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Abstract
Single and dual amino acid substitution variants were generated in the TCR CDRs of three TCRs
that recognize tumor-associated Ags. Substitutions that enhance the reactivity of TCR gene-modified
T cells to the cognate Ag complex were identified using a rapid RNA-based transfection system. The
screening of a panel of variants of the 1G4 TCR, that recognizes a peptide corresponding to amino
acid residues 157-165 of the human cancer testis Ag NY-ESO-1 (SLLMWITQC) in the context of
the HLA-A*02 class I allele, resulted in the identification of single and dual CDR3α and CDR2β
amino acid substitutions that dramatically enhanced the specific recognition of NY-ESO-1+/HLA-
A*02+ tumor cell lines by TCR gene-modified CD4+ T cells. Within this group of improved TCRs,
a dual substitution in the 1G4 TCR CDR3α chain was identified that enhanced Ag-specific reactivity
in genemodified CD4+ and CD8+ T cells. Separate experiments on two distinct TCRs that recognize
the MART-1 27-35 (AAGIGILTV) peptide/HLA-A*02 Ag complex characterized single amino acid
substitutions in both TCRs that enhanced CD4+ T cell Ag-specific reactivity. These results indicate
that simple TCR substitution variants that enhance T cell function can be identified by rapid
transfection and assay techniques, providing the means for generating potent Ag complex-specific
TCR genes for use in the study of T cell interactions and in T cell adoptive immunotherapy. The
Journal of Immunology, 2008, 180: 6116-6131.

Multiple costimulatory and cellular adhesion molecules can influence the degree of T cell
activation in response to antigenic stimulation; however, there is a substantial body of evidence
indicating that TCR affinity represents the primary factor involved in determining T cell avidity
and the outcome of antigenic stimulation (1-3). The affinity of native TCRs for cognate Ag
complexes has been found to range between 1 and 50 μM (4), a relatively low range that may
reflect a balance between the need to effectively trigger T cell responses and the need to
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maintain self tolerance (5). In murine studies, immunization with a low dose of Ag elicited
relatively high-avidity T cells whereas high Ag doses elicited cells of lower avidity (6). High-
avidity T cells reactive against immunodominant epitopes derived either from tyrosinase-
related protein 2 or the p15E endogenous retroviral envelope were more effective at reducing
the number of lung metastases of the MCA-38 tumor cell line than low-avidity T cells (7).
Chronic viral stimulation can also lead to the appearance of dominant clonotypes that possess
higher avidities for Ag than subdominant clonotypes, suggesting that competition for Ag at
the level of APCs may lead to the selective proliferation of T cells bearing high-affinity TCRs
(8,9).

Elucidation of the role of TCR amino acid residues in cognate Ag complex binding as well as
T cell activation has primarily involved structural studies on the alteration of residues within
the six CDRs of the α- and β-chains that form the heterodimeric TCR molecule. These regions
are surface-exposed loops that play a primary role in determining TCR Ag recognition
specificity due to their extensive contacts with the exposed surfaces of peptide/MHC
complexes. A cell-based study of a murine class II-restricted TCR directed against arsonate-
conjugated peptides resulted in the identification of positions in α- and β-chain CDR1, 2, and
3 where amino acid substitutions (AAS)2 of alanine for the residues present in the native TCR
resulted in diminished T cell recognition, as well as residues where substitutions had no
apparent effect, but failed to reveal alanine substitutions that led to enhanced T cell recognition
(10). A murine class I-restricted TCR isolated from the alloreactive 2C clone that recognizes
target cell lines pulsed with a self peptide in the context of the murine H-2Kb class I allele as
well as peptides associated with the allo-MHC molecule H-2Ld has also been extensively
studied to determine the role of individual CDR residues on TCR affinity and functional activity
(11). The results of initial studies conducted by generating 2C-variant TCRs containing alanine
substitutions of CDR residues indicated that α- and β-chain CDR1 and CDR2 regions were the
primary contributors to the binding energy of the 2C TCR for the cognate QL9/Ld Ag complex
(12,13). Screening of libraries of yeast variants containing 2C CDR1, CDR2, or CDR3
substitutions resulted in the identification of high-affinity variants containing substitutions in
each of these regions that at the same time appeared to maintain specificity for the cognate
peptide (14). High-affinity variants possessing affinities that were >100-fold higher than the
native 2C TCR greatly enhanced the response of transduced CD8- T cell hybridomas to peptide-
pulsed target cell lines (15). Transduced CD8+ T cells expressing a high-affinity 2C TCR
variant but not the wild-type (WT) 2C TCR also recognized normal non-peptide-pulsed
H-2Kb+ murine target cell lines, indicating that this variant confers upon CD8+ T cells the
ability to cross-recognize endogenously processed self ligands that presumably fail to trigger
with the WT 2C TCR due to the lower avidity of their cellular interactions (16). Using a similar
approach, AAS were also identified in the CDR1 and CDR3 regions of a murine class II-
restricted TCR that resulted in a >100-fold increase in the affinity of the TCR for the cognate
peptide/MHC complex that did not appear to alter the cognate Ag complex specificity of T
cells transfected with these TCRs (17).

Additional studies conducted using bacteriophage display mutation and selection technology
have resulted in the identification of high-affinity variants of the 1G4 TCR that recognize the
HLA-A*02-restricted peptide 157-165 of the NY-ESO-1 cancer-testis Ag (18). Expression of
the NY-ESO-1 molecule has been demonstrated in a wide variety of tumor types that include
melanoma, breast, prostate, lung ovarian, thyroid, and bladder cancer, but is limited in normal
tissues to the testis (19). These TCR variants contain multiple AAS in the α and β CDR2 and
CDR3 regions and possess affinities that range 1 million-fold between the WT receptor (10-30
μM) and that of the tightest-binding TCR with an Ag affinity of 20-50 pM. A soluble
monomeric version of the mutant TCR that possesses a 1 million-fold higher affinity than the
WT TCR bound in vitro to the Ag complex of the NY-ESO-1 peptide and HLA-A*02 without
binding to a panel of 14 noncognate peptide/HLA-A*02 complexes. Tetrameric complexes
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prepared from this high-affinity TCR bound to HLA-A*02+ T2 cells that were pulsed with the
cognate peptide but failed to bind to T2 cells pulsed with a control peptide, providing further
evidence for the Ag specificity of a TCR with an affinity in the picomolar range. In addition,
binding studies indicate that soluble monomeric complexes of this high-affinity 1G4 TCR can
be used to probe cells that endogenously express the NY-ESO-1/HLA-A*02 Ag complex
(20). Recent studies analyzing the function of T cells that express 1G4 variants have indicated
that high-affinity (5-84 nM) variants that lead to the Ag-specific activation of TCR gene-
modified CD4+ T cells result in nonspecific activation of TCR gene-modified CD8+ T cells,
whereas TCR variants with affinities nearer to that of the WT 1G4 TCR show enhanced
reactivity in CD4+T cells without any apparent loss of specificity in CD8+ T cells (21).

The results presented in this report demonstrate that single or dual AAS in the 1G4 TCR CDR2
or CDR3 regions can provide relatively modest increases in TCR affinity that nevertheless
significantly enhance the ability of CD4+ T cells to recognize the NY-ES0-1/HLA-A*02 Ag
complex while maintaining (and in one case enhancing) Ag-specific reactivity in CD8+ T cells.
The current studies were guided by previous bacteriophage display studies that identified high-
affinity variants of the 1G4 TCR that contained multiple combined substitutions principally in
the CDR2 and CDR3 regions of both TCR chains (18,22). Extending this approach, CDR2β
chain individual amino acid substitution variants were subsequently screened in two distinct
TCRs (DMF4 and DMF5) directed against the immunodominant HLA-A2-restricted peptide
epitope corresponding to amino acids 27-35 of the melanoma Ag MART-1 (23), a gene product
expressed in 80-90% of fresh, uncultured melanomas as well as cultured melanoma cell lines
(24) but not in additional histologies or normal tissues with the exception of melanocytes.
These studies identified substituted TCRs with enhanced Ag-specific reactivity in TCR gene-
modified CD4+ T cells, and in one case resulted in the identification of a TCR that also showed
enhanced Ag-specific reactivity in CD8+ T cells. The TCR RNA cotransfection screening
system used here represents an important complementary methodology that assists the rapid
selection of TCRs that possess enhanced functional activity in T cells.

