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Tumor-selective adenoviral-mediated GFP
genetic labeling of human cancer in the live
mouse reports future recurrence after resection
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We have previously developed a telomerase-specific replicating adenovirus expressing GFP (OBP-401), which can
selectively label tumors in vivo with GFP. Intraperitoneal (i.p.) injection of OBP-401 specifically labeled peritoneal tumors
with GFP, enabling fluorescence visualization of the disseminated disease and real-time fluorescence surgical navigation.
However, technical problems of removing all cancer cells still remain, even with fluorescence-guided surgery. In this
study, we report that in vivo OBP-401 labeling of tumors with GFP before fluorescence-guided surgery reports cancer
recurrence after surgery. Recurrent tumor nodules brightly expressed GFP, indicating that initial OBP-401-GFP labeling
of peritoneal disease was genetically stable such that proliferating residual cancer cells still express GFP. In situ tumor
labeling with a genetic reporter has important advantages over antibody and other non-genetic labeling of tumors,
since residual disease remains labeled during recurrence and can be further resected under fluorescence guidance.

Introduction

Green fluorescent protein (GFP) serves as a very bright genetic
reporter to detect metastatic cancer in mouse models.' Initially,
cancer cells were transduced in vitro with GFP using various types
of genetic vectors and then implanted in mouse models. Potential
clinical application of GFP became possible when it was demon-
strated that retroviruses containing GFP could label disseminated
cancer in situ in mouse models.* Subsequently, selective in vivo
GFP labeling of tumors was performed with OBP-401, a repli-

cating adenovirus>®

that contains a replication cassette with the
human telomerase reverse transcriptase (WTERT) promoter driv-
ing the expression of the viral EI genes, and the inserted GFP
gene. Virus replication and hence GFP gene expression occur
only in the presence of an active telomerase, i.c., in malignant
tissue.® The OBP-401 virus was first tested by injection directly
into HT-29 human colon tumors, orthotopically implanted into
the rectum in BALB/c 72/nu mice. Subsequent para-aortic lymph
node metastasis was observed by laparotomy under fluorescence.
We then developed a major enhancement of cancer surgical navi-
gation in orthotopic mouse models of cancer, using in vivo selec-
tive fluorescent tumor labeling with OBP-401 GFP. Bright GFP
fluorescence clearly illuminated the tumor boundaries and facili-
tated detection of the smallest disseminated disease lesions.”
Fluorescence-guided surgical navigation with tumors labeled
in vivo with OAP-401 GFP was demonstrated in nude mouse
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models that represent difficult surgical challenges for the resec-
tion of widely disseminated cancer. HCT-116, a model of intra-
peritoneal disseminated human colon cancer, was labeled by
virus injection into the peritoneal cavity. A549, a model of pleural
dissemination of human lung cancer, was labeled by OBP-401
virus administered into the pleural cavity. Only the malignant
tissue fluoresced brightly in both models. Further, we showed
that OBP-401 could visualize liver metastases by tumor-specific
expression of the GFP gene after portal venous or i.v. administra-
tion. Selective metastatic tumor labeling with GFP and killing by
systemic administration of telomerase-dependent adenoviruses
suggesting that liver metastasis is also a candidate for fluores-
cence-guided surgery.®

However, even fluorescence-guided surgery may still result in
residual disease. The present report demonstrates proliferating
residual disease remains stably labeled with OBP-401 GFP and
is readily detected for further resection, suggesting that genetic-
reporter labeling of tumors has advantages over non-genetic
labeling of tumors for fluorescence-guided surgery.

Results and Discussion
Labeling peritoneal carcinomatosis with OBP-401-GFP.
Peritoneal carcinomatosis was induced in the abdominal cavity of

nude mice by i.p. implantation of HCT-116-RFP human colorec-
tal cancer cells. Twelve days after implantation, 1 x 10° PFU
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Figure 1. In situ genetic labeling of disseminated peritoneal carcinoma-
tosis. Red fluorescence indicates HCT-116-RFP-expressing disseminated
nodules (left). Peritoneal disseminated HCT116-RFP cells were labeled

by GFP after i.p. injection of OBP-401 (right). Fluorescence imaging ‘
revealed co-localization of red and green fluorescence. ;

OBP-401 were injected intraperitoneally. Disseminated HCT-
116-RFP nodules expressed GFP fluorescence induced by OBP-
401 as well as the endogenous RFP fluorescence when imaged 5
d later (Fig. 1). RFP fluorescence was essentially coincident with
that of GFP, indicating that i.p. injection of OBP-401 efficiently
labeled disseminated tumors with GFP.

Stability of OBP-401-GFP expression in tumors. In order
to determine stability of GFP expression in OBP-401 labeled
tumors, HCT-116-RFP tumors were collected by peritoneal
lavage from the abdominal cavity of mice 5 d after OBP-401
administration, put into culture in RPMI 1640 medium sup-
plemented with 10% FBS and observed over time. Eight days
after plating (13 d after viral administration), cancer cell colo-
nies expressed both REP and GFP (Fig. 2). The stability of GFP
expression in OBP-401 labeled tumor cells suggests the poten-
tial of OBP-401 GFP labeling to detect recurrent tumors after
attempted resection.

Fluorescence-guided resection of disseminated peritoneal
tumors labeled with OBP-401 GFP. Five days after OBP-401
administration to mice with i.p. HCT-116, laparotomy was per-
formed with the intent to remove all the intra-abdominal cancer
using fluorescence-guided navigation under ketamine anesthesia
(Fig. 3A and B). OBP-401 labeling and imaging made dissemi-
nated cancer nodules visible by GFP fluorescence, and complete
resection was attempted (Fig. 3C~E). Tumors were efficiently
resected, including those not visible under bright light, as we have
previously reported in references 7 and 8.

In vivo detection of recurrent OBP-402-GFP labeled tumors
after fluorescence-guided surgery. Tumors still recurred after
attempted complete resection with fluorescence-guided surgery
as visualized by GFP expression (Fig. 4). This result demonstrates
that OBP-401 GFP labeling of peritoneal disseminated disease
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enables detection of tumor recurrence after fluorescence-guided
surgery. Thus, OBP-401-GFP labeling is genetically stable and
therefore proliferating residual disease continues to express GFP.

Tsien’s laboratory has developed a method to label and visual-
ize tumors during surgery using activatable cell-penetrating pep-
tides (ACPPs), in which the fluorescently-labeled, polycationic
cell-penetrating peptide (CPP) is coupled via a cleavable linker to
a neutralizing peptide. Upon exposure to proteases expressed by
tumors, the linker is cleaved, dissociating the inhibitory peptide
and allowing the CPP to bind to and enter tumor cells. Animals
whose tumors were resected with ACPPD guidance had better
long-term tumor-free survival and overall survival than animals
whose tumors were resected with traditional brightfield illumina-
tion only”

Another approach to tumor labeling and fluorescence-guided
surgery is with the use of labeled tumor-specific antibodies. A
monoclonal antibody specific for CA19-9 was conjugated to a
green fluorophore and delivered to tumor-bearing mice as a sin-
gle intravenous (IV) dose. Intravital fluorescence imaging was
used to localize metastatic pancreatic cancer in orthotopic mouse
models 24 h after antibody administration. Using fluorescence
imaging, the primary tumor was clearly visible at laparotomy, as
were small metastases in the liver and spleen and on the perito-
neum. The metastatic tumors, which were nearly impossible to
see using standard brightfield imaging, demonstrated clear fluo-
rescence under LED light excitation.®

We have also previously investigated the use of fluorophore-
labeled ~anti-carcinoembryonic antigen (CEA) monoclonal
antibody to aid in cancer visualization in nude mouse models
of human colorectal and pancreatic cancer. Anti-CEA was con-
jugated with a green fluorophore. Subcutaneous, orthotopic pri-
mary and metastatic human pancreatic and colorectal tumors
were easily visualized with fluorescence imaging after admin-
istration of conjugated anti-CEA. The fluorescence signal was
detectable 30 min after systemic antibody delivery and remained
present for 2 weeks, with minimal in vivo photobleaching after
exposure to standard operating room lighting. Fluorescent anti-
CEA administration improved ability to resect the labeled tumors
under fluorescence guidance."

Neither the ACPP nor labeled monoclonal antibodies,
described above, involves genetic labeling of cancer cells, and
thus recurrence would therefore not be detectable. In the present
study, we selectively and efficiently labeled tumors with a genetic
reporter, GFP, using a telomerase dependent adenovirus OBP-
401. We demonstrated that tumors recurred after fluorescence-
guided surgery and maintained GFP expression. Therefore,
the detection of recurrence and future metastasis is possible
with OBP-401 GFP labeling, since recurrent cancer cells stably
express GFP, which is not possible with non-genetic labeling of
tumors.

