in L142I may have
affected its interaction with TCR, especially in the case of
Uc cells, resulting in signals of greater intensity being
transduced through the TCR, considering that Uc cells
secreted a larger amount of IFN-g upon stimulation with
L142I at 1024 M than that occurring upon stimulation
with p142-149 at 1024 M while almost the same numbers
of peptide/Kb complexes were expressed on the RMA-S
cells (Fig. 3). Although there has been a report that the
enhanced IFN-g secretion from a CD41 T-cell clone in-
duced by an analog peptide was due to increased IL-12
production from APC displaying the analog peptide upon
interaction with the T cells (38), addition of anti-IL-12
antibodies to the culture of Uc cells in the presence of
irradiated splenocytes as APC had no effect on IFN-g
secretion induced by p142-149 or L142I (data not shown).

IFN-g Secretion from p142-149-Primed Polyclonal
CD81 T Cells in Response to L142I

Since L142I enhanced IFN-g secretion from all three
p142-149-specific CD81 T-cell clones, L142I was ex-
pected to show the same effect on p142-149-primed
polyclonal CD81 T cells. Thus, we examined the levels
of IFN-g secretion from CD81 T cells purified from
among lymph node cells isolated from p142-149-
immunized mice. Polyclonal CD81 T cells derived from
C57BL/6 mice immunized with 10 mg of p142-149 were
stimulated with p142-149 or L142I in the presence of
APC for 72 h, and then the culture supernatants were
collected to measure the amount of secreted IFN-g. As
shown in Fig. 5A, stimulation with L142I resulted in
production of a greater amount of IFN-g than that
observed following stimulation with p142-149. Produc-
tion of IL-4 and IL-10 was not observed (data not
shown). These results clearly indicate that L142I could
enhance not only IFN-g secretion by particular p142-
149-specific CD81 T-cell clones but also that by poly-
clonal CD81 T cells. Probably, this enhancement was
mainly attributable to a larger number of L142I/Kb

complexes on APC compared to the number of p142-

FIG. 2. IFN-g secretion from as1-casein-specific CD81 T-cell
clones 5F1 and Uc induced by various concentrations of p142-149 or
L142I. CD81 T-cell clones 5F1 and Uc (4 3 104/well) were stimulated
with various concentrations of p142-149 or L142I in the presence of
irradiated syngeneic splenocytes (2 3 105/well) for 48 h. Culture
supernatants were collected and the quantity of IFN-g present was
assessed by two-site ELISA.
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149/Kb complexes formed, resulting in more efficient
interaction with TCR. As expected, CD81 T cell-
depleted lymph node cells from p142-149-immunized
mice secreted no detectable IFN-g when stimulated
with L142I or p142-149 (data not shown).

It is possible that the enhanced IFN-g secretion in-
duced by L142I is only relevant for CD81 T cells de-

rived from mice with a tendency to display Th1-type
responses such as C57BL/6 mice. To examine this pos-
sibility, we performed the same experiments described
above using BALB.B mice, which have the same ge-
netic background as that of BALB/c mice having a
tendency to develop Th2 type responses and which
have the same H-2 locus as that of C57BL/6 mice. As
shown in Fig. 5B, L142I induced higher levels of IFN-g
than did p142-149 as was the case using C57BL/6 mice.
Again, production of IL-4 and IL-10 was not observed
(data not shown). These results clearly demonstrate
that the ability of L142I to increase IFN-g production
is relevant for not only CD81 T cells derived from “Th1”
mice, but also those from “Th2” mice.

