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ABSTRACT

The self-peptide MART127_,S derives from the melanocyte/melanoma
protein Melan A/MARTl and is a target epitope of CDS'1"T cells, com
monly recovered from tumor-infiltrating lymphocytes of HLA-A2.1"1"mel

anoma patients. Despite their prevalence in such patients, these CTLs
generally appear to be ineffective in mediating tumor regression in vivo.
We have noted previously that numerous peptides from both endogenous
and foreign proteins are similar to MART127_,5 and, potentially, are
capable of productively engaging the T-cell receptors of patient-derived

CTLs. This observation raised the question of whether CTLs in vivo might
encounter self-peptide analogues of MAK'I'l ,7 â€ž¿�that lack full agonist

activity, perhaps to the detriment of the antitumor CTL response. This
possibility was evaluated using cloned, patient-derived CTLs with a panel
of self-derived natural analogues of MART127_35 in assays for cytolysis,
cytokine release, and phosphorylation of T-cell receptor signaling constit

uents. Several peptides were identified as partial agonists, capable of
eliciting cytolysis and/or release of cytokines tumor necrosis factor-a and
IFN-y but not interleukin 2. Several other peptides showed antagonist
behavior, effectively inhibiting cytolysis of MARTl27_,5-pulsed targets,

but did not inhibit killing of cells prepulsed with a synthetic, heteroclitic
variant of MART127_,5. Some of these antagonists also had lasting effects
on interleukin 2 secretion by CTLs under experimental conditions involv
ing sequential exposure to ligands. Together, these observations suggest
that encounters with self-peptide analogues of MART127_3S may contrib

ute to the peripheral maintenance of these CTLs, while ultimately impair
ing the efficacy of this antitumor T-cell response.

INTRODUCTION

Emerging models of T-cell function suggest that MHC-presented
self-peptides may provide critical signals to immune effector cells,

rather than serving simply as an inert backdrop against which T cells
detect and respond to environmental antigens. Although the precise
role played by thymic self-peptides in positively selecting T cells is

not always apparent experimentally (1, 2), accumulating evidence
(3-6) favors the view that positive selection of a significant portion of
the repertoire is mediated by direct TCR'-self-peptide interaction (7).

Such findings imply that some fraction of the peripheral T-cell pop

ulation has an intrinsic, albeit minimal, affinity for one or more
self-epitopes (8). In the periphery, encounters with self-peptides are
further envisioned to provide T cells with low-level stimuli that may

not only maintain tolerance (9) but, perhaps, maintain the viability
(10-12) of naive, mature, and memory (12, 13) populations as well.
These views are additionally supported by abundant evidence indi-
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eating that TCRs are capable of productively engaging different but
related ligands and that such interactions can have variable functional
outcomes, depending on whether a given ligand behaves as a full or
partial agonist or antagonist (14).

Self-peptides play a more directly appreciated role in immune function
when serving as target epitopes of autoimmune or autoreactive T-cell

responses. Included in this latter category are the descriptions of CTL
reactivity to unmodified self-epitopes present on tumors in melanoma
patients (15). Although autoreactive CD8+ cells may be recovered from

TILs or peripheral blood of patients, direct evidence indicating that these
cells are engaged in an autoaggressive, antitumor response has yet to be
obtained. Among HLA-A2.1"1"patients in particular, CTL reactivity to a

peptide derived from melanocyte/melanoma protein Melan A/MARTl
(MART127_,5; Refs. 16 and 17) is frequently and readily observed in
TILs cultivated ex vivo (18, 19). Although recovery of anti-MARTl27_35
reactivity from patient PBLs may be variable (20-22). this reactivity can

be enhanced markedly by in vivo administration of peptide (22). How
ever, no correlation with tumor regression has been established for this
CTL activity. The coexistence of tumor with seemingly robust CTL
reactivity to the MART127._35epitope. at least as isolated and character
ized ex vivo, has caused some to view the anti-MARTl27 __,sresponse in

paradoxical terms (22).
Considering the apparent predisposition of HLA-A2.1+ melanoma

patients to manifest a CTL response to this self-epitopc, we previously
explored (23) whether CTLs in vivo might encounter MART127_35-

like sequences derived from environmental antigens, leading to an
augmented population of CTLs that are nominally specific for the
MART127_35 epitope. We found that, indeed, the general motif em
bodied in the MART127_V, sequence, AAGIG1LTV, occurs frequently
within a variety of foreign and endogenous proteins. Several naturally
occurring peptides were found to sensitize HLA-A2.1 + cells for lysis

by melanoma patient-derived CTLs. Overall, our observations led us
to speculate that endogenous MARTI-,7 â€ž¿�-likepeptides might also

play a role in shaping this CTL response by contributing to tolerance
and/or by acting in the capacity of APLs (24, 25) and, perhaps,
negatively modulating CTL function.

