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ABSTRACT
Radiation is an effective means of treating localized prostate cancer.
However, up to 40% of men with certain risk factors will develop biochemical failure 5 years after radiotherapy. CV706, a prostate cell-specific
adenovirus variant, is currently in clinical trials for the treatment of
recurrent organ-confined prostate cancer. We demonstrated previously
that a single administration of CV706 at 5 ⴛ 108 particles/mm3 of tumor
eliminated established tumors within 6 weeks in nude mouse xenografts
(Rodriguez et al., Cancer Res. 57: 2559 –2563, 1997). We now demonstrate
that CV706-mediated cytotoxicity is synergistic with radiation. In vitro,
addition of radiation to CV706 resulted in a synergistic increase of cytotoxicity toward the human prostate cancer cell line LNCaP and a significant increase of virus burst size, with no reduction in specificity of
CV706-based cytopathogenicity for prostate cancer cells. In vivo, prostatespecific antigen (ⴙ) LNCaP xenografts of human prostate cancer were
treated with CV706 (1 ⴛ 107 particles/mm3 of tumor), 10 Gy of single
fraction local tumor radiation, or both. Tumor volumes of the group
treated with CV706 or radiation was 97% or 120% of baseline 6 weeks
after treatment. However, when the same dose of CV706 was followed 24 h
later with the same dose of radiation, the tumor volume dropped to 4% of
baseline at this time point and produced antitumor activity that was
6.7-fold greater than a predicted additive effect of CV706 and radiation.
Histological analyses of tumors revealed that, compared with CV706 or
radiation alone, combination treatment with two agents increased necrosis
by 180% and 690%, apoptosis by 330% and 880%, and decreased blood
vessel number by 1290% and 600%, respectively. Importantly, no increase in toxicity was observed after combined treatment when compared
with CV706 or radiation alone. These data demonstrate that CV706
enhances the in vivo radioresponse of prostate tumors and support the
clinical development of CV706 as a neoadjuvant agent with radiation for
localized prostate cancer.

INTRODUCTION

the first 12⬃18 months after radiotherapy, but by 7 years after therapy, as
many as half of the patients will have a PSA that is progressively
increasing, depending on pretreatment prognostic factors of the cancers (3–5). Even for men with T1/T2 disease, up to 40% experience
biochemical failure 5 years after standard EBRT (6). Therefore,
strategies to improve the outcome of local therapy with irradiation
through radiosensitization are needed (7, 8).
Recent clinical and animal studies (9, 10) have described improved
results when androgen ablation is combined with radiation. The clinical gains from such combination therapy have been encouraging in
some groups of patients (9) but have unfortunately been associated
with significant long-term side effects (11). We have developed
previously (12–14) two selectively replication-competent adenovirus
variants, CV706 and CV787, both of which replicate preferentially in
and destroy prostate cells that produce PSA. A Phase I/II clinical trial
of men with locally recurrent prostate cancer after radiotherapy has
shown that half of the patients treated with a single intraprostatic
administration of CV706 at 1 ⫻ 1013 particles demonstrated at least a
50% decrease in PSA, clearly demonstrating antitumor activity without serious side effects (15). Recently (16), synergistic antitumor
efficacy was observed in human prostate cancer xenografts when the
prostate cancer-specific adenovirus variant CV787 was combined
with taxanes (paclitaxel and docetaxel). Because adenovirus E1A is
known to be a potent inducer of chemosensitivity and radiosensitivity
through p53-dependent and independent mechanisms (17), we have
investigated the possible radiosensitizing effects of CV706 on prostate
tumor cells. The present report provides evidence that CV706 has a
synergistic antitumor effect both on irradiated human prostate cancer
cells and tumor xenografts.
MATERIALS AND METHODS

