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Abstract
Past clinical trials of adjuvant therapy combined with interferon (IFN) alpha, fluo-
rouracil, cisplatin, and radiation improved the 5-year survival rate of pancreatic 
ductal adenocarcinoma (PDAC). However, these trials also revealed the disadvan-
tages of the systemic toxicity of IFN and insufficient delivery of IFN. To improve 
efficacy and tolerability, we have developed an oncolytic adenovirus-expressing 
IFN (IFN-OAd). Here, we evaluated IFN-OAd in combination with chemotherapy 
(gemcitabine + nab-paclitaxel) + radiation. Combination index (CI) analysis showed 
that IFN-OAd + chemotherapy + radiation was synergistic (CI <1). Notably, IFN-
OAd + chemotherapy + radiation remarkably suppressed tumor growth and induced a 
higher number of tumor-infiltrating lymphocytes without severe side toxic effects in 
an immunocompetent and adenovirus replication-permissive hamster PDAC model. 
This is the first study to report that gemcitabine + nab-paclitaxel, the current first-line 
chemotherapy for PDAC, did not hamper virus replication in a replication-permissive 
immunocompetent model. IFN-OAd has the potential to overcome the barriers to 
clinical application of IFN-based therapy through its tumor-specific expression of IFN, 
induction of antitumor immunity, and sensitization with chemoradiation. Combining 
IFN-OAd with gemcitabine + nab-paclitaxel + radiation might be an effective and clini-
cally beneficial treatment for PDAC patients.

K E Y WO RD S
interferon alpha, nab-PTX, oncolytic adenovirus, oncolytic virus, pancreatic cancer

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Abbreviations: 5-FU, fluorouracil; ADP, adenoviral death protein; BED, biologically effective dose; BRPC, borderline resectable pancreatic cancer; CI, combination index; 
CR, chemotherapy + radiation; CRV, chemotherapy + radiation + IFN-OAd; CV, chemotherapy + IFN-OAd; FOLFIRINOX, combination of 5-FU, oxaliplatin, and irinotecan; 
GEM, gemcitabine; HE, hematoxylin and eosin; IFN, interferon alpha; IFN-OAd, IFN expressing oncolytic adenovirus; LAPC, locally advanced and unresectable pancreatic cancer; 
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; nab-PTX, nab-paclitaxel; OAd, oncolytic adenovirus; PDAC, pancreatic 
ductal adenocarcinoma; PFU, plaque forming unit; PTX, paclitaxel; RGD-4C, Arginine-Glycine-Aspartic; RV, radiation + IFN-OAd; TIL, tumor-infiltrating lymphocyte; VP, viral particle.

www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0002-4128-2177
mailto:
mailto:yamam016@umn.edu
http://creativecommons.org/licenses/by-nc/4.0/


3760  |    SHINODA et al.

1  |  INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most dev-
astating cancers.1,2 Despite recent advances in cancer diagnostics, 
effective screening is not available for PDAC, and most patients al-
ready have locally advanced (30%–35%) or metastatic (50%–55%) 
disease at diagnosis.2 In the United States, Siegel et al. estimated 
the 5-year survival rate of PDAC to be 9%.3 PDAC is expected to 
become the second leading cause of cancer-related mortality by 
2030.2 Neoadjuvant chemotherapy with or without radiation with 
subsequent surgery is a standard treatment for locally advanced and 
unresectable pancreatic cancer (LAPC), including borderline resect-
able pancreatic cancer (BRPC).2 In these groups of patients, neoad-
juvant treatment of local disease will benefit both resectability and 
prognosis, but the consistently poor prognosis of those even with 
neoadjuvant chemotherapy indicates that novel therapeutics for 
surgery are desperately needed.

Type I interferon (IFN) is a cytokine with multiple functions, in-
cluding antitumor activity, immunomodulation, and direct induction 
of apoptosis.4,5 It is a particularly attractive agent for combination 
therapy because it sensitizes many cancers to a variety of che-
motherapy and radiation regimens.4–7 Picozzi et al.8 reported that 
clinical trials of adjuvant therapy combined with IFN, fluorouracil 
(5-FU), cisplatin, and radiation improved the 5-year survival rate of 
patients with PDAC by 35%. At the same time, trials of IFN alpha-
based chemoradiation revealed problems impairing its broad clinical 
implementation for PDAC patients, including systemic toxicity that 
resulted in a high dropout rate and insufficient delivery of IFN to the 
tumor.8–11

In various cancers, including PDAC, oncolytic adenovirus (OAd) 
has shown strong oncolytic effects.12,13 It selectively replicates 
and spreads in the tumor to induce immunogenic cell death, which 
evokes a strong antitumor immune response. Furthermore, a trans-
gene placed in a specific location of OAd induces massive and selec-
tive expression in the target cancer cells.13 IFN expression from OAd 
enables both tumor suppression and massive local IFN expression 
in the tumor. In addition, OAd blocks the IFN response by inhibiting 
cytoplasmic signaling pathways and the activation of IFN-stimulated 
genes.14,15 This means that IFN expression does not hamper adeno-
virus replication, and OAd is a suitable vector for the expression of 
IFN.

