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Abstract

We are interested in developing oncolytic adenoviruses for the treatment of bone metastasis of cancer. A key
limitation of systemic delivery of oncolytic adenovirus type 5 (Ad5) is that the majority of the virus is taken up
by the liver, causing liver damage and systemic toxicity. Given that Ad5 hexon binding with blood coagulation
factor X is a key factor in liver sequestration, and that a rare serotype, Ad48, has a diminished capacity to bind
with factor X, we have generated mHAd.luc2, a novel hexon-chimeric oncolytic adenovirus. To create mHA-
d.luc2, seven hypervariable regions of Ad5 hexon were substituted with the corresponding regions from Ad48.
Compared with Ad5-based oncolytic virus Ad.luc2, intravenous injection of mHAd.luc2 into nude mice resulted
in significantly reduced liver uptake. A single high dose (1.0 · 1011 viral particles/mouse) of Ad.luc2 resulted in
100% animal death by day 3; whereas none of the mice died in the mHAd.luc2 group. Liver enzyme and liver
pathology studies indicated that mHAd.luc2 induced significantly less liver toxicity compared with Ad.luc2.
Both mHAd.luc2 and Ad.luc2 exhibited similar binding with breast tumor cells, whereas in the presence of factor
X, mHAd.luc2 binding was reduced. Both mHAd.luc2 and Ad.luc2 had nearly equal replication potential in
breast cancer cells in vitro. Intravenous injection of mHAd.luc2 and Ad.luc2 into nude mice bearing bone
metastases resulted in uptake of the viruses into skeletal tumors, and induced significant inhibition of estab-
lished bone metastases. Thus, liver-detargeted oncolytic adenovirus can be developed for the treatment of breast
cancer bone metastasis.

Introduction

In the United States, breast cancer is the second leading
cause of malignancy-related deaths among women

(American Cancer Society, 2010). In advanced stages of breast
cancer, a majority of the patients develop bone metastases
resulting in bone pain, bone destruction, and eventual death
(Coleman, 2001). Development of novel therapies for the
treatment of breast cancer bone metastases is a major unmet
need in medicine. Oncolytic adenoviruses have shown
some promise as antitumor agents (Bischoff et al., 1996;
McCormick, 2005; de Vrij et al., 2010). Our laboratory is in-
terested in developing recombinant adenoviruses for target-
ing breast cancer bone metastases (Seth, 1999; Seth et al., 2006;
Hu et al., 2010b). A key limitation of systemic administration
of adenovirus 5 (Ad5), however, is the liver sequestration of

adenovirus, causing liver damage and necessitating the
need to develop liver-detargeted oncolytic adenoviruses
(Roberts et al., 2006; Waddington et al., 2008). Studies have
shown that binding of blood coagulation factors, particularly
factor X (FX), to the seven hypervariable regions (HVRs) of
Ad5 hexon protein could result in the liver uptake of Ad5
(Parker et al., 2006; Kalyuzhniy et al., 2008; Waddington
et al., 2008; Alba et al., 2009). Given that adenovirus serotype
Ad48 has reduced hexon–FX binding capacity (Roberts et al.,
2006; Waddington et al., 2008), we have generated a hexon-
chimeric oncolytic adenovirus, mHAd.luc2, in which the
HVRs of Ad5 were substituted with those of Ad48. We
have examined whether mHAd.luc2 would have reduced
liver uptake, and be safer than the parental Ad.luc2, while
maintaining antitumor efficacy against breast cancer bone
metastasis.
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Materials and Methods

Cell lines

MDA-MB-231-luc2 cells were generated by stably trans-
fecting human breast cells MDA-MB-231 with pGL4.17cmv-
luc2 (Promega, Madison, WI). Human breast cancer cells
MDA-MB-231 and MCF-7, and HEK293 cells, were grown as
described previously (Katayose et al., 1995; Hu et al., 2010b).

Adenoviral vectors

mHAd.luc2 containing chimeric hexon of Ad5 and Ad48
was created as described in Results and Discussion. Ad.luc2
and mHAd.luc2 are oncolytic adenoviral vectors derived
from adenoviral mutant dl01/07 (Howe et al., 2000) with two
deletions in the E1A region; the luc2 gene was cloned in the
E3 region, but the adenoviral death protein sequence was left
intact. Ad(E1–).luc2 is a replication-deficient vector with the
luc2 gene inserted in the E3 region. Adenoviruses were
propagated and purified as described earlier (Katayose et al.,
1995).

