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High-Affinity TCRs Generated by Phage Display Provide
CD4� T Cells with the Ability to Recognize and Kill Tumor
Cell Lines1

Yangbing Zhao,* Alan D. Bennett,† Zhili Zheng,* Qiong J. Wang,* Paul F. Robbins,*
Lawrence Y. L. Yu,* Yi Li,† Peter E. Molloy,† Steven M. Dunn,† Bent K. Jakobsen,†

Steven A. Rosenberg,* and Richard A. Morgan2*

We examined the activity of human T cells engineered to express variants of a single TCR (1G4) specific for the cancer/testis
Ag NY-ESO-1, generated by bacteriophage display with a wide range of affinities (from 4 �M to 26 pM). CD8� T cells
expressing intermediate- and high-affinity 1G4 TCR variants bound NY-ESO-1/HLA-A2 tetramers with high avidity and Ag
specificity, but increased affinity was associated with a loss of target cell specificity of the TCR gene-modified cells. T cells
expressing the highest affinity TCR (KD value of 26 pM) completely lost Ag specificity. The TCRs with affinities in the
midrange, KD 5 and 85 nM, showed specificity only when CD8 was absent or blocked, while the variant TCRs with affinities
in the intermediate range—with KD values of 450 nM and 4 �M— demonstrated Ag-specific recognition. Although the
biological activity of these two relatively low-affinity TCRs was comparable to wild-type reactivity in CD8� T cells, intro-
duction of these TCR dramatically increased the reactivity of CD4� T cells to tumor cell lines. The Journal of Immunology,
2007, 179: 5845–5854.

T cells expressing Ag-specific TCRs mediate the elimina-
tion of tumor and virally infected cells by recognition of
Ag in the form of individual peptides bound to MHC

molecules. This recognition is programmed during thymic de-
velopment where T cells undergo stringent selection processes
to ensure that only those T cells that are self-MHC-restricted
(positive selection) but not self-reactive (negative selection) are
matured and released to the periphery (1, 2). The selection pro-
cess yields a population of T cells that, while not highly self-
reactive, have the potential to recognize foreign peptides bound
to an MHC product with high specificity and sensitivity. The
TCRs on peripheral T cells, which have undergone avidity se-
lection, produce a narrow window of monomeric TCR-Ag af-
finities of between 1 and 100 �M (3, 4). Although interactions
between TCR and the restriction MHC element have been de-
tected only in the presence of specific peptides, it is believed
that this thymic-positive selection imposes (imprints) a low
self-MHC affinity onto the peripheral T cell pool (5, 6). Evi-
dence indicates that T cells require interaction with endogenous
peptide-MHC (pMHC)3 complexes for long-term survival, sug-
gesting that the continuous cross-reactivity of self Ags is

needed for maintenance of immunological memory (7–9).
Hence, an important aspect of TCR recognition and T cell bi-
ology is that positive selection generates a repertoire of T cells
that can cross-react with self-peptide Ags to ensure T cell sur-
vival but this cross-reactivity to self-pMHC occurs at affinities
too weak to trigger the T cell activation under normal physio-
logical conditions.

The narrow window of TCR-Ag-binding affinities that separate
positive and negative selection (10) limits the avidity of the T cell
for its cellular target. It has been reported that T cell avidity ap-
pears to be correlated with the efficient in vivo elimination of tu-
mor cells and virally infected cells (11, 12). Hence, studying the
behavior of T cells expressing high-affinity TCRs that are directed
at disease-specific Ags is of both theoretical and practical
importance.

Recent approaches aimed at engineering higher affinity TCRs in
vitro have been influenced by consensus crystallographic structural
data that reveal a conserved diagonal docking orientation of the
TCR �-/TCR �-chain heterodimer at the pMHC surface which
positions the CDR2 loops of both chains over the MHC groove-
flanking helices and the CDR3 loops of both chains over the bound
peptide (13). Using a yeast display approach, Holler et al. (14)
generated mutations within the �-chain CDR3 region of the mu-
rine 2C TCR to produce high-affinity TCRs outside of normal in
vivo constraints. The mutant TCR generated in their study had
�100-fold higher affinity (KD �9 nM) for the pMHC ligand while
retaining a high degree of peptide specificity with in vitro-binding
assays. When the high-affinity mutant TCR was transfected into
in both CD8� and CD8� hybridoma T cells, the transfected
CD8� cells reacted specifically to Ag but the CD8� hybridoma
was cross-reactive with self-pMHC complexes (15, 16). Using
bacteriophage display and directed molecular evolution of the
TCR CDR3 and CDR2 loops, a panel of TCRs were generated

*Surgery Branch, Center for Cancer Research, National Cancer Institute, National
Institutes of Health, Bethesda, MD 20892; and †Avidex Ltd., Abingdon, Oxon, United
Kingdom

Received for publication January 11, 2007. Accepted for publication August 7, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by the Intramural Research Program of the Center for
Cancer Research, National Cancer Institute, National Institutes of Health.
2 Address correspondence and reprint requests to Dr. Richard A. Morgan, Surgery
Branch, Center for Cancer Research, National Cancer Institute, National Institutes of
Health, 10 Center Drive, MSC 1201, Building 10, Room 3W5940, Bethesda, MD
20892-1201. E-mail address: rmorgan@mail.nih.gov
3 Abbreviations used in this paper: pMHC, peptide-MHC; wt, wild type; RCC, renal
cell carcinoma cell line; IVT, in vitro transcribed; �2m, �2-microglobulin; IRES,

internal ribosomal entry site; TIL, tumor-infiltrating lymphocyte; MSCV, murine
stem cell virus; SCT, single chain trimer.

