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Identification of CD4™ T Cell Epitopes from NY-ESO-1
Presented by HLA-DR Molecules

Gang Zeng, Christopher E. Touloukian Xiang Wang,* Nicholas P. Restifo,
Steven A. Rosenberg, and Rong-Fu Warfg

In previous studies, the shared cancer-testis Ag, NY-ESO-1, was demonstrated to be recognized by both Abs and €OBcells.
Gene expression of NY-ESO-1 was detected in many tumor types, including melanoma, breast, and lung cancers, but was not
found in normal tissues, with the exception of testis. In this study, we describe the identification of MHC class Il-restricted T cell
epitopes from NY-ESO-1. Candidate CD4 T cell peptides were first identified using HLA-DR4 transgenic mice immunized with
the NY-ESO-1 protein. NY-ESO-1-specific CD4 T cells were then generated from PBMC of a patient with melanoma stimulated
with the candidate peptides in vitro. These CD4 T cells recognized NY-ESO-1 peptides or protein pulsed on HLA-DR% EBV

B cells, and also recognized tumor cells expressing HLA-DR4 and NY-ESO-1. A 10-mer peptide (VLLKEFTVSG) was recognized
by CD4* T cells. These studies provide new opportunities for developing more effective vaccine strategies by using tumor-specific
CD4* T cells. This approach may be applicable to the identification of CDZ T cell epitopes from many known tumor Ags
recognized by CD8 T cells. The Journal of Immunology,2000, 165: 1153—-1159.

peojumoq

and mediating tumor regression. To understand the mothem, triosephosphate isomerase is a mutated Ag that was inde-g‘
lecular basis of T cell-mediated antitumor immunity, a pendently identified by a biochemical approach (18).

number of tumor Ags recognized by CDS8T cells have been The NY-ESO-1 gene was previously identified by Ab screening
identified in melanoma as well as in other types of cancers (1, 2)(19), and was recently identified as an MHC class I-restricted tu-
These studies have led to several clinical trials using peptides denor Ag as well (20, 21). High titers of Abs against NY-ESO-1
rived from the molecularly defined tumor Ags (3—6). Although the were also detected from patients with cancer (22). The NY-ESO-1 :
clinical trial using a modified peptide derived from gp100 provided cDNA encoded two gene products from two overlapping open
some evidence of therapeutic efficacy for the treatment of patienteeading frames (20). Because of its strict tumor-specific expression
with metastatic melanoma (3), these studies mainly focused on theattern, with the exception of expression in normal testis, as well
use of CD8 T cells. Increasing evidence from both human andas its high frequency of expression in many tumors, including mel-
animal studies has indicated that optimal cancer vaccines requirgnoma, breast, prostate, lung, and other cancers (19, 20, 23), NY-S
the participation of both CD42and CD8" T cells (7, 8). Moreover, ESO-1 is potentially an important immune target for the develop- <
tumor-specific CDZ T cells are required for generating protective ment of immunotherapies for a variety of cancer types (24).
immunity against MHC class ll-negative tumor cells (9, 10). Iden- Because both CTL and Ab immune responses against NY-
tification of such Ags is thus important for the development of ESO-1 were demonstrated in patients with cancer, identification of
cancer vaccines as well as for our understanding of the mechanisMHC class ll-restricted T cell epitopes in the NY-ESO-1 protein
by which CD4" T cells regulate host immune responses. could be important for the development of effective cancer vac- o

To date, only a limited number of MHC class Il-restricted tumor cines. In this study, we report the identification of an HLA-DR4-
Ags have been identified. Several known MHC class I-restrictedestricted T cell epitope from the NY-ESO-1 Ag by using HLA- R
tumor Ags, such as tyrosinase, gpfo@nd MAGE-3, were dem- DR4 transgenic mice immunized with the purified NY-ESO-1
onstrated to contain MHC class ll-restricted epitopes recognizegrotein and in vitro stimulation of human PBMC with synthetic
by CD4" T cells (11-15). Recently, a genetic approach was de candidate peptides. We show that CDZ cells generated from
veloped to identify unknown MHC class Il-restricted tumor Ags human PBMC are NY-ESO-1 specific, and recognize NY-ESO-1
by using tumor-specific CD2 T cells (16). This has led to the peptides pulsed on HLA-DR4EBV B cells as well as naturally
identification of several mutated tumor Ags, including CDC27, processed peptides on melanoma cells.

