ONCOLYTIC VIROTHERAPY AND BAX GENE THERAPY

different multiplicities of infection (MOIs) in A549 cells with Cal-
cuSyn software (BioSoft, Cambridge, UK).

Cell cycle analysis

A549 and MKN45 cells were seeded on 6-well plates at 1 X
10° cells/well and were infected with OBP-301 at an MOI of
I PFU/cell, Ad/Bax at an MOI of 5 or 50 PFU/cell, or OBP-301
at an MOI of 1 PFU/cell in combination with Ad/Bax at an MOI
of 5 PFU/cell 15 hr later. At 24 and 96 hr after infection, adherent
cells were harvested with trypsin-EDTA and nonadherent cells
were also harvested. All cells were washed with PBS, fixed and
permeated with 70% ice-cold ethanol at 4°C for 12 h. Cells were
centrifuged at 1,200 rpm, resuspended in freshly prepared propi-
dium iodide (PI) staining buffer (0.1% Triton X-100, 200 pg/ml
RNase, and 50 pg/ml PI in PBS), and incubated for 30 min at 4°C
in the dark. Single color fluorescent flow cytometry was per-
formed with a FACS calibur flow cytometer (Becton Dickinson,
San Jose, CA). The histograms were analyzed with FlowJO soft-
ware (Tree Star, Ashland, OR).

Western blot analysis

A549 cells were seeded and infected with OBP-301 alone, Ad/
Bax alone, or their combination at an MOI of 1 PFU/cell 15 hr
later. The cells were incubated at 37°C and harvested for Western
blot analysis at 72 and 120 hr. The primary antibodies against Bax
(Santa Cruz Biotechnology, Santa Cruz, CA), caspase 3, E1A (BD
Biosciences, San Jose, CA) and B-actin (Sigma; St. Louis, MO)
and peroxidase-linked secondary antibody (Amersham, Arlington
Heights IL) were used. Cells were washed twice in cold PBS, col-
lected and lysed in lysis buffer [10 mM Tris (pH 7.5), 150 mM
NaCl, 50 mM NaF, 1 mM EDTA, 10% glycerol, 0.5% NP40] con-
taining proteinase inhibitors (0.1 mM phenylmethylsulfonyl fluo-
ride, 0.5 mM Na3VO04). After 20 min on ice, the lysates were
spun at 14,000 rpm 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 of proteins were boiled for 5 min and electro-
phoresed under reducing conditions on 4-12% (w/v) polyacryl-
amide gels. Proteins were electrophoretically transferred to
Hybond polyvinylidene difluoride transfer membranes (Amersham
Life Science, Buckinghamshire, UK) and incubated with the pri-
mary followed by peroxidase-linked secondary antibody.. An ECL
chemiluminescent. Western blot system (Amersham) was used to
detect secondary probes.

Aninial experiments

A549 xenografts were established in 6-week-old female nude
mice (Balb/c nu/nu) through subcutaneous inoculation of 2 X 108
A549 cells into the dorsal flank. Once each tumor reached a diam-
eter of ~3-9 mm, the mice were randomly assigned into 4 groups
and-a 50-pl solution containing OBP-301, Ad/Bax, or their combi-
nation, at a-dose of 1 X 107 PFU/body or PBS was injected into
the tumor-on- 3 consecutive days. Tumors were measured 2-3
times a week and tumor volume was calculated using the equation
a X b?* X 0.5, in which a and b are the largest and smallest diame-
ters, respectively. Animals were killed when their tumor reached a
diameter of ~15 mm. To develop pleural disseminated xenografts,
mice were inoculated with 2 X 10° A549 cells into the pleural
cavity through a 27-gauge needle. Also, to assess the efficiency of
adenoviral ‘gene transfer into the pleural disseminated tumors,
24 hr after tumor injection, 100 pl of 1.0 X 107 PFU of OBP-301,
Ad/Bax, both of them, or PBS was injected into the thoracic space
by the same technique. The procedure was repeated over 3 consec-
utive days. Three weeks after cell' inoculation; the mice were
killed and their thoracic spaces were examined macroscopically
for any growths. Tumors in the thoracic spaces were removed and
weighed. The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Okayama Uni-
versity School of Medicine, Okayama, Japan. The tumor growth
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of each group was statistically analyzed by Student t-test and a
p-value of <0.05 was considered significant.

Viral replication assay in vivo

A549 cells were injected into the dorsal flank of nude mice.
When the tumor reached a size of ~5 mm, 1 X 10’ PFU of OBP-
301, OBP-301 + Ad/Bax, OBP-301 + Ad/LacZ, or Ad/Bax was
injected to the tumors (n = 5, each group). Tumors were harvested
7 days after viral injection, immediately frozen and milled in PBS
by using Micro Smash MS-100 (Tomy Digital Biology, Tokyo,
Japan). The virus was then extracted by freezing and thawing
3 times and cell debris was spun down. The supernatant was col-
lected and subjected to titer assay for viral PFU. The final result
was expressed as a total PFU from | whole tumor.

Quantitative real-time polymerase chain reaction

A549 cells were seeded on 25-cm” flasks at 5 X 10° cells 15 hr
before infection. Cells were infected with OBP-301 alone or in
combination with Ad/Bax or Ad/lacZ 15 hr later. The cells were
incubated at 37°C, trypsinized and harvested for replication analy-
sis at 48 hr. DNA purification was performed using a QlAmp
DNA mini kit (Qiagen, Valencia, CA). The E1A DNA copy num-
ber was determined by quantitative real time polymerase chain
reaction (PCR), using a LightCycler instrument and LightCycler-
DNA Master SYBR Green I (Roche Diagnostics).

Results

Combination of oncolytic virotherapy and Bax gene therapy
enhanced cell killing in vitro

To compare the efficacy of the combined use of oncolytic virother-
apy with Bax gene therapy in vitro, A549 and MKN45 human cancer
cells were treated with OBP-301 alone, Ad/Bax alone, or the combi-
nation. Based on each optimal condition, A549 was infected with
OBP-301 at 1 MOI and Ad/Bax at 10 MOI, and MKN45 was infected
at 10 MOI in both viruses. In both cell lines, Ad/Bax treatment
showed only minimal suppression of cell viability and OBP-301 treat-
ment showed a modest and delayed oncolytic effect, whereas combi-
nation treatment with OBP-301 and Ad/Bax induced rapid and mas-
sive cell death, and almost complete cell killing (Fig. 1).

To evaluate the synergistic effect of the combined oncolytic
virotherapy and Bax gene therapy, the CI was determined at dif-
ferent MOIs (Table 1) with CalcuSyn software (BioSoft, Cam-
bridge, UK). We found that in A549 cells, the combination of
OBP-301 with Ad/Bax led to a strong synergism (CI < 0.3).

Bax gene therapy in combination with oncolytic virotherapy
increased the production of Bax protein in vitro and induction
of apoptosis

To examine Bax protein expression. in cells infected with the
replication-deficient Ad/Bax in combination with the replicating
OBP-301, A549 cells were infected with OBP-301 alone, Ad/Bax
alone, or OBP-301 in combination with. Ad/Bax or Ad/lacZ and
then harvested on day 3 or 5. Cells treated with OBP-301 or the
combination of OBP-301 with Ad/lacZ resulted in. minimal Bax
protein expression, whereas treatment with Ad/Bax and the com-
bination . treatment with. OBP-301 plus Ad/Bax showed higher
expression: of Bax protein. Densitometric measurement docu-
mented increments of Bax expression by combination of Ad/Bax
with OBP-301 (Fig. 2). In addition, treatment with OBP-301 plus
Ad/Bax resulted in caspase-3 activation, while treatment with
OBP-301 only or OBP-301 plus control virus Ad/lacZ did not.
This means that the combination with Ad/Bax activates the apo-
ptotic cascade in cancer cells cotreated with oncolytic virus.

Bax gene therapy in combination with oncolytic virotherapy
inicreased apoptotic cells in vitro

To quantify the apoptotic effects of Ad/Bax treatment in
combination with OBP-301 treatment, sub-G1/GO fractions were
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Ficure 1 — Cytotoxity effects of OBP-301 combined with Ad/Bax in human cancer cell lines. (a) The indicated cancer cells were infected
with OBP-301 alone, Ad/Bax alone, or in combination at the indicated MOI. Cell viability was assessed by XTT assay over 7 days. Bars, stand-
ard deviation (SD). *, p < 0.05, OBP-301 + Ad/Bax versus Ad/Bax alone; {, p < 0.05, OBP-301 + Ad/Bax versus OBP-301 alone. (b) A549
cells were infected with 1 MOI of OBP-301 and Ad/Bax at the indicated MOI (left), or 10 MOI of Ad/Bax and OBP-301 at the indicated MOI
(right). Cell viability was assessed by XTT assay at 5-days after infection. Bars, SD.

TABLE T - COMBINATION INDEX (CI) OF OBP-301 AND Ad/Bax

Ad/Bax (MOI) I
1 0.122
5 0.111
10 0.132
50 0217
OBP301 (MOI) Cl
0.1 1.054
1 0.144
10 0.197
100 0.592

determined by flow cytometry. A549 cells were infected with
OBP-301, Ad/Bax, or OBP-301 plus Ad/Bax, and then subjected
to the analysis at day 4. Although treatment with OBP-301 or Ad/
Bax resulted in only background levels of apoptotic cells similar
to that of mock infection, treatment with Ad/Bax plus OBP-301
markedly increased the apoptotic cells (Fig. 3).

