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Abstract
Although immunotherapy based on the adoptive transfer of
tumor-specific T lymphocytes has been shown to result in
dramatic clinical responses in some patients, the relatively
low levels of engraftment and persistence of the adoptively
transferred cells may limit these responses in many patients.
In an attempt to develop strategies for prolonging the
survival of adoptively transferred T cells, we have carried
out studies in which T cells obtained from healthy donors as
well as tumor-specific T cells were transduced with a
retrovirus expressing the human Bcl-2 gene. Our results
indicate that these transduced T cells overexpress Bcl-2, are
resistant to death, and have a survival advantage following
interleukin-2 withdrawal compared with control T cells
transduced with a retrovirus expressing green fluorescent
protein. Tumor-specific T cells overexpressing Bcl-2 maintained their ability to specifically recognize and respond to
target cells. Furthermore, we show that adoptive immunotherapy of an established B16 tumor can be significantly
enhanced by overexpressing Bcl-2 in melanoma-specific T-cell
receptor transgenic T cells. Our data suggest that adoptive
immunotherapy approaches to the treatment of cancer
patients may be enhanced using Bcl-2–modified tumorreactive T cells. (Cancer Res 2005; 65(5): 2001-8)

Introduction
Adoptive immunotherapy can be achieved by the transfer of
tumor-specific T cells in the form of tumor-infiltrating
T lymphocytes (TIL) along with their growth factor interleukin-2
(IL-2; refs. 1, 2). The inefficient engraftment and persistence
of adoptively transferred tumor-reactive T cells, however,
seems to represent one of the factors that may limit these
responses (2–4). The nearly complete regression of multiple
metastatic lesions that were observed in some patients that were
pretreated with a non-myeloablative chemotherapy regimen
seemed to be associated with long-term persistence of adoptively
transferred tumor-reactive T cells (4). The lack of sufficient levels of
T-cell growth factors such as IL-2 may contribute to the death of
the transferred T cells (5, 6), but the administration of high dose IL-2
is limited by the toxicity of this cytokine (1). Several alternative
approaches to enhance the survival of transferred T cells are being
explored (4, 7, 8).
Recent studies suggest that T-cell death resulting from the
withdrawal of the cytokines IL-2 or IL-15 is accompanied by
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the expression of lower levels of antiapoptotic genes such as Bcl-2
(6, 9–12). Studies have also shown that cell death due to growth
factor withdrawal is executed through an intrinsic death pathway
that is blocked in cells that overexpress Bcl-2 (5, 9, 10, 13–15). We
thus hypothesized that overexpression of an antiapoptotic protein
inside T cells could promote the survival of cells suffering from a
lack of stimulation by requisite growth factors.
In the current studies, we examined the effects of Bcl-2
overexpression on tumor-reactive T cells. The results showed
that overexpression of Bcl-2 enhanced the survival of human
tumor-reactive T cells following cytokine withdrawal. In addition,
overexpression of Bcl-2 enhanced the in vivo efficacy of murine
tumor-reactive T cells in a model adoptive immunotherapy
system.

