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We are interested in developing oncolytic adenoviruses for 
the treatment of prostate cancer (PCa) bone metastases. A 
key limitation of Adenovirus 5 (Ad5) is that upon systemic 
administration, it produces major liver and systemic toxic-
ities. To address this issue, a chimaeric Ad5/48 adenovirus 
mHAd.sTβRFc was created. Seven hypervariable regions 
of Ad5 hexon present in Ad5-based Ad.sTβRFc express-
ing soluble transforming growth factor beta receptorII-
Fc fusion protein (sTGβRIIFc), were replaced by those of 
Ad48. mHAd.sTβRFc, like Ad.sTβRFc, was replication com-
petent in the human PCa cells, and produced high levels 
of sTGβRIIFc expression. Compared to Ad.sTβRFc, the sys-
temic delivery of mHAd.sTβRFc in nude mice resulted in 
much reduced systemic toxicity, and reduced liver seques-
tration. Ad.sTβRFc produced significant liver necrosis, and 
increases in alanine transaminase, aspartate transaminase, 
lactate dehydrogenase, tumor necrosis factor-α, and 
interleukin-6 levels, while mHAd.sTβRFc produced much 
reduced responses of these markers. Intravenous delivery 
of Ad.sTβRFc or mHAd.sTβRFc (5  ×  1010 viral particles/
mouse) in nude mice bearing PC-3-luc PCa bone metas-
tases produced inhibition of bone metastases. Moreover, 
a larger dose of the mHAd.sTβRFc (4 × 1011 viral particles 
/mouse) was also effective in inhibiting bone metastases. 
Thus, mHAd.sTβRFc could be developed for the treat-
ment of PCa bone metastases.
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publication 27 May 2014. doi:10.1038/mt.2014.80

INTRODUCTION
In the United States, prostate cancer (PCa) is the second leading 
cause of cancer-related deaths among men. During the advanced 

stages of PCa, a majority of the patients develop bone metastases 
and suffer from skeletal-related events resulting in morbidity and 
mortality.1 Androgen-deprivation therapy and chemotherapy are 
usually insufficient for patients with metastatic castration-resistant 
PCa.2,3 Bisphosphonates, such as zoledronic acid can bind with 
bone mineral, and inhibit bone resorption in order to relieve pain 
and tumor-induced hypercalcemia.4 Denosumab, a human mono-
clonal antibody against receptor activator of nuclear factor kappa-
B ligand (RANKL), can improve bone density and suppress bone 
turnover by inhibiting osteoclast-mediated bone destruction.5,6 In 
spite of these new modalities of treatment,  skeletal-related events 
continue to occur, albeit at a reduced rate, and it is not clear if they 
can help castration-resistant PCa patients live longer. Towards 
that end, there is an urgent need to develop novel therapies for 
bone metastases of PCa, with the hope of improving patients’ 
overall survival.7

In recent years adenoviruses have emerged as promising vec-
tors for cancer gene therapy.8–15 However, their clinical application 
in targeting bone metastasis is not yet described.16 To target PCa 
bone metastases, we wish to develop oncolytic adenoviruses that 
will kill PCa cells, and will simultaneously inhibit signaling path-
ways that promote bone metastasis. We have previously studied 
Ad.sTβRFc, an Adenovirus 5 (Ad5)-based oncolytic virus express-
ing soluble transforming growth factor beta receptorII-Fc fusion 
protein (sTGβRIIFc) that can inhibit TGFβ signaling;17 aberrant 
TGFβ signaling is known to promote bone metastases in PCa.17–19

For targeting bone metastases, the prefered route to deliver 
adenoviral vectors would be via systemic administration. A key 
limitation in the use of Ad5-based adenoviruses is that, upon sys-
temic administration, a majority of the virus is taken up by the 
liver, producing severe hepatic damage, innate immune response, 
and systemic toxicity.20–28 Upon systemic delivery of Ad5 in mice, 
the viral hexon protein can bind with blood coagulation Factor 
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X (FX), and Ad5-FX complex is taken up by the liver via hepa-
rin sulfate proteoglycan present on the hepatocytes.29–33 However, 
Ad48 hexon has poor binding affinity for FX, and therefore, Ad48 
and chimaeric Ad5/48 hexon adenoviruses have reduced hepatic 
uptake.29–33 With the goal of developing oncolytic adenoviruses 
which upon systemic delivery will bypass the hepatic uptake, 
we have now created a chimaeric oncolytic adenovirus, mHAd.
sTβRFc, in which seven hypervariable regions of Ad.sTβRFc were 
substituted with the corresponding sequence of Ad48. The goals 
of this study were to examine: (i) if the mHAd.sTβRFc is repli-
cation competent in PCa cells, and produces sTGFRIIFc protein, 
(ii) if upon systemic delivery, mHAd.sTβRFc will have reduced 
hepatic uptake, producing minimum hepatic and systemic toxic-
ity, and (iii) if mHAd.sTβRFc will be effective in inhibiting the 
skeletal metastases, and the tumor-induced bone destruction in 
a PCa bone metastasis model in mice. The results indicate that, 
mHAd.sTβRFc exhibits reduced toxicity in mice, and is effective 
in inhibiting the bone metastases.