Cell Culture and Virus. The human LNCaP (prostate carcinoma),
OVCAR-3 (ovary carcinoma), and HBL-100 (breast epithelia) cell lines were
obtained from the American Type Culture Collection (Rockville, MD). The
human embryonic kidney cell line, 293, which expresses the adenoviral E1A
and E1B gene products, was purchased from Microbix Biosystem, Inc.
(Toronto, Ontario, Canada). Cells were maintained at 37°C with 5% CO2 in
RPMI 1640 supplemented with 10% fetal bovine serum (Hyclone, Utah), 100
units/ml penicillin, and 100 g/ml of streptomycin (Life Technologies, Inc.,
Gaithersburg, MD).
CV706 is a prostate-specific replication competent adenovirus variant that
was engineered at Calydon. One prostate-specific TRE, the human PSA
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It has been known for many years that between 20 to 30% of localized
prostate cancer patients continue to have positive biopsy specimens after
radiotherapy (1). In the case of EBRT,3 evidence supporting incomplete
tumor ablation has come from several posttreatment biopsy studies (2)
that find histopathology consistent with cancer even when digital rectal
examination demonstrates a favorable tumor response. With the advent of
PSA testing to evaluate patients after radiotherapy, it has been observed
that approximately 80% of patients show progressive decreases in PSA in
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LNCaP cells (2 ⫻ 104 cells/well; 96-well plate) were either infected with
CV706 or CV787 at various MOIs (from 0.0001 to 1) and/or treated with
radiation at the indicated dosages. Cells were incubated in growth medium for
24 h to allow for viral replication. After 24 h, cells were exposed to a single
dose of ␥-radiation (0⬃40 Gy; Mark 1 Research Irradiator Model #1608A;
Cesium 137 source). Cell viability was measured at the times indicated by
removing the media and replacing it with 50 l of 1 mg/ml solution of MTT
(Sigma Chemical Co., St. Louis, MO) and incubating for 3 h at 37°C (14).
Statistical Analysis. The dose-response interactions between CV706 and
radiation at the point of IC50 were evaluated by the isobologram method of
Steel and Peckham (18) as modified by Aoe et al. (19). The IC50 is defined as
the concentration of drug that produces 50% cell growth inhibition; i.e., a 50%
reduction in absorbance. Isobolograms (three isoeffect curves; mode 1 and
mode 2) were computed as described previously (16). FTV relative to untreated controls was determined based on the method described previously
(16, 20).
One-step Growth Curve and Virus Yield. One-step growth curves of
data obtained from CV706 grown in LNCaP cells in the presence and absence
of radiation were charted and used to determine burst size. Monolayers of
LNCaP cells were infected with CV706 at MOIs of 0.01, 0.1, and 1. After 24-h
incubation at 37°C with 5% CO2, cells were exposed to a single dose of
␥-radiation at 10 Gy. At the indicated times thereafter, duplicate cell samples
were harvested and lysed by three cycles of freeze thawing. Virus yield was
determined by plaque assay as described (13).
In Vivo Antitumor Efficacy. Six-to-eight-week-old athymic BALB/c
nu/nu mice were obtained from Simonson Laboratories (Gilroy, CA) and
acclimatized to laboratory conditions 1 week before tumor implantation. Xenografts were established either by injecting 1 ⫻ 106 LNCaP cells s.c. near the
small of the back suspended in 100 l of RPMI 1640 and 100 l of Matrigel
(back tumor) or by injecting cells into the right gastrocnemius muscle (i.m.; leg
tumor). When tumors reached between 300 mm3 and 500 mm3, mice were
randomized into groups of four. The first group received CV706 at day 0 via
i.t. administration. CV706 was diluted in PBS containing 10% glycerol and
injected into the tumor as 0.4 l of diluted virus (1 ⫻ 107 particles/mm3 of
tumor) using a 28-gauge needle. The second group was given radiation only.
For radiation, mice were immobilized in lucite chambers, and their whole body
was shielded with lead except for the tumor-bearing sites on their back or
tumor-bearing hind leg. This tumor-bearing site was irradiated with a Mark 1
Research Irradiator (Model #1608A; J. H. Shepherd Associates) at various
doses (0, 5, 10, and 20 Gy) 1 day after CV706 injection or mock injection. The
third group was given CV706 i.t. at day 0 and irradiated at the same doses at
day 1. As a control, a fourth group was treated with virus dilution buffer (i.e.,
control) i.t. at day 0. Tumors were measured weekly in two dimensions by
external caliper, and the volume of back tumors was estimated by the formula
{[length (mm) ⫻ width (mm)2]/2; Ref. 14}. The volume of i.m. leg tumors was
determined using the following formula: volume (cm3) ⫽ d⬘3 ⫺ (0.6)2d⬘, where
d⬘ is the average diameter of the tumor-bearing leg (cm), and the product
(0.6)2d⬘ is the correction factor for normal leg volume (21). Animals were
killed humanely when their tumor burden became excessive. The difference in
relative tumor volumes between treatment groups was compared for statistical
significance using the type 2 (two-sample equal variance), two-tailed t test.
Blood samples were collected at various time points by retro-orbital bleed for
determining PSA (14). Federal and institutional guidelines for animal care
were followed.
Histochemistry Analysis. Four groups of mice (n ⫽ 6) were treated with
vehicle, CV706 (1 ⫻ 107 particles/mm3 of tumor), radiation (10 Gy), or a
combination of CV706 and radiation. Half the animals were sacrificed on day
7, and the other half were sacrificed on day 14. The tumor samples were
embedded in paraffin blocks, and 4-m sections were cut and stained with
H&E. Histology methods for detecting adenovirus antigens were as described
(14). The necrotic cells were scored on coded slides by light microscopy at
400⫻ magnification. The extent of necrosis was based on scoring 500 cells/
section as either necrotic or nonnecrotic. The average necrosis score was
calculated based on counting 10 fields distributed evenly across the area of the
tumor section. The light-microscopic features used to identify necrosis included cell size, indistinct cell border, eosinophilic cytoplasm, loss or condensation of the nucleus, and associated inflammation (22). To assess the effect of
CV706, radiation, or combination treatment on tumor vascularization, the
number of blood vessels was counted at a magnification of 400⫻, and the

