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Gene Transfer of Tumor-Reactive TCR Confers Both High
Avidity and Tumor Reactivity to Nonreactive Peripheral Blood
Mononuclear Cells and Tumor-Infiltrating Lymphocytes1
Laura A. Johnson, Bianca Heemskerk, Daniel J. Powell, Jr., Cyrille J. Cohen,
Richard A. Morgan, Mark E. Dudley, Paul F. Robbins, and Steven A. Rosenberg2
Cell-based antitumor immunity is driven by CD8ⴙ cytotoxic T cells bearing TCR that recognize specific tumor-associated peptides
bound to class I MHC molecules. Of several cellular proteins involved in T cell:target-cell interaction, the TCR determines
specificity of binding; however, the relative amount of its contribution to cellular avidity remains unknown. To study the relationship between TCR affinity and cellular avidity, with the intent of identifying optimal TCR for gene therapy, we derived 24
MART-1:27-35 (MART-1) melanoma Ag-reactive tumor-infiltrating lymphocyte (TIL) clones from the tumors of five patients.
These MART-1-reactive clones displayed a wide variety of cellular avidities. ␣ and ␤ TCR genes were isolated from these clones,
and TCR RNA was electroporated into the same non-MART-1-reactive allogeneic donor PBMC and TIL. TCR recipient cells
gained the ability to recognize both MART-1 peptide and MART-1-expressing tumors in vitro, with avidities that closely corresponded to the original TCR clones (p ⴝ 0.018 – 0.0003). Clone DMF5, from a TIL infusion that mediated tumor regression
clinically, showed the highest avidity against MART-1 expressing tumors in vitro, both endogenously in the TIL clone, and after
RNA electroporation into donor T cells. Thus, we demonstrated that the TCR appeared to be the core determinant of MART-1
Ag-specific cellular avidity in these activated T cells and that nonreactive PBMC or TIL could be made tumor-reactive with a
specific and predetermined avidity. We propose that inducing expression of this highly avid TCR in patient PBMC has the
potential to induce tumor regression, as an “off-the-shelf” reagent for allogeneic melanoma patient gene therapy. The Journal of
Immunology, 2006, 177: 6548 – 6559.
n vivo, the antitumor immune response relies on CD8⫹ CTL
recognition of antigenic tumor peptides bound to MHC class
I molecules (pMHC)3 displayed on the tumor cell surface
(1–3). Currently, an effective treatment for patients with metastatic
melanoma involves obtaining tumor-reactive T cells from excised
tumors, expanding these T cells in vitro and reinfusing them into
a lymphodepleted patient (4, 5). This treatment, commonly referred to as adoptive cell transfer (ACT), achieves a 51% objective
response rate as determined by Response Evaluation Criteria in
Solid Tumors (6). Patients must satisfy several requirements to
receive this ACT immunotherapy: they must have surgically resectable tumors, these tumors must generate viable tumor-infiltrating lymphocytes (TIL) in the laboratory, the TIL must be reactive
against tumor Ags, and these tumor-Ag reactive TIL must expand
in vitro to sufficient numbers for patient treatment. Fewer than half
of patients chosen for ACT therapy meet these treatment requirements. Of those patients that do receive ACT, the ability of each
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TIL infusion to recognize and lyse tumor can vary dramatically,
likely influencing the outcome of therapy (7–9). For many patients
with cancers other than melanoma, it is difficult to obtain tumorreactive TIL. A potential solution to these problems is the transduction of genes encoding tumor-reactive TCR into patient PBL to
convert them into tumor-reactive T cells (10 –13). This type of
experiment has recently been reported in a mouse model, showing
that T cells transduced with a retrovirus encoding a TCR against a
self-expressed OVA Ag can persist and function in vivo in OVA
transgenic mice (14).
Several groups have shown that highly avid T cells have superior function over low-avidity cells in CD8⫹ CTL-mediated immunity against tumors (15–17) and viral infections (18, 19) in
vivo. Recent results have linked high-affinity TCR with functional
avidity in vivo in a mouse model (20), suggesting that expression
of a high affinity TCR may confer high functional avidity to a T
cell. Determination of TCR:pMHC affinity can be measured directly in vitro by surface plasmon resonance evaluation of binding
interaction between the isolated proteins (21). In vivo, many factors contribute to the avidity of TCR-specific T cells interacting
with target cells displaying cognate Ag bound to MHC. While
TCR:pMHC binding is known to determine the specificity of interaction (22–24) and TCR affinity contributes to overall cellular
avidity (25, 26), additional factors also affect T cell activation. The
numbers and immune synapse clustering of TCR:pMHC interactions have been shown to play a role in T cell activation (27–31),
and additional coreceptor:ligand interactions such as CD8/MHC H
chain binding and CD28/CD80 and CD86 are also known to contribute to overall cellular avidity (8, 28, 32–35).
The substantial clinical response rate in ACT-based tumor immunotherapy demonstrates that T cells with TCR of sufficiently
0022-1767/06/$02.00
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high avidity to eliminate tumors do exist in vivo. If these TCR
were sufficient to determine cellular avidity, then the identification
of an exceptionally high avidity TCR would provide an ideal candidate gene for allogeneic TCR gene therapy. Although it has been
suggested that in vitro T cell binding of fluorescently labeled multimeric pMHC complexes may provide a surrogate measure of
TCR affinity, a number of authors have reported a disconnect between mean fluorescence intensity of tetramer staining and TCR
affinity (35–38). Several models of TCR:pMHC interaction are
suggestive that naturally occurring T cell avidity may be primarily
determined by TCR:pMHC affinity (25, 26); however, this hypothesis has yet to be tested empirically. Although there is no clear
predictive relationship between tetramer binding intensity and
functional avidity of T cells, it has recently been shown that high
avidity T cells can be identified by their ability to bind pMHC
tetramers independent of CD8 coreceptor binding (39).
In this study, multiple T cell clones reactive to the melanoma
tumor Ag, MART-1:27-35 (MART-1) (40, 41) were isolated from
TIL obtained from tumors from five different melanoma patients
treated at the National Cancer Institute, Surgery Branch. MART1-specific T cell clones from these TIL were characterized according to their ability to produce IFN-␥ in response to coculture with
MART-1 peptide or MART-1 expressing HLA-A*0201-positive
melanoma tumor cells. Clones were then evaluated for their ability
to bind MART-1:26-35(27L)/HLA-A*0201 tetramers in a CD8dependent and independent fashion. Each clone was determined to
be of high, medium, or low avidity based on their IFN-␥ production in response to coculture with MART-1 peptide-pulsed targets
and MART-1-expressing tumor cells, combined with an assessment of TCR affinity based on the ability to bind MART tetramer
in a CD8-dependent or independent manner. The genes encoding
the TCR ␣- and ␤-chains from multiple clones were then expressed in a common cell to study the degree to which the TCR
affinity determines the overall avidity of effector T cells and to
evaluate means to increase TCR expression and function.

