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Abstract
The dramatic tumor regression observed following adoptive T cell transfer in some patients has led
to attempts to identify novel Ags to understand the nature of these responses. Nearly complete
regression of multiple metastatic melanoma lesions was observed in patient 1913 following adoptive
transfer of autologous tumor-infiltrating lymphocytes. The autologous 1913 melanoma cell line
expressed a mutated HLA-A11 class I gene product that was recognized by the bulk tumor-infiltrating
lymphocytes as well as a dominant T cell clone derived from this line. A second dominant T cell
clone, T1D1, did not recognize the mutated HLA-A11 product, but recognized an allogeneic
melanoma cell line that shared expression of HLA-A11 with the parental tumor cell line. Screening
of an autologous melanoma cDNA library with clone T1D1 T cells in a cell line expressing the
mutated HLA-A11 gene product resulted in the isolation of a p14ARF transcript containing a 2-bp
deletion in exon 2. The T cell epitope recognized by T1D1, which was encoded within the
frameshifted region of the deleted p14ARF transcript, was also generated from frameshifted p14ARF
or p16INK4a transcripts that were isolated from two additional melanoma cell lines. The results of
monitoring studies indicated that T cell clones reactive with the mutated HLA-A11 gene product and
the mutated p14ARF product were highly represented in the peripheral blood of patient 1913 1 wk
following adoptive transfer, indicating that they may have played a role in the nearly complete tumor
regression that was observed following this treatment.

A variety of mechanisms have been found to give rise to tumor-associated Ags. The melanocyte
differentiation Ags are expressed on melanomas and normal cells with a limited tissue
distribution, whereas cancer testis Ags are limited in their expression to selected cancers as
well as to the cells in the testis that lack expression of HLA class I and II Ags (1). Genes such
as PRAME and FGF-5 are overexpressed in a variety of tumor types (2,3), and the relatively
low levels of expression in normal tissues may not be sufficient to trigger T cell responses. A
variety of genetic alterations that include point mutations, nucleotide deletions, as well as
chromosomal translocations have been shown to be involved with generating tumor-specific
T cell epitopes (4–8).

Although, in the majority of cases, individual mutations appear to be limited to tumors derived
from a single patient, particular codons within certain genes have been found to be mutated in
tumors isolated from multiple patients, presumably because they encode a protein with an
altered function that confers an advantage on cells that express this product. A mutated β-
catenin epitope that is naturally recognized by tumor-reactive T cells was expressed in tumor
isolated from multiple patients (9), and candidate peptides that encompass a common point
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mutation present in the ras oncogene have been used to generate tumor-reactive T cells (10).
Additional examples of genes that are frequently altered in tumor cells as a result of short
nucleotide deletions or insertions include the CDKN2A locus that encodes two tumor
suppressor gene products, p14ARF and p16INK4a (11). These two proteins do not contain any
sequence similarities, because they are encoded by distinct exon 1 sequences and share a single
exon 2 sequence that is, however, translated in two alternative open reading frames (ORFs).
2 These two gene products regulate the cell cycle through independent means, because the
p16INK4a product binds to the cyclin-dependent kinase 4 or 6 and cyclin D1 complex that
negatively regulates progression of mammalian cells through the cell cycle (12), whereas the
p14ARF product interacts with MDM2, resulting in stabilization of p53 and G1 arrest (13). A
number of studies have demonstrated that germline mutations of p14ARF and/or p16INK4a
are associated with melanoma susceptibility, and in addition, both germline and somatic
mutations of these two genes appear to predispose individuals to the development of other
tumor types (14–17). Within this locus, relatively small deletions or insertions have been
observed to occur at frequencies as high as 59% in certain tumor types as well as their
premalignant progenitors (14).

In this study, a tumor-infiltrating lymphocyte (TIL) that appeared to result in the nearly
complete regression of multiple metastatic lesions following adoptive transfer was shown to
recognize a mutated class I HLA gene product, as well as a peptide encoded by frameshifted
p14ARF and p16INK4a transcripts. The analysis of peripheral blood samples suggests that T
cells reactive with these two mutated Ags may have played an important role in the nearly
complete tumor regression that was observed following adoptive TIL transfer.

