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Abstract
cDNAs encoding TCR α- and β-chains specific for HLA-A2-restricted cancer-testis Ag NY-ESO-1
were cloned using a 5′RACE method from RNA isolated from a CTL generated by in vitro stimulation
of PBMC with modified NY-ESO-1-specific peptide (p157–165, 9V). Functionality of the cloned
TCR was confirmed by RNA electroporation of primary PBL. cDNA for these α- and β-chains were
used to construct a murine stem cell virus-based retroviral vector, and high titer packaging cell lines
were generated. Gene transfer efficiency in primary T lymphocytes of up to 60% was obtained
without selection using a method of precoating retroviral vectors onto culture plates. Both CD4+ and
CD8+ T cells could be transduced at the same efficiency. High avidity Ag recognition was
demonstrated by coculture of transduced lymphocytes with target cells pulsed with low levels of
peptide (<20 pM). TCR-transduced CD4 T cells, when cocultured with NY-ESO-1 peptide pulsed
T2 cells, could produce IFN-γ, GM-CSF, IL-4, and IL-10, suggesting CD8-independent, HLA-A2-
restricted TCR activation. The transduced lymphocytes could efficiently recognize and kill HLA-
A2- and NY-ESO-1-positive melanoma cell lines in a 4-h 51Cr release assay. Finally, transduced T
cells could efficiently recognize NY-ESO-1-positive nonmelanoma tumor cell lines. These results
strongly support the idea that redirection of normal T cell specificity by TCR gene transfer can have
potential applications in tumor adoptive immunotherapy.

Tumor immunology has been greatly aided by the analysis of spontaneous immune responses
against defined tumor Ags in cancer patients. One of the most frequent proteins that elicit
spontaneous immune responses is NY-ESO-1 (1). NY-ESO-1 is a member of the cancer/testis
(CT)2 class of Ags (2,3). CT Ags are defined as proteins that have a restricted expression in
adult tissue to testis and transformed cells. NY-ESO-1 was identified by SEREX analysis from
a patient with esophageal cancer (1). It is a member of a multigene family located on the X
chromosome (Xq28) that includes at least two additional members, LAGE-1 and ESO-3 (4,
5). NY-ESO-1 is an attractive tumor Ag for adoptive immunotherapy because it is expressed
in a high percentage (20 – 80% at the RNA level) of common tumors, including cancers of the
breast, lung, bladder, liver, prostate, and ovary, and a subset of these cancer patients develop
Abs to NY-ESO-1 (3). NY-ESO-1 expression and patient immune responses (mainly measured
by Ab titer) can be correlated with the stage of malignancy (6–8).
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Immunization with NY-ESO-1 can induce both Ab and CD8+ CTL responses, although little
effect on cancer progression was observed in these studies (9). Adoptive immunotherapy, the
transfer of lymphocytes with highly avid antitumor activity, can mediate the regression of large
established tumors, but the generation of reactive lymphocytes is difficult, expensive, and labor
intensive (10–15). Tumor-infiltrating lymphocytes have been used in cell transfer therapies
and have been shown to recognize a variety of melanoma tumor-associated Ags (TAA). The
most commonly recognized TAA in melanoma is the MART-1, a melanocyte differentiation
Ag, which is expressed in ~90% of melanomas, whereas NY-ESO-1 is expressed in ~34% of
melanomas (1). In a recent trial of adoptive immunotherapy using anti-TAA-reactive T cells
after nonmyeloablative lympho-depleting chemotherapy, 46% of patients with metastatic
melanoma exhibited an objective regression (16). In two of these patients, repopulation of
lymphocytes was associated with a distinct oligoclonal T cell expansion (as detected by TCR
Vβ analysis) of MART-1-reactive cells and near total regression of their tumor burdens. These
results suggest that T cells targeted to tumor Ags can mediate the regression of large solid
tumors.

We recently demonstrated, using retroviral vector-mediated gene transfer, transfer of TCR
genes encoding a highly avid anti-gp100 TCR into bulk populations of tumor-infiltrating
lymphocytes and PBL-mediated, HLA-A2-restricted effector functions, including cytokine
release and cell lysis (17). These results may have significant potential impact on the ability
to treat cancer patients using adoptive immunotherapy if TCR genes to more widely expressed
TAA can be identified. In this report, TCR specific to the NY-ESO-1 CT Ag were isolated and
used to construct retroviral vectors, which were shown to transfer anti-NY-ESO-1 effector
functions to normal primary human T cells. TCR gene vectors, directed against common tumor
Ags, have the potential to be used to treat large numbers of cancer patients with their own
transduced T cells without the need to identify antitumor T cells uniquely from each patient.