RESULTS
Construction of hexon-chimaeric oncolytic 
adenovirus mHAd.sTβRFc, and mHAd.sTβRFc 
replication, virus-induced cytotoxicity and sTGFβRIIFc 
protein expression in PCa cell lines
A hexon-chimaeric mHAd.sTβRFc, in which the seven hyper-
variable regions of Ad5 were substituted with the correspond-
ing sequence of Ad48, was constructed using dl01/07 backbone 
(Figure 1a). dl01/07, an adenoviral mutant, has two deletions in 
E1A region, one deletion is 4–25 amino acids (dl01), and the sec-
ond deletion is 111–123 amino acids (dl07).34 The resultant E1A 
proteins cannot bind with p300/CBP or pRb proteins. Therefore, 
in primary cells, dl01/07 is not effective for S-phase induction, 
and the adenovirus can not replicate. However, cancer cells are 
able to progress to S phase, thus permitting virus replication in 
these cells.34 The replication potential of mHAd.sTβRFc and the 
vector-induced sTGFβRIIFc expression was examined in two 
human PCa cell lines, PC-3 and DU-145, and a mouse PCa cell 
line TRAMP-C2. In PC-3 and DU-145 cell lines, viral titers of 
mHAd.sTβRFc and Ad.sTβRFc were about 5,000-times higher 
than that of a replication-deficient adenovirus Ad(E1-).Null, 
but in TRAMP-C2, much reduced viral replication was detected 
(Figure 1b). Both mHAd.sTβRFc and Ad.sTβRFc produced a 
similar dose-dependent cytotoxicity in PC-3 cells (Figure 1c). 
On the basis of IC50 values (viral dose required to kill 50% of 
the cells), mHAd.sTβRFc and Ad.sTβRFc were about 60- and 
100-fold, respectively, more toxic than Ad(E1-).Null. Similar 
cytotoxicity results were also observed in DU-145 cells (data 
not shown). In TRAMP-C2 cells, minimum cell cytotoxicity 
was produced by all viruses (data not shown). Infection of the 
three PCa cell lines by mHAd.sTβRFc and Ad.sTβRFc produced 
sTGFβRIIFc protein which could be detected in both the media, 
and the cell lysates (Figure 1d); mHAd.sTβRFc and Ad.sTβRFc 
produced similar levels of sTGFβRIIFc protein (1–10  µg/ml) 
in each cell type (Figure 1e). These results suggest that mHAd.
sTβRFc and Ad.sTβRFc induce similar viral replication, cyto-
toxicity and sTGFβRIIFc expression in human prostate tumor 
cells.

Systemic administration of mHAd.sTβRFc in nude 
mice exhibits reduced systemic toxicity, reduced 
hepatotoxicity, reduced uptake in the liver and 
spleen, and attenuated innate immune response
To investigate the toxicity of mHAd.sTβRFc and Ad.sTβRFc, 
viral vectors were injected into nude mice via tail vein with dif-
ferent doses (low dose (LD) = 2.5 × 1010 viral particles (VPs)/
mouse, medium dose (MD) = 1.0 × 1011 VPs/mouse, and a high 
dose (HD) = 2.0 × 1011 VPs/mouse). Mice were monitored for 
3  days for their body weight and signs of morbidity. The HD 
of Ad.sTβRFc resulted in the death of animals within 24 hours, 
and, hence, could not be further analyzed. By day 3, only the MD 
of Ad.sTβRFc produced significant body weight loss (P < 0.01) 
(Figure 2a). On day 3, livers in all the Ad.sTβRFc groups had 
a pale/yellow appearance, while livers from the mHAd.sTβRFc 
and the buffer-treated groups had the normal bright red 
appearance (Figure 2b, top panel). Both the LD and the MD 
of Ad.sTβRFc produced liver necrosis, while no distinct mor-
phological changes were observed in any of the mHAd.sTβRFc-
treated groups (Figure 2b, second panel from top). Serum 
alanine transaminase and aspartate transaminase levels in each 
of the Ad.sTβRFc groups were significantly higher than those in 
the corresponding mHAd.sTβRFc groups (LD: P  <  0.05; MD: 
P  <  0.001) (Figure  2c,d). These results indicate that systemic 
administration of mHAd.sTβRFc could produce much reduced 
hepatic damage compared to Ad.sTβRFc.

To investigate, if the adenovirus-induced hepato- toxicity 
is associated with the increased viral uptake in the liver, 
adenoviral uptake in the liver was examined by quantifying 
viral genomic DNA in the liver, and the adenovirus-medi-
ated sTGFβRIIFc expression. Viral DNA copy number in the 
mHAd.sTβRFc groups was significantly lower than in the 
Ad.sTβRFc groups (LD: P  <  0.05, MD: P  <  0.01; Ad.sTβRFc 
MD versus mHAd.sTβRFc HD: P < 0.01) (Figure 2e). In mice 
that received Ad.sTβRFc, a large number of liver cells produced 
sTGFβRIIFc (brown stained cells); while the comparable viral 
dose of mHAd.sTβRFc produced sTGFβRIIFc in much fewer 
liver cells (Figure 2b, third panel from top), suggesting that 
hexon modification resulted in the reduced hepatic uptake 
of mHAd.sTβRFc. Furthermore, serum sTGFβRIIFc protein 
levels in mHAd.sTβRFc groups were also lower than those in 
Ad.sTβRFc groups, when compared with the similar viral dose 
(data not shown). Ad.sTβRFc also produced a dose-dependent 
increase in the sTGFβRIIFc expressing spleen cells, and the 
corresponding dose of mHAd.sTβRFc produced much fewer 
sTGFβRIIFc-expressing cells (Figure 2b, lowest panel). These 
results indicated that unlike Ad.sTβRFc, the mHAd.sTβRFc is 
not as readily targeted to the spleen, and the findings were con-
sistent with the previous observations that Ad5-FX complexes 
can also be taken up by the spleen.35

To examine the effects of mHAd.sTβRFc and Ad.sTβRFc on 
the liver Kupffer cell necrosis and the innate immune responses, 
the serum lactate dehydrogenase (LDH), tumor necrosis factor-α 
(TNF-α) and interleukin-6 (IL-6) levels were measured at 1 hour 
and at 48  hours after intravenous administration in nude mice. 
One hour after Ad.sTβRFc injection, both LD and MD pro-
duced significant increase in the LDH activity (LD, P < 0.01; MD, 
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P < 0.001) (Figure 3a); however, at 1 hour, only MD and HD of 
mHAd.sTβRFc produced significant increases in LDH (P < 0.001) 
(Figure 3a). Since, a rapid rise in serum LDH is a marker of early 
Kupffer cell necrosis,27 the findings suggested that the LD and 
the MD of Ad.sTβRFc, and the MD and HD of mHAd.sTβRFc 
can induce rapid Kupffer cell necrosis. While the serum LDH 
levels remained much higher in Ad.sTβRFc-treated mice (LD, 
P  <  0.001; MD, P  <  0.001) (Figure 3b), at 48  hours the serum 
LDH in any of the mHAd.sTβRFc-treated groups were not signifi-
cantly higher (Figure 3b). The high serum LDH levels at 48 hours 
likely reflect a more significant tissue damage (e.g., liver damage) 

by Ad.sTβRFc, while it was significantly attenuated in mHAd.
sTβRFc-treated mice.