We have reported that the IFN-expressing OAd (IFN-OAd) 
improved the oncolytic effect against PDAC cells mediated by 
IFN overexpression in both a human pancreatic cancer xenograft 
model in mice16 and a hamster syngeneic tumor model.17 We also 
clarified that IFN-OAd potentiated the cytotoxicity/antitumor 
effect of radiation in vitro and in vivo.18 A recent case-control 
matched analysis of LAPC reported that neoadjuvant chemoradia-
tion therapy is associated with and disease-free survival compared 
with neoadjuvant chemotherapy alone.19 We improved pathologic 
surrogates hypothesize that combining IFN-OAd with chemoradi-
ation will be an effective and clinically beneficial treatment for 
LAPC and BRPC patients. To achieve good clinical translatability, 

we believe it is important to choose the current first-line che-
motherapy option for PDAC. In the clinical setting, gemcitabine 
(GEM) + nab-paclitaxel (nab-PTX) has good survival benefits 
compared with a single-agent GEM for patients with advanced 
PDAC.20 As of 2022, GEM + nab-PTX and the combination of 5-
FU, oxaliplatin, and irinotecan (FOLFIRINOX) are valid first-line 
options for PDAC.2 Based on this background, in this study, we 
evaluated the antitumor potential of IFN-OAd in combination with 
GEM + nab-PTX + radiation using an immunocompetent and repli-
cation permissive hamster PDAC model.

2  | MATERIALS AND METHODS

2.1  |  Cell lines

The Syrian hamster pancreatic cancer cell line HP-1 was provided by 
Dr. M. A. Hollingsworth (University of Nebraska, Omaha, NE). HP-1 
cells were cultured in DMEM (Mediatech). Cells were supplemented 
with FBS (10% for cell line wake-up, 5% for culture maintenance) and 
a 1% penicillin–streptomycin mixture (100 IU/mL and 100 μg/mL, re-
spectively) and were maintained as adherent monolayers at 37°C in 
a humidified incubator with 5% CO2.

2.2  | Adenoviral vectors

The IFN-OAd was based on adenovirus type 5 and overexpresses 
adenoviral death protein (ADP), as we have previously described.17,18 
Hamster IFN alpha gene (kindly provided by Dr. Aoki,21 National 
Cancer Research Institute, Tokyo, Japan) was placed in the adeno-
virus E3 region.22 To increase the infectivity of the virus in hamster 
pancreatic cancer cells, an arginine-glycine-aspartic motif (RGD-4C) 
was incorporated in the HI-loop of IFN-OAd.23 Virus purification, 
titration, and structure confirmation were performed as described 
previously.16,24 All viruses were propagated in the 911 cell line, puri-
fied by double cesium chloride density gradient ultracentrifugation, 
and dialyzed against PBS with 10% glycerol. The vectors were ti-
trated by plaque forming unit (PFU) assay, and the viral particle (VP) 
number was measured spectrophotometrically.

2.3  |  Reagents

Gemcitabine (GEM) and paclitaxel (PTX) were purchased from 
Athenex, while Abraxane (nab-PTX) was purchased from Celgene. 
Drugs were diluted according to the manufacturers’ protocols.

2.4  | Analysis of viral replication

HP-1 cells in six-well plates (1 × 106 cells per well) were infected with 
viruses (0.25, 2.5, 25 VP/cell). Twenty-four hours after infection, 
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GEM (0, 2.5, and 10 nM) and/or PTX (0, 2.5, and 10 nM) were added 
to each well. Then, the growth medium was harvested at 7 days after 
infection to assess progeny production. The total viral copy number 
was analyzed with the E4 primers by SYBRGreen quantitative PCR 
(qPCR) as described previously.25

2.5  |  Cell viability assay

For quantitative analyses, 5000 cells/well were plated in 96-well 
plates and infected with IFN-OAd (0, 0.25, 2.5, and 25 VP/cell) (Day 
0). Twenty-four hours after infection, GEM (0, 2.5, and 10 nM) and 
PTX (0, 2.5, and 10 nM) were subsequently added to each well. A 
viability assay was performed on Days 4 and 7 with CellTiter-96 
Aqueous One-Solution Cell Proliferation Assay MTS reagent 
(Promega) according to the manufacturer's instructions as described 
previously.18