Materials and Methods
Patient PBMCs and cell lines

All PBMCs used in this study were obtained from metastatic melanoma patients treated at the
Surgery Branch, National Cancer Institute (NCI), National Institutes of Health. The cell lines
used included PG13 gibbon ape leukemia virus-packaging cell line (American Type Culture
Collection (ATCC) CRL 10,686), the human lymphoid cell lines SupT1 (ATTC CRL-1942)
and T2 (18), and the ecotropic packaging cell line, Phoenix Eco (provided by G. Nolan,
Stanford University, Stanford, CA). SupT1 is a human T cell leukemia cell line with
chromosomal translocations involving both the α and β TCR genes that prevent surface
expression of the endogenous TCR complex. T2 is a lymphoblastoid cell line deficient in TAP
function, whose HLA class I proteins can be easily loaded with exogenous peptides (18).
Melanoma lines, 1300mel (NY-ESO-1+,HLA-A2+), 1363mel(NY-ESO-1+,HLA-A2+),
1390mel(NY-ESO-1+,HLA-A2+), 624mel(NY-ESO-1+,HLA-A2+), 624.38mel(NY-
ESO-1+,HLA-A2+), 1359mel(NY-ESO-1+,HLA-A2−), 526mel(NY-ESO-1−,HLA-A2+), and
586mel(NY-ESO-1+,HLA-A2−), were generated at the Surgery Branch from resected tumor
lesions, as previously described (19). Nonmelanoma tumor cell lines NCI-H345(NY-
ESO-1+,HLA-A2+), NCI-H526(NY-ESO-1+,HLA-A2+), LN-18(NY-ESO-1+,HLA-A2+),
Saos-2(NY-ESO-1+,HLA-A2+), MDA453s (NY-ESO-1+,HLA-A2−), and LNZTA3WT4
(NY-ESO-1−,HLA-A2+) were provided by ATCC, and TC-71(NY-ESO-1+,HLA-A2+), SKN-
AS(NY-ESO-1+,HLA-A2−) were provided by S. L. Topalian (NCI) (20). All cell lines
described above were maintained in R10 (RPMI 1640; Invitrogen Life Technologies)
supplemented with 10% FCS (Biofluid). Culture medium (CM) for T lymphocytes was RPMI
1640 supplemented with 0.05 mM ME, 300 IU/ml IL-2 (Chiron) plus 10% human AB serum
(Valley Biomedical). The HLA-A2-restricted T cell TE8-1 clone 8F (TE8-1-8F) was derived
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from a bulk line generated by in vitro stimulation using NY-ESO-1 157–165, 9V (p157–165V)
peptide variant (21). This T cell clone recognized both p157–165 and p157–167 NY-ESO-1
peptides (22).

Peptide synthesis
The synthetic peptides used in this study were made using a solid phase method on a peptide
synthesizer (Gilson) at the Surgery Branch of NCI. The quality of each peptide was evaluated
by mass spectrometry (Biosynthesis). The sequences of the peptide used in this study are as
follows: NY-ESO-1 p157–165, SLLMWTTQC; NY-ESO-1 p157–165V, SLLMWTTQV;
NY-ESO-1 p157–168, SLLMWTTQCFLP; NY-ESO-1 p161–180,
WITQCFLPVFLAQPPSGQRA (an HLA-DP4-restricted epitope); and gp100 209 –217,
Mart-1 27–35 (23).

Cloning of NY-ESO-1-specific, HLA-A2-restricted TCR α and β cDNA
Total RNA was extracted with TRIzol Total RNA Isolation Reagent (Invitrogen Life
Technologies) from CTL clone TE8-1-8F. One microgram of total RNA was used to clone the
TCR cDNAs by a RACE method (GeneRacer Kit; Invitrogen Life Technologies). Before
synthesizing the single-strand cDNA, the RNA was dephosphorylated, decapped, and ligated
with an RNA oligonucleotide according to the instruction manual of the 5′RACE GeneRacer
Kit. SuperScript II RT and GeneRacer oligo(dT) were used for reverse transcribing the RNA
oligo-ligated mRNA to single-strand cDNAs. 5′RACE was performed using the 5′GeneRacer
primer and the 3′primer of gene-specific primer TCRCAR (5′-GTTAACTAGTTCAGCT
GGACCACAGCCGCAGC-3′), TCRCB1R (5′-CGGGTTAACTAGTTCA
GAAATCCTTTCTCTTGACCATGGC-3′), or TCRCBR2 (5′-CTAGC
CTCTGGAATCCTTTCTCTTG-3′)) as 3′ primers for TCR α-, β1-, and β2-chains,
respectively. The PCR products were cloned into pCR2.1 TOPO vector (Invitrogen Life
Technologies) and then transformed into One Shot TOP10 Competent Escherichia coli
(Invitrogen Life Technologies). Plasmid DNAs were prepared from 32 individual clones, 16
clones from TCR α-chain cDNA and 16 clones from TCR β-chain cDNA. Full-length inserts
of all 32 plasmids were sequenced to determine the vα/vβ usage in the CTL clone TE8-1-8F.

