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Immunosuppression associated with ovarian cancer 
(OC) and resultant peritoneal carcinomatosis (PC) ham-
pers the efficacy of many promising treatment options, 
including immunotherapies. It is hypothesized that 
oncolytic virus-based therapies can simultaneously kill 
OC and mitigate immunosuppression. Currently, reo-
virus-based anticancer therapy is undergoing phase I/II 
clinical trials for the treatment of OC. Hence, this study 
was focused on characterizing the effects of reovirus 
therapy on OC and associated immune microenviron-
ment. Our data shows that reovirus efficiently killed OC 
cells and induced higher expression of the molecules 
involved in antigen presentation including major histo-
compatibility complex (MHC) class I, β2-microglobulin 
(β2M), TAP-1, and TAP-2. In addition, in the presence 
of reovirus, dendritic cells (DCs) overcame the OC-
mediated phenotypic suppression and successfully 
stimulated tumor-specific CD8+ T cells. In animal stud-
ies, reovirus targeted local and distal OC, alleviated 
the severity of PC and significantly prolonged sur-
vival. These therapeutic effects were accompanied by 
decreased frequency of suppressive cells, e.g., Gr1.1+, 
CD11b+ myeloid derived suppressor cells (MDSCs), 
and CD4+, CD25+, FOXP3+ Tregs, tumor-infiltration 
of CD3+ cells and higher expression of Th1 cytokines. 
Finally, reovirus therapy during early stages of OC also 
resulted in the postponement of PC development. This 
report elucidates timely information on a therapeutic 
approach that can target OC through clinically desired 
multifaceted mechanisms to better the outcomes.
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IntroductIon
Therapeutic options for ovarian cancer (OC) and associated 
peritoneal carcinomatosis (OC-PC) are limited. Unfortunately, 
OC is usually diagnosed at an advanced stage which correlates 
with high rates of recurrence and mortality. However, in recent 

years novel approaches based on immunological principles have 
shown promising results for the prevention, delay or management 
of OC-PC.1,2 These immunotherapies comprise modalities that 
either directly target tumor cells or further stimulate appropriate 
immune responses and indirectly attack tumors. Thus far, cellu-
lar (e.g., T cells or dendritic cells (DCs)), antibody-based (e.g., 
anti-CTLA4, anti-vascular endothelial growth factor (also called 
as bevacizumab or avastin)),3 cytokine-based (e.g., granulocyte-
macrophage colony-stimulating factor, interferons) or immune-
modulating agent-based (e.g., ONTAK— a interleukin (IL)-2 
immunotoxin fusion protein denileukin difitox, ref. 4); therapies 
have been employed to target OC (reviewed in ref. 2,5).

Efficiency of these promising therapeutic options, however, 
is dampened due to an inherent suppressive milieu persisting in 
the OC-PC microenvironment. OC cells are known to deploy 
various evasion strategies that ultimately result in the escape 
from immune attack and subsequent elimination.6 For example, 
ovarian tumor cells produce factors such as vascular endothelial 
growth factor,7 CXCL12, and transforming growth factor-β8 that 
promote vascularization and metastasis, and additionally suppress 
antitumor T immunity. OC lesions display downregulated expres-
sion of molecules essential for antigen presentation (e.g., major 
histocompatibility complex (MHC) class I, ref. 9,10) or processing 
(e.g., transporter 1 (TAP-1) and TAP-2, ref. 9,11). Similarly, higher 
numbers of Gr1.1+, CD11b+ myeloid derived suppressor cells 
(MDSCs)12 or CD4+, CD25+, FOXP3+ T regulatory cells (Tregs)13 
as well as dysfunctional dendritic cells (DCs) and impaired CD4+ 
or CD8+ T cells accompany advanced OC-PC. It is now well 
acknowledged that OC-PC associated immunosuppression cor-
relates with poor prognosis.2,6,14

Reovirus, a naturally occurring benign human virus, preferen-
tially kills cancer cells15,16 of many types and is currently under an 
international phase III clinical trial (NCT01166542) against head 
and neck cancers. Recently, reovirus-based phase I/II clinical tri-
als (OSU-07022, GOG-0186H) were initiated for the treatment 
of OC. Although reovirus-based oncotherapy primarily targets 
cancer cells through direct killing (oncolysis), recent reports have 
documented additional immune-based mechanisms aiding tumor 
elimination.17–19 Along with others, our recent work has shown 
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that, during its therapeutic administration, reovirus additionally 
alerts and educates the immune system against tumor antigens 
and facilitates the induction of beneficial antitumor immunity in 
melanoma,20 lung,20 and prostate17 cancer models. Thus, if appro-
priately managed reovirus-driven antitumor activities comprised 
of virus-mediated direct killing and antitumor immunity can 
target tumors simultaneously. Nonetheless, whether reovirus can 
target local or metastatic OC and affect immune microenviron-
ment is unknown. In this context, this study was focused on char-
acterizing the immunological consequences of intraperitoneal 
(i.p.) injections of reovirus in PC-bearing hosts and evaluating the 
applicability of reovirus therapy for the prevention of PC develop-
ment or the treatment of already developed PC. We show that i.p. 
administered reovirus can target local as well as distally located 
OC cells. In addition, our data also demonstrates that reovirus 
resolves the PC-associated immune evasion mechanisms includ-
ing those involved in antigen processing and presentation as well 
as T-cell suppression, and subsequently initiates clinically desired 
beneficial antitumor immune activities with a potential to estab-
lish long-term recurrence-free survival.

