=
=]
.:
S
2
=
=W
=]
=
<
&
1)
i
)
=
IS
.
)
g
<
@)

@ uicc

global cancer control

[jC

International Journal of Cancer

Potent antitumor effect of tumor microenvironment-targeted
oncolytic adenovirus against desmoplastic pancreatic cancer
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Pancreatic cancer is a leading cause of cancer-related death. Desmoplastic pancreatic tumors exhibit excessive extracellular
matrix (ECM) and are thus highly resistant to anticancer therapeutics, since the ECM restricts drug penetration and dispersion.
Here, we designed and generated two hypoxia-responsive and cancer-specific hybrid promoters, H(mT)E and H(E)mT. Trans-
gene expression driven by each hybrid promoter was markedly higher under hypoxic conditions than normoxic conditions.
Moreover, H(E)mT-driven transgene expression was highly cancer-specific and was superior to that of H(mT)E-driven expres-
sion. A decorin-expressing oncolytic adenovirus (Ad; oH(E)mT-DCN) replicating under the control of the H(E)mT promoter
induced more potent and highly cancer-specific cell death compared with its cognate control oncolytic Ad, which harbored the
endogenous Ad E1A promoter. Moreover, oH(E)mT-DCN exhibited enhanced antitumor efficacy compared with both the clini-
cally approved oncolytic Ad ONYX-015 and its cognate control oncolytic Ad lacking DCN. oH(E)mT-DCN treatment also attenu-
ated the expression of major ECM components, such as collagen I/lll, elastin and fibronectin and induced tumor cell
apoptosis, leading to extensive viral dispersion within orthotopic pancreatic tumors and pancreatic cancer patient-derived
tumor spheroids. Collectively, these findings demonstrate that oH(E)ymT-DCN exhibits potent antitumor efficacy by degrading
the ECM and inducing apoptosis in a multifunctional process. This process facilitates the dispersion and replication of onco-
lytic Ad, making it an attractive candidate for the treatment of aggressive and desmoplastic pancreatic cancer.

Pancreatic cancer is the fourth leading cause of cancer-
related death in Europe and the United States." Only 10-20%
of all patients with pancreatic cancer are resectable at presen-
tation. The US National Cancer Institute recently reported
that the overall 5-year relative survival rate for 2002-2008
was 5.8%, and nearly 90% of all patients were dead 1 year
after diagnosis, with a median survival of <6 months.>” One
experimental treatment option of particular interest for pan-
creatic cancer is oncolytic virotherapy, which uses viral vec-
tors to preferentially replicate in tumor cells and induce
cancer cell death. Among the various viral vectors that have
been tested, adenovirus (Ad) has been most extensively used
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in gene therapy applications, and sufficient data from ran-
domized clinical trials support its safety in patients.*™®
Although oncolytic Ad-mediated cancer gene therapy is
highly promising, significant therapeutic efficacy of oncolytic
Ad for the treatment of localized tumors has not yet been
achieved in clinical trials; thus, further improvements are
needed.”®

Hypoperfusion and desmoplasia are two prominent fea-
tures of pancreatic cancer that attenuate the therapeutic effi-
cacy of cancer therapeutics.” Aberrant extracellular matrix
(ECM) functions as a protective layer that prevents drug pen-
etration and diffusion into the pancreatic tumors, contribut-
ing to poor disease management by conventional treatment
modalities. Furthermore, hypoxia, a condition characterized
by oxygen deprivation caused by abnormal microcirculation
and vascularization in the tumor microenvironment, pro-
motes cancer progression and attenuates the therapeutic effi-
cacy of oncolytic Ad by suppressing viral replication through
downregulation of Ad E1A protein expression.'*"?

Decorin (DCN), a ubiquitous component of the ECM, is
preferentially found in association with collagen fibrils. Fur-
thermore, DCN regulates the production of other ECM com-
ponents by blocking the activity of transforming growth
factor-B (TGF-B), which is a major inducer of desmoplasia
in pancreatic tumors.”> We previously demonstrated that
oncolytic Ad-mediated intratumoral expression of DCN can
drive degradation of the ECM and inhibit ECM production,
thereby enhancing viral penetration and dispersion within
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We have generated a novel hypoxia-responsive and cancer-specific hybrid promoters (oH(E)mT) to drive the replication of
decorin (DCN)-expressing oncolytic Ad (oH(E)mT-DCN) to overcome multiple microenvironmental barriers in desmoplastic pan-
creatic tumor. oH(E)mT-DCN showed extensive viral distribution in patient-derived pancreatic tumor spheroids and orthotopic
pancreatic tumor through effective degradation of aberrant extracellular matrix and hypoxia-responsiveness of oH(E)mT pro-
moter. To best of our knowledge, this is the first report illustrating that DCN expression mediated by hypoxia-responsive and
cancer-specific hybrid promoters-driven oncolytic Ad can overcome several critical hurdles proposed by the tumor microenvi-

ronment of desmoplastic pancreatic tumors.

solid tumors and making DCN a promising therapeutic gene
for the treatment of desmoplastic tumors."*

A successful oncolytic Ad-mediated cancer gene therapy
requires good cancer-specificity, since ectopic replication of Ad
at nontarget tissues will result in cytotoxicity. In this regard,
numerous studies have been conducted with the aim of achiev-
ing selective replication of Ad in a cancer cell-specific manner.
A vparticularly promising approach for endowing cancer-
specificity to replication-competent Ad is to restrict viral repli-
cation to cancer cells by replacing the endogenous Ad pro-
moter with a cancer cell-specific promoter. Among the cancer-
specific promoters, both the E2F and human telomerase reverse
transcriptase (hTERT) promoters have demonstrated good
cancer specificity.'>'® We previously showed that oncolytic Ad
replicating under the control of a modified hTERT (mTERT)
promoter containing additional c-Myc and Spl binding sites
replicates more efficiently and preferentially in tumor cells
than its cognate control Ad replicating under the wild-type
hTERT promoter, resulting in more potent Ad E1A-mediated
apoptosis and viral cytolysis in a cancer-restricted manner."”
However, the therapeutic effect of oncolytic Ad in the hypoxic
region of the tumor nest was still insufficient, since hypoxia
directly impacts the therapeutic efficacy of oncolytic Ad by
suppressing viral replication through attenuation of Ad E1A
protein expression.'’™'?

To overcome this hypoxia-induced downregulation of Ad
E1A expression in solid tumors and to enhance their cancer-
selective promoter activity, we designed and generated two
different enhancer/promoter hybrids that incorporate 6 cop-
ies of the hypoxia response element (HRE) upstream of
either the E2F or mTERT promoter. This strategy generated
an HRE-mTERT-E2F hybrid promoter (H(mT)E) and an
HRE-E2F-mTERT hybrid promoter (H(E)mT). In this study,
we demonstrate that DCN-expressing oncolytic Ad replicat-
ing under the control of the H(E)mT hybrid promoter
(oH(E)mT-DCN) exerts potent tumoricidal effects by effica-
ciously and preferentially replicating in both hypoxic and
normoxic regions of highly desmoplastic pancreatic tumors.

Material and Methods
Cell lines and cell culture
All cell lines with the exception of normal pancreatic cells
(NPC), which was maintained in prigrow I medium, were
cultured in Dulbecco’s modified Eagle’s medium (GIBCO
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BRL, Grand Island, NY) supplemented with 10% fetal bovine
serum (GIBCO BRL) and penicillin-streptomycin (100 IU/
mL, GIBCO BRL). The HEK293 (human embryonic kidney
cell line expressing the Ad El region), A549 (human lung
cancer cell line), MIA PaCa-2 and PANC-1 (pancreatic can-
cer cell lines) and human dermal fibroblast (HDF; normal
fibroblast cell line) cell lines were purchased from the Ameri-
can Type Culture Collection (Manassas, VA). The NPC cell
line was purchased from Applied Biological Materials (ABM,
Richmond, Canada). All cell lines were maintained at 37°C
in a humidified atmosphere at 5% CO,.

