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Figure 3  /n vitro virus spread in CAR-positive H1299 (a). CAR-negative LN444 (b), and NHLF (c) cells. Cells cultured in chamber
slides were infected with OBP-301 or OBP-405 at an MOI of 1. Cells stained with FITC-labeled goat anti-hexon antibody to monitor
the replication of viruses 24 and 48 h after infection are shown. Cell nuclei were counterstained with DAPI. Virus replication was
assessed with fluorescence microscopy, and the blue and green fluorescence correspond to cell nuclei and adenovirus hexon,
respectively. Original magnification, x 200
H1299-R5 tumor treated with OBP-405 had completely Discussion
disappeared, and the level of E1A copy number of OBP-
301 was almost consistent with that at 14 day Viral replication generally results in tissue destruction.
postinfection. These results suggest that OBP-405 could Oncolytic viruses have been developed as an anticancer
more efficiently replicate in both injected and uninjected agent, because controlled replication in the tumors
tumors. when CAR-negative HI1299-R tumors were causes selective killing of tumor cells and minimizes the
treated. Notably, no EIA DNA could be detected in undesired effects on normal cells (Kirn er al., 2001).
the blood of mice treated with OBP-301 or OBP-405,  Amplified viruses can infect adjacent tumor cells as
indicating that viral replication in tumors dose not  well as reach distant metastatic tumors with the blood
correlate with the level of viruses in the blood circulation circulation. Therefore, oncolytic viruses can amplify the
(Figure 7a and b). administered dose as a result of in vive viral replication.
Moreover, we histologically confirmed a profound This might be one of the potential advantages of
replication of OBP-405 in untreated H1299-R5 tumors. oncolytic viruses compared with conventional cancer
As shown in Figure 7¢, immunohistochemical analysis therapies. We previously reported that hTERT promo-
for the detection of adenoviral hexon demonstrated that  ter-specific replication-competent adenovirus OBP-301
the percentage of positive-staining cells was apparently could replicate and eventually lyse the telomerase-
higher in uninjected tumors of OBP-405-treated mice  expressing tumors cells, leading to the viral spread to
than those of OBP-301-treated mice. Hematoxylin/eosin adjacent cells (Kawashima er /., 2004). OBP-301 could
analysis revealed apparent tumor cell death at the infect both normal and tumor cells, but the virus would
central portions of the tumors; morphological changes, only replicate in those cells that have robust telomerase
however, that are associated with the apoptotic pheno-  activity. OBP-301 induced oncolysis in a variety of
type such as nuclear fragmentation and chromatin human cancer cell lines; tumors that lost CAR expres-
condensation were not evident (data not shown), sion, however, might be refractory to infection with
suggesting that oncolysis by viral replication might be ~ OBP-301, because subgroup C adenoviruses, including
nonapoptotic cell death. serotypes 2 and 5. rely on CAR as the primary binding
>
Figure 4 Oncolytic effect of OBP-301 and OBP-405 in virro on human cancer and normal cell lines. (a) CAR-positive (H1299 and
SW620) and CAR-negative (LN444, LNZ308. and H1299-R35) cell lines and normal cells (NHLF) were stained with Coomassie
brilliant blue 5 day after infection with OBP-301 or OBP-405. Blue areas indicate viable cells: white areas show loss of cells through cell
lysis. (b) Cells were infected with OBP-301 or OBP-405 at the indicated MOI values, and surviving cells were quantitated over 5 days by
XTT assay. Statistical analysis was performed using Student’s s-test for differences among groups. Statistical significance (*) was
defined as £P<0.01
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Figure 5 Antitumor effects of intratumorally injected OBP-301 or
OBP-405 against established flank H1299-R5 xenograft tumors in
nufnu micé. PBS and replication-deficient dI312 were used as a
control. Six mice were used for each group. The tumor growth was
expressed by the tumor mean volume +s.e. Statistical significance
(*) was defined as P<0.01 (Student’s s-test)

site on the target cells (Bergelson et al., 1997). In
fact, CAR deficiency in primary tumors has been
reported (Miller ez al., 1998; Li et al., 1999). Here, we
demonstrate that the modification of the adenovirus
fiber knob by the addition of an RGD-containing
peptide in the HI loop increased its infectious efficiency
and enabled the virus to kill CAR-negative tumor cells.
The fiber-modified new oncolytic adenovirus OBP-405
was more effective to inhibit the growth of CAR-
negative tumors in vivo, comprised of OBP-301.

A wide spectrum of CAR levels exists among many
types of human cancer lines (Figure 1), although the
regulation as well as the function of this transmembrane
protein are poorly understood. If expression of CAR on
target cells could be increased, this could potentially
yield improved efficacy of adenovirus-based therapies.
We previously established H1299-R5 human lung cancer
cell line refractory to adenovirus infection by five-time
repeated infections (Tango ez al., 2004). The observation
that CAR expression markedly diminished as the cells
are repeatedly infected with adenovirus suggests that the
levels of CAR expression could be altered. Indeed, It has
been reported that the chemotherapeutic agents are
effective in increasing CAR expression (Hemminki et al.,
2003); in our preliminary experiments, however, CAR
expression could not be modified in H1299-RS cells by
any chemotherapeutic agents tested, including the EGF
receptor-tyrosine kinase inhibitor ZD1839 (Gefitinib,
‘Iressa’) (data not shown). Therefore, it seems to be
difficult to consistently upregulate CAR expression in
various types of human cancer cells.

A variety of strategies have been devised to increase
adenovirus infection to cells with low or absent CAR.
For our study, we have chosen to alter the tropism of
oncolytic virus by the modification of the fiber. Making
the fiber-modified oncolytic adenovirus, we supposed
that the virus could infect not only by CAR-dependent
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entry but also by CAR-independent, RGD-integrin
(xvB3 and avpS)-dependent entry. As expected, OBP-
405 was taken up efficiently by both CAR-positive and
CAR-negative human cancer cells; the infectivity of
OBP-405 was 10- and 1000-fold higher in CAR-positive
and CAR-negative human cancer cell lines, respectively,
than that of OBP-301 (Figure 2a). In contrast, the
replication yields of OBP-301 and OBP-405 were
persistent in both cell lines (Figure 2b), indicating that
the tropism modification is not anticipated to alter
fundamental aspects of the viral replication cycle. The
increased initial virus entry into the cells results in earlier
detection (data not shown) and augmented yields of
OBP-405 compared with unmodified OBP-301
(Figure 3). Enhancing the infection efficiency of OBP-
405 translated into increased oncolytic effects (Figure 4).
OBP-301 showed complete oncolysis at as low as 1| MOI
in H299 and SW620 cells, suggesting that OBP-301 is
sufficient to treat CAR-positive human cancer cells;
OBP-301, however, could not kill CAR-negative cell
lines at all. Notably, OBP-405 did effectively kill LN444,
LNZ308, and H1299-RS5 cells at an MOI of I, indicating
that the infection enhancement of OBP-405 contributed
to its efficacy on CAR-negative cancer cells. Another
important finding is that OBP-405 elicited no increased
infectivity as well as cytopathic effect to normal cells
despite of CAR expression (Figures 3 and 4).

