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Abstract

Lentiviral vectors containing promoters of distinct origins, that is, strong viral promoters (cytomegalovirus
[CMV] and murine stem cell virus [MSCV]), a cellular promoter (phosphoglycerate kinase [PGK]), and two
composite promoters (CAG [a composite promoter sequence comprised of the CMV enhancer and portions of the
chicken b-actin promoter and the rabbit b-globin gene] and SV40=CD43), were used to evaluate green fluorescent
protein (GFP) reporter gene expression in human primary peripheral blood lymphocytes (PBLs) and tumor-
infiltrating lymphocytes (TILs). In PBLs, vectors containing the MSCV promoter were found to be optimal for
expression in both minimally stimulated and highly activated lymphocytes. The stability of gene expression was
monitored for up to 7 weeks in culture and the MSCV promoter-containing vector was found to be comparable to
the cellular PGK promoter-containing vector. The MSCV promoter-containing lentiviral vector was also the most
active in transduced TILs and these cells retained biological activity as measured by antimelanoma antigen
reactivity. Using the knowledge gained in comparing individual promoters, a series of two-gene-containing
lentiviral vectors was constructed in an attempt to produce the a and b chains of antitumor antigen T cell receptors
(TCRs). Dual-promoter or internal ribosome entry site (IRES)-containing vector designs were evaluated and
found to be unable to produce both chains of the TCR in amounts that led to significant biological activity. In
contrast, if the a and b chains were linked by a 2A ribosomal skip peptide, both proper TCR chain pairing and
biologically activity were observed. This paper emphasizes the need to optimize both promoter function and
protein synthesis in constructs that require stoichiometric production of multiple protein subunits.

Introduction

Adoptive immunotherapy using the transfer of highly
reactive tumor-infiltrating lymphocytes (TILs) has been

demonstrated to be an effective treatment for patients with
metastatic melanoma (Dudley et al., 2002, 2005; Gattinoni et al.,
2006; Rosenberg et al., 2008). A significant limitation to this
technology lies in the generation of T cells that can recognize
tumor targets. TILs have been routinely isolated from mela-
noma, but it has been difficult to isolate similar reactive cells
from more common malignancies, and even in melanoma it is
not possible to isolate TILs with antitumor functionality in
about half of cases. As a possible alternative to these naturally
occurring antitumor lymphocytes, T cells can be genetically
engineered with antitumor antigen receptors (Sadelain et al.,
2003; Stauss et al., 2007; Thomas et al., 2007). Two types of

genes can be used to redirect T lymphocytes to recognize
tumor-associated antigens; either naturally occurring T cell
receptor (TCR) genes or chimeric antigen receptor molecules,
which are hybrid proteins containing a single-chain antibody
linked to T cell signaling domains.

Retroviral vectors currently used for T cell engineering do
not productively transduce naive T cells and are also poor at
transducing slow-growing T cells such as TILs. Lentiviral
vectors have been demonstrated to effectively transduce both
antitumor-reactive cytotoxic T lymphocytes (CTLs) (Zhou
et al., 2003) and minimally stimulated peripheral blood lym-
phocytes (PBLs) (Cavalieri et al., 2003), and thus may be an
attractive alternative means to genetically engineer T cells
with genes designed to enhance adoptive cell transfer. The
goals of this study were to (1) compare various internal
promoters for use in lentiviral vectors for their ability to
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efficiently express genes in transduced T lymphocytes and (2)
use this information to construct an effective antitumor T cell
via genetic engineering.

Materials and Methods

Cell lines

The cell lines used in these experiments included 293T
(CRL-11268; American Type Culture Collection [ATCC],
Manassas, VA); the human lymphoid cell lines SUP-T1 (CRL-
1942; ATCC) and J.RT3-T3.5 (TIB-153; ATCC); and T2, a
lymphoblastoid cell line deficient in TAP (transporter associ-
ated with antigen processing) function whose HLA class I
protein can be loaded with exogenous peptide. Melanoma
lines developed in the Surgery Branch of the Center for Cancer
Research (National Cancer Institute, National Institutes of
Health, Bethesda, MD) from resected tumor lesions included
HLA-A2-restricted lines (526-Mel, 624-Mel, and 2081-Mel)
and two non-HLA-A2-restricted lines (888-Mel and 938-Mel).
Other cell lines included H2087 (CRL-5922; ATCC) and
MDA231 (HTB-26; ATCC). Cell lines were maintained in a
378C humidified incubator with 5% CO2 supplementation.
293T cells were cultured in D10 medium consisting of
Dulbecco’s complete medium (Invitrogen, Carlsbad, CA)
supplemented with 10% heat-inactivated fetal bovine se-
rum, l-glutamine, nonessential amino acids, penicillin–
streptomycin, and amphotericin B (Fungizone). All other lines
were cultured in R10, which consists of RPMI 1640 (Invitro-
gen) plus 10% fetal bovine serum (Invitrogen), l-glutamine
(Invitrogen), nonessential amino acids (Invitrogen), and
penicillin–streptomycin (100 U=ml) (Invitrogen).