Materials and Methods
Cell lines

The 1913 melanoma (mel) cell line was established from a metastatic lesion resected in 2001
from a 37-year-old female patient, and a TIL culture was established from the same tumor by
culturing dissociated cells in 6000 IU/ml rIL-2. Tumor-reactive T cell clones were derived
from this cell line by limiting dilution cloning as previously described (18). Briefly, bulk TIL
cultures were plated at 0.6 cells per well in 96-well U-bottom plates in 200 μl of complete
medium (CM; RPMI 1640 containing 10% human serum), 30 ng/ml OKT-3 (Ortho Biotech,
Raritan, NJ), 300 IU/ml IL-2, and 5 × 104 allogeneic irradiated (34 Gy) PBMC per well. After
7 days of culture, IL-2 was added to all wells to a final concentration of 300 IU/ml. After 14
days of culture, growth-positive microwells were screened for specific recognition of
autologous melanoma cells using IFN-γ cytokine release assay. For this assay, one-half of the
cells from each microwell were split between replicate plates, one of which contained 2.5 ×
104 autologous tumor cells, and the other of which contained 2.5 × 104 HLA-A2+ allogeneic
tumor cells. The T cell clones were incubated overnight with the tumor cells, and IFN-γ release
into the culture supernatants was determined by ELISA (Pierce/Endogen, Rockford, IL). Ag-
reactive microcultures were expanded for further functional screening using a modified rapid
expansion protocol with allogeneic irradiated PBMC, IL-2, and OKT-3 in CM as previously
described (19). Additional cytokine release assays were conducted as described above using
104 T cells and 2.5 × 104 stimulator cells.

Generation of HLA-A11-expressing cell lines
Initially, an HLA-A11 gene product was isolated from 1913 mel and PBL obtained from patient
1913 by carrying out RT-PCR with the Platinum Taq DNA Polymerase High Fidelity kit
(Invitrogen, Carlsbad, CA) using the forward primer EX1-A6 (5′-

2Abbreviations used in this paper: ORF, open reading frame; TIL, tumor-infiltrating lymphocyte.
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CAGACGCCGAGGATGGCC) and the reverse primer A-EX8-1 (5′-
CACACAAGGCAGCTGTCTCACA) (20) that were designed to amplify HLA-A locus gene
products. The HLA-A11 gene product amplified from 1913 lymphocytes corresponded to the
normal A*11011 allele, but the product amplified from 1913 mel contained a C-to-T mutation
at codon 11 of the mature HLA-A11 gene product that resulted in a substitution of a
phenylalanine residue for a serine residue. The normal and mutated HLA-A11 gene products
were then cloned into the retroviral vector pCLPCX4 (−). This vector was generated from the
pCLNCX vector (21) by digestion with HindIII, followed by insertion of a double-stranded
oligonucleotide that destroyed the original HindIII site but that encoded the XhoI, NotI, HindIII,
NsiI, BamHI, EcoRI, and BglII restriction sites. The neomycin phosphotransferase gene was
then removed by digestion with the SbfI and PmeI restriction endonucleases, followed by
treatment with mung bean nuclease and calf intestinal phosphatase (Invitrogen) to generate a
blunt-end dephosphorylated fragment. The puromycin gene was removed from pMSCVPure
(BD Biosciences, Mountain View, CA) by digestion with HindII and ClaI and a blunt-end
fragment generated using Klenow (Invitrogen) amd mung bean nuclease, followed by ligation
to the digested vector. Retroviral supernatants were generated by transient transfection of the
293-GP packaging cell line, as previously described (22). Retrovirally transduced cells were
selected by incubation with medium containing 1 μg/ml puromycin. A transcript encoding the
full-length HLA-A11 gene product that contained the single mutation at codon 11 described
above was isolated from the 1913 mel library that had been generated in the expression vector
pCMV-Sport6 (Invitrogen) and was used to perform the majority of the transient transfection
experiments.

Construction and screening of cDNA library
A cDNA expression library was constructed according to the manufacturer's procedures using
5 μg of poly(A)+ RNA that was isolated from 1913 mel by using the PolyATtract mRNA
Isolation Systems kit (Promega, Madison, WI). The cDNA library was divided in pools of
∼100 bacterial colonies per well, and 0.3 μg of DNA was transfected into 45,000 COS cells
that were stably transfected with the mutated HLA-A11 gene construct in 96-well plates by
using Lipofectamine 2000 (Invitrogen), and 18 h after transfection, 2 × 104 T1D1 T cells were
added to each well. Supernatants from each well were then harvested 24 h later and tested for
IFN-γ by ELISA. Individual cDNAs isolated from positive wells were tested as above,
sequenced using the Big-Dye Terminator V 1.1 kit (Applied Biosystems, Foster City, CA) and
analyzed using an ABI Prism 3100-Avant Genetic Analyzer (Applied Biosystems).

Peptide synthesis, purification testing
Peptides were synthesized using a solid-phase method based on standard F-moc chemistry on
a multiple peptide synthesizer (Gilson, Worthington, OH). The purity of the peptides, as
analyzed by mass spectrometry (Tufts Core Facility, Boston, MA) was estimated to be >90%.
Lyophilized peptides were resuspended in DMSO and incubated at varying concentrations with
target cells, which were then used to stimulate T1D1 T cells in an overnight coculture assay
containing 2 × 104 cells, and IFN-γ secretion was measured by ELISA.