The Journal of Immunology

www.jimmunol.org

 by guest on M
arch 12, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


with Ag affinities of up to a million times higher than wild-type
(wt) TCR (17). One of the panels of TCRs studied in this report
was directed against the epitope of the cancer/testis Ag NY-
ESO-1 (p157–165)/HLA-A2. The soluble form of these high-
affinity TCRs bound only to NY-ESO-1/HLA-A2 and not to a
panel of control peptide Ags, suggesting that the binding is
highly Ag specific. Furthermore, high-affinity TCR monomers
and tetramers showed no cross-reactivity to endogenous cellular
pMHC Ags (17, 18).

To examine whether T cells expressing these high-affinity
TCRs would exert enhanced reactivity toward tumor cells, we
introduced a panel of these high-affinity TCRs with KD values
of 4 �M, 450 nM, 84 nM, 5 nM, and 26 pM into stimulated
human PBLs. Although CD8� T cells expressing intermediate-
and high-affinity 1G4 TCR variants showed greatly increased
binding to NY-ESO-1/HLA-A2 tetramers with high Ag speci-
ficity, increasing affinity was associated with a loss of specific-
ity of the gene-modified cells. In contrast to CD8� T cells,
engineered CD4� T cells expressing intermediate-affinity TCRs
demonstrated a pronounced increase in sensitivity for recogni-
tion of target cells pulsed with the cognate peptide, and greatly
enhanced recognition of appropriate tumor targets. These re-
sults suggest that genetically modified CD4� T cells that ex-
press TCRs with intermediate affinity may be useful for TCR-
based adoptive cancer therapies.

Materials and Methods
PBL, cell lines, and RNA electroporation

All of the PBLs used in this study were from metastatic melanoma patients
treated at the Surgery Branch (National Cancer Institute (NCI), National
Institutes of Health, Bethesda, MD). Melanoma cell lines 624.38mel,
A375mel, 1390mel, 1363mel, SK32mel, 526mel, and 888mel were gener-
ated at the Surgery Branch as previously described (19). HLA-A2� and
HLA-A2� EBV-B and renal cell carcinoma cell lines (RCCs) were also
generated at the Surgery Branch as described (20). All cell lines were
cultured in medium consisting of RPMI 1640 supplemented with 10%
heat-inactivated FBS (Biofluids), 100 U/ml penicillin, and 100 �g/ml
streptomycin (Invitrogen Life Technologies). Lymphocytes were cultured
in AIM-V medium (Invitrogen Life Technologies) supplemented with 5%
human AB serum (Valley Biomedical) and 300 IU/ml IL-2 (Chiron) at
37°C and 5% CO2. The MART-1 and gp100-specific T cell clones JKF6
and L2D8 were isolated from patient tumor-infiltrating lymphocyte (TIL)
cultures (Surgery Branch, NCI). In vitro-transcribed (IVT) RNA electro-
poration of anti-CD3 Ab (OKT3) stimulated human PBLs and cell lines
was conducted as described in our previous report (21).

Peptide synthesis

Synthetic peptides used in this study were made using a solid phase method
on a peptide synthesizer (Gilson) at the Surgery Branch (NCI). The quality
of each peptide was evaluated by mass spectrometry (Biosynthesis).
The sequences of the peptide used in this study are as follow: NY-
ESO-1, 157–165 (165V) (SLLMWITQV); MART-1, 26 –35 (27L)
(ELAGIGILTV); gp100, 209 –217 (210M) (IMDQVPFSV); Flu-MP,
58 – 66 (GILGFVFTL).

High-affinity TCR �- and �-chain genes

High-affinity TCR genes were generated by bacterial phage display (17).
The 1G4 c58/c61 � TCR/� TCR in this publication is identical with
“1G4c113” or “clone 113”; c10/c1 corresponds to “clone10” and c12/c2
corresponds to “clone 12” (17). The mutated TCR �-chain c5 and �-chain
genes c59 and c100 were not previously reported (Y. Li and P. E. Molloy,
unpublished observations).

1G4 wt and high-affinity mutant NY-ESO-1/HLA-A2-specific TCR
genes were reconstructed as full-length TCR �- and �-chains (using the
TCR �-chain 2 constant region) and were designed with native interchain
disulfide bonds. The open reading frames and 5� untranslated regions of
these genes were optimized for maximal expression in human cells (22) by
GENEART. Additional, nonoptimized, TCR genes for NY-ESO-1 (ET-8F)
and gp100 were described previously (23, 24).

Single-chain trimer and retroviral vector construction

PCR primers were designed to amplify plasmid-encoded genes and intro-
duce a T7 promoter at the 5� end and a poly(A) tract at the 3� the genes for
the � and � TCR chains, � and � CD8, HLA-A2 and both NY-ESO-1
(165V)- and MART-1(27L)-single chain (peptide-�2-microglobulin
(�2m)-HLA-A2) trimers (SCT), respectively. By using these purified PCR
products as templates, RNA was generated via IVT as described pre-
viously (21). SCT PCR templates for both NY-ESO-1 and MART-1
were generated by PCR as previously described (25). The pIRES.neo.
OVA.h�2m.A201 plasmid was obtained from T. Hansen (Washington
University School of Medicine, St. Louis, MO). This plasmid encodes
the following elements starting from the N terminus: the mouse �2m
signal peptide, SIINFEKL (OVA-derived H-2Kb-restricted epitope), the
first flexible linker (G3ASG4SG4S), the mature portion of human �2m,
the second flexible linker (G4S)4, the mature portion of HLA-A201 and
its 3� untranslated region. The entire insert was then subcloned into the
NotI and HindIII sites of pCR2.1 to create pCR2.1.OVA.h �2m.A201.
The region encoding the SIINFEKL epitope is flanked by unique AgeI
site and NheI sites within the �2m signal peptide and the first linker,
respectively. For the final constructs, the SIINFEKL epitope was ex-
changed for the MART-1 or NY-ESO-1 HLA-A2-restricted epitope
(details available upon request). Positive recombinants were identified
by restriction mapping and confirmed by DNA sequencing.

