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The Type II EBV malignancies nasopharyngeal car-
cinoma and EBV1 Hodgkin’s disease express three
ubdominant antigens, latency membrane protein
LMP) 1, LMP2, and EBNA-1. While adoptive immuno-
herapy with T cell lines for Type III EBV malignancy
such as posttransplant lymphoma, PTLD, which ex-
resses the immunodominant EBNA-3 antigens) has
een used to prevent and treat PTLD, the generation
f class I MHC-restricted CTL suitable for the immu-
otherapy of Type II EBV malignancy is difficult. This

s primarily due to the lack of anti-LMP or EBNA-1
TL activity in many healthy volunteers. We have en-
ineered, by retroviral transduction of the TCR, CTL
hat have the potential to recognize subdominant EBV
atency antigens. Using the SAMEN retroviral vector
e demonstrate the ability to transfer CTL activity

rom a LMP2 peptide-specific CTL clone to a stimu-
ated PBMC population. TCR-transduced PBMC also
ecrete IFN-g upon coculture with LMP2 targets and
aintain expression of the transduced TCR during

ubsequent mitogenic expansion. © 2001 Academic Press

Key Words: Epstein–Barr virus (EBV, HHV4);
Hodgkin’s disease; nasopharyngeal carcinoma; immu-
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INTRODUCTION

Epstein–Barr virus (EBV) is a ubiquitous human
herpesvirus with both lytic and latent cycles of repli-
cation (1, 2). During primary lytic infection, as in in-
fectious mononucleosis, more than 80 viral genes are
transcribed (3). Thereafter, the B lymphocyte compart-
ment is seeded with latent EBV for life, which now
displays a far more restricted gene expression profile.
CD81 cytotoxic T lymphocytes play a pivotal role in the
control of both primary lytic infection and in the con-
trol of latent EBV that has reactivated (2, 4). EBV is
associated with a number of human malignancies that
have been grouped into three types based on which set
of EBV latency antigens are expressed (5). Type I EBV

malignancy, as in Burkitt’s lymphoma, expresses only
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the EBNA-1 protein. Type II malignancy, exemplified
by EBV1 Hodgkin’s disease and nasopharyngeal carci-
noma, expresses EBNA-1 and the two latency mem-
brane proteins (LMP), LMP1 and LMP2. Type III EBV
malignancy expresses all three of these antigens as
well as the highly immunogenic EBNA-3A, -3B, and
-3C antigens. These antigens are the primary targets
for EBV immunosurveillance in the body, and under
normal conditions cells expressing these antigens
would be rapidly eliminated (6, 7). Thus, Type III ma-
lignancy is seen only in cases of severe immunosup-
pression, as in posttransplant or AIDS lymphoma. In
bone marrow transplantation, the restoration of T cell
immunity by the adoptive transfer of antigen-specific T
lymphocytes has proven highly successful in the pre-
vention of posttransplant lymphoma (8). These ap-
proaches have been expanded to include the infusion of
HLA-restricted cytotoxic T cells lines from haplo-iden-
tical as well as autologous cell sources (9). The success
of this treatment is likely due to the fact that the viral
antigens targeted by the therapeutic T cells are immu-
nodominant and universally recognized in healthy in-
dividuals (10, 11). However, most tumor antigens, in-
cluding the EBV-encoded antigens found in Hodgkin’s
disease and nasopharyngeal carcinoma, do not elicit a
strong T cell response.

The reason for the poor immune response to LMP1/2
in healthy individuals is unknown, but it may be a
reflection of the cell or tumor harboring EBV. Resting
B cells have been proposed to present LMP2 in a tolero-
genic manner (12, 13). LMP2 can be expressed as a M r