Materials and Methods
Cell Lines and Clones. T-cell lines and clones used in this study are
listed in Table 1. TIL lines were grown in complete medium (RPMI 1640
supplemented with 10% fetal bovine serum, L-Glu, h-mercaptoethanol, and
antibiotics, all from Gibco, Invitrogen, Carlsbad, CA), containing 3,000
international units (IU) human IL-2/mL (complete medium-2; IL-2 was
kindly supplied by Chiron, Emeryville, CA). Cryopreserved peripheral blood
mononuclear cells were collected from healthy donor blood donation
(Department of Transfusion Medicine, NIH, Bethesda, MD) by centrifugation on Ficoll-Hypaque gradients (Lymphocyte Separation Medium,
Organon Teknika, Durham, NC) as per procedure of the manufacturer.
Peripheral blood mononuclear cells were stimulated with 10 ng/mL CD3
(ORTHOCLONE OKT3, Ortho Biotech, Bridgewater, NJ) and 600 IU IL-2/mL
(16). Three days later, cells were transduced as described below. T-cell
clones were grown in complete medium in the presence of 600 IU IL-2/mL.
One week before transduction T-cell clones were stimulated and expanded
using a rapid expansion protocol, which was carried out by stimulating T
cells with OKT3 in the presence of allogeneic feeder cells, as previously
described (17).
Retroviral Constructs and the Isolation of High-Titer Producer
Clones. Retroviral constructs based on the modified mouse stem-cell virus
system MIG (18, 19) were kindly provided by Dr. Luk Van Parijs (MIT,
Cambridge, MA). In the two constructs that were used in this study,
recombinant gene expression was driven by the mouse stem-cell virus long
terminal repeat. In the first construct, a cDNA encoding green fluorescent
protein (GFP) was inserted downstream of an IRES sequence, referred to as
pGFP, and in the second construct, the GFP cDNA was followed by an IRES
which preceded a cDNA encoding the human Bcl-2 gene product, referred to
as pBcl. High-titer vesicular stomatitis virus-G pseudotyped retroviral
supernatants concentrated 50 by ultracentrifugation (20) were used to
infect the PT-67 cell line (Clontech, Palo Alto, CA). High virus titer PT-67
clones with high GFP expression evaluated using a PhosphorImager
(Molecular Dynamics, Sunnyvale, CA) and supernatants from these clones
were used to transduce the human melanoma cell line 888 (21) to provide a
relative estimate of retroviral titers (22). One clone that produced the GFP
expressing virus (MIG) with a titer of 2  108 transduction units and one that
produced the GFP and Bcl-2 expressing virus (MIG-Bcl) with a titer of 4  108
transduction units were selected for producing viruses for T-cell transduction.
T-Cell Transduction. Two rounds of T-cell transduction were done as
previously described (16). T cells were expanded by stimulating with OKT3
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Table 1. Specificity, designation, and transduction efficacy of T-cell lines and clones used in this study
c

b

T cells/TIL/Clone*

Specificity

Restriction

Transduced with

Designated

Transduction efficacy (%)x

PBL-T1

NAk

NA

PBL-T2

NA

NA

TIL (1931-2F4)

MART-1 (27-35)

HLA-A2

TIL (1749)

MART-1 (27-35)

HLA-A2

Cl-2 1290 (CD4)

KI-67

DR-16

Cl-8-1541 (CD4)

Tyrosinase-related protein-2

DR-15

D4F12 (CD8)

GP100 (209-217)

HLA-A2

C22 (CD8)

Aim-1

HLA-A2

MIG
MIG-Bcl
MIG
MIG-Bcl
MIG
MIG-Bcl
MIG
MIG-Bcl
MIG
MIG-Bcl
MIG
MIG-Bcl
MIG
MIG-Bcl
MIG
MIG-Bcl

PT1-G
PT1-B
PT2-G
PT2-B
1931-G
1931-B
1749-G
1749-B
Cl-2-G
Cl-2-B
Cl-8-G
Cl-8-B
D4-G
D4-B
C22-G
C22-B

55
40
22
39
15
25
24.4
35
13
19.4
7.2
14.5
20
25
14.2
28.5

*Two different peripheral blood lymphocyte-derived T-cell lines from healthy donors (PBL-T1 and PBL-T2) and two different TIL lines as well as four

different tumor-specific T-cell clones (two clones are MHC-I restricted and two clones are MHC-II restricted) were used in this study.
cSpecificity is tested by the ability of the indicated cell line or clone to respond to target cell line that was either loaded with the indicated peptide (or

controls) or transfected with the indicated antigen (or control antigens). Response was detected by measuring the IFN-g that was secreted into the
supernatant by specific ELISA.
bRestriction is determined by using allele-specific transfectants and blocking by antibodies.
x Transduction efficacy measured by the percentage of GFP-positive T cells 1 week after the transduction with retroviruses.
k Not applicable.

