Cancer Letters 459 (2019) 15-29

journal homepage: www.elsevier.com/locate/canlet

Contents lists available at ScienceDirect

Cancer Letters

Original Articles

Oncolytic Ad co-expressing decorin and Wnt decoy receptor overcomes
chemoresistance of desmoplastic tumor through degradation of ECM and

inhibition of EMT

Check for
updates

Yan Li®, JinWoo Hong", Bo-Kyeong Jung”, Eonju Oh”, Chae-Ok Yun”“"

@ Biomarker Branch, National Cancer Center, 323 Ilsan-ro, Ilsandong-gu, Goyang-si, Gyeonggi-do, 10408, Republic of Korea
Y Department of Bioengineering, College of Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul, 04763, Republic of Korea
¢ Institute of Nano Science and Technology (INST), Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul, 04763, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords: Pancreatic cancer is a highly lethal disease. Excessive accumulation of tumor extracellular matrix (ECM) and
Decorin epithelial-to-mesenchymal transition (EMT) phenotype are two main contributors to drug resistance in des-
SLRP6E1E2

moplastic pancreatic tumors. To overcome desmoplasia and chemoresistance of pancreatic cancer, we utilized an
oncolytic adenovirus (Ad) co-expressing decorin and soluble Wnt decoy receptor (HEmT-DCN/sLRP6). An or-
thotopic pancreatic xenograft tumor model was established in athymic nude mice using Mia PaCa-2 cells, and the

Oncolytic adenovirus
Pancreatic cancer

Metastasis . . © . X 7
Extracellular matrix antimetastatic and antitumor efficacy of systemically administered HEmT-DCN/sLRP6 was evaluated.
Chemosensitivity Immunohistochemical analysis of tumor tissues was performed to assess ECM degradation, induction of apop-

tosis, viral dispersion, and inhibition of the Wnt/B-catenin signaling pathway. HEmT-DCN/sLRP6 effectively
degraded tumor ECM and inhibited EMT, leading to enhanced viral distribution, induction of apoptosis, and
attenuation of tumor cell proliferation in tumor tissue. HEmT-DCN/sSLRP6 prevented metastasis of pancreatic
cancer. Importantly, HEmT-DCN/sSLRP6 sensitized pancreatic tumor to gemcitabine treatment. Furthermore,
HEmT-DCN/sLRP6 augmented drug penetration and dispersion within pancreatic tumor xenografts and patient-
derived tumor spheroids. Collectively, these results illustrate that HEmT-DCN/sLRP6 can enhance the dispersion
of both oncolytic Ad and a chemotherapeutic agent in chemoresistant and desmoplastic pancreatic tumor, ef-

fectively overcoming the preexisting limitations of standard treatments.

1. Introduction

Pancreatic cancer, the fourth leading cause of cancer mortality,
remains one of the most difficult cancers to treat [1-3]. Currently
available treatment options for pancreatic cancer, such as che-
motherapy, radiotherapy, and surgery, have shown limited efficacy,
with a 5-year survival rate of only 6% [4]. Gemcitabine, a che-
motherapeutic agent that causes termination of DNA synthesis and in-
duces apoptosis, is currently the standard treatment for patients with
advanced and metastatic pancreatic cancer, but the 1-year survival rate
on gemcitabine is very low at 17-23% due to the inherent drug re-
sistance of pancreatic cancer [5-12].

Pancreatic cancer generally demonstrates rapid and anomalous
growth of extracellular matrix (ECM) and a highly activated Wnt
pathway [13,14]. Previous studies have shown that the ECM plays a
prominent role in creating a barrier against the penetration and dis-
tribution of drugs within the tumor tissues, resulting in low therapeutic

efficacy and poor disease control [15-17]. Furthermore, both increased
ECM density and activation of Wnt signaling pathway can promote
epithelial-to-mesenchymal transition (EMT), which further contributes
to the drug-resistant phenotype of cancer [17,18]. Activation of the Wnt
signaling pathway also promotes progression and metastasis of pan-
creatic cancer, making it an attractive therapeutic target for treatment
[19].

To address these obstacles to pancreatic cancer treatment, we uti-
lized an oncolytic adenovirus (Ad) that co-expresses decorin (DCN) and
soluble Wnt decoy receptor (sSLRP6E1E2). DCN, a small leucine-rich
proteoglycan ubiquitously present in ECM, promotes ECM remodeling
through binding to collagen fibrils, which delays the lateral assembly of
individual triple helical collagen molecules. In addition, DCN blocks the
activity of transforming growth factor-f (TGF-f), further suppressing
the production of various ECM components [20-22]. sLRP6E1E2,
which consists of the E1 and E2 regions of lipoprotein receptor related
protein 6 (LRP6), inhibits canonical Wnt signaling and induces
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apoptosis via mitogen-activated protein kinase and phosphatidylino-
sitol 3-kinase pathways [23]. Moreover, SLRP6E1E2 has been shown to
inhibit EMT, a major contributor to metastasis and chemoresistance, by
upregulation of epithelial markers and downregulation of mesenchymal
markers [23].

Given the clinical potential of DCN in ECM remodeling and of
sLRP6E1E2 as an antimetastatic agent, oncolytic Ad co-expressing DCN
and sLRP6E1E2 (HEmT-DCN/sLRP6) could induce a potent therapeutic
effect when administered to pancreatic tumors. We demonstrate for the
first time that HEmT-DCN/sLRP6 efficiently degrades tumor ECM and
inhibits metastasis by expression of DCN and sSLRP6E1E2. Importantly,
HEmT-DCN/sLRP6-mediated downregulation of EMT markers and de-
gradation of ECM lead to chemosensitization of pancreatic cancer to
gemcitabine treatment, resulting in a potent and synergistic antitumor
effect.