Materials and Methods
Cell lines

Melanoma cell lines (624.38, 397-A2, 1300, 526, 888-A2, 526) were isolated from surgically
resected melanoma metastases, the A375 and SK23 cell lines were obtained from the American
Type Culture Collection, and the renal carcinoma cell line 2661R, isolated from a surgically
resected metastatic renal carcinoma lesion, was provided by Dr. K.-i. Hanada (National
Institutes of Health, Bethesda, MD). The H1299 small cell lung carcinoma cell line was
provided by Dr. D. Schrump (National Institutes of Health, Bethesda, MD). The H1299 lung
carcinoma cell line, as well as the 397 melanoma cell line and the MDA-MB435S breast cancer
cell line, were transduced with transient retroviral supernatants generated from a recombinant
HLA-A*0201-expressing retrovirus constructed in the CLNCX vector and produced as
previously described (25) and were designated H1299-A2, 397-A2, and MDA435S-A2,
respectively. Tumor cell lines were grown in RPMI 1640 medium (Invitrogen) containing 5%
FBS plus glutamine.

Analysis of NY-ESO-1 and MART-1 gene expression
Expression of NY-ESO-1 in tumor and normal cell lines was evaluated using quantitative RT-
PCR conducted with an intron-spanning forward primer, 5′-
CGGCAACATACTGACTATCCG-3′, and a reverse primer, 5′-
CTGGAGACAGGAGCTGATGGA-3′, with a DNA probe, 5′-CTGCAGACCACCGCCAAC
TGCAG-3′ (Integrated DNA Technologies). The 624.38, 397-A2, 1300, 526, 888-A2, and
A375 melanoma cell lines and the MDA-MB435S breast cancer cell line expressed levels of
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the NY-ESO-1 transcript that ranged between 2,100 and 330,000 copies per million copies of
the GAPDH transcript, whereas the SK23 and 526 melanoma cell lines, the renal carcinoma
cell line 2661R, and activated PBMC expressed <100 copies per million copies of GAPDH,
and were designated as NY-ESO-1-. Expression of the MART-1 Ag in melanoma cell lines
was previously evaluated using a quantitative RT-PCR assay (26).

Generation of WT and variant TCR constructs used for in vitro RNA-screening assays
The 1G4, DMF4, and DMF5 TCR variants used to carry out RNA transfection assays were
generated using an overlapping PCR method (27) using the general strategy outlined in Fig.
1A and the primers detailed in Table I. The PCR products were generated using 1 U/50 μl of
Phusion high-fidelity DNA polymerase (New England Biolabs) 0.5 μM primers, and 0.5 μM
dNTPs by incubation at 98°C for 30 s, followed by 35 amplification cycles of 98°C for 20 s,
58°C for 20 s, and 72°C for 20 s and sequences as previously described (28). Codon-optimized
versions of the 1G4 α- and β-chains (GeneArt) generated in the pCR-Script vector (Stratagene)
were used to carry out the initial screening of the TCR variants using RNA transfection methods
that have been previously described (29). The α1.1F and α2.1R oligonucleotide primers (Table
I) were used to generate a single PCR product that encoded the N terminus of the 1G4
CDR3α chain. Overlapping fragments corresponding to the C-terminal region of the 1G4 α-
chain that encoded substituted residues were generated using individual forward
oligonucleotide primers that encoded the CDR3α AAS, designated α3.1F to α3.20F, and the
α4.1 reverse primer, which consisted of 66 d(T) residues at the 5′ end followed by sequences
complementary to the 3′ end of the α-chain C region. The two PCR products were combined
and the full-length construct generated using the α1.1F and the α4.1R primers. The 1G4
CDR2β and CDR3β chain variants, as well as the DMF4 and DMF5 CDR2β chain variants
were generated using the same strategy using primers detailed in Table I. Upstream primers
contained either T3 or T7 RNA polymerase binding sites to allow in vitro transcription of RNA
with either T3 or T7 RNA polymerase.

Generation of retroviral constructs encoding 1G4 WT and variant TCRs
The 1G4 retroviral constructs were derived from native, noncodon-optimized α and β cDNA
transcripts, as codon optimization did not enhance either the surface expression of the 1G4
TCR or the function of transfected T cells (data not shown). The native nucleotide sequences
of the α- and β-chains expressed by the 1G4 T cell clone were provided by Dr. V. Cerundolo
(John Radcliffe Hospital, Oxford, U.K.) (Fig. 1B). Noncodon optimized WT 1G4 α and β
constructs were generated from TRAV-21 and TRBV6-5 cDNA clones identified within bulk
tumor-infiltrating lymphocytes (28) by carrying out overlapping PCRs using primers as
detailed in Table I containing sequences corresponding to the junctional regions of the WT
1G4 α- and β-chains. The 5′ end of the α-chain, which was generated by amplification of a
TRAV-21 cDNA clone using the α1.2F primer and the α2.2R primer, and the 3′ end of the α-
chain which was amplified using the α3.21F and α4.2R primers, were linked in a third PCR
conducted with the α1.2F and α4.2R primers. Similarly, the 5′ end of the β-chain, which was
generated by amplification of a TRBV-6-5 cDNA clone using the β1.2F and β2.2R primers,
and the 3′ end of the β-chain which was amplified using the β3.19F and β4.2R primers, were
linked in a third PCR conducted using the β1.2F and β4.2R primers. The resulting native 1G4
α and β products were cloned in the pCR4Blunt-TOPO vector using the Zero Blunt TOPO PCR
Cloning kit (Invitrogen).

The 1G4 α- and β-chains were expressed in retroviral constructs that contained the “self-
cleaving” P2A sequence (30) between the two gene products. A retroviral construct encoding
both the 1G4 WT α and β TCR was generated by carrying out a PCR using the α1.3F primer,
which contained an NcoI restriction endonuclease site followed by sequences corresponding
to the 5′ coding region of the AV21 gene, and the α2.3R primer that contained sequences
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complementary to those encoding a portion of the P2A sequence, followed by sequences
encoding a three amino acid GSG spacer and the 3′ end of the α-chain C region coding sequence.
The 1G4 β-chain TCR was amplified using the β1.3F primer that encoded a portion of the P2A
sequence followed by sequences corresponding to the beginning of the BV6-5 coding region,
and the β4.3R primer corresponding to the 3′ end of the Cβ2 C region along with an EcoRI
restriction endonuclease site. The two PCR products were then linked in a third PCR conducted
with the α1.3F and β4.3R primers, and the resulting product digested with NcoI and EcoRI and
ligated to the MSGV-1 retroviral expression vector which had been digested with the same
enzymes (31). For generating the 1G4 α95:LY/WT β retroviral variant, the 5′ α-chain fragment
was amplified from the native 1G4 WT α construct using α1.2F and α2.5R primers, and the 3′
α-chain fragment was generated using the α3.23F and α4.2R primers. These fragments were
then mixed and joined by carrying out a PCR using the α1.2 and α4.2R primers, and the resulting
fragment was cloned in the pCR4Blunt-TOPO vector. The resulting fulllength 1G4 α-chain
fragment was then used as a template for a PCR that was conducted with the α1.3F primer and
a second primer, α2.4R, that encoded a furin cleavage site for the removal of additional amino
acids at the C terminus of the TCR α-chain (32) followed by an SGSG spacer and a portion of
the P2A sequence. The WT β-chain was generated using the β1.2F and β4.2R primers, and the
α95:LY and WTβ products were gel purified, mixed and amplified using the α1.3F and a second
primer, β4.3R corresponding to the 3′ end of the 1G4 β-chain with a single nucleotide
substitution designed to remove the NcoI site normally present near the end of the β-chain
sequence. The linked α- and β-chain product was cloned as described above in the MSGV-1
retroviral expression vector. To generate the 1G4 WTα/β51:AI variant, the 5′end of the β51:AI
variant that was amplified using the β1.2F and β2.3R primers and the 3′ end of the β51:AI
variant that was amplified using the β3.20F and β4.2R primers were joined in a third PCR
conducted using the β1.2F and β4.2R primers and the resulting product was cloned in the
pCR4Blunt-TOPO vector. The WT α-chain was generated using the α1.3F and α2.4R primers,
the β51:AI product was amplified using the β1.3F and β4.3R primers, and the WT α and
β51:AI products were gel purified, mixed, and amplified using the α1.3F and β4.3R primers.
The linked α- and β-chain product was then cloned as described above in the MSGV-1 retroviral
expression vector. Stable retroviral producer clones were generated by transfected into Phoenix
Eco cells and the vector supernatants were subsequently used to transduce PG13 packaging
cells. Following limiting dilution cloning and selection, high-titer PG13 producer cell clones
were identified for each construct.