in the presence of feeder cells (17), and 1 to 3 weeks later the percentage of
the transduced cells was estimated by fluorescence-activated cell sorting
analysis based on GFP expression using a FACScan (BD, San Jose, CA). GFP+
cells were then sorted using a FACSvantage (BD) cell sorter. Sorting
efficiency was high for peripheral blood lymphocyte-derived T cells and
TILs, as 80% to 90% of the sorted cells remained GFP+ when tested during
the course of these studies. Lower sorting efficiencies were achieved with
the T-cell clones, as only 20% to 40% of the sorted cells were GFP+. Unless
otherwise stated, sorted cells were used. The T cells were maintained in
complete medium-2, and every 3 to 4 weeks the rapid expansion protocol
was used to expand the cells.
Detection of Bcl-2 Protein. Bcl-2 was detected using intracellular
staining with phycoerythrin-conjugated monoclonal antibody specific for
human Bcl-2 (clone Bcl-2/100, Alexis, San Diego, CA). Cells were fixed and
permeabilized using the Cytofix/Cytoperm kit from BD as per procedure
of the manufacturer, and flow cytometric analysis carried out using
FACScan.
Apoptosis Induction and the Estimation of T-Cell Survival. T-cell
susceptibility to mitogen-induced cell death was tested by incubating cells
in complete medium for 16 hours in the presence of 1 Ag/mL
phytohemagglutinin (PHA)-L (PHA-L, Sigma, St. Louis, MO). The susceptibility of T cells to passive cell death as a result of growth factor withdrawal
was measured by culturing the cells in complete medium containing
decreasing concentrations of IL-2 or in the absence of exogenously added
IL-2. T-cell death was estimated by trypan blue exclusion and by staining
with phycoerythrin-conjugated Annexin V (Alexis) according to the
instructions of the manufacturer, and analyzed by fluorescence-activated
cell sorting. All assays were done in duplicate and were repeated two to five
times. Live transduced T cells represent those cells that were detected in the
GFP-positive and Annexin V-negative quadrant derived from the fluorescence-activated cell sorting analysis. To calculate the number of live cells,
both trypan blue-negative and -positive cells were microscopically counted,
the total number of cells per well was calculated, and this number was
multiplied by the percentage of cells that are both Annexin V-negative and
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GFP-positive as estimated from the fluorescence-activated cell sorting
analysis. The ratio of live cells in cultures without exogenously added IL-2
was calculated using the following formula: Ratio = percentage of live cells
among MIG-Bcl-transduced T cells / percentage of live cells among MIGtransduced T cells.
IFN-; Production Assays. Melanoma-specific T cells (1-2.5  104) were
cocultured with target cells (1  105) for 16 hours in 200 AL complete
medium per well of 96-well flat-bottomed plates (Corning, Inc., Acton, MA).
Target cells used in this study were either melanoma cell lines or EBVtransformed B-cell lines (EBV-B) that were unpulsed or pulsed with 10 Ag/mL
MHC class-I- or 50 Ag/mL MHC-class-II-binding peptide. An ELISA specific
for human IFN-g (R&D Systems, Minneapolis, MN) was done according to
the protocol of the manufacturer. Intracellular cytokine detection was done
as earlier described (23). All assays were done in duplicate and were
repeated two to four times.
Mice, Tumor Challenge, and Immunotherapy. C57BL/6 Bcl-2 transgenic mice (The Jackson Laboratory, Bar Harbor, ME) were intercrossed with
Pmel mice (24) that express a transgenic T-cell receptor that recognizes
gp100+ cells in H-2Db restricted manner, resulting in mice with double
transgenic T cells (Pmel-Bcl-2). Similarly, GFP transgenic mice (The Jackson
Laboratory) were intercrossed with Pmel transgenic mice resulting in the
double transgenic T cells (Pmel-GFP) which served as a control for PmelBcl-2 cells. B16 melanoma cell line was obtained from the National Cancer
Institute tumor repository. The mouse adoptive immunotherapy model
system has previously been described (24, 25). Briefly, mice with 14 days s.c.
B16 tumor were untreated or treated with one or all of the following
treatments: 500 cGy radiation, 1  106 of 1-week cultured T cells, vaccinated
with 2  107 plaque-forming units of recombinant fowlpox virus encoding
human gp100, or injected with 600,000 IU IL-2. The number of animals used
in each group is five. This experiment has been repeated independently two
additional times with similar results. All experiments were done with
randomization of the mice and were done in a ‘‘blinded’’ fashion (i.e., the
person taking the measurement had no knowledge of the group that the
mouse was derived from).
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Results
T-Cell Transduction by MIG and MIG-Bcl. Healthy donors’
peripheral blood lymphocyte-derived T cells, TILs, and CD4+ or
