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Supra-Agonist Peptides Enhance the Reactivation of Memory
CTL Responses

Fabiola Micheletti,* Alessandro Canella,* Simona Vertuani,* Mauro Marastoni,” Lara Tosi,*
Stefano Volinia,* Serena Traniello,* and Riccardo Gaviol?*

Single amino acid substitutions at TCR contacts may transform a natural peptide Ag in CTL ligands with partial agonist,
antagonist, or null activity. We obtained peptide variants by changing nonanchor amino acid residues involved in MHC class |
binding. These peptides were derived from a subdominant HLA-A2-presented, latent membrane protein 2-derived epitope ex-
pressed in EBV-infected cells and in EBV-associated tumors. We found that small structural changes produced ligands with vastly
different activities. In particular, the variants that associated more stably to HLA-A2/molecules did not activate any CTL function,
behaving as null ligands. Interestingly, T cell stimulations performed with the combination of null ligands and the natural epitope
produced significantly higher specific CTL reactivation than reactivation of CTLs induced by the wild-type epitope alone. In
addition, these particular variants activated memory CTL responses in the presence of concentrations of natural epitope that per
se did not induce T cell responses. We show here that null ligands increased ZAP-70 tyrosine kinase activation induced by the
natural epitope. Our results demonstrate for the first time that particular peptide variants, apparently behaving as null ligands,
interact with the TCR, showing a supra-agonist activity. These variant peptides did not affect the effector T cell functions activated
by the natural epitope. Supra-agonist peptides represent the counterpart of antagonists and may have important applications in
the development of therapeutic peptides. The Journal of Immunology,2000, 165: 4264—4271.

TCR of a processed immunogenic peptide, 8—10 aa longflexibility of TCR/MHC-peptide interactions (7).
bound to MHC class | molecules expressed at the surface Altered peptide ligands may display a wide range of stimulatory

of APCs (1). Crystallographic studies performed on purified MHC capabilities, ranging from the null response to full immunogenicity
class I/peptide and TCR/MHC/peptide complexes have elucidatednd, depending on the induced biological T cell response, have
that the majority of peptide Ag residues are buried in the MHCbeen classified as agonists/superagonists, partial agonists, antagoz
groove, with only few side chains in the peptide center pointing outnists, and null ligands (13). Distinct peptide-induced CTL re-
from it, and that the TCR binds MHC/peptide complexes in a diagonakponses have been ascribed to differences in the activation patterse.
manner and contacts peptide residues by the CDR3 domain (2-5).of signal transduction events induced upon MHC/peptide recog- &

TCR and/or peptide MHC have flexible binding surfaces that arenition by the TCR, which, in turn, may depend on the affinity and €
stabilized upon binding (6, 7). The engagement of TCR by MHC—off-rate kinetics of TCR with its ligand (14-18).
peptide complexes induces a cascade of intracellular signaling In previous studies (19), we analyzed peptide variants derived S
events that results in the activation of gene transcription, cell profrom the subdominant CLGGLLTMYV (CLG) epitope, correspond-
liferation, and CTL effector functions. ing to an HLA-A2-presented nonamer derived from the latent

It has been clearly demonstrated that a single TCR may crossnembrane protein 2 (LMP2)expressed in EBV-infected cells,
react with different ligands (altered peptide ligands). This phenomincluding some EBV-associated tumors (20). The CLG natural
enon has been described for T cells of both CD4 and CD8 pheepitope does not form stable HLA-A2/peptide complexes, and in-
notypes, and it has been suggested to play a role in the positive anttlices weak CTL responses. Since the CLG peptide may be re-
negative selection of thymocytes, the pathogenesis of autoimmungarded as a target of specific immunotherapies for the treatment of
diseases, viral antagonism, and memory T cell maintenance (8EBV-associated malignancies, we sought to increase its immuno-
11); more importantly, it would be advantageous for the recogni-genicity by defining CLG analogues forming stable complexes
tion pathogens, since an individual has far fewer lymphocytes thamith HLA-A2 that are able to induce efficient CLG-specific CTL
there are potential Ags (12). Recent data strongly suggest that TCRsponses (19). The requirement for a prolonged stimulation to
cross-reactivity may depend on the poor shape complementaritseach T cell commitment has long been recognized as essential for
T cell activation by mitogens (21) and Ags (22). At the level of
*Departments of Biochemistry and Molecular Biolog§Pharmaceutical Sciences, the T'AP_C synapse, a large number of TCRs can Pe serially en-
and*Morphology and Embryology, University of Ferrara, Ferrara, Italy gaged, triggered, and down-regulated by MHC/peptide complexes
Received for publication January 5, 2000. Accepted for publication July 24, 2000. (23). Whereas the interaction between an individual TCR and its
The costs of publication of this article were defrayed in part by the payment of pagéigand occurs over a time frame of a few seconds, the interaction
charges. This article must therefore be hereby maddartisemenin accordance ~ between a single T cell-APC pair has a time course of several
with 18 U.S.C. Section 1734 solely to indicate this fact. hours. This long-lasting contact is necessary to ensure the sus-

* This work was supported by grants awarded by the Ministero dell'Universita e dellaigjned signaling that maintains gene transcription and promotes T
Ricerca Scientifica e Tecnologica, the Associazione Italiana per la Ricerca sul Cancro .
cell cycle progression (24).

and the Istituto Superiore di Sanita (Progetto AIDS).

