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Abstract

A new retroviral system has been developed for the generation of a
cDNA library and the functional cloning of tumor antigens. These retro-
viral vectors contain a cytomegalovirus promoter in the 5' long terminal

repeat, an extended packaging signal for rapid production of high-titer

retroviral particles, and many convenient cloning sites for cDNA library
construction. The vesicular stomatitis virus G protein has been used to
generate pseudotype retroviral particles to enable efficient viral infection.
Using this system, viral titers in the range of 10'' colony-forming units/ml

could be generated routinely, and a high transduction efficiency in human
primary cells, including fibroblasts, was achieved. In addition, a new
procedure has been devised for screening a retrovirus-based cDNA li

brary without a functional selection. The utility of this system was dem
onstrated by constructing a retrovirus-based cDNA library and re-isolat
ing the NY-ESO-1 tumor antigen from a cDNA library using an antigen-

specific CTL. This approach can facilitate the identification of novel
tumor antigens recognized by T cells without knowledge of MHC class I
restriction elements and is generally applicable for the isolation of any
gene as long as a biological assay is available.

Introduction

T cells recognize antigenic peptides presented by MHC class I
molecules and play an important role in antitumor immune responses.
To understand the molecular basis of T-cell-mediated antitumor ac

tivity, efforts have been made to identify the tumor antigens recog
nized by CTLs, and several tumor antigens have been identified in the
last few years (1, 2). These studies have provided new opportunities
for the development of therapeutic strategies for the treatment of
patients with cancer and have led to clinical trials for the treatment of
patients with melanoma (3, 4).

Several approaches have been developed to identify and function
ally characterize tumor antigens recognized by T cells (2). Initially,
recombinant genomic or cDNA libraries were introduced into antigen-
loss, MHC-matched tumor cells (5). This system was improved by the
use of cDNA libraries that were transiently transfected into COS-7 or

293 cells along with a plasmid expressing the appropriate MHC class
I molecules. Positive clones were identified on the basis of the ability
to stimulate cytokine release from CTLs. Another approach has used
biochemical methods to purify peptides from tumor cells (6), separate
them by HPLC, and then test for their ability to stimulate cytokine
secretion from T cells when pulsed onto MHC-matched antigen

presenting cells. Because of the technical difficulties and complexities
associated with fractionation and sequencing of the active peptides,
very few groups have been able to isolate antigenic peptides recog
nized by CTLs in this manner. Attempts have also been made to
identify potential antigenic peptides from synthetic peptide libraries
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(7), although peptides identified by this approach may not represent
the naturally processed peptides on the cell surface.

Although the cDNA expression system has been successfully used,
it has several limitations. Only highly transfectable cells, such as
COS-7 or 293, can be used for efficient introduction of a cDNA

library derived from tumor cells. Furthermore, the MHC restriction
element used by CTLs must be determined when a cDNA library is
introduced into COS-7 or 293 cells. In many cases, it has been

difficult to identify the MHC restriction element used by CTLs
because the blocking antibodies specific for particular MHC alÃeles
are unavailable. It may not be possible to test HLA-matched lines to

determine the MHC restriction element because the tumor antigen
recognized by the CTL is a unique or mutated antigen. Thus far, only
a few mutated antigens have been identified in human melanomas.
One way to overcome these problems is to use autologous fibroblasts
or EBV B cells as antigen-presenting cells; however, these cells often

cannot be transfected with high efficiency. Therefore, the traditional
cDNA expression systems cannot be applied to these cells for the
purpose of gene identification.

In this report, we describe a novel retrovirus-based cDNA expres

sion system that allows us to introduce a cDNA library into autolo
gous fibroblasts that are then capable of processing and presenting
antigenic peptides to T cells. We constructed a series of CMV2-driven

retroviral vectors combined with the use of retroviral packaging cells
to achieve higher titers and transduction efficiencies. Transduction
efficiency was evaluated with reporter genes such as the GHB fusion
gene, lacZ, and EGFP. We constructed a retroviral cDNA library from
a melanoma cell line. Screening of the retroviral cDNA library using
CTL clone 5 resulted in the re-isolation of previously identified
cDNAs encoding the tumor antigen NY-ESO-1. The results presented

in this report demonstrate the feasibility of using this approach to
isolate cDNAs that encode tumor antigens.