Animal studies

Six to eight-week-old male athymic nude mice were pur-
chased from Charles River Korea (Seongnam, South Korea)
and maintained in a laminar air flow cabinet under specific
pathogen-free environment. All facilities were approved by
AAALAC (Association for Assessment and Accreditation of
Laboratory Animal Care). All of the animal experiments were
conducted according to the institutional guidelines estab-
lished for the Hanyang University Institutional Animal Care
and Use Committee.

Construction of the Ad vectors

To generate the two different cancer-specific hybrid pro-
moters, HRE/mTERT/E2F (H(mT)E) and HRE/E2F/mTERT
(H(E)mT), the HRE enhancer, E2F and the mTERT pro-
moter were inserted into pdElsplB, thereby generating
pdElsp1B-H(mT)E and pdElsplB-H(E)mT.'>'”'® To con-
struct E1 shuttle vectors expressing green fluorescent protein
(GFP) under the control of the modified cancer-specific pro-
moters (H(mT)E and H(E)mT), the sequence encoding GFP
was subcloned from pEGFP-NI using Xho I/Afl II. This GFP
gene was then ligated into pdElsplB/H(mT)E and
pdE1sp1B/H(E)mT cut with the same restriction enzymes,
thereby  generating the pdElsplB/H(mT)E-GFP and
pdE1sp1B/H(E)mT-GFP Ad E1 shuttle vectors. The Ad El
shuttle vectors were linearized by Xmn I digestion, whereas
the Ad vector dE1-k35 was linearized with BstB I digestion.
The linearized Ad shuttle vectors were cotransformed into
Escherichia coli BJ5183 cells with BstB I-digested dE1-k35 to
allow for homologous recombination. The resultant homolo-
gously recombined Ad plasmid was digested with Pac I and
transfected into HEK293 cells to generate the replication-
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incompetent Ads, dH(mT)E-GFP and dH(E)mT-GFP (Sup-
porting Information Fig. SIA). GFP-expressing Ad under the
control of the cytomegalovirus (CMV) promoter (dCMV-
GFP) was used as a control.!*?°

To create an oncolytic Ad replicating under the control of
the H(E)mT promoter, a template Ad plasmid consisting of
the E1B 19 kDa region-deleted E1 shuttle vector (pdE1sp1B/
Rd19) harboring the retinoblastoma binding sites of mutant
E1A was used.?"*? Initially, the H(E)mT promoter was
inserted into pdElsplB/Rd19, thereby generating the
pdE1spl1B/H(E)mT-Rd19 Ad E1 shuttle vector. To create a
DCN-expressing replicating Ad vector, the sequence encoding
DCN was subcloned from pCA14/DCN using Bgl II into
pdE1sp1B/H(E)mT-Rd19, thereby generating the pdElspl1B/
H(E)mT-Rd19/DCN Ad E1 shuttle vector. These Ad E1 shut-
tle vectors (pdElsplB/Rd19, pdElsp1B/H(E)mT-Rd19, and
pdE1sp1B/H(E)mT-Rd19/DCN) were linearized with Xmn 1
and then cotransformed into Escherichia coli BJ5183 cells
with linearized dE1-k35 to allow for homologous recombina-
tion, thus generating the oRd19 (Rd19-k35), oH(E)mT
(H(E)mT-Rd19-k35) and oH(E)mT-DCN (H(E)mT-Rd19-
k35/DCN) oncolytic Ad plasmids, respectively. The resultant
homologously recombined Ad plasmids were digested with
Pac 1 and transfected into HEK293 cells to generate the
replication-competent Ads oRd19, oH(E)mT and oH(E)mT-
DCN (Supporting Information Fig. S1B).

Replication-incompetent Ad and replication-competent
oncolytic Ad were propagated in HEK293 cells and A549
cells, respectively. All viruses were obtained as previously
described.?! The numbers of viral particles (VP) were calcu-
lated from optical density measurements at 260 nm (OD,4),
where 1 absorbency unit (OD,4p = 1) indicated a concentra-
tion of 1.1 X 10" VP/mL. Purified viruses were stored at
—80°C until use.

Transduction efficiency analysis

To assess the transcriptional activity of the H(mT)E and
H(E)mT promoters under normoxic and hypoxic conditions,
fluorescence microscopy and fluorescence-activated cell sort-
ing (FACS) analysis were carried out. Pancreatic cancer cells
(MIA PaCa-2 and PANC-1) were transduced with GFP-
expressing replication-incompetent Ad under the control of
the H(mT)E or the H(E)mT promoter at a multiplicity of
infection (MOI) of 50. At 48 hr post-transduction, cells were
imaged using a fluorescence microscope (Carl Zeiss, Thorn-
wood, NY), and the GFP expression levels were quantified
using a FACSCalibur analyzer (Becton-Dickinson, San Jose,
CA). All FACS data were analyzed using CellQuest software
(Becton-Dickinson). 10,000
counted for each sample.

To assess the cancer specificity of the CMV and H(E)mT
promoters, fluorescence microscopy and FACS analysis were
carried out. Cells were transduced with GFP-expressing Ad
under the control of the CMV promoter or the H(E)mT pro-
moter at MOIs of 5, 20 and 50. At 48 hr post-transduction,

Approximately events were
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cells were imaged by fluorescence microscopy, and the GFP
expression level was quantified using a FACSCalibur analyzer
and CellQuest software. Approximately 10,000 events were
counted for each sample.

MTT assay

To evaluate the extent to which H(E)mT-regulated oncolytic
Ad (oH(E)mT) selectively kills cancer cells, pancreatic cancer
cells (MIA PaCa-2 and PANC-1) and normal cells (NPCs
and HDFs) seeded in 24-well plates were infected with
oH(E)mT (or oRd19 as the cognate control) at an MOI of 2
under either normoxic or hypoxic conditions. At 60 hr post-
infection, 200 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT; Sigma, St. Louis, MO)
in phosphate-buffered saline (PBS; 2 mg/mL) was added to
each well. After 4 hr of incubation at 37°C, the supernatant
was discarded from each well, and the precipitate was dis-
solved in dimethylsulfoxide. The absorbance of each well at
540 nm was then read on a microplate reader. All assays
were performed in triplicate. The number of living cells in
the untreated cell group was analyzed in an identical manner
as a negative control.

To evaluate the extent to which DCN-expressing oncolytic
Ad (oH(E)mT-DCN) and the control oncolytic Ad
(oH(E)mT) specifically kill cancer cells, and to determine
whether this effect is dose-dependent, pancreatic cancer cells
(MIA PaCa-2 and PANC-1) and normal cells (NPCs and
HDFs) were grown in 24-well plates to 50-60% confluency.
Next, cells were infected with oH(E)mT or oH(E)mT-DCN
at an MOI of 1, 2 or 5. At 72 hr postinfection, the MTT
assay was performed as described above.

In addition, the kinetics of pancreatic cancer cell killing
by oncolytic Ads (oH(E)mT and oH(E)mT-DCN) was ana-
lyzed by the MTT assay. Specifically, upon reaching ~50-
60% confluence, cells in 24-well plates were infected
(MOI =2) with oH(E)mT or oH(E)mT-DCN. The MTT
assay was then performed at 24, 48 and 72 hr post-infection
as described above.