results
oc cells express the molecules necessary for antigen 
presentation preceding oncolysis
To establish the applicability of reovirus therapy for the treatment 
of OC, we first evaluated the susceptibility of OC cells to reovirus-
mediated oncolysis. For this purpose, mouse OC cells (ID8) were 
cultured in the presence of live reovirus (LRV) or UV-inactivated 
reovirus (UVRV) and then analyzed for cell death. As shown in a 
representative example (Figure 1a), ID8 cells were highly suscepti-
ble to oncolysis and most of these cells were killed by 72 hours post-
infection with either 1, 10 or 100 multiplicity of infection (MOI) of 
LRV (Figure 1b), but not with UVRV (data not shown). Previously, 
we have established that LRV does not kill nontransformed, normal 
ovarian cells.21 Together, our data conclusively established the selec-
tive capacity of reovirus to efficiently kill OC cells.

OC downmodulates the molecules that are either essential for 
antigen processing or presentation. Hence, we next investigated 
whether reovirus can overcome this immune evasion strategy. For 
this purpose, ID8 cells were cultured in the presence of LRV for 
24 hours, and then analyzed for MHC class I protein and inter-
feron (IFN)-β, MHC class I, β2-microglobulin (β2M), TAP-1, 
and TAP-2 mRNA expression. As shown in Figure 1c, untreated 
ID8 cells showed absence of MHC class I (0 hour) on the cell 
surface. Following incubation with LRV, however, most of ID8 
cells displayed a gradually increasing expression of MHC class I. 
Interestingly, LRV also initiated a significantly increased expres-
sion of MHC class I, β2M, TAP-1, and TAP-2 along with IFN-β 
(Figure 1d). Thus, OC cells overcame MHC class I display inhibi-
tion and acquired higher expression of the molecules involved in 
antigen presentation pathway following reovirus infection.

reovirus reverses Id8-mediated phenotypic and 
functional incapacitation of dcs
Since OC inhibits the expression of costimulatory molecules on 
DCs,6,22 the effect of reovirus on the ID8-induced inhibitory DC 
phenotype was investigated. For this purpose, ID8 cells and bone 

marrow-derived DCs (BMDCs)20 were co-cultured together in vitro 
for 24 or 72 hours, and then exposed to either 10 MOI of UVRV/
LRV or phosphate-buffered saline (PBS) (control) for an additional 
48 hours. The cultures were then monitored for the expression of 
MHC class II, CD40, CD80, CD86 molecules on the surface of 
CD11c+ cells. As shown in Figure 2a, ID8 cells significantly reduced 
expression of the abovementioned costimulatory molecules on 
DCs following a co-culture for 24 or 72 hours (“ID8 only” bars). 
Interestingly, the addition of both UVRV as well as LRV significantly 
enhanced the expression of these molecules on DCs. Thus, the data 
showed that both LRV and UVRV can reverse ID8-mediated sup-
pression of costimulatory molecule expression on DCs.

Next, the B3Z antigen presentation assay17,23 was employed 
to analyze whether reovirus can endow DCs with a capacity to 
present tumor-associated antigen (TAA) to tumor-specific CD8+ 
T cells. Briefly, BMDCs incubated in the presence of wild-type 
(WT) or ova-expressing ID8 (ID8-ova) tumor cells were further 
exposed to UVRV/LRV, and then mixed with TAA-specific B3Z 
CD8+ T cells. ID8 WT cells do not express ova and hence served 
as a non-TAA–bearing negative control. As shown in Figure 2b, 
BMDCs co-cultured in the presence of ID8-ova alone or UVRV 
failed to activate B3Z cells. On the other hand, in the presence 
of LRV, B3Z cells underwent significantly greater activation as 
compared with that observed in the presence of PBS/UVRV. As 
expected, BMDCs cultured with ID8 WT cells did not activate 
B3Z T cells. These results showed the ability of reovirus to facili-
tate the presentation of OC-associated antigens to tumor-specific 
CD8+ T cells. Thus, although both LRV and UVRV can induce the 
phenotypic activation of DCs, only LRV facilitates the presenta-
tion of TAA to tumor-specific CD8+ T cells.