average number of blood vessels was calculated from 10 fields distributed
evenly across the area of whole tumor section (23). Apoptotic cells were
detected using TUNEL assay (Roche Molecular Biochemicals, Indianapolis,
IN) as suggested by the manufacturer. The morphological features used to
identify apoptosis in the tumor sections have been described previously (22),
associated with positive TUNEL staining. The apoptotic cells were scored on
coded slides at 400⫻ magnification, and the average score of apoptotic cells
was calculated from 10 fields of nonnecrotic areas selected randomly across
each tumor section. Anti-CD31 antibody was purchased from BD PharMingen
(San Diego, CA), and the immunohistochemical staining procedure for detecting of CD31 antigen was performed as described by the manufacturer’s
protocol (24 –26).

RESULTS
CV706 in Combination with Radiation Produces Synergistic
Cytotoxicity in Prostate Carcinoma LNCaP Cells. To study the
potential interaction between the prostate-specific adenovirus variant
CV706 and radiation in vitro, the effectiveness of combined treatment
of several combinations of CV706 and radiation at various doses was
evaluated in the PSA-producing prostate carcinoma LNCaP cell line.
LNCaP cells were either mock-infected or infected with CV706. One
day later, the cells received a single dose of ␥-radiation (0, 5 Gy, 10
Gy, and 20 Gy), and the cell viability was then determined at various
time points by the MTT assay. Several viral MOIs and radiation doses
were tested to determine the dose-response curves in LNCaP cells,
such that the selected dose shows greater combined efficacy with
radiation plus virus but minimal cell killing when treated with the
same dose of virus or radiation alone. As shown in Fig. 1A, infecting
LNCaP cells with CV706 at an MOI of 0.01 resulted in 80% cell
survival 5 days after infection, whereas radiation at a dose of 10 Gy
resulted in 78% survival 5 days after treatment. However, when
CV706 and radiation were combined at these doses, cell survival
dropped to 20% 5 days after treatment (Fig. 1A). Cell viability
dropped further to 8% 9 days after combination treatment, whereas
cells treated with virus alone at an MOI of 0.01 or radiation 10 Gy
alone retained 70% or 60% cell viability, respectively. To determine
whether the timing of administration for the tested agents affected the
combined cytotoxic effect, LNCaP cells were treated with radiation
24 h before or after infection with CV706. Results showed that there

Fig. 1. Viability of prostate cancer LNCaP cells treated with vehicle, CV706, radiation,
or CV706 plus radiation. A, LNCaP cells were treated with CV706 (MOI, 0.01) 24 h
before exposure to radiation (10 Gy). B, isobologram analysis of the observed data from
the combination of CV706 and radiation. The concentration that produced IC50 is
expressed as 1.0 in the ordinate and the abscissa of the isobologram. Y axis, CV706 (IC50);
X axis, radiation (IC50).
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Fig. 2. One-step growth curve of CV706 (MOI, 0.1) in human prostate cancer LNCaP
cells with (f) or without (F) radiation (10 Gy).

were no significant differences in cytotoxic activity between cells
treated with radiation before infection or after infection with CV706
(data not shown).
Isobolograms were generated from the modes to determine the
presence of synergy, additivity, or antagonism between CV706 and
radiation. Dose-response curve analysis indicated that the IC50 at day
7 in LNCaP cells for CV706 and radiation was 0.028 MOI and 7.57
Gy, respectively. Fig. 1B shows isobologram representation of the
statistical modeling used to analyze the interaction between CV706
and radiation. The combined data points fell to the left of the envelope
of additivity, indicating sequential exposure to CV706 followed by
radiation produced synergistic cytotoxicity. The enhanced cytotoxicity was also observed in LNCaP cells when CV787, a second prostatespecific adenovirus variant, was combined with radiation (data not
shown). Taken together, our in vitro data demonstrate that prostatespecific adenovirus variants in combination with radiation produce
synergistic cell cytotoxicity in prostate carcinoma LNCaP cells.
Radiation Increases CV706 Burst Size in LNCaP Cells. To
examine the effect of radiation on virus replication, we performed a
one-step growth curve experiment. LNCaP cells were infected with
CV706 at an MOI of 0.1 for 24 h, followed by radiation at a dose of
10 Gy. Cells were harvested at various times after infection, and the
number of infectious virus particles was determined on 293 cells by
standard plaque assay (14). As shown in Fig. 2, cells treated with
CV706 plus radiation produced a larger burst size, although the initial
rate of increase of CV706 in cells treated with combined CV706 and
radiation was similar to that of cells treated with CV706 alone; e.g.,
cells treated with CV706 plus radiation produced 8000 PFU/cell 9
days after infection, whereas cells infected with CV706 alone generated about 500 PFU/cell at this time point (Fig. 2). Combination
treatment with radiation and CV706 at MOIs of 0.01 or 1 also resulted
in larger virus burst sizes. Cells treated with CV706 alone at MOIs of
0.01 and 1 produced 15 and 3500 PFU/cell, respectively, whereas
cells treated with the same doses of CV706 combined with radiation
produced 4750 and 8700 PFU/cell, respectively, 9 days after virus
infection (data not shown). This observation was confirmed by quantitative PCR, which determines the number of copies of CV706
genome (data not shown). Thus, rather than inhibiting CV706 replication, the addition of radiation significantly increased virus propagation.
Cytotoxicity of CV706 in Combination with Radiation Does Not
Alter Viral Specificity to Prostate Cancer Cells. To evaluate
whether the addition of radiation could change the specificity of