2. Materials and methods
2.1. Cell lines and cell culture

HEK293 cells (human embryonic kidney cell line expressing the Ad
El region), pancreatic cancer cell lines (MIA PaCa-2, PANC-1, and
AsPC-1), human lung cancer cells (A549), and normal human fibroblast
cell lines (HDF and BJ) were purchased from the American Type
Culture Collection (ATCC, Manassas, VA). Human normal pancreatic
cells (NPC) were purchased from Applied Biological Materials Inc.
(ABM, Richmond, Canada). All cell lines with the exception of AsPC-1,
NPC, BJ, and HMEC were cultured in Dulbecco's modified Eagle's
medium (DMEM; GIBCO BRL, Grand Island, NY) supplemented with
10% fetal bovine serum (FBS; GIBCO BRL) and penicillin-streptomycin
(100 IU/mL; GIBCO BRL). AsPC-1, NPC, and BJ cells were maintained
in RPMI-1640 (GIBCO BRL), prigrow I medium (ABM), and modified
Eagle's medium (MEM; GIBCO BRL), respectively. All cell lines were
maintained at 37 °C in a humidified atmosphere at 5% CO,.

2.2. Animal studies

Six to eight-week-old male athymic nude mice were purchased from
Charles River Korea (Seongnam, South Korea) and maintained in a la-
minar 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 experi-
ments were conducted according to the institutional guidelines estab-
lished for the Hanyang University Institutional Animal Care and Use
Committee.

2.3. Construction and preparation of oncolytic Ad co-expressing decorin
and sLRP6E1E2

The preparation of an oncolytic Ad co-expressing DCN and FLAG-
tagged sLRP6E1E2 was described in a previous study [23,24]. Re-
plication-incompetent Ad (dE1-k35) and oncolytic Ad (ONYX-015)
were used as control Ads and were propagated in 293 cells. HEmT-
DCN/sLRP6 was propagated in A549 cells. The vector construct of
HEmT-DCN/sLRP6 is provided as Supplementary Fig. S1. All Ads were
purified by CsCl (Sigma, St Louis, MO) gradient centrifugation. The
number of viral particles (VP) was calculated from optical density
measurements at 260nm (ODsygy), where 1 absorbency unit
(ODygo = 1) is equivalent to 1.1 X 10'2 VP/mL. Purified viruses were
stored at — 80 °C until use. The VP-to-infectious unit (PFU) ratio was
assumed to be 100:1 for multiplicity of infection (MOI) calculation of in
vitro experiments as described previously [25].

2.4. Western blot analysis

MIA PaCa-2 pancreatic cancer cells cultured in 100-mm plates were
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infected with HEmT-DCN/sLRP6 at MOI of 2, 5, and 10. At 2 days post-
infection, cells and supernatants were harvested, and immunoblotting
was performed as described previously [26]. Blocked membranes were
incubated with DCN-specific antibody (Ab; R&D Systems, Minneapolis,
MN) or FLAG-specific Ab (Sigma) overnight at 4 °C. Bound Abs were
detected by a horseradish peroxidase-conjugated rabbit anti-goat sec-
ondary Ab (Kirkegaard & Perry Laboratories, Gaithersburg, MD) or a
horseradish peroxidase-conjugated horse anti-mouse secondary Ab
(Cell Signaling Technology, Beverly, MA) and developed using the en-
hanced chemiluminescence system (Pierce, Rockford, IL).

2.5. Engyme-linked immunosorbent assay (ELISA) for secreted decorin

MIA PaCa-2 pancreatic cancer cells cultured in 60-mm plates were
infected with HEmT-DCN/sLRP6 at MOI of 2, 5, and 10. At 2 days post-
infection, supernatants were collected by centrifugation at 15,000 x g
for 10 minat 4 °C, and secreted DCN protein was quantified using an
ELISA kit (Abcam, Cambridge, UK).

2.6. Cytopathic effect assay

To evaluate the cytopathic effect (CPE) of oncolytic Ad infection,
cells (pancreatic cancer cells: AsPC-1, PANC-1, and MIA PaCa-2; normal
cells: NPC, BJ, and HDF) were plated on 24-well plates and grown until
approximately 60%-70% confluent. Cells were treated with dE1-k35,
ONYX-015, or HEmT-DCN/sLRP6 at 0-50 MOI. Replication-in-
competent Ad (dE1-k35) was used as a negative control. At 3 days post-
infection, plates were stained with 0.5% crystal violet in 50% methanol
for 1 h, washed with water, and dried.

2.7. MTT assay

The cytotoxicity of gemcitabine was determined by measuring
conversion of the tetrazolium salt 3-(4,5-dimethylthiazolyl-2)-2,5di-
phenyltetrazolium bromide (MTT, Sigma) to formazan. Pancreatic
cancer cells (MIA PaCa-2, PANC-1, and AsPC-1) were detached by
trypsinization, seeded at 5 x 10%cells per well in a 24-well plate
overnight, and treated with various concentrations (0-100 pg/mL) of
gemcitabine in DMEM with 10% FBS. After 3 days of incubation at
37°C, 200 pL of MTT in phosphate-buffered saline (PBS; 2 mg/mL) was
added to each well. After incubation at 37 °C for 4 h, the supernatant
was discarded, and the precipitate was dissolved in 1 mL of dimethyl
sulfoxide (DMSO). Plates were read on a microplate reader at 540 nm.
For combination therapy with oncolytic Ad and gemcitabine, pancreatic
cancer cells were seeded as described above and then infected with
HEmT-DCN/sLRP6 at MOI of 0.5 and 2. At 24 h post-infection, cells
were treated with gemcitabine (0.2 ug/mL). At 48h after treatment
with gemcitabine, the MTT assay was carried out. All assays were
performed in triplicate.

2.8. Orthotopic model of human pancreatic cancer

MIA PaCa-2 cells (5 x 106 cells/50 pL), which stably express firefly
luciferase, were injected beneath the capsule of the pancreas of athymic
nude mice (Charles River Korea, Seoul, Korea), and the abdominal wall
and skin were closed. At 2 weeks post-implantation (week 0), mice were
divided into three groups to receive intraperitoneal treatment with PBS,
ONYX-015, or HEmT-DCN/sLRP6 (n = 6, each group) on weeks 0, 1,
and 2. Optical imaging was performed on weeks 0, 1, 2, 3, 4, and 5 with
IVIS SPECTRUM (Xenogen, Alameda, CA). Imaged signals were quan-
titatively analyzed with IGOR-PRO Living Image software (Xenogen).
At 12 weeks after the first treatment, tumors and several organs were
collected, imaged, and weighed.

