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A Novel Antiangiogenic Effect for Telomerase-Specific
Virotherapy through Host Immune System’

Yoshihiro Ikeda,* Toru Kojima,* Shinji Kuroda,* Yoshikatsu Endo,* Ryo Sakai,*
Masayoshi Hioki,* Hiroyuki Kishimoto,* Futoshi Uno,* Shunsuke Kagawa,*"
Yuichi Watanabe,* Yuuri Hashimoto,” Yasuo Urata,* Noriaki Tanaka,*

and Toshiyoshi Fujiwara®*"

Soluble factors in the tumor microenvironment may influence the process of angiogenesis; a process essential for the growth
and progression of malignant tumors. In this study, we describe a novel antiangiogenic effect of conditional replication-
selective adenovirus through the stimulation of host immune reaction. An attenuated adenovirus (OBP-301, Telomelysin), in
which the human telomerase reverse transcriptase promoter element drives expression of E1 genes, could replicate in and
cause selective lysis of cancer cells, Mixed lymphocyte-tumor cell culture demonstrated that OBP-301-infected cancer cells
stimulated PBMC to produce IFN-vy into the supernatants. When the supernatants were subjected to the assay of in vitro
angiogenesis, the tube formation of HUVECs was inhibited more efficiently than recombinant IFN-y. Moreover, in vivo
angiogenic assay using a membrane-diffusion chamber system s.c. transplanted in nu/nu mice showed that tumor cell-induced
neovascularization was markedly reduced when the chambers contained the mixed lymphocyte-tumor cell culture super-
natants. The growth of s.c. murine colon tumors in syngenic mice was significantly inhibited due to the reduced vascularity
by intratumoral injection of OBP-301. The antitumor as well as antiangiogenic effects, however, were less apparent in SCID
mice due to the lack of host immune responses. Qur data suggest that OBP-301 seems to have antiangiogenic properties
through the stimulation of host immune cells to produce endogenous antiangiogenic factors such as IFN-y, The Journal of
Immunology, 2009, 182: 1763-1769.

ngiogenesis is the development of new capillaries from genic inhibitors such as platelet factor 4, thrombospondin 1,

preexisting capillary blood vessels and is necessary angiostatin, endostatin, various antiangiogenic peptides, hor-

for the growth of solid tumors beyond -2 mm in mone metabolites, and cytokines constitutively suppress angio-
diameter (1). Targeting the angiogenic process is therefore re- genesis in normal tissues (6). These scenarios suggest the pos-
garded as a promising strategy in cancer therapy. Angiogenesis sibility that endogenous angiogenic inhibitors that outweigh the
consists of dissolution of the basement membrane, migration stimulators could turn off the angiogenic switch.

and proliferation of endothelial cells, canalization, branching Recent studies have demonstrated that the tumor microenvi-
and formation of vascular loops, and formation of a basement ronment, which orchestrates with the host immune system, is a
membrane (2). These steps might be regulated by the local bal- critical component of both tumor progression and tumor sup-
ance between the amount of angiogenic stimulators and inhib- pression (7). Indeed, the production of cytokines at tumor sites
itors (3-5). As cells undergo malignant transformation, angio- can either stimulate or inhibit tumor growth and progression
genic mitogens such as vascular endothelial growth factor (8). These findings provide a unique therapeutic opportunity
(VEGF),? basic fibroblast growth factor, platelet-derived epi- based on selective and locoregional production of endogenous
thelial cell growth factor, and TGF become dominant, causing antitumor mediators such as angiogenic inhibitors. We reported
the aberrant angiogenesis. In contrast, many endogenous angio- previously that telomerase-specific replication-competent ade-

novirus (Telomelysin, OBP-301), in which the human telomer-
ase reverse transcriptase promoter element drives the expres-
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BioPharma, Tokyo, Japan killed human cancer cells, but not normal human fibroblasts
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cell-mediated angiogenesis in vitro and in vivo. Antineoplastic ef-
fect of intratumoral administration of OBP-301 on s.c. murine co-
lon tumors transplanted was compared in syngenic immunocom-
petent mice and SCID mice. Finally, we examined the effect of
neutralizing anti-IFN-y Ab on OBP-301-mediated antiangiogenic
potential in vivo.

Materials and Methods

Cell lines and reagents

The human colorectal carcinoma cell lines SW620 (HLA-A02/A24) and
the murine colon adenocarcinoma cell line Colon-26 were maintained in
vitro in RPMI 1640 supplemented with 10% FCS, 100 U/ml penicillin, and
100 mg/ml streptomycin. Recombinant human IFN-y was purchased from
Peprotech.

Mice

Female BALB/c (BALB/cAnNCriCrlj), BALB/c nu/nu (CAnN.Cg-
Foxnl*/CrICrlj), and SCID (CB17/Icr-Prkdc™{CrlCrlj) mice, 5-6 wk
of age, were purchased from Charles River Japan Breeding Laborato-
ries. Animals were housed under specific pathogen-free conditions in
accordance with the guidelines of the Institutional Animal Care and Use
Committee.

Adenovirus

The recombinant replication-selective, tumor-specific adenovirus vector
OBP-301 (Telomelysin), in which the human telomerase reverse transcrip-
tase promoter element drives the expression of E/A and EIB genes linked
with an internal ribosomal entry sequence, was constructed and previously
characterized (9-12). The virus was purified by CsCl, step gradient ultra-
centrifugation followed by CsCl, linear gradient ultracentrifugation.

Cell viability assay

XTT assay was performed to measure cell viability. Briefly, cells were
plated on 96-well plates at 5 X 10% per well 24 h before treatment and then
infected with OBP-301. Cell viability was determined at the times indi-
cated by using a Cell Proliferation kit II (Roche Molecular Biochemicals)
according to the protocol provided by the manufacturer.

Mixed lymphocyte-tumor cell culture (MLTC) and cytokine
production assay

For MLTC, SW620 tumor cells were infected with OBP-301 at a multi-
plicity of infection (MOI) of 10, washed three times in PBS 72 h after
infection, and then cocultured with PBMC at a ratio of 1:40. The super-
natant was collected at the indicated times and stored at —80°C until assay.
The concentration of IFN-y was measured with ELISA kits (BioSource
International).

In vitro angiogenesis assay

In vitro angiogenesis was assessed based on the formation of capillary-
like structures by HUVECs cocultured with human diploid fibroblasts
according “to the instructions provided with the angiogenesis kit
(Kurabo). In brief, the HUVECs were incubated in a medium containing
the diluted supernatants of MLTC or recombinant IFN-y in the presence
or absence of VEGF (10 ng/ml). The medium was replaced at days 4,
7, and 9. At day 11, the HUVECs were fixed and stained by using an
anti-human CD31 Ab (Kurabo) according to the instructions provided.
The formation of the capillary network was observed with a microscope
at ‘a ‘magnification of X40.

In vivo assay for tumor angiogenesis

In vivo angiogenesis was determined using the dorsal air-sac. method
(14). Briefly, 2 X 10° SW620 cells were suspended in PBS containing
the diluted supernatants of MLTC or control medium, and placed into
round-shaped chambers that consisted of a ring covered with cellulose
ester filters (pore size, 0.45 pm; Millipore) on-both sides. These cham-
bers were implanted into a dorsal air sac produced in female BALB/c
nu/nu mice by the injection of 10 ml of air. Five mice in each group
were sacrificed on day 5, and the formation of a dense capillary network
in s.c. regions was examined under a dissecting microscope. The neo-
vascularization was assessed semiquantitatively by counting the num-
ber of cork screw vessels. For each slide, a total of three fields at a
magnification of X4 were selected at random, and the scores were
averaged.
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In vivo tumor growth and determination of microvessels

Female BALB/c and SCID mice were s.c. implanted with 2 X 10°
Colon-26 celis. When tumors grew to ~5-6 mm in diameter, the mice
were randomly assigned into three groups and a 100 ul of solution
containing 1 X 10® PFU of d1312 or OBP-301, or PBS was injected into
the tumor on days 1, 3, and 5. Tumors were measured for perpendicular
diameters every 3 or 4 days, and tumor volume (in cubic millimeters)
was calculated using the following formula: a X b? X 0.5, where d is
the longest diameter, b is the shortest diameter, and 0.5 is a constant to
calculate the volume of an ellipsoid. For histological analysis, 2 wk
after treatment, the tumors were harvested, embedded in Tissue Tek
(Sakura), cut into 5 pm-thick sections, and assessed by a standard H&E
and immunohistochemical staining using a rat anti-mouse mAb against
CD3! (BD Pharmingen). The experimental protocol was approved by
the Ethics Review Committee for Animal Experimentation of Okayama
University Graduate School of Medicine, Dentistry, and Pharmaceutical
Sciences.