Materials and Methods

Cell Lines and Culture. Cell culture media DMEM and RPMI 1640 and
supplements were purchased from Life Technologies, Inc. (Gaithersburg, MD)
and PCS from Biofluid (Rockville, MD). COS-7 and 293 were cultured in

DMEM/10% FCS. Melanoma cell lines 397mel, 586mel, and 624mel, mouse
fibroblast NIH3T3, and human fibroblast 1510F were grown in RPMI 1640/
10% FCS. TIL1244 recognized the TRP-2 peptide in the context of HLA-A31

and HLA-A33 (8). CTL clone 5 was established from the TIL586 cell line and
recognized NY-ESO-1 (9) and was expanded by the OKT3 expansion method

(10). The 293GP cell line was kindly provided by Dr. Inder Verma (The Salk
Institute, La Jolla, CA).

Construction of GHB. Mammalian expression vectors pGFP-S65T and

pEGFP were purchased from Clontech (Palo Alto, CA). To generate a fusion
protein between GFP and hygromycin, we amplified a DNA fragment encod
ing hygromycin from pREP4 by PCR using primers HYB5P (5'-GTGGGA-

2 The abbreviations used are: CMV. cytomegalovirus; GHB. GFP-hygromycin B;
LTR, long terminal repeat; X-gal. 5-bromo-4-chloro-3-indolyl-ÃŸ-D-galactopyranoside;
FACS, fluorescence-activated cell sorter; VSV. vesicular stomatitis virus; EGFP. en
hanced green fluorescent protein: TIL. tumor-infiltrating lymphocyte.
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Fig. 1. Schematic representation of the plasmici and retroviral constructs. In A, the
construction of pCRV-4 is detailed in "Materials and Methods." Both pCRV-4 and
pCCRV contain a CMV promoler in the 5' U3 region, an extended packaging signal

sequence, and multiple cloning sites. Other constructs were created by inserting the target
genes (TRP-2. NY-ESO-1. lacZ. and EGFP) into the multiple cloning sites of pCRV-4. In

B. the fusion gene GHB was generated by ligating a PCR fragment encoding the
hygromycin B resistance gene to EGFP in frame. pSGB is a LTR-driven vector, whereas
pCSGB is a CMV-driven vector. Both pSGB and pCSGB contain the fusion gene GHB.

TCCGGCGGAAAAAAGCCTGAACTCACCGCGACG) and HYB3P (5'-

AAAAAGCTTCTATTCCTTTGCCCTCGGACGAGTGC). The PCR product
was gel purified, digested with Bglll and Hindttl. and then cloned into BamHl
and Hindlll sites of pGFP-S65T. The resultant plasmids were named as pGHB.

CMV-based Retroviral Vectors. To create CMV-driven retroviral vec
tors, the U3 region of the 5' LTR in pSAMEN was replaced by a precise fusion

of the hCMV IE promoter to generate pCSRV-1. A BamHl fragment contain

ing internal ribosome entry sites and the neomycin gene was deleted from
pCSRV-1 and pSAMEN to produce pCSRV-2 and pSAM vectors, respec
tively. To generate GHB-containing retroviral vectors, we cloned an Agel-Sall
fragment encoding the GHB fusion gene into pCSRV-2 and pSAM. The

resultant plasmids were called as pCSGB and pSGB, respectively.
To generate a retroviral vector with multiple cloning sites, we amplified a

DNA fragment from the pMFG vector using two primers, LinkSP (5'-GGAC-
CGACCGGTGATACCTCACCCTTAC) and Link3P (5'-TGGGATCCAA-

GCTTCAATTGCTCGAGCTTGTCGAAGGCGGGCGTCTGGGCCAAGG-

CAGTCTA). The PCR product was gel purified, digested with Agel and
BamHl, and ligated to the same cloning sites of pCRV-2. The resultant vector,
pCSRV-3, contained Muni, Xhol, Hindlll, and BamHl sites. Additional clon
ing sites were then inserted by cloning a polylinker into pCRV-3 to produce the
final vector pCRV-4.