Construction of retroviral vectors
The retroviral vector backbone used in this study, pMSGV1, is a derivative of the vector
pMSGV (murine stem cell virus (MSCV)-based splice-gag vector), which uses an MSCV long
terminal repeat (LTR) (24) and contains the extended gag region and env splice site from vector
SFGtcLuc+ITE4− (25). Vector pMSGV was generated from pMINV (26) by substituting a
756-bp SpeI/XhoI fragment with a 798-bp SpeI/XhoI fragment from SFGtcLuc+ITE4− and by
replacing a 1955-bp XhoI/BamHI fragment containing a phosphoglycerate kinase (PGK)-
internal ribosomal entry site (IRES)-NEO cassette with a 47-bp XhoI/BamHI polylinker
containing unique XhoI, EcoRI, SalI, SacII, and BamHI sites. Vector pMSGV1 was derived
from pMSGV by replacing a 43-bp PmlI/XhoI fragment of pMSGV with a 76-bp PmlI/XhoI
fragment from the vector GCsap (27). The latter modification incorporates a naturally
occurring Kozak sequence to enhance translational efficiency.

Two different retroviral vectors were constructed. Each expresses both chains of the TCR. TCR
α-chain (plasmid clone 8FA2) and β-chain (clone 8FB6) cDNAs were amplified by PCR using
the following pairs of oligonucleotide primers, for 8FA2: forward primer, 5′-CT AAGCTTGC
C ATG GAA ACT CTC CTG GGA GTG TC-3; and reverse primer, 5′-CT GCG-GCCGC
TCTAGA TCA GCT GGA CCA CAG CCG CAG-3′; and for 8FB6: forward primer, 5′-CT
AAGCTT GCCGCC ATG GAC TCCT GGA CCC TCTG-3′; and reverse primer, 5′-CT
GCGGCCGC CTCGAG TCA GAA ATC CTT TCT CTT GAC CAT G-3′, to introduce
appropriate restriction enzyme sites for subcloning. Vector MSGE1AIB (AIB) or MSGE1APB
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(APB) was assembled by ligation of four DNA fragments: pMSGV1 (NcoI/XhoI), TCR α
cDNA (NcoI/XbaI), IRES (28), or PGK promoter (XbaI/HindIII), and TCR β cDNA (HindIII/
XhoI). The inserts were determined by PCR and restriction enzyme digestion. PCR-amplified
TCR cDNAs and the orientation of the inserts were confirmed by DNA sequencing. pMSGIN
(GIN), is derived from the pMSGV vector and contains the GFP-IRES-Neo genes.

Generation of PG13-packaging cell clones was initiated by starting a coculture of PG13 and
Phoenix Eco cells. This coculture was then transfected with 50 μg of DNA for each construct,
AIB and APB, using the GenePorter reagent (Gene Therapy Systems). The transgene
expression was tested by intracellular staining with anti-Vβ8 Ab. Fourteen days post-
transfection, constructs AIB and APB yielded 41 and 45% of cells expressing Vβ8,
respectively, whereas control vector MSGIN yielded 55% GFP expression. Phoenix Eco cells
were removed from PG13 cells using magnetic bead negative selection (with anti-LYT-2;
Dynal Biotech) and PG13 cell clones obtained by limiting dilution. Clones were expanded,
and high titer clones were selected by the dot-blot titration method (29). Clones were
determined to be producing biologically active retrovirus vector by transduction of SupT1 cells
and analysis of FACS data (using anti-Vβ8 and anti-CD3). Southern blot analysis of packaging
cell clones was used to confirm proper vector integration and copy number.

Transduction of PBL
PBL were collected by leukopheresis, and lymphocytes were separated by centrifugation on a
Ficoll/Hypaque cushion, washed in HBSS, then resuspended at a concentration of 1 × 106/ml
in CM supplemented with 50 ng/ml OKT3 and 300 IU/ml IL-2. The lymphocytes were then
plated at 1 × 106 cells/ml in 24-well plates (Costar). The lymphocytes were cultured in vitro
for 48 h before transduction. After stimulation, lymphocytes were transduced with retroviral
vectors by transfer to culture dishes that had been precoated with retroviral vectors as
previously described (30). To coat culture plates with vector, non-tissue culture-treated, six-
well plates (BD Biosciences) were first treated with 25 μg/ml recombinant fibronectin fragment
(RetroNectin; Takara). To these plates was then added retroviral vector supernatant, and the
plates were incubated at 32°C for 2 h, followed by overnight incubation at 4°C. The following
day, plates were allowed to warm to room temperature, the supernatant was removed, and
stimulated PBL was added to each well at 1 × 106 cells/ml (4 – 6 ml/well). Cells were then
incubated overnight at 32°C, and the procedure was repeated the following day (total of two
transductions), after which the cells were expanded at 37°C in a 5% CO2 incubator and split
as necessary to maintain cell density between 0.5 and 4 × 106 cells/ml.