54-kDa “A” form or a M r 40-kDa “B” form. LMP2A is
composed of nine exons, the first of which encodes a
cytoplasmic domain. The remaining eight exons encode
a protein that crosses the membrane 12 times and ends
with a short C-terminal cytoplasmic tail (14). LMP2B
is identical in sequence to LMP2A, except that it has
an alternate first exon that is not translated, and thus
the major cytoplasmic portion of the protein is absent
(15). The peptides used to produce LMP2-specific CTLs

are present in both forms of LMP2.
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Autologous EBV-infected lymphoblastoid cell lines
(LCL) are often used to stimulate and assay for human
cellular immunity (9). One of the challenges in the field
has been producing clones that recognize the LMP
proteins, due to the predominance of responses to the
EBNA-3 family of antigens when LCL are used as
stimulators (10, 16). For this reason we began our
studies using LMP2-derived peptide sequences previ-
ously shown to be HLA-A2 restricted, (LMP2:329-337
and LMP2:426-434) (17). Our motivation for producing
LMP2-specific clones lay in the laboratory finding that
Hodgkin’s disease cell lines can serve as targets for
CTL lysis and in immunochemical analysis demon-
strating expression of class I MHC and the TAP1 and
TAP2 proteins in EBV1 Hodgkin’s disease lesions
18–20).

Numerous retroviral systems have been used for the
ransduction of activated lymphocytes with functional
roteins (21, 22). However, the first successful trans-
uction of a native T cell receptor (TCR) into human
eripheral blood lymphocytes was not reported until
999 using the SAMEN vector system to drive the
xpression of the TCRa and b chains (23). The SAMEN

vector features a strong dual promoter system as well
as a neomycin resistance gene, allowing for drug selec-
tion of transduced cells. We combined the use of the
SAMEN vector with the readily transfectable Phoenix-
Ampho retroviral packaging cell line (24). The Phoenix
packaging cell line requires the transfection of a single
vector-encoding plasmid in order to produce infectious
particles and was designed for the rapid production of
high-titer viral vector-containing supernatant.

Combining these systems we demonstrate the effi-
cient packaging of a TCR-encoding SAMEN vector in
the Phoenix cell line through the successful transfer to
activated peripheral blood lymphocytes of specific lytic
activity against LMP2 targets. We propose that TCR
transduction should provide a rapid means of produc-
ing anti-EBV-specific T cells and provide a meaningful
adjunct to the therapy of patients with relapsed naso-
pharyngeal carcinoma or relapsed EBV-associated
Hodgkin’s disease, limited only by the HLA restriction
of the TCR molecule itself.

MATERIALS AND METHODS

Generation of T Cell Clones

The LMP2 peptides analyzed were LLWTLVLL and
CLGGLLTMV, LMP2:329-337 and LMP2:426-434, re-
spectively (17). To aid in synthesis, and with the re-
ported ability to substitute serine for cysteine at the 59
residue, the first residue in one of the peptides was
changed to serine, yielding SLGGLLTMV. Peptides
were synthesized, purified by HPLC, and sequence ver-

ified by amino acid analysis at the Protein and Nucleic
Acid Shared Facility of the Medical College of Wiscon-
sin (Dr. Liane Mende-Müller, director). Lyophilized
peptide aliquots were resuspended in DMSO and di-
luted directly into culture media for cellular experi-
ments. LMP2 peptide-specific T cell clones were gener-
ated by incubating PBMC in LyEM [Lymphocyte
Expansion Media, 40% RPMI 1640, 40% EHAA, 10%
pooled human serum (C-6 Diagnostics, Mequon, WI),
supplemented with 10 mM Hepes, 4 mM L-glutamine,
and penicillin/streptomycin] (all components from Life
Technologies, LT), at a density of 2 3 106/ml with 100
nM peptide for 5 days. On day 5 the cells were cloned
by limiting dilution in 96-well plates at 1 or 10 cells per
well with 1 3 105 irradiated allogeneic PBMC and 0.5
mg/ml PHA. Positive wells were expanded as described
by Lee et al. (17).

nalysis of CTL Clones

TCR Vb and Va family assignment of CTL clones
was determined by PCR using primer sequences pro-
vided by Dr. Jack Gorski, BRI, Blood Center of SE
Wisconsin. These primers were also used for spectra-
type analysis of CTL clones as described by Yasai et al.
(25). TCR nomenclature was according to the WHO-
IUIS Subcommittee on TCR Designation (26), although
it was the online availability of the TCR a and b loci
that made transcript-specific primer design possible,
i.e., gbU66060.1 (27). Flow cytometry was carried out
using tissue culture supernatants from the OKT3 (for
CD3), Sim.4 (for CD4), and 51.1 (for CD8) cell lines.
Secondary staining was performed with purified FITC-
F(ab’)2 fragments of goat anti-mouse IgG (Jackson Im-
munoresearch Laboratories, Inc.).