Virus production assay

To assess the viral production of oncolytic Ads, pancreatic
cancer cells and normal cells were seeded in 24-well plates at
~60% confluency and then infected with oRd19 or oH(E)mT
at an MOI of 0.5 (pancreatic cancer cells) or 10 (normal
cells). After 48 hr of incubation at 37°C under either nor-
moxic or hypoxic conditions, supernatants and cell pellets
were collected and freeze-thawed three times to release inter-
nal virus. Real-time quantitative PCR (Q-PCR; TagMan PCR
detection; Applied Biosystems, Foster City, CA) was used to
assess the number of viral genomes in each sample. Samples
were analyzed in triplicate, and data were processed using
the SDS 19.1 software package (Applied Biosystems).

Int. ). Cancer: 142, 392-413 (2018) © 2017 UICC
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Enzyme-linked immunosorbent assay (ELISA) measuring

the levels of secreted DCN and TGF-B1 expression

Pancreatic cancer cells (MIA PaCa-2 and PANC-1) and nor-
mal cells (NPCs and HDFs) were seeded in 24-well plates at
~60% confluency and then infected with oH(E)mT-DCN at
an MOI of 0.5 or 2. At 2 days post-infection, supernatants
were collected by centrifugation at 15,000 g for 10 min at 4°C,
and the level of secreted DCN was assessed using an ELISA kit
(Abcam, Cambridge, UK).

To evaluate TGF-B1 expression in tumor tissue, tumor tis-
sues were collected from mice treated with PBS or oncolytic
Ads (ONYX-015, oH(E)mT or oH(E)mT-DCN) at 30 days
after the administration of the first viral treatment. Tumor
tissues were homogenized in ice-cold RIPA buffer (Elipis Bio-
tech, Taejeon, South Korea) containing a proteinase inhibitor
cocktail (Sigma). Homogenates were then centrifuged in a
high-speed microcentrifuge for 10 min, after which total pro-
tein contents were determined using a BCA protein assay kit
(Pierce, Rockford, IL). The level of TGF-1 was measured by
a conventional ELISA kit (R&D Systems, Minneapolis, MN).

Assessment of antitumor effects in an orthotopic model of
human pancreatic cancer

MIA PaCa-2 cells (5 X 10°), which stably express firefly
luciferase, were injected into the pancreas of athymic nude
mice. At 2 weeks post-implantation (Day 0), mice were
divided into four separate groups in order to receive intraper-
itoneal treatment of PBS, ONYX-015, oH(E)mT or
oH(E)mT-DCN (n = 6 per group). Optical imaging was car-
ried out every five days following the first treatment with an
IVIS Spectrum instrument (Xenogen Corp., Alameda, CA).
Image signals were quantitatively analyzed with IGOR-PRO
Living Image software (Xenogen). At 30 days after the first
treatment, tumors were collected, imaged, weighed and
sectioned.

Western blot analysis

To evaluate the levels of DCN and Ad E1A protein expres-
sion in tumor cell lysates from MIA PaCa-2 pancreatic
orthotopic models, tumors were collected from Ad-treated
mice at 30 days after the first viral treatment. Similarly, the
cells were infected with ONYX-015 (2 MOI), oH(E)mT
(2 MOI) or oH(E)mT/DCN (0.5 or 2 MOI) for 48 hr and
then cells were harvested to analyze intracellular expression
level of DCN and apoptosis-related proteins by western blot-
ting. Both cell lysates and tumors were homogenized in ice-
cold RIPA buffer containing a proteinase inhibitor cocktail.
The resultant homogenates were then centrifuged in a high-
speed microcentrifuge for 10 min. Protein concentrations
were determined by the BCA protein assay, and equal protein
amounts were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The proteins were electro-
transferred to polyvinylidene fluoride membranes and incu-
bated with goat anti-DCN antibodies (Ab; R&D Systems),
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rabbit anti-Ad E1A (Santa Cruz Biotechnology, Santa Cruz,
CA), rabbit anti-cleaved caspase-3 (Cell Signaling Technol-
ogy, Beverly, MA), rabbit anti-poly (ADP-ribose) polymerase
(PARP) (Cell Signaling Technology) or rabbit anti-B-actin
Abs (Cell Signaling Technology). Next, the membranes were
incubated with secondary horseradish peroxidase-conjugated
goat anti-rabbit IgG or mouse anti-goat IgG Abs (Cell Signal-
ing). Immunoreactive bands were visualized via enhanced
chemiluminescence (Amersham Pharmacia Biotech, Uppsala,
Sweden). The expression levels of Ad E1A and DCN were
semiquantitatively analyzed using Image] software (National
Institutes of Health, Bethesda, MD).

Histology and immunohistochemistry

Representative sections were stained with hematoxylin and
eosin (H & E), picrosirius red or Masson’s trichrome (Sigma)
and then examined using a light microscope (Carl Zeiss).
Pancreatic tumor tissue sections and pancreatic tumor spher-
oid sections were incubated at 4°C overnight with mouse
anti-collagen type I (Abcam), mouse anti-collagen type III
(Sigma), mouse anti-elastin (Sigma), mouse anti-fibronectin
(Santa Cruz Biotechnology), rabbit anti-Ad E1A or mouse
anti-proliferating cell nuclear antigen (PCNA; DAKO,
Glostrup, Denmark) primary Abs and then treated with an
ABC-peroxidase kit (ChemMate DAKO Envision kit; DAKO,
Carpinteria, CA). All slides were counterstained with Meyer’s
hematoxylin (Sigma), with the exception of picrosirius red-
stained and Masson’s trichrome-stained slides, which were
counterstained with Harris’ hematoxylin (Sigma). Collagen
expression was detected by Masson’s trichrome or picrosirius
red staining, whereas the expression levels of Ad EIA,
PCNA, type I and III collagen, elastin and fibronectin in
tumor tissues were detected by specific antibody staining.
Expression levels were semiquantitatively analyzed using
MetaMorph® image analysis software (Universal Image,
Buckinghamshire, UK). Each result is expressed as the mean
optical density of five different digital images.

Immunofluorescence staining

For immunofluorescence staining of Ad E1A and hypoxia-
inducible factor la (HIF-la), tumor sections were treated
with rabbit anti-Ad E1A Ab or mouse anti-human HIF-la
Abs (Abcam) and incubated overnight at 4°C. Next, the
tumor sections were treated with Alexa Fluor 568 (red)-con-
jugated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) or
Alexa Fluor 488 (green)-conjugated goat anti-mouse IgG
(Invitrogen) Abs at room temperature for 1 hr. For counter-
staining, the samples were incubated with 4,6-diamidino-2-
phenylindole (Sigma). The slides were mounted with Vecta-
shield mounting medium (Vector Laboratories, Burlingame,
CA) and imaged under a confocal laser-scanning microscope
(LSM510, Carl Zeiss Microlmaging, Thornwood, NY).
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Terminal deoxynucleotidyl transferase dUTP nick end
labeling assay

Formalin-fixed and paraffin-embedded tissue sections (5-pm)
were deparaffinized and rehydrated according to standard
protocols.”® Apoptosis was detected terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) assay
(DeadEnd™ Fluorometric TUNEL System; Promega, Madi-
son, WI). Briefly, tissue sections were permeabilized with
proteinase K (20 mg/mL) for 10 min at room temperature.
Sections were then incubated with terminal deoxynucleotidyl
transferase (TdT) and fluorescein-12-dUTP in TdT buffer at
room temperature for 60 min and washed with TdT buffer.
Finally, nuclei were counterstained with methyl green
(Sigma). The samples were analyzed by light microscopy. The
amount of apoptotic cells was semiquantitatively analyzed
using MetaMorph® image analysis software. Each result is
expressed as the mean optical density of five different digital
images.

