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Summary

Recent studies have investigated how defined peptides influence T cell development. Using a
T cell receptor—transgenic ,-microglobulin—deficient model, we have examined T cell matu-
ration in fetal thymic organ cultures in the presence of various peptides containing single-ala-
nine substitutions of the strong pentide agonist, p33. Cocultivation with the peptide A4Y,
which contains an altered T cell contact residue, resulted in efficient positive selection. Several
in vitro assays demonstrated that A4Y was a moderate agonist relative to p33. Although A4Y
promoted positive selection over a wide concentration range, high doses of this peptide could
not induce clonal deletion. Thymocytes maturing in the presence of A4Y were no longer able
to respond to A4Y, but could proliferate against p33. These studies demonstrate that (4) pep-
tides that induce efficient positive selection at high concentrations are not exclusively antago-
nists; () some agonists do not promote clonal deletion; (¢) positive selection requires a unique
T cell receptor—peptide—major histocompatibility complex interaction; and (d) interactions
with selecting peptides during T cell ontogeny may define the functional reactivity of mature T

cells.

CRs expressed on maturing thymocytes interact with
peptide-MHC complexes on thymic stromal cells and
transmit signals that lead to either positive or negative T
cell selection (1-3). Positive selection is an active process
that rescues self-MHC-restricted thymocytes from pro-
grammed cell death. In contrast, negative selection tolerizes
potentially autoreactive T cells, either through clonal dele-
tion or unresponsiveness. Clonal deletion physically removes
thymocytes by inducing apoptosis, as compared with unre-
sponsiveness, which modifies developing T cells so that they
can no longer respond against the tolerizing antigen. Since
positive and negative selection shape the TCR repertoire
and define the basis of self-/non—self-antigens, much re-
search has focused on understanding T cell development.
Studies have addressed how clonotypic TCRs expressed on
CD4*CD8"* double-positive thymocytes can distinguish
between these two selection events. Although it has been
demonstrated that peptides are involved in positive and
negative selection (4, 5), it remains controversial whether
the selecting ligand has a qualitative or quantitative role in
determining the fate of the developing T cell.
Recently, altered peptide ligands have been identified
that can inhibit some or all mature T cell effector functions
(6—10). Antagonist peptides are defined as ligands that en-

1093

gage TCRs and actively inhibit biological responses. Partial
agonists are closely related peptides that stimulate a subset
of T cell effector functions (11). This is in contrast with ag-
onist peptides, which induce a complete range of T cell re-
sponses. Studies by Hogquist et al. (12, 13) and Jameson et
al. (14) showed a correlation between peptide antagonists
and positive selection. These results suggest that a positively
selecting peptide is qualitatively different from a peptide
agonist and that the selecting ligand shares features charac-
teristic of partial agonists and antagonists. However, other
studies have demonstrated that low concentrations of a strong
peptide agonist can promote positive selection, whereas
higher concentrations of the same peptide lead to negative
selection (15, 16), suggesting that quantitative differences in
thymocyte—stromal cell interactions determine the fate of
the maturing T cell.

The nature of the selecting ligand has direct implications
on the type of signals generated during thymocyte selection
and has fostered several models of T cell development (17—
22). Recent experiments have demonstrated that altered
peptide ligands generate a different ratio of intracellular sig-
nals compared with agonist-induced T cell activation (23,
24). These biochemical alterations support the hypothesis
that a positively selecting antagonist peptide transmits a
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unique signal to an immature T cell, allowing for further
maturation. For instance, a selecting ligand may induce a
specific TCR. conformation that conveys a partial signal,
resulting in positive selection (3). Models supporting the
correlation between incomplete signals generated by antag-
onists or partial agonists and positive selection are based on
the inability of these peptides to activate mature T cells. It
is equally feasible that selecting peptides simply contribute
to the affinity of TCR-MHC interactions and do not pos-
sess novel signaling properties. In an attempt to address
these various issues, we have examined how minor changes
of a natural peptide ligand alter TCR ~transgenic thymocyte
selection.

T cell development was examined using a TCR-trans-
genic mouse model (327 line) specific for lymphocytic
choriomeningitis virus glycoprotein peptide (LCMV-gp)!
presented by the MHC class I molecule, H-2DP. TCR~trans-
genic B,-microglobulin (8,m) deficient (TCR B,m™/~) mice
were generated, and fetal thymic lobes from these mice
were cultured in the presence of exogenous B,m and vari-
ous peptides containing single alanine substitutions of the
strong peptide agonist p33. Our results describe a novel
peptide agonist capable of inducing positive selection but
not clonal deletion. This selection process seems to involve
a unique TCR—peptide~-MHC engagement that is not re-
stricted to agonist or antagonist peptides. In addition, our
data demonstrate that the interactions between TCR and
peptide-MHC during development modify the reactivity
and the ability of the mature T cell to respond to foreign
peptide antigens.

Materials and Methods

Mice. 'TCR-transgenic mice were previously generated using
o and B chains isolated from CTL clone P14, which recognized
the LCMV glycoprotein (peptide p33-41) presented by H-2DP
(25). This line was crossed with H-2® B,m™/~ mice (26). TCR-
transgenic F; mice were subsequently backcrossed with B,m~/~
mice to obtain TCR B,m™~ (H-2% mice. Progeny were typed
for transgenic TCR and homozygous B,m disruption by staining
peripheral blood with mAbs at 4°C in PBS containing 2% FCS,
0.2% NalN;, and 20 mM EDTA. TCR-transgenic cells were de-
tected with rat anti-mouse VB8.1 (KJ16) mAb (27) followed by
FITC-conjugated goat anti—rat mAb (Tago Inc., Burlingame, CA).
B,m~/~ mice were screened for a lack of CD8" cells using rat
anti~mouse CD8 (YTS 169.4) mAb (28) followed by FITC-con-
jugated goat anti-rat mAb. After the second Ab incubation pe-
riod, RBC were lysed using 1X FACS® lysing solution (Becton
Dickinson & Co., Mountain View, CA). TCR* RAG2™/~ mice
were previously generated (29).

Fetal Thymic Organ Cultures (FTOC). Timed breedings were
established between TCR B,m™’~ H-2® males and B,m~/~ H-2b
females. At day 16 of gestation, females were killed, and thymic
lobes were removed from the fetuses. DNA was extracted from
embryonic tails so that transgenic fetuses could be determined us-
ing primers (Va2 - CTG ACC TGC AGT TAT GAG GAC

Y Abbreviatons used in this paper: Av, adenovirus; B,m, B,-microglobulin;
FTOC, fetal thymic organ culture; HSA, heat stable antigen; LCMV-gp,
lymphocytic choriomeningitis virus glycoprotein peptide.
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AGC AC and Ca - CGA GGA TCC TTT AAC TGG TAC
ACA GCA GQG) specific for the Va2 TCR transgene. The fetal
thymic lobes were placed on 0.8-pm polycarbonate filters (Costar
Corp., Cambridge, MA), which floated on 1 ml of IMDM, 1X
Nutridoma-SP (Boehringer Mannheim Corp., Indianapolis, IN},
5 X 1075 M 2-ME, penicillin, streptomycin, 2 mM glutamine,
2.5 pg human B,m (Sigma Chemical Co., St. Louis, MQO), and
designated peptides. These lobes were then cultured for 6 d at
37°C, during which time the medium was changed daily. After
this incubation period, the thymic lobes were teased apart and
stained with mAbs at 4°C in PBS containing 2% FCS and 0.2%
NaN,. Three-color analysis was done with rat anti-mouse PE-
conjugated anti-CD4 (Cedarlane Laboratories Ltd., Homnby, On-
tario, Canada), FITC-conjugated anti-CD8 (Cedarlane Laborato-
ries Ltd.), and biotinylated anti-Va2 (B20.1) (PharMingen, San
Diego, CA), or biotinylated anti—heat stable antigen (HSA) (M1/
69) (PharMingen). Biotinylated antibodies were detected with
streptavidin—red 670 (GIBCO BRL, Gaithersburg, MD).