Combination with Bax gene therapy did not augment antitunor
activity of OBP-301-mediated oncolytic virotherapy in vivo

Based on the in vifro favorable ¢ombination effect of Ad/Bax
and OBP-301, the antitumor effect on established tumors was fur-
ther assessed. The AS549 tumors were established in the dorsal
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FiGURE 2 — Expression of Bax and caspase-3 in cells infected with
Ad/Bax-in combination with: OBP-301.:A549 cells were infected at 1
MOI of OBP-301 alone, 10 MOI of Ad/Bax alone, or 1 MOI of OBP-
301 in combination with 10. MOI of Ad/Bax or Ad/lacZ, and then har-
vested at day 3 or 5. Lysates were subjected to immunoblot analysis
with antibodies recognizing Bax, caspase 3, or B-actin. The lower
panel shows the intensity of each band of Bax determined by densito-
metric scanning using NIH image software and normalized by divid-
ing the actin signal.
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F1GURe 3 — Cell cycle analysis in A549 cells infected with OBP-301 in combination with Ad/Bax. Indicated cancer cells were infected with
mock solution, 1 MOT of OBP-301, 10 MOI of Ad/Bax, or 1 MOI of OBP-301 plus 10 MOI of Ad/Bax, and harvested at day 4; cell cycle analy-
sis using flow cytometry was then performed. The histograms were analyzed with FlowJO software.
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FiGure 4 - Tumor xenograft size after infection with OBP-301,
Ad/Bax, or their combination. A549 xenografts were established in
nude mice (Balb/c nu/nu) through subcutaneous inoculation of 2 X
10° A549 cells into the dorsal flank. When the tumor reached a diame-
ter of ~5 mm, the virus solution was injected into the tumor at a dose
of 1 X 107 PFU/body on 3 consecutive days. Tumor volume. was cal-
culated using the equation « X b° X 0.5, in which @ and b are the larg-
est and smallest diameters, respectively. Bars, standard error (SE). *,
p < 0.05, compared with mock-treated tumors.

flank of nude mice and the virus was injected into the tumor at a
dose of 1 X 107 PFU/body on 3 consecutive days. Tumor size was
measured 2--3 times a week and followed for up to 41 days. Treat-
ment with Ad/Bax alone did not suppressed tumor growth signifi-
cantly when compared with mock treatment because of a subopti-
mal dose, whereas treatments with OBP-301 and OBP-301 plus
Ad/Bax significantly suppressed tumor growth when compared
with other controls (p < 0.05; Fig. 4). However, the effect of add-
ing Ad/Bax to OBP-301 treatment was less than expected, and the
difference was not significant.

We also examined the antitumor effects of this combination
treatment in mice with pleurally disseminated A549 tumors. The
mice were injected with 100 l of 1.0 X 107 PFU of OBP:301,
Ad/Bax, or both into the thoracic space on 3 consecutive days.
Three weeks after cell inoculation, the mice were killed and
their thoracic spaces were examined macroscopically for any
growths. To quantitate the reduction of tumor burden in the tho-
racic spaces, the tumors. were removed and weighed. Although
treatment with OBP-301 alone or Ad/Bax in combination with
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OBP-301 significantly suppressed tumor weight, there was no sig-
nificant difference between them (Figs. 5S¢ and 5b). These results
suggest that Bax gene therapy does not augment oncolytic viro-
therapy in vivo.

Combination treatment resulted in suppressed EIA protein
expression due to reduced viral replication in vitro

To explore the underlying mechanism by which oncolytic viro-
therapy did not work cooperatively with proapoptotic Bax gene
therapy, E1A protein expression was examined by Western blot
analysis. A549 cells were treated with each virus singly or in com-
bination and then subjected to the analysis at days 3 and 5. Treat-
ment with OBP-301 alone and in combination treatment with Ad/
lacZ demonstrated increased E1A protein expression, meaning ef-
ficient viral replication. Treatment with Ad/Bax alone showed no
ElA protein expression because of the El-deficient replication
incompetent virus. Of note, treatment with OBP-301 plus Ad/Bax
showed suppressed expression of E1A protein when compared
with treatment with OBP-301 alone, meaning that the combination
with Ad/Bax may interfere with viral replication (Fig. 6).

To further document the effect of Bax expression on the process
of viral propagation, the replication and release of viral progenies
were measured by quantitative real time PCR. A549 cells were
infected with viruses and the supemnatants of the cell groups were
collected. DNA was extracted from them and subjected to the assay.
We found suppressed viral copy numbers in cells treated with the
combinations with Ad/Bax and Ad/lacZ (Fig. 7). The inhibition of
E1A copy numbers in a group of Ad/Bax combination was about 10
times of inhibition in a group of Ad/lacZ combination. Our results
suggest that Bax gene therapy may interfere with viral production
and thus be not conducive to oncolytic virotherapy. To further exam-
ine viral replication in vivo, the amounts of infectious viruses pro-
duced in the tumors were analyzed. Titers were very low for tumors
treated with Ad/Bax because of a lack of replication in the absence
of El gene, while tumors treated with. OBP-301 produced higher
amount of infectious virus than those treated with Ad/Bax alone,
suggesting viral replication in tumors. However, because of the large
variation in data from each group, there was no significant difference
between treatment groups (data not shown).

Discussion

Replication-competent oncolytic adenovirus has shown a re-
markable safety profile but efficacy for cancer therapy continues
to be a major obstacle. To eliminate cancer cells, the virus also
must spread throughout the bulk of the tumor and induce cell
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FIGURE 5 — Antitumor effects of OBP-301 combined with Ad/Bax
in mlce with A549 pleural dissemination. Mice were inoculated with
2 X 10° A549 cells into the pleural cavity, and 24 hr after tumor injec-
tion, 100 pl of 1.0 X 10’ PFU of OBP-301, Ad/Bax, both of them, or
PBS was injected into the thoracic space. The procedure was repeated
over 3 consecutive days. (a) Three weeks after cell inoculation, mice
were killed and their thoracic spaces were examined macroscopically
for any growths. (b) Tumors in the thoracic spaces were removed and
weighed. Bars, SD. *, p < 0.05, compared with mock-treated tumors.

death. Even with replicating adenoviral systems, the necessity to
infect all cancer cells remains a major challenge.

In this study, we hypothesized that the oncolytic adenovirother-
apy combined with Bax gene therapy could enhance the oncolytic
potency. As expected, the combination treatment resulted in Bax
overexpression, induced early apoptosis and enhanced efficacy in
the cell viability assay in vitro. However, disappointingly, combi-
nation treatment did not result in further reductions in flank tumor
size and pleural disseminated tumor weight, which was associated
with suppressed E1A protein expression and reduced viral replica-
tion of OBP-301.

The antitumor effect of the oncolytic virus depends on the cyto-
pathic effect intrinsic to adenovirus replication and dissemination
throughout the tumor mass. Because viral infection of the tumor
bulk depends on cell-to-cell viral spread, there may be a race
between rapid tumor growth and viral spread. Therefore, to
improve the efficacy of oncolytic virotherapy, the accelerated viral
release and induction of cell death must be necessary. A previous
study has shown that loss of E1b-19kD function in a replicating
adenovirus enhances early viral release, leading to accelerated
cell-to-cell viral spread.'” In turn, Chiou and White reported that
inhibition of apoptosis could severely attenuate viral release. 18
Taken together, this suggests that a combination of proapoptotic
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FIGURE 6 — Expression of E1A in cells infected with Ad/Bax in com-
bination with OBP-301. A549 cells were infected at 1 MOI of OBP-301
alone, 10 MOI of Ad/Bax alone, or 1 MOI of OBP-301 in combination
with 10 MOI of Ad/Bax or Ad/lacZ, and then harvested at day 3 or 5.
Lysates were subjected to immunoblot analysis with antibodies recog-
nizing E1A or B-actin. The lower panel shows the intensity of each band
of Bax determined by densitometric scanning using NIH image software
and normalized by dividing the actin signal.
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FIGURE 7 — Assessment of viral DNA replication in cells infected
with Ad/Bax in combmatlon with OBP-301. A549 cells were seeded
on 25-cm? flasks at 5 X 10> cells 15 hr before infection. Cells were
infected with OBP-301 alone, Ad/Bax alone, or their combination at
an MOI of 1 PFU/cell 15 hr later. The cells were harvested at 48 hr
and then subjected to real-time quantitative PCR assay. The amounts
of viral E1A copy number are defined as the fold increase for each
sample relative to that at 2 hr (2 hr equals 1).

gene therapy and oncolytic virotherapy may improve the antitu-
mor efficacy by enhancing cell-to-cell spread of the virus. The
other rationale of the combination of proapoptotic gene therapy is
to cope with the cancer resistance to the oncolytic virotherapy.
Because heterogeneity in cancer cell populations drives the devel-
opment of resistance, the approach of killing cells by multiple
nonoverlapping mechanisms could be a solution. Although an
oncolytic virus can kill cells by apoptosis-independent
mechanisms such as direct cell lysis and necrosis, cells treated
with combination therapy showed a pattern of apoptosis evidenced
by analysis of the cell cycle. However, because induction of
apoptosis and premature cell lysis may potentially compromise vi-
ral yield, reduced viral production could be a concern in using
Bax-expressing virus in combination.