Preparation of pancreatic cancer patient-derived tumor
spheroids

Primary pancreatic cancer tumors were obtained from
patients with active-stage pancreatic cancer (n = 3). Pancre-
atic cancer patient-derived tumor spheroids were prepared as
previously described.'* Plates containing the tumor spheroids
were treated with oncolytic Ad (1 X 10" VP of ONYX-015,
oH(E)mT, or oH(E)mT-DCN) on days 1 and 4 and incu-
bated at 37°C for 6 days. The treated tumor spheroids were
then fixed with 10% formalin, embedded in paraffin and cut
into 5-pum-thick sections.

Statistical analysis

All data are expressed as mean * standard deviation (SD).
Statistical significance was determined by the two-tailed Stu-
dent’s t test (SPSS 13.0 software; SPSS, Chicago, IL) and one-
way ANOVA. Differences were considered statistically signifi-
cant at *p < 0.05, *p < 0.01 and **p < 0.001.

Results
Potent and tumor-selective activity of the H(E)ymT promoter
The E2F and TERT promoters are established cancer-specific
promoters that have been frequently utilized to endow cancer
specificity to Ads.">'7 However, cancer-specific promoters
alone cannot prevent the attenuation of Ad replication in the
context of the hypoxic tumor microenvironment. To over-
come hypoxia-induced downregulation of Ad E1A expression
and enhance the promoter activity in cancer cells, we con-
structed two variants of a cancer-specific hybrid promoter,
HRE/E2F/mTERT  (H(E)mT) and HRE/mTERT/E2F
(H(mT)E), by inserting six copies of the HRE upstream of
either the E2F or mTERT promoter.

To compare the promoter activities of the HRE-harboring
hybrid promoters, two different replication-incompetent Ads
expressing GFP under the control of the H(E)mT or H(mT)E

Antitumor effect of tumor microenvironment-targeted oncolytic Ad

promoter were generated (dH(mT)E-GFP and dH(E)mT-
GFP, respectively; Supporting Information Fig. S1A). Pancre-
atic cancer cells (MIA PaCa-2 and PANC-1) were then trans-
duced with either dH(mT)E-GFP or dH(E)mT-GFP, which
were under the control of the hybrid promoters, for 48 hr.
As shown in Figures la and 1b, dH(E)mT-GFP induced sig-
nificantly higher GFP expression than dH(mT)E-GFP under
normoxic conditions in both MIA PaCa-2 and PANC-1 cells
(**p < 0.01, **p < 0.001, respectively), demonstrating the
superior transcriptional activity of the H(E)mT promoter.
More importantly, H(E)mT promoter activity was signifi-
cantly enhanced under hypoxic conditions compared with
normoxic conditions (***p < 0.001), demonstrating that
insertion of the HRE enhancer upstream of a cancer-specific
hybrid promoter can enhance Ad-mediated transgene expres-
sion under hypoxic conditions. Similar trends were observed
in cancer cells of different tissue origins (Supporting Infor-
mation Fig. S2A). Based on these results, the H(E)mT pro-
moter was selected as a more potent promoter than the
H(mT)E promoter and was utilized in subsequent
experiments.

To assess the cancer selectivity of the H(E)mT promoter,
pancreatic cancer cells (MIA PaCa-2 and PANC-1) or nor-
mal cells (NPCs and HDFs) were transduced with
replication-incompetent GFP-expressing Ad under the con-
trol of either the CMV or H(E)mT promoter (dCMV-GFP
and dH(E)mT-GFP, respectively). As shown in Figures Ic
and 1d, both dCMV-GFP and dH(E)mT-GFP conferred a
dose-dependent increase in relative GFP expression in pan-
creatic cancer cells. In contrast, negligible GFP expression
was observed in dH(E)mT-GFP-transduced normal cells (Fig.
1c and Supporting Information S2B), even at a high MOI of
50. In contrast, dCMV-GFP induced dose-dependent GFP
expression in normal cells. Of particular note, dH(E)mT-GFP
induced 31.9-fold and 72.0-fold lower GFP expression than
dCMV-GFP at an MOI of 50 in NPC and HDF cells, respec-
tively (**p < 0.001). These results demonstrate that the
H(E)mT promoter is highly cancer cell-selective, exhibits
good transcriptional activity in tumor cells and drives only
minimal transcriptional activity in normal cells.

Cancer cell-specific killing effect of HE)mT
promoter-regulated oncolytic Ad
We previously reported that oncolytic Ad containing mutated
E1A retinoblastoma binding sites and harboring a deletion of
the EIB 19 kDa region (oRd19) exhibits potent cancer cell
killing efficacy and good cancer specificity.”** In an effort to
improve the cancer cell-specific viral replication and killing
effects, we replaced the endogenous oRd19 promoter of the
Ad E1A gene with the H(E)mT promoter, thus generating an
oH(E)mT oncolytic Ad (Supporting Information Fig. S1B).
To assess whether oH(E)mT oncolytic Ad could replicate
and induce cell killing in a cancer-selective manner, cancer
and normal cells were infected with oRd19 or oH(E)mT for
60 hr at an MOI of 2. As shown in Figure 2, oH(E)mT killed
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Figure 1. GFP expression driven by the cancer cell-specific promoter. (a, b) Levels of GFP expression driven by the H(mT)E or HE)mT promoter in human
pancreatic cancer cell lines (MIA PaCa-2 and PANC-1). Cells were transduced with Ads expressing GFP under the control of the H(mT)E or HE)mT promoter
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d) of GFP expression. Expression was analyzed after 48 hrincubation at 37°C. Data shown are representative of three independent experiments, each per-
formed in triplicate. Bars represent mean = SD. **p < 0.01 and ***p < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]

pancreatic cancer cells (MIA PaCa-2 and PANC-1) more effi- normal cells (NPCs and HDFs). These findings indicate that
ciently than oRd19 under both normoxic and hypoxic condi- oH(E)mT exhibits more potent cancer cell-specific killing effi-
tions (**p < 0.001), whereas no cell killing was observed in  cacy than oRd19. Of particular note, oH(E)mT was not
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Figure 2. Cancer cell killing efficacy of o0Rd19 and oH(E)mT under normoxic and hypoxic conditions (a). Pancreatic cancer and normal cells
were treated with oRd19 or oH(E)mT at an MOI of 2. Cell viability was assessed by the MTT assay. The viability of untreated cells was set
to 100%. Data shown are representative of three independent experiments, each performed in triplicate. Bars represent mean =+ SD.
**p < 0.01 and ***p < 0.001. Viral production of o0Rd19 and oH(E)mT (b and c). Cells were treated with oRd19 or oH(E)mT at an MOI of 0.5
(pancreatic cancer cells) or 10 (normal cells). Viral production was assessed by Q-PCR at 48 hr after infection. Data shown are representa-
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cytotoxic to normal cells under hypoxic conditions, indicating
that incorporation of the HRE enhancer into the oH(E)mT
promoter did not affect the cancer specificity of oncolytic Ad
under hypoxic conditions. Specifically, oH(E)mT exhibited sig-
nificantly higher cancer cell killing under hypoxic conditions
than under normoxic conditions (18.1% and 16.0% higher than
in normoxic conditions in MIA PaCa-2 and PANC-1 cells,
respectively; **p < 0.01, **p < 0.001). In contrast, no signifi-
cant difference was detected in pancreatic cancer cells treated
with oRd19 under hypoxic vs. normoxic conditions, indicating
that oH(E)mT can overcome hypoxia-mediated attenuation of
Ad E1A protein expression.