FACS Analysis and X-gal Staining. 293 and COS-7 GFP transfectants

and NIH3T3 and 1510 fibroblasts infected with retrovirus encoding EGFP
were harvested by trypsin/EDTA and resuspended in PBS/0.5% BSA for
FACS analysis using a FACScan cytometer (Becton Dickson, CA). The FL1
emission channel was used to detect green fluorescence intensity. To obtain a
stable cell line, transfectants were grown in the DMEM medium containing
300 fig/ml hygromycin. The medium was changed every 3 days. Single
colonies were obtained after 12 days, and colonies were further expanded in
the same media and assessed by FACS analysis.

For X-gal staining, cells were fixed in PBS containing 0.5% glutaraldehyde

for 15 min, followed by washing with PBS three times, then stained with PBS
containing 1 mg/ml X-gal, 5 mM potassium ferricyanide, 5 niM potassium
ferrocyanide. and 1 mM MgSO4 at 37Â°Cfor 3 h.

cDNA Library Construction. Poly(A)+ RNA was purified from 624mel
by using a PolyATract kit (Promega Corp., Madison, WI). Directional cDNA
libraries were prepared by using a cDNA synthesis kit (Novagen, Madison,
WI) and a No/I-containing oligo-dT primer. Double-stranded cDNAs were

ligated to a B.vrXI adaptor and digested with Noll. cDNAs were then fraction
ated with a cDNA size fractionating column (Life Technologies. Inc.), and
cDNA with a size of 0.5 kb and above were collected and cloned into the
BxtXl-Notl sites of pCRV-4. The ligated DNA was transformed into electro-

competent DH10B cells (Life Technologies, Inc.) by electroporation (BTX,
San Diego, CA). Transformed cells were incubated in I ml of SOC medium at
37Â°Cfor 45 min and were plated on ampicillin-containing agar plates. After

incubation overnight, the library titer (colonies/ml) was determined, and the
library quality was evaluated by PCR amplification of 20 individual colonies.

The average size of the insertions was 1.0 kb.
Transfection and Transduction of the Retrovirus cDNA Library. Ap

proximately 30-50 colonies were inoculated in 1.5 ml of superbroth contain
ing 100 /xg/ml ampicillin in a 96-well deep block and grown for 36 h. DNA
pools were isolated by using a QIAprep96 kit according to the manufacturer's

procedure (QIAgen, San Diego, CA).
For six-well plate transfection. 1.0 fig of retroviral DNA and 1.0 /u,g of

plasmid encoding VSV G protein kindly provided by Dr. Richard Mulligan
(Harvard University) were transfected into 1 X IO6 293GP packaging cells
using Lipofectamine Plus according to the manufacturer's protocol (Life

Technologies, Inc.). The following day, cells were washed twice with DMEM
medium and grown in 2 ml of DMEM/10% PCS for 2 days. Supernatants were
collected and centrifuged for 5 min to remove cell debris. For transfection in
a 96-well plate, 100 ng of retroviral DNA or retroviral cDNA pool DNA and

100 ng of plasmid encoding VSV G protein were used to transfect 293GP
packaging cells (5 X IO4). Transfection of 293 and COS-7 was carried out

using the same protocol as 293GP cells.
For transduction in a six-well plate, 1 X IO5 cells were seeded prior to the

day for transduction. One ml of virus supernatant was mixed with 1 ml of fresh
RPMI/10% PCS containing 8 /ng/ml polybrene and added to wells. The cell
culture medium was changed 5-10 h after transduction. For viral titration,

transduced cells were selected in the media containing 300 ng/ml hygromycin
for 10-12 days. For detection of GFP expression, transduced cells were
harvested 36-48 h after transduction.

For transduction in a 96-well plate. 100 j/,1 of virus supernatant were

mixed with 100 /Â¿Iof fresh RPMI/10% PCS containing 8 /xg/ml polybrene
and 2 /Â¿Iof Lipofectamine and incubated for 5-10 min. The mixture was
added to wells containing 1 x IO4 of either NIH3T3 or 1510 fibroblasts.

Cell medium was replaced by fresh medium on the following day, and cells
were grown for 2 days before T cells were added. Cytokine release assays
were carried out according to the manufacturer's instruction (R&D System,

Minneapolis, MN).
PCR Amplification and DNA Sequencing. cDNA pools were amplified

by PCR using the ESO-P2 (5'-GCGGCTTCAGGGCTGAATGGATG) and
ESO-P5 (5'-AAGCCGTCCTCCTCCAGCGACA) primers. PCR products

were analyzed on a 3% agarose gel and purified. DNA sequencing reactions of
PCR products were carried out by DNA sequencing kit from Applied Biosys-

tems (Foster City, CA) and run on the ABI automatic DNA sequencer 310.

