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Cytotoxic T lymphocytes (CTL) are critical effector cells in tumor immunity. Adoptive transfer therapy
with in vitro-expanded tumor-specific CTL is a promising approach for preventing cancer metastasis
and recurrence. Transferred CTL are not effective in clinical trials, however, due to inadequate tumor-
infiltration. Therefore, the development of functionally modified CTL, such as tumor-targeting CTL, is
widely desired. Here, we designed the tumor-targeting CTL expressing a single-chain antibody fragment
(scFv-CTL) specific for vascular endothelial growth factor receptor 2 (VEGFR2/flk1) by transducing the
CTL with a retroviral vector. The scFv-CTL bound to VEGFR2/flk1-expressing cells and retained their cyto-
toxic activity against tumor cells. In addition, adoptive transfer of scFv-CTL into tumor-bearing mice
effectively suppressed tumor growth due to the augmented accumulation of the transferred CTL in the
tumor tissue. These findings indicate that the creation of CTL capable of targeting tumor vascular endo-
thelial cells by scFv-expression technique is considerably promising for improvement of efficacy in adop-
tive immunotherapy.

� 2010 Elsevier Inc. All rights reserved.
Introduction

Efficient accumulation of immune cells, particularly cytotoxic T
lymphocytes (CTL), into the tumor induces tumor regression [1–3].
Studies in both patients and animal models indicate that CTL can
injure tumor cells upon recognizing antigenic peptides presented
via major histocompatibility complex molecules on the tumor cells
through their tumor-specific T cell receptor (TCR) [4,5]. Cancer
immunotherapy approaches are aimed at activating CTL as the ma-
jor effector cells in anti-tumor immune responses. Adoptive T cell
therapy, which involves the ex vivo selection and expansion of anti-
gen-specific CTL, augments antigen-specific immunity without the
in vivo constraints that can accompany vaccine-based strategies
[6,7]. TCR gene-modified T cells were generated previously [8,9].
The TCR gene transfer approach is a convenient method to produce
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tumor-specific T cells further allowing that an individualized ther-
apy will be available for a mass of patients. CTL that recognize and
disrupt tumor cells in vitro, however, are often ineffective in clini-
cal trials of adoptive immunotherapy, due to their insufficient
distribution to the tumor sites [10,11]. To establish a more effec-
tive adoptive immunotherapy for cancer, we developed a method
to enhance the accumulation of transferred tumor-specific CTL in
the tumor tissue.

Although tumor-specific CTL induce anti-tumor effects, their
infiltration into the tumor tissue is inefficient due to the requirement
of their extravasation from the bloodstream. On the other hand, tu-
mor vessel-targeting CTL are more likely to efficiently accumulate in
the tumor tissue, because intravenously transferred CTL are directly
accessible to endothelial cells. Additionally, because tumor-endo-
thelial target structures are commonly expressed in almost all solid
tumors, such a tumor vessel-targeting approach would be broadly
applicable. Neovascularisation occurs more often in tumor tissue
than in normal tissue. Tumor angiogenesis is necessary to provide
oxygen and nutrients for solid tumor progression and metastasis.
Many molecules involved in tumor angiogenesis have been selected
as markers for tumor-targeting. Vascular endothelial growth factor
(VEGF) receptor 2 (VEGFR2, also known as flk1 in mouse), a major
receptor for crucial pro-angiogenic VEGF, is selectively expressed
on endothelial cells and overexpressed on growing endothelial cells
in tumor vasculature [12,13]. Therefore, flk1 is a candidate target
molecule for tumor-selective delivery of various anti-cancer drugs
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[14] and monoclonal antibodies (mAbs) against flk1 (anti-flk1 mAb)
may be promising as a selective-targeting agent.