FACS analysis
Cell surface expression of Vβ8, CD3, CD4, and CD8 molecules on PBL was measured by
immunofluorescence using FITC-, PE-, or PerCP-conjugated Abs, as directed by the supplier
of anti-TCR Vβ8 (Immunotech) and all others (BD Biosciences). For analysis, the relative log
fluorescence of live cells was measured using a FACScan flow cytometer (BD Biosciences).
Intracellular cytokine staining was performed using BD FastImmune intracellular cytokine
detection kits as directed by the manufacturer (BD Biosciences). An IFN-γ secretion assay
detection kit (Miltenyi Biotec) was used for the cytokine secretion assay. Responder cells (5
× 105) and peptide-pulsed T2 cells (5 × 105) were cocultured in a 1-ml volume in 24-well tissue
culture plates for 1 h, and the secretion of IFN-γ was detected as directed by the manufacturer.
In brief, after coculture, the cells were incubated with IFN-γ catch reagent at 10 μl/1 × 106 cells
on ice for 10 min, then cultured at 37°C in an excess amount of medium for 45 min to capture
the secreted IFN-γ on the cell surface. The captured IFN-γ was then detected by addition of
PE-anti-IFN-γ Ab to the cells, and the cells were subjected to flow cytometric analysis.
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Cytokine release assays
PBL cultures were tested for reactivity in cytokine release assays using commercially available
ELISA kits (IFN-γ, GM-CSF, TNF-α, IL-4, and IL-10; Endogen). T2 cells were pulsed with
peptide (1 μg/ml, or as described in figures) in CM for 3 h at 37°C, followed by washing (three
times) before initiation of cocultures. For these assays, 1 × 105 responder cells (PBL) and 1 ×
105 stimulator cells (T2) were incubated in a 0.2-ml culture volume in individual wells of 96-
well plates. In experiments in which melanoma cells served as stimulator cells, 5 × 104 tumor
cells were used in the same volume. Stimulator and responder cells were cocultured for 24 h
for all cytokines, except TNF-α, which was measured after 6 h of incubation. Cytokine secretion
was measured in culture supernatants diluted so as to be in the linear range of the assay.

51Cr release assay
The ability of the transduced PBL to lyse HLA-A2+ melanoma targets was measured using
a 51Cr release assay as described in detail previously (19). Briefly, 1 × 106 melanoma cells
were labeled for 1 h at 37°C with 200 μCi of 51Cr (Amersham Biosciences). Labeled target
cells (5 × 103) were incubated with effector cells at the ratios indicated in the text for 4 h at
37°C in 0.2 ml of complete medium. Harvested supernatants were counted using a Wallac 1470
Wizard automatic gamma counter (Wallac). Total and spontaneous 51Cr release were
determined by incubating 5 × 103 labeled targets in either 2% SDS or medium for 4 h at 37°
C. Each data point was determined as an average of quadruplicate wells. The percent specific
lysis was calculated as follows: % specific lysis = ((specific 51Cr release − spontaneous 51Cr
release)/(total 51Cr release − spontaneous 51Cr release)) × 100.

RT-PCR detection of NY-ESO-1-expressing cells
Total RNA isolated from 42 nonmelanoma tumor lines was subjected to RT-PCR to determine
NY-ESO-1 expression using the Titan One Tube RT-PCR System (Roche). NY-ESO-1-
specific primers (forward primer, 5′-ACCTCTAGAAGGCTCCGGAGCCATGCAG -3′;
reverse primer, 5′-AGGGAAAGCTGCTGGAGACAG-3′) and GAPDH-specific primers
(forward primer, 5′-GTCAACGGATTTGGTCGTATT-3′; reverse primer, 5′-
AGTCTTCTGGGTGGCAGTGAT-3) were used. RT-PCRs were conducted according to the
instructions provided with the Titan One Tube RT-PCR System. Briefly, 0.1–1 μg of total RNA
was used for each 50-μl reaction, and RT-PCR was subjected to GeneAmp PCR System 9700
(Applied Biosystems) for 30 min at 50°C, followed by 2 min at 94°C and 35 cycles at 94°C
for 20 s, 60°C for 20 s, and 72°C for 1 min. PCR products were visualized on 1.0% agarose
gels by ethidium bromide staining. The expected PCR product sizes for NY-ESO-1 and
GAPDH are 487 and 540 bp, respectively.

Results
Cloning functional NY-ESO-1-specific and HLA-A2-restricted TCR αβ cDNA

To determine Vα and Vβ usage information for CTL clone TE8-1-8F, total RNA was isolated
and subjected to the 5′RACE procedure. Thirty-two individual cDNA clones for both α- and
β-chains were fully sequenced from two separate PCRs. Sequence data demonstrated that
Vα3.1 (TRAV17) and Vβ.2 (TRBV12-4) were the TCR genes present in the CTL TE-8-1-8F.

