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Metastatic colorectal cancer (CRC) is complex clinical challenge for which there are limited

treatment options. Chemotherapy with or without surgery provides moderate improve-

ments in overall survival and quality of life; nevertheless the 5-year survival remains below

30%. Oncolytic vaccinia virus (VV) shows strong anti-tumour activity in models of CRC,

however transient delays in disease progression are insufficient to lead to long-term sur-

vival. Here we examined the efficacy of VV with oxaliplatin or SN-38 (active metabolite

of irinotecan) in CRC cell lines in vitro and VV with irinotecan in an orthotopic model of

metastatic CRC. Synergistic improvements in in vitro cell killing were observed in multiple

cell lines. Combination therapy was well tolerated in tumour-bearing mice and the median

survival was significantly increased relative to monotherapy despite a drug-dependent

decrease in the mean tumour titer. Increased apoptosis following in vitro and in vivo com-

bination therapy was observed. In vitro cell cycle analysis showed increases in S-phase cells

following infection occurred in both infected and uninfected cell populations. This corre-

sponded to a 4-fold greater increase in apoptosis in the uninfected compared to infected

cells following combination therapy. Combination treatment strategies are among the

best options for patients with advanced cancers. VV is currently under clinical investiga-

tion in patients with CRC and the data presented here suggest that its combination with

irinotecan may provide benefit to a subset of CRC patients. Further, investigation of this

combination is necessary to determine the tumour characteristics responsible for medi-

ating synergy.
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1. Introduction ligand (TRAIL) (Ziauddin et al., 2010). Combination therapy
Cancer is a complex and heterogeneous disease forwhich suc-

cessful treatment regimens are rarely simple. Today, there are

few chemotherapeutics administered alone. Combination

chemotherapy and multi-modality cancer treatment strate-

gies (surgery and/or radiation therapy) have significantly

improved survival for many cancer types; unfortunately, for

advanced diseases such as metastatic colorectal cancer

(CRC), these traditional approaches are still inadequate

(Brenner et al., 2014) for themajority of patients. Novel combi-

nation therapy strategies that include targeted agents with

multiple mechanisms of action (MOAs), increased specificity

and decreased toxicity are required to improve outcomes in

diseases where effective traditional therapies are lacking.

Oncolytic viruses (OVs) are tumour-specific agents that

take advantage of the many deregulated pathways character-

istic of malignant cells. OVs havemulti-mechanistic modes of

action, including direct oncolysis, induction of anti-tumour

immune responses (Greiner et al., 2006; Sobol et al., 2010),

and anti-angiogenesis (Breitbach et al., 2007, 2011). OVs have

been studied in a wide variety of preclinical models and

show promising results in early phase clinical trials (Patel

and Kratzke, 2013). As with the vast majority of cancer thera-

pies, OVs are unlikely to be delivered alone but rather as part

of a rationally designed, combination therapy regimen

(Ottolino-Perry et al., 2010). OVs have been combinedwith sur-

gical resection (Acuna et al., 2014; Gholami et al., 2013; Nakano

et al., 2005; Tai et al., 2013), radiation (Advani et al., 2012;

Mansfield et al., 2013), and numerous chemotherapy drugs

(Cherubini et al., 2011; Gutermann et al., 2006; Heinemann

et al., 2011; Huang et al., 2011; Maitra et al., 2014; Takakura

et al., 2010; Zaoui et al., 2012; Ziauddin et al., 2010) in preclin-

ical models. Combination OV and chemotherapy studies have

demonstrated that particular combinations can be highly syn-

ergistic in specific tumour models. In many cases it is still un-

clearwhat exactMOAunderlies these synergistic interactions.

In this study we investigate the efficacy of an attenuated

oncolytic vaccinia virus (VV) combined with chemotherapy

in models of colorectal carcinomatosis; a clinically chal-

lenging, locally disseminated disease with limited treatment

options. Currently, the 5-year survival rate in patients with

inoperable tumours is less than 10% (Brenner et al., 2014).

CRC chemotherapy drugs including oxaliplatin (OX) a

platinum-based DNA-crosslinker, irinotecan (also known as

CPT-11) which is activated by hydrolysis to SN-38 a topoisom-

erase I inhibitor, and 5-fluorouracil (5-FU)/leucovorin (LV) a

pyrimidine analog and its enhancer, are used to reduce

tumour burden and palliate symptoms. Addition of OX and

CPT-11 to the standard 5-FU regimen has significantly

improved survival in patients with peritoneally disseminated

CRC (Kerscher et al., 2013). Furthermore, intraoperative heat-

ed intraperitoneal chemotherapy with a combination of 5-

FU, LV, OX and/ormitomycin C (DNA-crosslinker) has resulted

in reported 5-year survival rates between 19 and 31% in select

patient populations (Kuijpers et al., 2013).

It has previously been shown that OX synergistically im-

proves killing in CRC cells when combinedwith VV expressing

tumour necrosis factor (TNF)-related apoptosis inducing
significantly increased induction of apoptosis and improved

survival relative to monotherapy in models of disseminated

CRC in a transgene-dependent manner. Other platinum-

based agents have also been shown to synergize with VV pri-

marily through enhanced anti-tumour immune responses

(Song et al., 2007; Yu et al., 2009). While CPT-11 has been

demonstrated to interact synergistically with oncolytic herpes

simplex virus (Gutermann et al., 2006), adenovirus (Cherubini

et al., 2011) and reovirus (Maitra et al., 2014) its effect when

combined with oncolytic VV is unknown.

We have previously shown that ‘double-deleted’ VV (vvDD)

(McCart et al., 2001) significantly improved survival in perito-

neally disseminated models of metastatic CRC, however no

long term survival was observed (Ottolino-Perry et al., 2014).