Results

Construction of Retroviral Vectors. Several groups have recently
reported the generation of high-liter retroviral particles using transient
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Fig. 2. Retroviral transduction of NIH3T3, 1510. and 1359 fibroblasts. In A, retroviral vectors encoding either lacZ or EGFP plus a plasmid DNA encoding VSV G protein were
transfected into 293GP cells. Viral supernatants were harvested and used to infect fibroblasts. NIH3T3 cells were infected with pCRV-lacZ and detected by X-gal staining (a) and
pCRV-EGFP and visualized by fluorescent microscopy (h). Infection of 1510 and 1359 fibroblasts by pCRV-EGFP was visualized by phase contrast (r and <â€¢)and fluorescence images
(d and/). B. FACS analysis of virally transduced NIH3T3 and 1510 fibroblasts (1510F) with pCRV-EGFP. Because of the strong fluorescence of EGFP. only a tail of the population

of untransduced cells (negative controls) is seen in the figure.

transfection systems (11-14). In general, CMV-driven retroviral vec
tors were superior to LTR-driven retroviral vectors for the overall
production of retroviral particles (12-14). Moreover, the use of pSA-

MEN and pMFG vectors resulted in higher titer and more efficient
infection than pLNCX or related vectors in many different cell lines
(15, 16). Both pSAMEN and pMFG contain an extended packaging
signal, which is believed to be important for generating high-liter viral
preparations. To construct several CMV-driven retroviral vectors that
were used for the generation of retrovirus-based cDNA libraries, we

used the backbone derived from the pSAMEN retroviral vector to
construct new vectors. The U3 region of the 5' LTR was replaced with

a CMV promoter for efficient production of genomic RNA for pack
aging, and an SV40 origin of DNA replication was inserted in the
vector to maintain a high copy number in COS or 293T cells. We also
deleted DNA sequences encoding the antibiotic selection gene be
tween the 5' and 3' LTR to minimize the size of the vector and to

allow the insertion of long cDNA fragments. In addition, we elimi
nated an ATG start codon originally located upstream of cloning sites
and generated several cloning sites by replacing the Agel-Bamtil
fragment with an Agel-BamHl PCR fragment derived from the pMFG

vector. A polylinker DNA fragment containing multiple cloning sites
was incorporated into the vector. The resultant vector, pCRV-4,

contains many cloning sites, which are useful and convenient for the
insertion of cDNA fragments for the construction of a retroviral

cDNA library (Fig. 1/4). To increase the expression level of the
inserted cDNA, an internal CMV promoter was inserted upstream of
the multiple cloning sites (Fig. IA).

Transduction Efficiency and Gene Expression of Reporter
Genes. To evaluate and monitor the gene transfer efficiency of these
retroviral vectors, a fusion gene between the mutant form, GFPS65T,
of GFP (17, 18) and the gene encoding hygromycin B resistance was
created (Fig. IÃŸ).COS-7 and 293 cells either transiently or stably

transfected with the GHB fusion gene exhibited fluorescence that was
easily detected by FACS (data not shown). Stable transfectants also
exhibited resistance to hygromycin B, suggesting that the fusion
protein could be used as a reporter as well as a selection marker for
gene transfer. We generated a CMV-driven retroviral vector pCSGB
and an LTR-driven retroviral vector pSGB (Fig. IÃŸ).We found that
pCSGB readily produced viral titers in the range of IO6 infectious
particles/ml, whereas pSGB resulted in the range of IO5 infectious

viral particles/ml based on assessment of the number of hygromycin-

resistance colonies (data not shown). In spite of the dual properties of
GHB as a reporter and a selection marker, the fluorescence intensity
of GHB was not very strong compared with the EGFP because of the
improvement of gene expression and fluorescent emission of EGFP in
eukaryotic cells. Thus, we constructed a pCRV-EGFP vector for

monitoring and evaluating viral transduction efficiency (Fig. 1/4).
We transiently transfected pCRV-EGFP plus a plasmid DNA en-
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coding VSV G protein into 293GP packaging cells expressing gag and
pol. Viral supernatants were collected and used to infect NIH3T3 and
human fibroblasts. Ninety to 100% of NIH3T3, 1510, and 1359
fibroblast cells could be infected (Fig. 2A: b, d, and/). Similar results
were obtained using pCRV-LacZ (Fig. 2A: a). The transduction

efficiency of NIH3T3 and 1510 fibroblast cells was also quantitatively
determined by FACS analysis. Over 90% of NIH3T3 and 1510
fibroblast cells were transduced (Fig. 2B).