T cells play an important role in controlling tumor growth triosephosphate isomerase, and LDLR-FUT (16, 17). Among &
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Surgery Branch, National Cancer Institute, National Institutes of Health, BethessaMaterials and Methods

MD 20892 Purification and analysis of recombinant NY-ESO-1 protein

Received for publication February 4, 2000. Accepted for publication May 8, 2000. i i i
To construct a bacterial expression vector encoding the full-length NY-

Tr:‘e COStST%f. p“btl.iclation Otf :Eis afr“deb""e[:e dte;fraye:(i‘:wp?rt by thg paym(znt of page=50-1 gene, we generated a PCR fragment by using a pair of primers,

R, T fice it e be erey edtrisemenin ciodence EGO.5 (5GCTCCGGACATATGCAGGCCGAAGGECGGGE) con
R ] . ' taining anNdel site and ESO-3p (5'-AAGGGGCTCGAGGCTGGGCT

*C.E.T. and X.W. contributed equally to this work. TAGCGCCTCT) containing aiXhol site. After digestion with restriction

2 Address correspondence and reprint requests to Dr. Rong-Fu Wang at the curreizymes and gel purification of the PCR product, a DNA fragment encod-

address: ALKEK Building N1120, Baylor College of Medicine, One Baylor Plaza, ing NY-ESO-1 was fused to DNA encoding a polyhistidine peptide in

Houston, TX 77050. E-mail address: rongfuw@bcm.tmc.edu frame in pET-28" (Novagen, Madison, WI). A similar strategy was also

2 Abbreviations used in this paper: gp, glycoprotein; TRP, tyrosinase-related proteinSed to construct an expression vector for a truncated NY-ESO-1, ESO1-

LDLR-FUT, low density lipid receptor (LDLR) and GDP-L-fucogD-galactoside 74, which contained only the first 74 aa residugscherichia colistrain

2-a-L-fucosyltransferase (FUT) fusion protein; CU, cetus unit. BL21(DE3) bearing the correct plasmid construct was grown at 37°C to log

Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00
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phase, then induced for protein production by adding isopr@pgithio- pulsed with peptides at 10M concentration and incubated in each well of
galactoside to a final concentration of 0.5 mM and shaking for 3 h. Solublea flat-bottom 96-well plate. After two in vitro stimulations, cells were
fractions of bacterial extract were obtained; and NY-ESO-1 was purified bytested against various targets and supernatants were harvested for cytokine
Ni2™* affinity chromatography. SDS-PAGE analysis of the purified protein release assays. Rapid expansion and cloning of human T cells were per-
was performed as previously reported (25). The N-terminal sequence of thiermed as described (20).

purified protein was determined by automatic Edman degradation. Peptide at a final concentration of 1M or protein at a final concen-
tration of 5ug/ml was pulsed onto target cells. After 4-h incubation, cells
Serum and PBMC were washed in serum-free RPMI medium, an8l X 10* target cells were

incubated with the same number of TE4-1 cells overnight, and cytokine
I,release was measured using GM-CSF ELISA kits (R&D Systems, Minne-
apolis, MN) for human or IFNy kits (Endogen, Woburn, MA) for mouse.
Other cytokines, such as human IRN4L-10, TNF-«, and IL-4, were

easured using ELISA kits from Endogen or R&D Systems, according to
he manufacturer’s instructions.

Sera from patients with metastatic melanoma were storeéBatC. Sera

of National Institutes of Health. The MHC class Il genotype of patient TE
with metastatic melanoma was HLA-[PR*0401, 31*1501. The patient
was treated with the gp100:209-217(210 M) peptide plus high dose o,
IL-2, and experienced an objective tumor regression.

Detection of Abs against NY-ESO-1 protein Results

About 50 ng of purified NY-ESO-1 protein diluted in 51 PBST (PBS ~ Recombinant NY-ESO-1 protein and detection of NY-ESO-1-
with 0.1% Tween-20) was adsorbed to each well of a 96-well MaXisorpreactive Ab

plate (Nunc, Roskilde, Denmark) overnight at room temperature. Contro
plates were coated with 150 ng BSA/well. Plates were blocked with 5% dryNY-ESO-1-reactive Abs and CTL have been reported in patients
milk in PBST for at least 2 h, washed, and were loaded with LDOf with cancer (19, 22). It thus appeared that NY-ESO-1-specific

diluted serum samples. All serum samples were diluted at 1/25, 1/250, an + ; ; .
1/2500 with 3% dry milk in PBST. Each sample at the three different D4" T cells might play a role in orchestrating the development