Molecular Cloning of the TCR

Total RNA was isolated from T cell clones using
Trizol (Life Technologies, Inc., LT), reverse transcribed
using oligo(dT)12–18 primer and reverse transcriptase
(SuperScript II, LT), and then PCR amplified using
either Pfu (Stratagene) or Taq (LT) DNA polymerase.
Primers used to amplify TCR chains were from un-
translated regions as follows: for upstream Vb12, 59-
GAGATCCTGGCCTGGACC; for upstream Vb21, 59-
CATCCTGCCCTGACCCTG. Clone PL5.05 encodes a
b1 constant region and was amplified using the 39
primer 59-GCAGAGAGCTGAGAGCAGC. Clone PL5.04
has a b2 constant region and was amplified using the
39 primer 59-GAACACAGATTGGGAGCAGG. Va15
was amplified with the 59 primer 59-CTCTCTTGGCT-

GAGATTG and the following 39 primer 59-AGCA-
CAGGCTGTCTTACAATCTTGC. PCR products were
cloned into the Topo2.1 Vector or the pCR-Blunt clon-

ing vector (Invitrogen). DNA sequencing was per-
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formed on an ABI 310 automated sequencer (MCW
Cancer Center) with the Big Dye Terminator Cycle
Sequencing Kit (ABI-Prism) using the M13 and T7
primer sites on the pCR-Blunt plasmid as well as in-
ternal TCR primers, insuring that the full-length, in-
frame sequence was molecularly cloned.

Production of Retroviral Vector and PBMC
Transduction

TCR sequences were excised from cloning vectors by
EcoRI digestion, blunted with Klenow polymerase
(large fragment of DNA polymerase I, LT), ligated to
either SalI or XhoI linkers (New England Biolabs) with
T4 DNA ligase (LT), digested with the appropriate
endonuclease, and inserted into the sites present in the
SAMEN vector, described in Clay et al. (23). Infectious
retroviral supernatants were generated by transient
transfection of the Phoenix packaging cell line (24) (see
also www.stanford.edu/group/nolan/index.html). Phoe-
nix cells were cultured with 10% cDMEM (10% FBS,
Gemini Biosciences, 2 mM L-Gln, 10 mM Hepes, pen-
icillin/streptomycin, LT) in 100-mm tissue culture
dishes (Corning 25020). For transfections, 20 mg of

AMEN vector (introduced into DH5a-competent cells,
T, and purified by the Endo Free Plasmid Maxi Kit,
iagen) was brought to a volume of 20 ml and was

diluted into a mixture of 718 ml of serum-free DMEM
and 72.9 ml of FuGENE 6 reagent (Boehringer Mann-

eim Corp.), according to the manufacturer’s protocol.
ransfected culture supernatants were collected at 48
nd 62 h, passed through a 0.45-mm syringe filter (Nal-