T he activation of CTL results from the recognition by the between the Ag binding surfaces as well as on the conformational
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Among the analogues tested we identified a few peptides withat 1 x 10° cells/well in round-bottom microtiter plates. In some experi-
superagonistic activity able to reactivate maximal CLG-specificments populations of CD8enriched lymphocytes were used. CB8n-

; ; iched lymphocytes were obtained by depleting CDRB cells with two
CTL responses directed to the natural presented CLG epitope arigunds of anti-CD4-coated magnetic beads (Dynal, Oslo, Norway). Ali-

a group of peptides that stably bound to HLA-A2 but did not g,ots of 5x 10F T2 cells were incubated overnight at 26°C, treated with

induce any CTL activation, behaving as null ligands. mitomycin C, and then pulsed with peptides for 2 h at 37°C. After washing,
In the present investigation, we evaluated the capacity of CLGpeptide-pulsed T2 cells or a combination of peptide-pulsed T2 cells were

derived null ligands to affect CTL responses when presented jidded to PBLs always at a final responder:stimulator ratio of 20:1. All

L . . timulations were performed in six replicates. The first stimulation was
combination with the natural ligand. We demonstrate that thes erformed in AIM-V medium containing 10% FCS. A second stimulation

peptides exhibit a supra-agonist activity, since they increase th@as performed in the same conditions on day 7. Starting from day 8 the
reactivation of CLG-specific memory T cell responses and CLG-medium was supplemented with 10 U/ml riL-2 (30). On day 14 T cell

specific T cell proliferation. This behavior may be considered themicrocultures were split into two replicates and used as effectors in a stan-
5

opposite of that of antagonist peptides, which per se do not inducfa’d 5-h*’Cr release assay.

T cell activation but specifically inhibit T cell responses (25). Su- Cytotoxicity tests

pra-agonist peptides may be useful for dissecting the highly SOE:ytotoxic activity was tested in standard 5ACr release assay (31). PHA

phisticated signal transdyction pathways activated after. TCR enyasts were labeled with 04Ci/10° cells of NaSiCrO, for 90 min at 37°C
gagement by MHC/peptide complexes and may have importardnd pulsed for 45 min with the indicated concentration of peptide at 37°C.

applications in immunotherapy. Cells were then washed, and>4 10° cells were used as targets of each
CTL microculture.
; The percent specific lysis was calculated as ¥0@pm sample- cpm
Matenals and Methods medium)/(cpm Triton X-100- cpm medium). The percent specific lysis of
Cell lines each CTL culture was determined by the mean lysis of the six replicates.

The .174/T2 cell line (T2) was obtained by fusion of the peptide transporterrcR antagonism assay

mutant .174 LCL with the T cell line CEM (26). Cell lines were maintained

in RPMI 1640 supplemented with 2 mM glutamine, 100 IU/ml penicillin, Antagonism experiments were performed as described previously (11).
100 pg/ml streptomycin, and 10% heat-inactivated FCS (HyClone, Logan,Briefly, *'Cr-labeled HLA-A2-positive PHA blasts were pulsed with the
UT). PHA-activated blasts were obtained by stimulation of PBLs with 1 CLG peptide at concentrations ranging from #9010 2 M. The cells

wrg/ml purified PHA (Wellcome Diagnostics, Dartford, U.K.) for 3 days were then washed three times to remove the unbound peptide, seeded in

and were expanded in medium supplemented with IL-2 (Proleukin; Chiron96-well VV-bottom microtiter plates (% 10° cells/well), and treated for 1 h
Milan, Italy) as described previously (27). T cell clones were obtained fromat 37°C with CLG analogues in a concentration range of*:Q0 & M.
CLG-specific CTL cultures by limiting dilution. Single cells were seeded Effector CLG-specific CTLs were then added to each well to give an E:T
in 96-well plates in 20Qul of medium containing 10 U/ml human riL-2 and cell ratio of 10:1, and the percentage of specific lysis was detected as
10° irradiated allogeneic PHA-activated PBLs as feeder. Growing culturesdescribed above.

