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1 vivo growth of transitional and renal cell carcinoma cell lines
can be suppressed by the adenovirus-mediated expression of a
soluble form of vascular endothelial growth factor receptor
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Abstract. Antiangiogenic therapy is a promising strategy for
the treatment of cancer since tumor development and
metastases require angiogenesis. Vascular endothelial growth
factor (VEGF) is one of the most important factors in tumor
angiogenesis. In the present study, we investigated the
antitumor effect of an adenovirus (AdVEGF-ExR) expressing
the extracellular domain of the human VEGF receptor (fit-1)
using two different urological tumor/mouse systems. RENCA,
a renal cell carcinoma of BALB/c origin, and MBT-2, a poorly
differentiated transitional carcinoma of C3H/He origin, were
used. Both types of tumor were in vitro infected with AAVEGF-
ExR and inoculated subcutaneously into the abdomens of
syngenenic mice, and tumor growth was measured twice
weekly. In some experiments, BALB/c mice with established
RENCA tumors were injected intramuscularly with AdVEGF-
ExR as a therapeutic model. The cytotoxicity of spleen cells
from the tumor-rejected mice was assessed by 3!Cr-release
assay. Although the in vitro cell growth of either MBT-2 or
RENCA was not affected by infection with AdVEGF-ExR,
the in vivo growth of both AdVEGF-ExR-infected tumors was
significantly suppressed in the syngeneic mice. In addition,
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although 2 of 5 mice rejected the AdVEGF-ExR-infected
RENCA, tumor-specific cytotoxic T lymphocytes were not
generated from their spleen cells, thus suggesting no cellular
immune response. In a therapeutic model, intramuscular
injections of AAVEGF-ExR at a remote site also significantly
suppressed the growth of the subcutaneously established
RENCA. These results indicate that the adenovirus-mediated
expression of a soluble VEGF receptor can be an effective
therapy for urological cancer treatment; however, such VEGF-
targeted gene therapy is not necessarily accompanied by
subsequent antitumor T cell immunity.

Introduction

Angiogenesis is required for various physiological and patho-
logical events, including tumor development and metastases
(1,2). For tumor angiogenesis, vascular endothelial growth
factor (VEGF) may be one of the most important factors.
Cancer cells have been suggested to produce VEGF and
induce angiogenesis through a paracrine loop (3). Therefore,
antiangiogeneic therapy targeting VEGF is a promising
strategy for cancer treatment (4). Tumor suppression has
been confirmed in animal experiments by targeting VEGF or
its receptor (4-8). We have also reported that the adenovirus-
mediated expression of a soluble form of VEGF receptor (fIt-1)
can effectively suppress in vivo tumor growth of human
cancer cells in nude mice (9). In most cases, however, the
antiangiogenic effect has been investigated by experiments in
which xenogeneic human cancer cells were transplanted into
SCID or nude mice (5-10).

In this study, we determined whether or not the adenovirus-
mediated expression of a soluble form of VEGF receptor
could effectively suppress in vivo tumor growth in syngeneic
mice, using two different murine urological tumors. Our results
indicate that the overexpression of VEGF receptor in tumor
cells or at a remote site resulted in a significant suppression
of in vivo tumor growth in syngeneic mice, but VEGF-
targeted gene therapy is not necessarily accompanied by
subsequent antitumor T cell immunity.
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Materials and methods

Preparation of adenoviral vectors. Replication-defective E1-
and E3- adenoviral vectors expressing either the entire
ectodomain of the human VEGF receptor (flt-1) fused to
the Fc portion of human IgG (AdVEGF-ExR) or bacterial
B-galactosidase (AdLacZ), as a control, were prepared as
described previously (11,12). A CA promoter comprising a
cytomegalovirus enhancer and a chicken B-actin promoter was
used for the expression of the genes. The titer of the virus stock
was assessed by a plaque formation assay using 293 cells,
and the titer was expressed in plaque-forming units (PFUs).