In this study we identify virus/drug combinations that exhibit

synergistic interactions and uncover a novel mechanism of

virus-induced sensitization to CPT-11 therapy. Additionally,

we report improved survival with combination therapy in an

orthotopic model of metastatic CRC.
2. Materials and methods

2.1. Cells lines and drugs

Human colorectal adenocarcinoma (HT29 and DLD1) and

monkey kidney fibroblast (CV-1) cell lines were obtained

from the American Type Culture Collection (ATCC; Manassas,

VA). MC38 murine colorectal adenocarcinoma and 24-JK mu-

rine sarcoma cell lines were obtained fromNational Institutes

of Health (Bethesda, Maryland, USA). Cells were cultured in

Dulbecco’s Modified Eagle Medium (DMEM; Sigma Aldrich,

St. Louis, MO, USA) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS; PAA Laboratories, Etobi-

coke, ON, Canada) and 1% antibiotic-antimycotic (Invitrogen,

GIBCO, Grand Island, NY, USA) at 37�C with 5% CO2. Stocks

of oxaliplatin (0.5 mg/ml in water; Sigma Aldrich) and SN38

(1 mg/ml in dimethyl sulfoxide; Sigma Aldrich) were stored

at �20�C. Clinical grade CPT-11 (20 mg/ml; Princess Margaret

Hospital Pharmacy, University Health Network) used in

in vivo studies, was stored at 4�C and used within 3 weeks of

dispensing.

2.2. Vaccinia virus

Vaccinia virus expressing the human somatostatin receptor

(SR) and red fluorescent protein (RFP) under control of the

p7.5 and Psel promoters, respectively, was generated as previ-

ously described (McCart et al., 2004; Ottolino-Perry et al., 2014).

Viruswas propagated in 24-JK cells and purified by ultracentri-

fugation over a sucrose cushion. Virus was titered on CV-1

cells and stored at �80�C.

2.3. In vitro dose response

Cells were seeded in 96-well plates and incubated overnight.

For simultaneous therapy, cells were pre-infected with

vvDD-SR-RFPusing low-serumDMEM(2.5%FBS) at lowvolume
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(25 ml). Plates were incubated for 2 hours (h) with shaking then

supplemented with DMEM (10% FBS) containing increasing

drug concentrations and incubated for 72 h. For virus pre-

treatment experiments, pre-infection was performed as

above, after which wells were supplemented with 75 ml

DMEM (10% FBS) and incubated for 24 h prior to addition of

drug (25 ml). In drug pre-treatment experiments, cells were

treated with drug 24 h prior to pre-infection, performed as

above. All experiments used a fixed-ratio dose

escalation. Seventy-two hours after the final treatment, cell

viability was assessed by 3-(4,5-dimethyl-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) assay (CellTiter96� Aqueous One Solution, Promega,

Madison, WI, USA) according to the manufacturers protocol.

Experiments were performed in quadruplicate and three indi-

vidual experimentswere carried out for each cell line anddrug.

2.4. Combination index

The Chou and Talalay method (Chou and Talalay, 1984) for

quantifying drugedrug interactions was used. Data from indi-

vidual dose response experiments was used to calculate the

combination index (CI) over a range of fraction-affected (Fa)

values. The average CI values for three experiments were

plotted in FaeCI plots where CI ¼ 1 is additive, CI < 1 is syner-

gistic and CI > 1 is antagonistic.

2.5. Fluorescence microscopy

Infected cells were imaged using a Zeiss AxioObserver micro-

scope (Carl Zeiss, Oberkochen, Germany) equipped with a Se-

ries 120Q Fluorescence Illumination unit (EXFO, Quebec City,

QC, Canada). Images were acquired with a Coolsnap HQ cam-

era (Roper Scientific, Tucson, AZ, USA).

2.6. Virus replication

Cells were seeded in 6-well plates at 5 � 105/well and incu-

bated overnight. Pre-infection was performed at a multiplicity

of infection (MOI) of 0.1 for 2 h in 0.5ml low-serumDMEMwith

shaking. Cells were supplemented with drug-containing me-

dium (at indicated doses) ormediumalone. Cells and superna-

tant were collected at indicated time points. Samples

underwent three freezeethaw cycles and sonication to release

virus particles. Virus was quantified by plaque assay on CV-1

cells.

2.7. Flow cytometry

Treated cells were harvested, washed in PBS and stained with

Annexin V-FITC (Biolegend, San Diego, CA, USA) and 7-

Aminoactinomycin D (7-AAD; Biolegend) as per the manufac-

turer’s protocol. Triplicates for each treatment groupwere run

and 20 000 events per sample were collected using a FACScan

Flow Cytometer (Becton, Dickinson and Company, Franklin

Lakes, NJ, USA) and analyzed (BD Cell QuestPro software). To

analyze the cell cycle, treated cells were harvested, washed

in PBS and fixed in a 1% paraformaldehyde (PFA) solution on

ice for 1 h. PFA was removed and cells were washed with

PBS, resuspended in ice cold 70% ethanol and incubated
overnight or until further analysis. Ethanol was removed

and cells were washed with PBS prior to staining with 406-
diamidino-2-phenylindole (DAPI) solution (1 ug/ml in 0.1%

Triton-X-100, Bioshop, Burlington, ON, Canada). Cells were

incubated for 30 min at room temperature and analyzed on

a BD LSRFortessa cell analyzer (Becton, Dickinson and Com-

pany). Cell cycle modeling was performed ModFit LT software

(Verify Software House, Topsham, ME, USA).
2.8. Mice

Mice were housed under standard conditions and given food

and water ad lib. Protocols were approved by the Animal

Care Centre, UHN, Toronto, Canada. Female BALB/c Nu/Nu

(Taconic Farms Inc., Hudson, NY, USA) mice were injected

intraperitoneally (IP) with 5 � 106 DLD1 cells. CPT-11

(40 mg/kg) was delivered IP on days 10, 14, 18 and 22 and vi-

rus (109 plaque forming units; pfu) was given IP on day 12.