Before generating retroviral vector constructs, the function of the TCR αβ pair was tested by
RNA electroporation of stimulated primary PBL. Greater than 90% gene expression was
achieved when in vitro transcribed GFP RNA was electroporated into the PBL (Fig. 1A).
Approximately 60% transgene expression was achieved (based on the detection of Vβ8
expression) when both TCR α- and β-chain RNAs were electroporated into stimulated PBL
(Fig. 1B). To test the function of the TCR RNA, transfected PBLs, T2 cells, or autologous
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HLA-A2+ dendritic cells were pulsed with peptide and cocultured with NY-ESO-1 TCR,
Mart-1 TCR, or GFP RNA-electroporated PBLs. Both NY-ESO-1 and Mart-1 Ag-specific
recognitions were detected by IFN-γ secretion (Fig. 2). These functional HLA-A2-restricted
and NY-ESO-1-specific TCR α- and β-chain cDNAs were used for retroviral vector
construction.

Retroviral vector construction and transduction of target cell line
Two retroviral vectors, MSGE1AIB (AIB) and MSGE1APB (APB), harboring the α- and β-
chain cDNAs were constructed. Both constructs used the retroviral MSCV LTR to drive the
expression of α gene with the β gene governed by an IRES (AIB) or an internal PGK promoter
(APB; Fig. 3). Four packaging cell clones from each construct with the highest physical titer
were selected and used to transduced the human T cell line SupT1, and CD3 and Vβ8 expression
were assayed by FACS analysis (Table I). CD3 and Vβ8 expression of the transduced SupT1
ranged from 37–79% and from 10–64%, respectively. The transduction efficiency was highly
correlated with the titer determined by dot-blot hybridization of the packaging clones (Table
I). Clones AIB38 and APB30 exhibited both high physical titer and high transduction
efficiency, and these two constructs were chosen for additional study.

Functional tests of the TCR-transduced PBL
To engineer PBL with the anti-NY-ESO-1 TCR vector, we used a method of preloading vector
onto culture plates, followed by the addition of stimulated T cells. Transduction was started
on day 2 poststimulation, and 2 days after the last transduction, cells were harvested, stained
for CD8 and Vβ8, and subjected to FACS analysis. Examples of transductions for APB and
AIB are shown in Fig. 4 (background staining for untransduced PBL using anti-Vβ8 was <2%;
data not shown).

To determine whether TCR-transduced PBL could mediate the release of effector cytokines,
PBL were transduced with packaging cell clones AIB38 and APB30 and cocultured with T2
cells pulsed with NY-ESO-1- or gp100-specific peptide. Ag-specific IFN-γ release was
detected in cocultures of peptide-pulsed T2 cells with both AIB38- and APB30-transduced
PBL, with a higher level of cytokine secretion for APB30-transduced PBL (Table II). The low
level IFN-γ release by AIB38-transduced PBLs was correlated with the lower transduction
efficiency of AIB38 compared with APB30 (Fig. 4). Therefore, the packaging cell clone
APB30 (subsequently referred to as APB) was used for additional study.

Vector APB was used to transduce PBL from three different donors. The percentage of
Vβ8+ cells ranged from 32– 43% (Fig. 5). To determine the avidity of the transduced PBL,
APB-transduced PBLs were cocultured with T2 cells pulsed with different concentrations of
peptide. Except that APB-transduced PBL2 had little detectable TNF-α release, all APB-
transduced PBLs specifically released IFN-γ, GM-CSF and TNF-α (Table III). The engineered
PBL populations were capable of releasing cytokines at peptide concentrations as low as 20
pg/ml.

To determine the relative reactivity of individually transduced PBL in the bulk transduced cell
population, we subjected the transduced cells to a cytokine catch assay. Transduced PBL (40%
positive by Vβ8 staining; Fig. 6A) or mock-transduced cells were incubated with peptide-
pulsed T2 cells to stimulate cytokine production (Fig. 6B). IFN-γ secretion was captured at the
cell surface and quantitated by FACS. Twenty-one percent of the transduced PBL was
demonstrated to be actively secreting IFN-γ in this short term (45-min) assay, whereas there
was no increase in IFN-γ secretion by the control cells or when transduced cells were incubated
with an irrelevant peptide (Fig. 6B).
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FACS analysis (Figs. 4 and 5) and our previous observations (17) suggest TCR gene transfer
into both CD8+ and CD4+ T cells. To determine the relative activities of these anti-NY-ESO-1
TCR-transduced cell types, CD4+ T cells from bulk populations of transduced PBLs were
selected using CD4 magnetic beads (the negative population was used as the CD8+ control),
then further depleted of CD8+ cells with CD8 magnetic beads. The purity of CD4+ T cells was
99.81% (data not shown) after this positive/negative selection procedure. Bulk PBL, CD8+ T
cells, and purified CD4+ T cells (TCR- or control vector-transduced) were cocultured with
NY-ESO-1 peptide-pulsed T2 cells, and cytokine production was determined (Table IV).