CD8+ tumor-specific T cells were all efficiently transduced with
MIG or with MIG-Bcl retroviruses regardless of their origin
(Table 1). The average transduction efficiency achieved using the
MIG virus was 21.4 F 13.7, whereas for the MIG-Bcl retrovirus it
was 28.3 F 8.6 (Table 1).
Increased Levels of Bcl-2 Generated by T-Cell Transduction.
The relative levels of Bcl-2 expression in the transduced T-cell
populations were then examined. T cells that were transduced with
the MIG-Bcl retrovirus (Fig. 1C and D) overexpressed Bcl-2 protein
when compared with T cells transduced with the MIG retrovirus
(Fig. 1A and B). The levels of Bcl-2 protein generated as a result of
MIG-Bcl transduction were 1.5- to 2.7-fold higher than those found
in control GFP-transduced or nontransduced T cells (Fig. 1B and D
and data not shown). Significantly, the expression of GFP seemed to
be correlated with the expression of Bcl-2 in the MIG-Bcltransduced population (Fig. 1D).
Bcl-2 Overexpression Protects T Cells from Cell Death
Induced by Mitogen or Cytokine Withdrawal. In order to
examine the effects of overexpression of Bcl-2 on T-cell survival,
control MIG- or MIG-Bcl-transduced T cells derived from
healthy donor peripheral blood lymphocytes (PT2-G and PT2B, respectively) were cultured in medium containing PHA for 16
hours in the absence of IL-2 and compared with T cells
maintained in medium with or without IL-2. The PT2-G and
PT2-B cells that were maintained in the presence or absence of
IL-2 but were not treated with PHA remained highly viable
16 hours following culture initiation (Fig. 1E, F, H, and I).
Treatment of T cells with PHA resulted in substantial cell death,
as only 27% of the treated PT2-G cells were viable at this time
point (Fig. 1G), but Bcl-2 overexpression seemed to partially
block apoptosis, as 68% of the PHA-treated PT2-B cells remained
viable (Fig. 1J). Similar data were obtained with phorbol 12myristate 13-acetate after 48 hours of culture under similar
conditions (data not shown).
The effects of Bcl-2 overexpression on the survival of unstimulated T cells cultured in the absence of exogenous cytokines were
then examined. In the presence of 300 or 600 IU/mL IL-2, 60% to
75% of peripheral blood lymphocytes that were transduced with
either the retroviral construct encoding GFP or the retroviral
construct encoding Bcl-2 remained viable throughout the follow-up
period with no significant differences in the percentage of live cells
(Fig. 2A and B and data not shown). Culturing the MIG-transduced
T cells in lower IL-2 concentrations (6-60 IU/mL IL-2) resulted in an
evident decrease of viability in PT2-G, 1931-G TIL, and Cl-8-G
(Fig. 2A-C and data not shown). The viability of MIG-Bcl-transduced
cells was not affected by the reduction in IL-2 concentrations with
the exception of the 6 IU/mL concentration (Fig. 2A-C and data not
shown). In the absence of exogenously added IL-2 the viability of
the MIG-transduced T cells decreased continuously down to near
zero within 1 to 2 weeks (Fig. 2A-E). Under the same conditions,
MIG-Bcl-transduced cells exhibited resistance to passive cell death
and up to 65% of these cells remained viable (Fig. 2A-E). Following
4 weeks of culture in complete medium without the addition of
exogenous IL-2, between 10% and 20% of the MIG-Bcl-transduced
T cells remained viable, whereas essentially no viable cells were
detected in the GFP transduced or nontransduced populations
(data not shown). Among the different T-cell populations that were
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tested, CD4+ T-cell clones specific for melanoma antigens were
most susceptible to passive cell death (Fig. 2D and E and data not
shown). Calculated from data presented in Fig. 2, in the absence of
exogenously added IL-2, the ratio of live cells in MIG-Bcltransduced T cells to live cells in MIG-transduced T cells was
highest in CD4 clones (ratio of 5 on day 3 and z40 on day 14)
followed by TIL (ratio of 12 on day 14) and the least in peripheral
blood lymphocyte-derived T cells (ratio of 7.5 on day 7 and 6.4 on
day 14).
In most clinical settings transduced T cells would represent
a fraction of the total T-cell population. Thus, we next compared
the ability of MIG- and MIG-Bcl-transduced cells to survive in the
presence or absence of exogenously added growth factors when
MIG-Bcl-transduced T cells represented f10% of the total T cells.
Identified on the basis of GFP expression, the number of livetransduced cells was calculated as described in Materials and
Methods. PBL-T2 cells that were transduced with 9% to 10%
efficiency were used for these experiments without any prior
sorting. In control cultures containing 300 IU/mL of IL-2, the
number of PT2-G and PT2-B increased f10-fold over a period of
2 weeks (Fig. 2F). In the absence of exogenously added IL-2, the

