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Abstract

T-cell responses can be antagonized by some single amino acid-substituted analogs of a peptide ligand for T-cell
receptors (TCR), and these are called TCR antagonists. In this study, we addressed the question of whether TCR
antagonism can be elicited by a whole protein antigen carrying a mutated T-cell determinant region corresponding
to a TCR antagonist peptide. To clarify this, we examined the ability of a single amino acid-substituted mutant
form of bovine�-lactoglobulin (�-Lg) to inhibit three CD4+ T-cell clones recognizing a peptide corresponding
to an immunodominant determinant region 119-133 of�-Lg (p119-133). First, we identified pD129A, an analog
of p119-133 with a substitution of Ala for129Asp, as an antagonist which can inhibit the response of two of the
three T-cell clones. Then, using a yeast expression system, we prepared a mutant�-Lg (mutD129A) with the
same substitution of Ala for129Asp as that in pD129A. This mutant protein could inhibit the proliferation of the
two T-cell clones in a manner similar to the effect of pD129A. From these results we can demonstrate that TCR
antagonism can be elicited by peptides naturally processed from a single-substituted mutant protein as well as by
the corresponding peptides added exogenously.

Abbreviations:APC – antigen-presenting cells;�-Lg – �-lactoglobulin; ELISA – enzyme-linked immunosorbent
assay; mAb – monoclonal antibody; MHC – major histocompatibility complex; PBS – phosphatebuffered saline;
RCM�-Lg – Reduced and carboxymethylated�-lactoglobulin; TCGF – T-cell growth factor; TCR – T-cell receptor

Introduction

T cells are activated after recognizing peptide frag-
ments in the form of a complex with a major histocom-
patibility complex (MHC) molecule, via their surface
antigen receptors (T-cell receptor; TCR). Recent stud-
ies have revealed that T-cell responses are altered by
stimulation with analogs of peptide ligands for their
TCRs, which are called altered peptide ligands (Sloan-
Lancaster and Allen, 1996; Kersh and Allen, 1996).
Altered peptide ligands partially activate the T cells of
both CD4+ (Evavold and Allen, 1991; Evavoldet al.,
1993; Sloanet al., 1993; Racioppiet al., 1993; Sloanet
al., 1994) and CD8+ (Caoet al., 1995) phenotypes, or
induce antigen-specific inhibition of T-cell responses,a

phenomenon called TCR antagonism (De Magistriset
al., 1992). By analogy with the concept of antagonism
in pharmacology, a TCR antagonist peptide in com-
plex with a MHC molecule was originally considered
to competitively bind to TCR without inducing any
signals (De Magistriset al., 1992). This hypothesis
was challenged by the evidence that antagonist pep-
tides induce a partial phosphorylation of CD3� chains,
which play a key role in the signaling through TCR
(Reis e Sousaet al., 1996; La Faceet al., 1997). Two
hypotheses have been proposed for operative mecha-
nisms of partial activation and TCR antagonism; the
kinetic model that a different response results from
quantitatively less interaction between TCR and an
altered peptide ligand than that between TCR and an
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agonist ligand (Jameson and Bevan, 1995; McKeithan,
1995), and the conformational model that TCR sig-
nal transduction involves some type of conformational
change and this change is qualitatively different when
the TCR recognizes an altered peptide ligand as com-
pared to an agonist (Janeway, 1995). Although there
have been several reports supporting either of these
models (Lyonset al., 1996; Yoonet al., 1994), the
molecular mechanisms underlying TCR antagonism
are not yet fully clarified.