Bioluminescence imaging of liver gene transduction

All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of the
NorthShore University HealthSystem (Evanston, IL). Six-
week-old female athymic nu/nu mice (Charles River La-
boratories, Wilmington, MA) were injected intravenously
with Ad.luc2 or mHAd.luc2 (5.0 · 1010 viral particles [VP]/
mouse). Whole body bioluminescence imaging (BLI) was
performed, and images were processed with an IVIS-200
spectrum system (Caliper Life Sciences, Hopkinton, MA).
The kinetics of liver gene transduction were monitored for 30
days.

Liver toxicity studies

Six-week-old female nude mice were injected with Ad.luc2
or mHAd.luc2 (low dose [LD], 5.0 · 1010 VP/mouse; high
dose [HD], 1.0 · 1011 VP/mouse) via the tail vein. Three days
after virus injection, liver genomic DNA was extracted, using
a QIAamp kit (Qiagen, Valencia, CA). Viral genome copies
were measured by quantitative PCR (qPCR) using forward
primer cagcgtagccccgatgtaag and reverse primer tttttgagc
agcaccttgca. Liver alanine transaminase (ALT) levels were
measured with an ALT assay kit (Cayman Chemical, Ann
Arbor, MI). Liver tissues were collected and processed for
hematoxylin and eosin (H&E) staining.

Virus-binding and viral replication assays

For the virus-binding assay, MDA-MB-231 cells were
plated in 24-well plates at 1 · 105 cells per well. The next day,
cells were washed three times with ice-cold phosphate-
buffered saline (PBS) and incubated at 4�C with adenovirus
(2.5 · 104 VP/cell) with or without FX (10 lg/ml). After 1 hr,
viral genomic DNA was quantified by qPCR. For the viral
replication assay, MDA-MB-231 cells were infected with
adenoviral vector (2.5 · 104 VP/cell). Viral titers of 3- and 48-
hr samples were determined with an adenoviral kit (Clon-
tech, Mountain View, CA). Viral burst size was calculated by
dividing viral titers of 48-hr samples by that of 3-hr samples
as described earlier (Hu et al., 2010a).

FIG. 1. Construction of hexon-chimeric adenovirus mHA-
d.luc2. (A) Construction of mHAd.luc2. A partial Ad5 hexon
gene containing the hypervariable regions (HVRs) (0.7 kb)
from Ad48 was chemically synthesized. The gene was cloned
as ApaI–HpaI fragments into the plasmid containing the
complete Ad5 hexon gene to create the shuttle plasmid
pcDNA3-hxn. An AscI–AscI fragment excised from pcDNA3-
hxn was cotransformed with SfiI-digested pTG01/07 in
Escherichia coli BJ5183, to produce hexon-chimeric viral
backbone DNA pTGhxn. Homologous recombination be-
tween a PacI–NruI fragment from p309-luc2 and a SpeI–BstBI
fragment from pTGhxn produced viral genomic DNA
pTGhxn-luc2. The PacI-digested pTGhxn-luc2 was trans-
fected into HEK293 cells to produced mHAd.luc2. (B) Re-
placement of the HVRs of Ad5 hexon with those of Ad48 was
confirmed by PCR amplification using two pairs of primers
targeting Ad5 or Ad48 hexon sequence. Primers were as
follows: common forward primer, acaggggccctacttttaag; re-
verse primer targeting Ad5 hexon, ttaggtgtttgaccttcg; reverse
primer targeting Ad48 hexon, atcttcctctttggttgc. Synthesized
Ad48 hexon sequence (pSyn-hxn), viral genomic DNA
(pTGhxn-luc2), and purified mHAd.luc2 were detected with
Ad48 hexon primers, but not those of Ad5 hexon. Parental
viral DNA pTG-luc2 and Ad.luc2 were used as controls. M,
DNA marker.

1138 ZHANG ET AL.



Examining viral uptake in skeletal tumors

MDA-MB-231 cells were inoculated into the left ventricle
of nude mice (1.5 · 105 per mouse, in 100 ll of PBS) as de-
scribed earlier (Yin et al., 1999; Hu et al., 2010b). Mice with
X-ray-positive skeletal lesions (15 days after tumor cell in-
jection) were injected with Ad.luc2 or mHAd.luc2 (5.0 · 1010

VP in 0.1 ml of buffer) via the tail vein. Three days later, BLI
of the hind limbs was performed to measure viral uptake in
skeletal tumors.