Cancer cell-restricted replication of Ads controlled by the
H(E)mT promoter

To assess whether oH(E)mT-induced cytotoxicity was depen-
dent on viral replication, pancreatic cancer cells were infected
for 48 hr at an MOI of 0.5 with oH(E)mT or its cognate
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control, oRd19 (Figs. 2b and 2¢). In MIA PaCa-2 cells,
oH(E)mT exhibited 2.1-fold and 4.6-fold higher viral produc-
tion than oRd19 under normoxic and hypoxic conditions,
respectively (**p <0.01, **p < 0.001). Similar results were
observed in PANC-1 cells. These results indicate that the
activity of the H(E)mT promoter is superior in both nor-
moxic and hypoxic conditions to that of the endogenous Ad
E1A promoter. Furthermore, viral replication of oH(E)mT
was significantly lower than, or similar to, that of oRd19 in
NPCs and HDFs at a high MOI (10), indicating that
H(E)mT promoter-driven viral replication is highly cancer-
specific.

Cancer cell-specific expression of DCN by oH(E)mT-DCN

Desmoplasia, a prominent pathological attribute of pancreatic
cancer, is marked by a dramatic increase in the proliferation
of fibroblasts and increased deposition of ECM compo-
nents.”® Aberrant deposition of ECM components affects the
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Figure 3. Continued.

overall elasticity and interstitial fluid pressure of the tumor,
which can contribute to chemoresistance and poor viral dis-
tribution."**> To maximize the therapeutic efficacy of onco-
lytic Ad for the treatment of pancreatic tumors, we generated
an H(E)mT promoter-driven oncolytic Ad expressing DCN
(oH(E)mT-DCN). Our rationale for generating this Ad was
that DCN can degrade aberrant ECM components such as
collagen, elastin and fibronectin (Supporting Information Fig.
S1B).

To assess whether oH(E)mT-DCN could induce cancer
cell-specific expression of DCN, pancreatic cancer and nor-
mal cells were infected with oH(E)mT-DCN at an MOI of
0.5 or 2 and culture supernatants were examined for DCN
secretion by ELISA and intracellular DCN expression was
detected from cell lysates by western blotting. As shown in
Figure 3a dose-dependent increase in DCN expression was
observed in pancreatic cancer cells infected with oH(E)mT-
DCN (**p < 0.001). In marked contrast, only negligible
DCN expression was detected in normal cells. Taken
together, these results indicate that oH(E)mT-DCN can effi-
ciently express DCN in a cancer cell-restricted manner,

presumably due to the H(E)mT promoter-mediated cancer-
specific replication of oncolytic Ad.

Enhanced cancer cell-specific killing of DCN-expressing
oncolytic Ad

We have previously reported that DCN-expressing Ad shows
increased viral dissemination and greater cytotoxicity than
control Ad by inducing apoptosis.'* To determine whether
oH(E)mT-DCN can more efficiently induce killing of pancre-
atic cancer cells than oH(E)mT, an MTT assay was per-
formed to assess cell viability at various time points (Fig. 3b)
and after infection with different MOIs (Fig. 3c). Both
oH(E)mT and oH(E)mT-DCN elicited a time-dependent
increase in pancreatic cancer cell killing efficacy, indicating
that both oncolytic Ads replicate efficiently and induce cancer
cell death. Importantly, oH(E)mT-DCN was significantly
more cytotoxic to cancer cells than oH(E)mT at all time
points (*p < 0.05, **p <0.01, **p < 0.001). Furthermore, the
magnitude of difference in cancer cell killing efficacy was
greater at later time points, suggesting that replication of
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oH(E)mT-DCN and subsequent amplification of DCN
expression contributed to the potent cytopathic effect.

As shown in Figure 3¢, both oH(E)mT and oH(E)mT-
DCN exhibited dose-dependent cytotoxicity to pancreatic
cancer cells. Importantly, oH(E)mT-DCN was significantly
more cytotoxic to cancer cells than oH(E)mT at all doses in
MIA PaCa-2 and PANC-1 cells, further implying that onco-
lytic Ad-mediated expression of DCN enhances the potency
of oncolytic Ad (**p < 0.001). Furthermore, both oncolytic
Ads induced only negligible cell death in normal cells, indi-
cating that DCN expression is not detrimental to normal cells
and that DCN-mediated cell killing is cancer-selective. Addi-
tionally, both oH(E)mT and oH(E)mT-DCN showed cancer-
specific and dose-dependent increase in viral replication, sug-
gesting oH(E)mT promoter driven cytolytic effect will occur
preferentially in cancer cells (Supporting Information Fig.
S$3). This result is consistent with a previous report in which
DCN-mediated induction of apoptosis was shown to be can-
cer-specific.'* Altogether, these results demonstrate that DCN
expression mediated by oH(E)mT-DCN enhances the dose-
dependent and time-dependent cytotoxicity of oncolytic Ad,
which occurs specifically in cancer cells.

Therapeutic efficacy of oH(E)mT and oH(E)mT-DCN in
orthotopic pancreatic cancer

Orthotopic tumor models are emerging as a prominent
model of cancer progression; moreover, the microenviron-
ment of orthotopic tumors closely emulates that of clinical
tumors.”*?” To evaluate the therapeutic potential of
oH(E)mT-DCN against pancreatic cancer, we assessed the
extent to which oncolytic Ads (oH(E)mT or oH(E)mT-DCN)
could inhibit tumor growth in an orthotopic pancreatic can-
cer model. As a control, we used ONYX-015, a clinically
approved oncolytic Ad. To monitor and visualize the growth
of the orthotopic tumors in real time, orthotopic pancreatic
tumors were established by injecting firefly luciferase-
expressing MIA PaCa-2 pancreatic cancer cells into the pan-
creas of Balb/c nude mice. Tumor growth was then moni-
tored by bioluminescence optical imaging.

As shown in Figures 4a and 4b, the orthotopic pancreatic
tumors continued to grow for up to 30 days after the initial
treatment in PBS-treated, ONYX-015-treated, or oH(E)mT-
treated mice. In contrast, oH(E)mT-DCN treatment resulted
in a markedly lower tumor growth rate (***p < 0.001 vs. PBS;
*p <0.01 vs. ONYX-015, oH(E)mT). At 30 days after the
initial treatment, the increase in total flux of PBS-treated,
ONYX-015-treated, oH(E)mT-treated and oH(E)mT-DCN-
treated mice averaged 22.2, 24.9, 14.7 and 1.4-fold higher
than the initial measurement, respectively. Surprisingly,
ONYX-015 (which is clinically approved) did not suppress
tumor growth, suggesting that the highly aggressive nature of
orthotopic pancreatic tumors renders them refractory to
treatment with ONYX-015. In marked contrast, both
oH(E)mT and oH(E)mT-DCN suppressed tumor growth
more effectively than ONYX-015, implying that H(E)mT
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promoter-driven oncolytic Ads are highly effective for the
treatment of pancreatic tumors. Importantly, oH(E)mT-DCN
inhibited tumor growth to a greater extent than oH(E)mT,
suggesting that oncolytic Ad-mediated DCN expression
enhances the antitumor efficacy of oncolytic Ad (*p <0.05,
***p < 0.001). Similarly, tumor weight measurements indi-
cated that oH(E)mT-DCN was a more potent inhibitor of
tumor growth than ONYX-015 or oH(E)mT (Fig. 4c
***p < 0.001 versus ONYX-015 and *p < 0.05 vs. oH(E)mT),
further supporting our conclusion that oHEmT-DCN is well-
suited for the treatment of aggressive pancreatic tumors.