In clinical studies performed with OBP-401, circulating tumor
cells (CTC) obtained from cancer patients were labeled with
OBP-401 GFP ex vivo. OBP-401-GFP labeling greatly increased
the detection of CTC."? Other targets for in vivo GFP labeling
could include, for example, breast cancer emboli.” Specific label-
ing by GFP of cancer stem cells is also a promising approach."
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Figure 2. Genetic labeling of microscopic tumors. Cells collected by peritoneal lavage from the abdominal cavity of mice 5 d after OBP-401 treatment

E— . _ J

- were plated and cultured with RPMI 1640 medium supplemented with 10% FBS. (A) Plating cells in the peritoneal lavage fluid (5 d after viral adminis-
tration). Most RFP-expressing cancer cells expressed GFP fluorescence induced by OBP-401 as well, x200 magnification. White arrows: cells unlabeled |
with GFP. (B) 8 d after plating (i.e., 13 d after viral administration). Cancer cell colonies expressing RFP were observed in the culture dish under fluores- |
cence microscopy. The cancer cells also expressed GFP induced by OBP-401. x40 magnification. Boxes highlight colonies indicated by white circles.

Original magnification x100.

Figure 3. Fluorescence-guided resection of tumors labeled with GFP in situ. (A) Peritoneal disseminated nodules were labeled by GFP expression
5 d after OBP-401 virus administration. (B) Laparotomy was performed. (C) Disseminated nodules labeled with GFP were removed under GFP-guided
surgical navigation. (D) Disseminated nodules removed under GFP-guided navigation. Top, bright field observation; bottom, fluorescent detection.

(E) Section of disseminated nodules. Top, H&E section; bottom, frozen section with fluorescence detection. ‘

Labeling of cancer stem cells is especially important, since at least
some stem cells can now be imaged non-invasively.” The present
report suggests the clinical potential of OBP-401 GFP labeling to

improve the surgical outcome of cancer.
Materials and Methods

Recombinant adenovirus. Telomerase-specific replication-selec-
tive adenovirus OBP-401, containing the GFP gene under the
control of the CMV promoter with the hTERT promoter driving
the E1A and EIB genes, was constructed and produced as previ-
ously described in references 5 and 6.

www.landesbioscience.com
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Cell culture. The human colorectal cancer cell line HCT-116
was cultured in RPMI 1640 medium supplemented with 10%
FBS.

Production of red fluorescent protein (RFP) retroviral vector.
For REP retrovirus production, the HindIIl/Notl fragment from
pDsRed2 (Clontech), containing the full-length REP ¢cDNA, was
inserted into the HindlIl/Nod site of pPLNCX2 (Clontech) con-
taining the neomycin-resistance gene. PT67, an NIH3T3-derived
packaging cell line (Clontech) expressing the viral envelope,
was cultured in DMEM supplemented with 10% FBS. For vec-
tor production, PT67 packaging cells, at 70% confluence, were
incubated with a precipitated mixture of Lipofect AMINE reagent
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| Figure 4. In vivo detection of recurrent tumors after fluorescence-guided surgery. (A) Brightfield observation several weeks after fluorescence-guided
| surgery of OBP-401 GFP-labeled tumors. Disseminated disease re-emerged. (B) Fluorescence observation of field observed by brightfield in (A).
(C) Merge of (A and B). The red box outlines a region of (D) below. (D) Detail of the boxed region of (C). Black line indicates the direction of cross-sec- ‘
tions. (E) Histologic sections stained with H&E showing that GFP-labeled lesions are recurrent tumor tissues (arrow heads). x40 magnification. |
|

| (F) Detail of the boxed region of (E). x200 magnification.

(Life Technologies) and saturating amounts of pLNCX2-DsRed?2
plasmid for 18 h. Fresh medium was replenished at this time. The
cells were examined by fluorescence microscopy 48 h post-trans-
duction. For selection of a clone producing high amounts of RFP
retroviral vector (PT67-DsRed2), the cells were cultured in the
presence of 200 to 1,000 pg/ml G418 (Life Technologies) for 7
d. The isolated packaging cell clone was termed PT67-DSRed2.'¢

RFP gene transduction of cancer cells. For REFP gene trans-
duction, cancer cells were incubated with a 1:1 precipitated mix-
ture of retroviral supernatants of PTG67 cells and RPMI 1640
containing 10% FBS for 72 h. Fresh medium was replenished at
this time. Tumor cells were harvested with trypsin/EDTA 72 h
post-transduction and subcultured at a ratio of 1:15 into selective
medium, which contained 200 pg/ml G418. To select brightly
fluorescent cells, the level of G418 was increased up to 800 pg/ml
in a stepwise manner. RFP-expressing cancer cells were isolated
with cloning cylinders using trypsin/EDTA and were ampli-
fied by conventional culture methods in the absence of selective
agent.'

Mice. Athymic nude mice were kept in a barrier facility
under HEPA filtration and fed with autoclaved laboratory rodent
diet. All animal studies were conducted in accordance with the
principals and procedures outlined in the National Institute of
Health Guide for the Care and Use of Laboratory Animals under
Assurance Number A3873-1. All animal procedures were per-
formed under anesthesia using s.c. administration of a ketamine
mixture (10 wl ketamine HCL, 7.6 pl xylazine, 2.4 pl aceproma-
zine maleate and 10 pl PBS).
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In vivo fluorescence imaging. An Olympus OV100 Small
Animal Imaging System (Olympus Corp., Tokyo, Japan) with
macro and micro optics was used.” High-resolution images
directly captured on a PC were processed and analyzed with the
use of Adobe Photoshop Elements 4.0 software (Adobe).

Peritoneal carcinomatosis model with HCT-116 human
colon cancer cells implanted in nude mice. Nude mice were
intraperitoneally (i.p.) injected either with HCT-116 or HCT-116-
RFP human colon cancer cells at a density of 3 x 10° in 200 .l
PBS. Twelve days after tumor cell inoculation, mice were injected
i.p. with OBP-401 at a dose of 1 x 10® PFU in 200 pl PBS. Five
days after virus injection, the abdominal cavity was examined
by fluorescence imaging, and mice were operated on with fluo-
rescence guidance with the intent to resect all intra-abdominal
tumor nodules under ketamine-induced anesthesia.

Collection of microscopic tumors from peritoneal lavage
fluid of OBP-401 treated mice. Twelve days after nude mice
were i.p. injected with HCT-116-RFP, 1 x 10® PFU OBP-401
were injected intraperitoneally. Five days after virus injection,
mice were instilled with 8 ml PBS intraperitoneally. The abdo-
men was gently massaged and the peritoneal fluid was carefully
aspirated using a 22-gauge needle. Approximately 6 ml peritoneal
lavage fluid (PLF) were obtained from most mice. After filtering
the PLF with a 40 wm cell strainer (BD, Franklin Lakes, NJ) in
order to collect only microscopic tumors and/or cancer cells in the
abdominal cavity, 3 ml of PLF were cultured on 6-well tissue cul-
ture plates. After incubation for 1 h, supernatants were carefully
aspirated and 3 ml RPMI 1640 medium, containing 10% FBS,
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were added to each well. The cells were further incubated at 37°C

in a humidified atmosphere of 5% CO, and observed under fluo-

rescence microscopy at day 0 and day 8 after collection of PLF.

o
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A simple detection system for adenovirus receptor expression
using a telomerase-specific replication-competent adenovirus

T Sasaki', H Tazawa®?, J Hasei', S Osaki !, T Kunisada'?, A Yoshida', Y Hashimoto?, S Yano?, R Yoshida®, S Kagawa®, F Uno®, Y Urata®,

T Ozaki' and T Fujiwara®

Adenovirus serotype 5 (Ad5) is frequently used as an effective vector for induction of therapeutic transgenes in cancer gene
therapy or of tumor cell lysis in oncolytic virotherapy. Ad5 can infect target cells through binding with the coxsackie and
adenovirus receptor (CAR). Thus, the infectious ability of Ad5-based vectors depends on the CAR expression level in target cells.
There are conventional methods to evaluate the CAR expression level in human target cells, including flow cytometry, western
blotting and immunohistochemistry. Here, we show a simple system for detection and assessment of functional CAR expression
in human tumor cells, using the green fluorescent protein (GFP)-expressing telomerase-specific replication-competent
adenovirus OBP-401. OBP-401 infection induced detectable GFP expression in CAR-expressing tumor cells, but not in CAR-
negative tumor cells, nor in CAR-positive normal fibroblasts, 24 h after infection. OBP-401-mediated GFP expression was
significantly associated with CAR expression in tumor cells. OBP-401 infection detected tumor cells with low CAR expression
more efficiently than conventional methods. OBP-401 also distinguished CAR-positive tumor tissues from CAR-negative tumor
and normal tissues in biopsy samples. These results suggest that GFP-expressing telomerase-specific replication-competent
adenovirus is a very potent diagnostic tool for assessment of functional CAR expression in tumor cells for Ad5-based antitumor

therapy.