Genetic modification of T cells
Transient RNA transfection was conducted as previously described (29) using PBMC that were
stimulated for between 5 and 21 days using 30 ng/ml of the soluble anti-CD3 Ab OKT-3.
Stimulated PBMC were coelectroporated with in vitro-transcribed TCR α- and β-chain RNA
constructs at a concentration of 2 μg of RNA per 106 T cells and, 2-4 h later, coculture assays
were initiated. Additional experiments were conducted by transducing PBMC as previously
described (31) with retroviral supernatants derived from stable packaging cell clones. Briefly,
OKT-3 anti-CD3 Ab-activated PBMC were transduced on days 2 and 3 by overnight culture
on retronectin (CH-296, GMP grade; Takara Bio) coated, vector-preloaded plates. For the
initial transfection experiments, CD8+ T cells were isolated using anti-CD8 magnetic beads
(Miltenyi Biotec). For subsequent experiments that involved transfection or transduction of
CD4+ and CD8+ T cells, CD4+ T cells were initially isolated using anti-CD4 magnetic beads
(Miltenyi Biotec) using MS- or LS-positive selections columns (Miltenyi Biotec), resulting in
cell populations of >95% CD4 single-positive T cells. The cells that passed through the CD4
selection column were then passed through LD columns to remove residual CD4+ T cells
(Miltenyi Biotec). For some experiments, CD4-depleted populations were incubated with anti-
CD8 magnetic beads, followed by a positive selection on MS or LS columns.
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FACS analysis
Analysis of the expression of cell surface markers was conducted using FITC- or PE-
conjugated Abs directed against the Vβ13.1 TCR chain (Immunotech), CD3, CD4, and CD8
(BD Biosciences). The relative log fluorescence of live cells was measured using either a
FACScan or a FACScanto flow cytometer (BD Biosciences). Fluorescent peptide/HLA-A*02
tetramers were produced by the National Institutes of Health Tetramer Core Facility (Atlanta,
GA).

51Cr-release and cytokine assays
The ability of TCR-transduced PBMC to lyse target cell lines was measured in 51Cr-release
assays, as described previously (33). Cytokine release was measured following the incubation
of between 5 × 104 and 105 T cells with 105 target cells in 200 μl for 18 h, as previously
described (34). For measurement of IL-2 release, cocultures of T cells and target cells were
incubated with 5 μg/ml of a blocking Ab directed against IL-2Rα that was added to inhibit the
uptake of IL-2 by T cells, which was provided by Dr. T. Waldmann (National Institutes of
Health, Bethesda, MD).

Soluble protein production and measurements of TCR affinity
Soluble monomeric TCR heterodimers were produced as previously described (35), and
measurement of TCR affinities was conducted using Biacore surface plasmon resonance
assays, as previously described (18).

Results
Evaluation of the function of 1G4 TCR CDRα chain variants in CD8+ and CD4+ T cells

Initial attempts to enhance the function of TCR gene-modified CD8+ and CD4+ T cells focused
on variants of the 1G4 TCR α-chain containing single or dual AAS in either the CDR2α or
CDR3α regions. These constructs were cotransfected as in vitro RNA transcripts along with a
1G4 WT TCR β-chain RNA construct and used to attempt to identify variant 1G4 TCR α-
chains that lead to enhanced function in TCR gene-modified T cells. The results of cytokine
release screening assays indicated that CD8+ PBMC transfected with variant TCRs containing
individual alanine substitutions within the 1G4 CDR2 α region failed to recognize Ag-
expressing target cell lines (data not shown).

The amino acid residues 94-97 (PTSG) of the 1G4 α-chain, which are found at the amino
terminus of the CDR3 α loop (36), were then targeted for substitution as mutations in this region
had previously been identified by bacteriophage display experiments as important for high-
affinity Ag binding (18 ). Cotransfection of CD8+ PBMC with a WT 1G4 β-chain construct
and individual α-chain 1G4 TCR CDR3 substitution constructs of alanine or leucine for proline
at position 94 (designated 1G4 α94:A and 1G4 α94:L, respectively) resulted in diminished
recognition of NY-ESO-1:157-165 peptide-pulsed T2 cells (Fig. 2A). Substitutions of alanine,
leucine, or glutamic acid for the threonine residue at position 95 appeared to lead to enhanced
recognition of target cells pulsed with cognate peptide, whereas substitutions of tyrosine,
lysine, or proline at residue 95, as well as alanine at residue 97 led to decreased reactivity in
transfected CD8+ T cells. Substitution of alanine, leucine, tyrosine, glutamic acid, or lysine for
the serine residue at position 96 all appeared to modestly enhance Ag recognition by CD8+ T
cells, whereas proline substitution abolished Ag recognition (Fig. 2A). Peptide titration studies
indicated that individual substitutions of leucine at position 95 and leucine or tyrosine at
position 96 as well as dual substitutions at both these positions had minimal effects on the
strength and specificity of CD8+ T cell recognition (Fig. 3A). In marked contrast, while
CD4+ T cells expressing the WT 1G4 TCR failed to secrete significant levels of cytokine in
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response to T2 target cells pulsed with <10 nM of the NY-ESO-1 peptide, CD4+ cells
expressing the α95:L, α95:LL, and α95:LY variants recognized targets pulsed with between 1
and 0.1 nM peptide (Fig. 3C).

The abilities of different tumor cell lines that naturally process and present the NY-
ESO-1:157-165 epitope to stimulate CD8+ and CD4+ T cells expressing modified 1G4 TCRs
containing single or dual AAS were then examined, and the results summarized in Table II.
Cotransfection of CD8+ T cells with the WT 1G4 β-chain and either the CDR3 α95:L, α95:LL,
or α95:LY constructs appeared to enhance the IFN-γ release response of transfected CD8+ T
cells to NY-ESO-1 Ag-expressing HLA-A*02+ melanoma and breast cancer target cell lines,
whereas the response of CD8+ T cells transfected with the α96:L was diminished in comparison
with CD8+ T cells transfected with the WT α/β TCR (Fig. 2B). The CD4+ T cells transfected
with the WT 1G4 TCR did not respond to NY-ESO-1+ and HLA-A*02+ tumor cell lines, and
CD4+ T cells transfected with the α95:L and α96:L constructs also largely failed to recognize
these same target cells. In marked contrast, CD4+ T cells transfected with the α95:LL and
α95:LY constructs secreted highly elevated levels of IFN-γ in response to NY-ESO-1+/HLA-
A*02+ tumor cell lines (Fig. 2C). At the same time, responses directed against NY-ESO-1-

melanoma lines were not observed in CD8+ or CD4+ T cells transfected with either the WT or
the variant TCRs, indicating that these TCR substitutions maintain Ag-specific tumor cell line
recognition (Fig. 2, B and C).