There have been several reports implying that TCR
antagonism may be of physiological importance. TCR
antagonist peptides added to a thymus organ culture
can positively and/or negatively select T cells, suggest-
ing that thymic selection of T cells is influenced by self
peptides functioning as TCR antagonists (Hogquistet
al., 1994; Ashton-Rickardtet al., 1994). Thein vivo
effects of TCR antagonists have also been demonstrat-
ed with respect to inhibition of the onset of several
experimental autoimmune diseases caused by patho-
genic T-cell responses, such as experimental aller-
gic encephalomyelitis (Kuchrooet al., 1994; Karin
et al., 1994; Nicholsonet al., 1997) and experimental
autoimmune uveitis (Singhet al., 1994). In infections
by some viruses, naturally occurring variants of the
determinants recognized by CD8+ cytotoxic T cells
may act as antagonistsin vivo to avoid recognition and
elimination by host T cells, because the corresponding
peptides specifically prevent the T-cell response direct-
ed against the virusin vitro (Allen and Zinkernagel,
1994; Klenermanet al., 1994; Bertolettiet al., 1994).
It is important to note that these variant determinants,
which are restricted to MHC class I molecules, can act
as antagonists not only in the form of exogenous pep-
tides but also when expressed as proteins endogenous-
ly by recombinant viruses. However, as for class II-
restricted T-cell responses, TCR antagonism has been
demonstrated only using exogenously added peptides.
Therefore, it is not obvious whether mutant proteins
incorporated or generated in the organism may func-
tion as TCR antagonists for CD4+ T cells, because (i)
antigen processing pathways involvingclass I and class
II MHC molecules are totally different from each oth-
er (reviewed in Germain and Margulies, 1993) and (ii)
peptide and protein antigens reportedly require distinct
antigen-presenting cell (APC) subsets for the priming
of CD4+ T cells (Constantet al., 1995). Consider-
ing that natural immune responsesin vivo are elicited
primarily by protein antigens and not by peptides, it is
worth examining whether mutant proteins with a single
substitution can antagonize specific CD4+ T cells.

In the present study, we investigated the TCR antag-
onistic activity of a mutant protein using a panel of
T-cell clones specific for region 119-133 of bovine�-
lactoglobulin (�-Lg), a major allergen in cow’s milk
(Taylor, 1986). Single-substituted analogs of peptide
119-133 (p119-133) were prepared and examined for
their TCR antagonist activity. pD129A, an analog of
p119-133 with a substitution of Ala for residue129Asp,
was shown to have a TCR antagonistic activity for the
p119-133-specific clones. A mutant of�-Lg with the
same substitution as that in pD129A produced using a
yeast expression system (Totsukaet al., 1990; Kataku-
ra et al., 1994) inhibited the proliferative responses of
these clones in an antigen-specific manner. Our data
demonstrate that TCR antagonism can be elicited by
mutant proteins with a single substitution, and suggest
the natural occurrence of TCR antagonism mediated by
mutant proteins generatedin vivo by a genetic muta-
tion.

Materials and methods

Animals

C57BL/6 (B6) mice (H-2b: female, 8-week old) were
purchased from Charles River Japan Inc. (Yokohama,
Japan).

Proteins and peptides

Bovine�-lactoglobulin (�-Lg; genetic variant A) was
prepared from raw milk of a cow of the genotype AA
for �-Lg as described previously (Kaminogawaet al.,
1989). Reduced and carboxymethylated (RCM)�-Lg
was prepared by carboxymethylation of reduced�-Lg
according to the method of McKenzie (McKenzieet al.,
1972). A peptide corresponding to region 119-133 in
bovine�-Lg (p119-133; CQCLVRTPEVDDEAL), its
analog peptide having a substitution of Ala for129Asp,
pD129A, and a peptide corresponding to region 136-
155 of bovine�s1-casein (P10; IGVNQELAYFYPEL-
FRQFYQ) were synthesized using a peptide synthe-
sizer (Model 430A; Perkin-Elmer, Norwalk, CT, U.
S. A.) and purified by reversed-phase HPLC. Single-
substituted analogs of p119-133 used for identifying
TCR antagonists (Table 1) were purchased from Chi-
ron Mimotopes (Clayton, Australia).
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Table 1. Single-substituted analogs of p119-133 used in this study

Peptide Amino acid sequencea

119 125 130 133

p119-133 Cys Gln Cys Leu Val Arg The Pro Glu Val Asp Asp Glu Ala Leu

pL122D – – – Asp – – – – – – – – – – –

pV123D – – – – Asp – – – – – – – – – –

pR124A – – – – – Ala – – – – – – – – –

pT125A – – – – – – Ala – – – – – – – –

pE127A – – – – – – – – Ala – – – – – –

pD129A – – – – – – – – – – Ala – – – –

pD130A – – – – – – – – – – – Ala – – –

a Dashes indicate identity with the p119-133 sequence.