therapeutic oncotherapy alleviates oc-Pc disease 
severity and increases survival
To understand the therapeutic benefits of reovirus therapy during 
advanced stages of OC, animals with ID8-induced PC were treated 
with a reovirus regimen as per protocol in Figure 3a. As shown in 
Figure 3b, the animals injected with LRV displayed substantial 
alleviation of abdominal distension. This LRV-induced reduction 
in ascitic fluid volume was gradual and highly significant as com-
pared to the animals injected with PBS/UVRV (Figure 3c). Most 
importantly, PC-bearing animals treated with LRV showed sig-
nificantly higher survival as compared with PBS/UVRV-treated 
animals (Figure 3d). Collectively, our results demonstrated that 
reovirus therapy can alleviate disease pathology and increase sur-
vival of the hosts with OC-PC.

reovirus i.p. injections target local and distal oc-Pc 
immune microenvironment
To identify the capacity of i.p. injected reovirus to reach metastatic 
OC, we evaluated the presence of reovirus in various tissues col-
lected from the animals treated as per protocol in Figure 3a. As 
shown in Figure 4a, high levels of reovirus transcripts were detect-
able in both local ascites and distal tumor cells, especially at 3 days 
post first injection (d.p.f.i.) and 3 days post last injection (d.p.l.i.). 
As anticipated, at 10 d.p.l.i. both ascites and tumor showed the 
lowest titers of reovirus, suggesting a possible immune-mediated 
elimination of reovirus. Of note, reovirus was also detected in the 



340 www.moleculartherapy.org  vol. 21 no. 2 feb. 2013

© The American Society of Gene & Cell Therapy
Targeting Ovarian Cancer-related Immunosuppression

Figure 1 Virus-mediated oncolysis and enhanced inherent antigen presentation molecule expression of oc cells. (a) ID8 cells infected in vitro 
with 1, 10 or 100 MOI of reovirus were harvested at 24, 48, and 72 hours, stained with annexin-V/7-AAD and then analyzed in flow cytometry for 
the detection of apoptotic cells. (b) Data shows representative profiles of ID8 cells at respective timepoints. (c) In addition, cells were stained with 
anti-MHC I (surface staining) and antireovirus antibodies (intracellular staining) at respective timepoints shown. (d) In addition, at 24 hours post-
infection, cells were also analyzed in quantitative real-time PCR to quantitate the gene expression of selected genes (as shown) using the Livak and 
Schmittgen’s 2-ΔΔCT method.36 Gene expression in LRV-treated cells was normalized against GAPDH gene expression, and then compared against 
that observed in PBS-treated cells to calculate fold change. In both b and d, LRV-treated samples were compared against PBS-treated samples using 
Student’s t-test at 95% CI; ns = P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Cumulative data from a single experiment is representative of atleast 
five other independent experiments. CI, confidence interval; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon; LRV, live reovirus; 
MHC, major histocompatibility complex; MOI, multiplicity of infection; OC, ovarian cancer; ns, not significant; PBS, phosphate-buffered saline.
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spleen at 3 d.p.f.i.; however, by 10 d.p.l.i. these levels were almost 
undetectable. Collectively, these results show that i.p. adminis-
tered reovirus can successfully reach local and distal OC.

Suppressive microenvironment hampers the immune-medi-
ated elimination and thus promotes the persistence of OC. Hence, 
we also analyzed whether reovirus can modulate the composi-
tion and phenotype of immune markers in and around the OC 
milieu. As shown in Figure 4b, reovirus enhances the expression 
of MHC class I and β2M in ascites as well as distal tumors at all 
the three timepoints analyzed as compared with the respective tis-
sues collected from PBS-treated PC-bearing animals. In addition, 
the expression of TAP-1 and TAP-2, molecules involved in antigen 
processing, was also higher in ascites and tumor samples collected 
from LRV-treated animals at various timepoints. Thus, similar to 
our in vitro data, reovirus therapy enhances the expression of mol-
ecules involved in antigen processing and display in OC-PC.

Infiltration of OC microenvironment with immune cells, 
especially CD3+, CD4+ and CD3+, CD8+ T cells, is associated 
with a positive outcome. Hence, we also evaluated the CD3, CD4, 
and CD8 expression in the tumor microenvironment. As shown 
in Figure 4c, the expression of all these markers at 3 d.p.f.i. was 
unaffected in all three tissues tested, except for an elevated CD8 
expression in ascites. At 3 d.p.l.i., however, significantly greater 
expression of CD3, CD4, and CD8 in ascites and of CD3 in tumor 

samples was evident following LRV injections as compared to 
those injected with PBS. Most importantly, at 10 d.p.l.i., highly 
significant expression of CD3, CD4, and CD8 was observed in 
distal tumors suggesting that the presence of intratumoral infil-
tration following a treatment with LRV.