Here, we have extended our observations to a broad panel of
peptides derived from self-proteins, identifying several partial ago
nists or antagonists of MARTI 27_35-reactive CTL clones derived from
TILs. Our combined findings suggest that the MARTI27 â€ž¿�-reactive

component of the peripheral CTL repertoire might be impacted by
wide-ranging stimuli from both endogenous and environmental

sources. It is likely that several factors affect the antitumor CTL
response to MART127_,5. However, our results raise the possibility
that self-peptides contribute to the maintenance of MART127_35-

reactive CTLs, while having a net negative influence on their func
tional efficacy, and may account for the paradoxical nature of the
anti-MARTl^ â€ž¿�response in melanoma patients.

MATERIALS AND METHODS

Cells. A42. a MARTI,, â€ž¿�-reactiveCTL clone isolated from a TIL popu

lation, as described previously (17), was maintained in culture with 120
units/ml 1L-2. CTL clones Gil, G27, and G56 were isolated by limiting
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dilution from the TIL line GDN, according to the procedure described by
Walter et al. (26). Briefly, cloning was performed in the presence of mAb
OKT3 (30 ng/ml), 300 units/ml IL-2, 5 X IO4 irradiated (3,000 rad) allogeneic
feeder cells (pooled PBLs from three donors), and 1 x IO4 irradiated (10.000

rad) autologous LCL cells. Clones were then maintained in the absence of
OKT3 with weekly restimulations with allo-PBLs (lOVwell of a 24-well plate)
and 50 units/ml IL-2. All four clones were CD8 + cytolytic effectors and

derived from melanoma patients expressing HLA-A2.1. TCR gene usage of

TIL-GDN clones was determined as described previously (23); clones Gil,

G27, and G56 express Vâ€ž21/Vp13, Vâ€ž12/VÃŸ2,and Vâ€ž6/VÃŸ19,respectively.
Clone A42 expresses a Vâ€ž21/Vp7TCR (27). T2 cells are peptide transport-

deficient cells that effectively present exogenously supplied peptides (28).
Malme 3 fibroblasts are early-passage human ftbroblasts that express HLA-
A2.1 (American Type Culture Collection, Manassas, VA). The HLA-A2.1*

melanoma line 501 mei is autologous to clone A42 (17). LCL 721 cells were
used in binding assays and are HLA-A2.1 + EBV-transformed B cells (29).

Peptides. Peptides were synthesized by standard solid-phase methods using
A'-(9-fluorenyl)methoxycarbonyl chemistry on an AMS 422 multiple peptide syn
thesizer (Gilson, Middleton, WI). Peptides were analyzed for purity by high-

performance liquid chromatography following cleavage from the resin and were
used without further purification, unless contaminants were evident. Identity and
purity were also confirmed by mass spectrometry. The sequences of human
protein-derived peptides used in this study appear in Table 1. Additional peptides

used were the singly substituted MART127_35 analogue PILeu (LAGIGILTV) and
the flu matrix protein Ml peptide (residues 58-66, GILGFVFTL).

Cytotoxicity and Cytokine Release Assays. Cytolytic activity was meas
ured in standard 4-h 5lCr release assays using 5 X IO3 target cells/well in

duplicate, treated as described in each figure. Specific lysis was calculated by:
{[experimental counts (cpm) â€”¿�nonspecific counts (cpm)]/[total count
(cpm) - nonspecific counts (cpm)]} X 100%, where total count was deter

mined from detergent-releasable counts and nonspecific counts were the
counts released in the absence of added CTLs. For cytokine release immuno-
assays, 1 X 10* target cells were incubated in the absence or presence of

peptides at varied concentrations in duplicate in round-bottomed microtiter
plates for 2 h at 37Â°C.Lymphocytes ( 1 X IO5) were added in 150 fil/well (total

volume, 250 /Â¿I/well)and incubated overnight (20 h). Plates were then centri-
fuged, and 200-^tl aliquots of supernatant were removed from each well and

stored at -80Â°C until assay; 50 /Â¿I(for IFN-y) or 100 /Â¿I(forTNF-a and IL-2)

were used for cytokine detection. Immunoassays were done using ELISA kits
for IFN-y (MABTECH. Nacha. Sweden), TNF-a, and IL-2 (Quantikine; both

from R&D Systems. Minneapolis, MN).
In antagonist assays, T2 cells were incubated for 2 h at 37Â°with a suboptimal

concentration of MARTI ,735 (30 ng/ml) and then washed and plated to microw-

ells containing the indicated concentrations of peptides being tested for antagonist
activity. After incubation for l h at 37Â°,CTLs were added, and standard cytolysis

assays were carried out as described above. Baseline cytolysis under these condi
tions typically resulted in 20-30% specific 5lCr release.