Transduction of PBLs and TILs

Peripheral blood lymphocytes (PBLs) were from HLA-A2þ

melanoma patients who had not received any prior vaccina-
tions or immunotherapy. TILs were obtained from surgical
specimens as previously described (Rosenberg et al., 1988;
Topalian et al., 1989). PBLs were thawed from frozen stock
stored at �1808C and placed into culture in AIM-V and
interleukin-2 (IL-2; Cetus, Emeryville, CA) at 300 IU=ml.
For OKT3 stimulation, the cells were either initially place in
medium with anti-CD3 antibody, OKT3 (Ortho Biotech,
Bridgewater, NJ) at 50 ng=ml, or were placed in OKT3 me-
dium after transduction, at the initial changing of the culture
medium. For transduction of the PBLs or TILs, 1�106 cells
were adjusted to a final volume of 1 ml in a 24-well tissue
culture-treated plate with the viral supernatant and Polybrene
(final concentration, 8mg=ml). The cells were transduced by
centrifugation of the plates for 1.5 hr at 1000�g, 328C. The
plates were placed in a 378C, humidified 5% CO2 incubator
overnight, and the medium was replaced the next day. TILs
were subject to the rapid expansion protocol (REP) as previ-
ously described, using OKT3 (50 ng=ml), IL-2 (5000 IU=ml),
and irradiated allogeneic peripheral blood mononuclear cells
from three different donors (TIL:feeder ratio, 1:100) (Riddell
and Greenberg, 1990). Six days post-REP, TILs were trans-
duced as described and returned to culture.

Construction of lentiviral vector plasmids

Three lentiviral vectors were constructed from the parent
pRRL-cPPT-PGK-GFP-Wsin (PGK-GFP) vector described by

Lizee and colleagues (2003). The pCAG-GFP (CAG-GFP)
lentiviral vector was previously described by Lizee and col-
leagues (2004). CMV-GFP was a gift from P. Zoltick (Uni-
versity of Pennsylvania, Philadelphia, PA). pBlu2SKP-CD43
vector was generated by inserting the SV40CD43 composite
promoter excised with EcoRI from pDrive-SV40CD43-EF1
(Invivogen, San Diego, CA), into an EcoRI-digested pBlue-
script IIKSþ (pBlu2SKP) plasmid (Stratagene, La Jolla, CA).
pRRL-cPPT-SV40CD43 GFP-Wsin (SV40=CD43-GFP) was
constructed by removing the SV40CD43 composite promoter
from pBlu2SKP-CD43 plasmid with 50 XhoI and 30 BamHI
restriction enzymes (New England BioLabs, Ipswich, MA)
and inserting the promoter into the PGK-GFP plasmid after
removing the PGK promoter by 50 XhoI and 30 BamHI restric-
tion digest. The pRRL-cPPT-MSCVU3-GFP-Wsin (MSCV-
GFP) vector was created by amplifying the U3 promoter from
the 30 long terminal repeat (LTR) of the MSGV1 vector pre-
viously described by Hughes and colleagues (2005). A 50 XhoI
site and a 30 BamHI site were included in the amplicon. The
forward primer sequence was 50-GATCCTCGAGGGAAT
GAAAGACCCCACCTGTAGG-30. The reverse primer se-
quence was 50-GACTGGATCCGGACTGGCGCGCGCCGAG
TGAG-30. Both the polymerase chain reaction (PCR) product
and vector PGK-GFP were digested with XhoI and BamHI and
ligated to create the pRRL-cPPT-MSCV-GFP-Wsin vector.
Gammaretroviral vector MSGp53AIB, described by Cohen
and colleagues (2005), was used as template for megaprimer
PCRs (Ke and Madison, 1997; Tyagi et al., 2004) in combina-
tion with promoter-containing lentiviral vectors to produce
p53 TCR-containing lentiviral vectors. Construction of the
lentiviral vector expressing the a and b chains of an anti-
gp100(154–162) TCR has been described (Yang et al., 2008). All
vector constructs were confirmed by DNA sequence analysis.