Materials and Methods
Cell lines, TIL, and PBMC
All primary tissues and cells used in this study were obtained from patient
samples at the Surgery Branch, National Cancer Institute.
Melanoma cell lines, mel526, mel624 (MART-1⫹, HLA-A*0201⫹), and
mel888 and mel938 (HLA-A*0201⫺) were generated from resected tumor
lesions. T2 is a lymphoblastoid cell line deficient in TAP function, whose
HLA-A*0201 molecules can be readily loaded by pulsing with exogenous
peptide. Jurkat T3.5 is a CD4-restricted T cell line lacking surface expression of TCR and CD3 due to a defect in the TCR ␤-chain.
PBMC used were cryopreserved leukopheresis samples of donor blood.
TIL and tumor digests were generated from resected patient tumors, and
provided by the TIL lab (Surgery Branch, National Cancer Institute).

Cloning of MART-1-reactive TIL
Fresh melanoma tumors from three patients were digested and cultured in
vitro for 0 –14 days in presence of 6000 IU (1000 Cetus units (CU) of IL-2;
Chiron) in a 1:1 mix of Stemline medium (Sigma-Aldrich) (STEM):RPMI
1640 (Invitrogen Life Technologies) culture medium plus 10% human AB
serum (Gemini Bioproduct), HEPES, 2-ME, 100 U/ml penicillin, and 100
g/ml Fungizone. Cells were costained with a panel of TCR VB Abs
(Coulter Immunotech) and MART-1:26-35(27L)/HLA-A*0201 tetramer
(Beckman-Coulter Immunomics) at day 0, 7, and 14. The widest diversity
VB of MART-1-reactive T cells combined with the highest proportion of
MART-1-reactive cells was observed between day 7–14 and varied between patients. TIL samples were taken from the time point at which
MART-1-reactive T cell numbers and diversity were maximal and cloned
by limiting dilution at two or five cells per well in 96-well plates in the
presence of 400-fold excess 4000-rad irradiated allogeneic PBMC feeders,
30 ng/ml OKT-3, and 1000 CU of IL-2. Clones were sampled at day 14 for
their ability to produce IFN-␥ specifically in response to MART-1 peptidepulsed target cells. These TIL clones were expanded with a second exposure to irradiated PBMC feeder cells and OKT-3 in 1000 CU of IL-2.
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Evaluating cellular avidity
On day 14 of expansion, the clones were evaluated for their cellular avidity
to MART-1 Ag by measuring IFN-␥ secretion (ELISA paired Abs obtained
from Pierce Endogen) in supernatant of 18-h cocultures with titrated
MART-1 peptide on target cells or with MART-1 expressing HLA-A*0201
melanoma tumor cells. These assays were conducted with 1 ⫻ 105 effectors
and 1 ⫻ 105 target cells in 0.2 ml of RPMI 1640 ⫹ 10% FBS (Invitrogen
Life Technologies) in round-bottom 96-well plates at 37°C, 5% CO2. TCR
CD8 independence was evaluated by determining the ability of the clones
to bind to MART-1:26-35(27L)/HLA-A*0201 tetramers generated either
with an intact CD8-binding region (WT), or with this binding abrogated by
inclusion of a double mutation in the HLA-A*A0201 molecule (mut).
These tetramers were generated by the National Institute of Allergy and
Infectious Diseases tetramer facility.

TCR gene isolation
RNA was purified from each clone using Qiagen RNEasy, and 5⬘ RACE
was performed using BD SmartRace reagents and protocol, using the universal 5⬘ primer, and a 3⬘ gene-specific primer for the TCR ␣ constant
region, or C1 or C2 ␤ constant regions. Results were run on a gel and
appropriately sized bands (800 –900 bp) were excised, subcloned into
pCR2.1 (Invitrogen Life Technologies) vector, and sequenced.