dilutions was loaded onto NY-ESO-1-coated plates as well as BSA-coate@f Abs as well as CTLs against the NY-ESO-1 Ag. To identify
plates. After 1-h incubation at room temperature, plates were washed atdIHC class Il-restricted CD4 T cell epitopes, we began by puri
loaded with secondary Ab (goat anti-human IgG conjugated with HRP;fying NY-ESO-1 protein from a bacterial expression system as the
Sigma, St. Louis, MO) diluted with 1% dry milk in PBST. Plates were starting material. To facilitate NY-ESO-1 expression and protein

developed after a 0.5-h incubation, and absorbance at 450 nm was read e .
using an ELISA reader (Dynatech, Chantilly, VA). A positive reaction was pYJrlflcatlon, a cDNA fragment encoding NY-ESO-1 was fused to

defined as an OD value against NY-ESO-1 that exceeded the mean OB Polyhistidine tag in frame located at the N terminus in the pET28
value plus three times SDs of normal donors at serum dilutions of both 1/2%xpression vector, and a high level production of recombinant pro-
and 1/250. Western blot was performed as described (25) to confirm thesin was obtained. Several milligrams of the NY-ESO-1 protein
specificity of the Ab in a few representative sera samples. were purified by using a Ri*-charged affinity chromatography
Cell lines and Abs column. The purified protein showed an apparent molecular mass

Melanoma lines FO49 and FO50 were early cultures of fine needle asparaFT _26 k.Da on an SDS polyacr_ylamlde g_el (Flg.A)l To Conflr.m 3
samples, provided by Adam Riker at the Surgery Branch of National Canine identity of the purified protein, N-terminal microsequencing of 3
cer Institute. All other melanoma lines and EBV B lines were generatedprotein was performed by automatic Edman degradation. All 25 aa §
and maintained in RPMI 1640 (Life Technologies, Rockville, MD) sup- residues obtained by Edman degradation matched the predicted2
plemented with 10% FCS (Biofluids, Gaithersburg, MD). 293IMDR1 and gming acid sequences (data not shown). A short version of NY-

293IMDR4 were genetically engineered to express human invariant chai - . .
DMA, DMB, and DR molecules, and were cultured in RPMI 1640 Sup_nESO-l containing the first 74 aa residues, ESO1-74, was also pu-z

plemented with 10% FCS (16). Culture medium for murine lymphocytes'ified by the same approach (Figh)lL Q
was RPMI 1640 with 0.05 mM 2-ME, 5 CU/ml IL-2, plus 10% FCS,  To determine whether melanoma patients developed Abs ]
provided by HyClone (Logan, UT). Medium used for human T cell culture against the NY-ESO-1 protein, sera from 88 metastatic melanoma o
was RPMI 1640 with 0.05 mM 2-ME, 50 CU/ml IL-2, plus 10% human AB patients enrolled in cancer vaccine treatment protocols in the Sur- =

serum, provided by Sigma. Ab-blocking experiments were performed a . .
previously described (15). Hybridoma HB55 and HB95 were obtainedderY Branch, National Cancer Institute, were screened. Sera from&

from American Type Culture Collection (Manassas, VA). Control Ab was eight normal donors were used as controls for screening. Eleven of ©
purchased from PharMingen (San Diego, CA). eighty-eight patients (13%) were found to have high titers of Abs §
against NY-ESO-1 (Fig.@). These data were consistent with re- =
sults obtained by other groups (22). To exclude the possibility that
HLA-DR4 transgenic (DR4-Tg) mice were murine class Il deficient, and patients’ sera reacted with a minor contaminant present in the pu-

expressed HLA-DR-IE-a and HLA-DR pB1*0401-IE8 chimeric mole- . : ) : . ]
cules (26). Founder mice were obtained through Paul Lehmann at Casréf'ed NY-ESO-1 protein, Western blot was performed using rep

Western Reserve University (Cleveland, OH). Mice were inbred and mainfes_emative sera samples. Fig. aBowed that the NY-ESO-1-re-
tained at Biocon (Rockville, MD). Female mice aged between 6 and 10 wkactive sera from a patient reacted only with cell lysates from NY-
were immunized with the full-length recombinant NY-ESO-1 protein. ESO-1-expressing bacteria and the purified NY-ESO-1 protein, but

About 50 ug of purified protein were emulsified in CFA, divided evenly, ot \ith extracts from bacteria containing the control vector.
and given to each mouse via s.c. injection into rear footpads and the bas& . | | d |
of tail. Eleven days after the injection, mice were sacrificed, and the bi* Nonreactive serum sample was also tested (Fg.ldnes 4,5,
lateral hind limb popliteal and the inguinal lymph nodes were harvested@nd6).