In vivo inhibition of IFN-y with neutralizing Abs

For neutralizing IFN-vy, mice were i.p. administered 200 g of rat anti-
mouse IFN-y mAb (XMG1.2; BD Pharmingen) 1 day before the first
injection of OBP-301 and on days 1 and 3 after the first injection.
Control mice received i.p. administration of isotype-matched rat IgGl
(BD Pharmingen).

Statistical analysis

Determination of significant differences among groups was assessed by
calculating the value of Student’s t test using the original data analysis.
Statistical significance was defined at p < 0.01.

Results
Effect of OBP-301-infected human colorectal cancer cells on
PBMC in vitro

First, we examined whether OBP-301 infection affects the viability
of human colorectal cancer cells using the XTT assay. SW620
cells were either mock-infected with culture medium or infected
with OBP-301 at an MOI of 1 or 10. As shown in Fig. 1A, OBP-
301 infection induced death of SW620 cells in a dose-dependent
manner. Next, we examined the ability of OBP-301-infected on-
colytic cells to stimulate PBMC in MLTC. For this purpose,
SW620 cells (HLA-A02/A24) treated with 10 MOI of OBP-301
for 72 h were cocultured with HLA-matched PBMC obtained from
HLA-A24" healthy volunteers at a ratio of 1:40. The production of
IFN-+ in the supernatants was then explored by ELISA analysis at
the indicated time points. PBMC incubated with OBP-301-infected
oncolytic SW620 cells secreted large amounts of IFN-v as early as
24 h after MLTC, whereas PBMC alone induced little IFN-vy se-
cretion (Fig. 1B). The maximum level of IFN-y was ~250 pg/ml.
We previously confirmed that addition of OBP-301 alone without
target tumor cells did not affect the cytokine secretion from PBMC
into the supernatant, indicating that infection of OBP-301 itself
had no apparent effect on PBMC (13). These results suggest that
PBMC stimulated with oncolytic tumor cells preferentially secrete
high-level IFN-v.

Inhibition of in vitro and in vivo angiogenesis by MLTC
supernatants with OBP-301-infected human tumor cells

In the next step, we investigated the effects of MLTC superna-
tants with oncolytic. SW620 tumor cells and HLA-matched
PBMC on VEGF-induced angiogenesis in vitro. The addition of
VEGF enhanced the formation of vascular-like structures of
HUVECs, although tubule formation was almost absent without
VEGF. This VEGF-induced angiogenesis was completely im-
paired by the addition of MLTC supernatants even at 1/4 dilu-
tion (Fig. 2). In contrast, although MLTC supernatants were
confirmed to contain ~250 pg/ml IFN-vy, 10-fold more concen-
tration of recombinant IFN-vy was needed to attenuate the tubule
formation close to basal levels. The supernatants of PBMC
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In vitro cytopathic effects of OBP-301 and IFN-vy secretion by oncolytic cell-stimulated PBMC. A, SW620 human colorectal cancer

cells were infected with OBP-301 at indicated MOI values, and surviving cells were quantitated over 7 days by XTT assay. The cell viability of
mock-treated cells on day 1 was considered 1.0, and the relative cell viability was calculated. Data are mean * SD of triplicate experiments. B, IFN-y
concentrations in the supernatants of MLTC analyzed by ELISA. SW620 cells were treated with: 10 MOI of OBP-301 for 72 h, and then cocultured
with PBMCs obtained from HLA-A24™ healthy volunteers for the indicated time periods in' MLTC. The culture supernatants were harvested and
tested by ELISA for IFN-y concentrations. As a control, the supernatants of PBMC alone were also examined. Data are mean * SD of triplicate

experiments.

alone had no effect on in vitro angiogenesis. These results sug-
gest that MLTC supernatants may contain more antiangiogenic
factors in addition to IFN-vy.

We also assessed whether MLTC supernatants inhibited in vivo
angiogenesis induced by human cancer cells. SW620 cells.in PBS
containing supernatants of OBP-30l-infected SW620 cells,
PBMC, or both, which were packed into membrane chambers,
were implanted into a dorsal air sac produced in nu/nu mice. The
chambers consisted of membranes that allowed the passage of
macromolecules such as IFN-v, but not cells. Five days after im-
plantation, neovascularization, as demonstrated by the develop-
ment of capillary networks and curled microvessels in addition to
the preexisting vessels, occurred in the dorsal subcutis touched by
the chamber, which contained SW620 cells alone. The addition of
MLTC supernatants, however, reduced the size and tortuosity of
the preexisting vessels, and significantly reduced the development
of curled microvessels (Fig. 3). Although the preexisting vessels
became thinner by supernatants of OBP-301-infected SW620 cells
or PBMC, the number of curled microvessels, which is character-
istic of tumor neovasculature, was consistent in these two groups
with that in the group compared with SW620 cells alone. Thus,
MLTC supernatants exhibited a profound antiangiogenic activity
in vivo.

VEGF
+ IFN-y (250 pg)
e

FIGURE 2. Inhibition of in vitro
angiogenesis by the supernatants of
OBP-301-infected oncolytic cells and
PBMC. HUVECs were incubated in a
medium containing the supematants of
MLTC obtained 72 h after coculture
with OBP-301-infected oncolytic cells
and PBMC or recombinant IFN-yin the
presence or absence of VEGF (10 ng/
ml). The formation of the capillary net-
work was comfirmed by staining with
anti-human CD31 Ab on day 1. Rep-
resentative images depicting formation
of capillary-like tube structures by
HUVECs are shown. Original magnifi-
cation is at X40.

VEGF
+MLTC supematants
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Involvement:of host immune activity on antiangiogenic effect of
OBP-301

The finding that OBP-301-infected tumor cells stimulated PBMC
to ' produce ‘antiangiogenic factors prompted us to study whether
immunodeficiency of host animals could affect the antitumor effect
of OBP-301 in vivo. When 2 X 10% Colon-26 murine colon ade-
nocarcinoma cells were inoculated s.c. into BALB/c and SCID
mice, palpable tumors appeared in 100% of the mice within 2 wk
after tumor injection. Fourteen days after tumor inoculation, ani-
mals bearing Colon-26 tumors with a diameter of 5-6 mm were
treated with the direct intratumoral injection of 10® PFU OBP-301
every 2 days for three cycles. As shown in Fig. 4, treatment with
OBP-30! resulted in a significant growth suppression compared
with tumors injected with PBS at least for 12 days starting on day
4 after last virus injection (p < 0.01) in BALB/c mice; however,
OBP-301-mediated antitumor effect was partially impaired in
SCID mice, as significant inhibition was observed only for 6 days
starting on day 10. Intratumoral injection of replication-deficient
d1312 adenovirus had no effect on the tumor growth in BALB/c or
SCID mice (data not shown). These results indicate the partial
involvement of the host immune system in the OBP-301-mediated
antitumor effect.

VEGF
+10 x IFN-y {2500 pg)

VEGF
+PBMC supernatants
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FIGURE 3. Inhibition of tumor cell-
mediated in vivo angiogenesis by the
supernatants of OBP-301-infected on-
colytic cells and PBMC. A, SW620 hu-
man colorectal tumor cells at a density
of 2 X 10° were placed in a diffusion
chamber in PBS containing the diluted ok
supernatants of MLTC obtained 72 h SW620 cells

after coculture with OBP-301-infected + MLTC supernatants PBS
oncolytic cells and PBMC or control
mediums, and it was implanted into a
dorsal air space produced in BALB/c
nu/nu mice on day 0. Mice were sacri-
ficed on day 5, and the chamber was
removed from the s.c. tissue. A new
ring without filters was placed on the
same site to mark the position of the
chamber. The capillary networks de-
veloped inside the rings were photo- B 4

graphed to determine the effect of
12t
10
8t
6
4
z 1
0

treatments. Representative images of
treatment groups are shown. Curled

SW620 SW620 SW620 SW620
+ + +

microvessels are shown (arrow). B,
The number of cork screw vessels was

OBP-infected PBMC MLTC sup
SW620 sup  sup

semiquantitatively counted to assess the
neovascularization. Data are mean *
SD. =, p < 0.01. Similar results were
observed in two independent experi-
ments conducted in triplicate.