In vitro TCR RNA transcription and expression in PBMC
Gene-specific oligonucleotide primers were generated for the production of
in vitro RNA transcription (IVT). 5⬘ primer design included the T7 polymerase binding sequence, followed immediately by a Kozak sequence, a
start codon and the next 19 –15 bp of V␣ or V␤ region for each TCR gene;
JKF6 B28 fwd T7 gene-specific primer 5⬘-TAA TAC GAC TCA CTA
TAG GGA GAA CCG CCA TGG GAA TCA GGC TCC TCT GTC G-3⬘;
M5 B6.5 fwd 5⬘-TAA TAC GAC TCA CTA TAG GGA GAA CCG CCA
TGA GCA TCG GCC TCC TGT GCT G-3⬘; M7 B19 fwd 5⬘-TAA TAC
GAC TCA CTA TAG GGA GAA CCG CCA TGA GCA ACC AGG TGC
TCT GCT G-3⬘; M9/20 B4.1 fwd 5⬘-TAA TAC GAC TCA CTA TAG
GGA GAA CCG CCA TGG GCT GCA GGC TGC TCT GCT G-3⬘; #17
B11.2 fwd 5⬘-TAA TAC GAC TCA CTA TAG GGA GAA CCG CCA
TGG GCA CCA GGC TCC TCT GCT G-3⬘; DMF4 B10.3 fwd 5⬘-TAA
TAC GAC TCA CTA TAG GGA GAA CCG CCA TGG CAC AAG GTT
GTT CTT C-3⬘; DMF5 B6.4 fwd 5⬘-TAA TAC GAC TCA CTA TAG
GGA GAA CCG CCA TGA GAA TCA GGC TCC TGT-3⬘. VA regions
were either 12.2 fwd 5⬘-TAA TAC GAC TCA CTA TAG GGA GAA CCG
CCA GCA AAT CCT TGA GAG GTT TAC-3⬘; 12.3 fwd 5⬘-TAA TAC
GAC TCA CTA TAG GGA GAA CCG CCA TGA TGA AAT CCT TGA
GAG TTT TAC-3⬘; OR 35 fwd 5⬘-TAA TAC GAC TCA CTA TAG GGA
GAA CCG CCA TGC TCC TTG AAC ATT TAT TAA TC-3⬘. 3⬘ primers
included 64T and 18 –25 bp of the relevant ␣ or ␤ constant region sequence. Reverse primers were C-␣ 5⬘-(64)T TTC AAC TGG ACC ACA
GCC TCA GC-3⬘; C1-␤ 5⬘-(64)T TTC ATG AAT TCT TTC TTT TCA
CC-3⬘ or C2-␤ 5⬘-(64)T TCT AGC CTC TGG AAT CCT TTC TCT
TG-3⬘.
For IVT, a PCR product was generated using the subcloned cDNA in
pCR2.1 as a template with the above oligonucleotide primer sets. Resulting
bands were gel purified and used for a second round of PCR amplification.
PCR product was cleaned using Zymogen DNA purification columns. One
to 3 g of PCR product was used as template for IVT using Ambion T7
mMESSAGE MACHINE as per the manufacturer’s instructions, followed
by RNA clean up using Qiagen RNEasy. RNA quantity was measured at
OD260 by spectrophotometer, and quality was determined by running 1 g
on a 2% agarose gel in denaturing loading buffer, following 5 min of
incubation at 70°C.
In preparation for RNA electroporation, donor TIL or PBMC from
phereses were stimulated in vitro with 50 ng/ml OKT-3, 50 CU of IL-2 in
STEM:RPMI 1640 medium for 3 days, when CD8⫹ or CD4⫹ cells were
positively selected using Miltenyi Biotec microbeads and magnetic columns. PBMC were then grown in vitro an additional 2–15 days in IL-2
containing medium before use. For TCR electroporation, 0.5–2.0 g of
RNA from each TCR gene was used per 1 ⫻ 106 cells (at 2.5 ⫻ 107
cells/ml in Opti-MEM serum-free medium (Invitrogen Life Technologies).
Cells were rested for 2–16 h without IL-2 after electroporation before use
in FACS staining or coculture experiments.

Evaluating T cell function
Cocultures were set up at 1 ⫻ 105:1 ⫻ 105 (E:T) cells in complete medium
(RPMI 1640 ⫹ 10% FBS (Invitrogen Life Technologies)) in 96-well plates
and incubated overnight at 37°C. All samples were run in duplicate, and
RNA electroporations were repeated in PBMC or TIL from three different
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donors. Supernatant was tested for cytokine secretion by IFN-␥ ELISA
(Pierce Endogen).
CTL assays coincubated decreasing ratios of effectors and 51Cr-labeled
target cells (E:T) in complete medium in 96-well plates at 37°C for 4 h.
Lysis was measured by 51Cr release in the medium: percent lysis ⫽ (sample release ⫺ minimum release)/(maximum release ⫺ minimum release) ⫻
100%, average of duplicate samples.

Peptides used
Peptides used for coculture included MART-1:27-35, gp100:154-162,
gp100:209-217, and gp100:280-288. Dilutions were made 1000⫻ in
DMSO before use. With the exception of MART-1, following 1 h pulsing,
all target cells were washed three times before use; due to low solubility,
MART-1 peptide was left in final coculture medium.

Flow cytometry
Cell surface expression of CD3 and CD8 was measured using FITC-conjugated Abs in conjunction with MART-1:26-35(27L)/HLA-A*0201 tetramers (Beckman Coulter) to measure surface MART-1 TCR on electroporated cells. Isotype controls were used to gate all samples. Cells were run
on FACSCalibur or FACScan flow cytometers (BD Biosciences), with
CellQuest software and analyzed using FlowJo software (Tree Star).

Results
Generating TIL clones directly from patient tumor digests
reveals a diversity of MART-1-reactive T cells with varying
cellular avidities
Surgically resected tumor specimens were obtained from three patients who had shown prior TIL reactivity against the HLAA*0201 restricted melanoma tumor Ag MART-1. An array of
MART-1-reactive TIL clones were generated by limiting dilution
cloning after growth of the tumor digests in the presence of highdose IL-2 in vitro for 10 –14 days. A total of 576 individual clones
(192 from each patient TIL) were isolated and assayed for reactivity to various melanoma tumor Ags, including MART-1, by
coculturing with peptide-pulsed T2 target cells (42) and assessment of IFN-␥ secretion following overnight incubation. Individual T cell clones were found that reacted with each of the melanoma Ag epitopes tested (Table I). Forty-one clones (7.1% per
patient ⫾ 0.3%) showed specific recognition of the native MART1:27-35 Ag, 3 clones (0.5% per patient ⫾ 0%) recognized gp100:
209-217, 2 clones (0.3% per patient ⫾ 0.3%) recognized
gp100:154-162, and 31 (5.4% per patient ⫾ 0.6%) responded to
gp100:280-288. The prevalence of these specific tumor-Ag reactive cells was remarkably similar between patients. Cells were expanded by exposure to anti-CD3 Ab (OKT-3) in the presence of
high-dose IL-2, and 21 MART-1 clones proliferated and retained
Ag-specific reactivity.
Three additional CTL clones from two additional patients were
included for analysis. A MART-1 reactive T cell clone, DMF4
(previously referred to as M1F12), was obtained from a clinically
administered TIL that resulted in in vivo tumor regression (10).
DMF5 was a second MART-1-reactive CTL clone from the same
Table I. Naturally occurring melanoma tumor-reactive TIL clones,
prevalence by patient
No. of Reactive Clonesa
Patient
(192 clones each)

1-D
2-M
3-S
Total (576 clones)

MART-1:
27–35

gp100:
154–162

gp100:
209–217

14;
13;
14;
41;

1;
1;
0;
2;

1;
1;
1;
3;