2.6  |  Radiation

Radiation in vitro and in vivo was performed using the X-RAD 320 
X-ray system (Precision Xray). The X-ray radiation platform was po-
sitioned 50 cm from the bottom of the machine, and Filter 1 (2.0 mm 
Aluminum/Half Value Layer 1.0 mm Cu) was used. To determine the 
dose for radiotherapy in the experiment, the biologically effective 
dose (BED) based on the “linear quadratic model” has been used.26 
As described in a previous paper,18 we set the radiation dosage as 
an 8 Gy single fraction for in vivo experiments. The BED of the 8 Gy 
single fraction is 14.4.

2.7  |  Colony formation assay

Next, 1.0 × 106 cells were seeded in 75-cm2 flasks and incubated at 
37°C in a humidified 5% CO2 incubator.

After 24 h incubation, cells were infected with IFN-OAd (0.0625, 
0.3, and 0.625 VP/cell) (Day 0). On the following day, cells were ir-
radiated (0.625, 1.25, and 2.5 Gy), trypsinized with 0.25% Trypsin–
EDTA, counted, serially diluted, and plated in 10-cm culture dishes 
with standard media (DMEM with 10% FBS, 1% penicillin/strepto-
mycin). Plates receiving chemotherapy as part of the treatment had 
2.5 nM GEM plus 2.5 nM PTX added to the media at the time of plat-
ing. Media was replaced in all plates every 3 days. On Day 14, the 
plates were fixed with 4% formalin for 1 hour, stained with 1% meth-
ylene blue overnight, washed with PBS three times, and allowed to 
air dry. Colonies were counted, and the following formula was used 
to estimate the assay results:

2.8  |  Combination index analysis

Calculation of the combination index (CI) to determine syner-
gism (CI < 1), antagonism (CI > 1), or additive effect (CI = 1) be-
tween virus, chemotherapy, and radiation was performed using 
Compusyn software.27 The quantification of the cytotoxicity of 
combination treatments was determined by CFA, and the killing 
effect was entered as the combo therapies in Compusyn. The final 
report with CI was generated using a nonconstant ratio between 
therapies.

2.9  |  In vivo analysis in a Syrian hamster model

All procedures were carried out according to protocols approved 
by the Institutional Animal Care and Use Committee (IACUC) of the 
University of Minnesota. Male and female Syrian golden hamsters 
(Mesocricetus auratus, HsdHan: AURA; 6–7 weeks of age) were ob-
tained from Harlan Sprague Dawley. Before the procedures, the 
animals were anesthetized with isoflurane. Hamster pancreatic 
cancer cells (HP-1, 2 × 106 cells in 100 μl of PBS) were subcutane-
ously inoculated into the flank of each animal. The tumor diameter 
was measured twice per week with calipers. The tumor volume 
was calculated using the following formula: estimated tumor vol-
ume = (shortest diameter2 × longest diameter)/2. When the aver-
age estimated tumor volume reached 200 mm3, the hamsters were 
divided into four groups: Control (n = 4), CR (n = 10), V (n = 6), and 
CRV (n = 5) groups. A single dose (2.5 × 109 PFU/tumor) of virus or 
vehicle alone (PBS) was injected into the tumors on Day 0. Radiation 
(8 Gy single fraction) was performed on Day 3. Intraperitoneal injec-
tions of 20 mg/kg GEM plus 2 mg/kg nab-PTX were given on Days 
3, 6, 10, 13, 17, and 20. At the end of the experiments, the hamsters 
were killed in accordance with the guidelines of the IACUC of the 
University of Minnesota. Blood samples were collected simultane-
ously during tumor removal. Serum biochemistries were analyzed by 
IDEXX BioAnalytics. The tumors were excised and processed for HE 
staining to assess the TIL. We asked a board-certified anatomic pa-
thologist to assess the TIL on HE sections based on the International 
Immuno-Oncology Biomarker Working Group guidelines for TIL as-
sessment in invasive breast carcinoma.28,29 Briefly, after choosing 
the random three areas from both the intratumoral and marginal 
areas, we scored the average TIL. TIL was reported as a percentage. 
Necrotic areas were excluded.

In a separate experiment under the same conditions, the ham-
sters were killed on Day 7. The DNA was purified from whole frozen 
tumors using a DNeasy Blood and Tissue Kit (Qiagen), and the ade-
noviral DNA copy number of the E4 region was quantified by qPCR 
starting from 100 ng DNA.