Control mice received IP injections of Hank’s Balanced Salt

Solution (HBSS; Invitrogen, GIBCO) on the same schedule

as combination treated mice. Mice were sacrificed at time

points indicated and blood/tissues were collected for toxi-

cology, biodistribution and immunohistochemistry (IHC)

studies.
2.9. Blood work

Complete blood counts were performed using a HEMAVET�

Multispecies Hematology Analyzer (Drew Scientific, Dallas,

TX, USA). Liver enzyme biochemistry analysis was performed

on a VETSCAN VS2 (Abaxis, Union City, CA, USA) using the

Comprehensive Diagnostic Profile (Abaxis).
2.10. Virus biodistribution

Tissueswere collected 6 days post-infection (dpi) and stored at

�80�C in HBSS. Samples were homogenized using a Tissue-

Lyzer II (Qiagen, Hilden, Germany), underwent three freeze-

ethaw cycles and sonication prior to titering on CV-1 cells.
2.11. Immunohistochemistry

Tissues were fixed in 10% formalin for 72 h then transferred to

70% ethanol. Samples were paraffin embedded, sectioned and

stained using the following primary antibodies: polyclonal

goat anti-mouse CD31 (PECAM-1 M-20, SC-1506, 1/2000 dilu-

tion; Serotec, Raleigh, NC, USA), polyclonal rabbit anti-VV

(ab35219, dilution 1/1000, Abcam, Cambridge, MA, USA), poly-

clonal rabbit anti-cleaved caspase 3 (cat# 9661, dilution 1/600,

Cell Signaling, Danvers, MA, USA) and monoclonal rat anti-

mouse F4/80 (MCA497GA clone A3.1, dilution 1/2000, Serotec).

Slides were scanned using ScanScope XT (Aperio Technolo-

gies, Vista, CA, USA) and staining was quantified using Image-

Scope’s Positive Pixel algorithm (Aperio Technologies).

Specifically, regions of interest were drawn around individual

tumours and the software calculated the number of positive

pixels relative to the total number of pixels per tumour section

(% positive).

http://dx.doi.org/10.1016/j.molonc.2015.04.009
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2.12. Statistical analysis

Datawereanalyzedusing theStudent’s two-tailed t-test orone-

way ANOVAwere applicable. Survival curves were analyzed by

OASIS (online application for survival analysis; http://sbi.poste-

ch.ac.kr/oasis/surv) (Yang et al., 2011) using a weighted log-

rank test (rho ¼ 0, gamma ¼ 1). All other statistical analysis

was performed using Prism 5 Software (GraphPad Software,

Inc., La Jolla, CA, USA). Data are presented as the mean � SD

or SEM and statistical significance was defined as p < 0.05.
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Figure 1 e Combination VV and chemotherapy in CRC cells. Cells

were treated simultaneously with vvDD and OX (A, C, E) or SN-38

(B, D, F) alone or in combination at a fixed concentration ratio. Cell

viability was assessed 72 h post treatment by MTS assay. Shown is the

average viability from three independent experiments ± SEM.
3. Results

3.1. Vaccinia virus synergizes with chemotherapy in
CRC cell lines

Cell viability was determined following treatment of human

(HT29, DLD1) and mouse (MC38) CRC cell lines with vvDD

and OX or SN-38 (activemetabolite of CPT-11) alone or in com-

bination. Cells were treated at increasing doses (fixed ratio) of

virus and/or drug and assayed for cell viability at 72 h post

treatment (Figure 1). Cell lines were differentially susceptible

to individual therapies, with MC38 and HT29 cells showing

increased sensitivity to SN-38 (IC50 0.4 mM � 0.2 and

0.25 mM � 0.06, respectively) and OX (23 mM � 2 and

63 mM � 18, respectively) compared to DLD1 cells (IC50

8 mM � 3 and 78 mM � 27, respectively).

The ChoueTalalay method for determining drugedrug in-

teractions (Chou and Talalay, 1984) was used to analyze the

data from three independent experiments (presented in

Figure 1) the results of which are presented in FaeCI plots

(Figure 2). When administered simultaneously vvDD inter-

acted synergistically with OX over a wide range of Fa values

in MC38 cells [(CI)0.1 ¼ 0.83 � 0.06 to (CI)0.9 ¼ 0.70 � 0.07]

(Figure 2A) while only displaying synergy at lower Fa values

in HT29 [(CI)0.1 ¼ 0.52 � 0.09 to (CI)0.9 ¼ 1.065 � 0.002]

(Figure 2C) and DLD1 [(CI)0.1 ¼ 0.6 � 0.3 to (CI)0.9 ¼ 2.5 � 0.9]

(Figure 2E) cells. Pretreatmentwith either virus or OX had little

effect on synergy relative to simultaneous treatment in both

MC38 and HT29 cells. In DLD1 cells, pretreatment with either

agent improved synergy at higher Fa values relative to simul-

taneous treatment. Combination therapy with SN38 was

extremely antagonistic in MC38 cells at low Fa values [(CI)0.1
not shown] but synergistic at higher values [(CI)0.1 ¼ 27 � 18

to (CI)0.9 ¼ 0.30 � 0.08]. The opposite relationship between

dose and synergy was observed in HT29 cells

[(CI)0.1 ¼ 0.3 � 0.2 to (CI)0.9 ¼ 17 � 15]. DLD1 cells showed

consistently strong synergism between vvDD and SN38 over

all fractions affected following both simultaneous treatment

[(CI)0.1 ¼ 0.5 � 0.3 to (CI)0.9 ¼ 0.4 � 0.2] and virus pretreatment

[(CI)0.1 ¼ 0.5� 0.1 to (CI)0.9 ¼ 0.6� 0.1]. Based on these data, the

combination of vvDD and CPT-11 was selected for further

study in vivo.

3.2. Combination therapy improves survival in vivo
despite inhibition of virus replication

BALB/c nu/nu mice bearing IP DLD1 tumours were treated

with vvDD (109 pfu) and/or CPT-11 (40 mg/kg) or buffer alone.
Body weight was recorded as an indicator of toxicity for all

groups until the first mouse was sacrificed (Figure 3A). No sig-

nificant weight loss was observed with either vvDD or CPT-11

therapy alone. Transient weight loss was observed in combi-

nation treated mice relative to all other groups at day 14 but

normalized by day 22. Complete blood counts and liver

enzyme analysis were also performed to evaluate potential

toxicity due to combination therapy (Tables 1 and 2). Neutro-

phils and monocytes were elevated above the normal range

in vvDD-treated mice while only monocytes were elevated

in combination treated mice. Nevertheless, there was no sig-

nificant difference in any of the white blood cell compart-

ments between treatment and control groups. Liver

enzymes (albumin, alkaline phosphatase and alanine amino-

transferase) were all within normal range for both vvDD and

vvDD þ CPT-11 treated mice.