7.3%
6.8%
7.3%
7.1%

0.5%
0.5%
0%
0.3%

0.5%
0.5%
0.5%
0.5%

gp100:
280–288

9; 4.7%
11; 5.7%
11; 5.7%
31; 5.2%

a
Clone reactivity was evaluated by secretion of IFN-␥ in response to coculture
with target cells pulsed with tumor peptides.

patient treatment TIL as DMF4. Additionally, clone JKF6, previously obtained from another patient TIL known to be highly
MART-1 reactive in vitro, was also included in this study.
Functional avidity of these 24 T cell clones was evaluated by the
production of IFN-␥ in response to coculture with T2 target cells
pulsed with diminishing amounts of MART-1 peptide and to naturally MART-1 expressing HLA-A*0201-restricted melanoma tumor cell lines. The clones DMF4, DMF5, and JKF6 were among
the most highly avid CTLs, producing high amounts of IFN-␥ even
in response to low concentrations of MART-1 peptide or endogenous MART-1 on tumor cells (Fig. 1, A and B). Of all CTLs
tested, DMF5 and JKF6 displayed the highest avidity for both
tumors and exogenously supplied peptide. IFN-␥ production in
response to MART-1 peptide was compared with the response to
MART-1-expressing tumors, and found to be strongly correlated
( p ⫽ 0.006) (Fig. 1C), confirming that the Ag the clones recognized on tumors was MART-1, and that MART-1 peptide reactivity correlated with the ability to recognize MART-1 bearing tumors (Fig. 1C). In evaluating TCR for the potential use in
antitumor allogeneic gene transfer, it is crucial that the receptor
recognize a number of different HLA-A*0201-restricted melanoma tumors. In Fig. 1D, we show that the ability of any given T
cell clone to recognize a MART-1-expressing melanoma tumor
cell line was strongly correlated with its ability to recognize another MART-1 bearing melanoma cell line ( p ⬍ 0.0005).
Tetramer binding of CTLs to pMHC complexes is accomplished
by a combination of TCR:pMHC association and CD8 coreceptor
interaction with the MHC class I H chain (27, 32). Clones were
evaluated for their ability to bind pMHC complexes in a CD8dependent or independent fashion using MART-1:26-35(27L)/
HLA-A*0201 tetramers consisting of either nonmutated HLA H
chains, or with an HLA H chain double-mutation eliminating CD8
binding (43). While most MART-1-reactive clones were capable
of binding tetramer in the presence of CD8 coreceptor binding,
only select clones (10 of 24) were able to do so in the absence of
CD8 coreceptor binding (Fig. 2, Table II), indicative of a
higher-affinity TCR.
To determine the degree to which TCR transfer can confer cellular avidity, clones were selected that showed low avidity (low
IFN-␥ production plus inability to bind tetramer in the absence of
CD8 binding), medium avidity (high IFN-␥ production in response
to target cells but unable to bind tetramer with CD8-independence,
or produced low IFN-␥ in response to target cells but could bind
tetramer with CD8-independence), or high avidity (high IFN-␥
production combined with the ability to bind tetramer independently of CD8), the results of which are tabulated in Table II.
While high TCR affinity often coincided with high production of
IFN-␥ in response to target cells, this was not always observed.
Certain clones (M3, M19, M26, #18) were able to bind tetramer
independent of CD8 coreceptor binding, yet produced only modest
amounts of cytokine in response to target cell stimulus. The reason
for this is not clear, but differing TCR affinities for the HLAA*0201 molecule or the native MART-1:27-35 peptide on target
cells vs the altered MART-1:26-35(27L) peptide used to stabilize
tetramers may be a contributing factor. Alternatively, the overall
capability of these T cell clones to produce IFN-␥ may have been
reduced in comparison to other clones. The highest-avidity IFN␥-producing clones DMF5 and JKF6 were able to bind tetramer
independent of CD8, as was one other highly avid clone, M5.
Analysis of TCR variable region diversity indicates a strong V␣
gene restriction for recognizing MART-1 Ag
The ability of T cells to respond functionally to MART-1 Ag in
both peptide- and tumor-associated Ag form was combined with
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FIGURE 1. MART-1-reactive TIL clones derived from several patients display a wide diversity of peptide and MART-1 tumor reactivities. A, IFN-␥
production by 24 MART-1 clones derived from five patients, coincubated with titered MART-1 peptide on T2 target cells. B, IFN-␥ response of MART-1
clones following coculture with MART-1/HLA-A*0201-positive (mel526⫹, mel624⫹) and HLA-A*0201-negative melanoma tumors (mel888⫺, mel938⫺).
IFN-␥ release was evaluated from 18-h culture supernatant by ELISA. C, Correlation of IFN-␥ produced by each clone in response to coculture with T2
cells pulsed with MART-1 peptide or mel624⫹ MART-1-expressing tumor. D, Correlation of IFN-␥ produced by each clone in response to coculture with
two different MART-1/HLA-A*0201-expressing tumors. Statistical analysis by ANOVA regression analysis.

TCR affinity (estimated by mutated MART-1:26-35(27L)/HLAA*0201 tetramer binding) to characterize T cell clones as high,
medium, or low avidity-affinity (Table II). Representative clones
were chosen from each category: three low (M7, M9, M20), two
medium (#17, DMF4), and three high (M5, JKF6, DMF5). RNA
was purified from each clone, and TCR ␣ and ␤ genes were isolated using 5⬘ RACE, subcloned, and sequenced. Of these eight
MART-1-reactive clones, none exhibited similar ␤-chain variable
regions, with the exception of clones M9 and M20, which were
derived from the same patient and upon sequencing proved to be
duplicate cells. This CTL clone (M9/M20) will be referred to as
M9 throughout the remainder of this study. Five of seven clones
showed V␣ region 12-2 restriction, and a sixth clone consisted of
the closely related V␣12-3 (Table III), confirming previous reports
of a strong TCR ␣ variable region restriction in recognition of
MART-1 Ag (44 – 46).
TCR transfer is sufficient to confer overall cellular avidity to
donor PBMC in an Ag-specific manner
RNA was generated by in vitro transcription of each pair of ␣ and
␤ TCR genes isolated from the seven clones indicated above. TCR
RNA was electroporated into the TCR ␤-chain-deficient Jurkat
T3.5 cell line (47, 48). As shown in Fig. 3A, CD3 Ab staining
levels were similar on the surfaces of cells electroporated with
each of the seven TCR pairs. This indicated that following electroporation of the same amounts of RNA, the ␣ and ␤ chains of