T-cell clones

CD4+ T-cell clones specific for�-Lg, G1.19, F2.8,
and F12.5, were established as described elsewhere
(submitted for publication). Briefly, B6 mice were
immunized subcutaneously with bovine�-Lg emul-
sified with CFA-H37Ra. Lymph-node cells prepared
from the mice 7 days after immunization were stimulat-
ed every week with 5�M �-Lg, and 10% T-cell growth
factor (TCGF; supernatant from ConA-activated rat
splenocytes) prepared as described previously (Rosen-
berget al., 1978), in the presence of 3000-rad irradi-
ated syngeneic splenocytes as antigen-presenting cells
(APCs). The medium used for the cell culture was
RPMI1640 medium supplemented with 10% fetal calf
serum (FCS), 50�M 2-mercaptoethanol, 100 U/ml
penicillin, and 100�g/ml streptomycin. After a four-
month culture period, the cells were cloned by the lim-
iting dilution method. The cloned cells were stimulated
with 2.5�M �-Lg, 10% TCGF and irradiated syngene-
ic splenocytes once a week for 4–5 months. The result-
ing T-cell clones, G1.19, F2.8, and F12.5, were estab-
lished from different T-cell lines each derived from
different mice. The characteristics of the T-cell clones
used in this study are summarized in Table 2.

T-cell clones were cultured for the proliferation
assay at 4�104 cells/well in 96-well plates togeth-
er with irradiated syngeneic splenocytes at 2� 105

cells/well in the presence or absence of antigen. After
52 h, 1�Ci of [3H]thymidine was added to each well.
The cells were harvested 20 h later, and the uptake
of [3H]thymidine was assessed by liquid scintillation
counting.

Pre-pulse assay for identifying T-cell receptor
antagonist peptides

Irradiated syngeneic splenocytes as APC were incu-
bated with a suboptimal concentration of p119-133
(0.3�M) for 2 h at 37�C (pre-pulse). After removal
of the unbound peptides by washing, the antigen-
pulsed cells were cultured in 96-well plates at 2�105

cells/well with cloned T cells (4� 104 cells/well) and
varying concentrations of the analog peptides. Prolif-
eration of the cells was measured as described above.

Construction of the expression plasmid for a mutant
�-Lg

Bovine�-Lg cDNA isolation and expression in yeast
were described previously (Totsukaet al., 1990). To
facilitate construction of an expression plasmid in
yeast, aSac I/SmaI fragment of�-Lg cDNA con-
taining the whole coding region was ligated with aSal
I linker at each end, and inserted into theSal I site
of pUC118. Then, the cDNA fragment was modified
in the region around the initiation codon to give the
sequence, 50-CTAAAAAAATGAAG-30, instead of 50-
CTGCAGCCATGAAG-30, and the resulting plasmid
was designated pBAML. This upstream sequence is
common to mRNAs for proteins expressed at high lev-
els in yeast, and is expected to increase the expression
level in yeast (Hamiltonet al., 1987).

Site-directed mutagenesis of the coding region of
�-Lg cDNA was performed by means of the poly-
merase chain reaction (PCR). To introduce a muta-
tion resulting in the substitution of Ala for129Asp,
two mutagenic oligonucleotide primers, D129A-back
primer (50-CCCCGGAGGTGGCTGACGAGGCCCTG-
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Table 2. Characteristics of�-Lg-specific CD4+ T-cell clones used in this study