TCR vector-transduced CD4+ T cells secreted IFN-γ in response to NY-ESO-1 peptide-pulsed
T2 cells (Table IV). The response to NY-ESO-1 peptide measured by IFN-γ levels was ~100-
fold lower for transduced CD4+ than the unseparated PBL or CD8+ T cells. As measured by
GM-CSF production, the NY-ESO-1-specific peptide reactivity of engineered CD4+ T cells
was ~10-fold less than bulk PBL or CD8+ cells. Only TCR-engineered CD4+ T cells secreted
measurable amounts of IL-4 and IL-10 upon coculture with NY-ESO-1-specific, peptide-
pulsed T2 cells (data not shown). These results may partially explain the different cytokine
production levels in the bulk populations of transduced PBL (Fig. 5), because TCR-transduced
CD4 T cells produced higher GM-CSF and lower IFN-γ levels than TCR-transduced CD8 T
cells.

Recognition of melanoma cell lines by TCR-transduced PBLs
It has been reported that 34% of melanoma tumors express NY-ESO-1 (1). To determine
antimelanoma reactivity, a panel of melanoma cell lines was cocultured with TCR vector-
transduced PBLs or control vector-transduced PBL. Only HLA-A2 and NY-ESO-1 double-
positive melanoma specifically stimulated TCR-transduced T cells to secrete IFN-γ (Fig. 7).
We next measured lysis of melanoma cell lines by the engineered PBL in a 4-h 51Cr release
assay. NY-ESO-1 TCR-transduced, but not control vector-transduced, PBL could efficiently
kill NY-ESO-1 peptide-pulsed T2 cells (Fig. 8A) and NY-ESO-1/HLA-A2 double-positive
melanoma cell lines, 624.38mel (Fig. 8B) and 1390mel (Fig. 8C) There was little or no lysis
observed in gp100 peptide-pulsed T2 or non-HLA-A2 (586mel) or non-NY-ESO-1 (526mel)
melanoma cell lines, and control vector-transduced cell populations were nonreactive.

Recognition of nonmelanoma tumor lines
Total RNA isolated from 42 nonmelanoma tumor lines was subjected to RT-PCR to determine
NY-ESO-1 expression. Seven of these 42 lines (17%) were positive for NY-ESO-1 (data not
shown). Among these seven lines, five tumor lines are HLA-A2 positive. Two HLA-A2-
negative lines (SKN-AS and MDA-453s) were transduced with HLA-A2 retroviral vector and
designated SKN-AS-A2 and MDA-453s-A2. TCR- or control vector-transduced PBLs were
cocultured with these NY-ESO-1-positive nonmelanoma tumor lines. All the NY-ESO-1/
HLA-A2 double-positive nonmelanoma tumor lines, but not the negative control, and two
HLA-A2-negative tumor lines (SKN-AS and MDA-453s) were specifically recognized by
TCR-transduced T cells (Fig. 9). To determine whether the nonmelanoma tumor lines were
capable of being lysed by TCR-transduced T cells, breast cancer line MDA-454s-A2 and
neuroblastoma line SKN-AS-A2 were used as targets in a 4-h 51Cr release assay. HLA-A2-
restricted, NY-ESO-1-specific lysis was observed for these nonmelanoma tumors when
cocultured with TCR-transduced PBL (Fig. 10).

Discussion
Adoptive immunotherapy using melanoma reactive T cells has recently been demonstrated to
mediate the regression of large established tumors in ~46% of patients (16). There are several
limitations to this current therapy, including the difficulty of isolating and expanding
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autologous tumor-reactive T cells for each patient. Introduction of antitumor Ag TCR genes
has been proposed as a method to produce antitumor lymphocytes for the immunotherapy of
cancer without the need to isolate tumor-reactive T cells (31–33). This proposition requires
that there exist tumor Ags common to divergent human cancers and that tumor-reactive TCR
can be isolated from the appropriate T cells that recognize these natural tumor Ags.

Although adoptive immunotherapy can be effective in melanoma, it has only rarely been
attempted in other tumor types because of the difficulty of isolating highly tumor-reactive T
cells in nonmelanomas. The NY-ESO-1 Ag is expressed in ~30% of melanomas, but it is also
expressed in a high percentage of common epithelial tumors, such as breast cancer, lung cancer,
prostate cancer, and many types of sarcomas. Most tumor Ags identified to date are nonmutated
self-Ags, and thus, antitumor immune responses must break immunological tolerance. In the
case of CT Ags such as NY-ESO-1, expression is restricted to testicular germ cells and certain
cancers. This may be one explanation for the relatively high immunogenicity of NY-ESO-1 in
cancer patients (2). This is the first report of the transfer of a native TCR gene into human cells
that has the potential to redirect T cells to kill a variety of common human cancers.