Effect of adenoviral vectors on the progression
of bone metastasis

MDA-MB-231-luc2 cells (1.5 · 105 per mouse, in 100 ll of
buffer) were inoculated into the left ventricle of nude mice
(day 0). On day 8, mice were subjected to BLI imaging, and
split into four groups (with no significant difference in lumi-
nescence intensity within each group). Mice were adminis-
tered either buffer, Ad(E1–).luc2, Ad.luc2, or mHAd.luc2 via
tail vein injection on days 9, 12, and 15 (2.5 · 1010 VP/dose per

FIG. 2. mHAd.luc2 exhibits reduced
liver uptake of virus compared with
Ad.luc2. (A) Ad.luc2 or mHAd.luc2
(5.0 · 1010 VP/mouse) was injected into
mice via the tail vein. Bioluminescence
imaging was performed at various time
points. Representative images on days 3
and 30 are shown. (B) The kinetics of liver
gene transduction on various days. (C)
The ratio of luciferase expression between
Ad.luc2 and mHAd.luc2 treatment
groups on various days. (D) Viral geno-
mic copies in mouse liver 3 days after
intravenous injection of virus (low dose
[LD], 5.0 · 1010 VP/mouse; high dose
[HD], 1.0 · 1011 VP/mouse). For (A–D),
n = 6 mice per group. *p < 0.05; **p < 0.01.

FIG. 3. mHAd.luc2 exhibits reduced li-
ver toxicity compared with Ad.luc2. (A)
Survival of mice after intravenous injec-
tion of a high viral dose (1 · 1011 VP/
mouse). Mice were monitored for 30
days, and killed once significant signs of
morbidity/mortality were observed
**p < 0.01. (B) Liver serum ALT levels
from the high-dose and low-dose groups.
***p < 0.001. (C) Representative in situ
photographs of liver after systemic de-
livery of viruses. (A–C, n = 6 mice in each
group.) (D) Livers were harvested and
processed for hematoxylin and eosin
(H&E) staining (day 3 samples). A rep-
resentative example ( ·100) from each
treatment group is shown.
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mouse, in 100 ll of buffer). X-ray radiographs of mice in the
prone position were obtained with an LX-60 system (Faxitron,
Lincolnshire, IL). The osteolytic lesion areas in hind limbs
were quantified on days 12, 16, and 22, using ImageJ software
(National Institutes of Health). The experiment was termi-
nated because of mouse death/sickness in control group.

Statistical analyses

Data are presented as means – SEM. Statistical analyses
were performed with GraphPad Prism software version 5
(GraphPad Software, San Diego, CA). Two-way repeated-
measures analysis of variance (ANOVA) followed by Bon-
ferroni post tests was used to analyze tumor progression.
Survival data were analyzed by log-rank test. The Student
t test was conducted to determine the significance of differ-
ences between two groups. p < 0.05 was considered significant.

Results and Discussion

mHAd.luc2 containing chimeric hexon of Ad5 and Ad48
was created by swapping the Ad48 hexon sequence, between
ApaI and HpaI restriction sites, for the corresponding hexon
sequence in Ad5 (Fig. 1A). PCR amplification assay shows
the presence of Ad48 HVRs in mHAd.luc2 (Fig. 1B).

To investigate the liver uptake of mHAd.luc2 and Ad.luc2,
viral vectors were injected into nude mice via the tail vein
(5.0 · 1010 VP/mouse). At various time points (up to 30 days),
mice were subjected to BLI. Examples of BLI on days 3 and 30
of three mice in each group are shown (Fig. 2A). Total light
emission in the liver was calculated and plotted as a function
of time (Fig. 2B). Luciferase expression in the mHAd.luc2
group was significantly lower than in the Ad.luc2 group (at
each time point, p < 0.01; except on day 30, p < 0.05). On day 3,
an approximately 400-fold reduction in luciferase expression
was observed (Fig. 2C). In a separate experiment, the presence
of adenoviral vector in mouse liver was measured by qPCR, 3
days after intravenous injection of viral vectors. Viral DNA
was significantly lower in the mHAd.luc2 group compared

with the Ad.luc2 group (Fig. 2D, p < 0.01, LD group; p < 0.05,
HD group), indicating that hexon modification resulted in the
reduction of mHAd.luc2 liver uptake.