We also demonstrated the superior oncolytic effect of
OBP-405 in the subcutaneous xenograft model of CAR-
negative H1299-RS5 cells. Intratumoral injection of OBP-
405 for three consecutive days resulted in the significant
inhibition of H1299-RS tumor growth (Figure 5) and
selective spread of viruses throughout the tumor tissues
(Figure 6b). Although the RGD fiber knob modification
of selectively replicating adenoviruses, such as AdA24
containing the Rb-binding mutation in E1A (Lamfers
et al., 2002) and the cyclooxygenase-2 (Cox-2) promo-
ter-based adenovirus (Davydova et al., 2004), has been
previously reported to reduce tumor size in vivo, the
major advantage of OBP-405 is the broad applicability
for many types of human cancers because of the
telomerase-specific hTERT promoter. In fact, many
studies have reported that telomerase is present in nearly
all immortal cell lines and ~90% of human tumors but
seldom in normal somatic cells (Kim ez al., 1994; Shay
and Wright, 1996). In addition to the antitumor effect,
when the tropism of the virus is modified, it has to be
addressed whether a pattern of biodistribution could be
affected. We observed that OBP-405 showed a tumor-
restricted pattern of biodistribution in mice after
intratumoral administration (Figure 6a) and no hepa-
totoxicity despite of high levels of CAR and av integrin
expression in the liver (Tomko et al., 1997; Fechner et al.,
2000) (Table 1). Viral replication and spread of OBP-405
could be detected at least for 4 weeks (Figure 7b),
whereas OBP-405 was negative in any normal specimen
throughout the period (data not shown). A limitation of
our biodistribution data is that the hTERT promoter is
not expected to function in mice as it does in humans.
Indeed, some studies have reported that mouse and rat
tumors do not support efficient replication of human
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Figure 6 Spread and replication of OBP-301 or OBP-405 following intratumoral administration in nu/nu mice transplanted with
H1299-R5 tumor cells. (a) DNA was extracted from subcutaneous tumor and various tissues in u/nu mice at 7 day postinfection. Viral
DNA was detected by quantitative PCR amplification of the adenoviral E1A sequence. The amounts of viral EIA copy number are
defined as the fold increase for each sample relative to that with PBS (PBS equals 1). The results are representative of three separate
experiments. (b) Sections of H1299-R5 tumors were immunofluorescently stained with anti-hexon antibody 7 days after virus injection.

followed by counterstaining with DAPI. Magnification, x 200

Table 1

Assessment of hepatotoxicity in nu/nu mice intratumorally injected with OBP-301 or OBP-405

T-Bil (mg/dl) AST (1U}1)

ALT (1UJI)

LDH (1U[l) GGT (1U/1) ALP (1U]1)

PBS 0.4 87
OBP-301 0.3 118
OBP-405 0.4 69

258 <10 475
388 <10 382
190 <10 492

Blood was obtained from H1299-R5 tumor-bearing mice 7 days after intratumoral injection of PBS or 1 x 10" PFU of OBP-301 or OBP-405, and

the levels of liver enzymes were analysed

adenoviruses (Ginsberg et al., 1991; Prince et al., 1993).
However, as preliminary data, we confirmed that OBP-405
could infect and efficiently lyse murine adenocarcinoma
cell line Colon-26 (data not shown). Therefore, OBP-405
is considered to be specific and safe within its
therapeutic window.

To treat distant, metastatic tumors, an infusion of
chemotherapeutic drugs by intravenous administration
will need to distribute a sufficient quantity of agents to
the tumor sites: oncolytic viruses, however, could
replicate in the tumor, cause oncolysis, and then release

virus particles that will reach to the distant metastatic
lesions. Therefore, intratumoral administration that
causes the release of newly formed virus from infected
tumor cells might be theoretically suitable for oncolytic
virus rather than systemic administration. OBP-405
cleared rapidly from the body after intravenous admin-
istration (data not shown). This is one of the reasons
why we also used intratumoral injection of OBP-405 for
the toxicity analysis. In fact, a phase I clinical study
demonstrated PSA-specific oncolytic virus shedding in
the blood after intraprostatic delivery (DeWeese et al.,
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Replication of OBP-301 and OBP-405 in the tumor distant from the site of virus inoculation. Bilateral H1299-R5 tumors

were implanted in s/ nu mice. and the right-sided tumors received intratumoral injection of PBS or 1 x 10’ PFU of OBP-301 or OBP-
405. The results are representative of three separate experiments. (a. b) Quantitative real-time PCR amplification of the E1A gene with
DNA 1solated from the right (injected) and left (uninjected) H1299-R5 tumors at 2 weeks (a) and | month (b) post-treatment. (c)
Sections of H1299-R5 tumors were immunofluorescently stained with anti-hexon antibody | month after virus injection, followed by

counterstaining with DAPIL. Magnification, x 200

2001). These findings indicate that the intratumorally
administered virus that reached the circulation could
potentially replicate and lyse metastatic tumors. We
observed evidence of OBP-405 replication in the distant,
uninjected HI1299-R5 tumors after its intratumoral
administration into the contralateral tumors by quanti-
fication of virus DNA (Figure 7). Moreover, OBP-405
continued to replicate in the distant tumors even after
the injected tumors disappeared, although the presence
of OBP-405 in the blood circulation could not be
detected over time. One possible explanation for this
result is that the amount of OBP-405 in the circulation
might be quite small due to its short half-life (approxi-
mately 2min) (Huard er af.. 1995: Wood er al., 1999),
but sufficient to initiate replication once it reached the
distant tumors.

In conclusion, we demonstrate that the fiber-modified
telomerase-specific  replication-selective  adenovirus
OBP-405 permits CAR-independent cell entry and
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effective destruction of tumors lacking the primary
CAR. The feasibility of original OBP-301 (Telomelysin)
for human cancer therapy will be confirmed in clinical
trials in the near future; some CAR-negative tumors,
however, may be refractory to OBP-301. Under such
circumstances, OBP-405 is a powerful way of over-
coming low infectivity and increasing antitumor activity.
Our data may be consequential for the development of
virotherapy for human cancers.

Materials and methods

Cells and culture conditions

The HI1299 and H1299-R35 human non-small-cell lung cancer
cell lines and the SW620 human colon cancer cell line were
cultured in RPMI 1640 medium supplemented with 10% FCS.
HI1299-R5 is a subline of HI299 that are refractory to
adenovirus infection due to the decreased CAR expression



(Tango et al.. 2004). The human glioma cell lines LN444 and
LNZ308 (kindly provided by Dr N Ishi, Hokkaido University,
Hokkaido, Japan), and the transformed embryonic kidney cell
line 293 were cultured in DMEM containing high glucose
(4.5 g/1) and supplemented with 10% FCS. The normal human
lung fibroblast cell line NHLF was purchased from TaKaRa
Biomedicals (Kyoto, Japan) and cultured in the medium
recommended by the manufacturer.

