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Fig. 1 Cytopathic effects of OBP-301 on H1299 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
Tung 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-1 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-1I 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 E1A 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 vifro 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. /n 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 57.67% in
H358 cells. Intratumoral injection of OBP-301 combined

Received 9/19/08; revised 12/15/08; accepted 1/20/09.

Grant support: Ministry of Education, Science, and Culture, Japan

(T. Fujiwara); Ministry of Health and Welfare, Japan (T. Fujiwara); and
Japan China Medical Association (D. Liu}.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

Requests for reprints: Toshiyoshi Fujiwara, Center for Gene and Cell
Therapy, Okayama University Hospital, 2-5-1 Shikata-cho, Okayama
700-8558, Japan. Phone: 81-86-235-7997; Fax: 81-86-235-7884,
E-mail: toshi_f@md.okayama-u.ac.jp

Copyright © 2009 American Association for Cancer Research.

doi:10.1158/1535-7163.MCT-08-0901

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);980-71

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 1V), 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-HCI (pH 7.5), 400 mmol/L. NaCl, 1 mmol/L DTT,
5 mmol/L NaF, 1 mmol/L EDTA, 0.5% NagVO, 10%
glycerol, 0.5% NP40, 0.1 mmol/L phenylmethylisulfonyl
fluoride, 1 mg/mL leupeptin, 1 mg/mL aprotinin] for 30
min on ice, and cenirifuged 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 B-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 jig/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 Institute).

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, pb3, 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 10° 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 uL. 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) (MOI) 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 ot
H358 1 10 0.952 +
20 0.812 ++
50 0.772 ++
3 10 0.713 ++
20 0.674 +++
50 0.641 4+
5 10 0.792 ++
20 0.828 ++
50 0.613 b
7 10 0.88 +
20 0.812 ++
50 0.596 +++
10 10 1.178 -
20 0.948 +
50 0.693 o+
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 0912 +
50 1.024 +
75 0.887 +
100 0.887 +
400 25 1.005 +
50 0.975 +
75 1.093 +
100 0.938 +
500 25 0977 +
50 097 +
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 145, ——,
moderate antagonism.

Molecular Cancer Therapeutics

results suggest that combination treatment with OBP-301
plus gemcitabine was effective in all 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 changes 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. 52).°

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-Gg-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 107
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 d1312 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
Gy (%) 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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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).5 Thus, OBP-301 infection expressed E1A protein,
which in turn up-regulated the expression of phosphorylated
Akt and E2F1, 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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Cancer surgery requires the complete and precise identification of
malignant tissue margins including the smallest disseminated le-
sions. Internal green fluorescent protein (GFP) fluorescence can
intensely illuminate even single cells but requires GFP sequence
transcription within the cell. Introducing and selectively activating
the GFP gene in malignant tissue in vivo is made possible by the
development of OBP-401, a telomerase-dependent, replication-
competent adenovirus expressing GFP. This potentially powerful
adjunct to surgical navigation was demonstrated in 2 nude mouse
models that represent difficult surgical challenges—the resection
of widely disseminated cancer. HCT-116, a model of intraperitoneal
disseminated human colon cancer, was labeled by virus injection
into the peritoneal cavity. A549, a model of pleural dissemination
of human lung cancer, was labeled by virus administered into the
pleural cavity. Only the malignant tissue fluoresced brightly in
both models. In the intraperitoneal model of disseminated cancer,
fluorescence-guided surgery enabled resection of all tumor nod-
ules labeled with GFP by OBP-401. The data in this report suggest
that adenoviral-GFP labeling tumors in patients can enable fluo-
rescence-guided surgical navigation.

Adenovirus | green fluorescent protein | metastasis

he intent of cancer surgery is to remove malignant tissue

together with margins of presumably normal tissue (1-3) to
ensure complete removal of abnormal cells. Estimating margin
width during surgery is critical and depends on the surgeon’s
vision. There have been many developments intended to im-
prove the delineation of tissue margins using morphologic and
optical differences between normal and abnormal tissue. This
report describes a major enhancement of cancer surgical navi-
gation using the selective fluorescent labeling, in vivo, of ma-
lignant tissue. Bright GFP fluorescence clearly illuminates the
tumor boundaries and facilitates detection of the smallest dis-
seminated disease lesions.

Highly selective viral replication in malignant cells growing in
normal tissue has recently become possible using novel adeno-
viruses, OBP-301 (4-6) and, more recently, OBP-401 (7, 8). This
latter virus, which can enter most cells, contains the replication
cassette with the human telomerase reverse transcriptase
(hTERT) promoter driving the expression of the viral E1 genes,
and the inserted GFP gene. Virus replication and, hence, GFP
gene expression occur only in the presence of an active telom-
erase, i.e., in malignant tissue (7). The OBP-401 virus was first
tested by injection directly into HT-29 human colon tumors
orthotopically implanted into the rectum in BALB/c nu/nu mice
(7). Subsequent para-aortic lymph node metastasis was observed
by laparotomy under fluorescence. The adaption of GFP fluo-
rescence to in vivo labeling of tumor tissue should facilitate
precision surgical navigation in live animals and, very possibly,
in a clinical surgical setting.