Single cell suspensions were obtained from the lymph nodes of two im-

munized animals, and followed by in vitro stimulation. Identification of putative MHC class ll-restricted epitopes from
Peptide synthesis HLA-DR4 transgenic mice

1 MA/:dY WOy papeo uMoq

/BI1o

Transgenic animals and immunization procedures

Synthetic peptides used in this study were made using a solid-phas&o identify CD4" T cell epitopes, DR4 transgenic mice were im
method on a peptide synthesizer (Gilson, Worthington, OH) at the Surgerynunized in the tail base and rear footpads witB0 ug of full-
Branch of National Cancer Institute. The purity of each peptide was eval1ength NY-ESO-1 protein in CFA. Eleven days after the injection
uated by mass spectrometry (Bio-synthesis, Lewisville, TX). . . . ’ . . . A
single cell suspensions obtained from bilateral hind limb popliteal
In vitro sensitization procedure and cytokine release assays and inguinal lymph nodes of two immunized mice were prepared
Peptides at a final concentration of 11 were mixed with 2.5% 10° and used for in vitro sensitization with synthetic peptides derived

mouse lymphocytes for 1 wk before cytokine release assays were codl0m the NY-ESO-1 protein based on the predicted peptide-bind-
ducted. For in vitro sensitization of human PBMC, 2510° cells were  ing properties of the HLA-DR4 molecules (27).
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FIGURE 1. A, Purification of full-length NY-ESO-1 protein using a?Nichromatography column. SDS polyacrylamide gel showed the crude extract S S
from E. coli strain BL21(DE3) bearing pET28 vector (lane 1), pNY-ESO-1 (lane 2), the purified NY-ESO-1 protein (lane 3), bacterial extract encod|[§
the truncated NY-ESO-1 (lane 4), and the purified truncated NY-ESO-1 protein, ESO1-74 (IBp&\@stern blot to confirm the specificity of Abs against P

NY-ESO-1. Sera at 1/2000 dilution from two representative patients, one with (lanes 1-3) and one without (lanes 4—6) detectable NY-ESO-1 Ab'?\,by
ELISA, were used against bacterial extract encoding the vector only (laaesl4), encoding NY-ESO-1 (lanes @&1d5), and the purified NY-ESO-1 S
protein (lanes 3and6). C, Patient TE was among the melanoma patients who had Abs against NY-ESO-1 protein. ELISA was performed using sera from
88 patients for the presence of Abs against NY-ESO-1 (BSA as control protein). Values of OD 450 at 1/25, 1/250, and 1/2500 of sera dilutions were plotted.
Sera from normal donors were used as controls, and their mean OD value was also plotted (ND).

Eight high-binding peptides containing amino acid sequence segpatient TE showed marked expansion. IL-2 was added in the second
ments predicted to bind to HLA-DR4 were used for the in vitro sen-week of stimulation. The cell line thus established was nhamed TE4-1,
sitization experiments. Six days after the initial in vitro sensitization,which continued growth for more than 2 wk in the presence of 20
murine lymphocytes were tested for cytokine release against huma@U/ml IL-2. The TE4-1 T cells were 90% CD4T cells based on
HLA-DR4-positive 1359EBV B cells alone and 1359EBV B pulsed FACS analysis. TE4-1 contained Thil-type CD# cells as they se
with the corresponding peptide used for stimulation. Three peptidesreted GM-CSF, IFNy, and TNFe, but not IL-10 or IL-4 (data not
were recognized by murine T cells based on cytokine secretion fronrshown). After depletion of a few percent of CD§ cells, the purified
T cells, while other five peptides showed no recognition (Fig. 2). Thepopulation of CD4 T cells still retained its reactivity. Some T cell
ESO p116-135 showed the strongest activity among the positive peiones derived from TE4-1 cell line were also shown to recognize the
tides, suggesting that this peptide might contain an epitope present&50 p116-135 peptide (data not shown).
by the HLA-DR4 molecule for T cell recognition. This peptide was  TE4-1 recognized EBV B cells pulsed with the full-length NY-
thus chosen for further analysis. ESO-1 protein as well as the ESO p116-135 peptide in the context

) . of HLA-DR4, but not with the truncated NY-ESO-1 protein con-
Generation of human CDAT cells specific for NY-ESO-1 taining the first 74 aa (Fig. 3A). The TE4-1 cell line was also
PBMCs from patient TE, who had high titered Abs against NY- reactive specifically with DR4-positive dendritic cells infected
ESO-1 (Fig. 1@, were used for in vitro stimulation with the ESO with adenovirus encoding NY-ESO-1, but not adenovirus encod-
p116-135 peptide. After 1 wk of in vitro stimulation, PBMC from ing the green fluorescence protein (data not shown).
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as TE4-1 cells express DR4 molecules. The recognition of FO49 mel

could be specifically blocked in the presence of anti-HLA-DR Ab, but

not the anti-MHC class | Ab (data not shown). These studies sug-
m 1358EBVB/peptide gested that the TE4-1 cell line recognized a naturally processed pep-
§1359EBVB tide on the tumor cell surface.