Six days post-infection tumour and normal tissues were

harvested to evaluate the biodistribution of live virus particles

(Figure 3B). Virus localized specifically to tumours in both

http://sbi.postech.ac.kr/oasis/surv
http://sbi.postech.ac.kr/oasis/surv
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Figure 2 e Characterization of VV and drug interactions. The

combination index (CI) for each treatment combination was

calculated from the dose response curves presented in Figure 1 as well

as dose response data from experiments performed using a virus or

drug pretreatment (PreT) schedule. Plotted are the average CI values

from three independent experiments ± SEM. Extremely high CI

values were omitted from the plots.
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with IP vvDD (day 12) and/or IP irinotecan (CPT-11; day 10, 14, 18,

22; 40 mg/kg) or vehicle alone. (A) Body weight was measured every

2e4 days up until day 30 as a measure of toxicity. (B) Biodistribution

of live virus in tumours and normal organs was determined at 6.

Shown is the mean plaque forming units (pfu) per mg of total protein

±SD (n [ 3). *p < 0.05 vvDD compared to vvDD D CPT-11 (two-

way ANOVA with Bonferroni post test). (C) KaplaneMeier survival
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vvDD D CPT-11 (n [ 6) treated mice. Group-wise comparison

shows median survival of combination treated mice (87.5 days) was

significantly increased relative to either vvDD (57 days; p [ 0.0179)

or CPT-11 (48 days; p [ 0.0190) (weighted log-rank test, rho [ 0,

gamma [ 1).
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virus alone and combination treated mice. Normal tissue

mean titers were at least 2e4 log decreased relative to tumour

tissue in both vvDD and vvDDþ CPT-11 treatedmice (with the

exception of the ovaries in virus alone treated mice). While

combination therapy resulted in no virus being detected in

the bowel (3 of 3 mice), ovary (2 of 3), spleen (2 of 3), brain (2

of 3) and bone marrow (2 of 3), mean titers were only signifi-

cantly decreased in the tumours (7 � 104 � 3 � 104 pfu/mg)

relative to virus alone (3 � 106 � 6 � 106 pfu/mg). Combination

therapy significantly improved survival relative to either

monotherapy (median survival vvDD þ CPT-11, 87.5 days

vs vvDD, 57 days, p ¼ 0.0179; and CPT-11, 48 days,
p ¼ 0.0190) (Figure 3C). These data are consistent with our

in vitro results which showed a strong synergy between

vvDD and SN-38 in DLD1 cells. In addition, they indicate that

virus replication is not the mediator of improved anti-

tumour efficacy.

http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
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3.3. Effect of chemotherapy on virus replication

Given that SN-38 interacts with cellular DNA it is possible

that it may also affect viral DNA synthesis. To determine

whether drug treatment affected virus replication, the ki-

netics of viral RFP expression (Figure 4A) and live virus pro-

duction (Figure 4BeD) were assessed in the presence or

absence of SN-38. Viral RFP was slightly decreased in all

cell lines when combined with SN-38 (0.1e5 mM; 5 mM not

shown) relative to virus alone (MOI ¼ 0.1). Crystal violet stain-

ing of duplicate wells confirmed cell viability over all drug

doses (with exception of HT29 cells); therefore, decreases in

RFP expression were not due to a loss of target cells (data

not shown). SN-38-induced cytotoxicity in HT29 cells may ac-

count for the observed decrease in RFP expression. Synergis-

tic dose combinations were selected to assess the effect of

drug on virus replication. Despite SN-38 and vvDD exhibiting

a strongly synergistic effect in DLD1 cells there was a signif-

icant inhibitory effect of drug on viral RFP expression

(Figure 4A) and virus replication (Figure 4D). SN-38 also

inhibited virus replication at synergistic dose combinations

in MC38 (Figure 4B) and HT29 (Figure 4C) cells. Similarly, OX

did not improve virus replication at synergistic dose combi-

nations (Supplementary Figure 1).

3.4. Combination therapy increases apoptosis in RFP-
negative virus-treated cells

Apoptosis is the primary mechanism of SN-38-induced cell

death. Therefore, the effect of combination therapy on

apoptosis was investigated to determine if increased

apoptosis contributed to the synergy between vvDD and

SN-38 in DLD1 cells (Figure 5). In the following flow cytometry

experiments a higher dose ratio (MOI:mM) was used relative

to the previous experiments, due to the low rate of infection

in DLD1 cells. Cells were infected (MOI ¼ 1) and/or treated

with SN-38 (1 mM) or mock-infected and treated with DMSO

using a ‘simultaneous’ treatment protocol. Synergy at this

higher dose ratio was confirmed by ChoueTalalay’s combina-

tion index (Supplemental Figure 2). At 48 and 72 hpi a signif-

icant increase in apoptosis (Figure 5A, top left) was observed

in both drug- (8 � 1% and 31 � 7%) and combination- (15 � 1%

and 46 � 6%) treated cells relative to virus (3.4 � 0.9% and

6.8 � 0.8%; one-way ANOVA, p < 0.05). Combination therapy

also resulted in significantly higher levels of early apoptosis

(Annexin Vþ/7AAD-) relative to drug and virus alone

(9 � 1% vs 5.8 � 0.3% and 4.6 � 0.4%, respectively; one-way

ANOVA, p < 0.05). Representative scatterplots from 72 hpi

are shown in Figure 5A.