Number of cork screw vessels

Antiangiogenic effect of OBP-301 on syngenic and observed where OBP-301 was injected (Fig. 58). Immunohis-
immunodeficient murine tumor models tochemical staining of tumor sections with the Ab for CD31 Ag,

When Colon-26 s.c. tumors implanted in BALB/c mice were in- an endothelial cell marker, also revealed that Colon-26 tumors
jected with PBS, replication-deficient d1312 adenovirus, or OBP- injected with OB.P‘3O] displayed very few and e.xt.rem'e]y small
301. Macroscopically, tumors treated with OBP-301 were consis- blood vessels (Fig. 5C). In contrast, OBP-301 injection could
tently smaller than those of the other two cohorts of mice 14 days ~ Not apparently reduce the vessel numbers on Colon-26 tumors
after last virus injection (Fig. 5A). Furthermore, a reddish area was implanted in SCID mice (Fig. 5D). These in vivo studies dem-

noted on the tumor surface on two of six mice treated with OBP- onstrated that inhibition of angiogenesis due to the stimulation
301, indicating virus-induced intratumoral necrosis of tumor cells ~ Of host immune system might be an important mechanism of
ia ot OBP-301-mediated in vivo antitumor effect.

in vivo.

To better understand the mechanisms underlying the induc-
tion of necrosis following OBP-301 treatment, histologic and
immunohistochemical analyses were performed on Colon-26
tumors harvested 14 days after last injection. A standard H&E
staining demonstrated the presence of many vessels in tumors Finally, to determine whether IFN-vy is involved in OBP-301-medi-
injected with PBS or d1312. However, OBP-301-treated tumors ated antiangiogenic eftects, in vivo neutralizing experiments were
showed few vessels. In addition, massive tumor cell death and performed by using anti-IFN-y mAb or isotype-matched control
cellular infiltrates at the central portions of the tumors were mAb. Angiogenesis was reduced by intratumoral injection of

Contribution of in vivo IFN-vy production to the
OBP-301-mediated antiangiogenic effects

SCID mice 3 ‘
12 FIGURE 4. Antitumor eftects of intratumorally in-

jected OBP-301 against Colon-26 murine colon ade-

nocarcinoma tumors in syngenic immunocompetent
—8— PBS BALB/c and immunodeficient SCID mice. Colon-26

cells (2 X 10° cells/each) were injected s.c. into the
= OBP-301 .1t flank of mice, OBP-301 (1 X 10° PFU/body) was
administered intratumorally for three cycles every 2
days. PBS was used as a control. Six mice were used in
2 4 6 8 1012 14 16 18 20 each group. Tumor growth was expressed by tumor
mean volume = SD. =, p < 0.01.

BALB/c mice

Tumor volume (x 103 mm?3)
Tumor volume (x 10> mm?)

0 2 4 6 8 10 12 14 16 18
Days after infection Days after infection
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PBS di32 0BP-301

FIGURE 5. Macroscopic and histopathological analysis of Colon-26 tumors treated intratumorally with OBP-301. Colon-26 cells (2 X 10° cells/each) were
injected s.c. into the right flank of syngenic BALB/c mice and SCID mice and OBP-301 (1 X 10® PFU/body) was administered intratumorally for three cycles
every 2 days as described in Fig. 4. A, Macroscopic appearance of Colon-26 tumors on BALB/c mice 14 days after treatment. Note the reddish area on the tumor
surface in two mice treated with OBP-301. B, Tumor sections were obtained from BALB/c mice 14 days after final administration of OBP-301. Frozen sections
of tumors were stained with H&E. Scale bar represents 100 pwm, and magnification is X 100. Magnified view of the boxed region in B is shown. The area with
cellular infiltrates is indicated with the green dotted line. C, Blood vessel formation in Colon-26 tumors injected with OBP-301. Frozen sections of the tumors were
also probed with an Ab against CD31. Scale bar represents 50 wm, and magnification is a X200. D, Tumor sections were obtained from SCID mice 14 days after
final administration of OBP-301. Frozen sections of tumors were stained with H&E. Scale bar represents 100 pm, and magnification is at X 100 magnification.

OBP-301 on Colon-26 tumors; this antiangiogenic effect, how- antiangiogenic effects of OBP-301. These results suggest that
ever, could be partially inhibited in the presence of anti-IFN-vy IFN-y may be one of the important factors for OBP-301 to
mAD (Fig. 6). Treatment with control IgG1 had no effect on the inhibit angiogenesis in vivo.

OBP-301 + Anti-IFN+y

FIGURE 6. Effects of anti-IFN-y Abs on angiogenesis in Colon-26 tumors. Colon-26 cells (2 X 10° cells/each) were injected s.c. into the right flank
of syngenic BALB/c mice and OBP-301 (1 X 10® PFU/body) was administered intratumorally for three cycles every 2 days as described in Fig. 4. Mice
were administered 200 pg of anti-IFN-y mAb (XMG1.2) i.p. to neutralize IFN-y 1 day before the first injection of OBP-301 and on days 1 and 3 after
the first injection. Control mice received i.p. administration of isotype-matched rat IgG1 or PBS. Frozen sections of tumors obtained 14 days after final
administration of OBP-301 were stained with H&E. Magnified view (right) of the boxed region (leff). Microvessels are shown (arrow). Scale bar represents
50 pm, and magnification is at X200.
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Discussion

The tumor vasculature provides a new and attractive target for
cancer therapy because of the reliance of most tumor cells on an
adequate vascular supply for their growth and survival. Although
the beneficial effects of novel antiangiogenic agents such as bev-
acizumab have been recently shown (15), regulation of endoge-
nous antiangiogenic mediators may be another approach to inhibit
angiogenesis. In the present study, we showed that OBP-301.in-
fection and replication induced cytolysis of tumor cells with sub-
sequent stimulation of host immune:cells, which-in turn: inhibited
tumor angiogenesis in vivo; Treatment of established murine colon
tumors with intratumoral injection of OBP-301 resulted in a sig-
nificant antitumor response characterized by extensive necrosis
and reduced vascularity.

We reported previously that wild-type p53 tumor suppressor
gene transfer by a replication-deficient adenovirus. vector: (Ad-
vexin) could have antiangiogenic effects. The effects could be
through down-regulation of angiogenic factor: VEGF and up-reg-
ulation of antiangiogenic factor BAIl because-tumor p53 protein is
a potent transcriptional factor (16, 17). In contrast, OBP-301 con-
tains no therapeutic genes such as p53 and, therefore, its infection
may not directly influence the angiogenic property of infected tu-
mor cells. However, because viral infection is known to trigger
innate and adaptive immune responses presumably through the
release of proinflammatory cytokines (18-20), local administra-
tion of OBP-301 might affect the tumor microenvironment, thus
explaining the potential therapeutic benefit on tumor angiogenesis.
In fact, dying tumor cells infected with OBP-301 promoted the
production of Thl cytokines by PBMC such as IFN-vy, which is
one of the most potent antiangiogenic factors (21, 22) (Fig. I).
Viral infection itself has been reported to activate dendritic cells to
secrete pro- or anti-inflammatory cytokines (23); our preliminary
experiments, however, demonstrated that OBP-301 alone had no
effect on cytokine production by PBMC (13), indicating that OBP-
301 itself may be less infective or stimulatory to PBMC. The result
is consistent with our previous finding that OBP-301 attenuated
replication as well as cytotoxicity of human normal cells: (9, 10).
Moreover, OBP-301-infected tumor cells, but not untreated tumor
cells, enhanced IFN-vy-inducible proteasome activator PA28 ex-
pression in the presence of PBMC (13), indicating that only dying
tumor cells could trigger IFN-vy production by PBMC.

IFN-y has been “also known to inhibit tumor angiogenesis
through the subsequent stimulation of secondary mediators; in-
cluding monokine induced by IFN-y and IEN-inducible protein 10
(24). Indeed, the observation that the supernatants of PBMC cocul-
tured with OBP-301-infected human colorectal cancer cells exhib-
ited a more profound: antiangiogenic effect than recombinant
IFN-vy (Fig. 2) suggests that other factors in addition to IFN-v,
which may not be related to IFN-v, play important roles in inhi-
bition of tumor cell-mediated angiogenesis. For'example, we also
found that oncolytic cells stimulated PBMC to secrete 1L-12,
which is an inducer of IFN-vy as well as an antiangiogenic factor,
into the culture supernatants (13). The supernatants of neither vi-
rus-infected tumor cells alone nor PBMC alone: were more: anti-
angiogenic compared with those of MLTC in vivo (Fig. 3). There-
fore, the interaction: of oncolytic cells and PBMC is required to
produce antiangiogenic mediators and to inhibit in vivo angiogen-
esis following OBP-301 treatment. The question what kind of cells
produce mediators for antiangiogenic effects is of interest. We re-
ported previously that OBP-301 replication produced the endoge-
nous danger signaling molecule, uric acid, in infected human tu-
mor cells, which in turn stimulated dendritic cells to produce
IFN-+v as well as IL-12 into the supernatants (13). The amount of
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IFN-vy produced by dendritic cells was ~40 pg/ml, although 250
pg/ml IFN-y was detected in the MLTC supernatants (Fig. 1B),
indicating that other cell types may contribute to IFN-y produc-
tion. Lymphocytes that promote innate immunity (i.e., NK cells) as
well as classical CD4™ and CD8™ T cells are also know to produce
IEN-vy (25).. Thus, dendritic cells represent one of the sources of
IFN-v; however, IL-12 secreted from dendritic cells activated with
OBP-301-infected tumor cells might trigger these cells to produce
IFN-v.