gene, surfactant-free cellulose acetate), and stored at
280°C. Transduction of OKT3 and IL-2-activated
PBMC was essentially identical to the method of Clay
et al., except that the culture medium utilized was
LyEM. In brief, PBMC were activated for 3 days in 600
U/ml rIL-2 (Aldesleukin Proleukin, Chiron) and 10
ng/ml OKT3 (Orthoclone OKT3, Ortho Biotech). Trans-
duction was carried out in 24-well plates for 3 consec-
utive days. One million activated PBMC were washed,
resuspended in 1 ml of a 1:3 dilution of retroviral
supernatant, 8 mg/ml polybrene, and IL-2, and “spin-
fected” (1000g, 32°C, 90 min) in plates sealed with tape
(Highland 6200, 3M) to prevent desiccation. After cen-
trifugation, 1 ml of LyEM was added to each well.
Medium was exchanged on the seventh day, and cells
were washed and replated at 1 3 106/ml in fresh LyEM
supplemented with 600 U/ml IL-2 and 500 mg/ml G418
(Geneticin, LT) for the next 5–6 days, followed by a day
of culture without G418, and then cells were function-
ally assayed. By this time nontransduced “mock-infect-
ed” cells had decreased in number to such a degree that
they could not be analyzed. Titration of retroviral su-
pernatant was carried out by spinfection of 3 3 105
hu143bTK(2) cells (ATCC, CRL-8303) in 6-well plates
in DMEM/10% FBS, 8 mg/ml polybrene. On the day
following transduction each well was trypsinized, split
1:4, and cultured for 5–6 additional days in G418.
Assuming a single cell division over this time period, a
multiplier of 2 was added to the final calculation of
infectious vector particle density.

T Cell Functional Assays

Antigen presenting cells used as immune targets
were autologous EBV-transformed lymphoblastoid cell
lines (LCL), the T2 cell line, or primary fibroblasts
derived from skin punch biopsy. T2, originally 174 3
CEM.T2, is an HLA-A2 cell line commonly used to
assay peptide antigen and HLA-restricted CTL activity
(28, 29). CTL activity was determined using 5000 51Cr-
labeled targets incubated with effector cells at the de-
scribed ratios for 4.5–5 h at 37°C in a humidified CO2

incubator. To load antigen-presenting cells with pep-
tide, cells were washed three times with PBS, pelleted,
incubated in 200 ml of media containing 40 mg/ml pep-
tide for 1 h at 37°C, and then washed with cLyEM. In
ome cases 51Cr was added directly to the peptide in-

cubation step at the 45-min time point and target cells
were allowed to incubate for another hour. INF-g re-
lease by activated effector cells was measured by co-
incubating 105 effector cells with 105 targets in 2 ml of
LyEM and IL-2 for 24 h. IFN-g released into the cul-
ture media was measured by ELISA (R&D Systems).
Cell counts were determined by light microscopy in the
presence of trypan blue. Reexpansion studies were car-
ried out with OKT3, IL-2, or PHA-L (Roche). Purifica-
tion of CD8 cells from transduced PBMC was per-
formed using CD8 MicroBeads on a MidiMACS
magnetic separation column (Miltenyi Biotec).

RESULTS

The Epstein–Barr virus LMP2A has two well-de-
scribed HLA-A2-restricted peptide epitopes. In order to
generate EBV peptide-specific CTL, T cell clones were
generated that specifically recognized the LLWTLV-
VLL and SLGGLLTMV peptides in a dose-dependent
manner (Fig. 1). CTL clones were CD8-positive and
restricted to HLA-A2 antigen presentation, as demon-
strated by the lack of lytic activity when non-HLA-A2
expressing fibroblasts or LCL were used as CTL tar-
gets (Table 1). Targets that were completely mis-
matched for class I and class II MHC antigens, except
for HLA-A2, were also lysed by LMP2 peptide-specific
CTL. In order to satisfy ourselves that a truly clonal
population was being analyzed, an essential element in
the molecular cloning of TCR, each clone was analyzed
by flow cytometry, for Vb and Va family membership,

and by CDR3 size heterogeneity analysis, known as
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“spectratyping.” To be defined as a clone, CTL cultures
had to be a single population of CD3-positive cells and
uniformly positive for CD4 or CD8, as determined by
flow cytometry (not shown). Cellular clones also had to
express only a single Vb family-specific transcript and
no more than two Va family-specific transcripts, as
determined by agarose gel electrophoresis of PCR prod-
ucts generated from CTL clone cDNA by Taq polymer-
ase amplification (not shown). Final assignment of
clonal status was dependent on the expression of a
single Vb CDR3 region size species as determined by

b spectratype analysis (Fig. 2). Of 12 LMP2-specific
CTL clones generated, 9 different Vb species were rep-
resented, demonstrating a wide range of Vb usage for
he recognition of a single peptide.

