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INTRODUCTION
Oncolytic viruses (OVs) selectively replicate in tumor cells by 
exploiting the biochemical differences between normal and 
tumor cells.1,2 OVs can elicit tumor cell death directly through 
lysis or by stimulating an antitumor immune response. The effi-
cacy of oncolytic herpes simplex virus type 1 (oHSV-1) has been 
well characterized in preclinical and clinical studies.3 Although the 
induction of antitumor immunity has been demonstrated follow-
ing intratumoral (i.t) administration of oHSV-1,4,5 systemic delivery 
will be required for treating metastatic lesions. However, the high 
incidence of pre-existing immunity to HSV-1 may limit systemic 
delivery. Such obstacles warrant the development of nonhuman 
viruses for OV therapy (OVT).

Bovine herpesvirus type 1 (BHV-1) is a member of the 
Herpesviridae family that initiates bovine respiratory disease com-
plex in cattle through transient immunosuppression.6 Despite the 
prevalence of BHV-1 in cattle, no human infections or seroconver-
sions have been reported.6 Normal human cells are susceptible 
to BHV-1 binding and entry, but are not permissive for BHV-1 
replication.7 In contrast, human immortalized, transformed and 
tumor-initiating cells are permissive to infection.7,8 Interestingly, 
the ability of BHV-1 to kill human bulk and tumor-initiating breast 
cancer cells does not depend on the initiation of virus replication 
or the production of a viral burst.8 Unfortunately, BHV-1 does not 
efficiently bind and enter murine cells,9 precluding the use of con-
ventional mouse models.

The cotton rat (CR; Sigmodon hispidus) is commonly used in anti-
BHV-1 vaccination research, as viral-induced pathology resembles 
that seen in cattle.10 BHV-1 infection of CRs is immunogenic, induc-
ing mucosal and systemic immune responses, particularly following 
intranasal inoculation.10 The CR is an attractive syngeneic, immune 
competent model to study OVs, as cell lines derived from sponta-
neous fibrosarcomas of the breast (LCRT) and osteosarcomas of 
the bone (CCRT and VCRT) have been developed.11 CRs are used to 
evaluate the antitumor efficacy of oncolytic adenoviruses, including 
neutralization studies to predict human responses to intravenous 
(i.v) injection.12

Antitumor responses from OVT differ significantly when com-
paring tolerized and nontolerized tumor-associated antigen (TAA) 
models. Central and peripheral tolerance can dampen TAA-specific 
cytotoxic lymphocyte responses, resulting in poor therapeutic out-
comes.13,14 TAA-specific CD8+ T cells, essential for mediating tumor 
regression, are produced in nontolerized syngeneic tumor models, 
but not in tolerized tumor models.14,15 These observations highlight 
the importance of evaluating OVs using tolerized animal models, 
which better recapitulate the human immune landscape, allowing 
for enhanced understanding of the features that determine thera-
peutic success.

Aberrant DNA methylation events frequently occur in can-
cer and include global DNA hypomethylation and CpG island 
hypermethylation, leading to the silencing of tumor-suppressor 
genes or the expression of oncogenes.16 Recent studies used DNA 
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Oncolytic viruses selectively replicate in cancer cells by exploiting biochemical differences between normal and tumor cells.  
Treatment with epigenetic modifiers such as 5-Azacytidine, a DNA methyltransferase inhibitor, increases the replication and  
cytotoxicity of oncolytic viruses in vivo and in vitro. The cotton rat is an attractive animal to study oncolytic viruses, as syngeneic 
models of breast adenocarcinoma and osteosarcoma are well established, and many features of primary and secondary tumor 
growth recapitulate human disease. Treatment of LCRT breast cancer cells with 5-Azacytidine increases bovine herpesvirus type 
1 (BHV-1)-mediated cytotoxicity in vitro, with Chou-Talalay analysis indicating a very strong synergy. In vivo, BHV-1 monotherapy 
delayed tumor growth but did not improve survival of cotton rats with subcutaneous breast adenocarcinomas. However,  
combination therapy significantly decreased the incidence of secondary lesions, with enhanced tumor cell clearance and  
evidence of immune cell infiltration compared to BHV-1 monotherapy. Together, these results warrant further investigation of 
BHV-1 combination therapy with epigenetic modifiers for the treatment of breast cancer, particularly in the context of the  
prevention and treatment of secondary lesions.

Molecular Therapy — Oncolytics (2015) 1, 15004; doi:10.1038/mto.2015.4; published online 25 March 2015

1Department of Pathology and Molecular Medicine, McMaster Immunology Research Centre, Institute for Infectious Disease Research, McMaster University, Hamilton, Ontario, 
Canada. Correspondence: KL Mossman (mossk@mcmaster.ca)

Enhanced efficacy with azacytidine and oncolytic BHV-1 in a 
tolerized cotton rat model of breast adenocarcinoma
Breanne P Cuddington1, Meghan Verschoor1, Ali Ashkar1 and Karen L Mossman1

Article

http://www.nature.com/doifinder/10.1038/mto.2015.4
mailto:mossk@mcmaster.ca


2

5-Azacytidine synergizes with oncolytic BHV-1
BP Cuddington et al.