Gene Therapy advance online publication, 12 January 2012; doi:10.1038/gt.2011.213
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INTRODUCTION

Adenovirus serotype 5 (Ad5) is widely and frequently used as an
effective vector in cancer gene therapy and oncolytic virother-
apy.' ® Adenovirus-mediated transgene transduction is a highly
efficient method for induction of ectopic transgene expression in
tumor cells.'? The p53 tumor suppressor gene, which is a
potential therapeutic transgene that may induce a very strong
antitumor effect, has been transduced into tumor cells using a
replication-deficient adenovirus vector (Ad-p53, Advexin, Intorgen
Therapeutics, Inc., Austin, TX, USA), and Ad-p53 has been reported
to induce an antitumor effect in clinical studies.*”” Recently, an
Ad5-based replication-competent oncolytic adenovirus has been
developed as a promising anticancer reagent for induction of
tumor-specific cell lysis.2? Ad5-based vectors infect human target
cells through binding with the coxsackie and adenovirus receptor
(CAR).'® Thus, the infection efficiency of Ad5-based vectors mainly
depends on the CAR expression level in tumor tissues.'' ™'’
Increased CAR expression has been frecluently shown in tumor
cells in various organs such as the brain,'® thyroid,'® esophagus,*®
gastrointestinal tract,’ prostate,"* bone and soft tissues.??"2*
However, tumor cells often show reduced CAR expression
following tumor progression.'®2'2526 Decreased CAR expression
has also been shown in tumor tissues after repeated injection of
Ad-p53.2728 It is therefore necessary to assess the CAR expression
level of target tumor tissues before and after Ad5-based cancer
gene therapy and oncolytic virotherapy.

There are some conventional methods for evaluation of the
CAR expression level in tumor tissues, such as flow cytometry,
immunohistochemistry, western blotting and reverse trans-
cription (RT)-PCR . Flow cytometry is mainly used to detect
CAR-positive human tumor cell lines.”***?2° |mmunohistochemistry
is frequently used to assess CAR expression in various human
tumor tissues.'"'#2%2325 Western blotting is usually performed to
confirm the expression of many types of proteins including CAR
in molecular biological experiments. Quantitative RT-PCR is also a
useful method for evaluation of the mRNA expression of CAR.'®*2
Although these conventional methods can detect CAR expression
in tumor tissues, it still remains unclear whether Ad5-based
vectors really infect target tumor cells through binding with the
CAR that is detected using conventional methods. Therefore, the
development of a novel method for assessment of the level of
expression of functional CAR in tumor tissues, which is what the
Ad5-based vectors really bind, is required for Ad5-based anti-
cancer therapy.

We previously developed a telomerase-specific replication-
competent adenovirus OBP-301 (Telomelysin, Oncolys BioPharma,
Inc, Tokyo, Japan) that drives the ET1A and ETB genes under the
human telomerase reverse transcriptase (hTERT) promoter.32°-3'
OBP-301 infects both normal and tumor cells that express CAR, but
replicates only in CAR-positive tumor cells in a telomerase-
dependent manner. Furthermore, we recently generated a green
fluorescent protein (GFP)-expressing telomerase-specific replication-
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Detection of biomarker for adenovirus therapy
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competent adenovirus OBP-401, which induces ectopic GFP
expression in tumor cells, but not in normal cells.3> OBP-401
infection efficiently induces GFP expression in metastatic tumor
cells at regional lymph nodes®? and liver,* circulating tumor cells
in blood flow?* and disseminated tumor cells in the abdominal
cavity.>® These results suggest that OBP-401 is a highly sensitive
tool for the detection of tumor cells. Furthermore, Ad5-based OBP-
401 would also be useful for induction of GFP expression in CAR-
positive tumor cells, but not in CAR-negative tumor cells.

In the present study, we evaluated whether induction of GFP
expression by OBP-401 infection is associated with CAR expression
in tumor cells. OBP-401-mediated GFP induction was further
examined in xenograft tumor tissues that have different levels of
CAR expression and in surrounding normal tissues.

RESULTS AND DISCUSSION

Assessment of an OBP-401 infection protocol for the detection of
CAR-positive tumor cells

We recently demonstrated that the level of CAR expression that
was detected using flow cytometry was significantly associated
with OBP-301-mediated cytopathic activity in human bone and
soft tissue sarcoma: cells.”® Furthermore, OBP-401 infection has
been shown to induce GFP expression 24h after infection of
human sarcoma cells.>* To evaluate whether GFP expression that
is induced by OBP-401 infection is associated with CAR expression
in tumor cells, we used three human sarcoma cell lines (OST,
NMFH-1 and OUMS-27) that have different levels of CAR
expression, as previously reported.” Flow cytometric analysis
confirmed that OST cells showed detectable CAR expression,
whereas cells of the NMFH-1 and OUMS-27 sarcoma cell lines had
no detectable CAR expression (Figure 1a).

To determine suitable conditions for OBP-401 infection in order
to detect CAR-positive tumor cells, OST sarcoma cells ‘were
infected with OBP-401 at multiplicity of infections (MOls) of 1, 10
and 100 plaque-forming units (PFU) per cell over 24 h (Figure 1b
and c). Twelve hours after infection, only OBP-401 infection
at an MOI of 100 had induced GFP expression in all of the OST
cells. Twenty-four hours after infection, OBP-401 infection at MOls
of 10 and 100 had induced ectopic GFP expression in all of the
OST cells, whereas OBP-401 infection at an MOI of 1 had induced
GFP expression in about 80% of the OST cells. These results
indicate that OBP-401 infection at an MOI of greater than 10 is
necessary to efficiently detect CAR-positive tumor cells 24 h after
infection.

~To subsequently determine a“suitable condition for OBP-401
infection that would exclude CAR-negative tumor cells, the NMFH-1
and OUMS-27 sarcoma cells that do not express CAR were
infected with OBP-401 at MOls of 10 and 100 for 60 h (Figures 1d
and e). NMFH-1 cells expressed GFP at 24 and 48 h after OBP-401
infection at MOls of 100 and 10, respectively. In contrast, OUMS-27
cells exhibited no GFP expression after OBP-401 infection. To
investigate the different GFP expression between these CAR-
negative tumor cells, expression of integrins, avp3 and avp5, was
further examined by flow cytometry. NMFH-1 cells showed
twofold higher expression of integrin avB3 compared with
OUMS-27 cells, whereas avp5 expression was similar in these
cells (Supplementary Figure S1a). These results indicate that
OBP-401 infection at an MOI of 10 for 24 h is a suitable protocol
for distinguishing CAR-negative tumor cells from CAR-positive
tumor cells, when CAR-negative tumor cells express integrin
molecules.

Relationship between OBP-401-induced GFP expression and CAR
expression

To evaluate whether OBP-401-induced GFP expression correlates
with CAR expression in tumor cells, six human sarcoma cell lines
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(OST, U20S, NOS-10, MNNG/HOS, NMFH-1 and OUMS-27) and
normal human lung fibroblasts (NHLF) cells that have different
levels of CAR expression (Figure 1a and Supplementary Figure
S1b) were infected with OBP-401 at an MOI of 10 for 24 h, and the
GFP-positive cells in each cell type were analyzed under
fluorescence microscopy (Figures 2a and b). OBP-401 infection-
induced GFP expression from 12h after infection and, after 24 h,
more than 40% of all CAR-positive tumor cells (OST, U20S, NOS-10
and MNNG/HOS) were detected as GFP-positive cells. However, no
GFP-positive cells were detected in the CAR-negative tumor cells
(NMFH-1, OUMS-27), or in the normal NHLF cells, 24h after
infection. Furthermore, OBP-401-mediated GFP induction in CAR-
positive tumor cells was suppressed by blocking CAR proteins with
anti-CAR antibody (Supplementary Figure S2). To assess the GFP
expression level in all tumor and normal cells in a more
quantitative manner, we quantified the level of GFP fluorescence
in each cell type 24h after infection using a fluorescence
microplate reader (Figure 2c). We also quantified the level of
CAR expression in these cells by calculating the mean fluores-
cence intensity in flow cytometric analysis (Figure 2d). GFP
fluorescence was detected in CAR-positive tumor cells, but not in
either CAR-negative tumor cells or in CAR-positive normal cells.
There was a significant relationship between the CAR expression
level and the GFP fluorescence level (r=0.885; P=0.019)
(Figure 2e). These results indicate that OBP-401-mediated GFP
expression is highly associated with CAR expression in tumor cells.