Flow Cytometry. All flow cytometric analysis was performed
on a FACScan® instrument (Becton Dickinson & Co.). Samples
were gated for live cells based on forward and side scatter param-
eters (10,000 events/sample) and analyzed using Lysys II software
(Becton Dickinson & Co.).

Peptides. The peptides p33 (KAVYNFATM), A4Y (KA-
VANFATM), A1K (AAVYNFATM), A3V (KAAYNFATM),
A6F (KAVYNAATM), A8T (KAVYNFAAM), S4Y (KAVSN-
FATM), adenovirus peptide AV (SGPSNTPPEI), and LCMV nu-
cleoprotein 118-127 (RPQASGVYMG) were synthesized by a
solid-phase method using the Fmoc/tBu-based protocol. Chain
assembly was carried out at the Amgen Institute using a single~
coupling program on an ABI-431 instrument. The crude prod-
ucts were purified on a reverse-phase preparative HPLC column
(C4; Vydac, Hesperia, CA). Homogeneity of the final products
was assessed by analytical HPLC. Characterization was provided
by amino acid analysis and electrospray mass spectometry.

Peptide Modeling. H-2DP models of p33 and A4Y were mod-
eled using both published (30) and unpublished (Thomson, C.T.,
S.G. Nathenson, and J.C. Sacchettini, unpublished data) H-2D®
crystal structure coordinates with initial results obtained using the
homology module of Insight II software programs from Biosym
Technologies (San Diego, CA). Models were refined for 1,000
cycles of steepest descents energy minimization.

Peptide-binding Assay. In peptide-pulsing experiments, 10°
RMA-S cells, which were previously cultured overnight at 29°C
in RPMI plus 10% FCS, were incubated with various concentra-
tions of peptide at 29°C for 30 min. These cells were then trans-
ferred to a 37°C incubator for 3 h, after which the cells were
washed and stained with anti-H-2D mAb from tissue culture su-
pernatant (B22.249) (31, 32) and then FITC-conjugated rat anti—
mouse Ig (Sigma Chemical Co.). RMA-S cells were incubated
with LCMV nucleoprotein 118-127 (H-2¢ restricted) (33) to de-
termine background H-2DP expression.

Cytolytic Assay. MC57G fibroblast target cells (H-2%) were
prepulsed with peptides (10~° M) for 3 h at 37°C and pulsed with
S1Cr (Dupont NEN, Boston, MA) for 1 h at 37°C. These cells
(10%/well) were then incubated for 5 h at 37°C in 96-well round-
bottom plates with serial dilutions of spleen cells from TCR-
transgenic mice that had been primed intravenously 4 d earlier
with 5 X 10° PFU LCMV-Armstrong. The supernatant was sub-
sequently counted using a gamma counter (model 1282 Com-~
pugamma CS Universal; LKB Wallac, Turku, Finland). The per-
centage of specific lysis was calculated as (experimental release —
spontaneous release)/(total release — spontaneous release) X 100.
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Spontaneous release from peptide-coated MC57G target cells was
<20% in all experiments.

Primary In Vitro Generation of Cytotoxicity. TCR-transgenic
spleen cells (3 X 10%/well) were cocultured with irradiated
C57Bl/6] macrophages coated with p33, A4Y, or AV (1076, 1078
ot 1071° M) at 37°C in IMDM, 10% FCS, 5 X 1073 2-ME, peni-
cillin, and streptomycin. 3 d later these cultures were harvested
and incubated with EL-4 target cells (H-2°) that had been
prepulsed with peptides (1076 or 1078 M) for 3 h and pulsed with
S1Cr (Dupont NEN) for 1 h at 37°C. Peptide-specific lysis was
determined using a standard 5-h chromium release assay. Sponta-
neous release from peptide-coated EL-4 target cells was <20% in
all cases.

Proliferation Assays. Spleen cells (10°/well) from TCR -trans-
genic or TCR -transgenic RAG2™/" mice were incubated in trip-
licate in 96-well flat-bottom plates with 2 X 10*/well irradiated
C57Bl1/6] (H-2) macrophages that had been prepulsed with vari-
ous concentrations of peptide for 3 h at 37°C. After 48 h of co-
cultivation, the cells were pulsed with 1 pCi of [?H]-thymidine
(Amersham Corp., Arlington Heights, IL) for 16 h. Cells were
harvested and counted on a direct beta counter (Matrix96; Can-
berra Packard Canada Ltd., Mississauga, Ontario, Canada).

GM-CSF/IL-3 Assay. Supernatant from TCR-transgenic
spleen cells (10%/well) cocultured with irradiated, peptide-coated
C57Bl/6] (H-2%) macrophages was collected and transferred to
96-well flat-bottom microtiter plates containing washed FDC-P1
cells (10%/well) that had not received fresh medium containing
IL-3 for 3—4 d. The cells were incubated for 24 h and then pulsed
with 1 WCi of [*H]-thymidine for 16 h at 37°C. Cells were har-
vested and counted on a Matrix96 direct beta counter. A standard
curve was generated using serial dilutions of recombinant mouse
IL-3 (Genzyme Corp., Cambridge, MA).

TCR Antagonist Assay. Irradiated C57Bl/6] macrophages (2 X
10%/well) were prepulsed with 107® M p33 for 3 h at 37°C, after
which the cells were washed three times and pulsed with serial di-
lutions of A4Y or S4Y (KAVSNFATM). These cells were incu-
bated for another 3 h at 37°C, washed, and then cultured with
TCR-transgenic spleen cells (105/well} at 37°C for 48 h. These
cultures were then pulsed with 1 wCi of [*H]-thymidine for 16 h,
after which time the cells were harvested and counted on a
Matrix96 direct beta counter.

FTOC Proliferation Assay. Cultured thymic lobes were teased
apart and stained at 4°C in PBS containing 2% FCS with FITC-
conjugated anti-CD8 (Cedarlane Laboratories Ltd.) and PE-con-
jugated anti-CD4 (Cedarlane Laboratories Ltd.). These cells were
then sorted using a FACStar® Plus instrument (Becton Dickinson
& Co.) to collect CD8* thymocytes. Irradiated spleen cells from a
C57Bl/6] mouse were prepulsed with 1078 M AV, A4Y, or p33
for 3 h at 37°C, washed, and distributed in triplicate on a flat-bot-
tom 96-well plate at a concentration of 10° cells/well. CD8" thy-
mocytes (3 X104/ well) resuspended in IMDM, 10% FCS, peni-
cillin, streptomycin, and 5 X107 M 2-ME were then added to
these wells. The cells were cultured at 37°C for 4 d, pulsed with
1 wCi of [*H]-thymidine for 16 h, and harvested as described.