Functional Test of Known Tumor Antigens Recognized by T
Cells. To test whether the transduced fibroblasts were capable of
processing and presenting antigens to T cells, we transduced known
tumor antigens such as TRP-2 (19) and NY-ESO-1 (20) (9) into the
HLA-A31 -positive human 1510 fibroblasts. Two days after transduc
tion, antigen-specific CTLs were added, and cytokine release was
measured after an 18-24-h incubation (Fig. 3A). TRP-2-specific CTL
(TIL1244) and NY-ESO-1-specific CTL (clone 5) recognized 1510
fibroblasts transduced with either TRP-2 or NY-ESO-1, respectively.

To determine the sensitivity of this approach, we mixed retroviral
vectors encoding either TRP-2 or NY-ESO-1 with a retroviral vector

encoding EGFP at different ratios. As shown in Fig. 35, recognition
of NY-ESO-1 by CTL clone 5 was observed when 1:40 of target:

irrelevant retroviral vector was used for the transfection of 293GP
packaging cells. T-cell recognition of TRP-2 was also demonstrated at

1:20 ratio of target to irrelevant retroviral DNA. The sensitivity of this
assay is dependent on the specific activity of the T cells used and the
level of expression of the gene of interest.

Rationale and Strategy of the New Approach. The use of retro-

viral vectors for the construction of stable cDNA expression libraries

in eukaryotic cells was reported recently (21-25). However, the utility

of this approach was limited to the isolation of genes that encoded
either oncogenic proteins, growth factors, or cell surface proteins and
relied on the selective advantages conferred by these genes. In addi
tion, these approaches were not applicable to the isolation of tumor
antigens, because the T cells used to identify tumor antigens presented
by MHC class I molecules often simultaneously lysed the target cells.
Therefore, the retrovirally transduced cells expressing a tumor antigen
could not be selected or enriched.

To overcome this problem, we devised a procedure described in
Fig. 4: (a) a retroviral cDNA library was divided into cDNA pools
consisting of â€”¿�30colonies in a 96-well plate format. Based on our

previous experience using the COS-7 expression system, we could
identify positive cDNA pools consisting of 100 clones/pool from 5-10

plates because genes encoding tumor antigens, in many cases, are
highly expressed in tumor cells; and (b) we transiently transfected
retroviral cDNA library pools plus a plasmid encoding VSV G protein
into 293GP packaging cell lines. Two days after transfection, virus
supernatants were harvested and used to infect cultured autologous
fibroblasts. After 2 days of incubation, T cells were added to the
transduced fibroblasts, and positive retroviral cDNA pools were iden
tified by measuring cytokine release from CTL. Once positive cDNA
pools were identified, we retransformed the positive cDNA pools into
Escherichia coli and prepared plasmid DNA from individual colonies.
After repeating the steps for screening of positive cDNA pools, a
single plasmid encoding a tumor antigen can be isolated. The use of
relatively small cDNA pools obviates the need to generate a retrovi-
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Fig. 3. T-cell recognition of the HLA-A31-positive 1510 fibroblasts
transduced with a retrovirus encoding either TRP-2 or NY-ESO-1. In A,
CTL clone 5 recognized the NY-ESO-1-transduced 1510 fibroblasts.
whereas TIL 1244 recognized the TRP-2-transduced 1510 fibroblasts. No
cross-reactivity was observed. In B, IFN-y release was measured from

either CTL clone 5 or TIL 1244 when cocultured with 1510 fibroblasts
transduced with different ratios of target (either NY-ESO-1 or TRP-2):
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O 200 400 600 800 1000 O 100 200 300 400

IFNy release (pg/ml) ipNy release (pg/ml)

B
1000

800 --5

Ok
D. 700 â€¢¿�

Â¡eoo-

U 500 -

a"

400 -

300 -

200 -

100 -

O

CRV-ESO/ CTL clone 5
CRV-TRP2/TIL1244

*- o o o o co o
Â¿-iCO â€¢¿�*CM Â»-

Target:control DNA ratios

3522

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/16/3519/2467478/cr0580163519.pdf by guest on 19 M

ay 2023



RETROVIRAL cDNA LIBRARY

CMV-RU5
cDNA

cDNA pools

VSV GL Transfection
v

293GP>

Viral infection

Add T cells
ELISAassays

Fig. 4. Schema for expression cloning using retrovirus-based cDNA libraries.

rally transduced stable cell library or cell clones as well as the need to
isolate cDNA inserts encoding tumor antigens from genomic DNA.