CV706-mediated cytotoxicity, we assessed the specificity of the combination treatment of CV706 and radiation by measuring the viability
of various infected cell lines using the MTT assay. LNCaP, HBL-100,
and OVCAR-3 cells were infected with CV706 at an MOI of 0.01 for
24 h, followed by a single dose of radiation at 10 Gy. The percentage
of cell viability versus time after treatment was plotted in Fig. 3. The
combination of CV706 and radiation was toxic to LNCaP cells but not
to HBL-100 and OVCAR-3 cells. There were few surviving LNCaP
cells 9 days after infection. In contrast, the viability of HBL-100 and
OVCAR-3 cells treated with CV706 and radiation remained at ⬎90%
throughout the course of the experiment, similar to that of cells treated
with radiation alone. These data demonstrate that combination with
radiation does not alter the specificity of CV706 for PSA(⫹) cells.
Synergistic Efficacy of CV706 in Combination with Radiation
in Vivo. The in vivo antitumor efficacy of CV706 in combination with
radiation was assessed in the LNCaP mouse xenograft model. We
have shown previously (12) that a single intratumoral administration
of CV706 at 5 ⫻ 108 particles/mm3 of tumor can eliminate s.c.
xenograft tumors in 6 weeks. Established human prostate cancer
xenografts (LNCaP cells) were treated with either vehicle, CV706
(1 ⫻ 107 particles/mm3; a 50-fold lower dose), radiation (10 Gy), or
both CV706 and radiation. For the combination treatment, animals
were i.t. injected with CV706, and 24 h later, animals received a
single dose of radiation. In this study, a single dose of 10 Gy was used
because it caused a tumor growth delay in a previous pilot study. The
dose of 1 ⫻ 107 CV706 particles/mm3 of tumor was selected to
produce a modest antitumor effect, based on our previous studies of
antitumor efficacy (14).
The tumor volume data presented in Fig. 4A shows that there was
a significant decrease in tumor volume between control and all of the
treatment groups. In all of the cases, although a single dose of CV706
or radiation was effective in producing tumor growth inhibition, the
combination of the two showed significantly greater tumor regression;
e.g., tumor volume of the group treated with radiation (10 Gy) was
120% of baseline 6 weeks after treatment, and the tumor volume of
the group treated with CV706 was 97% of baseline at this time point.
However, when the same dose of CV706 was followed 24 h later with
the same dose of radiation, a statistically significant drop in the
relative tumor volume to 4% of baseline was observed (P ⬍ 0.01; Fig.
4A). Twelve weeks after treatment, no visual tumors were observed in
the group of animals that received a combination treatment of CV706
plus radiation, whereas tumor volume of the group treated with

Fig. 3. Effect of radiation on the replication-mediated cytotoxicity of CV706. LNCaP,
HBL-100, and OVCAR-3 cells were infected with CV706 (MOI, 0.01) 24 h before
exposure to radiation (10 Gy). Cell viability was determined by MTT assay; error bars
equal the SE.
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Fig. 4. In vivo efficacy of i.t. administered CV706 and radiation against nude mouse
LNCaP xenografts. A, tumor volume of LNCaP xenografts treated with either vehicle (䉬),
CV706 alone (1 ⫻ 107 particles/mm3 of tumor; F), radiation alone (10 Gy; ‚), CV706
(1 ⫻ 107 particles/mm3 of tumor) on day 0 plus radiation (10 Gy) on day 1 (f), CV706
on day 0 plus radiation on day 4 (line), or CV706 on day 0 plus radiation on day 7 (cross
line). B, serum PSA values in the mice treated with either vehicle, CV706 (1 ⫻ 107
particles/mm3 of tumor), radiation (10 Gy), or CV706 (1 ⫻ 107 particles/mm3 of tumor)
on day 0 plus radiation (10 Gy) on day 1. Groups consisted of eight mice each.