were transferred into 48-well plates and further expanded in IL-2-condi- . .
tioned medium (27). T cell proliferation assay

Synthetic peptides T2 cells were incubated overnight at 26°C, treated with mitomycin C, and
then pulsed with 10° synthetic peptides for 2 h at 37°C. After extensive
The CLGGLLTMV (CLG) peptide, corresponding to aa 426—434 of the washing to remove the unbound peptide, 100f peptide-pulsed T2 cells
EBV LMP2, and the relative analogues were synthesized by the solid phas@ x 10* cells) or a combination of peptide-pulsed T2 cells (2.0 cells
method using a continuous flow instrument with on-line UV monitoring. and 2.5x 10* cells) were added to round-bottom 96-well plates containing
The stepwise syntheses were conducted by F-moc chemistry. The F00ul of CTLs (1 X 10° cells), with final responder:stimulator ratio of 2:1.
moc methylbenzhydrylamine resin (Novabiochem, Laufelfingen, Switzer-After 3 days, T cell proliferation was determined by addingQi [*H]thy-
land) was swelled in dimethylformammide and packed in the reaction colimidine to each well for the last 18 h of culture. Cells were then harvested,
umn. F-moc amino acids were coupled in a 4-fold excess using di-and incorporated radioactivity was measured by scintillation counting
isopropylcarbodiimide in the presence of hydroxybenzotriazole. The(Top-Count, Packard, Downers Grove, IL). Results are expressed as the
F-moc group was cleaved with 20% piperidine-dimethylformammide so-percent increase in proliferation calculated with respect to that of CTLs
lution. Protected peptides were cleaved from the resin by treatment witlstimulated with untreated T2 cells.
reagent B (88% trifluoroacetic acid, 5%,®, and 7% E{SiH), and the .
resulting products were collected by centrifugation. Crude deprotected peg-N-¥ production

tides were purified by HPLC; purity was98%. Structure verification was CLG-specific CTLs (5% 10%) were incubated with 5 10° T2 cells pre-

achieved by elemental and amino acid analyses and matrix-assisted lasgfseq with the indicated peptides as described for proliferation assay.

desorption ionization-time of flight mass spectrometry (28). Peoptlde stockSafter 5-h incubation, supernatants were collected and tested for the pres-

\é\l_llél'e gr_epareg It? ?MSO ata concentration of 184, keptat—20°C,and g of IFNy using the IFNy ELISA kit in accordance with the manu-
lluted in PBS before use. facturer's instructions (human IFN-deca kit; HyCult Biotechnology,

Detection of HLA-A2/peptide complex stability ILlJ:c,!\len, [‘)I'rlgzllj\lceetgerlands). Data are expressed as picograms per milliliter of

-y )
Aliquots of 5 10° T2 cells were cultured overnight in 2 ml of serum-free . .
AIM-V medium (Life Technologies, Milan, Italy) containing I8 M of  TYrosine phosphorylation assays

the indicated peptides. Cells were then extensively washed, treated WitELG-specific CTLs (5-6x 10°) were added to 2.5-% 10° T2 cells
mitomycin C (Sigma-Aldrich, Milan, Italy) to avoid cell proliferation, di- pulsed or not with 10° M peptide, in Eppendorf tubes; the cells V\;ere
vided into aliquots, and maintained at 37°C for kinetic experiments inpejieteq by centrifugation; and the tubes were placed at 37°C for 10 min.
AIM-V medium containing 1u.g/ml brefeldin A (Sigma-Aldrich) to block A the end of the incubation period, the tubes were transferred to ice. Cells
the egress of new class | molecules. Surface expression of HLA class Lo e resyspended in ice-cold TBS, repelleted, and lysed for 15 min with
molecules was detected at different time points by indirect |mmunofluo—-ce_co|d lysing buffer containing 1% Nonidet P-40, 137 mM NaCl, 20 mM
rescence using the mouse mAb W6-32, which recognizes HLA-A, -B, andris 1o (PH 7.5), 1 mM CaC} 1 mM MgCl, 1’0% glycerol, 1’ mM

-C molecules regardless of the associated peptide. The mean logarithBisr 1 mM sodium orthovanadate. 0.1 mM DTT 25/ml leupeptin, 10
fluorescence intensity was measured with a FACS analyzer. The percentg/mI ’aprotinin, and lug/ml pepsta’tin A (SigmaiAIdrich). Cell débris

increase in HLA class | expression was calculated with respect to that irl'\:/ere removed by centrifugation, and the protein concentration of clear
untreated T2 cells (29). Data are expressed as the half-life (hours) of HLAg sernatants was determined using the bicinchoninic acid protocol (Pierce,
A2/peptide complexes. Rockford, IL)