Recombinant adenoviruses

The recombinant replication-selective, tumor-specific adeno-
virus vector OBP-301 (‘Telomelysin’) was previously con-
structed and characterized (Kawashima er al., 2004; Umeoka
et al., 2004). OBP-405 (‘Telomelysin-RGD’) that has mutant
fiber containing the RGD peptide, CDCRGDCFC, in the HI
loop of the fiber knob was created using the method developed
by Mizuguchi et al. (2001). OBP-301 and OBP-405 viruses
were purified by CsCl, step gradient ultracentrifugation
followed by CsCl, linear gradient ultracentrifugation. Deter-
mination of virus particle titer and infectious titer was
accomplished spectrophotometrically by the method of Maizel
et al. (1968) and by the method of Kanegae er al. (1994),
respectively.

Flow cytometry

The cells (2 x 10° cells) were labeled with mouse monoclonal
anti-CAR (RmcB: Upstate Biotechnology, NY, USA), anti-
human integrin avfi3 (LM609; Chemicon International,
Temecula, CA, USA), or anti-human integrin avf35 (P1F6;
Chemicon International, Temecula, CA, USA). Then, the cells
were incubated with FITC-conjugated rabbit anti-mouse IgG
second antibody (Zymed Laboratories, Sun Francisco, USA)
and analysed by flow cytometry (FACScan, Becton Dickinson,
Mountain View, CA, USA).

Quantitative real-time PCR assay

DNA was extracted with QIAamp DNA Mini Kit (Qiagen
Inc., Valencia, CA, USA), and quantitative real-time PCR
assay for the E1A gene was performed using a LightCycler
instrument (Roche Molecular Biochemicals, Indianapolis, IN,
USA). The sequences of specific primers used for E1A were as
follows: sense: 5-CCT GTG TCT AGA GAA TGC AA-3' and
antisense: 5-ACA GCT CAA GTC CAA AGG TT-3). PCR
amplification began with a 600-s denaturation step at 95°C and
then 40 cycles of denaturation at 95°C for 10s, annealing at
58°C for 155, and extension at 72°C for 8s. Data analysis was
performed using LightCycler Software (Roche Molecular
Biochemicals). The ratios normalized by dividing the value
of untreated cells were presented for each sample.

Viral spread assay

H1299, LN444, and NHLF were cultured in two-well chamber
slides and infected with OBP-301 or OBP-405 at an MOI of 1.
The slides were fixed with 4% paraformaldehyde 24 or 48 h
after infection, blocked, incubated with FITC-labeled goat
anti-hexon polyclonal antibody (25 ug/ml; Chemicon Inc.,
Temecula, CA, USA), and counterstained with DAPI (1 pg/ml;
Molecular Probes, Eugene, OR, USA). The slides
were photographed under the fluorescence microscopy and
then analysed using the software (Viewfinder; Pixera, CA,
USA).

RGD-modified telomerase-specific oncolytic adenovirus
M Taki et a/

Cell killing ussay

Cells were plated at 100000 cells/well on 12-well plates and
infected either with OBP-301 or OBP-405 at an MOI of 0, 0.1,
or | for 2h. The medium with 10% FBS was then added
following the removal of viruses. Coomassie brilliant blue
staining was performed on day $.

Cell viability ussay

An XTT assay was performed to measure cell viability. Cells
were plated on 96-well plates at 5 x 10°/well, 24h before
infection and infected either with OBP-301 or OBP-405 at an
MOI of 0, 0.1, or I. Cell viability was determined at the
indicated times by using a Cell Proliferation Kit IT (Roche
Molecular Biochemicals) according to the manufacturer’s
protocol.

In vivo human tumor model

Human lung cancer H1299-RS cells (1 x 107 cells/mouse) were
subcutaneously injected into the flank of 5-6-week-old female
BALB/c nu/nu mice and permitted to grow to approximately
5-6mm in diameter. At that time, the mice were randomly
assigned into four groups, and a 100l solution containing
1 x 10’ PFU of dI312, OBP-301, or OBP-405, or PBS was
injected into the tumor on days 1, 2, and 3. Tumors were
measured for perpendicular diameters every 3 or 4 days, and
tumor volume was calculated using the following formula:
tumor volume (mm*)=a x b x0.5, where « is the longest
diameter, b is the shortest diameter, and 0.5 is a constant to
calculate the volume of an ellipsoid. The experimental protocol
was approved by the Ethics Review Committee for Animal
Experimentation of Okayama University Graduate School of
Medicine and Dentistry.

In vivo toxicity study

Mice bearing H299-R5 tumors received intratumoral injection
of 1 x 10" PFU of OBP-301 or OBP-405, or PBS. At 1 week
after treatment, blood samples were obtained and the serum
levels of total bilirubin (T-Bil), aspartate amino transferase
(AST), alanine amino transferase (ALT), lactate dehydrogen-
ase (LDH), gamma glutamyl transpeptidase (GGT), and
alkaline phosphatase (ALP) were determined by automated
colorimetric assays to assess the hepatotoxicity.

In vivo viral replication

OBP-301 or OBP-405 at. 1 x 107 PFU/100ul, or PBS were
intratumorally injected into H1299-R5-bearing mice. After 1
week, the tumors and organs were harvested and DNA was
extracted from each tissue. To compare the viral replication in
the tumor and other normal organs, quantitative real-time
PCR for the E1A gene was performed with a LightCycler
instrument. The tumors and organs were immediately
embedded in Tissue Tek (Sakura, Tokyo, Japan), cut into
5 um-thick sections, "and assessed by immunofluorescence
detection of the adenoviral hexon protein using a goat anti-
hexon polyclonal antibody (Chemicon, Temecula, CA, USA).
To assess the viral replication on distant, uninjected tumors,
H1299-R5 cells (1 x 107 cells/mouse) were injected subcuta-
neously into bilateral flanks of mice. At 2 weeks or 1 month
after intratumoral inoculation of OBP-301 or OBP-405 at
1 x 107 PFU/100 pl into tumors in the right flank, the bilateral
tumors and blood were collected from mice and DNA was
extracted. Quantitative real-time PCR as well as immuno-
fluorescence staining for the hexon protein were performed.
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Statistical anulysis

Determinations of significant differences among groups were
assessed by calculating the value of Studems 1 using the
original data analysis.

Abbreviations
hTERT, human telomerase reverse
internal ribosome entry site;

transcriptase; IRES,
CAR, Coxsackie-adenovirus
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Abstract

Replication-competent oncolytic viruses are being developed for human cancer therapy. We previously reported that an attenuated
adenovirus OBP-301 (Telomelysin), in which the human telomerase reverse transcriptase promoter element drives expression of E1A and
E1B genes linked with an internal ribosome entry site, could replicate in and causes selective lysis of human cancer cells. Infection efficiency
in target cancer cells is the most important factor that predicts the antitumor effects of OBP-301. The objectives of this study are to examine
the effects of the histone deacetylase inhibitor FR901228 on the level of coxsackie and adenovirus receptor (CAR) expression and OBP-301-
mediated oncolysis in human non-small cell lung cancer cell lines. Flow cytometric analysis revealed up-regulated CAR expression in A549
and H460 cells following treatment with 1 ng/ml of FR901228, which was associated with increased infection efficiency as confirmed by
replication-deficient 3-galactosidase-expressing adenovirus vector. In contrast, neither CAR expression nor infection efficiency was affected
by FR901228 in H1299 cells. To visualize and quantify viral replication in the presence of FR901228, we used OBP-401 (Telomelysin-GFP)
that expresses the green fluorescent protein (GFP) reporter gene under the control of the cytomegalovirus promoter in the E3 region.
Fluorescence microscopy and flow cytometry showed that FR901228 increased GFP expression in A549 and H460 cells following OBP-401
infection in a dose-dependent manner, but this effect did not occur in H1299 cells. In addition, OBP-301 and FR901228 demonstrated a
synergistic antitumor effect in A549 cells in vitro, as confirmed by isobologram analysis. Our data indicate that FR901228 preferentially
increases adenovirus infectivity via up-regulation of CAR expression, leading to a profound oncolytic effect, which may have a significant
impact on the outcome of adenovirus-based oncolytic virotherapy.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Oncolytic virus; HDAC inhibitor; Adenovirus; CAR; Lung cancer