Table 1 summarizes the relative tumor volume of control and
treated groups at six different time points. Combination treatment
demonstrated greater than an additive effect on tumor growth inhibition at all of the time points studied after day 7. On day 21, there was
a 2-fold improvement in antitumor activity in the combination group
when compared with the expected additive effect. At this time point,
CV706 and radiation (10 Gy) individually inhibited tumor growth by
26% and 34%, respectively (fractional tumor volumes of 0.7419 and
0.6645, respectively) when compared with the control group. A simple additive effect would predict a fractional tumor volume of 0.4930
from combination treatment (51% tumor inhibition), whereas treatment with CV706 plus radiation resulted in an average measured
fractional volume of 0.2452, representing a 75% inhibition. This
antitumor activity further improved with time. On day 42, the group
treated with the combination of CV706 and radiation showed a
6.7-fold greater inhibition of tumor growth over that expected from an
additive effect alone (Table 1). These observations further support the
conclusion of synergy between CV706 and radiation in the eradication
of LNCaP xenografts.
Enhanced antitumor efficacy was also observed in the animal
model in which the prostate cancer tumors are implanted in hind limb
of mice. In this study, tumors were produced by inoculation of
1 ⫻ 106 cells into limb muscle. When the tumors attained a volume
of 200 mm3 to 300 mm3, the mice were randomized into four groups
and treated as described above for back tumors. As before, the weekly
tumor volume measurements showed that combination treatment with
CV706 plus radiation led to significant antitumor activity in comparison with either CV706 or radiation alone. Tumor volume of the group
treated only with radiation (20 Gy) was 70% of baseline 4 weeks after
treatment, whereas the tumor volume of the group treated solely with
CV706 (5 ⫻ 107 particle/mm3 of tumor) was 75% of baseline at this
time point. However, when CV706 was combined with radiation at
these dose levels, the tumor volume dropped to 8% of baseline (data
not shown).
A series of experiments was then designed to examine the effects of
various factors, including the temporal sequence of the two agents, the
timing of radiation after virus administration, and radiation fractionation. The effect of order of administration for the tested agents was
examined in an in vivo study using the back tumor xenograft model.
LNCaP xenografts were irradiated either 24 h before or after CV706
administration. Tumor volume (measured weekly) indicated that treatment with CV706 before radiation was superior to radiation followed
by CV706 within the first 6 weeks; however, the difference became
insignificant 8 weeks after treatment (data not shown).
The second study was designed to evaluate the timing of radiation
after virus administration. Tumors were treated with CV706 at day 0
and followed by radiation at various time points. The results indicated
similar antitumor efficacy when tumors treated with CV706 at day 0
Table 1 Combination treatment with CV706 and radiation
FTV relative to untreated controlsa

radiation was 510% of baseline and the tumor volume of the group
treated with CV706 was 86% of baseline at this time point (data not
shown). Serum PSA levels were also monitored in the mice to assess
antitumor efficacy. The mean PSA level in mice receiving vehicle
treatment increased to 370% of baseline after 6 weeks. In mice treated
with radiation (10 Gy) alone, PSA increased only to 139% of baseline
after 6 weeks, and PSA was reduced to 84% of baseline 6 weeks after
treatment with CV706 (1 ⫻ 107 particles/mm3) alone. In contrast,
PSA levels in mice treated with CV706 plus radiation decreased
substantially by 1 week after treatment and reached less than 1% of
baseline within 6 weeks.