Generation of CTL cultures Tyrosine-phosphorylated proteins and ZAP-70 were immunoprecipi-
tated from cell lysates containing equal amounts of proteins with 4G10

Monocyte-depleted PBLs from the EBV-seropositive donors MT (HLA- mAb (Upstate Biotechnology, Lake Placid, NY) or anti-human ZAP-70

A2-B18), FR (HLA-A2, 24-B7, 35), and RG (HLA-A2-B8, 44) were plated polyclonal Ab (Upstate Biotechnology), respectively. After 3 h protein
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A-Sepharose was added for 1 h at 4°C. Precipitated proteins were solubi- To determine whether null ligands may affect CTL functions
lized in sample buffer, resolved by SDS-PAGE under reducing conditionsinduced by the natural CLG peptide, we initiated a series of ex-

and transferred to nitrocellulose membrane (Amersham International, . . ; At ; ; _
Aylesbury, U.K.). The blots were probed with anti-human ZAP-70 mAb periments using combinations of null ligands along with the nat

(Upstate Biotechnology) or 4G10 mAb, followed by peroxidase anti-mouseural epito.pe..We evaluated first the effect of such combinations on
(Roche, Indianapolis, IN), and were revealed by chemiluminescence (ECLthe reactivation of memory T cell responses. PBLs from the HLA-

Amersham). A2-positive EBV-seropositive donors MT, FR, and RG were stim-
ulated in microassay with the mutant T2 cell line pulsed witn40
Results M of the natural CLG epitope, the 4S and 3Y-4S variants, or the

CLG-derived peptide variants generate different T cell responsegnrelated GILGFVFTL (GIL). The GIL peptide derives from the

The CLGGLLTMV (CLG) peptide derives from the EBV LMP2, influenza virus matrix Ag and has been previously shown to have
aa 426-434. CLG-derived analogues were obtained by single dtigh affinity for HLA-A2 (19, 39). In parallel, we performed CTL
combined amino acid substitutions at positions 1, 3, and 4 thagtimulations using the combination of T2 pulsed with the natural
represent secondary anchors for HLA-A2 binding. The amino acligand plus T2 pulsed with the peptide variants. CTL cultures were
ids tyrosine (Y), alanine (A), and serine (S) were selected becausested after two consecutive stimulations against HLA-A2 single-
they have been demonstrated as preferred nonanchor residuesnadtched PHA blasts treated or not with ¥V CLG peptide. Fig.
these positions (32—34). All peptides were previously tested folA shows a mean of data obtained from three separate experi-
their capacity to associate with HLA-A2 molecules, to induce re-ments. As previously observed, the CLG peptide induced weak
activation of CLG-specific CTLs, to sensitize target cells to lysis CTL responses, whereas the 4S and 3Y-4S peptide variants did not
by CLG-specific CTLs, and to inhibit CTL cytotoxicity induced by induce any CLG-specific cultures. Interestingly, the combination
the CLG peptide (19). A summary of representative peptide activof 4S and 3Y-4S peptides with the natural epitope produced sig- 9
ities is reported in Table I. All variants showed an increased canificantly higher CLG-specific CTL reactivity compared with g
pacity to form stable HLA-A2 peptide complexes, confirming that CLG-stimulated PBLs. Similar results were obtained by CTL stim- o
we substituted nonanchor amino acids with residues that favor thelation performed with T2 cells pulsed first with the CLG peptide %
interaction with HLA-A2 molecules. Among the CLG variants we and subsequently treated with 4S or 3Y-4S peptides (not shown).
identified a peptide (3A) that induced higher CTL reactivation Stimulations performed with the combination of GIL and CLG
compared with the natural ligand and that sensitized target cells tpeptides induced CLG-specific cultures with an efficiency compa- =
lysis, here classified as superagonist; a weak agonist (3Y) thagble to that of stimulations performed with the CLG alone. 2
induced memory CTL reactivation and target cell lysis less effi- To determine the specificity of 4S and 3Y-4S peptides on the =
ciently than the CLG peptide; a partial agonist (1Y-3A) that wasreactivation of CLG-specific CTL responses, we performed stim- g
able to reactivate CLG-specific CTLs, but failed to sensitize targeulations in the same conditions as those described above, evaluat=:
cells to lysis; and two null ligands (4S and 3Y-4S) that, in contrasting the effects of CLG analogues on CTL responses specific for the 5
with the fact that they produced stable HLA-A2/peptide com- CLG-unrelated YLLEMLWRL (YLL) epitope. YLL is a subdomi-
plexes, failed to activate CTLs. The peptides did not show anynant epitope that derives from LMP1 of EBV, aa 125-133. The 4S &
antagonistic activity at any of the concentrations testedand 3Y-4S peptides did not increase YLL-specific CTL responses, €
(107%-10"8 M). demonstrating that the CLG analogues exert their effect on CLG- &
) ) - ~ specific CTL precursors (Fig. 1B). None of the CTL cultures lysed €
4S and 3Y-4S peptides increase CLG-specific CTL reactivation \nyreated PHA blasts. As already demonstrated (11, 19, 38), CTL &
induced by the natural epitope cultures obtained by peptide stimulation efficiently recognize S
The stability of MHC/peptide complexes plays an important role inepitopes endogenously presented by EBV-infected cells (data not<
determining CTL responsiveness (35-38). We have previouslghown).
demonstrated that the CLG peptide that does not produce stable To control whether the effect of 4S and 3Y-4S peptides was
HLA-A2/CLG complexes induces subdominant CTL responsesdependent on the presence of CDd4ells, we performed CTL
while the 3A variant that produces stable HLA-A2/peptide com- stimulations using CD4-depleted T cells. In these conditions we
plexes induces strong reactivation of CLG-specific memory CTLsalso observed that variant peptides increase CTL reactivation in-
(19). Surprisingly, the 4S and 3Y-4S peptides, which produceduced by the natural epitope (not shown).
much more stable HLA-A2/peptide complexes compared with the These experiments indicate that 4S and 3Y-4S ligands contrib-
CLG and 3A variants, did not activate any CTL function, behavingute to the reactivation of CLG-specific memory CTL precursors
as null ligands. when presented in combination with the natural weak epitope.
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Table I. Sequence and activity of peptides derived from the CLG epitope