In terms of cytokine response, ascites samples displayed a sig-
nificantly higher expression of IFN-γ, tumor necrosis factor-α, 
IL-4, IL-6, IL-10 at all the indicated timepoints, except for IL-10 at 
10 d.p.l.i. (Figure 4d). However, for tumor samples, significantly 
elevated expression was observed only for IFN-γ (Figure 4c) and 
tumor necrosis factor-α at 3 and 10 d.p.l.i. and for IL-10 at 10 
d.p.l.i. Interestingly, spleen samples showed exclusive upregulation 
of IFN-γ expression at all the post-LRV timepoints as compared 
with that of PBS-treated sample. Taken together, our data shows 
the capacity of reovirus to drive beneficial Th1 cytokine response 
in the tumor microenvironment.

reovirus modulates oc-Pc–associated Mdscs 
and tregs
Since a poor clinical outcome of OC often correlates with higher 
number of MDSCs12,24 and Tregs,13 we analyzed whether reovirus 
therapy can modulate the frequencies of these suppressor cells 
in the animals injected as per Figure 3a. As shown, PBS-treated 
OC-PC–bearing animals displayed significantly greater number of 

Figure 2 overcoming oc-induced dysfunction of dcs. (a) ID8 cells and BMDCs were co-cultured together for 24 or 72 hours before infection 
with 10 MOI of reovirus for 48 hours. Cells were stained with antibodies against CD11c and either MHC II, CD86, CD80, and CD40 and analyzed 
using flow cytometry. Bars show respective percentages normalized against, and asterisks show statistical analysis as compared with, BMDCs cultured 
without ID8 or reovirus. The data is representative of at least five independent experiments. (b) 2 × 105 BMDCs were co-cultured with 2 × 105 ID8-ova 
cells and added with LRV/UVRV for 24 hours. Next, co-cultures were washed, added with 1 × 105 B3Z cells per well, incubated for additional 18–24 
hours and then added with 0.15 mmol/l of CPRG for additional 4 hours. The breakdown of GPRG was read at 570 nm as a measure of CD8+ T-cell 
response. Statistical analysis was obtained by comparing readings from each experimental condition against that observed in only the B3Z wells; 
ns = P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. The data is cumulative from three independent experiments. BMDC, bone marrow-derived DCs; 
CPRG, chlorophenol red-β-D-galactopyranoside; DC, dendritic cell; MHC, major histocompatibility complex; MOI, multiplicity of infection; ns, not 
significant; LRV, live reovirus; TAA, tumor-associated antigen; UVRV, UV-inactivated reovirus.
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either Gr1.1+, CD11b+ (MDSCs) cells in spleen and ascetic fluid 
(Figure 5a) or CD4+, CD25+, FOXP3+ (Tregs) in the spleen and 
mesenteric lymph node (Figure 5b) as compared with naive, non-
tumor-bearing animals. Surprisingly, at 3 d.p.f.i., animals injected 
with LRV showed even higher numbers of both cell types which 
eventually decreased at 3 d.p.l.i. in respective organs. Finally, at 10 
d.p.l.i., the numbers of both MDSCs and Tregs were significantly 
lower as compared with those observed in PBS-treated or in the 
LRV-treated OC-PC–bearing animals at 3 d.p.f.i.

To further evaluate the effects of suppressor cell modulation 
on tumor-specific immunity, animals were injected with ID8-ova 
(as per Figure 3a) and analyzed for anti-ova immune response as 
a surrogate measure of antitumor immunity.20 Our data showed 
that lymphocytes collected from the PBS (control)-treated animals 
failed to produce IFN-γ (Figure 5c) or proliferate (Figure 5d) in 
response to SIINFEKL stimulation, suggesting the absence of 
antitumor immune response. The lymphocytes were still non-
responsive at 3 d.p.f.i. and only weakly responsive at 3 d.p.l.i. 
However at 10 d.p.l.i., splenocytes from LRV-treated animals dis-
played high proliferative index (also shown in a representative dot 

plot in Figure 5e) and IFN-γ production. Of note, at 10 d.p.l.i., 
splenocytes also showed a strong antireoviral T-cell proliferative 
response (Figure 5e). Taken together, our data showed that reovi-
rus can modulate the frequencies of MDSCs and Tregs preceding 
the initiation of antitumor immunity in OC-PC–bearing hosts.