To more directly evaluate the antiangiogenic effect of OBP-301,
we used a syngenic BALB/c model established by s.c. inoculation
of Colon-26 murine colon adenocarcinoma cells. OBP-301 is re-
ported to have high infectivity and the potential to induce cell
death in a variety of human cancer cells (9-12), whereas murine
cells are relatively refractory to adenovirus infection due to the low
expression of the coxsackievirus and adenovirus receptor. We have
confirmed: previously that telomerase-specific oncolytic adenovi-
rus could infect and replicate in Colon-26 cells (12). Intratumoral
administration of OBP-301 significantly. inhibited the growth of
Colon-26 tumors in syngenic immunocompetent BALB/c mice,
although the magnitude of suppression: was much less when com-
pared with'that in human tumor xenografts (9, 10). The finding that
tumor growth suppression by OBP-301 was partially inhibited in
immunodeficient SCID mice (Fig..4) indicates that the host im-
mune system could be. partially responsible for the antitumor effect
of OBP-301. Histopathologic analysis revealed that the presence of
the immune cell infiltrates and the massive necrosis in Colon-26
tumors are exclusively due to the tumor-specific viral replication
because dI312-injected tumors showed neither cellular infiltrates
nor tissue damages (Fig. 5B). In view of the fact that a cellular
infiltration could be still observed as late as 14 days after the last
OBP-301 injection, immune responses are likely to be induced by
oncolytic tumor cells. Furthermore, as expected, tumors injected
with OBP-301 formed less blood vessels than mock- or di312-
treated tumors (Fig. 5, B and C), suggesting that inhibition of an-
giogenesis by infiltrating cell-secreted mediators partially elicits
the antitumor activity of OBP-301. In contrast, antiangiogenic ef-
fect of OBP-301 was impaired in SCID mice (Fig. 5D), indicating
that host immune cells are necessary for this function of OBP-301.
Moreover, IFN-vy is considered to be partially responsible for the
antiangiogenic effects of OBP-301 because: in vivo neutralization
of IEN=y by anti-IFN-y mAb increased angiogenesis on Colon-26
tumors (Fig. 6).

It remains to be studied whether OBP-301-infected oncolytic
cells are capable of inhibiting the growth of distant tumors.
Circulating inhibitors of angiogenesis such as angiostatin and
endostatin can suppress the growth of remote metastases (26).
The observation that none of mice treated with OBP-301
showed signs of viral distress (ruffled fur, weight loss, lethargy,
or:agitation) as well as histopathologic changes in any organs at
autopsy (data not shown) suggests that the cytokine secretion by
oncolytic cell-stimulated immune cells might be local rather
than systemic. Thus, it is unlikely that locally produced anti-
angiogenic factors interfere with the distant tumor growth, al-
though the circulating virus itself can infect and replicate in
metastatic tumors. This question is being currently investigated
in our laboratory.

In conclusion, we provide for the first time evidence that
oncolytic virotherapy induces novel antiangiogenic effect by
stimulating host immune cells to produce antiangiogenic medi-
ators such as IFN-vy. Our data suggest that the antitumor effect
of OBP-301 might be both direct and indirect.
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Summary We constructed a replication-competent oncolytic
adenovirus, OBP-301 (Telomelysin), in which human telo-
merase reverse transcriptase (hTERT) promoter drives El
genes. OBP-301 is currently being uscd in a phase-1 clinical
trial for various types of tumors. Under such conditions, anti-
adenoviral agents should be available for safety use against
OBP-301 since any adenoviral viremia could cause severe
adverse effects. Cidofovir (CDV) is an acyclic nucleoside
phosphonate that has a broad antiviral activity against DNA
viruses. Here, we examined the antiviral effects of CDV
against OBP-301. The in vitro cytopathic effects of OBP-301
were suppressed by CDV. Moreover, CDV decreased the
adenoviral E1A gene copy number after OBP-301 infection.
These results suggest that CDV is a potentially useful
antiviral agent for OBP-301].

Keywords hTERT - Adenovirus - Cidofovir-
Oncolytic virus - Clinical trial

Introduction

Oncolytic adenoviruses have been developed for treatment of
human cancer. These viruses are designed to replicate and
selectively kill cancer cells but to have minimum effect on
normal cells [1]. Two major approaches to generate selective
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replication of viruses within tumor cells have been used [2, 3].
One is to delete genes that are critical for replication of the
virus in normal cells but are dispensable for cancer cells such
as ONYX-015 or A24 [4]. The other approach is the
replacement of the promoter region that initiates viral
replication genes to the promoter region of the genes active
in cancer cells [2, 3]. Various genetic or epigenetic targets
limited to cancer cells have been investigated and used for
constructing oncolytic adenoviruses.

Human telomerase reverse transcriptase (hTERT) is an
enzymatic subunit of human telomerase [5]. Telomerase is
expressed in almost all cancer cells but not in all normal
cells [6]. Therefore, telomerase is an attractive target for
treatment of cancer. We constructed previously the attenu-
ated adenovirus, OBP-301 (Telomelysin), in which adeno-
viral E1A and E1B genes are linked with internal ribosomal
entry site under the control of the hTERT promoter. We
reported that OBP-301 induced selective expression of E1A
and E1B genes in many cancer cell lines and selectively
replicated and lysed cancer cells but not normal cells [7-9].
OBP-301 is currently being tested in a phase-I clinical trial
that includes various types of solid tumors. Although
patients receiving this type of therapy become positive for
anti-adenoviral neutralizing antibodies, those treated with
OBP-301 could develop adenoviral viremia with potentially
severe adverse effects. Thus, there is a need for anti-
adenoviral agents for treatment of potential viremia in
clinical trials of OBP-301.

One of the antiviral compounds is phosphonyl acyclic
nucleotides, (S)-9-(3-hydroxy-2-phosphonometoxy propyl)
cytosine dehydrate, also known as HPMPC (cidofovir, or
CDV). CDV was developed for the treatment of viral
infections and has a broad antiviral activity against DNA
viruses, such as cytomegalovirus and adenoviruses (AdV).
CDV exhibits potent inhibitory effects against several

;@_ Springer
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adenoviral serotypes in cell culture models [10]. Further-
mote, CDV has been used clinically for AdV infections
after bone marrow transplantation in immunodeficient
patients [11]. Thus, we presumed that CDV could be a
useful antiviral drug against OBP-301. In the present study,
we examined the in vitro inhibitory effects of CDV against
OBP-301 in human lung cancer cell lines.

Materials and methods
Cell culture, viruses, and chemicals

The human non-small lung cancer cell H1299 and lung
cancer cell line A549 were purchased from American Type
Culture Collection (ATCC). H1299 was cultured in RPMI
1640 medium supplemented with 10% FCS. A549 was
cultured in DMEM F12 medium supplemented with 10%
fetal calf serum (FCS). OBP-301 was constructed and
characterized as described previously [7-9]. The human
wild-type adenovirus type 5 (wt-Ad) was also used.
VISTIDE™ (CDV injection) was purchased from Gilead
Sciences (Foster City, CA).

Cell viability assay

Cells were seeded in 96-well plate at 1x10° cells per well
and incubated at 37°C. After incubation, cells were infected
with OBP-301 at a MOI of 1 (in H1299) and 5 (in A549)
for 2 hours. The medium was aspirated and replaced with
fresh medium containing 2% FCS and serially diluted CDV.
Cell viability was determined by XTT assay 7 days after
infection using Cell Proliferation Kit II (Roche Molecular
Biochemicals) according to the protocol recommended by
the manufacturer. Protection was determined by the
following formula: Protection (%)={OD (AdV(+):CDV
(+)) = OD (AdV (H):CDV(-))}/{OD (AdV(-):CDV(#))
-0OD (AdV (+):CDV(-))} x100. CCso (50% cytotoxic
concentration) was defined as CDV concentration that
inhibited relative cell viability to 0.5 without OBP-301
infection. ECsy (50% effective concentration) was defined
as CDV concentration that archived 50% protection.

