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Abstract

Background—The addition of interferon alpha (IFN) to adjuvant chemoradiotherapy regimens 

resulted in remarkable improvements in survival for pancreatic cancer patients. However, systemic 

toxicities and insufficient levels of IFN at the tumor sites have limited its widespread adoption in 

treatment schemes. We have previously developed an IFN-expressing conditionally replicative 

oncolytic adenovirus and demonstrated its therapeutic effects both in vitro and in vivo. Here, the 

same vectors were tested in a syngeneic and immunocompetent Syrian hamster model to better 

understand the roles of adenoviral replication and of IFN’s pleiotropic effects on pancreatic tumor 

growth suppression.

Methods—Oncolytic adenoviruses expressing human or hamster IFN were designed and 

generated. Viral vectors were tested in vitro to determine qualitative and quantitative cell viability, 

Cox2 promoter activity, and IFN production. For the in vivo studies, subcutaneous hamster 

pancreatic cancer tumors were treated with one intratumoral dose of virus. Similarly, one 

intraperitoneal dose of virus was used to prolong survival in a carcinomatosis model.

Results—All cell lines tested demonstrated Cox2 promoter activity. The oncolytic potential of a 

replication competent adenovirus expressing the IFN cytokine was clearly demonstrated. These 

viruses resulted in significant tumor growth suppression and survival increases compared to 

controls in a hamster model.
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Conclusions—The profound therapeutic potential of an IFN-expressing oncolytic adenovirus 

for the treatment of pancreatic cancer was demonstrated in a syngeneic Syrian hamster model. 

These results strongly suggest the potential application of our viruses as part of combination 

regimens with other therapeutics.

Introduction

Pancreatic cancer is one of the most lethal types of solid tumors with an overall five year 

survival rate of approximately 6%1. These poor outcomes are in part due to the fact that 

many patients present with locally advanced or metastatic disease. In fact, less than 20% of 

patients are candidates for surgical resection at the time of initial presentation2. 

Unfortunately, the resulting overall median survival times are less than 8 months for stage 

III disease and less than 3 months for stage IV disease3.

Interferon alpha (IFN) is a cytokine with pleotropic effects. It not only has antiviral 

characteristics, but it also has antitumor, anti-angiogenic, and immunomodulatory 

properties4, 5. IFN is a well-studied and widely used cytokine that has been employed in the 

treatment of a variety of hematologic and solid malignancies. Furthermore, IFN’s role as a 

chemotherapy and radiotherapy sensitizer has been well documented4–10.

Adjuvant treatment regimens of chemotherapy with or without radiation have been the 

standard of care for pancreatic cancer11. Recent studies have combined these modalities 

with IFN and achieved encouraging results. The group at Virginia Mason Medical Center 

conducted a phase II clinical trial where they combined IFN with cisplatin, fluorouracil, and 

radiotherapy as part of their adjuvant treatment regimen. They reported a two year actuarial 

survival of 84%12. In a follow up study with higher patient enrollment, they achieved 

survival rates for 1, 2, and 5 years of 95%, 64%, and 55% respectively13.

While the potential benefits of using IFN as part of a multimodality approach are clear, it is 

not without its shortcomings. One of the main drawbacks of systemic IFN therapy has been 

the associated dose-limiting systemic side effects. Many studies, including the Virginia 

Mason trials, have had significant interruptions in treatment due to the toxicities caused by 

systemic IFN therapy12, 13. Additionally, in a recent phase III clinical trial from Germany 

examining adjuvant IFN-based chemoradiation, up to 85% of patients in the treatment arm 

reported a grade 3 or 4 toxicity14.

Adenovirus-based vectors are an emerging class of cancer therapeutics. Notably, IFN-

expressing adenoviral vectors are being used with increasing frequency. Several research 

groups have demonstrated the practicality of this approach with replication deficient and 

replication competent adenoviral vector systems15–18. In particular, a group from the M.D. 