CTL expressing anti-flk1 mAb are difficult to generate, however,
due to the large size of the antibody and its tendency to form di-
mers. On the other hand, antigen binding activity is determined
by the sequences and conformation of the amino acids of the com-
plementarity-determining regions that are located on the light and
heavy chains of the variable fragment (Fv) of the antibody. To over-
come the limitations of the large mAb molecules, smaller engi-
neered mAb-based molecules were developed. The 25-kDa
single-chain Fv (scFv) molecule, composed of a variable region of
the light chain (VL) and a variable region of the heavy chain (VH)
joined via a short peptide spacer sequence, is the smallest antibody
fragment developed to date with potential clinical applications
[15,16]. The scFv can be used for genetic engineering techniques
in place of mAb. In the present report, we used genetic engineering
techniques to generate CTL expressing anti-flk1 scFv (scFv-CTL)
and investigated their efficacy for adoptive immunotherapy.

Materials and methods

Cell lines and mice. Murine melanoma expressing ovalbumin
(OVA) B16-OVA cells (H-2b) were kindly provided by Professor Y.
Nishimura (Kumamoto University, Kumamoto, Japan) and cultured
in RPMI 1640 supplemented with 10% fetal bovine serum (FBS),
50 lM 2-mercaptoethanol, and 200 lg/ml hygromycin. Murine
melanoma B16BL6 cells (H-2b) were obtained from the JCRB cell
bank (Tokyo, Japan) and cultured in minimum essential medium
supplemented with 7.5% FBS. Murine islet endothelial cells (H-
2b), MS1 cells, and OVA cDNA-transfectants of EL4 murine thy-
moma cells (H-2b), E.G7-OVA cells, were purchased from American
Type Culture Collection (Manassas, VA) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS and in RPMI
1640 medium supplemented with 10% FBS, 50 lM 2-ME, and
400 lg/ml G418, respectively. PLAT-E cells [17], a helper cell line
for retrovirus-propagation, were kindly provided by Professor T.
Kitamura (Tokyo University, Tokyo, Japan) and cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% FBS,
1 lg/ml puromycin, and 10 lg/ml blasticidin. C57BL/6 mice were
purchased from Japan SLC Inc. (Hamamatsu, Japan). OT-I mice
and pmel-1 mice, transgenic mice whose CD8-positive T cells rec-
ognize the OVA257–264 (SIINFEKL) peptide and the glycoprotein (gp)
10025–33 (KVPRNQDWL) peptide, respectively, in the context of H-
2b on a C57BL/6 background, were purchased from Jackson Labora-
tory (Bar Harbor, ME). Animal experimental procedures were in
performed in accordance with the Osaka University guidelines
for the welfare of animals in experimental neoplasia.

Construction of retroviral vectors expressing anti-flk1 scFv. Total
RNA was extracted from Avas12a1 hybridoma cells [18], which were
kindly provided by Professor S. Nishikawa (RIKEN, Kobe, Japan), and
first-strand cDNA was synthesized with the Super-Script™ III First-
Strand Synthesis System for reverse transcription-polymerase chain
reaction (Invitrogen, Carlsbad, CA). The VH-region and VL-region
genes of the antibody were amplified from the cDNA by PCR (94 �C
for 1 min, 60 �C for 1 min, and 72 �C for 1 min; 35 cycles) using their
respective specific primers (VH-region: forward 50-ggagccgccgccgcc
ggatccaccaccacctgaagagacagtgaccagagtgccttgg-30, including G4S
linker; reverse 50-ctgtcatctcaccttgctcctgccccgcggccgtttcagctccagctc
cagttggtcccaggtc-30, including SfiI site; VL-region: forward 50-ctgtcat
ctcaccttgctcctgccggcccagccggcccaggtacagctacagcaatcag-30, includ-
ing SacII site; reverse 50-ggcggcggcggctccggtggtggtggttctgacatccaga
tgacccagtct-30, including G4S linker). The cDNAs of the VH and VL

chain were assembled by 3 cycles of PCR (94 �C for 1 min, 63 �C for
30 s, 58 �C for 50 s, and 72 �C for 1 min) using a DNA linker fragment.
The assembled scFv fragment was reamplified using both the VH