For assays involving sequential exposure to ligands, clone A42 cells were
cultured overnight on a monolayer of HLA-A2.1 + human fibroblasts that had

been prepulsed with either 1 /Â¿g/ml flu Ml control peptide or 1 ng/ml
antagonist peptide. The fibroblasts were washed to remove free peptide prior
to the addition of A42 cells. The CTLs were then harvested, washed, and used
in assays with either MART 127,,5-pulsed T2 cells or the autologous melanoma

cell line 501 mei.
Phosphorylation Assays. T2 cells at a concentration of 2 x IO7 cells/ml

were pulsed with 10 jig/ml peptide in 10% human serum/RPMI in a 24-well
plate at 37Â°Cfor 1.5-2 h. Following incubation, the cells were washed twice.

Prior to stimulation. A42 CTLs were incubated in IL-2-free medium (RPMI

with 1% human serum) overnight. Effector cells were washed and aliquots of
3 X IO6 cells were added to tubes containing peptide-pulsed T2 cells at a ratio

of 5:1 (CTL:T2). Stimulation was carried out for 10 min. cells were then
rapidly pelleted, and the reaction was stopped by lysing the cells in ice-cold
lysis buffer [1% Nonidet P-40, 20 mM Tris (pH 8.0), 137 mM NaCl, 5 min

MgCl2. 10% glycerol. and the following inhibitors: 5 mM EDTA, 1 mM
Na3VOj, 10 /ig/ml aprotinin, 4 ^.M iodoacetamide, and 1 mM phenylmethyl-

sulfonyl fluoride). Lysates were kept on ice for 30 min with occasional mixing
and then centrifuged at 10,000 X g for 10 min. The supematants were added
to 5X SDS-PAGE sample buffer, boiled for 5 min, centrifuged at 10,000 X g
for 30 min, and subjected to analysis by SDS-PAGE (30). The separated
proteins were electrophoretically transferred to nitrocellulose (1 mA/cm2)

using a semidry blotting apparatus. Blots were probed with 1 /xg/ml antiphos-
photyrosine mAb 4G10 or polyclonal anti-ZAP-70 antibody (both from Up

state Biotechnology. Lake Placid, NY) in blocking solution (3% nonfat
milk-1 % BSA in PBS) for 2 h. Following washes, membranes were incubated

Table I MARTI27_j,, and natural analogues derived from human proteins"

CTL clones

Peplidemarticd9cd24cd37cd38111gpcrIem2pet3la2rbst2snoNssradhhlSequenceAAGIGILTVAVGIGIAVVRLGLGLLLLCVGVGLLELCLGVSILVLAVITGAVVAALGLGLLPVAAGLSLLTLAVGIGIACVALALGLLPLLLGIGILVLKVGIGLVAALAGLGLLVINAGLGLLGPLProteinMelon

A/Mart1CD9CD24CD37CD38HLA-A2.1G

protein-coupledreceptorE-seleclinCD15IThromboxane

A2receptorBone
marrow stromalantigensno-NSignal

sequence receptor,aEstradici
17ÃŸ-dehydrogenaseA42APAnAnAnAnNNAnNAnNNNGIIAPAnAnAnNP"PAnNP/AnPPPG27AP"NAnNNNNAnNPNPN056ANNAnAnAnNPAnPAnNPP

Additional peptides tested (no measurable activity in assays with CTL clones)

LLVAGVLVL
SLGLGLLPV
AIVIGILIA
AVVIGIIIV
LIGLGVISI
LGVIGLVAL
AVGLGLVLA
LLGIILLVL
IGGIGTVPV

CD8 b chain
G protein-coupled receptor

Glucose transporter
Glutamate transporter
Phosphate transporter
DP 1. hypothetical protein
Integrin ÃŸ7
IFN-induced monokine
Translation elongation factor

" Sequences and origins of peptides identified in protein database, as described in text. Also listed are the activities observed with four CTL clones, assayed as shown in Figs. 1

and 2. A. agonist: P, partial agonist; An. antagonist: N. null.
' Weak but measurable activity.

