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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 EIA and
E!IB 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/m! of FR901228, which was associated with increased infection efficiency as confirmed by
replication-deficient p-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.
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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
platform to treat a variety of human cancers [1,2]. Promising
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61. We previously constructed an adenovirus vector (OBP-
301, Telomelysin), in which the human telomerase reverse
transcriptase (h"TERT) promoter element drives expression
of E1A and EIB genes linked with an internal ribosome
entry site (IRES). We showed that OBP-301 caused efficient
selective killing in human cancer cells, but not in normal
cells [7]. Although OBP-301 demonstrated a broad-spec-
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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.

FR9O01228 (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
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Fig. 1. (A) Expression of CAR on human NSCLC cell lines after FR901228 treatment. Cells were treated with | ng/ml of FR901228 for 48 h and then
subjected to flow cytometric analysis. Both treated and untrcated 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 MDRI 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-i3]. 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 turn
increases the amount of cellular viral replication, thereby
promoting a synergistic antitumor effect. These findings
suggest that treatment with OBP-301 in combination with
FRO01228 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
FRO01228 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 H1299
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
(MFEI), in which the MFI from FR901228-treated cells is

FRI01228

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 (MFL 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 FR901228 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 [21]. 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 FR901228 treatment.

Adenovirus infectivity after FR901228 treatment in human
NSCLC cell lines

To evaluate the effect of FR901228 on the infectious
efficiency, we compared P-galactosidase-positive cells by
X-gal staining 24 h after infection with recombinant
replication-deficient adenovirus carrying the B-galactosi-
dase gene under the control of cytomegalovirus (CMV)
promoter (Ad-LacZ) in the presence or absence of
FR9O01228. 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 PB-galactosidase-positive
A549 cells in a dose-dependent manner; FR901228,
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Fig. 2. Expression of p-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 p-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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Fig. 3 (continued).

however, had no apparent effect on adenovirus infectious
efficiency in HI1299 cells (Fig. 2). These results were
compatible with the effect of FR901228 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
FRO01228 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 fluorescent microscope. As

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 MOl of OBP-401.
These findings are consistent with the results of flow
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Fig. 4. Visualization of viral-replication-associated GFP expression
following 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 I, 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-Go/G, Gy S Gy/M

(%) O O]

A549 Pre-treatment 2.04 68.74 1535 14.18
FR901228 1.13 74.58 1043 13.88
OBP-301 0.78 79.64 1055  9.17
FR901228 + OBP-301 2.24 73.08 11.58 13.26

H460 Pre-treatment 18.70 51.79 1482 15.15
FR901228 11.28 51,71  11.80 2533
OBP-301 1.07 69.70 1472  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 after 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 after 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 FRO01228 treat-
ment led to increased levels of membrane-associated CAR
protein in A549 and H460 human NSCLC cell lines (Figs.
{A, B). The reason why FR901228 did not affect CAR
expression in H358 and H1299 cells is unclear. As all cell
lines were negative for MDRI! 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

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 pariner
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
streptomyecin.
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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 cDNA under
the control of the CMV promoter and replication-deficient
adenoviral vector containing PB-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
monocional 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, | mM EDTA, 10%
glycerol, 0.5% NP40] containing proteinase inhibitors (0.1
mM phenylmethylsulfonyl fluoride, 0.5 mM Na;VOy).
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 ng) 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.

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-p-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. After 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 felf 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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Abstract

Currently available methods for detection of tumors in vivo such as computed
tomography and magnetic resonance imaging are not specific for tumors. Here we
describe a new approach for visualizing tumors whose fluorescence can be detected
using telomerase-specific replication-competent adenovirus expressing green
fluorescent protein (GFP) (OBP-401). OBP-401 contains the replication cassette, in
which the human telomerase reverse transcriptase (WTERT) promoter drives
expression of £/ genes, and the GFP gene for monitoring viral replication. When
OBP-401 was intratumorally injected into HT29 tumors orthotopically implanted into
the rectum in BALB/c nu/nu mice, para-aortic lymph node metastasis could be
visualized at laparotomy under a three-chip color cooled charged-coupled device
camera. Our results indicate that OBP-401 causes viral spread into the regional
lymphatic area and selectively replicates in neoplastic lesions, resulting in GFP
expression in metastatic lymph nodes. This technology is adaptable to detect lymph