T-cell clone Antigen specificity Cytokine production Th subset

/MHC restriction IFN-
 IL-4 IL-10

G1.19 p119-1331/I-Ab + – – Th1

F2.8 p119-133/I-Ab + – – Th1

F12.5 p119-133/I-Ab + + – Th0

1 A peptide corresponding to region 119-133 of bovine�-lactoglobulin.

30) and D129A-forwardprimer (50-CAGGGCCTCGT-
CAGCCACCTCCGGGG-30) were used as well as
M13-universal primer (50-GTAAAACGACGGCCAGT-
30) and M13-reverse primer (50-CAGGAAACAGCTA-
TGAC-30). These primers were synthesized with a
DNA synthesizer (Model Cyclone Plus; Millipore,
Bedford, MA, U.S.A.). For the first round of PCR
amplification, a set of the D129A-back primer and
the M13-universal primer (for PCR-A), or a set of the
D129A-forward primer and the M13-reverse primer
(for PCR-B) was used. A 50-�l reaction mixture was
prepared containing 10 mM Tris-HCl (pH 8.0), 50 mM
KCl, 1.5 mM MgCl2, 0.1% Triton X-100, 10 pmol of
each primer, 0.1 pmol of pYBAML as template DNAs,
250 �M dNTP and 0.5 U ofTaq DNA polymerase
and then overlaid with mineral oil. The reaction was
allowed to proceed for 30 cycles (30 s, 94�C; 20 s,
55 �C; 2 min, 72�C). The second PCR amplification
was performed with the M13-universal primer and the
M13-reverse primer in a 50-�l mixture containing 3�l
each of the products of PCR-A and PCR-B. After frac-
tionating the reaction products according to size on
a 1.5% agarose gel, the appropriate band was excised
and purified using a Gene Clean Kit II (Bio 101, La Jol-
la, CA, U.S.A.). The PCR product was digested with
Sal I and ligated into pUC118. The sequence of the
PCR product was confirmed by DNA sequencing using
a PRISM kit (Perkin-Elmer) and a DNA sequencer
(Model 370A; Perkin-Elmer). TheSal I fragment of
the mutated�-Lg cDNA was excised and ligated into
theSalI site of pYG100, an expression plasmid vector
for yeast (Kumagai and Miura, 1989). The resulting
plasmid for expression of the mutant�-Lg was desig-
nated pYD129A.

Expression and purification of recombinant proteins

The expression plasmid, pYD129A, was introduced
into Saccharomyces cerevisiaestrain AH22 (Mat a,
leu2-3, leu2-112, his4-519, can1) by the lithium
acetate method (Itoet al., 1983). Yeast culture and

purification of recombinant proteins from the yeast-
culture supernatant were performed as described pre-
viously (Katakura et al., 1994; Katakuraet al.,
1997). Briefly, transformed yeast cells were grown
at 30 �C for 4 days in a modified synthetic minimal
medium (Ichikawaet al., 1989). The culture super-
natant was concentrated 160-fold by ultrafiltration and
diluted eight-fold with 0.05 M imidazole-HCl buffer
(pH 6.7). Proteins in the concentrated sample were
purified by sequential chromatography on a DEAE-
Sephacel column (Pharmacia Biotech, Uppsala, Swe-
den) and a Superose 12 gel-filtration column (Pharma-
cia Biotech). At each purification step, mutant�-Lgs
were detected by sandwich ELISA using anti-�-Lg
mAb 62A6 and alkaline phosphatase-labeled anti-�-
Lg mAb 61C1 as described previously (Totsukaet al.,
1990).

SDS-polyacrylamide gel electrophoresis

An SDS-polyacrylamide gel containing 15% acry-
lamide was used as the running gel and electrophore-
sis was performed under reducing conditions by the
method of Laemmli (Laemmli, 1970). Gels were
stained with Coomassie Brilliant Blue R-250.

Competitive enzyme linked immuno-sorbent assay
(ELISA)

To examine the conformational integrity of purified
mutD129A, competitive ELISA was performed using
anti-bovine�-Lg monoclonal antibodies (mAbs) as
probes, as employed in our previous studies (Kamino-
gawaet al., 1989; Hattoriet al., 1993; Katakuraet
al., 1994). Anti-�-Lg mAbs from the B-cell hybrido-
ma clones 21B3, 31A4, and 61C1 were purified from
ascites as described previously (Kaminogawaet al.,
1989). Microtiter plate wells were incubated with
100 �l of phosphate-buffered saline (PBS; 0.11 M
phosphate buffer at pH 7.2 with 0.04 M NaCl and
0.02% NaN3) containing 0.01% bovine�-Lg for 2 h at
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room temperature. After washed with PBS containing
0.05% Tween-20 (PBS-Tween), the wells were blocked
with 125�l of 1% ovalbumin in PBS. After incubating
and washing the wells, solutions containing mAbs and
varying concentrations of native�-Lg or mutD129A
were added. mAbs bound to�-Lg immobilized in the
wells were detected by adding alkaline-phosphatase-
labeled goat anti-mouse immunoglobulin (Organon
Teknika, Durham, NC, U. S. A.) and subsequently by
developing with the substrate,p-nitrophenylphosphate.
The absorbance was measured at 405 nm.