The retroviral vector backbone used in this study, pMSGV, is a deriv-
ative of the murine stem cell virus (MSCV)-based splice-gag vector
(pMSGV), which uses a MSCV long terminal repeat and has been previ-
ously described (26). The TCR �-polio internal ribosomal entry site
(IRES)-TCR � DNA fragment for each pair of wt or high-affinity 1G4 TCR
chains were generated and assembled by PCR and cloned into pMSGV
(XhoI/EcoRI) to generate MSGV-TCR �-IRES-TCR � retroviral vectors.
Generation of PG13 packaging cell lines and retroviral transduction of
stimulated PBLs were conducted as previously described (23).

FACS analysis, CD4/CD8 cell separation, and
Ab-blocking assays

Cell surface expression of human CD3, CD4, and CD8 molecules on PBL
was determined by specific Ab conjugate staining (FITC- or PE-conjugated
Abs; BD Biosciences). Human V�8-, V�13.1-, and HLA-A2-specific
mAb-PE conjugates were supplied by Immunotech. PE-labeled NY-ESO-1
(165V), MART-1 (27L), and gp100 (210M) peptide/HLA-A2 streptavidin
tetramers were purchased from Beckman Coulter. Immunofluorescence,
analyzed as the relative log fluorescence of �1 � 105 live cells, was mea-
sured using a FACSCalibur flow cytometer (BD Biosciences).

CD4� and CD8� cells were separated using a magnetic bead-based
approach for both negative and positive selection of those population sub-
sets (Dynal Biotech and Miltenyi Biotec).

In Ab-blocking experiments, peptide-pulsed T2 cells (5 � 104 cells/100
�l) were incubated with each mAb at a concentration of 10 �g/ml for 30
min at 37°C in a flat-bottom 96-well plate. T cells (5 � 104 cells/well) were
then added and incubated with target cells overnight at 37°C. The super-
natants were harvested and assayed for IFN-� production by ELISA.

Cytokine release assays

PBL cultures were tested for reactivity in cytokine-release assays using
commercially available ELISA kits (IFN-�; Endogen). T2 cells were
pulsed with peptide at indicated concentrations in R/10 medium for 2 h at
37°C, followed by washing (three times) before initiation of cocultures.
Stimulator APCs and responder T cells were cocultured for 24 h. Cytokine
secretion was measured in culture supernatants diluted to be in the linear
range of the assay.

51Cr-release assays

The ability of the TCR-transduced T cells to lyse Ag-specific peptide-
pulsed target cells was measured using a 51Cr-release assay as described
previously (19). Briefly, 1 � 106 target cells were labeled for 1 h at 37°C
with 200 �Ci 51Cr sodium chromate (GE Healthcare). Labeled target cells
(5 � 103) were pulsed with peptide for 1 h and incubated with effector cells
at the ratios indicated in the text for 4 h at 37°C in 0.2 ml of R/10 medium.
Harvested supernatants were counted using a Wallac 1470 Wizard gamma
counter (PerkinElmer). Total and spontaneous 51Cr release was determined
by incubating 5 � 103-labeled target cells in either 2% SDS or R/10 me-
dium 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:
percent-specific lysis � ((specific 51Cr release � spontaneous 51Cr re-
lease)/(total 51Cr release � spontaneous 51Cr release)) � 100.
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Results
High-affinity TCRs bind pMHC tetramers with high
Ag specificity

Previous studies demonstrated that soluble versions of high-affinity
TCRs selected against NY-ESO-1 p157–165 Ag bound specifi-
cally to NY-ESO-1 peptide-HLA-A2 when assayed by Biacore
surface plasmon resonance and flow cytometry (17, 18). A selec-
tion was made of genes encoding TCR �/TCR � pairs with a wide
range of monovalent in vitro Ag-binding kinetics to determine
whether differing biological activities were observed in the multi-
valent cellular context (KD 4 �M to 26 pM, Fig. 1A). To test
whether human primary T lymphocytes expressing these TCRs
retained specificity, IVT RNA for both �- and �-chains from the
wt 1G4 or mutant TCR pairs were coelectroporated into CD8� T
cells and the transfected T cells were subjected to flow cytometry
analysis by pMHC-tetramer staining. Both wt and high-affinity
TCR-transfected CD8 T cells specifically bound to the NY-ESO-1
tetramer (they did not bind to control MART-1 and gp100 tetra-
mers, Fig. 1B). The previously reported NY-ESO-1 TCR, ET-8F
(23) bound less tetramer than the wt 1G4 (2.5 and 16%, respec-
tively, background 0.3–0.4%) suggesting that 1G4 is a higher af-
finity TCR than ET-8F.

The percentage of specific tetramer binding of the mutant high-
affinity TCR-transfected T cells were �5-fold higher than that of wt
TCR-transfected T cells. The levels of staining observed when using
an anti-V�13.1 Ab (IMMU222) were consistently lower in T cells
transfected with the mutant TCR than those observed with cells that

had been transfected with the wt TCR, while tetramer binding was
significantly higher in the cells transfected with the mutant TCRs.
These findings indicated that these mutations of the CDR3 region
change the conformation of the TCR protein and therefore, its ability
to be recognized by the anti-V�13.1 Ab, and suggest that the differ-
ences in transfection efficiency were not responsible for the enhanced
tetramer binding observed with the high-affinity TCRs.