RGPESRLLEFYLAMPFATPM |
ESO p82-101 :

DHRQLQLSISSCLQQLSLLM NN
ESO p141-160

FTVSGNILTIRLTAADHRQL W

ESO p126-145 & Medium
WITQCFLPVFLAQPPSGQRR Characterization of the NY-ESO-1 epitope recognized by TE4-1
ESO p161-180 Because the two reactive peptides shared 15 aa (LPVPGV-
NIL“REL;gA;:T;?-?;g o . LLKEFTVSG), the minimal length of peptide was determined by
LSLLMWITQCFLPVFLAGPP testing a series of N- and C-terminal truncated peptides. Pep_tldes
ESO p156-175 > were pulsed onto DR2 1088 EBV B cells and tested for their
QLSISSCLQALSLLMWITAC ability to stimulate TE4-1 cells. The valine residue at position 128
ESO p146-165 P was found to be critical for T cell recognition (Fig. 5A). The pep-
LPVPGVLLKEFTVSGNILT! [N tides with the N-terminal deletions up to leucine residue at position
£SO p116-135 55550 123 did not affect T cell recognition, but the peptide with further

deletions partially lost its ability to stimulate T cells. The leucine
residue at position 123 may be a P1 anchor residue because the P1,
P4, P6, and P7 residues contributed to the peptide binding to MHC
FIGURE 2. Testing of putative NY-ESO-1 epitopes using HLA- class Il molecules. Further deletions are required to determine the
DR4-Tg mice immunized with NY-ESO-1 protein. Eight peptides based ongitical residues for binding to MHC class Il molecules.
the_ predicted binding affinity.to HLA-DR4 yvere usgd for in vitro sensiti- Although CD4" TE4-1 cells reacted with positive peptides at a
zation of lymphocytes from immunized mice. Murine lymphocytes were relatively high peptide concentration, we found that the ESO
tested for IFNy production against either medium alone, 1359EBV B . L . to .
(HLA-DR4™) cells alone, or 1359EBV B cells pulsed with the peptide used p119_—130 peptide _eXh'b'ted _a hlgher_ a(?t|V|ty and required a Iowgr
for in vitro stimulation. peptide concentration to achieve a similar level of T cell recogni-
tion than other two short peptides, ESO p120-130 and ESO p121—
130, in a titration experiment (data not shown). Thus, we used the
. . ESO p119-130 peptide to determine the binding affinity of the &
To test whether T cell recognition by TE4-1 was restricted bypeptide recognized by TE4-1. Peptides were pulsed onto 1088EBV S

HLA-DR4, wo overlapping peptides (ESO p116-135 and ESOp ¢ (HLA-DR4") as targets at different peptide concentrations.

p111-130) and a control peptide (FTSO p91-110) were pulsed ONRs shown in Fig. 5B, no or little T cell activity was observed at 33
293IMDR1 and 293IMDR4 cells in serum-free medium. Cells

hed and sub tlv incubated with TE4-1 cell nM or lower concentrations of the ESO p119-130 peptide; high
were washed and subsequently incubated wi -+ CElIS OVEI3 tivities were detected at 0.30M peptide concentration, and the
night. As shown in Fig. B, both peptide 116-135 and peptide

111-130 ed by TEA-1 in th text of HLA-DR4 T cell activity did not reach a plateau at a @81 peptide concen-
—LoU were recognized by - In the context of HLA-DR2. yation. The control peptide was not recognized by TE4-1 even at
Interestingly, peptide 116-135 was also capable of stimulatin

% 33 uM peptide concentration.
cytokine secretion from T cells when pulsed onto 293IMDR1 cells. M Pep

No activity was detected with 293IMDR4 pulsed with the control __ .