Cell survival fraction = Number of colonies∕(Number of plated cells × Plating efficiency)

Plating efficiency = Number of colonies in untreated control∕Number of plated cells in untreated control.
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The expression of adenoviral hexon protein in the tumor on Day 
7 was analyzed by immunostaining as described previously.30 Briefly, 
the slices fixed by 10% formaldehyde were stained with anti-hexon 
goat polyclonal antibody, FITC conjugated (dilution 1:10, AB1056F, 
Sigma-Aldrich). To assess the general condition and fibrosis of tu-
mors, we also performed HE and Masson's trichrome staining, show-
ing a similar region of interest. All slides were scanned using a Leica 
DM5500 B microscope (Leica Microsystems).

2.10  |  Statistical methods

Statistical significance was determined using Student's t test. JMP 
9 statistical software (SAS Institute) was employed in the analysis. 
Results are expressed as mean ± standard deviation, and differences 
with p < 0.05 were considered statistically significant.

3  |  RESULTS

3.1  |  Replication of IFN-­OAd with gemcitabine 
and/or paclitaxel

We assessed how GEM and paclitaxel (PTX) affect the replication 
of IFN-OAd (Figure  1A) in HP-1 cells, one of the hamster pan-
creatic cancer cell lines. IFN-OAd was based on adenovirus type 
5 and overexpresses ADP as we have previously described.17,18 
Hamster IFN alpha gene was placed in the adenovirus E3 region.22 
To increase the infectivity of the virus in hamster pancreatic cancer 
cells, the RGD-4C motif was incorporated in the HI-loop of IFN-
OAd.23 HP-1 cells were infected with viruses (0.25, 2.5, and 25 VP/
cell). PBS (Without chemo), GEM (GEM only: 2.5 or 10 nM GEM), 
PTX (PTX only: 2.5 nM or 10 nM PTX), and GEM + PTX (2.5 nM 
GEM + 2.5 nM PTX or 10 nM GEM + 10 nM PTX) were subsequently 
added 24 h after infection. Seven days after infection, the PTX 
only group had a significantly higher (≅1.2 times) VP number com-
pared to the without chemo group (Figure 1B–E). Furthermore, the 
GEM + PTX group had a significantly higher VP number compared 
to the GEM only group. These data indicated that PTX enhanced 
the replication of IFN-OAd.

3.2  |  In vitro cell viability analysis

To quantitatively analyze the cytotoxicity of chemotherapeutics 
when combined with IFN-OAd, the cell viability of HP-1 cells treated 
with IFN-OAd and chemo (GEM + PTX) was assessed using the MTS 
assay (Figure 2A,B). Twenty-four hours after infection, chemo drugs 
were added to each well. On Days 4 and 7, we assessed the cell vi-
ability by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphen
yl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay. IFN-
OAd with chemo suppressed the HP-1 cell proliferation in a dose-
dependent manner.

3.3  |  IFN-­OAd potentiated the inhibition of colony 
formation by chemotherapy and radiation

The colony formation assay was employed to assess the radiosen-
sitivity of cancer cells. To characterize the interaction among the 
chemo, radiation, and IFN-OAd, we performed a synergy analysis 
using the colony formation assay (Figure 2C–E) as described previ-
ously.18 Briefly, cells were infected with IFN-OAd (0.0625, 0.300 and 
0.625 VP/cell). Twenty-four hours after infection, cells were irradi-
ated (0.625 Gy) and received chemotherapy (2.5 nM). After 14 days, 
colonies were counted. Calculation of the CI to determine synergism 
(CI < 1), antagonism (CI > 1), or additive effect (CI = 1) among virus, 
chemotherapy, and radiation was performed using Compusyn soft-
ware.27 The triple-therapy regimen (chemotherapy + radiation + IFN-
OAd: CRV) showed remarkable inhibition of colony formation 
regardless of the VP number of IFN-OAd. The CI analysis showed 
that CRV was synergistic (CI < 1) (Table 1). Of note, CRV was signifi-
cantly more effective than chemotherapy + radiation (CR), chemo-
therapy + IFN-OAd (CV), and radiation + IFN-OAd (RV) in the colony 
formation assay.