Serum TNF-α (an early alarm response cytokine) levels were 
significantly increased in both the Ad.sTβRFc-treated groups (LD: 
P < 0.05; MD: P < 0.01) at 1 hour following intravenous adminis-
tration, and were sustained till 48 hours (P < 0.001). However, none 
of mHAd.sTβRFc groups demonstrated any significant changes in 
TNF-α levels at either 1 hour (a small increase in  TNF-α levels was 
observed at 1 hour that did not reach significance) (Figure 3c), 
or at 48  hours (Figure 3d). Serum IL-6 (an NF-kB-dependent 
proinflammatory cytokine) level was significantly increased at 

Figure 1  Construction of hexon-chimaeric adenovirus mHAd.sTβRFc, mHAd.sTβRFc replication, mHAd.sTβRFc-induced cytotoxicity, and 
expression of sTGFβRIIFc protein in PCa cells. (a) Construction of mHAd.sTβRFc. The Ad48 hexon sequence in pcDNA3-hxn between ApaI and 
HpaI restriction sites was exchanged for a corresponding Ad5 hexon sequence in PTG01/07 with two deletions in the E1A region.33 The sTGFβRIIFc 
gene was cloned in the E3 region, but the adenoviral death protein sequence was left intact. (b) mHAd.sTβRFc replication in PCa cells. (c) mHAd.
sTβRFc-induced cytotoxicity in PC-3 cells. (d) mHAd.sTβRFc-mediated expression of sTGFβRIIFc protein in PCa cells by western blot. (e) mHAd.
sTβRFc-mediated expression of sTGFβRIIFc protein in PCa cells by ELISA.
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1 hour following the Ad.sTβRFc administration (MD) (P < 0.001) 
(Figure 3e), which was again sustained till 48  hours (P  <  0.05) 
(Figure 3f). However, in mHAd.sTβRFc-treated mice, a signifi-
cant increase in IL-6 level was observed only in the HD group 

at 1 hour (P < 0.01) (Figure 3e), and was reduced to basal levels 
by 48 hours (Figure 3f). Thus, compared to Ad.sTβRFc, mHAd.
sTβRFc elicits a weaker and transient innate immune response, 
which is resolved by 48 hours postviral injections.

Figure 2 Systemic administration of mHAd.sTβRFc produces reduced systemic toxicity, reduced hepatic toxicity, and reduced liver and spleen 
uptake. (a) Analysis of mice body weight 3 days after intravenous injection of viruses. Average body weight per group (n = 4) is plotted as the 
mean ± SEM. (b) Gross liver morphology (upper panel), H&E staining showing microscopic morphology of liver (second panel from top), and immu-
nohistochemistry staining of sTGFβRIIFc expression (third panel from top) in liver 3 days after intravenous injection of viruses, immunohistochemistry 
staining of sTGFβRIIFc expression in spleen 3 days after intravenous injection of viruses (lowest panel) (Scale bar = 300 µm). (c) Serum alanine trans-
aminase levels 3 days after intravenous injection of viruses (n = 4). (d) Serum aspartate transaminase levels 3 days after intravenous injection of viruses 
(n = 4). (e) Viral genomic copies in liver (n = 4) P value comparisons are shown for a, c, d, and e (*P < 0.05, **P < 0.01, ***P < 0.001), ++P < 0.01 for 
Ad.sTβRFc (MD) versus mHAd.sTβRFc (HD).
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Systemic administration of mHAd.sTβRFc produces 
viral replication and sTGFβRIIFc protein in the skeletal 
tumors, and inhibits bone metastases
Next, we investigated if following the systemic delivery of mHAd.
sTβRFc, the virus can be taken up by the skeletal tumors, and can 
inhibit bone metastasis in an animal model of PCa. PC-3-luc cells 
were inoculated in the left heart ventricle of male nude mice to 
produce skeletal metastases. Viral vectors were administered intra-
venously, and 3 days later, hind limbs and liver samples were col-
lected, and subjected to immunohistochemistry of the adenoviral 
hexon, and sTGFβRIIFc proteins. mHAd.sTβRFc and Ad.sTβRFc 
produced nearly equal expression of the hexon, and sTGFβRIIFc 
proteins (as indicated by brown stained cells) in the skeletal 

tumors (Figure 4a, panels 1 and 3 from the top). However, mHAd.
sTβRFc produced much lower hexon and sTGFβRIIFc expression 
in the liver (Figure 4a, panels 2 and 4 from the top) indicating that 
the chimaeric hexon modification in mHAd.sTβRFc did not affect 
the viral uptake and its replication in the skeletal tumors, while its 
uptake/replication in the liver was reduced.

To determine the effectiveness of mHAd.sTβRFc to inhibit the 
established PCa bone metastases, PC-3-luc cells were injected into 
the left heart ventricle of male nude mice; and the bioluminescence 
imaging (BLI) data observed on day 9 were used to create experi-
mental groups. On day 10, mice were intravenously administered 
with either buffer or viral vectors; and another injection of either 
buffer or viral vectors was given on day 13. This dose scheduling 

Figure 3 Effects of systemic administration of mHAd.sTβRFc and Ad.sTβRFc on LDH and cytokine levels. (a) Serum LDH levels 1 hour after intra-
venous injection of viruses (n = 4). (b) Serum LDH levels 48 hours after intravenous injection of viruses (n = 4). (c) Serum TNF-α levels 1 hour after 
intravenous injection of viruses (n = 4). (d) Serum TNF-α levels 48 hours after intravenous injection of viruses (n = 4). (e) Serum IL-6 levels 1 hour after 
intravenous injection of viruses (n = 4). (f) Serum IL-6 levels 48 hours after intravenous injection of viruses (n = 4). The detection limits of TNF-α, and 
IL-6 were 6.2 and 3.1 pg/ml, respectively. The IL-6 levels shown in each of the groups are above the detectable limits. The TNF- α levels in 1 hour 
samples had detectable levels of TNF-α, however, in the 48 hours samples, some of the treatment groups (LTD and HTD of mHAd.sTβRFc) had barely 
detectable levels of TNF-α. P value comparisons with buffer group are shown for all panels (* represents P < 0.05, ** represents P < 0.01, *** represents 
P < 0.001).
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has been previously found to be effective in this animal model.17 
Two treatment groups received a low therapeutic dose (LTD, two 
doses, 2.5 × 1010 VPs/mouse each, a total of 5 ×  1010 VPs/mouse) 
of mHAd.sTβRFc or Ad.sTβRFc, and a third treatment group 

received a high therapeutic dose (HTD, two doses, 2.0  ×   1011 
VPs/mouse each, a total of 4.0  ×   1011 VPs/mouse) of mHAd.
sTβRFc. The HD of Ad.sTβRFc resulted in the animal deaths 
within 24 hours (as described earlier, Figure 2a), and hence the 