To further compare the safety and toxicity of Ad.luc2 and
mHAd.luc2, viruses were systemically injected into mice.
Mice were monitored for 30 days for signs of morbidity, and
liver damage was evaluated. All mice in the Ad.luc2 HD
group showed significant morbidity/mortality and were
killed on day 3. In the mHAd.luc2 HD group, mice remained
active during the course of the experiment (Fig. 3A; p < 0.01,
log-rank test). Serum alanine transaminase (ALT) levels in
the Ad.luc2 group were significantly higher than in the
mHAd.luc2 group (Fig. 3B; LD, p < 0.001; HD, p < 0.001).
Livers in the Ad.luc2 group were pale/yellow in appearance,
whereas livers from the mHAd.luc2 or buffer group had a
normal bright red appearance (Fig. 3C). Ad.luc2 (HD group)
exhibited massive necrosis (Fig. 3D). No distinct morpho-
logical changes were observed in the mHAd.luc2 group
compared with the buffer group (Fig. 3D). These results
suggest that hexon replacement improved the in vivo safety
profile of oncolytic adenovirus.

Considering our goal to create oncolytic adenoviruses for
the treatment of breast cancer bone metastases, the effect of
hexon modification on viral binding and replication in MDA-
MB-231 cells in vitro, and viral uptake in skeletal tumors
in vivo, were examined. In the absence of FX, similar binding
of mHAd.luc2 and Ad.luc2 was observed (Fig. 4A, p > 0.05).
However, in the presence of FX, as expected, mHAd.luc2
binding was lower than that of Ad.luc2 (Fig. 4A, p < 0.05). In
the viral replication assay, there was no detectable viral
replication of Ad(E1–).luc2, whereas both Ad.luc2 and
mHAd.luc2 produced a burst size of about 400 (Fig. 4B,
p = 0.397, Ad.luc2 vs. mHAd.luc2), indicating that hexon re-
placement did not affect the viral replication of oncolytic
adenovirus. Next, we examined whether the systemic de-
livery of adenoviruses would result in the accumulation of
viruses in skeletal tumors. Mice were injected with MDA-
MB-231 cells via the intracardiac route. After 15 days, mice

FIG. 4. Binding and replication of viral
vectors in vitro, and uptake into skeletal
tumors in vivo. (A) Viral binding with
MDA-MB-231 cells in vitro. Cells were
incubated with either serum-free medium
or medium containing FX (10 lg/ml).
Viral genomic copies were determined by
qPCR. *p < 0.05 compared with Ad.luc2.
(B) Viral replication assay showing the
burst sizes of mHAd.luc2 and Ad.luc2 in
MDA-MB-231 cells. Data are representa-
tive of three independent experiments. (C)
Virus uptake in skeletal tumors in vivo.
MDA-MB-231 cells were inoculated into
the left heart ventricle to establish bone
metastasis. Mice with X-ray-positive tu-
mors (left, images on day 15) were ad-
ministered virus (on day 15) via the tail
vein. Three days later, bioluminescence
imaging of the hind limbs was performed
(right). (D) Quantification of the BLI sig-
nal in skeletal lesions (C and D, n = 6 mice
per group). Color images available online
at www.liebertonline.com/hum
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bearing X-ray-positive bone lesions (Fig. 4C, left) were in-
jected with mHAd.luc2 or Ad.luc2 via the tail vein. BLI ex-
amination of the hind limbs (BLI of the left limb, shown in
Fig. 4C, right) was examined. The quantification of BLI signal
indicated that both viruses produced nearly equal levels of
vector-induced luciferase expression in skeletal tumors (Fig.
4D) (p > 0.05), indicating that hexon modification did not
affect the uptake of virus into skeletal tumors.

To examine the therapeutic efficacy of mHAd.luc2, MDA-
MB-231-luc2 cells were injected into the left heart ventricle of
nude mice to establish bone metastases. On day 8, mice
bearing BLI-positive bone metastasis (Fig. 5A, left, shows a
representative mouse from each group) were divided ran-
domly into four groups (there was no significant difference
between the BLI intensity amongst the various groups). Mice
were given three injections of either buffer, Ad(E1–).luc2,
Ad.luc2, or mHAd.luc2. Tumor lesion areas were measured
by X-ray radiography on days 12, 16, and 22. Mice that
received mHAd.luc2 or Ad.luc2 had significantly smaller
tumors compared with the buffer group or the replication-
deficient Ad(E1–).luc2 virus group (Fig. 5A, right, and Fig.
5B; p < 0.05). Tumor lesion areas in the mHAd.luc2 and
Ad.luc2 groups were similar (Fig. 5B, p = 0.801), indicating
that hexon modification in mHAd.luc2 did not compromise
the antitumor effect of the oncolytic virus.