HLA-A2/Peptide CTL Target Cell Antagonist

Code Sequence Stability? Stimulatior? Sensitizatiof (M) Activity 9 Peptide Activity
CLG CLGGLLTMV 12+3 34+ 10 10° Natural agonist
3A CLAGLLTMV 18 +4 50+ 15 10° 0 Superagonist
3Y CLYGLLTMV 24 =1 305 108 0 Weak agonist
1Y-3A YLAGLLTMV 20 1 60+ 13 10° 0 Partial agonist
4S CLGSLLTMV 29+ 3 1+5 >10* 0 Null ligand
3Y-4S CLYSLLTMV 27*2 1+5 >10"4 0 Null ligand

2 Half life of HLA-A2/peptide complexes (hours SD).

b percent CLG-specific lysis SD of CTL cultures obtained by stimulation with the indicated peptides.

¢ Peptide concentration to obtain half-maximal lysis of PHA blasts by CLG-specific CTL cultures.

d percent inhibition of CLG-pulsed target cell lysis by the indicated peptidesMs¢erials and Methods). Mean of five different experiments.
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FIGURE 1. 4S and 3Y-4S peptides increase CLG-specific CTL reacti-

vation induced by the natural epitope. Freshly isolated PBLs derived from
the HLA-A2-positive, EBV-seropositive MT, FR, and RG donors were
stimulated with T2 cells pulsed with 16 M of the indicated peptides ata FIGURE 2. 4S and 3Y-4S peptides increase CLG-specific CTL reacti-
final responder:stimulator ratio of 20:1. CTL cultures obtained after twovation only in the presence of the natural epitopeT?2 cells were prein-
consecutive stimulations were tested in cytotoxicity assays against HLAcubated overnight at 37°C in serum-free medium containing Mof the
A2-positive PHA blasts, pulsed or not with 7I0M CLG (A) or YLL indicated peptides. Cells were washed, treated with mitomycin C to avoid
peptide (B). The meart SD percent specific lysis of three separate ex- cell proliferation, divided into aliquots, and maintained at 37°C for kinetic
periments is shown. experiments. At the indicated time points, the surface expression of HLA
class | molecules was detected by indirect immunofluorescence using the
W6-32 mAb. Results are expressed as the mean fluorescence intnsity.
4S and 3Y-4S peptides increase CLG-specific CTL reactivation andC, Freshly isolated PBLs isolated from the EBV-seropositive donors
only in the presence of the natural epitope FR and RG were first stimulated with CLG-pulsed T2 cells, then, at dif-

. : . ferent time points, further stimulated with T2 cells pulsed with 4S (B) or
PBLs isolaied from the EBV-seropositive donors FR and RG wer Y-4S (C) peptides. Control cultures (—) were stimulated only with CLG-

flrs.,t stimulated V_V'th CLG-p'ulsed T2 cells, then', at dlﬂ‘e!’ent time pulsed T2 cells at time zero. CTL cultures were tested in cytotoxicity
points, further stimulated with T2 cells pulsed with 4S (FIB)2r  3ssays against HLA-A2 single-matched PHA blasts treated or not with
3Y-4S (Fig. 2C) peptides. After 14 days, CTL cultures were testecio-7 M CLG peptide. One representative experiment is shown.