Mice and tumor cell lines. Female BALB/c and C3H/He
mice were obtained from Japan SLC (Shizuoka, Japan). All
mice were kept in specific pathogen-free conditions and used
for experiments at 8 weeks of age. RENCA and colon26 are
renal and colon carcinoma cell lines of BALB/c origin,
respectively. MBT-2 is a poorly differentiated transitional
carcinoma cell line of C3H/He origin. All tumor lines were
maintained in vitro in complete culture medium consisting of
RPMI-1640 (Gibco, Grand Island, NY) supplemented with
10% heat-inactivated fetal calf serum (HyClone, Logan, UT),
50 uM 2-mercaptoethanol, 20 mM HEPES, 30 ug/ml genta-
micin (Schering Corporation, Kenilworth, NJ), and 0.2%
sodium bicarbonate.

Measurement of VEGF. Confluent tumor cells were cultured
for 24 h and then the culture medium was collected. After
centrifugation, the supernatant was stored at -80°C until
assay. The VEGF protein in the culture medium was detected
using an ELISA kit (Immuno Biological Laboratories, Tokyo,
Japan) according to the manufacturer's instructions.

Assay of in vivo tumor growth. In vitro gene transfer into
tumor cells was carried out by incubation with the adenoviral
vector in a serum-free medium (RPMI-1640 containing 0.05%
BSA, 1 pg/ml insulin, 5 yg/ml transferrin, and 25 mmol/liter
HEPES pH 7.4) for 2 h at room temperature with gentle
agitation, as described previously (13). To confirm the gene
transfer efficiency by an adenoviral vector, RENCA and
MBT?2 cells infected with various MOI of AdLacZ (MOI
0-200) were stained with 5-bromo-4-chloro-3-indolyl-8-
galactopyranoside (X-gal) and the number of blue-stained
cells was counted. Based on the results of the gene transfection
efficiency assay, MBT-2 cells were infected with AAVEGF-
ExR (MOI 100) or AdLacZ (MOI 100), and 2.5x10° MBT-2
cells were inoculated subcutaneously into the abdomens of
syngeneic C3H/He mice. In addition, RENCA cells were
infected with AAVEGF-ExR (MOI 200) or AdLacZ (MOI
200), and 5x10° RENCA cells were inoculated subcutaneously
into syngeneic BALB/c mice. Thereafter, two diameters of
subcutaneous tumors at right angles were measured twice
weekly with calipers, and the product of the two values was
shown as the tumor size (mm?).

Assay of cytotoxicity. An assay of cytotoxicity was carried
out, as reported previously (14). In brief, spleen cells from
tumor-rejected mice were in vitro stimulated with MMC-
inactivated tumor cells for 4 days in the presence of 20 U/ml
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Figure 1. VEGF production by RENCA and MBT-2 cell lines. The amounts
of VEGF in the culture medium, which were prepared from RENCA and
MBT-2 cell lines (1x10° cells/24 h), were measured using ELISA as described
in Materials and methods.

of IL-2. Thereafter, these cultured cells were harvested, and
tested for cytotoxicity against both the RENCA and colon 26
cell lines by a 4-h 'Cr-release assay. The 5'Cr-labelled target
cells (1x10* cells/well) were cultured with effector cells in
round 96-well plates at the indicated effector/target ratios.
The specific >!'Cr-release was calculated according to the
formula: (test cpm - spontaneous cpm) x100/(total cpm -
spontaneous cpm). Spontaneous release was determined by
the supernatant of the sample incubated with no effector cells,
and the total release was then determined by the supernatant
of the sample incubated with 1% Triton X (Wako Pure
Chemical Industries, Osaka, Japan).

Therapeutic model. BALB/c mice were subcutaneously
inoculated with RENCA cells (5x103 cells). After the
establishment of the tumors, these mice were also injected
with AAVEGF-ExR (5x108 PFU) twice on days 10 and 17, in
the femoral muscle. As a control, LdLacZ (5x10% PFU) was
administered. The amount of soluble VEGF receptor, which
was tagged with the Fc portion of human IgG, in the serum
of the mice was measured by ELISA using an antihuman IgG
antibody, as described previously (9). Two diameters of
subcutaneous tumors at right angles were measured twice
weekly with calipers, and the product of the two values was
shown as the tumor size (mm?).

Statistics. The statistical significance of the data was
determined using the unpaired two-tailed Student's t-test. A
P-value <0.05 was considered to be statistically significant.