Vector production

Lentiviral vectors encoding green fluorescent protein
(GFP) were prepared by transient transfection of 293T cells,
using a calcium phosphate-based cotransfection method, with
the lentiviral gene transfer plasmid, the packaging plasmid
pCMVD8.91, and the VSV-G envelope plasmid pMD.G2,
based on a method previously described (Lizee et al., 2003). To
summarize, 293T cells were seeded in a polylysine-treated
150-cm2 plate (BD Biosciences, San Jose, CA) at 11�106 cells
per plate. The cells were transfected 12–16 hr later with 18 mg
of lentiviral transfer vector, 18mg of pCMVD8.91, and 8 mg of
VSV-G envelope plasmid in 2�HBSS solution, which consists
of 280 mM NaCl, 100 mM HEPES, and 1.5 mM Na2HPO4

(pH¼ 7.12), and addition of calcium chloride to a final con-
centration of 124 mM. The next day the cells were washed
with sterile phosphate-buffered saline (PBS) and the medium
was replaced with D10 (15 ml=plate). Forty-eight to 72 hr after
changing the medium on the plates, the supernatant was
collected on ice, centrifuged at 1000�g for 10 min to remove
gross cellular debris, and filtered through a 0.45-mm pore size
filter for ultracentrifugation. The viral supernatants were con-
centrated approximately 30-fold by centrifuging at 20,000�g
for 2 hr at 48C and resuspending the viral pellets in 1 ml of
cold D10 medium. The viruses were aliquoted into tubes and
stored at �708C until ready to use for titering or experiments.
All lentiviruses used in the experiments were from concen-
trated stocks.
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FIG. 1. Lentiviral vector comparison in peripheral blood lymphocytes (PBLs). (A) Diagrams of lentiviral vectors encoding
the green fluorescent protein (GFP) reporter gene. LTR, long terminal repeat; RRE, Rev-responsive element; cPPT, central
polypurine tract; WPRE, woodchuck posttranscriptional regulatory element. The following promoters were compared in the
transduction of T cells: PGK (phosphoglycerate kinase), CAG (a composite promoter sequence composed of the CMV
enhancer and portions of the chicken b-actin promoter and the rabbit b-globin gene), SV40=CD43 (a composite cellular
promoter composed of the SV40 enhancer, the human CD43 promoter, and the mouse EF1 50 untranslated region [UTR]),
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Determination of lentiviral titer

Titers of concentrated lentiviral vectors encoding GFP were
determined by serially diluting vector preparations in D10
medium and transducing 293T cells by the Polybrene trans-
duction method. 293T cells (100,000 per well) were seeded in a
single well of a 24-well tissue culture-treated plate. The next
day the medium was replaced with 1 ml of vector supernatant
dilutions (1�103 to 1�106) in medium containing Polybrene
at a final concentration of 8 mg=ml, and incubated overnight.
The next day, the cells were treated with trypsin and trans-
ferred to 6-well plates for expansion. Six to 7 days post-
transduction vector titers were determined by flow cytometry
(fluorescence-activated cell sorting [FACS]), applying stan-
dard flow cytometric methods for analysis of GFP expres-
sion. The titers (transducing units [TU]¼GFP-positive cells=
dilution factor) of the lentiviral vectors ranged from 106 to 107

TU=ml.

Flow cytometric analysis

Cell surface expression of CD3, CD4, or CD8 was measured
with phycoerythrin (PE)-, fluorescein isothiocyanate (FITC)-,
or allophycocyanin (APC)-conjugated antibodies and the
corresponding isotype controls (BD Biosciences). PE-labeled
p53264–272=HLA-A2 Pro5 pentamer was supplied by ProIm-
mune (Oxford, UK). Immunofluorescence, analyzed as the
relative log fluorescence of live cells, was measured with a
FACScan flow cytometer (BD Biosciences). A combination of
forward angle light scatter and propidium iodide staining
was used to gate out dead cells. Approximately 1�105 cells
were analyzed. Cells were stained in a FACS buffer made of
PBS (Lonza Walkersville, Walkersville, MD) and 0.5% bovine
serum albumin (BSA). Immunofluorescence was analyzed
with CellQuest Pro software (BD Biosciences).