To evaluate the combination therapy of oncolytic Ad and gemcita-
bine, tumor models were prepared under the same conditions as above.
At 2 weeks post-implantation (week 0), mice were divided into four
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groups (PBS, gemcitabine, HEmT-DCN/sSLRP6, or HEmT-DCN/sSLRP6
plus gemcitabine; n = 4, each group) and treated intraperitoneally with
Ad (2 x 10'° VP/mouse on days 0, 2, and 4) and/or gemcitabine twice
a week for 3 weeks. Optical imaging was carried out on weeks 0, 1, 2,
and 3 with IVIS SPECTRUM, and imaged signals were quantitatively
analyzed with IGOR-PRO Living Image software. At 3 weeks after the
first treatment, tumors were collected and sectioned.

2.9. Histology and immunohistochemistry

Tumor tissue or liver was harvested at 3 weeks after the first
treatment, fixed in 4% paraformaldehyde, and embedded in paraffin
wax for histologic examination and immunohistochemical staining.
Representative sections were stained with hematoxylin and eosin (H &
E), Masson's trichrome, or picrosirius red and examined by light mi-
croscopy (Carl Zeiss Inc., Thornwood, NY). The tumor sections were
also incubated at 4 °C overnight with rabbit anti-Ad E1A (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-mouse proliferating cell nuclear
antigen (PCNA; DAKO, Glostrup, Denmark), mouse anti-collagen type I
(Abcam), mouse anti-collagen type III (Sigma), mouse anti-elastin
(Sigma), or mouse anti-fibronectin (Santa Cruz Biotechnology) primary
Abs and then incubated at room temperature for 20 min with the Dako
Envision™ Kit (DAKO) as secondary Ab. Diaminobenzidine/hydrogen
peroxidase (DAKO) was used as the chromogen substrate. All slides
were counterstained with Mayer's hematoxylin.

2.10. Terminal deoxynucleotidyl transferase dUTP nick end labeling assay

The 5-um formalin-fixed paraffin-embedded tissue sections were
deparaffinized and rehydrated according to standard protocols [27].
Apoptosis was detected with the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay (DeadEndTM Fluorometric
TUNEL System; Promega, Madison, WI). Briefly, tissue sections were
permeabilized with proteinase K (20 mg/mL) for 10 min at room tem-
perature. Sections were then incubated with terminal deoxynucleotidyl
transferase (TdT) and fluorescein-12-dUTP in TdT buffer at room tem-
perature for 1h and washed with TdT buffer. Finally, nuclei were
counterstained with methyl green. The samples were analyzed by light
microscopy.

2.11. Immunofluorescence staining

For immunofluorescence staining of Wnt, 3-catenin, vimentin, ma-
trix metalloproteinase 2 (MMP-2), or MMP-9, tumor sections were
treated with mouse anti-Wnt3a (Santa Cruz Biotechnology), rabbit anti-
B-catenin (Cell Signaling Technology), mouse anti-vimentin (Abcam),
rabbit anti-MMP-2 (Abcam), or rabbit anti-MMP-9 (Abcam) primary
Abs and incubated overnight at 4 °C. Next, the tumor sections were
treated with Alexa Fluor 488 (green)-conjugated goat anti-mouse IgG
(Invitrogen, Carlsbad, CA) or Alexa Fluor 488 (green)-conjugated goat
anti-rabbit IgG (Invitrogen) Ab at room temperature for 1h. For
counterstaining, the samples were incubated with 4,6-diamidino-2-
phenylindole (Sigma). The slides were mounted with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA) and imaged
under a fluorescence microscope (Carl Zeiss Inc.)

2.12. Assessment of drug penetration in pancreatic cancer xenograft and
cancer patient-derived tumor spheroids

MIA PaCa-2cells (5 x 10° cells/50 uL) were injected sub-
cutaneously into the right abdomen of 6- to 7-week-old male athymic
nude mice. When the tumor volume reached approximately 100 mm®
(day 0), mice were sorted into two groups with similar mean tumor
volumes and received intratumoral treatment (PBS or HEmT-DCN/
sLRP6) (n = 3, each group) on days 0, 2, and 4. Doxorubicin (DOX) was
administered intratumorally on days 3 and 5. At 6h after the last
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treatment with DOX, tumors were frozen in optimal cutting tempera-
ture (OCT) compound (Sakura Finetec, Torrance, CA) and cut into 9-ym
sections. The slides were mounted with Vectashield mounting medium,
and cells were viewed under a DeltaVision system (Applied Precision,
Issaquah, WA). Fluorescence intensity of DOX measured in Gray value
was plotted against distance away from the center of tumor spheroid
using ImageJ software (version 1.50b; U.S. National Institutes of
Health, Bethesda, MD).

Tumor samples were obtained from patients with active-stage
ovarian cancer, and patient-derived tumor spheroids were prepared as
previously described [22]. The plates containing tumor spheroids were
treated twice with PBS or oncolytic Ad (5 x 10'° VP of HEmT-DCN/
sLRP6) on days 1 and 3. On day 4, each tumor spheroid was treated
with DOX (50 uM) and incubated at 37 °C. At 6 h after treatment with
DOX, tumor spheroids were frozen, and the slides were prepared as
described above then observed under a fluorescence microscope.

2.13. Assessment of liver toxicity

To analyze potential in vivo toxicity, serum was harvested 3 weeks
after the first treatment, and the levels of aspartate aminotransferase
(AST) and alanine transaminase (ALT) were measured.

2.14. Statistical analysis

Statistical comparisons were performed using Stat View software
(Abacus Concepts, Inc., Berkeley, CA) and Mann-Whitney test (non-
parametric rank sum test). The data are expressed as mean * standard
deviation (SD). P values less than 0.05 were considered statistically
significant (*P < 0.05, **P < 0.01, or ***P < 0.001).

To calculate the combination index (CI), Chou-Talalay method for
drug combination analysis was performed with CompuSyn software
(available for free download from www.combosyn.com) where
CI < 1, =1, and > 1 indicates synergism, additive effect, and antag-
onism, respectively [28].