Cellular Ag recognition by high-affinity TCR expressed on
CD8� T cells is affinity dependent

To test whether T cells redirected with high-affinity TCRs would con-
vey better function than wt TCR-expressing T cells, we compared the
function of CD8� T cells expressing the highest affinity TCRs (mono-
mer KD values ranging from 84 nM to 26 pM) with two wt TCRs by
coculture of TCR-transfected cells with peptide-pulsed T2 cells (Ta-
ble I, Expt. 1). Transfer of wt 1G4 TCR demonstrated specific cyto-
kine production to 0.1 nM NY-ESO-1 peptide. As seen in tetramer-
binding assays (Fig. 1B), CD8 cells electroporated with wt ET-8F
were less reactive (no reactivity observed below 10 nM peptide) than
1G4-engineered cells. In contrast to the wild-type TCRs, CD8 T cells
expressing high-affinity TCRs exhibited cross-reactivity as demon-
strated by recognition of MART-1 peptide-pulsed cells (Table I, Expt.
1). A lack of specificity was also observed in a second experiment
conducted using CD8� PBL cells from a different donor. In this ex-
periment, T cells transfected with the highest affinity TCR, c58/c61
(26 pM), as well as the next highest affinity TCR, c5c/100 (5 nM)
released equivalent levels of cytokine IFN-� in response to culture

FIGURE 1. High-affinity TCRs and tetramer staining. A, Summary of high-affinity TCRs used in this study. Amino acid sequences are indicated in single-letter
code with changes in sequence relative to the wt 1G4 TCR shown in bold. KD were obtained using Biacore SPR with soluble version of the selected TCRs (nd,
not determined). B, Specific HLA-tetramer binding of high-affinity TCR-transfected CD8� T cells. Flow cytometry analysis of HLA-tetramer and anti-V�13.1 Ab
staining for high-affinity NY-ESO-1/HLA-A2-restricted TCR genes electroporated as IVT RNA into CD8� T cells. Controls were NY-ESO-1 TCR ET-8F and
TIL clones L2D8 and JKF6 that are specific for gp100 and MART-1, respectively. The numbers in each quadrant indicates the percentage (%) of stained cells,
living cells gated for by propidium iodide (PI) exclusion and CD8 gated, data representative of five experiments.
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with unpulsed T2 cells (Table I, Expt. 2). The CD8� T cells trans-
fected with the TCR c12/c2 (450 nM), retained Ag specificity, but
demonstrated reduced Ag reactivity relative to T cells transfected with
the 1G4 wt TCR (Table I, Expt. 2). This lack of specific T cell rec-
ognition observed in cells transfected with the high-affinity TCR was
not due to novel hybrid � TCRs/� TCRs formed between the endo-

genously expressed and the transfected TCR chains, as no reactivity
was seen when either exogenous TCR � (c58) or � (c61) chain was
separately transfected into CD8� T cells (data not shown).

To determine whether the cross-reactivity observed for T2 cells
was HLA-A2 restricted, a panel of HLA-A2� or HLA-A2� target
cell lines were tested (Table II). Five HLA-A2� cell lines (C1R-A2,

Table I. Nonspecific production of IFN-� by TCR-transferred CD8 T cellsa

NY-ESO-1 Peptide (nM)

10 10.0 0.1 0.01 0 MART-1

Expt. 1
1G4 wt (32 �M) 17,144 (1,575) 7,447 (818) 2,195 (338) 0 ND 0
c58/c61 (26 pM) 23,745 (861) 25,569 (1,255) 22,226 (114) 23,847 (490) ND 31,148 (11,244)
c5/c100 (5 nM) 5,107 (288) 3,775 (192) 3,235 (86) 3,514 (177) ND 4,722 (155)
c10/c1 (84 nM) 5,961 (521) 5,611 (677) 3,011 (136) 3,553 (195) ND 5,992 (219)
ET-8F wt 2,683 (771) 0 0 0 0 ND

Expt. 2
1G4 wt (32 �M) 3,763 (67) 1,131 (28) 0 0 ND 0
c58/c61 (26 pM) 4,356 (200) 3,212 (33) 4,189 (145) 4,205 (62) 3,808 (117) ND
c5/c100 (5 nM) 2,603 (38) 1,893 (41) 2,441 (45) 2,410 (180) 2,182 (91) ND
c12/c2 (450 nM) 1,516 (13) 0 0 0 0 ND
ET-8F wt 381 (5) 0 0 0 0 ND
gp100 TCR 0 ND ND ND 0 ND

a IFN-� production by purified CD8 T cells electroporated with IVT RNA for wt 1G4 or mutant high-affinity TCRs. Lymphocytes were cocultured overnight
with T2 cells pulsed with serially diluted NY-ESO-1 peptide 157–165 (165V) at the indicated concentrations. Control peptide was 1000 nM MART-1 27–35.
Control TCRs were anti-NY-ESO-1 ET-8F wt and a gp100-specific TCR. Two independent electroporations were performed using different PBL donors (Expts.
1 and 2). Values in bold denote specific reactivity. Data are the mean values (picograms per milliliter) of triplicate samples, with SD in parentheses (representative
of four experiments).

Table II. HLA-A2 restriction of TCR transfected CD8 T Cellsa

Cell Line
HLA-A2

(MFI)
Peptide
conc.