Combination treatment
Day
7
14
21
28
35
42

b

CV706

Irradiation

Expectedc

Observed

Ratio of expected
FTV/observed FTVd

0.9070
0.7910
0.7419
0.5144
0.4667
0.3943

0.7752
0.7537
0.6645
0.5481
0.4762
0.4837

0.7031
0.5962
0.4930
0.2819
0.2222
0.1907

0.4806
0.3280
0.2452
0.1683
0.0905
0.0285

1.46
1.82
2.01
1.66
2.46
6.69

a

FTV (mean tumor volume experimental)/(mean tumor volume control).
Day after tumors treated with agents.
(mean FTV of CV706) ⫻ (mean FTV of radiation).
d
Obtained by dividing the expected FTV by the observed FTV. A ratio of ⬎1 indicates
a synergistic effect, and a ratio of ⬍1 indicates a less than additive effect.
b
c
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were followed by radiation either 1 day or 4 days after virus administration; both treatments eliminated tumors within 6 weeks of treatment (Fig. 4A). However, the antitumor activity was decreased when
the tumors were treated with radiation 7 days after CV706 administration (Fig. 4A).
The third study was designed to assess the effect of radiation
fractionation on antitumor efficacy. Animals with human prostate
cancer tumors on their backs were randomized into five groups. Two
groups were treated with either CV706 on day 0, followed by a single
dose of radiation at 10 Gy on day 1, or CV706 on day 0, followed by
four fractional doses of radiation at 2.5 Gy on days 1, 3, 6, and 8, to
provide a cumulative dose of 10 Gy. Tumor volume data, measured
weekly, indicated that both treatments eliminated preexisting tumors
6 weeks after treatment and produced comparable synergistic antitumor activity when compared with either agent alone. No significant
difference in antitumor efficacy was observed between these two
virus/radiation combination groups as long as the total doses of
radiation were comparable (data not shown).
Synergistic antitumor efficacy of CV706 in combination with radiation was further documented by histological analysis of the tumors.
More necrotic cells were observed in the tumors treated with CV706
plus radiation than those treated with either agent alone (Table 2; and
Fig. 5, A and B). The amount of necrosis in tumors treated with
CV706 alone was higher than that seen in the control tumors or in the
tumors treated with radiation alone. Evidence of necrosis and multifocal inflammation was observed in a small portion of tumors treated
with radiation. In the tumors treated with both CV706 and radiation,
only a few virus-infected cells were detected (Fig. 5A, Panel R). Most
of the cells in the sections were empty and virtually devoid of cellular
content. A significant increase in the extent of necrosis was the
dominant histological feature, which involved about 95% of the tumor
mass in this treatment group (Fig. 5A, Panel R). The average necrosis
scores in a 400⫻ magnification of the tumors treated with vehicle,
radiation, CV706, or CV706 plus radiation were 5.4 ⫾ 2.2,
67.0 ⫾ 48.2, 258.2 ⫾ 80.8, and 461.6 ⫾ 37.9, respectively (Table 2).
The presence of mass necrosis in the tumors treated with CV706 or
CV706 plus radiation verifies the in vivo antitumor efficacy based on
tumor volume analysis. Analysis of the necrosis data by a Student t
test revealed that tumor cell necrosis induced by CV706 in combination with radiation was significantly greater than by CV706
(P ⬍ 0.03) or radiation alone (P ⬍ 0.0001). Likewise, a significantly
greater number of apoptotic cells were observed in the treated tumors
(Table 2). The number of apoptotic cells detected using TUNEL assay
(22, 23) in the tumors treated with CV706 and radiation was 16.7-fold
higher than with vehicle, 8.8-fold higher than with radiation alone,
and 3.2-fold higher than with CV706 alone (Table 2).
Additionally, we observed a significant reduction in the number of
blood vessels in the tumors treated with CV706 in combination with
radiation, as shown in Fig. 5B. The average number of blood vessels
observed at a magnification of 400⫻ in tumors treated with vehicle,

Table 2 Effect of CV706, radiation, or both on necrosis, apoptosis, and vascularization
in LNCaP tumor xenografts
LNCaP tumor-bearing animals were treated with CV706 (i.t. administration of 1 ⫻ 107
particles/mm3 of tumor), radiation (local tumor radiation at a dose of 10 Gy), or both as
described in “Materials and Methods.” Tumor samples were harvested 14 days after
treatment and analyzed by histological staining (H&E for necrosis and blood vessel and
immunohistochemical staining with anti-CD31 antibody for angiogenesis) and TUNEL
assay (for apoptotic cells). Groups consisted of six mice each.
Treatment