RT-PCR and sequence analysis
To identify the p14ARF T cell epitope, two cDNA fragments comprising the region 5′ and 3′
of the mutation site identified in the transcript was cloned from the 1913 mel cell line.
Amplification of the upstream region was conducted using a forward primer that encompassed
the normal p14ARF translational start site, p14-ARF-NF (5′-
CACCCGAGAACATGGTGCGC-3′), and a reverse primer, p14-ARF-NR (5′-
GAGGTTGAGTCCGCGACA-3′). Amplification of the region located downstream of the
mutation site was conducted using the forward primer p14-ARF-MF (5′-
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CACCATGAGTTGGAGCTGC-3′), which encompassed residues 217–231 of the mutated
p14ARF transcript isolated from 1913 mel and contained a consensus start site to allow efficient
translation, along with the reverse primer p14-ARF-MR (5′-TGGCCCAGCTCCTCAGCC-3′),
which was complementary to bases 396–413 of the mutated p14 transcript. Amplification of
the full-length cDNA encoding p14ARF was conducted using the forward p14-ARF-FF (5′-
CACCCGGAGTAGGGCAGG-3′) and reverse p14-ARF-FR (5′-
TGGCCCAGCTCCTCAGCC-3′) primers. A truncated cDNA was amplified comprising the
region encoding aa 1–123 of the normal p16INK4a using the forward primer p16-INK4a-E3F
(5′-GCTGCGGAGAGGGGGAGAGCAGGCA-3′) along with the reverse primer p16-INK4a-
E3R (5′-TGGCCCAGCTCCTCAGCC-3′). The reverse-transcriptase reaction was conducted
for 1 h at 50°C and 5 min at 85°C, followed by a PCR consisting of a 4-min incubation at 94°
C, followed by 35 cycles comprised of incubations of 1 min at 94°C, 1 min at 58°C, and 1 min
and 30 s at 72°C, and a final incubation at 72°C for 10 min. The RT-PCR products were then
cloned into expression vectors from pcDNA3.1 Directional TOPO or pcDNA3.1/V5-His
vectors (Invitrogen). Sequence reactions were conducted using the Big-Dye Terminator V 1.1
kit (Applied Biosystems) using a standard T7 forward primer or a BGH reverse primer and
were analyzed using the ABI Prism 3100-Avant Genetic Analyzer (Applied Biosystems).

5′-RACE analysis of BV gene expression
Amplification of TCR BV region sequences was conducted using the SMART RACE cDNA
Amplification kit (BD Biosciences). Briefly, first-strand cDNA was synthesized from 0.1 to 1
μg of total RNA using an oligo(dT) primer, and amplification was conducted using a primer
complementary to the TCR β-chain C region 5′-CTCTTGACCATGGCCATC-3′ and an anchor
primer according to the manufacturer's instructions. Following amplification, 5′-RACE
products were cloned into the pCDNA3.1 TA cloning vector (Invitrogen).

Results
Recognition of a mutated HLA class I gene product by TIL 1913

Patient 1913 had failed conventional therapy but subsequently demonstrated nearly complete
regression of multiple visceral and s.c. metastatic lesions following adoptive transfer of the
autologous TIL 1913. Preliminary assays indicated that TIL 1913 failed to recognize the
dominant HLA-A2-restricted melanoma Ags MART-1 and gp100 (23), but the gene encoding
the second HLA-A allele expressed by 1913 mel cells, HLA-A11, contained a C-to-T alteration
that resulted in a substitution of a phenylalanine for a serine residue at aa 11 of the mature
HLA-A11 gene product. This represented a mutated gene product and was designated HLA-
A11mut, because T cells isolated from patient 1913 expressed a protein that corresponded to
the normal HLA-A11 sequence, which was designated HLA-A11N. Additional studies
demonstrated that the bulk TIL 1913 recognized COS-7 cells transfected with the HLA-
A11Mut but not HLA-A11N (data not shown), and a T cell clone isolated from TIL 1913,
T2G10, recognized COS cells transfected with a construct encoding the HLA-A11Mut product
but not constructs encoding either the normal HLA-A11N, HLA-A2, or HLA-A3 gene products
(Fig. 1).

