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IDENTIFICATION OF A TUMOR-SPECIFIC CTL EPITOPE

EF244,_sgo peptide was capable of sensitizing VBT2-EBV for levels
of lysis comparable with that found with the EF2sg,_sgoesseq) PEP-
tide, although a 500-fold higher concentration of peptide was required
to achieve half-maximal lysis (Fig. 4B).

Recognition of EF2,, sgoisseq) 0N Class I MHC Molecules
Other Than HLA-A68.2. To determine whether the EF2q,_
s89(Es86Q) peptide is presented on class I MHC molecules other than
HLA-AG68.2, peptide titration experiments were also performed on
cell lines expressing HLA-A2.1 (C1R-A2.1), HLA-A68.1 (CIR-
A68.1), and HLA-B7 (CIR-B7; Fig. 4B). C1IR-A68.1 sensitization
required 10-100-fold more peptide than did VBT2-EBV to achieve
half-maximal lysis. Although no peptide concentration was capable of
sensitizing C1R-A2.1 for lysis, high concentrations of peptide weakly
sensitized CIR-B7 for lysis.
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Fig. 2. Correlation of relative peptide abundance and activity in a CTL epitope
reconstitution assay. Peptides obtained from fraction 10 of the first dimension RP-HPLC
fractionation were further separated using an on-line microcapillary RP-HPLC column.
The effluent from the column was split such that one-fifth of each fraction was diverted
to a well of a 96-well microtiter plate, and four-fifths of each fraction was diverted into
the mass spectrometer, thus allowing the mass spectra for each aliquot to be analyzed and
to be correlated with the activity observed in a CTL epitope reconstitution assay. The CTL
epitope reconstitution assay was performed with VBT2-EBV as the indicator cells and
VBT2-specific CTLs at an E:T of 10:1 (A). Relative ion abundances are shown for the
doubly-charged peptide species plotted as: @, m/z 477, RVASpPTSGV; O, m/z 400,
ETAPAAPAA; B, m/z 497; and [, m/z 485.
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Fig. 3. Mass spectrometric analysis of the m/z 497 candidate peptide. The predicted
masses of the type b and y fragment ions are shown above and below, respectively, as well
as the deduced amino acid sequence that was obtained after CAD. The loss of a single (O)
or multiple (OO) water molecule is also indicated.
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Fig. 4. CTL epitope reconstitution assay. The EF2;4,_sgo(esssq) Peptide was used to
sensitize VBT2-EBV (O), CIR-A2.1 (O), C1R-A68.1 (W), and CI1R-B7 () for lysis, and
the EF243, 539 peptide was used to sensitize VBT2-EBV (@) for lysis. In two independent
experiments, VBT2-specific CTLs were used at an E:T ratio of 10:1 (A) or 20:1 (B).

Identification of the Gene That Encodes the m/z 497 Peptide.
Because the difference between the EF2,3,_sg9.rss60) Peptide and the
EF24,_sgo peptide can be accounted for by a single bp substitution in
the gene encoding for EF2, a mutation in the EF2 gene of VBT2 was
the most likely explanation for the origin of the m/z 497 peptide. PCR
amplification with primers specific for the EF2 gene was used, there-
fore, to amplify cDNA and genomic DNA from both VBT2 and
VBT2-EBV. Amplification of cDNA from both cell lines yielded a
product that was consistent with the predicted fragment size of 315 bp,
whereas amplification of genomic DNA gave a 1.6-kb product that
contained a 1.3-kb intron (data not shown). DNA sequencing of the
amplified products from VBT?2 indicated the presence of both a G and
a C at the first bp position of the codon encoding Glugg, (GAG) in the
EF2 gene, whereas sequencing of the same products from VBT2-EBV
revealed only the presence of a G (data not shown). The DNA
sequence chromatograms of the heterozygous mutation displayed the
same intensity of the two overlapping peaks (G and C) in both the
cDNA and genomic DNA samples, demonstrating that the two alleles
are equally expressed at the mRNA level. The substitution of a C for
a G at this position would result in the synthesis of an EF2 protein
encoding Glnggs [EF254,_sgoEsseqy] and indicates that this variant
form of EF2 is the source protein from which the m/z 497 peptide is
derived.