3.4  |  Chemotherapy +  radiation +  IFN-­OAd 
suppressed tumor growth in a hamster syngeneic 
subcutaneous tumor model without serious 
side effects

Tumor growth inhibition of the combined treatment of CRV against 
HP-1 cells was assessed in the hamster syngeneic subcutaneous 
tumor model. HP1 cells were injected subcutaneously into the backs 
of the Syrian hamsters. When the tumor volume reached 200 mm3, 
we performed intratumoral viral injection (IFN-OAd: 2.5 × 109 plaque 
forming unit [PFU]). Three days after virus injection, a clinically fea-
sible fraction of 8 Gy was given. We also intraperitoneally injected 
GEM (20 mg/kg) + nab-PTX (2 mg/kg) twice weekly. The hamsters 
were killed at the end of this experiment (Figure 3A). CR, IFN-OAd 
only(V), and CRV did not show any serious side effects, such as 
weight loss (Figure 3B) or altered serum biochemistries (total pro-
tein, albumin, total bilirubin, AST, ALT, BUN, and creatinine; Table 2). 
The average tumor volumes on Day 21 of the control, CR, V, and 
CRV were 2027 ± 1296, 908 ± 849, 767 ± 593, and 202 ± 161 mm,3 
respectively (Figure 3C–H). It is noteworthy that CRV significantly 
suppressed tumor growth without serious side toxicity compared 
to CR.

3.5  |  Chemotherapy +  radiation +  IFN-­OAd 
induced higher number of tumor-­infiltrating 
lymphocytes

Hamster syngeneic subcutaneous tumor (HP-1 cells) were excised 
and processed on Day 21 to assess the tumor-infiltrating lympho-
cyte (TIL). Antibodies for hamster cells were limited, and we asked 
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the pathologist to assess the TIL in both the intratumoral and the 
marginal area on hematoxylin and eosin (HE) sections based on the 
standardized methodology (Figure 4A,B).28,29 CRV significantly in-
creased the score of TIL in both of the intratumoral and the marginal 
area compared to CR.

3.6  |  Chemotherapy +  radiation did not hamper 
virus replication in vivo

To investigate the spread and the replication of the virus, we per-
formed a separate experiment in hamster syngeneic subcutaneous 
tumors with the same setup, and the tumor samples on Day 7 were 
assessed for viral structural protein (hexon) staining (Figure  5A) 
and viral copy number (Figure  5B). The staining of hexon in the 
tumor specimens on Day 7 after virus injection showed widespread 

distribution in the tumors treated with V. CRV showed broad ne-
crotic area and stronger fibrosis due to the treatment effect on HE 
and Masson's trichrome stained slides. Hexon expression of CRV 
was mainly located in the area residual tumor cells exist, not in the 
necrotic area. Furthermore, CRV showed noninferiority in terms of 
the virus copy number in tumors compared to V. These data indi-
cated that CRV suppressed tumor growth without hampering the 
IFN-OAd replication in hamster syngeneic subcutaneous tumors.

4  | DISCUSSION

In this study, we focused on the antitumor potential of IFN-OAd in 
combination with GEM + nab-PTX + radiation. As we previously re-
ported, IFN-OAd monotherapy has already shown cytotoxicity for 
HP1 cells in a dose-dependent manner,17,18 and IFN-OAd potentiated 

F IGURE  1 Viral replication of the interferon (IFN)-expressing oncolytic adenovirus (IFN-OAd) combined with chemotherapy. 
(A) Structure of the IFN alpha-expressing oncolytic adenovirus (IFN-OAd). IFN-OAd is a wild-type replication oncolytic adenovirus 
expressing the hamster IFN alpha gene from the adenoviral E3 region. (B–E) Viral replication of IFN-OAd with gemcitabine (GEM) and 
paclitaxel (PTX) in vitro. HP-1 cells were infected with IFN-OAd. Twenty-four hours after infection, PBS (Without chemo), GEM (GEM only: 
2.5 or 10 nM GEM), PTX (PTX only: 2.5 nM or 10 nM PTX), and GEM+PTX (2.5 nM GEM + 2.5 nM PTX or 10 nM GEM + 10 nM PTX) were 
added to each well. The viral copy number was measured by quantitative PCR (qPCR) on Day 7. The results are shown as E4 copy number 
per dish and ratio compared to without chemo (n = 3). Data are presented as mean ± standard deviation (n = 3, *p < 0.05). ADP, adenoviral 
death protein; Ham-IFN, hamster interferon alpha; L-ITR, left inverted terminal repeat; RGD, RGD-4C (arginine-glycine-aspartic) motif; 
R-ITR, right inverted terminal repeat.
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the cytotoxicity of radiation in vitro and in vivo experiments.18 Other 
groups also reported the good combined effect of OAd and radia-
tion in several cancers.31,32 In contrast, how each chemotherapy 
drug affects the OAd replication has not been elucidated well. In 
fact, GEM, a nucleoside analog, has a high possibility of inhibiting 
viral replication because gemcitabine prevents DNA chain elonga-
tion.33 In contrast, several publications reported the enhancement 
of the efficacy of gemcitabine with adenovirus-based vectors for 
treating PDAC in in vivo experiments.34,35 We reported that GEM 
monotherapy showed antitumor effects for hamster pancreatic can-
cer cell lines in a dose-dependent manner, and IFN-OAd accentu-
ated the cytotoxic effect of GEM.18 The inhibition of OAd replication 
by GEM may depend on the experimental design, including the cell 
line, exposure time, VP numbers, and GEM concentration. nab-PTX, 
which is a PTX protein-bound particle, is frequently used in patients 
with metastatic PDAC.2 PTX is a microtubule-stabilizing drug that 
inhibits cell replication but does not inhibit DNA synthesis in host 
cells.36 Microtubule networks are important for adenovirus entry, 
nuclear tracking, and the development of replication.37 PTX is also 
known to affect the instability of microtubules by acetylation and 