Quantitative real-time PCR analysis

Cells were seeded in six-well plate at 2x 10> cells per well.
After overnight incubation at 37°C, the meédium was
aspirated, and cells were infected with OBP-301 or wt-Ad
at a MOI of 10 for 2 hours at 37°C with gentle shaking
every 15 minutes. After incubation, the cells were washed
with PBS and placed in a medium containing serially
diluted CDV (100, 20, 4, 0.8, 0.16 and 0 uM). The cells
were harvested 24 hours later with Trypsin/EDTA and total
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DNA was extracted using QlAamp™ DNA Mini Kit
(Qiagen, Hilden, Germany). Viral E1A copy number was
measured using LightCycler instruments and LightCycler
Faststart DNAMaster SYBR Green 1 (Roche, Mannheim,
Germany). ECsq (E1A) was defined as the CDV concentra-
tion that inhibits the E1A ratio (with CDV/no CDV) to 0.5,
Primers for EIA gene were: forward: 5’- CCTGTGTCTA
GAGAATGCAA -3°, reverse: 5- ACAGCTCAAGTC
CAAAGGTT - 3°. PCR amplification began with a 600-s
of denaturation step at 95°C and then 40 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 15 s,
and extension at 72°C for 8 s.

Statistical analysis

The Student’s f-test was used to compare differences.
Statistical significance was defined when p was <0.05.

Results

In vitro cytopathic effect of OBP-301 on lung cancer cell
lines

We reported previously that OBP-301 exhibited oncolytic
activity against many types of human cancer cells [7-9]. To
confirm this, we tested its cytopathic effects in cancer cell
line in vitro. Human lung cancer cell lines, A549 and
H1299, were infected with OBP-301 at various MOIs and
numbers of living cells were measured by XTT assay
(Fig. 1). At 5 days after infection, the majority of H1299
cells were killed by OBP-301 at MOI of | and 10, and
approximately 70% of A549 cells were killed by OBP-301
at MOI of 50. These results confirmed that OBP-301
induced cell death in A549 and H1299 cells.

Inhibitory effects of CDV on the cytopathic effect
of OBP-301

Next, we tested whether the cytopathic effect by OBP-301
on these cancer cells could be inhibited by CDV treatment.

'A549 and H1299 cells were infected with OBP-301 then

treated with CDV at various concentrations. Cell viability
was-also determined by XTT assay. In the presence of the
drug and virus, relative cell viability significantly increased
in the presence of CDV at > 30 uM in AS49 cells and
> 40 puM in H1299 cells (p<0.01) (Fig. 2). Furthermore,
inhibition of cell growth of each cell line was observed in
the presence of CDV at > 100 uM. The calculated ECsq
values of CDV were 20.4 uM for H1299 and 35.9 uM for
A549 cells, while the calculated CCsy values were
146.4 uM for H1299 cells and 106.9 uM for A549 cells.
Similar results were obtained by using ONYX-015 (see
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Fig. 1 Cytopathic effects of OBP-301 on HI1299 and A549 lung
cancer cell lines in vitro. Each cell was infected with OBP-301 at the
indicated MOI and cell viability was evaluated by XTT assay (no
virus=1.0). Data are mean+SD values

Introduction) and OBP-401, a modified OBP-301 that
contains the GFP gene [12] (data not shown).

Inhibitory effects of CDV on viral replication of OBP-301

Finally, we examined whether CDV inhibits the replication
of OBP-301 in vitro. We previously used two methods to
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Fig. 3 Inhibition of OBP-301 replication in H1299 cells by CDV.
Cells were infected with OBP-301 or wild-type AdV at MOI of 10,
followed by the addition of CDV at the indicated concentrations. Cells
were collected after 24 hours infection, total DNA was extracted, and
viral E1A copy number was determined by quantitative real-time PCR
analysis (with virus/no CDV=1.0)

quantify viral replication, biological plaque forming assay
using 293 cells [7] and real-time PCR assay targeting
adenoviral E1A sequence [8, 9], and found that both assays
could detect viral replication similarly. H1299 cells were
infected with OBP-301 or wt-Ad, followed by treatment
with CDV. Wt-Ad was used for positive control in this assay
since it had been reported that CDV had antiviral activity
against wt-Ad. To measure the viral DNA, we quantified
E1A copy number of cells infected with OBP-301 or wt-Ad
by real-time PCR assay. CDV reduced the relative E1A copy
number in both wt-Ad and OBP-301-infected cells and the
effect was concentration-dependent, indicating that CDV
inhibited viral replication of OBP-301 and wt-Ad in H1299
cells (Fig. 3). The calculated ECsq (E1A) value for OBP-301
was 19.55 uM.
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Fig. 2 Inhibition of cytopathic effects of OBP-301 by CDV in human
lung cancer cell lines. (a) Cells were treated with CDV at the indicated
concentrations and incubated for 7 days. The relative cell viability was
evaluated by XTT assay. Data are mean+SD values. (b) Cells were
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infected with OBP-301 (1 MOI in H1299 and 5 MOI in A549, PFU/
cell), followed by the addition of CDV at the indicated concentrations.
Protection was calculated as described in “Material and methods”.
Data are mean+SD values
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Discussion

OBP-301 has been developed as an oncolytic viral agent for
the treatment of human cancer and is currently used in a
phase-I clinical trial. Although replication of OBP-301 is
limited in normal cells evaluated in vitro and in vivo mouse
model, the effect of OBP-301 in human is still unknown. In
the phase-II clinical trial of ONYX-015, an E1B-55 kDa-
deleted adenovirus mutant, adenoviral viremia occurred
even in the presence of neutralizing antibodies and antiviral
cytokines [13]. Several antiviral drugs are used for other
DNA viruses, e.g. aciclovir, a synthetic acyclic purine-
nucleoside analogue, for Herpes simplex virus (HSV) [14],
and ganciclovir (GCV) for Cytomegalovirus infections
[15]. For AdV infections, it has been reported that CDV
exhibits potent inhibitory effects against several adenoviral
serotypes in cell culture models [10, 16]. We considered
that CDV can be used as antiviral drug for OBP-301.

The purpose of using CDV clinically is to avoid toxic
effects of OBP-301 in normal tissues, when viral replication
becomes uncontrollable. However, it is difficult to examine
the inhibitory effect of CDV on cytopathic effect of OBP-
301 in normal cells, because OBP-301 replicates and lyses
only in cancer cells [7-9]. Therefore, we used human
cancer cell lines to assess the potential antiviral activity of
CDV. We showed that the cytopathic effects of OBP-301
were efficiently suppressed by CDV treatment at concen-
trations that did not affect cell growth (Fig. 2). Despite the
high susceptibility of H1299 cells to OBP-301 infection
(Fig. 1), CDV inhibited the cytopathic effects of OBP-301,
suggesting that CDV has potent antiviral activity against
OBP-301. The 50% effective concentration of CDV in
A549 cells was in agreement with the published data using
human wt-Ad [17], indicating that the inhibitory activity
against the cytopathic effect of OBP-301 was equivalent to
that of wt-Ad.

The mechanism of the antiviral effect of CDV is that of
inhibition of viral replication by targeting the viral DNA
polymerase [18]. The anti-adenoviral effect of CDV is
quantified by evaluating the viral progeny in adenovirus-
infected cells using quantitative PCR analysis [16]. We
demonstrated that the replication of OBP-301 was inhibited
by CDV in a concentration-dependent manner (Fig. 3). In
addition, the 50% effective concentration on viral DNA
copy number was almost the same as the 50% effective
concentration on cell death by OBP-301 infection, suggesting
that CDV inhibited the cytopathic effect of OBP-301 by
inhibiting the replication of OBP-301. Recently, antiviral
effect of CDV against wt-Ad in immunosuppressed Syrian
hamster model was reported [19]. The 50% inhibitory
concentration of CDV on viral DNA copy number in OBP-
301 was slightly higher than that of wt-Ad (Fig. 3). Differ-
ences at EIA region between OBP-301 and wt-Ad may
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affect of CDV activity on viral replication. It has been
reported that CDV-resistant human Ad mutants were isolated
by continuous passage in vitro condition [20]. Quality
assurance and quality control of the master virus bank have
been intensively performed for OBP-301 used in the current
clinical trials; emergence of CDV-resistant OBP-301 variant,
however, should be considered and long-term susceptibility
of CDV against OBP-301 will be studied in the future
clinical trials.