3. Results
3.1. Oncolytic Ad-mediated decorin and sSLRP6E1E2 expression

To assess the level of DCN expression mediated by HEmT-DCN/
sLRP6, MIA PaCa-2 cells were treated with HEmT-DCN/sLRP6 at var-
ious MOIs. Two days after infection, the expression level of DCN in
culture supernatants or cell lysates was assessed by ELISA or western
blot analysis, respectively. As shown in Fig. 1A, dose-dependent DCN
expression was observed in both culture supernatants and lysates of
pancreatic cancer cells treated with HEmT-DCN/sSLRP6. Next, we ana-
lyzed whether the cells effectively expressed FLAG-tagged sSLRP6E1E2
following infection with HEmT-DCN/sLRP6. Cells treated with HEmT-
DCN/sLRP6 showed a dose-dependent increase in the expression level
of SLRP6E1E2 in both cell lysates and supernatants (Fig. 1B). Together,
these results demonstrate that both DCN and sLRP6E1E2 can be effi-
ciently expressed and secreted from cancer cells following infection
with HEmT-DCN/sLRP6.

3.2. Cytopathic effect of oncolytic Ad co-expressing decorin and
SLRP6E1E2

To compare the cancer cell-specific killing effect of HEmT-DCN/
sLRP6 and commercially available oncolytic Ad (ONYX-015; a strain
similar to oncolytic Ad H101 that is currently marketed as Oncorine)
[29-31], various pancreatic cancer and normal cells were treated with
each virus at 0 to 50 MOI, with replication-incompetent dE1-k35 in-
cluded as a negative control (Fig. 1C). HEmT-DCN/sLRP6 induced a
significantly enhanced cancer cell killing effect compared with ONYX-
015 in various pancreatic cancer cells (MIA PaCa-2, PANC-1, and AsPC-
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Fig. 1. HEmT-DCN/sLRP6-induced DCN and sLRP6E1E2 expression. MIA PaCa-2 pancreatic cancer cells were infected for 48 h with HEmT-DCN/sLRP6 at a mul-
tiplicity of infection (MOI) of 2, 5, or 10. (A) Expression of DCN was analyzed in culture supernatant or cell lysates by ELISA or immunoblot analysis, respectively. (B)
Expression level of FLAG epitope-tagged sSLRP6E1E2 was analyzed in culture supernatant and cell lysate by immunoblot analysis. ELISA was performed in triplicate,
and data are presented as mean *= SD. The data of immunoblot analysis are representative of three independent experiments. (C) Cytopathic effect of Ads in cancer
and normal cells. Monolayers of cancer and normal cells were treated with dE1-k35 (lane 1), ONYX-015 (lane 2), or HEmT-DCN/sLRP6 (lane 3) at MOI ranging from

0 to 50. Replication-incompetent Ad (dE1-k35) served as a negative control.

1), suggesting that HEmT-DCN/sLRP6 elicits more potent anticancer
efficacy than the clinically approved ONYX-015 for the treatment of
pancreatic cancer. Importantly, HEmT-DCN/sLRP6 elicited minimal
cytopathic effects in normal cells (NPC, BJ, and HDF) in a similar
manner as ONYX-015. Together, these results demonstrate that HEmT-
DCN/sLRP6 induces potent anticancer activity against pancreatic
cancer with good specificity.

3.3. Potent therapeutic efficacy of oncolytic Ad co-expressing decorin and
SLRP6E1E2 in an orthotopic pancreatic model

Orthotopic models of pancreatic cancer emulate the key aspects of
aggressive human pancreatic cancer, and the kinetics of disease pro-
gression in such models are highly reproducible, making them well-
suited for preclinical testing of novel therapeutics [24,32,33]. To
evaluate the therapeutic efficacy of HEmT-DCN/sLRP6, nude mice with
MIA PaCa-2 orthotopic pancreatic tumors were intraperitoneally in-
jected 3 times with 5 x 10® VP of ONYX-015 or HEmT-DCN/sSLRP6 on
weeks 0, 1, and 2, with PBS as a negative control. As shown in Fig. 2A,
tumors of PBS- or ONYX-015-treated mice continued to grow sub-
stantially for 5 weeks following the initial treatment, whereas mice
treated with HEmT-DCN/sSLRP6 exhibited a marked reduction in tumor
burden. At 5 weeks post-treatment, the increase in total flux of tumor
from mice treated with PBS- or ONYX-015 was 15.1- or 13.8-fold higher
than the initial measurement, whereas the HEmT-DCN/sLRP6-treated
group showed a 0.2-fold lower total flux during the same time interval
(Fig. 2B). The potent antitumor efficacy of HEmT-DCN/sLRP6 led to
significant tumor growth inhibition with respect to PBS- and ONYX-
015-treated mice, showing 94.0% and 93.0% inhibition, respectively
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(***P < 0.001). At 12 weeks post-treatment, the tumor weight mea-
surement exhibited similar results to photon measurements, with the
HEmT-DCN/sLRP6-treated tumors weighing the least (Fig. 2C;
***%Pp < 0.001).

3.4. Potent inhibition of tumor metastasis by treatment with oncolytic Ad
co-expressing decorin and sSLRP6E1E2

To assess the antimetastatic effect of HEmT-DCN/sLRP6, a sponta-
neous metastasis model was established by implanting MIA PaCa-2
pancreatic cancer cells into the pancreas, which induced metastasis to
the peritoneum. As shown in Fig. 3A and B, PBS- or ONYX-015-treated
groups had multiple metastatic colonies in the mesentery, whereas
HEmT-DCN/sLRP6-treated mice exhibited no observable metastasis
(Fig. 3A and B; ***P < 0.001, versus PBS or ONYX-015). Importantly,
HEmT-DCN/sLRP6 inhibited metastases to other organs in addition to
mesentery, suggesting that HEmT-DCN/sLRP6-mediated expression of
sLRP6E1E2 can efficiently prevent metastasis of aggressive pancreatic
cancer (Fig. 3C and D).