&
Introduction clinical trial data have shown the antitumor potency and
safety of mutant or genetically modified adenoviruses [3—
Replication-selective, oncolytic viruses provide a new 6]. We previously constructed an adenovirus vector (OBP-
platform to treat a variety of human cancers [1,2]. Promising 301, Telomelysin), in which the human telomerase reverse

transcriptase (hTERT) promoter element drives expression
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trum antitumor activity, infection efficiency of the presently
available adenoviral agent, which is derived from human
adenovirus serotype 5, varies widely depending on the
expression of coxsackie-adenovirus receptor (CAR) [8,9].
To overcome the limitation of low levels of CAR in certain
tumors, we further modified the fiber of OBP-301 to contain
RGD peptide. We demonstrated that this fiber-modified
OBP-405 permits CAR-independent cell entry and effective
destruction of tumors lacking the primary CAR [10]. This

strategy has been commonly used to alter adenovirus
infectivity [11,12]; the genetic modification, however, might
not always be successful. An alternative approach is to
modify CAR expression in target tumor cells.

FR901228 (Depsipeptide, FK228) is a novel anticancer
agent isolated from the fermentation broth of Chromobac-
terium violaceum. FR901228 has been identified as a potent
histone deacetylase (HDAC) inhibitor, although it has no
apparent chemical structure that interacts with the HDAC

A
AS549 H460
— Contrel
— Untreated
FR901228
10t
0
B
A549 H358
FR901228 FR901228
Mkt 1 ngmi 1 ng/mi
CAR - e e
i DD O
Relative Density 0.866 1.043 0.812 0.734
C A549 H460 H358 H1299
BETAS FR1228 Modk FR9 1228 FR901228 FR901228
Mock 1 ng/ml 1 ng/ml s 1 ng/ml e 1 ng/ml

Fig. 1. (A) Expression of CAR on human NSCLC cell lines after FR901228 treatment. Cells were treated with 1 ng/ml of FR901228 for 48 h and then
subjected to flow cytometric analysis. Both treated and untreated cells were incubated with mouse monoclonal anti-CAR (RmcB) followed by detection with
FITC-labeled secondary antibody. An isotype-matched normal mouse IgG1 conjugated to FITC was used as a control in all experiments. The rightward shift of
the histogram after exposure to FR901228 indicates increased CAR expression. (B) Western blot analysis of CAR and actin in A549 and H358 cells. Cells were
treated same as above. Equivalent amounts of protein obtained from whole cell lysates were loaded in each lane, probed with anti-CAR antibody, and then
visualized by using an ECL detection system. Equal loading of samples was confirmed by stripping each blot and reprobing with anti-actin antiserum. CAR
protein expression was quantified by densitometric scanning using NIH Image software and normalization by dividing the actin signal. (C) Western blot
analysis for MDR | expression. Equivalent amounts of protein obtained from whole cell lysates were loaded in each lane and probed with anti-MDR1 antibody
with or without FR901228 treatment. The cell lysate obtained from HCT-15 human colorectal cancer cells was used as a positive control.
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active-site pocket. Thus, FR901228 is structurally distinct
from other known HDAC inhibitors such as the trichostatins
and trapoxins [13—15]. Histone deacetylation is an impor-
tant component of transcriptional control, and it has been
reported that FR901228 can increase CAR gene expression
in several different cancer cell lines [16—20]. Moreover,
FR901228 is known to increase viral and transgene
expression following adenovirus infection [16]. These
findings led us to examine whether FR901228 could
augment the antitumor activity of OBP-301 against human
cancer cells.

In the present study, we show that FR901228 treatment
up-regulates CAR levels on target tumor cells, which in tumn
increases the amount of cellular viral replication, thereby
promoting a synergistic antitumor effect. These findings
suggest that treatment with OBP-301 in combination with
FR901228 is a promising strategy for human cancer.

Results

Effect of FR901228 on CAR expression in human non-small
cell lung cancer (NSCLC) cell lines

To explore the combination effect of OBP-301 and
FR901228, we first used flow cytometry to determine if
FR901228 has an effect on the cell surface expression of
CAR. CAR was expressed in all four cell lines tested: the
percentages of CAR-positive cells were 99.4%, 99.4%,
99.8%, and 86.8% in A549, H460, H358, and HI1299
cells, respectively. As shown in Fig. 1A, CAR expression
levels apparently increased in A549 and H460 cells
following 48-h exposure to 1 ng/ml of FR901228, whereas
H358 and H1299 cells showed a similar expression pattern
of CAR before and after FR901228 treatment. The data
were calculated as the relative mean fluorescent intensity
(MFI), in which the MFI from FR901228-treated cells is

Experimental Cell Research 312 (2006) 256265

divided by the MFI of cells without FR901228 treatment,
thereby giving a fold enhancement of expression. In A549
and H460 cells, there were 1.6- and 2.15-fold higher MFI
after FR901228 treatment compared to those before
treatment, respectively (MFI: 61.13 to 97.88 [A549] and
59.51 to 127.94 [H460]). Western blot analysis for CAR
expression also demonstrated that FR901228 treatment
resulted in a 1.2-fold increase in the CAR protein level in
A549 cells, whereas CAR protein expression level in
H358 cells was consistent even after FRO01228 treatment
(Fig. 1B).

FR901228 has been previously reported to be a substrate
for multidrug resistance protein (MDRI), which mediates
FR901228 resistance in human cancer cells [2]1]. We next
examined whether FR901228 treatment could alter MDR1
protein expression in the cell lines we used. As shown in
Fig. 1C, MDR1 expression was not detected in these cell
lines by Western blot analysis and could not be induced
even after FRO901228 treatment.