In conclusion, our in vitro data indicate that CDV can
effectively inhibit the oncolytic activity of OBP-301 by
inhibiting the replication of OBP-301. CDV may be a
potential antiviral agent for OBP-301 in clinical trial.
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Abstract

A phase | dose-escalation study of telomerase-specific
oncolytic adenovirus, OBP-301 (Telomelysin), is now
under way in the United States to assess feasibility and
to characterize its pharmacokinetics in patients with ad-
vanced solid tumors. The present preclinical study inves-
tigates whether OBP-301 and a chemotherapeutic agent
that is commonly used for lung cancer treatment, gemci-
tabine, are able to enhance antitumor effects in vitro. and
in vivo. The antitumor effects of OBP-301 infection and
gemcitabine were evaluated by 2,3-bis[2-methoxy-4-
nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide inner
salt assay. /In vivo antitumor effects of intratumoral injec-
tion of OBP-301 in combination with systemic administra-
tion of gemcitabine were assessed on nu/nu mice s.c.
xenografted with human lung tumors. OBP-301 infection
combined with gemcitabine resulted in very potent syner-
gistic cytotoxicity in human lung cancer cells. The three
human lung cancer cell lines treated with OBP-301 for
24 hours tended to accumulate in S phase compared with
controls. The proportion of cells in S phase increased from
43.85% to 56.41% in H460 cells, from 46.72% to
67.09% in H322 cells, and from 38.22% to 67.67% in
H358 cells. Intratumoral injection of OBP-301 combined
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with systemic administration of gemcitabine showed ther-
apeutic synergism in human lung tumor xenografts. Our
data suggest that the combination of OBP-301 and
gemcitabine enhances the antitumor effects against hu-
man lung cancer. We also found that the synergistic
mechanism may be due to OBP-301-mediated cell cycle
accumulation in S phase. These results have important
implications for the treatment of human lung cancer.
[Mol Cancer Ther 2009;8(4):980-7]

Introduction

Lung cancer is the most common cause of cancer-related
mortality. In current clinical practice, chemotherapy is used
in combination with radiotherapy as an adjuvant or neoad-
juvant therapy. Moreover, combination chemotherapy is
regarded as the standard care in the treatment of unresect-
able locally advanced (stage IIIB), metastatic (stage IV), or
recurrent disease. Although there have been major improve-
ments over recent decades in surgical techniques and the
role of chemotherapy-radiotherapy in the treatment of
non-small cell lung cancer, the long-term outlook for such
patients has not changed significantly. The median survival
for patients with advanced-stage non-small cell lung cancer
treated with platinum-based chemotherapy is'a disappoint-
ing 8 to 10 months (1). Clearly, new therapies are needed
that are capable of treating such advanced cancers in addi-
tion to preventing their formation.

One type of cancer therapy that has been extensively
investigated is virotherapy, which uses oncolytic viruses
engineered to selectively replicate within tumor cells, killing
them. We previously developed an adenovirus vector that
drives the EIA and E1B genes under the hTERT promoter,
designated OBP-301 (Telomelysin), and showed its selective
replication, as well as its profound cytotoxic activity, in a
variety of human cancer cells (2-5). Although the develop-
ment of OBP-301 as a monotherapy is currently under way
clinically based on the promising preclinical results, multi-
modal strategies to enhance antitumor efficacy in vivo are
essential for successful clinical outcome. In fact, most clini-
cal trials for oncolytic viruses have been conducted in com-
bination with chemotherapy or radiotherapy (6).

Gemcitabine (2,2-difluorodeoxycytidine) is a third-
generation agent that has been developed in the past dec-
ades. Gemcitabine is a deoxycytidine analogue that has
shown efficacy as a treatment for many solid tumors and
is now extensively used in the treatment of patients with
various tumor types (7, 8), but inherent and acquired resis-
tance has resulted in low response rates. In the present
study, we hypothesized that combination of oncolytic
adenoviral agents (with novel mechanisms of action) with
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chemotherapeutic agents could improve the antitumor
effects and minimize the toxic side effects of the latter by
reducing the concentrations of anticancer drugs. To test
our hypothesis, we examined the therapeutic effects of
OBP-301 combined with gemcitabine both in vitro and
in vivo. The results showed that combination therapy with
OBP-301 and gemcitabine produced therapeutic benefits
over either individual modality.

Materials and Methods

Cell Lines and Cell Cultures

The human large cell lung cancer cell line H460, the
bronchioloalveolar carcinoma cell line H322, and the
bronchioloalveolar carcinoma cell line H358 were propagated
in monolayer culture in RPMI 1640 supplemented with 10%
FCS.

Chemotherapeutic Agents and Viruses

Gemcitabine (Gemzar) was obtained from Eli Lilly Co.
Stock solution was prepared in 0.9% NaCl and the agent
was further diluted in growth medium immediately before
use. OBP-301 is a telomerase-specific replication-competent
adenovirus variant, in which the hTERT promoter element
drives the expression of EIA and E1B linked with internal
ribosomal entry site. The virus was purified by ultracentri-
fugation in cesium chloride step gradients and titer was
determined by plaque assay in 293 cells, as described previ-
ously (2-5).

Cell Viability Assay

2,3-Bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-
5-carboxanilide inner salt (XTT) assay was done to assess
the viability of tumor cells. H460, H322, and H358 cells at
1,000 per well were seeded onto 96-well plates at 18 to
20 h before viral infection. Cells were then infected with
OBP-301 at low to high concentrations and were treated
with fresh medium containing gemcitabine at various con-
centrations at 24 h after OBP-301 infection. Cell viability
was determined at 4 d after treatment with OBP-301 and
gemcitabine by using a Cell Proliferation Kit II (Roche
Molecular Biochemicals) according to the protocol provided
by the manufacturer.

In vitro Replication Assay

H460, H322, and H358 cells were seeded in six-well
plates at 10° per well at 12 h before infection. Cells were
infected with OBP-301 at a multiplicity of infection (MOI)
of 10, 25, and 20 plaque-forming units (pfu)/cell, respec-
tively, and fresh medium containing gemcitabine at 70
nmol/L for H460 cells, 100 nmol/L for H322 cells, and
3 nmol/L for H358 cells was then added at 24 h after
infection. Cells were incubated at 37°C, trypsinized, and
harvested for intracellular replication analysis at 2, 24,
48, 72, 96, and 108 h after OBP-301 infection. DNA puri-
fication was done using QIAmp DNA Mini kit (Qiagen,
Inc.). The E1A DNA copy number was determined by
quantitative real-time PCR using a LightCycler instrument
and LightCycler-DNA Master SYBR Green I (Roche Diag-
nostics).

Molecular Cancer Therapeutics 981

Assessment of E1A Expression by Western Blotting

H460, H322, and H358 cells infected with OBP-301 at
an MOI of 10, 25, and 20, respectively, were collected
at 5 d after infection, lysed in lysis buffer [10 mmol/L
Tris-HCl (pH 7.5), 400 mmol/L NaCl, 1 mmol/L DTT,
5 mmol/L NaF, 1 mmol/L EDTA, 0.5% NazVO,, 10%
glycerol, 0.5% NP40, 0.1 mmol/L phenylmethylsulfonyl
fluoride, 1 mg/mL leupeptin, 1 mg/mL aprotinin] for 30
min on ice, and centrifuged at 15,000 rpm for 30 min.
Protein concentration was measured by means of the
Bradford assay. Equal amounts of protein-containing sam-
ple buffer [62.5 mmol/L Tris-HCl (pH 6.8), 2% SDS, 10%
glycerol, 5% p-mercaptoethanol] were boiled for 5 min
and electrophoresed under reducing conditions on 12%
(w/v) polyacrylamide gels. Proteins were electrophoreti-
cally transferred to Hybond polyvinylidene difluoride
transfer membranes (Amersham) and incubated with pri-
mary antibody against E1A (BD Pharmingen) or rabbit
anti-human p-actin monoclonal antibody (Sigma-Aldrich)
followed by peroxidase-linked secondary antibody. An en-
hanced chemiluminescence Western system (Amersham) was
used to detect secondary probes.

Cell Cycle Analysis

H460, H322, and H358 cells were infected with OBP-301
at 40, 100, and 80 MO, respectively, for 24 h. The cells were
then harvested and suspended in 1.5 mL PBS before fixing
with ice-cold 70% ethanol for 30 min. Fixed samples were
centrifuged for 5 min, and cell pellets were resuspended
in 700 uL PBS containing RNase (0.25 mg/mL) followed
by incubation for 30 min at 37°C. The volume was increased
to 1 mL with PBS containing 1% bovine serum albumin and
propidium iodide (50 ug/mL}) and the suspensions were
incubated at 4°C for 30 min. Stained cells were analyzed
by FACScan (Becton Dickinson) and by WinMDI v2.8 soft-
ware (Scripps Instituite).