Marginal activity with TIL line LDN (see Fig. 1).
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with rabbit antimouse or swine antirabbit antibody conjugated to horseradish
peroxidase in blocking buffer for 1h. Blots were then washed once with 0.05%
Tween 20 in PBS and five times with PBS. Blots were evaluated using
enhanced chemiluminescence (Amersham, Buckinghamshire. United King
dom), stripped, and reprobed according to the manufacturer's protocol.

For immunoprecipitation of ZAP-70. 2 x IO7effector cells were stimulated

and treated as described above. Seven /j.1of anti-ZAP-70 antibody were added
to precleared lysates, and samples were rotated overnight at 4Â°C.Protein
A-Sepharose was added, and samples were further rotated for 1.5 h. After five

washes with lysis buffer, 2X SDS sample buffer was added, and samples were
electrophoresed and analyzed further as described above.

Peptide Binding. Radiolabeledpeptidebindingto HLA-A2.1moleculeson
the surface of live cells was measured as described previously (31). Briefly,
various concentrations of competitor peptide were added in duplicate to tubes
containing IO5cpm of I25l-labeled HBVc-derived peptide (residues 18-27,
with a tyrosine modification at P6). followed by the addition of 2 X IO6LCL
721 cells. After incubation at 20Â°Cfor 3 h, washed cell pellets were counted

in a gamma counter. Nonspecific binding was determined in the presence of a
saturating concentration (50 jtxg/ml)of unlabeled HBVc(F6>Y).

Database Searches. Searchesof theProteinIdentificationResource(National
BiomedicaiResearchFoundation.Washington.DC) and SwissProt(Universityof
Geneva, Geneva, Switzerland)protein databases were carried out using the pro
gram findpatterns (GCG. Madison, WI), as described previously (23). Briefly,
degeneratesequencesbasedon the MARTI27_15sequencewere used as input, for
example, "X (A,I,L,V)(A.G.I.L.V)(I,L,V)G (I,L,V)(I,L,V)X (A,I,L,T,V)" de

notes a nonamer pattern in which PI and P8 may be any amino acid and letters
enclosed in parentheses indicate the residues permitted at the given position.
Positions2 and 9 of the patternremainedconstant,as shownin the exampleabove,
for all searches, reflecting the canonical amino acid preferences for binding to
HLA-A2.1.Patternswere varied in successivesearches to increaseor reduce the
stringencyat positionsPI and P3-P8, with only two or, at most, three positions
allowedto be "X" in any given search.In addition,someretrievedsequenceswere

used in direct alignment searches using the FASTA algorithm (32) to further
broadenthe search.Severalhundredsequenceswere examinedand a portionwere
chosen for synthesis; the 22 peptides tested in this study were restricted to
sequencesderived from human proteins and biased toward those retaininga high
degree of similarityto MART127_15in the central region of the peptide (P3-P6).

RESULTS

Peptides Retrieved from the Databases. Previously, we used a
database search strategy (33) based on analysis of the ability of singly
substituted MART127_35 analogues to sensitize target cells for lysis (23).
Here, the criteria used to search protein databases (see "Materials and
Methods") were roughly based on our previously derived nine-position

consensus sequence; however, the present searches allowed for greater
amino acid diversity at positions 1 and 3-8. Shown in Table 1 are
self-protein-derived peptides retrieved from these searches and used in
this study. Although many more human protein-derived sequences were

retrieved, the peptides chosen for synthesis were among those most
similar to the MART127_15 peptide, based on the assumption that they
were more likely to productively engage anti-MARTl27_,5 TCR. In

addition, the majority of these peptides derive from proteins expressed in
tissues expected to be accessible to circulating T cells.

Cytolysis and Cytokine Release Elicited by Natural Analogues
of MART127_35. Natural analogue peptides were screened for their
ability to elicit lysis and cytokine release by cloned anti-MARTl27_35

CTL and the uncloned TIL line GDN, as shown in Fig. 1. Results are
given only for those peptides that showed activity with one or more
effector populations. In addition, the results shown in Fig. 1 reflect
activity at a concentration of 10 /Â¿g/ml;those peptides showing only
marginal activity (â€”10%of control value) at this concentration had no

measurable activity in these assays when tested at 1 ju.g/ml.As indicated
in the figure. MART127_35elicited readily measured cytolysis and release
of cytokines IFN-y, TNF-a, and IL-2 from each effector group; this
cytokine profile is characteristic of CD8+ cells having a Tel phenotype