Molecular Therapy — Oncolytics (2015) 15004 © 2015 The American Society of Gene & Cell Therapy

methyltransferase inhibitors (DNMTi) such as 5-Azacytidine (5-Aza) 
to study the role of methylation in the development and progno-
sis of breast cancer.17,18 While treatment of breast cancer cells with 
5-Aza induced differential expression of tumor suppressor genes 
and oncogenes, it was unable to induce tumor cell death on its 
own.19,20 OVs have been combined with chemo and radiotherapy 
to exploit differences in the mechanism of tumor cell death elicited 
by each treatment, resulting in enhanced antitumor responses.3,21,22 
Therefore, combining 5-Aza with agents that increase tumor cell 
death by counteracting the pro-survival effects of oncogenes may 
be efficacious.20,23

RESULTS
BHV-1 replication and cytotoxicity in LCRT cells
BHV-1 is able to initiate replication and/or induce cellular cytotox-
icity in human breast cancer cells from a variety of subtypes.8 The 
cytotoxicity of BHV-1 on the CR breast adenocarcinoma cell line 
LCRT was evaluated. Cells were infected with BHV-1 at a range of 
multiplicity of infection (MOI) and the initiation of replication, as a 
measure of green fluorescent protein (GFP) fluorescence, and cel-
lular viability were analyzed 2 days postinfection (pi). While GFP 
fluorescence is an indicator of the initiation of virus replication only, 
for simplicity we will refer to this as virus replication. Induction of 
BHV-1 replication in LCRT cells was observed at MOIs greater than 
2.5 (Figure 1a). However, a significant decrease in cellular viability, 
defined as a decrease greater than 20%, did not occur at any of the 
MOIs examined (Figure 1b).

5-Aza does not alter the permissivity of normal primary cells to 
BHV-1 infection
While BHV-1 is unable to replicate or induce cytotoxicity in normal 
human cells,7 epigenetic modifiers may alter cellular sensitivity to the 
virus. As normal primary CR cell lines do not exist, normal primary 
human cell lines were used. The IC50 values of 5-Aza were 18 and 3.3 
µmol/l on normal human Ventressca and human embryonic lung 
(HEL) fibroblasts, respectively (data not shown). Treatment with 3 or 
10 µmol/l 5-Aza did not increase BHV-1 replication on normal human 
Ventressca or HEL fibroblasts (data not shown). However, a significant 
increase in cytotoxicity in Ventressca cells was observed when 5-Aza 
(10 µmol/l) was combined with BHV-1 (MOI 3 or 5) in comparison to 
BHV-1 only infected samples (Figure 2a). This effect was also detected 
in HEL cells when 5-Aza (10 µmol/l) was combined with BHV-1 (MOI 
1 and 5) (Figure 2b). However, the combination of 5-Aza with BHV-1 
did not increase cytotoxicity over that seen with 5-Aza alone in either 
cell line (Figure 2), indicating that 5-Aza does not enhance BHV-1-
mediated toxicity in normal cells. Therefore, only concentrations 
below the IC50 value for HEL were used in further experiments.

BHV-1 and 5-Aza act synergistically to kill LCRT cells
Studies combining OVs with epigenetic modifiers such as 5-Aza 
have shown synergistic or additive effects that enhance tumor cell 
death.23–25 To ensure that 5-Aza was functional in LCRT cells, the 
expression of Dnmt1 was evaluated as a control. When incorporated 
into DNA, 5-Aza forms a covalent bond with DNMT such as Dnmt1.26 
This bond is irreversible and results in degradation of Dnmt1, reduc-
ing cellular levels of the enzyme.26 Western blot analysis indicated 
that 14-hour treatment with 1 and 3 μmol/l of 5-Aza is sufficient to 
reduce Dnmt1 expression in LCRT cells (Figure 3a). These data verify 
5-Aza activity in LCRT cells. We then determined whether 5-Aza was 
able to enhance the replication or cytotoxicity of BHV-1. LCRT cells 
were treated with 5-Aza at 0.5, 1, or 3 µmol/l for 14 hours and sub-
sequently infected with BHV-1 at MOI 3 or 5. Regardless of the con-
centration, treatment with 5-Aza increased BHV-1 replication (Figure 
3b). Likewise, combination treatment was more effective in reduc-
ing cellular viability, with 3 µmol/l 5-Aza significantly reducing cellu-
lar viability to 60 and 45% of untreated cells following infection with 
BHV-1 at MOI 3 or 5, respectively (Figure 3c). For reference, we rou-
tinely observed a decrease to 20% cellular viability in Madin-Darby 
bovine kidney (MDBK) cells (BHV-1 MOI 3), which are fully permis-
sive to BHV-1 infection (data not shown).