Expression of the Mutant EF2 Gene in Lung Tumors Other
Than VBT2. cDNA was prepared from three additional lung cell
carcinomas (CALU-1, Sk-Mes-1, and Sk-Lu-1) to determine whether
the EF254,_sgoesssq) Peptide is widely expressed in other lung cell
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carcinomas. PCR amplification and sequencing of the EF2 gene
indicated that the mutated form of the EF2 gene was not present in
three additional lung cell carcinoma lines (data not shown).

Cell Surface Abundance of the EF2g, sgogsssq) and
EF2.4,_sg5o Peptides. Assuming that a 50% loss of peptide occurs at
each RP-HPLC fractionation step, back-calculation from the relative
abundances of the EF2sg, sgoesseq) and EF2sg,_sgo peptides indi-
cates that the peptides are present on the cell surface at ~100 and 10
copies/cell, respectively.

DISCUSSION

The identification of antigens that stimulate a tumor-specific CTL
response is critical to the development of a vaccine-based immuno-
therapeutic approach to cancer. To be most effective, the vaccine may
need to consist of a pool of peptides, the sum total of which should be
capable of binding to the most prevalent class I MHC molecules in the
population and thus capable of stimulating a CTL response in a broad
spectrum of patients with a particular malignancy. To date, the broad-
est collection of peptides that has been identified comes from mela-
noma (17-28), although peptides have also been identified for other
cancers including ovarian (29-32), breast (32), pancreatic (7), and
lung (10) carcinomas. In an effort to expand the available number of
peptides that are available to treat lung cancer, we sought to identify
the antigenic peptide recognized by a previously characterized tumor-
specific CTL line that recognizes a squamous cell carcinoma of the
lung (9).

The results presented here unambiguously identified the HLA-
A68.2-associated peptide that is recognized by the VBT2-specific
CTL as ETVSEQSNV. With the exception of a single amino acid
difference, this peptide is identical to amino acids 581 to 589 of EF2.
Thus, the most likely origin of the m/z 497 peptide is a mutated EF2
gene. This possibility was confirmed by sequencing the DNA ob-
tained after PCR amplification with EF2-specific primers. The results
showed that the VBT2 tumor cells contain a heterozygous mutation in
both the genomic and cDNA encoding the EF2 gene, and that this
same mutation is not present in the autologous B-LCL line, VBT2-
EBYV. Although this mutation appears to be expressed in the tumor but
not other cells of this patient, it is not clear whether the altered protein
is associated with tumorigenesis. Functionally, EF2 is responsible for
the GTP hydrolysis-dependent translocation step of protein synthesis
(37), and whether the observed amino acid substitution leads to altered
protein function, or is related to the tumorigenesis process in general,
is not known at this time. Sequence analysis of the EF2 gene from
three other lung cell tumors did not reveal the presence of the ES86Q
substitution; thus, the mutation is not a prerequisite for tumor forma-
tion. This does not obviate, however, the possibility that a survey of
a larger number of lung carcinomas would reveal the presence of a
mutation in additional lines, or that a mutated EF2 gene could act as
an oncogene. Although the epitopes recognized by most tumor-
specific CTL have been shown to be shared among tumor cells of the
same type, other instances of epitopes being derived from mutated
gene products have been reported previously (38-40).

Although both the EF24,_sgoess60) and EF254,_sgo peptides can
be detected on the surface of VBT2, the former peptide is ~10-fold
more abundant than the latter peptide. One possible explanation for
this difference is that an amino acid difference at position six of the
peptide may affect the affinity of the peptide for the HLA-A68.2
molecule. This seems to be an unlikely possibility, however, because
the side chain of the amino acid residue at position 6 is solvent
accessible and does not contact the HLA-A68 molecule (41). An
alternative explanation for the difference in abundance is that the
ES586Q substitution in EF24g,_sgoess6q) results in a protein structure

that is more sensitive to proteosome-mediated degradation or that is
more readily transported to the lumen of the endoplasmic reticulum by
the transporter associated with antigen processing.