detyrosination, which is essential for viral internalization and traf-
ficking to the nucleus.38 Recent papers reported the efficacy of 
the combination of OAd with PTX.38,39 Our in vitro virus replica-
tion analysis revealed that the only PTX group showed significantly 
higher VP number than those without chemo. Also, the GEM + PTX 
group showed significantly higher virus copy number compared to 
the GEM only group. Furthermore, GEM + nab-PTX + radiation did 
not hamper virus replication in a hamster syngeneic subcutaneous 
tumor model. These results indicate that PTX may be suitable for 
combined use with OAd. To the best of our knowledge, this is the 
first report evaluating how GEM + nab-PTX + Radiation affects OAd 
replication in a replication permissive immunocompetent model.

In the colony formation assay, the CI analysis showed that IFN-
OAd with GEM + PTX + radiation was synergistic (CI < 1). As we pre-
viously reported, IFN-OAd potentiated the cytotoxicity/antitumor 
effect of radiation in vitro and in vivo.18 Type I IFN is known to sen-
sitize many cancers to a variety of chemotherapy and radiation reg-
imens through direct antitumor effects (apoptosis and upregulation 
of cancer antigens) and indirect antitumor effects (modulation of the 
immune system, anti-angiogenesis, and alteration in the expression 

F IGURE  2 Cell viability assay and colony formation assay of interferon (IFN)-expressing oncolytic adenovirus (IFN-OAd) combination 
with chemotherapy and radiation therapy. (A, B) Cell viability assay of IFN-OAd with chemotherapy. HP-1 cells were infected with IFN-OAd 
(Day 0). Twenty-four hours after infection, gemcitabine (GEM) and paclitaxel (PTX) were added. On Days 4 and 7, cell viability was assessed 
(n = 3). (C-E) Colony formation assay of IFN-OAd combination with GEM + PTX and radiation therapy. HP-1 cells were infected with IFN-OAd 
(Day 0), and on the following day, cells were irradiated and plated. GEM + PTX was also added. On Day 14, colonies were counted. Data are 
presented as mean ± standard deviation (n = 3, *p < 0.05). C, chemotherapy; Con, control; R, radiation therapy; V, IFN-OAd.
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of various oncogenes).4–7 Furthermore, adenoviral E4 proteins are 
known to inhibit cellular DNA repair pathways.40 These factors 
might contribute to the potentiation of the effect of chemotherapy 
and radiation therapy, suggesting the possibility of chemotherapy 
dose reduction in patients with PDAC.

Based on the strong synergy, we decided to use the CRV com-
bination for in vivo experiments. To prove clinical translatability, 
combination therapy with IFN-OAd must be analyzed in clinically 
relevant models. While a human cancer xenograft model in immu-
nodeficient mice has been frequently used to evaluate the effect of 
OAds, it has two problems. One is that murine cells do not permit the 
replication of human adenovirus,41 which makes it difficult to assess 
the replication-induced toxicity. The second issue is that it is impos-
sible to evaluate the immunomodulatory effects of IFN. Therefore, 
in this study, we aimed to overcome these issues by using the im-
munocompetent Syrian hamster model,17 which is capable of sup-
porting the replication of human adenovirus.42 “CRV” combination 
significantly suppressed tumor growth compared to CR with no seri-
ous side effect, such as weight loss or altered serum biochemistries 
representing the general condition, liver, and renal function (total 
protein, albumin, total bilirubin, AST, ALT, BUN, and creatinine). 
Even though the dose of GEM and nab-PTX was relatively low, CRV 
showed strong tumor growth suppression. These results suggested 
that a combination with IFNA-OAd may broaden the application of 
existing chemotherapies to patients who can not tolerate the side 
effects of chemotherapy by dose reduction.