Necrosis

Blood vessel

CD31⫹ cells

Apoptosis

Vehicle
CV706
Radiation
CV706 ⫹ Radiation

5.4 ⫾ 2.2
258.2 ⫾ 80.8
67.1 ⫾ 48.2
461.6 ⫾ 37.9

87.5 ⫾ 6.3
58.5 ⫾ 3.1
27.5 ⫾ 8.9
4.5 ⫾ 1.9

33.7 ⫾ 8.2
14.8 ⫾ 3.9
20.6 ⫾ 7.3
8.4 ⫾ 2.7

4.7 ⫾ 1.2
24.6 ⫾ 7.2
8.9 ⫾ 2.2
78.3 ⫾ 12.2

CV706, radiation, or the combination of CV706 and radiation was
87.5 ⫾ 6.3, 27.5 ⫾ 8.9, 58.5 ⫾ 3.1, and 4.5 ⫾ 1.9, respectively (Table
2). Significantly reduced numbers of blood vessels in tumors treated
with combination in comparison with CV706 alone or radiation alone
(P ⬍ 0.01) suggest that the reduction of tumor vascularization may
contribute to enhanced tumor regression. It is unclear at this time as
to the precise mechanism by which this reduction in blood vessel
number is achieved. This can result either through direct damage of
endothelial cells or through the destruction of tumor vasculature by
extensive necrosis indirectly. CD31 is expressed constitutively on the
surface of adult and embryonic endothelial cells and has been used as
a marker to detect angiogenesis (24, 25). Immunohistochemical staining was performed to examine the effect of virus and radiation
treatment on tumor angiogenesis by using a monoclonal antibody
against CD31 (26). Tumors treated with CV706 followed by radiation
showed a significantly lower level of CD31-positive cells when compared with tumors treated with either radiation (P ⫽ 0.003) or CV706
alone (P ⫽ 0.03; Table 2). When compared with untreated mice,
CV706/radiation treated mice exhibited significantly lower (4.0-fold)
CD31-positive blood cells (P ⬍ 0.0001), whereas radiation-treated or
CV706-treated mice displayed 1.6-fold (P ⫽ 0.03) or 2.3-fold
(P ⫽ 0.004) lower CD31-positive blood vessels. These observations
suggest that CV706 in combination with radiation may be inhibiting
tumor angiogenesis to a significant extent.
Finally, combination treatment of virus and radiation does not seem
to impair the general health of the treated animals in comparison to the
treatment with either virus or radiation alone. The quality of life of the
animals seemed to be greatly improved, as evidenced by both general
appearance and a significant gain in body weight. Indeed, animals
treated with both CV706 and radiation gained 38% more weight than
untreated control animals, 22% more than CV706-treated animals,
and 25% more than radiation-treated animals (Table 3). The combination treatment was also found to protect the animals from the
transient weight loss observed in the case of animals treated with
radiation alone (Table 3).
DISCUSSION
Although radiation is capable of permanently eradicating localized
prostate tumors, as many as 40% of patients with clinically localized
prostate cancer treated with potentially curative doses of standard,
external beam radiation relapse at the site of the irradiated tumors
within 5 years (3, 6, 8). Specifically, the eradication of locally advanced or high-risk prostate cancer with radiation has proven more
difficult than believed previously (5). A modest increase in efficacy
can be achieved by increasing the radiation dose, but this approach is
limited by a concomitant increase in toxicity (5). Thus, a relatively
nontoxic means of enhancing radiosensitivity could represent a useful
clinical approach. The results presented above demonstrate that substantial synergy can be achieved when radiation treatment is complemented with a tumor-specific oncolytic virus.
Initial in vitro experiments in LNCaP prostate cancer cells demonstrated synergistic cytotoxicity when CV706 was combined with
radiation. LNCaP cells treated with CV706 plus radiation had significantly decreased viability compared to cells treated with either agent
alone. Surprisingly, LNCaP cells treated with CV706 plus radiation
exhibited a greater burst size, suggesting that radiation treatment
enhanced viral replication. Importantly, the addition of radiation to the
cells treated with CV706 did not alter the specificity of replicationmediated cytotoxicity for PSA(⫹) cells. Thus, the CV706-radiation
treatment retains the inherent high selectivity of the CV706 virus.
The in vitro demonstration of synergistic antitumor efficacy of
combination therapy with CV706 and radiation was supported by
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Fig. 5. Histological analysis of LNCaP tumors. LNCaP xenografts were treated with vehicle, CV706 alone (1 ⫻ 107 particles/mm3 of tumor), radiation (10 Gy), or CV706 on day
0 plus radiation on day 1 and harvested on day 14 for histological analysis. A, immunohistochemical staining with anti-adenovirus polyclonal antibodies. B, H&E staining for blood
vessels and necrotic cells. Representative histological features of LNCaP tumors at 400⫻ magnification were documented. Adenovirus-infected cells stain dark blue as indicated by
a filled arrow, blood vessels as indicated by a double arrow, and necrotic cells as indicated by the open arrow.
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Table 3 Relative body weight of animals bearing LNCaP tumor xenografts
Groups consisted of eight animals treated with either vehicle, CV706 (1 ⫻ 107
particles/mm3 of tumor), radiation (10 Gy), or CV706 plus radiation as described in the
legend of Figure 4.
Treatment

