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Recently reovirus-based oncotherapy has been success-
fully implemented for the treatment of prostate cancer. 
In this report, we show that apart from its primary direct 
cancer-killing activity, reovirus oncotherapy overrides 
tumor-associated immune evasion strategies and con-
fers protective antiprostate cancer immunity. Prostate 
cancer represents an ideal target for immunotherapies. 
However, currently available immune interventions fail to 
induce clinically significant antiprostate cancer immune 
responses, owing to the immunosuppressive microenvi-
ronment associated with this disease. We show here that 
during the process of oncolysis, reovirus acts upon prostate 
cancer cells and initiates proinflammatory cytokines and 
major histocompatibility complex (MHC) class I molecule 
expression. In an immunocompetent transgenic adeno-
carcinoma of mouse prostate (TRAMP) model, reovirus 
oncotherapy induces the homing of CD8+ T and NK cells 
in tumors and the display of tumor-associated antigens 
(TAAs) on antigen-presenting cells (APCs), and endows 
dendritic cells (DCs) with a capacity to successfully pres-
ent TAAs to tumor-specific CD8+ T cells. These newly gen-
erated immunological events lead to the development of 
strong antiprostate cancer T cell responses, which restrict 
the growth of subsequently, implanted syngeneic tumor 
in an antigen-specific, but reovirus-independent manner. 
Such reovirus-initiated antiprostate cancer immunity rep-
resents a clinically valuable entity that can promote long-
term cancer-free health even after discontinuation of the 
primary oncotherapy.
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Introduction
Prostate cancer, the most common cancer affecting the North 
American men, caused an estimated 27,360 deaths in 2009 in 
the United States alone.1 The failure of currently available treat-
ment options to efficiently manage this disease has provoked an 
intensive search of unconventional therapeutic approaches such 
as prostate cancer-specific immunotherapies2–4 and oncolytic 
virotherapies.5 Immunotherapies exploit the functions of immune 
cells (e.g., T  cells, dendritic cells [DCs]) or immune mediators 

(e.g., antibodies, cytokines) and aim at establishing an antitumor 
immunity. Unfortunately, the prostate cancer-associated immu-
nosuppressive milieu resists the development of clinically mean-
ingful antitumor immune response. Prostate adenocarcinoma 
is associated with lack of tumor antigen recognition, expression 
of suppressive cytokines (e.g., interleukin (IL)-10, transforming 
growth factor-β), presence of inhibitory surface molecules on 
immune cells (e.g., CTLA-4, programmed death-1) and devel-
opment of regulatory T cells.4,6 Nonetheless, antiprostate cancer 
immunotherapies have shown promise in the management of 
local, advanced, and/or recurrent forms of prostate cancer,2,3,7,8 
especially when administered in conjunction with the interven-
tions that mitigate immunological tolerance.9,10

Reovirus, a naturally occurring benign human pathogen, pref-
erentially kills a variety of cancer cells including those of breast, 
brain, colon, lymphoid, ovarian, spinal cord, bladder as well 
as prostate origin.11–13 Currently, reovirus is undergoing phase 
III clinical trials in the United Kingdom, the United States, and 
Belgium.14,15 The susceptibility of tumor cells to reovirus-medi-
ated oncolysis is associated with an activated Ras signaling path-
way.11,16–18 It is noteworthy that aberrant expression of Ras and 
associated signaling molecules is observed in >80% of human 
cancers, including prostate cancer,11,18 making them suitable tar-
gets for reovirus oncotherapy.5