Anderson Cancer Center applied replication deficient IFN-expressing adenoviruses to 

urological cancers19. Additionally, the Aoki group was the first to employ a replication 

deficient adenovirus expressing an IFN transgene for the treatment of pancreatic 

adenocarcinoma20. To further enhance the effect of an IFN-expressing adenovirus, our 

group developed an infectivity-enhanced, conditionally replicative adenovirus (CRAd) that 

is designed to selectively replicate and spread within pancreatic cancer cells expressing 
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cyclooxygenase 2 (Cox2). The incorporation of the human IFN transgene into the E3 region 

of the adenovirus genome allows for a high concentration of IFN to be locally produced at 

the tumor site with each successful cycle of viral replication21, 22. To overcome the low 

infectivity and improve upon the oncolysis of conventional CRAds, the virus was designed 

to include an Ad5/Ad3 chimeric fiber and overexpression of the adenovirus death protein 

(ADP). We have recently reported that this infectivity-enhanced, tumor-specific CRAd 

demonstrated a greatly improved oncolytic effect mediated by IFN overexpression. The 

virus was effective in both in vitro and in vivo settings, including a human pancreatic cancer 

xenograft model in nude mice22.

The evaluation of oncolytic adenoviruses with human cancer xenografts transplanted in 

immunodeficient mice does have limitations. To begin with, murine cells do not permit the 

replication of human adenovirus23, 24, which may affect the analyses of biodistribution and 

adenovirus-mediated toxicity. Moreover, it is impossible to assess the immunomodulatory 

effects of IFN in an animal model with an impaired immune system.

In this study, we investigated the anti-tumor potential of an IFN-expressing vector using an 

immunocompetent Syrian hamster model, which is capable of supporting the replication of 

human adenovirus25, 26. This syngeneic experimental system permits investigation of the 

therapeutic and immunomodulatory potential of IFN-expressing vectors. Therefore, analyses 

with this model provide critical information for the clinical translation of replicative 

adenovirus-mediated IFN therapy.

Materials and methods

Cell lines and culture conditions

The Syrian hamster pancreatic cancer cell lines Hap-T1, HP-1, Taka-1, and PC-1 (courtesy 

of Dr. M. A. Hollingsworth, University of Nebraska, USA) were cultured in Dulbecco’s 

modified Eagle medium (DMEM) (Mediatech, Herndon, VA). Syrian hamster PGHam-1 

cells (courtesy of Dr. Uchida, Department of Surgery, Nippon Medical School, Tokyo, 

Japan) were propagated in Roswell Park Memorial Institute medium (RPMI) (Mediatech)27. 

The human pancreatic ductal adenocarcinoma (PDAc) cell line MIA PaCa-2 (American 

Type Culture Collection (ATCC), Manassas, VA) and the Cox2-positive lung cancer cell 

line A549 (ATCC) were grown in DMEM. All cell lines were supplemented with fetal 

bovine serum (10% for cell line wakeup, 5% for culture maintenance) and a 1% penicillin-

streptomycin mixture (100 IU/mL and 100 µg/mL, respectively) and were maintained as 

adherent monolayers at 37°C in a humidified incubator with 5% CO2 in air.

Adenoviral vectors

The IFN-expressing vectors (Figure 1) were based on adenovirus type 5 (Ad5) and 

contained the Ad-ΔE3-ADP structure as we have previously described21, 22, 28. Briefly, most 

of the non-essential adenovirus E3 genes have been deleted (with the exception of the 

adenovirus death protein (ADP) which is designed to facilitate viral spread and oncolysis) 

and replaced with the hamster IFN gene29, 30. All vectors involved in these studies included 
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an RGD-modified fiber. In the CRAd (RGD-Cox2-ΔE3-ADP-ham-IFN), the adenovirus E1 

region was placed under control of the Cox2 tumor-specific promoter.

The human IFN coding plasmid was kindly provided by Dr. Aoki (Genetics Division, 

National Cancer Center Research Institute, Tokyo, Japan)18. As control vectors, the identical 

adenoviral vectors expressing the firefly luciferase (Luc) gene have been used21, 31, 32.

All viruses were propagated in the 911 cell line, purified by double cesium chloride density 

gradient ultracentrifugation, and dialyzed against phosphate-buffered saline (PBS) with 10% 

glycerol. The vectors were titrated by plaque forming assay, and the viral particle (vp) 

number was measured spectrophotometrically. Viral quality was confirmed by polymerase 

chain reaction for the presence of the Cox2 promoter, the fiber structure, and the absence of 

contamination with a mutant replication competent adenovirus as described 

previously21, 22, 31, 33.