The TCR used in this report was isolated from PBL of a melanoma patient who received
repeated in vitro immunizations with NY-ESO-1-specific peptide (21,22). T cells transduced
with retroviral vectors expressing the α- and β-chains for this receptor demonstrated HLA-A2-
restricted, NY-ESO-1-specific effector T cells functions, as measured by cytokine release and
cell lysis. We routinely observed that ~40% of PBL in a bulk population were transduced, as
measured by the expression of anti-NY-ESO-1 TCR Vβ8. This level of gene transfer was
obtained without selection and was sufficient to produce a biologically active population of
cells. This level of gene transfer also minimized multiple vector integration events, a potential
safety concern for clinical applications. The significance of the difference in the number of
TCR Vβ8-positive (40%) vs IFN-γ capture-positive (21%) cells remains to be determined (Figs.
5 and 6). These differences could be related to technical aspects of the assays, such as
differences in Ab affinities or to the fact that the capture assay is a short term (a 45-min
incubation) assay. It is also possible that because of random pairing between the transduced
TCR chains and the endogenous TCR chains, overall biological activity may be lessened by
these nonproductive pairings. These results are similar to our previous work on anti-gp100
TCR gene transfer, demonstrating 22% positively staining cells by intracellular IFN-γ FACS
analysis where ~40% of the cells were positive for Vβ staining.

TCR genetic engineering has been suggested as a way to bypass tolerance to TAA. Although
many cellular components are potentially responsible for the avid recognition of TAA, the
TCR is the main component of this activity (34,35). High avidity of the anti-NY-ESO-1-
transduced T cells was demonstrated by their ability to recognize T2 cells pulsed with low
amounts of peptide (20 pM; Table III) and the ability to recognize naturally processed peptide
found on the surface of diverse HLA-A2-positive tumor cell lines (Figs. 6 –10).

The highly avid nature of this particular TCR was also suggested by its ability to function in
a CD8-independent manner. CD4+ T cells transduced with the NY-ESO-1 TCR vector were
purified free of CD8 cells and were shown to produce both IFN-γ and GM-CSF cytokines after
coculture with peptide-pulsed cells (Tables IV). The avidity of TCR engineered on CD4+ cells
was ~2 logs lower than that of the engineered CD8+ TCR-containing T cells or unseparated
PBLs, suggesting that CD8-MHC class I interactions stabilize and enhance effector function.
Although recognition of peptide-pulsed T2 cells may not reflect potential in vivo situations,
this result suggests that engineered CD4+ T cells can recognize the appropriate NY-ESO-1
peptide presented by class I HLA-A2 molecules in a CD8-independent fashion and is another
measure of the high avidity afforded by transfer of this TCR gene.
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These data demonstrate that, using retroviral vector-mediated gene transfer, we are able to
transfer TCR genes for a highly avid anti-NY-ESO-1 TCR genes into a bulk population of
PBL, and these cells demonstrate HLA-A2-restricted effector functions, including cytokine
release and cell lysis. It is important to demonstrate functional avidity by cell lysis, because
cytokine secretion and cytotoxicity are regulated independently in CD8+ T cells (36,37). These
results may have significant potential impact on the ability to treat cancer patients using
adoptive immunotherapy. If this clinical approach were to be successful, TCR genes from
tumor-reactive T cell clones would represent an “off-the-shelf” reagent that could be used to
treat large numbers of cancer patients with their own transduced T cells without the need to
identify antitumor T cells uniquely from each patient. These cells may have high specific
reactivity against cancer (such as avid T cell clones) and retain the broad diversity of T cell
functions and proliferative capacity of the bulk lymphocyte populations.