14514-14517 | PNAS | August25,2009 | vol.106 | no.34
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Results

Fluorescence Labeling of Human Cancer Cells with OBP-401 in Vitro.
A549 tumor cells, growing in tissue culture, were infected with
OPP-401, and the development of GFP fluorescence followed.
The fluorescence intensity gradually increased after infection as
the virus, with its GFP gene, replicated (Fig. 14).

The extent of infection was tested by infecting red fluorescent
protein (RFP)-expressing cancer cells, growing in cell culture, with
OBP-401. These included A549-RFP, PC-3-RFP, HCT-116-RFP,
and HT-29-RFP cells. In most cells, the introduction of green
fluorescence changes the cell color from red to yellow, showing that
most were infected by OBP-401. Any remaining red fluorescence
clearly identifies those few cells that remain uninfected by the
adenovirus. The color changes increased gradually followed by cell
death due to the cytopathic effect of replicating OBP-401 (Fig. 1
B and C).

Fluorescence Labeling of Subcutaneous Tumors by Infection in Vivo
with OBP-401. Both nonfluorescent PC-3 and red fluorescent PC-
3-RFP human prostate cancer cells were inoculated s.c. (Fig. 2 4
and B). The resulting s.c. tumors were injected with 1 X 108
plaque-forming units (PFU) of OBP-401 as shown in Fig. 2B. A
color change from red to yellow in the s.c. PC-3-RFP tumor and the
onset of GFP fluorescence in the nonfluorescent PC-3 tumor were
observed by the third day after virus injection (Fig. 2C). An RFP
filter selectively showed the tumors’ endogenous RFP fluorescence
(Fig. 2D). Similarly, a GFP filter showed GFP fluorescence induced
in the tumors by OBP-401 (Fig. 2E). Infecting tumor cells that are
endogenously expressing RFP with the GFP-expressing adenoviral
vector OBP-401 clearly shows the extent of GFP labeling of the
tumor. Cells showing a yellow fluorescence are infected with
OBP-401, while the remaining red fluorescent cells clearly indicate
the small portion that might remain uninfected.

Labeling Peritoneal Carcinomatosis with OBP-401. Peritoneal carci-
nomatosis was induced in the abdominal cavity of nude mice by
inoculating 3 X 10° red fluorescent HCT-116-RFP human colo-
rectal cancer cells. Various sized peritoneal disseminated nodules
developed within 12 days. These were clearly visible by fluorescence
imaging using a long-pass filter and/or a specific RFP filter (Fig. 3
A and B). Even very small disseminated nodules were illuminated
by RFP fluorescence (Fig. 3B). Although there was some autofluo-
rescence from adjacent organs visible, the tumor nodules were not
visible through a GFP filter (Fig. 3 4 and B).
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Fig. 1. Structure of OBP-401, virus replication in human cancer cells and induced GFP expression. (A) Schematic DNA structure of OBP-401. OBP-401 is a
telomerase-specific replication-competent adenovirus variant, in which the hTERT promoter element drives the expression of E1A and E71B genes linked with an
IRES. The GFP gene is inserted under the CMV promoter into the E3 region. (B) A549-RFP and PC-3-RFP cells changed color after infection with OBP-401 at a
multiplicity of injection (MOI) of 10. (Magnification, 200X.) (C) Noncolored A549 as well as RFP-expressing cancer cells A549-RFP, PC-3-RFP, and HCT-116-RFP were
infected with OBP-401 at an MOI of 10. Cells were assessed at indicated time points for GFP expression under fluorescence microscopy. After OBP-401 infection,
noncolored A549 cells expressed GFP fluorescence. In A549-RFP, PC-3-RFP, and HCT-116-RFP, color changes from red to yellow were detected. The color changes

increased gradually in a time-dependent fashion. (Magnification, 200.)

Once the malignant nodules were established at 12 days after
intraperitoneal (i.p.) implantation of HCT-116-RFP cells, 1 X
10 PFU OBP-401 were injected into the mouse abdominal

@ PC3-RFP

B
‘ v (O PC3-no color

—=—]
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Fig.2. Selective visualization of s.c. tumors in vivo after OBP-401 GFP-labeling.
s.c. tumors of noncolored PC-3 (A, white arrowheads) or PC-3-RFP (A, red arrow-
heads) human prostate cancer cells were intratumorally injected with PBS for
control or OBP-401 at a dose of 1 X 108 PFU as shown in B. After intratumoral
injection of OBP-401, GFP fluorescence was detected in noncolored PC-3 s.c.
tumors (C, green arrowheads) and a color change from red to yellow was also
observed in PC-3-RFP tumors by fluorescence imaging using a long-pass filter to
simultaneously observe both GFP and RFP (C, yellow arrowheads). With specific
filters, the tumors endogenous RFP fluorescence (D) and GFP fluorescence in-
duced by OBP-401 (E) were individually detected. (Scale bar, 10 mm.)
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cavity. Selective color filters showed that the HCT-116-RFP
disseminated nodules expressed GFP fluorescence as well as
RFP when examined 5 days later (Fig. 3C). RFP fluorescence