In vitro analysis of Cox2 promoter activity

Five different hamster pancreatic cancer cell lines (Hap-T1, HP-1, Taka-1, PGHAM-1, and 

PC-1) were plated in 24-well plates (5×104 cells/well). Subsequently, they were infected 

with replication-deficient, Cox2 promoter-controlled, luciferase expressing vectors at 100 

vp/cell. Two days after infection, the cells were lysed with 100 µl of cell culture lysis buffer, 

and the luciferase activity was determined with the Luciferase Assay System (Promega, 

Madison, WI). Results were standardized with protein concentration quantitated by the DC 

protein assay (Bio-Rad, Hercules, CA). The A549 cell line was used as a Cox2 positive 

control22.

Qualitative evaluation of in vitro cytocidal effect of oncolytic adenoviruses

The in vitro cytocidal effect was analyzed via crystal violet staining. One day after 2×105 

cells/well were grown in a 12-well plate, the RGD-Cox2-ΔE3-ADP-Luc virus was added at 

strengths of 1, 10, 100, and 1000 vp/cell. After 10 days of cultivation, the cells were fixed 

with 10% buffered formalin for 10 minutes and stained with 1% crystal violet in 70% 

ethanol for 20 minutes. Thereafter, the plates were washed 3 times with tap water and 

allowed to air dry.

In vitro quantitative cell viability analysis

3,000 cells/well were cultured in 96-well plates and subsequently infected with adenoviral 

vectors at strengths of 100, 1000, or 10,000 vp/cell. The number of surviving cells was 

analyzed by a colorimetric method using the Cell Titer Aqueous One Solution Cell 

Proliferation Assay (Promega, Madison, WI) as described by the manufacturer. Absorbance 

was measured at a wavelength of 490 nm in a FLUOstar Omega spectrophotometer (BMG 

Labtech, Ortenberg, Germany). The proportion of living cells at each time point was 

normalized to the number of living uninfected cells.

In vitro IFN production by ELISA

HP-1 cells (5×104 cells/well) were cultured in 24-well plates and infected with adenoviral 

vectors at a dose of 10 vp/cell. At serial time points, cell culture supernatant was collected 
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and centrifuged to remove cell debris. Samples were analyzed for IFN concentration by the 

use of a commercial mouse IFN ELISA kit (4211-1, PBL Interferonsource, Piscataway, NJ) 

according to the manufacturer’s instructions.

In vivo analyses in a Syrian hamster model

Female Syrian (golden) hamsters (Mesocricetus auratus, HsdHan: AURA; 6–7 weeks of 

age) were obtained from Harlan Sprague Dawley (Indianapolis, IN). Before procedures, the 

animals were anesthetized with isoflurane. Hamster pancreatic cancer cells (HP-1, 2×106 

cells in 100ul of PBS) were subcutaneously inoculated into both flanks of each animal. 

When the tumor nodules achieved a diameter of approximately 15mm, a single dose (2×1011 

vp/tumor) of virus was injected into the tumors. The tumor diameter was measured twice per 

week with calipers. The tumor volume was calculated using the following formula: Tumor 

Volume = (Width2 × Length)/2. The hamsters were sacrificed in accordance with the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) of the University 

of Minnesota.

For the survival study in a peritoneal dissemination model, the hamsters were anesthetized 

with isoflurane, tilted steeply head-down, and HP-1 cells (1×106 cells in 500 µl of PBS) 

were injected into the peritoneal cavity at a 30 degree angle. Seven days after tumor 

inoculation, the hamsters received a single intraperitoneal injection (2×1011 vp in 1.5 mL of 

PBS) of virus or were left untreated. The endpoint of the study was either the natural death 

of the animals or the IACUC criteria.

For in vivo imaging of adenovirus replication, HP-1 cells (2×106 cells) were subcutaneously 

injected into the flanks of the hamsters. When tumor nodules reached a diameter of 15 mm, 

the luciferase-expressing oncolytic adenovirus (RGD-Cox2-ΔE3-ADP-Luc) was injected 

intratumorally (1×1010 vp/tumor). Bioluminescence was assessed over a 5 week time-course 

with an optical imaging system as described previously28, 34. The imaging data were 

displayed as a pseudocolored luminescence intensity image overlaid on a brightfield image 

of the entire hamster body. Index color image overlays were performed in Photoshop 7.0 

(Adobe, Seattle, WA, USA).