To evaluate whether the interaction between BHV-1 and 5-Aza 
is synergistic or additive, we generated Chou-Talalay plots using 
CompuSyn software (data not shown).27 The combination index 
(CI) for each treatment was calculated and the dose–effect combi-
nations (cellular viability) of 5-Aza and BHV-1 on LCRT were deter-
mined. Table 1 shows that there is very strong synergy (CI < 1) 
between 5-Aza and BHV-1 regardless of the concentration of 5-Aza 
or MOI of virus used. These results suggest that BHV-1 and 5-Aza 
synergistically kill LCRT cells.

5-Aza increases de novo production of BHV-1 in LCRT cells
To determine whether increased GFP expression is indicative of pro-
ductive virus replication, the viral burst was determined. LCRT cells 
were treated with 0, 1, or 3 µmol/l 5-Aza and subsequently infected 
with BHV-1 at MOI 5. Cells and supernatant were collected 1, 2, and 
3 days pi and virus titrated on naive MDBK cells. A minimal viral burst 
was detected in untreated samples at the time points examined 
(Figure 4). However, a statistically significant increase in viral titers was 

Figure 1   Bovine herpesvirus type 1 (BHV-1) replication and cytotoxicity 
on LCRT. LCRT cells in 96-well plates were mock or infected with BHV-1 
at the indicated MOIs for 1 hour at 37 °C. (a) GFP expression, as a 
marker of virus replication, was detected using a Typhoon Bioanalyzer 
(Amersham Biosciences, Piscataway, NJ) at 2 days pi. (b) Cell metabolism, 
as a measure of cell viability, was assessed using MTT at 2 days pi. 
Fluorescence was detected using a SpectraMax i3 Multi-Mode Microplate 
Reader (Molecular Devices, Sunnyvale, CA) and the fold change in 
fluorescence relative to untreated, uninfected controls was calculated. 
Data were collected in triplicate and are represented as the mean.
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detected 2 days pi between untreated cells and cells treated with 1 
and 3 µmol/l 5-Aza (Figure 4). Although the increase in virus output 
with 5-Aza treatment was statistically significant, this increase is not 
considered biologically significant relative to virus input. For refer-
ence, we routinely observe a viral burst of 400 pfu per cell 2 days pi in 
MDBK cells (BHV-1 MOI 3), which are fully permissive to BHV-1 infec-
tion. Additionally, the apparent drop in virus output with 3 µmol/l 
5-Aza at 3 dpi is likely due to cellular cytotoxicity induced by the com-
bination therapy at these concentrations (Figure 3c).

BHV-1 monotherapy does not increase the survival of CR bearing 
subcutaneous LCRT tumors
Recent studies indicate that in vitro assays do not always predict 
in vivo outcomes.15,28 Tumors are complex entities that employ a 

multitude of mechanisms to influence tumor cell survival, pro-
liferation, and spread. These mechanisms impact the success of 
OVT by affecting virus replication, spread and recruitment of the 
immune system to the tumor microenvironment.29,30 As a major 
barrier to effective OVT is central and peripheral tolerance, we 
evaluated whether BHV-1 possesses antitumor capabilities in a 
tolerized CR model of breast carcinoma. The CR LCRT model is 
extremely aggressive; phosphate-buffered saline (PBS)-treated 
tumors reached endpoint within 10 days on average (Figure 5a). 
Tumor growth was highly variable with increases in volume from 
the beginning of treatment to endpoint varying between 11- and 
30-fold (PBS controls).

Preliminary dose-escalation studies were performed to investi-
gate the safety and efficacy of BHV-1 in CRs bearing subcutaneous 

Figure 2  Bovine herpesvirus type 1 (BHV-1)-mediated cytotoxicity with and without 5-Aza treatment on normal primary human cell lines Ventressca 
and human embryonic lung (HEL) cells. (a) Ventressca or (b) HEL cells were seeded into 96-well plates and were mock or infected with BHV-1 at the 
indicated MOIs for 1 hour at 37 °C. Cell metabolism, as a measure of cell viability, was assessed using MTT at 2 days pi. Fluorescence was detected using 
a SpectraMax i3 Multi-Mode Microplate Reader (Molecular Devices) and the fold change in fluorescence relative to untreated, uninfected controls was 
calculated. Data were collected in triplicate and are represented as the mean, n = 2. *P = 0.05
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Figure 3  5-Aza enhances bovine herpesvirus type 1 (BHV-1) replication and cytotoxicity on LCRT. (a) LCRT cells were treated with 5-Aza at 1 or 3 μmol/l. 
After 14 hours, whole cell lysates were harvested for western blot analysis with Dnmt1 primary antibody. Actin served as a loading control. Positive (+ve) 
control HeLa whole cell lysate. LCRT cells in 96-well plates were treated with 5-Aza at 0.5, 1, or 3 μmol/l for 14 hours, then mock or infected with BHV-1 
at MOI 3 or 5 for 1 hour at 37 °C. (b) GFP expression, as a marker of virus replication, was detected using a Typhoon Bioanalyzer (Amersham Biosciences) 
2 days pi and (c) cell metabolism, as a measure of cell viability, was assessed using MTT at 2 days pi. Fluorescence was detected using a SpectraMax i3 
Multi-Mode Microplate Reader (Molecular Devices) and the fold change in fluorescence relative to untreated, uninfected controls was calculated. Error 
bars represent mean + SEM, n = 3. *P = 0.05
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LCRT tumors. Tumors were treated i.t. with 5 × 106 or 5 × 107 plaque-
forming units (pfu) BHV-1 once daily for 5 days and monitored 
for tumor growth and survival. No survival advantage or tumor 
regression was observed in animals treated with 5 × 106 pfu BHV-1 
(Figure 5). The 5 × 106 pfu BHV-1 dose was well tolerated with 
no adverse effects observed. Hemorrhagic centers that turned 
necrotic appeared on large tumors several days post-treatment 
(Supplementary Figure S1b); however, this was not exclusive to the 
BHV-1 group, suggesting that this phenomenon may be associated 
with tumor size.