Evaluation of the function of 1G4 TCR CDR β-chain variants in CD8+ and CD4+ T cells
An analysis of responses to peptide-pulsed T2 cells of CD8+ T cells transfected with 1G4 TCR
variants failed to identify 1G4 β-chain CDR3 substitution variants that greatly enhanced T cell
function; most resulted in a diminished T cell responses (Fig. 4A). Previously, a TCR variant
was identified using a bacteriophage display system that contained substitutions of AIQT for
GAGI at the 1G4 WT CDR2β positions 51-54. When combined with the WT 1G4 α-chain, this
variant TCR possessed an ∼600-fold higher Ag affinity than the WT TCR (22). To probe the
effects on T cell recognition of individual substitutions within this region, constructs containing
single and double AAS were generated and evaluated in functional T cell assays. Cotransfection
of CD8+ T cells with the WT 1G4 α construct along with β-chain constructs encoding single
substitutions of either alanine for glycine at position 51 (β51:A), isoleucine for alanine at
position 52 (β52:I), or threonine for isoleucine at position 54 (β54:T) led to enhanced
recognition of peptide-pulsed target cells, whereas the β53:Q substitution led to diminished
peptide recognition (Fig. 4B). Cotransfection of β-chain constructs encoding dual substitutions
of alanine at position 51 plus isoleucine at position 52 (β51:AI), alanine at position 51 plus
threonine at position 54 (β51:A-T) or isoleucine at position 52 plus threonine at position 54
(β52:I-T) along with the WT α-chain construct did not further enhance the activity of
transfected CD8+ T cells when compared with cells transfected with the single AAS.
Cotransfection of a 1G4 β-chain construct encoding three substitutions at positions 51, 52, and
54 (β51:AI-T) along with the WT α-chain, however, led to the nonspecific recognition of HLA-
A*02+ T2 cells when pulsed with a noncognate control peptide (Fig. 4B).

The levels of IFN-γ released by CD8+ T cells that were transfected with 1G4 TCR CDR2β
chain variants containing single substitutions of alanine at position 51 or isoleucine at position
52 or both substitutions combined were then assessed. Responses to T2 cells pulsed with titered
doses of the cognate peptide were not significantly different from those of CD8+ T cells
transfected with the 1G4 WT TCR (Fig. 3B). The CD4+ T cells that were transfected with the
WT 1G4 TCR responded only to the highest dose of peptide tested (10 nM) whereas CD4+ T
cells transfected with the β51:A and β52:I variants responded to T2 target cells pulsed with 1
nM peptide (Fig. 3D), a 10-fold increase in sensitivity. Furthermore, CD4+ T cells transfected
with the β51:AI variant responded to target cells pulsed with 0.1 nM peptide, equivalent to the
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lowest dose of peptide that resulted in significant cytokine release from CD8+ T cells and a
100-fold increase in the sensitivity of CD4+ T cells relative to that observed with 1G4 WT
TCR.

Evaluation of the effects of CDR2β substitutions on tumor cell line reactivity indicated that
transfected CD8+ T cells expressing either the 1G4 TCR β51:A, β52:I, β54:T, or β51:AI
variants, in conjunction with the WT 1G4 α-chain, enhanced the specific recognition of the
HLA-A*02+ and NY-ESO-1+ melanoma cell lines (Fig. 4C). Transfection of CD4+ T cells
with the WT 1G4 TCR did not lead to significant recognition of these melanoma cell lines,
whereas CD4+ T cells cotransfected with either the β52:I or β54:T constructs, along with the
1G4 WTα-chain construct, released significant levels of IFN-γ in response to cognate tumor
target cell lines (Fig. 4D). Transfection of CD4+ T cells with the β51:AI dual substitution
construct further enhanced the levels of cytokine released in response to cognate tumor cell
lines compared with cells that were transfected with TCRs containing single AAS (Fig. 4D).

Tumor cell line lysis mediated by T cells expressing 1G4 TCR variants
The effects of TCR substitutions on the lytic function of transfected CD8+ and CD4+ T cells
were then evaluated. Cotransfection of CD8+ T cells with 1G4 β51:AI or α95:LL or α95:LY
TCR chains in conjunction with the appropriate WT 1G4 TCR partner chain appeared to
modestly enhance lysis of the two HLA-A*02+ and NY-ESO-1+ melanoma cell lines, 624.38
and A375 (Fig. 5A). The HLA-A*02+ but NY-ESO-1- renal carcinoma cell line 2661R was
also lysed to a low but significant degree by CD8+ T cells transfected with the 1G4 β51:AI
variant but not by those expressing the WT, α95:LL, or α95:LY constructs (Fig. 5A). None of
the target cell lines were lysed by CD4+ T cells transfected with the WT 1G4 TCR, whereas
CD4+ T cells transfected with the β51:AI, α95:LL, and α95:LY constructs demonstrated
significant lysis of the 624.38 melanoma target cell line (Fig. 5B). A low level of lysis of the
A375 melanoma cell line was also observed with CD4+ T cells transfected with the β51:AI or
α95:LY constructs, while the NY-ESO-1- 2661R renal carcinoma cell line was not lysed by
any of the CD4+ T cell TCR transfectants (Fig. 5B).

IFN-γ release by T cells stably transduced with 1G4 TCR dual substitution variants
To further examine the effects of 1G4 TCR dual AAS on T cell recognition, recombinant
retroviruses coexpressing either the WT α plus β 1G4, the α95:LY plus WT β, or the WT α
plus β51:AI TCR chains were used to stably transduce populations of CD8+ and CD4+ T cells.
The percentage level of TCR expressed on the surface of CD8+ T cells transduced with the
WT 1G4 TCR chains, as determined by anti-Vβ13 (also known as VB6-5; IMGT) Ab staining
of the 1G4 β-chain V region, appeared to be somewhat lower than the levels obtained with the
α95:LY and β51:AI TCR constructs (Fig. 6A), a difference that was not, however, consistently
observed in subsequent experiments (data not shown). In contrast, nearly identical levels of
anti-Vβ13 Ab staining were observed with all the TCR-transduced CD4+ T cells (Fig. 6B).
Further analysis indicated that while similar percentage levels of NY-ESO-1/HLA-A*02
tetramer binding were observed on CD8+ T cells transduced with the WT, α95:LY, or β51:AI
TCRs, the levels of tetramer staining were significantly lower on CD4+ T cells that were
transduced with the WT 1G4 TCR than on CD4+ T cells that were transduced with either the
α95:LY or β51:AI TCRs (Fig. 6, A and B).

The CD8+ T cells that were transduced with retroviruses encoding either the 1G4 WT, α95:LY,
or β51:AI TCRs generated high levels of IFN-γ when stimulated by the NY-ESO-1+/HLA-
A*02+ melanoma cell lines 624.38 and 1300, as well as by the NY-ESO-1+/HLA-A*02+ small
cell lung carcinoma cell line, H1299-A2 (Fig. 6A). In marked contrast, the CD4+ T cells that
were transduced with the α95:LY and β51:AI TCR constructs generated high levels of IFN-γ
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in response to all three HLA-A*02+/NY-ESO-1+ tumor cell lines, whereas no response was
seen with CD4+ T cells transduced with the 1G4 WT TCR retrovirus (Fig. 6B).