Upon verification of cellular monoclonality, molecu-
ar cloning of the TCRa and b chains was carried out

using CTL-derived RNA (see Materials and Methods).
TCR chains were fully DNA sequenced upon cloning of
the PCR product and sequenced again upon insertion
in to the SAMEN retroviral vector in order to confirm
orientation of the TCRa and b chain sequences. Trans-
lated CDR3 DNA sequences from two of these clones,
PL5.04 and PL5.05, are shown in Fig. 3. The PL5.04
clone also expressed a Va11 chain which, although it
was of the appropriate length, contained an out of
frame sequence in the CDR3 region and is therefore
not shown.

The SAMEN-A7 vector was recently described by
Clay et al. to effectively transfer a functional TCR
pecific for the MART-1 melanoma antigen to activated
BMC (23). In this report we utilized the identical

FIG. 1. LLWT-specific T cell clones. Autologous LCL were pulsed
ith LMP2-encoded peptide (LLWTLVVLL) for 1 hour in 200 ml
yEM, chromium labeled, washed extensively, and used as targets in
standard cytotoxicity assay (E:T ratio of 10:1), using the peptide-

enerated CTL clones PL5.04 and PL5.05 as effectors. The alternate
LA-A2-restricted, LMP2-derived peptide (SLGGLLTMV) was used
s a control (cntrl). All assays are representative of at least three
ndependent experiments.
etroviral backbone, substituting TCRa and TCRb se- a
quences from the PL5.04 clone for TCR chains specific
for MART-1. PBMC were cultured for 3 days in OKT3
and 600 U/ml IL-2 in order to activate the T cell com-
partment. For each of the next 3 days PBMC were
exposed to infectious retroviral supernatant that had
been generated by the transfection of the retroviral
backbone into the Phoenix packaging line. The titer of
infectious particles derived from transduced Phoenix
cells ranged from 0.8 to 2.2 3 106 infectious particles/
ml, giving an m.o.i. of approximately 0.5 per transduc-
tion (average titer, divided by the threefold dilution
used in spinfection). Following 5–6 days of selection in
G418 (the SAMEN vector also encodes the neo gene)
cells were cultured for 1 day without G418 and then
assayed for LMP2-specific functional activity. Cells
that were mock-infected (exposed to identical condi-
tions, yet spared exposure to retroviral vector) did not
survive G418 selection over this time period.

When activated PBMC were tested for lytic activity
against LMP2 targets, strong lytic activity was exhib-
ited in an antigen-specific manner (Fig. 4). In these
lytic assays two types of target cells were utilized,
either autologous LCL lines or the T2 cell line. When
transduced PBMC were exposed to T2 or LCL that had
been pulsed with specific peptide, a high degree of lytic
activity was seen. However, the IL-2-rich environment
in which the cells were expanded also expanded an
active natural killer cell (NK) population, as evidenced
by the high lytic activity of the culture against the
K562 cell line. When CD8-positive cells were positively
selected by immunomagnetic beads, much of the NK
activity was removed from the lytic population (Figs.

TABLE 1
Peptide and MHC Restriction of Peptide-Specific Clones

Targetsa PL5.04b (% lysis) PL5.05 (% lysis)

Auto-FB 1 LLWT 48 55
Auto-FB 1 SLGG 3 3
Allo-FB 1 LLWT 1 1
Allo-FB 1 SLGG 1 1
Auto-LCL 1 LLWT 76 76
Auto-LCL 1 SLGG 4 0
Allo-LCL 1 LLWT 0 0
Allo-LCL 1 SLGG 0 0
A2-LCL 1 LLWT 78 81
K562 0 0.1

Note. Abbreviations used: Auto, autologous; Allo, allogeneic; FB,
primary fibroblasts derived from skin punch biopsy in an IRB-ap-
proved protocol for the culture of patient fibroblasts to analyze EBV
immunity; LCL, lymphoblastoid cell line; A2-LCL, LCL line matched
at the HLA-A2 locus only. The K562 cell line was included to dem-
onstrate a lack of natural killer cell (NK) activity.

a Targets were 51Cr-labeled, pulsed with 1 mm peptide, and cocul-
ured with effector T cell clones, PL5.04 and PL5.05.

b At an E:T of 10:1 for 5 h in a chromium release assay. Clones
ere raised against the LLWTLVVLL peptide. SLGGLLTMV served

s a peptide control.