In the in vitro cell viability assay, the combination of Bax-
expressing adenovirus with a replicating adenovirus leads to
increased apoptosis at an earlier phase as theoretically anticipated.
In turn, we have demonstrated a reduced viral yield in A549 cells.
The early apoptotic cell death induced by Bax overexpression may
limit an increase of virus and disturb viral rePhcation‘ Our results
are consistent with those of Lambright et al.,”” who found that the
addition of ganciclovir therapy to a rephcatmg vector containing
the HSVik suicide gene did not augment efficacy, despite the
enhanced production of the transgene. Viral replication and timely
cell-death induction thus need to be well coordinated, and forced
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induction of early apoptosis could be a cause of losing the combi-
native effect. Our data suggest that impaired viral replication may
offset the benefits due to enhanced transgene spread in vivo.

In this study, we have shown the discrepancy between in vitro
and in vivo findings, but this would not result solely from the
reduced viral replication. Although viruses can rapidly and evenly
spread in cell culture monolayer, this would not be expected in a
solid tumor. In a tumor mass, it is very difficult to distribute viral
progenies to even the majority of tumor cells. Because a cancer-
targeting oncolytic virus is designed to selectively replicate in can-
cer cells, the normal interstitial cells would be obstacles. The virus
would also face other obstacles for viral distribution, including
tight intercellular space and continuous drainage by the circulatory
and lymphatic systems. In this circumstance, the intratumoral dis-
persion is confined to one part of the tumor, and thus the require-
ment of double infection in a complementary strategy curtails the
efficacy at low multiplicities of infection.

Although our data suggest that Bax gene therapy in combination
with oncolytic adenovirotherapy is not likely to be therapeutically
beneficial, the concept of “armed” replicating adenovirotherapy
still has potential merit. Overcxpression of the adenoviral death pro-
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tein, expression of TRAIL and deletion of the E1B-19kD gene have
all been shown to improve viral spread and efficacy of replicating
adenoviruses in vitro and in vivo.>'"?*2% Various suicide genes or
cytokines have also been expressed with replication-competent vec-
tors to improve: cell killing2*® One importart factor to keep in
mind is to enhance antitumor effect without inhibiting the prolifera-
tive capacity of viruses.

In summary, oncolytic. adenovirotherapy in combination with
Bax gene therapy resulted in augmented cell killing in vitro. How-
ever, in a xenografted tumor model, ‘oncolytic efficacy: was not
improved; . this “was ‘associated with suppressed: E1A  protein
expression and reduced viral replication. Bax gene therapy may
possibly interfere with viral production and thus be not conducive
to oncolytic virotherapy.
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SHORT COMMUNICATION

Autophagy-inducing agents augment the antitumor
effect of telomerase-selective oncolytic adenovirus
OBP-405 on glioblastoma cells

T Yokoyama'#, E Iwado'®, Y Kondo', H Aoki', Y Hayashi?>, MM Georgescu?, R Sawaya'>, KR Hess?,

GB Mills®, H Kawamura®, Y Hashimoto®, Y Urata®, T Fujiwara®” and S Kondo'*

"Department of Neurosurgery, The University of Texas MD Anderson Cancer Center, Houston, TX, USA; 2Department of Neuro-
Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA; *Department of Neurosurgery, Baylor College of
Medicine, Houston, TX, USA; *Department of Biostatistics and Applied Mathematics, The University of Texas MD Anderson Cancer
Center, Houston, TX, USA; Department of Molecular Therapeutics, The University of Texas MD Anderson Cancer Center, Houston,
TX, USA; *Oncolys BioPharma Inc., Tokyo, Japan and “Division of Surgical Oncology, Department of Surgery, Okayama University

Graduate School of Medicine and Dentistry, Okayama, Japan

Oncolytic adenoviruses are a .promising - tool -in.cancer
therapy. In this study, we characterized the role of autophagy
in oncolytic adenovirus-induced therapeutic effects. OBP-
405, an oncolytic adenovirus regulated by the human
telomerase reverse transcriptase promoter (hTERT-Ad,
OBP-301) with a tropism moaodification (RGD) exhibited a
strong antitumor effect on glioblastoma cells. When auto-
phagy was inhibited pharmacologically, the cytotoxicity of
OBP-405 was attenuated. In addition, autophagy-deficient
Atgs~'- mouse embryonic fibroblasts (MEFs) were less
sensitive than wild-type MEFs to OBP-405. These findings
indicate that OBP-405-induced autophagy. is. a cell
killing effect. Moreover, autophagy-inducing - therapies

Keywords: autophagy; glioblastoma; OBP-301;, OBP-405

Oncolytic adenoviruses have recently been developed
as a novel cancer therapy.” We have shown that the
oncolytic adenovirus regulated by the human telomerase
reverse.transcriptase. promoter (hTERT-Ad) induces
nonapoptotic autophagy in glioblastoma cells.” However,
the molecular: machinery underlying autophagy-induced
cell'death remains unclear.** Furthermore, the processes
determining whether autophagy in cancer cells causes
death or acts as a protective mechanism activated during
cellular: distress-are. unknown. In_this: study, we eluci-
dated the therapeutic. role of autophagy in hTERT-Ad
infection.

The ~infection - efficiency  of “adenoviral - constructs,
which are derived from human adenovirus serotype 5,
varies widely depending on the cellular expression of the
coxsackievirus and adenovirus receptor (CAR).” Mod-
ification of the adenoviral fiber protein is one approach
to overcoming the limitation imposed by this depen-
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(temozolomide and rapamycin) synergistically sensitized
tumor:  cells . to OBP-405 by stimulating the autophagic
pathway without altering OBP-405 replication. Mice
harboring intracranial tumors treated with OBP-405 and
temozolomide survived significantly longer than those
treated with temozolomide alone, and mice treated with
OBP-405 and the rapamycin analog RADOO01 survived
significantly longer than those treated with RADOO1T alone.
The observation that autophagy inducers increase OBP-405
antitumor activity suggests a novel strategy for treating
patients with glioblastoma.

Gene Therapy (2008) 15, 1233-1239; doi:10.1038/gt.2008.98;
published online 26 June 2008

dence on CAR.® A recent study demonstrated the activity
of :OBP-405, which is an hTERT-Ad with a tropism
modification (RGD): OBP-405 had a profound oncolytic
effect in vitro and in vivo.on Tung and colon cancer cells
regardless of the CAR expression level.” In addition, for
cells with low CAR. expression levels, OBP-405:-had. a
higher rate of infection than did OBP-301, an hTERT-Ad
that'expresses the E1A gene under the control of a 455-bp
hTERT promoter.”” The hTERT-Ad that we used pre-
viously has a 255-bp hTERT promoter.®

Good. manufacturing practice OBP-301 (Telomelysin)
and: OBP-405 - (Telomelysin-RGD) - were  used - in - the
current study. We first determined the: expression levels
of CAR and integrins («vB3 and avp5) on the cell surface
of glioblastoma cells. To predict the response of human
glioblastoma to OBP-301 or OBP-405, the established cell
lines U87-MG, U251-MG, D54, and U373-MG and
primary MDC-01 cells isolated from glioblastoma tissue
were used. The US87-MG, D54 and MDC-01 cells
expressed the lowest levels of CAR, whereas the U251-
MG cells expressed the highest level of CAR (Figure 1a).
In contrast, avp3 and ovp5. integrins were highly
expressed in each of these glioblastoma cells. Cells that
expressed low levels of CAR were resistant. to OBP-301
infection, whereas OBP-405 effectively decreased viabi-
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Figure 1 (a) Flow cytometric analysis of CAR and integrin (avB3 and avp5) expression on glioblastoma cells. Human glioblastoma cell lines
U87-MG, U251-MG, D54 and U373-MG were purchased from American Type Culture Collection (Manassas, VA, USA). Primary glioblastoma
MDC-01 cells were isolated from surgical specimens of glioblastoma at MD Anderson Cancer Center and were positive for telomerase and
glial-fibrillary acidic protein. Cells were incubated with anti-CAR (Upstate Biotechnology, Lake Placid, NY, USA), anti-a.vf3 integrin and anti-
a,p5 integrin (Chemicon International, Temecula, CA, USA) monoclonal antibodies and then detected with fluorescein isothiocyanate (FITC)-
labeled rabbit anti-mouse IgG secondary antibody (Zymed Laboratories, San Francisco, CA, USA). Open areas (control), isotype-matched
normal mouse IgG1 conjugated to FITC. (b) Effect of OBP-301 and OBP-405 on the viability of glioblastoma cells. Cells were infected at the
indicated MOI values and surviving cells were quantified over 7 days by the use of WST-1 assay (Roche Applied Science, Indianapolis, IN,
USA). Results shown are the means * s.d. of three independent experiments. (c) Oncolytic effect of OBP-301 and OBP-405 on glioblastoma
cells. Low-CAR expressing (U87-MG) and high-CAR expressing (U251-MG) cells were stained with 0.5% crystal violet (Sigma-Aldrich,
St Louis, MO, USA) 5 days after infection. (d) Development of acidic vesicular organelles (AVOs) in U87-MG and U251-MG cells infected with
OBP-301 or OBP-405 at an MOI of 0.1 or 1.0 for 72 h. Mock- or virus-infected cells were stained with 1.0 pg ml~" acridine orange (Polysciences,
Warrington, PA, USA) for 15 min at room temperature and analyzed using a flow cytometer (FACScan; Becton Dickinson, San Jose, CA, USA).
In acridine orange-stained cells, the cytoplasm and nucleus fluorescence bright green and dim red, whereas acidic compartments fluorescence
bright red.'®" The intensity of the red fluorescence is proportional to the degree of acidity and volume of AVOs. Top of grid was considered
as AVOs. CAR, coxsackievirus and adenovirus receptor; IgG, immunoglobulin G; MOI, multiplicity of infection.