Results

A Modified Peptide Containing a Single Alanine Substitution
Mediates Efficient Positive Selection. 'To examine how pep-
tides influence thymocyte selection, fetal thymic lobes from
TCR B,m~/~ mice were cultured in the presence of f,m
and various peptides containing a single alanine substitution
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of the strong peptide agonist, p33 (KAVYNFATM). One
of the peptide variants, A4Y (KAVANFATM), was notable
for its ability to efficiently induce TCR ~transgenic thymocyte
maturation. This was characterized by a skewed CD8* pop-
ulation that expressed high levels of the transgenic TCR as
demonstrated by three color flow cytometry (Fig. 1 @). When
TCR B,m /" fetal thymic lobes were incubated in vitro
with exogenous B,m, few CD8* cells were detected, and
these cells did not express high levels of the transgenic re-
ceptor. A control adenovirus (AV) peptide (SGPSNTPPEI),
which is known to efficiently bind to H-2D* {34, 35) also
did not induce maturation of the LCMV-specific TCRM™
thymocytes. Three~color analysis of positively selected TCR M
thymocytes demonstrated that CD8* thymocytes expressed
low levels of HSA, characteristic of mature thymocytes (36)
(Fig. 1 b). As shown in Table 1, A4Y generated four to five
times as many CD8* thymocytes compared with negative
control FTOC:s. In addition, the majority of CD8* thy-
mocytes collected from AV-treated organ cultures stained
HSAPM, indicating that these cells had not yet undergone
positive selection (data not shown). These experiments dem-
onstrate that the peptide A4Y positively selected the trans-
genic TCR with an efficiency comparable to wild-type
TCR @,m" lobes cultured in media alone. Therefore, pos-
itive selection of the transgenic TCR is efficiently mediated
by the altered peptide antigen A4Y.

Alterations at Position 4 Potentially Affects a TCR Contact
Residue. 'To characterize this peptide, molecular models
of A4Y and p33 bound in the groove of H-2Db (30) were
generated and compared. Based on the peptide sequences,
it was predicted that the tyrosine amino acid side chain at
position 4 was directed away from the MHC class I mole-
cule and interacted with the TCR. (Fig. 2 4). This is consis-
tent with evidence from in vivo studies of variant LCMV

Table 1. Total and CD8* Thymocyte Numbers from TCR
B,m™'~ and TCR Bym */* FTOCs Treated with Various Peptides

Peptide Total cell number* CD8™ cell number*

TCR B,m™~ (n = 4)

No peptide 7.5+ 08 X 10° 6.0 + 0.6 X 10%

AV (107* M) 58 £ 0.7 X 103 5.2 % 0.6 X 10%

A4Y (1070 M) 7.8 £0.3 X 10% 23+ 0.1 X 10°
TCR B,m™ (n=5)

A4Y (107* M) 7.2+ 1.4 X108 2.2 *+ 0.4 X 10%

A4Y (107° M) 6.3+ 12X 10 24 * 0.4 X10°

A4Y (1079 M) 6.1 £ 0.8 X 103 1.7 £ 0.2 X 10°
TCR B,m*"* (n = 8)

No peptide 12+ 0.3 X 106 32+ 0.8 X10°

A4Y (1070 M) 9.0 £ 3.0 X 10 22+ 0.7 X 10°

p33 (107 M) 1.0 £0.2 X 105 1.0 £ 0.2 X 104
*Data * SD.

¥Predominantly immature CD8* HSA™ thymocytes.



a CD8*

CD8

10t 102 16% 1@

CcD4
b ch4*CcDs8?

1

M
40

CD8

o 1 1
22T TRRA t TR ThR

CD4 HSA

TCR B,m+

TCR B,m-/-
No peptide

TCR ,m-/-
AV (10° M)

TCR B,m-/-
A4Y (10° M)

CD8*

TCRB,m"

TCRB,m-/-
ALY (10° M)

Figure 1. Addition of A4Y results in efficient positive selection of transgenic thymocytes in TCR B.,m~/'~ FTOC. (4) Three-color analysis of TCR
B,m~/~ thymic lobes cultured without peptide, AV {a control H-2Db—restricted adenovirus peptide) or A4Y were stained with antibodies specific for
CD4, CDS8, and Va2. CD8* cells were gated, and the profiles of Va2 expression are shown. This experiment was repeated 10 times, producing similar
results. (b)) TCR B,m*/* and TCR B,m™’" fetal thymic lobes cultured with A4Y were stained with antibodies specific for CD4, CD8, and HSA. HSA
profiles are shown from gated CD4*CD8" or CD8" cells. These data are representative of four separate experiments.

strains isolated from TCR-transgenic mice. These virus
variants escape the immune surveillance of the transgenic
TCR by altering the p33-41 epitope at positions 3 and 4
(37). Therefore, the alanine substitution at this position is
predicted to affect TCR~peptide interactions.

Previous experiments have shown that asparagine and
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methionine are anchor residues that bind to H-2DP (38).
Although these amino acids were not modified in A4Y,
peptide binding to H-2D' was tested using the murine
lymphoma cell line RMA-S (39). RMA-S cells incubated
with varous concentrations of p33, A4Y, or control AV
showed similar increases in H-2DP" staining (Fig. 2 b), dem-
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a
b ZSOW Figure 2. Peptide A4Y con-
tains an alanine substitution that
o is likely to affect a TCR contact
é 200 residue. (3) The peptides A4Y
S and p33 are shown as modeled in
§ 150+ the binding groove of an H-2D"
- melecule (side view). The TCR
_§ contact residues are oriented to-
= 100+ ward the top of the page. (Figure
3 produced by MOLSCRIPT).
2° 50 (b) The ability of peptides to res-
& cue H-2D" surface expression on
0 RMA-S cells was characterized

by percentage increase in mean
fluorescence relative to the con-
trol peptide, LCMV nucieopro-
tein 118-127 (H-2¢ restricted)
(33). RMA-S cells were treated with different concentrations of p33 (),
A4Y (@), or AV (A). Similar results were obtained when this experiment
was repeated four times.

4 5 6 7 8 9 10
Peptide concentration (10™ M)

onstrating that these peptides have a comparable ability to
bind to the MHC class I molecule.

The Peptide A4Y Displays Agonistic Properties. The abil-
ity of the transgenic TCR to interact with A4Y and p33
was compared in several in vitro assays. To determine
whether the transgenic TCR. could recognize A4Y, TCR
B,m* mice were immunized with LCMV, and activated
spleen cells were incubated with target cells pulsed with
p33, A4Y, or an irrelevant adenovirus peptide AV (Fig. 3).
Comparable specific lysis was seen in the presence of targets

100

801

Figure 3. Activated TCR-
404 transgenic T cells recognize the
peptides p33 and A4Y. The cy-
totoxic activity of LCMV-
204 primed transgenic T cells was
tested against target cells coated
with p33 (), A4Y (@), or AV
. r T ! (A). These data are representa-
90 30 10 3 tive of CTL analysis from four
Effector/Target Ratio mice.