reverse and VL forward primers. The resulting fragment was digested
with SfiI and SacII and ligated into the pDisplay vector (Invitrogen).
Subsequently, the scFv fragment, including the signal peptide and
the transmembrane region of the platelet-derived growth factor
receptor derived from the pDisplay vector were reamplified using
primers to introduce the EcoRI site at the 50-end and the NotI site
at the 30-end. The resulting fragment was digested with EcoRI and
NotI and ligated into the pMXs-IG [19] (kindly provided by Professor
T. Kitamura), a retroviral plasmid carrying green fluorescent protein.
The PLAT-E cells were transfected with these expression vectors
using FuGENE 6 (Roche Diagnostics, Mannheim, Germany) accord-
ing to the manufacturer’s recommendations. The medium was chan-
ged 1 day after the transfection, and retroviral vectors were
harvested 48 h after the transfection, as previously described
[17,19].

Gene transfer to CTL. T cells were purified from OT-I or pmel-1
splenocytes as nylon wool non-adherent cells. CD8-positive cells
were then purified using a CD8-isolation kit and Auto MACS (Miltenyi
Biotec, Auburn, CA) according to manufacturer’s specifications. Den-
dritic cells were prepared as previously reported [20,21]. The den-
dritic cells were incubated with 10 lM epitope peptide, OVA257–264

(SIINFEKL) peptide, or gp10025–33 (KVPRNQDWL) purchased from
Sigma–Aldrich (St. Louis, MO). For prestimulation, OT-I or pmel-1
CD8-positive T lymphocytes were activated by co-culture with epi-
tope peptide-pulsed dendritic cells for 48 h in RPMI 1640 supple-
mented with 10% FBS, 50 lM 2-ME, and 10 U/ml interleukin (IL)-2
(PeproTech EC Ltd., London, UK). Non-treated 6-well plates were
coated with recombinant fibronectin fragment CH-296, RetroNectin�

(TaKaRa Bio Inc., Ohtsu, Japan) according to the manufacturer’s
instructions. The viral supernatant was loaded on the RetroNectin�

and incubated for 4 h. The virus-coating procedure was repeated
twice. Before infection, the viral supernatant was washed away and
the activated CD8-positive cells (i.e., CTL) were added to the virus-
coating plate. Cells were cultured for 48 h. The gene transduction effi-
ciency to the CTL was 10–15%. Gene-transduced CTL were sorted by
FACSAria™ cell sorter (BD Biosciences, San Jose, CA), and cultured
for amplification in complete medium with IL-2 (10 U/ml) for 3 days,
which resulted in CTL expressing anti-flk1 scFv.

Evaluation of gene-transduced CTL activity. Cytotoxic specificity
was determined using standard 51Cr-release assays. Target cells
(B16-OVA, MS1, B16BL6, and E.G7-OVA) were 51Cr-labeled and incu-
bated with gene-transduced CTL or mock CTL for 4 h at 37 �C. Cyto-
lytic activity was determined using the following formula: (% of
lysis) = [(experimental 51Cr-release � spontaneous 51Cr-release)/
(maximum 51Cr-release � spontaneous 51Cr-release)] � 100. The
spontaneous 51Cr-release of the target cells was less than 10% of
the maximum 51Cr-release induced by detergent.

Flow cytometric analysis for CTL expressing anti-flk1 scFv. scFv-
CTL were incubated with 100 ll staining buffer (PBS containing
0.1% bovine serum albumin and 0.01% NaN3) containing recombi-
nant mouse flk1/human Fc chimera (R&D Systems Inc., Minneapo-
lis, MN) labeled with Zenon™ technology using R-phycoerythrin
Human IgG labeling reagent (Invitrogen), according to the manu-
facturer’s instructions. After incubation for 30 min, the cells were
washed with staining buffer, and then 30,000 events of the stained
cells were acquired on a FACSCalibur™ flow cytometer (BD Biosci-
ences), and analyzed for anti-flk1 scFv protein expression using
FlowJo™ software (Treestar, Inc., San Carlos, CA).