Generation of Retrovirus-based cDNA Library. cDNA derived
from tumor cell line 624mel was directionally cloned into the multiple
cloning sites of the retroviral vector pCRV-4. In a pilot experiment,

we electroporated the retroviral vector containing cDNA into DH10B
cells and grew the transformed cells overnight on ampicillin plates to
determine the colony number formed per milliliter of transformed
DH10B cells. Then, we scaled up the ligation and transformation and
directly inoculated the transformed cells into a 96-well-deep block
with ~30 colonies/well. Plasmid DNA for each plate was isolated. By
this method, we generated a retroviral cDNA library of 2 X IO6

clones. PCR screening analysis revealed that retroviral vectors con
tained cDNA inserts ranging in size from 0.5 to 2.5 kb. Because
mammalian cells express between 30,000 and 100,000 different
mRNA species, the library should contain representative cDNAs of
the majority of genes expressed in the cells.

Screening of the Retroviral cDNA Library to Identify a Tumor
Antigen. To evaluate this system, we screened ~5 X IO4 cDNA

clones (ten 96-well plates) derived from the 624mel library using CTL

clone 5, which was shown previously to recognize the tumor antigen
NY-ESO-1 (9). DNA isolation, transfection, and then transduction of
1510 fibroblasts were carried out in 96-well plates. By using the

procedure described in Fig. 4, we found two positive cDNA pools that
conferred T-cell recognition. Two positive and three negative pools

identified by the first screening were retested for their ability to
stimulate cytokine release from CTL clone 5 (Fig. 5A). 1510 fibro
blasts transduced with cDNA pools 4 and 5 were recognized by CTL
clone 5, whereas 1510 fibroblasts alone or infected with cDNA pool
1, 2, or 3 failed to stimulate IFN-y release from CTL clone 5.

To confirm that cDNA pools 4 and 5 contained the NY-ESO-1 gene,
we carried out two additional experiments: (a) we directly cotrans-
fected these cDNA pools along with an HLA-A31 cDNA into COS-7
to test for T-cell recognition of a specific antigen, because the CMV

promoter present in the retroviral vector can direct high levels of

IO
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Fig. 5. Screening and identification of retroviral cDNA pools containing NY-ESO-1.
In A, two positive cDNA pools were identified using CTL clone 5. and the procedure was
described in Fig. 4. 586mel was a positive control for CTL clone 5. 1510 fibroblasts alone
or transduced with pCRV-EGFP served as negative controls. B, T-cell recognition of
COS-7 cells transfected with cDNA pools plus an HLA-A31 cDNA. COS-7 alone or
transfected with the HLA-A31 were negative controls. In C PCR amplification of
NY-ESO-1 cDNA from different cDNA pools using NY-ESO-1-specific primers con
firmed the existence of the NY-ESO-1 gene in the retroviral cDNA pools.
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expression of the inserted cDNA. Fig. 5B illustrates that CTL clone 5
recognized COS-7 transfected with cDNA pools 4 and 5 but not
COS-7 alone or transfected with cDNA pools 1, 2, and 3; and (b) we
used NY-ESO-1-specific primers to amplify cDNA inserts from dif
ferent cDNA pools. The predicted 450-bp PCR product was detected

from the cDNA pools 4 and 5, whereas no PCR products were
observed from other cDNA pools (Fig. 5Q. The PCR products
amplified from the cDNA pools 4 and 5 were also purified and
sequenced and found to be the correct sequence of NY-ESO-1 (data

not shown). A further round of screening the positive cDNA pools
resulted in the identification of a single cDNA-containing a retroviral
plasmid encoding NY-ESO-1 (data not shown). These results vali
dated the retroviral-based cDNA expression system for the identifi

cation of a tumor antigen.