In Vivo Priming with L142I Resulted in
Augmentation of IFN-g Secretion from CD81 T
Cells upon Stimulation with p142-149 in Vitro

Our in vitro results led us to examine whether prim-
ing with L142I in vivo would result in more efficient
induction of p142-149-responding CD81 T cells than
priming with p142-149. As shown in Fig. 6, L142I-
primed CD81 T cells from either C57BL/6 or BALB.B
mice could recognize p142-149, and, surprisingly, se-
creted more IFN-g than p142-149-primed CD81 T cells
in response to subsequent stimulation with p142-149.
Secretion of IFN-g from CD81 T-cell-depleted lymph
node cells derived from L142I-immunized mice was not
detected (data not shown). IL-4 and IL-10 were not
detected in any of the samples (data not shown). These
results demonstrate that L142I could prime CD81 T
cells for responsiveness to p142-149, and probably for

FIG. 4. Dissociation curves of p142-149 or L142I/Kb complexes at
the surface of RMA-S cells. RMA-S cells were incubated at 25°C for
16–18 h, pulsed with p142-149 or L142I at 10 mM, and left at 25°C
for an hour. The cells were washed three times and placed again at
25°C. Aliquots of the cells were transferred to a 37°C incubator in
order. After 10 h, each aliquot was collected and the peptide/Kb

complexes on the cell surface were stained with biotin-conjugated
anti-mouse H-2Kb followed by avidin-PE. Fluorescence intensity was
measured by FACSort.

FIG. 3. Relative binding of p142-149 and L142I to Kb molecules on the surface of RMA-S cells (A) and IFN-g secretion from Uc cells upon
stimulation with these peptides displayed on RMA-S cells (B). RMA-S cells were incubated at 25°C for 16–18 h to allow empty Kb molecules
to be expressed on the cell surface. The cells were pulsed with serial dilutions of p142-149 or L142I for an hour at 25°C. (A) Peptide-loaded
RMA-S cells (half of the pulsed sample) were transferred to a 37°C incubator, left for 3 h, and stained with biotin-conjugated anti-mouse
H-2Kb followed by streptavidin-PE. Fluorescence intensity was measured by FACSort. (B) Peptide-loaded RMA-S cells (the remaining half
of the pulsed sample) were cultured at 5 3 104/well with Uc cells at 4 3 104/well for 48 h, and then the culture supernatants were collected
and the quantity of IFN-g present was assessed by two-site ELISA.
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responsiveness to as1-casein as well, more efficiently
than p142-149 in vivo.

DISCUSSION

In the present study, we showed that an analog peptide
L142I having a single amino-acid substitution at a non-
anchor residue of the octamer peptide p142-149, which is
recognized by as1-casein-specific CD81 T cells, signifi-
cantly enhanced IFN-g secretion from CD81 T cells. Fur-
thermore, compared to p142-149, the analog peptide
could prime specific CD81 T cells more efficiently in vivo,
and these primed cells produced more IFN-g upon sub-

sequent stimulation with p142-149 than those primed
with p142-149. These results indicate that appropriately
substituted peptides can prime CD81 T cells recognizing
the wild-type peptide more efficiently than the wild-type
peptide itself in vivo. Such an analog peptide would be
useful as an efficient peptide vaccine to induce specific
CD81 T-cell responses.

Previous attempts to enhance CD81 T-cell responses
by stimulation with variant antigenic peptides have
focused predominantly on cytotoxicity against tumor
cells (21, 22) or virus-infected cells (19, 20). In contrast
to these studies, we focused on cytokine secretion by

FIG. 6. IFN-g secretion from p142-149- or L142I-primed bulk CD81 T cells in response to p142-149. C57BL/6 (A) or BALB.B (B) mice
were each immunized with 10 mg of p142-149 or L142I emulsified in CFA H37Ra. After 7–10 days, lymph nodes were isolated and CD81 T
cells were concentrated by means of anti-CD8-mAb-coupled magnetic microbeads. The purified CD81 T cells were stimulated with p142-149
in vitro and the amount of secreted IFN-g was measured as described in the legend to Fig. 5. The level of IFN-g secretion from p142-149- or
L142I-primed CD81 T cells in the absence of p142-149 was 8.7 6 0.6 and 7.5 6 0.5 ng/ml, respectively, for (A) and ,0.4 and 4.9 6 0.1 ng/ml,
respectively, for (B). The level of IFN-g secretion by CD81 T cell-depleted lymph node cells derived from either p142-149- or L142I-immunized
mice in the presence of 100 mM p142-149 was below the detection limit.