Results

VEGF production by renal and transitional cell carcinoma
cell lines. Before investigating the antitumor effect of the
soluble VEGF receptor on two different murine urological
tumor cell lines, a RENCA renal cell carcinoma and an
MBT-2 bladder carcinoma, we determined whether or not
these tumor cells themselves could secrete VEGF. Both tumor
cell lines were found to produce substantial levels of VEGF
(Fig. 1). No VEGF was detected in the culture medium
without tumor cells (data not shown). These results suggest
that both murine tumor cell lines might utilize VEGF in their
tumor angiogenesis in vivo.
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Figure 2. No effect of the infection with AAVEGF-ExR on in vitro growth
of either MBT-2 or RENCA cells. (A) MBT-2 cells were infected with
either (o) AAVEGF-ExR (MOI 20), (m) AdLacZ (MOI 20), or (a) no
adenoviral vector, and then their in vifro growth was examined. 1x10* MBT
tumor cells were applied to each well and the cell number was counted on
the indicated days. The mean of three determinants is shown. (B) Similarly,
RENCA cells were infected with either () AVEGF-ExR (MOI 20) or (a)
no adenoviral vector, and then their in vitro growth was examined.

Infection with AAVEGF-ExR had no effect on in vitro tumor
growth. To transfer the gene encoding human VEGF receptor,
we constructed an adenovirus (AdVEGF-ExR) expressing
the entire cellular domain of the human VEGF receptor fused
to the Fc portion of human IgG, as previously reported (11,12).
We then determined whether an infection with AAVEGF-
ExR could have any influence on the in vitro growth of tumor
cell lines. As shown in Fig. 2A, no difference was observed
in the in vitro growth of MBT-2 cells after infection with
either AAVEGF-ExR or AdLacZ. In addition, no difference
was observed in the growth of RENCA cells after infection
with or without AAVEGF-ExR (Fig. 2B).

In vivo growth suppression of carcinoma cells after the gene
transfer of VEGF receptor. We next determined whether
infection with AAVEGF-ExR has any effect on in vivo tumor
growth using two different tumor/mouse systems. As shown
in Fig. 3A, the in vivo tumor growth of MBT-2 in syngeneic
C3H/He mice was significantly suppressed when these tumor
cells were pre-infected with AAVEGF-ExR compared to that
of AdLacZ-infected MBT-2. However, no mice rejected the
challenged AdVEGF-ExR-infected MBT-2 cells. On the other
hand, the in vivo tumor growth of AdVEGF-ExR-infected
RENCA was also significantly suppressed compared to that of
AdLacZ-infected RENCA cells (Fig. 3B). Two of five BALB/c
mice rejected the challenged AdVEGF-ExR-infected RENCA
cells.

Although there have been many reports investigating the
antitumor effect of VEGF-targeting therapy (4-8), whether or
not VEGF-targeted gene therapy could elicit a subsequent
cellular immunity has yet to be determined. In addition, as
we used immunocompetent mice and syngeneic tumors, but
not nude mice with xenogeneic tumors, we wanted to examine
acquired immunity after the VEGF-targeted gene therapy.
RENCA-specific cytotoxic T lymphocytes have been reported
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Figure 3. Suppression of in vivo tumor growth by infection with AdVEGF-
ExR. (A) Based on the results of the gene transfection efficiency assay
described in Materials and methods, MBT-2 cells were infected with (e)
AdVEGF-ExR (MOI 100) or (m) AdLacZ (MOI 100), and 2.5x10° MBT-2 cells
were inoculated subcutaneously into syngeneic C3H/He mice. (B) RENCA
cells were infected with (e) AAVEGF-ExR (MOI 200) or (m) AdLacZ (MOI
200), and 5x10° RENCA cells were inoculated subcutaneously into syngeneic
BALB/c mice. In both experiments, each group consisted of 5 mice, and
their mean findings are shown. The number in parentheses shows the mice
with tumors/all mice on the final observation day in each experiment.
Similar results were obtained in two other experiments. “P<0.05 statistically
significant.
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Figure 4. No generation of RENCA-specific CTLs was observed in the mice
that rejected the AdVEGF-ExR-infected RENCA cells. Spleen cells were
taken 5 weeks after the tumor inoculation from the BALB/c mouse, which
rejected the AdVEGF-ExR-infected RENCA, and in vitro stimulated with
inactivated RENCA cells in the presence of IL-2 (20 U/ml). Their cytotoxicity
against both RENCA and colon26 was then examined by a 4-h 'Cr-release
assay. Similar results were obtained in two other experiments using BALB/c
mice that rejected the AdVEGF-ExR-infected RENCA.