Results

Identification of a TCR antagonist peptide effective
for p119-133-specific T-cell clones

In our previous study, we identified an immunodomi-
nant T-cell determinant of bovine�-Lg in region 119-
133 using B6 mice and revealed that residues of region
122-130 are essential for the determinant to be recog-
nized by T cells (Totsukaet al., in press). Further,
residues126Pro and128Val were identified to play a
critical role for p119-133 to bind to MHC class II
I-Ab molecules from B6 mice (manuscript in prepara-
tion). From these findings, we assumed that among the
residues in the region 122-130 other than126Pro and
128Val there are critical TCR contacting residues and
we prepared a series of single-substituted peptides of
p119-133 with a substitution at each of these residues
(Table 1), since most of TCR antagonist peptides previ-
ously identified have a substitution at a TCR contacting
residue. First, we examined the ability of the analog
peptides to induce proliferation of G1.19, a CD4+ T-
cell clone specific for p119-133 (Table 2), because a
TCR antagonist induces no proliferation of relevant T
cells by itself (De Magistriset al., 1992). As shown in
Figure 1, pL122D, pV123D, pT125A, and pD130A at
50 �M each elicited a positive response (stimulation
index> 2) in the proliferation assay using G1.19 cells.
These peptides were not tested further in an antagonist
assay.

Next, we examined whether pR124A, pE127A, and
pD129A which induced no response of G1.19 were
effective to inhibit the proliferative response of G1.19
to p119-133 (Figure 2). To avoid competition between
the analog peptide and p119-133 in binding to I-Ab

molecules, APCs were incubated with p119-133 pri-
or to the incubation with G1.19 cells and the analog
peptide. In preliminary experiments, G1.19 showed

a proliferative response to APC that had been previ-
ously incubated with p119-133 at concentrations of
0.1 �M or more, and the intensity of the response
was dependent on the dose of p119-133 at the time of
pre-incubation (data not shown). Based on these find-
ings, we chose to employ 0.3�M as the concentration
of p119-133 for the pre-incubation, at which a sub-
optimal but significant proliferative response of G1.19
was induced. As shown in Figure 2, only pD129A
inhibited the proliferative response of G1.19 to p119-
133. The response of G1.19 was not inhibited in the
presence of a control peptide, P10, which is known to
bind to I-Ab molecules and contains a determinant of
bovine�s1-casein recognized as an immunodominant
T-cell determinant in B6 mice (unpublished observa-
tion).

We next examined the ability of pD129A to func-
tion as a TCR antagonist for two other p119-133-
specific clones, F2.8 and F12.5 (Table 2). As shown
in Figure 3, the proliferative response of F12.5 to
p119-133-pre-pulsed APC was inhibited by pD129A
as well as that of G1.19, confirming the TCR antagonist
activity of pD129A for this clone. However, pD129A
enhanced the proliferation of F2.8, demonstrating that
F2.8 recognizes pD129A as an agonist. In these exper-
iments, P10 added to the culture instead of pD129A
did not inhibit the responses (data not shown).

Preparation of mutD129A, a mutant�-Lg with the
same substitution as that in pD129A which is a TCR
antagonist for p119-133-specific T-cell clones

We prepared a mutant of�-Lg with the same single sub-
stitution as that in pD129A using the yeast expression
system previously established (Totsukaet al., 1990).
The mutated�-Lg cDNA fragment was expressed in
yeast under control of the promoter and terminator of
the yeast glyceraldehyde triphosphate dehydrogenase
gene in the yeast expression plasmid pYG100 (Kuma-
gai and Miura, 1989). The mutant protein was secreted
into the culture medium, from which the recombinant
protein was purified by two sequential steps of column
chromatography (Katakuraet al., 1997). The purified
protein was subjected to SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and stained with Coomassie
Brilliant Blue. As shown in Figure 4, mutD129A was
purified to more than 90% purity and showed the same
mobility as�-Lg.

To examine the conformational integrity of the
recombinant protein, competitive ELISA was per-
formed using anti-�-Lg mAbs, 21B3, 31A4 and 61C1,
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Figure 1. Proliferative response of G1.19, a p119-133-specific T-cell clone, to single-substituted analogs of p119-133. G1.19 cells were cultured
at 4�104 cells/well in the presence of each analog peptide at 50�M and irradiated syngeneic splenocytes at 2�105 cells/well in 96-well
microtiter plates. The data are shown as the ratio of average cpm for each peptide to that of background cpm (stimulation index). The average
background value (cpm�SD) was 6488�430. The values shown are representative of data from three independent experiments.