The results of multiple repeated retroviral TCR transduction experiments were then evaluated.
The observation that CD8+ T cells transduced with the α95:LY/WT β TCR released higher
levels of IFN-γ in response to the NY-ESO-1+/HLA-A*02+ tumor target cell lines than those
expressing the WT α/β TCR (Fig. 5A) was confirmed in the overall analysis of the results of
multiple experiments (ratio of 2.2 ± 0.34, mean ± SEM), a statistically significant level of
enhancement (p < 0.01 using a paired t test, 36 pairstested). At the same time, the multiply
measured responses of CD8+ T cells transduced with the WT α/β51:AI TCR pair did not differ
significantly from the WT α/β TCR (Fig. 6A; ratio of 1.2 ± 0.24, p > 0.4, 34 pairs tested). The
IFN-γ responses of CD4+ T cells transduced with either α95:LY/WT β or WT α/β51:AI TCRs,
however, were greatly enhanced relative to CD4+ T cells transduced with the WT 1G4 α/β
TCR (Fig. 6B; ratio of 140 ± 50, p < 0.01, and 150 ± 52, p < 0.02, respectively, 33 pairs tested).
A direct comparison of responses induced by these two dual substitution TCR variants revealed
that the responses of CD8+ T cells transduced with the α95:LY/WT β TCR was significantly
enhanced relative to those of cells transduced with the WT α/β51:AI variant (Fig. 6A; ratio of
3.1 ± 0.67, p < 0.01, 34 pairs tested). In contrast, significant differences were not observed
between the responses of CD4+ T cell transduced with the α95:LY/WT β and WT α/β51:AI
TCR constructs (Fig. 6B; ratio of 1.2 ± 0.24, p > 0.1, 33 pairs tested).

Expression of the WT α/β51:AI TCR in CD8+ T cells also resulted in a low but significant
level of cross-reactivity with Ag-negative target cells. The CD8+ T cells that expressed the WT
α/β51:AI TCR released 730 pg/ml IFN-γ in response to the HLA-A*02+ but NY-ESO-1- 2661R
renal cancer cell line (Fig. 6A), whereas control untransduced CD8+ T cells and the WT and
α95:LY TCR transductants released only background levels of <30 pg/ml IFN-γ in response
to this cell line. These results were consistent with the low but measurable levels of nonspecific
lysis of 2661R cells mediated by CD8+ T cells that were cotransfected with the WT α and
β51:AI RNA constructs (Fig. 5A), as well as experiments in which CD8+ T cells expressing
the WTα/β51:AI variant recognized, to a variable extent, this as well as additional HLA-
A*02+ but NY-ESO-1- tumor cell lines (data not shown).

IL-2 release by T cells stably transduced with 1G4 TCR dual substitution variants
The ability of stable TCR-transduced T cells to produce IL-2 in response to tumor cell line
targets was then evaluated. The results demonstrate that similar levels of IL-2 were secreted
by CD8+ T cells retrovirally transduced with the 1G4 WT TCR and the 1G4 α95:LY variant
in response to the NY-ESO-1+ and HLA-A*02+ melanoma cell lines 624.38 and 1300, whereas
IL-2 secretion in response to the NY-ESO-1+ and HLA-A*02+ small cell lung carcinoma cell
line, H1299-A2, appeared to be enhanced in CD8+ T cells transduced with the 1G4 α95:LY
variant (Fig. 6C). Lower levels of IL-2 were released from T cells transduced with the β51:AI
variant in response to two of the three NY-ESO-1+ and HLA-A2+ target cell lines, which is
consistent with the relatively lower levels of IFN-γ released by CD8+ T cells transduced with
the β51:AI variant (Fig. 6A).

The levels of IL-2 released by CD4+ T cells that were transduced with the α95:LY/WT β and
WT α/β51:AI constructs in response to the NY-ESO-1+ and HLA-A2+ tumor targets were
similar, both being significantly higher than those observed with CD4+ T cells transduced with
the WT 1G4 α/β TCR (Fig. 6D). Again, this was similar to the IFN-γ responses of CD4+ T
cells transduced with these constructs (Fig. 6B).
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Correlation of Ag-binding affinity of 1G4 TCR variants with T cell activation
The observations that one or two amino acid substitutions in the 1G4 α- or β-chain can enhance
the function and tetramer staining of TCR gene-modified T cells indicates that the Ag affinities
of these modified TCRs may be higher than the 1G4 WT TCR. These differences may be
particular marked in CD4+ T cells where the increase in T cell avidity is not obscured by the
simultaneous binding of the CD8 α/β coreceptor to the HLA class I protein.

Direct binding measurements of the Ag affinities of soluble TCR proteins, which were
conducted by surface plasmon resonance, demonstrated that the monomeric WT 1G4 TCR
heterodimer possesses an Ag complex affinity of 9.3 μM (Table III). The α95: LY/WT β 1G4
TCR variant possesses an affinity of 730 nM, and the WT α/β52:I and WTα/β51:AI variants
possess Ag affinities of 1.1 μM and 280 nM, respectively (Table III). These increased affinities
are primarily due to decreased Ag dissociation rates as all of the WT and variant TCRs possess
similar rates of association with NY-ESO-1/HLA-A*02 Ag complex (Table III). These
findings are consistent with IFN-γ response results of peptide titration assays conducted in
TCR-transfected CD4+ T cells (Fig. 3, C and D) as well as with the increased levels of tetramer
staining of CD4+ T cells expressing either the α95:LY or β51:AI variant TCRs in comparison
with cells expressing the WT 1G4 TCR (Fig. 6B).

These results, taken together with those presented in an earlier study of modified 1G4 TCR
variants (21), demonstrate that the TCR variants that are capable of mediating enhanced tumor
recognition by TCR gene-modified CD4+ T cells possess higher affinities for the NY-ESO-1/
HLA-A*02 complex than the WT TCR but suggest that TCRs with affinities equal to or greater
than the WT α/β51:AI TCR (280 nM) can lead to impaired function in CD8+ T cells.

Identification of single substitution variants in two MART-1/HLA*02 reactive TCRs, DMF4 and
DMF5, that enhance T cell function

Attempts were then made to determine whether CDR substitutions that enhance function could
be replicated in TCRs directed against a different T cell tumor Ag without prior knowledge of
key residues gained from mutated TCR display or from atomic structure. To this end, CDR
substitutions were introduced into two distinct WT TCRs (DMF4 and DMF5), both of which
recognize the immunodominant MART-1:27-35 HLA-A*02-restricted epitope. The AAS
variants generated in these TCRs are detailed in Table II and Fig. 7. These TCRs were isolated
from two prevalent clonotypes that were present within a population of tumor infiltrating
lymphocytes derived from a single patient. Administration of this lymphocyte population was
associated with a positive response to clinical melanoma following T cell adoptive
immunotherapy, and one of these clonotypes (DMF4) demonstrated a high level of persistence
following adoptive transfer (37). Previously, the DMF5 TCR was identified as CD8 coreceptor
independent and the most potent TCR among a panel of 24 MART-1 Ag-specific TCRs
(including the DMF4 TCR) based upon their abilities to recognize Ag complex in both TCR
gene-modified CD8+ and CD4+ T cells (38). In contrast to the 1G4 TCR which contains the
AV21 and BV6-5 TCR variable chains, the DMF5 TCR is comprised of the AV12-2 and BV6-4
variable chains (IMGT TCR nomenclature).