Animals treated with 5 × 107 pfu BHV-1 displayed significantly 
increased survival (Supplementary Figure S2); however, all animals 
reached endpoint due to respiratory distress or tumor burden. 
Histologically, the lungs contained multiple high-grade tumors 
that were mostly found around the bronchioles and in the pleura 
(Supplementary Figure S3c,d). Diffuse alveolar damage and pulmo-
nary hemorrhage was also evident. Extensive damage and edema in 
the lungs, in conjunction with the secondary lesions in the armpit, 
contributed to respiratory distress. Pathological analysis suggested 
that the CRs developed lymphangitic carcinomatosis, which is com-
mon in breast adenocarcinoma and is caused by dissemination of 
tumor cells through the lymphatics in the lung.31 The absence of 
significant immune cell infiltration suggests that lung pathology 
was not due directly to BHV-1 infection, but was caused by tumor 
invasion and growth. Furthermore, hemorrhagic centers formed on 
large tumors, and severe ulceration was common in BHV-1-treated 
tumors that eventually turned necrotic (Supplementary Figure S1c).

BHV-1 and 5-Aza combination therapy improved therapeutic 
efficacy and decreased the incidence of secondary lesions
Although we observed a synergistic effect between 5-Aza and 
BHV-1 that enhanced cytotoxicity in LCRT cells in vitro, we wanted 
to determine whether this effect was maintained in vivo. Due to the 
extensive lung pathology observed in CRs treated with 5 × 107 pfu 
BHV-1 and that 5-Aza increases BHV-1 replication in vitro, we used 
5 × 106 pfu for combination therapy studies. Approximately 2 weeks 
postsubcutaneous implantation of LCRT cells, CRs were treated 
with either PBS, 5-Aza (1 dose, 2 mg/kg intraperitoneal (i.p.)), BHV-1 
(5 doses, 5 × 106 pfu i.t.) or 5-Aza plus BHV-1. For the combination 

therapy group, 5-Aza was delivered 1 day prior to commencing 
daily BHV-1 injections. Combination therapy delayed tumor growth 
in 38% (3/8) of animals, but did not significantly increase survival 
compared to BHV-1 treated controls (Figure 6). However, it is impor-
tant to note that unlike murine models for which tumor growth is 
relatively uniform, these tumors were highly varied and the con-
ventional method of taking measurements (length and width by 
caliper measurement) did not provide an accurate means by which 
to estimate tumor volume. During necropsy procedures, we found 
that 38% (3/8) of primary tumors harvested from CRs treated with 
combination therapy (indicated by an * in tumor volume graphs in 
Figure 6) were mainly comprised of fluid filled space and not solid 
tumor mass (Supplementary Figure S4).

LCRT tumors grow quickly and are very invasive with a high prob-
ability of developing lung and lymph lesions.11,32 In this study, sec-
ondary lesions were found in the armpit on the lateral side in all 
CRs in the BHV-1 (3/3) and 5-Aza (4/4) monotherapy groups. The 
incidence of secondary lesions in the armpit was significantly lower 
(P = 0.03) in combination therapy treated CRs, in which lesions were 
detected in only 38% (3/8) of animals. In addition, secondary lesions 
were also frequently detected posterior to the primary tumor. The 
incidence of these lesions was 67% in BHV-1 (2/3) and 75% in 5-Aza 
(3/4) treated CRs, in comparison to only 13% (1/8) in combination 
therapy treated animals, although these differences were not statis-
tically significant (P = 0.06). Furthermore, lesions found in the lungs 
of combination treated CRs were fewer and of lower grade when 
compared to those in the lungs of CRs treated with BHV-1 alone 
(Supplementary Figure S3e,f ). Importantly, we did not detect any 
respiratory distress in these animals that limited survival.