ESO p91-110 peptide (Fig. 3B). The recognition of ESO-p116-PISCUSSION

135-pulsed 293IMDR4 was completely inhibited by an anti- NY-ESO-1 is an important immune target because it gives rise to
HLA-DR Ab (HB55), but not by the control and anti-HLA class | both humoral and cellular immune responses (19-21). Although
Abs (HB95) (Fig. 3C). A gp100-specific CDS8T cell line (CTL-  its expression pattern is similar to Ags in the MAGE gene family, o
C3G1) and an HLA-DR1-restricted CDAT cell line (T3-80) NY-ESO-1 is more frequently expressed in breast, prostate, and N
were used as specificity controls for the Ab blocking. lung cancers than any member of the MAGE family (19, 20, 23). R
More interestingly, high titered NY-ESO-1-reactive Abs were fre-
quently detected in patients with cancer (FigBlandC), while a
Although peptide-specific CD4and CD8 T cell activities can often  very low percentage of patients developed high titers of Abs
be generated against a putative tumor Ag, in many cases tumor reaagainst the MAGE Ags or differentiation Ags such as tyrosinase,
tivity could not be demonstrated due to either the low affinity of thegp100, TRP-1, and TRP-2 (data not shown) (22). It is possible that

T cells or the failure of presentation of naturally processed peptides oAbs reacting with glycosylated proteins, such as gp100, TRP-1,
the tumor cell surface (2). To test whether TE4-1 could recognizeand TRP-2, may not react with bacteria-derived unglycosylated
NY-ESO-1 epitopes naturally processed and presented by tumor cellgroteins. However, these studies strongly suggest that NY-ESO-
several melanoma lines were used as targets. The expression of NY-reactive CD4 T cells may be involved in Ab production and
ESO-1 in each line was determined by RT-PCR, while the expressio&TL proliferation. In this study, we identified the HLA-DR4-re-

of HLA-DR alleles was determined by FACS analysis (data notstricted T cell epitope derived from NY-ESO-1 by the use of HLA-
shown). As shown in Fig. 4, TE4-1 was capable of recognizing NY-DR4 transgenic mice and in vitro stimulation of human PBMC
ESO-1/HLA-DR4-positive tumors (1359 mel and FO49 mel), butwith candidate peptides. To our knowledge, this is the first dem-
failed to recognize tumor cell lines 397 mel and 624.38 mel (NY-onstration that T cell epitopes from NY-ESO-1 were shown to be
ESO-1"/HLA-DR ™), nor 526 mel (NY-ESO-1/HLA-DR4™). T cell presented by HLA-DR4 (DB1*0401) molecule to CD4 T cells.
reactivity was also detected on FO50 mel (DRIY-ESO-1"), but Because NY-ESO-1-specific Abs and CTL were detected in pa-
not on 1300 mel expressing DR1 and a low level of NY-ESO-1. Onetients with different HLA genotypes, other CD4T cell epitopes
possible explanation is that CD4T cells may recognize the same presented by HLA class Il molecules other than HLA-DR4 prob-
peptide presented by DR1 molecule when the peptide concentration &bly exist. Indeed, after this work was submitted, a study describ-
high. Alternatively, ESO p116-135 may bind to DR1 and subse-ing the identification of NY-ESO-1 epitopes presented by
quently released and picked up by TE4-1 and presented to each otheRB4*0101-0103 was reported (28).