Adenovirus infectivity after FR901228 treatment in human
NSCLC cell lines

To evaluate the effect of FR901228 on the infectious
efficiency, we compared [3-galactosidase-positive cells by
X-gal staining 24 h after infection with recombinant
replication-deficient adenovirus carrying the [3-galactosi-
dase gene under the control of cytomegalovirus (CMV)
promoter (Ad-LacZ) in the presence or absence of
FR901228. A549 and HI1299 cells were treated with
FR901228 at the indicated concentration for 48 h. Then,
cells were infected with Ad-LacZ at multiplicities of
infection (MOI) of 1 or 10 after removing medium
containing FR901228. The X-gal staining 24 h after
infection demonstrated that FR901228 treatment increased
the percentage of blue-stained [3-galactosidase-positive
A549 cells in a dose-dependent manner; FR901228,

A549
FR901228
Mock 0.1 ng/ml
)
Mock
yEs &L R e -
AdLacZ |

1Mol E : i Tk e
Mo Lo __-.a';.ﬁL S M. RN . i)

Ad-LacZ . 3
10 MOI

Fig. 2. Expression of [3-galactosidase after Ad-LacZ infection in FR901228-treated cells. A549 and H1299 cells were treated with Ad-LacZ and FR901228 at
the indicated concentrations, grown for 24 h, and then stained for >-galactosidase activity.
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Fig. 3. Flow cytometric analysis of viral-replication-associated GFP expression following OBP-401 and FR901228 treatment. A549 (A), H460 (B), and H1299
(C) cells were infected with 0.1 MOI of OBP-401 and simultaneously treated with FR901228 at the indicated concentrations. The percentages of GFP-positive
cells were assessed at different time points after treatment.
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however, had no apparent effect on adenovirus infectious
efficiency in HI299 cells (Fig. 2). These results were
compatible with the effect of FRO01228 treatment on CAR
levels.

Oncolytic virus replication after FR901228 treatment in
human NSCLC cell lines

We next examined the effect of FR901228 on oncolytic
virus replication by flow cytometric analysis using telomer-
ase-specific oncolytic adenovirus containing the GFP gene
(OBP-401). The proportion of GFP-positive A549 cells
increased from 15.57% (day 3) to 19.84% (day 5) after OBP-
401 infection because OBP-401 can replicate in telomerase-
positive tumor cells. However, the percentage of GFP-
expressing cells was 45.73% in the presence of 1 ng/ml of
FR901228 compared with 19.84% in cells without
FR901228 at 5 days post-infection with 0.1 MOI of OBP-
401 (Fig. 3A). Similarly, treatment with 1 ng/ml of
FR901228 increased the percentage of GFP-expressing cells
from 32.68% to 73.77% in H460 cells 5 days after infection
with 0.1 MOI of OBP-401 (Fig. 3B). In contrast, there was
no increase in the fraction of GFP-expressing cells after
FR901228 treatment in H1299 cells (Fig. 3C). Moreover, the
percentage of GFP-expressing H1299 cells decreased in the
presence of 1 ng/ml of FR901228 5 days after OBP-401
infection, presumably due to the toxicity of FR901228.

To visualize viral replication in vitro, OBP-401-infected
cells were photographed under a tluorescent microscope. As

30

shown in Fig. 4, FR901228 increased the GFP fluorescence
intensity in a dose-dependent manner on A549 and H460
cells 4 days after infection with 0.1 MOI of OBP-401.
These findings are consistent with the results of flow

As549

H460

FR901228

Fig. 4. Visualization of viral-replication-associated GFP expression
tollowing OBP-401 and FR901228 treatment. A549 and H460 cells were
treated as described in the legend for Fig. 3. Cells were assessed for GFP
expression with fluorescence microscopy 4 days after treatment.
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cytometric analysis. The microphotographs also demon-
strated that the number of GFP-positive cells increased in
the presence of FR901228, indicating that OBP-401 could
efficiently spread to the neighboring tumor cells. These
results suggest that FR901228-induced up-regulation of
CAR expression resulted in increased replication of
oncolytic virus.

Cell cycle analysis after oncolytic virus infection and
FR901228 treatment

To examine whether OBP-301 infection and FR901228
treatment result in cell cycle arrest, apoptosis, or a
combination of both processes, the cell cycle distribution
was determined by flow cytometric analysis of propidium-
iodide-stained cells, a measure of DNA content. As shown
in Table 1, neither OBP-301 infection nor FR901228
treatment affected the cell cycle distribution or the fraction
of sub-Gy,—G, apoptotic population in A549 and H460 cell
lines.

Synergistic antitumor effect of OBP-301 and FR901228 in
human NSCLC cells

We finally examined whether concurrent addition of
FR901228 had an effect on the antitumor effect of OBP-
301 in A549 cells. The cell viability with 8 doses of OBP-
301 or 6 doses of FR901228 was assessed by MTT assay 4
days after treatment with concentrations that resulted in 0
to 100% cell kill when either drug was given alone (Fig.
5A). To determine whether the interaction between the two
drugs exhibited synergistic cytotoxic effects, the data from
the dose—response curves were examined by constructing
isobolograms. Isobologram analysis indicated that the
combination was synergistic across all dose levels tested,
with all of the points lying into the area below the
envelope of additivity (Fig. 5B). The combination index
(CI) value of observed data points was 0.6823 + 0.0761,
which was smaller than 1. Thus, telomerase-specific
oncolytic adenovirus OBP-301 in combination with

Table 1

Cell cycle analysis after OBP-301 and FR901228 treatment

Cell line  Treatment Sub-Gy/G, G, S G,/M

(%) (%) (%) (%)

A549 Pre-treatment 2.04 68.74 1535 14.18
FR901228 1.13 74.58 1043 13.88
OBP-301 0.78 79.64 10.55 9.17
FR901228 + OBP-301 2.24 73.08 11.58 13.26

H460 Pre-treatment 18.70 51.79 14.82 15.15
FR901228 11.28 51.71  11.80 25.33
OBP-301 1.07 69.70 14.72 14.56
FR901228 + OBP-301  15.10 47.08 13.60 23.74

A549 and H460 cells were treated with 1 ng/ml of FR901228. 0.1 MOI of
OBP-301, or both. The DNA content was determined by propidium iodide
staining and flow cytometric analysis at 72 h afier treatment. The
percentage of cells in each stage of the cell cycle is shown.
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Fig. 5. Antitumor effect of OBP-301 and FR901228 on A549 NSCLC cells
in vitro. (A) Effect of OBP-301 and FR901228 at various concentrations
was assessed by MTT assay 4 days afier treatment. Results are expressed as
the percentage of untreated control. (B) The data from dose-response
curves were subjected to isobologram analysis. Shown is the isobologram at
IC50 based on the results of MTT assays for the A549 cell line treated with
combinations of OBP-301 and FR901228 added simultaneously. Points
below the envelope indicate a synergistic effect.

FR901228 produces synergistic cell cytotoxicity in A549
human NSCLC cells.

Discussion

Oncolytic adenovirus can efficiently kill a variety of
human cancer cells; the death process, however, is
morphologically distinct from apoptosis that is characterized
by chromosome condensation and nuclear shrinkage and
fragmentation [22]. In contrast, most of conventional
chemotherapeutic drugs trigger apoptosis in human cancer
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cells via caspase activation. These two types of anticancer
agents that use different cytotoxic machinery have been
shown to induce a combination effect [23—-25], although the
precise mechanism is still unclear. In an attempt to establish
multidisciplinary therapeutics based on the rationale, we
explored the antitumor effect of oncolytic virus in combi-
nation with an HDAC inhibitor. The HDAC inhibitor is a
new class of anticancer agents that can modulate transcrip-
tional activity [13,14). As a result, in addition to the
induction of apoptosis, HDAC inhibitors are able to block
the cell cycle and angiogenesis, promote differentiation, and
mediate additional unknown effects in human cancer cells.
In the present study, we found that the most advanced
therapeutic candidate, FR901228, had a synergistic anti-

tumor effect with telomerase-specific oncolytic adenovirus.