Binding assay. CTL labeling with PKH26 (Sigma–Aldrich) was
performed according to the manufacturer’s instructions. CTL were
cultured on fixed MS1 cells, flk1-expressing cells, with the indi-
cated cell number for 30 min. After washing off non-binding CTL
five times with PBS containing 1 mM EDTA, the number of CTL
bound to MS1 cells was counted under fluorescent microscopy.
The number of CTL that were bound to MS1 cells was calculated
by multiplying the numbers of PKH26-positive cells in each micro-
scopic field by the ratio of the plate area to microscopic field area.
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Accumulation of transferred CTL in tumor tissues. C57BL/6 mice
were intradermally inoculated with 106 B16-OVA cells into the
right flank. Seven days later, mice bearing tumors with diameters
of 5.5–6.5 mm were intravenously injected with 106 CTL labeled
with PKH26 dye in 100 ll PBS. The tumors were harvested 2 days
after CTL transfer, and then were chopped into small pieces with
a razor blade before incubation with a mixture of collagenase
(1 mg/ml, Wako Pure Chemical Industries, Ltd., Osaka, Japan) dis-
solved in Hanks’ balanced salt solution for 60 min at 37 �C. The
cells were passed through a 70-lm nylon strainer to remove any
debris, recovered by centrifugation, and resuspended in complete
medium. The frequency of PKH26-positive CTL was assessed by
flow cytometric analysis acquiring 100,000 events. The number
of CTL that accumulated in the tumor was calculated by multiply-
ing the PKH26-positive frequency by the total number of isolated
tumor cells.

Evaluation of tumor growth. C57BL/6 mice were intradermally
inoculated with 106 B16-OVA cells or 4 � 105 B16BL6 cells into
the right flank. Seven days later, mice bearing tumors with diame-
ters of 5.5–6.5 mm were intravenously injected with CTL in 100 ll
PBS. Tumor growth was monitored two or three times a week by
measuring the major and minor axes of the tumors using microcal-
Fig. 1. Characterization of CTL expressing anti-flk1 scFv. CTL were purified from TCR tr
described in Materials and methods. (A) Anti-flk1 scFv gene-transduced CTL (scFv-CTL)
flk1/Fc chimera labeled with a fluorescent molecule. Thirty minutes later, the expression
by flow cytometry. (B) CTL labeled with PKH26 were cultured on fixed MS1 cells, flk1-e
were removed by washing five times with PBS containing 1 mM EDTA. The numbers o
calculated by multiplying the numbers of PKH26-positive cells in a microscopic field by th
3 wells. (C, D) CTL derived from OT-I (C) or pmel-1 (D) mice as effector cells were co-cul
target cells at varying effector-to-target cell ratios. Four hours later, the cytotoxic activit
release assay. Each point represents the mean ± SD of three independent cultures.
ipers, and tumor volume was calculated by the following formula:
(tumor volume; mm3) = (major axis; mm) � (minor axis;
mm)2 � 0.5236. The mice were euthanized when one of the two
measurements was greater than 20 mm.

Results and discussion

To achieve the expression of anti-flk1 scFv in CTL, we compared
the gene transduction efficiency and cytotoxicity between adenovi-
ral vector, retroviral vector, lentiviral vector, and electroporation
methods (data not shown), and then selected retroviral vector as
suitable transduction system to CTL. The expression levels of anti-
flk1 scFv on CTL were assessed by flow cytometric analysis. scFv-
CTL bound to more flk1/Fc chimera compared with CTL treated with
control vector (sham-CTL; Fig. 1A), indicating that retroviral gene
transduction induced reproducibly high and stable scFv-expression
on the CTL surface. Next, to prove the functional specificity of the
anti-flk1 scFv, we assessed the cell-to-cell binding between scFv-
CTL and flk1-expressing MS1 vascular endothelial cells. The num-
bers of scFv-CTL binding to MS1 cells increased in a dose-dependent
manner compared with sham-CTL (Fig. 1B), suggesting that anti-flk1
scFv on CTL could recognize native flk1 on cell surface. Moreover, to
ansgenic mice and transduced with anti-flk1 scFv expressing-retroviral vectors as
or control vector treated-CTL (sham-CTL) were incubated with recombinant mouse
level of anti-flk1 scFv on scFv-CTL (solid line) or sham-CTL (filled area) was analyzed
xpressing cells, with the indicated number of cells for 30 min, and non-binding CTL
f scFv-CTL (d) or sham-CTL (�) that bound to the MS1 cells on a 6-well plate was