FIG. 5. IFN-g secretion from p142-149-primed bulk CD81 T cells in response to p142-149 or L142I in vitro. C57BL/6 (A) or BALB.B (B)
mice were each immunized with 10 mg of p142-149 emulsified in CFA H37Ra. After 7–10 days, lymph nodes were isolated and CD81 T cells
were concentrated by means of anti-CD8-mAb-coupled magnetic microbeads. The purified CD81 T cells (4 3 105/well) were stimulated in
vitro with the indicated concentration of p142-149 or L142I in the presence of irradiated syngeneic splenocytes (2 3 105/well) for 72 h. Culture
supernatants were collected and the quantity of IFN-g present was assessed by two-site ELISA. The level of IFN-g secretion from CD81 T
cell-depleted lymph node cells was below the detection limit of 0.4 ng/ml.
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responding CD81 T cells specific for an exogenous sol-
uble antigen, and we have demonstrated that a partic-
ular analog peptide can augment IFN-g production by
these CD81 T cells. Since such CD81 T cells have been
shown to play an important role in immune regulation
(8–10), our results imply that an analog peptide capa-
ble of enhancing cytokine production by CD81 T cells
would be useful in developing a novel strategy for pep-
tide-based immune regulation.

As shown in Fig. 3A, L142I compared with p142-149
could form the same number of complexes with Kb

molecules at a lower peptide concentration, suggesting
that L142I has a higher affinity for Kb molecules than
p142-149. Furthermore, the L142I/Kb complexes were
more stable than the p142-149/Kb complexes (Fig. 4).
Therefore, at the same peptide concentration, the num-
ber of L142I/Kb complexes displayed on APC surpasses
that of p142-149/Kb complexes. Thus, mainly because
L142I has an enhanced ability to be displayed on APC,
as a result of the substitution of Ile for 142Leu in p142-
149, and because this substitution has no negative
effect on the interaction with TCR, the levels of IFN-g
production by the CD81 T-cell clones (Figs. 1–3) and
purified CD81 T cells derived from p142-149-immu-
nized mice (Fig. 5) were increased upon stimulation
with L142I. A larger number of L142I/Kb complexes
could engage more TCRs, resulting in an increase in
the signals leading to IFN-g production in each T cell
and/or an increase in the number of activated T cells
secreting IFN-g. Likewise, more efficient priming of
CD81 T cells capable of responding to p142-149 as a
result of immunization with L142I compared to p142-
149 can be considered to be mainly due to L142I being
more efficiently displayed on APC.

When the CD81 T cell clone Uc was stimulated with
p142-149 or L142I at 100 mM, using RMA-S cells as APC,
the Uc cells secreted a much larger amount of IFN-g in
response to L142I compared to p142-149 despite there
being almost equal numbers of peptide/Kb complexes on
the RMA-S cells (Fig. 3). These findings and the differ-
ence in maximum levels of IFN-g secretion from Uc cells
induced by the two peptides (Fig. 2) suggest that the
substitution of Ile for 142Leu affects the interaction with
the TCR of Uc cells as well as the interaction with Kb

molecules, resulting in an increase in the signals to en-
hance IFN-g production. This may be responsible in part
for the increased IFN-g secretion by CD81 T cells derived
from p142-149-immunized mice. One possible explana-
tion for these observations could be the conformational
change of TCR engaged with L142I/Kb complexes (con-
formational model (39)). The subtle conformational
changes of the L142I/Kb complexes would generate struc-
tural alterations of engaged TCRs on Uc cells, leading to
augmentation of signal transduction. It is also possible to
assume that a conformational change in the L142I/Kb

complexes results in increased binding of CD8 molecules

to the complexes and brings about qualitatively and/or
quantitatively different signals through the TCR and
CD8 molecules, since it has been reported that a CD8
molecule beside a TCR binds to the same MHC class I
molecule and prolongs the duration of the interaction
between the TCR and the peptide/MHC complex (40, 41).
Alternatively, according to the kinetic model (42–44), the
increased affinity of L142I/Kb complexes for TCRs of Uc
cells would result in more efficient recruitment of intra-
cellular protein kinases such as ZAP-70 or Lck which
associate with TCR or CD8 molecules and play important
roles in signaling through the TCR complexes.