The native tropism of Ad toward coxsackievirus and adenovirus
receptor (CAR)-mediated internalization into host cells results in non-
specific sequestration in the liver, causing hepatotoxicity. Furthermore,
the presence of extensive metastatic lesions in the liver has been asso-
ciated with hepatotoxicity and attenuated liver function [34]. There-
fore, Ad-mediated hepatotoxicity was assessed in liver tissue by H & E
and El1A staining and measurement of AST/ALT levels following
treatment with PBS, ONYX-015, or HEmT-DCN/sLRP6. The liver tissue
of mice treated with ONYX-015 was noticeably stiffer and reduced in
size (Fig. 3C). In marked contrast, the HEmT-DCN/sLRP6-treated group
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Fig. 2. Antitumor efficacy of oncolytic Ads in an orthotopic pancreatic tumor xenograft model. Nude mice bearing firefly luciferase-expressing MIA PaCa-2 or-
thotopic pancreatic tumors were intraperitoneally treated a total of three times (week 0, 1, and 2) with PBS, ONYX-015, or HEmT-DCN/sLRP6. (A) MIA PaCa-2

tumors were monitored by optical imaging of luciferase expression every week. (B) Average optical signal intensity dlsplayed as photons acquired per second (p/s).
(C) Tumor weight measurement at 12 weeks after the initial treatment. Data represent mean = SD. *P < 0.05, **P < 0.01, or ***P < 0.001.
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Fig. 3. Assessment of metastasis inhibition and hepatotoxicity induced by oncolytic Ads. Nude mice bearing MIA PaCa-2 orthotopic pancreatic tumors were in-
traperitoneally treated a total of 3 times (week 0, 1, and 2) with PBS, ONYX-015, or HEmT-DCN/sLRP6. Mice were sacrificed on either the 3" or 12 week after the
first administration to assess hepatotoxicity or metastasis inhibition, respectively. (A, B) The metastatic nodules in the mesentery were photographed and counted. (C,
D) Bioluminescence was measured and quantified in the pancreas and other organs within the abdominal cavity. (E) Histopathological assessment of liver harvested
at 3 weeks after the first treatment. Representative sections were stained with H & E and E1A. (F) Serum AST and ALT levels were measured 3 weeks after the first
treatment. Data represent mean * SD. *P < 0.05, **P < 0.01, or ***P < 0.001.

showed no observable conformational changes in liver tissue, which
exhibited a similar size and morphology to that of the PBS-treated
group. In support of these observations, H & E staining of liver tissues
demonstrated that ONYX-015 treatment causes severe hepatotoxicity,
as evidenced by nuclear pyknosis and abundant infiltration of in-
flammatory cells (Fig. 3E). In marked contrast, HEmT-DCN/sLRP6-
treated mice exhibited normal liver histology. Moreover, Ad E1A
staining revealed that there was no observable Ad accumulation in the
liver tissues following systemic administration of HEmT-DCN/sLRP6,
whereas the liver tissues of ONYX-015-treated mice were highly E1A-
positive (Fig. 3E). These results suggest that systemically administered
ONYX-015 is nonspecifically sequestered to hepatic tissues, likely due
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to CAR-dependent internalization while HEmT-DCN/sLRP6 uptake is
restricted by its Ad serotype 5/35 chimeric fiber, which has been shown
to reduce hepatic accumulation of Ad [35]. Analysis of serum ALT and
AST levels following systemic administration of each treatment showed
similar results to those of histological analysis (Fig. 3F). Specifically,
both PBS- and ONYX-015-treated mice showed significantly elevated
levels of AST compared to those of normal mice without tumor
(**P < 0.01). Importantly, HEmT-DCN/sLRP6-treated mice exhibited
AST and ALT levels similar to those of normal mice, indicating that
HEmMT-DCN/sLRP6 did not induce significant hepatotoxicity.
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3.5. Histological, TUNEL, and immunohistochemical characterization

To further investigate the therapeutic effect and replication of on-
colytic Ad, tumor tissues were harvested 3 weeks after the adminis-
tration of initial treatment (PBS, ONYX-015, or HEmT-DCN/sLRP6) and
assessed by histological and immunohistochemical analyses. H & E
staining revealed markedly reduced numbers of viable tumor cells and
extensive necrotic regions in HEmT-DCN/sLRP6-treated tumors com-
pared with PBS- or ONYX-015-treated tumors (Fig. 4A). Masson's tri-
chrome and picrosirius red staining revealed extensive accumulation of
collagen and ECM in tumor tissues treated with PBS or ONYX-015,
demonstrating the highly desmoplastic nature of pancreatic cancer
(Fig. 4A). In marked contrast, HEmT-DCN/sLRP6-treated tumors were
free from aberrant tumor ECM, suggesting that DCN expression by
HEmT-DCN/sLRP6 can degrade aberrant ECM and restrict the desmo-
plastic reaction of pancreatic cancer. As shown in Fig. 4B, HEmT-DCN/
sLRP6-treated tumors exhibited significantly attenuated accumulation
of major ECM components such as collagen type I, collagen type III,
elastin, and fibronectin compared with tumors treated with PBS or
ONYX-015. These findings indicate that oncolytic Ad-mediated
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expression of DCN effectively degrades overexpressed ECM components
in desmoplastic pancreatic tumors.

Importantly, HEmT-DCN/sLRP6-treated tumors, which showed
complete degradation of aberrant tumor ECM, exhibited markedly
higher accumulation of the virus compared with tumors treated with
ONYX-015, indicating a strong positive correlation between ECM de-
gradation and antitumor efficacy of oncolytic Ad. TUNEL staining re-
vealed that most regions of HEmT-DCN/sLRP6-treated tumor tissue
were apoptotic, whereas apoptotic lesions were not detectable or de-
tected at a markedly lower frequency in PBS- or ONYX-015-treated
tumor tissues, respectively. In line with these results, HEmT-DCN/
sLRP6-treated tumors showed a markedly lower quantity of pro-
liferating tumor cells than those treated with ONYX-015, reaffirming
the superior antitumor efficacy of HEmT-DCN/sLRP6 (Fig. 4C).

A constitutively activated Wnt signaling pathway can induce EMT
signaling and MMP expression [23,36,37], which contribute to the
progression and aggressiveness of cancer. Given these findings, the ef-
fect of each treatment on the expression level of EMT-related factors
within tumor tissue was assessed by immunofluorescence analysis. As
shown in Fig. 4D, high expression levels of mesenchymal markers (Wnt,
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B-catenin, and vimentin) were observed in PBS- or ONYX-015-treated
tumors, indicating that the Wnt/p-catenin signaling pathway was
highly active in these tumor tissues. In marked contrast, HEmT-DCN/
sLRP6-treated tumors showed markedly lower quantities of Wnt, 3-ca-
tenin, and vimentin, demonstrating that expression of soluble Wnt
decoy receptor can effectively inhibit Wnt/f-catenin signaling pathway
in pancreatic cancer. Concordant with these results, HEmT-DCN/
sLRP6-treated tumors also exhibited markedly lower expression levels
of MMP-2 and MMP-9 than tumors treated with PBS or ONYX-015
through effective inhibition of the Wnt signaling cascade. Together,
these results demonstrate that HEmT-DCN/sLRP6 can effectively de-
grade tumor ECM and prevent EMT, leading to potent antitumor effi-
cacy.