to be generated from immunized mice (15). We also detected
RENCA-specific interferon-y production in the spleen cells
of BALB/c mice that rejected the RENCA tumors in other
experimental models (16). We therefore attempted to generate
RENCA-specific cytotoxic T lymphocytes (CTLs) from the
spleen cells of BALB/c mice that rejected the AAVEGF-ExR-
infected RENCA cells. Spleen cells were taken 5 weeks after
tumor inoculation. We did not assess RENCA-specific CTLs
in the control BALB/c mice that were subcutaneously injected
with AdLacZ-infected RENCA cells, as nearly all of the mice
in that group were already dead 5 weeks after tumor inoculation
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Figure 5. The soluble VEGF receptor was detectable in the circulating blood
after an intramuscular injection of AAVEGF-ExR. After intramuscular injection
of AAVEGF-ExR (5x10® pfu), the soluble VEGF receptor in the circulating
blood was quantified by ELISA. The mean + SD from 4 individual mice is
shown.

(mm2)
600

500
400

- I

200

tumor growth

0 1
7 14 21 28
(days)

Figure 6. In vivo growth suppression of RENCA cells by VEGF-ExR
production at a remote site. RENCA (5x10° cells) was injected subcutaneously
into the abdomens of syngeneic BALB/c mice on day 0. After the establish-
ment of tumors, these mice received two injections of either (o) AdVEGF-
ExR (5x10% PFU) or (m) AdLacZ (5x10® PFU) on days 10 and 17 (indicated
with black arrows) in the femoral muscle. Tumor size was inspected twice
weekly. Each group consisted of 5 mice, and their mean is shown. Similar
results were obtained in two other experiments. "P<0.05 statistically
significant.

due to tumor progression (data not shown). However, no
RENCA-specific CTLs were induced, even in the BALB/c
mice that rejected the AAVEGF-ExR-infected RENCA cells
(Fig. 4).

In vivo growth suppression of RENCA by VEGF-ExR
production at a remote site. It is therapeutically important to
determine whether the suppression of tumor growth can be
induced even when AVEGF-ExR is administered to a remote
site because it is impossible to deliver AAVEGF-ExR to all
cancer cells in vivo. We initially quantified the soluble VEGF
receptor in the circulating blood using ELISA after an intra-
muscular injection of AAVEGF-ExR (5x10% PFU). Similar to
our previous report using nude mice with xenografts (9), the
intramuscular administration of AdVEGF-ExR (5x10% PFU)
generated considerable amounts of the soluble VEGF receptor
in the blood (Fig. 5). The serum level of the soluble receptor
peaked on day 7 after administration and declined thereafter
(Fig. 5). However, it was still detectable on day 14 (Fig. 5).
The BALB/c mice were then inoculated subcutaneously with
RENCA cells, and they were intramuscularly injected with
AdVEGF-ExR (5x108 PFU) twice after the establishment of
tumors. As a result, the intramuscular injections of AdVEGF-
ExR significantly suppressed the growth of subcutaneously
established RENCA in comparison to the mice injected with
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AdLacZ (Fig. 6). This result indicates that the growth of
RENCA cells in syngeneic BALB/c mice can be suppressed
by VEGF-targeted gene therapy, even when the soluble form
of VEGF receptor is produced at a remote site.

Discussion

We previously reported that the in vivo growth of human
tumor cell lines in nude mice can be suppressed by the
adenovirus-mediated overexpression of the soluble form of
VEGF receptor (9). Other researchers have also reported the
antitumor effect of soluble VEGF receptor (4,7,8). In this
study, we investigated whether the antitumor effect by the
gene transfer of soluble VEGF receptor could suppress the
in vivo growth of two different urological tumor cell lines in
syngeneic mice. As a result, the in vivo growth of transitional
and renal cell carcinoma cell lines was significantly suppressed
by an overexpression of the soluble form of VEGF receptor
in tumor cells. Forty percent of the mice rejected the VEGF
receptor-expressing RENCA. In addition, in a therapeutic
model, the in vivo growth of subcutaneously established
RENCA cells was significantly suppressed by the gene transfer
of the VEGF receptor at a remote site. This means that a
circulating VEGF receptor could have an antitumor effect on
established tumors. Due to the present inability to effectively
deliver targeting genes into all cancer cells in vivo, this result
is therapeutically important. These lines of evidence indicate
that the adenovirus-mediated expression of the soluble VEGF
receptor can be an effective therapy for urological cancer
treatment.