Figure 2. Identification of a TCR antagonist peptide effective for G1.19. G1.19 cells were cultured in the presence of each analog peptide at
3 �M (hatched bars) or 30�M (closed bars) and irradiated syngeneic splenocytes as APCs that had been previously incubated with p119-133
at 0.3�M for 2 h at room temperature. P10 was used as an irrelevant I-Ab binding peptide control. An open bar represents the value in the
absence of analog peptides. The background value for G1.19 cells cultured with non pre-pulsed APCs alone was 8561�1093 (cpm�SD). The
data are shown as the average cpm of triplicate wells with the background cpm subtracted. The values shown are representative of data from
three independent experiments.
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Figure 3. Effect of pD129A on the proliferative response of p119-133-specific T-cell clones to p119-133-pre-pulsed antigen-presenting cells.
p119-133-specific T-cell clones, G1.19 (A), F12.5 (B) and F2.8 (C), were cultured in the presence of the indicated concentrations of pD129A
and APCs pre-pulsed with p119-133 at 0.3�M. The data are shown as the average cpm of triplicate wells. The values shown are representative
of data from three independent experiments.

which were shown to be useful as probes for examining
conformational changes occurring in�-Lg (Kamino-
gawaet al., 1989; Hattoriet al., 1993; Katakuraet
al., 1994). Other anti-�-Lg mAbs employed in previ-
ous studies, 62A6 and 61B4, that recognize the region
125-135 (Kaminogawaet al., 1989), could not be used
for evaluating the conformation of mutD129A, because
the reactivity of these mAbs was impaired by the sub-
stitution at residue129Asp (data not shown). In contrast,
the mAbs used in this study recognize regions irrele-
vant to the substitution (Kaminogawaet al., 1989), and
thus are not considered to be affected directly by the

difference in amino acid sequence between the mutant
and the wild-type. We compared the binding curves of
each mAb to native�-Lg immobilized in plate wells
in the presence of various concentrations of competi-
tive antigen added together with mAbs in the aqueous
phase. Reduced and carboxymethylated (RCM)�-Lg
was used as a denatured-�-Lg control. As shown in
Figure 5, anti-�-Lg mAbs 21B3 and 31A4,recognizing
regions 15-29 and 8-19 of�-Lg (Kaminogawaet al.,
1989), respectively, bind to mutD129A with almost the
same binding affinities as those to native�-Lg. mAb
61C1 which is specific for region 15-29 (Kaminogawa
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Figure 4. SDS-polyacrylamide gel electrophoresis pattern of the
purified mutD129A. SDS-PAGE was performed using a 15% gel
according to the method of Laemmli (Laemmli, 1970), and subse-
quently subjected to staining with Coomassie Brilliant Blue. Lane 1;
molecular weight markers (from top, bovine serum albumin, oval-
bumin, and hen egg-white lysozyme), lane 2; purified mutD129A
(10�g), lane 3; native�-Lg (10�g).

et al., 1989) showed almost the same binding curves
for native�-Lg and mutD129A, although the differ-
ence in its binding to native�-Lg and RCM�-Lg is
not so obvious. These results suggest that mutD129A
retains almost the same overall conformation as that of
native�-Lg.

TCR antagonist activity of mutD129A

To examine whether a mutant protein can mediate TCR
antagonism, we examined the ability of mutD129A
to inhibit the proliferative responses of the p119-133-
specific T-cell clones. The T-cell clones, G1.19, F2.8
and F12.5, were cultured with native�-Lg at 0.3�m
and various concentrations of mutD129A in the pres-
ence of APCs. As shown in Figure 6, the proliferation
of G1.19 and F12.5, for which pD129A functions as
a TCR antagonist, were inhibited in a dose-dependent
manner by mutD129A added to the culture. It is worth
noting that 1�M mutD129A, a dose only about three-
fold that of native�-Lg, could inhibit the prolifer-
ative response of F12.5 cells by 50%. In contrast,

F2.8 showed increased proliferation in the presence of
mutD129A. These results indicate that the inhibition of
T-cell responses by mutD129A is antigen-specific, and
demonstrate that TCR antagonism for CD4+ T cells
can be mediated by mutant proteins.