0 1000 2000 3000 4000 5000
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FIGURE 3. Characterization of the TE4-1 T T T T T 1
CD4" T cell line. A, TE4-1 specifically recognized 0 100 200 300 400 500
1088 EBV B cells (HLA-DR4) pulsed with ESO GM-CSF secretion (pg/mi)
p116-135 peptide or purified NY-ESO-1 protein,
but not ESO1-74 protein, which lacked the putative
epitope.B, HLA-DR4 restriction was required for B
the recognition of NY-ESO-1 by TE4-1. Two over-
lapping peptides, ESO p111-130 and p116-135, LPVP‘é‘é'a'-KiF;stGN'L“ >4700
were recognized when pulsed onto 293IMDR4 P
cells. A total of 1x 10° target cells was cocultured QDAPPLPVPGVLLKEFTVSG mseivbRa
with 4 X 10* TE4-1 cells overnight before GM- ESO p111-130 B293IMDRY w)
CSF secretion was measured, Recognition of g
293IMDR4 pulsed with ESO p116-135 peptide YLAMPFATPMEAELARRSLA g—
was specifically inhibited by the anti-HLA-DR Ab ESO p91-110 8
(HB55), but not by the anti-class | Ab (HB95). The 8
amount of GM-CSF secreted by TE4-1 in the ab- None [9 g‘
sence of Abs was used as the reference, against 3
which the percentage of GM-CSF release in the 6 10'00 20'00 30'00 40'00 50'00 =
presence of Abs was calculated. Inhibition by the i 2
control (mouse IgG2a) and the anti-MHC class | GM-CSF secretion (pg/ml) =y
Abs (HB95) had little effect. CTL C3G1 (courtesy g
of C. Macalli, Surgery Branch, National Cancer In- =:
stitute) was a gp100-specific CDE cell line that g
recognized 624.38 mel, and was used as a control TE4-1 CTL C3G1 T3-80 =
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Recently, two groups reported the identification of MHC class II- thetic candidate peptides. Therefore, the combined use of transgenic
restricted T cell epitopes from the known MHC class I-restricted tu-mice immunized with the whole protein and stimulated with the pep-
mor Ag, MAGE-3. CD4" T cell clones generated from PBMC stim tides predicted by a computer-assisted algorithm may avoid the need
ulated with DC pulsed with purified MAGE-3 protein recognized to stimulate human PBMC with a large number of peptides and sev-
peptide or protein pulsed on HLA-DR13-matched EBV B cells, buteral rounds of in vitro stimulation. Furthermore, candidate peptides
not MAGE-3"/DR13" tumor cells (13). However, in another study, identified by using the immunized transgenic mice are likely to be
CD4" T cells generated from PMBC stimulated with peptides pre peptides that are naturally processed and presented on the cell surface.
dicted by a computer-assisted algorithm were capable of recognizinghis may increase the likelihood that peptide-specific CD4cells
both peptide pulsed on EBV B cells and MAGE/BR11" tumor can recognize tumor cells as well. Finally, the use of PBMC from a
cells (15). In the case of NY-ESO-1, we show in this study that CD4 patient (TE), who developed a high titer of Ab and a high precursor
T cells can recognize the NY-ESO-1 protein or peptide pulsed orfrequency of CTL against NY-ESO-1, may make it easier to generate
DR4-matched EBV B cells as well as tumor cells expressing NY-tumor-specific CD4 T cells because both Ab production and CTL
ESO-1 (Figs. 3 and 4). Utilization of HLA-DR transgenic mice may require the help of CD4 T cells. This approach has been used to
have advantages in identifying putative peptides because immunizedentify a number of MHC class Il-restricted T cell epitopes from
transgenic mice presumably have a high precursor frequency of sp&nown autoantigens involved in autoimmune disease (29). Therefore,
cifically reactive T cells. Once candidate peptides were identifiedthe strategy used in this study may be applicable to many other known
CD4* T cells could be generated from PBMC stimulated with-syn MHC class I-restricted tumor Ags, while other strategies such as a
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whole NY-ESO-1 protein were weakly recognized when pulsed on

F049mel(DR4+,ESO+) DR1" 586 EBV B cells. The recognition was specifically blocked
by anti-DR Ab, but not anti-class | Ab and control Ab (data not
1359mel(DR4+ ESO+) shown). TE4-1 cells also only recognized DR1-positive tumor cell

line FO50 mel expressing a high level of NY-ESO-1, but not DR1-
positive1300 mel expressing a low level of NY-ESO-1 (Fig. 4).
Thus, this T cell recognition may be explained by two possibilities.
The peptide ESO p116-135 may be promiscuous and can be rec-

FO50mel(DR1+,ESO+)

397mel(DR-,ESC+) ognized by TE4-1 in the context of either DR1 or DR4, but with
different affinities. It has been shown that T cells can degenerately
1300mel(DR1+,ESO*low ) recognize peptides presented by multiple HLA class Il alleles (30,

31). Alternatively, ESO p116-135 might bind to DR1 molecule.
The carried-over peptide is subsequently released and presented to
each other by DR4-positive TE4-1 T cells. T cell-T cell presenta-
tion has been reported in CD4TIL1363 (17).

Clinical trials using peptides derived from tissue-specific differ-

624.38mel(DR-,ESO+)

526mel(DR4+ ESO-)

Y v Y v Y 1 entiation Ags such as gp100 showed some evidence of therapeutic
0 200 400 600 800 1000 efficacy in the treatment of patients with melanoma (3). Although
GM-CSF secretion (pg/ml) no significant toxic side effects were observed in the patients