All procedures were carried out according to protocols approved by the IACUC of the 

University of Minnesota.

Statistical methods

Statistical analyses of in vitro and in vivo viral effects were carried out with Excel 

(Microsoft, Redmond, WA). The Student’s t test was used to compare the percentage of 

living cells between treatment groups, the relative units of IFN production, and the relative 

volumes of in vivo treatment groups. The results were considered statistically significant 

when a two-tailed P value was less than 0.05. Data are expressed as a mean ± standard 

deviation, unless otherwise noted.

In the survival study, the Kaplan-Meier method was used to estimate survival from the day 

of tumor inoculation to natural death or sacrifice. Treatment groups were compared using 

the log-rank test with a Tukey-Kramer adjustment for multiple pairwise comparisons.
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Results

Selectivity of oncolytic adenoviruses in a Syrian hamster model

Replication deficient vectors driven by the Cox2 promoter and expressing the luciferase 

transgene were used to analyze the Cox2 promoter activity in five hamster pancreatic cancer 

cell lines (Figure 2A). A549 (human lung adenocarcinoma) was used as a Cox2-positive cell 

line22, 31. Hap-T1 and HP-1 demonstrated the highest Cox2 promoter activity with over 70% 

and 40% RLU respectively when compared to the A549 control cell line.

To confirm the ability of human adenovirus to replicate in hamster pancreatic cancer cell 

lines, the in vitro cytocidal effects of a replication competent adenovirus (RGD-Cox2-ΔE3-

ADP-Luc) were tested (Figure 2B). In the HP-1 and Hap-T1 cell lines, low concentrations of 

virus (10 vp) had a complete cytocidal effect. At high viral titers, complete oncolysis was 

achieved in all tested cell lines.

Additionally, the RGD-Cox2-ΔE3-ADP-Luc virus was used to demonstrate active in vivo 

replication via non-invasive bioluminescent imaging (Figure 2C). Signal was recorded as 

early as the day after a single intratumoral injection into a subcutaneous HP-1 tumor, and 

persisted for up to four weeks. Given that the luciferase transgene from the adenoviral E3 

region is only expressed during viral replication, this provided evidence of effective 

replication of our virus in a Cox2-expressing tumor. The background signals of other organs 

(indicating ectopic viral replication) were minimal, especially within the liver.

This series of experiments demonstrated the Cox2 promoter activity of five hamster 

pancreatic cancer cell lines as well as the ability of our adenoviral vectors to replicate within 

them in both in vitro and in vivo settings.

Gene transfer of hamster and human IFN via replication deficient vectors to analyze direct 
cytotoxic effect and species specificity

Human and hamster IFN were cloned into replication deficient adenoviral vectors to enable 

the analysis of the therapeutic effect of IFN in both human and hamster cell lines. 

Quantitative cell viability assays were performed to study the direct cytotoxic effect of IFN 

expression. A luciferase expressing adenovirus was used as a control vector (Figure 3).

It was clear that the IFN-expressing viruses outperformed their luciferase expressing 

counterparts in all cell lines. Given that these two vectors only differed in their transgene 

expression, the clearly apparent increase in cell death provided evidence of the IFN 

cytokine’s direct anti-tumor effects.

The efficacy of our vectors was compared in human and hamster cell lines. In human MIA 

Paca-2 cells, the human IFN-expressing virus outperformed its hamster IFN-expressing 

virus counterpart by killing approximately 25% more cells. The reverse was true in the 

hamster HP-1 cell line where the hamster IFN-expressing virus had a much stronger 

cytocidal effect resulting in 35% more cell death. By confirming the augmented cytotoxic 

effect of human and hamster IFN in their corresponding cell lines, the species-specific 
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nature of the IFN cytokine was demonstrated. Of note, the syngeneic IFN-expressing viruses 

demonstrated significant cytocidal effects compared to the luciferase vector (p<0.05).

Delivery of IFN with a replication competent adenoviral system resulted in improved in 
vitro oncolysis and IFN production

The percentages of living cells after treatment with a low dose of replication deficient and 

replication competent IFN-expressing vectors were compared (Figure 4A). At each time 

point in both cell lines, the replication competent vector was clearly superior and resulted in 

statistically significant cell death (p<0.05). Notably, at days 5 and 6 in the HP-1 cell line, the 

replicating IFN virus killed almost all of the cells while the non-replicating counterpart 

killed only 40–50% of the cells.