Discussion

In the present study, we identified a TCR antagonist
peptide effective for CD4+ T-cell clones, and demon-
strate that a mutant form of a protein antigen with the
same single substitution as the TCR antagonist peptide
can inhibit the activation of the CD4+ T-cell clones dis-
played in response to the wild-type protein. This illus-
trates that TCR antagonism of class II MHC-restricted
CD4+ T cells can be mediated by peptides natural-
ly processed from a mutant protein as well as by the
corresponding peptides added extracellularly. It is of
importance to note that a point mutation can provide a
protein with a potent TCR antagonist activity. Some of
the variants of a protein antigen resulting from genet-
ic mutations may be able to mediate TCR antagonism
in vivo. This is comparable with the finding that class
I MHC-restricted CD8+ T cells can be inhibited by
antagonist epitopes expressed as proteins endogenous-
ly by variant viruses (Allen and Zinkernagel, 1994;
Klenermanet al., 1994; Bertolettiet al., 1994). Antag-
onistic activity by these protein antigens may explain
the mechanisms of self tolerance, the poor immune
response to tumor cells, and the escape of infectious
microbes and viruses from immune surveillance.

We employed three�-Lg-specific CD4+ T-cell
clones (Table 2) each recognizing the same single
peptide, p119-133, to evaluate the inhibitory effect
of mutD129A prepared from the yeast culture super-
natant. T-cell clones G1.19 and F12.5 were inhibited
by pD129A through TCR antagonism (Figure 3). In
contrast, the TCR of F2.8 cells recognized pD129A as
an agonist and the proliferative response of this clone
was increased by the addition of pD129A. Similarly,
mutD129A having the same substitution as pD129A
inhibited both G1.19 and F12.5 but not F2.8, indicat-
ing the same specificity of inhibition as pD129A (Fig-
ure 6). The inhibition by mutD129A is not likely due to
nonspecific inhibitors which may be included as impu-
rities in the preparation of the mutant protein, because
F2.8 cells showed strong proliferation in the presence
of mutD129A at 10�m which inhibited almost com-
pletely the proliferation of G1.19 and F12.5 cells.

As shown above, pD129A and mutD129A could

cytoss30.tex; 8/12/1997; 10:41; v.7; p.8



123

Figure 5. Competitive inhibition of binding of anti-�-Lg mAbs 21B3, 31A4, and 61C1 to immobilized native�-Lg by mutD129A, native
�-Lg, and RCM�-Lg in solution. Microtiter plate wells were coated with 0.01% native bovine�-Lg in PBS and blocked with 1% ovalbumin
in PBS. Then, solutions containing either anti-�-Lg mAbs 21B3 (A), 31A4 (B), or 61C1 (C) and varying concentrations of competitor antigen
were added to the wells. mAbs bound to�-Lg immobilized in the wells were detected by adding alkaline-phosphatase-labeled goat anti-mouse
immunoglobulin and subsequently by developing with the substrate,p-nitrophenylphosphate. B and B0 are the values of absorbance at 405 nm
at the last step of the competitive ELISA in the presence or absence of the competitor antigen, respectively. The competitive antigens used were
mutD129A (4), native�-Lg (#), and reduced carboxymethylated (RCM)�-Lg ( ). RCM�-Lg was employed as a denatured�-Lg control.
The values shown are representative of data from three independent experiments.

not inhibit all T-cell clones specific for p119-133.
Analog peptides acting as TCR antagonists reported-
ly differ in effectiveness towards T-cell clones specif-
ic for the same determinant, as recognition is proba-
bly dependent on TCR sequences. When we consider
the practical application of TCR antagonists to inhib-
it deleterious T-cell responses, it is not necessary to
employ a TCR antagonist that can inhibit all specific
T cells. A TCR antagonist with the ability to inhibit
most of the relevant T cells may effectively inhibit T
cell responsesin vivo. In fact, a single TCR antagonist
peptide could efficiently inhibit experimental autoim-
mune diseases mediated by a diverse T-cell repertoire
(Kuchrooet al., 1994; Singhet al., 1994).

A MHC class II molecule has a peptide-binding
groove that is open at each end (Brownet al., 1993;