The primary mode of action for reovirus oncotherapy is the 
direct destruction of cancer cells.16–18 However, it is believed that 
antiviral immunological events initiated following administration 
of oncotherapy also assist in the development of beneficial antitu-
mor immune responses.19,20 In a melanoma mouse model, reovirus 
oncotherapy invokes antitumor innate as well as adaptive immune 
components that aid in the tumor regression.21 However, whether 
reovirus or any other oncolytic virus-based therapy initiates such 
antitumor immune response during antiprostate cancer oncother-
apy is presently unknown. Hence, this study focused on dissecting 
various oncolytic virus-initiated immunological events that may 
contribute toward the generation of antiprostate cancer immunity. 
Our data show that apart from its primary oncolytic activity, reo-
virus oncotherapy overrides tumor-associated immune evasion 
mechanisms. Furthermore, reovirus initiates antiprostate cancer 
T cell immune responses that protect against subsequent tumor 
challenge in an antigen-dependent manner without requiring a 
continued presence or an additional administration of reovirus. 
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These anticancer immunotherapeutic activities initiated during 
reovirus therapy represent a clinically applicable treatment inter-
vention for the efficient management of prostate cancer.

Results
Reovirus targets TRAMP-C1 cells in vitro and in vivo
The susceptibility of transgenic adenocarcinoma of mouse 
prostate-C1 (TRAMP-C1)22 cell line to reovirus infection and 
oncolysis was tested in vitro and compared with a panel of human 
prostate cancer cell lines (BPH-1, PC-3, LNCap, and DU145). 
For this purpose, these cell lines were cultured in the presence 
or absence of reovirus, then analyzed. As shown in Figure  1a, 

reovirus infected and killed both TRAMP-C1 and BPH-1 cells 
with a similar efficiency. Since susceptibility of tumor cells to 
reovirus-mediated oncolysis is associated with activation of the Ras 
signaling pathway,16–18 we further evaluated the status of both total 
and activated Ras. Among the cell lines tested, BPH-1, LNCap, 
and TRAMP-C1 cells contained higher levels of activated Ras pro-
tein than PC-3 and DU145 cells (Figure 1b). Although all of the 
above-mentioned cell lines were susceptible to reovirus infection 
(Figure 1c, upper panel), higher levels of oncolysis was observed in 
BPH-1, LNCap, and TRAMP-C1 cells (Figure 1c, lower panel).

Next, the capacity of reovirus to target TRAMP-C1 tumors 
in  vivo was evaluated in the presence or absence of an immune 
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Figure 1 S usceptibility of mouse transgenic adenocarcinoma of mouse prostate-C1 (TRAMP-C1) cells to reovirus-mediated oncolysis in vitro 
and in vivo. (a) BPH-1 and TRAMP-C1 cells were cultured in the presence of live reovirus [LRV; 1–10 multiplicity of infection (MOI)] or phosphate-
buffered saline (PBS) (control) for 18–24 hours and then analyzed microscopically. Confocal microscopy (top panel, red: reovirus) and light field con-
trast (bottom panel) images display reovirus-infected and apoptotic cells, respectively. (b) Total (T) and activated (A) Ras in prostate cancer cells were 
pulled down using conjugated Raf-domain and detected by anti-Ras antibody. Levels of β-actin served as an internal control. (c) Human and mouse 
prostate cancer cells were cultured in the presence of PBS or LRV for 24 hours, stained with antireovirus antibody or annexin-V/7-AAD and analyzed in 
flow cytometry. The numbers indicate the percentages of reovirus-infected (histograms: filled, PBS; open, reovirus) and apoptotic (dot-plots) cells. (d) 
NOD/SCID mice were subcutaneously (s.c.) implanted with 1 × 106 TRAMP-C1 or 5 × 105 BPH-1 cells and evaluated for tumor growth. When tumors 
reached a diameter of 25 mm2, mice were intratumorally (i.t.) administered with 5 × 106 plaque-forming units (pfu) of UVRV/LRV or PBS at the time 
points indicated by arrows, and then monitored for tumor growth. (e) Immunocompetent C57BL/6 mice were implanted with 5 × 106 TRAMP-C1 
cells. When tumors reached a diameter of 25 mm2, mice were administered i.t. with 5 × 108 pfu of UVRV/LRV or PBS, at every indicated time point, 
and monitored for tumor growth. The data is a representative of three independent experiments.
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system. For this, TRAMP-C1 tumor-bearing SCID (Figure 1d) or 
C57BL/6 (Figure  1e) mice were treated with phosphate-buffered 
saline (PBS), UV-inactivated reovirus (UVRV) or live reovirus 
(LRV) and evaluated for the tumor growth. BPH-1-tumor-bearing 
SCID mice were used as controls. As shown, LRV, but not PBS/
UVRV, induced complete regression of both TRAMP-C1 and BPH-1 
tumors in SCID mice and attenuated the growth of TRAMP-C1 
tumors in C57BL/6 mice. Cumulatively, these results showed that 