Measurement of lymphocyte antigen reactivity

To assess the recognition of tumor antigens by lentivirus-
transduced PBLs or TILs, cells were cocultured with the in-
dicated tumor cell lines or T2 cells pulsed with MART-1:27–35,
gp100:209–217, or influenza virus (Flu) peptides, as described
by Morgan and colleagues (2003). Target cells were prepared
by using T2 cells pulsed with peptides (10 ng=ml) in cell cul-
ture medium for 2 hr at 378C, and then washed two times in
PBS. For the assay, 100,000 responder cells (PBLs or TILs) and
100,000 stimulator cells (peptide-pulsed T2 or 50,000 tumor

cells) were incubated in a 0.2-ml culture volume in the wells of
a 96-well culture plate. The cells were cocultured for 18 hr and
the supernatant was harvested. The supernatants were ana-
lyzed for interferon (IFN)-g secretion, using a commercially
available enzyme-linked immunosorbent assay (ELISA) kit
(Endogen, Cambridge, MA). The supernatants were serially
diluted to be in the linear range of the ELISA.

Results

Comparison of vector expression in transduced PBLs

Lentiviral vectors were constructed to use a variety of dif-
ferent promoter elements, with the intent of optimizing gene
expression in primary human T cells (Fig. 1A). PBLs were
incubated for 24 hr in medium plus the cytokine IL-2, and then
exposed to each vector at a multiplicity of infection (MOI) of
10. To expand PBLs after transduction, the cells were stimu-
lated the next day with the anti-CD3 antibody OKT3. Six days
posttransduction T cells were analyzed for GFP expression by
FACS (Fig. 1B). We observed that all the lentiviral vectors
were able to transduce T cells, with the MSCV U3, PGK, and
SV40=CD43 promoter-containing vectors yielding 60–65%
GFPþ T cells. The MSCV U3 promoter vector had the highest
GFP expression as evidenced by a mean fluorescence intensity
(MFI) of 1383. Both the PGK and SV40=CD43 lentiviral vec-
tors were able to transduce with similar efficiency, but the
MFI was less than that of cells transduced with the MSCV U3
promoter-containing vector (877 and 431, respectively). The
CAG and CMV promoter-containing vectors were not par-
ticularly effective in driving GFP expression in human T cells.
Because of the generally poor GFP expression from the CMV-
promoted vector, it was not used in subsequent experiments.

We next compared the effect of immediate anti-CD3 stim-
ulation on T cell transduction and determined transduction
efficiencies in CD4þ versus CD8þ T cells. Figure 1C shows the
results of these transductions, using the PBLs of various pa-
tients (MOI of 2). Overall the MSCV U3, PGK, and SV40=
CD43 lentiviral vectors showed high transduction efficiency
(between 51 and 95%) under both stimulation conditions, but
the transduction efficiency for all vectors was increased in the
cells that received immediate anti-CD3 stimulation. While the
gene transfer efficiencies (percent GFPþ) were again similar
on comparing the MSCV U3, PGK, and SV40=CD43 lentiviral
vectors, the MSCV U3 promoter had the highest MFI in
both the IL-2-stimulated and IL-2 plus OKT3-stimulated

FIG. 1 (continued). MSCV (the U3 promoter from murine stem cell virus [MSCV]), and CMV (cytomegalovirus immediate-
early region promoter=enhancer). (B) Comparison of lentiviral vectors containing the CMV, PGK, CAG, SV40=CD43, and
MSCV promoters in transduced PBLs. PBLs were grown using stimulation with IL-2 alone for 1 day, and cells were transduced
with the various lentiviral vectors, using the Polybrene spinfection method at an MOI of 10. The day after transduction, cells
were stimulated with OKT3 and subsequently analyzed for GFP expression 6 days after transduction. UnTd, untransduced.
(C) Transduction of CD4þ and CD8þ populations of PBLs with lentiviral vectors. For stimulation, PBLs were stimulated in
medium with IL-2 and OKT3, or in medium containing IL-2 alone, followed by transduction with the lentiviral vectors CAG-
GFP, MSCV-GFP, PGK-GFP, and SV40=CD43-GFP at an MOI of 6. Cells initially stimulated with IL-2 alone were placed in
medium containing OKT3 one day posttransduction. Seven days after transduction, the PBLs were analyzed by FACS for
GFP expression (gated on general lymphocyte population by size criteria) and CD4þ or CD8þ cell surface markers. (D) PBLs
collected from three different donors and stimulated with IL-2 plus OKT3 for 24 hr were transduced via the Polybrene
spinfection method with the lentiviral vectors CAG-GFP, MSCV-GFP, PGK-GFP, and SV40=CD43-GFP at an MOI of 6. At
7 days posttransduction, the PBLs were analyzed by FACS for GFP expression (gated on general lymphocyte population by
size criteria) and then maintained in culture with IL-2 for an additional 7 weeks before reanalysis for GFP expression as shown
(percent GFP positive and MFI).