reovirus oncotherapy during early stages of oc 
postpones the development of Pc
Finally, we also evaluated the applicability of reovirus-based onco-
therapy for the treatment of early stage OC. For this, C57BL/6 
female mice were injected with ID8 cells, administered with 
PBS/UVRV/LRV therapeutic regimen starting at 7 d.p.i. as per 
Figure 6a and then monitored for ascites development and sur-
vival. As shown in Figure 6b, ID8-implated animals treated with 
LRV developed ascites at significantly later timepoints as com-
pared to those treated with PBS or UVRV. This delayed PC devel-
opment and was also associated with significantly greater survival 
(Figure 6c) in LRV-treated animals. Thus, our data suggests that 
reovirus-based treatment can be implemented during early stages 
of OC to delay PC development and achieve increased survival.

Figure 3 Virotherapy to target established advanced oc. (a) Female C57BL/6 mice were implanted i.p. with ID8 cells, injected with a regimen 
of PBS/UVRV/LRV as shown and then monitored for the (b) development of PC, (c) amount of ascitic fluid, and (d) survival. (b) Representative 
example of OC-PC–bearing animals treated with LRV against PBS-treated or non-OC–bearing animal. (c) Graphs represent volume of ascitic fluid 
collected from PBS/UVRV-treated animals on the day they were killed or LRV-treated animals on the days indicated. Data was analyzed with Student’s 
t-tests at 95% CI; ns = P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Statistics shown immediately on top of the bars was obtained by comparing the 
respective data against PBS control, while analysis above the horizontal lines were obtained through comparison of LRV-treated animals with that 
of UVRV-treated ones. (d) Survival in respective experimental groups (injected as per a) was calculated with the Kaplan–Meier survival method. The 
data is representative of three independent experiments. CI, confidence interval; d.p.f.i, days post first injection; d.p.l.i., days post last injection; i.p., 
intraperitoneally; LRV, live reovirus; ns, not significant; OC, ovarian cancer; PBS, phosphate-buffered saline; PC, peritoneal carcinomatosis; UVRV, 
UV-inactivated reovirus.
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dIscussIon
Immunosuppressive OC microenvironment hinders therapeu-
tic targeting of OC as it fosters metastasis and protects against 
immunity-mediated elimination. In this report, we demonstrate 
that reovirus-based anti-OC therapy mitigates the detrimental 
effects of OC microenvironment and successfully targets OC. 
We show that reovirus (i) efficiently targets local as well as meta-
static OC cells; (ii) overturns immune evasion mechanisms and 
enhance immune recognition of cancer cells; (iii) modulates the 

frequencies of suppressive immune cells and aids in the develop-
ment of antitumor immunity; and (iv) prevents the development 
of PC or targets already developed peritoneal disease to promote 
better outcomes from OC.

Antitumor T-cell immunity dictates the outcome of OC.2,14 The 
higher numbers of tumor-infiltrating CD3+ T cells and IFN-γ25 
expression are associated with improved survival in OC patients26 
and represent independent predictors of better prognosis in mul-
tivariate analysis.27,28 We observed that reovirus initiated highly 

Figure 4 Initiation of antitumor immunological events. C57BL/6 mice were injected as per protocol shown in Figure 3a, and then killed at the 
indicated timepoints to obtain respective tissues. These samples were processed, RNA was extracted, purified, and reverse transcribed using ran-
dom hexamers. (a) Quantitative real-time PCR was conducted with the gene-specific primers for reovirus, (b) MHC class I, β2M, TAP-1, and TAP-2, 
(c) CD3, CD4, CD8, and IFN-γ, and (d) TNF-α, IL-4, IL-6, and IL-10 followed by analysis using the Livak and Schmittgen’s 2-ΔΔCT method.36 Graphs 
illustrate the linear fold change of the indicated mRNA replicates normalized to GAPDH and PBS control. Statistical analysis was performed with 
two-tailed, Student’s t-test as described for Figure 3; ns = P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Data is representative of three independent 
experiments. d.p.f.i., days post first injection; d.p.l.i., days post last injection; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon; 
IL, interleukin; MHC, major histocompatibility complex; ns, not significant; PBS, phosphate-buffered saline; TNF, tumor necrosis factor.
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significant expression of CD3 at 3 and 10 d.p.l.i. in both ascites 
and distal tumor. Most importantly, at 10 d.p.l.i, spleen as well 
as tumor samples from LRV-treated animals displayed elevated 
expression of CD8, suggesting that both intratumoral and periph-
eral responses bore similar kinetics and that the tumors were 
infiltrated with CD8+ T cells. Interestingly, significantly higher 
IFN-γ expression was observed at 3 and 10 d.p.l.i., suggesting the 
capacity of LRV to drive beneficial Th1 cytokine response.29 On 
the other hand, these findings also suggest the role of non-CD4+, 
non-CD8+ immune cells (e.g., natural killer and natural killer T 
cells) in mounting an IFN-γ immune response. Together, it can be 
surmised that reovirus therapy initiates a clinically desired T cell 
and IFN-γ immune response.