LRV targets TRAMP-C1 mouse cells in vitro as well as in vivo with a 
comparable efficiency as seen in human prostate cancer cells.

Reovirus initiates proinflammation and lymphoid cell 
infiltration in prostate cancer microenvironment
Immunosuppressive cytokines in the tumor microenvironment 
prevent the priming of antitumor immunity.23 Here, we evaluated 
whether reovirus acts on prostate tumor cells and initiates the pro-
duction of cytokines conducive for T cell priming. For this, BPH-1 
cells were cultured in the presence or absence of reovirus for 18 
hours, and the resultant supernatants were directly evaluated using 
quantitative cytokine antibody array. As summarized in Table  1 
and Supplementary Table S1, following reovirus exposure, 
BPH-1 cells produced significantly higher levels of proinflamma-
tory cytokines, especially IL-1α, IL-6, RANTES, and granulocyte 
macrophage colony-stimulating factor, than that of unstimulated 
cells. Additionally, reovirus stimulated production of βFGF, IL-1β, 
IL-17, IP-10, MCP-1, TNF-α, I-TAC, and transforming growth 
factor-α that was undetectable in unstimulated cells. Of note, both 
stimulated and unstimulated BPH-1 cells produced high levels of 
follistatin and other soluble factors e.g., ANG-2, IL-8, TIMP-1, 
TIMP-2, CXCL-16, MMP-1, and VEGF. These cytokines can acti-
vate immune cells and direct their traffic into the tumor milieu.

To test whether reovirus augments the tumor infiltration with 
immune cells, C57BL/6 mice-bearing TRAMP-C1 tumors were 
injected with PBS/UVRV/LRV (as per Figure 1e) and then ana-
lyzed for the presence of tumor-infiltrating lymphoid cells (TILs). 
Following LRV injection significantly higher percentages of H2Kb+ 
lymphoid cells (Figure 2a), especially CD3+, CD8+ T (Figure 2b), 
and NK (Figure 2c) lymphocytes, were observed in TRAMP-C1 
tumors than that of PBS control. UVRV injection also induced a 
small influx of immune cells in the tumors, most probably through 
activation of toll-like receptors;24 however, the magnitude of such 
response was significantly lower than that of LRV. Together, data 
suggests that reovirus oncotherapy initiates higher production 
of inflammatory cytokines and homing of immune cells into the 
prostate tumor microenvironemnt.

Reovirus enhances the expression of MHC molecules 
on prostate tumors and facilitates the display of TAA
Tumors evade the recognition and attack by immune cells by 
down modulating the expression of major histocompatibility 
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Figure 2 R eovirus induces homing of immune cell into prostate 
tumors. C57BL/6 mice-bearing transgenic adenocarcinoma of mouse 
prostate-C1 (TRAMP-C1) tumors were administered with therapeutic 
regimen of phosphate-buffered saline (PBS)/UV-inactivated reovirus 
(UVRV)/live reovirus (LRV). On day 3 post last injection (p.l.i.), tumor-
infiltrating lymphoid cells (TILs) were isolated, stained, and directly 
analyzed in flow cytometry to determine the frequency of (a) H2Kb+ 
immune cells, (b) CD3+, CD8+ T cells, and (c) NK cells. Numbers listed 
on dot-plots indicate the percentages of cells present in a respective 
quadrant, while bar graphs represent the cumulative data from three 
independent experiments for respective cell subtype.