The cytocidal effects of IFN-expressing vectors were qualitatively studied with a crystal 

violet assay (Figure 4B). Not surprisingly, the replicating IFN-expressing vector (RGD-

ΔE3-ADP-ham-IFN) provided the strongest cytocidal effect.

IFN production was measured after infection with replication competent and replication 

deficient vector systems (Figure 4C). The replication competent vector had three times more 

IFN expression compared to the non-replicating vector (p<0.05).

Replication competent adenoviruses can be designed to express transgenes in a replication-

dependent manner. Here, our replicating IFN-expressing virus not only demonstrated 

improved direct cell lysis but also superior IFN transgene expression.

In vivo tumor suppression with IFN-expressing adenoviruses

The antitumor effects of replication-deficient and replication-competent IFN-expressing 

adenoviruses were compared in vivo in a syngeneic subcutaneous pancreatic cancer model 

(Figure 5). From early time points, it was clear that both IFN-expressing viruses 

demonstrated a significant therapeutic effect compared to the replication deficient luciferase 

control vector (p≤0.01 for both comparisons at day 12). In fact, the animals in the group 

treated with the luciferase control vector had to be sacrificed at day 12 due to increased 

tumor size (relative volume of 7.10). The non-replicating IFN and luciferase viruses were 

identical except for the transgene that they expressed. Therefore, the great difference in 

therapeutic effect can be attributed to the strong cancer-killing capabilities of the IFN 

cytokine in this immunocompetent model.

By the end of the experiment, the replication competent IFN virus had caused tumor 

regression (final relative volume of 0.82) which was in stark contrast to the group treated 

with the non-replicating IFN virus that allowed tumor re-growth (p<0.05 at day 20). Given 

that the only difference between these two viruses is the ability to deliver replication 

dependent IFN expression, it provided support of the oncolytic adenovirus’ ability to 

augment IFN concentration locally at the tumor site.

The replication competent IFN-expressing virus outperformed its luciferase counterpart at 

all time points (p<0.05) and further supported the improved anti-tumor effects of the IFN-

expressing viruses. Additionally, while it was not statistically significant, the replication 
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competent luciferase expressing vector also showed anti-tumor effect when compared to 

non-replicative luciferase vector.

This experiment used a syngeneic subcutaneous tumor model to demonstrate the improved 

cytocidal effect when replication competent vectors are combined with IFN expression.

Survival study in a hamster peritoneal dissemination model following systemic adenovirus 
delivery

A peritoneal carcinomatosis model was established to analyze the clinical potential of our 

replicating IFN vector in more aggressive model. For this experiment, a single 

intraperitoneal injection of adenovirus was given seven days following inoculation with 

HP-1 cells (Figure 6).

There had been only one death in the IFN group by the time all untreated animals had died 

(day 25). In fact, one hamster treated with the IFN-expressing oncolytic adenovirus was able 

to survive until day 45, which resulted in a statistically significant improvement in survival 

(p=0.001) when compared to the untreated animals.

A wild type adenovirus was also used as a control treatment vector in the experiment. All 

animals in this group were dead by day 32.

When the untreated animals were examined at necropsy, there was evidence of substantial 

tumor burden on the abdominal wall and all intra-abdominal organs. This was in contrast to 

the animals that were treated with the IFN-expressing vector which had considerably less 

disease (Figure 7).

Thus, the impressive therapeutic effect of the replicating IFN-expressing oncolytic virus was 

observed in a more aggressive model simulating advanced disease.

In vivo tumor suppression with an IFN-expressing virus controlled by a tumor-specific 
promoter

Two Cox2 promoter controlled adenoviruses (with and without IFN expression) were tested 

in Cox2-positive hamster pancreatic cancer tumors (Figure 8). It was clear from very early 

in the experiment that the Cox2-IFN virus was superior to all others. It demonstrated an 

almost 55% reduction in tumor growth compared to the PBS group at day 27 (p<0.05), while 

the two other treatment viruses (RGD-Cox2-CRAd and RGD-Wt) showed no therapeutic 

effect.

The Cox2-IFN oncolytic adenovirus significantly outperformed the control virus lacking 

IFN expression as well as the wild type replication adenovirus. These observations 

highlighted that the insertion of the Cox2 promoter to control adenovirus replication did not 

detract from the anti-tumor effect of the viral construct.