Comparison of the potential of OBP-401-mediated GFP induction
and of conventional methods for CAR detection

To estimate the potential of OBP-401-mediated GFP induction for
the detection of CAR-positive tumor cells, we compared the above
protocol using OBP-401 with western blot analysis and immuno-
cytochemistry. CAR expression was detected in OST, U20S and
NOS-10 sarcoma cells, but not in CAR-positive MNNG/HOS
sarcoma cells, using western blot analysis (Supplementary Figure
S3a). In contrast, only OST cells displayed a positive CAR signal
using immunocytochemistry, whereas the CAR signal of the other
three CAR-positive tumor cells was almost as weak as that from
CAR-negative tumor cells (Supplementary Figure S3b). CAR
expression was also not detected in CAR-positive NHLF cells by
either western blot analysis or by immunocytochemistry. These
results suggest that the GFP induction protocol using OBP-401 is
more sensitive for the detection of CAR-positive tumor cells than
conventional methods.

OBP-401-mediated GFP induction was detected in MNNG/HOS
sarcoma cells that expressed a low level of CAR (Figure 2c),
although neither western blot analysis nor immunocytochemistry
detected CAR in these cells (Supplementary Figure S3). Further-
more, although conventional methods may be able to detect high
CAR expression in tumor cells, whether the CAR expression that is
detected by conventional methods is really functional for binding
with Ad5-based vectors still remains unclear. In contrast, as OBP-
401 is an Ad5-based vector that expresses a fluorescent GFP gene,
OBP-401-induced GFP expression directly proves that the CAR that
is expressed is functional for Ad5-based vector binding. Thus, the
OBP-401-mediated GFP induction strategy is a potential diagnos-
tic method that can efficiently and directly assess functional CAR
expression in tumor cells.

OBP-401-mediated GFP induction in xenograft tumor and normal
tissues with different CAR expression

Finally, to investigate the potential of the OBP-401-mediated
method for the detection of CAR expression in tumor and normal
tissues, we used this method to analyze CAR expression of human
xenograft tumor tissues, that do or do not express CAR, as well as
of surrounding normal muscle tissues, which have been previously
shown to lose CAR expression.*® CAR-positive OST sarcoma cells or
CAR-negative OUMS-27 sarcoma cells were inoculated into nude
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Figure 1. Establishment of a suitable protocol for the detection of CAR expression using OBP-401. (a) The level of CAR expression on
three human sarcoma cell lines (OST, NMFH-1 and OUMS-27) was analyzed using flow cytometry. The cells were incubated with a monoclonal
anti-CAR (RmcB) antibody and the signal was detected using a fluorescent isothiocyanate (FITC)-labeled secondary antibody. The mean
fluorescence intensity (MFI), which is a measure of CAR and integrin expression, was calculated for each cell and is shown at the top right
of each graph. (b) Time-lapse images of OST cells, which displayed the highest CAR expression, were recorded for 24 h after OBP-401 infection
at MOIs of 1 and 10PFU per cell. Representative images taken at the indicated time points and MOIs show cell morphology that was
analyzed using phase-contrast microscopy (top panels) and GFP expression that was analyzed using fluorescence microscopy (bottom panels).
Original magnification: x 80. (c) The percentage of GFP-positive cells was counted in OST cells at the indicated time points after OBP-301
infection at MOIs of 1, 10 and 100 PFU per cell. (d) Time-lapse images of non-CAR-expressing OUMS-27 and NMFH-1 cells were recorded
for 60 h after OBP-401 infection at MOIs of 10 and 100 PFU per cell. Representative images taken at the indicated time points and MOlIs
show cell morphology that was analyzed using phase-contrast microscopy (top panels) and GFP expression that was analyzed using
fluorescence microscopy (bottom panels). Original magnification: x 80. (e) The percentage of OUMS-27 and NMFH-1 GFP-positive cells

was counted at the indicated time points after OBP-301 infection at MOIs of 10 and 100 PFU per cell.

mice to develop xenograft tumors. After resection of the OST
tumors, the OUMS-27 tumors and normal muscle tissue, the
tissues were subjected to the protocol for OBP-401-mediated GFP
induction using a three-step procedure (Figure 3a) as follows; step
1: OBP-401 infection for 24 h, step 2: washing with PBS and step 3:
observation under a fluorescence microscope. As shown in
Figure 3b, OBP-401 infection-induced GFP expression in CAR-
positive OST tumor tissues, but not in CAR-negative OUMS-27
tumor tissues or in normal muscle tissue. These results suggest
that OBP-401-mediated GFP induction is a simple and useful
method for the detection of CAR expression by tumor tissues.
Flow cytometry is a highly sensitive conventional method for
the detection of cell surface CAR expression, which is associated
with the therapeutic efficacy of Ad5-based vectors in tumor

© 2012 Macmillan Publishers Limited

cells.'>24282% However, as many tumor cells tightly bind to each
other or to normal stromal cells within tumor tissues, the
preparation of single tumor cells is not easy, and therefore flow
cytometry is an inadequate method for the detection of CAR
expression in tumor tissues. In contrast, the preparation of single
tumor cells is not necessary for the OBP-401-mediated GFP
induction protocol. Furthermore, assay of OBP-401-induced GFP
expression was more sensitive than flow cytometry (Figure 2d) in
distinguishing CAR-positive normal cells from CAR-positive tumor
cells (Figure 2¢). Thus, the OBP-401-mediated GFP induction
method is a simple and tumor-specific system for the detection of
CAR expression in tumor tissues.

Fluorescent proteins including GFP have great potentials to
visualize tumor cells in real time on the in vivo setting.’?®
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Figure 2. In vitro CAR-dependent GFP expression induced by OBP-401 infection. (a) The percentage of GFP-positive cells in all tumor and
normal cells was counted at the indicated time points after OBP-301 infection at an MOI of 10 PFU per cell. (b) Time-lapse images of all tumor
and normal cells were recorded for 24 h after infection with OBP-401 at an MOI of 10PFU per cell. Representative images taken at the
indicated time points show cell morphology that was analyzed using phase-contrast microscopy (top panels) and GFP expression that was
analyzed using fluorescence microscopy (bottom panels). Original magnification: x 80. () Quantitative assessment of the level of GFP
fluorescence in all tumor and normal cells 24 after OBP-401 infection at an MOI of 10 PFU per cell, using a fluorescent microplate reader with
excitation/emission at 485 nm/528 nm. The intensity of GFP fluorescence was evaluated based on the brightness determinations used as
relative fluorescence units (RFU). (d) The mean fluorescent intensity (MFI) of (CAR) expression on human sarcoma cells and normal fibroblasts.

The cells were incubated with a monoclonal anti-CAR (RmcB) antibody,

followed by a FITC-labeled secondary antibody, and were analyzed

using flow cytometry. (e) Relationship between the level of GFP fluorescence and CAR expression in all tumor and normal cells after OBP-401
infection. The slope represents the inverse correlation between these two factors. Statistical significance was determined as P<0.05, after

analysis of Pearson’s correlation coefficient.

We previously reported that OBP-401 can efficiently induce GFP
expression in small populations of metastatic tumor cells at
various regions in vivo.>2~3* In this study, we further demonstrated
that OBP-401-mediated GFP expression provides us the important
information for detection of CAR-positive tumor cells. OBP-401
with hTERT gene promoter-induced GFP expression in CAR-
positive tumor cells with telomerase activity, but not CAR-positive
normal cells without telomerase activity (Figure 2c). There was
significant relationship between the CAR expression and the GFP
expression in tumor cells (Figure 2d). Among the four CAR-positive
tumor cells, U20S cells showed low GFP expression compared
with high CAR expression (Figure 1a and 2c). As we recently
reported that U20S cells showed low hTERT mRNA expression, the
low activity of hTERT gene promoter in tumor cells would affect
OBP-401-mediated GFP expression. However, as various types of
human cancer cells frequently show high telomerase activities,°
OBP-401-mediated GFP induction system would be widely useful
method to evaluate CAR expression in tumor cells.
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Previous reports have suggested that ex vivo infection of human
cancer specimens with a GFP-expressing replication-deficient
adenovirus®® or a replication-selective oncolytic adenovirus*' is a
useful method for assessment of the transduction efficacy or
cytopathic activity, respectively, of Ad5-based vectors in individual
tumor tissues. In this study, we confirmed that the GFP-expressing
telomerase-specific oncolytic adenovirus OBP-401 is useful for
detection of CAR-positive tumor tissues through induction of GFP
expression (Figure 3b). Interestingly, OBP-401-infected OST tumor
tissues showed heterogenous GFP expression (Figure 3b),
although GFP expression was induced in all OBP-401-infected
OST cells in vitro (Figure 2b). Our finding of heterogenous GFP
expression in tumor tissues, which indicates heterogenous CAR
expression, is consistent with a previously reported heterogeneity
in CAR expression.*” As several factors such as hypoxia®® and cell
cycle status* have been suggested to affect CAR expression in
tumor cells, factors in the tumor microenvironment may be
involved in the heterogenous CAR expression in tumor cells.
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Figure 3. A simple method for detection of CAR expression in tumor

tissues using OBP-401 infection. (a) Outline of the 3-step procedure;
step 1: infection with OBP-401, step 2: washing with PBS and

step 3: observation under a fluorescence microscope. Tumor tissues
(2 x 2 x 2mm?) were infected with OBP-401 at a concentration of
2.4 x 10°PFU for 24 h, were washed with PBS and were observed
using fluorescence microscopy. (b) Assessment of GFP expression in
the CAR-positive OST tumor (left panel), the CAR-negative OUMS-27
tumor (middle panel) and normal muscle tissues (right panel) under
a fluorescence microscope. Original magnification: x 30.