Table 1 S ummary of reovirus-induced cytokine protein expression by BPH-1 prostate cancer cells

Increased expression
Decreased  
expression

No change in expression

Expressed without change No expression

βFGF, ENA-78, IL1-α, IL-1β, IL-6, 
IL-17, IP-10, LIF, MCP-1, PDGF-BB, 
RANTES, TNF-α, TNF-β, GM-CSF, 
I-TAC, TGF-α, uPAR

Angiogenin Activin A, AgRp, ANG-2, GRO, HB-EGF,  
IL-8, PIGF, TIMP-1, TIMP-2, CXCL-16,  
EGF, follistatin, MMP-1, Tie-2, VEGF

ANGPLT4, HGF, IFN-γ, IGF-I, IL-2, leptin, TGFβ1, TPO, 
ANG-1, angiostatin, FGF-4, G-CSF, I-309, IL-4, IL-10, 
IL-12p40, IL-12p70, MCP-2, MCP-3, MCP-4, MMP-9, 
PECAM-1, TGF-β3, Tie-1, VEGF R2, VEGF R3, VEGF-D

AgRp, agouti-related peptide; ANG-1/2, angiopoietin-1/2; ANGPLT4, angiopoietin-related protein 4; EGF, epidermal growth factor; ENA-78, epithelial-derived 
neutrophil-activating peptide 78 (CXCL5); FGF-4, fibroblast growth factor-4; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-
stimulating factor; GRO, growth-regulated protein; HB-EGF, heparin-binding epidermal growth factor-like growth factor; HGF, hepatocyte growth factor; I-309, T 
lymphocyte-secreted protein I-309 (CCL1); IFN-γ, interferon-γ; IGF-I, insulin-like growth factor-1; IL-12p40/p70, interleukin-12 subunit p40/p70; IP-10, interferon 
γ-induced protein 10 kd (CXCL10); I-TAC, interferon-inducible T cell α chemoattractant (CXCL11); LIF, leukemia inhibitory factor; MCP-1, monocyte chemotactic 
protein-1 (CCL2); MCP-2/3/4, monocyte chemotactic protein-2/3/4; MMP-1/9, matrix metalloproteinase-1/9; PDGF-BB, platelet-derived growth factor subunit B; 
PECAM-1, platelet endothelial cell adhesion molecule; PIGF, phosphatidylinositol-glycan biosynthesis class F protein; RANTES, C-C motif chemokine 5 (CCL5); TGF-α/
β1/β3, transforming growth factor-α/β1/β3; Tie-1, tyrosine-protein kinase receptor-1; Tie-2, angiopoietin-1 receptor; TIMP-1/2, metalloproteinase inhibitor-1/2; 
TNF-α/β, tumor necrosis factor-α/β; TPO, thrombopoietin; uPAR, urokinase plasminogen activator surface receptor; VEGF R2/3, vascular endothelial growth factor 
receptor-2/3; VEGF, vascular endothelial growth factor; VEGF-D, vascular endothelial growth factor D; βFGF, fibroblast growth factor.
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complex (MHC) molecules that display tumor-associated antigens 
(TAAs).23,25,26 As shown in Figure  3a, TRAMP-C1 cells express 
significantly lower levels of MHC class I (H2Kb) when grafted on 
C57BL/6 mice than when cultured in vitro. Hence, we first inves-
tigated whether reovirus alters H2Kb expression on tumors. For 
this, TRAMP-C1 tumors grafted on C57BL/6 mice were treated 
with PBS/UVRV/LRV, prepared in single-cell suspension, and 

then directly evaluated. As shown in Figure  3b, LRV-treated 
tumors showed significantly higher H2Kb expression than that of 
PBS/UVRV-treated tumors. This data demonstrates that reovirus 
oncotherapy enhances the expression of MHC class I molecules 
on tumors.