Variants of the DMF5 TCR (Fig. 1C) that were initially generated contained single AAS of
the CDR2β residues 51-54 corresponding to the sequence TAGT in the WT TCR. Populations
of CD4+ T cells that were transfected with the WT DMF5 TCR recognized two of the four
MART-1+ and HLA-A*02+ melanoma cell lines that were tested, although these responses
were substantially lower than those observed in CD8+ T cells also transfected with the WT
TCR (Fig. 7, A and B). Transfection of CD4+ T cells with the DMF5 β54:A variant substantially
enhanced the levels of IFN-γ released in response to the four cognate melanoma cell lines while
the response of CD8+ T cells transfected with the same variant was not significantly altered
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(Fig. 7, A and B). The results of subsequent assays conducted with a wide variety of melanoma
cell lines that either did or did not express HLA-A*02 or MART-1 provided further evidence
that the recognition mediated by the DMF5 β54:A variant was both HLA-A*02 and MART-1
specific in both CD8+ and CD4+ T cells (Table IV). A substitution of alanine for the threonine
residue at DMF5 CDR2β chain position 51 significantly enhanced the CD4+ T cell response
to one of the four MART-1+ and HLA-A*02+ melanoma cell lines, 1359-A2, while at the same
time leading to diminished recognition of additional MART-1+ and HLA-A*02+ tumor cell
lines (Fig. 7, A and B). The CD8+ T cells that were transfected with the DMF5 WTα/β51:A
variant appeared to recognize the appropriate target cells, although these responses appeared
to be somewhat diminished relative to those of cells transfected with the DMF5 WT TCR. The
analysis of responses directed against additional tumor targets, however, indicated that the
β51:A substitution may have lead to the generation of an alloreactive TCR, as both CD8+ as
well as CD4+ T cells expressing this TCR variant were also stimulated by the HLA-A*02-
negative 1359 melanoma cell line (Table IV). Thus, the ability of CD8+ T cells transfected
with the DMF5 β51:A variant to recognize the cognate peptide Ag may have obscured any
alloreactivity directed against the 1359-A2 tumor cell line, which was only revealed when the
HLA-A2- 1359 tumor cell line was tested.

Further studies were undertaken to evaluate the function of TCR variants containing
substitutions of DMF5 CDR2α residues 50 to 54 as well as the CDR3α residues 93 and 94;
however, none of these variants enhanced the function of TCR gene-modified T cells (data not
shown). Taken together, these results indicate that the DMF5 β-chain residue 54 represents a
critical residue that can be altered to enhance the specific function of this TCR in CD4+ T cells.

In an attempt to evaluate the generality of this approach, individual CDR AAS were generated
in a second MART-1/HLA-A*02-reactive TCR, DMF4, that contained the AV35 and BV10-3
variable chain regions (Fig. 1D), both of which differ from the DMF5 clone. Single alanine
AAS were generated across the CDR2 β-chain residues 51-54, which corresponds to GVKD
in the DMF4 WT β-chain. Responses directed against HLA-A*02+ and MART-1+ melanoma
cell lines were not significantly altered by transfection of CD8+ T cells with the WT DMF4
α-chain along with variants containing single substitutions of alanine at either residue positions
51, 52, or 53 of the DMF4 β-chain (Fig. 7C). In contrast, these responses were greatly reduced
in CD8+ T cells transfected with a DMF4 β-chain construct containing a substitution of alanine
for aspartic acid residue at position 54. Relatively high levels of IFN-γ were released from
CD4+ T cells that were transfected with the DMF4 WTα/β51:A substitution in response to four
MART-1+ and HLA-A2+ tumor cell lines relative to those released from CD4+ T cells
transfected with the WT DMF4 TCR (Fig. 7D), although the dramatically higher levels of IFN-
γ from CD4+ T cells expressing the DMF4 WTα/β51:A TCR in response to the 1300 melanoma
cell line than those directed against the additional MART-1+ and HLA-A*02+ tumor cell lines
were not observed in additional experiments (data not shown). The observation that CD8+ and
CD4+ T cells that were transfected with the DMF4 β51:A construct failed to respond to any of
the MART-1- or HLA-A*02- target cell lines that were tested (Fig. 7, C and D and data not
shown) indicated that these responses are both peptide and HLA specific.

Lysis of tumor cell lines mediated by DMF4 and DMF5 TCR variants
The abilities of CD8+ and CD4+ T cells expressing the DMF4 or DMF5 WT TCRs to mediate
specific tumor cell lysis were then compared with T cells that express the corresponding TCR
variants. The levels of Ag-specific lysis mediated by CD8+ T cells expressing either the DMF4
β51:A or the DMF5 β54:A variants directed against the MART-1+ and HLA-A*02+ melanoma
cell line 624.38 were not appreciably higher than those seen with the corresponding DMF4 or
DMF5 WT TCRs (Fig. 8A). CD4+ T cells transfected with the DMF5 WT TCR showed a low
level lysis of the 624.38 tumor cell line confirming CD8 coreceptor independence of this TCR

Robbins et al. Page 11

J Immunol. Author manuscript; available in PMC 2008 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(23). In contrast, 624.38 cells were not significantly lysed by CD4+ T cells transfected with
the DMF4 WT TCR (Fig. 8C). The level of lysis of 624.38 cells mediated by CD4+ T cells
expressing the DMF5 β54:A TCR variant was enhanced in comparison to that observed with
CD4+ T cells expressing the DMF5 WT TCR, and a low but significant level of lysis of 624.38
cells was also observed following incubation with CD4+ T cells expressing the DMF4 β51:A
variant (Fig. 8C). Expression of these modified TCRs in CD8+ or CD4+ T cells, however, did
not enhance the lysis of the MART-1- but HLA-A*02+ renal carcinoma cell line 2661R
indicating that these AAS did not substantially alter the lytic specificity of T cells that expressed
these TCRs (Fig. 8, B and D). Although there appeared to be a low level of lysis of the 2661R
tumor cell line mediated by CD4+ T cells transfected with the DMF4 and DMF5 WT TCRs,
this was not observed in additional experiments (data not shown).

Similar levels of IFN-γ were released by CD8+ T cells cotransfected with either the DMF4 WT
TCR or the DMF4 WT α/β51:A variant in response to T2 target cells pulsed with the cognate
MART-1:27-35 peptide (Fig. 9A). In contrast, CD8+ T cells cotransfected with the DMF5 WT
α/β54:A TCR variant recognized target cells pulsed with between 10- and 100-fold lower levels
of the MART-1 peptide than CD8+ T cells transfected with the DMF5 WT TCR (Fig. 9A).
Additionally, transfected CD4+ T cells expressing the DMF5 WTα/β54:A and DMF4 WTα/
β51:A TCR variants recognized between 10- and 100-fold lower concentrations of the peptide
than CD4+ cells transfected with the corresponding WT TCRs (Fig. 9B). These observations,
taken together with the results of studies conducted with the 1G4 TCR variants, suggest that
the evaluation of T cells that have been genetically modified to express TCRs containing as
few as one or two CDR AAS may represent a general strategy for identifying TCRs with
enhanced functional avidities.

Discussion
In this report, single and dual AAS variants were created in both chains of the 1G4 TCR that
recognizes the HLA-A*02-restricted NY-ESO-1:157-165 peptide Ag, to identify substituted
TCRs with enhanced levels of Ag-specific reactivity in TCR gene-modified T cells. As
exemplified here, mutant CDR motifs selected from large mutational libraries can provide an
effective starting point for this process. In addition, the effects of single AAS on two TCRs
(DMF4 and DMF5) both reactive with the HLA-A*02-restricted MART-1:27-35 epitope, but
with distinct variable chain usage, were evaluated to determine whether the cellular properties
of these TCRs could also be enhanced without the prior knowledge of key TCR residues derived
from affinity improvement selection or structural studies.

Although increases in T cell reactivity in TCR-transfected CD4+ and/or CD8+ cells are desired,
this should not come at the expense of a loss of Ag specificity. Ag cross-reactivity is of
particular concern for T cell adoptive immunotherapy and may be more likely if CD8-
independent TCRs are used in a CD8+ T cell environment. Improved TCRs with responses
that remain Ag-specific in both CD4+ and CD8+ T cells can potentially enhance T cell adoptive
immunotherapy.