(34). In contrast, these CTLs showed both peptide- and clone-specific

responses to natural analogues of MART127_35. None of the analogues
behaved as full agonists, as indicated by their inability to elicit IL-2

release from any of the effectors.
Most peptides were capable of eliciting lysis, either exclusively or

accompanied by diminished levels of cytokine release relative to
control values. This observation is consistent with those made previ-

Fig. 1. Cytolysis and cytokine release elicited by
natural analogues of MART]27^5 loaded onto T2
cells at a concentration of 10 jxg/ml: effector cells
were used at an E:T of 5:1. Clones Gli, G27, and
G56 were derived from TIL-GDN cells: A42 was

derived previously from TILs of a different mela
noma patient (see "Materials and Methods"). Re

sults shown are representative of those obtained in
two or more experiments. Columns, values normal
ized to those obtained using MART127_35 for each
function measured; numbers, absolute values ob
tained in the experiment shown (similar results
were obtained in two or more experiments for each
CTL clone or line). Units for the given values are:
percentage specific 5lCr release (cytolysis). ng/ml
(IFN--y and TNF-a), and lUs (IL-2). â€¢¿�lysis; 0,
IFN-y; Â®.TNF-a; D, IL-2.
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Fig. 2. Antagonism of cytolysis of T2 target cells prepulscd with 50 ng/ml

MARTI 27_M. Lysis of targets in the absence of additional peptide typically corresponded
to 20-30% specific "Cr release; E:T = 5:1. Results shown are from one of two

experiments. Dula points, values normalized to 100% for ease of comparison among

clones. For clone G27, no plot is shown for peptide hst2. which resulted in increased (and
offscale) lysis. â€¢¿�flu; O, bst2; O, cd24; A, cd37; D. pet3; â€¢¿�.cd38; A. a2.1.

ously by others (35-37), suggesting that the cytotoxic function of CTL

can be triggered by moderate to low levels of TCR engagement,
whereas subsequent cytokine release requires relatively higher affin
ity/avidity engagement. However, a few notable exceptions are indi
cated by the present results. For clone Gil, peptide cd9 elicited
agonist-level IFN--y release accompanied by only marginal cytotox-

icity. Similarly, IFN-y release induced by peptide cd9 was the sole

response observed among analogues tested with clone A42. In addi
tion, peptide cd24 elicited only TNF-a release from the uncloned TIL

population.
Apparent as well from the data in Fig. 1 are clonal differences with

respect to the identities of peptides capable of productive TCR en
gagement and the responses elicited. Clone A42 displayed very lim
ited cross-reactivity, in accordance with our previous observations of

these CTLs (23). Clones Gil, G27, and G56 each display distinct
recognition and response profiles and, potentially, account for some
but not all of the reactivity observed of the TIL-GDN parent cell line

(responses to bst2 and ssra, in particular). Although differences in the
nature and variety of peptides recognized by clones are expected as a
consequence of TCR clonotypic variation, it is conceivable that un
derlying differences in the expression or regulation of signaling com
ponents and/or downstream effector molecules might also contribute
to these observations.

Antagonism of Cytolysis. The panel of natural analogues was also
screened for antagonist activity in cytolysis assays. Peptides were
tested for their ability to inhibit CTL clone-mediated lysis of T2 cells

prepulsed with a suboptimal concentration of MART127_35 (30 ng/
ml), as shown in Fig. 2. Six peptides showed clear evidence of
antagonist activity; five of these peptides differed from the peptides
identified as partial agonists as shown in Fig. 1. It is unlikely that the
inhibitory effects of these peptides stemmed from competitive dis
placement of prebound MARTI ,7_35 because, under these assay con
ditions (in which bound and free agonist are not in equilibrium),

rebinding of any dissociated MARTI-,7_35 to HLA-A2.1 is expected to
be negligible. Moreover, the HLA-A2.1-binding control peptide flu

M15S w, did not inhibit lysis, and most of the peptides acted in a
clone-specific manner. Clone A42, which was the least cross-reactive

to peptides behaving as partial agonists, was most susceptible to
antagonism; its lysis of MARTl27_35-pulsed targets was inhibited by

all six peptides.
Suppression of Antagonism by a Heteroclitic Synthetic Variant

of MARTI, In screening the panel of natural analogues for
antagonist activity, the concentration of MARTI ->7_35used toprepulse
T2 cells (30 ng/ml) is close to the IC5() measured previously for
MART127_35 in competitive radiolabeled peptide-binding assays (31),

suggesting that, although suboptimal for lysis, this concentration still
results in significant fractional occupancy of available cell surface
A2.1 molecules. In other systems in which antagonism has been
studied, measurable agonist activity is often achieved with low (sub-

nanomolar) concentrations of peptide. Because it has also been noted
that increasing the number of agonist-class I complexes on the target

cell surface can lower the observable activity of an antagonist (38), we
considered whether the concentration of MART127_35 used in these
studies may have interfered with our ability to accurately assess
antagonist activity among the panel of natural analogues.