Next, we investigated whether reovirus also facilitates the pre-
sentation of prostate TAAs. For this, TRAMP-C1 tumors express-
ing ovalbumin (ova) as a surrogate TAA (TRAMP-C1-ova)27 were 
injected with PBS/UVRV/LRV and then processed to obtain 
TILs. The display of TAA on TIL surface was visualized with 
25D1.16 antibody that detects an immunodominant ova pep-
tide (SIINFEKL) complexed with H2Kb. As shown in Figure 3c, 
LRV-treated TRAMP-C1-ova tumors displayed the presence 
of significantly greater number of H2Kb-SIINFEKL expressing 
antigen-presenting cells (APCs) than that of PBS/UVRV-treated 
tumors, suggesting the exclusive ability of LRV to facilitate the 
presentation of prostate TAA.

To dissect whether H2Kb expression is caused by reovi-
rus itself or mediated by reovirus-activated TILs, we evaluated 
H2Kb expression on TRAMP-C1 cells cultured with PBS/UVRV/
LRV and incubated in the presence or absence of splenocytes. 
As shown in Figure 3d, only TRAMP-C1 cells incubated in the 
presence of both LRV or UVRV and lymphoid cells showed sig-
nificantly elevated expression of H2Kb compared to the cells 
incubated with only PBS/LRV/UVRV or in the absence of lym-
phoid cells. These results suggest that the presence of lymphoid 
cells is necessary to augment the expression of MHC molecules on 
tumors. It is believed that, reovirus acts upon TILs to initiate the 
production of cytokines e.g., interferon-γ (IFN-γ), which in turn 
can augment the expression of MHC class I on tumor cells. Of 
note, we have recently shown that reovirus induces the production 
of IFN-γ from splenocytes.28 However, such IFN-γ secretion is not 
observed following the stimulation of prostate tumor cells with 
reovirus (Table 1 and Supplementary Table S1).

Reovirus enhances the presentation  
of prostate TAA to CD8 T cells
Next, we hypothesized that during oncotherapy, TAA-expressing 
APCs acquire a functional capacity to activate tumor-specific 
CD8 T cells. This hypothesis was tested by using the B3Z anti-
gen presentation assay.29 B3Z, a CD8 T  cell hybridoma, bears 
ova-specific T cell receptor and gets activated upon recognizing 
SIINFEKL–H2Kb complex. To this end, bone marrow-derived 
DCs (BMDCs) were incubated in the presence of native or ova-
expressing TRAMP-C1 cells and PBS/UVRV/LRV, and then 
evaluated in the B3Z assay. As shown in Figure 4a, BMDCs cul-
tured in the presence of LRV-treated TRAMP-C1-ova initiated 
significantly higher activation of B3Z cells than those incubated 
with PBS/UVRV-treated cells. BMDCs cultured in the presence 
of PBS/UVRV/LRV-treated native TRAMP-C1 cells failed to 
activate B3Z cells due to the lack of ova expression on the native 
tumor cells.

Such a capacity of reovirus was further analyzed in the tumor-
infiltrating DCs collected from PBS/UVRV/LRV-treated mice. 
As shown in Figure  4b, only DCs isolated from LRV-treated 
TRAMP-C1-ova tumors initiated activation of ova-specific CD8 
T cells. Taken together, our results suggest that LRV exclusively 
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Figure 3 R eovirus enhances the expression of major histocompat-
ibility complex (MHC) class I molecules on prostate tumors and 
display of tumor-associated antigens (TAA) on antigen-presenting 
cells (APCs). (a) Transgenic adenocarcinoma of mouse prostate-C1 
(TRAMP-C1) tumors from C57BL/6 mice were excised, digested with 
collagenase, and prepared as single-cell suspension. These TRAMP-C1 
tumor cells, in parallel with in-vitro cultured cells, were stained with anti-
H2Kb antibodies and analyzed in flow cytometry. (b) Single-cell suspen-
sions prepared from the phosphate-buffered saline (PBS)/UV-inactivated 
reovirus (UVRV)/live reovirus (LRV)-treated TRAMP-C1 tumors (as per 
protocol described in Figure  1e) were stained with anti-H2Kb anti-
bodies and analyzed in flow cytometry. Cumulative data from three 
experiments is shown. (c) TRAMP-C1 tumors expressing a surrogate TAA 
ovalbumin (ova; TRAMP-C1-ova)27 were grafted on C57BL/6 mice. The 
resultant tumors were injected with PBS/UV-inactivated reovirus (UVRV)/
live reovirus (LRV) (PBS/UVRV/LRV) (as per protocol in Figure 1e). On 
day 5, TILs were isolated and stained with 25D1.16 antibody.47 Numbers 
on dot-plot represent the percentages of cells expressing the SIINFEKL–
H2Kb complexes. Cumulative data from three independent experiments 
is shown in a bar graph. (d) TRAMP-C1 cells cultured in the presence or 
absence of splenocytes were added with PBS/UVRV/UVRV for 24 hours, 
stained with anti-H2Kb antibodies and analyzed. TRAMP-C1 cells stimu-
lated with 10 units/ml of IFN-γ were used as a positive control. Events 
were separated based on size scatter properties to evaluate the expres-
sion of MHC class I on tumor cells. Data is representative of three inde-
pendent experiments.
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endows either in vitro propagated BMDCs or tumor-infiltrating 
DCs with a capacity to successfully present TAA to tumor-specific 
CD8 T cells.