Discussion

Our research group has developed a tumor-selective IFN-expressing oncolytic adenovirus 

which is driven by the Cox2 promoter21 and tested it in an immunocompetent Syrian 
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hamster model. We have demonstrated the direct antitumor effect of IFN, as well as its 

species-specific nature. In addition, replication competent viruses demonstrated a much 

improved cytocidal effect as well as a greater degree of local IFN expression when 

compared to their non-replicating counterparts. When tested in subcutaneous tumor and 

peritoneal dissemination models, the IFN-expressing viruses demonstrated a profound 

therapeutic effect.

The coxsackie-adenovirus receptor (CAR) is the primary receptor for adenoviruses, but it is 

poorly expressed on pancreatic cancer cells33, 35. Therefore, modification of the viral capsid 

proteins has been shown to increase adenovirus infectivity36, 37. We have previously used an 

Ad5/Ad3 chimeric fiber that targets the Ad 3 receptor (recently identified as human 

desmoglein-2)38, 39 as well as a RGD (arginine-glycine-aspartate)-modified fiber which 

targets integrins on cell surfaces of pancreatic cancer33, 40. While the Ad5/Ad3 fiber 

modification is useful for improving the infectivity of conventional adenoviral vectors in 

human cancers, it is not optimal for hamster cell lines as they do not express the Ad3 

receptor. Therefore, the RGD-based fiber modification was employed exclusively in these 

studies to maximize the infectivity of our viral vectors in a hamster model.

By comparing non-replicating viruses that only differed in the expression of the IFN or 

luciferase transgene, we were able to demonstrate the direct antitumor effect of IFN 

expression, which was dose dependent. Furthermore, we demonstrated that replication 

competent viruses expressing IFN have a much greater ability to cause cell death when 

compared their non-replicating counterparts. This observation is due to the fact that 

replication competent viruses produce significantly higher levels of IFN compared to the 

non-replicative controls, as well as the fact that replicating adenoviruses lyse cells as part of 

their replication cycle. Additionally, in the replicating vector construct, the adenovirus death 

protein is overexpressed and augments viral spread which subsequently improves 

oncolysis29, 30.

In a syngeneic tumor model, the IFN-expressing viruses proved to have the greatest anti-

tumor effects, which correlated with our in vitro observations. Most remarkably, the 

replicating IFN-expressing virus did not just slow tumor progression, but rather caused 

statistically significant tumor regression.

The same replication competent IFN vector was also tested in a hamster peritoneal 

carcinomatosis model. We believe that this model simulates the setting of advanced disease, 

and other groups have used a similar model in mice to demonstrate the effectiveness of 

intraperitoneal virus therapy41. In our experiment, there was a statistically significant 

increase in the survival of the animals treated with just one dose of the IFN-expressing virus. 

Some animals lived almost twice as long as the untreated controls and had considerably less 

intraabdominal tumor burden.

Cyclooxygenase 2 (Cox2) is highly expressed in pancreatic adenocarcinoma cells and many 

other human cancers42. In addition, there have been reports of Cox2 expression in hamster 

pancreatic cell lines43, and our data indicated that the Cox2 promoter placed within the 

adenoviral vector worked in hamster cells as intended. Therefore, the Syrian hamster model 

LaRocca et al. Page 9

Surgery. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is suitable for further preclinical evaluation of the efficacy of our Cox2-controlled oncolytic 

viruses.

Our final in vivo investigation involved two tumor-specific conditionally replicative 

adenoviruses (CRAd). Here, our novel IFN-expressing CRAd was the only treatment vector 

to demonstrate statistically significant tumor growth suppression (Figure 8). The growth 

curve for the IFN-expressing virus diverges almost immediately from the other vectors (all 

of which lacked IFN expression) and remained so for the duration of the experiment. 

However, compared to the previous in vivo study without tumor-specific promoters (Figure 

5), there was overall tumor progression. Reducing potential toxicities to normal organs is 

necessary for clinical vectors, and it has been shown that viruses with the Cox2 promoter 

have limited replication in normal liver tissue and have a low toxicity profile in 

vivo21, 33, 44. However, in our experiment, incorporation of the promoter into the adenovirus 

structure may have resulted in a small decrease in oncolytic potential. This observation 

could also be explained by the HP-1 cell line’s degree of Cox2 promoter activity 

(approximately 40% compared to the human A549 Cox2-positive cancer cell line).