T cells from TIL 1913 recognized mutated products derived from the CDKN2A locus
A second CD8+ T cell clone derived from this TIL by limiting dilution, T1D1, failed to
recognize target cells expressing HLA-A11Mut (Fig. 1). However, this T cell recognized an
allogeneic melanoma, 1011 mel, that shared expression of HLA-A11 but not any additional
HLA class I alleles with 1913 mel (Table I). The T1D1 T cells failed to recognize EBV-
transformed B cells that expressed the normal HLA-A11 gene product, as well as several other
melanoma and renal carcinoma cell lines that expressed HLA-A11. A total of 384 pools that
were generated from an autologous melanoma cDNA library was then screened by transfection
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of COS-A11Mut target cells, followed by the addition of clone T1D1 and measurement of IFN-
γ release. The sequence of a single cDNA that was isolated from one of the six positive pools
that were identified in the initial screen corresponded to a mutated p14ARF transcript that
contained a 2-bp deletion in exon 2 as well as a C-to-T alteration that flanked this deletion (Fig.
2A). The same mutation was observed in a sample of fresh uncultured 1913 tumor cells, but
the transcript that was isolated from autologous T cells corresponded to the normal p14
sequence, indicating that this represented a somatic mutation that arose during tumor
development. In addition, no normal p14ARF transcripts were identified in 1913 mel cells,
demonstrating that loss of heterozygosity had occurred at this locus. The CDKN2A locus
encodes two gene products, p14ARF and p16INK4a, that result from the splicing of two distinct
exon 1 sequences to a single exon 2 that is translated in two alternative ORFs (11). The 2-bp
deletion in the CDKN2A exon 2 sequence that was cloned from the 1913 mel would therefore
result in the generation of two chimeric gene products (Fig. 2A). The product that was initially
cloned from the 1913 mel cDNA library, which represented a fusion of aa 1–73 of the normal
p14ARF product with 85 aa that were translated from the third exon 2 ORF (ORF3), was
designated p14ARF-ORF3. A second product that would also presumably be expressed in this
cell line represented a fusion of aa 1–58 of the normal p16INK4a product with aa 74–132 of
the normal p14ARF protein and was designated p16INK-p14ARF. Based on previous studies
(24,25), the p14ARF and p16INK4a gene products expressed in the 1913 mel cell line should
not be capable of functioning normally, indicating that this mutation may have had a role in
the development of this tumor.

Identification of the p14ARF-ORF3 T cell epitope
Studies were then conducted to identify the T cell epitope in the p14ARF-ORF3 gene product
that was recognized by T1D1 T cell. In an attempt to narrow down the region that encoded the
epitope, two constructs that corresponded to the regions of the p14ARF-ORF3 transcript that
were located either upstream or downstream of the mutation site were generated by RT-PCR
and transfected into COS cells expressing HLA-A11Mut. The results of a cytokine stimulation
assay indicated that target cells transfected with a construct encoding the mutated region of the
p14ARF-ORF3 transcript stimulated 550 pg/ml IFN-γ from T1D1 T cells, whereas cells
transfected with a construct encoding the normal region of the p14ARF-ORF3 transcript
stimulated 33 pg/ml IFN-γ from T1D1 T cells. Based on this result, peptides derived from the
frameshifted region of this transcript that corresponded to the previously described HLA-A11
binding motif were then synthesized and tested for their ability to sensitize HLA-A11-positive
targets. A single peptide, AVCPWTWLR, that corresponded to aa 125–133 of the p14ARF-
ORF3 protein (p14ARF-ORF3125∼133) and that was encoded within the frameshifted region
of this product, was recognized by 1D1 T cells (Fig. 3A). A minimum concentration of between
1 and 10 pM p14ARF-ORF3125–133 peptide was required to sensitize COS-7 target cells
expressing the HLA-A11Mut gene product for recognition by 1D1 T cells, whereas between
1 and 10 nM was required to sensitize COS-7 cells expressing the normal HLA-A11N gene
product (Fig. 3B). Similarly, a minimum concentration of between 1 and 10 nM p14ARF-
ORF3125–133 peptide was required to sensitize an HLA-A11-positive allogeneic EBV-
transformed B cell line for recognition by T1D1 T cells. These results indicate either that the
peptide has higher binding affinity to the HLA-A11Mut, or that the structure of the peptide-
HLA-A11Mut complex is preferentially recognized by the TCR. Target cells that were pulsed
with the six additional peptides containing either deletions or extensions of the N or C terminus
of the p14-ORF3125–133 peptide stimulated significantly less cytokine from T1D1 T cell than
the p14-ORF3125–133 peptide, indicating that the peptide AVCPWTWLR represents the
optimal epitope recognized by T1D1 T cells (Fig. 3C).
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Response to normal and mutated p14ARF and p16INK4a gene products
The observation that the T cell epitope was encoded by an alternative ORF generated as a result
of a 2-nt deletion in the p14ARF gene raised the issue of whether or not a similar mechanism
was responsible for the recognition of the allogeneic 1011 mel cell line. Amplification of the
p14ARF transcript that was expressed in the 1011 mel cell line (Fig. 2B) revealed that these
cells expressed a single transcript containing a 2-bp deletion that was located 58 bp downstream
from the region of the deletion identified in the 1913 mel (Fig. 2A). The transcript isolated
from the 1011 mel cells should also encode the p14ARF-ORF3125–133 peptide, because this
deletion was also located upstream of the region that encoded the T cell epitope (Fig. 2B). The
screening of 18 additional melanoma cell lines resulted in the identification of a transcript
derived from the HLA-A11-negative 1760 mel cell line that contained a deletion of a single
base pair in exon 2. Although the T cell epitope would not be encoded by a p14ARF transcript
containing a single base pair deletion, this deletion would generate a p16INK4a-ORF3
transcript that encoded the peptide p16INK4a-ORF3111∼119, which is identical with the
p14ARF-ORF3125∼133 peptide AVCPWTWLR (Fig. 2C).