‰

ROBUST TCR EXPRESSION WITH LENTIVIRAL VECTORS 633



populations. In general, the vector-transduced CD4þ cells
expressed more GFP per cell (based on MFI) and demon-
strated a higher percent transduction than the CD8þ popu-
lations, and this was observed in both IL-2- and IL-2 plus
OKT3-stimulated cell populations.

In potential clinical applications, it would be desirable that
transgene expression be maintained over time. Whereas there
are few data concerning the duration of expression from
human clinical trials using lentiviral vectors, in murine
models the MSCV promoter was demonstrated to mediate
high levels of gene expression, and was shown to be more
resistant than similar retrovirus-derived promoters to gene
silencing (Gao et al., 2001; Swindle et al., 2004). In Fig. 1D, a
comparison was made between the four different promoter-
containing vectors for their ability to maintain GFP expression
in lentiviral vector-transduced PBLs from three donors over 7
weeks in culture (cells were stimulated once with OKT3 and
IL-2 on initiation of culture and were then maintained in
medium containing IL-2 alone). Transduction efficiencies
were approximately 40–80% on average at week 1 post-
transduction (CAG< SV40=CD43<PGK¼MSCV). The per-
centage of transduced cells declined in all cultures at 7 weeks
posttransduction, with the CAG promoter-transduced T cells
displaying the greatest decrease (average, 8% in the three
donors). Analysis of GFP expression per cell (MFI) dem-
onstrated an increase over time in the CAG and MSCV
promoter-containing vector cultures and a slight decrease in
the PGK and SV40=CD43 promoter cultures.

Comparison of transgene expression and evaluation
of antigen reactivity in tumor-infiltrating lymphocytes

Analysis of the biological properties of TILs suggests
that genetic engineering to enhance cell persistence and

perhaps augmentation of costimulatory molecule expression
might serve to increase TIL effectiveness in vivo. Two TIL
cultures were chosen for transduction with lentiviral vectors
demonstrated to effectively transduce PBLs (Fig. 2). As
target cells for lentiviral vector transduction we chose an
established TIL clone, JKF6, as an example of a rapidly
growing TIL clone and additionally used a slow-growing
primary polyclonal TIL population that was newly estab-
lished in culture. Both cell types were specific for the mel-
anoma tumor antigen MART-1 (melanoma antigen
recognized by T cells-1). Using the same MOI (3) and sim-
ilar transduction conditions, between 42 and 59% of the
JKF6 clone was transduced with the various lentiviral vector
constructs. Similar to our PBL data, the MSCV U3 and PGK
vectors were the most efficient at expressing the GFP re-
porter gene in TILs. MSCV U3-transduced cells demon-
strated higher MFIs than the other vector-transduced cells.
Results from the transduction of the less rapidly divid-
ing polyclonal TIL line demonstrated a lower number
of transduced cells (between 5 and 25%). The MSCV U3
promoter-containing vector showed higher (25%) transduc-
tion efficiency and MFI (1837) than the other vectors, with
the PGK vector and then the SV40=CD43 vector next in
terms of efficiency and expression.

To determine the effect of lentiviral vector transduction on
the biological activity of TILs, both cultures were incubated
with known melanoma antigen-expressing melanoma cell
lines and T2 cells pulsed with MART-1 peptide. Both the es-
tablished TIL line JKF6 and the transduced polyclonal pri-
mary TILs maintained their tumor specificity after the
transduction (Table 1). These data show that both established
TILs and early-passage polyclonal TILs could be transduced
with lentiviral vectors and maintained their tumor antigen
specificity posttransduction.