Figure 1. Transduction of Bcl-2 results in protein overexpression and resistance
to mitogen-induced cell death.PT1-G (A and B) and PT1-B (C and D )
were stained with a phycoerythrin-conjugated anti–human Bcl-2 antibody
(B and D ) or with an isotype- and flurochrome-matched antibody (A and C ).
Geometric mean of FL-2 fluorescence [phycoerythrin (PE)] in the upper
right quadrant is indicated. PT2-G (E -G) and PT2-B cells (H -J ) were cultured
in complete medium in the presence of 600 IU IL-2/mL (E and H ) or
in the absence of exogenously added IL-2 (F and I ) or in the absence of IL-2
and the presence of 1 Ag/mL PHA (G and J ). The percentage of viable
transduced GFP+ T cells, which are Annexin V-negative, detected after 16 hours
of culture, is indicated in the lower right quadrant.
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Figure 2. Resistance of Bcl-2-transduced
T cells to passive cell death. PT2-G and
PT2-B cells (A and B), 1931-G and
1931-B (C), and Cl-8-G and Cl-8-B (D and
E) were cultured in complete medium in the
presence of 0 to 600 IU/mL exogenously
added IL-2 as indicated by the abscissa.
Viability was then analyzed after 3 (D),
7 (A), or 14 (B , C , and E ) days by Annexin
V-phycoerythrin staining and
fluorescence-activated cell sorting
analysis. Growth (F ) and survival (G)
curves of PT2-G and PT2-B cells cultured
in complete medium in the absence (G )
or presence of 300 IU IL-2/mL (F ).