against HLA-A2 single-matched PHA blasts treated or not with

107 M CLG peptide. None of the CTL cultures killed untreated

PHA blasts (data not shown). As already observed, the stimulationr not with 10 M CLG peptide. As shown in Fig.,3timulation
performed with the CLG peptide induced weak CTL responses. Ay the 4S peptide increases CLG-specific CTL reactivation in-
high increase in CLG-specific CTL reactivation was observed induced by the CLG peptide; it is noteworthy that CTLs can be

0 8 16 32
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CTL cultures to which were added the 4S and 3Y-4S variants. Thiseactivated at CLG concentrations that per se are unable to induce

effect was detectable in cultures restimulated with the CLG ana€TL responses. None of the cultures lysed untreated PHA blasts
logues at 0, 8, and 16 h, whereas it completely disappeared at 32 {data not shown). Similar results were obtained with the 3Y-4S
It should be noted that at 32 h the CLG-pulsed T2 cells did notpeptide (data not shown).
express the CLG epitope (FigAR2 This demonstrates that 4S and ) ] - ] )
3Y-4S peptides exert their effects only in the presence of the re#S and 3Y-4S peptides increase CLG-specific CTL proliferation
lated natural epitope. induced by the natural epitope

) ) L We next investigated the capacity of CLG-derived ligands to stim-
4S and 3Y-4S peptides induce CTL activation in the presence Of, e the proliferation of CLG-specific T cell cultures. T2 cells
suboptimal concentrations of natural epitope were treated with 10° M CLG, 4S, 3Y-4S, and GIL peptides and
We then tested the stimulatory capacities of peptide variants imsed as stimulators of CLG-specific cultures obtained from differ-
combination with different concentrations of CLG peptide. PBLs ent donors. Mitomycin-treated stimulators were added to 10°
from the EBV-seropositive donor FR were stimulated with the T2CTLs in a responder:stimulator ratio of 2:1. After 3 days of co-
cell line pulsed with concentrations of natural CLG epitope rang-culture in serum-free medium, CTL proliferation was determined
ing from 10 °~10 *2 M. In parallel, we performed stimulations by adding[*H]thymidine for the last 18 h. Fig. dhows the mean
using the combination of T2 cells pulsed with the indicated con-of three experiments performed with CLG-specific CTL cultures
centrations of natural ligand plus T2 pulsed with M 4S pep obtained from different donors. The CLG peptide induced a low
tide. CTL cultures were tested for specificity after two consecutivelevel of proliferation, while 4S, 3Y-4S, and GIL peptides did not
stimulations against HLA-A2 single-matched PHA blasts treatedsignificantly enhance T cell proliferation compared with CTLs
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FIGURE 3. 4Sand 3Y-4S peptides enable CTL activation at suboptimal
concentrations of natural epitope. Freshly isolated PBLs derived from the ) ) - )
HLA-A2-positive, EBV-seropositive donor FR were stimulated with T2 FIGURE 4. 4S and 3Y-4S peptides increase CLG-specific CTL prolif-
cells pulsed with the indicated concentrations of CLG peptides (O) or with€ration induced by the natural epitope. T2 pulsed or not W'rHBM’_Of the
combinations of T2 cells treated with 10M 4S peptide plus T2 treated indicated p(_eptldes were _mltomycm C treated and used as ‘stlml_JIators of
with the indicated concentrations of CLG pepti® @t a final responder: ~ CLG-Specific cultures. Stimulators were added t 100 CTLs in afinal
stimulator ratio of 20:1. CTL cultures, obtained after two consecutive stim-TéSponder:stimulator ratio of 2:1. After 3 days of coculture in serum-free
ulations, were tested in cytotoxicity assays against HLA-A2-positive PHAMedium, CTL proliferation was determined by addiii]thymidine for

blasts pulsed with 107 M CLG peptide. One representative experiment is the 1ast 18 h. Results are expressed as the percent incre_éslﬁhy[nidin_e
shown. incorporation calculated with respect to that by CTLs stimulated with un-

treated T2 cells. The meat SD of three separate experiments is shown.