FIG. 2. GFP expression in lentivirus-transduced tumor-infiltrating lymphocyte. Top: JKF6. FACS analysis of GFP expression
in JKF6 TIL clone transduced with the following GFP-encoding lentiviral vectors: CAG-GFP, PGK-GFP, MSCV-GFP, and
SV40=CD43-GFP. Cells were transduced by the Polybrene spinfection method with the lentiviral vectors at an MOI of 3.
Twelve hours after transduction, the medium was replaced and cells were analyzed by FACS for GFP expression 6 days after
transduction. Bottom: TIL. A polyclonal population of MART-1-reactive TILs was cultured in medium containing IL-2 and
were transduced by the Polybrene spinfection method with the lentiviral vectors CAG-GFP, MSCV-GFP, PGK-GFP, and
SV40=CD43-GFP at an MOI of 3. The medium was changed 12 hr after transduction, and TILs were subjected to a rapid
expansion protocol (REP) with irradiated feeder PBLs, IL-2, and OKT3. On day 12 post-REP, the TILs were analyzed for GFP
expression by FACS analysis.
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Construction of TCR gene-expressing lentiviral vectors

On the basis of results obtained in the previous promoter
comparison experiments, we designed a series of new lenti-
viral vectors aimed at expressing the a and b chains of an anti-
p53 tumor antigen TCR (Fig. 3) (Cohen et al., 2005). In this new
series of vectors, we replaced the relatively weak CAG pro-
moter with a promoter (EF1a) previously shown to be active

in human T cells (Zhou et al., 2003; Serafini et al., 2004). These
two-gene-expressing vectors were of three different designs:
dual internal promoters (vectors 1–6), use of an internal ri-
bosome entry site (IRES) sequence (vectors 7 and 8), and 30

HIV-SIN LTR substitutions (insertions into the 30U3 region are
copied to the 50 LTR after reverse transcription=integration;
vectors 9 and 10). Individual vector preparations were used to
transduce the SUP-T1 cell line and TCR expression initially
measured by CD3 surface staining. SUP-T1 is defective in
endogenous TCR a chain biosynthesis and will not mobilize
the CD3 protein to the cell surface unless supplied with a
substitute a chain. SUP-T1 cells transduced with p53 TCR
vectors 1–8 displayed CD3 staining at 30–65% (at an MOI of
10; Fig. 4A) whereas the LTR substitution vectors (vectors 9
and 10) yielded minimal CD3 staining. We next measured
TCR b chain expression by staining transduced SUP-T1 cells
with an anti-mouse Vb3 antibody and in repeated experi-
ments. We uniformly observed poor (<10%) TCR b chain
expression for constructs 1–9 (vector 10 did stain for Vb3 but
did not produce the a chain; data not shown). The lack of
concomitant TCR a and b chain expression necessitated two
additional vector constructs.

The lack of effective TCR gene expression necessitated a
final vector design in which the a and b chains were linked
with a 2A ribosomal skip peptide (see constructs 11 and 12;
Fig. 3). The 2A peptide linker had been previously demon-
strated to be effective in retroviral vectors for the expression of
multiple genes (Szymczak et al., 2004; Quintarelli et al., 2007).
Before transducing PBLs, we screened the 2A fusion vectors in
the SUP-T1 cell line. Transduced cells were costained with
CD3 and p53 pentamer, which detects specific p53 TCR a=b
chain pairing. Data in Fig. 4B demonstrate that only the 2A
fusion vector designs mobilized CD3 to the cell surface and
coexpressed both p53 TCR a and b chains (as demonstrated by
pentamer staining). When the same vector preparations were
used to transduce PBLs, again only constructs 11 and 12
demonstrated significant p53 pentamer staining, indicating
proper a and b chain coexpression and pairing (Fig. 4C).

Table 1. Tumor Recognition by Transduced Tumor-Infiltrating Lymphocytes
a,b

JKF6

Medium 526-Mel 624-Mel 888-Mel 938-Mel T2-MART T2-gp100

0 2,132 4,741 0 0 9,401 0
1003 3,172 12,943 348 298 9,467 455
469 3,482 8,812 292 650 13,725 324
273 4,571 9,636 216 212 16,540 271
576 3,890 10,803 381 373 14,731 613

TILs
T2-Flu

15 1,109 3,606 12 11 13,506 69
14 774 4,488 12 12 15,339 95
22 861 2,800 12 10 8,890 250
16 739 3,569 11 11 10,917 95
22 868 3,306 20 18 13,154 83

Abbreviation: TILs, tumor-infiltrating lymphocytes.
aAs represented by IFN-g secretion, expressed as picograms per milliliter.
bTIL line JKF6 or bulk TILs were transduced with the indicated vectors and co-cultured with melanoma cell lines 526-Mel (MART-1þHLA-