each TCR were translated into similar amounts of TCR proteins
within the cells, which in turn were able to form appropriate heterodimeric structures and recruit the CD3 portion of the TCR complex to the cell surface. Appropriate MART-1-reactive tertiary ␣␤
TCR pairing was evaluated by the ability to bind MART-1:2635(27L)/HLA-A*0201 tetramers (Beckman Coulter), analyzed by
flow cytometry (Fig. 3B). Intriguingly, although TCR surface pairing assessed by CD3 staining was similar for all TCRs tested, there
were marked differences in the ability of each TCR to bind
MART-1 tetramer, correlating with the TCR affinity. RNA encoding these TCR was then electroporated into 7-day OKT-3-stimulated PBMC and stained for MART-1 TCR formation by tetramer
staining (Fig. 3C). The tetramer staining of TCR electroporated
CD8⫹ PBMC was similar to that observed in Jurkat cells. Although PBMC bear the CD8 coreceptor, they also express endogenous TCR ␣- and ␤-chains to compete with the electroporated
MART-1 TCR genes for heterodimer pairing. Notably, in both cell
types, those TCR derived from high-avidity T cells (DMF5, JKF6,
M5) were able to bind tetramer more readily than those with low
avidity (M7, M9). Although RNA electroporation efficiency was
observed to be ⬎95% (by GFP controls, data not shown), only a
fraction of the TCR-electroporated cells were able to bind
MART-1 tetramer at all, suggesting that levels of TCR expression
achieved by this method are still lower than TCR levels observed
in endogenous TCR-expressing T cells.
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FIGURE 2. Different MART-1-reactive TIL clones
vary in their ability to bind MART-1/HLA-A*0201 tetramer with CD8 independence. Each MART-1-reactive TIL clone was stained with MART-1:26-35(27L)/
HLA-A*0201 (MART-1) unmodified tetramer (WT),
or MART-1 tetramer with a HLA H chain double mutation abrogating CD8 binding to the HLA-A*0201
molecule (Mut). Representative graphs of each type of
TCR binding to tetramer are shown: low-affinity clones
were unable to bind tetramer in absence of CD8 coreceptor binding, medium-affinity clones bound CD8-independent tetramer at low levels, and high-affinity
clones bound tetramer at high levels in absence of CD8
coreceptor binding. In each graph the isotype control is
shown (white) as well as MART-1 tetramer binding
(shaded).

Ag-specific response by the TCR-electroporated T cells was
evaluated by coculture with MART-1 peptide-pulsed T2 targets, or
MART-1-expressing melanoma tumor cells, and assayed for supernatant IFN-␥ (Fig. 4, A and B). The TCR-electroporated cells
were capable of generating an Ag-specific response, and this response varied in intensity. Three TCR (DMF5, JKF6, and M5)
were able to generate high amounts of IFN-␥, two (DMF4, #17)
generated mid-level responses, and two (M7, M9) generated only
negligible responses to MART-1 Ag. In order of diminishing functional avidity, the response induced by each TCR was DMF5 ⬎
JKF6 ⬎ M5 ⬎ #17 ⬎ DMF4 ⬎ M7 ⫽ M9. These cells retained
the same respective avidities observed for the original TIL clones,
and this pattern was repeated regardless of the amount of TCR
RNA electroporated (2– 0.5 g RNA per million cells, data not
shown). Statistical correlation (ANOVA regression analysis) between IFN-␥ production of the original TIL clones and corresponding TCR RNA electroporated PBMC in response to MART1-bearing target cells was evaluated (Fig. 4C) and found to be
highly significant ( p ⫽ 0.018 for 1.0 M MART-1 peptide; p ⫽
0.0003 and p ⫽ 0.009 for mel624 and mel526 tumor targets, respectively). CD8⫹ PBMC electroporated with MART-1 TCR were
also able to induce specific target cell lysis of peptide-pulsed targets or MART-1-bearing tumors in chromium release assays (Fig.
5A), at levels consistent with each relative TCR avidity: DMF5 ⬎
JKF6 ⬎ M5 ⬎ DMF4 ⬎ #17 ⬎ M7 ⫽ M9.

PBMC expressing high-avidity TCR are capable of functional
recognition of MART-1 target cells, even in the absence of CD8
Since these high-avidity TCRs were chosen in part for their ability
to bind MART-1 tetramer independently of CD8, we next determined if this TCR avidity was strong enough to confer CD8-independent recognition of MART-1 Ag on target cells. TCR RNA
from the high-avidity receptors DMF5, JKF6, and M5 and medium-avidity DMF4 was electroporated into CD4⫹-enriched (⬎95%
pure) OKT-3-activated donor PBMC. As assessed by IFN-␥ production in response to coculture with titered MART-1 peptide on
T2 target cells, each MART-1 TCR in CD4⫹ cells was able to
recognize MART-1 peptide. DMF5 showed the highest response,
followed by JKF6 and M5, then DMF4 (Fig. 5B), although the
overall levels were lower than those observed in CD8⫹ T cells
from the same donor electroporated with the same TCR. In response to MART-1 tumor Ag naturally presented on tumor cells,
only those CD4⫹ cells that expressed the highest-avidity DMF5 or
JKF6 receptors were able to recognize and respond to tumors, with
DMF5 generating the highest response (Fig. 5C).
Nonreactive TIL can be made tumor reactive upon RNA
electroporation with a high-avidity MART-1 TCR
There are many differences between the T cells found in TIL and
those circulating in PBMC (8). Currently, it is not known whether
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Table II. Avidity and affinity characterization of MART-1-reactive TIL clones
IFN-␥ Produced (pg/ml)