1G4wt
(32 �M)

c58/c61
(26 pM)

c5/c100
(5 nM)

c10/c1
(84 nM)

wt�/c59
(4 �M) No RNA

C1R-A2 �(783) 100 nM 342 (26) 217 (15) 126 (35) 129 (2) 272 (78) 33 (25)
C1R-A2 10 nM 310 (20) 269 (2) 92 (12) 171 (42) 309 (118) 30 (7)
C1R-A2 1 nM 172 (38) 279 (5) 106 (31) 218 (62) 161 (9) 26 (7)
C1R-A2 0.1 nM 30 (7) 267 (22) 90 (20) 187 (3) 102 (8) 29 (3)
C1R-A2 8 (3) 231 (21) 68 (1) 192 (42) 73 (7) 39 (13)
C1R �(5) 100 nM 7 (2) 37 (3) 4 (2) 7 (5) 9 (4) 19 (6)
C1R 27 (6) 38 (4) 6 (2) 12 (9) 12 (8) 20 (2)
1558EBV �(450) 100 nM 1288 (195) 880 (180) 1113 (181) 793 (174) 1437 (12) 0
1558EBV 10 nM 1112 (169) 958 (192) 1049 (89) 563 (69) 1738 (119) 0
1558EBV 1 nM 0 1160 (230) 951 (306) 557 (33) 691 (63) 0
1558EBV 0.1 nM 0 1184 (192) 966 (169) 434 (238) 214 (82) 0
1558EBV 0 1042 (35) 679 (4) 306 (121) 69 (32) 0
1350EBV �(5) 100 nM 0 0 0 0 0 0
1350EBV 0 0 0 0 0 0
697EBV �(390) 100 nM 2357 (691) 2216 (431) 3659 (219) 1326 (69) 2970 (742) 0
697EBV 10 nM 1510 (225) 2055 (121) 1770 (466) 945 (66) 1913 (492) 0
697EBV 1 nM 386 (48) 1777 (129) 972 (177) 604 (58) 1155 (72) 0
697EBV 0.1 nM 0 1069 (42) 292 (6) 342 (136) 0 0
697EBV 0 1699 (335) 956 (51) 796 (67) 14 (2) 0
RCC1 �(94) 100 nM 610 (91) 509 (66) 39 (6) 183 (18) 993 (141) 0
RCC1 10 nM 175 (39) 574 (187) 0 134 (10) 305 (76) 0
RCC1 1 nM 0 526 (93) 0 64 (30) 0 0
RCC1 0.1 nM 0 541 (118) 0 53 (15) 0 0
RCC1 0 538 (25) 0 41 (4) 0 0
RCC2 �(7) 100 nM 0 0 0 0 0 0
RCC2 0 0 0 0 0 0
RCC3 �(200) 100 nM 524 (100) 385 (55) 89 (51) 328 (45) 637 (40) 75 (43)
RCC3 10 nM 108 (40) 222 (80) 33 (13) 79 (42) 320 (77) 36 (14)
RCC3 1 nM 42 (40) 269 (30) 41 (11) 59 (3) 161 (6) 50 (5)
RCC3 0.1 nM 38 (15) 345 (87) 65 (1) 125 (33) 331 (52) 17 (8)
RCC3 50 (43) 466 (24) 71 (37) 103 (12) 159 (146) 19 (7)
RCC4 �(4) 100 nM 42 (40) 34 (24) 46 (10) 58 (23) 231 (162) 14 (9)
RCC4 37 (22) 38 (18) 30 (19) 42 (22) 149 (94) 30 (5)

a IFN-� production by purified CD8 T cells electroporated with IVT RNA for wt 1G4 or mutant high affinity TCRs following co-culture with different
HLA-A2� or HLA-A2� cell lines. Stimulator cells were pulsed with serially diluted NY-ESO-1 peptide 157–165 (165V) at the indicated concentrations, and
IFN-� production was measured by ELISA (values are pg/ml). Data are the mean values of duplicate samples, with SD in parentheses, where values in bold denote
specific reactivity. HLA-A2 expression of each cell line was shown with mean fluorescent intensity (MFI) measured by flow cytometry given in parenthesis.
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1558EBV, 697EBV, RCC1, and RCC3) were pulsed with NY-
ESO-1 peptide and used as stimulators for TCR-electroporated
CD8 cells. As was observed with T2 cells, non-peptide-pulsed
stimulator cells induced cross-reactive cytokine production from
CD8 cells electroporated with TCRs c58/c61 (26 pM) and c5/c100
(5 nM); however, T cells transfected with intermediate-affinity
TCR c10/c1 (84 nM) recognized unpulsed HLA-A2� cell lines to
a varying degree. Cross-reactivity of the c10/c1 TCR (84 nM) was
observed with C1R-A2 and the two HLA-A2� EBV cell lines but
not the RCC lines. The RCC lines had lower amounts of HLA-A2
expression as determined by FACS analysis (mean fluorescence
intensity 94–220, Table II). Peptide-pulsed, as well as unpulsed,
HLA-A2� cell lines (C1R, 1350EBV, RCC2, and RCC4) failed to
stimulate significant cytokine release from any of the transfectants,
indicating that the cross-reactivity observed with the high-affinity
TCRs was HLA-A2 restricted. Cells that were transfected with a
combination of the wt �-chain and the c59 �-chain TCR (4 �M)
appeared to maintain their specificity, and had comparable or
slightly higher reactivity than those cells transfected with the wt �-
and �-chain constructs.

The effects of TCR affinity on target cell lysis were next investi-
gated. The results demonstrated that CD8� T cells transfected with
the wt 1G4 as well as the wt ET-8F TCR lyse target cells pulsed with
the NY-ESO-1 peptide but failed to lyse targets pulsed with the con-
trol influenza peptide (Fig. 2). Nonspecific killing of peptide-pulsed
T2 was observed for CD8� T cells transfected with mutant TCRs at
affinities ranging from 84 nM to 26 pM, while those transfected with
the wt �/c59 (4 �M) TCR lysed target cells pulsed with the cognate
peptide but did not lyse control targets. The cell lysis assay results
were thus consistent with data obtained from cytokine production as-
says and further demonstrated that the specificity of target cell rec-
ognition was dependent upon TCR affinity.