A2þ), 624-Mel (MART-1þHLA-A2þ), 888-Mel (MART-1þHLA-A2�), and 938-Mel (MART-1þHLA-A2�) and T2 cells pulsed with MART-1,
gp100, or Flu peptide at 1mg=ml.
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FIG. 3. TCR-expressing lentiviral vectors. Shown in dia-
gram form are the lentiviral vectors designed to express the
a and b chains of the anti-p53 tumor antigen TCR. Dual in-
ternal promoters were vectors 1–6. IRES-containing con-
structs were vectors 7 and 8. Vectors 9 and 10 used 30 HIV-SIN
LTR substitutions (insertions into the 30 U3 region are copied
to the 50 LTR after reverse transcription=integration). 2A
peptide-fusion protein vectors (constructs 11 and 12) use ri-
bosomal skipping to produced the individual a and b chains.
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FIG. 4. Expression and function of p53 TCR lentiviral vectors. (A) p53 TCR-expressing lentiviral vector constructs 1–10 were
used to transduce SUP-T1 cells at MOIs of 1 and 10 (vector 7, not shown). Six days posttransduction, cells were stained for
CD3 mobilization as a measure of TCR a chain expression. (B) SUP-T1 cells were transduced with constructs 6, 9, 11, and 12
(MOI of 10) and 6 days posttransduction cells were analyzed by FACS after staining for p53 pentamer and CD3. The number
in each quadrant is the percentage of positive cells for that region. (C) PBLs were stimulated with IL-2 and OKT3 for 1 day
and then transduced with constructs 6, 9, 11, and 12 (MOI of 10) and 6 days posttransduction cells were analyzed by FACS
after staining for p53 pentamer. (D) Human PBLs expressing the p53 TCR shown in (C) were cocultured for 16 hr with the
indicated tumor cell lines (H2087 and MDA-231, HLA-A*0201þp53þ; 2081-Mel, p53�; 888-Mel, HLA-A2�). The concentration
of IFN-g secreted into the medium was measured in an ELISA. Color images available online at www.liebertonline.com/
hum.
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Biological activity of the 2A fusion vectors was further dem-
onstrated by transduction of PBLs and coculture with p53-
expressing tumor cell lines (Fig. 4D). We observed that
only PBLs transduced with the 2A fusion vectors (vectors 11
and 12) released cytokine in the appropriate tumor cell line
cocultures.

To determine the reproducibility of this approach, another
TCR vector was constructed on the basis of a TCR known to be
specific for the melanoma tumor antigen gp100(154–162)

(Yang et al., 2008). This vector contained the same ribosomal
skip peptide used to express the p53 TCR, but contained an
added furin cleavage site and peptide spacer sequence. On the
basis of the ability of our lentiviral vector to transduce TILs
(Fig. 4), we selected a non-melanoma-reactive TIL culture for
transduction with the anti-gp100 TCR vector. Lentiviral vec-
tor transduction of this nonreactive TIL culture, demonstrated
both Vb staining and specific tetramer staining on FACS
analysis (12 to 15%, respectively; Fig. 5A). When these non-

FIG. 5. Lentiviral vector transduction of nonreactive TILs. (A) A nonreactive TIL culture was transduced with a gp100-
reactive TCR vector, using a 2A peptide to link the a and b chains (MOI of 3). Six days posttransduction cells were analyzed
for Vb expression and gp100 tetramer staining by FACS (performed by costaining for CD3 and gating on viable lymphocytes).
(B) Coculture with melanoma cell lines was performed with a TIL culture with known antimelanoma reactivity (cont. TIL),
untransduced and nonreactive TILs (UnTd), and nonreactive TILs transduced with the gp100 TCR lentiviral vector (gp100).
Melanoma cell lines used were two HLA-A*0201þgp100þ lines (526-Mel and 624-Mel) and two HLA-A*0201�gp100þ cell
lines (888-Mel and 938-Mel). Shown is the resulting IFN-g release after overnight coculture as determined by ELISA.
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reactive TILs were cocultured with melanoma cell lines, IFN-g
production was demonstrated at levels comparable to that of
a TIL culture with known melanoma reactive (Fig. 5B).