Figure 4 mHAd.sTβRFc-mediated expression of sTGFβRIIFc protein in skeletal tumors and effects of adenoviral vectors on the skeletal tumor 
progression by BLI analyses. (a) Three days after intravenous injection of the viruses, hexon or sTGFβRIIFc were detected in the skeletal tumors and 
in the liver, by immunohistochemistry staining using antihexon antibody or antihuman IgG Fcγ antibody, respectively. Brown cells indicate hexon or 
sTGFβRIIFc expression. Scale bar equals 300 µm. (b) Representative whole body dorsal and ventral BLI images on day 9, day 30 and day 44 in buffer 
and each treatment group are shown. Regions of interest are pointed out with red circles. (c) To measure bone metastases, BLI signals in the hind 
limbs were quantified in buffer and each treatment group, and are shown. (d) Fold-increases of BLI signal intensity from days 9 to 44 were calculated 
and are shown. P value comparisons with buffer group are shown for c and d (* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001).
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effect of HTD of Ad.sTβRFc could not be examined. Mice were 
imaged once a week, and signal intensity of combined dorsal and 
ventral hind limbs was quantified. Figure 4b shows BLI of a rep-
resentative mouse from each group on days 9, 30, and 44. In the 
buffer-treated group, there was a time-dependent increase in BLI 
signal (Figure 4c), and all the three treatment groups, exhibited 
significant reductions in the BLI signal (P <  0.001). Analysis of 
the fold-induction of BLI signal from day 9 to day 44, showed that 
the LTD of mHAd.sTβRFc and Ad.sTβRFc exhibited significant 
reductions in the BLI fold increases (P < 0.05). HTD of the mHAd.
sTβRFc also inhibited the tumor growth (P < 0.01) (Figure 4d). 
However, there were no significant differences in the BLI signals 
among the three treatment groups, indicating that the mHAd.

sTβRFc and Ad.sTβRFc were equally effective in inhibiting the 
skeletal tumor growth.

Bone metastases were further examined by radiographic anal-
yses on day 16, and once a week thereafter. Figure 5a shows rep-
resentative X-ray images on days 16, 38, and 51 from each group. 
Osteolytic lesions on the skeletal tumors are marked by yellow 
arrows. To quantify tumor size, X-ray lesions were measured in 
both hind limbs of each mouse. An increase in tumor area was 
observed in the buffer group, while there was significant inhibi-
tion of the tumor progression in each of the treatment groups 
(P < 0.001) (Figure 5b). However, suppression of tumor growth 
by the HTD of mHAd.sTβRFc produced antitumor response sig-
nificantly better than the LTD of Ad.sTβRFc (P < 0.05) or mHAd.

Figure 5 Effect of adenoviral vectors on the skeletal tumor progression by radiography analyses. (a) Representative radiographs of mouse hind 
limbs on days 16, 38, and 51 in the buffer and each treatment group are shown. Yellow arrows indicate the sites of osteolytic lesions. (b) Lesion sizes 
in each of the hind limb bones during the duration of the study were calculated using Image J software. Results shown are the average lesion area in 
the hind limbs in buffer group and each of the treatment groups. (c) Lesion sizes in the hind limb bones on day 51 were calculated and are shown. 
(d) Bone metastasis free incidences (mice without X-ray positive lesions) on day 51 are shown. P value comparisons with buffer group are shown for 
b, c, and d (* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001).
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sTβRFc (P < 0.01) (Figure 5b). On day 51, a significant inhibition 
of tumor size was observed in mice treated with mHAd.sTβRFc 
(HTD) (P < 0.001), and this inhibitory effect was better than that 

observed in Ad.sTβRFc (LTD) (P < 0.01) or mHAd.sTβRFc (LTD) 
(P < 0.01) treatment groups (Figure 5c). More importantly, only 
the mHAd.sTβRFc (HTD) treatment resulted in significantly 

Figure 6 Effect of adenoviral vectors on the skeletal tumor progression by histomorphometric analyses, and microCT analyses. 
(a) Representative longitudinal, midsagittal H&E-stained sections of tibia and femur from each group on day 53 are shown. Scale bar equals 1 mm. 
(b) Tumor areas outlined with yellow in panel a were used to measure tumor burden in each treatment group. The average tumor sizes in the hind 
limbs in each of the treatment groups are shown. Eight bone samples were used in each group. (c) Bone metastasis free incidences (mice without 
histomorphometric positive lesions) on day 53 are shown (n = 8). (d) Virus-mediated expression of sTGFβRIIFc (measured by ELISA) in mouse serum 
53 days after intravenous injection of viruses. (e) Representative microCT slices near the growth plate (top panel), and 1.45 mm distal of the growth 
plate (middle panel), and 3D reconstructions of the tibia bones form the various treatment groups (lower panel). Arrows indicate the site of bone 
destruction. Solid line (in the lower panel) indicates the growth plate and dashed line indicates 1.45 mm downstream of the growth plate. P value 
comparisons with buffer group are shown for b and c (* represents P < 0.05, ** represents P < 0.01); for panel d, student t-tests were performed 
among the treatment groups shown (*** represents P < 0.001).
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higher number of skeletal tumor-free mice (P < 0.01) (Figure 5d). 
These results suggest that both mHAd.sTβRFc and Ad.sTβRFc are 
equally effective in inhibiting the skeletal tumor growth, and a 
higher dose of mHAd.sTβRFc, is more effective in inhibiting bone 
metastases.