% Specific Lysis
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coated with p33 or A4Y, showing that the activated trans-
genic T cells could easily recognize both peptides.

This cytotoxic assay addresses the ability of activated T
cells to recognize the altered peptides, but does not exam-
ine whether these peptides can directly activate the trans-
genic T cell population. For this reason, TCR-transgenic
spleen cells from naive mice were cocultured with mac-
rophages coated with different concentrations (1075, 1078
or 1071 M) of the peptides p33, A4Y, and AV. After 3 d,
serial dilutions of each well were incubated with target cells
coated with 107% or 1078 M p33, A4Y, or AV (Fig. 4).
Comparable cytolytic activity specific for p33 or A4Y was
detected using transgenic T cells previously cultured with
p33. The percentage of cytotoxicity was slightdy reduced
when activated in the presence of macrophages pulsed with
low concentrations of p33 peptide (1071° M). However,
transgenic T cells cocultivated in the presence of various
concentrations of A4Y were only able to weakly lyse tar-
gets expressing either p33 or A4Y. No specific lysis was de-
tected using control cultures incubated with irrelevant pep-
tide. Visual examination of cells cultured under these various
conditions suggested that strong proliferation only occurred
in the wells containing the peptide p33. These experiments
show that both p33 and A4Y can initiate cytotoxic effector
functions. However, the relatively limited cytotoxic response
induced by A4Y-primed T cells suggests that this peptide
did not interact with the transgenic TCR as efficiently as
the wild-type peptide.

It is possible that A4Y could not induce optimal cyto-
toxicity because of a reduced ability to trigger the prolifera-
tion of naive transgenic T cells. Therefore, proliferation as-
says were done by cocultivating transgenic spleen cells with
macrophages pulsed with various concentrations of differ-
ent peptides (Fig. 5 4). A significantly stronger proliferative
response was detected from T cells cultured in the presence
of p33 compared with A4Y. Interestingly, A4Y induced
similar levels of T cell activation relative to other alanine-
substituted variants of p33 that were less efficient at pro-
moting transgenic thymocyte maturation.

To confirm that these in vitro observations were specific
for the transgenic TCR and not due to the expression of
endogenous TCR-a chains, we performed a proliferation
assay using splenocytes from TCR RAG27/~ mice. Since
these T cells do not express endogenous TCR-« chains,
Fig. 5 b verifies that the observed results were in fact due to
the transgenic TCR. These experiments show that A4Y
can elicit a TCR-transgenic proliferative response, albeit
not to the same extent as p33.

Cytokine assays were performed to further investigate
A4Y’s ability to stimulate TCR-transgenic T cell effector
functions. As shown in Fig. 6, A4Y could induce GM-
CSF/IL-3 production. Cytokine levels were reduced when
compared with supernatant from p33-stimulated cultures;
however, this reduction paralleled the previously observed
decrease in proliferation. T cells cultured with a control
peptide did not produce detectable levels of IL-3. Similar
results were found when IL-2 production was analyzed
(data not shown). This work demonstrates that A4Y in-
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prepulsed with 107® M p33 (solid
bar), A4Y (white bar), ot AV (shaded bar). Background proliferation was
2,000 cpm. Repetition of this experiment produced similar results.
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1098

107¢ (4, D, and G), 1078 (B, E, and H), or 10°' M
(C, F, and @) were incubated with target cells coated
with 1076 or 1078 M (solid and open symbols, respec-
tively) p33 (H), A4Y (@), or AV (A).

duces a similar range of T cell effector functions as the strong
peptide agonist, p33, and that the only noticeable difference
is in the magnitude of the response.

AA4Y Is Not an Antagonist Peptide. To ensure that A4Y
did not have any antagonistic properties, this peptide was
tested for its ability to inhibit transgenic T cell proliferation
in the presence of the strong agonist peptide, p33. As
shown in Fig. 7, the altered peptide S4Y was able to inhibit
p33-induced T cell proliferation over a wide range of con-
centrations in a dose-dependent manner, characteristic of
an antagonist peptide. In contrast, A4Y did not inhibit T
cell proliferation at any concentration tested. Instead, this
peptide displayed a synergistic effect with p33 in a dose-
dependent manner. Since A4Y can activate T cells, induce
effector functions, and does not demonstrate any properties
associated with peptide antagonists, these experiments sug-
gest that A4Y is a moderate agonist.

Different Concentrations of A4Y Induce Positive Selection but
Not Clonal Deletion of the Transgenic TCR. To determine
whether different concentrations of A4Y could induce pos-
itive or negative selection, TCR ,m ™/~ fetal thymic lobes
were cultured over a wide range of peptide concentrations
(Fig. 8 4). TCR B,m~’/~ thymic lobes cultured in the pres-
ence of 107%-10"° M A4Y led to efficient maturation of
33% (£ 7%, n = 20) CD8" TCR™ thymocytes. Lower
concentrations of A4Y did not affect transgenic TCR™
thymocyte maturation. Interestingly, clonal deletion could
not be induced at any concentration using A4Y.

Previous reports have suggested that the density of the
MHC molecules on the cell surface contribute to the over-
all avidity that influences selection events in the thymus
(12, 40, 41). Therefore, TCR B,m*/* thymic lobes were
cocultured with p33 or A4Y to determine whether clonal
deletion could be induced in the presence of “normal” lev-
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€ nists p33 and A4Y both induce
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els of class I expression. As expected, CD8* thymocytes
expressed high levels of Va2 in the absence of exogenous
peptide (Fig. 8 b). A similar phenotype was observed in the
presence of 107¢ M A4Y. In contrast, cocultivation in the
presence of 107 M p33 led to reduced fetal thymic lobe
cellularity and a few immature CD8* cells expressing low
levels of Va2. Thus A4Y does not induce efficient clonal
deletion of thymocytes expressing the transgenic TCR in
B,m*’* thymic lobes.

Functional Specificity of TCR-transgenic Thymocytes Is Al-
tered in the Presence of A4Y. To examine whether the thy-
mocytes that mature in fetal organ culture were tolerant or
responsive to the peptide that promoted positive selection,
proliferation assays were done. CD8* thymocytes from
TCR B,m* thymic lobes selected in the presence of A4Y
and TCR B,m™/~ thymic lobes were incubated with APC
that were pulsed with p33, A4Y, or AV (Fig. 9). Although
TCR B,m? thymocytes proliferated in response to both
A4Y and p33, thymocytes positively selected by A4Y could
only mount a comparable proliferative response against p33.
These results demonstrate that the functional specificity of
thymocytes expressing the same TCR is altered depending
on the selecting peptide.