lity of glioblastoma cells (Figure 1b). In addition, OBP-
405 killed the cells more efficiently than did OBP-301,
and neither OBP-301 nor OBP-405 induced apoptosis
(Figure 1c) (Supplementary Figures 1a—c).
Nonapoptotic autophagy is characterized by the
development of acidic vesicular organelles (AVOs)."
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Compared with mock infection, both OBP-301 and
OBP-405 increased the percentage of AVO-positive
cells in a multiplicity of infection (MOI)-dependent
manner (Figure 1d). As expected, OBP-405 induced
the development of AVOs more efficiently than did
OBP-301.
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Figure 2 (a) Localization of the adenoviral protein hexon and autophagic LC3B protein in glioblastoma cells infected with Ad-LacZ or OBP-
405 at an MOI of 0.5. After infection for 72 h, U87-MG cells were processed for fluorescent immunocytostaining with anti-LC3B (1:5000
dilution) and antiadenovirus 1, 2, 5 and 6 hexon (Chemicon International) antibodies. Anti-LC3B antibody was generated as described
previously.'*'* The slides were monitored using inverted microscope (ECRIPSE TE2000-U; Nikon, Melville, NY, USA) and the data were
deconvolved and analyzed using AutoQuant’s AutoDeBlur software (MediaCybernetics, Bethesda, MD, USA). The arrow shows the
colocalization of LC3B and hexon. (b) Electron photomicrographs showing the ultrastructure, including the nucleus (N) of glioblastoma cells
treated with nonreplicating adenovirus carrying the Ad-LacZ or OBP-405 at an MOI of 0.5 for 72 h. (i) Ad-LacZ-infected U87-MG cells; few
autophagic vacuoles were observed, scale bar =10 pm. (ii) OBP-405-infected U87-MG cells, scale bar =10 pm. (iii) A magnified view of the
area boxed in (ii), scale bar =1 pm. The arrow indicates viral particles and the arrowhead indicates an autophagosome that includes residual
material and virus particles in the cytoplasm. (iv) Autophagosomes and autolysosomes were quantified, as described previously.'*'” *P <0.05
vs Ad-LacZ. MOI, multiplicity of infection.
The green fluorescent protein (GFP)-tagged expression ~ caused more autophagy in glioblastoma cells than
vector of LC3 is a useful tool with which to detect =~ OBP-301 did.
autophagy.’”> On fluorescence microscopy, GFP-LC3- To analyze the association between adenoviral infec-
transfected U87-MG cells showed the diffuse distribution ~ tion and autophagy, we determined the localization of
of GFP-LC3 with mock infection, whereas infection with ~ OBP-405 and autophagic vacuoles. The adenoviral hexon
OBP-405 at an MOI of 1.0 resulted in a punctate pattern ~ was detected in the cytoplasm 6 h after infection, but at
of GFP-LC3 (Supplementary Figure 2a). This pattern  that point, autophagic vacuoles positive for the isoform B
represents autophagic vacuoles and indicated that OBP-  of human LC3 (LC3B) were not observed (Supplemen-
405 induced autophagy. With both OBP-301 and OBP-  tary Figure 3), indicating that autophagy was not
405, the percentage of GFP-LC3 dots increased in an initiated. Twenty-four hours after infection, hexon was
MOI-dependent manner; this increase was considerably =~ detected in the cytoplasm and nucleus and LC3B-
higher with OBP-405 than with OBP-301. positive autophagic vacuoles were observed. At 48 h,
The LC3 protein exists in two cellular forms, LC3-I the cell and nucleus had become larger. At 72 h after
and LC3-II. LC3-1 is converted to LC3-II by conjugation  infection, the majority of the autophagic vacuoles
to phosphatidylethanolamine, and the amount of LC3-II  were colocalized with hexon-positive adenoviruses
is closely correlated with the number of autophago-  (Figure 2a). In addition, we analyzed the ultrastructure
somes.”® In both U87-MG and U251-MG cells, the of infected U87-MG cells. U87-MG cells infected with
amount of LC3-II was increased by infection with OBP-  control nonreplicating adenovirus (Ad-LacZ) exhibited
301 or OBP-405 in an MOI-dependent manner and by  few autophagic features, whereas autophagic vacuoles,
OBP-405 in a time-dependent manner (Supplementary  autolysosomes and empty vacuoles were observed after
Figure 2b). These results indicated that OBP-405 infection with OBP-405. Most OBP-405-infected cells
Gene Therapy
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Figure 3 (a) Effect of OBP-405 infection on the wild-type and Atg5~/~ MEFs (kindly provided by Dr N Mizushima). The expression of E1A
(BD Biosciences Pharmingen, San Diego, CA; USA) and an amount of LC3-II in MEFs infected with OBP-405 at an MOI of 0-5.0 for 72 h was
assessed by western blotting. The intensities of the amount of LC3-II bands were normalized by the bands’ intensities of: p-actin (Sigma-
Aldrich), using Bio-Rad Fluor-S Multiimager (Bio-Rad Laboratories, Hercules, CA, USA). (b) Effect of OBP-405 on the viability of wild-type
and Atg5~/~ MEFs: MEFs were infected with OBP-405 at an MOl of 0 to 10 for 48 h, and cell viability was assessed by WST-1 assay. *P<0.01 vs
Atg5~/~ MEFs. () E1A viral replication of wild-type and Atg5~/~ MEFs infected with OBP-405 at an MOI of 1.0. The cells were incubated at
37 °C for the indicated periods, trypsinized and harvested for intracellular replication analysis at 2, 24, 48, 72 and 96 h. DNA purification was
performed with the QIAmp DNA mini kit (Qiagen, Valencia, CA, USA). The E1A DNA copy number was determined by quantitative real-
time PCR, using a Power SYBR Green PCR Master Mix (Applied Biosystems, Foster, CA, USA) and 7500 real-time PCR systems (Applied
Biosystems), as described previously.” The amount of viral E1A copy number is defined as the fold increase for each sample relative to that at
2 h. MEFs, mouse embryonic fibroblasts; MOI, multiplicity of infection
exhibited viral particles in the nucleus and cytoplasm,. - induced death than the wild-type MEFs (P<0.01)
but they exhibited neither the chromatin condensation . (Figures 3a and b). This observation supported our
nor the DNA fragmentation that is-the characteristic'of - results with 3-MA and Atg5 siRNA. Similar to 3-MA,
apoptosis (Figure 2b). Interestingly, viral particles were  viral replication of OBP-405 did not differ significantly
observed inside autophagic vacuoles. These results  between the wild-type and Atgb~/~ MEFs (Figure 3c¢).
suggested that OBP-405 infection initiated the autopha- The above observations prompted us to hypothesize
gic process and that the autophagic vacuoles sequestered  that the antitumor effect of OBP-405 would be augmen-
replicating OBP-405. ted by the combinatorial therapy with other autophagy-
To assess the role of autophagy in OBP-405 infection,  inducing agents. To test our hypothesis, we combined
we inhibited the OBP-405-induced autophagy pharma-  OBP-405 with rapamycin, an inhibitor of the mammalian
cologically by using 3-methyladenine (3-MA);'® the  target of rapamycin and: the  DNA-alkylating -agent
decreased - viability of - these cells: was significantly  temozolomide (TMZ), both of which efficiently induce
reversed (P <0.01): (Supplementary Figures 4a and'b).  autophagy.'®?® Rapamycin and TMZ not only enhanced
However, the inhibition of autophagy did not affect the =~ OBP-405-induced autophagy in vitro but also synergized
increase in E1A copy number of OBP-405. (Supplemen-  with OBP-405 to induce the death of ‘glioblastomacells
tary Figure 4c). To exclude the possibility that the effects  (Figures 4a and b; Supplementary Figure 6). In contrast,
of 3-MA are independent of inhibition of autophagy, we = TMZ or rapamycin did not alter viral replication (Figure
inhibited autophagy specifically by using small interfer-  4c). Thus OBP-405 synergizes with autophagy-inducing
ing RNA (siRNA) directed-against autophagy-related gene  agents to increase cell death in vitro.
5 (Atg5), which is essential for autophagosome forma- To determine whether the in vitro effect of OBP-405
tion. Transfection with Afg5 siRNA effectively inhibited  with. TMZ or rapamycin translates to greater activity
OBP-405-induced ‘ autophagy: and ‘recovered the OBP-  in vivo, we established’ intracranial  tumors:in' nude
405-inhibited viability -of U87-MG and U251-MG cells = mice; Compared with mice treated with Ad-LacZ; mice
(Supplementary - Figure 5a—c).  Together, the results treated with OBP-405 lived significantly longer (mean
indicated that OBP-405 induced - cell- death through survival =27.5"vs 34.0 days; difference (95% confidence
autophagy. interval) = 6.0 (3.0~9.1) days; P =0.0008) (Figure 5a). Mice
In addition, Atgb~/~ mouse embryonic fibroblasts  treated with TMZ also survived significantly longer
(MEFs) were significantly more resistant to OBP-405-  (mean survival=275.vs 37.0 days; difference=10
Gene Therapy
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Figure 4 (a) Combined effects of OBP-405 with TMZ on glioblastoma cells. U251-MG, U87-MG and MDC-01 cells were infected with OBP-
405 at an MOI of 0 to 10 in the presence of 100 uM TMZ (purchased from a pharmacy in The University of Texas MD Anderson Cancer Center)
for 72 h for the WST-1 assay. The combined effect of OBP-405 with TMZ was analyzed with the combination index (Cl)-isobologram using
CalcuSyn software (Biosoft, Ferguson, MO, USA), as described previously.” In the isobologram, a plot on the diagonal line indicates that the
combination is simply additive: A plot to the left under the line indicates that the combination is synergistic, whereas a plot to the right above
the line indicates that it is antagonistic. Each plot represents values generated in at least three independent experiments for the simultaneous
treatment of cells. (b) Development of acidic vesicular organelles (AVOs) in U87-MG and U251-MG cells infected with OBP-405 at an MOL of
0.5 in the presence of 1nM rapamycin (Sigma-Aldrich) or 100 um TMZ,. were. stained with: 1.0 pgml™" acridine orange as described
previously.'" Top of grid was considered as AVOs. (¢) E1A viral replication of U87-MG and U251-MG cells infected with OBP-405 at an MOI
of 0.5 alone or with 1 nM rapamycin or 100 pM TMZ over 72 h as described previously.” MOI, multiplicity of infection; TMZ, temozolomide.
(7.0-12) days; P<0.001), but RADOO1I-treated mice did longer than - those treated with- RADOO1. alone
not (mean survival=27.5 vs 30.5.days; difference=4 (mean=238.0 vs 30.5 days; difference=9.3 (1.7-16.8)
(=1 to 9) days; P=0.14). Strikingly, mice treated with  days, P=0.021). Finally, compared with results using
OBP-405 and TMZ survived significantly longer than  OBP-405 alone, the survival time of mice was signifi-
those treated with TMZ alone (mean=>53.0 vs 37.0 days;  cantly. prolonged by combination with TMZ
difference =15.1 (7.2-23.1) days; P=10.0015), and.mice (difference=19 (11-26)- days, P=0.0001) or RADO0O1
treated with OBP-405 and RADO001 survived significantly  (difference =7 (1-13) days, P =0.025).
Gene Therapy
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Figure 5 (a) Curves showing overall survival of mice bearing U87-MG intracranial tumors treated with Ad-LacZ, RAD001, TMZ, OBP-405,
OBP-405 plus RAD001 or OBP-405 plus TMZ. The Kaplan-Meier method and pooled-variance two-tailed t-test were used to assess the
statistical significance of differences in survival time; *P =0.0015 vs TMZ; **P =0.021 vs RADO001; 8- to 12-week-old female nude mice
(Department of Experimental Radiation Oncology, MD Anderson Cancer Center) were used. The intracranial tumor model using U87-MG
cells (5 x 10°) was established as described previously.® Three days after the inoculation of U87-MG cells (day 0), the treatments were initiated
as follows. On days 3, 5 and 7, through a 10 pl Hamilton syringe fitted with a 26-gauge needle connected to a microinfusion pump, Ad-LacZ
(2.2 x 10° pfu m1~") or OBP-405 (2.2 x 10° pfu m1~") in 10 pl of sterile PBS was infused into the tumors through the screw guide at a depth of
3.5 mm from the skull. Two hundred microliters of TMZ (7.5 mg kg~ in PBS with 5% dimethyl sulfoxide) was injected intraperitoneally five
times a week for 2 weeks, and RAD001 (5 mg kg™" in water, kindly supplied by Norvartis, Basel, Switzerland) was administered orally every
day until the animals became moribund and were killed. (b) Hematoxylin and eosin-stained brain tissues of mice bearing intracranial U87-
MG tumors treated with Ad-LacZ (day 32), TMZ (day 40), OBP-405 (day 38) or OBP-405 plus TMZ (day 60). Scale bar =1 mm. (c) Western
blots showing induction of autophagy and expression of E1A in intracerebral tumors treated with Ad-LacZ (day 28), TMZ (day 39), OBP-405
(day 35) or OBP-405 plus TMZ (day 53). Anti-LC3B antibody and anti-E1A antibody were used. The intensities of the amount of LC3-1I bands
were normalized by the bands’ intensities of B-actin. PBS, phosphate-buffered saline; TMZ, temozolomide.