node metastasis in vivo as a preclinical model of surgical navigation.
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Medical imaging techniques have become an essential aspect of cancer diagnosis,
detection, and treatment monitoring. Advances and improvements in the major
imaging modalities such as computed tomography (CT), magnetic resonance imaging
(MRI), and ultrasound techniques have increased the sensitivity of visualizing tumors
and their metastases in the body" %. A limiting factor of these techniques is, however,
the inability to specifically identify malignant tissues. Positron emission tomography
(PET), with the glucose analogue 18F_2-deoxy-D-glucose (FDG), is the first molecular
imaging technique that has been widely applied for cancer imaging in clinical settings’.
Although FDG-PET has high detection sensitivity, it has some limitations such as the
difficulty in distinguishing between proliferating tumor cells and inflammation and the
inability to be used for real-time detection of tumor tissues. A relatively inexpensive,
robust, and straightforward way of defining the location and area of tumors in vivo
would greatly aid the treatment of human cancer, especially for surgical procedures. In
particular, if tumors too small for direct visual detection and therefore not detectable
by direct inspection could be imaged in situ, surgeons could excise such tumors
precisely with appropriate surgical margins.

Sentinel lymph node (SLN) mapping is a minimally invasive procedure and
widely used in the management of patients with cutaneous melanoma or breast cancer
without clinical evidence of nodal metastases™ . The technique assumes that early
lymphatic metastases, if present, are always found first within the SLN, the first

tumor-draining lymph node. A SLN free of tumor cells would therefore predict the
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absence of metastatic disease in the rest of the tumor-draining lymph node basin,
which indicates that intensive lymphadenectomy is unlikely to benefit those patients.
Several studies have validated this assumption; the sensitivity of intraoperative
frozen-section analysis for detection of nodal metastases, however, is relatively low
and high false-negative rates have been reported””. In addition, thicker primary and
larger SLN tumor size has been shown to be predictive of non-SLN metastasis,
presumably because of the altered lymphatic drainage routes. These findings raise
doubt about the applicability of this technique in widespread surgical practice and,
therefore, a number of approaches have been taken to directly label tumor cells to
visualize and track them in vivo.

The green fluorescent protein (GFP), which was originally identified from the
jellyfish Aequorea Victoria, is an attractive molecular marker for imaging in live
tissues because of the relatively non-invasive nature of fluorescent'*". We previously
demonstrated a real-time fluorescence optical imaging of pleural dissemination of
human non-small cell lung cancer cells in an orthotopic mouse model using

16,17
T In

tumor-specific replication-competent adenovirus (OBP-301, Telomelysin)
combination with replication-deficient adenovirus expressing GFP (Ad-GFP)'®. In the
present study, we further modified OBP-301 to contain the GFP gene driven by the
cytomegalovirus (CMV) promoter for monitoring viral replication. The resultant

adenovirus, termed OBP-401, efficiently labeled tumor cells with green fluorescence

in vitro and in vivo. The results showed that injection of OBP-401 into primary tumors
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allows its lymphatic spread, which in turn induces viral replication in metastatic lymph
nodes, thereby leading to the direct imaging of micrometastases. This technology is
adaptable to detect lymph node metastasis iz vivo as a preclinical model of surgical

navigation.