224 ORENTAS ET AL.
4C and 4D). Transduced PBMC that had been CD8-
selected were also analyzed for their ability to secrete
IFN-g upon coculture with peptide-pulsed T2 cells (Fig.
5). Once again it was demonstrated that antigen-spe-
cific TCR recognition was transferred to the effector
cell population. An important parameter to consider in
TCR transduction of effector cell populations is the
permanence of TCR expression and the ability to fur-
ther expand TCR-transduced cells. Four T cell stimu-
lation methods were used to expand CD8-selected
TCR-transduced PBMC. Following retroviral trans-
duction and selection (on the day of CTL and IFN-g
analysis) CD8-selected PBMC were cocultured with
irradiated allogeneic PBMC feeder cells and (a) PHA,
(b) PHA and irradiated LCL, (c) OKT3, or (d) OKT3
and irradiated LCL (Fig. 5). Medium was exchanged at
both 48 h and on day 4 with LyEM supplemented with
11% human serum, 100 U/ml rIL-2, and 30% MLA-144
supernatant as a secondary source of T cell growth

FIG. 2. Spectratype Analysis of CTL Clones. Lane B and lane C
contain the spectratype profile generated from two peptide specific
clones, PL5.03 and PL5.04, amplified with Vb13- and Vb21-specific
primers, respectively. Lane A illustrates the 3-bp ladder seen when
a polyclonal lymphocyte population is amplified (25). The different
sizes of the PL5.03 and PL5.04 CDR3 regions reflect primer selec-
tion, designed to allow for multiplex PCR analysis of the CDR3
region.
factors (30). Thus from day 2 onward all cells were
cultured in identical media. While all initial stimula-
tion conditions effectively maintained the starting cell
number, it was only the combination of PHA, PBMC
feeder cells, and LCL feeder cells that showed a
marked expansion of lymphocyte numbers. When ex-
panded CD81-transduced T cells were analyzed for
their lytic ability, nearly identical lytic profiles were
seen for all expansion conditions (Fig. 5B). In fact, the
“OKT3, PBMC feeder cell, LCL feeder cell” condition
seemed to generate the most active lytic population
based on the simple comparison of the percentage of
lysis of target cells. Specific lysis in Fig. 6B was calcu-
lated by subtracting the percentage of lysis of T2 cells
loaded with control peptide (SLGG) from the percent-
age of lysis of T2 cells loaded with specific peptide
(LLWT). At a 5 to 1 E:T ratio the percentages of lysis
for transduced cells stimulated with PHA, PHA and
irradiated LCL, OKT3, or OKT3 and irradiated LCL,
comparing T2-LLWT and T2-SLGG targets, were 20 vs
2, 16 vs 1, 25 vs 4, and 28 vs 3, respectively. Similar
results were seen in three consecutive assays. These
results demonstrate that transduced cells have the
potential to be further expanded and that the retrovi-
rally transferred TCR specificity is maintained even
when non-antigen-specific methods of T cell expansion
are used.