Assessment of Cell Cycle Regulator Protein Expression
by Western Blotting

H460; H322, and H358 cells were infected with OBP-301
at 40, 100, and 80. MOI, respectively, before harvesting
24 h later. Collected: cells were analyzed for expression of
E2F1, p53, and E1A and phosphorylation of Akt. Primary
antibodies were purchased from Santa Cruz Biotechnology
(E2F1), Calbiochem Co. (p53), and Sigma Co. (B-actin). Pro-
tein expression was quantified by densitometric scanning
using NIH Image software.

In vivo Human Tumor Model

H358 cells (5 x 10° per mouse) were injected s.c. into
the backs of 5- to 6-wk-old female BALB/c nu/nu mice
and were permitted to grow to 5 to 10 mm in diameter.
At that time, mice were randomly assigned into four
groups: mock, OBP-301, gemcitabine, and OBP-301- plus
gemcitabine. Next, 50 uL of solution containing OBP-301
at a dose of 1 x 107 pfu/body or PBS were injected into
the tumors. Simultaneously, each mouse in the combina-
tion group and gemcitabine group received an ip. injec-
tion of 100 pL. gemcitabine at a dose of 70 mg/kg every
3 d for three cycles starting at day 0. The perpendicular
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Figure 1. Combination efficiency of OBP-301 and gemcitabine on human lung cancer cell lines. H460, H322, and H358 cells were infected with OBP-

301 at the indicated MOIs and then exposed to gemcitabine at the indicated concentrations at 24 h after infection. Cell viability was assessed by XTT

assay at 5 d after OBP-301 infection. Bars, SD.

diameter of each tumor was measured every 3 d, and tu-
mor volume was calculated using the following formula:
tumor volume (mm®) = a x b* x 0.5, where a is the lon-
gest diameter, b is the shortest diameter, and 0.5 is a con-
stant used to calculate the volume of an ellipsoid. The
experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Okayama Uni-
versity.

Statistical Analysis

Determinations of significant differences in mean tumor
size among groups were assessed by calculating the value
of Student's t using the original data analysis.

Results

Antitumor Efficacy of OBP-301 Combined with
Gemcitabine in Human Lung Cancer Cell Lines In vitro

Before we tested the combination efficacy, sensitivity to
gemcitabine and OBP-301 was evaluated in a variety of
human lung cancer cell lines by the XTT method, and we
selected three cell lines, H460, H322, and H358, for further
experiments. From the XTT experiments with gemcitabine

alone or OBP-301 alone (Supplementary Fig. S1),° the opti-
mal concentrations of gemcitabine and OBP-301 were deter-
mined for each cell line. To examine the potential interaction
between gemcitabine and OBP-301 in vitro, cell viability
with six to eight different doses of OBP-301 and four to five
doses of gemcitabine was then assessed by XTT assay at
5 days after treatment. Representative dose-response curves
are shown in Fig. 1. All cell lines treated with OBP-301 and
gemcitabine showed reduced viability when compared with
cells treated with single agents.

We then used software to analyze the combination effi-
ciency in these three cell lines (Table 1). In H358 cells,
OBP-301 and gemcitabine were apparently synergistic at
most doses, whereas the effect of the combination was
mostly additive in H322 cells. In H460 cells, the effect
was additive when the concentration of gemcitabine was
50 nmol/L; with the increasing of the concentration, how-
ever, a clear synergistic effect was seen. When the concentra-
tion was 100 nmol/L, synergism was apparent. These

® Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http:/ /mct.aacrjournals.org/).
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Table 1. Combination index value analysis by CalcuSyn software
{version 2) of combination efficiency in human lung cancer cells

Cells  Gemcitabine OBP-301 Combination ~ Synergy
(nmol/L) (MOTI) index
H460 10 10 1.261 ——
20 1.405 —
50 1.688 ——
30 10 0.996 +
20 1.106
50 1.349 -
50 10 1.037 +
20 1.104 -
50 0.998 +
70 10 0.87 +
20 1.037 +
50 0.793 ++
100 10 0.793 ++
20 0.785 ++
50 0.531 ++
H358 1 10 0.952 +
20 0.812 ++
50 0.772 ++
3 10 0.713 ++
20 0.674 +Ht
50 0.641 +++
5 10 0.792 ++
20 0.828 ++
50 0.613 +++
7 10 0.88 +
20 0.812 ++
50 0.596 +++
10 10 1.178 -
20 0.948 +
50 0.693 +4++
H322 50 25 1.028 +
50 0.941 +
75 0.874 ++
100 1.033 +
100 25 0.953 +
50 0.842 ++
75 0.848 ++
100 0.938 +
200 25 0.944 +
50 0.856 +
75 0.82 ++
100 0.979 +
300 25 0.912 +
50 1.024 +
75 0.887 +
100 0.887 +
400 25 1.005 +
50 0.975 +
75 1.093 +
100 0.938 +
500 25 0.977 +
50 0.97 +
75 0.946 +
100 1.154 -

NOTE: Range of combination index symbol descriptions: 0.3 to 0.7, +++, syn-
ergism; 0.7 to 0.85, ++, moderate synergism; 0.85 to 0.90, +, slight synergism;
0.90 to 1.10, +, additive; 1.10 to 1.20, —, slight antagonism; 1.20 to 1.45, —,
moderate antagonism.
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results suggest that combination treatment with OBP-301
plus gemcitabine was effective in ali cell lines tested.

We also assessed the morphologic changes in cells treated
with either the combination modality or single agents.
Phase-contrast images at 96 hours after OBP-301 infection
showed the growth of cells to subconfluence without
morphologic ¢hanges in the presence of gemcitabine,
whereas a rapid loss of viability due to massive cell death,
as evidenced by ballooning and floating cells, was evident
when gemcitabine was combined with OBP-301 infection
(Supplementary Fig. 82).°

Effects of Gemcitabine on Replication of OBP-301 in
Human Lung-Cancer Cells In vitro

We used quantitative real-time PCR and Western blotting
to assess the effects of gemcitabine on replication of OBP-
301 in the three lung cancer cell lines. H460, H322, and
H358 cells were infected with OBP-301 at an MOI of 10,
25, and 20, respectively, and were then treated with 70,
100, and 3 nmol/L of gemcitabine at 24 hours after infec-
tion. Cells were harvested at the indicated time points after
OBP-301 infection, and extracted DNA was subjected to
assay. As shown in Fig. 2A, the increase in intracellular viral
copy number of OBP-301 by 4 to 5 orders of magnitude was
consistent with or without gemcitabine in both treatment re-
gimens. A plateau was reached at ~48 hours after infection.
Western blot analysis also showed that E1A expression fol-
lowing OBP-301 infection was not hindered by gemcitabine
in three lung cancer cell lines (Fig. 2B). These results suggest
that gemcitabine does not interfere with OBP-301 replication.

Cell Cycle Analysis following OBP-301 Infection in
Human Lung Cancer Cells

To further explore the “greater than additive response”
observed when cells were infected with OBP-301 followed
by gemcitabine treatment, we carried out cell cycle analysis
of these cells after OBP-301 infection by flow cytometric
analysis of propidium iodide-stained cells, a measure of
DNA content. As shown in Fig. 3A, the cell cycle distribu-
tion apparently changed compared with mock-infected cells
at 24 hours after OBP-301 infection in all cell lines tested,
although there was no increase in the sub-Gy-G; population
indicating apoptotic cell death. The number of cells in S
phase increased from 43.85% to 56.41% in H460 cells, from
46.72% to 67.09% in H322 cells, and from 38.22% to 57.67%
in H358 cells (Table 2). These results suggest that OBP-301 is
able to accumulate infected cells in S phase, which may
render cells more sensitive to gemcitabine.

Changes in Cell Cycle Regulator Protein Expression
following OBP-301 Infection

To clarify the mechanisms of cell cycle regulation by OBP-
301, we analyzed the expression of proteins that have a cru-
cial role in the cell cycle. H460, H322, and H358 cells were
infected with OBP-301: at an.MOI of 40; 100, and 80, and
Western blot analysis was then done 24 hours later. As
shown in Fig. 3B, expression levels of E2F1, as well as phos-
phorylated Akt, greatly increased after OBP-301 infection
compared with the mock-infected controls in all three cell
lines. p53 protein expression was not detectable in H460

Mol Cancer Ther 2009;8(4). April 2009
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Figure 2. Assessment of viral DNA replication in human lung cancer cells. A, H460, H322, and H358 cells were infected with OBP-301 at an MOI of 10,
25, and 20, respectively, for 2 h as a baseline for virus DNA levels. Following the removal of virus inocula at 24 h after the infection, H460, H322, and
H358 cells were further incubated with 70, 100, and 3 nmol/L of gemcitabine (GEM), respectively, for the indicated periods of time. Cells were then
subjected to quantitative real-time PCR assay. Viral E1A copy number was defined as the fold increase for each sample relative to that at 2 h (2 h = 1).
B, Western blot analysis of E1A expression in human lung cancer cells. Cells were treated with OBP-301, gemcitabine, or a combination of both, as described

above, and then subjected to assay at 4 d after infection.

expressing the wild-type p53 gene and p53-null H358 cells,
whereas OBP-301 infection down-regulated mutant p53 ex-
pression in H322 cells.