To address this concern, a heteroclitic variant of MART127_35 was
sought among an existing panel of singly substituted analogues of this
peptide. Among peptides giving better dose-response curves for cy

tolysis, a variant containing a Leu at PI was the most potent. As
shown in Fig. 3/4, this substituted peptide elicited significant lysis by
clone A42 at subnanomolar concentrations, having an EC5(>approx
imately three orders of magnitude lower than that of the native
peptide. Clones Gil, G27, and G56 were similarly capable of re
sponding to low concentrations of the PI Leu peptide (data not
shown). In contrast, the native and PI Leu variant had comparable
IC50s [concentration required for half-maximal inhibition of I25I-

labeled HBVc(F6>Y) binding] when peptide binding to cell surface
A2.1 molecules was measured (Fig. 3ÃŸ).The PI Leu analogue was
then used to prepulse T2 cells in an antagonist assay; the concentra
tion used was 40 pg/ml, also giving 20-30% lysis, but presumably at

a much lower level of class I occupancy than that attained by
MART127 15 at 50 ng/ml. However, as shown in Fig. 3C, instead of
amplifying the apparent potency of antagonist peptides for A42, using
the PI Leu variant as an agonist completely suppressed any observable
antagonist activity by the natural analogues. The same outcome was
observed using clones Gil, G27, and G56; no antagonism by peptides
(as shown in Fig. 2) was observed (data not shown). In a tandem
assay, the use of MART1,7_3S as an agonist at 30 ng/ml again gave
results comparable to those in Fig. 2 (data not shown).

Selective Impairment of IL-2 Secretion following Exposure to

Antagonist Peptides. Clone A42 was examined further to determine
potential long-term functional consequences of CTL exposure to an

antagonist ligand. Three antagonists of A42 cytolysis were chosen for
study: bst2, which showed variable, clone-specific properties; cd38,

which potently antagonized A42 but not all clones; and pet3, which
antagonized cytolysis by all clones used in this study. Results obtained
for 501 mei target cells in tandem assays measuring cytolysis and
cytokine release are shown in Fig. 4. Prior exposure to the control or
antagonist peptide-A2.1 complexes had no significant effect on cy
tolysis or IFN-7 release by clone A42 when these CTLs were subse
quently exposed to MARTK7_33-bearing target cells. However, CTLs

exposed to fibroblasts presenting peptides bst2 and pet3 but not cd38
and the flu Ml control lost the ability to secrete IL-2 in response to

MART127_35 presented by 501 mei. Identical results were obtained
using MARTl27_35-pulsed (I /ng/ml) T2 cells as targets (data not

shown).
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Fig. 3. Comparison of native MARTI27 vs and a synthetic heteroclitic variant containing Leu at PI (Ala in native peptide). â€¢¿�native peptide; O. variant peptide M and H). A.
dose-response for cytolysis obtained with CTL clone A42; peptides at the concentrations indicated were added to microwells containing T2 cells and incubated for 2 h at 37Â°Cprior
to the addition of CTLs. Results shown are from one of two experiments, ÃŸ,peptide binding to HLA-A2.1 molecules on the surface of LCL 721 cells, as described in "Materials and
Methods." Dula points, percentage specific binding of radiolabeled control peptide 125I-HBVc(F6>Y) in the presence of increasing concentrations of competitor peptide (means of

duplicate points from one experiment). Calculated IC50s from two independent experiments were 53 and 66 nM for native MARTl27_is and 32 and 28 nw for the PILtu variant. C.
antagonist assay as described in Fig. 2. using T2 cells prepulsed with the PILeu variant. Results from one of two experiments are plotted for clone A42 with the same six antagonist
peptides shown in Fig. 2. . lysis in the absence of antagonist peptide â€¢¿�.flu; O, bst2; O. cd24; A. cd37; D. pct3i â€¢¿�,cd38; A. a2.1.