CD8 molecules affect the cross-reactivity of high-affinity
TCR-expressing T cells

The CD8 coreceptor protein enhances the formation of stable
TCR-pMHC complex as an active participant in the T cell rec-
ognition complex (27, 28) To examine the influence of CD8

molecules on the specificity of T cell activation observed with
the 1G4 TCR variants, studies were conducted using purified
populations of CD8� and CD4� T cells. In contrast to results in
CD8� T cells, CD4� T cells engineered with c5/c100 (5 nM)
and c10/c1 (84 nM) TCRs were Ag specific as evidenced by
both IFN-� and IL-2 production upon stimulation with NY-
ESO-1-pulsed but not with MART-1 or gp100 peptide-pulsed
T2 cells (Fig. 3A). As observed with the transfected CD8� T
cells, CD4� T cells that expressed the highest affinity c58/c61
(26 pM) TCR demonstrated cross-reactivity as evidenced by
recognition of target cells pulsed with control peptides (Fig.
3A). As previously noted, the secretion of IFN-� by CD8� T
cells expressing intermediate-affinity c10/c1 (84 nM) and
c12/c2 (450 nM) TCRs were significantly less reactive than the
CD8� T cells expressing 1G4 wt (Fig. 3A), but these same
TCRs transfected into CD4� T cells secreted both IFN-� and
IL-2 at higher amounts than when 1G4 wt TCR was transfected
into CD4� T cells (Fig. 3A, lower panels).

51Cr-release cell lysis assays were conducted to test whether
CD4� T cells expressing these high-affinity TCRs were capable of
specifically killing target cells. CD4� T cells transfected with the
1G4 wt TCR, as well as those transfected with the intermediate-
affinity TCRs, specifically lysed T2 cells pulsed with the NY-
ESO-1 peptide, whereas those transfected with the high-affinity
c58/c61 TCR lysed target cells pulsed with both the NY-ESO-1
and control gp100 peptide (Fig. 3B).

To test whether partial inactivation of CD8 function could re-
duce this TCR cross-reactivity, TCRs were transfected into CD8�

T cells and cocultured with targets in the presence of CD8-specific
Abs (Fig. 4A). In the presence of anti-CD8 Ab the TCR-transfected
T cells were still capable of responding to NY-ESO-1 peptide-
pulsed T2 cells but to a reduced level compared with the control
Ab (or no Ab) groups. To further examine the role of CD8 mol-
ecules in the nonspecific activation observed in cells transfected
with intermediate- and high-affinity TCRs, CD4� T cells that had
been retrovirally transduced with constructs encoding the 1G4
TCR variants were transfected with IVT RNAs encoding either the
CD8 �-chain alone or were cotransfected with RNAs encoding

FIGURE 2. Nonspecific lysis of
high-affinity TCR-transfected CD8�

T cells. Purified CD8� T cells were
electroporated with IVT TCR RNA
for wt 1G4, wt ET-8F, and four mu-
tated TCRs; c58/c61 (26 pM), c5/
c100 (5 nM), c10/c1 (84 nM), or wt
�/c59 (4 �M) TCR. T cells were
cocultured with 51Cr-labeled peptide-
pulsed T2 cells; 1 �M NY-ESO-1 or
1 �M Flu-MP and the amount of lysis
was determined after 4 h. GFP RNA-
transfected cells served as control.
E:T was as shown; data are represen-
tative of two experiments.
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both the CD8 �- and �-chains. The results indicated that CD4� T
cells expressing TCRs c5/c100 (5 nM) and c1/c10 (84 nM), that
were then transfected with the CD8 �- and �-chain constructs,

released significant levels of IFN-� in response to target cells
pulsed with both the specific NY-ESO-1 and the control gp100
peptides (Fig. 4B).

FIGURE 3. Specificity of high-affinity TCR-transfected CD4� T cells. A, CD8� or CD4� purified T cells were electroporated with IVT RNA from the
TCRs as indicated and cocultured with T2 pulsed with serially diluted NY-ESO-1 peptide, or 100 nM MART-1 or gp100 peptide. IFN-� production for
both CD8� and CD4� cells, and IL-2 production by CD4� cells is shown (nd, not determined; data are representative of three experiments). B, TCR-
transfected CD4� T cells were cocultured with 51Cr-labeled peptide-pulsed T2 cells; 1 �M NY-ESO-1 or 1 �M gp100 and the amount of lysis was
determined after 4 h. E:T was as shown. GFP IVT RNA-transfected cells served as control; data are representative of two experiments.

FIGURE 4. Effect of CD8 coreceptor on T
cell activation of high-affinity TCR-transfected
T cells. A, IFN-� production by TCR, or GFP
control, transfected CD8� T cells were incu-
bated with Abs as indicated and then cocultured
with 100 nM NY-ESO-1 or gp100 peptide-
pulsed T2 cells. Cytokine levels determined fol-
lowing overnight coculture; data are representa-
tive of two experiments. B, IFN-� production by
CD4� T cells retrovirally transduced with TCR
genes then electroporated with IVT RNA for
CD8�, CD8�/CD8� or GFP. Engineered CD4�

T cells were cocultured overnight with peptide-
pulsed T2 cells (100 nM NY-ESO-1 or gp100)
and cytokine levels were determined. GFP-ex-
pressing retroviral vector MSGIN served as
control.
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Enhanced recognition of tumor lines by CD4� T cells
expressing high-affinity TCR variants

One of the motivations for generating these high-affinity TCRs was
their potential application in the T cell adoptive immunotherapy of
cancer patients. To this end, we tested the recognition of a panel of
melanoma cell lines by the variant TCRs transfected into CD8� or
CD4� T cells. CD8� T cells transfected with 1G4 wt (32 �M) and
c12/c2 (450 nM) TCRs recognized only the melanoma cell lines
that are positive for both HLA-A2 and NY-ESO-1 protein, while
the other three variant TCRs tested; c58/c61 (26 pM), c5/c100 (5
nM), and c10/c1 (84 nM) recognized both NY-ESO-1 protein pos-
itive and negative tumor lines (Fig. 5A).