To further investigate the mechanisms behind the antitu-
mor effects of the different oncolytic Ads, Western blotting
was performed to analyze the levels of Ad E1A and DCN
expression in the tumors. As shown in Figure 5a, oH(E)mT
and oH(E)mT-DCN induced markedly higher expression of
Ad E1A in tumor tissue than ONYX-015, implying that the
H(E)mT promoter induces high levels of viral replication in
pancreatic tumors. Importantly, oH(E)mT-DCN induced 2.1-
fold and 4.1-fold higher expression of Ad E1A and DCN,
respectively, compared with oH(E)mT.

The TGF-B signaling pathway plays a critical role in the
disease progression of cancer. This pathway regulates cell
growth, differentiation, migration and induces the epithelial-
to-mesenchymal transition.”® DCN has been reported to sup-
press the biological activity of TGF-f by preventing TGF-3
binding to its receptor.'*** Therefore, we performed ELISA
to assess whether DCN expression mediated by oncolytic Ads
affects the intratumoral expression level of TGF-B. As shown
in Figure 5b, the intratumoral expression level of TGF-B was
significantly suppressed (by 32.6% and 26.8%) following
treatment with oH(E)mT-DCN compared with the PBS and
oH(E)mT treatments, respectively (**p <0.01, ***p < 0.001).
In contrast, no reduction of TGF-f expression was observed
in ONYX-015-treated tumor tissue. Together, these results
demonstrate that DCN expression is positively correlated
with the suppression of TGF-B expression, and the potent
antitumor efficacy of oH(E)mT-DCN was mediated by effi-
cient viral replication, DCN expression and subsequent
downregulation of TGF-.

Histologic, TUNEL and immunohistochemical
characterization

The antitumor efficacy of the intraperitoneally administered
oncolytic Ads was further investigated by histological and
immunohistochemical analyses. H & E staining revealed a
marked reduction in the number of viable tumor cells and
more extensive necrotic regions in oH(E)mT-treated and
oH(E)mT-DCN-treated tumors compared with PBS-treated
and ONYX-015-treated tumors (Fig. 5c). Importantly, most
of the oH(E)mT-DCN-treated tumor tissue was necrotic,
whereas necrotic lesions were detected only in the central
region of the oH(E)mT-treated tumor tissue, indicating that
oH(E)mT-DCN can disperse through tumor tissue more
effectively than oH(E)mT. Moreover, no necrosis was
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Figure 4. Potent tumor growth inhibition by DCN-expressing oncolytic Ad in a pancreatic orthotopic tumor xenograft model. (@) Nude mice
with MIA PaCa-2 orthotopic pancreatic tumors were intraperitoneally injected with PBS, ONYX-015, oH(E)mT or oH(E)mT-DCN at two-day
intervals. Firefly luciferase expression was monitored every 5 days after treatments using an IVIS imaging system. (b) Bioluminescence sig-
nals were calculated in total flux of photons/sec (p/sec) after background subtraction from the region of interest. (¢) Tumors were harvested
at 30 days following the first treatment and measured. Plots were generated of the tumor weights. Then, tumor tissues were lysed to gener-
ate total protein extracts. [Color figure can be viewed at wileyonlinelibrary.com]

observed in normal tissues adjacent to the oH(E)mT-DCN-
treated tumor tissues, suggesting that oH(E)mT-DCN prefer-
entially induces necrosis in tumors.

Ad E1A staining revealed that the oH(E)mT-DCN-treated
tumors exhibited markedly higher accumulation of Ad,
through a greater area of the tumor, than ONYX-015-treated
or oH(E)mT-treated tumors, indicating that expression of
DCN facilitates viral replication and spreading within solid
tumors. Consistent with the H & E staining results, no Ad
E1A staining was observed in the surrounding normal tissues.
This finding further confirms that the therapeutic effect of
oH(E)mT-DCN is highly cancer-specific, and that tumor cell
necrosis is induced by efficient viral replication-mediated
cytolysis.

Tumor cell proliferation was markedly attenuated in
oH(E)mT-DCN-treated tumors, as assessed by PCNA

staining, Furthermore, a markedly higher percentage of
tumor cells was undergoing apoptosis in oH(E)mT-DCN-
treated tumors compared with PBS-treated, ONYX-015-
treated, or oH(E)mT-treated tumors, as assessed by the
TUNEL assay. In line with these results, we observed that
oH(E)mT-DCN induced dose-dependent expression of proa-
poptotic signaling molecules, such as cleaved caspase 3 and
PARP, in comparison to oH(E)mT in vitro (Supporting
Information Fig. S$4), confirming that DCN induces apoptosis
of cancer cells.

Hypoxia, a hallmark of the tumor microenvironment, has
been reported to attenuate replication of oncolytic Ad," lead-
ing to insufficient therapeutic efficacy in hypovascular regions
of solid tumors. Therefore, we examined the extent of repli-
cation of oncolytic Ads in hypoxic tumor regions. As shown
in Figure 5d, high levels of oH(E)mTand oH(E)mT-DCN
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Figure 5. Functional analysis of pancreatic tumor tissue treated with
PBS, ONYX-015, oH(E)mT or oH(E)mT-DCN. Western blotting (a) and
TGF-B1 ELISA (b) were performed using the resultant tumor lysates.
(0) H & E staining, Ad E1A immunohistochemical staining, PCNA
immunohistochemical staining and TUNEL assay results from pancre-
atic cancer tissue. Original magnification: X100 and X400. (d) Tumor
sections were stained with anti-Ad E1A Abs to examine viral replica-
tion (red). HIF-1a Abs were used to visualize hypoxic regions (green).
Normoxic and hypoxic regions are both visible. () Masson’s tri-
chrome and picrosirius red staining of pancreatic cancer tissue. Colla-
gen expression was analyzed semiquantitatively from the resultant
images. Original magnification: X100 and X400. (f) Reduced protein
levels of ECM components including collagen type | and llI, elastin
and fibronectin were observed in pancreatic cancer tissue treated
with oH(E)mT-DCN compared with tissues treated with the other Ads.
Semiquantitative image analysis was performed to measure the pro-
tein levels of type | and Ill collagen, elastin and fibronectin. Signifi-
cantly reduced levels of type | collagen, type Ill collagen, elastin and
fibronectin were observed in pancreatic cancer tissue treated with
oH(E)mT-DCN than in the tumor tissues treated with the control
viruses. Original magnification: X400. The tumor (T) and normal (N)
tissues are separated with a dotted line in the oH(E)mT-DCN-treated
group. Data are presented as mean = SD. *p < 0.05, **p < 0.01 and
***p < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]

replication were observed in hypoxic tumor regions, whereas

no detectable accumulation of ONYX-015 was observed. The
levels of oH(E)mTand oH(E)mT-DCN VP in hypoxic tumor
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regions were similar to those observed in normoxic regions.
This finding demonstrates that the HREs upstream of the
cancer-specific promoter can be transactivated by HIF-1a,
which is overexpressed under hypoxia, to overcome hypoxia-
mediated downregulation of Ad E1A expression. Importantly,
oH(E)mT-DCN was distributed over a larger area and more
virus was observed under hypoxic conditions compared with
oH(E)mT, indicating that DCN-mediated apoptosis facilitates
viral dispersion throughout desmoplastic pancreatic tumors.