Peptide-induced Phosphorylation of TCR Â¿and ZAP-70

Polypeptides. To confirm that antagonist peptides exerted their ef
fects through productive engagement of the TCR, phosphorylation
patterns elicited by three antagonists were compared to the pattern
elicited by native MART127_35. Coincubation of CTL A42 with T2
cells pulsed with MART127_,5 results in readily detected bands cor
responding to the p21 and p23 phospho-Â£forms (Fig. 5). In contrast,

peptide a2.1, the most divergent in sequence from MART127_35
among those peptides showing APL activity, and peptides cd38 and
pet3 each elicited a phosphorylation pattern characteristic of APL as
described in other systems (39, 40). This pattern is marked by similar
or reduced accumulation of the p21 form of the phosphorylated Â£
chain, with little or none of the p23 form, relative to the pattern
elicited by an agonist. When ZAP-70 immunoprecipitates were blot

ted and probed with antiphosphotyrosine antibody (Fig. 5ÃŸ),in con
trast to MART127_35, the antagonist peptides induced no detectable
ZAP-70 phosphorylation; however, small amounts of the p21 phos-
pho-Â£chain coprecipitated with ZAP-70, also as observed by others

(39, 40). Thus, these peptides are capable of productive TCR engage
ment resulting in detectable but limited Â£chain phosphorylation.

DISCUSSION

The MART127_35 peptide features a Gly/Leu/Ile-rich central

region; nonamer sequences having this characteristic, as well as
canonical HLA-A2.1 anchor residues, occur frequently in a variety

of proteins of diverse function and origin (23). Here, we have exam
ined whether peptides similar to MART127^,5 and derived from
sequences of human proteins can productively engage the TCR of
MARTl27_35-reactive CTLs cloned from patient TILs. We observed

that roughly half of the 22 peptides tested had measurable partial
agonist or antagonist activity for these CTLs. The combined results of
this and our previous study represent, to our knowledge, the most
extensive observation to date of epitope degeneracy among naturally
occurring peptide sequences. Given the partial composition of the
protein database at present and assuming that, among the totality of
similar sequences, MART127_35 is not unique in its ability to be
endogenously presented by HLA-A2.1, it is reasonable to suggest that
MART 127_â€ž¿�-reactiveCTLs may encounter several endogenous ana

logues of this peptide in vivo.
Variables such as antigen density and coreceptor expression can

critically determine the context and functional outcome of a given
instance of TCR-ligand engagement (41-43). The presentation of
most peripheral self-peptides is thought to occur within a suboptimal

context, providing a rational explanation for the avoidance of overt
self-reactivity by a repertoire selected on self peptides and conceiv
ably biased toward some degree of self-reactivity. However, the
"tunable activation threshold" model of T-cell function (9), incorpo

rates the notion that suboptimal TCR engagement by self-peptides

exerts a subtle yet continuous influence on the functional status of the
peripheral repertoire. These suboptimal encounters are envisioned to

50

Fig. 4. Effect of sequential exposure to antagonist and
agonist ligands on clone A42 cytolysis and cytokine
release. A monolayer culture of Malme 3 human HLA-

A2.1 fibroblasts was incubated for 2 h with either 1
pig/ml of flu Ml peptide or 1 ng/ml of one of three
antagonist peptides. The monolayer was washed prior to
the addition of clone A42 cells for overnight cocullure.
CTLs were harvested and used with melanoma cell line
501 mei as targets in cytolysis and cytokine assays.
Results are shown for one of two separate experiments.
Horizontal axis, peptides used to pulse Malme 3 fibro
blasts.
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Fig. 5. Phosphorylation of A42 TCR signaling constituents in response to peptides
presented by T2 cells. A. scanned image of a nitrocellulose blot of electrophoresed total cell
lysates, probed with antiphosphotyrosine mAb as described in "Materials and Methods."

Indicated are the migration positions for TCR Â£forms p21 and p23. B. lysates were immu-
noprecipitated with anti-ZAP-70 polyclonal antibody, run on gels, and transferred to nitrocel

lulose. Blots were then probed with antiphosphotyrosine mAb (top and middle). Image is a
composite showing sections of Ihe blot corresponding to the migration position of ZAP-70
(lop) or the TCR f forms (middle). Lane designations are the same as in A. The anti-phospho-
ZAP-70 blot (tup) was stripped and reprobed with anti-ZAP-70 Ab (hintimi) to confimi that
roughly equal amounts of ZAP-70 were immunoprecipitated from each of the lysates.

not only modulate setpoints for T-cell activation but to provide signals
that are vital to ongoing T-cell survival. Such signals may also

contribute to the maintenance of memory T cells (12, 13). Although
difficult to address directly, at least one recent study (11) has dem
onstrated that a self-peptide analogue maintained the viability in vitro
of CD4+ cells specific for foreign peptide while not providing a

proliferative signal; bcl-xL (44) was noted to be induced in a selective
manner by this partial agonist self-peptide. Our present findings are

consistent with the possibility that numerous sell peptides may con
tribute to the maintenance of MART127 ,,-reactive CTLs in the

periphery and, therefore, contribute as well to the relatively high
frequency of these CTLs seen in patients.