Discussion

The first approved human gene therapy clinical trials used
T cell-directed gene transfer approaches, and these ap-
proaches have remained an active area of investigation for
applications involving the correction of inborn errors of me-
tabolism (Blaese et al., 1995; Aiuti et al., 2002), as a potential
therapy of HIV-1 infection (Ranga et al., 1998; Morgan et al.,
2005), and as a treatment for a variety of malignancies (Rossig
and Brenner, 2004). The largest number of protocols using
genetically engineered T cells has been for applications in-
volving novel cancer treatments. The transgenes used in these
applications were designed to provide direct therapeutic
benefit (such as cytokines or TCR) or were indirectly used to
monitor cell fate and=or as a potential safety switch (e.g.,
using HSV-Tk). A number of clinical trials using T cells en-
gineered with antitumor-reactive TCRs or chimeric antigen
receptors have been undertaken (Kershaw et al., 2006; Lamers
et al., 2006, 2007; Morgan et al., 2006b; Park et al., 2007; Till et al.,
2008). We demonstrated the successful use of TCR-based T
cell gene therapy for the treatment of melanoma using gam-
maretroviral vectors (Morgan et al., 2006a). Although the re-
sponse rate reported in this trial was lower than that observed
for naturally occurring TILs (12% vs. >50%), the two re-
sponses observed were durable (>20 months) and additional
patients have responded to the same TCR gene therapy (R.A.
Morgan, unpublished observations).

The extensive analysis of promoter function in lentiviral
vector-transduced T cells, performed herein, was undertaken
in an attempt to develop an effective lentivirus-based TCR
expression vector. Lentiviral vectors have a number of po-
tential advantages in comparison with gammaretroviral vec-
tors, including the ability to transduce minimally stimulated
PBLs, and a potentially safer integration site preference (Ca-
valieri et al., 2003; Montini et al., 2006). Our previous obser-
vations using gammaretroviral vectors demonstrated that
both internal promoters and IRES elements mediated coor-
dinated TCR a and b chain expression leading to functional
TCR chain pairing and biological activity (Morgan et al., 2003;
Hughes et al., 2005). Although it was previously reported that
the use of IRES elements in bicistronic lentiviral vectors led to
biased expression of the transgenes (Yu et al., 2003; Amendola
et al., 2005; Chinnasamy et al., 2006; Osti et al., 2006), the
complete lack of functional TCR gene expression in IRES
vectors 7 and 8 (Fig. 4) was not expected. It was also reported
that lentiviral vectors containing two independent internal
promoters transferred high-level expression of multiple
transgenes in human hematopoietic stem progenitor cells (Yu
et al., 2003). Using highly active T cell promoters, we tried
serial combinations of dual promoters in eight different len-
tiviral vectors, but consistently failed to achieve a high per-
centage of TCR expression in transduced PBLs. Expression of
the first gene (the a chain) was observed by CD3 mobilization
studies in SUP-T1 cells, yet these cells expressed significantly
less of the second gene (the b chain), as functional pairing was
not observed by tetramer staining (Fig. 4). Naldini and co-
workers developed lentiviral vectors coordinately expressing
dual genes driven by synthetic bidirectional promoters

(Amendola et al., 2005). Although they observed coordinated
gene expression in various cells and tissues, these synthetic
promoters exhibited lower activities in activated PBLs (10%)
and naive PBLs (5%). Why internal promoter and IRES vector
designs were functional in gammaretroviral vectors but not in
these lentiviral vectors is unknown.

The failure of internal promoters or IRES to yield significant
TCR gene expression led us to the construction of lentiviral
vectors expressing antitumor antigen TCR by the use of 2A
peptides, which were previously reported to yield functional
TCR expression in gammaretroviral vectors (Szymczak et al.,
2004). The main advantage of using the 2A ribosomal skip
peptides in the construction of bicistronic vectors is the po-
tential for coexpression of both genes at equal levels. Our data
from two different constructs (vectors 11 and 12) demon-
strated both functional a and b chain pairing and biologically
activity, using this approach (Fig. 4). These results were not
specific for the anti-p53 TCR, as we observed similar results
with the antimelanoma gp100 TCRs (Fig. 5).

There has been one report on the clinical use of lentiviral
vector-transduced T cells in humans. In this report, June and
coworkers used lentiviral vectors in the setting of HIV-1 in-
fection, in which CD4þ T cells were engineered with a vector
containing an antisense gene to the HIV-1 envelope protein
(Levine et al., 2006). High levels of ex vivo transduction were
reported along with short-term persistence of the transferred
T cells, with no adverse advents attributed to the lentiviral
vector gene transfer system. On the basis of this initial report
on the safety of this vector platform and the potential bio-
logical advantages in using lentiviral vectors to engineer
human T cells, it is likely that lentiviral vectors expressing
antitumor-reactive TCRs or similar genes may have immedi-
ate application in adoptive immunotherapy for cancer.
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