DCN has been shown to inhibit TGF-B activity, which
plays a critical role in aberrant ECM deposition and the sub-
sequent acquisition of resistance toward therapeutics in pan-
creatic tumors. Thus, we next assessed the effect of DCN-
expressing oncolytic Ad on the ECM in orthotopic pancreatic
tumors via histological and immunohistochemical staining.
Masson’s trichrome and picrosirious red staining of pancre-
atic tumor sections revealed that collagen deposition was sig-
nificantly decreased in oH(E)mT-DCN-treated tumors
compared with ONYX-015-treated or oH(E)mT-treated
tumors. As shown in Figure 5e, tumors treated with
oH(E)mT-DCN contained less collagen compared with those
treated with PBS, ONYX-015, or oH(E)mT (**p < 0.01, ***p
< 0.001). Furthermore, oH(E)mT-DCN-treated tumors
exhibited significantly attenuated accumulation of major
ECM components such as type I collagen, type III collagen,
elastin and fibronectin compared with those treated with
PBS, ONYX-015 or oH(E)mT. This finding indicates that
oncolytic Ad-mediated expression of DCN effectively
degrades overexpressed ECM components in pancreatic
tumors (Fig. 5f; *p < 0.05, **p < 0.01 or **p < 0.001). Simi-
lar results were observed in patient-derived pancreatic tumor
spheroids where oH(E)mT-DCN treatment led to degrada-
tion of tumor ECM and tumor cell death (Supporting Infor-
mation Fig. S5). Taken together, these results indicate that
oH(E)mT-DCN can efficiently degrade ECM, overcome
hypoxia-mediated downregulation of Ad E1A expression, and
exhibit potent antitumor efficacy against highly desmoplastic
pancreatic tumors.

Therapeutic efficacy of oH(E)mT-DCN in patient-derived
pancreatic cancer organoid cultures

Although orthotopic tumor models closely emulate tissue-
specific disease progression of clinical tumors, orthotopic
implantation in immunodeficient mice does not completely
recapitulate tumorigenesis in humans because the tumor
microenvironments are not equivalent.’® In this regard, 3D
organoid culture of patient tumors, an approach that mimics
the ECM components and complex cell heterogeneity of clin-
ical tumors, is a promising model for the evaluation of novel
therapeutics.” * To take advantage of this model system,
pancreatic tumor spheroids derived from patient samples
were cultured and treated with PBS, ONYX-015, oH(E)mT
or oH(E)mT-DCN for 6 days. As shown in Figure 6a and
Supporting Information Fig. S5, PBS-treated patient-derived
pancreatic tumor spheroids were primarily composed of a
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Figure 5. Continued.
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Figure 5. Continued

thick and dense layer of ECM components, similar to ortho-
topic pancreatic tumors (Fig. 5e). This finding indicates that
3D tumor spheroids and orthotopic models both closely
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emulate the desmoplastic attributes of clinical pancreatic
tumors. In good agreement with our results from the ortho-
topic pancreatic tumor model, oH(E)mT-DCN induced
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Figure 5. Continued

efficient degradation of major ECM components, attenuated
proliferation of tumor cells, induced apoptosis in tumor cells
and exhibited proficient viral dissemination in patient-
derived tumor spheroids (Figs. 6ac). Together, these results
suggest that oH(E)mT-DCN induces potent antitumor effects
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by overcoming hypoxia-mediated downregulation of Ad E1A
expression and desmoplasia in patient-derived tumor sphe-
roids, suggesting oH(E)mT-DCN as a promising candidate
for future clinical trials targeting aggressive and desmoplastic
pancreatic cancer.
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Discussion these poor outcomes are late diagnosis and poor therapeutic

Pancreatic cancer is associated with the worst prognosis of all ~ efficacy of conventional treatments, which are due to the
gastrointestinal malignancies.” >’ The major reasons for nonspecific symptoms and aggressive tumor biology,
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Figure 6. Histological and immunohistochemical staining of pancreatic cancer patient-derived tumor spheroids for type | and Ill collagen, elas-
tin and fibronectin. (a) Masson’s trichrome and Picrosirius red staining of primary pancreatic tumor spheroids treated with PBS, ONYX-015,
oH(E)mT or oH(E)mT-DCN. Collagen expression was analyzed semiquantitatively. Original magnification: X400. (b) Reduced protein levels of
various ECM components including collagen type | and Ill, elastin and fibronectin were observed in primary pancreatic tumor spheroids treated
with oH(E)mT-DCN compared with spheroids treated with the other Ads. Type | and Ill collagen, elastin and fibronectin protein levels were ana-
lyzed semiquantitatively. Significantly reduced levels of type | collagen, type Ill collagen, elastin and fibronectin were observed in primary pan-
creatic tumor spheroids treated with oH(E)ymT-DCN compared with spheroids treated with control viruses. Original magnification: X400. (c) H &
E staining, Ad E1A immunohistochemical staining, PCNA immunohistochemical staining and TUNEL assay results from primary pancreatic tumor
spheroids. Original magnification: X400. PCNA expression and TUNEL assay images were analyzed semiquantitatively. Bars represent mean +
SD. *p < 0.05, **p < 0.01 and ***p < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]

respectively. Histologically, pancreatic cancer tumors are
extremely stroma-rich and hypovascular. Indeed, most of the
pancreatic tumor mass consists of ECM components, such as
collagen, desmin, fibronectin and hyaluronic acid.”**° Aber-
rant accumulation of ECM in the tumor microenvironment
is a major obstacle hindering the success of conventional
treatments against pancreatic cancer. Gemcitabine, a standard
chemotherapeutic prescribed for the treatment of pancreatic
cancer, can only prolong life expectancy by 6 months. The

inefficiency of this therapeutic has been shown to be due to
poor drug permeation into ECM-rich tumors.”>*!

Another critical hurdle for the effective treatment of pan-
creatic cancer is hypoxia, which refers to the low partial pres-
sure of oxygen and subsequent acidosis that frequently occur
in the tumor microenvironment.*> HIF-1a, a potent regulator
of the homeostatic transcriptional response to hypoxia, is sig-
nificantly overexpressed in pancreatic cancer.*>** Impor-
tantly, HIF-1a stimulates transcription of genes that contain

Int. J. Cancer: 142, 392-413 (2018) © 2017 UICC
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Figure 6. Continued.

HREs in their promoters. Therefore, transcriptional regula-
tion via a hypoxia-inducible promoter is frequently employed
to target the hypoxic tumor microenvironment.

In this report, we generated two variants of HRE-
harboring, cancer-selective hybrid promoters (H(E)mT and

H(mT)E). The levels of transgene expression driven by the
H(E)mT promoter and by the H(mT)E promoter were both
significantly enhanced under hypoxic conditions, indicating
that the HRE enhancer enhances promoter activity under
hypoxic conditions. Importantly, the H(E)mT promoter
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induced higher Ad transgene expression than the H(mT)E
promoter under both normoxic and hypoxic conditions,
demonstrating that the level of transcriptional activity of a
given hybrid promoter is affected by the order in which the
promoter components are inserted into the Ad genome (Figs.
la and 1b, Supporting Information Fig. S2A). Since the
H(E)mT promoter demonstrated superior promoter activity
to that of the H(mT)E promoter, we chose to extensively

TUNEL

KKK
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Total integrated optical density
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characterize the therapeutic efficacy of H(E)mT-harboring
Ads. In addition to exhibiting enhanced transcription in hyp-
oxic conditions, H(E)mT-driven expression of GFP was
highly cancer-specific. This finding indicates that our novel
H(E)mT hybrid promoter is a good candidate for regulating
Ad E1A gene expression of oncolytic Ad in a manner that
endows cancer specificity (Figs. 1c¢ and 1d, Supporting Infor-
mation Fig. S2B). Oncolytic Ad replicating under the control
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of the H(E)mT promoter (oH(E)mT) was highly cytotoxic to
cancer cells and exhibited significant replication in a highly
cancer-specific manner under both normoxic and hypoxic
conditions (Figs. 2 and 3). These findings are in good agree-
ment with our previous report, in which we demonstrated
the cancer selectivity of HRE-mediated enhancement of
oncolytic Ad transgene expression under hypoxic condi-
tions.'"> Of note, oH(E)mT exhibited greater viral replication
than oRd19, a control oncolytic Ad with the endogenous Ad
promoter, in cancer cells. In contrast, no evident cytotoxicity
was observed in normal cells, implying that the potent and
cancer-specific killing effect of oH(E)mT is mediated by effi-
cient and preferential replication of oncolytic Ad in cancer
cells (Figs. 2 and 3).