IFN-based chemoradiation has shown great potential to treat pancreatic cancer, but the 

systemic delivery of IFN is limited by dose-dependent toxicities. Additionally, serum 

concentrations peak soon after IFN injection and the cytokine is rapidly cleared resulting in 

a very low percentage of IFN reaching the tumor site45, 46. In this manuscript, we presented 

an IFN-expressing oncolytic adenovirus driven by a tumor-specific promoter that was tested 

in an immunocompetent Syrian hamster model. This model’s ability to support both 

adenoviral replication and immune system interaction played a key role in highlighting the 

true potential of IFN-expressing oncolytic viruses25, 26. The model’s characteristics also 

helped to explain why these studies led to a much improved therapeutic effect when 

compared to our previous work in a mouse model, which did not allow for adenoviral 

replication22–24. Overall, the results were encouraging as a locally delivered IFN-expressing 

adenovirus had a significant impact on tumor growth in a syngeneic hamster model. 

Adenoviral delivery of IFN is a promising therapy for pancreatic cancer, and this work 

represents a key step towards clinical translation. In the future, we plan on using this same 

hamster model to examine the therapeutic effect of our oncolytic viruses in conjunction with 

chemotherapy and radiation, which represents the strongest combination of therapies for 

pancreatic cancers.
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Figure 1. Schematic of oncolytic adenoviruses expressing interferon alpha
Both viruses have a RGD-4C motif incorporated into the fiber knob region for infectivity 

enhancement. Additionally, an expression cassette containing the adenovirus death protein 

(ADP) and the hamster interferon alpha transgene (IFN) were placed into the adenovirus E3 

region. In the CRAd, the Cox2 promoter was inserted into the 5’-side of the adenovirus E1 

region to serve as a tissue-specific promoter.
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Figure 2. Syngeneic immunocompetent hamster model
A. The Cox2 promoter activity of five hamster pancreatic cancer cell lines (Hap-T1, HP-1, 

Taka-1, PGHam-1, and PC-1) was analyzed. The A549 (human lung adenocarcinoma) cell 

line was used as a Cox2-positive control, and results were reported in relative light units 

(RLU) with respect to the A549 cells. All cell lines demonstrated Cox2 promoter activity, 

with the highest being in the Hap-T1 and HP-1 cells.

B. Ability of human adenovirus to replicate in hamster pancreatic cancer cell lines. The 

RGD-Cox2-ΔE3-ADP-Luc virus was added at various concentrations and the crystal violet 

assay was used to qualitatively analyze cell viability. In the HP-1 and Hap-T1 cell lines, 

even low titers of 10 vp/cell were able to induce total cell death. At high viral titers, the 

virus achieved a complete cytocidal effect in all cell lines.

C. Active replication of a Cox2 promoter controlled adenovirus (RGD-Cox2-ΔE3-ADP-

Luc) in a hamster model was demonstrated via bioluminescent imaging. Following a single 

intratumoral injection, a signal was evident as early as the day after inoculation and persisted 

for up to 4 weeks (day 5 image shown).
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Figure 3. Cytocidal effect and species specificity of IFN-expressing vectors
One human pancreatic cancer cell line (MIA PaCa-2) and two hamster pancreatic cancer cell 

lines (HP-1 and PGHam-1) were infected with three non-replicating adenoviruses that only 

differed in the transgene that they expressed (RGD-nonrep-Luc, RGD-nonrep-hu-IFN, 

RGD-nonrep-ham-IFN). Gradually increasing doses of virus were used (102, 103, and 104 

vp/cell), and the percentages of living cells were quantified using the MTS assay four days 

after viral infection. Results are shown as a percentage of living cells.