The functional status of MART l-,7â€ž¿�-reactiveCTL in vivo is

difficult to ascertain. The absence of a clinically demonstrable impact
on tumor growth in patients from whom these CTLs are isolated
suggests that one or more of the factors required for a full-blown
response is absent. The lack of appropriate costimulation (43), as well
as several other factors, may contribute to the lack of efficacy of TILs
in vi\'<>(45). Others have suggested that full elaboration of function by

MARTl27_35-reactive CTLs, including IL-2 production, requires a

higher antigen density than that generally found on melanoma cells
(46). Antigen density is likely to vary among cells and individuals,
and low antigen density may, in some instances, contribute to tumor
escape. Although we observed that melanoma line 501 mei did elicit
the full range of responses from the autologous CTL clone A42, our

findings suggest the possibility that MARTI27_35-reactive CTL in

vivo may have high thresholds for full activation and, therefore,
require higher antigen density, stemming from encounters with self-
peptide analogues of MART127_35. It is interesting to note that HLA-

A2.1/MART127_35 has also been identified as a target epitope for CTL
recovered from the intraocular fluid of patients with sympathetic
opthalmia and Vogt-Koyanagi-Harada disease (47), two inflammatory

autoimmune disorders. Although these cells are present, it is uncertain
whether they are primarily responsible for mediating pathology, as
suggested by the authors (47).

These results also suggest that anti-MARTl27_35 CTL function might

be actively impaired through encounters with endogenous antagonists.
CTL exposure to two of the three antagonists we tested, in an assay
involving sequential exposure to ligands, resulted in a loss of IL-2
secretion upon subsequent exposure to MARTI,7_35. The IL-4-induced
loss of IL-2 secretion in murine CD8+ cells was associated with an

anergic phenotype and diminished antitumor activity when examined by
Sad and Mosmann (48, 49). Antagonists may also display properties that
are distinct from those generally reported. Recently, in an experimental
autoimmune encephalomyelitis model, in vivo administration of an an
tagonist variant of a myelin basic protein-derived peptide was shown to

reduce the severity of experimental autoimmune encephalomyelitis via
the apparent induction of regulatory or suppressor T cells, rather than by
direct inhibition of autoreactive T cells (50).

Our results also point to some potentially significant distinctions
among peptides that act nominally as agonists or antagonists. The het-

eroclitic PILeu variant of MART127_35, when pulsed onto cells at a
concentration suboptimal for both binding and cytolysis, effectively sup
pressed the antagonist effect of peptides, which readily inhibited cytolysis
when MART127_35 was used as an agonist. One possibility is that these
peptides are weak antagonists, with activities that are only manifest in the
context of a relatively weak agonist, as appears to be the case for
MARTl-,7_,5. An alternative possibility is that TCR engagement by the
PILeu variant renders T cells refractory to the presumed negative sig
naling induced by antagonists. We additionally observed that CTL ex
posure to antagonist peptides pet3 and bst2 resulted in loss of IL-2

secretion in response to subsequent agonist triggering, whereas peptide
cd38 did not have this effect. Our data do not address the basis for these
differences; for example, the early phosphorylation patterns induced by
these peptides do not appear to be correlated with their effects on IL-2
secretion. Others, studying CD4+ T-cell responses to APLs. have noted

that early phosphorylation events are, indeed, not correlated with effects
on IL-2 production (51, 52).

These results and those of other recent studies indicate that T cells
are capable of adopting discrete functional states in response to a
variety of related peptide ligands. Our results also underscore the
potential for self-peptides providing a rich source of suboptimal
ligands for TCR and specifically suggest a role for self-peptide

analogues of MART127 â€ž¿�in limiting the antitumor CTL response to
this epitope. More extensive knowledge of the identities of self-
peptide-MHC complexes and the functional relationship they bear to

each other and to foreign cognate epitopes may lead to a better
appreciation of the nature and extent of self-peptide influences on
peripheral T-cell function.
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