Combination therapy with BHV-1 and 5-Aza induces immune cell 
infiltration and tumor cell clearance in subcutaneous LCRT cotton 
rat tumors
The role of central and peripheral tolerance as a barrier to successful 
OVT has made the study of OV antitumor efficacy within the con-
text of an immunocompetent host an absolute must.3,14,15,28 Proper 
engagement of the immune system in OVT achieves prolonged 
antitumor responses by breaking immune tolerance, long after viral 
clearance. This outcome circumvents the requirement for exten-
sive OV spread within the tumor, which is thought to play a minor 
role in the success of HSV OVs.14,15,33 Here, tumors were harvested 

Figure 4  Bovine herpesvirus type 1 (BHV-1) viral burst increases with 
5-Aza treatment in LCRT cells. Cells were infected with BHV-1 at MOI 5 
for 1 hour at 37 °C. Cell-associated virus particles were collected 1, 2, and 
3 days pi and titrated on naive MDBK monolayers. Error bars represent 
mean + SEM, n = 3. *P = 0.05.
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Table 1  Combination index for BHV-1 with 5-Aza on LCRT cells

Dose 5-Aza (µmol/l) Dose BHV-1 (MOI) Effect CI

0.5 1.0 0.87685 0.17848

0.5 3.0 0.80107 0.06363

0.5 5.0 0.56613 0.00338

1.0 1.0 0.74678 0.02872

1.0 3.0 0.79427 0.07894

1.0 5.0 0.56373 0.00503

3.0 1.0 0.59519 0.01460

3.0 3.0 0.60882 0.01785

3.0 5.0 0.43979 0.00343

Data were collected in triplicate and expressed as means, n = 3. Effect 
represents cellular viability relative to untreated controls 2 days pi. CI values 
were calculated using CompuSyn software (Version 1; Cambridge, MA). 
Synergism (CI < 1), antagonism (CI = 1), additive effect (CI > 1).
5-Aza, 5-Azacytidine; CI, combination index; MOI, multiplicity of infection.
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from PBS, BHV-1, and 5-Aza treatment groups and responders from 
the combination therapy group at endpoint for histological analy-
sis. A responder was defined as an animal that had slower tumor 
growth in comparison to monotherapy controls (5-Aza or BHV-1), 
had increased survival, or for which a fluid filled space was pres-
ent in the primary tumor at endpoint. It should be noted that the 
histology for the PBS-treated control was obtained from a previ-
ous experiment, but is representative of this group. Histologically, 
tumors treated with combination therapy had large areas of tumor 
cell clearance that were more extensive in comparison to the 
tumors of animals treated with BHV-1 monotherapy (Figure 7a–d). 
Interestingly, the tumors of CRs treated with combination therapy 
were densely packed with immune infiltrates (Figure 7e–h). The 
presence of large granulated cells was observed in combination 
therapy treated tumors, particularly in cleared areas and around 
vasculature (Figure 7i,j). Large granulated cells were not observed in 
PBS or monotherapy-treated tumors. Although the lack of reagents 
prevents the identification of these infiltrates, large granulated cells 
in solid tumors have been described and were identified to be NK 
cells.34 Together, these data suggest that 5-Aza may sensitize LCRT 
cells to BHV-1-mediated oncolysis and induce an immune response 
that facilitates tumor destruction and decreases the rate of second-
ary lesions.

DISCUSSION
Clinical studies have demonstrated that OVs are an effective and 
novel cancer therapeutic with unique tumor-targeting mecha-
nisms. However, it has become apparent that combination ther-
apy approaches will be necessary to achieve sustained antitumor 
responses. Current efforts focused on understanding OV-host 
interactions have revealed novel agents for combination therapy.35 

Epigenetic modifiers enhance OV replication and cytotoxicity by 
modifying viral gene expression and antiviral immune responses.23–25 
In addition to upregulating genes associated with innate and adap-
tive immunity, 5-Aza increases the sensitivity of tumor cells to T 
cell mediated cytotoxicity by increasing expression of TAAs.36,37 
Enhanced immune activation following 5-Aza treatment may serve 
to break central and peripheral tolerance to TAAs.36,38 Furthermore, 
clinical data support the use of epigenetic modifiers, such as 5-Aza, 
in the treatment of breast cancer as they improve patient responses 
to therapy.17,18,39

In this study, we show that BHV-1 infection is inefficient in LCRT 
cells and a significant decrease in cellular viability is not observed. 
However, when cells were treated with 5-Aza prior to BHV-1 infec-
tion, we detected a 55% decrease in cellular viability (Figure 3c). This 
coincided with an increase in virus replication and bovine infected 
cell protein 0 (bICP0) expression (Figure 3b and data not shown), 
but only a modest increase in virus output (Figure 4). We have previ-
ously reported that BHV-1 is able to induce cytotoxicity in human 
breast cancer cells in the absence of a productive infection.8 These 
data suggest that the presence of a fully permissive cellular environ-
ment is not required for BHV-1 to elicit oncolytic activity.