In the MIA PaCa-2 cell line, the human IFN-expressing adenovirus demonstrated a 

significant cytocidal effect when compared to the luciferase control vector (* p<0.05), while 

the hamster IFN-expressing vector demonstrated minimal cell death. Conversely, in the 

HP-1 and PGHam-1 cell lines, the hamster IFN-expressing adenovirus resulted in significant 

cell death (* p<0.05) and greatly outperformed its human IFN-expressing counterpart.
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Figure 4. Production of IFN with a replication competent adenoviral system resulted in 
improved in vitro oncolysis and elevated levels of IFN
A. Superior oncolysis of IFN-expressing replication competent vectors. HP-1 and PGHam-1 

hamster pancreatic cancer cells were infected with a replicating IFN-expressing virus (RGD-

ΔE3-ADP-ham-IFN), a non-replicative IFN-expressing virus (RGD-nonrep-ham-IFN), or a 

non-replicative luciferase virus (RGD-nonrep-Luc) at 1000 vp/cell. The percentage of living 

cells was determined using the MTS assay at days 4,5, and 6 following viral infection. The 

oncolytic effect of the replication competent IFN-expressing adenovirus was significantly 

better than either of the non-replicative vectors (*p<0.05).

B. Crystal violet assay demonstrates the greatest degree of cell death with replication 

competency and IFN expression via the RGD-ΔE3-ADP-ham-IFN virus. 1×105 cells were 

cultured in a 12 well plate and subsequently infected with viruses at a strength of 100 vp/

cell. Crystal violet staining was performed eight days following viral inoculation.

C. Hamster pancreatic cancer cells (HP-1) were infected at 10 vp/cell, and the IFN level in 

the culture supernatant was determined by ELISA. At day 13 following viral inoculation and 

until the end of the experiment, the replicating IFN virus (RGD-ΔE3-ADP-ham-IFN) 

showed significantly higher IFN expression compared to its non-replicative counterpart 

(RGD-nonrep-ham-IFN) and the luciferase control (RGD-ΔE3-ADP-Luc) (* p<0.05).
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Figure 5. In vivo antitumor effect of IFN-expressing oncolytic adenovirus
Hamsters bearing subcutaneous HP-1 tumors were treated with a single intratumoral 

injection of adenovirus (2×1011 vp/tumor). The replication competent IFN-expressing virus 

(RGD-ΔE3-ADP-ham-IFN, n=10 tumors) significantly outperformed its non-replicative 

counterpart (RGD-nonrep-ham-IFN, n=8 tumors) and an otherwise identical virus that 

expressed luciferase (RGD-ΔE3-ADP-Luc, n=4 tumors) (*p<0.05). The RGD-ΔE3-ADP-

ham-IFN virus also demonstrated a significant oncolytic effect when compared to the non-

replicative luciferase expressing adenovirus (RGD-nonrep-Luc, n=6 tumors) (**p<0.01). 

Tumor size is shown as a relative volume compared to day 0.
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Figure 6. Improved survival in a peritoneal carcinomatosis model
HP-1 cells (1×106) were injected into the peritoneal cavity of Syrian hamsters on day 0. A 

single intraperitoneal dose of adenovirus (2×1011 vp) was administered seven days 

thereafter (indicated by arrow) or the animals were left untreated. Survival rate was 

significantly improved with the IFN-expressing virus (RGD-ΔE3-ADP-ham-IFN) compared 

to the untreated control (p=0.001). The wild type virus (RGD-Wt) also demonstrated a 

survival improvement, but it was not statistically significant. Results are shown as a 

proportion of surviving animals according to the Kaplan-Meier method. There were 8 

animals in the untreated control group and 7 animals in the groups that received virus.
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Figure 7. Levels of peritoneal tumor burden following viral treatment
A: Untreated animal examined following death at day 24 (following tumor inoculation). 

There is a large amount of tumor within the bowel that caused marked adhesions, as well as 

many deposits along the lining of the peritoneal cavity. B: Animal treated with the RGD-Wt 

vector following death at day 26. Compared to the untreated animal, there is only a small 

amount of tumor deposition along the bowel and abdominal wall. C: Animal treated with the 

IFN vector following death at day 28. Very small amounts of tumor deposition within the 

abdominal cavity.
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Figure 8. In vivo therapeutic effect of a Cox2-controlled IFN-expressing adenovirus
Subcutaneous tumors (established with the HP-1 hamster pancreatic cancer cell line) were 

treated with a single intratumoral injection of adenovirus (3×1010 vp/tumor). The promoter-

controlled IFN-expressing adenovirus (RGD-Cox2-ΔE3-ADP-ham-IFN) significantly 

outperformed the control animals treated with PBS (*p<0.05). Tumor size is shown as a 

relative volume compared to day 0. There were 10 tumors in each treatment group. Error 

bars indicate standard error of the mean.
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