The effect of vectors’ treatment on the tumor burden at the ter-
minal time point (day 53), was examined by histomorphometric 
analyses of the hind limb bones. Figure 6a shows a representa-
tive bone sample from the buffer group and each of the treatment 
groups. The tumor area in the tibia and femur, outlined with yellow 

line in Figure 6a, were measured. The LTD of Ad.sTβRFc and the 
mHAd.sTβRFc caused a significant reduction in the tumor bur-
den (P < 0.05); the HTD of mHAd.sTβRFc was also effective in 
reducing the tumor burden (P < 0.01) (Figure 6b). Only mHAd.
sTβRFc (HTD) treatment resulted in a significant increase in 
the tumor-free bones by histomorphometric analyses (P < 0.05) 
(Figure 6c). On day 53, serum sTGFβRIIFc were detected in all 
the treatment groups (Figure 6d). Serum sTGFβRIIFc protein lev-
els in mHAd.sTβRFc groups were substantially lower than those 
in the Ad.sTβRFc groups (Ad.sTβRFc (LTD) vs mHAd.sTβRFc 

Figure 7 Effect of adenoviral vectors on the skeletal tumor progression: Osteoclast numbers, mice serum TRACP5b levels, serum calcium, 
and mice body weight analysis. (a) A representative TRAP staining of bone (arrows indicate multinucleated TRAP positive osteoclasts). Scale bar = 
500 µm. (b) Osteoclast (OC) number per mm calculated at the tumor–bone interface in each group. Eight bone samples were used in each group. 
(c) Serum TRACP 5b concentration on day 53 in Units/liter. (d) Serum samples collected on day 53 were used to measure calcium levels. (e) Mice 
body weight analysis on day 53. Average body weight per group throughout the experiment is plotted as the mean ± SEM. P value comparisons with 
buffer group are shown for b, c, and d (* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001), for e (***P < 0.001, represents buffer 
versus all treatments groups, and normal mice).
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(LTD), P < 0.001). However, the HTD of mHAd.sTβRFc produced 
similar levels of sTGFβRIIFc as the LTD of Ad.sTβRFc. This is 
not surprising considering that upon systemic delivery, greater 
amounts of Ad.sTβRFc are taken up by the liver as compared to 
mHAd.sTβRFc (as shown earlier in Figure 2b). Since, following 
the intravenous delivery of Ad.sTβRFc or mHAd.sTβRFc, liver is 
likely the major site for sTGFβRIIFc protein production and its 
subsequent release in the blood, greater amounts of sTGFβRIIFc 
are detected in Ad.sTβRFc-treated mice.

Bone samples randomly selected from each group were sub-
jected to synchrotron microcomputed tomography (microCT) 
analyses. Normal bone showed typical scan images near the 
growth plate and 1.45 mm distal to the growth plate, and the nor-
mal reconstructed 3D image of the scanned region (Figure 6e). 
However, the buffer-treated group had massive tumor-induced 
trabecular and cortical bone destructions, and the osteolytic 
lesions are visible in the 3D reconstructed image (marked as yel-
low arrows). However, in the treatment groups, normal bone mass 
and architecture were observed (Figure 6e).

Systemic administration of mHAd.sTβRFc inhibits 
osteoclast activity and hypercalcemia, and increases 
animal survival
To examine the effect of mHAd.sTβRFc treatment on the tumor-
induced osteolytic bone destruction, we performed the tartrate 
resistant acid phosphatase (TRAP) staining for osteoclasts on 
median sagittal sections of the hind limb bones. Figure 7a shows 
a representative TRAP staining along the bone/tumor interface, 
and arrows point to the activated mature osteoclasts with multiple 

nuclei. All the treatment groups had a significant reduction in 
the osteoclast number compared to the buffer group (Ad.sTβRFc 
(LTD) (P < 0.01), mHAd.sTβRFc (LTD) (P < 0.01), mHAd.sTβRFc 
(HTD) (P < 0.001) (Figure 7b). The treatment groups also showed 
significant inhibition of the serum TRACP 5b, a secreted marker 
of osteoclast activity compared to the buffer group (Ad.sTβRFc 
(LTD) (P < 0.05), mHAd.sTβRFc (LTD) (P < 0.01), mHAd.sTβRFc 
(HTD) (P < 0.01) (Figure 7c). However, there were no statistical 
differences in the osteoclast numbers or in the TRACP 5b levels 
among the three treatment groups (Figure 7b,c). Since osteolytic 
bone destruction can result in hypercalcemia, the serum calcium 
levels were measured. Ad.sTβRFc (LTD), mHAd.sTβRFc (LTD), 
and mHAd.sTβRFc (HTD) treatments, all lowered calcium  levels 
(P < 0.01). The calcium levels in the vector treatment groups were 
statistically similar to the age matched normal mice (Figure 7d). 
The animal body weights were also monitored once a week, as an 
indicator of cancer cachexia. In the buffer group, the mice began to 
lose body weight from day 44 onwards. By day 53, there was a sig-
nificant reduction in the body weight of mice in the buffer group 
compared to the normal mice (P < 0.001) (Figure 7e). However, 
there was no significant difference between the body weights of 
the Ad.sTβRFc, and the mHAd.sTβRFc treatment groups com-
pared to the normal mice. Using the criteria of more than 10% 
body weight loss from day 44 to 53 as a predictor of poor survival, 
all the treatment groups had significant survival advantage over 
the buffer group (data not shown).

In conclusion, systemic delivery of mHAd.sTβRFc in nude 
mice, when compared with Ad.sTβRFc, produces reduced liver 
sequestration, reduced hepatotoxicity, reduced spleen uptake, 

Table 1 Safety/toxicity studies and antitumor responses of mHAd.sTβRFc and Ad.sTβRFc

Viral vectors Safety/toxicity

ALTa ASTa Weight lossb LDHa TNF-αa IL-6a

1 hour 48 hour 1 hour 48 hour 1 hour 48 hour

Ad.sTβRFc (LD) * * NS ** *** * *** NS NS

Ad.sTβRFc (MD) *** *** *** *** *** ** *** *** *

mHAd.sTβRFc 
(LD)

NS NS NS NS NS NS NS NS NS

mHAd.sTβRFc 
(MD)

NS NS NS *** NS NS NS NS NS

mHAd.sTβRFc 
(HD)

NS NS NS *** NS NS NS ** NS

Antitumor response Bone destruction assays

BLI X-ray H&E OCa TRACP5ba Ca++a

Progressionb
Fold-

changea Progressionb
Tumor 

sizea
Tumor 

freec
Tumor 

sizea
Tumor 

freec

Ad.sTβRFc 
(LTD)

*** * *** ** NS * NS ** * **

mHAd.sTβRFc 
(LTD)

*** * *** ** NS * NS ** ** **

mHAd.sTβRFc 
(HTD)