RESULTS

hTERT levels in human cell lines and lymph node metastases

To confirm the specificity of telomerase activity in human cancer cells, we measured
expression of ATERT mRNA in a panel of human tumor and normal cell lines using a
real-time reverse transcription (RT)-PCR method. Although the levels of expression
varied widely, all tumor cell lines derived from different organs expressed detectable
levels of A”TERT mRNA, whereas human fibroblast cells such as NHLF and WI38,
human vascular endothelial cells (HUVEC), and normal human renal epithelial cells
(HRE) were negative for A/TERT expression (Fig. 1a). We also examined samples of
30 primary tumors and 39 lymph node metastases obtained form gastric cancer
patients for h\TERT protein expression by immunohistochemistry (Supplementary
Table 1 online). As shown in Fig. 1b, hTERT staining was clearly observed in
metastatic foci of gastric cancers, although most of lymphocytes present in lymph
nodes were hTERT-negative except in some germinal centers. These results suggest

that the h"TERT promoter element can be used to target human cancer.
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Selective visualization of human cancer cells in vitro
We constructed the tumor-specific replication-competent adenovirus OBP-401 that
expresses GF'P 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'®"7 (Fig. 1¢). To evaluate the replication ability of OBP-401 in different cell
lines, we measured the relative amounts of £/4 DNA by quantitative real-time PCR
analysis. Human cancer cells (H1299 and SW620) and normal cells (NHLF) were
infected with OBP-401 at an MOI of 10 for 2 h, followed by incubation in the medium.
Cells were harvested at various times over 3 d after infection, and the virus yield was
determined by quantitative real-time PCR assay targeting for the viral £/4 sequence.
The ratios were normalized by dividing the value of cells obtained 2 h after viral
infection. In SW620 and H1299 cells, OBP-401 replicated 6-7 logs by 3 d after
infection; OBP-401 replication, however, was attenuated up to 3 logs in normal NHLF
cells (Fig. 1d). These findings indicate that OBP-401 viral recovery was reduced by
3-4 logs in normal cells compared with cancer cells. We also found an apparent
correlation between viral yields at 24 h after OBP-401 infection and ATERT mRNA
expression levels in human cancer cell lines (Fig. 1e).

To determine whether OBP-401 replication is associated with selective GFP
expression, cells were analyzed and photographed by fluorescent microscope after

OBP-401 infection. As shown in Fig. 2a, H1299 human non-small cell lung cancer
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cells expressed bright GFP fluorescence as early as 12 h after OBP-401 infection at an
MOI of 10. The fluorescence intensity gradually increased in a dose-dependent fashion
until approximately 72 h after infection, followed by rapid cell death due to the
cytopathic effect of OBP-401, as evidenced by floating, highly light-refractile cells
under phase-contrast photomicrographs. In SW620 and HT29 human colorectal cancer
cells, we detected GFP expression 24 h after infection with 10 MOI of OBP-401, and
cells showed the cytopathic effect at 72 h post-infection (Fig. 2b, ¢). In contrast,
normal NHLF cells were negative for GFP expression after OBP-401 infection (Fig.
2d). These results indicate that OBP-401 can replicate exclusively in human cancer
cells, leading to tumor cell-specific GFP fluorescence expression in vitro. We detected
replicating virus particles in human cancer cells by transmission electron microscopy
(Fig. 2e). The cytopathic effect of OBP-401 was also assessed by the XTT cell
viability assay. In both SW620 and HT29 cells, OBP-401 infection induced rapid cell
death in a dose-dependent manner (Supplementary Fig. 1a online). In nu/nu mice
carrying subcutaneous SW620 human colorectal tumor xenografts, intratumoral
injection of OBP-401 resulted in a significant inhibition of tumor growth compared

with mock-treated tumors (Supplementary Fig. 1b online).

Selective visualization of subcutaneous tumors in vivo
It is reported that the hTERT promoter could be used to induce transgene expression in

syngenic tumors in mice'”. We first confirmed that OBP-401 could replicate and
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express GFP fluorescence in Colon-26 cells in vitro as well as in vivo
(Supplementary Fig. 2a, b online). In contrast, OBP-401 replication was attenuated
in mouse splenocytes (Supplementary Fig. 2a online). These results suggest that the
hTERT promoter can efficiently use the mouse transcriptional machinery and,
therefore, the selectivity of OBP-401 can be examined in human tumor xenografts in
mice.