Discussion

Properties of Positively Selecting Peptides. Using fetal thy-
mic organ cultures, a variety of different peptides have been

[
o

Figure 7. A4Y is not a peptide
antagonist for the transgenic
TCR. Transgenic T cell prolif-
eration in response to APC
prepulsed with 107 M p33 was
assayed in the presence or ab-
sence of the indicated peptides.
Background proliferation was
1,000 cpm. Five other similar
experiments yielded comparable
results. (solid bar, A4Y; light
shaded bar, S4Y; dark shaded bar,
p33).
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directly implicated in thymocyte selection. More specifi-
cally, antagonists, partial agonists, and strong peptide ago-
nists have been shown to promote T cell maturation. Be-
cause these peptides have strikingly different effects on
mature T cells, the significance of these ligands during thy-
mocyte ontogeny has remained controversial. In one in-
stance, a strong agonist was shown to induce both positive
and negative selection at different peptide concentrations
(15, 16), suggesting that altered TCR—peptide-MHC avid-
ity determined the fate of maturing T cells. On the other
hand, it was found that high concentrations of peptide an-
tagonists could induce positive selection (12, 13), implying
that an altered TCR-peptide-MHC interaction was re-
quired for thymocyte maturation. Current experiments us-
ing the peptide A4Y suggest that the correlation between
antagonists or partial agonists and positive selection is coin-
cidental. A4Y is clearly an agonist since it can activate naive
transgenic T cells and induce T cell effector functions. At
the same time, this peptide can positively select thymocytes
over a large concentration range, including the high pep-
tide concentrations required for antagonist peptides. Since
A4Y induces T cell effector functions and does not demon-
strate any properties characteristic of a peptide antagonist,
this work shows that agonists are capable of mediating pos-
itive selection. More importantly, agonists can promote thy-
mocyte maturation at peptide concentrations that activate
mature T cells in vitro.

Thymocyte Tolerance. Our studies have shown that high
concentrations of A4Y (10™* M) cannot induce clonal dele-
tion of transgenic T cells in TCR B,m™/~ and TCR B,m*/*
fetal thymic organ cultures (Fig. 8 and data not shown).
However, transgenic T cells that were positively selected in
the presence of A4Y were unable to respond against this
agonist in proliferation assays, in spite of the fact that these
mature T cells could mount a response against the strong
peptide agonist, p33. Therefore, these data suggest that trans-
genic thymocytes are not clonally deleted but rendered tol-
erant to A4Y.

Interactions in the thymus that lead to clonal unrespon-
siveness have not been well defined. Models using Mis-12
suggest that T cells become unresponsive when tolerogen is
presented in suboptimal conditions (42, 43), or when T
cells are unable to efficiently interact with Mls-12 (29, 44).
These experiments argue that relatively less efficient TCR
interactions lead to reduced T cell stimulation and result in
unresponsiveness instead of deletion (45). This interpreta-
tion is consistent with our findings. Since A4Y cannot in-
duce as strong a proliferative response as p33, this suggests
that A4Y cannot engage the transgenic TCR as efficiently,
and as a result cannot induce clonal deletion in FTOC.

Previous studies examining interactions that lead to clonal
deletion have shown that antigens capable of activating ma-
ture T cells can clonally delete these thymocytes during
ontogeny (46—49). Further studies have demonstrated that
even antigens that are unable to activate peripheral T cells
expressing a defined TCR can induce TCR-specific thy-
mocyte clonal deletion (50, 51). In addition, experiments
have shown that less antigen is required for clonal deletion
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than T cell activation (52, 53). One interpretation of these
studies has been that the requisite interactions for clonal de-
letion of thymocytes are less stringent than those required
for T cell activation. This hypothesis is attractive because it
ensures that T cells with potential self-reactivity are elimi-
nated during ontogeny, and consequently autoimmunity is
avoided in the periphery.

Nonetheless, our results conflict with this view of thy-
mocyte tolerance. Although A4Y can stimulate naive trans-
genic T cell effector functions, this peptide does not induce
clonal deletion when cocultured with TCR B,m™’~ or
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TCR B,m-/-
A4Y (10* M)

TCR B,m-/-
A4Y (10° M)

TCR B,m-/-
A4Y (10° M)

Figure 8. The peptide A4Y induces positive
selection but not clonal deletion of TCR” thy-
mocytes. (¢) TCR B,m ™/~ fetal thymocytes were
positively selected over a wide range of A4Y pep-
tide concentrations. These thymic lobes were
cultured with different concentrations of A4Y
and analyzed with antibodies specific for CD4,
CDS8, and Va2. The data shown are from 1 ex-
periment representative of 10. () TCR B,m* fe-
tal thymocytes were cultured in media alone or
high concentrations of A4Y or p33. Thymocytes
from these lobes were then analyzed with anti-
bodies specific for CD4, CD8, and Va2. Va2
profiles of CD8™ cells are shown. After gating for
CD4~ thymocytes, CD8 expression was also de-
termined. The mean fluorescence of the
CD4~CD8*-gated cells is displayed. Similar re-
sults were obtained when this experiment was re-
peated five times.

TCR,m*
no peptide

TCRB,m"*
A4Y (10° M)

TCRB,m*
p33 (10° M)

TCR B,m*/* thymic lobes. It is possible that the avidity of
thymocyte—stromal cell interactions dictates the form of
negative selection imposed on the developing T cell. High
avidity interactions lead to clonal deletion, whereas lower
avidity interactions result in unresponsiveness. In this case,
interactions with A4Y do not surpass an avidity required
for clonal deletion. Instead, the transgenic thymocytes are
positively selected and modified by the selecting ligand so
that they no longer respond against A4Y.

Previous studies have shown that coreceptor downregu-
lation may be one of the mechanisms used by thymocytes

T Cell Reactivity Altered by Positively Selecting Peptide Agonist



3000 Figure 9. TCR* thymocytes
selected in the presence of A4Y
2500 - are tolerant to the positively se-
lecting ligand but proliferate in
response to p33. TCR* CD8*
thymocytes from TCR f,m~"
thymic lobes cultured with A4Y
(solid bars) or TCR B,m* thymic
lobes cultured in media alone
(shaded bars) were cocultured
with peptide-coated APC. Back-
ground proliferation for TCR T
cells cuftured with macrophages
in the absence of peptide was
200 cpm. These results are repre-
sentative of five experiments.
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to compensate for high affinity TCR interactions (13, 54,
55), resulting in unresponsiveness instead of clonal dele-
tion. In our present experiments, analysis of TCR*CD8*
thymocytes maturing in the presence of A4Y did not show
altered CD8 levels when compared with T cells from TCR
B,m* thymic lobes (Fig. 8 b). However, it is possible that
other molecules contributing to the overall avidity of T cell
interactions have been altered.

Alternatively, thymocyte selection may induce a bio-
chemical change in the developing T cell, resulting in un-
responsiveness to defined ligands. Our findings suggest that
peptides capable of mediating positive selection imprint a
“resting threshold” or a “resting state” on these thymocytes.
As a consequence, the T cells become unresponsive to fur-
ther encounters with the positively selecting peptide. Thy-
mocyte modification during positive selection establishes a
mechanism for preventing peripheral autoimmunity. Previ-
ous experiments have shown that thymic epithelium is ca-
pable of mediating positive (56) and negative selection
(57—60). Therefore, it is possible that positive selection and
thymocyte modification leading to unresponsiveness both
occur during interactions with the thymic epithelium. How-
ever, in our model system it is not possible to determine
whether tolerance to A4Y is imprinted by the thymic epi-
thelium or during further interactions with bone marrow—
derived celis.