3.6. HEmT-DCN/sLRP6-mediated restoration of chemosensitivity in
pancreatic cancer cells

To investigate the chemosensitizing effect of HEmT-DCN/SLRP6 on
chemoresistant pancreatic cancer cells, the cancer cell killing effects of
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gemcitabine as a single therapeutic agent or in combination with
HEmT-DCN/sLRP6 were analyzed. Several chemoresistant pancreatic
cancer cells [38] were treated with gemcitabine at concentrations
ranging from 0.05 to 100 ug/mL. As shown in Fig. 5A, treatment of
AsPC-1, PANC-1, and MIA PaCa-2 cells with gemcitabine resulted in a
dose-dependent cancer cell death up to 5 or 20 pg/mL. Importantly, the
therapeutic efficacy of gemcitabine remained consistently low, with
more than 70% of pancreatic cancer cells still viable even at a high dose
of 100 ug/mL, indicating that these cells are highly chemoresistant. In
marked contrast, a low dose of gemcitabine (0.2 pg/mL) in combination
with HEmT-DCN/sLRP6 led to a significantly higher cell killing effect
than treatment with either gemcitabine or oncolytic Ad alone (Fig. 5B;
***pP < 0.001 in AsPC-1 and PANC-1 cells and *P < 0.5 or
***P < 0.001 in MIA PaCa-2 cells). Specifically, gemcitabine killed
3.2% of AsPC-1 cells when administered alone, whereas combination
treatment with oncolytic Ad (0.5 MOI or 2 MOI) resulted in 26.3% and
75.0% cell killing, respectively, demonstrating that combination treat-
ment can elicit a synergistic anticancer effect (CI = 0.002 and 0.000 at
0.5 and 2 MOI, respectively). A similar cell killing effect by
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ONYX-015, or HEmT-DCN/sLRP6. (A) H & E, Masson's trichrome, and picrosirius red staining of tumor tissue. Original magnification: X100 and x 400. (B)
Immunohistochemical analysis of major ECM components (collagen type I and III, elastin, and fibronectin). Original magnification: x 400. (C) Ad E1A, TUNEL, and
PCNA staining of pancreatic tumor tissue. Original magnification: x 400. (D) Immunofluorescence staining of Wnt, 3-catenin, vimentin, MMP-2, and MMP-9 in tumor
tissue. Original magnification: x 200.
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Fig. 5. Cancer cell killing efficacy of gemcitabine monotherapy and combination therapy with oncolytic Ad. (A) Cancer cell killing efficacy of gemcitabine
monotherapy in chemoresistant pancreatic cancer cells (AsPC-1, PANC-1, and MIA PaCa-2). Cells were exposed to 0.05, 0.2, 1, 5, 20, or 100 pg/mL gemcitabine for 3
days, and the cytotoxicity of gemcitabine was determined by MTT assay. The results are expressed as percentage of remaining viable cells compared with the
untreated group. Data shown are representative of three independent experiments with triplicate samples per group. Bars represent mean =+ SD. (B) Cancer cell
killing efficacy of HEmT-DCN/sLRP6 and gemcitabine combination therapy. Cells were treated with PBS, gemcitabine, HEmT-DCN/sLRP6, or HEmT-DCN/sLRP6 plus
gemcitabine. Gemcitabine was administered at a final concentration of 0.2 pg/mL, and cells were infected with HEmT-DCN/sSLRP6 at an MOI of 0.5 or 2. Data shown
are representative of three independent experiments, which were performed with triplicate samples. Bars represent mean * SD. (*P < 0.05, ***P < 0.001). (C-E)
Antitumor efficacy of HEmT-DCN/sLRP6 and gemcitabine combination therapy in orthotopic pancreatic xenograft tumor model. Two weeks after the implantation of
MiaPaCa-2 cells (week 0), mice were randomly allocated for treatment with PBS, gemcitabine, HEmT-DCN/sLRP6, or HEmT-DCN/sLRP6 plus gemcitabine. Mice
received 3 intraperitoneal injections of HEmT-DCN/sLRP6 on days 0, 2, and 4, whereas gemcitabine was administered intraperitoneally twice a week for 3 weeks.
(C,D) Firefly luciferase expression was monitored every week after treatment. Data represent mean =+ SD for total flux measurement (*P < 0.05). (E) H & E, PCNA,
TUNEL, and Ad E1A staining of tumor tissues. Original magnification: X 400.

combination therapy was observed in MIA PaCa-2 and PANC-1 cells. and 4 at a 2.5-fold lower dose than used in the previous monotherapy
Taken together, these results indicate that HEmT-DCN/sLRP6 can sen- experiment (2 X 10'° VP/injection versus 5 x 10'° VP/injection from
sitize highly chemoresistant pancreatic cancer toward gemcitabine and Fig. 2), and gemcitabine was administered intraperitoneally twice a
elicit a synergistic cancer cell killing effect in combination with gem- week for 3 weeks (days 3, 7, 11, 14, 18, and 21). At 3 weeks post-
citabine. treatment, the average increase in total flux in the PBS, gemcitabine,

HEmT-DCN/sLRP6, and combination groups was 21.3-, 9.6-, 4.9- and
1.9- fold higher, respectively, than the initial measurement. Im-
portantly, combination treatment inhibited tumor growth by 77.9% or
62.3% compared with gemcitabine or HEmT-DCN/sLRP6 monotherapy,
respectively (Fig. 5D; *P < 0.05 versus PBS group). These results de-
monstrate that the combination of HEmT-DCN/sSLRP6 and gemcitabine
can be an effective strategy to induce a potent antitumor effect against
highly chemoresistant pancreatic tumor.