Animal models play an important role in the preclinical evalu-
ation of OVs. However, the relevancy of these models has come 
under scrutiny as their ability to predict the anticancer efficacy of 
OVT has been limited.3 Antitumor responses from OVT differ sig-
nificantly when comparing tolerized and nontolerized TAAs.13,14,28 
Although we did not achieve complete responses to BHV-1 mono 
or combination therapy, by using a tolerized model of breast ade-
nocarcinoma, we were able to evaluate the oncolytic capacity of 
BHV-1 in the presence of natural local and systemic immunosup-
pression. This better recapitulates the human immune landscape 

Figure 5  Kaplan-Meier survival and tumor volumes for cotton rats treated with 5 × 106 pfu BHV-1. When tumors reached treatable size they were 
treated with 5 × 106 pfu BHV-1 intratumoral (i.t.) daily for 5 days. Tumors were measured every 2 days until animals reached end point. (a) Kaplan-Meier 
estimates of survival and (b) tumor volumes of cotton rats treated with PBS and (c) 5 × 106 pfu i.t. BHV-1 are shown. BHV-1, bovine herpesvirus type 1.
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and is therefore a more accurate predictor of therapeutic efficacy. In 
contrast to small RNA OVs for which i.t. viral replication and spread 
are key determinants of therapy success,33 these determinants do 
not dictate the efficacy of large DNA OVs such as HSV-1, where 
engagement of the host immune system plays a critical role in 
antitumor efficacy.14,15,28 We observed an increase in BHV-1 replica-
tion in vitro following treatment of LCRT cells with 5-Aza; however, 
it seems unlikely that combination therapy functions via increased 
BHV-1 replication in vivo given that combination treatment (5-Aza 
and BHV-1 5 × 106 pfu) did not result in the extensive pathology 
seen with 5 × 107 pfu BHV-1, despite the permissivity of CRs to 
BHV-1 infection.11 These data are consistent with reports that direct  
virus-mediated effects do not dictate the success of OVT using 
herpesvirus vectors.14,15,28 Studies from our group have shown that 
HSV vectors with the greatest oncolytic effect in multiple murine 
models of breast carcinoma were those which had a lower viral 
burst and were rapidly cleared from the tumor.15 Here, it appears 
that combination therapy elicits its in vivo effects by modulating 
the host antitumor immune response, as observed in other HSV 
combination therapy approaches.15 In fact, combination therapy 
elicited tumor cell clearance and induced significant infiltration of 
immune effectors in comparison to monotherapy treated tumors, 
including densely granulated immune cells (Figure 7).34 Further 
characterization of the immune response is not possible due to the 
lack of reagents in the CR model; however, data from other groups 
describe a population of large densely granulated immune effec-
tors in solid tumors which were identified as NK cells.34 Furthermore, 

due to the sensitivity of CRs to anesthetics, we were unable to use 
in vivo imaging techniques to visualize the biodistribution of BHV-1.

The treatment of secondary lesions remains a major hurdle to 
successful cancer therapy. The induction of self-perpetuating and 
sustained systemic antitumoral protection is important in the 
treatment of nonresectable disease.40–42 LCRT tumors grow quickly 
and are very invasive with a high probability of developing lung 
and lymph lesions.11,32 High incidence of secondary lesions to the 
lymph nodes and lungs is also common in human breast can-
cer patients.43,44 Treatment of CRs with 5 × 107 pfu BHV-1 caused 
regression of the primary tumor in 40% (4/10) of animals and sig-
nificantly increased survival (Supplementary Figure S2). However, 
this dose was not well tolerated and long-term survival was not 
achieved as animals reached endpoint due to respiratory distress 
caused by significant lesions in the lungs. In contrast, CRs treated 
with combination therapy showed a significant decrease in the 
number of secondary lesions in the armpit and the number and 
grade of tumors in the lungs were decreased relative to monother-
apy-treated CRs. These data suggest that combination therapy 
may induce antitumor systemic immune responses to limit the 
formation of secondary lesions. For cancers such as breast cancer, 
where primary lesions are often removed surgically, these findings 
suggest that multiple treatment approaches may offer the best 
clinical outcome for patients. Moreover, these data highlight the 
recurring theme that, at least for herpesvirus based OVs, increased 
and sustained virus replication does not equate with augmented 
efficacy.15

Figure 6  Kaplan-Meier survival curve and tumor volumes for cotton rats (CRs) treated with 5 × 106 plaque-forming unit (pfu) bovine herpes virus type 
1 (BHV-1), 2 mg/kg 5-Aza, or 5 × 106 pfu BHV-1 and 2 mg/kg 5-Aza combination therapy. 5 × 106 LCRT cells were implanted into CRs by subcutaneous 
injection. When tumors reached treatable size, they were injected with 5 × 106 pfu BHV-1 intratumoral (i.t.) one dose daily for 5 days, one dose 5-Aza 
(2 mg/kg) intraperitoneal (i.p.), or pretreated with 5-Aza (2 mg/kg) i.p. 1 day prior to i.t. injection of 5 × 106 pfu BHV-1, one dose daily for 5 days. Tumors 
were measured every 2 days until animals reached end point. (a) Kaplan-Meier estimates of survival and (b) tumor volumes of CRs treated with 5 × 106 
pfu BHV-1 i.t. (c) 2 mg/kg 5-Aza i.p. or, (d) 5 × 106 pfu BHV-1 i.t. and 2 mg/kg 5-Aza i.p. are shown. *Indicates animals for which vacuous cavities were 
found in primary tumors upon necropsy.
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The disruption of epigenetic processes during virus infection can 
lead to altered cellular and viral gene expression and function which 
influence cell status.45,46 Herpesviruses have been shown to induce 
global cellular epigenetic modification using virus encoded proteins 
and miRNA species which regulate virus replication and pathogene-
sis.47,48 Recent studies have described using epigenetic modifiers such 
as 5-Aza in combination with OVs to improve antitumor responses.23 
It is plausible that epigenetic reprogramming by 5-Aza may synergize 
with that induced by BHV-1 to alter susceptibility of tumor cells to 
BHV-1 infection and modulate immune mediated antitumor effects. 
Further studies are required to unravel the relationship between 