RFP.& GFP

Fig. 3. Intraperitoneal injection of OBP-401 visualized peritoneal dissemi-
nation of HCT-116-RFP cells. (A) HCT-116-RFP human colorectal cancer cells
were inoculated into the abdominal cavity of nude mice. Various sized dis-
seminated peritoneal nodules appeared within 12 days. (Scale bar, 10 mm.) (B)
At higher magnification, peritoneally disseminated nodules of HCT-116-RFP
were clearly visible using a specific filter for RFP (Left), and these nodules did
not express GFP (Right). (Scale bar, 2 mm.) (C) Mice with HCT-116-RFP perito-
neal disseminated nodules were i.p. injected with OBP-401 at a dose of 1 x 108
PFU. Five days after virus administration, HCT-116-RFP peritoneal-dissemi-
nated nodules were detected with their endogenous RFP fluorescence (Left).
These disseminated nodules now expressed GFP fluorescence (Middle). With
the long-pass filter, for simultaneous observation of both GFP and RFP, it can
be seen that all of the RFP tumors were apparently labeled with GFP after
OBP-401 injection (Right). (Scale bars: Upper, 10 mm; Lower, 500 pm.)
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Fig. 4. Intrapleural injection of OBP-401 visualized pleural disseminations of A549 cells. (A) Two weeks after implantation of noncolored A549 cells into the
thoracic space, OBP-401 at a dose of 1 % 108 PFU, was intrapleurally injected. Five days later, disseminated nodules were visualized by GFP fluorescence (Right).
(Scale bar, 10 mm.) (B) Cross-section of pleural disseminated nodule. GFP expression was seen on the surface of pleurally disseminated nodules (Right). (Scale
bar, 2 mm.) (C) Very small lesions that were not detectable in brightfield were visualized by GFP fluorescence (Right, arrowheads). (Scale bar, 2 mm.) (D)
Histological analysis with H&E confirmed that these GFP-expressing lesions were adenocarcinomas (arrowheads). (Scale bar, 100 pm.)

was essentially coincident with that of GFP (Fig. 3C). These efficiently label disseminated pleural cancer. Lower doses of OBP-
results indicate that i.p. injection of OBP-401 efficiently infected 401 resulted in less efficient labeling.
and labeled disseminated cancer.

OBP-401 Fluorescence-Guided Resection of Disseminated Peritoneal
Tumors. In order to test the effectiveness of OBP-401-guided
cytoreduction surgery, we used the peritoneal carcinomatosis
model with nonfluorescent HCT-116 human colon cancer cells.

Labeling of Pleurally Disseminated Cancer with OBP-401. These ex-
periments assessed the effectiveness of OBP-401 labeling of pleural
carcinomatosis in a mouse model of unlabeled A549 human lung

cancer cells. The thoracic space of nude mice was inoculated with 4 : ; : . L . X
2 X 100 cancer cells. Various sized disseminated plural nodules Mice with peritoneal c%rcmoma'tosm were lnjegted i.p. \.Nl.th OBP-
appeared within 10 days after implantation. At this time, 1 X 108 401 at a dose of 1 X 10° PFU. Five days after viral administration,

PFU of OBP-401 were injected into the thoracic cavity. Five days ~ 1aparotomy was performed (o remove intra-abdominal disease
after injection of OBP-401, the cavity was examined using GFP  USIng fluorescence-guided navigation under anesthesia (Fig. 5 A
fluorescence imaging. A representative mouse is shown in Fig. 4.~ and B). A representative mouse after cytoreduction surgery with
Disseminated pleural nodules were visualized by GFP expression OBP-401-navigation is shown in Fig. 5C. Disseminated cancer
(Fig. 4 A and B). Even very small lesions, which are normally nodules, which would otherwise be undetectable, were clearly
undetectable, were clearly illuminated by GFP fluorescence (Fig.  Visible by bright GFP fluorescence. The resected nodules were
4C). Histological examination confirmed that these GFP-  visualized as frozen sections under both fluorescence (Fig. 5D) and
expressing tissues were adenocarcinomas. A representative histo-  after hematoxylin and eosin (H&E) staining (Fig. 5 E and F). These
logical section is shown in Fig. 4D. These results suggest that  results suggest that OBP-401-labeling has significant potential for
intrapleural injection of at least 1 X 10% PFU of OBP-401 can  guiding cytoreduction surgery of disseminated cancer.