For further assessment of the antitumor effect mediated by each

3.7. Potent antitumor effect against orthotopic pancreatic tumor xenograft
by combination of oncolytic Ad and gemcitabine

To assess the antitumor effect of HEmT-DCN/sSLRP6 in combination
with gemcitabine, human orthotopic pancreatic xenograft tumors were
treated with PBS, gemcitabine, HEmT-DCN/SLRP6, or HEmT-DCN/
sLRP6 plus gemcitabine (Fig. 5C). For the combination treatment, mice
received an intraperitoneal injection of HEmT-DCN/sLRP6 on days 0, 2,
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treatment group, tumor tissues harvested in the 3rd week after initial
treatment were analyzed by histology and immunohistochemistry. As
shown in Fig. 5E, H & E staining revealed large areas of proliferating
tumor cells in either PBS- or gemcitabine-treated tissues, whereas
moderate or extensive necrosis was observed in HEmT-DCN/sLRP6 or
HEmT-DCN/sLRP6 plus gemcitabine groups, respectively. PCNA and
TUNEL staining revealed that tumor tissues treated with HEmT-DCN/
sLRP6 plus gemcitabine showed a markedly lower quantity of pro-
liferating tumor cells and higher incidence rate of apoptosis compared
with any other treatment group, further supporting the notion that
combination treatment induces the most potent antitumor effect. Fur-
thermore, both HEmT-DCN/sLRP6 monotherapy and HEmT-DCN/
sLRP6 plus gemcitabine treatment resulted in efficient dispersion of
oncolytic Ad within tumor tissue, indicating that gemcitabine did not
impede the spread of oncolytic Ad.

3.8. HEmT-DCN/sLRP6-mediated enhancement of drug penetration and
dispersion in pancreatic tumor xenograft and patient-derived tumor
spheroids

To investigate the effect of HEmT-DCN/sLRP6 on dispersion of
chemotherapeutic agent in pancreatic cancer xenograft tumors, sub-
cutaneously established pancreatic tumors were intratumorally injected
3 times with HEmT-DCN/sLRP6 (5 x 10'° VP) on days 0, 2, and 4, and
DOX was administered intratumorally on days 3 and 5 for the combi-
nation treatment group. As shown in Fig. 6A, DOX monotherapy re-
sulted in poor drug dispersion within the central region of tumor xe-
nografts. In marked contrast, HEmT-DCN/sLRP6-treated tumor tissues
showed greatly enhanced dispersion of DOX in both peripheral and
central tumor regions compared with the DOX monotherapy group.

Next, the effect of HEmT-DCN/SLRP6 on drug penetration in tumors
was analyzed using patient-derived tumor spheroids. As shown in
Fig. 6B, tumor spheroids treated with a combination of HEmT-DCN/
sLRP6 and DOX showed markedly enhanced penetration of DOX com-
pared with those treated with DOX monotherapy. Together, these re-
sults demonstrate that HEmT-DCN/sLRP6 can enhance drug penetra-
tion and dispersion in highly desmoplastic tumors.
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4. Discussion

Orthotopic tumor models provide a unique opportunity to study a
human malignancy in a context that is as close as possible to the clinical
condition [33]. Therefore, the therapeutic efficacy of HEmT-DCN/
sLRP6 was evaluated using an orthotopic pancreatic tumor model in
which the tumors closely emulate the pathophysiological progression
and desmoplasia of pancreatic cancer in the clinic [32]. Because of the
deep intra-abdominal location of orthotopic pancreatic cancer, 2 dif-
ferent methods (photon flux measurement by bioluminescent imaging
and endpoint tumor weight measurement) were utilized to track and
assess tumor growth. Both methods yielded similar results, with HEmT-
DCN/sLRP6 showing superior tumor growth inhibition compared with
commercialized ONYX-015 (Fig. 2), owing to more effective replication
of HEmT-DCN/sLRP6 in tumor tissues following systemic administra-
tion (Supplementary Fig. S4).

The viral replication and antitumor effect by ONYX-015 was likely
restricted and attenuated compared to HEmT-DCN/sLRP6 due to the
deletion of Ad E1B 55kDa gene. Although E1B 55kDa gene deletion
was the pioneering strategy to endow Ad with cancer specificity and
numerous adaptations of said strategy being reported by various groups
[39-42], the approach is no longer actively being pursued due to well-
known attenuation to viral replication [43-45]. Thus, only a minute
fraction of oncolytic Ads in on-going clinical trials harbor E1B 55 kDa
gene deletion [46]. Due to these reasons, ONYX-015 as control will
likely elicit suboptimal therapeutic effect in comparison to more re-
cently developed oncolytic Ads.

The potent antitumor efficacy of HEmT-DCN/sLRP6 was mediated
by two distinctive mechanisms: (1) DCN-mediated effective degrada-
tion of tumor ECM enhances the distribution of oncolytic Ad within
solid tumor; and (2) the expression of SLRP6E1E2 and subsequent in-
hibition of Wnt/p-catenin signaling pathway can inhibit proliferation of
tumor cells and induce apoptotic tumor cell death [23,24].

Additionally, HEmT-DCN/sLRP6 could be safely administered via
systemic injection as no Ad-associated hepatotoxicity was observed,
whereas commercialized ONYX-015 induced hepatotoxicity and eli-
cited insufficient antitumor efficacy against pancreatic cancer (Fig. 3D
and E). This is probably because HEmT-DCN/sLRP6 utilizes Ad serotype
5/35 chimeric fiber, which has been reported to attenuate hepatic se-
questration of Ad compared with wild-type Ad serotype 5 fiber [35].
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Fig. 6. Assessment of drug penetration and disper-
sion in pancreatic cancer xenografts and cancer pa-
tient-derived tumor spheroids. (A) MIA PaCa-2 cells
were injected subcutaneously into the right abdomen
of athymic nude mice. When the average tumor vo-
lume reached approximately 100 mm? (day 0), the
mice were randomly allocated for treatment with
PBS or HEmT-DCN/sLRP6 by intratumoral injection
on day 0, 2, and 4 (n = 3 per group). Doxorubicin
(DOX) was administered intratumorally at 7.5 mg/kg
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Furthermore, utilization of serotype 5/35 chimeric fiber for pancreatic
cancer is in line with current landscape of oncolytic adenovirus in re-
cent pancreatic cancer clinical trials; as evidenced by LOAd703 in phase
I/II clinical trial utilizing serotype 5/35 chimeric fiber [47]
(NCT03225989 & NCT02705196) and most clinical trials of oncolytic
adenoviruses for other types of cancer in past 5 years utilizing fiber-
modified vectors to expand viral tropism and overcome CAR-dependent
internalization [48-53]. Consistent with these findings, HEmT-DCN/
SLRP6-treated mice showed ALT and AST levels similar to those of
healthy mice and we did not observe any Ad E1A in liver tissues via
immunohistochemistry, whereas the liver tissues of ONYX-015-treated
mice exhibited extensive virion accumulation (Fig. 3E and F). An ele-
vated AST level in PBS-treated is likely caused by extensive liver me-
tastasis (Fig. 3C, D, and F), as others have shown that metastasis to the
liver is associated with higher level of serological markers like y-glu-
tamyltransferase, ALT, and AST [34,54]. Together, these results de-
monstrated that HEmT-DCN/sLRP6 can be systemically administered in
a safe manner to induce potent antitumor efficacy against highly des-
moplastic pancreatic cancer.