The CD4� T cells transfected with the 1G4 wt TCR did not
recognize any of the melanoma cell lines, presumably as a result of
the relatively low levels of endogenously peptide presented on the
surface of these target cells (Fig. 5B). In contrast, CD4� T cells
expressing the intermediate-affinity c12/c2 (450 nM) and c10/c1
(84 nM) TCRs recognized the four tumor targets expressing both
HLA-A2 and NY-ESO-1, but failed to recognize HLA-A2 targets
that did not express NY-ESO-1, indicating that they recognized
tumor targets in an HLA-restricted, Ag-specific manner. The
CD4� T cells expressing the c5/c100 (5 nM) and c58/c61 (26 pM)
TCRs both recognized the HLA-A2�/NY-ESO-1-negative mela-
noma line SK23 mel, while c58/c61 additionally recognized a second
NY-ESO-1-negative line, 526 mel (both TCRs failed to recognize the
HLA-A2�/NY-ESO-1-negative melanoma line 888mel).

Investigation into the basis of cellular cross-reactivity

The observation that RCCs that expressed relatively low levels of
HLA-A2 failed to stimulate cross-reactive cytokine production by

some of the high-affinity TCR-transfected CD8� T cells (Table II)
suggested that HLA-A2 expression levels on stimulating cells af-
fected the specific activation of these T cells. To further test this
hypothesis, varying amounts of IVT RNA-encoding HLA-A2 were
transfected into the HLA-A2-negative cell line C1R (Fig. 6A). Us-
ing these cells as targets, we demonstrated that TCR c10/c1 (84
nM) transfected CD8� T cells manifest nonspecific T cell activa-
tion that was directly correlated with the HLA-A2 expression level
(Fig. 6B).

The cross-reactivity displayed by high-affinity TCR-transfected
CD8 T cells suggested that high-affinity TCRs could exhibit in-
creased binding to some undefined endogenous Ag(s). To inves-
tigate this possibility, we transfected target cells with single-chain
peptide-�2 microglobulin-MHC trimers (SCT), which results in
the preferential expression of a single peptide in association with
the linked HLA-A2 molecule (25). HLA-A2� melanoma cell line
888mel was transfected, and similar levels of SCT expression were
observed on the cell surface (Fig. 6D). The 888mel expressing a
SCT for NY-ESO-1 p157–165 peptide was efficiently recognized
by both 1G4 wt and by three high-affinity TCR-transfected CD8�

T cells (Fig. 6C). In CD4� cells, the three mutated TCRs produced
similar levels of cytokine when cultured with the NY-ESO-1 SCT-
expressing cells, while the wt 1G4 TCR demonstrated minimal
reactivity. Cells transfected with the c5/c100 (5 nM) and c10/c1
(84 nM) TCRs did not recognize control-transfected cells express-
ing MART-1 SCT or HLA-A2 alone in either CD8� or CD4�

cells. Nonspecific activation was observed for the highest affinity
TCR c58/c61 (26 pM) in both CD8� and CD4 T� cells stimulated
with both MART-1 SCT and HLA-A2 alone (Fig. 6C), but IFN-�
secretion was always less with the MART-1 SCT than with the

FIGURE 5. Increased tumor cell line recognition
specificity by high-affinity TCR-transfected CD4� T
cells. Purified CD8� (A) and CD4� (B) T cells were
electroporated with IVT TCR RNA for 1G4 wt,
three mutant high-affinity TCRs; c58/c61 (26 pM),
c5/c100 (5 nM), and c10/c1 (84 nM), or the medi-
um-affinity c12/c2 (450 nM) TCR. T cells were
cocultured with tumor cell lines overnight and pro-
duction of IFN-� determined. HLA-A2 and NY-
ESO-1 expression by the melanoma cell lines were
as indicated. Graphs truncated as shown with abso-
lute values of cytokine production for TCR c58/c61
shown above each bar; data are representative of
four experiments.
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HLA-A2-transfected cells. This suggests the existence of endog-
enous agonist peptide-HLA-A2 Ag(s) that were recognized by the
very highest affinity TCR c58/c61 (26 pM) in the high-avidity
cell-to-cell context.

Discussion
The results from our present study support the hypothesis that
raising the affinity of a TCR by directing the free energy of binding
toward the MHC helices leads to a loss in peptide Ag specificity as
may be seen in negative selection in the thymus (14, 29). Previous
study using a soluble form of the highest affinity TCR, c58/c61 (26
pM), showed that this TCR bound to the surface of T2 APC cells
in a totally MHC-specific and peptide-dependent manner (18). Our
pMHC-tetramer-staining experiments also demonstrated specific
binding to CD8� T cells expressing this TCR (Fig. 1) and yet there
was a near complete lose of specificity when this same TCRs was
put in the context of a native T cell (Table I). This dramatic dif-
ference in sensitivity and specificity between soluble TCR mole-
cules binding to target cells and T cell-mediated recognition may
be due to the cumulative effects of the avidity of multiple TCR-
pMHC interactions, as well as to other additional interactions be-
tween T cells and target cells.