Tetramer MFI

Clone

gp100:
209

WT
MART-1

mut
MART-1

1.0 M
MART-1

1.0 M
gp100

mel526⫹

mel624⫹

mel888⫺

Avidity-Affinity

M2
M3
M5
M6
M7
M8
M9
M12
M13
M14
M19
M20
M21
M23
M26
M29
M30
M31
#10
#17
#18
JKF6
DMF4
DMF5

5
6
5
5
5
5
5
5
6
5
5
7
6
10
6
5
5
6
6
5
6
6
5
5

51
365
621
5
109
31
316
246
372
5
799
271
84
378
594
193
294
352
259
533
649
537
308
538

6
106
98
5
6
5
9
5
6
5
279
7
6
10
302
5
6
7
6
84
118
207
25
474

2,777
528
5,381
377
35
2,709
92
1,403
1,531
20
794
34
3,303
686
541
7,789
7,340
3,974
897
4,330
751
6,917
1,987
17,161

10
15
50
47
23
48
64
14
59
24
4
27
34
3
102
557
2
48
105
633
23
122
45
80

2,070
38
1,554
935
102
759
236
709
3,207
13
581
489
4,428
682
405
1,352
1,364
735
3,703
1,678
815
5,896
1,780
5,806

2,864
43
3,346
990
135
2,171
182
687
6,522
8
679
465
6,096
699
367
4,704
2,111
692
6,158
2,322
796
6,224
2,397
10,865

2
2
1
20
4
41
3
1
4
11
1
3
19
10
12
17
14
19
13
9
16
15
24
29

Medium
Low/Medium
High
Medium
Low
Medium
Low
Medium
Medium
N/A
Medium/High
Low
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Medium/High
Medium/High
High
Medium
High

TIL have unique properties that may make them more effective in
treating tumors in vivo than T cells derived from PBMC. To investigate whether it is possible to convert nonreactive TIL to recognize and lyse tumors, we selected previously generated TIL obtained from melanoma patient samples with determined activity
only against autologous tumor and not against any known shared
tumor Ags such as MART-1. Patient-matched PBMC samples
were obtained, and both PBMC and TIL were stimulated similarly,
using OKT-3 Ab and irradiated allogeneic feeder PBMC in the
presence of high-dose IL-2. CD8⫹ T cells were isolated and electroporated with TCR RNA from the highest-avidity DMF5 TCR.
MART-1 reactivity was assayed by coculture of RNA electroporated T cells with MART-1 peptide-pulsed target cells and tumors,
and evaluated for IFN-␥ production and CTL target cell lysis (Fig.
6, A and B). It was possible to convert non-MART-1-reactive TIL
into reactive TIL using this high-avidity TCR. These RNA electroporated TIL were able to recognize and lyse MART-1-expressing tumors, albeit at lower levels than matched RNA electroporated PBL obtained from the same patient, even though surface
MART-1 TCR expression was comparable (based on tetramer
staining, data not shown).
Avidity of DMF5 TCR-engineered T cells can be further
improved by replacing the endogenous TCR constant region
with a murine version
One caveat to using TCR gene transfer therapy in T cells is the
inherent competition with endogenously expressed ␣ and ␤ TCR
genes for appropriate ␣␤ TCR heterodimer pairing. In an attempt
to increase the pairing of functional antitumor TCR ␣␤ chains on
allogeneic PBMC, modifications were made to the transmembrane
constant regions of each TCR chain, replacing them with constant
regions derived from the mouse genome (49). These small portions
of the TCR vary enough from the human sequence to facilitate
preferential pairing, and improve CD3 chain recruitment, yet are
similar enough that potential immunogenicity should be minimized. We have modified the DMF5 TCR ␣- and ␤-chains with

these murine constant regions, and evaluated their ability to confer
increased cellular activity against MART-1 peptide-pulsed targets
or melanoma target cells. As previously reported for the DMF4
TCR (49), replacing the DMF5 constant regions with the murine
sequence (mDMF5) likewise shows an increase in TCR pairing at
the cell surface, demonstrated by increased MART-1 tetramer
binding by RNA electroporated CD8⫹ PBMC (Fig. 6C). Functional avidity was also increased, as demonstrated by increased
IFN-␥ production upon coculture with MART-1⫹ target cells (Fig.
6D). This increased activity was particularly apparent when measured against melanoma tumor cells, which normally result in only
low TCR-engineered T cell reactivity compared with peptidepulsed target cells. This modified mDMF5 TCR conferred the
highest avidity of any TCR tested, in both CD4⫹ and CD8⫹ T
cells, against all targets (Fig. 6D).

Discussion
The present study was undertaken to determine the relationship
between the functional avidity of multiple MART-1-reactive
clones, to the properties of the clonal TCR, and to use this information to select TCR that confer high Ag recognition for use in

Table III. TCR variable-region restriction of MART-1-reactive clones
of various avidities

Mart Clone

DMF4
DMF5
JKF6
#17
M5
M7
M9a
M20a
a

TCR V␣

TCR V␤

Clone Avidity/Affinity
(IFN-␥/CD8 independence)

35
12-2
12-2
12-2
12-2
12-2
12-3
12-3

10-3
6-4
28
11-2
6-5
19
4-1
4-1

Medium/Medium
High/High
High/High
Medium/High
High/High
Low/Low
Low/Low
Low/Low

Clone M9 and M20 are the same clone, derived from the same patient.
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FIGURE 3. RNA electroporation
of TCR derived from MART-1
clones into Jurkat and donor CD8⫹
PBMC resulted in appropriate ␣␤
TCR translation and surface expression. Percentage of live cells staining
positive is indicated. A and B, Two
micrograms per 1 ⫻ 106 cells in vitro
transcribed RNA from TCR ␣- and
␤-chains of each MART-1 TIL clone
was electroporated into TCR-deficient, CD8-negative Jurkat T3.5 cells
that were then stained for CD3 cell
surface expression (A) or MART-1:
26-35(27L)/HLA-A*0201 tetramer
(B), and evaluated by flow cytometry.
C, Flow cytometric evaluation of
CD8⫹ donor PBMC electroporated
with 2 g per 1 ⫻ 106 cells TCR
RNA, costained with CD8 and
MART-1:26-35(27L)/HLA-A*0201
tetramer. UT ⫽ untreated cells.