Assays were then set up to examine the ability of cells that expressed the normal and
frameshifted p14ARF and p16INK4a products to stimulate T cells reactive with the p14ARF-
ORF3125∼133/p16INK4a-ORF3111–119 peptide, as well as to further evaluate T cell recognition
of target cells expressing either the HLA-A11Mut or A11N products. As a result of difficulties
encountered with the propagation of T1D1 T cells, additional T cell clones were screened for
their ability to recognize the p14ARF-ORF3125–133 or p16INK4a-ORF111∼119 peptide. One
additional clone isolated from TIL 1913, CL131, that expressed a TCR BV family member
that was distinct from that expressed by T1D1, 5S1, was also found to recognize target cells
pulsed with the peptide AVCPWTWLR (data not shown). Plasmids encoding the p14ARF-
ORF3 and p16INK4a-ORF3 products were transiently transfected into COS-A11Mut, COS-
A11N, or COS-A2 cells, and tested for their ability to stimulate CL131 T cells. The results
indicated that COS-A11Mut cells that were transfected with either the p14ARF-ORF3 or
p16INK4a-ORF3 construct stimulated strong and relatively comparable levels of cytokine
release from CL131 T cells, whereas responses to cells transfected with a control gp100
construct were undetectable (Fig. 4A). The levels of cytokine release stimulated by COS-A11N
cells that were transfected with either of these constructs were consistently lower than those
stimulated by the COS-A11Mut transfectants, whereas transfectants of COS-A2 target cells
failed to stimulate the CL131 cells, similar to results seen with the T1D1 clone (Fig. 4, A and
B, and data not shown). The ability of HLA-A11-expressing COS cells transfected with the
normal p14ARF or p16INK4a constructs to stimulate cytokine release from CL131 T cells was
then compared with that of the p14ARF-ORF3 construct. The results indicated that cells
expressing either the normal p14ARF or p16INK4a products stimulated levels of IFN-γ release
from CL131 T cells that were 10–15% of those stimulated by cells transfected with the
p14ARF-ORF3 construct (Fig. 4B). As before, COS-A11Mut cells transfected with the
p14ARF-ORF3 construct stimulated significantly higher levels of cytokine release from
CL131 T cells than COS-A11N cells. Taken together, these results indicate that the expression
of frameshifted p14ARF or p16INK4a products that encode the p14ARF-ORF3125–133 peptide
in combination with the mutated HLA-A11 gene product is required for optimal recognition
by T1D1 T cells.

Additional cell lines that expressed either normal or mutated products of the CDKN2A locus
were then examined for their ability to stimulate T1D1 T cells following transduction with a
retrovirus encoding HLA-A11, because only ∼10% of melanoma patients expressed HLA-
A11. To examine this issue, several additional melanoma cell lines that failed to express HLA-
A11, were transduced with retroviral constructs encoding either the HLA-A11Mut product or
a control plasmid encoding HLA-A2 and tested for their ability to stimulate T1D1 T cells. The
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results indicated that T1D1 cells were strongly stimulated by 1913 and 1011 mel cells, as well
as 1760 mel cells that were transduced with the mutated HLA-11 gene product (Fig. 4C). The
ability of 1760 mel cells that were transfected with the mutated HLA-A11 construct to stimulate
T1D1 T cells presumably results from expression in these cells of a p16INK4a-ORF3 transcript
that encodes the T cell epitope, as demonstrated in Fig. 2C. The 1909, 526, 624, and 888 mel
cells did not express frameshifted p14ARF or p16INK4a transcripts, and the low levels of
stimulation observed following transduction of these cells with HLA-A11Mut presumably
resulted from the recognition of the relatively low levels of translated products that were
derived from alternative ORFs (Fig. 4C).