Furthermore, as OBP-401 induces tumor-specific GFP expression,
normal stromal or epithelial cells may be involved in hetero-
genous GFP expression in tumor tissues.

In conclusion, we have demonstrated that the GFP-expressing
telomerase-specific replication-competent adenovirus OBP-401
is a promising fluorescence imaging tool for the detection
of functional and tumor-specific CAR expression in tumor
tissues. OBP-401-mediated GFP induction is a simple and highly
sensitive method for analysis of tumor cells compared with
conventional methods. This novel CAR detection system using
OBP-401 has the potential of being widely applicable to
assessment of predictive biomarkers for Ad5-based vector-
mediated anticancer therapy.

MATERIALS AND METHODS
Cell lines

The human osteosarcoma cell line OST was kindly provided by Dr Satoru
Kyo (Kanazawa University, Ishikawa, Japan). The human osteosarcoma cell
line U20S and the transformed embryonic kidney cell line 293 were
obtained from the American Type Culture Collection (ATCC; Manassas, VA,
USA). The human osteosarcoma cell line NOS-10* and the human
malignant fibrous histiocytoma cell line NMFH-14® were kindly provided by
Dr Hiroyuki Kawashima (Niigata University, Niigata, Japan). The human
osteosarcoma cell line MNNG/HOS was purchased from DS Pharma
Biomedical (Osaka, Japan). The chondrosarcoma cell line OUMS-27 was
previously established in our laboratory.” The normal human lung
fibroblast cell line NHLF was obtained from TaKaRa Biomedicals (Kyoto,
Japan). These cells were propagated as monolayer cultures in the medium
recommended by the manufacturer. All media were supplemented with
10% heat-inactivated fetal bovine serum, 100 unitsml™" penicillin and
100pgmi~" streptomycin. The cells were maintained at 37°C in a
humidified atmosphere containing 5% CO,.

Recombinant adenoviruses

We previously generated and characterized OBP-401, which is a
telomerase-specific replication-competent adenovirus variant, in which
the hTERT promoter element drives the expression of E1A and E1B genes
that are linked to an internal ribosome entry site, and in which the GFP
gene is inserted into the E3 region under a cytomegalovirus promoter.®*>*
The virus was purified by ultracentrifugation using cesium chloride step
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gradients. Viral titers were determined by a plaque-forming assay using
293 cells and viruses were stored at —80 °C.

Flow cytometry

The cells (5 x 10° cells) were labeled with the mouse monoclonal anti-CAR
(RmcB; Upstate Biotechnology, Lake Placid, NY, USA) antibody for 30 min at
4°C. The cells were then incubated with fluorescent isothiocyanate-
conjugated rabbit anti-mouse IgG second antibody (Zymed Laboratories,
San Francisco, CA, USA) and were analyzed using flow cytometry (FACS
Array; Becton Dickinson, Mountain View, CA, USA). The mean fluorescence
intensity of CAR for each cell line was determined by calculating the
differences between the mean fluorescence intensity in antibody-treated
and non-treated cells in triplicate experiments.

Time-lapse confocal laser microscopy

The cells (1 x 10° cells per dish) were seeded in 35 mm glass-based dishes
20 h before virus infection. OST cells were infected with OBP-401 at an MOI
of 1, 10 or 100PFU per cell for 24h. NMFH-1 and OUMS-27 cells were
infected with OBP-401 at an MOI of 10 or 100 PFU per cell for 60 h. Other
cells were infected with OBP-401 at an MOI of 10 PFU per cell for 24 h.
Phase-contrast and fluorescence time-lapse recordings were obtained to
concomitantly analyze cell morphology and GFP expression using an
inverted FV10i confocal laser scanning microscopy (OLYMPUS; Tokyo,
Japan). Photographic images were taken every 5min. The percentage of
GFP-positive cells in each field was calculated using the formula: the
number of CAR-positive cells / the total number of CAR-positive and CAR-
negative cells x 100.

Fluorescence microplate assay

The cells (5 x 10% cells per well) were seeded on 96-well black bottomed
culture plates and were incubated for 20 h before virus infection. The cells
were infected with OBP-401 at an MOI of 10 for 24h. The level of
expression of GFP fluorescence was measured using a fluorescent
microplate reader (DS Pharma Biomedical; Osaka, Japan) with excitation/
emission at 485 nm/528 nm. The mean expression of GFP fluorescence in
each cell was calculated in triplicate experiments, as previously reported.*

Animal experiments

Animal experimental protocols were approved by the Ethics Review
Committee for Animal Experimentation of Okayama University School of
Medicine. OST and OUMS-27 cells (5 x 10° cells per site) were inoculated
into the flank of female athymic nude mice aged 6 to 7 weeks (Charles
River Laboratories, Wilmington, MA, USA). Palpable tumors developed
within 14 to 21 days and were permitted to grow to ~5 to 6mm in
diameter. At that stage, tumor and normal muscle tissues were resected.
The tumor and normal tissues (2 x 2 x 2 mm?®) were placed in 96-well plates
with culture medium. As single tumor cell is about 10 pum in diameter, we
considered that there are 2.4 x 10° cells on the surface area of each sample
tissue. Then, we infected each sample tissue with 2.4 x 10° PFU (10 MOI per
sample) of OBP-401 for 24 h. After washing with PBS, tumor and normal
tissues were again placed in 96-well plates with culture medium and
analyzed using an inverted fluorescence microscope (OLYMPUS).

Statistical analysis

Data are expressed as means * s.d. Student’s t-test was used to compare
differences between groups. Pearson’s product-moment correlation
coefficients were calculated using PASW statistics software version 18
(SPSS Inc., Chicago, IL, USA). Statistical significance was defined as when
the P value was less than 0.05.

ABBREVIATIONS

Ad5, Adenovirus serotype 5; CAR, coxsackie and adenovirus
receptor; GFP, green fluorescent protein; RT-PCR, reverse
transcription-polymerase chain reaction; hTERT, human telo-
merase reverse transcriptase; MOI, multiplicity of infection;

Gene Therapy (2012), 1-7

48

(%]



Detection of biomarker for adenovirus therapy
T Sasaki et al

=)}

PFU, plaque-forming unit; IRES, internal ribosome entry site;
FITC, fluorescent isothiocyanate; MFI, mean fluorescence intensity.
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Oncolytic adenovirus be used as tumour-specific vectors carrying the therapeutic genes. We previously developed a tel-
Telomerase omerase-specific oncolytic adenovirus, OBP-301, that causes cell death in human cancer cells
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Our data demonstrated that OBP-702 infection expressed adenovirus E1A and then inhibited
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reagent for human cancer and could improve the clinical outcome.
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1. Introduction

Replication-selective oncolytic viruses have emerged
as promising antitumour reagents for induction of
tumour-specific cell death.! * Recent evidence from sev-
eral clinical studies of oncolytic virotherapy has suggested
that oncolytic viruses are well tolerated by cancer
patients.” ® We previously developed a telomerase-spe-
cific replication-competent oncolytic adenovirus OBP-
301 (Telomelysin), in which the human telomerase reverse
transcriptase (@ TERT) promoter drives the expression of
the E1A4 and EI B genes that are linked to an internal ribo-
some entry site (IRES).” '' A phase I clinical trial of OBP-
301 in patients with advanced solid tumours has been
recently completed and OBP-301 was well tolerated by
these patients.'” However, the antitumour effect of
OBP-301 was limited in some of the OBP-301-injected
tumours. Therefore, to efficiently eliminate tumour cells
using OBP-301, and to improve the clinical outcome of
cancer patients, enhancement of the OBP-301-mediated
antitumour effect is required.