OBP-301 through up-regulation of CAR expression in
certain types of human NSCLC cells. This may be a novel
therapeutic intervention of HDAC inhibitors.

Gene expression is considered to be regulated by
chromatin remodeling. Chromatin is intrinsically modified
by histone acetyltransferase or HDAC, and alterations in
these mechanisms may lead to altered gene expression [26].
It has been reported that the activation of the CAR gene
promoter is modulated by histone acetylation and that
FR901228 increases CAR RNA levels through histone H3
acetylation in human cancer cells, leading to an increased
adenovirus transgene expression [16—18]. Compatible with
these observations, we demonstrated that FR901228 treat-
ment led to increased levels of membrane-associated CAR
protein in A549 and H460 human NSCLC cell lines (Figs.
1A, B). The reason why FR901228 did not affect CAR
expression in H358 and H1299 cells is unclear. As all cell
lines were negative for MDRI1 expression that could
mediate FR901228 resistance [21] (Fig. 1C), other mech-
anisms such as the Raf-MEK-ERK signal transduction
pathway may be involved in CAR gene expression in
H358 and H1299 cell lines [27].

We also confirmed increased infection efficiency of
adenovirus following FR901228 treatment using Ad-LacZ
vector (Fig. 2). One of the advantages of replication-
competent oncolytic adenoviruses is that less virus particles
" are required for treatment because viruses can be produced
in tumor tissues by replication. To directly evaluate the
reliability of increased virus infectivity by FR901228 for
oncolytic virus, we used Ad-LacZ at an MOI of 1 or 10,
although 100 MOI of the vector was commonly used in
previous studies. We previously reported that the fiber-
modified oncolytic adenovirus (OBP-405) containing an
RGD motif in the HI loop of the fiber knob showed
increased initial virus entry into the target tumor cells and
resulted in the augmented viral replication [10]. Thus,
FR901228 treatment is expected to enhance virus infectivity
as well as replication in A549 and H460 cells. In fact, the
percentages of GFP-positive cells were more than 2-fold
higher in A549 and H460 cells treated with GFP-expressing
OBP-401 in combination with FR901228 than those
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infected with OBP-401 alone (Figs. 3 and 4). Studies using
a non-viral plasmid vector have found that FR901228
enhances luciferase transgene expression at the transcrip-
tional level [28]. Therefore, it is possible that increased GFP
expression reflects transcriptionally enhanced transgene
expression, but not viral replication. However, the fact that
FR901228 treatment did not affect OBP-401-induced GFP
expression in H1299 cells suggests that FR901228 could not
alter the levels of transgene expression without CAR up-
regulation and that GFP expression is dependent on virus
infectivity and replication. Taken together, FR901228
increases CAR expression, which in turn facilitates virus
infection, thereby leading to increased viral replication in
certain types of human NSCLC cells.

Adenovirus replication within a target tumor cell can
cause cell destruction by several mechanisms such as direct
cytotoxicity due to viral proteins and augmentation of
antitumoral immunity [2]. As expected, OBP-301 in
combination with FR901228 demonstrated a profound
antitumor effect in vitro in A549 cells, presumably because
of enhanced viral replication. Isobologram and CI analyses,
which are the two most popular methods for evaluating drug
interactions in combination cancer chemotherapy [29],
consistently identified OBP-301 infection and FR901228
treatment as a synergistic combination (Fig. 5). Theoreti-
cally, some chemotherapeutic drugs could act to inhibit viral
replication because they might affect the cell cycle; our data,
however, demonstrated that FR901228 with or without
OBP-301 had no effect on the cell cycle distribution (Table
1), indicating that FR901228 may be an appropriate partner
for oncolytic adenovirus because it does not affect the virus
life cycle. Moreover, phase I clinical trials for advanced
cancer as well as leukemia have shown that FR901228 can
be safely administered without any life-threatening toxicities
or cardiac toxicities, although the appropriate administration
schedule ‘has to be further examined [30,31]. These
observations indicate that clinical trials of OBP-301 in
combination with FR901228 are warranted.

In conclusion, our data demonstrate a possible interaction
between a telomerase-specific oncolytic adenoviral agent
and an HDAC inhibitor. Delineating specific virus/drug
combinations that are tailored to be particularly effective in
human cancer may have the potential to greatly improve the
already encouraging results seen in the field of oncolytic
virotherapy.

Materials and methods
Cells and culture conditions

The NSCLC cell lines A549, H460, H358, and H1299
were propagated in monolayer culture in RPMI 1640
medium supplemented with 10% fetal calf serum, 25
mM HEPES, 100 units/ml penicillin, and 100 pg/ml
streptomycin.
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Compounds

FR901228 was kindly provided by the Fujisawa Phar-
maceutical Company (Tokyo, Japan).

Recombinant adenoviruses

The recombinant replication-selective, tumor-specific
adenovirus vector OBP-301 (Telomelysin) was previously
constructed and characterized {7,32]. Replication-selective
OBP-401 (Telomelysin-GFP) containing GFP ¢DNA under
the control of the CMV promoter and replication-deficient
adenoviral vector containing {3-galactosidase cDNA (Ad-
LacZ) were also used [33). These viruses were purified by
CsCl, step gradient ultracentrifugation followed by CsCl,
linear gradient ultracentrifugation. Determination of virus
particle titer and infectious titer was accomplished spectro-
photometrically by the method of Maizel et al. [34] and by
the method of Kanegae et al. [35], respectively.

Flow cytometry

The cells (2 x 10° cells) were labeled with mouse
monaclonal anti-CAR (RmcB; Upstate Biotechnology, NY)
for 30 min at 4°C, incubated with FITC-conjugated rabbit
anti-mouse IgG second antibody (Zymed Laboratories, San
Francisco), and analyzed by the FACSCalibur (Becton
Dickinson, Mountain View, CA) using CELL Quest
software. The window was set to exclude dead cells and
debris. Expression of the GFP gene was also assessed by the
FACSCalibur.

Western blot analysis

The primary antibodies against CAR (RmcB; Upstate
Biotechnology) and MDR1 (DAKO, Carpinteria, CA) and
peroxidase-linked secondary antibody (Amersham, Arling-
ton Heights, IL) were used. Cells were washed twice in cold
PBS and collected then lysed in lysis buffer (10 mM Tris
(pH 7.5), 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 10%
glycerol, 0.5% NP40] containing proteinase inhibitors (0.1
mM phenylmethylsulfonyl fluoride, 0.5 mM: Na3;VO,).
After 20 min on ice, the lysates were spun at 14,000 rpm
in a microcentrifuge at 4°C for 10 min. The supernatants
were used as whole cell extracts. Protein concentration was
determined using the Bio-Rad protein determination method
(Bio-Rad, Richmond, CA). Equal amounts (50 pg) of
proteins were boiled for 5 min and electrophoresed under
reducing conditions on 6—-12.5% (w/v) polyacrylamide gels.
Proteins were electrophoretically transferred to a Hybond-
polyvinylidene difluoride (PVDF) transfer membranes
(Amersham Life Science, Buckinghamshire, UK) and
incubated with the primary followed by peroxidase-linked
secondary antibody. An Amersham ECL chemiluminescent
western system (Amersham) was used to detect secondary
probes.
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X-gal staining

Cells were seeded in 6-well plates (2 x 10° cells/well)
and infected with Ad-LacZ at indicated MOIs. X-gal (5-
bromo-4-chloro-3-indolyl-3-D-galactopyranoside) staining
was performed 24 h after infection according to the protocol
provided by the manufacturer (Sigma-Aldrich, St. Louis,
MO).