VV efficiency replicates its DNA and produces thousands of

viral progeny leading to host cell lysis within approximately

24 hpi (Moss, 2007). Given that synergy was not due to an in-

crease in virus production and that apoptosis e the primary

mechanism of SN-38 induced cell death - was increased

with combination therapy, we hypothesized that virus treat-

ment sensitized cells to drug-induced cell death. To test this

hypothesis, we determined whether the observed increase

in apoptosis following combination treatment occurred pref-

erentially in RFP-positive or RFP-negative cells. In these

studies, RFP expression is under control of the early/late
promoter, Psel, and therefore served as a marker of both early

viral gene expression, which occurs prior to viral DNA replica-

tion (approximately 5 hpi) and late viral gene expression

(Hammond et al., 1997). Therefore, RFP-negative cells repre-

sent the population of cells that are either uninfected or in

the initial stages of viral infection (i.e. prior to early gene

expression). Cells were stratified based on RFP expression

and the percentage of apoptotic cells (annexin-Vþ) in the

RFPþ and RFP� compartments was compared between vvDD

and vvDDþ SN-38 treatments (Figure 5B). At 48 hpi virus alone

resulted in 15.4 � 1.2% annexin-Vþ staining, of which

80.9 � 1.7% (12.5 � 1.1% of total) were RFPþ and 19.1 � 1.7%

(2.9 � 0.2% of total) were RFP�. Addition of SN-38 increased

annexin-V staining to 36.7 � 1.7% of which 49.3 � 0.2%

(18.1 � 0.8% of total) were RFPþ and 50.7 � 0.2% (18.6 � 0.9%

of total) were RFP�. The overall increase in apoptosis following

combination treatment corresponded to an approximately

1.5-fold increase in apoptosis in RFPþ cells and 6.4-fold in-

crease in RFP� cells relative to virus alone. The dispropor-

tionate increase in apoptosis in RFP� virus-treated cells

suggests that these cells are being sensitized to drug-

induced cell death and this likely contributed to the observed

synergy.

3.5. VV induced cell cycle arrest may prime cells for
SN-38 therapy

The effect of VV on cell cycle has been well documented;

shortly after infection (24 hpi) VV induces S-phase arrest in or-

der to promote virus replication (Wali and Strayer, 1999). Addi-

tionally, cells in S-phase are known to show heightened

susceptibility to SN-38-induced cell death (Horwitz and

Horwitz, 1973). Taken together with our findings that SN38 in-

hibits virus replication, and increases apoptosis when given in

combination, we hypothesized that vvDD affects cycling of

uninfected cancer cells thereby sensitizing them to SN-38

treatment. To test this hypothesis, we investigated cell lines

where combination treatmentwas (Figure 6) or was not syner-

gistic (Supplemental Figure 3), expecting that if a bystander ef-

fect was responsible for SN-38 sensitization virus-induced

alterations in cell cycle distribution would only be observed

in the former. To ensure that cells were cycling throughout

the experiment, treatments were carried out on sub-

confluent monolayers and control cells were confirmed to be

undergoing exponential growth throughout the course of the

experiment. Following treatment of DLD1 cells, virus alone

resulted in a significant increase in S-phase cells (38 � 1% vs

16.1� 0.6%, p< 0.001, two-way ANOVA) and a small but signif-

icant increase in G2/M phase cells (17 � 2% vs 12.7 � 0.9%,

p < 0.05), while drug alone resulted in a significant increase

in S- (45 � 3% vs 16.1 � 0.6%, p < 0.001) and G2/M-phase

(35 � 2% vs 12.7 � 0.9%, p < 0.001) cells relative to control

(Figure 6A). Combination therapy also resulted in a significant

increase in S- (50� 2% vs 16.1� 0.6%, p< 0.001) but not G2/M�
(12 � 2% vs 12.7% � 0.9, p> 0.05) phase cells relative to control

(Figure 6A).

While it is know that VV induces a general S-phase arrest,

to our knowledge it has not been shownwhether arrest occurs

solely in infected cells or if there is also a bystander effect. To

investigate this possibility, data was stratified based on RFP-

http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009


Table 1 e Complete blood count. Mean (SD).

WBC Neu Lym Mono Eosin Baso RBC Hb HCT MCV MCH MCHC RDW PLT MPV

Control 4.23

(0.18)

0.96

(0.77)

2.89

(0.74)

0.33

(0.28)

0.05 (0.06) 0.01

(0.01)

8.28

(1.95)

11.75

(2.33)

45.25

(10.11)

54.75

(0.64)

14.25

(0.50)

26.05

(0.64)

17.8

(0.71)

Higha 4.65

(0.07)

vvDD 9.87

(2.35)

2.60a

(1.05)

5.38

(0.10)

1.77a

(0.66)

0.11 (0.09) 0.02

(0.02)

9.15

(0.72)

12.93

(1.06)

50.37a

(5.82)

54.97

(2.52)

14.13

(0.15)

25.77

(0.98)

18.20

(0.36)

Higha 5.03

(0.06)

vvDD

þ CPT-11

8.07

(2.78)

1.97

(0.62)

5.15

(1.96)

0.90a

(0.38)

0.04 (0.01) 0.02

(0.01)

9.77a

(0.32)

13.67

(0.42)

55.03a

(1.88)

43.00

(22.14)

13.97

(0.15)

24.87

(0.64)

18.53

(0.25)

3759.67a

(266.74)

5.07

(0.06)

Normal

range

1.8e10.7 0.1e2.4 0.9e9.3 0.0e0.4 0.0e0.2 0e0.2 6.36e9.42 11.0e15.1 35.1e45.4 45.4e60.3 14.1e19.3 30.2e34.2 12.4e27.0 592e2972 5.0e20.0

WBC, white blood cell; Neu, neutrophil; Lym, lymphocyte; Mono, monocyte; Eosin, eosinophil; Baso, basophil; RBC, red blood cell; Hb, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume;

MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PLT, platelet; MPV, mean platelet volume.

a Mean outside normal range.

Table 2 e Blood biochemistry. Mean (SD).