Genetically engineered armed oncolytic viruses that
express several types of therapeutic transgenes have
recently been reported that were aimed at enhancing the
antitumour effect of an oncolytic virus.'* Among candi-
date therapeutic transgenes, the tumour-suppressor p53
gene is a potent therapeutic transgene for induction of cell
cycle arrest, senescence and apoptosis.'* Indeed, a p53-
expressing replication-deficient adenovirus (Ad-p53,
Advexin) has been reported to induce an antitumour
effect in both in vitro and in vivo settings'>'® as well as in
various clinical studies.'” " Recently, p53-expressing
armed replication-selective oncolytic adenoviruses have
been shown to induce a stronger antitumour effect than
a non-armed oncolytic adenovirus or Ad-p53.2" % How-
ever, the molecular mechanism of the enhanced antitu-
mour effect of a p53-armed oncolytic adenovirus
remains unclear. We recently showed that, in combina-
tion therapy, OBP-301 enhanced Ad-p53-mediated apop-
tosis through p53 upregulation and by suppression of the
p53-downstream target p21 ,* which is not only transcrip-
tionally activated and mainly induces cell cycle arrest, but
also suppresses apoptosis.” These results suggest that this
p53-expressing oncolytic adenovirus has a strong antitu-
mour effect through apoptosis induction.

In the present study, we first investigated whether the
p53-expressing telomerase-specific replication-compe-
tent oncolytic adenovirus OBP-702 has efficient in vitro
antitumour activity compared with OBP-301. We next
compared the induction of apoptotic cell death of
human cancer cells infected with OBP-301, OBP-702
and Ad-p53. The molecular mechanism of OBP-702-
mediated apoptosis induction was further addressed.
Finally, the in vivo antitumour effect of OBP-702 was
evaluated using two subcutaneous human tumour xeno-
graft models.

2. Materials and methods
2.1. Cell lines

The human non-small cell lung cancer cell lines H1299
(p53 null), H358 (p53 null) and H460 (wild-type p53)
were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA). The human oesophageal can-
cer cell line T.Tn (mutant-type p53) was purchased from
the Japanese Collection Research Bioresources (JCRB,
Osaka, Japan). The human oral squamous cell carcinoma
cell line HSC4 (wild-type p53) was obtained from the
Human Science Research Resources Bank (HSRRB,
Osaka, Japan). The human colon cancer cell lines
(SW620 (mutant-type p53) and LoVo (wild-type p53))
and the human liver cancer cell line HepG2 (wild-type
p53) were obtained from the American Type Culture Col-
lection (Manassas, VA, USA). The human liver cancer

-cell line Huh-7 (mutant-type p53) was obtained from

the Human Science Research Resources Bank (HSRRB,
Osaka, Japan). H1299, H358, H460, T.Tn, SW620 and
LoVo cells were maintained in RPMI 1640 medium.
HSC4, HepG2 and Huh-7 cells were maintained in Dul-
becco’s modified Eagle’s medium. All media were supple-
mented with 10% foetal bovine serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. The cells were
routinely maintained at 37 °C in a humidified atmosphere
containing 5% CO,.

2.2. Recombinant adenoviruses

The recombinant telomerase-specific, replication-
competent adenovirus OBP-301 (Telomelysin), in which
the promoter element of the ATERT gene drives the
expression of E/A4 and EIB genes that are linked with
an IRES, was previously constructed and character-
ised.” " For OBP-301 induction of exogenous p53 gene
expression, a human wild-type p53 gene expression cas-
sette derived by the Egr-1 promoter was inserted into the
E3 region of OBP-301 (Fig. 1A). The E1A-deleted aden-
oviral vector dI1312 and the wild-type adenovirus type 5
(AdS5) were used as control vectors. Recombinant
viruses were purified by ultracentrifugation using cae-
sium chloride step gradients, their titres were determined
by a plaque-forming assay using 293 cells, and viruses
were stored at —80 °C.

2.3. Western blot analysis

Cells were seeded in a 100-mm dish at a density of
1 x 10° cells/dish 12 h before infection and were infected
with OBP-301, OBP-702 or Ad-p53 at the indicated mul-
tiplicity of infection (MOI). Whole cell lysates were pre-
pared in a lysis buffer (50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1% Triton X-100) containing a protease
inhibitor cocktail (Complete Mini; Roche, Indianapolis,
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IN, USA) at the indicated time points. Proteins were
electrophoresed on 6-15% SDS polyacrylamide gels
and were transferred to polyvinylidene difluoride mem-
branes (Hybond-P; GE Healthcare, Buckinghamshire,
UK). Blots were blocked with 5% non-fat dry milk in
TBS-T (Tris-buffered saline and 0.1% Tween-20, pH
7.4) at room temperature for 30 min. The primary anti-
bodies used were: mouse anti-p53 monoclonal antibody
(mAb) (Calbiochem, Darmstadt, Germany), mouse
anti-p21VAF! mAb (Calbiochem), mouse anti-MDM?2
mAb (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit anti-BAX polyclonal antibody (pAb)
(Santa Cruz Biotechnology), rabbit anti-poly (ADP-
ribose) polymerase (PARP) pAb (Cell Signaling Tech-
nology, Beverly, MA, USA), mouse anti-Ad5 ElA
mAb (BD PharMingen, Franklin Lakes, NJ, USA)
and mouse anti-p-actin mAb (Sigma-Aldrich, St. Louis,
MO, USA). The secondary antibodies used were: horse-
radish peroxidase-conjugated antibodies against rabbit
IgG (GE Healthcare) or mouse IgG (GE Healthcare).
Immunoreactive bands on the blots were visualised
using enhanced chemiluminescence substrates (ECL
Plus; GE Healthcare).

A hTERT-p E1A IRES

2.4. Cell viability assay

Cells were seeded on 96-well plates at a density of
1 x 10? cells/well 12 h before infection and were infected
with OBP-301 or OBP-702 at MOIs of 0, 0.1, 1, 10 or
100 plaque-forming units (PFU)/cell. Cell viability was
determined on days 2, 3 and 5 after virus infection using
the Cell Proliferation Kit II (Roche Molecular Biochem-
icals, Indianapolis, IN, USA), which is based on an
XTT, sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazo-
liumJ-bis(4-methoxy-6-nitro)benzene  sulphonic  acid
hydrate assay, according to the manufacturer’s protocol.
The 50% inhibiting dose (IDsg) value of OBP-301 and
OBP-702 for each cell line was calculated using cell via-
bility data obtained on day 5 after virus infection.

2.5. Flow cytometric analysis of active caspase-3
expression

Cells were incubated for 20 min on ice in Cytofix/
Cytoperm solution (BD Biosciences, Franklin Lakes,
NJ, USA), were labelled with phycoerythrin-conjugated
rabbit anti-active caspase-3 mAb (BD Biosciences) for

E1B

T
—
ITR 2 - ITR

5 HEAH
AE1
hTERT-p E1A IRES E1B Egri-p  p53 poly(A)
E. 7'[54 ] ez aH ]
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Fig. 1. p53 upregulation in human cancer cells infected with OBP-702. (A) Schematic diagrams of OBP-301 and OBP-702 structures. OBP-301 is a
telomerase-specific replication-competent adenovirus, in which the ZTERT promoter drives the expression of EIA4 and EIB genes that are linked
with an IRES. OBP-702 is a p53-armed OBP-301, in which the Egr-/ promoter drives expression of the P53 gene that is inserted into the E3 region.
(B) Expression of the p53 protein in p53-null H1299 cells infected with OBP-702 (10 MOI) at the indicated time points. A replication-deficient p53-
expressing adenovirus Ad-p53 (AP) and a wild-type adenovirus AdS (AW) were also infected at an MOI of 10 for 24 h as a positive and negative
control, respectively. Cell lysates were subjected to Western blot analysis with an anti-p53 antibody. B-Actin was assayed as a loading control. (C)
Expression of the p53 protein in H358 and H460 cells infected with OBP-702 (702) at an MOI of 10 for 24 h. Mock-infected cells (M) were used as

controls.
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30 min, and were then analysed using FACS array (BD
Biosciences).