Stern et al., 1994). Therefore, it is possible that a
denatured protein molecule with a long extended shape
binds to a MHC class II molecule (Setteet al., 1989;
Lee et al., 1988). Moreover, denatured protein mole-
cules may be susceptible to attack by enzymatic diges-
tion in the culture supernatant of T cells, resulting in the
formation of peptide fragments which can bind to MHC
class II molecules displayed on APC. If mutD129A has
a denatured conformation, these possibilities should
be considered in evaluating the inhibitory effect of the
mutant protein. From the results of binding analyses
using our set of mAbs (Figure 5), we can rationally
demonstrate that mutD129A has an overall conforma-
tion almost equal to that of native�-Lg. Therefore,
mutD129A can be considered to be processed in APC
and displayed on MHC molecules in the same way
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Figure 6. mutD129A inhibits the proliferative response of T-cell clones, G1.19 and F12.5, but not F2.8, to native�-Lg. p119-133-specific
T-cell clones, G1.19 (A), F12.5 (B) and F2.8 (C), were cultured in the presence of native�-Lg at 0.3�M and the indicated concentrations of
mutD129A and irradiated syngeneic splenocytes as APCs. The background values (cpm�10�3�SD) of G1.19, F12.5, and F2.8 cultured with
non pre-pulsed APCs alone were 44.95�3.84, 3.08�0.62, and 2.89�0.69, respectively. The data are shown as the average cpm of triplicate
wells with the background cpm subtracted. The values shown are representative of data from three independent experiments.

as native�-Lg, excluding the possibilities mentioned
above.

The possibility that competitive exchange occurs
between antigenic peptides bound to MHC class II
molecules and TCR antagonist peptides cannot be
completely excluded even in the pre-pulse assay
where antigenic peptides were incubated with APC
in advance to decrease the competition to as little as
possible. The finding that mutD129A has TCR antago-
nist activity clearly shows that the competition between
peptides for MHC binding at the cell surface is total-
ly irrelevant to TCR antagonism, because mutD129A
needs to be processed in APC in order to exhibit this
activity. Moreover, competition for binding to class II
MHC molecules in endocytic vesicles between pep-
tides derived from proteins added extracellularly is not
likely to influence the T-cell response, considering that
the corresponding doses of hen egg-white lysozyme
added to the culture instead of mutD129A showed no
effect on proliferation of the T cells (data not shown).
Thus, inhibition of T-cell response by mutD129A was
mediated by TCR antagonism, and not by antigenic
competition.

mutD129A inhibited 50% of the response of F12.5
cells at 1�M, approximately a 3-fold higher concen-
tration than that of�-Lg added to the culture, and
mutD129A almost completely inhibited the response

at 10�M (Figure 6). G1.19 was also inhibited thor-
oughly by mutD129A at 10�M. In the pre-pulse assay,
pD129A at 10�M showed only 30 to 50% inhibition
of the proliferative response of G1.19 or F12.5 cells
to APC pre-incubated with p119-133 at 0.3�M (Fig-
ure 3). The same results were obtained in an assay
where p119-133 and pD129A were added to the cul-
ture simultaneously (data not shown). It is possible that
mutD129A is more efficient than pD129A in inhibit-
ing the response of the T-cell clones specific for p119-
133, although it cannot be definitely ascertained from
only these results. Leggeet al. have recently shown
that immunoglobulin (Ig) molecules displaying the
sequence of a proteolipidprotein (PLP) TCR antag-
onist peptide can abrogate more effectively than the
peptide antagonist the activation of T cells stimulat-
ed with the original PLP peptide (Leggeet al., 1997).
They attributed the effectiveness of the Ig antagonist
to its efficient endocytic processing leading to the gen-
eration of TCR antagonist peptides. In a situation in
which immune responses have already been elicited
by a protein antigenin vivo, a TCR antagonist mutant
form of the protein with a single substitution may have
greater potential for inhibiting the T-cell responses as
compared to an analog peptide with the same substi-
tution. B cells can present peptides from a protein that
can bind to their surface immunoglobulin�104 times
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more efficiently than those from non-specific proteins
(Lanzavecchia, 1985). A protein molecule bound by
specific antibodies is also efficiently captured by APC
through their surface Fc receptors and presented to T
cells. When immune responses to a protein antigen
have been established, a larger number of B cells and
antibodies bind specifically to a mutant form of that
protein than to an analog peptide which is only a frag-
ment of the mutant protein. Therefore, the antagonis-
tic mutant protein is considered to be presented more
effectively as compared to the analog peptides, result-
ing in more potent inhibition of T-cell activation. In
addition, a mutant protein may have a longer half-life
in vivo than an analog peptide because of its higher
resistance to enzymatic digestion. The use of artificial
genes encoding a mutant TCR antagonist protein to
be expressedin vivo may be applicable as a means of
gene therapy for abrogating pathogenic T-cell respons-
es and ameliorating T-cell mediated autoimmune dis-
eases, such as multiple sclerosis, type I diabetes, and
rheumatoid arthritis.
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