Our data indicate that the density of MHC molecules on target
cell and the presence of the CD8 coreceptor on the effector T cell
were important variables in the activation of T cells transfected
with these TCRs. Multiple studies have indicated that CD8 mol-
ecules play an important role in T cell recognition by stabilizing

binding of the TCR to pMHC complexes, as well as by enhancing
intracellular signaling, and lowering the threshold for T cell acti-
vation (27, 30–32). In the current study, incubation with an anti-
CD8 Ab increased the specificity of CD8� T cell transfected with
the high-affinity TCRs (Fig. 4A). In addition, CD4� T cells that
expressed the high-affinity 1G4 TCRs specifically recognized NY-
ESO-1�/HLA-A2� target cells, where CD8� T cells expressing
the same TCR demonstrated a lack of specificity (Fig. 5). These
observations provide evidence that the CD8 molecule plays an
important role in mediating the cross-reactivity observed with the
high-affinity 1G4 TCR.

The finding that enhanced Ag-specific recognition and cross-
reactivity to self Ags, or even peptide-independent T cell trigger-
ing, could be achieved by increasing MHC class I density on target
cells (Table II) indicates that TCR avidity for the MHC molecule
is a significant arbiter of T cell specificity, and that TCR affinities
for MHC and peptide maybe interchangeable (33, 34). This is of
biological importance, because different sites and cells in the thy-
mus express MHC at different levels to effect positive and negative
selections (35, 36). The study by Sandberg et al. (34) on the immu-
nization of �2m-deficient transgenic mice, which expressed subnor-
mal levels of MHC class I, with an H-2Db-restricted immunodomi-
nant lymphocytic choriomeningitis virus gp33 peptide, showed that
resulting CTL were specific for the gp33 epitope when loaded onto
cells with low MHC class I expression. However, unlike gp33-spe-
cific CTLs generated from normal MHC class I-expressing mice,
these CTLs also killed cells expressing high levels of self-MHC class

FIGURE 6. Density of MHC on the surface of APC affects the specificity of recognition by high-affinity TCR-expressing T cells. A, Flow cytometry
analysis of HLA-A2 expression on C1R cells transfected with increasing amount of HLA-A2 IVT RNA. B, IFN-� production by high-affinity TCR c10/c1
(84 nM) IVT RNA-transfected CD8� T cells incubated with NY-ESO-1 peptide-pulsed or nonpulsed C1R cells expressing HLA-A2 at different levels. Data
normalized to 100% for 1.3 �g of HLA-A2 RNA (values; 1234 pg/ml no peptide, 2553 pg/ml NY-ESO-1 peptide, representative of two experiments). C,
IFN-� production by purified CD8� or CD4� T cells cocultured with NY-ESO-1 or MART-1 SCT IVT RNA-transfected melanoma cell line 888mel with
HLA-A2 IVT RNA or no RNA controls. D, HLA-A2 expression of SCT or HLA-A2 RNA-transfected 888mel was shown (percentage of stained cells are
shown with mean fluorescent intensity in parentheses). Data representative of three experiments.
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I in the absence of specific peptide. Their study identified peptide-
independent triggering of a CTL clone with high avidity for
self-MHC (34).

A recent crystallographic study by Colf et al. (37) describes the
molecular basis for alloreactivity of the 2C TCR and suggest that
the main arbitrator of foreign MHC recognition by this TCR was
associated with changes in the nature of the interaction between
the TCR and the pMHC. A high-affinity version of the 2C TCR
was shown to make distinct contacts with the foreign MHC, and
such divergent interactions may also be associated with the cross-
reactivity observed with the high-affinity receptors studied herein.
Increased avidity for MHC can compensate for the lack of avidity
for peptide, suggesting that these binding force are functionally
interchangeable and can be considered separately (34, 37). Taken
together, our results and the reports by Colf et al. and Sandberg et
al. (34, 37) support the model that T cell recognition is based on
the total avidity contributed by TCR affinity for MHC, affinity for
peptide, the number of pMHC complexes, and that high-affinity
TCR may use different combinations of these interactions to me-
diate superior recognition while at the same time, displaying the
properties of cross-reactivity. The presence of the CD4 or CD8
coreceptors could amplify cross-reactivity by stabilizing the TCR:
MHC interactions.

NY-ESO-1, a member of the cancer/testis class of Ags (38, 39),
is an attractive target for tumor immunotherapy because it is ex-
pressed in a high percentage (20–80% at the RNA level) of com-
mon tumors, including cancers of the breast, lung, bladder, liver,
prostate, and ovary. Our previous study showed that human pri-
mary T lymphocytes transduced with TCR �- and �-chains iso-
lated from CTL clone ET-8F specific for HLA-A2-restricted NY-
ESO-1 p157–165 could recognize and kill diverse human tumor
cell lines but the tumor recognition was weak (23). Theoretically,
TCRs with high-ligand affinity are predicted to increase the avidity
of the T cell thereby requiring lower levels of Ags for efficient
target cell recognition. Therefore, an approach to immunotherapy
of cancers using TCR-transfected T cells may be enhanced by
using high-affinity TCRs that convey the T cells with enhanced
efficacy for eradicating tumors. TCRs c12/c2 (450 nM) and wt/c59
(4 �M), which have lower affinities relative to other TCRs gener-
ated in this study, are specific for NY-ESO-1, p157–165 peptide
and showed superior T cell activities over their wt counterparts
1G4 and ET-8F in transfected CD4� T cells (Figs. 3 and 5). Unlike
their MHC class II-restricted CD4 counterpart, high-affinity MHC
class I-restricted TCR-expressing CD4� T cells may provide ad-
ditional power to eradicate tumor cells by their direct strong tumor
recognition and killing abilities. We have recently shown that the
adoptive transfer of autologous PBLs transduced with retroviruses
encoding a wt anti-MART-1/HLA-A2-specific TCR can mediate
durable cancer regression in some patients (40), and these anti-
NY-ESO-1 high-affinity TCRs, when transferred into CD4� T
cells may have similar potential for use in clinical cancer
immunotherapy.
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