ALB ALP ALT AMY TBIL BUN CA PHOS CRE GLU Naþ Kþ TP GLOB

Control 36.00a

(4.24)

31.50

(9.19)

214.00a

(237.59)

1226.50

(406.59)

4.50

(0.71)

7.40

(0.85)

2.76

(0.01)

2.96

(0.03)

<18 8.80

(2.40)

152.50a

(0.71)

55.00

(1.41)

19.00

(2.83)

vvDD 33.00

(2.00)

39.00

(7.00)

87.00

(82.29)

1208.67

(260.10)

4.33

(0.58)

6.20

(1.18)

2.65

(0.14)

3.28

(0.24)

<18 11.73

(0.61)

150.33a

(2.08)

8.17 (0.58) 51.00

(1.73)

18.00

(1.00)

vvDD þ CPT-11 38.33a

(1.53)

38.67

(10.69)

38.33

(3.06)

981.00

(99.50)

4.00

(1.00)

5.83

(0.35)

2.79

(0.06)

3.23

(0.30)

<18 12.20

(3.40)

151.33a

(4.04)

8.30 53.67

(0.58)

16.00

(2.00)

Normal range 21e34 28e94 28e184 12.1e20.5 2.77e3.02 2.68e3.62 9.7e18.6 143e150 3.8e10.0 18e82

ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; CA, calcium; PHOS, phosphorous; CRE, creatinine; GLU,

glucose; TP, total protein; GLOB, globulin.

a Mean outside normal range.
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Figure 4 e Effects of drug on virus gene expression and replication. (A) Viral RFP expression was evaluated by fluorescence microscopy 24e72 h

post treatment. (BeD) Virus replication was determined in the presence and absence of SN-38. Cells were treated at synergistic dose combinations

and live virus particles were quantified at 2e72 hpi by plaque assay. Data represent the mean plaque forming units (pfu) of triplicate values ± SD.

DMSO was used as a vehicle control. *p < 0.05.
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expression to determine if vvDD affected cell cycling in both

the RFPþ and RFP� populations. vvDD alone resulted in a sig-

nificant increase in both RFPþ (44 � 3% vs 16.1 � 0.6%,

p < 0.001) and RFP� (32.4 � 0.9% vs 16.1 � 0.6%, p < 0.001) S-

phase cells relative to control (Figure 6B). Similarly, the per-

centage of RFP� combination-treated cells in S-phase

(59 � 2%) was significantly higher than that observed with vi-

rus (32.4 � 0.9%, p < 0.001), drug (45 � 3%, p < 0.001) and con-

trol (16.1� 0.6, p< 0.001)-treated cells. The significant S-phase

increase in RFP�, virus-treated cells, combined with the dis-

proportioned increase in apoptosis in RFP� combination-

treated cells supports our conclusion that VV sensitizes cells

that are either uninfected or in the early stages of infection

to SN-38-induced apoptosis.

In HT29 cells treated at a non-synergistic dose combina-

tion, virus alone had no effect on the overall proportion of S-

phase cells compared to mock (31 � 5% vs 29 � 3%, p > 0.05)

(Supplemental Figure 3). In contrast, SN-38 (0.02 mM) had a

profound effect of cell cycle, causing a dramatic shift of cells

into G2/M (90� 2%). Cell cycle distribution following combina-

tion therapy was indistinguishable from that of SN-38 alone,

indicating that HT29 cells are extremely sensitive to SN-38-

induced cell cycle effects even in the presence vvDD. Alterna-

tively, in DLD1 cells, combination therapy resulted in an inter-

mediate distribution between that of VV alone and SN-38

alone. Therefore, the lack of synergy in HT29 cells may be

due in part to the absence of VV-induced cell cycle effects

and increased SN-38 sensitivity.
3.6. Apoptosis and immune cell infiltration in
combination treated CRC tumours

In order to determinewhether vvDD interacted in a similarway

with CPT-11 in vivo as it didwith SN-38 in vitro, IHC studieswere

performed at various time points to look at virus, apoptosis and

immune cell infiltration in tumours (Figure 7). Multiple tumour

sections per mouse were analyzed using ImageScope’s Positive

Pixel Algorithm which quantifies the percentage of positively

staining pixels relative to the total number of pixels in a given

region of interest. Biodistribution data at 6 dpi suggested that

CPT-11 had an inhibitory effect on virus replication

(Figure 3B) as was seen in vitro (Figure 4). IHC staining 1 dpi

showed no significant difference in the amount of virus in tu-

mours following combination therapy compared to virus alone;

whereas by 3 dpi VV staining was significantly increased in tu-

mours from virus alone treatedmice (15.4 � 2.8% vs 3.1 � 1.5%,

p¼ 0.0175) (Figure 7A). This indicates that there is no significant

difference in the initial infection of tumours and that virus

replication and/or spread is impeded by CPT-11. Given the

role of apoptosis in mediating in vitro synergy we also looked

at markers of apoptosis (Figure 7B and C). At 1 dpi combination

treatment significantly increased activated caspase-3 staining

relative to all other groups (3.0 � 0.3%, vvDD þ CPT-11; vs

0.79 � 0.12%, CPT-11; 0.64 � 0.09%, vvDD; 0.44 � 0.12%, HBSS;

p < 0.0001). By 3 dpi caspase-3 activation was increased in all

treatment groups relative to control (4.0 � 0.3%, CPT-11;

6.6 � 0.7%, vvDD; 4.6 � 0.6%, vvDD þ CPT-11; vs 1.5 � 0.2%,

http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
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Figure 5 e Induction of apoptosis in combination VV and SN-38 treated cells. DLD1 cells treated with vvDD (MOI 1) in the presence and

absence of SN38 (1 mM) were analyzed by flow cytometry. (A) Total (top graph) and early (bottom graph) apoptosis (Annexin-V positive) cells at 48

and 72 h post treatment. Representative dot plots (right) of 72 hpi data presented in graphs. Bars represent the mean percentage of triplicate values

±SEM. *p < 0.05; one-way ANOVA. (B) Proportion of uninfected (RFPL) and infected (RFPD) cells undergoing apoptosis in vvDD and

vvDD D SN-38 treated cells at 72 hpi (left). Representative dot plots (right) of data presented in graphs. Bars represent the mean percentage of

RFPD/AVD and RFPL/AVD cells of triplicates ±SEM. *p < 0.05; two-way ANOVA.
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HBSS). The early increase in apoptosis following combination

therapy likely contributes to the improved treatment efficacy,

however to sustain long-term inhibition of disease progression,

as was seen in the survival studies, there are almost certainly

other factors involved.