A recent study addressed the role of agonists during thy-
mocyte maturation by using an ovalbumin peptide and strong
agonist variants of this epitope in TCR B,m~’~ FTOC (14).
Although the strong agonist variant could stimulate TCR*
CD8* phenotypic maturation, these T cells could not re-
spond against ovalbumin as measured by proliferation as-
says. For this reason, the authors concluded that agonist
peptides cannot mediate positive selection of functional
CD8* T cells. However, the present work demonstrates
that agonists can indeed produce mature CD8* T cells and
that these cells are functional. In our model, mature thy-
mocytes are rendered tolerant toward positively selecting
ligands, and they are predicted to respond against unde-
fined, higher affinity peptides (29). This prediction is sup-
ported by recent experiments that have demonstrated that a
given T cell receptor can respond against a variety of epitopes
that contain unrelated peptide sequences (61, 62). This sug-
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gests that high affinity peptides may be totally unrelated to
the positively selecting ligand. In the case of ovalbumin
variants that possess strong agonist properties, it is possible
that assays testing TCR*CD8* T cell function have not
used peptides exhibiting high enough affinity to surpass the
defined resting threshold. We believe that a subset of ago-
nist peptides can induce thymocyte differentiation and func-
tional reactivity while maintaining tolerance to selecting pep-
tides.

Models of Thymocyte Selection. Models of thymocyte de-
velopment have to explain how a TCR can discriminate
between a positively and negatively selecting ligand. In ad-
dition, these hypotheses must incorporate current data dem-
onstrating the contribution of peptides during these events.
To this extent, recent experiments have favored an efficacy
model of T cell maturation (18). In this case, efficacy is de-
fined as the ability of a ligand to catalyze TCR-mediated
biological activity. According to this model, a certain TCR-
peptide-MHC affinity threshold must be surpassed in order
for a thymocyte to be eligible for positive selection. Ligands
that meet these criteria can potentially determine whether
positive or negative selection occurs. Peptides that are un-
able to initiate T cell activation are predicted to promote
positive selection. In contrast, peptides that are capable of
provoking receptor-mediated activity (efficacy) induce nega-
tive selection. If this model is correct, then antagonist pep-
tides, which according to this hypothesis have no efficacy,
should positively select, and peptide agonists, which have
high efficacy, should negatively select maturing T cells.
Studies by Hogquist et al. (12, 13) and Jameson et al. (14)
support this hypothesis. However, current experiments us-
ing A4Y demonstrates that an agonist capable of inducing
TCR-mediated activity can positively select thymocytes.
These findings conflict with a simple efficacy model of thy-
mocyte selection.

A related developmental model postulates that positive
selection is the result of incomplete TCR signaling (3, 22).
This hypothesis proposes that extensive TCR —peptide-MHC
cross-linking without suitable conformational change gen-
erates incomplete signaling and lack of T cell activation. An-
tagonist peptides have been postulated to interact with T
cells in such a manner and induce positive selection. In ad-
dition, induction of conformational change without exten-
sive cross-linking would provide too weak a signal to acti-
vate thymocytes, thus providing an explanation as to how
low concentrations of agonist peptides such as p33 posi-
tively select. Frequent binding of activating agonist pep-
tides would result in clonal deletion. However, current ex-
periments are not consistent with this model. Instead, high
concentrations of A4Y, which should induce an agonist-
like conformational change, positively selects transgenic thy-
mocytes. Therefore, a conformational model that relies on
incomplete TCR signaling to induce positive selection can-
not explain current results.

Alternatively, these data may be interpreted in terms of
an affinity/avidity model of T cell maturation (17). Like
the efficacy hypothesis, this model assumes that a thymocyte
must have adequate avidity for peptide-MHC to be posi-



tvely selected. However, an affinity/avidity model does
not limit positively selecting ligands to antagonist or partial
agonist peptides. For instance, different concentrations of
A4Y, ranging from 107 to 107* M, can interact with trans-
genic TCRs and provide sufficient stimulation to induce
positive selection. However, if the only role of a positively
selecting peptide is to contribute to TCR-peptide-MHC
affinity, then other peptides with the ability to induce simi-
lar T cell responses should promote similar levels of thy-
mocyte maturation. This does not seem to be the case. Ala-
nine-substituted variants of the wild-type peptide that produce
comparable levels of proliferation relative to A4Y (Fig. 5 a)
were not nearly as efficient as A4Y at promoting transgenic
T cell maturation. Although the affinity between the TCR.
and ligands has not been directly measured, our results sug-
gest that A4Y has an undefined, intrinsic capacity to posi-
tively select transgenic thymocytes that cannot be fully ex-
plained using an affinity/avidity model.

If positively selecting peptides have an intrinsic quality,
then current experiments demonstrate that this attribute is
not confined to antagonists or partial agonists. There is no
direct correlation between a peptide’s ability to positively
select thymocytes and its ability to activate mature T cells.
Instead, our data suggest that positively selecting ligands are
made up of a distinct subset of peptides that are able to gen-
erate unique interactions with the TCR. Peptides that meet
a basic requirement, be it a distinct conformational change

or a novel form of TCR stimulation, positively select thy-
mocytes. In addition, experiments using various concentra-
tions of the high affinity peptide p33 show that there must
be some signaling gradient that directly or indirectly reflects
thymocyte~stromal cell avidity. For this reason, we propose
that peptides that are capable of unique TCR interactions
induce positive selection. Thymocytes that are positively
selected by these peptides are modified such that they re-~
main tolerant against these ligands. This “resting threshold”
may also be altered during intermediate avidity interactions
that are independent of positive selection (29). However to
maintain this resting threshold, continual TCR-peptide/
MHC interactions may be required. Higher avidity interac-
tions push these thymocytes toward clonal deletion. As a
result, mature T cells that have undergone this selection
process are unresponsive to self-peptides encountered dur-
ing development and yet are capable of responding against
higher affinity foreign peptides in the periphery.

Although previous models have incorporated ideas of
dynamic T cell reactivity and variable activation thresholds
(63, 64), these concepts have not been supported by solid
experimental evidence. Our results suggest that a T cell’s
“resting state” is fine tuned during positive and negative se-
lection events in the thymus. It remains to be determined
whether this process involves modification of thymocyte
avidity or modulation of an intrinsic biochemical pathway.

We thank D. Bouchard for cell sorting and J.C. Ziniga-Pfliicker, V.A. Wallace, ]. Penninger, and J.R. Car-

lyle for critically reading the manuscript.

This work was supported by the Medical Research Council (MRC) of Canada. P.S. Ohashi is a recipient of

an MR C Scholarship.

Address correspondence to Pamela S. Ohashi, Ontario Cancer Institute, Departments of Medical Biophysics
and Immunology, 610 University Avenue, Toronto, Ontario M5G 2M9, Canada.

Received for publication 5 September 1995 and in revised form 8 November 1995.

References

1. Hugo, P., J.W. Kappler, and P.C. Marrack. 1993. Positive se-
lection of TCRaf thymocytes: is cortical thymic epithelium
an obligatory participant in the presentation of major histo-
compatibility complex protein? Immunol. Rev. 135:133-155.

2. von Boehmer, H. 1994. Positive selection of lymphocytes.
Cell. 76:219-228.

3. Janeway, C.A. 1994. Thymic selection: two pathways to life
and two to death. Immunity. 1:3-6.

4. Ashton-Rickardt, P.G., L. Van Kaer, T.N.M. Schumacher,
H.L. Ploegh, and S. Tonegawa. 1993. Peptide contributes to
the specificity of positive selection of CD8* T cells in the
thymus. Cell. 73:1041-1049.