A Before laparotomy Before tumor removal C After tumor removal
(open image)

e‘\ »
»e ¥ 4

Fig.5. Fluorescence-guided surgical removal of peritoneal disseminated HCT-116 tumors after GFP labeling with OBP-401. Noncolored HCT-116 human colon
cancer cells were injected into the abdominal space of nude mice. Ten days later, 1 X 108 PFU of OBP-401 were i.p. injected. (A) Disseminated nodules were
efficiently labeled and noninvasively visualized by GFP expression 5 days after virus administration. (B) Under general anesthesia, laparotomy was performed
to remove intra-abdominal disease under GFP-guided navigation. (C) Disseminated nodules visualized by GFP-guided navigation were removed. (Scale bars: A-C,
10 mm.) (D) Frozen section of resected HCT-116 disseminated nodules with fluorescence detection. (Scale bar, 500 um.) (E) H&E section of HCT-116 disseminated
nodules shown in D. The box outlines a region of D and E analyzed in F. (Scale bar, 500 um.) (F) Detail of the boxed region of D and E. (Scale bar, 50 um.)
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Discussion

The peritoneal surface is involved in more than 20% of patients
with gastric, colon, and pancreatic cancers (1). Cytoreduction
surgery requires resection of all visible tumors and stripping of
all peritoneal surfaces that contain metastatic nodules (1, 2, 9).
Therefore, visceral peritoneal involvement often requires con-
comitant resection of intra-abdominal organs such as the small
intestine and colorectum.

The detection of small macroscopic peritoneal lesions is largely
limited by the weak contrast between tumor nodules and surround-
ing normal tissues. Technology improving the intraoperative de-
tection of peritoneal disease would facilitate essentially complete
cytoreduction in these patients. The photosensitizer, 5S-aminolevu-
linic acid (5-ALA) has been used for intraoperative detection of
cancer lesions in neurosurgery (10). However, labeling that is
essentially cancer-selective can be a powerful surgical adjunct. This
report shows that OBP-401 infection of cancer cells leads to the
highly selective induction of bright GFP fluorescence.

Implanting RFP-expressing cancer cell lines gave rise to
fluorescent nodules whose color change clearly indicated the
efficiency with which OBP-401 labeled disseminated peritoneal
tumors with GFP. The change from red to yellow fluorescence
indicated successful infection by OBP-401 (Fig. 3). Similarly,
OBP-401 GFP labeling could detect dissemination nodules with
high sensitivity in a pleural carcinomatosis model (Fig. 4).

Perhaps most importantly, we could remove disseminated dis-
ease in a peritoneal carcinomatosis model by using fluorescence-
guided resection. These results suggest developing a dedicated
excitation light for fluorescence-guided surgery similar to that
described for use in mice (11). In the present study, during surgery,
even very small peritoneal lesions could be identified with GFP
fluorescence (11).

Materials and Methods

Recombinant Adenovirus. OBP-401, containing the GFP gene under the control
of the CMV promoter with the hTERT promoter driving the E1A and E1B genes,
was constructed as previously described (6, 7). OBP-401 was purified by ultracen-
trifugation in cesium chloride step gradients. Virus titers were determined by a
plaque-forming assay using 293 cells. The virus was stored at —80°C.

Cell Culture. The human non-small cell lung cancer cell line A549, the human
colorectal cancer cell lines HCT-116 and HT-29, and the human prostate cancer cell
line PC-3 were cultured in RPMI 1640 medium supplemented with 10% FBS.

Production of RFP Retroviral Vector. For RFP retrovirus production, the Hindlll/
Notl fragment from pDsRed2 (Clontech), containing the full-length RFP ¢(DNA,
was inserted into the Hindlll/Notl site of pLNCX2 (Clontech) containing the
neomycin-resistance gene. PT67, a NIH 3T3-derived packaging cell line (Clontech),
expressing the viral envelope, was cultured in DMEM supplemented with 10%
FBS. For vector production, PT67 packaging cells, at 70% confluence, were
incubated with a precipitated mixture of LipofectAMINE reagent (Life Technol-
ogies) and saturating amounts of pLNCX2-DsRed2 plasmid for 18 h. Fresh me-
dium was replenished at this time. The cells were examined by fluorescence
microscopy 48 h post-transduction. For selection of a clone producing high

-
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amounts of RFP retroviral vector (PT67-DsRed2), the cells were cultured in the
presence of 200 to 1,000 pg/mL G418 (Life Technologies) for 7 d. The isolated
packaging cell clone was termed PT67-DsRed2 (12-15).

RFP Gene Transduction of Cancer Cells. For RFP gene transduction, cancer cells
were incubated with a 1:1 precipitated mixture of retroviral supernatants of
PT67-DsRed?2 cellsand RPMI 1640 containing 10% FBS for 72 h. Fresh medium was
replenished at this time. Tumor cells were harvested with trypsin/EDTA 72 h
post-transduction and subcultured at a ratio of 1:15 into selective medium, which
contained 200 pg/mL G418. To select brightly fluorescent cells, the level of G418
was increased up to 800 ug/mL in a stepwise manner. RFP-expressing cancer cells
were isolated with cloning cylinders (Bel-Art Products) using trypsin/EDTA. Cells
were amplified by conventional culture methods in the absence of selective agent
(12-15).