In vivo persistence of tumor-reactive T cell clones from 1913 TIL
The adoptive transfer of TIL 1913, which was conducted following a nonmyeloablative
chemotherapy regimen, resulted in the nearly complete regression of a multiple s.c. as well as
visceral tumor deposits. As summarized in a recent report, this regimen resulted in enhanced
engraftment of adoptively transferred T cells and in addition appeared to result in enhanced
clinical responses (23). The potential role of tumor-reactive T cells in the tumor regression that
was observed following adoptive transfer of TIL 1913 was then examined by evaluating the
in vivo persistence of individual clones present in this bulk population of T cells. To evaluate
the prevalence of individual T cell clones in TIL and PBL samples, the TCR BV sequences
expressed by TIL and PBL samples were initially amplified using a 5′-RACE technique that
provides an unbiased sample of the TCR repertoire. Between 79 and 135 products were
sequenced from individual samples to obtain an estimate of the relative distribution of cells
that express these transcripts, which represent essentially clonal T cell markers as a result of
the extensive diversity generated by recombination of multiple TCR V, D, and J regions. The
alignment of sequences of clones that were present at a level of 5% or more in TIL 1913 with
sequences isolated from PBL samples demonstrated that a dominant clone within 1913 TIL
expressed a BV1S1 sequence that corresponded to that of clone T1D1, whereas a second
dominant clone expressed a BV6S2 sequence that corresponded to that of clone T2G10 (Table
II). Two additional TCR sequences derived from T cells of unknown specificity were also
detected in TIL as well as PBL samples obtained following adoptive transfer. The T2G10 clone
appeared to comprise ∼20% of the infused TIL, 25% of the peripheral T cells 9 days following
adoptive transfer, and ∼14% of the peripheral T cells 154 days following transfer. The T1D1
clone represented ∼16% of the infused T cells, 13% of the T cells 5 days following transfer,
and 3% of the T cells 9 days following transfer, but appeared to represent <1% of the T cells
154 days after transfer. These results suggest that T cells that recognize the mutated HLA-A11
gene product and the frameshifted p14ARF tumor suppressor gene product may have
contributed to the clinical response that was observed following adoptive transfer to patient
1913.

Discussion
Extensive studies are now being conducted on adoptively transferred tumor-reactive T cells in
an attempt to identify characteristics of those cells that are associated with tumor regression.
The results of several studies suggest that HLA class I-restricted T cells that recognize
nonmutated shared Ags such as the melanocyte differentiation Ags MART-1 and gp100 play
a role in tumor regression in some patients (23,26). It is more difficult to assess the role of T
cells that are reactive with mutated Ags in tumor regression, because individual mutations are
generally restricted to only one or a relatively small percentage of tumors. Nevertheless, TIL
that are associated with tumor regression have been found to contain T cells that recognize
mutated Ags (27), suggesting that they may in some cases play a role in this process.
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This study presents the analysis of a TIL 1913 that was associated with a nearly complete
regression of multiple metastatic lesions following adoptive immunotherapy. The dominant
tumor-reactive T cell clones present in this TIL recognized two mutated gene products. One
of these Ags, a mutated HLA-A11 class I gene product, was recognized by a T cell clone that
comprises ∼20% of the injected T cells, and represents the most highly prevalent clone in the
peripheral blood 9 days as well as 5 mo following adoptive transfer. Mutated HLA class I
products resemble alloantigens, and the potent T cell responses that are generated by these
products may generally prevent the outgrowth of tumor cells that express these product;
however, in one report, T cells isolated from a renal cancer patient were shown to recognize a
mutated HLA-A2 gene product expressed by the autologous tumor (6). It is not clear at this
time whether T2G10 T cells recognize the mutated HLA-A11Mut transcript alone or recognize
a specific peptide or set of peptides that are bound to this HLA class I allele. Preliminary results
indicate that a tetramer composed of the mutated p14ARF-ORF3 peptide did not bind to T2G10
T cells but did bind to CL131 T cells, indicating that T2G10 T cells may recognize an unknown
peptide or set of peptides in the context of the HLA-A11Mut class I molecule (data not shown).

A second tumor-reactive T cell clone that comprised ∼16% of the infused TIL also persisted
at relatively high levels for the first week following adoptive transfer but was not detected in
the peripheral blood of this patient 5 mo following transfer. This clone may also have played
a role in initiation of the tumor regression, because the relatively slow regression of visceral
tumor masses observed in patient 1913 over a period of > 1 year following adoptive transfer
may not reflect the period of time needed to resorb the residual tumor mass. Tumor regression
may have resulted either from the direct lysis of tumor targets by the CD8+ T cell clones or
the release of inflammatory cytokines in the tumor environment that leads to tumor destruction.
The significance of long-term T cell persistence in peripheral blood is also not entirely clear,
because tumor-reactive T cells may migrate to sites of tumor, leading to the depletion of cells
from the peripheral circulation. Screening of a cDNA library with this clone resulted in the
isolation of a mutated transcript that contained a deletion of 2 bp in exon 2 of the p14ARF
tumor suppressor gene as well as a single point mutation flanking the site of the deletion. The
p14ARF gene is derived from the CDKN2A locus, which also encodes a second tumor
suppressor gene, p16INK4a. The products of this locus are translated from two distinct exon
1 sequences and share a single exon 2 sequence that is translated from a different ORF in the
two products (11). The deletion observed in 1913 mel cells resulted in the generation of a
frameshifted product, termed p14ARF-ORF3, that encoded the T cell epitope AVCPWTWLR.
A second melanoma cell line that expressed a p14ARF transcript containing a distinct 2-bp
deletion, 1011 mel, was also found to express the p14ARF-ORF3 T cell epitope. A third
melanoma, 1760 mel, expressed a CDKN2A transcript containing a single base pair deletion
in exon 2 that resulted in the generation of a frameshifted p16INK4a product, p16INK4a-ORF3,
which also encoded this T cell epitope. The T cell epitope is encoded within a region that
encompasses the last 22 nt of the normal p14ARF ORF, and thus nearly all of the mutations
within this locus that result in a frameshift would generate this epitope, either from transcripts
initiated from the p14ARF promoter or from the p16INK4a promoter.