5. Hogquist, K.A., M.A. Gavin, and M.J. Bevan. 1993. Positive
selection of CD8* T cells induced by major histocompatibil-
ity complex~binding peptides in fetal thymic organ culture. J.
Exp. Med. 177:1469-1473.

6. Evavold, B.D., and P.M. Allen. 1991. Separation of IL-4

1102

production from Th cell proliferation by an altered T cell re-
ceptor ligand. Science (Wash. DC). 252:1308-1310.

7. Teresa de Magistris, M., J. Alexander, M. Coggeshall, A. Alt-
man, F.C.A. Gaeta, H.M. Grey, and A. Sette. 1992. Antigen
analog-major histocompatility complexes act as antagonists of
the T cell receptor. Cell. 68:625-634.

8. Racioppi, L., F. Ronchese, L.A. Matis, and R.N. Germain.
1993. Peptide—major histocompatibility complex class 1I
complexes with mixed agonist/antagonist properties provide
evidence for ligand-related differences in T cell receptor—
dependent intracellular signaling. J. Exp. Med. 177:1047-
1060.

9. Ostrov, D., J. Krieger, J. Sidney, A. Sette, and P. Concan-
non. 1993. T cell receptor antagonism mediated by interac-
tion between T cell receptor junctional residues and peptide
antigen analogues. J. Immunol. 150:4277—4283.

10. Sloan-Lancaster, J., B. Evavold, and P.M. Allen. 1993. In-

T Cell Reactivity Altered by Positively Selecting Peptide Agonist



11.

12.

13.

duction of T-cell anergy by altered T-cell-receptor ligand on
live antigen presenting cells. Nature (Lond.). 363:156~159.
Evavold, B.D., J. Sloan-Lancaster, and P.M. Allen. 1993.
Tickling the TCR: selective T-cell functions stimulated by
altered peptide ligands. Immunol. Today. 14:602—-609.
Hogquist, K.A., S.C. Jameson, W.R. Heath, J.L. Howard,
M.]. Bevan, and F.R. Carbone. 1994. T cell receptor antago-
nist peptides induce positive selection. Cell. 76:17-27.
Hogquist, K.A., S.C. Jameson, and M J. Bevan. 1995. Strong
agonist ligands for the T cell receptor do not mediate positive
selection of functional CD8* T cells. Immunity. 3:78-86.

14. Jameson, S.C., K.A. Hogquist, and M J. Bevan. 1994. Speci-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ficity and flexibility in thymic selection. Nature (Lond.). 369:
750-752.

Ashton-Rickardt, P.G., A. Bandeira, J.R. Delaney, L. Van
Kaer, H.P. Pircher, R.M. Zinkernagel, and S. Tonegawa.
1994. Evidence for a differential avidity model of T cell se-
lection in the thymus. Cell. 76:651-663.

Sebzda, E., V.A. Wallace, ]J. Mayer, R.S.M. Yeung, T.W.
Mak, and P.S. Ohashi. 1994. Positive and negative thy-
mocyte selection induced by different concentrations of a sin-
gle peptide. Science (Wash. DC). 263:1615-1618.

Sprent, J., D. Lo, K.E. Gao, and Y. Ron. 1988. T cell selec-
tion in the thymus. Immunol. Rey. 101:173-190.

Mannie, M.D. 1991. A unified model for T cell antigen rec-
ognition and thymic selection of the T cell repertoire. J.
Theor. Biol. 151:169-192.

Ashton-Rickardt, P.G., and S. Tonegawa. 1994. A differen-
tial-avidity model for T-cell selection. Immunol. Today. 15:
362-366.

Schumacher, TIN.M., and H.L. Ploegh. 1994. Are MHC-
bound peptides a nuisance for positive selection? Immunity. 1:
721-723.

Jameson, S.C., K.A. Hogquist, and M.]. Bevan. 1995. Posi-
tive selection of thymocytes. Annu. Rev. Immunol. 13:93-126.
Janeway, C.A. 1995. Ligands for the T-cell receptor: hard
times for avidity models. Immunol. Today. 16:223-225.
Sloan-Lancaster, J., A.S. Shaw, ].B. Rothbard, and P.M.
Allen. 1994. Partial T cell signaling: altered phospho-zeta and
lack of Zap70 recruitment in APL-induced T cell anergy.
Cell. 79:913-922.

Madrenas, J., R.L. Wange, J.L. Wang, N. Isakov, L.E. Samel-
son, and R.N. Germain. 1995. Zeta phosphorylation without
ZAP-70 activation induced by TCR antagonists or partial ag-
onists. Science (Wash. DC). 267:515-518.

Pircher, H., K. Biirki, R. Lang, H. Hengartner, and R.. Zink-
ernagel. 1989. Tolerance induction in double specific T-cell
receptor transgenic mice varies with antigen. Nature (Lond.).
342:559-561.

Koller, B.H., P. Marrack, J.W. Kappler, and O. Smithies.
1990. Normal development of mice deficient in beta 2M,
MHOC class I proteins, and CD8" T cells. Science (Wash. DC).
248:1227-1230.

Haskins, K., C. Hannum, J. White, N. Roehm, R. Kubo,
J.W. Kappler, and P. Marrack. 1984. The antigen-specific,
major histocompatibility complex—restricted receptor on T
cells. VI. An antibody to a receptor allotype. J. Exp. Med.
160:452—471.

Cobbold, S.P., A. Jayasuriya, A. Nash, T.D. Prospero, and H.
Waldmann.1984. Therapy with monoclonal antibodies by
elimination of T cell subsets in vivo. Nature (Lond.). 312:548~
551.

Kawai, K., and P.S. Ohashi. 1995. Immunological function

1103 Sebzda et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

of a defined T-cell population tolerized to low-affinity self
antigens. Nature (Lond.). 374:68-69.

Young, A.C.M., W. Zhang, J.C. Sacchettini, and 5.G. Na-
thenson. 1994. The three-dimensional structure of H-2DP at
2.4A resolution: implications for antigen-determinant selec-
tion. Cell. 76:39--50.

Hammerling, G.J., U. Hammerling, and H. Lemke. 1979.
Isolation of twelve monoclonal antibodies against Ia and H-2
antigens. Serological characterization and reactivity with B
and T lymphocytes. Immunogenetics. 8:433—445.

Allen, H., J. Fraser, D. Flyer, S. Calvin, and R.. Flavell. 1986,
B,-microglobulin is not required for cell surface expression of
the murine class I histocompatibility antigen H-2D" or of a
truncated H-2DY. Proc. Natl. Acad. Sci. USA. 83:7447-7451.

von Herrath, M.G., J. Dockter, M. Nerenberg, J.E. Gairin,
and M.B.A. Oldstone. 1994. Thymic selection and adaptabil-
ity of cytotoxic T lymphocyte responses in transgenic mice
expressing a viral protein in the thymus. J. Exp. Med. 180:
1901-1910.

Kast, W.M., R. Offringa, P.J. Peters, A.C. Voordouw, R.H.
Meloen, AJ. van der Eb, and C.J.M. Melief. 1989. Eradica-
tion of adenovirus El-induced tumors by E1A specific cyto-
toxic T lymphocytes. Cell. 59:603-614.