The intracranial tumors of mice treated with Ad-LacZ, cranial tumors of mice treated with TMZ, OBP-405 and
OBP-405, TMZ or RADO0O01 alone grew extensively, with ~ OBP-405 plus TMZ than in Ad-LacZ-treated mice. These
midlines shifted laterally. Strikingly, tumors were un-  results indicated that autophagy was induced in intra-
detectable in brain tissue harvested from three mice  cranial tumors of mice as well as in vitro and that the
treated with OBP-405 plus TMZ that survived 60 days  extent of autophagy was enhanced by the combination
after inoculation (Figure 5b). Hexon was detected in the treatment. However, intracranial tumors established
intracranial tumor treated with OBP-405 plus TMZ (day  from noninvasive glioblastoma cell lines may limit the
45) but not in the tumor treated with Ad-LacZ (day 28) clinical relevance of studies assessing the efficacy of
(Supplementary Figure 7). This finding was supported  novel therapies.”® Therefore, we will further assess
by western blotting results showing detectable E1A  whether the treatment with OBP-405 plus TMZ or
protein expression in intracranial tumors treated with ~ RADO001 prolong the survival of the mice carrying
OBP-405 alone or with TMZ (Figure 5c). These results invasive intracranial tumors.?!
indicated that OBP-405 replicated and spread through In conclusion, we found that the fiber-modified
the intracranial tumors but not through the normal brain ~ hTERT-Ad OBP-405 has a marked antitumor effect on
tissues and supported the contention that the effect of  glioblastoma cells regardless of the cellular expression
OBP-405 is specific to tumors, likely due to the hTERT  level of CAR. Moreover, autophagy-inducing agents
promoter activity. Then, we determined whether the = (TMZ and rapamycin) increase the in vitro and in vivo
induction of autophagy is detected under in vivo settings ~ antitumor activity of OBP-405 through the enhancement
using an anti-LC3B-specific antibody. As shown in  of autophagic pathway. A recent clinical study showed
Figure 5¢, the amount of LC3-II was higher in intra-  that TMZ had antitumor activity both as a single agent
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and as adjuvant chemotherapy for patients with malig-
nant gliomas, although its efficacy was modest.** Our
study results might indicate a new way to treat
glioblastomas with a combination of autophagy-indu-
cing agents.
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Telomerase-Specific Virotheranostics for Human Head and
Neck Cancer
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Abstract

Purpose: Long-term-outcomes of patients with squamous cell carcinoma of the head and neck
(SCCHN) remain unsatisfactory despite advances in combination of treatment modalities.
SCCHN is characterized by locoregional spread and it is:clinically accessible; making it an attrac-
tive target for intratumoral biclogical therapies.

Experimental Design: OBP-301is a type b adenovirus that contains the replication cassette in
which the human telomerase reverse transcriptase promoter.drives expression of the £7 genes.
OBP-401 contained the replication cassette and the green fluorescent protein (GFP) gene. The
antitumor effects of OBP-301 were evaluated in vitro by the sodium 30-[1: (phenylaminocar-
bonyl) -3,4-tetrazolium] -bis (4 -methoxy-6 -nitro) benzene sulfonic acid hydrate assay and /in vivo
in. an orthotopic xenograft model. Virus spread into the lymphatics:was also orthotopically
assessed by using. OBP-401.

Results: Intratumoral injection of OBP-301 resulted in the shrinkage of human SCCHN tumors
orthotopically implanted into the tongues of BALB/c nu/nu mice and significantly recovered
weight loss by enabling oral ingestion. The levels of GFP expression following ex vivo infection
of OBP-401 may be of value as a positive predictive. marker for the outcome of telomerase-
specific virotherapy. Moreover, whole-body fluorescent imaging revealed that intratumorally
injected OBP-401 could visualize the metastatic lymph nodes, indicating the ability of the virus
to traffic to the regional lymphatic area and to selectively replicate in.neoplastic lesions, resulting

in GFP expression and cell death in metastatic lymph nodes.
Conclusions: These results illustrate the potential of telomerase-specific oncolytic viruses for
a novel therapeutic and diagnostic approach, termed theranostics, for human SCCHN:

Cancer remains a leading cause of death worldwide despite
improvements in diagnostic techniques and clinical manage-
ment (1, 2). An estimated 500,000. patients worldwide are
diagnosed with squamous cell carcinoma of the head and neck
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(SCCHN) annually. This aggressive epithelial malignancy is
associated with a high mortality rate and severe morbidity
among the long-term survivors (3). Current treatment strategies
for advanced - SCCHN include. surgical resection, radiation,
and cytotoxic chemotherapy: Although a combination of these
modalities can -improve  survival, most patients eventually
experience disease progression that leads to death; disease
progression is often the result of intrinsic or acquired resistance
to treatment (4, 5). A lack of specificity for tumor cells is
the primary limitation of radiotherapy and chemotherapy. To
improve the therapeutic index, there is a need for anticancer
agents that selectively target only tumor cells and spare normal
cells.