*** ** *** *** ** ** * *** ** **

ALT, alanine transaminase; AST, aspartate transaminase; HTD, high therapeutic dose; IL-6, interleukin-6; LDH, lactate dehydrogenase; LD, low dose;  
LTD, low therapeutic dose; MD, medium dose; NS, not significant; OC, osteoclast; TNF-α, tumor necrosis factor-α.
awere analyzed by using a one-way ANOVA followed by Bonferroni posttests. bwere analyzed statistically by using a two-way repeated-measure ANOVA followed by 
Bonferroni posttests. cwere analyzed by Fisher’s exact tests. *P < 0.05, **P < 0.01, ***P < 0.001; all P values were compared with the buffer group.
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attenuated innate immune response, and reduced systemic tox-
icity. However, in the PC-3-luc bone metastasis model of PCa, 
mHAd.sTβRFc is equally effective as Ad.sTβRFc in inhibiting 
the bone metastasis and bone destruction, as evaluated by mul-
tiple assays. In addition, a higher dose of mHAd.sTβRFc further 
improves the therapeutic effect in the PCa bone metastasis model 
in several assays (Table 1).

DISCUSSION
We are reporting here the construction of mHAd.sTβRFc, a 
hexon chimaeric Ad5/Ad48 oncolytic adenovirus expressing 
sTGFβRIIFc. It is important that the mHAd.sTβRFc in which 
seven hypervariable regions of Ad5 hexon were replaced with the 
corresponding regions of Ad48, retained its capacity to bind and 
replicate within the PCa cells, and produced sTGFβRIIFc protein. 
Thus, in the prostate tumor cells studied here, the mHAd.sTβRFc 
retains its tropism for the tumor cells.

We have shown that systemic delivery of mHAd.sTβRFc 
virus has much reduced liver sequestration (measured by viral 
genomic DNA, hexon and sTGFβRIIFc expression in the liver). 
This is consistent with the model that following systemic delivery 
of Ad5 in mice, the adenovirus hexon binds with FX in the blood, 
and the Ad5-FX complex is taken up by the liver. In contrast, the 
hepatic uptake of Ad5/48 hexon, because of diminished capac-
ity to bind with FX, was significantly reduced. More importantly, 
compared to Ad.sTβRFc, much reduced hepatotoxicity (measured 
by the liver necrosis, and the serum alanine transaminase and 
aspartate transaminase levels), and perhaps other tissue(s)’ dam-
age (measured by serum LDH), are observed following mHAd.
sTβRFc treatment of nude mice. It is quite intriguing that the 
reduced liver tropism of mHAd.sTβRFc was accompanied by the 
reduced tropism to the spleen, and produced a highly attenuated 
innate immune response (measured by serum pro-inflammatory 
cytokines TNF-α, IL-6), suggesting the role of Ad5-FX complex 
in producing liver toxicity, as well as inducing innate immune 
responses. In a recent very elegant study, the role of FX in activat-
ing the innate immunity in group C viruses, (which includes the 
Ad5 virus) has been well documented.23

It is worth noting that, at an early time point (1 hour), rela-
tively high doses (MD and HD) of mHAd.sTβRFc also induced 
cell necrosis (measured by serum LDH), and innate immune 
response (IL-6 induction). This early induction of toxic response 
by mHAd.sTβRFc is not unexpected. The research conducted 
in many laboratories has indicated multiple biochemical events 
which can be potentially triggered within minutes following sys-
temic delivery of adenoviruses into mice. These events are: viral 
sequestration and destruction by the liver Kupffer cells, Kupffer 
cells activation and/or necrosis, early liver toxicity, endothelial cell 
activation, virus uptake in the spleen, and the activation of the 
innate immune response.20–24,26,27,35–38 Some, or all of these steps 
can potentially be activated independent of the hexon, e.g., the 
uptake of adenovirus by Kupffer cells via the scavenger receptor is 
well described.20–22 It should be noted that the systemic delivery of 
a nonreplicating (E1 minus) Ad5/48 (seven hypervariable regions 
of Ad48 inserted in Ad5 backbone), has been shown to produce 
inflammatory responses and toxicity in MF1 immune-competent 
mice.39 In our studies, while the Ad.sTβRFc-mediated induction 

of LDH and IL-6 remained significantly elevated at 48  hours, 
mHAd.sTβRFc effects on LDH and IL-6 levels were no longer sig-
nificantly increased at 48  hours. In addition, in nude mice, the 
maximum tolerable dose of mHAd.sTβRFc was much higher than 
that of Ad.sTβRFc. This could perhaps be due to the combination 
of reduced hepatotoxicity, attenuated innate immune responses, 
and decreased systemic toxicity elicited by the mHAd.sTβRFc.

The systemic administration of mHAd.sTβRFc, just like 
Ad.sTβRFc, resulted in its uptake in the skeletal tumors, and 
resulted in viral replication, and sTGFβRIIFc expression in 
the tumors. Thus, in the PC-3-luc prostate tumor model, the 
modified hexon also retains its tropism for the human prostate 
tumor cells in vivo. Systemic administration of mHAd.sTβRFc 
produced antitumor responses (detected by radiography, BLI, 
and histomorphometric analyses), inhibited bone destruction 
 (measured by osteoclast activity, bone architect, and hyper-
calcemia) and increased the overall animal survival. In this 
regard, mHAd.sTβRFc and Ad.sTβRFc were equally effective. 
These results confirm that the two features—viral replication, 
and simultaneous sTGFβRIIFc expression targeting TGFβ 
 signaling at the tumor site, which are critical for the antitumor 
effects,17 are preserved in Ad5/48 hexon-based mHAdsTβRFc 
virus. Moreover, because of reduced toxicity of mHAd.sTβRFc, 
a higher dose of mHAd.sTβRFc also resulted in antitumor 
responses (Table 1).

Systemic delivery of oncolytic adenoviruses in clinical trials 
in cancer patients have resulted in the elevation of liver enzymes 
and inflammatory cytokines, and the adenoviruses were detected 
in the liver tissues upon the biopsies.40–43 Therefore, because of 
the reduced toxicity and the efficacy of mHAd.sTβRFc, it could 
be used as a novel approach for treating advanced stage PCa 
patients affected with bone metastases. However, before testing 
mHAd.sTβRFc in the human clinical trials, we realize that a few 
other critical issues regarding mHAd.sTβRFc biology and host 
interactions should be addressed. It is known that following sys-
temic delivery, Ad5 can also bind with other blood components 
including erythrocytes, platelets, IgM antibodies, and the com-
ponents of the complement system.21,44 Therefore, we need to 
evaluate the binding of mHAd.sTβRFc with these cellular and 
noncellular components, and if necessary to include additional 
modifications in mHAd.sTβRFc to alter the virus tropism.