number of transduced PT2-G cells declined rapidly within 1 week
and essentially no viable cells were present 18 days following IL-2
withdrawal (Fig. 2G). In contrast, f50% of transduced PT2-B
cells were viable 1 week following IL-2 withdrawal, and on day 18
about 20% of these cells survived in the absence of any
exogenously added IL-2 (Fig. 2G). Similar data were obtained
with TILs and melanoma-specific CD4+ and CD8+ T-cell clones
(data not shown).
Correlation between Bcl-2 Expression Level and Protection
from Passive Cell Death. Based on the level of GFP expression,
which seemed to correlate with the level of BCL-2 expression
(Fig. 1D), MIG-Bcl-transduced T cells cultured in the presence of
IL-2 could be divided into two approximately equal populations:
GFPdim and GFPbright (Fig. 3A and D). When gated on live
Annexin V-negative cells, there was a major loss of live cells in
the GFPdim population when the amount of exogenously added
IL-2 was decreased or eliminated in the culture (Fig. 3A-F). In
the absence of exogenously added IL-2, the GFPbright population
represented the majority of live T cells remaining in the culture
for up to 4 weeks (Fig. 3C and F).
Bcl-2 Overexpression Does Not Impact on the Function or
Specificity of Melanoma-Specific T Cells. Two predominantly
CD8+ TILs that recognized the immunodominant MART-1:27-35
peptide were cocultured with T2 target cells pulsed either with
the MART-1 or control gp100:209-217 peptide. Alternatively
these TILs and melanoma-specific T-cell clones were cultured
with autologous or allogeneic melanoma cell lines. Significant
levels of IFN-g were detected in supernatants from either MIGor MIG-Bcl-transduced TILs when cultured with the MART-1:2735 peptide, whereas no significant levels of IFN-g were detected
in supernatants from the control cultures (Fig. 4A and B). The
1931-G TIL line produced more IFN-g in response to MART1:27-35 peptide-pulsed T2 stimulation than did the 1931-B TIL
line (Fig. 4A). In contrast, the 1749-B TIL line produced more
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IFN-g in response to T2 cells pulsed with the MART-1:27-35
peptide than the 1749-G TIL line (Fig. 4B). Similarly, the 1749-B
line produced more IFN-g in response to autologous 1749-mel
stimulation than the 1749-G cell line (data not shown). As this
response only reflects an MHC class I restricted immune
response, the impact of Bcl-2 overexpression was studied in the
MHC class II restricted T-cell clones Cl-2 1290 (Cl-2) and Cl8-1541 (Cl-8). The Cl-2 cells recognize an exogenously (Fig. 4C)
but not endogenously presented mutated (L for S at position
3,202) epitope from the Ki-67 antigen corresponding to amino
acids 3,197 to 3,213 (SMCLRLRKTKSQPAAST) in the context of
HLA-DR16.1 A slight but insignificant increase in IFN-g
production by Cl-2B as compared with Cl-2G T-cell response
could be detected (Fig. 4C). The antigen reactivity of a second
CD4+ T cell that recognizes an epitope of tyrosinase-related
protein-2 (21) was also examined following transduction with
MIG and MIG-Bcl. Both Cl-8-G and Cl-8-B cells have the same
specificity and produced similar amounts of IFN-g in response
to the autologous 888 mel cells, which were transduced with
CIITA to up-regulate HLA class II expression, but did not
respond to HLA-DR-matched but tyrosinase-related protein-2
nonexpressing 888 EBV-B cell line unpulsed or pulsed with the
control KI epitope (Fig. 4D).
To further quantify the response of MIG- and MIGBcl-transduced T cells, we have monitored the IFN-g immune
response to target cell stimulation using an intracellular
cytokine detection assay. The results from this assay correlated
with the ELISA results (Fig. 4B and E and data not shown). The
1749-B and 1749-G TIL lines produced IFN-g in response to
MART-1:27-35 peptide-pulsed T2 cell stimulation but did not
respond to T2 cells that were unpulsed or were pulsed with a
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Figure 3. Correlation of T-cell survival with Bcl-2 expression levels. PT2-B
(A–C ) and 1749-B (D–F) cells cultured in complete medium in the presence of
either 300 or 30 IU/mL of IL-2 or in the absence of exogenous IL-2. Cell viability
was estimated as described in Materials and Methods on the indicated
days. Numbers above the histograms indicate the percentage of the relative
cell number in each marker area.