Current trends of oncolytic Ad development for clinical
applications have focused on armed oncolytic Ads expressing
anticancer therapeutic genes. Several clinical studies have
evaluated the efficacy of these Ads against various types of
cancers.””™ In the context of this strategy, we generated
oncolytic Ad expressing DCN, a potent inducer of tumor cell
apoptosis and ECM degradation, as a potential candidate for
the treatment of desmoplastic pancreatic cancer. DCN-
expressing oncolytic Ad (oH(E)mT-DCN) induced a dose-
dependent increase in DCN expression in a cancer cell-
specific manner (Fig. 3a). Furthermore, oH(E)mT-DCN
exhibited dose-dependent cytotoxicity in a cancer cell-specific
manner that was superior to that of its cognate control onco-
lytic Ad oH(E)mT, indicating that the dose-dependent
increase in DCN achieved with oH(E)mT-DCN was responsi-
ble for the enhanced anticancer effect (Fig. 3b). Moreover,
oH(E)mT-DCN was more highly cytotoxic than oH(E)mT, in
a time-dependent manner, further demonstrating that ampli-
fication of DCN and oncolytic Ad via active viral replication
resulted in potent cancer cell killing (Fig. 3b). Of particular
interest, only negligible oH(E)mT-DCN-induced DCN
expression was detected in normal cells, and no cytotoxicity
was observed, findings that are in good agreement with a
previous report demonstrating that DCN-induced apoptosis
was cancer-specific.*® Similar results were observed in vivo;
that is, oH(E)mT-DCN exhibited superior antitumor efficacy
via DCN-mediated induction of apoptosis and active viral
replication within highly aggressive and desmoplastic ortho-
topic pancreatic tumor tissue compared to its cognate control
oH(E)mT (Figs. 4a—4c and 5a). Furthermore, normal tissue
adjacent to the tumor was not affected by oH(E)mT-DCN.
These findings are in good agreement with previous reports
demonstrating that DCN induces cancer-selective apoptosis
but is not detrimental to normal cells, providing further sup-
port for the idea that low level expression level of Ad-
mediated DCN in normal cells is not harmful.'***

The ECM is a critical hurdle complicating oncolytic Ad-
mediated gene therapy for the treatment of pancreatic cancer,
since the coarse and dense ECM prevents penetration and
dispersion of Ad into tumor tissue. TGF-B is a key profi-
brotic cytokine that induces ECM accumulation in pancreatic
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tumors by inhibiting proteolytic enzymes. DCN harbors a
high-affinity binding site for TGF-@; thus, binding of DCN
to TGF-B neutralizes its biological activity.'> We found that
TGEF-B protein level was significantly reduced by oH(E)mT-
DCN in orthotopic pancreatic tumor tissue, supporting the
idea that DCN is a natural inhibitor of TGF-B (Fig. 5b).
Importantly, DCN-mediated suppression of TGF-f following
oH(E)mT-DCN treatment was positively correlated with
attenuation in the expression levels of major ECM compo-
nents, such as collagen types I & III, fibronectin and elastin,
indicating that oncolytic Ad-mediated expression of DCN
can effectively degrade ECM components in tumor tissue via
downregulation of the profibrotic cytokine TGF-f (Figs. 5a-
5e and 5f). These results are in good agreement with previous
reports by our group and others demonstrating that DCN
delays the lateral assembly of collagen fibrils*’ and downregu-
lates the production of other ECM components by blocking
the activity of TGE-B,*>*° ultimately resulting in enhanced
dispersion of oncolytic virus in tumor tissues through degra-
dation of tumor ECM." In addition, the DCN expression
level and extent of ECM component degradation were both
positively correlated with Ad dispersion and accumulation
within pancreatic tumors. These findings are in good agree-
ment with a previous report, demonstrating that DCN
enhances Ad penetration and distribution within solid
tumors via ECM degradation.'* Alternatively, induction of
apoptosis has been reported to enhance viral dispersion
within solid tumors by transferring Ad progeny virus to
neighboring tumor cells via apoptotic bodies and attenuating
intratumoral interstitial pressure.’’ In good agreement with
this report, oH(E)mT-DCN potently induced apoptosis in
tumor tissue; furthermore, this effect was positively correlated
with the extent of viral dispersion and replication within
solid tumors. Together, these results demonstrate that
oH(E)mT-DCN potently induces apoptosis and efficient deg-
radation of ECM components, thereby resulting in high levels
of viral dissemination and active replication within orthotopic
pancreatic tumor tissue.

Hypovascularization within solid tumors has been demon-
strated to suppress replication of oncolytic Ad, resulting in
poor and uneven viral distribution in tumor tissue.'"'> The
HRE enhancer, which binds to overexpressed HIF-1la under
hypoxic conditions and induces transactivation of its down-
stream promoters, has been frequently employed to achieve
tumor selectivity. Oncolytic Ad replicating under the control
of our novel HRE-harboring cancer-specific hybrid promoter
H(E)mT (oH(E)mT) showed enhanced viral replication under
hypoxic conditions compared with normoxic conditions.
Thus, our strategy was able to overcome hypoxia-induced
downregulation of Ad E1A expression both in vitro and in
vivo (Figs. 2b, 2¢ and 5d). Furthermore, the level of Ad E1A
expression achieved with oH(E)mT-DCN was markedly
higher than that achieved with ONYX-015 or its cognate
control, oH(E)mT, in hypoxic tumor regions. Together, these
results demonstrate that the combination of a hypoxia-
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responsive promoter with intratumoral expression of DCN
can vyield enhanced viral replication and dispersion of
oH(E)mT-DCN in hypovascular tumor regions, as well as in
normoxic regions of ECM-rich pancreatic tumors.

3D organoid culture of primary patient tumors can pro-
vide a more accurate representation of the clinical tumor
microenvironment compared with orthotopic xenograft mod-
els. Furthermore, 3D patient tumor spheroids retain their
heterogeneous tumor cell populations as well as the complex
network of cell-cell and cell-matrix interactions exhibited in
clinical tumors, making this model a promising candidate for
evaluating the penetration and action of novel therapeu-
tics.”>>> In this study, both orthotopic pancreatic tumors and
tumor spheroids derived from patients with pancreatic cancer
exhibited aberrantly high deposition of ECM components.
These characteristics closely emulate the desmoplastic attrib-
utes of clinical pancreatic cancer described in previous litera-
ture (Figs. 5e¢ and 6a). In both orthotopic tumors and

Antitumor effect of tumor microenvironment-targeted oncolytic Ad

oH(E)mT-DCN
induced tumor cell apoptosis, ECM degradation and disper-

primary patient spheroids, effectively
sion of Ad in both normoxic and hypoxic tumor regions,
leading to a potent tumoricidal effect.

In summary, we demonstrated that a novel DCN-
expressing oncolytic Ad, oH(E)mT-DCN, can potently inhibit
tumor growth through a multifunctional process. In this pro-
cess, degradation of ECM, hypoxia responsiveness and induc-
tion of apoptosis facilitate dispersion and active replication of
oncolytic Ad in both normoxic and hypoxic regions of des-
moplastic pancreatic tumors that closely emulate clinical
tumors. These findings suggest oH(E)mT-DCN as a promis-
ing therapeutic candidate for future clinical trials against
aggressive pancreatic cancer.
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