Another in vivo barrier in the use of adenovirus is the humoral 
immune response directed against the virus, which will preclude 
the multiple systemic administration of the adenoviruses, and 
even the initial viral dose might be ineffective in patients harbor-
ing preexisting neutralizing antibodies.26 In that regard, it is inter-
esting to note that in a vaccine trial, the Ad5/48 chimaeric hexon 
adenovirus has been shown to evade the pre-existing Ad5 neu-
tralizing antibodies in mice and rhesus monkeys.30 However, fol-
lowing systemic delivery, whether mHAd.sTβRFc can circumvent 
the Ad5 neutralizing antibodies remains to be examined. Human 
adenoviruses in general (including mHAd.sTβRFc), have poor 
replication potential in the mouse prostate tumor cells, and hence 
are difficult to evaluate in the immune-competent syngeneic host. 
However, efforts are underway in our laboratory to develop an 
immune competent mouse model of PCa bone metastasis that can 
be used to evaluate the antitumor responses.
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MATERIALS AND METHODS
Cell lines and viruses. Two human prostate tumor cell lines PC-3 and 
DU-145, and a mouse prostate tumor cell line TRAMP-C2 were pur-
chased from ATCC (Manassas, VA). A PC-3-luc cell line was generated 
by stable transfection of a retrovirus expressing luciferase gene into PC-3 
cells as previously described.45 All prostate tumor cell lines were cultured 
in RPMI-1640 media containing 10% fetal calf serum. All media compo-
nents were purchased from Invitrogen (Grand Island, NY). Adenoviral 
vectors are: Ad.sTβRFc, an oncolytic Ad5-expressing sTGβRIIFc gene,34 
mHAd.sTβRFc that was created by genetically replacing seven hyper-
variable regions of Ad.sTβRFc hexon by the corresponding sequence of 
Ad48 hexon (see Figure 1a), and Ad(E1-).Null, a nonreplicating adeno-
virus without any foreign gene.34 All adenoviral vectors were amplified in 
HEK293 cells and purified as described earlier.46

Adenoviral replication and cytotoxicity assays. Cells were plated in six-
well dishes (5  ×  105 cells/well). The next day, cells were incubated with 
adenoviral vectors (2.5  ×  104 VPs/cell) for 3  hours. After washing the 
cells three times with media, either the crude viral lysates were collected 
at 3 hours samples, or incubations were continued at 37°C for 48 hours. 
Various aliquots of 3 and 48 hours crude viral lysates were used to infect 
HEK293 cells according to Adeno-X Rapid Titer Kit protocol (Clontech, 
Mountain view, CA) as described earlier.47 Hexon-expressing positive 
brown cells were photographed, and counted under the microscope to 
quantify viral replication. Viral titers were represented as the viral burst 
size (an increase in positive hexon expressing cells from 3 to 48 hours). To 
examine viral-induced cytotoxicity, cells were plated in 96-well plates (103 
cells/well) as previously described.17 The next day, cells were infected with 
various doses of adenoviral vectors, and the incubations were continued 
for 7 days. Cells were washed, fixed and stained with sulforhodamine B 
(Sigma-Aldrich, St Louis, MO), and the absorbance at 564 nm (A564) was 
measured as previously described.46 Untreated control cells were consid-
ered to have 100% survival.

sTGFβRIIFc expression in the PCa cells. Cells were plated in six-well dishes 
(5 × 105 cells/well). The next day, cells were incubated with adenoviral vec-
tors (2.5 × 103 VPs/cell) for 24 hours. The media were changed to serum free 
media, and the incubations continued for another 24 hours. Both media 
and cell lysates were subjected to western blot analyses for sTGFβRIIFc 
expression as previously described.17 Blots were probed with antibodies 
against TGFβRII (H-567, Santa Cruz Biotechnology, Santa Cruz, CA), 
human IgG, Fcγ fragment (Jackson Immunoresearch, West Grove, PA), or 
actin protein (A2066, Sigma-Aldrich, St Louis, MO). sTGβRIIFc levels in 
the media were also examined by ELISA using antihuman IgG, Fcγ frag-
ment antibodies, biotinylated anti-TGFβRII antibodies (BAF241, R&D 
systems, Minneapolis, MN), as previously described.17

Animal studies. All animal experimental procedures were approved by the 
Institutional Animal Care and Use Committee (IACUC) at NorthShore 
University HealthSystem.

Liver toxicity studies. Six-week-old male nude mice were injected with 
low dose (LD = 2.5 × 1010 VPs/mouse), medium dose (MD = 1.0 × 1011 
VPs/mouse) or high dose (HD = 2 × 1011 VPs/mouse) of Ad.sTβRFc or 
mHAd.sTβRFc via tail vein. The high dose of Ad.sTβRFc (2.0 × 1011 VPs/
mouse) led to the deaths of all the mice within 24 hours. Each group con-
tains four mice. Three days after virus injection, their body weights were 
measured before they were euthanized. The livers were photographed. 
The liver samples were collected and processed for hematoxylin and eosin 
(H&E) staining, immunohistochemistry staining by antihuman IgG, Fcγ 
fragment antibody, and viral genome copy measurement by quantitative 
PCR (qPCR). Mice spleens were also processed for immunohistochemis-
try staining by antihuman IgG, Fcγ antibody. Mouse blood was centrifuged 
at 10K rpm for 5  minutes, and serum samples were used to determine 
the sTGFβRIIFc levels by ELISA as described earlier,17 and the alanine 

transaminase and aspartate transaminase levels by the commercially avail-
able kits (Cayman Chemical, Ann Arbor, MI).33

Innate immune response studies and serum LDH assay. Six-week-old 
male nude mice were injected with low dose (LD = 2.5 × 1010 VPs/mouse) 
or medium dose (MD = 1.0 × 1011 VPs/mouse) of Ad.sTβRFc or mHAd.
sTβRFc via tail vein. An additional high dose (HD = 2.0 × 1011 VPs/mouse) 
of mHAd.sTβRFc was also administered. Each group contains four mice. 
One hour after injection, mice were anesthetized with Ketamine (25 mg/
ml)/Xylazine (2 mg/ml) cocktail and 300 µl blood were withdrawn via the 
heart. Forty eight hours after virus injection, mice were anesthetized by 
isoflurane and killed after collecting blood samples. Mice sera were used 
to determine LDH levels (ab102526, Abcam, Cambridge, UK), IL-6 levels 
(M6000B, R&D systems, Minneapolis, MN), and TNF-α levels (R&D sys-
tems, Minneapolis, MN) according to the suggested protocols.