TCR transduction gene therapy protocols. Clones were generated
by limiting dilution cloning of day 7–14 in vitro tumor digests in
the presence of high-dose IL-2. The properties of the TCR were

evaluated by functional assays for IFN-␥ secretion in response to
MART-1-bearing target cell coculture, combined with the ability
of the TCR to bind mutated MART-1:26-35(27L)/HLA-A*0201

The Journal of Immunology

6555

FIGURE 4. RNA electroporation of MART-1 TCR derived from clones of varying avidities into activated donor CD8⫹ PBMC resulted in similar
Ag-specific functional avidities. A and B, Donor CD8⫹-enriched PBMC previously activated with OKT-3 Ab were electroporated with 2 g of RNA from
each TCR chain per 1 ⫻ 106 cells, and cocultured overnight with MART-1 peptide pulsed T2 target cells (A) or MART-1/HLA-A*0201-expressing
(mel526⫹, mel624⫹) or nonexpressing (mel888⫺) melanoma tumors (B). IFN-␥ production was measured in supernatants by ELISA. Values shown are the
average of duplicate samples, ⫾SEM. C, Correlation of IFN-␥ produced by native TIL clones and donor CD8⫹ PBMC electroporated with matched TCR
RNA. Responses to cocultures with T2 cells pulsed with MART-1 peptide, mel526⫹, and mel624⫹ MART-1-expressing melanoma tumors are shown. The
p values were obtained by ANOVA regression analysis.

tetramers independently of CD8 coreceptor help. ␣ and ␤ TCR
genes were isolated from representative clones of high, medium
and low avidity using 5⬘ RACE, and RNA electroporated into activated PBMC T cells from a common donor. IFN-␥ production
and lytic activity in response to target cell cocultures demonstrated
a direct correlation of avidities to those observed in the original
CTL clones. Thus, the TCR was the main determinant of cellular
avidity during Ag-specific T cell:target cell interaction, and this
avidity could be conferred upon allogeneic cells by TCR transfer.
It has recently been shown both in vitro and in an animal model
that high-affinity TCR give rise to high avidity T cells and that only
high-avidity cells were able to elicit autoimmunity in lymphocytic

choriomeningitis virus-infected TCR transgenic mice expressing
lymphocytic choriomeningitis virus epitope as “self” in pancreatic
islet cells (20). Other animal models have similarly shown that
only high-avidity T cells have the ability to mediate tumor regression in spontaneously arising pancreatic tumors in RIP-Tag2-InsHA transgenic mice (16, 17, 50), or through ACT to treat metastatic B16 melanoma tumors in C57BL/6 mice (15) or HLAA*0201 transgenic mice engrafted with human melanoma (51).
These combined data suggest that to achieve an antitumor immune
response in vivo, T cells recognizing tumor Ags with the highest
avidity and bearing the highest-affinity TCR provide the most potential to induce an in vivo antitumor response.
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FIGURE 5. TCR transfer of a
high-avidity TCR in vitro can confer
antitumor CTL activity and IFN-␥
production in a CD8-independent
fashion. A, OKT-3 stimulated CD8⫹
PBMC RNA-electroporated with different avidity MART-1 TCR were
evaluated for their ability to lyse
51
Cr-labeled target cells in a 4-h assay. CTL were coincubated with
(left) MART-1 peptide-pulsed T2 target cells at 2:1 E:T ratio, or (right) at
varying E:T ratios against MART-1
expressing tumor cells. B and C,
OKT-3-stimulated donor PBMC
were separated into CD4⫹ and CD8⫹
populations by positive selection using magnetic beads and each of the
four highest avidity MART-1 TCR
were expressed in each population by
RNA electroporation (2 g/1 ⫻ 106
cells). Functional antitumor response
was evaluated by coculture with either MART-1-pulsed T2 target cells
(B) or MART-1-expressing tumors
(C). IFN-␥ production was measured
in supernatants by ELISA. Values
shown are the average of duplicate
samples, ⫾SEM.

Although there is no clear predictive relationship between tetramer binding intensity or tetramer dissociation and functional
avidity of T cells (35), it has recently been shown that high avidity
T cells can be identified by their ability to bind pMHC tetramers
independent of CD8 coreceptor binding (39). In this current study,
we used CD8-independent binding of tetramer as a tool to identify
higher-affinity TCR for potential clinical TCR gene transfer immunotherapy. The ability to engage pMHC complexes independent of CD8 coreceptor is desirable for TCR destined for transfer
into CD4 donor PBMC, or T cells with varying expression levels
of CD8. A high-affinity TCR for gene transfer is particularly desirable to compensate for lowered levels of appropriate ␣␤ TCR
pairing due to endogenously expressed TCR genes, because overall avidity is determined by a combination of the number of TCR/
pMHC interactions as well as the affinity of each interaction. Several groups have used a measure of “dwell-time” between T cells
and tetramer complexes in relation to T cell functional avidity,
with varying results (52–54). Invoking point mutations in the
pMHC-binding region of a vesicular stomatitis virus-specific murine