4S and 3Y-4S peptides increase ZAP-70 activation induced by

stimulated with untreated T2. Stimulations performed with the .
the natural epitope

combination of CLG-pulsed T2 cells and T2 cells pulsed with 4S
or 3Y-4S peptides greatly enhanced CTL proliferation comparedifferential T cell activation by variant TCR ligands correlates
with stimulations performed with CLG-pulsed T2 cells. No effect with distinct patterns of TCR-associated protein phosphorylation.
was observed after stimulation with the combination of GIL and

CLG peptides.
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50
4S and 3Y-4S peptides do not affect the effector functions of A
CLG-specific CTL cultures o 40 O— cle
_ N 7] —@— cCLG +108M4as

The 4S and 3Y-4S peptides were not able to sensitize target cells= 304
to lysis (Table I). To establish whether the combination of CLG & —Hl— CLG 4108 M4s
analogues and natural epitope could affect the recognition of CLG- § 20
pulsed target cells, we tested the cytotoxic activity of CLG-specific %
cultures and CTL clones against PHA blasts pulsed with different &2 10+
concentrations of CLG peptide in the presence of unlabeled PHA
blasts pulsed with 10° or 1078 M 4S peptide. As shown in Fig. Or——T——T—T T T
5, PHA blasts pulsed with the wild-type peptide were lysed at 60 —
comparable levels independently of the presence of PHA blasts B
treated with the 4S ligand. Similar data were obtained with the , %97
3Y-4S peptide (not shown). z 404

We next evaluated the IFN-release induced by the combina- 5
tion of peptide variants and natural epitope. T2 cells were treatedis 30 -
with 107® M CLG, 4S, 3Y-4S, and GIL peptides and used as §
stimulators of CLG-specific cultures and CLG-specific CTL ® 207
clones. The stimulators were added t&3.0* CTLs to give a final R
responder:stimulator ratio of 10:1. AftB h of coculture in serum-
free medium, IFNy release was determined by ELISA. Fig. 6 01 T T T T T 1
shows the mean of data obtained by using three different CLG- 208 87 6
specific CTL cultures. The CLG peptide stimulated IFNMelease, CLG concentration LogM

while the 4S, 3Y-4S, and GIL peptides did not induce any signif-

'C"’.‘”t rel_ease compared Wlth CTL stlmula.ted with untreated T23Y-4S peptides. A CLG-specific culture from donor RG (A) and the CLG-
Stimulations performeq with the combination of CLG-p_uIS(%d T2 specific CTL clone MT16 (B) were tested for the ability to lyse HLA-A2-
cells and T2 pulsed with 4S, 3Y-4S, or GIL peptides did not en-masched PHA blasts pulsed with different concentrations of CLG peptide
hance IFNy release compared with stimulations performed with iy the absence or the presence of unlabeled PHA blasts pulsed with the
CLG-pulsed T2 cells. Similar results were obtained with CLG- indicated concentration of 4S peptide. The percent specific lysis recorded
specific CTL clones (data not shown). at a 20:1 (A) or 5:1 (B) E:T cell ratio is shown.

FIGURE 5. Recognition of the CLG epitope is not affected by 4S and
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FIGURE 7. The 4S peptide in combination with the natural epitope in-
creases recruitment and activation of ZAP-70 kinase in CLG-specific
CTLs. Equal amounts of proteins from cell lysates derived from unstimu-
lated CLG-specific CTLs (lane 1) or CLG-specific CTLs stimulated with
unpulsed (lane 2), 1 M CLG-pulsed (lane 3), or 10° M 4S-pulsed
FIGURE 6. IFN-vy production by CLG-specific CTLs is not affected by (lane 4) T2 cells or with the combination of 18 CLG-pulsed and 10°

4S and 3Y-4S peptides. T2 cells were pulsed with®BI of the indicated ~ 4S-pulsed T2 cells (lane 5) were divided in two aliquots and used for
peptides and used as stimulators of CLG-specific cultures. The final reimmunoprecipitation assays. ZAP-70 expression was evaluated from phos-
sponder:stimulator ratio was 10:1. IFNproduction was evaluated after photyrosine immunoprecipitates by anti-ZAP-70 immunoblotting (A), and
5 h of incubation at 37°C. The mean SD of three separate experiments ZAP-70 phosphorylation was tested from anti-ZAP-70 immunoprecipitates
are shown. by anti-phosphotyrosine 4G10 mAb (B). All aliquots contained similar
amounts of ZAP-70 (C).