Reovirus induces antiprostate cancer  
T cell immune response
Next, we proceeded to determine whether reovirus oncotherapy 
initiates antiprostate cancer T cell responses, using proliferation 
and IFN-γ/CD107a production assays. First, TILs from PBS/
UVRV/LRV-treated mice were stimulated in vitro and then ana-
lyzed in the proliferation and IFN-γ/CD107a assay. As shown in 
Figure 5a, CD3+ T cells from LRV-treated native or ova-expressing 
tumors underwent significant proliferation following stimulation 
with the peptide SIINFEKL or TRAMP tumor lysate, respectively, 
whereas respective T  cells obtained from PBS/UVRV-injected 
mice did not show such reactivity. Additionally, TILs collected 
from LRV-treated mice contained significantly higher number of 
intrinsic IFN-γ as well as CD107a-producing CD3+, CD8+ T cells 
than those from UVRV/PBS-treated animals (Figure 5b).

We then evaluated whether the oncotherapy-modulated 
immunological microenvironment can support the priming of 
externally transferred naive, tumor-specific T  cells in vivo. To 

this end, CFSE-labeled ova-specific transgenic T  cells (OT-1;  
Thy1.2+)30 were  adoptively transferred into the PBS/UVRV/
LRV-treated, TRAMP-C1-ova bearing B6.PL-Thy1a/CYJ mice 
(thy1.1+) and monitored for cell division in CFSE assay. As shown 
in Figure 5c, CD3+, thy1.2+ T cells from LRV-treated mice dis-
played characteristic halving of CFSE fluorescence, whereas such 
a reduction of fluorescence was absent in T  cells obtained from 
PBS-treated animals. As summarized in bar graph (Figure  5c), 
OT-1 cells transferred into LRV-treated mice became activated in 
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tumor-bearing C57BL/6 mice were treated with PBS/UV-inactivated reo-
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Figure 5 R eovirus oncotherapy initiates antiprostate T cell immunity. 
Native or ova-expressing transgenic adenocarcinoma of mouse prostate-
C1 (TRAMP-C1) tumor-bearing C57BL/6 mice were injected with phos-
phate-buffered saline (PBS)/UV-inactivated reovirus (UVRV)/live reovirus 
(LRV) (PBS/UVRV/LRV) (as per Figure 1e). On day 7 post last injection 
(p.l.i), tumor-infiltrating lymphoid cells (TILs) were isolated. (a) TILs were 
labeled with CFSE from native or ova-expressing tumors were stimulated 
with SIINFEKL or TRAMP-C1 tumor lysate, respectively, and then analyzed 
in proliferation assay. (b) TILs from PBS/UVRV/LRV-treated TRAMP-C1-ova 
tumors were stimulated with SIINFEKL for 6 hours and then evaluated 
in interferon-γ (IFN-γ)/CD107a assay. (c) B6.PL-Thy1a/CYJ mice (thy1.1+; 
congenic to C57BL/6) were injected with TRAMP-C1-ova tumor cells, 
allowed to develop tumors and then injected with PBS/UV-inactivated 
reovirus (UVRV)/live reovirus (LRV) (PBS/UVRV/LRV) (as per Figure 1e). 
After 5 days p.l.i., these thy1.1+ mice were injected (i.v.) with naive, 
CFSE-labeled ova-specific transgenic T cells isolated from the spleens of 
OT-1 mice (thy1.2+). After 7 days, the lymph nodes of recipient thy1.1 
mice were harvested, stained with anti-thy1.2 and CD3 antibodies, and 
assessed in CFSE assay. Histograms display characteristic halving of CFSE 
fluorescence in proliferating CD3+, thy1.2+ OT-1 donor cells as analyzed 
with ModFit LT. Sequential daughter cell generations present in prolif-
erating donor cells are represented by various shades/colors in histo-
grams. Bar graph represents a cumulative data from three independent 
experiments.