Oncolytic VV therapy is mediated at least in part through

induction of an anti-tumour immune response (Ehrig et al.,

2013; Kirn et al., 2007). Viral lysis of tumour cells releases

cellular- and viral-associated danger signals as well as
tumour-associated antigens. Resultant local inflammation

can lead to cross priming of immune cells towards tumour an-

tigens. Both VV and CPT-11 are known to increase tumour-

infiltrating immune cells such asmacrophages in CRC tumour

models (Ehrig et al., 2013; Wang et al., 2011) and increased

tumour-infiltrating lymphocyte scores have been shown to

improve the clinical efficacy of CPT-11 in primary and meta-

static CRC (Halama et al., 2009, Halama et al., 2011). Given

this evidence we examined the effect of combination therapy

http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
http://dx.doi.org/10.1016/j.molonc.2015.04.009
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Figure 6 e Cell cycle analyses of VV and SN-38 treated cells. DLD1

cells treated with vvDD (MOI 1) in the presence and absence of SN-
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on immune cell infiltration. The early increase in tumour

apoptosis in combination treated mice was accompanied by

an increase in macrophage infiltration (Figure 7B and D). At

1 dpi combination treatment resulted in significantly

increased macrophage infiltration relative to control

(20.6 � 1.6% vs 9.5 � 1.3%, p < 0.05). By 3 dpi macrophage infil-

tration was still increased in vvDD þ CPT-11 treated tumours

(17.1 � 1.7%) relative to control (9.6 � 0.7%, p < 0.05) or drug

alone (12.1 � 0.8%, p < 0.05). Infiltration into tumours from

vvDD treated mice was also significantly increased relative

to control (14.8 � 1.3%, p < 0.05). Increased macrophage infil-

tration in combination treatedmice relative to all other groups

was maintained at 6 dpi (p < 0.05). Staining for other immune

cell infiltrates and stroma cells (B-cells and endothelial cells,

data not shown) was not significantly different between treat-

ment groups. The early and sustained increase inmacrophage

infiltration following combination therapy likely contributed

to improved anti-tumour efficacy, as seen in previous studies,

while simultaneously limiting VV replication and spread.
4. Discussion

Metastatic CRC represents a complex and challenging clinical

problem. Unfortunately, the efficacy of current chemotherapy

regimens is limited by the development of dose-limiting toxic-

ities (Goldwasser et al., 2000; Kemeny et al., 2002) and chemo-

resistance (Marin et al., 2012). Novel combination treatments

that could effectively decrease tumour burden or decrease

toxicity and chemo-resistance would be of clinical benefit.

OVs have unique characteristics thatmake them ideal can-

didates for the treatment of such locally advanced diseases.

Owing to their multi-mechanistic mode of action, the risk of

acquired-resistance is low and potential to synergizewith sec-

ondary therapies is high. Not surprisingly, the preclinical liter-

ature increasingly supports the concept that, like most other

cancer therapies, OV therapy may be most effective when

delivered as part of a rationally designed combination treat-

ment strategy (Ottolino-Perry et al., 2010).

We and others have shown that vvDD can be used to signif-

icantly improve survival in murine models of peritoneally

disseminated CRC (Chalikonda et al., 2008; Ottolino-Perry

et al., 2014). Two early phase clinical trails are currently un-

derway looking at IV (Jennerex, NCT01380600) and IP (Genelux,

NCT01443260) delivery of VV in this patient population. Here

we aimed to identify potential synergistic interactions be-

tween oncolytic VV and current CRC chemotherapy drugs

such that future clinical trials may take advantage of existing

therapies to maximize the therapeutic benefit of OVs in these

patients.
38 (1 mM) were stained with DAPI and analyzed by flow cytometry for

DNA content at 72 h post treatment. (A) Representative cell cycle

histograms (top) and quantification of cell cycle distribution (bottom).

(B) Cell cycle analysis of uninfected (gated RFPL) and infected

(gated RFPD) virus-treated cells from (A) (left) and quantification of

cells in S-phase (right). Bar graphs represent the mean of triplicates

±SD, *p < 0.05. Histograms are superimposed with a software-

generated model of DNA distribution.
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Figure 7 e In vivo virus replication, apoptosis and immune infiltration

is augmented by VV and CPT-11 combination therapy.Mice treated as

in Figure 3 were sacrificed at 1, 3 and 6 dpi and all macroscopic tumours

were removed, formalin-fixed and analyzed by IHC (n [ 3e4). (A)

Representative images (left) and quantification (right) of VV staining of

tumours from mice treated with vvDD or vvDD D CPT-11.

Representative images (B) and quantification of IHC staining for

activated caspase 3 (C) and F480 (D). Graphs depict the mean

percentage of positively staining pixels relative to the total number of

pixels per tumour. Bars represent the average of all tumours from each

mouse in each treatment group ± SEM. Mean [range] number of

tumours analyzed per mouse: 3 [1e6], 1 dpi and 23.3 [15e29], 3 dpi

(HBSS); 16.3 [13e20], 1 dpi and 17.7 [13e22], 3 dpi (CPT-11); 20.8

[8e36], 1 dpi and 15 [9e23], 3 dpi (vvDD); 14.25 [7e31], 1 dpi and 5.7

[1e14], 3 dpi (vvDD D CPT-11). *p < 0.05.
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Analysis of virusedrug interactions using the

ChoueTalalaymethod (Chou and Talalay, 1984) demonstrated

that vvDD synergizes with OX and SN-38 in a dose-, cell line-

and schedule-dependent manner. In contrast to previous
work that reported no synergy between a different oncolytic

VV (vJS6) and OX in MC38 and DLD1 cells (Ziauddin et al.,

2010), we observed synergistic interactions in all cell lines

tested (at specific doses with different treatment schedules).

Differences in the virus backbone (vJS6; contains a single

attenuation deletion, tk-) as well as the selected dose combi-

nations and experimental design may account for the diver-

gent findings. Despite being the most sensitive to SN-38

induced cell death, HT29 cells showed the least amount of

synergy when treated with vvDD þ SN-38 (synergy observed

only a low Fa values). SN-38 was strongly synergistic in

MC38 and DLD1 cells over a range of Fa values. In these cells,

SN-38 synergistically improved cell killing when delivered as

part of a simultaneous and virus pretreatment schedule; how-

ever, drug pretreatment was extremely antagonistic in MC38

cells (data not shown) and at most additive in DLD1 cells.