The EF243,_sgoEsseq) Peptide sensitized cells for half-maximal
lysis at ~50 pM, a concentration that is similar to that of other peptide
epitopes that have been identified (26, 27). Conversely, only low
activity was typically observed with the naturally occurring EF24g,_
s89 peptide, although one experiment with a high E:T ratio demon-
strated substantial levels of lysis at high peptide concentrations. This
raises the possibility that the VBT2-specific CTL could cross-react on
normal tissue. The fact that VBT2-EBYV is not recognized by the CTL
indicates that this is not likely to be a problem because the naturally
occurring levels of EF2¢q, 54, are insufficient to trigger CTL recog-
nition.

To determine whether the EF24g, 5595860, PEPtide associates with
class I MHC molecules other than HLA-A68.2, we asked whether
VBT2-specific CTL could recognize the peptide on HLA-A*6801,
-A*0201, or -B*0702 expressing CIR cells. The peptide was readily
recognized on HLA-A*68.1 expressing cells, although somewhat
more weakly than on VBT2-EBV. Whether this is a reflection of the
HLA-AG68.1/peptide complex being qualitatively or quantitatively dif-
ferent from the HLA-A68.2/peptide complex or whether this reflects
an intrinsic difference in the susceptibility to lysis of the two cell lines
is not known. Weak but reproducible activity was seen in association
with the HLA-B7 molecule, which is interesting in light of the fact
that the EF254,_sg0(es860) PEPtide bears no resemblance to the peptide
binding motif for HLA-B7. In spite of the relatedness of the HLA-
A68.2 and -A2.1 molecules, no recognition of the peptide was seen on
the latter molecule.

In earlier experiments with this system (9), two different peaks of
VBT?2 reconstituting activity were seen, suggesting that a minimum of
two peptides were recognized by this CTL line. In the experiments
described here, only a single peak of activity corresponding to the
originally described, late-eluting peak was observed. The absence of
the early peak most likely indicates that the original columns were
overloaded with peptide, and that the two peaks of activity originally
observed were most likely due to the same peptide. The late-eluting
peak of activity, when subjected to two additional rounds of RP-
HPLC, continued to present a single peak of activity, which indicates
that only a single HLA-A68-associated peptide is recognized by the
CTL. Furthermore, peptides isolated from class I MHC molecules
other than HLA-A68 on VBT2 did not reveal any additional active
fractions. This result stands in contrast to other systems in which it has
been determined that tumor-specific CTL recognize multiple peptides
on the surface of a tumor cell (27, 32, 42-44). The inability to identify
more than a single active peptide in the present system could either
indicate that only a single tumor-specific peptide is present on the
VBT2 cells that can be recognized by CTLs, or it could indicate that
a monospecific population of VBT2-specific CTLs were generated by
in vitro stimulation, although multiple tumor-specific peptides may
have been present.

The present results validate the feasibility of using mass spectrom-
etry and CTL epitope reconstitution assays to identify tumor-derived
peptide antigens in a system other than melanoma. The identification
of a phosphorylated serine-containing peptide also demonstrates the
unique advantage of using the technology to identify posttranslation-
ally modified peptides. This latter aspect is particularly important in
light of the fact that for all of the previously identified CTL epitopes
that have posttranslational modifications, the modifications have had
a significant impact on the ability of the CTLs to recognize those
peptides (45, 46). The finding that a phosphorylated peptide can
associate with a class I MHC molecule, combined with the fact that
proteins in cancer cells are differentially phosphorylated in compari-
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son with normal cellular proteins (47, 48), raises the possibility of
using differentially phosphorylated peptides as antigens for tumor-
specific CTLs.

The EF243,_sgoesseq) PEPtide represents the second epitope that
has been associated with non-small cell carcinoma of the lung. A
HER2/neu peptide was shown previously to be recognized by HLA-
A2-restricted and HER2/neu-specific CTLs, although the peptide was
altered from the naturally occurring sequence at the second position to
conform to the HLA-A2-binding motif (10). The fact that CTLs have
been generated against squamous cell carcinoma of the lung (42),
esophagus (49), and head and neck (8, 50) raises the possibility of
shared antigens being found that would be useful in the treatment of
squamous cell carcinomas of multiple origins. These studies indicate
that squamous cell carcinoma of the lung is a good candidate for
immunotherapeutic intervention and indicate that continuing efforts
should be made to identify additional peptide antigens that can be
used to stimulate a CTL response.
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