Stimulators

no peptide
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CLG +4S
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In particular, high levels of ZAP-70 activation are induced by su-
peragonist peptides (17). We then examined recruitment and acti-
vation of ZAP-70 in CLG-specific cultures activated with T2 cells  Our study originated from the observation that the CLG natural
untreated or treated with 16 M of the natural CLG epitope or the  epitope induced weak CTL responses, perhaps due to its poor ca-
4S peptide. In parallel, we performed CTL stimulations using thepacity to form stable HLA-A2 complexes. This result is in line
combination of T2 pulsed with the natural ligand plus T2 pulsedwith a large body of data showing that immunodominant CTL
with the 4S variant. The different cell lysates containing an equakesponses are directed to epitopes presented for a long time at the
amount of proteins were divided into two aliquots and immuno-cell surface of APC (36, 38, 41-44).
precipitated with either anti-phosphotyrosine or anti-ZAP-70 Abs The 4S and 3Y-4S peptides produced much more stable HLA-
(Fig. 7). A2/peptide complexes compared with the CLG epitope. This in-
Phosphotyrosine immunoprecipitates obtained from the differentreased stability could render these analogues capable of efficienig
CTL lysates were blotted with anti-ZAP-70 mAb. As shown in CTL stimulation (38). However, functional assays performed with &
Fig. 7A, we were able to detect expression of ZAP-70 in immu-4S and 3Y-4S peptides demonstrated that they do not activate anyg
noprecipitates obtained from CLG-stimulated CTLs, but not fromCTL function, behaving as null ligands. Since these modified #
4S-stimulated CTLs. Stronger expression of ZAP-70 was detecte@LG-derived peptides should have maintained the residues necesg
after CTL activation with the combination of CLG and 4S sary for TCR contact, we reasoned that the CLG-specific TCR =
peptides. should still be capable of recognizing them by using alternative
We immunoprecipitated ZAP-70 from the same CTL lysatescontacts or else adapting to rather similar ligands. Indeed, we have
and analyzed the levels of tyrosine phosphorylation with the 4G1Ghown that these peptides, when used in combination with the -
mAb. The combination of 4S and CLG peptide induced highernatural ligand, interact with the CLG-specific TCR, since 1) the
phosphorylation of ZAP-70 than that obtained with CLG alone, synergistic effect of these particular combinations on the reactiva-
whereas the 4S peptide did not induce any detectable ZAP-7flon of memory CTLs was not observed with unrelated ligands
phosphorylation (Fig. 7B). As shown in Fig. 7C, all CTL lysates such as the GIL peptide, which forms stable HLA-peptide com-
contained similar amounts of ZAP-70. Similar results were ob-plexes at levels comparable to 4S and 3Y-4S peptides (19); and 2)
tained with the 3Y-4S peptide (data not shown). the CLG-derived variants did not affect the reactivation of CLG-
These experiments demonstrate that 4S and 3Y-4S peptideanrelated CTL responses directed to subdominant epitopes .
when presented in combination with the natural epitope, contribute These apparently null-behaving ligands have been defined su-
to the activation of CLG-specific T cell precursors by increasingpra-agonists, since they increase specific T cell responses only in
recruitment and phosphorylation of ZAP-70 protein kinase. the presence of the agonist peptide. We have also demonstrated
that the combination of supra-agonists and natural epitope induced
Discussion activation and phosphorylation of ZAP-70 in CLG-specific cul-
In the present report, we describe peptides that per se do not induteares at levels much higher than those induced by the natural li-
any CTL activity, but in combination with the natural epitope ef- gand, while stimulation with the null ligand alone did not induce
ficiently stimulate specific memory CTL responses. These peptideEAP-70 activation. In our system it appears that activation of
did not affect the activation of T cell effector functions. Peptide ZAP-70 is a key proximal signaling molecule whose activity de-
ligands were obtained by changing nonanchor amino acids of theermines the extent of memory T cell reactivation and prolifera-
natural HLA-A2-presented CLG epitope (40). The differential rec- tion, while the extent of its activation does not correlate with the
ognition of these analogues by CTLs may be due to conformaCTL effector functions. Indeed, high levels of ZAP-70 activation
tional changes affecting residues pointing out toward TCR or, alhave been detected after T cell stimulation with all ligands show-
ternatively, affecting the orientation of neighboring MHC side ing selective superagonistic activity on memory CTL reactivation
chains. (A. Canella and R. Gavioli, unpublished observations).
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Together, the data presented in this study suggest that supr&ibute to CTL activation even in the presence of low, nonproduc-
agonists are capable of low-affinity interactions with the TCR.tive concentrations of natural ligand. These CLG-derived peptides
These interactions can be detected by functional and biochemicélave the advantage of forming stable HLA-A2 complexes that are
assays where these particular variants and natural epitope are siet recognized by CLG-specific CTLs, a factor that would increase
multaneously presented to CTL. We propose two alternative modthe safety and efficacy of a peptide-based CTL immunotherapy.
els to explain this synergistic effect. In the first model we assume
that the supra-agonist may induce conformational changes at thacknowledgments
TCR level, so that the CLG peptide may bind with a lower energy\ye are very grateful to the donors whose CTL are described in this paper
barrier. The supra-agonist, by favoring interaction of the CLGand to the Banca del Sangue of Ferrara for supplying fresh blood. We thank
epitope with its TCR, could determine an increase in intracellulamaria Masucci for comments and suggestions; we also thank Linda Bruce

signaling and higher T cell activation. It has recently been dem-or
onstrated that the low affinity of the TCR-peptide-MHC interaction

English revision of this manuscript.
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