Regulatory cells such as Gr1.1+, CD11b+ MDSCs or 
CD4+,CD25+,FOXP3+ Tregs foster the suppressive milieu and 
inhibit antitumor immunity. Patients with late stages of OC dis-
play higher frequencies of Tregs in both tumor mass and ascites.13 
Similarly, greater numbers of Gr1.1+, CD11b+ cells are detected 
in humans24 and mice12 with OC. Our results concur with these 
reports as we also observed the higher numbers of Tregs in the 
spleen and mesenteric lymph nodes as well as MDSCs in the 
spleen and ascites of OC-PC–bearing animals. Presence of both 
these major suppressive cells correlates with poor prognosis and 
higher mortality rates.13 Not surprisingly, many scientific initia-
tives in recent times are focused on the options that can alleviate 
the burden of these suppressive cells. Interestingly, we observed 
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Figure 5 Modulation of tregs and Mdscs during therapeutic targeting of oc-Pc. Female C57BL/6 mice were injected with ID8 cells and a regi-
men of PBS/LRV as per protocol shown in Figure 3a. Animals were killed on the respective days as indicated to obtain single cell suspensions from 
spleen, MLN or ascetic fluid. These cells were directly stained with either (a) Gr1/CD11b or (b) CD4/CD25/FOXP3 and analyzed using flow cytom-
etry. (c,d) Alternatively, ID8-ova cells were used to initiate OC-PC. These animals were treated with a regimen of PBS/LRV as per protocol shown in 
Figure 3a. Splenocytes obtained from these animals, on respective days as indicated, were stimulated with SIINFEKL peptide and (c) analyzed for 
the ability of CD3+,CD8+ cells to produce IFN-γ through intracellular staining or the (d) capacity of CD3+ cells to proliferate in CFSE assay. Statistical 
analysis was performed as explained for Figure 3d; ns = P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. (e) On 10 d.p.l.i., splenocytes were also stimu-
lated with UVRV-pulsed BMDCs and assayed in CFSE-based flow cytometric assay to monitor for antireoviral T-cell proliferation. The representative 
histograms show profiles of antitumor and antireoviral T-cell response, with proliferative index (PI) as a measure of activation as calculated using 
ModFit LT computer algorithm. All the results are representative of atleast five independent experiments. BMDC, bone marrow-derived DCs; DC, 
dendritic cell; d.p.f.i., days post first injection; d.p.l.i., days post last injection; IFN, interferon; LRV, live reovirus; MDSC, myeloid derived suppressor 
cell; MLN, mesenteric lymph node; ns, not significant; OC, ovarian cancer; PBS, phosphate-buffered saline; PC, peritoneal carcinomatosis.
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a spike in the numbers of both MDSCs and Tregs immediately 
following reovirus injection. We believe that this mechanism is 
essential to minimize the possible “collateral damage” for the host 
arising from antiviral immune response. Nonetheless, by 10 d.p.l.i. 
the frequency of these suppressive cells significantly decreased, 
and almost returned to the levels as those observed in naive ani-
mals. These findings suggest that reovirus therapy can alleviate the 
burden of MDSCs and Tregs. It should be noted that the downreg-
ulation of these cells was also accompanied by the development of 
antitumor T-cell response in spleen, as well as significantly high 
expression of CD4, CD8, and IFN-γ in tumor. Collectively, results 
show that reovirus successfully ablates the numbers, and possibly 
inhibitory functions, of Tregs and MDSCs preceding the develop-
ment of antitumor immune response.

Evasion from antigen presentation is the central mechanism 
through which OC avoids immune recognition. In OC patients, 
higher levels of MHC class I are associated with improved treat-
ment responsiveness and survival, while low level of HLA class 
I expression is an independent indicator of poor prognosis.10 In 
the absence of appropriate antigen processing and presentation, 
tumor-specific T cells fail to identify and subsequently kill OC 
cells.11 To achieve maximum benefits of immunological inter-
ventions, it is essential to aim for strategies that can improve the 
recognition of tumor cells. Our data shows that reovirus therapy 
increases the expression of MHC class I, β2M, TAP-1, and TAP-2 
in ID8 cells in vitro as well as in tumor and ascites in vivo and 
inadvertently achieves such a function. It should be noted that 
LRV also promotes DC-mediated tumor antigen presentation to 
CD8+ T cells. These results support our hypothesis that reovirus 
overcomes tumor-associated antigen presentation dysfunction.