This study used an RNA-transfection/screening assay method which facilitated the rapid
evaluation of TCR AAS variants in T cells. TCR variants which showed potentially improved
properties in both CD4+ and CD8+ T cells were then further characterized in T cells stably
transduced by retroviral TCR gene expression constructs. Among the substituted 1G4 TCRs
that were evaluated were two dual AAS variants; one in the CDR3 α region (α95:LY) and
another in CDR2 β (β51:AI). Both variant TCRs significantly increased the CD4+ T cell
sensitivity both to peptide-pulsed target cells and to cognate tumor cell lines. The high levels
of recognition of cognate cells by CD4+ T cells transfected with these and a third single
substitution (β52:I) indicates that increased CD8-independent T cell responsiveness to
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physiologically relevant levels of Ag is associated with increased TCR affinity. A 10- to 30-
fold increase in affinity is seen, ranging from the WT 1G4 TCR (9.3 μM), across β52:I (1.1
μM) and α95:LY variants (730 nM) to the β51:AI 1G4 TCR (280 nM). These responses by
substituted 1G4 TCRs concur with those seen previously with the more complex 1G4 TCR wt/
c59 and c12/c2 mutants, having respective Ag complex affinities of 4 μM and 450 nM (21).
Taken together, an elevated response by TCR-transfected CD4+ T cells is seen over a TCR
affinity range of ∼5 μM to ∼500 nM, a 2- to 20-fold higher affinity than the 1G4 WT TCR.
The findings of an earlier study on the murine 2C class I TCR are consistent with this as peptide/
MHC complex affinities of ∼3 μM or stronger were associated with CD8-independent T cell
triggering (39).

These elevated 1G4 TCR affinities result mainly from an increase in the t1/2 of the binding of
the 1G4 TCR to the NY-ESO-1 peptide/HLA-A*02 complex (Table III) and suggest elevated
TCR dwell times. Other studies suggest that efficient T cell activation may require an optimal
dwell time of interaction between the TCR and Ag complex (40). Earlier studies have identified
a correlation between the strength of the T cell response and the t1/2 of TCR binding (41),
although exceptions to this rule have been noted which may relate to TCR structural flexibility
(42).

The Ag-specific responses to tumor cell lines of CD8+ T cells transduced with the α95:LY/
WT β variant 1G4 TCRs (730 nM) were enhanced ∼2-fold relative to the WT α/β TCR (∼10
μM), while at the same time the responses of CD8+ T cells transduced with the WT α/β51:AI
variant (280 nM) to the appropriate target cells were not significantly enhanced. The increased
responses observed from CD8+ as well as CD4+ T cells transduced with the 1G4 α95:LY variant
were observed in the absence of any apparent cross-reactivity with NY-ESO-1- or HLA-A2-
negative target cells, indicating that the affinity of the α95:LY/WT β TCR (730 nM) TCR
variant may be close to the affinity that is close to the optimum for the maximal triggering of
CD8+ T cell antitumor responses.

In parallel to these observations on TCR-transfected T cell responses, the T cell Ag specificities
were also measured and compared. Previously, a multiple substitution variant of the 1G4 TCR
was shown to possess an affinity ∼1 million-fold higher than the WT 1G4 TCR. As a soluble
monomeric protein, this TCR was shown to bind specifically to NY-ESO-1 peptide-pulsed T2
cells but not to a panel of 16 other unrelated control peptide/HLA-A*02 Ags (18). When this
TCR and other mutant1G4 TCRs were transfected into CD8+ T cells, Ag cross-reactivity with
NY-ESO-1-negative target cell lines was observed with the highest affinity TCR and with those
with Ag affinities ranging from 20 to 50 pM to 84 nM. However, when CD8+ T cells were
transfected with mutant 1G4 TCRs with affinities 450 nM and weaker were Ag specific (21).
In agreement with these findings, the β51:AI 1G4 TCR variant (280 nM affinity) was also
associated with a loss of Ag specificity in CD8+ T cells, as these cells were stimulated by the
NY-ESO-1-negative 2661R tumor cell line. Therefore, the upper affinity limit of the 1G4 TCR
in CD8+ T cells compatible with specific Ag recognition may lie between 450 and 280 nM.

These results are compatible with the hypothesis that both the strength and the specificity of
the T cell response are closely related to TCR affinity. As noted earlier, the principal kinetic
parameter change responsible for these observed mutational increases in 1G4 TCR affinity is
the increase seen in the Ag dissociation half-life. Hence, in defining the optimal properties of
TCR variants suitable for Ag-specific tumor cell recognition, it may be more appropriate to
describe a range of Ag-dissociation rates rather than the product of the association and
dissociation rates that together constitute the overall affinity.

Crystal structure studies on soluble WT 1G4 TCR protein have demonstrated that amino acid
residues 95 and 96 (TS) in the 1G4 CDR3 α-chain interact with the NY-ESO-1 peptide in the

Robbins et al. Page 13

J Immunol. Author manuscript; available in PMC 2008 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HLA-A*02-binding groove, whereas CDR2β residues interact with the HLA-A*02 α2 helix
and do not interact at all with the NY-ESO-1 peptide (36). Previously, a crystal structure of a
high-affinity 1G4 TCR containing substitutions in both the CDR2α and CDR2β regions
revealed that the orientation of the native CDR3 loops and their specific contacts with bound
peptide remained essentially unchanged from the parental wild type (22). A recent study
indicates that dual substitutions of two leucine residues for the threonine plus serine residues
at CDR3 positions 95 and 96 in the 1G4 WT α-chain are unfavorable in the unbound TCR due
to the solvent accessibility of the hydrophobic leucine side chains (43). When this variant TCR
binds to cognate peptide/HLA-A*02 complex, however, these leucine residues form favorable
interactions with CDR1α and CDR2α residues that enhanced the overall stability of this
complex (43), interactions that may similarly stabilize the Ag binding of the α95:LY/WT β
variant TCR analyzed in the current report.

The effects of single AAS in the CDR2β regions of two TCRs (DMF4 and DMF5) both reactive
with the HLA-A*02-restricted MART:27-35 peptide epitope but with distinct variable chain
usages were evaluated to determine whether the results obtained using the 1G4 TCR could be
extended to include other receptors without prior knowledge from affinity improvement or
structural studies. The results of screening assays indicated that separate alanine substitutions
of a single CDR2β residue in both TCRs could significantly enhance the Ag-specific tumor
cell line responses of TCR gene-modified CD4+ T cells. One of these mutant TCRs, DMF5
β54:A, also demonstrated increased CD8+ T cell reactivity without loss of Ag specificity. The
in vitro affinity binding kinetics and atomic structures of the native and modified DMF4 and
DMF5 TCRs have not been determined, but the results of peptide titration assays indicate that
these modifications may have led to enhancements in TCR affinity that are similar to those
observed with the 1G4 α95:LY variant (Fig. 9).

Studies conducted with an additional DMF5 TCR variant containing an alanine substitution at
position 51 of the β-chain indicate that this AAS substitution results in the generation of an
alloreactive TCR parallel and emphasizes the need for caution in evaluating the effect of AAS
on TCR function. The use of wide panels of target cells lacking expression of the tumor marker
and/or the HLA restriction element is critical to insure that the chosen AAS do not significantly
alter the specificity of the TCR for cognate peptide/HLA Ag, especially in CD8+ T cells.

The results of modifications of the 1G4 TCR, taken together with those obtained with the
DMF4 and DMF5 TCRs, provide guidelines that can be used in studies aimed at enhancing
the function of additional TCRs. The function of altered TCRs containing alanine substitutions
of individual CDR residues can be evaluated to identify alterations that either enhance or
diminish T cell function. Conservative substitutions at critical residues identified in the initial
alanine substitution scan, as well as combinations of substituted residues, can then be evaluated
for the effects of these changes on the function of gene-modified T cells.