2.6. In vivo subcutaneous H358 and T.Tn xenograft
tumour models

Animal experimental protocols were approved by the
Ethics Review Committee for Animal Experimentation
of Okayama University School of Medicine. The H358
and T.Tn cells (5 x 10° cells per site) were inoculated
into the flanks of 5-week-old female athymic nude mice
(Charles River Laboratories, Wilmington, MA, USA).
When tumours reached approximately 5-6 mm in diam-
eter, a 50 ul volume of solution containing OBP-301,
OBP-702 or Ad-p53 at a dose of 1 x 10® PFU or phos-
phate buffered saline (PBS) was injected into the
tumours for three cycles every 2 days. Tumour size
was monitored by measuring tumour length and width
using calipers. Each tumour volume was calculated
using the following formula: tumour volume
(mm?) = L x W? % 0.5, where L is the length and W is
the width. The survival rate of mice with H358 tumours
or T.Tn tumours was assessed until 90 or 180 days,
respectively, after first treatment.

2.7. Statistical analysis

Data are expressed as means =+ standard deviation
(SD). Student’s ¢ test was used to compare differences
between groups. Log-rank test was also used to compare
differences between groups in the survival rate of mice. Sta-
tistical significance was defined as a P value less than 0.05.

3. Results

3.1. p53 induction in human cancer cells infected with
OBP-702

To examine the level of p53 expression induced by
OBP-702 in human cancer cells, we first evaluated p53
expression of p53-null human lung cancer H1299 cells
after OBP-702 infection using Western blot analysis.
The p53 expression level was increased within 24 h after
OBP-702 infection, and a high expression level was
maintained for up to 72 h (Fig. 1B). OBP-702-induced
p53 expression was higher than Ad-p53-induced p53
expression 24 h after infection. Detectable 40 kDa pro-
tein expression in OBP-702-infected H1299 cells may
be due to higher p53 expression. In contrast, no p53
expression was induced by OBP-301 infection (data
not shown). OBP-702 further induced p53 expression
in other human lung cancer cells (H358 (p53-null) and
H460 (wild-type p53)) and in human colon cancer cells
(SW620 (mutant p53), LoVo cells (wild-type p53)) and
human liver cancer cells (HepG2 (wild-type p53) and
Huh7 (mutant p53)) (Fig. 1C and Supplementary

Fig. 1A). These results indicate that OBP-702 efficiently
induces exogenous p53 expression in human cancer cells
independent of the status of endogenous p53.

3.2. OBP-702 has enhanced antitumour activity against
human cancer cells compared to OBP-301

To compare the in vitro antitumour activity of OBP-
702 and OBP-301, we used the two OBP-301-sensitive
human cancer cells (H358 and H460) and the two
OBP-301-resistant human cancer cells (T.Tn and
HSC4) that were previously reported.'' OBP-301-resis-
tant cells showed lower the coxsackie and adenovirus
receptor (CAR) expression compared to OBP-301-sensi-
tive cells (data not shown). The cell viability of each cell
line was assessed over 5 days after infection using the
XTT assay. OBP-702 suppressed the viability of OBP-
301-sensitive and OBP-301-resistant cells more effi-
ciently than OBP-301, although at least 48 h are
required for the sufficient viral replication (Fig. 2A).
Furthermore, OBP-702 also showed increased antitu-
mour activity against human colon and liver cancer cells
compared to OBP-301 (Supplementary Fig. 1B). Calcu-
lation of the IDsg values indicated that all cell lines were
more sensitive to OBP-702 than to OBP-301 (Supple-
mentary Table S1). These results suggest that OBP-702
is more cytopathic for human cancer cells than OBP-
301.

3.3. Increased induction of apoptosis by OBP-702
compared to OBP-301 or Ad-p53

We next investigated whether OBP-702 has a greater
apoptotic effect than OBP-301 or Ad-p53. OBP-301-
sensitive H358 cells and OBP-301-resistant T.Tn cells
were each infected with OBP-702, OBP-301 or Ad-p53
at MOIs of 10 and 100 for 48 h, and apoptosis was ana-
lysed. Western blot analysis showed that OBP-702, but
not OBP-301 or Ad-p53, induced the cleavage of PARP
at48 and 72 h after infection (Fig. 3A). Furthermore, flow
cytometric analysis demonstrated that OBP-702 infection
significantly increased the percentage of apoptotic H358
and T.Tn cells that expressed active caspase-3 compared
to Ad-p53 infection (Fig. 3B and C). However, no apop-
tosis was induced after OBP-301 infection. These results
suggest that OBP-702 has a stronger effect on apoptosis
than Ad-p53 or OBP-301.

3.4. Induction of apoptosis by OBP-702 through p53-
dependent BAX upregulation and E1 A-dependent p21 and
MDM?2 downregulation

Overexpression of p53 is well known to induce apop-
tosis through induction of p53-downstream target
genes.'* To investigate the molecular mechanism of
OBP-702-induced apoptotic cell death, the expression
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Fig. 2. OBP-702 has enhanced antitumour activity against human cancer cells compared to OBP-301. OBP-301-sensitive cells (H358 and H460) (A)
and OBP-301-resistant cells (T.Tn and HSC4) (B) were infected with OBP-301 or OBP-702 at the indicated doses and cell viability was measured
using the XTT assay on days 2, 3 and 5 after infection. Cell viability was calculated relative to that of the mock-treated group on each day, which
was set at 1.0. Cell viability data are expressed as mean values = SD (n = 5). Statistical significance was determined using Student’s ¢ test. “P < 0.05.

The data are representative of three separate experiments.

level of p53, and p53-downstream target proteins such
as p21, BAX and MDM2, was evaluated by Western
blot analysis. OBP-702 infection induced higher p53
expression than that induced by Ad-p53 between 24
and 72h after infection (Fig. 4A). Ad-p53 infection
upregulated the expression of p21, MDM?2 and BAX
proteins. In contrast, OBP-702 infection upregulated
the BAX protein as well as Ad-p53, but expression of
p21 and MDM?2 was low despite strong p53 activation.
PARP cleavage was observed 48 and 72 h after OBP-702
infection, consistent with suppression of p2l and
MDM2 expression. Overexpression of the adenoviral
E1A protein was observed in OBP-702-infected cells.
These results suggest that OBP-702 upregulates p53
expression and subsequent BAX expression, but down-
regulates p21 and MDM2 expression, resulting in the
induction of apoptosis.

We recently reported that OBP-301 enhances Ad-
p53-induced apoptosis through p53 overexpression and
p21 suppression.”® Furthermore, adenovirus-mediated
E2F1 overexpression also enhanced Ad-p53-induced
apoptosis through MDM2 downregulation.”® Since

adenoviral E1A is known to activate E2F1 expression,”’

we hypothesised that OBP-702-mediated E1A expres-
sion may enhance Ad-p53-induced apoptosis through
suppression of p21 and MDM?2 expression. To address
this hypothesis, H358 cells were coinfected with E1A-
deficient dI312 or ElA-expressing wild-type Ad5 after
Ad-p53 infection. Ad-p53-induced p53 overexpression
was enhanced in the Ad5-coinfected H358 cells, but
not in the d1312-coinfected H358 cells (Fig. 4B). Consis-
tent with p53 overexpression, BAX expression was also
upregulated. However, despite the enhanced p53 expres-
sion, the expression of p21 and MDM2 proteins was
lower in AdS-coinfected cells than in d1312-coinfected
cells. Furthermore, PARP cleavage was only detected
in H358 cells 72h after coinfection of Ad-p53 with
AdS. As expected, OBP-301 infection had no apparent
effect of the expression of p53, and p53-downstream tar-
get proteins (Supplementary Fig. 2). These results sug-
gest that adenoviral E1A suppresses the expression of
p21 and MDM2 thereby enhancing apoptosis through
p53-dependent BAX upregulation (Fig. 4C, Supplemen-
tary Fig. 3).
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Fig. 3. OBP-702 induces increased apoptosis compared to OBP-301 or Ad-p53. (A) OBP-301-sensitive H358 cells and OBP-301-resistant T.Tn cells
were infected with OBP-301 or OBP-702 at an MOI of 10 and 100, respectively, for 48 h. The level of cleaved PARP (C-PARP) and intact PARP in
cell lysates was analysed using Western blotting. B-Actin was assayed as a loading control. (B-D), H358 and T.Tn cells were infected with OBP-702,
OBP-301 or Ad-p53 at an MOI of 10 and 100, respectively, for 48 h. Mock-infected cells were used as controls. Caspase-3 activation was quantified
using flow cytometric analysis. Representative flow cytometric data are shown (B). The mean percentage of H358 cells (C) and T.Tn cells (D) that
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test. P < 0.05.