e ratio of plate area to microscope field area. Data are presented ±SD of results from
tured with B16-OVA cells or MS1 cells (C), or B16BL6 cells or E.G7-OVA cells (D) as
y of scFv-CTL (d) or non-transduced CTL (N) was determined using a standard 51Cr-



Fig. 2. Accumulation of transferred CTL expressing anti-flk1 scFv in tumor. PKH26-
labeled scFv-CTL or sham-CTL derived from OT-I mice or wild-type C57BL/6 mice
intravenously injected into B16-OVA tumor-bearing C57BL/6 mice. Two days later,
tumors were removed for preparation of single-cell suspensions, as described in
Materials and methods. The abundance of PKH26-positive CTL was assessed by flow
cytometric analysis acquiring 100,000 events. The number of CTL that accumulated
in the tumor was calculated by multiplying the PKH26-positive frequency by the
total number of isolated tumor cells. Data are presented ±SD of results from 3 mice
per experimental group.

Fig. 3. Anti-tumor efficacy of transferred CTL expressing anti-flk1 scFv in tumors.
CTL derived from OT-I mice (A) or pmel-1 mice (B) was intravenously injected into
B16-OVA tumor (A) or B16BL6 tumor (B)-bearing C57BL/6 mice. Likewise, PBS was
intravenously injected into tumor-bearing mice. The tumor volume was calculated
after measuring the major and minor axes of the tumor at indicated points. Each
point represents the mean ± SD from 6 mice.
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investigate the effects of scFv-expression on CTL activity, we per-
formed a cytolytic assay using scFv-CTL prepared from CTL derived
from OT-I mice (scFv-CTL [OT-I]) against OVA-expressing cells.
scFv-CTL (OT-I) as well as non-transduced CTL (OT-I), exhibited high
cytotoxic activity against B16-OVA cells, whereas MS1 cells, which
do not express OVA, were not injured (Fig. 1C). Likewise, scFv-CTL
prepared from gp100-specific CTL, which were derived from pmel-
1 mice (scFv-CTL [pmel-1]), retained the specificity of lytic activity
against gp100-expressing B16BL6, which is a melanoma cell line
(Fig. 1D). Taken together, these findings demonstrated that anti-
flk1 scFv expressed on CTL possessed sufficient ability to recognize
the flk-1 molecules on the vascular endothelial cells, and that the
transduction procedures and the expression of scFv did not affect
original cytolytic activity of CTL.

We next performed in vivo experiments in which B16-OVA tu-
mor-bearing mice were adoptively transferred with fluorescently
labeled scFv-CTL. Two days after CTL transfer, tumors were re-
moved and single-cell suspensions were prepared for flow cytom-
etry. The number of fluorescently labeled sham-CTL (OT-I)
detected in tumors was equal to that of non-transduced CTL (OT-
I), whereas that of scFv-CTL was greater than that of control CTL
(Fig. 2). In addition, the number of tumor-accumulated scFv-CTL
(OT-I) were comparable that of scFv-CTL prepared from CTL of
wild-type C57BL/6 mice, which has no antigen-specific TCR. This
finding indicated that the tumor-targeting activity of scFv-CTL
was not due to OVA-specific TCR, but anti-flk1 scFv on the CTL.
Therefore, scFv-CTL efficiently bound to flk1-expressing tumor vas-
cular endothelial cells in vitro and in vivo, and scFv was useful for
controlling the biodistribution of the CTL.