The expression of the two mutated gene products in the 1913 mel cell line appeared to facilitate
T cell recognition, because a cell line expressing the mutated HLA-A11 gene product was
capable of presenting the p14ARF-ORF3 peptide at concentrations that were 100- to 1000-fold
lower than a cell line that expressed the normal HLA-A11 gene product. Nevertheless,
expression of a mutated HLA-A11 was not required for recognition of the endogenously
processed epitope, because the 1011 mel cell line that naturally expressed the normal HLA-
A11 product along with a frameshifted p14ARF transcript was also recognized by T cells
reactive with this epitope.
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Prior studies have demonstrated that a variety of T cell epitopes are encoded by alternative
ORFs. Transcripts of the TGFβ RII and BAX genes containing frameshift mutations were found
to encode epitopes recognized by tumor-reactive T cells (8). In addition, T cells have been
shown to recognize nonmutated TRP-1 (28) and NY-ESO-1 (29) gene products representing
protein transcripts initiating from alternative AUG start codons located downstream of the
natural start site. Transfectants expressing the normal p14ARF or p16INK4a products only
weakly stimulated T cells that recognized the p14ARF-ORF3125–133 or p16INK4a-
ORF3111–119 peptide, however, indicating that, although this epitope can be readily processed
from frameshifted transcripts, ORFs that use alternative start codons present in the normal
p14ARF and p16INK4a gene products are not translated efficiently.

Disruptions of the ARF-MDM2-p53 and INK4a-CDK4/6-Rb cell cycle control pathways
appear to be critically involved in the progression of a variety of tumor histologies. Tumor-
associated mutations in exon 2 of CDKN2A locus were found to be present in ∼65% of acute
T lymphoblastic leukemia, 56% of bladder squamous cell carcinoma, and 20% of melanomas
that were analyzed (14–17,30). In primary tumors, the majority of mutations that have been
identified occur in the shared exon 2 region and appear to alter the function of both the p14ARF
and p16INK4a gene products. These products are frequently inactivated by small homozygous
deletions of <200 bp, but not by point mutation (24,25). In studies conducted on a variety of
tumor samples, 72 of the 268 (27%) alterations in exon 2 of the CDKN2A locus that were
identified contained deletions or insertions that resulted in frameshifts (14,15,31). Our
investigation indicated that 3 of 18 melanoma cell lines that were analyzed expressed a
CDKN2A transcript containing deletions in exon 2 (17%) that resulted in the generation of a
frameshifted transcript and demonstrated loss of heterozygosity at this locus. One additional
tumor in this panel expressed a single p16INK4a transcript that contained a deletion of 18 bp
from exon 1α that, on the basis of previous studies (32), would be expected to encode a
nonfunctional protein. The deletion of sequences between aa 83 and 101 of p14ARF has been
shown to result in the failure of these products to localize properly to the nucleolus, and also
reduced the ability of the mutated gene products to stabilize p53 (31). The 1913 mel, 1760 mel,
and 1011 mel cell lines contain deletions in the expressed p14ARF gene products that alter the
reading frame following aa 73, 78, and 92, respectively, and should therefore be functionally
inactive in these cell lines. This region is also critical for maintenance of the normal function
of p16INK4a. Artificial deletion of 24 bp of p16INK4a that encode aa 62–69 was found to
result in the generation of a product that lost binding activity to CDK4 or CDK6 (33). The
deletions present in the p16INK4a transcripts isolated from 1913 mel, 1011 mel, and 1760 mel
cell lines would result in alteration of the ORF following aa 58, 63, and 78 of the respective
protein transcripts, thereby presumably also resulting in the functional inactivation of these
products.