Peritoneally administered reovirus was able to target meta-
static tumor sites as we detected reovirus in both distal tumors 
and ascites. As anticipated however, the levels of reovirus 
decreased over time, and were accompanied by a strong antire-
oviral T-cell response in the periphery. It is now acknowledged 
that antiviral immunity adversely affects the efficacy of oncolysis 
by prematurely eliminating reovirus from the host. Paradoxically 
however, this antiviral response also performs antitumor activi-
ties. Reovirus preferentially infects tumors, and hence antiviral 

immune response aimed at virally infected cells, indirectly and 
inadvertently targets tumor cells. Thus, even though antiviral 
immune response works against reovirus replication and spread, it 
performs beneficial antitumor activities. Indeed, the host immune 
responses are shown to be essential for the efficient implementa-
tion of reovirus therapy.30

In conclusion, our study demonstrates the applicability of reo-
virus therapy for the treatment of OC and associated PC. Most 
importantly, we demonstrate a therapeutic option that initiates 
multi-prong attack on OC which can be implemented under clin-
ical situations to achieve better outcomes for patients suffering 
with OC. It should be noted that, apart from the direct anticancer 
activities, therapy-modulated tumor microenvironment can also 
encourage simultaneous implementation of the other comple-
mentary immunotherapies to further potentiate better outcomes 
from OC. Thus, an appropriately implemented reovirus anti-OC 
therapy represents a powerful treatment option for the manage-
ment of early as well as advanced stages of OC.

MaterIals and Methods:
Reovirus, cell lines, and reagents. Reovirus (serotype 3, Dearing strain) was 
grown and purified as per established protocol.15 Mouse epithelial OC ID8 
cell line31 was obtained from Edith Lord (University of Rochester, Rochester, 
NY)32 and cultured in RPMI with 5% (vol/vol) Glutamax, 10 % fetal bovine 
serum, 1X sodium pyruvate, 1X nonessential amino acids, and 1X Anti-Anti 
(Invitrogen, Carlsbad, CA). B3Z23 cell line was kindly provided by Nilabh 
Shastri, University of California, Berkely, CA and cultured as per published 
protocol. Antibodies and peptides were purchased from respective vendors 
as follows: eBioscience (San Diego, CA): APC-anti-Mouse MHC Class I 
molecule Kb (AF6-88.5.5.3), unconjugated anti-Mouse CD3e (145-2C11), 
unconjugated anti-Mouse CD28 (37.51), Alexa 488 anti-CD11c (N418), 
PE-Cy5-anti-Mouse MHC Class II (I-A/I-E) (M5/114.15.2), PE-anti-
Mouse CD86 (B7-2) (GL1), APC-anti-Mouse CD80 (B7-1) (16-10A1), 
APC-anti-Mouse CD40 (1C10), APC-anti-Mouse Ly-6G (Gr-1) (RB6-
8C5), PerCP-Cy5.5-anti-Mouse CD11b (M1/70), FITC-anti-Mouse CD4 
(RM4-5), PerCP-Cy5.5-anti-Mouse CD25 (PC61.5), PE-anti-Mouse/Rat 
FoxP3 (FJK-16S), PE-anti-Mouse CD3e (eBio500A2), APC-anti-Mouse 
IFNγ (XMG1.2); Invitrogen: Alexa 488-Annexin V, 5- (and -6)-carboxyflu-
orescein diacetate (CFSE); BD Biosciences (Mississauga, Ontario, Canada): 
7-Amino-Actinomycin D, PerCP-Rat anti-Mouse CD8a (53-6.7); Jackson 
ImmunoResearch LaboRatories (West Grove, PA): Cy2-goat anti-rabbit. 

Figure 6 use of reovirus-based therapy for the prevention of Pc development. (a) Female C57BL/6 mice were implanted with 3 × 106 ID8 cells 
on day 0 and then injected with a regimen of PBS/UVRV/LRV injections as shown in the schematic. The animals were monitored for the development 
of (b) ascites and (c) survival. The graphs show the cumulative data on the average days post-tumor implantation when ascites was first detected in 
respective groups of animals. Statistical analysis was performed through intergroup comparison using Student’s t-tests at 95% CI; ns = P > 0.05; *P 
≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. CI, confidence interval; i.p., intraperitoneally; LRV, live reovirus; ns, not significant; PBS, phosphate-buffered saline; 
PC, peritoneal carcinomatosis; UVRV, UV-inactivated reovirus.
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GenScript (Piscataway, NJ): Ovalbumin peptide- SIINFEKL (ova257-264) and 
Control LCMV peptide-KAVYNFATM (LCMV gp33–41).