control peptide (Fig. 4E). The 1749-B and 1749-G TIL lines also
produced IFN-g in response to autologous melanoma stimulation and to stimulation by an HLA-A2-matched melanoma
624.38 but not to HLA-A2-loss variant 624.28, both of which

were derived from the 624 melanoma (Fig. 4E). The results
obtained using the intracellular cytokine detection assay were
similar to those obtained when cytokine release assays were
used to compare the response of 1931-G with 1931-B or that of
Cl-8-G with Cl-8-B cells (data not show).
Improved Immunotherapy Achieved through Overexpression of Bcl-2 in Melanoma-Specific T Cells. The effects of
increased Bcl-2 expression on in vivo immune responses were
then examined in a mouse adoptive immunotherapy model
employing Pmel cells by comparing Pmel-Bcl-2 with Pmel-GFP or
Pmel cells in their ability to treat established tumors (Fig. 5).
Mice carrying 14-day established s.c. B16 melanoma received no
treatment or any of the following treatments alone or in
combination: lymphodepleted by irradiation (X-ray therapy),
received adoptive transfer of single or double transgenic T cells
from Pmel, Pmel-Bcl-2, or Pmel-GFP mice, vaccinated with
fowlpox (F), or injected with IL-2 (I). Among these various
treatment protocols, the most efficient one was that in which
Pmel-Bcl-2 double transgenic T cells were transferred into a
lymphodepleted recipients followed by vaccination and IL-2
administration, which resulted in nearly complete regression 2
weeks following transfer. Similar treatment with adoptively
transferred Pmel-GFP double transgenic T cells resulted in a
less durable therapeutic effect that was similar to that obtained
using Pmel cell adoptive transfer. Other treatment regimens
resulted in even less effective therapy. When tumor graphs were
compared using the Wilcoxon rank sum test, results indicating
that Bcl-2–overexpressing Pmel T-cell receptor transgenic cells
were superior to Pmel cells that did not overexpress the Bcl-2

Figure 4. Bcl-2-overexpressing T cells maintained their functional activity and specificity. IFN-g release ELISA of 1931-G and 1931-B (A), 1749-G and 1749-B
(B), Cl-2-G and Cl-2-B (C), or Cl-8-G and Cl-8-B (D ) effector cells. Abscissa, targets were either unpulsed or pulsed with control or relevant peptide. E,
quantitative measurement of the effector response of Bcl-2-overexpressing tumor-specific T cells. Percentage of 1749-G and 1749-B cells that recognize the
indicated target cells was estimated by carrying out fluorescent cell analysis of permeabilized cells with an anti-IFN-g antibody.
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Figure 5. Overexpression of Bcl-2 enhances the
therapeutic efficacy of adoptively transferred
tumor-reactive T cells. C57BL/6 mice were
inoculated s.c. with B16 melanoma and 14 days
later received varying combinations of the
following treatments: Pmel, Pmel-GFP,
or Pmel-Bcl-2 T-cell transfer, recombinant gp-100
fowlpox vaccination (F), IL-2 administration (I),
or sublethal irradiation [X-ray therapy (XRT)].
Dashed lines, groups that received 500 cGy of
total body irradiation. Caliper measurements were
used to determine tumor outgrowth.
Representative of two independent experiments.

transgene were significant at P <0.05 in the experiment shown as
well as in an independent repeat. These data clearly show the
positive impact that Bcl-2 has on the therapeutic efficacy of
tumor-specific T cells.
Taken together, these results indicated that the enforced
overexpression of Bcl-2 in tumor-reactive T-cell lines as well as
T-cell clones increased their resistance to mitogen-induced as well
as passive cell death without altering their functional specificity. In
addition, the results of the studies in the mouse model system
indicate that Bcl-2-overexpressing tumor-reactive T cells are more
effective at mediating tumor regression than control counterpart
T cells, and suggest that overexpression of Bcl-2 in human tumorreactive T cells may lead to improvements in the therapeutic
efficacy of these cells.