DISCUSSION

In bone marrow transplantation, the restoration of T
cell immunity by the adoptive transfer of antigen-spe-
cific T lymphocytes has proven highly successful in the
prevention of posttransplant lymphoma (PTLD)
caused by Epstein–Barr virus and of pneumonitis
caused by cytomegalovirus (CMV) (31, 32). In both
cases the viral antigens targeted by the therapeutic T
cells are immunodominant and universally recognized
in healthy individuals. Adoptive immunotherapy for
these diseases restores, by the ex vivo expansion and
subsequent infusion of T cells, the protective immune
response that normally evolves in vivo. However, most
tumor antigens, including the EBV-encoded antigens
found in Hodgkin’s disease and nasopharyngeal carci-
noma (Type II EBV malignancy), do not elicit a strong
T cell response. To offer patients with Type II EBV
malignancy the potential benefit of adoptive immuno-
therapy we have initiated a program in which antigen-
specific T cell receptors that have been identified in the
laboratory as being of potential benefit will be molec-
ularly cloned, subcloned into retroviral expression vec-
tors, and then transduced into activated patient-de-
rived lymphocytes. This work represents the first step
in that process. A similar strategy has recently been
applied to melanoma and will no doubt prove to be

applicable in any system where a tumor-specific anti-
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gen can be targeted by the cellular immune system
(33).

Adoptive immunotherapy with ex vivo transduced
lymphocytes has two major advantages. First, the com-
promised status of the patient’s immune system (per-
haps even the presence of tolerizing cell populations) is
circumvented and effector cell populations can be cre-
ated which would not otherwise arise in a vaccine
setting. Second, all genetic transduction is performed
outside the body, avoiding direct exposure of the pa-
tient to the retroviral vector. We were able to readily
culture and expand transduced lymphocytes in this
study and to demonstrate the introduction of a novel
antigenic specificity by in vitro retroviral transduction.
Both lytic activity against peptide-pulsed LCL or T2
cells and IFN-g secretion were demonstrated. Further-
more, retrovirally transduced cells could be expanded

FIG. 4. LMP2-specific lytic activity in TCR-transduced PBMC.
activity against target cells sensitized with the PL5.04-specific pep
transduced and G418-selected PBMC (A,B) or positively selected CD8

FIG. 3. CDR regions of sequenced LMP2-specific CTL clones. T
recombination that results in a fully rearranged gene resulted in an i
PL5.05 and PL5.04, is shown as well as the specific V,D,J, and C reg
but is not shown, as it was found to be out of frame upon inspection
The K562 cell line was included as an indicator of NK activity. The dat
by further stimulation and still maintained their new
antigenic specificity. This finding is relevant both to
the ex vivo expansion of T cells as well as to the in vivo
expansion that may occur upon recognition of cognate
antigen. Indeed, the rapid expansion of the LMP2
TCR-transduced T cell population with PHA, PBMC
feeder cells, and LCL, as opposed to the expansion seen
with OKT3 and similar supplementation, demon-
strates a potential for cell expansion that we may not
yet be able to attain with defined reagents. The addi-
tion of irradiated LCL to a T cell expansion culture is
known to contribute to the CD28-B7.1/B7.2 (CD80/
CD86) signaling pathway, as B7 molecules are highly
expressed on LCL (34–36). And although CD28 signal-
ing has been reported to enhance both PHA and CD3
signaling, the PHA effect seems to predominate in our
hands (37, 38). The high level of expansion seen with

P2 peptide-specific TCR-transduced PBMC were assayed for CTL
e LLWT or control peptide, SLGG. Effector cells were either bulk
ells (C,D). Target cells were either autologous LCL or the T2 cell line.

a and TCRb chains were sequenced in order to determine if the
ame transcript. The translated DNA from two LMP2-specific clones,
s of the protein. The PL5.04 clone also expressed a Va11 transcript
the DNA sequence.
LM
tid
1 c
CR
n-fr
ion
a are representative of three consecutive transduction experiments.
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PHA may be due to a greater degree of TCR–CD3
cross-linking, but it is highly likely that other cell
surface molecules are involved as well (39–41).