Another crucial finding in this study is that no apparent
antitumor cellular immunity was elicited in mice that rejected
the VEGF receptor-expressing RENCA. This finding indicates
that the VEGF-targeting gene therapy is not necessarily
associated with the subsequent priming of antitumor CTLs,
and suggests that the observed antitumor effect simply reflects
the antiangiogenic effect induced by the soluble VEGF
receptor. In this sense, our results are compatible with those
of Boehm et al who showed that repeated treatments with
endostatin, a potent angiogenesis inhibitor, induced a prolonged
tumor dormancy without acquired immunity to original tumors
(17). Furthermore, the antitumor effect observed when
AdVEGF-ExR-infected RENCA cells were injected seems to
reflect the local expression of the soluble VEGF receptor, as
no soluble VEGF receptor was ever detected in the circulating
blood after tumor inoculation (data not shown). Although we
have not investigated whether overexpression of the soluble
form of VEGEF receptor in urological cancer cell lines resulted
in apoptosis or necrosis in vivo, apoptosis was observed in
the AAVEGF-ExR-infected human cancer cells in SCID mice
(9). Previous reports suggest that necrotic cancer cells can
activate stimulatory dendritic cells and prime antigen-specific
CTLs more efficiently than apoptotic cancer cells (18,19).
Therefore, apoptotic RENCA cells might not efficiently
activate stimulatory dendritic cells. Otherwise, the amount of
tumor antigens derived from the challenged AdVEGF-ExR-
infected RENCA cells might be insufficient to elicit acquired
immunity. Further experiments are needed to elucidate the
underlying mechanism of this observation.

Antiangiogenic therapy is a promising strategy for cancer
treatment since tumor development requires angiogenesis
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ing antibody against vascular endothelial growth
factor, significantly prolonged the time to progression of
disease in patients with metastatic renal cell carcinoma (20).
In our study, however, although the therapeutic model
with gene transfer of the VEGF receptor at a remote site
demonstrated a significant delay in the in vivo growth of
subcutaneously established RENCA cells, none of the mice
rejected the established tumors and the treated tumors reached
a size similar to that of the control tumors at the last data
point (Fig. 6). This result may show the limitations of
antiangiogenic therapy used alone. If gene therapy targeting
tumor angiogenesis is associated with subsequent antitumor
cellular immunity, an antitumor effect could be synergistically
induced in tumor-bearing hosts. Although we utilized an
adenovirus to transfer the targeting gene into cancer cells or
tumor-bearing hosts, the repeated administration of adenovirus
is very limited because of the induction of neutralizing anti-
body against adenovirus-derived antigens (21). In addition,
the induction of antibody against the Fc portion of human
IgG in our vector may also limit the repeated administration
of our vector. As a result, we only performed two intramuscular
injections of AAVEGF-ExR when AdVEGF-ExR was admin-
istered at a remote site from the tumor cells. We suppose that
antiangiogenic therapy and antitumor immunotherapy are not
mutually exclusive, and the development of new therapeutic
modalities that can both induce antiangiogenesis and antitumor
T cell immunity could dramatically improve the antitumor

effect in tumor-bearing hosts.
The limitation of this study is that we used a subcutaneous

injection of tumor cells. The organ-specific factors involved
in tumor growth are absent in this method even though we
used two urological tumors. The reason we used a subcutaneous
injection was so that we could easily monitor tumor growth
in vivo. Many reports, including our previous study, also used
a subcutaneous injection of tumor cells (22,23). We thus
believe that orthotopic tumor models should be used in future
to assess the features of urological tumors more precisely.

In conclusion, using murine models, our results show that
the adenovirus-mediated expression of a soluble VEGF receptor
can be an effective therapy for urological cancer treatment.
However, such VEGF-targeted gene therapy is not necessarily
accompanied by any subsequent antitumor T cell immunity,
implying the possibility of an improved antitumor effect with
both antiangiogenic therapy and antitumor immunotherapy.
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