Animal Experiments. Athymic nude mice were kept in a barrier facility under
HEPA filtration. Mice were fed with autoclaved laboratory rodent diet (Tecklad
LM-485, Western Research Products). All animal studies were conducted in ac-
cordance with the principals and procedures outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals under assurance
A3873-01.

Subcutaneous Tumor Model. Subcutaneous tumors were produced by injection
of 3 x 106 noncolored PC-3 or PC-3-RFP human prostate cancer cells in 5-week old
nude mice. When tumors reached approximately 6 mm in diameter, the tumors
were intratumorally injected with PBS for control or OBP-401 at a dose of 1 x 108
PFU in 100 uL PBS. Mice were examined for fluorescence expression with a
long-pass filter (afilter for simultaneous observation of both GFP and RFP) or with
specific filters for GFP or RFP.

Peritoneal Carcinomatosis Model of HCT-116 Human Colon Cancer Cells. Five-
week-old nude mice were i.p. injected with noncolored HCT-116 or HCT-116-RFP
human colon cancer cells (3 X 106 in 200 uL HBSS) using a 27-gauge needle.
Twelve days after cancer cell inoculation, mice were injected i.p. with OBP-401 at
adose of 1 x 108 PFU in 200 L PBS. Five days after virus injection, the abdominal
cavity was directly examined by fluorescence imaging under anesthesia.

Pleural Carcinomatosis Model of A549 Human Lung Cancer Cells. Five-week-old
nude mice were inoculated with noncolored A549 cells (2 x 108 cells in 200 pL
HBSS) into the thoracic space using a 27-gauge needle. Ten days after cancer cell
inoculation, OBP-401 at a dose of 1 x 108 PFU in 200 pL PBS was intrapleurally
injected. Five days after virus injection, the pleural cavity was directly imaged for
GFP expression. GFP-expressing tissues were removed and examined
microscopically.

Fluorescence Optical Imaging and Processing. An Olympus OV100 Small Animal
Imaging System containing an MT-20 light source was used. High-resolution
images were captured directly on a PC (Fujitsu Siemens). Images were analyzed
with the use of CellR software (Olympus Biosystems) (16).

Histological Examination. For histological studies, GFP-expressing tissues were
removed at the time of sacrifice and put into buffered formalin for 24 h at room
temperature. All of the tissues were subsequently processed through alcohol
dehydration and paraffinization. Tissues were embedded in paraffin and sec-
tioned at 5 um. All slides were stained by H&E, and examined microscopically.
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The presence of circulating tumor cells (CTCs) in the peripheral blood is associated with short survival, mak-
ing the detection of CTCs clinically useful as a prognostic factor of disease outcome and/or a surrogate marker
of treatment response. Recent technical advances in immunocytometric analysis and quantitative real-time
PCR have made it possible to detect a few CTCs in the blood; however, there is no sensitive assay to specifically
detect viable CTCs. Here, we report what we believe to be a new approach to visually detect live human CTCs
among millions of peripheral blood leukocytes, using a telomerase-specific replication-selective adenovirus
expressing GFP. First, we constructed a GFP-expressing attenuated adenovirus, in which the telomerase pro-
moter regulates viral replication (OBP-401; TelomeScan). We then used OBP-401 to establish a simple ex vivo
method that was able to detect viable human CTCs in the peripheral blood. The detection method involved
a 3-step procedure, including the lysis of rbc, the subsequent addition of OBP-401 to the cell pellets, and an
automated scan using fluorescence microscopy. OBP-401 infection increased the signal-to-background ratio
as a tumor-specific probe, because the fluorescent signal was amplified only in viable, infected human tumor
cells, by viral replication. This GFP-expressing virus-based method is remarkably simple and allows precise

enumeration of CTCs.

Introduction

Determination of the extent of the disease is the mostimportant
factor in predicting the clinical outcome in cancer patients. Pri-
mary cancers have been known to shed tumor cells into the blood
circulation, which represents the route for systemic tumor cell
dissemination (1, 2). Indeed, the presence of circulating tumor
cells (CTCs) in the peripheral blood is associated with short sur-
vival, and therefore the detection of CTCs is clinically useful asa
prognostic factor of disease outcome and/or as a surrogate mark-
er of creatment response (3, 4). Technical advances in immuno-
cytometric analysis and quantitative real-time PCR have made it
possible to detect a few CTCs in the blood; however, background
expression of cancer-associated antigens, such as cytokeratin 8
(CK-8), CK-18, and CK-19, in normal epithelial cells results in the
false-positive detection, and PCR-based methods can not permit
analysis of cell morphology. Moreover, there is no sensitive assay
for detecting viable CTCs.