BHV-1 and 5-Aza. How 5-Aza modulates the antiviral response and/
or the tumor microenvironment to enhance therapeutic efficacy 
remains to be elucidated. Understanding the mechanism by which 
5-Aza modulates BHV-1 activity can ultimately be exploited to inform 
further development of novel combination therapy strategies.

MATERIALS AND METHODS
Cell lines
Cell lines were maintained at 37 °C + 5% CO2 in medium supplemented with 
2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. 
HeLa and HEL cells (American Type Culture Collection, Manassas, VA) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS). The CR cell line LCRT was obtained 
from Dr. Ann Tollefson (St. Louis University) and were cultured in DMEM 
supplemented with 10% FBS. MDBK cells were obtained from Vikram Misra 
(University of Saskatchewan) and were maintained in DMEM supplemented 
with 5% horse serum. Ventressca (primary human adult lung fibroblasts) 
were obtained from Dr. Jack Gauldie (McMaster University) and were main-
tained in minimum essential medium/F15 with 15% FBS.

Viruses
BHV-1 expressing GFP was a kind gift from Dr. Günther Keil (Friedrich-
Loeffler-Institut, Germany) and was propagated and titrated on MDBK cells. 
Virus preparations were sucrose cushion purified.8 Purified virus was resus-
pended in PBS and stored at −80 °C.

Drug preparation
5-Aza (Sigma-Aldrich, St. Louis, MO) stock powder was stored at −20 °C and 
dissolved in complete DMEM to obtain a working solution. Drug was freshly 
prepared for each experiment.

Western blot analysis
Cells were treated with 1 or 3 µmol/l 5-Aza for 14 hours24 and whole cell lysates 
were immediately collected (Dnmt1 blots). Whole cell lysates were collected 
in whole cell extract buffer (20 mmol/l hydroxyethyl piperazineethanesul-
fonic acid, pH 7.4, 100 mmol/l NaCl, 10 mmol/l β-glycerophosphate, 0.2% 
Triton X-100, 1 mmol/l sodium orthovanadate, 50 mmol/l sodium fluoride, 
1 mmol/l phenylmethylsulfonyl fluoride, 2 mmol/l dithiothreitol, 1× pro-
tease inhibitor cocktail (Sigma)) and lysed on ice for 30 minutes. Lysates 
were centrifuged at 1,000 rpm for 10 minutes at 4 °C and the supernatants 
were collected. Protein was quantified using a Bradford assay kit (Bio-Rad 
Laboratories, Mississauga, ON). Whole cell extracts were boiled in sample 
buffer containing sodium dodecyl sulfate and β-mercaptoethanol and run 
on a 7.5% for Dnmt1 expression analysis. Gels were transferred onto poly-
vinylidene difluoride membranes (Millipore, Billerica, MA) with a wet trans-
fer apparatus at 100 V for 1 hour. All blots were blocked in 5% nonfat milk 
in Tris-buffered saline (TBS) at room temperature for 2 hours. Blots were 
probed with primary antibodies specific for Dnmt1 ((C-17); 1:400, Santa 
Cruz Biotechnology, Dallas, TX) diluted in TBS-Tween (0.1%), overnight at 4 
°C. Blots were probed with anti-goat secondary antibodies conjugated to 
horseradish peroxidase (Sigma) diluted 1:2,000 in 5% nonfat milk in 0.1% 
TBS-Tween. Blots were visualized by chemiluminescence.

Measurement of virus replication and cellular viability
LCRT cells (1 × 105 cells/ml) were seeded into 96-well plates and treated for 
14 hours24 with 1 or 3 µmol/l 5-Aza prior to infection with BHV-1 at MOI 
3 or 5 for 1 hour at 37 °C. Two days pi, plates were scanned on a Typhoon 
BioAnalyzer (GE Healthcare, Piscataway, NJ) to visualize virus replication as 
a function of GFP fluorescence. Two days pi, cellular viability was assessed 
using the SpectraMax i3 Multi-Mode Microplate Reader (Molecular Devices, 
Sunnyvale, CA). Measures of cellular metabolism were assessed using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-
Aldrich). Cells were incubated with MTT (10% v/v) for 4 hours at 37 °C, after 
which fluorescence was read. Samples were analyzed in triplicate with a total 
of three independent experiments performed. Data were analyzed relative 
to uninfected controls and corrected for background fluorescence. The CI for 
each concentration of 5-Aza with each MOI of BHV-1 was calculated using 
CompuSyn software (ComboSyn, Paramus, NJ) and used to evaluate phar-
macological synergy.