Viral uptake in skeletal tumors. PC-3-luc cells (2.0  ×  105/mouse) 
were injected into the left heart ventricle of four week old male nude mice 
(Nu/Nu) (Charles River Laboratories, Wilmington, MA) on day 0, as 
described earlier.17 Mice with X-ray positive skeletal lesions (on 46 days 
post tumor cells injection) were injected with Ad.sTβRFc or mHAd.
sTβRFc (1.0 × 1011 VPs/mouse) via tail vein. Each group contains three 
mice. Three days later, mice were killed and the liver and hind limbs were 
harvested, processed, and stained with antihexon antibody (MAB8044, 
Millipore, Billerica, MA) or antihuman IgG, Fcγ fragment antibody as 
described previously.48 Serum samples were used to measure sTGFβRIIFc 
levels by ELISA as previously described.17,25

Bone metastasis model and bioluminescence imaging. To establish bone 
metastasis, PC-3-luc cells (2.0  ×  105/mouse) were injected into the left 
heart ventricle of 4-week-old male nude mice (Nu/Nu) (Charles River 
laboratories) on day 0, as described earlier.17 On day 9, mice were sub-
jected to BLI in dorsal and ventral positions using Xenogen IVIS Spectrum 
imaging equipment (Caliper life sciences, Hopkinton, MA) after being 
injected intraperitoneally with 100 μl (150 mg/kg) of the D-luciferin solu-
tion (Gold BioTechnology, St Louis, MO). During image acquisition, mice 
were kept under anesthesia with 1.5–2.0% isoflurane. Signal intensity was 
quantified as the total flux (photons/seconds) within regions of interest in 
both left and right hind limbs using Living Image software 3.0 (Caliper 
Life Sciences, Hopkinton, MA) as described.17,25 We obtained 42 mice that 
had the regions of interest flux within the range of 2.0  ×  105–1.0  ×  106 
photons/second. They were divided into four groups, with statistically 
indistinguishable BLI signals amongst each group (an average of about 
5.0 × 105 photons/second per group). For treatment groups, various viral 
vectors were administered via tail vein on days 10 and 13. These groups 
were: Ad.sTβRFc group (LTD, total 5.0 × 1010 VPs/mouse, n = 11), mHAd.
sTβRFc group (LTD, total 5.0 × 1010 VPs/mouse, n = 11), and a mHAd.
sTβRFc group (HTD, total 4.0  ×  1011 VPs/mouse, n  =  10). The control 
group of mice (n = 10) was administered with the buffer alone. BLI was 
conducted weekly for the duration of the study. All of the mice were eutha-
nized after blood was collected on day 53.

X-ray radiography imaging. Mice were subjected to X-ray radiography in 
the prone position using Faxitron (Faxitron X-ray Corporation, Wheeling, 
IL) on day 16 and once a week until day 51 as described.17 Bone lesions 
were quantified in femur and tibia of both hind limbs using Image J soft-
ware (NIH, Bethesda, MD) as described earlier.17,25

Bone histology and histomorphometric analysis. On day 53, mice were 
euthanized, and hind limbs were harvested, processed and stained with 
hematoxylin and eosin (H&E) as previously described.17 Tumor burden per 
tibia/femur was quantified on H&E-stained sections using NIS-Elements 
BR 3.10 Software (Nikon, Melville, NY) as previously described.17,25 
Multinucleated TRAP positive osteoclasts (OCs) at the bone–tumor inter-
face were measured as previously described.25
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Synchrotron microCT. Synchrotron microCT, was performed using sta-
tion 2-BM of the Advanced Photon Source (APS) at Argonne National 
Laboratory (Argonne, IL) using the dedicated microCT instrument.49 The 
following conditions were used for data collection: 15 keV, 0.12º rotation 
increment, 180º rotation range, (2K)2 reconstructions with 2.9 µm isotro-
pic volume elements (voxels). 2D slices were stacked in order to produce 
a 3D volume. The image was down sampled by including every 20th slice 
for 3D rendering. An isosurface was then generated to identify the edges 
of the bone for visualization. 3D images of bone sections spanning 3.0 mm 
below the growth plate regions were constructed using MATLAB R2011a 
(The MathWorks, Natick, MA).

Quantification of calcium, TRACP 5b, and sTGFβRIIFc in serum. At 
terminal time point (day 53); the mice blood was collected via cardiac 
puncture. Mice sera were obtained by centrifuging blood at 10K rpm for 5 
minutes. Calcium concentrations were measured using QuantiChrom cal-
cium assay kit (BioAssay Systems, Hayward, CA). Serum concentrations 
of osteoclast derived TRACP 5b were measured by using a solid phase 
immunofixed enzyme activity, MouseTRAP kit, according to the manu-
facturer’s instructions (Immunodiagnosticsystems, Phoenix, AZ). Serum 
sTGFβRIIFc levels were determined by ELISA as described earlier.17,25

Statistical analysis. Data were presented as mean ± SEM and statistically 
analyzed using GraphPad Prism software version 5 (GraphPad Software, 
San Diego, CA). Safety/toxicity endpoints and antitumor responses of 
mHAd.sTβRFc and Ad.sTβRFc with various doses were compared using 
one-way ANOVA followed by Bonferroni post hoc tests adjusting for multi-
plicity. Longitudinal data were analyzed using a two-way repeated measure 
ANOVA followed by Bonferroni post hoc tests for all the data of over time 
course. The Student’s t-tests were performed to analyze viral genomic copy 
number, and sTGFβRIIFc levels in the blood. A Fisher’s exact test was used 
for the bone metastasis incidence data in the X-ray and histomorphomet-
ric analyses. A Kaplan–Meier survival test was used for the survival data. 
Differences were considered significant at two sided P < 0.05.
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