The GFP, which was originally identified from the jellyfish Aequo-
rea victoria, is an attractive molecular marker for imaging in live
tissues because of the relatively noninvasive nature of fluorescent
(5-8). It has been reported that hormone-refractory human pros-
tate carcinoma, growing orthotopically in nude mice, efficiently
deliver viable tumor cells in the host circulation, which could
be detectable using the fluorescence microscopy, when marked
by GFP expression (9). In addition, isolated rare CTCs showed
an increased metastatic propensity. We reported previously that
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intratumoral injection of telomerase-specific replication-selective
adenovirus expressing the gfp gene (OBP-401; TelomeScan) causes
viral spread into the regional lymphatics, with subsequent selec-
tive replication in neoplastic lesions, resulting in GFP.expression
in metastatic lymph nodes in ns/an mice (10). The present study
extended our previous work, by developing what we believe to be
anovel and simple strategy to selectively label human CTCs with
fluorescence among millions of peripheral blood leukocytes. The
detection method involves 3-steps: the lysis of rbc, the subsequent
addition of OBP-401 to the cell pellets, and the automated scan
under the fluorescence microscope: This method allows precise
enumeration of human CTCs, because OBP-401 can replicate and
express GFP fluorescence only in viable tumor cells.

Results

Selective GFP expression in human cancer cells in vitro by OBP-401.
OBP-401 (TelomeScan) was constructed by inserting the gfp gene
under the control of the CMV promoter at the deleted E3 region
of the telomerase-specific replication-selective type 5 adenovirus
OBP-301 (Telomelysin) (11, 12) (Figure 1). To determine whether
telomerase activity is associated with selective GFP expression in
different cancer cell lines, we measured human telomerase reverse
transcriptase (hTERT) mRNA and GFP expression using quantita-
tive real-time RT-PCR analysis and fluorescence microplate reader,
respectively. The hTERT expression was directly proportional to the
fluorescence intensity, and regression analysis confirmed a strong
correlation between these numbers (#2 > 0.94) (Figure 1B). H1299
human non-small cell lung cancer cells expressed bright GFP fluo-
rescence as early as 12 hours after OBP-401 infection, and a posi-
tive signal for GFP was detected in all cells at 48 hours after infec-
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tion (Figure 1C and Supplemental Video 1; supplemental material
available online with this article; doi:10.1172/JCI38609DS1). OBP-
401 infection also induced GFP expression in other neoplastic cells
such as human sarcoma cell lines within 24 hours after infection
(Supplemental Figure 1 and Supplemental Video 2). In parallel
experiments, OBP-401 infection induced dose-dependent GFP
expression in a variety of human cancer cell lines that originated
from different organs (Supplemental Figure 2).

Measurement of viable CTCs with OBP-401 in the blood. We used
OBP-401 to establish a simple ex vivo method for detecting viable
human CTCs in the peripheral blood. As illustrated in Figure 2A,
the method involves a 3-step procedure, including the lysis of rbc
in S-ml aliquots of whole blood samples, subsequent addition
of 10 PFUs of OBP-401 to the cell pellets, and the deposition of

GFP

f’/”J
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poly-A Figure 1

Schematic DNA structure of OBP-401 and
selective replication of OBP-401 in human
cancer cells. (A) OBP-401 is a telomerase-
specific replication-competent adenovirus
variant, in which the hTERT promoter element
drives expression of the ETA and E71B genes
linked with an IRES, and the gfp gene is insert-
ed under the CMV promoter into the E3 region
for monitoring viral replication. hTERT-p,
hTERT promoter; Ad-E1A, adenoviral E1A;
Ad-E1B, adenoviral E1B; CMV-p, CMV pro-
moter; poly-A, polyadenylation signal; ITR,
inverted terminal repeat. (B) Relationship
between hTERT expression and GFP fluo-
rescence. Relative hTERT mRNA expression
and GFP fluorescence in human tumor cell
lines were determined by real-time RT-PCR
analysis and fluorescence microplate read-
er, respectively. The relative hTERT mRNA
expression ratios normalized by dividing the
value of H1299 cells are presented for each
sample. Relative GFP fluorescence was mea-
sured 48 hours after OBP-401 infection at an
MOI of 10. (C) Time-lapse images of H1299
human lung cancer cells were recorded for 48
hours after OBP-401 infection at an MOI of 10.
Selected images taken at the indicated time
points show cell morphology by phase-con-
trast microscopy (top panels) and GFP expres-
sion under fluorescence microscopy (bottom
panels). Original magnification, x200.