Future studies will focus on the comparison of dif-
ferent LMP2-specific TCR in order to determine if it is
the sequence of the TCR or the physiology of the effec-
tor cell population that has been transduced that gov-
erns lytic activity of the CTL. In a recent study by Lee
et al., it was found that just under 50% of EBV-sero-
positive healthy volunteers mount an anti-LMP2 im-
mune response (47). This response was weaker not
only in frequency in the population, but in magnitude
in the individual, when compared to the immunodom-
inant latency antigens of EBV. Previous work from this
group had documented that high-affinity CTL specific

FIG. 5. LMP2 peptide-specific interferon-g release by transduced
ffector cells. Transduced PBMC (stippled), CD8-selected transduced
BMC (gray), or cultures with no effector cells (black) were cocul-
ured for 24 h in media containing IL-2 with T2 antigen-presenting
ells pulsed with specific peptide (LLWT), control peptide (SLGG), or
o peptide (T2). Culture supernatant was withdrawn without dis-
urbing the cell layer, and supernatants were centrifuged and then
ssayed for IFN-g by ELISA.

FIG. 6. Restimulation of transduced CD8 T cells with mitogen. U
differing mitogenic stimuli. A shows viable cell counts 4 and 7 days
culture condition preserved, 7 days poststimulation. The conditions
feeders), solid circles (OKT3, feeders, and LCL), open circles (OKT3
ransduced PBMC and 1 3 106 irradiated PBMC feeder cells. Whe

irradiated LCL feeder cells at 1 3 105 per well. Transduced CD8-se
in the absence of added cytokine. At 48 h, culture medium was repla
and 30% MLA-144 cell supernatant. Cells were harvested, counted,
for cytotoxic activity on day 7 at the E:T ratios indicated on the x axis

of T2 cells loaded with control peptide (SLGG) from lysis of T2 cells loa
for LMP2 could be generated from some volunteers and
that these CTL could lyse either autologous LCL or the
T2 cell lines, and for some peptides this occurs in a
TAP-independent manner (17). Our LMP2 peptide-
specific CTL did not lyse either T2 or LCL, unless
peptide was added, and are therefore likely to be of
lower affinity for EBV expressing targets than those
generated from seropositive responders that had been
expanded by stimulation with autologous LCL (17).
Higher affinity TCR could potentially be generated
through the pulsing of dendritic cells (DC) with peptide
or through the use of an adenoviral vector to express
LMP2 in DC. Redchenko et al. were able to culture
LMP2-specific CTL using peptide-pulsed dendritic
cells, even though donors did not show anti-LMP2 ac-
tivity in LCL-stimulated cultures (42), while Ranierei
et al. have demonstrated the ability to generate
LMP2B-specific CTL using adenovirus vector-infected
DC as antigen-presenting cells (43).

Murine leukemia virus vectors are the most fre-
quently used vectors for gene therapy due to their
efficient transfer, stable integration, and long-term ex-
pression of foreign genes (44). The SAMEN vector sys-
tem developed at the NCI transcribes the TCRa and b
chains from two strong viral promoters and also in-
cludes an IRES-linked neo gene, which is coexpressed
with the TCRb chain. The inclusion of the neo gene
allowed for rapid elimination of T lymphocytes that
had not been successfully transduced. Although factors
that control TCR gene expression in human cells are
not fully understood, the strong viral promoters in the

n CD8 selection, transduced lymphocytes were stimulated with four
ter stimulation began. B shows the LMP2-specific killing that each
re solid squares (PHA, feeders, and LCL), open squares (PHA and
d feeders). Each culture was initiated with 0.5 3 106 CD8-selected
ndicated, OKT3 was included at 30 ng/ml, PHA at 0.5 mg/ml, and
ed PBMC were incubated under their respective culture conditions
with LyEM supplemented with 11% human serum, 100 U/ml rIL-2,
replated in fresh growth media on day 4 and counted and assayed
. The percentage of specific lysis was calculated by subtracting lysis
po
af
we
an

re i
lect
ced
and
of B
ded with specific peptide (LLWT).
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SAMEN vector backbone are able to express recombi-
nant TCR in primary cells to levels that are readily
detectable in functional assays (45, 46). The LMP2
peptide-specific TCR that we have expressed conferred
both lytic activity and IFN-g secretion upon exposure
to antigen-presenting cells. We anticipate that clinical
trials of transduced T cell populations for the immuno-
therapy of Type II EBV malignancy will require not
only higher affinity TCR, but also an investigation into
whether new antigenic specificities are generated in
the transduced T lymphocyte population.
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