MTT assay, isobologram analysis, and CI analysis

The cytotoxicity of FR901228 and OBP-301 was
determined by measurement of cell viability by using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Cells were plated in 96-well tissue
culture plates 24 h before treatment. Then, cells were treated
with FR901228 and OBP-301 concurrently at the indicated
concentrations and MOIs, respectively. Four days later, a
medium containing 0.5 mg/ml MTT (Sigma) was added to
each well after the wells were rinsed with PBS. Afier a 4-
h incubation at 37°C, an equal amount of solubilization
solution (0.04 N HCI in isopropyl alcohol) was added to
each well and mixed thoroughly to dissolve the crystals of
MTT formazan. Results were quantified using a Labsystems
Multiskan MS at 540 nm wave length. Control absorbance
was designated as 100%, and cell survival was expressed as
a percentage of control absorbance. MTT results were
analyzed quantitatively and statistically by plotting the
observed experimental data onto the isobologram [29].
When the observed data points for a combination fell mainly
within the envelope of additivity, the effect of the
combination was considered as having an additive effect.
When the observed data points for a combination fell into
the area below the envelope of additivity, the combination
effect was regarded as supra-additive (synergism). When the
observed data points for a combination fell above the
envelope but within the square or the cube, the combina-
tion’s effect was considered as sub-additive. When the
observed data points for a combination fell outside the
square or the cube, the effect of the combination was
considered protective. Both sub-additive and protective
interactions were considered as antagonistic. CI analysis,
similar to isobologram analysis, provides qualitative infor-
mation on the nature of drug interaction. CI is a numerical
value calculated as described previously. Cls of less than,
equal to, and more than | indicate synergy, additivity, and
antagonism, respectively. All of the analyses were per-
formed using Statistica software (StatSoft Inc., Tulsa,
Oklahoma).
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Enhanced antitumor efficacy of telomerase-selective oncolytic adenoviral agent
OBP-401 with docetaxel: Preclinical evaluation of chemovirotherapy
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Oncolytic adenoviruses are being developed as novel anticancer
therapeutics and currently undergoing clinical trials. We previ-
ously demonstrated that telomerase-specific replication-competent
adenovirus (Telomelysin: OBP-301), in which the human telomer-
ase reverse transcriptase (W"TERT) promoter regulates viral repli-
cation, efficiently killed human tumor cells. We further con-
structed OBP-401 (Telomelysin-GFP) that expresses the green flu-
orescent protein (GFP) reporter gene under the control of the
cytomegalovirus promoter in the E3 region to monitor viral distri-
bution. Here, we examined the feasibility of a single-agent therapy
with OBP-401 as well as of combining OBP-401 with chemothera-
peutic agents. Infection of OBP-401 alone or followed by the treat-
ment of a chemotherapeutic drug, docetaxel (Taxotere), resulted
in a profound in vitre cytotoxicity and GFP expression in various
human cancer cell lines originating from different organs (lung,
colon, esophagus, stomach, liver and prostate), although the mag-
nitude of antitumor effect varied among the cell types. Other che-
motherapeutic drugs such as vinorelbine (Navelbine) and SN38
(the potent active metabolite of irinotecan) combined with OBP-
401 also inhibited the growth of human cancer cells. Quantitative
real-time PCR analysis demonstrated that docetaxel did not affect
viral replication. For in vivo evaluation, nu/nu mice xenografted
with H1299 human lung tumor received intratumoral injection of
OBP-401 and intraperitoneal administration of docetaxel. Analy-
sis of growth of implanted tumors showed a significant, therapeu-
tic synergism, although OBP-401 alone and docetaxel alone
showed modest inhibition of tumor growth. Thus, OBP-401 in
combination with docetaxel efficiently enhances the antitumor effi-
cacy both in vitro and in vive, and the outcome has important
implications for tumor-specific oncolytic chemovirotherapies for
human cancers.

© 2006 Wiley-Liss, Inc.

Key words: oncolytic adenovirus; combination therapy; docetaxel;

Lack of restricted selectivity for tumor cells is the primary limi-
tation of common cancer therapeutics such as chemotherapy and
radiotherapy. To improve the therapeutic index, there is a need for
anticancer agents that selectively target only tumor cells and spare
normal cells. Telomerase is a ribonucleoprotein complex responsl-
ble for the complete replication of chromosomal ends.' Many
studies have demonstrated the expression of telomerase activity in
more than 85% of human cancers,” but only in few normal somatic
cells.® Telomerase activation is considered a critical step in carci-
nogenesis and its activity is closely correlated W|th human telo-
merase reverse transcriptase (hTERT) expression.* Replication-
selective tumor-specific adenovnruses are being developed as
novel anticancer therapies.” We previously developed an adeno-
virus vector that drives E1A and EIB genes under the hTERT pro-
moter, namely Telomelysin: OBP-301,'*'? and showed its selec-
tive replication as well as profound cytotoxic activity in a variety
of human cancer cells. Although the development of OBP-301 as
a monotherapy is currently underway clinically based on promis-
ing results of preclinical studies, multimodal strategies to enhance
antitumor efficacy in vivo is essential for successful clinical out-
come. In fact, most of the clinical trials for oncolytic viruses have
been conducted in combination with chemotherapy or radiother-

apy.'™
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Docetaxel is an antineoplastic agent and a member of the taxane
family, which are novel antimicrotubule agents that promote the
assembly of microtubules from tubulin dimers and stabilization of
such microtubules by preventing depolymerization. This stability
results in the inhibition of the normal dynamic reorganization of
the microtubule network that is essential for vital interphase and
mitotic cetlular functions. In addition, the taxanes induce abnor-
mal arrays of microtubules throughout the cell cycle and multiple
asters of microtubules during mitosis and arrest cells especially in
G2 and M phase:s.”‘18 The effectiveness of any chemotherapy
against malignant tumors may be increased by dose intensifica-
tion; however, such strategy is often associated with the appear-
ance of drug-induced toxicities. Ideally, the strategy for effective
treatment should include maximizing the dose enhancement while
minimizing systemic toxicity.

In the present study, we hypothesized that combination of onco-
lytic adenoviral agents (with novel mechanisms of action) with
chemotherapeutic agents could minimize the toxic side effects of
the latter by reducing the concentrations of anticancer drugs. To
test our hypothesis, we used a novel oncolytic adenovirus named
OBP-401, which expresses the green fluorescent protein (GFP) re-
porter gene under the control of the cytomegalovirus promoter in
the E3 region to monitor viral distribution by its fluorescence. The
therapeutic effects of OBP-401 combined with docetaxel were
tested both in vitro and in vivo. The results showed that the combi-
nation therapy of OBP-401 and docetaxel produced additive thera-
peutic benefits over either individual modality. In addition, doce-
taxel is considered innocuous for replication of OBP-401 because
this agent does not inhibit DNA synthesis.