Figure 7  Representative histological analysis of primary tumors from 
bovine herpesvirus type 1 (BHV-1), 5-Aza and combination therapy 
treated cotton rats. Tumors were excised from phosphate-buffered saline 
(a,e), BHV-1 (5 × 106 pfu; (c,g)), 5-Aza (2 mg/kg; (b,f)) and combination 
treated (d,h–j) animals at endpoint, fixed and H&E or periodic-acid 
Schiff (PAS) stained for histological analysis. Images were captured at 1× 
magnification (a–d; tumor cell clearance, H&E) using a Leica Aperio AT 
Turbo slide scanner or at 20× (e–h; immune cell infiltration, H&E) or 40× 
(i,j; large granulated lymphocytes, PAS) magnification with a Leica DM 
IRE2 microscope. Scale bars = 0.3 mm (a–d), 1 mm (e–h), 0.5 mm (i,j).
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Determination of IC50 values on normal primary cells
Human normal primary cells (1 × 105 cells/ml) were seeded into 96-well plates 
and treated for 14 hours24 with 0, 0.25, 0.5, 1, 3, 5, 7, or 10 µmol/l 5-Aza. Two 
days pi, cellular viability was assessed using the SpectraMax i3 Multi-Mode 
Microplate Reader (Molecular Devices). For both cell lines, survival was mea-
sured relative to untreated controls. Median-effect plots were generated 
using CompuSyn software (ComboSyn) to determine the IC50 values of 5-Aza.

Viral burst
LCRT cells were seeded into six-well plates and treated for 14 hours24 with 1 
or 3 µmol/l 5-Aza prior to infection with BHV-1 at MOI 3 or 5 for 1 hour at 37 
°C. One, 2, and 3 days pi, viral supernatants and infected cells were collected. 
Samples were freeze/thawed three times and sonicated for 1 minute prior to 
centrifugation at 1,000 rpm for 10 minutes at 4 °C. Supernatant was collected 
and titrated by serial dilution in serum-free DMEM. Dilutions were applied to 
MDBK cells for 1 hour at 37 °C. MDBK monolayers were maintained in DMEM 
supplemented with 0.5% horse serum in 1% methylcellulose. At 2 days pi, 
cells were scanned on a Typhoon BioAnalyzer (GE Healthcare) and pfu were 
counted and viral burst calculated.

In vivo CR experiments
CRs were maintained at the McMaster University Central Animal Facility and 
all the procedures were performed in full compliance with the Canadian 
Council on Animal Care and approved by the Animal Research Ethics Board 
of McMaster University. Six to seven week old CRs were subcutaneously 
implanted with 5 × 105 LCRT cells. Tumors reached treatable size within 2 
weeks postinjection. Tumors were treated by injecting 5 × 106 or 5 × 107 
total pfu BHV-114,28 i.t. (50 µl total) once daily for 5 consecutive days, or 
5 × 106 total pfu BHV-1 i.t. (50 µl total) for 5 consecutive days 1 day follow-
ing a single i.p. injection of 5-Aza (2 mg/kg).49 Tumors were measured every 
2 days and fold changes in tumor volume were calculated relative to the 
volume at the start of treatment (d = 0). Animals were considered to be 
at endpoint when tumors reached 10% of their total body weight, tumor 
ulceration occurred in non-BHV-1-treated animals or when breathing dif-
ficulties were observed due to metastases.

Histological analysis
Tumors were resected from animals at endpoint and fixed in 10% neutral 
buffered formalin for 2–5 days depending on the size of the tumor (5 days for 
large tumors) and transferred to 70% ethanol for preservation. Tumor tissue 
was embedded in paraffin and 4-µm sections were prepared. Sections were 
stained with hematoxylin and eosin (H&E) or periodic-acid Schiff (PAS) and 
subsequently analyzed using a Leica DM IRE2 microscope or Leica Aperio AT 
Turbo slide scanner.

Statistical analysis
One-way analysis of variance was used to analyze the significance of the dif-
ferences in viral burst with a Bonferroni post hoc test to compare the pairs 
of data within the distribution. The log-rank Mantel-Cox test was used to 
determine statistical significance for the difference in Kaplan-Meier survival 
between treatments. The χ2 test was used to determine the statistical sig-
nificance of the incidence in secondary lesions between treatments. The null 
hypothesis was rejected for P values less than 0.05. Survival analysis was car-
ried out using GraphPad Prism (LaJolla, CA) and all the other analyses were 
performed using Microsoft Excel (Redmond, WA).
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