3.5. Enhanced antitumour effect of OBP-702 in tumour
xenograft animal models

Finally, to assess the in vivo antitumour effect of OBP-
702, we used subcutaneous H358 and T.Tn tumour xeno-
graft models. OBP-702, OBP-301, Ad-p53 or PBS was
intratumourally injected for three cycles every 2 days.
OBP-702 administration significantly suppressed tumour
growth compared to OBP-301, Ad-p53 or PBS in H358
and T.Tn tumour xenograft models (Fig. 5A). Further-
more, H358 tumour-bearing mice treated with OBP-702
significantly survived longer than those treated with
OBP-301 or Ad-p53 (Fig. 5B). Although there was no
significant difference in the survival rates between OBP-
702-treated and OBP-301-treated mice with T.Tn tumours,
OBP-702 treatment significantly increased the survival rate
of T.Tn tumour-bearing mice compared to Ad-p53. These
results suggest that OBP-702 eliminates tumour tissues
more efficiently than OBP-301 or Ad-p53.

4. Discussion

Genetically engineered transgene-expressing armed
oncolytic adenoviruses are expected to be a third-gener-
ation oncolytic virus for induction of a strong antitu-
mour effect through induction of oncolytic and
transgene-induced cell death.®"® Although the tumour
suppressor p53 gene is a potent therapeutic transgene
for enhancement of an oncolytic adenovirus-mediated
antitumour effect,”' >* the molecular mechanisms by
which p53 mediates enhancement of the antitumour
effect remain unclear. In this study, we showed that
the p53-expressing telomerase-specific oncolytic adeno-
virus OBP-702 exerted stronger in vitro and in vivo anti-
tumour effects than OBP-301 or Ad-p53 (Figs. 2 and 5).
This enhanced antitumour effect was due to p53-induced
apoptosis, and adenoviral E1A enhanced this apoptosis
via suppression of the expression of anti-apoptotic p21
and p53-inhibitory MDM?2 (Figs. 3 and 4). Although
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Fig. 4. OBP-702-mediated activation of p53, p53-target proteins and PARP in an E1A-dependent manner. (A) H358 and T.Tn cells were infected
with OBP-702 or Ad-p53 at an MOI of 10 and 100, respectively, and infected cells were harvested at the indicated time points. The level of p53, p21,
MDM2, BAX, PARP, cleaved PARP (C-PARP) and ElA proteins in cell lysates was analysed by Western blotting. B-Actin was assayed as a
loading control. (B) H358 cells were infected with Ad-p53, following which they were coinfected with the E1A-deficient adenovirus (d1312) or an
ElA-expressing wild-type adenovirus (Ad5) at the indicated time points. (C) Outline of OBP-702-mediated apoptosis induction through p53-
dependent BAX upregulation and E1A-dependent downregulation of p21 and MDM2.

replication-competent adenovirus-mediated p53 gene
transduction has been suggested to exert an increased
antitumour effect compared to replication-deficient
Ad-p53 through replication-mediated p53 overexpres-
sion,” adenoviral E1A also enhanced p53-mediated
apoptosis through suppression of expression of the
p53-downstream targets p21 and MDM2 (Fig. 4). The
adenoviral E1A protein has been previously shown to
suppress p53-induced p21 and MDM2 expression.”>>’
ElA-mediated p21 and MDM2 suppression has also
been shown to induce apoptosis in DNA-damaged
cells that overexpress p53.°%*! These reports support
our findings that adenoviral E1A protein enhances
p33-induced apoptosis through p21 and MDM2 sup-
pression. It has recently been further shown that replica-
tion-deficient Ad-p53 enhances apoptosis through p21
suppression in combination with artificial microR NAs*>
or with OBP-301.** Thus, replication-competent

oncolytic adenovirus-mediated p53 gene transfer would
strongly induce apoptosis not only through replica-
tion-dependent p53 overexpression, but also through
ElA-dependent  enhancement of  p53-mediated
apoptosis.

The molecular mechanism by which E1A suppresses
p53-mediated upregulation of p21 and MDM?2 remains
unclear. Since adenoviral EIA has been shown to
repress the expression of many target genes through
activation of p300/CBP [cyclic adenosine monophos-
phate response element-binding protein (CREB)-bind-
ing protein] histone acetyltransferases that cause global
histone modification,**** p300/CBP activation may be
involved in E1A-mediated p21 and MDM2 suppression.
Indeed, E1A-mediated p21 and MDM2 suppression has
been shown to be regulated in a p300/CBP dependent
manner.””=" A recent report also suggested that an
E1B-defective adenovirus activates p53 expression, but

Please cite this article in press as: Yamasaki Y. et al., A novel apoptotic mechanism of genetically engineered adenovirus-mediated tumour-specific
p53 overexpression through E1A-dependent p21 and MDM2 suppression, Eur J Cancer (2012), doi:10.1016/j.¢jca.2011.12.020

57



8 Y. Yamasaki et al. | European Journal of Cancer xxx (2012) xxx—xxx

A H358
700 -
= —e— Mock
£ 600 { —e—Ad-p53
E —o—OBP-301
g 500 1 ——-0BP-702
=
3 400 -
>
5 300 -
g 200
5 oot} :
S 100 *
= {
0 B
0 10 20 30 40
Days after treatment
H358
B
1 -
0.8
*
2
S 06 *
E l__
2
g 0.4
— Mock
n
—— Ad-p53
0.2 __ oBp-301 -
— OBP-702

0 T T T T T 1
0 30 60 90 120 150 180
Days after treatment

T.Tn
4.000 - Mock
. —e—Moc
E 3.500 1 o Ad-p53
g —e—O0BP-702
S 2.500 -
$ 2.000 -
5}
g 1.500 -
‘é 1.000
L]
2 500
0
0 10 20 30
Days after treatment
T.Tn
’ L
0.8 -
2
S 06 - —
®
2
2 0.4 -
=2 — Mock
) *
—— Ad-p53
0.2 1 __ 0BP-301
— OBP-702

0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Days after treatment

Fig. 5. Strong antitumour effect of OBP-702 on subcutaneous human tumours in xenograft models. (A) H358 or T.Tn cells (5 x 10° cells per site)
were inoculated into the flank of 5-week-old female BALB/c nu/nu mice. When the tumours reached 3-5 mm in diameter, OBP-702 (10° PFU/
tumour), OBP-301 (10° PFU/tumour), Ad-p53 ( 10® PFU/tumour) or PBS (Mock) was intratumourally injected on days 0, 2 and 4 (Black arrows).
Tumour growth is expressed as the mean tumour volume + SD in each group of H358 tumours (n=5) or T.Tn tumours (n = §). Statistical
significance was determined using Student’s # test. “P < 0.05. The data are representative of three separate experiments. (B) Survival rate in each
group of H358 tumours-bearing mice (n=15) or T.Tn tumours-bearing mice (n = 8) was shown using the Kaplan-Meier method. Statistical

significance was determined using log-rank test. “P < 0.05.

suppresses p21 and MDM2 expression, through the
binding of E1A with p300/CBP.** However, p300 dis-
ruption has also been shown to both increase p53 stabil-
ity through MDM2 suppression, and to suppress p21
expression, resulting in apoptosis in UV-irradiated
human cancer cells.*® Therefore, the role of p300/CBP
in adenoviral E1A-mediated p21 and MDM2 suppres-
sion may be cell type-specific.

It has recently been shown that siRNA-mediated p21
suppression enhances the antitumour effect of an onco-
lytic adenovirus,””*® suggesting that p21 suppression
further induces oncolytic cell death. Oncolytic adenovi-
rus-mediated cell death has been shown to be associated
with autophagy-related cell death, which is distinct from
apoptosis.’”*’ Autophagy has been shown to be posi-
tively regulated by p53,"* but negatively regulated by
p21.*! These results suggest that p53 upregulation with-
out p2l activation enhances autophagic cell death.
Thus, oncolytic adenovirus-mediated p2l suppression
may enhance not only p53-mediated apoptosis, but also
autophagic cell death during the OBP-702-mediated
antitumour effect.

Telomerase-specific replication-competent OBP-301
that possesses the ATERT gene promoter replicates,
and induces an antitumour effect in, human cancer cells
in a telomerase-dependent manner.” '' Previous reports
have shown that Ad-p53-mediated p53 overexpression
suppresses ATERT mRNA expression,*** suggesting
possible suppression of OBP-301 and OBP-702 replica-
tion by p53 overexpression. However, we previously
reported that Ad-p53-mediated p53 overexpression did
not suppress OBP-301 replication during combination
therapy.” Shats et al. previously reported that knock-
down of p21 eliminated the p53-dependent repression
of hTERT mRNA expression.* Since OBP-702, or com-
bination therapy of OBP-301 with Ad-p53, induces p53
overexpression together with E1A-mediated p21 down-
regulation, p53 overexpression may not suppress
hTERT expression. Furthermore, we recently demon-
strated that OBP-301 infection itself induces a 1.1- to
50-fold increase in ATERT mRNA expression in an
ElA-dependent manner.*> Thus, OBP-702-mediated
p353 overexpression would induce apoptosis without
affecting hTERT expression.
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