In vivo experimental manipulations. All experimental procedures 
performed during this study were governed by the approval of Ethics 
Committee at Dalhousie University, Halifax, Nova Scotia, Canada. Six to 
eight weeks old female WT C57BL/6 mice were obtained from Charles 
River Laboratory (Montreal, Quebec, Canada). Mice were injected accord-
ing to protocols shown in respective figures.

Lymphocyte isolation and BMDC generation. Lymphocytes and BMDCs 
were generated as described previously.17,33 For lymphocytes, single cell suspen-
sion of splenocytes was treated with RBC-lysing ammonium chloride (ACK) 
buffer, washed and verified for cell viability. For BMDCs, BM hematopoietic 
progenitor cells obtained from tibia and femur bones were treated with ACK 
buffer, washed and cultured in the presence of complete RPMI 1640 con-
taining with 10% vol/vol FCS, 2 mmol/l glutamine, 0.1 mmol/l nonessential 
amino acids, 50 U/ml penicillin/streptomycin, 0.1 mmol/l 2–ME (all obtained 
from Invitrogen) and supplemented with 20 ng/ml granulocyte-macrophage 
colony-stimulating factor (Shenandoah Biotech, Warwick, PA) and 10 ng/ml 
IL-4 (Shenandoah Biotech) for 6–8 days.

Tumor antigen presentation assay. B3Z assay was used to evaluate the 
ability of BMDCs to present surrogate TAA ovalbumin (ova) to TAA-
specific CD8+ T cells as previously described.20,23,34 Ova–specific CD8+ 
T–cell hybridoma B3Z expresses β–galactosidase following recognition 
of ova immunodominant peptide (SIINFEKL) in the context of H2–Kb 
and catalyses the breakdown of β-gal substrate, e.g., chlorophenol red-
β-D-galactopyranoside (CPRG). For this assay, 2 × 105 BMDCs were 
co-cultured with 2 x 105 ID8-ova cells and added with LRV 24 hr. Next, 
co-cultures were washed, added with 1 × 105 B3Z cells per well, incubated 
for an additional 18–24 hours and then added with 0.15 mmol/l of CPRG 
for an additional 4 hours. The breakdown of CPRG was read at 570 nm and 
used as a measure of CD8+ T-cell activation.

T-cell functional assay. T cell activation was visualized and quantified with 
5–(and–6)carboxyfluorescein diacetate succinimidyl ester (CFSE)-based 
cell proliferation assay as previously described.20,35 Briefly, CFSE-labeled 
splenocytes were cultured in the presence of SIINFEKL or control peptide 
and then monitored in flow cytometry for cell division through halving of 
CFSE fluorescence. The CFSE fluorescence halving was deconvoluted using 
CellQuest Pro software (Becton Dickinson, Franklin Lakes, NJ), FCS express 
or ModFit LT softwares as described previously.35 Cell division index was 
defined by dividing the percentage of cells with halved CFSE fluorescence 
after stimulation with an antigen by percentage of cells with halved CFSE-
fluorescence cultured in medium only. Proliferation index was obtained 
through computerized algorithm in ModFit LT software (Verity Software 
House, Topsham, ME) as per manufacturer’s instructions.

Quantitative real-time PCR. The RNA extractions were conducted via 
Trizol methodology and cDNA was synthesized using enzyme Supercript 
II. Each sample of cDNA was quantitated and diluted to a similar concen-
tration of 10 µg/ml. The Stratagene MX3000P PCR machine was used for 
the quantitative real-time PCR, using GoTaq qPCR Master mix (Promega, 
Madison, WI) for amplification and quantification. All primers, as described 
in Supplementary Table S1 used were purchased from Invitrogen. GAPDH 
was used for normalization of the genes of interest. The results were col-
lected and analyzed using Livak and Schmittgen’s 2-ΔΔCT method.36 To 
calculate fold change, signals were first normalized against GAPDH and 
then compared against respective PBS-treated controls.

Flow cytometry and statistical analysis. Data was acquired with 
FACSCalibur flow cytometer (BD Biosciences) and analyzed using 
CellQuest Pro (BD Biosciences, San Jose, CA) and FCS Express V3 (De 
Novo Software, Los Angeles, CA) softwares. ModFit LT (Verity Software 

House) was also used for deconvolution of CFSE florescence and estima-
tion of proliferation index. For statistical analysis, two-tailed, Student’s t-test 
with 95% confidence interval was used and P values of <0.05 were consid-
ered as significant. Asterisks were used to denote P values as: not significant 
= P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Survival rates were measured 
with Kaplan–Meier survival analysis with 95% confidence interval coupled 
with log-rank test, and the difference between survival curves of different 
populations was considered when P values of ≤0.05 were observed.

suPPleMentarY MaterIal
Table S1. List of gene-specific primer sequences used for quantitative 
real-time PCR.
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