To assess the specificity of the GFP-based fluorescent optical detection of
tumors in vivo, we examined the kinetics of GFP transgene expression in subcutaneous
SW620 and HT29 tumors after intratumoral injection of 1 x 10" PFU/100 ul of
OBP-401 with the CCD non-invasive imaging system. Whole-body images of mice
showed that intratumoral GFP fluorescence signals were detectable within 24 h after
local delivery of viruses (Fig. 3a). The fluorescence intensity reached maximum levels
within 4 d post-injection, and was maintained for at least 7 d. When SW620 tumors
were removed 14 d after intratumoral injection of OBP-401, the high GFP transgene
expression was visible on the surface of tumors as well as across serially-sliced
sections (Fig. 3b). No GFP fluorescence was detected when non-tumor-bearing mice
were subcutaneously injected with 1 x 10" PFU/100 ul of OBP-401 (Fig. 3¢),

suggesting confinement of GFP expression to the tumor.

Orthotopic mouse model of human rectal cancer with metastasis

The development of the orthotopic implantation technique for human rectal cancer has



Kishimoto et al., Page 9

been described previouslyzo. Our preliminary experiments revealed that, when 5 x 10°
HT29 human colorectal cancer cells suspended in Matrigel are inoculated into the
rectum submucosa of athymic nu/nu mice, rectal tumors appeared within 7 d after
tumor injection (Fig. 4a, b). Histopathological examination of the excised primary
tumor showed a submucosal tumor formation composed of implanted HT29 cells with
a solid architecture and invasion into the muscularis propria and submucosa (Fig. 4¢).
Examination under high magnification showed tumor cell-filled lymphatic vessels in
the muscularis propria layer (Fig. 4¢). As expected, we detected the green fluorescence
expression from 24 h after intratumoral administration of OBP-401 in the primary
rectal tumors with maximum signal occurring 2 to 4 d post-injection, whereas tumors

not injected with OBP-401 were completely GFP-negative (Fig. 4d).

Selective visualization of lymph node metastasis

In our preliminary experiments, we confirmed that most mice with rectal tumors
subsequently developed lymph node metastasis around the abdominal aorta from the
lower margin of the renal vein to the aortic bifurcation, which were microscopically
detectable approximately 4 weeks after tumor inoculation. Five days after injection of
1 x 10® PFU of OBP-401 into the implanted rectal tumors, we explored the abdominal
cavity at laparotomy. Analyses of two representative mice are shown in Fig. 4. Three
lymph nodes (LN1, LN2, and LN3) were macroscopically identified adjacent to the

aorta (Fig. 4e, f); the optical CCD imaging of the abdominal cavity, however,
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demonstrated that only one lymph node (LN3) could be detected as light emitting spots
with GFP fluorescence (Fig. 4f). In the other mouse, 3 of 4 lymph nodes could be
imaged as GFP signals (Fig. 4h). We detected no GFP fluorescence in abdominal
lymph nodes after injection of 1 x 10’ PFU of OBP-401 into the rectal tumors (data
not shown). Histopathological analysis confirmed the presence of metastatic
adenocarcinoma cells in the lymph nodes with fluorescence emission, whereas
GFP-negative lymph nodes contained no tumor cells (Fig. 4g, i). In addition,
immunohistochemical analysis for GFP protein demonstrated that the reddish-brown
GFP-immunoreactive cells corresponded to the microscopic metastatic nodules in the
lymph nodes, but were not detected in the non-metastatic lymphocyte area
(Supplementary Fig. 3 online).

We verified the GFP-based fluorescence detection with OBP-401 and
histological correlation of lymph node metastasis in a series of in vivo experiments.
Representative examples of the data are summarized in Table 1. Among the 7
tumor-bearing mice, 6 mice (85.7%) developed histologically confirmed lymph node
metastasis. Of 28 Iymph nodes excised from 7 mice, histopathological analysis
demonstrated that 13 nodes (46.4%) contained micrometastatic nodules. The optical
CCD imaging detected 12 lymph nodes labeled in spots with GFP fluorescence in 13
metastatic nodes (sensitivity of 92.3%). Among 15 metastasis-free lymph nodes, 2
nodes were GFP-positive (specificity of 86.6%). Our results indicate that intratumoral

injection of OBP-401 causes viral spread into the regional lymphatic area and selective