Discussion
Multiple studies have shown that T cells derived from healthy
donors can be retrovirally transduced with relatively high efficiency
(26). Only limited data, however, is available on the ability of
retroviruses to transduce either TIL or T-cell clones (27–29). In this
study we showed that six different tumor-specific TIL and clones
can be efficiently transduced with mono- and bi-cistronic retroviral
constructs, which may allow the utilization of these transduced cells
in a clinical setting without a prior selection.
Lymphocyte survival is controlled in part by the outcome of
competing pro- and antiapoptotic members of the Bcl-2 families
and other apoptosis-related proteins (9, 10, 15). Moderate levels of
Bcl-2 expression in T cells could be detected throughout the
different stages of T-cell development with the highest level detected
in CD4 and CD8 single positive subpopulations (30, 31). Memory
type CD8+ T cells express higher levels of Bcl-2 than naı̈ve cells,
suggesting an essential role for Bcl-2 expression in maintaining
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the survival of T cells (11, 12, 32). Our data suggest that increased
levels of Bcl-2 generated by retroviral transduction of activated
human T cells can lead to enhanced T-cell survival. This result was
uniformly seen in different types of T cells but was more evident in
CD4+ T cells. This is in agreement with the recently available data
analyzing responses in both humans and mice, indicating that CD8+
T cells that have expanded following antigen stimulation seem to be
maintained for longer periods of time than activated CD4+ T cells (6,
11, 12, 32). In one of these studies, antigen-specific CD4+ memory
cells seemed to express significantly lower levels of Bcl-2 than
antigen-specific CD8+ T cells (32).
Interestingly, the survival time of control MIG-transduced T cells
in vitro in the absence of exogenously added IL-2 seemed to reflect
their survival in vivo following adoptive transfer, as recently
reported. When cloned CD8+ T cells were infused in patients,
significant levels of cells were not detected in the peripheral blood
of recipients 1 week from the infusion date (3, 33), which is the date
by which most MIG-transduced cells died in vitro unless Bcl-2
overexpression occurred as a result of transduction or supplementation with IL-2.
Results presented in a recent study suggest that Bcl-XL
transduction of human peripheral blood lymphocytes could not
protect T cells from death due to IL-2 withdrawal but provided a
survival advantage in conditions where T cells were triggered by
adding an agonistic anti–T-cell receptor antibody (34). Our studies
suggest that Bcl-2 may be more efficient than Bcl-XL in protecting
T cells from apoptotic death in spite of the highly homologous
functions of these two proteins. Alternatively, the difference could
be related to the level of expression of either of these two
antiapoptotic proteins achieved in the two different studies.
The ability of transduced T-cell lines and clones to maintain
antigenic specificity represents a critical aspect of any T-cell
modification protocol. Anti- and proapoptosis genes are often
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involved in other cellular functions such as activation and
proliferation (35). Hence, the ability of Bcl-2-transduced T cells to
maintain their functional affinity and fine specificity indicates that
the suitability of these cells for adoptive immunotherapy has not
been impaired. Differences were observed in the levels of IFN-g
produced by the MIG- and MIG-Bcl-transduced TILs in response to
antigenic stimulation; these differences, however, may have been
due to changes in growth rates of different T-cell clones comprising
these lines. This is supported by the data obtained from MIG- or
MIG-Bcl-transduced CD4 and CD8 clones (Fig. 4C and D; J. Charo,
preliminary data).
The various protocols used for immunotherapy in our study,
apart from those involving double transgenic T cells, have been
discussed thoroughly earlier (24, 25, 36). The ability of Bcl-2
transgene overexpression to significantly enhance the efficacy of
the adoptive immunotherapy of an established tumor is likely due
to its pro-survival properties, which is supported by our in vitro
data. This effect of Bcl-2 could has been manifested through
various outcomes including allowing the effector T cells to exert
their function and outliving tumor cells, resisting the unaccommodating tumor milieu, and the ability of these T cells to act
independently of additional help that might be otherwise provided
by costimulation or other immune activation mechanisms. Less
evident factors might contribute to this effect of Bcl-2 such as the
ability of these cells to resist suppression by regulatory T cells or
immunosuppressive cytokines.
The development of leukemias in a recent clinical trial
involving retrovirally transduced CD34+ cells highlights one of
the risks posed by this cell modification approach (37). The
introduction of a gene such as Bcl-2 that has been associated
with the development of lymphoma indicates that this might in
fact represent a risk. Nevertheless, since the advent of gene
therapy trials in humans 15 years ago, no such complications
have been observed when using mature T cells (29). This is
corroborated by the data on the development of T-cell
lymphomas, which occur readily early during hematopoiesis
(38, 39), suggesting that T-cell modification by retrovirus
transduction followed by the adoptive transfer of these cells is
unlikely to lead to the generation of additional cancers. In
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