Antitumor Effects of OBP-301 plus Gemcitabine in
Human Lung Cancer Xenografts

Finally, we assessed the therapeutic efficacy of OBP-301 in
combination with gemcitabine against H358 human lung
cancer cells in vivo. H358 cells were implanted as xenografts
into the hind flanks of nu/nu mice. Mice bearing palpable
H358 tumors measuring 5 to 7 mm in diameter received si-
multaneous treatment of intratumoral injection of either 10
pfu OBP-301 or PBS plus i.p. administration of either 70
mg/kg gemcitabine or PBS every 3 days for three cycles
starting at day 0. As shown in Fig. 4, administration of gem-
citabine resulted in significant tumor growth suppression
compared with mock-treated tumors for 34 days after initi-
ation of treatment (P < 0.05); the combination of OBP-301
plus gemcitabine, however, produced a more profound
and significant inhibition of tumor growth compared with
mice treated with gemcitabine alone for at least 45 days
(P < 0.05). The addition of OBP-301 clearly prolonged the
antitumor effects of gemcitabine. Intratumoral injection of
a replication-deficient adenovirus with or without systemic
administration of gemcitabine had no apparent effect on the
growth of H358 tumors (data not shown).

Discussion

Replication-competent oncolytic adenoviruses are promis-
ing as a novel anticancer therapy (9). In our laboratory, a
tumor-specific replication-selective adenovirus, designated

Telomelysin or OBP-301, is effective against human cancers
(2-5). This virus was genetically designed to replicate under
the control of hTERT promoter specifically in tumor cells,
causing specific oncolysis. Despite the encouraging out-
comes in animal experiments, combination chemotherapy
and virotherapy are recommended in clinical treatment, as
tumor progression is very rapid in most patients. In the cur-
rent study, we explored the combination effects of OBP-301
and gemcitabine in human lung cancer cells in vitro and
in vivo.

Adenovirus therapy combined with gemcitabine has
been reported in the treatment of pancreatic cancer. Hal-
loran et al. (9) reported that incubation of Panc-1 cells
with either 5-fluorouracil or gemcitabine followed by ade-
novirus-mediated overexpression of p16"™** resulted in a
substantial reduction in cell viability under conditions
where the drugs alone had minimal cytotoxicity. Although
most studies reporting the combination effects of gemcita-
bine and adenoviral agents for pancreatic tumor used
therapeutic genes critical for tumor growth inhibition,
OBP-301 itself is an effective oncolytic virus and leads to
infected cell destruction. Moreover, it has been reported
that the type 5 adenoviral E1A sensitizes hepatocellular
carcinoma cells to gemcitabine (10). These observations
support the notion that oncolytic adenoviruses combined
with gemcitabine are a rational modality for the treatment
of human cancer.

The antitumor efficacy of OBP-301 was found to be en-
hanced when combined with gemcitabine in human lung
cancer cells in vitro (Fig. 1; Table 1). Synergistic interaction
was apparent in H460 and H358 cells; the combination
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Figure 3. Cell cycle analysis and Western blotting of cell cycle regulator protein following OBP-301 infection in human lung cancer cells. A, H460,
H322, and H358 cells were infected with OBP-301 at an MOI of 40, 100, and 80 MOI, respectively. DNA content was determined by propidium iodide
staining and flow cytometric analysis at 24 h after OBP-301 infection. B, H460, H322, and H358 cells were either mock infected or infected with OBP-301
at an MOI of 40, 100, and 80 MOI, respectively. Following the removal of virus inocula, cells were collected at 24 h after infection and subjected to
analysis. Equivalent amounts of protein obtained from whole-cell lysates were loaded into each lane, probed with primary antibodies, and then visualized
using an enhanced chemiluminescence detection system. Equal loading of samples was confirmed by reprobing with antiactin antiserum. Protein expres-

sion was quantified by densitometric scanning using NIH Image software.

effect, however, was additive in H322 cells, suggesting
that the effect of the combination is dependent on cell
type. We also confirmed that this synergistic effect could
be observed in human pancreatic cancer cells (Supplemen-
tary Fig. S3).° Gemcitabine is a deoxycytidine analogue
and the incorporation of gemcitabine triphosphate into
DNA causes chain termination, which is the major mech-
anism underlying the cytotoxicity of gemcitabine (11). Al-
though there was concern over whether gemcitabine
-would interrupt the viral replication of OBP-301, quantita-
tive real-time PCR analysis showed that intracellular
replication of OBP-301 was not affected by gemcitabine
(Fig. 2). The cytotoxic mechanisms of OBP-301 are distinct
from those of gemcitabine, and therefore, combination
effects could be observed provided that gemcitabine does
not inhibit viral replication.

To clarify the mechanisms of the greater than additive
response, cell cycle analysis was done following OBP-301
infection. Cells treated with OBP-301 tended to accumulate
in the S phase at 24 hours after infection (Fig. 3A; Table 2).
It has been reported that many DNA viruses can drive qui-
escent cells through G, into S phase by the expression of
viral proteins (12-14). During the early phase of the adeno-
virus infection, the host cell is transformed into an efficient
producer of the viral genome. The first gene that is tran-
scribed in the viral genome is E1A, which can bind to nu-
merous cellular proteins and acts as a multifunctional

protein. Our data showed that OBP-301 infection increases
the phosphorylation of Akt, as well as E2F1 expression, in
all three human lung cancer cell lines (Fig. 3B). These effects
are thought to be due to adenoviral E1A protein expression,
as the dI312 adenovirus lacking the E1 genes did not phos-
phorylate Akt (data not shown).

Direct evidence of cell cycle promotion by Akt was seen
when coexpression of Akt rescued cells from PTEN-induced
cell cycle arrest (15). Retinoblastoma (Rb) protein restrains
proliferation, in part, by modulating the activity of E2F

Table 2. Cell cycle analysis after OBP-301 infection in human
lung cancer cells

Cell lines Treatment Cell cycle
Gi (%) S (%) Gz (%)
H460 Mock 43.54 43.85 8.61
OBP-301 10.91 56.41 32.54
H322 Mock 40 46.72 10.85
OBP-301 27.49 67.09 3.23
H358 Mock 45.89 38.22 14.29
OBP-301 28.93 57.67 11.45

NOTE: H460, H322, and H358 cell lines were treated with OBP-301 at 40, 100,
and 80 MO, respectively. Cells were then subjected to cell cycle analysis at
24 h after treatment by the fluorescence-activated cell sorting method. The
percentages of cells in the G;, S, and G, phases are shown.
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PBS vs Gemcitabine (GEM) 0.015 0.025 0.028 0.021 0.073 0.336 0.773
PBS vs GEM + OBP-301 0.009 0.014 0.014 0.005 0.004 0.008 0.051
0OBP-301vs GEM 0.034 0.068 0.101 0.155 0.198 0.377 0.594
0OBP-301vs OBP-301 + GEM 001 0.024 0.021 0.050 0.044 0.054 0.080
GEM vs OBP-301 + GEM 0.013 0.007 0.022 0.029 0.015 0.012 0.033

transcription factors. In quiescent cells, Rb associates with
several E2Fs, resulting in the repression of proliferation-
associated genes. As cells progress into the cell cycle,
cyclin-dependent kinases phosphorylate Rb, freeing E2F
and allowing it to directly transactivate genes required for
S-phase entry (16). In fact, replication-deficient adenovirus-
mediated E2F1 gene transfer into human cancer cells resulted
in accumulation of an S-phase cell population (Supplementa-
ry Fig. S4).° Thus, OBP-301 infection expressed E1A protein,
which in turn up-regulated the expression of phosphorylated
Akt and E2F]1, leading to cell cycle promotion and S-phase
entry presumably by the deactivation of Rb. Indeed, we con-
firmed that OBP-301 infection decreased Rb protein expres-
sion in H460 cells (data not shown). The accumulation of the
tumor cells in S phase increases the cytotoxicity of gemcita-
bine, which kills cells in S phase.

In summary, our data show that telomerase-specific onco-
lytic adenovirus infection increases the sensitivity of human
lung cancer cells to gemcitabine due to S-phase accumu-
lation. The combination of OBP-301 and gemcitabine effi-
ciently inhibits human cancer cell growth both in vitro and
in vivo, an outcome that has important implications for
tumor-specific oncolytic chemovirotherapies for human
lung cancer.
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