In vivo combination of vvDD with CPT-11 was well toler-

ated; no hematological or liver function abnormalities were

attributed to combination treatment. Despite substantially

decreased virus in the tumours, combination therapy signifi-

cantly improved survival over either monotherapy. In vitro

investigation of the mechanism of synergy confirmed that

drug-induced enhancement of virus replication did not ac-

count for improved cell death with combination therapy.

SN-38 acts at the level of cellular DNA replication, binding to

DNA and topoisomerase I to form irreversible double-strand

DNA breaks when in contact with a replication fork

(Pommier, 2006) therefore it is conceivable that the drug

may also act on viral DNA replication. It should be noted

though, that VV encodes its own viral topoisomerase I and

previous work has shown it not to be susceptible to campto-

thecin (parent drug of CPT-11)-induced inhibition (Gupta

et al., 1992). Currently, it is not clear how SN-38 and/or CPT-

11 inhibit virus replication and given the added influence of

the immune system the mechanism may differ between our

in vivo and in vitro models.

The effect of treatment schedule on virusedrug interac-

tions in DLD1 cellse namely that virus pretreatment or simul-

taneous schedules were generally more synergistic than drug

pretreatment e points to virus-induced sensitization of cells

to SN-38 toxicity as the likely mediator of synergy. Consistent

with this hypothesis we show that combination treatment

significantly increased apoptosis, the primary mechanism of

SN-38 (Pommier, 2006) but not VV-induced cell death. SN38/

CPT-11 are cell cycle-specific drugs that induce apoptosis in

cells undergoing active DNA replication (Horwitz and

Horwitz, 1973). Effects of VV on cell cycle have been previously

reported for total cell populations exposed to virus (Wali and

Strayer, 1999). We show that VV-induced S-phase accumula-

tion occurs in cells undergoing active viral gene expression

aswell as in cells that are either uninfected or in the very early

stages of viral infection (i.e. prior to early gene expression).We

hypothesize that the cell cycle shift that occurs in RFP-

negative cells represents a bystander effect of VV infection

on uninfected cells. However, given that early gene expression

was used as amarker of viral infection in these experiments, it

is not possible to state with absolute certainty that all RFP-

negative cells were uninfected. Nevertheless, evidence exists

to support the occurrence of such a bystander effect in unin-

fected VV-treated cells. In one study, early activation of MEK
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and ERK1/2 with subsequent induction of themitogenic signal

c-foswas observed following VV infection in the absence of vi-

rus replication, even when using a vgf-deleted mutant (de

Magalhaes et al., 2001). In a different study, activation of c-

fos was shown to be essential in human CRC cells for down-

stream production of tumour growth factor (TGF)-b, which

induced mitosis in a paracrine fashion (Liu et al., 2006).

Further investigation is required to determine if the cell cycle

effects observed in RFP-negative cells represent a true

bystander effect or if it is a result of cell signaling subsequent

to early binding and infection of cells.

Consistent with the results presented here, there have

been several reports of synergistic interactions between OVs

and chemotherapy drugs in the absence of enhanced viral

production (Gutermann et al., 2006; Huang et al., 2011). vvDD

sensitizes cells to paclitaxel through induction of the

danger-associated molecular pathogen molecule HMGB1 and

interferon (IFN)-b (Huang et al., 2011). Sensitization through

type-I IFN occurred despite VV’s expression of numerous

anti-IFN proteins (Smith et al., 2013). Type I IFNs can also

sensitize CRC cell lines to CPT-11 induced cell death

(Ohwada et al., 1996), likely through accumulation of IFN-

treated cells in S-phase. It is possible that IFN may play a

role in the synergistic interactions observed in our studies.

Key limitations of this study andmany others like it are the

reliance on in vitro systems to identify synergy and the lack of

confirmatory in vivo data. Indeed in vitro cultures allow focused

dissection of individual pathways and proteins involved in

virusedrug interactions. However, not all in vitro synergy

translates into in vivo synergy. In our study, vvDD and SN-38

interacted synergistically in MC38 cells in vitro, however, com-

bination therapy in MC38 tumour-bearing mice was not effec-

tive (Supplemental Figure 4). In our DLD1 model, in vitro

synergy did correspond to improved survival in vivo. In order

to evaluate in vivo synergy, as defined by Chou and Talalay

(Chou and Talalay, 1984), a similar experimental design to

that used in vitro would be required and would necessitate a

large number of mice per experiment. Understanding mecha-

nisms of synergy are important as they allow us to better

design combination treatment strategies to amplify synergistic

interactions. Nevertheless, demonstrated in vitro synergy and

in vivo survival improvement without toxicity warrants further

investigation of such combinations in clinical trials.

Another important aspect that may contribute to the dif-

ferences observed between our in vitro and in vivo models is

the complex metabolic pathways responsible for the conver-

sion of CPT-11 to SN-38 and its subsequent inactivation. In

mice, serum carboxylesterases represent one of the primary

means of CPT-11metabolism (Morton et al., 2005). Metabolism

in the gut (specifically duodenum) may also contribute SN-38

production (Morton et al., 2005). Tumour cells can also express

carboxylesterases, however their contribution to drug meta-

bolism in murine CRC models is relatively minor (Jansen

et al., 1997). Overall, mice show very high levels of metabolic

conversion of CPT-11 relative to humans (Satoh et al., 1994).

For these reasons, we concluded that SN-38 was the appro-

priate choice for in vitro experimentation as it more accurately

modeled the extra-tumoural conversion of CPT-11. Further-

more, it is interesting to note that different mouse strains

show different levels of SN-38 inactivation through
glucoronidation, with C57BL/6 having an approximately 2-

fold higher glucoronidation activity compared to BALB/c

mice (Guo et al., 2007). Such differencesmay have contributed

to the lack of efficacy observed in the C57BL/6 model

(Supplemental Figure 4). The data presented here provides

strong evidence to support the clinical investigation of VV in

combination with CPT-11. As the safety of VV for use in CRC

patients is confirmed through phase I clinical trials, investiga-

torsmay consider designing future clinical studies to examine

the combination of VVwith CPT-11 in patients that have failed

second-line therapy. This strategy would be particularly perti-

nent given the bystander effect of VV on uninfected cells and

the potential to reverse chemo-resistance to CPT-11.
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