Material and methods
Cell lines and cell cultures

The human non-small cell lung cancer cell lines HI1299 and
H226Br, the human colorectal carcinoma cell lines SW620 and
DLD-1, the human gastric cancer cell line MKN28, the human
esophageal cancer cell lines T.Tn and TE8 and the human prostate
cancer cell line LNCaP were propagated in monolayer cuiture in
RPMI 1640 supplemented with 10% fetal calf serum (FCS). The
human non-small cell lung cancer cell line A549 was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing Nutri-
ent Mixture (Ham's F-12). The transformed embryonic kidney cell
line 293 and human hepatic cancer cell line HepG2 were grown in
DMEM containing high glucose (4.5 g/l) and supplemented with
10% FCS.
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FiGuRe 1 — Schematic diagrams of OBP-401DNA structures. OBP-401 is a telomerase-specific replication-competent adenovirus variant, in
which the hTERT promoter element drives the expression of E1A and E1B genes linked with an IRES, and GFP gene is inserted under CMV

promoter into E3 region for monitoring viral replication.

Chemotherapeutic agents and viruses

Docetaxel (taxotere), SN-38 (topotecin) and vinorelbine (navel-
bine) were kindly provided by Aventis Pharma (Tokyo, Japan),
‘Daiichi Pharmaceutical Co. (Tokyo) and Kyowa Hakko Kogyo
Co. (Tokyo), respectively. These agents were diluted with the
respective medium just before use for in vitro studies and with
phosphate-buffered saline (PBS) for in vivo studies. OBP-401 is a
telomerase-specific replication-competent adenovirus variant, in
which the hTERT promoter element drives the expression of E1A
and E1B genes linked with an IRES, with the GFP gene inserted
under cytomegalovirus (CMV) promoter into E3 region (Fig. 1).
Construction of OBP-401 was described elsewhere. The virus was
purified by ultracentrifugation in cesium chloride step gradients,
and the titer was determined by plaque assay in 293 cells, as
described previously.'®

Cell viability assay

XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay was
performed by seeding human tumor cells at 1,000 cells/well in 96-
well plates 18-20 hr before viral infection. The cells were then
infected with OBP-401 at a multiplicity of infection (MOI) of 0.1
and 1 plaque-forming units (PFU)/cell and subsequently treated
with chemotherapeutic agents 24 hr after infection. Cell viability
was determined at the indicated times by using a Cell Proliferation
Kit I (Roche Molecular Biochemicals, Indianapolis, IN) accord-
ing to the protocol provided by the manufacturer.

Cell killing assay

Human non-small cell lung cancer cell line H1299 and human
colorectal carcinoma cell line SW620 were plated on 25-cm
flasks at 1 X 10° cells at 48 hr before viral infection. Cells were
then infected with OBP-401 at an MOI of 0.1 PFU/cell and the
culture medium was replaced with freshly prepared medium con-
taining docetaxel at 10 nM at 2 hr after infection, and photomicro-
graphs were taken every day at a magnification of X100.

In vitro replication assay

H1299 and SW620 cells were seeded on 25-cm” flasks at 5 X
10* cells at 48 hr before infection. Cells were infected with OBP-
401 at an MOI of 0.1 PFU/cell and a fresh medium containing
docetaxel at 10 nM was added 24 hr later. Alternatively, cells were

pretreated with 10 nM of docetaxel for 24 hr, infected with 0.1
PFU/cell of OBP-401 for 2 hr, and then cultured in the presence of
10 nM of docetaxel following the removal of viruses. The cells
were incubated at 37°C, trypsinized and harvested for intracellular
replication analysis at 2, 12, 24, 36, 48 and 60 hr. The supernatants
of H1299 and SW620 cells were also harvested for viral progenies
release analysis at the indicated time points over 120 hr. DNA pu-
rification was performed using QIAmp DNA mini kit (Qiagen
Inc., Valencia, CA). The E1A DNA copy number was determined
by quantitative real time PCR, using a LightCycler instrument and
LightCycler-DNA Master SYBR Green I (Roche Diagnostics).

In vivo human tumor model

H1299 cells (1 X 107 cells/mouse) were injected subcutane-
ously into the flank of 5-6-week-old female BALB/c nu/nu mice
and permitted to grow to ~5-10 mm in diameter. At that time, the
mice were randomly assigned into 4 groups, and a 50-p1 solution
containing OBP-401, at a dose of 1 X 10" PFU/body or PBS was
injected into the tumor. Simultaneously, each mouse received .an
intraperitoneal injection of 100 pl of docetaxel at a dose of 12.5
mg/kg every 2 days starting at day 1. The perpendicular diameter
of each tumor was measured every 3 days, and tumor volume was
calculated using the following formula: tumor volume (mm®) = g
X b* X 0.5, where a is the longest diameter, b is the shortest dia-
meter and 0.5 is a constant to calculate the volume of an ellipsoid.
The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Okayama University
School of Medicine.

Histopathological study

Mice were sacrificed 6 days after the final dose of OBP-401 and
docetaxel, and histochemical examination was performed. Tumors
and liver tissues were fixed in 10% Formalin, embedded in paraf-
fin, and then cut into 4-pum thick sections. Liver tissue samples
and tumor sections were stained with hematoxylin and eosin.

Results

Antitumor efficacy of OBP-401 plus docetaxel in human cancer
cell lines in vitro '

The tumor-specific replication-competent GFP-expressing ade-
novirus OBP-40! was constructed by inserting the GFP gene
under the control of the CMV promoter at the deleted E3 region of .
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FiGure 2 — Combination effect of OBP-401 and docetaxel on human cancer cell lines. (a) Cells were infected with 0.1 or 1 MOI of OBP-401,
and then exposed to docetaxel at the indicated concentrations at 24 hr after infection. Cell viability was assessed by XTT assay at 5 days after
OBP-401 infection. The results of H1299 (lung), HepG?2 (liver) and T.Tn (esophagus) cells were shown as representative of 10 cell lines. Bars,

standard deviation (SD). (b) Time course of combined effect of OBP-401

plus docetaxel on H1299 and SW620 cells. Celils were treated with 0.]

MOI of OBP-401, 10 nM of docetaxel, or a combination of both, and cell killing efficacy was evaluated by XTT assay over 6 days. Docetaxel

was added to the medium 24 hr after OBP-401 infection (day 1).

the telomerase-specific replication-selective type 5 adenovirus
OBP-30! (Fig. 1). To examine the potential interaction between
OBP-401 and docetaxel in vitro, we first evaluated the effect of
the 2 modalities at various doses in 10 human cancer cell lines
originating from different organs (lung [H1299, A549 and
H226Br}, colon [SW620 and DLD-1], esophagus [TE8 and T.Tn],

stomach [MKN28], liver [HepG2] and prostate [LNCaP]). The
cell viability with 3 different doses of OBP-40! and 8 doses of
docetaxel was assessed by XTT assay 5 days after treatment. To
optimize the experimental design, the concentrations of docetaxel
that resulted in 0-100% cell kill when given alone were chosen.
The addition of 0.1 MOI of OBP-401 increased the cell killing ac-
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