In conclusion, these results demonstrate that a TIL associated with tumor regression contains
dominant clones of tumor-reactive T cells that recognize a mutated HLA-A11 class I gene
product, as well as a frameshifted product of the p14ARF tumor suppressor gene, and support
the hypothesis that T cells that recognize mutated gene products may mediate potent in vivo
antitumor responses. These results also provide an impetus to identify additional immunogenic
T cell epitopes that may be encoded within the frameshifted regions of CDKN2A transcripts
that, due to their occurrence at relatively high frequency in certain tumor types, would represent
shared mutated Ags.
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FIGURE 1.
Recognition of HLA-A11Mut by clone T2G10. COS-7 cells were transfected for 24 h with
HLA-A11Mut, HLA-A11N, HLA-A3, or HLA-A2. A coculture was then conducted with either
clone T2G10 or T1D1, and the release of IFN-γ was measured 18 h later. The autologous 1913
mel cell line was also included in the coculture panel as a positive control.
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FIGURE 2.
Sequences of frameshifted p14-ARF and p16-INK4a gene products expressed by melanoma
cells. The partial nucleotide and amino acid sequences of the p14-ARF and p16-INK4a
transcripts that were cloned from the three melanoma cell lines 1913 mel (A), 1011 mel (B),
and 1760 mel (C) are presented in this figure. Deleted nucleotides are indicated by dashes, and
the point mutation is highlighted by the dark gray. Amino acid sequences encoded within ORF3
are noted in bold. The first two amino acid sequences represent those that are encoded by the
normal p16INK4a and p14ARF transcript, and the lower set of amino acid sequences represent
those that are encoded by the frameshifted transcripts. The amino acids that flank the mutation
sites are boxed, and the sequence of the T cell epitope is underlined.
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FIGURE 3.
Identification and titration of the p16INK4a/p14ARF peptide recognized by clone T1D1. A,
Peptide screening. Six peptides were synthesized and incubated for 2 h with A11-EBVB and
COS-A11Mut cells at a concentration of 100 nM. Target cells were then cocultured with clone
T1D1, and IFN-γ release was measured 18 h later. B, Peptide titration. Either HLA-A11-
expressing EBVB, COS-A11N, or COS-A11Mut cells were loaded with the indicated
concentrations of the AVCPWTWLR peptide for 2 h; clone T1D1 cells were added; and IFN-
γ release was measured 18 h later. C, Testing of peptide variants. Variants of the peptide
AVCPWTWLR either lacking or containing an additional N- or C-terminal residue were
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incubated with COS-A11Mut cells at indicated concentrations for 2 h. Clone T1D1 T cells
were then added, and IFN-γ release was measured 18 h later.
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FIGURE 4.
T1D1/CL131 recognition of melanomas and transfected cells with frameshifted and normal
p16INK4a and p14ARF gene products. A, CL131 recognition of cells transfected with
constructs encoding p14ARF-ORF3 or p16INK4a-ORF3. COS-A2, COS-A11N, and COS-
A11Mut cells were transiently transfected with constructs encoding p14ARF-ORF3,
p16INK4a-ORF3, or gp100; 24 h later, clone CL131 T cells were added; and IFN-γ release
was measured 18 h later. B, Relative recognition of target cells transfected with constructs
encoding p14ARF-ORF3, normal p14ARF, or normal p16INK4a by T1D1. The COS-A11N
and COS-A11Mut lines were transfected with the indicated constructs; 24 h later, clone T1D1
T cells were added; and IFN-γ release was measured 18 h later. C, Recognition of melanoma
cell lines that express frameshifted or nonframeshifted p14ARF or p16INK4a transcripts by
T1D1 cells. The 1913, 1011, and 1760 melanoma cell lines, which express frameshifted
transcripts, as well as four additional melanoma cell lines, 1909, 624, 526, and 888, which did
not express frameshifted transcripts, were incubated with T1D1 T cells, and IFN-γ release was
measured 18 h later. The 1760, 1909, 624, 526, and 888 mel cell lines, which do not naturally
express HLA-A11, were transduced with recombinant retroviral constructs that encode either
HLA-A2 or the HLA-A11mut gene isolated from 1913 mel, as indicated.
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Table I
Clone T1D1 response

Cell Types Cell Lines HLA-A11 IFN-γ (pg/ml)

 None 0a
Melanomas

697 +b 0
836 +b 0

1011 +b 581
1913 +b 1564
1770 +b 0
1228 +b 0
1278 +b 0
1833 +b 0
1851 +b 0
1927 +b 0
2048 +b 0
624 0
888 0
526 0

1909 0
1909 +c 0
1087 +c 0

B lymphocytes
 EBVBs 697 + 0

836 + 0
1743 + 0

 B-CD40L 1913 + 0
Renal carcinoma cells (RCC)

2206R +c 0
UOK130 +c 0

2192R +c 0
1743 +c 0

2193R +c 0

a
T1D1 T cells (104) were incubated with the indicated target cells (2.5 × 104) for 18 h followed by the measurement of IFN-γ release.

b
Cell lines derived from HLA-A11+ patients tested by genome typing.

c
Cell lines were transduced with retroviral vector-expressed HLA-A11 Mut, which was isolated from 1913 mel.
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