Week 0

Week 1

Week 4

Week 6

Vehicle
CV706
Radiation
CV706 ⫹ Radiation

100
100
100
100

97.2
101.3
96.9
105.7

92.4
106.5
105.7
126.4

96.3
112.9
109.2
134.7

comparable synergy in the in vivo LNCaP xenograft model. Previous
in vivo studies have demonstrated that large prostate tumors were
completely eliminated within 6 weeks by a single i.t. administration of
CV706 at a dose 5 ⫻ 108 particles/mm3 of tumor (12, 14, 27). When
combined with radiation (10 Gy), comparable eradication of tumors
was observed with a 50-fold lower dose of virus (1 ⫻ 107 particles/
mm3). Under similar conditions, this dose of CV706 or radiation alone
could only inhibit further tumor growth, but neither agent resulted in
tumor eradication. Statistical analysis of the in vivo studies indicated
that the CV706 and radiation combination resulted in significant
antitumor synergy, with a 1.5– 6.7-fold greater inhibition of tumor
growth than expected from a simple additive effect during whole
treatment period (Table 1). Subsequent studies have shown that similar synergistic antitumor efficacy can be achieved when 1 ⫻ 107
particles of CV706 are combined with only 5-Gy radiation (data not
shown). Additional in vivo studies are in progress to determine the
effective minimum dose of CV706 in combination with radiation
required for complete regression of tumors in this xenotransplant
model.
The timing of radiation after virus administration was found to be
critical. The antitumor activity was decreased when the tumors were
treated with radiation 7 days after CV706 administration, although no
difference in antitumor effect was observed when the radiation was
given 1 day or 4 days after CV706 injection. Conventional radiation
therapy for localized prostate cancer in the clinic is delivered by a
fractionated radiation schema. This is one fraction of radiation/day, 5
days/week. Our in vivo study indicated that no significant difference
in antitumor efficacy was observed when tumors were treated with
CV706 and a single dose of radiation or four doses of radiation as long
as the total dose of radiation was the same. This is particularly
interesting because the fractionated radiation protocol used in this
study is actually less biologically effective in killing tumor clones
than the single radiation dose fraction, yet it provided similar tumor
control. In addition, fractionated radiation therapy is known to cause
less damage to normal tissues when compared with radiation given in
only one or several large fractions. The data from this study suggest
that it may be possible to use less total radiation to control tumors if
CV706 is given concomitantly, demising the risk of radiation-induced
injury to normal tissues and thereby improving the therapeutic ratio.
This hypothesis will require further study to verify.
A preliminary assessment of the synergistic activity of CV706 plus
radiation treatment reveals several mechanistic possibilities. First, as
mentioned above, radiation at the synergistic dose significantly increases virus replication. A one-step growth curve study showed that
radiation significantly increased the burst size of CV706 in LNCaP
cells without altering the kinetics of virus replication (Fig. 2). The
burst size of CV706 in LNCaP cells treated with CV706 for 24 h
followed by radiation was 500-fold higher than that in cells treated
with CV706 (0.01 MOI) alone (Fig. 2; and data not shown). Radiation
kills mammalian cells by inducing a reproductive (also known as
mitotic) cell death, apoptotic death pathways, and by breaking DNA
strands. Most radiation-induced DNA double-stranded breaks are
rapidly repaired by constitutively expressed DNA repair mechanisms

(28). DNA repair becomes more active in irradiated cells, potentially
allowing for greater replication/multiplication of the episomal adenoviral DNA. Because of its small target size, the adenoviral genome (36
kb) is far less likely to sustain radiation-induced damage because it is
105-fold smaller than that of the DNA in human cells (3 ⫻ 106 kb).
Therefore, the more active cellular DNA synthesis machinery in the
irradiated cells may facilitate viral DNA synthesis and virus replication. Secondly, CV706 may be augmenting the antitumor activity of
radiation. The adenovirus E1A gene is the only viral gene expressed
during the first 2.5 h of infection and encodes a multifunctional
transcriptional factor also known to induce apoptosis (29, 30). It is
believed that the adenovirus E1A gene product represents a potent
inducer of chemosensitivity and radiosensitivity through both p53dependent and independent mechanisms. Malignant tumors, when
expressing adenovirus E1A, are very sensitive to treatment with
DNA-damaging agents in vivo, including radiation (17, 31–33). The
histological features, which included intravascular thrombosis and
massive necrosis positioned more centrally within tumors (data not
shown), support the involvement of the vascular effect on tumor
reduction. This seems to be in agreement with a recent finding (34)
that inhibition of angiogenesis leads to increased tumor radioresponse.
Indeed, CV706 in combination with radiation induced a significant
reduction of CD31-positive cells in blood vessels, indicating a potential antiangiogenic effect of the combination treatment (24, 25).
Recently, a similar effect of radiation was reported when a colon
cancer-specific replication competent adenovirus variant was combined with radiation in colon tumor cells (Dr. William Wold, CapCure
Gene Therapy Summit 2001). Additionally, a replication-selective
adenovirus, ONYX-015, in combination with radiation was also
shown to have a greater effect than either individual modality (35).
Thus, it is suggesting that the combination of adenovirus-based therapy with radiation for the cancer treatment appears to be promising.
Combination therapy using cytotoxic agents with differing mechanisms of action is a mainstay of oncology treatment, because it
affords several important advantages not achievable with single-agent
treatment, including: maximal cell kill within the range of toxicity
tolerated by the patient for each agent (assuming dosing is not compromised); a broader range of interactions between the therapeutic
modalities and tumor cells with different genetic abnormalities (in a
heterogeneous tumor population); and the potential for preventing or
slowing the development of treatment resistance (36). As demonstrated here, radiation can be successfully combined with cytolytic
adenoviral therapy because it increases virus replication. In addition,
the damaging effects are primarily limited to the irradiated host cell.
In human prostate tumor xenografts, at least 50 times less CV706 is
required to eliminate preexisting tumors in the combination treatment
compared with single treatment. Moreover, combination treatment
leads to significantly increased necrosis and a significant decrease in
tumoral blood vessels and angiogenesis. Finally, no additional toxicities were noted from the combined treatment. In fact, the animals
receiving combination treatment appeared healthier than those treated
with radiation alone, as judged by a significant weight gain compared
with the groups treated with either agent alone. If these results are
replicated in human studies, it opens the potential of improved treatments for localized prostate cancer, offering enhanced efficacy while
minimizing toxicity.
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