Replication-selective tumor-specific viruses present a novel
approach for cancer treatment (6, 7). We reported previously
that telomerase-specific replication-competent adenovirus
(OBP-301, Telomelysin), in which the human telomerase
reverse transcriptase (hTERT) promoter element drives the
expression of E1A and E1B genes linked with an IRES, induced
selective E1 expression, and efficiently killed human cancer
cells but not normal cells (8-10). We also found that
intratumoral injection of telomerase-specific replication-
selective adenovirus expressing the green fluorescent protein
(GFP) gene (OBP-401, TelomeScan) causes viral spread into the
regional lymphatic area with subsequent selective replication in

Clin Cancer Res 2009;15(7) April 1, 2009
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Translational Relevance

Despite new therapeutic modalities, long-term out-
comes of patients with squamous cell carcinoma of the
head and neck (SCCHN) remain unsatisfactory. Thus,
the development of efficient treatment methods to enable
the reduction of tumors in these patients is clearly impera=
tive. Tumor-targeted oncolytic viruses have the potential to
selectively infect target tumor cells, multiply, and cause cell
death and release of viral particles, leading to the spread of
viral-mediated antitumor effects. We developed a telomer-
ase-specific oncolytic adenovirus OBP-301 (Telomelysin)
as well as OBP-401 —expressing GFP gene (TelomeScan).
Our data showed that telomerase-specific oncolytic viruses
can be effective to kill human SCCHN cells /in vitro and
in vivo as well as to identify the patients who will likely
benefit from virotherapy, suggesting that an.oncolytic
virus-based approach exhibited desirable features of a
novel “virotheranostics,” the combination of a diagnostic
assay with a therapeutic entity for human SCCHN. This is a
preclinical study for the future clinical trials.

metastatic lymph nodes in nu/nu mice (11). Although up to
25% of patients with SCCHN develop distant metastasis to the
lung, liver, or bone, lymph node metastases are more common
in SCCHN patients (12); therefore, locoregional disease control
with telomerase-specific oncolytic viruses may be a novel
therapeutic strategy that is clinically applicable for the
treatment of human SCCHN.

In the present study, we explore the therapeutic as well as
diagnostic ability of telomerase-specific oncolytic viruses
in vitro and in vivo. To this end, we adopted an orthotopic
head and neck cancer xenograft model by inoculating human
SCCHN' cells into the tongues of nu/nu mice; this model
resembles human SCCHN in a number of biological
properties (13).

Materials and Methods

Cell lines and cell culture. . The human oral squamous carcinoma
cell lines SAS-L, SCC-4, SCC-9, HSC-2, HSC-3, and HSC-4 were
maintained in vitro as monolayers in DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 100 units/mL penicillin, and
100 mg/mL streptomycin (complete medium). The human non-small-
cell lung cancer cell line H460 and the human esophageal cancer cell
line TE8 were routinely propagated in monolayer culture in RPMI 1640
supplemented with 10% fetal bovine serum. The normal human lung
diploid fibroblast cell line WI38 (JCRB0518) was obtained from the
Health Science Research Resources Bank (Osaka, Japan) and grown in
Eagle’'s MEM with 10% fetal bovine serum. The normal human lung
fibroblast NHLF (TaKaRa Biomedicals). and the normal human
embryonic lung fibroblast MRC-5 (RIKEN BioResource Center) were
cultured according to the vendors’ specifications.

Adenoviruses. The recombinant replication-selective, tumor-specific
adenovirus vector OBP-301 (Telomelysin), in which the hTERT
promoter element drives the expression of E1A and E1B genes linked
with an IRES, was previously constructed and characterized (8-10).
OBP-401° is a telomerase-specific replication-competent adenovirus
variant with the replication cassette, and GFP gene under the control
of the cytomegalovirus promoter was inserted into the E3 region for
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monitoring viral replication (11, 14). The viruses were purified by
ultracentrifugation in cesium chloride step gradients, their titers were
determined by a plaque-forming assay using 293 cells, and they were
stored at -80°C.

Cell viability assay. An sodium 30-{1-(phenylaminocarbonyl)-3,4-
tetrazolium}-bis(4-methoxy-6-nitro)benzene sulfonic acid hydrate
(XTT) assay was done to assess the viability of tumor cells. Human
SCCHN cells (1,000 per well) were seeded onto 96-well plates 18 to
20 h before viral infection. Cells were then infected with OBP-301 at
a multiplicity of infection (MOI) of 1, 10, 50, and 100 plaque-forming
units (pfu) per cell. Cell viability was determined at the indicated time
points by using a Cell Proliferation Kit II (Roche Molecular
Biochemicals) according to the protocol provided by the manufacturer.

Fluorescence microplate reader. Cells were infected with OBP-401 at
the indicated MOI values in a 96-well black-bottomed culture plate and
further incubated for the indicated time periods. GFP fluorescence was
measured by using a fluorescence microplate reader (DS Pharma
Biomedical) with excitation/emission at 485 nm/528 nm.

Animal experiments. SAS-L and HSC-3 human oral squamous cell
carcinoma cells were harvested and suspended at a concentration of
5 x 10°/mL in the medium. To generate an orthotopic head and neck
cancer model, 6-wk-old female BALB/c nu/nu mice were anesthetized
and injected directly with 20 pL of cell suspension at a density of 10°
cells. The cells were injected into the right lateral border of the tongue
with a 27-gauge needle. When the tumor grew to 2 to 3 mm in diameter
~5 to 7 days later, 20 pL of solution containing 1 x 10° pfu of
OBP-301, OBP-401, or PBS were injected into the tumor. The perpen-
dicular diameter of each tumor was measured every 3 d, and tumor
volume was calculated by using the following formula: tumor volume
(mm?) =a x b? x 0.5, where a is the longest diameter, b is the shortest
diameter, and 0.5 is a constant to calculate the volume of an ellipsoid.
The body weights of mice were monitored and recorded. The
experimental protocol was approved by the Ethics Review Committee
for Animal Experimentation of Okayama University.

In vivo fluorescence imaging. In vivo GFP fluorescence imaging was
acquired by illuminating the animal with a Xenon 150-W lamp. The
reemitted fluorescence was collected through a long-pass filter on a
Hamamatsu C5810 3-chip color charge-coupled device camera (Hama-
matsu Photonics Systems). High-resolution image acquisition was
accomplished by using an EPSON PC. Images were processed for
contrast and brightness with the use of Adobe Photoshop 4.0.1]
software (Adobe). A fluorescence stereomicroscope (SZX7; Olympus)
was also used to visualize GFP-positive tissues.

Statistical analysis. The statistical significance of the differences in
the in vitro and in vivo antitumor effects. of viruses was determined by
using the Student’s t test (two-tailed). The antitumor effect viruses
on orthotopically implanted tumors in nude mice were assessed by
plotting survival curves according to the Kaplan-Meier method. P values
<0.05 were considered statistically significant.

Results

In vitro cytopathic efficacy of OBP-301 on hunian SCCHN cell
lines. We examined the cytopathic effect of OBP-301, which is
an- attenuated- adenovirus in which the hTERT promoter
element drives expression of EIA and E1B genes linked with
an internal ribosome entry site (IRES; Fig. 1A), on various
human SCCHN cell lines by the XTT cell viability assay. OBP-
301 infection induced cell death in human SCCHN cells in a
dose-dependent manner; the sensitivity, however, varied
among different cell lines (Fig. 1B). The 1Ds, values calculated
from the dose-response curves confirmed that SAS-L cells could
be efficiently killed by OBP-301 at an multiplicity of infection
(MOI) of <150 (ID5 = 148), whereas HSC-3 cells were less
sensitive to OBP-301 (IDso = 500; Fig. 1C).
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Fig.1. Schematic DNA structures of telomerase-specific viruses and selective cytopathic effect in human SCCHN cell lines in vitro. A, OBP-301is a telomerase-specific
replication-competent adenovirus containing the hTERT promoter sequence inserted into the adenovirus genome to drive transcription of the E1A and E1B bicistronic cassette
linked by the IRES. OBP-401 s a variant of OBP-301, in which the GFP gene is inserted under the cytomegalovirus (CMV) promoter into the E3 region for monitoring viral
replication. B, human SCCHN cell lines were infected with OBP-301 at the indicated MOI values, and surviving cells were quantitated over 5 d by the XTTassay. The cell
viability of mock-treated cells on day O was considered 1.0, and the relative cell viability was calculated. Points, mean of triplicate experiments; bars, SD. C, effects of various
concentrations of OBP-3010on SAS-L and HSC-3 cells assessed 5 d after the XTTassay. Results are expressed as the relative cell viability of untreated control cells.