Analysis of tumor immunity by flow cytometry is a common ap-
proach to immune cell profiling and has many benefits, including the 
characterization of immune cell subsets, quantitative data acquisi-
tion, and the ability to examine small subpopulations of interest.43 
However, antibodies that can be used for hamster cells are not well 

established to characterize the immune cell subsets. Furthermore, 
due to the fundamental nature of flow cytometry requiring cell 
dissociation, histological information (e.g., the distribution and or-
ganization of the immune infiltrates or their relationship with other 
microenvironmental structures) cannot be assessed. To avoid these 
problems, we asked the pathologist to assess the TIL in both the 
intratumoral and the marginal areas on HE sections based on the 
International Immuno-Oncology Biomarker Working Group guide-
lines for TIL assessment in invasive breast carcinoma.28,29 According 
to the guidelines, the marginal area is the 1-mm-wide zone centered 
on the border of the malignant cells with the host tissue, and the 
intratumoral area is the central tumor tissue surrounded by this 
zone.28,29 In our study, CRV significantly increased the score of TIL 
in both intratumoral and marginal areas compared to CR. In general, 
most chemotherapy decreases immune cells,44 and a higher TIL 
score is associated with a better prognosis for patients who undergo 
chemotherapy.45,46 Furthermore, because the outcome of immune 
checkpoint inhibitor therapy in patients with cancer has been linked 
to TIL,47 IFN-OAd with immunotherapy may show a good combi-
nation effect. Publications have reported how OAd activates an 
antitumor immune response.48,49 Lytic cell death of cancer cells 
provides a pro-inflammatory environment and induces an antitumor 
response. Additionally, IFN can activate the antigen-presenting cells, 
natural killer (NK) cells, and helper T cells.7,50 Aoki and colleagues 
reported that the IFN-expressing replication-deficient adenovirus 
reduced not only the size of injected tumors but also caused the NK-
mediated antitumor efficacy in contralateral non-injected tumors.51 
We tried to assess the CD8+ T cells by using several antibodies that 
are supposed to be usable for hamster cells. However, they did not 
work well in our experiments (data not shown). Even though the 
antibodies specific to hamster cells for immunological analysis are 

Dose chemo 
(nM)

Dose radiation 
(Gy)

Dose virus 
(VP/cell) Effect CI

C + R 2.5 0.625 – 0.754 12.79

2.5 1.25 – 0.599 0.9563

2.5 2.50 – 0.422 0.5115

R + V – 0.625 0.0625 0.562 0.4464

– 0.625 0.300 0.170 0.3971

– 0.625 0.625 0.150 0.7211

C + V 2.5 – 0.0625 0.631 1.102

2.5 – 0.300 0.219 0.8981

2.5 – 0.625 0.139 1.006

C + R + V 2.5 0.625 0.0625 0.506 0.8775

2.5 0.625 0.300 0.121 0.6047

2.5 0.625 0.625 0.063 0.5917

Note: Calculation of the combination index (CI) to determine synergism (CI < 1), antagonism 
(CI > 1), or additive effect (CI = 1) between virus, chemotherapy, and radiation was performed using 
Compusyn software.
Abbreviations: C + R + V, chemotherapy + radiation + IFN-OAd; C + R, chemotherapy + radiation; 
C + V, chemotherapy + IFN-OAd; R + V, radiation + IFN-OAd.

TA B L E  1  Combination index (CI) of the 
colony formation assay.
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F IGURE  3 Antitumor effect of interferon (IFN)-expressing oncolytic adenovirus (IFN-OAd) combination therapy in hamster syngeneic 
subcutaneous tumor model. (A) Treatment schedule fot hamsters. HP-1 cells were subcutaneously inoculated. Once the average tumor 
volume reached 200 mm3, the hamsters were divided into four groups: Control (n = 4), chemotherapy (gemcitabine [GEM] + nab-paclitaxel 
[nab-PTX]) + radiation (CR) (n = 10), IFN-OAd (V) (n = 6), and CRV (n = 5) groups. A single dose of virus or vehicle alone (PBS) was injected 
into the tumors on Day 0. Radiation was performed on Day 3. Intraperitoneal injection of 20 mg/kg GEM + 2 mg/kg nab-PTX was given 
twice weekly. (B) The average body weight (g) of each group on Day 21. Data are presented as mean ± standard deviation. (C) Average 
tumor volume of CRV. The average tumor volumes on Day 21 of the control, CR, V, and CRV were 2027 ± 1296, 908 ± 849, 767 ± 593, and 
202 ± 161 mm3, respectively. (D) Individual relative tumor volume from baseline (Day 0). The dashed line represents the baseline (=1). (E–H) 
Individual tumor volume of control, CR, V, and CRV. (n.s., not significant; *p < 0.05).