802� www.moleculartherapy.org  vol. 19 no. 4 apr. 2011    

© The American Society of Gene & Cell Therapy
Reovirus-initiated Immunotherapy of Prostate Cancer

vivo and underwent cell division. Together, our results suggest that 
reovirus oncotherapy primes the intrinsic prostate tumor-specific 
T  cell responses identifying not only surrogate but also native 
tumor antigens.

Oncotherapy-initiated antiprostate T cell responses 
protect against subsequent tumor challenge  
in an antigen-specific manner
Antitumor immune responses bear clinical significance only if 
they can restrict tumor growth and/or relapse. Hence, we evalu-
ated the capacity of reovirus oncotherapy-induced antitumor 
T  cell responses to protect against subsequent tumor challenge. 
For this purpose, splenocytes from PBS/UVRV/LRV-treated 
mice were adoptively injected into cancer-naive mice and ana-
lyzed for their capacity to restrict the growth of freshly implanted 
TRAMP-C1 or Lewis lung carcinoma cells (Figure 6a). As shown 
in Figure  6b (left graph), only lymphocytes from LRV-treated, 
TRAMP-C1 tumor-bearing mice increased the survival in 
TRAMP-C1 challenged mice than did the lymphocytes from PBS/
UVRV-treated mice. These results demonstrate that (i) reovirus 
oncotherapy-initiated antitumor T cell responses can restrict the 
growth of freshly implanted tumor cells and (ii) the induction of 
the protective antitumor immunity is exclusively associated with 
oncotherapy comprising of LRV. This data also shows that, once 
appropriately activated, antitumor responses act in a reovirus-
independent manner as the protection against tumor challenge 
is achieved without administrating secondary reovirus injection. 
Finally, splenocytes collected from all above-mentioned study 

groups, including LRV-treated TRAMP-C1 tumor mice, failed to 
affect survival in the mice challenged with Lewis lung carcinoma 
cells and demonstrated that the oncotherapy-initiated antitumor 
immune responses can target only syngenic, antigenically homo-
geneous tumors (Figure 6b, right graph). Taken together, the data 
from this experiment conclusively show that reovirus-initiated 
antiprostate cancer immunity confers protection against sub-
sequent tumor challenge in an antigen-dependent but reovirus-
independent manner.

Discussion
For the first time, our study conclusively demonstrates that the 
oncotherapy-initiated immunological events override prostate 
cancer-associated immune evasion mechanisms and prime “clini-
cally meaningful” antitumor immunity. Thus far, the premise of 
antitumor immunotherapy has been received with some skepti-
cism in view of the low immunogenicity, self-reactivity, and/or 
unavailability of tumor antigens. However, the unique anatomical 
and developmental features of the prostate make it an ideal can-
didate for immunotherapy. The relatively slow growth of prostate 
cancer would allow the body sufficient time to generate antipros-
tate immune response.3 Evidence demonstrating the presence of 
TILs and prostate antigen-specific antibodies suggests that pros-
tate cancer is more immunogenic than was previously thought.31,32 
Furthermore, advances in proteomics and genomics have iden-
tified several tissue-specific proteins that can be utilized for the 
precise development of prostate-specific immunotherapies.33–35 
Most importantly, the nonessential nature of the prostate gland 
makes prostate-specific immunotherapies a safer option than in 
other cancers, in the event these therapies also target normal tis-
sue instead of just cancerous cells.36