At this time, the treatment effects of tumor-reactive, class I-restricted CD4+ T cells containing
CD8-independent TCRs on in vivo or clinical responses are unknown; however, multiple
observations suggest that the presence of CD4+ T cells enhances the function of the CD8+ T
cell population. The persistence of CMV-reactive CD4+ T cells is correlated with enhanced
control of disease by CMV-reactive CD8+ T cells (44,45). Cooperative interactions between
CD8+ and CD4+ T cells expressing a high-affinity CD8-independent TCR directed against a
human p53 epitope have been observed, as assessed by their abilities both to secrete IFN-γ in
response to cognate Ag complex expressing target cell lines and to activate dendritic cells
(46). The adoptive transfer of CD4+ T cells expressing a CD8-independent TCR has been
shown to enhance tumor protection mediated by CD8+ tumor-reactive T cells (47). In addition,
the priming of CD8+ T cells directed against a viral epitope was enhanced by the adoptive
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transfer of CD4+ T cells that had been genetically modified to coexpress the CD8 α/CD8 β
coreceptor along with a CD8-dependent class I-specific TCR (48).

The findings presented above indicate that the substitutions of one to two TCR α- or β-chain
CDR residues can dramatically enhance the function of gene-modified T cells. The
development of rapid screening assays to identify enhanced TCR substitution variants may
provide valuable assistance to studies on T cell functions and to the understanding of the
physical nature of interactions between TCRs and peptide/MHC complexes as well as
generating TCR reagents that lead to improved T cell immunotherapy.
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FIGURE 1.
Generation of AAS variants of 1G4, DMF5, and DMF4 TCRs (A). Pairs of oligonucleotide
primers designated α1 and α2 or β1 and β2 were used to amplify regions of TCR α-or β-chain
sequences, respectively, that were upstream of the AAS. The AAS were encoded within a
primer that partially overlapped with the α2 or β2 primer, designated α3 or β3, that was used
to carry out a second PCR with primer α4 or β4. The products of the first two PCR were
combined and amplified using primers α1 and α4 or β1 and β4. The nucleotide and amino acid
sequences of the 1G4, DMF5, and DMF4 α and β TCR chains are presented in B, C, and D,
respectively, and specific primers used to generate the AAS variants detailed in Table I.
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FIGURE 2.
Rapid screening of NY-ESO-1/HLA-A*02-reactive TCR 1G4 CDR3α variants in CD8+ and
CD4+ T cells. T cells were activated with anti-CD3 Ab and isolated CD8+ (A and B) or
CD4+ (C) T cells were cotransfected with RNA 1G4 TCR α-chain constructs encoding AAS
within the CDR3 region along with a WT 1G4 TCR β-chain RNA construct. Transfected T
cells were incubated overnight with T2 cells pulsed with the indicated concentrations of NY-
ESO-1 peptide or with 1 μM control peptide, gp100:154-162 (A), or with HLA-A*02+

melanoma and breast cancer target cell lines that did or did not also express the NY-ESO-1
transcript (B and C). The release of IFN-γ was measured the following day.
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FIGURE 3.
Peptide titration of responses of CD8+ and CD4+ T cells transfected with NY-ESO-1/HLA-
A*02-reactive 1G4 WT, CDR2β, and CDR3α TCR variants. T cells were activated with anti-
CD3 Ab and isolated CD8+ (A and B) or CD4+ (C and D) T cells were cotransfected with RNA-
encoding TCR constructs containing substitutions in the 1G4 α- or β-chains along with the
complementary 1G4 WT TCR chain. The releases of IFN-γ in response to T2 cells pulsed with
varying doses of the NY-ESO-1 peptide or with 10 nM control HLA-A*02-binding peptide
from gp100 corresponding to amino acids 154-163 (KTWGQYWQV) were measured the
following day.
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FIGURE 4.
Rapid screening of NY-ESO-1/HLA-A*02-reactive TCR 1G4 CDR2 and CDR3 β variants in
CD8+ and CD4+ T cells. T cells were activated with anti-CD3 Ab and isolated CD8+ (A-C) or
CD4+ (D) T cells were cotransfected with RNA 1G4 TCR β-chain constructs encoding AAS
within the CDR2 or CDR3 regions along with a WT 1G4 TCR α-chain RNA construct.
Transfected T cells were incubated overnight with T2 cells pulsed with the indicated
concentrations of NY-ESO-1 peptide or a control peptide, gp100:154-162 (A and B), or HLA-
A*02+ melanoma target cell lines that did or did not also express NY-ESO-1 transcript (C and
D). The release of IFN-γ was measured the following day.
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FIGURE 5.
Effects of NY-ESO-1/HLA-A*02-reactive TCR 1G4 CDR3α and CDR2β variants on the
cytolytic activity of CD8+ and CD4+ T cells. The cytolytic activities of anti-CD3 Ab stimulated
CD8+ (A) and CD4+ (B) T cells cotransfected with 1G4 WT and variant TCRs to the HLA-
A*02+ and NY-ESO-1+ melanoma cell lines 624.38 and A375 as well as the response to the
HLA-A*02+, but the NY-ESO-1- renal cell carcinoma line 2661R was measured in standard
4-h 51Cr-release cell lysis assays.
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FIGURE 6.
Effects of NY-ESO-1/HLA-A*02-reactive 1G4 WT and variant TCRs on CD8+ and CD4+ T
cell activity following retroviral transduction. Anti-CD3 Ab stimulated PBMC were transduced
on days 2 and 3 with retroviral supernatants that coexpressed either the 1G4 WT α and β,
α95:LY and WT β, or WTα and β51:AI TCR chains. Ten days following anti-CD3 Ab
stimulation, CD8+ (A and C) and CD4+ (B and D) T cells were separated and were tested 4
days later for their ability to release IFN-γ (A and B) or IL-2 (C and D) in response to melanoma,
lung carcinoma, and renal cell carcinoma cell lines. The results presented are representative of
those obtained following the transduction of three samples of PBMC. Cell surface TCR
expression was evaluated by FACS analysis of Vβ13 as well as NY-ESO-1/HLA-*02 tetramer
staining 10 days following anti-CD3 Ab stimulation, and coculture assays were initiated on
day 13.
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FIGURE 7.
Rapid screening of MART-1/HLA-A*02-reactive TCR DMF5 and DMF4 WT and CDR2β
variants. T cells were activated with anti-CD3 Ab and isolated CD8+ (A and C) and CD4+ (B
and D) T cells were cotransfected with RNA constructs encoding the WT α, along with either
the WT β-chain or CDR2β variant chains generated from either the DMF5 TCR (A and B) or
the DMF4 TCR (C and D). Transfected T cells were evaluated the following day for their
ability to generate IFN-γ in response to melanoma target cell lines.
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FIGURE 8.
Effects of MART-1/HLA-A*02-reactive TCR DMF4 and DMF5 CDR2β variants on the
cytolytic activity of CD8+ and CD4+ T cells. The cytolytic activities of CD8+ (A and B) and
CD4+ (C and D) T cells transfected with RNA encoding the DMF4 and DMF5 WT and variant
TCRs to the HLA-A*02+ and MART-1+ melanoma cell line 624.38 (A and C) and to the HLA-
A*02+ but MART-1- tumor cell line renal cell carcinoma 2661R (B and D) were evaluated in
standard 4-h 51Cr-release cell lysis assays.
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FIGURE 9.
Peptide titration of responses of CD8+ and CD4+ T cells transfected with MART-1/HLA-A*02-
reactive DMF4 and DMF5 WT TCRs and their CDR2β variants. T cells were activated with
anti-CD3 Ab and isolated CD8+ (A) or CD4+ (B) cells were cotransfected with RNA encoding
TCR constructs containing substitution of DMF4 or DMF5 β-chains along with the
complementary DMF4 or DMF5 WT α-chains. The releases of IFN-γ in response to T2 cells
pulsed with varying doses of the MART-1 peptide or with a 1 μM control HLA-A*02-binding
peptide corresponding to tyrosinase residues 369-377 (YMDTMSQV) were measured the
following day.
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