e
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cells on polylysine-coated slides, followed by automated scanning
under a fluorescence microscope. OBP-401 infection increases the
signal-to-background ratio as a tumor-specific probe, because the
fluorescent signal can be amplified only in tumor cells by telom-
erase-specific viral replication. The automated optical scan system
provides high speed and accuracy of slide movement in all x, y,and
z directions for the acquisition of a large number of high-resolu-
tion segmented tile images, at a magnification of x100 for each
tile (Figure 2B). Each optical field is focused automatically before
image acquisition. The captured segmented tile images are auto-
matically combined to construct a large image, with a total area
of 20 x 20 mm. Since each tile segment can be magnified without
the loss of high resolution, OBP-401-infected human tumor cells
could be easily visualized with GFP signals in blood smears (Figure
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Figure 2
A simple method to detect telomerase-positive cells in the blood. (A)
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Steps in the sample preparation for GFP fluorescence detection. Blood

samples (5-ml samples) are collected in heparinized tubes and incubated with rbc lysis buffer containing ammonium chloride (NH4Cl) for 15
minutes. After centrifugation, cell pellets are mixed with 104 PFUs of OBP-401 and incubated at room temperature for another 24 hours. Cells are
resuspended in 15 ul of PBS following centrifugation and then placed onto the slide under a coverslip. (B) System for automated fluorescence
molecular imaging. The automated optical scan system serially captures segmented tile images in the area of the coverslip under fluorescence
microscopy. (C) A high-resolution large view of the reconstructed tile images. The zoomed image allows easy visualization of GFP-expressing
cells among millions of blood leukocytes. Original magnification, x40 (left panels); x100 (middle panels); x400 (right panels).

2C). This automated microscopic scan system allows us to obtain
high-magnification images with a large field of view.

Accuracy of CTC detection by ex vivo OBP-401 infection. To test the
efficacy and accuracy of the system, whole blood samples from
healthy donors were spiked with variable numbers of H1299
human lung cancer cells and then analyzed. Representative images
of each sample are shown in Figure 3A. H1299 cells could be dis-
tinguished from the other blood cells even at lower magnification.
The recovery of tumor cells was consistent over a target frequency
range, between 10 and 1,000 cells spiked into 5 ml of blood from
normal donors. Regression analysis of the number of GFP-posi-
tive cells versus the number of expected tumor cells yielded a cor-
relation coefficient of ¥ = 0.9996 (Figure 3B). Thus, the number
of GFP-positive cells reflects the actual peripheral blood tumor
cell load. We also performed immunohistochemical analysis with
anti-human CK-7/8 antibody to ensure that the cells labeled with
GFP signals were indeed tumor cells. We used CK-7/8 as a marker
for tumor cell detection, as H1299 cells were completely negative
for CK-19 (Supplemental Figure 3). The automated microscopic
scan system permits repeated scanning of the same fields repeat-
edly by a 2-dimensional line scanning technology. Merged images

The Journal of Clinical Investigation

of fluorescent detection and CK-7/8 immunostaining confirmed
that H1299 human lung cancer cells stably transfected with the
gfp gene were CK-7/8 positive in the blood smear (Supplemental
Figure 3). By using this dual imaging method, we confirmed that
the GFP-positive cells were CK-7/8 positive following 24-hour
exposure to OBP-401 and were distinguishable from other blood
cells (Figure 3C). GFP-expressing cells were also morphologically
classified as tumor cells (data not shown).

Comparative analysis of CTC detection by OBP-401, real-time RT-PCR,
and flow cytometry. To compare the GFP-based CTC detection
and other existing methods, blood samples spiked with variable
numbers of H1299 cells were also analyzed. We performed real-
time RT-PCR analysis with primers targeting the hTERT gene,
as OBP-401-mediated GFP expression reflects the telomerase
activity (Figure 1B). The number of GFP-positive cells was pro-
portional to the increasing number of H1299 cells, between 10
and 1,000 cells in 5 ml of blood after ex vivo OBP-401 infection
(Figure 3B); a significant increase in amplification, however, could
not be observed even with 2,000 tumor cells in 1 ml of blood by
real-time RT-PCR (Figure 4A), suggesting that the detected YTERT
mRNA levels might be the background expression. In addition, a
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Selective visualization of human cancer cells by OBP-401. (A) Phase-contrast and fluorescent images of peripheral blood cells mixed with
H1299 human lung cancer cells. Variable numbers of H1299 cells were spiked into 5 ml of whole blood samples from healthy donors and then
immediately analyzed for GFP expression. Original magnification, x100. (B) Efficiency of labeling tumor cells added to whole human blood with
OBP-401. The number of tumor cells spiked into whole blood versus the number of GFP-expressing cells is plotted. Each value represents the
mean + SD. (C) Immunohistochemical staining of GFP-expressing cells for CK-7/8. The blood samples mixed with H1299 cells were analyzed
for GFP expression, fixed with 2% glutaraldehyde, and then stained with rhodamine-labeled anti-CK-7/8 antibody. Overlap of green (GFP) and
red (CK-7/8) fluorescence was displayed as yellow fluorescence. Original magnification, x600.

quantitative RT-PCR assay could not detect CK7 mRNA expres-
sion in all samples tested (Figure 4B), although H1299 cells were
positive for CK-7/8 (Supplemental Figure 4). We also used flow
cytometry to detect H1299 tumor cells in the blood; however, the
number of GFP-positive cells following ex vivo OBP-401 infection
was much lower than expected (Supplemental Figure 4 and Figure
4C). These results suggest that enrichment of tumor cells or deple-
tion of unwanted cells is necessary for CTC detection by real-time
RT-PCR and flow cytometry.