TA B L E  2  Serum biochemistries from hamsters on Day 21.

(Normal ranges) V CR CRV

Total protein (g/dL) (4.7–7.5) 6.08 ± 0.33 5.93 ± 0.36 6.08 ± 0.50

Albumin (g/dL) (2.3–4.3) 3.5 ± 0.18 3.4 ± 0.34 3.5 ± 0.24

Total bilirubin (mg/dL) (0.2–0.8) 0.18 ± 0.05 0.18 ± 0.05 0.23 ± 0.05

AST (U/L) (28–140) 68.75 ± 20.17 75.75 ± 53.66 78.00 ± 20.66

ALT (U/L) (27–70) 40.3 ± 15.31 47.5 ± 26.34 46.0 ± 43.50

BUN (mg/dL) (12–25) 15.5 ± 1.73 15.5 ± 1.29 17.3 ± 2.22

Creatinine (mg/dL) (0.3–1) 0.18 ± 0.10 0.10 ± 0.00 0.13 ± 0.05

Note: Data are presented as mean ± standard deviation (n = 3).
Abbreviations: V, IFN-OAd; C + R, chemotherapy + radiation; C + R + V, chemotherapy + radiation + IFN-OAd; AST, aspartate aminotransferase; 
ALT, alanine transaminase; BUN, blood urea nitrogen.
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limited, further research, including the characterization of immune 
cell subsets and quantitative data acquisition, may help to clarify the 
immunological modulation of CRV.

In summary, IFN-OAd potentiated the inhibition of radiation 
and chemotherapy (GEM + PTX) in vitro and in vivo. In particular, 
GEM + nab-PTX + radiation + IFN-OAd showed remarkable tumor 

F IGURE  4 Chemotherapy + radiation + IFN-OAd-induced tumor-infiltrating lymphocytes. (A) Hamster subcutaneous tumors (HP-1 
cells) were excised and processed on Day 21 to assess the tumor-infiltrating lymphocyte (TIL). Pathologist assessed the TIL in both the 
intratumoral and the marginal area on hematoxylin and eosin stain sections based on the International Immuno-Oncology Biomarker 
Working Group guidelines for TIL assessment in invasive breast carcinoma. (B) After choosing three random areas from both the 
intratumoral and marginal areas, we scored the average TIL. Necrotic areas were excluded. Data are presented as mean ± standard 
deviation (n = 3, *p < 0.05, low power field: ×20 magnifications, intratumoral and marginal area: ×200 magnifications). CR, chemotherapy 
(gemcitabine + nab-paclitaxel) + radiation; CRV, CR + IFN-OAd; IFN-OAd, interferon-expressing oncolytic adenovirus.

F IGURE  5 Chemotherapy + radiation did not hamper virus replication in the tumor. (A) Immunological staining of hamster tumors. Under 
the same therapies (Figure 3A), the hamsters were killed on Day 7. The expression of adenovirus late gene product (hexon) was assessed by 
immunostaining with the anti-hexon polyclonal antibody (counterstained with DAPI). Green: adenovirus hexon protein; blue: nucleus. HE 
and Masson's trichrome staining showing the similar region of interest (original magnification: ×20) (B) DNA was purified from whole tumors, 
and the adenoviral DNA copy number of the E4 region was quantified by quantitative PCR (qPCR). The results are shown as E4 copy number 
per 100 ng DNA. Data are presented as mean ± standard deviation (n = 3; n.s, not significant). DAPI, 4′,6-diamidino-2-phenylindole; HE, 
hematoxylin and eosin stain; V, IFN-OAd; CRV, chemotherapy (gemcitabine + nab-paclitaxel) + V.
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inhibition in the hamster syngeneic subcutaneous tumor model 
without serious side effects. IFN-OAd increased the TIL, and 
chemoradiation therapy with GEM + nab-PTX + radiation did not 
hamper IFN-OAd replication in a hamster syngeneic PDAC model 
that permits human Ad replication. IFN-OAd might overcome the 
traditional barriers to IFN-based therapy through its tumor-specific 
expression of IFN, induction of antitumor immunity, and sensitiza-
tion with chemoradiation. We believe that combining IFN-OAd with 
GEM + nab-PTX + radiation will be an effective and clinically benefi-
cial treatment for LAPC and BRPC patients.
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