TCR, Kalergis et al. (53) have demonstrated that tetramer dissociation
rates are not directly correlated with cellular avidity and that in fact
there appears to be an optimal tetramer dissociation rate specific to
each TCR/pMHC tetramer combination. TCR mutations that
altered this rate above or below a certain level correlated with
reduced cellular function, suggesting an optimal level of TCR
binding for CTL function. This idea of an “ideal” TCR affinity
supports additional recent work demonstrating that HIV-specific
CD8⫹ T cells with a longer TCR:tetramer dwell-time were actually less effective against target cells pulsed with low concentrations of HIV peptide or displaying endogenous HIV Ag, than cells
with a shorter TCR:tetramer interaction (52).
Although many high-avidity T cells with high-affinity TCR exist
against foreign Ags, thymic selection of CD8⫹ T cells ensures that
no extremely high-affinity T cells against self-Ags are released into
the periphery (55). This poses a problem for the development of
immunotherapy approaches to treat cancer since many tumor Ags
are derived from self proteins (3). The substantial clinical response
rate in ACT-based tumor immunotherapy demonstrates human
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FIGURE 6. Nonreactive TIL can also be rendered Ag reactive by TCR transfer of the high-avidity TCR DMF5 in vitro, and this TCR can be altered
to generate even higher cellular avidity. A and B, Non-tumor-reactive PBL and TIL from the same patient were stimulated using OKT-3 and irradiated feeder
cells in the presence of high-dose IL-2 for 3 days before CD8⫹ T cell enrichment using magnetic beads. These CD8⫹ T cells were then electroporated with
2 g/1 ⫻ 106 cells TCR RNA from high-avidity DMF5, and cocultured with MART-1 peptide-pulsed T2 target cells or MART-1/HLA-A*0201-expressing
melanoma tumors (mel526⫹, mel624⫹) or non-HLA-A*0201-expressing tumors (mel888⫺, mel938⫺). A, IFN-␥ production was measured in supernatants
by ELISA. Values shown are the average of duplicate samples, ⫾SEM. B, TIL and PBL electroporated with DMF5 TCR RNA as in A above, were
cocultured against MART-1 peptide pulsed T2 cells or tumors in a 4-h 51Cr release assay. Results are representative of four patient samples tested. C and
D, The DMF5 TCR was altered by replacing the constant region with murine TCR constant regions (mDMF5) and compared with the naturally occurring
DMF5 and DMF4 TCRs by RNA electroporation in activated CD4⫹ or CD8⫹ PBMC. C, CD8 and MART-1/HLA-A*0201 tetramer staining of OKT-3stimulated, TCR RNA-electroporated CD8⫹ PBMC. Percentage of live lymphocytes staining double positive is indicated. D, IFN-␥ production by 18-h
coculture of CD4⫹ and CD8⫹ TCR RNA electroporated PBMC with MART-1 peptide pulsed T2 targets (left) or tumor target cells (right). Values shown
are the average of duplicate samples, ⫾SEM.
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TIL do contain TCR of sufficiently high avidity to eliminate tumors in vivo. In contrast to T cells responding to infection by
foreign pathogens, individuals with cancer are unlikely to have
naturally occurring antitumor T cells displaying TCR of such high
affinity to be functionally detrimental; rather the problem lies in
isolating T cells of high enough avidity to induce tumor regression.
We have shown here that once isolated, the TCR from these highavidity T cells can confer not only Ag specificity, but also functional avidity to donor cells.
Of 24 MART-1-specific CTL clones obtained from 5 different
patients’ TIL, a diverse variety of cellular avidities was observed,
with substantial restriction of the TCR ␣-chain to variable region
12-2. This V␣ TCR restriction was independent of cellular avidity,
with both high- and low-avidity CTL displaying V␣ 12-2. One
particular MART-1-reactive TCR, DMF5, derived from a TIL infusion with demonstrated ability to cause in vivo tumor regression
(10), repeatedly exhibited the highest activity against MART-1expressing tumors in vitro, whether expressed by the native TIL
clone, or by gene transfer into donor PBMC. It was possible to
improve upon the already high avidity provided by the DMF5 TCR
by exchanging the TCR ␣- and ␤-chain constant (C) regions with
sequences derived from murine TCR C-regions, resulting in increased TCR surface pairing and functional avidity over the naturally occurring TCR sequence. Although RNA electroporation
and gene expression efficiency in PBMC was consistently ⬎95%
by GFP controls (data not shown), tetramer staining indicated
lower levels of surface TCR expression compared with the original
clones. For use in gene therapy, the TCR genes would be incorporated into a retroviral expression system and used to transduce
PBMC ex vivo, before reinfusion. The prolonged endogenous expression induced by retroviral transduction would also be likely to
increase TCR gene expression levels.
The highest-avidity TCR we identified, CD8-independent
DMF5, holds promise as a candidate for allogeneic TCR gene
therapy in metastatic melanoma patients. This TCR was sufficient
to transform nonreactive donor CD8⫹ and CD4⫹ PBMC as well as
TIL to recognize MART-1-expressing tumors, produce high levels
of multiple immunologically relevant cytokine, and lyse tumor
cells in vitro. The only way to determine whether high-avidity
TCR have the same effect on human tumors in vivo as they do in
mouse models is to test this TCR in a clinical trial, with the goal
of inducing tumor regression in patients, and such a clinical trial is
being planned.
The patient TIL infusion from which DMF5 was derived resulted in clinical tumor regression, and was comprised primarily of
two CD8⫹ MART-1-reactive T cell clones, DMF4 and DMF5.
DMF4 was found to persist in the patient’s peripheral blood at very
high levels at more than 1 year after treatment (10). DMF5 was
also found in the blood following treatment, but at much reduced
levels compared with DMF4. It has recently been shown that the
telomere length of TIL is strongly correlated with its ability to
persist long-term in vivo following adoptive transfer (9, 56). Further examination of the treatment cells originally administered to
the patient revealed that DMF4 cells had long telomeres (8.91 kb)
compared to DMF5 with shorter telomeres (4.61 kb), indicative of
approaching cell senescence (9). Therefore, although we have
shown that the DMF5 TIL had a higher-affinity TCR than DMF4,
the actual DMF5 infusion cells may have undergone rapid proliferative exhaustion in response to antigenic tumor stimulation and
therefore were unable to persist long-term in vivo. It remains unknown which of these cells (if either) were responsible for the
patient’s tumor regression.
Identification of the high avidity TCR DMF5, along with the
determination that TCR transfer is sufficient to confer cellular

avidity as well as Ag recognition specificity, holds the potential to
overcome problems presented by conventional ACT therapy. TCR
gene immunotherapy has the potential for use in many types of
cancer besides melanoma. Indeed, TCR recognizing the cancer
testis Ag NY-ESO1, and p53, expressed in many types of tumors,
including melanoma, breast cancer, lung cancer, prostate cancer,
and sarcomas, have recently been isolated (11, 12, 49, 57). Since
the Ags recognized by antitumor TCR are often comprised of selfpeptides, selecting high-avidity TCR may contribute to the induction of autoimmunity; vitiligo and uveitis have been observed in
some patients in prior cell transfer trials (4). The use of highly
reactive, high-affinity tumor-Ag specific TCR to transduce T cells
from cancer patients with poorly reactive or unavailable TIL may
have the potential to recognize and eliminate tumors in vivo. The
use of autologous cells minimizes any risk of graft vs host disease
or cell rejection. Retroviruses encoding antitumor TCR offer an
off-the-shelf reagent for use in the immunotherapy of patients with
cancer.
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