In summary, the work presented here shows that hexon-
chimeric mHAd.luc2 exhibits reduced liver uptake and
reduced liver damage, and is safer than the unmodified
Ad.luc2 virus. Systemic administration of mHAd.luc2 results
in viral uptake in the tumors at the bone site, and the virus is
quite effective in producing antitumor effects against estab-
lished bone metastasis. It is interesting that in vitro, in the
presence of factor X, compared with mHAd.luc2, unmodi-
fied Ad.luc2 can bind more to the tumor cells. However, the
replication potential of mHAd.luc2 is not compromised.
Moreover, both mHAd.luc2 and Ad.luc2 are equally effective
in their uptake in tumors in vivo, and in producing antitumor
responses against established bone metastases. Considering
the superior safety profile of mHAd.luc2 compared with
Ad.luc2, it would be interesting to examine in future whether
increasing the viral dose to the maximal tolerated dose can
improve the antitumor responses described here.

Oncolytic adenoviruses have emerged as an important class
of antitumor agents (Crompton and Kirn, 2007; Yamamoto
and Curiel, 2010). Systemic delivery of adenoviruses, how-
ever, faces a key in vivo barrier—the majority of the virus is
taken up by the liver. It is known that intravenous delivery of
Ad5 results in its uptake in the liver hepatocytes, a process
that has been shown to be mediated via vitamin K-dependent
FX binding with hexon (Parker et al., 2006; Kalyuzhniy et al.,
2008; Waddington et al., 2008; Alba et al., 2009). Consistent
with this is the observation that warfarin, a known inhibitor of
FX biosynthesis, can inhibit Ad5 uptake in the liver, and en-
hance antitumor efficacy after systemic delivery (Shashkova
et al., 2008). Systemic delivery of Ad5 also results in seques-
tration by Kupffer cells through a nonspecific scavenger re-
ceptor pathway (Prill et al., 2011). Several factors including
immunoglobulin M, the complement system, and other blood
components have also been shown to be involved in virus
uptake in the liver (Xu et al., 2008). It is, therefore, quite in-
teresting that substituting the seven HVRs of Ad5 hexon with
Ad5/48 chimeric hexon can have such a profound effect on

the inhibition of viral uptake by the liver, without affecting
viral uptake in the skeletal tumors. It is noteworthy that an
oncolytic adenovirus in which Ad5 hexon was substituted
with Ad3 hexon has been shown to be detargeted for liver, but
is effective in inhibiting subcutaneous tumors in a mouse

FIG. 5. Ad.luc2 and mHAd.luc2-mediated inhibition of
established bone metastasis. (A) MDA-MB-231-luc2 cells
were injected (day 0) into the left ventricle to establish bone
metastasis in nude mice. On day 8, mice were subjected to
bioluminescence imaging (left). Mice with detectable signals
on hind limbs were randomized into four groups and in-
jected with adenoviral vector on days 9, 12, and 16. X-ray
radiographs of hind limbs on days 12, 16, and 22 are shown
(right). (B) Osteolytic lesion areas in hind limbs on various
days. *p < 0.05 compared with buffer group. (A and B, n = 10
mice per group). Color images available online at www
.liebertonline.com/hum
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model (Short et al., 2010). It is possible that, on systemic de-
livery of mHAd.luc2 in mice bearing preestablished bone
metastases as described here, relatively poor uptake of
mHAd.luc2 (compared with Ad.luc2) in the liver, particularly
during the initial 3 days, can result in higher mHAd.luc2
levels in the blood. This could result in higher blood levels of
mHAd.luc2, thus favoring mHAd.luc2 accumulation in skel-
etal tumors in vivo in amounts that are similar to Ad.luc2.
Once the hexon-modified virus reaches the target site, it elicits
the expected oncolytic effects against the bone metastases. The
evaluation of this hypothesis or other possible mechanisms to
understand the in vivo antitumor responses of Ad5/48 chimeric
hexon-based oncolytic adenovirus will be the focus of future
investigation. It is quite significant, however, that Ad5/48 chi-
meric hexon-based liver-detargeted oncolytic adenoviruses
could be potentially developed as a safe and effective approach
for the systemic treatment of breast cancer bone metastasis.
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