The three-dimensional structures of complexes
formed between Kb molecules and a single type of pep-
tide have been determined for several peptides by crys-
tallographic analyses (45–49). One of these peptides,
vesicular stomatitis virus nucleoprotein [52–59]
(VSV-8, RGYVYQGL), has a sequence with the same
anchor residues of Tyr at position 3 (P3), Tyr at P5, and
Leu at P8 as those of p142-149. The side chains of these
anchor residues are accommodated in so-called pockets
on the peptide-binding groove of the Kb molecule, con-
firming their importance for binding to Kb molecules
(46, 47). In this complex, a side chain of the peptide
N-terminal Arg residue extends vertically toward the
solvent, which seems to be a feature common to pep-
tides in complex with Kb molecules (46, 47, 49). This
implies that the N-terminal residue 142Leu of p142-149
has the same conformation in complex with Kb mole-
cules, which is consistent with our results suggesting
that the side chain of the residue at this position is
recognized by TCR. In contrast, the difference in effi-
ciency of binding to Kb molecules between p142-149
and L142I indicates that the side chain of the N-
terminal residue of a peptide can influence binding to
Kb molecules despite its predicted orientation toward
TCR. Comparable with this, it has been reported that,
in the case of a peptide from ovalbumin (ovalbumin
[257–264], OVA-8; SIINFEKL), a substitution of Asp
for Glu at position 6 where the side chain was shown to
be solvent exposed and not directly involved in binding
to Kb (49) can considerably decrease the binding effi-
ciency (50). The difference in Kb binding efficiency of
p142-149 and L142I may be due to a difference in the
interaction between the wall of the peptide-binding
groove of the Kb molecule and the part near the base of
the side-chain moiety of Leu or Ile at the N-terminus,
since almost the entire surface of the short side chain
of the Ser residue at the N-terminus of OVA-8, which
pointed toward TCR, was in contact with the Kb mol-
ecule (49). Alternatively, conformational changes
within the peptide induced by the substitution (48)
might possibly exert a significant influence on its bind-
ing to Kb molecules.

The increased ability of a single substituted peptide
to form a stable peptide/MHC class I complex has been
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reported for the complex of a human class I molecule
HLA-A*0201 and a variant of a 9-mer peptide derived
from human immunodeficiency virus (19). In that re-
port, a substitution at the N-terminal residue of the
peptide resulted in a binding affinity similar to that of
the wild-type peptide, but the stability of the HLA-
A*0201-peptide complex was significantly increased.
These and our findings imply that a side chain of the
N-terminal residue of a MHC class I binding peptide
may in general play an important role in stabilizing the
peptide–MHC class I complex.

Recent studies have shown that, in certain immune
diseases, either the Th1-type or the Th2-type immune
response is dominant; for example, multiple sclerosis
and rheumatoid arthritis are Th1-dominant diseases,
whereas allergies are Th2-dominant diseases (51). It
has been reported that IFN-g selectively inhibits Th2-
type responses (23), and that CD81 T cells secreting
IFN-g selectively inhibit IgE production in vivo (24).
We have demonstrated that efficient induction of
IFN-g production by L142I is relevant not only for mice
with a tendency to display Th1-type responses but also
mice prone to display Th2-type responses (Figs. 5 and
6). Therefore, such a peptide capable of increasing
IFN-g production from CD81 T cells may be useful for
ameliorating Th2-biased immune diseases such as al-
lergies. Moreover, short peptides capable of inducing
CD81 T-cell responses have a low possibility of being
recognized by CD41 T cells, because of the distinct
MHC-molecule requirements. Thus, such peptides
could be used without the risk of accidental activation
of CD41 T cells relevant to the disease. In this study,
we have demonstrated that, using a single amino-acid
substituted analog of an epitope peptide, it is possible
to enhance responses of exogenous antigen-specific
CD81 T cells and to induce such cells efficiently in vivo
without priming CD41 T cells. Our observations may
have important implications for controlling the Th1–
Th2 balance via antigen-specific CD81 T cells.
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