To confirm the specificity of telomerase activity in human
SCCHN cells, we next measured the expression of hTERT
mRNA in a panel of human SCCHN cell lines and normal cell
lines by using a real-time reverse transcription-PCR method.
Although the levels of expression varied widely, all SCCHN
cell lines expressed detectable levels of hTERT mRNA, whereas
human fibroblast cells such as NHLF and WI38 were negative
for hTERT expression (Supplementary Fig. S1A). We also
examined the expression levels of coxsackievirus and adenovi-
rus receptor on the cell surface of each type of cell by flow
cytometric analysis. Apparent amounts of coxsackievirus and
adenovirus receptor expression were detected on SAS-L and
HSC-3 human SCCHN cells (Supplementary Fig. S1B).

To assess whether viral replication was restricted to tumor
cells, we next examined the replication ability of OBP-301 by
measuring the relative amounts of E1A DNA. SAS-L human
SCCHN cells and MRC-5 human fibroblasts were harvested at
indicated time points over 72 h after infection with OBP-301
and subjected to quantitative real-time PCR analysis. The ratios
were normalized by dividing the value of cells obtained 2 h after
viral infection. OBP-301 replicated 3 to 4 logs within 48 h after
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infection; the viral replication, however, was attenuated up to 2
logs in normal MRC-5 cells (Supplementary Fig. S2).

The response of tumor cells to DNA-damaging stimuli such
as chemotherapeutic drugs and ionizing radiation is predeter-
mined by the functional status of their p53 gene (15); however,
the p53 status of human SCCHN cell lines (wild-type p53 [SAS-
L], mutant p53 [SCC-4, HSC-2, HSC-3, HSC-4], and deleted
p53 [SCC-9]) is not related to their sensitivity to OBP-301.
Indeed, OBP-301 similarly killed parental SAS-L cells and cells
stably transfected with the mutant p53 gene (Supplementary
Fig. 8§3), suggesting that OBP-301 induces cell death in a p53-
independent manner.

Selective replication of OBP-401 in human SCCHN cell lines
in vitro. OBP-401 is a genetically engineered adenovirus that
expresses GFP by inserting the GFP gene under the control of
the cytomegalovirus promoter at the deleted E3 region of
OBP-301 (Fig. 1A). To determine whether OBP-401 replication
is associated with selective GFP expression in human SCCHN
cells, cells were analyzed and recorded by using a time-lapse
fluorescent microscope after OBP-401 infection. Representative
images at the indicated time points are shown (Fig. 2A). SAS-L
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Fig. 2. Selective visualization of human SCCHN cells in vitro by OBP-401. A, time-lapse images of SAS-L cells were recorded for 42 h after OBP-401infection at a MOI of 50.
Representative images taken at the indicated time points show cell morphology by phase-contrast microscopy (top) and GFP expression under fluorescence microscopy
(bottom). Magnification, x200. B, quantitative assessment of GFP labeling by OBP-401in human SCCHN cell lines. Cells were infected with OBP-401 at the indicated MOI
values, and GFP fluorescence was measured over 72 h by the fluorescence microplate reader. The intensity of green fluorescence was evaluated based on the brightness
determinations used as relative fluorescence units (RFU). The relative fluorescence unit and time after infection were plotted on the ordinate and abscissa, respectively. A
green color calibration bar for the indicated relative fluorescence unit is shown on the right. C, relationship between GFP fluorescence after OBP-401 infection and IDgg values
after OBP-301 infection in human cancer cell lines, including SCCHN cells. Relative GFP fluorescence was measured by the fluorescence microplate reader 72 h after OBP-401
infection at a MOI of 50. The IDs( values of OBP-301 on cell viability at 5 d after infection were calculated and expressed as IDgg values. The slope represents the inverse

correlation between these two factors (R2 = 0.7839).

human SCCHN cells expressed bright GFP fluorescence as early
as 12 h after OBP-401 infection at a MOI of 50. The
fluorescence intensity gradually increased in a dose-dependent
manner, 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.

We also quantified GFP expression in human SCCHN cells
following OBP-401 infection by using a fluorescence plate
reader. Relative expression levels of GFP gradually increased in
a dose-dependent manner (Fig. 2B). Moreover, we found an
apparent inverse correlation between relative GFP expression at
72 h after OBP-401 infection and the 1D s, values of OBP-301 in
various human cancer cell lines including SCCHN cell lines
(Fig. 2Q), indicating that the outcome of OBP-301 treatment
could be predicted by measuring GFP expression following
OBP-401 infection.
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In vivo antitumor effect of intratumoral injection of OBP-301
in an orthotopic nude mouse model of human SCCHN. To assess
the effect of OBP-301 on SCCHN in vivo, we used an orthotopic
animal model for SCCHN in which SAS-L cells were implanted
into the tongues of BALB/c nu/nu mice. Histopathologic
examination of the excised primary tumors showed a tumor
formation composed of implanted SAS-L cells with a solid
architecture (Fig. 3A). Mice bearing palpable SAS-L tumors with
a diameter of 3 to 5 mm received three courses of intratumoral
injections of 10® pfu of OBP-301 or PBS (mock treatment)
every 3 days beginning on the 7th day (regimen 1) or 10th day
(regimen 2) after the initial tumor inoculation (Fig. 3B).
Representative images from each group showed that tumors
treated with OBP-301 starting on day 7 after tumor inoculation
were consistently smaller than those of mock-treated mice
28 days after the first viral injection (Fig. 3C).
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Tumor growth at the primary site and body weight were as well as lymph node metastases could be detected as light-
continuously monitored. Intratumoral injection of OBP-301 emitting spots with GFP fluorescence under the optical
in both regimens induced a gradual reduction in tumor volumes charge-coupled device imaging (Fig. 5A). We also found that
compared with mock-treated mice. Mice with tumor shrinkage OBP-401 could infect and replicate in SAS-L cells trafficking
significantly recovered body weight starting on day 10 in lymphatic vessels (Fig. 5B). These results suggest that
(regimen 1) or day 15 (regimen 2) after the last virus injection although adenoviruses could effectively drain to regional
(P < 0.05), although there was a decrease in body weight in the lymph nodes, OBP-401 replicated only in metastatic lymph
control group (Fig. 3D). This antitumor effect could be observed nodes, which was confirmed by a histopathologic analysis.
in mice orthotopically implanted with HSC-3 cells; the Metastatic SCCHN cells were mostly observed in the lymph
appearance of the effect, however, was ~4 to 5 days slower nodes with fluorescence emission, whereas most of GFP-
than that of SAS-L tumor-bearing mice (Supplementary Fig. S4). negative lymph nodes contained no tumor cells (Fig. 5C).

Locoregional spread of virus following virotherapy in an The optical imaging detected 13 lymph nodes labeled in
orthotopic human SCCHN model. SCCHN patients with spots with GFP fluorescence in 14 metastatic nodes (sensitiv-
metastases to regional lymph nodes have a poorer prognosis ity of 92.9%). Among 21 metastasis-free lymph nodes,
than patients without nodal metastases (16). To verify 3 nodes were GFP positive (specificity of 85.7%). In another
whether adenoviruses could traffic to regional lymph nodes orthotopic model implanted with HSC-3 human SCCHN
through the lymphatics, we injected 1 x 10° pfu of OBP- cells, we could also detect GFP signals in one or two
401 into SAS-L tumors implanted into the tongues of  metastatic lymph nodes but not in other nonmetastatic nodes
mice. Five days after virus injection, primary tongue tumors and salivary glands (Fig. 5; Supplementary Fig. S5).
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Fig. 3. Antitumor effects of OBP-301 /n vivo in an orthotopic SCCHN model. A, tumor sections were obtained 35 d after tumor cell implantation. Paraffin-embedded sections
of SAS-L tongue tumors were stained with H&E. Scale bar, 100 um. Top, %40 magnification; bottom, detail of the boxed region of the top panel; magnification, x400.

B, orthotopic animal experiment regimens. The tongues of BALB/c nu/nu mice were inoculated with 1 x 105 SAS-L human SCCHN cells. Orthotopic tumor-bearing mice
received three courses of intratumoral injection of 1 X 108 pfu of viruses every 3 d starting on day 7 (regimen 1) or day 10 (regimen 2) after tumor cell inoculation. Eight mice
were used in each group. C, macroscopic appearance of SAS-L tongue tumors on BALB/c nu/nu mice 5 d (top) or 35 d (bottom) after tumor cellinoculation. Representative
tumors treated with PBS or OBP-301 are shown. Note the eradicated tumors in mice that received OBP-301 injection. Green arrowhead, SAS-L tumors. D, orthotopic
tumor-bearing mice received three courses of intratumoral injection of 1 x 108 pfu of viruses every 3 d starting on day 7 (regimen 1; top) or day 10 (regimen 2; bottom) after
tumor cell inoculation. The tumor volume (feft) and the body weight (right) were monitored and plotted. Point, mean; bars, SD. Statistical significance was defined as

P <0.05.
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A Mouse #1 (SAS-L)

Mouse #2 (SAS-L) C

Fig. 4. Virus spread of OBP-401 via lymphatics to regional lymph nodes on SAS-L tumor-bearing mice. A, selective visualization of lymph node metastasis in orthotopic
xenografts of SAS-L human SCCHN cells. Mice received intratumoral injection of OBP-401 (1 x 108 pfu) 24 d after tumor inoculation and were assessed for lymph node
metastasis 5 d later under charge-coupled device imaging. Left, gross appearance; right, fluorescence image. Red arrowhead, primary tumor; white arrowhead, metastatic
tumor cells. B, selective visualization of lymph node metastasis and lymphatic dissemination in orthotopic xenografts of SAS-L cells. Note the GFP-expressing disseminated
tumor cells in lymphatics. Red arrowhead, primary tumor; white arrowhead, metastatic tumor cells in lymphatics. C, sections of GFP-positive lymph nodes were obtained 35 d
after tumor cell implantation. Paraffin-embedded sections of lymph nodes were stained with H&E. Scale bar, 100 pm.