FIGURE 4. Recognition of tumor cells by the CDA4T cell line TE4-1. treated with the modified gp100 peptides, vitiligo or depigmenta-
All melanoma lines used as targets for TE4-1 were analyzed for the extion was often found in patients who responded to therapy (32),
pression of HLA-DR4 and NY-ESO-1 by FACS and RT-PCR, respec-suggesting that antitumor immunity induced by immunization with
tively. TE4-1 was able to recognize NY-ESO-fumor lines constitutively  self Ags may cause autoimmunity. In animal studies using TRP-1
expressing the HLA-DR4 molecule (1359 mel and F049 mel). FO50 melas an immune target, similar results (antitumor immunity and coat
expressing DR1 and NY-ESO-1 was also recognized by T cells. There wagepigmentation) were also obtained (33-35). Interestingly, antitu-
no reactivity against control targets 526 mel (DR4 positive and NY-ESO- 1 mor immunity and autoimmunity mediated by gp75/TRP-1 ap-
negative), 397 mel, 624.38 mel (DR negative and NY-ESO-1 positive), or . L
peared to involve CD4 T cells and Abs (36). Immunization of

1300 mel (DR1 positive and NY-ESO-1 weakly positive). . .

mice with human TRP-2 (37), but not murine TRP-2 (38), broke

tolerance to the self Ag, and the antitumor immunity required the

direct gene-cloning approach may facilitate the identification of un-participation of both CD4 and CD8' T cells (36). These studies
known MHC class Il-restricted tumor Ags. suggested that antitumor immunity could be mediated by either

In this study, we observed that ESO p116-135 was recognize@bs or CD8" T cells, but both require the critical help of CD4
by TE4-1 when pulsed on 293IMDRL1 cells at a relatively high cells (24, 36).
peptide concentration (Fig.B3. T cell recognition was signifi- The MHC class ll-restricted NY-ESO-1 peptides identified in
cantly reduced when peptide concentrations decreased from 33 this study may be useful in clinical applications because CTL and
3.3 uM for the peptide titration experiment (data not shown). In a Abs against NY-ESO-1 were detected in patients with cancer. Im-
separate experiment, the peptide ESO pl116-135 as well as tmunization with both MHC class |- and ll-restricted peptides or

A B

13 137

1 1
APPLPVPGVLLKEFTVSGNILTIRL 2500 = ——PGVLLKEFTVSG ESO p118-130
APPLPVPGVLLKEFTVS
APPLPVPGVLLKEFTV —&— ESO p91-110 control peptide
APPLPVPGVLLKEFT
APPLPVPGVLLKEF
APPLPVPGVLLKE
APPLPVPGVLLK
APPLPVPGVLL
LPVPGVLLKEFTVSG
PVPGVLLKEFTVSG
VPGVLLKEFTVSG
PGVLLKEFTVSG
GVLLKEFTVSG
VLLKEFTVSG
LLKEFTVSGNILTIR
LKEFTVSGNILTIRL
KEFTVSGNILTIRL 0+ T T T T ]
- None y 0 0.0033 0.033 033 3.3 33

0 500 1000 1500 2000 2500 3000
GM-CSF secretion (pg/ml)

T20zZ ‘8 fe N uo 1senb Aq /60" jounwiwi 1 :mmmy/:dny wody pepeoumoq

1088EBVB
GM-CSF secretion (pg/ml)
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FIGURE 5. Characterization of the NY-ESO-1 peptide epitope recognized by TE4-Determination of the anchor positions for the HLA-DR4-
restricted NY-ESO-1 epitope. The 1088 EBV B cells were pulsed witp[200f the indicated peptides. TE4-1 cells were cocultured with the target cells
overnight before GM-CSF was measurBdPeptide titration experiment using ESO p119-130. ESO p119-130 was chosen based on its recognition shown
in A. ESO p119-130 diluted at the indicated concentrations were pulsed onto 1088 EBV B cells, which were used as targets for recognition by TE4-1.
Recognition of a control peptide, ESO p91-110, was measured only at the highest concentratiqrivbf 33
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with a purified NY-ESO-1 protein may induce NY-ESO-1-specific
CD4", CD8" T cells as well as Abs. Alternatively, patients could
be immunized with dendritic cells loaded with both class | and I
peptides or infected with recombinant viruses encoding the NY-
ESO-1 gene. Because testicular germ cells do not express MH
class | and Il molecules (39), immune responses against NY-

ESO-1 should be specific for tumor cells, and thus generate littlé8-

or no autoimmune responses. Similar studies using MHC class
I-restricted peptides of MAGE-3 or peptides pulsed on dendritic

cells indicated that while antitumor immunity (CTL responses) and!®-

slow tumor regression were demonstrated, no depigmentation/viti-
ligo or other significant side effects were observed (5, 6). Antitu-
mor immunity may be enhanced by providing tumor-specific
CD4" T cell help.
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