Discussion

The identification of tumor antigens has not only provided an
opportunity to understand the mechanism of T-cell-mediated antitu-
mor immune responses but also has led to clinical trials using anti-

genie peptides derived from molecularly identified tumor antigens (1).
In a recent study, a peptide vaccine derived from the gplOO melanoma
antigen mediated a 42% clinical response rate in patients with meta-

static melanoma (3). Recently, we evaluated over 100 TIL lines
established in our laboratory for their recognition of tumor cells in an
MHC class I-restricted fashion.3 T-cell lines were established with

strong reactivity against autologous tumors, but in many cases, the
restriction elements for T-cell recognition was unknown. Identifica
tion of these tumor antigens using a COS-7 expression system would

be extremely difficult without a knowledge of the restriction element
for T-cell recognition.

The use of the retroviral system to introduce a cDNA library into
primary cells such as autologous fibroblasts, B cells, or dendritic cells
that can function as MHC-matched antigen-presenting cells can po

tentially overcome these problems. Although several groups have
recently reported the use of retroviral vectors for the generation of
stable cDNA expression libraries, the success of these studies relied
on genes that conferred a functional selection advantage. For example,
oncogenes have been isolated by selecting for their ability to induce
oncogenic transformation of recipient cells infected with retroviral
cDNA libraries (22, 23). Other groups have isolated cDNAs encoding
growth factors such interleukin 3 and granulocyte/macrophage-colon-

stimulating factor on the basis of their ability to confer autonomous
growth on the factor-dependent cell lines (21). In addition, cDNAs

encoding cell surface molecules such as CD44, CD59, and CD2 have
been isolated by selecting cells using antibody panning, FACS sort
ing, and antibody-coated magnetic beads (24, 25). These systems used
LTR-based retroviral vectors and stable packaging cells that cannot be

efficiently transfected and produced relatively low retroviral titers
(21-23, 25). Although multiple infections may result in a high viral

titer, some cDNA clones are often underrepresented in the library, and
the complexity of the library is reduced (21). The use of BOSC23
packaging cells can improve the transfection efficiency and viral
production (24), but the previous strategy for gene identification does
not apply to the isolation of tumor antigens because the target cells
expressing a tumor antigen cannot be selected or enriched from the
cDNA library, and CTLs kill target cells during the screening assays.

We then developed a more efficient retroviral system by combin
ing: (a) 293-based packaging cells for achieving a high transfection

' Y. Kawakami. N. Dang. X. Wang. J. Tupesis. P. F. Robbins, R-F. Wang. J. R.

Wunderlich. J. R. Yannelli, and S. A. Rosenberg. Recognition of shared melanoma
antigens in association with major HLA-A alÃelesby tumor infiltrating T lymphocytes

from 123 patients with melanoma, submitted for publication.

efficiency; (b) CMV-based retroviral vectors with an extended pack

aging signal for maximizing viral titers; and (c) VSV G rather than the
amphotropic envelope protein for achieving high transduction effi
ciency. Production of high titer VSV G pseudotyped retroviral parti
cles has been reported recently by using a transient transfection
system (26) as well as inducible stable cell lines expressing VSV G
protein (27, 28). We found that the use of the VSV G pseudotyped
retrovirus enhanced the transduction efficiency compared with the
amphotropic envelope virus (data not shown). The usefulness of the
present scheme has been validated by demonstrating the rediscovery
of NY-ESO-1 from a retroviral cDNA library. The sensitivity of this

system is dependent on the efficiency of viral transduction, the ex
pression level of cDNA, and the activity of the CTL. In general, the
COS-7 expression system is more sensitive than the retroviral expres
sion system because SV40-containing expression plasmids can repli
cate up to 100-1000 copies in COS-7 cells expressing the large T

antigen, whereas fibroblasts or other cells infected with retrovirus
contain only one or a few copies of cDNA integrated into the host
genome. Therefore, the retrovirus cDNA pool size must be smaller
than in the COS-7 system. Despite this drawback, the retroviral

expression system allows one to introduce a cDNA library into
primary fibroblasts. In addition, preliminary results indicated that B
cells can also be efficiently transduced using retroviral supernatants
produced by this system (data not shown). The strategies and retro-

viral systems described in this study may allow the identification of
many genes involved in a variety of biological pathways in the future.
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