Prolonged survival following OBP-301 virotherapy in an
orthotopic human SCCHN model. Finally, we assessed the
-effect of intratumoral injection of OBP-301 on survival time
of SAS-L-bearing mice. Mice treated with OBP-301 beginning
either on the 7th day (regimen 1) or the 10th day (regimen 2)
after tumor implantation survived significantly longer (mean =
27.4 or 33.7 days) than mice without treatment (mean = 14.7
or 24.3 days; regimen 1, P = 0.017; regimen 2, P = 0.016;
Fig. 6). The prolonged survival might reflect an antitumor effect
of oncolytic adenoviruses spreading into the locoregional area,
including regional lymph nodes.

Discussion

The present study illustrates the potential application of
replication-selective oncolytic adenoviruses as an anticancer
agent in human SCCHN patients. We found that intratumoral
administration of telomerase-specific oncolytic adenovirus
induced tumor volume reduction as well as the recovery of
weight loss by enabling oral ingestion in an orthotopic
xenograft model, in which human SCCHN cells were
implanted into the tongues of BALB/c nu/nu mice. Oncolytic
virotherapy also prolonged the survival of SCCHN tumor-
bearing mice, presumably due to the locoregional antitumor
effect against primary tumors and lymph node metastases with
viruses spreading into the lymphatics.
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Telomerase-specific oncolytic adenovirus OBP-301 exhibits
a broad cytopathic effect against human cancer cell lines of
different tissue origins (8-10). In a panel of human SCCHN
cell lines, OBP-301 also showed apparent antitumor effects
in vitro in a dose-dependent manner (Fig. 1B), although the
sensitivity varied greatly between cell lines despite hTERT and
coxsackievirus and adenovirus receptor expression (Supple-
mentary Fig. S1). We have previously found that the process
of oncolysis is morphologically distinct from apoptosis and
necrosis (17). The cell death machinery triggered by OBP-301
infection is still under the investigation, although autophagy is
partially involved in this effect (17, 18). OBP-301 has been
developed based on the ability of the hTERT promoter to
control replication of the virus in the tumors, leading to
selective killing of tumor cells and minimal undesired effects on
normal cells; the IDs, values of OBP-301 in various human
cancer cell lines, however, were not related to the levels of
hTERT mRNA expression (8, 10). Indeed, HSC-3 and HSC-4
human SCCHN cells expressing high levels of hTERT mRNA
were less sensitive to OBP-301 than SCC-4 and SCC-9 cells with
low levels of hTERT expression. Thus, neither hTERT expression
nor coxsackievirus and adenovirus receptor expression could be
useful for predicting the outcome of OBP-301 treatment.

Biomarkers have been extensively studied and often used
to predict the potential therapeutic benefit of new agents,
including molecular-targeted therapies (19). There is a widely
recognized need for biomarkers that could improve the

www.aacrjournals.org



Theranostics for Human Head and Neck Cancer

clinician’s ability to select suitable drugs for appropriate
patients. We found that the levels of GFP expression following
OBP-401 infection were highly associated with IDs, values of
OBP-301 in individual cell lines in wvitro (Fig. 2C). This
correlation may be an expected result, because OBP-301 and
OBP-401 have the same genomic backbone except for the GFP
expression cassette. Although it is necessary to establish the
assay procedures for GFP-based fluorescence measurement in
more detail, we propose the diagnostic application of OBP-401
to predict tumor responses to OBP-301. For example, when the
biopsy tissue samples of the tumor are exposed to OBP-401 for
a certain amount of time ex vivo, the levels of GFP expression
may be of value as a positive predictive marker for the outcome
of OBP-301 virotherapy. Further prospective clinical studies are
required to confirm the direct correlation between the GFP
expression in biopsy samples following ex vivo OBP-401
infection and the clinical responses to OBP-301 in patients
with SCCHN.

An orthotopic nude mouse model to investigate the cellular
and molecular mechanisms of metastasis in human neoplasia
was first described by Fidler et al. (20, 21) and Killion et al.
(22). The orthotopic implantation of tumor cells restores the

correct tumor-host interactions, which do not occur when
tumors are implanted in ectopic subcutaneous sites (20). To
further explore the in vivo antitumor effects of telomerase-
specific virotherapy for SCCHN, we used an orthotopic nude
mouse model of human tongue squamous cell carcinoma. In
our preliminary experiments, we inoculated tumor cells into
the tongue of BALB/c nu/nu mice and confirmed the formation
of tumors with a diameter of 3 to 5 mm after 5 days and the
development of metastases in neck lymph nodes after 35 days.
We also identified the presence of disseminated tumor cells in
the regional lymph nodes at least 10 days after tumor cell
implantation by using GFP-expressing SAS-L human SCCHN
cells (data not shown). Intratumoral injection of OBP-301
done 7 or 10 days after tumor inoculation significantly shrunk
the tongue SAS-L tumor volumes, which in turn increased the
body weight of mice by enabling oral ingestion (Fig. 3D).
Moreover, HSC-3 cells were relatively resistant to OBP-301
in vitro; intratumoral injection of OBP-301 was, however,
effective for recovering the body weight in mice bearing HSC-3
tongue tumors after a long-term observation (Supplementary
Fig. S4). These results suggest that although the appearance of
the effect may be slower, the in vivo antitumor activity could be

. Tongue

Fig. 5. Virus spread of OBP-401 via lymphatics to regional lymph nodes on HSC-3 tumor-bearing mice. A, selective visualization of lymph node metastasis in orthotopic
xenografts of HSC-3 human SCCHN cells. Mice received intratumoral injection of OBP-401 at the concentration of 1 X 108 pfu after 24 d of tumor inoculation and were
assessed for lymph node metastasis 5 d later under fluorescence stereomicroscope. B, HSC-3 primary tumor, salivary glands, and lymph nodes were excised 5 d after
OBP-401 injection and then assessed for GFP fluorescence. 1to 4, lymph nodes; 5 and 6, salivary glands. C, other HSC-3 tumor-bearing mice. Excised primary tumors, salivary

glands, and lymph nodes were assessed for GFP fluorescence.
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Mice bearing SAS-L xenografts were
treated starting on day 7 (regimen 1; A) or
i day 10 (regimen 2; B) after tumor cell
inoculation as described in Fig. 3A. Survival
was monitored over time after virus injection
- and plotted as a Kaplan-Meier plot.
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expected even in resistant SCCHN tumors. Because the body
weight loss due to a feeding problem in this orthotopic SCCHN
model resembles the disease progression in SCCHN patients,
the finding that OBP-301 increased the body weight of mice
suggests that OBP-301 virotherapy could potentially improve
the quality of life in advanced SCCHN patients.

Amplified viruses can infect adjacent tumor cells as well as
reach metastatic lymph nodes via the lymphatic circulation. We
have previously shown that the telomerese-specific OBP-401 -
expressing GFP could be delivered into human tumor cells in
regional lymph nodes and replicate with selective GFP fluores-
cence after injection into the primary tumor in an orthotopic
rectal tumor model (11). In the orthotopic SCCHN model,
OBP-401 spread into the neck lymph nodes after injection into
the primary tongue tumor and selectively replicated in metastatic
nodules (Figs. 4 and 5; Supplementary Fig. S5). The sensitivity
and specificity of this imaging strategy for SAS-L tumors are
92.9% and 85.7%, respectively, which are sufficiently reliable
to support the concept of this approach. These results suggest
that surgeons may be able to excise primary tumors as well as
metastatic lymph nodes precisely with appropriate margins
by using this novel surgical navigation system with OBP-401.
Moreover, the therapeutic profiles of OBP-401 and OBP-301 are
considered similar, and a histopathologic analysis showed the
destruction of micrometastases by virus in metastatic lymph
nodes. This regional antitumor effect of oncolytic viruses could
have a significant effect on the prolongation of the survival of
mice bearing orthotopic tumors (Fig. 6).

Targeted therapies such as the anti-epidermal growth factor
receptor monoclonal antibody cetuximab and other small-
molecule epidermal growth factor receptor-tyrosine kinase
inhibitors have been developed for SCCHN. Although a phase
111 trial showed a survival benefit with cetuximab and standard
platinum-based therapy in SCCHN patients (23), some patients
are exquisitely sensitive to these drugs and can develop
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In conclusion, our data clearly indicate that telomerase-
specific oncolytic adenoviruses have a significant therapeutic
potential against human SCCHN in vitro and in vivo. Moreover,
these viruses can be used in an ex vivo diagnostic assay to predict
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