Leuscher, LF., J.A. Loez, B. Malissen, and ]J.C. Cerottini.
1992. Interaction of antigenic peptides with MHC class I
molecules on living cells studied by photoaffinity labelling. J.
Immunol. 148:1003-1011.

Crispe, LN., and M.J. Bevan. 1987. Expression and func-
tional significance of the J11d marker on mouse thymocytes.
J. Immunol. 138:2013-2018,

Pircher, H., D. Moskophidis, U. Rohrer, K. Biirki, H. Hen-
gartner, and R .M. Zinkernagel. 1990. Viral escape by selec-
tion of cytotoxic T cell-resistant virus variants in vivo. Nature
(Lond.). 346:629—633.

Rammensee, H., K. Falk, and O. Roetzschke. 1993. Peptides
naturally presented by MHC class 1 molecules. Annu. Rev.
Immunol. 11:213-244.

Townsend, A., C. Oehlen, ]J. Bastin, H.-G. Ljunggren, L.
Foster, and K. Kirre. 1989. Association of class I major histo-
compatibility heavy and light chains induced by viral pep-
tides. Nature (Lond.). 340:443—448.

Berg, L]., G.D. Frank, and M.M. Davis. 1990. The effects of
MHC gene dosage and allelic variation on T cell receptor se-
lection. Cell. 60:1043-1053.

van Santen, H.M., A. Woolsey, P.G. Ashton Rickardt, L.
Van Kaer, EJ. Baas, A. Berns, S. Tonegawa, and H.L. Ploegh.
1995. Increase in positive selection of CD8* T cells in TAP1-
mutant mice by human B,-microglobulin transgene. J. Exp.
Med. 181:787-792.

Ramsdell, F., T. Lantz, and B.J. Fowlkes. 1989. A nondele-
tional mechanism of thymic self tolerance. Science (Wash. DC).
246:1038-1041.

Speiser, D.E., Y. Chvatchko, R.M. Zinkernagel, and H.R.
MacDonald. 1990. Distinct fates of self specific T cells devel-
oping in irradiation bone marrow chimeras: clonal deletion,
clonal anergy, or in vitro responsiveness to self Mls-1a con-
trolled by hemopoietic cells in the thymus. J. Exp. Med. 172:
1305-1314.

Blackman, M.A., H. Gerhard-Burgert, D.L. Woodland, E.
Palmer, J.W. Kappler, and P. Marrack. 1990. A role for
clonal inactivation in T cell tolerance to Mls-1a. Nature
(Lond.). 345:540-542.

Nossal, G.V. 1994. Negative selection of lymphocytes. Cell.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

76:229-239.

Kappler, ].W., U.D. Staerz, J. White, and P. Marrack. 1988.
Self tolerance eliminates T cells specific for Mis-modified
products of the major histocompatibility complex. Nature
(Lond.). 332:35~40.

MacDonald, H.R., R. Schneider, R.K. Lees, R.C. Howe,
H. Acha-Orbea, H. Festenstein, R.M. Zinkernagel, and H.
Hengartner. 1988. T cell receptor VB use predicts reactivity
and tolerance to Mls*~encoded antigens. Nature (Lond.). 332:
40-45.

Kisielow, P., H. Bliithmann, U.D. Staerz, M. Steinmetz, and
H. von Boehmer. 1988. Tolerance in T cell receptor trans-
genic mice involves deletion of nonmature CD4*8* thy-
mocytes. Nature (Lond.). 333:742-746.

Sha, W.C., C.A. Nelson, R.D. Newberry, D.M. Kranz, J.H.
Russell, and D.Y. Loh. 1988. Positive and negative selection
of an antigen receptor on T cells in transgenic mice. Nature
(Lond.). 336:73-76.

Yagi, J., and C.A. Janeway. 1990. Ligand thresholds at differ-
ent stages of T cell development. Int. Immunol. 2:83-89.
Pircher, H., U. Hoffmann Rohrer, D. Moskophidis, R.M.
Zinkernagel, and H. Hengartner. 1991. Lower receptor avid-
ity required for thymic clonal deletion than for effector T cell
function. Nature (Lond.). 351:482-485.

Vasquez, N, J. Kaye, and S.M. Hedrick. 1992. In vivo and in
vitro clonal deletion of double-positive thymocytes. J. Exp.
Med. 175:1307-1316.

Page, D.M,, J. Alexander, K. Snoke, E. Appella, A. Sette,
S.M. Hedrick, and H.M. Grey. 1994. Negative selection of
CD4*CD8"* thymocytes by T-cell receptor peptide antago-
nists. Proc. Natl. Acad. Sci. USA. 91:4057~4061.

Rocha, B., and H. von Boehmer. 1991. Peripheral selection
of the cell repertoire. Science (Wash. DC). 251:1225-1228.
Schoenrich, G., F. Momburg, M. Malissen, A.M. Schmitt-

1104

56.

57.

58.

59.

60.

61.

62.

63.

64.

Verhulst, B. Malissen, G. Hammerling, and B. Amold. 1992.
Distinct mechanisms of extrathymic T cell tolerance due to
differential expression of self antigen. Ins. Immunol. 4:581—
590.

Boyd, R.L., C.L. Tucek, G.I. Dale, D.}. Izon, T.J. Wilson,
NJ. Davidson, A.G.D. Bean, H.M. Ladyman, M.A. Ritter,
and P. Hugo. 1993. The thymic microenvironment. Immu-
nol. Today. 14:445-459.

Salaiin, J., A. Bandeira, I. Khazaal, F. Calman, M. Coltey, A.
Coutinho, and N.M. Le Douarin. 1990. Thymic epithelium
tolerizes for histocompatibility antigens. Science (Wash. DC).
247:1471-1474.

Webb, S.R., and ]. Sprent. 1990. Tolerogenicity of thymic
epithelium. Eur. J. Immunol. 20:2525-2528.

Speiser, D.E., H. Pircher, P.S. Ohashi, D. Kyburz, H. Hen-
gartner, and R.M. Zinkernagel. 1992. Clonal deletion in-
duced by either thymic epithelium or lymphohemopoietic
cells at different stages of class I-restricted T cell ontogeny. J.
Exp. Med. 175:1277-1283.

Bonomo, A., and P. Matzinger. 1993. Thymus epithelium in-
duces tissue-specific tolerance. J. Exp. Med. 177:1153-1164.
Nanda, N.X., K.K. Arzoo, H.M. Geysen, A. Sette, and E.E.
Sercarz. 1995. Recognition of multiple peptide cores by a
single T cell receptor. J. Exp. Med. 182:531-539.

Evavold, B.D., J. Sloan-Lancaster, K.J. Wilson, J.B. Roth-~
bard, and P.M. Allen. 1995. Specific T cell recognition of
minimally homologous peptides: evidence for multiple en-
dogenous ligands. Immunity. 2:655-663.

Grossman, Z., and W.E. Paul. 1992. Adaptive cellular inter-
actions in the immune system: the tunable activation thresh-
old and the significance of subthreshold responses. Proc. Natl.
Acad. Sci. USA. 89:10365-10369.

Grossman, Z. 1993. Cellular tolerance as a dynamic state of
the adaptable lymphocyte. Immunol. Rev. 133:45-73.

T Cell Reactivity Altered by Positively Selecting Peptide Agonist