Using the appropriate anti-TAA TCRs, such as the anti-NY-ESO-1 TCR used in this study,
makes this approach applicable to a variety of common epithelial malignancies. Additionally,
it may be possible to up-regulate NY-ESO-1 expression in cancer patients by treatment with
drugs that induce DNA demethylation (38,39). Finally, we have identified MHC class II-
restricted NY-ESO-1 TCR epitopes (22,40,41), and we are currently attempting to
simultaneously engineer a population of T cells with both class I-and class II-restricted TCRs.
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FIGURE 1.
RNA electroporation of stimulated PBL. PBLs stimulated with OKT3 Ab plus IL-2 for 3 days
were electroporated with in vitro transcribed RNA at 2 μg/1 × 106 cells. NY-ESO-1 and Mart-1
TCR α- and β-chain RNAs were generated by in vitro transcription of PCR-amplified templates
bearing T7 promoter and poly(A) tail at the 5′ and 3′ ends, respectively (15). Twenty hours
after electroporation, gene expression was determined by FACS analysis. GFP expression of
RNA-electroporated PBL was compared with PBL electroporated with same amount of GFP
RNA and additional β-chain RNA (8FB6; 2 μg/1 × 106; A). Mart-1 TCR and NY-ESO-1 TCR
α- and β-chain RNA were electroporated into PBLs, Vβ12 (Mart-1) and Vβ8 (NY-ESO-1)
expression were detected after electroporation.
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FIGURE 2.
IFN-γ production of TCR RNA electroporated PBL. Three-day stimulated PBL were
electroporated with NY-ESO-1 TCR RNA (NY-ESO-1), Mart1 TCR RNA (Mart-1), or GFP
RNA (GFP) and cocultured with peptide-pulsed autologous dendritic cells (DC) or T2 cells.
The peptides used were HLA-A2-restricted NY-ESO-1 (p157–165V; ESO-1) and Mart-1
(Mart) and HLA-DP4-restricted NY-ESO-1 (p161–180; ESO II).
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FIGURE 3.
NY-ESO-1 TCR retroviral vectors. Diagrams of two retroviral vectors used to transfer and
express the TCR genes from CTL clone TE8-1-8F. In vector MSGE1AIB (AIB), the expression
of both α- and β-chains is mediated by the LTR, with translation coupled by the use of an IRES
element. In vector MSGE1APB (APB), the expression of the α-chain is mediated by the vector
LTR gene promoter, whereas β-chain expression is driven by an internal PGK gene promoter.
Restriction enzymes used for cloning of the vector are indicated.
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FIGURE 4.
Transduction of PBLs with TCR retroviral vectors. FACS profile of PBL from a melanoma
transduced with supernatant from TCR vector clone AIB38 (AIB) and clone APB30 (APB).
Cells were double-stained with anti-Vβ8 and anti-CD8, and the percentage of positive cells is
indicated.
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FIGURE 5.
Vβ8 expression of APB-transduced PBLs. PBLs from three patients were transduced with TCR
vector APB. Vβ8 and CD8 expressions of transduced PBLs from these three donors are shown;
the percent positive cells is indicated. Background staining for Vβ12 in PBL3 was <1%.
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FIGURE 6.
Cytokine secretion staining of transduced CD8 T cells. A, Vβ8 staining of NY-ESO-1 TCR-
transduced PBL (APB) and nontransduced PBL (NV) used in the cytokine secretion assay.
B, The resultant FACS dot plots for control PBL (NV) or PBL transduced with NY-ESO-1
TCR vector (APB). Cells were cocultured with T2 cells pulsed with either HLA-A- specific
gp100 peptide 209 –217 (210M) or NY-ESO-1 peptide 157–165v. Cells were gated for CD3-
plus CD8-positive cells. The percentage of positive cells for IFN-γ secretion is shown.
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FIGURE 7.
Melanoma reactivity of TCR-transduced PBL. APB TCR vector-transduced PBL were
cocultured with a panel of melanoma cell lines. After coculture, IFN-γ levels were determined
in culture medium from TCR vector-transduced PBL (APB) or control vector-transduced PBL
(MSGIN). NY-ESO-1 and HLA-A2 expressions of the melanoma cell lines are indicated.
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FIGURE 8.
Lysis of melanoma cell lines. TCR-transduced PBL was tested in a 51Cr release assay. A, TCR-
(APB) or control vector- (GIN) transduced PBL were cocultured with 51Cr-labeled, NY-ESO-1
peptide-pulsed (ESO, p157–165) T2 cells or gp100 peptide-pulsed (GP100) as a negative
control. B and C, The NY-ESO-1+,HLA-A2+ melanoma cell line 1390mel (B) or 624.28mel
(C) was labeled with 51Cr, then cocultured with TCR- (APB) or control vector- (GIN)
transduced PBL. Two melanoma cell lines, 526mel (HLA-A2+,NY-ESO-1−) and 586mel
(HLA-A2−,NY-ESO-1+), were used as negative control. Cells were incubated at the indicated
E:T cell ratio for 4 h, after which the percent lysis of target cells was calculated.
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FIGURE 9.
Nonmelanoma reactivity of TCR-transduced PBL. TCR-(APB) or control vector- (MSGIN,
GIN) transduced PBL were cocultured with a panel of nonmelanoma tumor cell lines. IFN-γ
release from the coculture supernatant was determined by ELISA. HLA-A2 (A2) and NY-
ESO-1 (ESO) expressions of each cell line tested are indicated.

Zhao et al. Page 20

J Immunol. Author manuscript; available in PMC 2008 January 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 10.
Lysis of nonmelanoma tumor lines by TCR-transduced PBL. NY-ESO-1 TCR APB-transduced
PBL (B) or MSGIN-transduced PBL (A) were cocultured with 51Cr-labeled target cells as
indicated. Cells were cocultured at the indicated E:T cell ratio for 4 h, after which the percent
lysis of the target cells was calculated.
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Table I
Analysis of packaging cell clone supernatanta

Transduced SupT1

Clone No. Dot Blot (psl) CD3 (%) Vβ8 (%)

AIB27 664 37 16
AIB38 1426 52 29
AIB45 1046 37 22
AIB68 798 40 23
APB30 11926 79 64
APB52 4632 59 10
APB76 5889 73 47
APB95 3213 70 29

a
Supernatant from each individual packaging cell clone was hybridized with NY-ESO-1 β-chain cDNA (8FA5). Eight packaging cell clones with the

highest dot blot hybridization signal (physical titer) from the two constructs were tested by transduction of SupT1. Two days after the transduction, CD3
and Vβ8 expression on transduced SupT1 cells was determined by FACS. Dot blot results were expressed as relative phosphoimager-derived signal (psl)
after subtracting the background from the negative control (supernatant from GIN packaging cells).
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