We therefore investigated whether scFv-CTL could exhibit more
powerful anti-tumor effect due to the ability to target neovascular
endothelial cells. B16-OVA tumors in mice systemically transferred
with sham-CTL (OT-I) showed a slight growth delay compared to
those treated with PBS (control; Fig. 3A). The sham-CTL (OT-I)
treatment is considered a standard model of adoptive immuno-
therapy. In comparison with the sham-CTL (OT-I) transfer groups,
however, mice transferred with scFv-CTL (OT-I) exhibited marked
tumor growth suppression. In addition, the anti-tumor effect of
105 scFv-CTL (OT-I) transfer was almost the same as that of
5 � 105 CTL transfer. Tumor-infiltrating immune cells have been
reported to positively correlate with prognosis [22]. Here, we dem-
onstrated that the tumor-infiltration of CTL directly correlated to
the anti-tumor effect, because, as shown in Fig. 2, the number of
scFv-CTL that accumulated in the tumor was almost four times
higher than that of sham-CTL. In a melanoma model, adoptive
transfer of scFv-CTL (pmel-1) into B16BL6 tumor-bearing mice
more effectively suppressed tumor growth compared with the
transfer of sham-CTL (pmel-1), and the anti-tumor effect of
3 � 105 scFv-CTL (pmel-1) transfer was almost the same as that
of 106 CTL (pmel-1) transfer (Fig. 3B). These findings indicated that
expression of anti-flk1 scFv in CTL was effective not only against a
model antigen (OVA) but also a tumor-associated antigen (gp100
of melanoma cells). Moreover, our strategy is suitable for adoptive
immunotherapy against various tumors, because tumor vascular
endothelial cells are common to all solid tumor tissues.

Most T cell antigens targeted on tumor cells are normal self pro-
teins. Therefore, immunologic tolerance to these self antigens may
limit the T cell repertoire, which in turn would limit the host’s abil-
ity to mount an effective anti-tumor immune response. Generally,
tumor-specific CTL are expanded from tumor-infiltrating cells or
peripheral blood mononuclear cells by stimulation with tumor-
antigen peptide plus IL-2 or dissociated tumor lesions plus IL-2
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[23,24]. It is difficult, however, to obtain large numbers of antigen-
specific CTL from tumor-infiltrating cells or peripheral blood
mononuclear cells. The strategy is not applicable to all cancer pa-
tients because a sufficient tumor mass is necessary for CTL expan-
sion and the defined tumor-antigen peptide essential for expansion
is limited in specific human leukocyte antigen-types (HLA-A2 and
A24). Additionally, CD28-specific superagonistic mAb reportedly
caused a life-threatening side effect, ‘‘cytokine storm”, in healthy
volunteers in clinical trials [25,26]. Transfer of a large number of
activated lymphocytes (CTL) is considered to induce side effects
due to a cytokine imbalance in the body. Therefore, our approach
to add the flk1-targeting function to CTL will be useful for adoptive
immunotherapy because, due to their tumor specificity, fewer CTL
are necessary.

In conclusion, the findings of the present study demonstrated
that the expression of anti-flk1 scFv on CTL resulted in a powerful
anti-tumor effect due to both enhanced binding activity to flk1-
expressing cells in vitro and the accumulation of these cells in tu-
mor tissue in vivo. In addition, our findings suggest that scFv gene
transduction to immune cells will greatly contribute to establish
an innovative concept, a ‘‘cell delivery system” based on the ‘‘drug
delivery system”, which allows for better control of the tracking
and biodistribution of immune cells by applying genetic engineer-
ing techniques. Our technology and methodology also will likely
have far-reaching implications for hundreds of other types of cell
therapies. At present, to improve adoptive immunotherapy, we
are now working to develop tumor vessel-damaging CTL that are
engineered to express chimeric immunoreceptors using scFv spe-
cific for flk1.
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