Viable CTCs detected with OBP-401 in patients with various cancers. To
examine whether CTCs from cancer patients can be labeled with
GFP signals by OBP-401 replication to permit their detection in
whole blood, we analyzed fresh blood samples collected from 37

4
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patients with histologically confirmed gastric cancerand 9 patients
with other malignancies, including colon cancer, hepatocellular
carcinoma (HCC), breast cancer, and non-small cell lung cancer.
Although the CTC level varied widely, ranging from 0 to 47 cells in
5-ml samples, 26 gastric cancer patients (70.3%) had more than 1
CTC; there was, however, no apparent relationship between CTC
counts and TNM stages (Figure 5A, Table 1, and Supplemental
Table 1). CTCs were also identified in samples from 6 of 9 (66.7%)
patients with other cancers. The number of CTCs that were iso-
lated ranged from 0 to 56 cells per 5-ml sample (Figure 5B, Table 1,
and Supplemental Table 2).

To confirm the infectivity of OBP-401 to tumor cells at the pri-
mary sites, we applied this assay to single-cell suspensions isolated
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Figure 4
Comparison of the sensitivity of CTC detection by real-time RT-PCR and

flow cytometry. (A and B) Variable numbers of H1299 cells spiked into

1 ml of whole blood samples from healthy donors were prepared. The relative expression of hTERT (A) and CK7 (B) mRNA was determined
by real-time RT-PCR analysis. The amount of hTERT and CK7 mRNA was normalized with data from the real-time amplification of the GAPDH
housekeeping gene. The blood without H1299 cells was used as a negative control, and H1299 cells without the blood were used as a positive
control. (C) Flow-cytometric enumeration of variable numbers of H1299 cells mixed in 1 ml of biood samples. After the lysis of rbc, blood samples
were infected with 10* PFUs of OBP-401 for 24 hours, and then subjected to flow-cytometric analysis. The numbers above the bars indicate the

actual numbers of GFP-positive cells. Each value represents the mean +

from surgically removed primary tumors. A gallery of cellular imag-
es showed sufficient GFP expression in tumor cells obtained from
gastric and colon cancer patients, following OBP-401 infection at
a MOI of 100 (Figure 6). The size and morphology of GFP-labeled
cells isolated from primary tumors were consistent with those of
CTCs detected in the peripheral blood of the same patients.

We further assessed the CTC dynamics in patients who were
undergoing chemotherapy or surgery, to demonstrate the clinical
potential of our approach for monitoring treatment responses.
The results from a representative patient with advanced stage
IV gastric cancer (case 1) are shown in Figure 7A. A 5-ml blood
sample contained 6 CTCs before treatment. Fourteen days after
the initiation of systemic chemotherapy, 7 CTCs were detected
in the peripheral blood; the patient, however, had no CTCs after
2 cycles of chemotherapy. A patient who had a recurrence of gastric
cancer in the regional lymph nodes (case 10) had decreased CTC
counts after a cycle of chemotherapy (Figure 7B). Elimination or
reduction of CTCs correlared well with a decrease in the levels of
tumor markers such as CEA, CA19-9, and CA125. In contrast, the
number of CTCs gradually increased in an advanced gastric cancer
patient (case 25) who developed retroperitoneal tumor invasion
despite chemotherapy (data not shown). As this patient showed
no elevated levels of tumor markers, the kinetic of CTC numbers
would enable a faster prediction of the treatment response than

The Journal of Clinical Investigation

38

SD of triplicate experiments.

that of other radiographic imaging methods. In the 4 patients
who underwent surgery (gastric cancer, cases 5 and 9; colon can-
cer, cases 3 and 4), the CTC level dropped 4 weeks after complete
resection (Figure 7, C and D). These results suggest that enumera-
tion of CTCs might be useful for monitoring the efficacy of local
and systemic treatments.

Discussion

Early and accurate evaluation of therapeutic efficacy is the hall-
mark of successful cancer treatment. We have described a simple
method, without any complicated processing steps, for detecting
viable human CTCs in the peripheral blood, by using telomerase-
specific GFP-expressing adenovirus, Viable CTCs may be a less-
invasive, repeatable biomarker for monitoring tumor responses
against various types of therapies, although its clinical significance
is still debatable. In our pilot study, reported herein, serial blood
sampling demonstrated that surgical removal of primary tumors
was associated with decreased CTC counts. Thus, quantitative
detection of CTCs can be also a substantial surrogate marker for
rreatment efficacy in candidates for chemotherapy.

The technical platform of CTC enumeration has improved rapidly
(13). PCR:based techniques, which are commonly used to detect
CTCs (14, 15), can detect dead tumor cells and cell-free circulating
DNA or RNA, which may result in overestimation of the neoplastic
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