One of the major obstacles to successful treatment of pancreatic
cancer is its propensity for metastasis due to aberrant activation of the

1
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1

on days 3 and 5. At 6 h after the last administration
of DOX, the tumors were harvested and viewed
under a DeltaVision system. Original magnification:
% 50. Fluorescence intensity of DOX measured in
Gray value was plotted against distance away from
center of the tumor spheroid (white square) using
ImageJ software. (B) Evaluation of drug penetration
into patient-derived tumor spheroids. Tumor spher-
oids were generated from patients with active-stage
ovarian cancer. The plates containing tumor spher-
oids were treated twice with PBS or oncolytic Ad
(5 x 10'° VP/1 mL of HEmT-DCN/sLRP6) on days 1
and 3. On day 4, each tumor spheroid was treated
with DOX (50 pM). At 6 h after treatment with DOX,
tumor spheroids were harvested and observed under
a fluorescence microscope. Original magnification:
% 50.
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Wnt/B-catenin signaling pathway and subsequent EMT [23,55,56]. As
shown in Figs. 1 and 3, HEmT-DCN/sSLRP6 treatment led to efficient
expression and secretion of soluble Wnt decoy receptor (sSLRP6E1E2)
and effective inhibition of metastasis, suggesting that inactivation of
the Wnt signaling pathway by sLRP6E1E2 could prevent metastasis. In
support of these claims, HEmT-DCN/sLRP6-treated tumors showed
markedly low levels of EMT markers (Wnt, (3-catenin, and vimentin)
and MMP-2/9, indicating that oncolytic Ad-mediated expression of
SLRP6E1E2 could effectively prevent EMT and subsequent metastasis
(Fig. 4D). As Wnt signaling has been shown to induce expression of
MMP-2/9 through an interaction with Frizzled receptors [37,57], the
inhibition of Wnt/f-catenin signaling by soluble decoy receptor likely
promoted the suppression of MMP-2/9 expression levels in tumor tis-
sues (Fig. 4D). Of interest, MMP-2 or -9 has recently been shown to
cleave and nullify DCN to promote invasion of cancer cells [58,59],
suggesting that inhibition of MMP-2/9 by sLRP6 expression may en-
hance DCN retainment and function in synergistic manner for HEmT-
DCN/sLRP6. Additionally, HEmT-DCN/sLRP6 mediated intratumoral
expression of DCN, which suppresses the TGF-f3 level [21,60], and DCN-
induced degradation of ECM might further contribute to inhibition of
EMT as both the TGF-f signaling pathway and ECM density have been
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reported to promote EMT [17,61,62].

The highly drug-resistant phenotype of pancreatic cancer is another
critical challenge to successful disease management in the clinic
[12,63]. Pancreatic cancer exhibits both biological and physical che-
moresistance mechanisms, making it highly refractory to conventional
cancer treatment strategies [64-66]. As shown in Fig. 5A, pancreatic
cancer cells were highly resistant to gemcitabine in vitro, highlighting
the biological chemoresistance of pancreatic cancer. This chemoresis-
tant phenotype of pancreatic cancer cells was likely caused by a highly
activated Wnt/pB-catenin signaling pathway and subsequently upregu-
lated EMT [67]. In support of these inferences, HEmT-DCN/sLRP6,
which effectively inhibits the Wnt/B-catenin signaling pathway and
EMT (Fig. 4D), sensitized chemoresistant pancreatic cancer cells to
gemcitabine treatment and elicited synergistic cancer cell killing when
used in combination with gemcitabine (Fig. 5B). Alternatively, the
potent chemosensitizing effect of HEmT-DCN/sLRP6 could be attrib-
uted to following mechanisms: (1) the expression of the Ad E1A gene
has been reported to sensitize cells to apoptotic stimuli [68,69]; or (2)
expression of DCN can inhibit activation of the phosphoinositide 3-ki-
nase/AKT signaling pathway [70] that can downregulate apoptosis
[71,72].

Desmoplasia, which is characterized by excessive deposition of ECM
and concomitant elevation in tumor interstitial fluid pressure, further
contributes to the chemoresistant phenotype of pancreatic cancer by
functioning as a physical barrier against drug penetration and perfusion
[73,74]. Major ECM components, such as several types of collagen and
fibronectin, have been reported to increase the resistance of cancer cells
to apoptosis and chemotherapeutic agents [12,75,76]. In line with these
reports, HEmT-DCN/sLRP6-mediated degradation of tumor ECM and
downregulation of its major components (Fig. 4A and B) greatly im-
proved the antitumor efficacy of chemotherapeutic agents against
desmoplastic pancreatic tumor (Fig. 5). Furthermore, a strong positive
correlation between degradation of major ECM components, dispersion
and penetration of chemotherapeutic agent, and induction of apoptosis
was observed (Figs. 4B, 5E and 6). Together, these findings demonstrate
that HEmT-DCN/sLRP6 can enable both oncolytic Ad and chemother-
apeutic drug to overcome the desmoplasia-induced physical drug re-
sistance of pancreatic cancer.

In summary, this is the first demonstration that oncolytic Ad co-
expressing DCN and soluble Wnt decoy receptor can effectively degrade
ECM components and inhibit Wnt/B-catenin signaling, resulting in
potent antitumor efficacy against desmoplastic and rapidly pro-
liferating pancreatic tumor. Importantly, HEmT-DCN/sLRP6 can effec-
tively prevent metastasis of pancreatic cancer and enhances the dis-
persion of both oncolytic Ad and chemotherapeutic drug in
desmoplastic tumor, ultimately enabling both therapeutics to effec-
tively overcome the preexisting limitations of standard treatments.
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