The tumor-associated immune suppressive microenvironment 
aids in the persistence of prostate cancer. For example, tumor cells 
and the surrounding stroma secrete proteins like IL-10 and trans-
forming growth factor-β and contribute in local and systemic 
immunosuppression. In our study, reovirus acts upon prostate 
cancer cells and augments the production of inflammatory cytok-
ines. We have recently shown that reovirus also initiates similar 
responses from DCs and other lymphoid cells.28 Such produc-
tion of inflammatory cytokines from the tumor and the residing 
immune cells can create a chemoattracting gradient to direct the 
traffic of immune cells to a tumor site where reovirus preferentially 
replicates. This notion agrees with our observation that higher 
numbers of T and NK cells are found in prostate tumors follow-
ing an intratumoral LRV injection. It is important to note that the 
patients with higher frequency of TILs in their tumor specimens 
also live on an average 10 years longer than those with no TILs,37 
suggesting a possible clinical benefit of reovirus-initiated immune 
cell infiltration.

Tumor-specific T  cells identify their targets by recognizing 
TAAs presented through MHC molecules. However, tumors evolve 
strategies to avoid TAA presentation. Metastatic human prostate 
cancer cells underexpress MHC and associated molecules, e.g., 
β2 microglobulin and antigen peptide transporter 2, involved in 
antigen presentation.25,26 In our study TRAMP-C1 cells expressed 
less MHC class I molecules when grafted on immunocompetent 
animals as compared to when cultured in vitro. This data suggests 
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Figure 6 O ncotherapy-initiated antitumor immunity protects against 
subsequent tumor challenge. (a) C57BL/6 mice were subcutaneously 
(s.c.) injected with phosphate-buffered saline (PBS) or transgenic adeno-
carcinoma of mouse prostate-C1 (TRAMP-C1) cells, and then adminis-
tered with therapeutic regimen of PBS, UV-inactivated reovirus (UVRV), 
or live reovirus (LRV) at indicated time points. Seven days p.l.i., sple-
nocytes were harvested and adoptively transferred into naive C57BL/6 
mice. (b) After additional 7 days, recipient mice were further challenged 
with either 5 × 106 TRAMP-C1 or 5 × 105 Lewis lung carcinoma (LLC) 
tumor cells and monitored for tumor growth to determine survival.
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a possible antigen presentation evasion strategy by which pros-
tate tumors can avoid recognition by CD8+ T cells. Importantly, 
reovirus oncotherapy overturns such inhibition. However, reovi-
rus alone is unable to induce such an increase in MHC expression 
in vitro. Our study shows that reovirus acts upon lymphoid cells 
to produce inflammatory cytokines, which then stimulate the 
increase in MHC expression on tumor cells. Additionally, reovi-
rus increases the TAA display and presentation. Taken together it 
can be surmised that reovirus oncotherapy overrides the prostate 
cancer-associated antigen presentation anomalies.

Contrary to previously published report38 UVRV also initi-
ated tumor infiltration by immune cells, albeit of a significantly 
lesser magnitude than that of LRV. We have previously shown that 
UVRV can initiate the production of proinflammatory cytokines 
and maturation of DCs,28 most likely through the activation of 
toll-like receptor pathway.39 UVRV could initiate similar immune 
response in vivo and direct the influx of immune cells into the 
tumor milieu. This type of immune response is exploited by the 
toll-like receptor-based adjuvants40 and observed in the cultured 
prostate cancer cells.24 Of note, the experiments done in previ-
ous report38 had used heat, instead of UV, to inactivate reovirus, 
which can potentially disrupt the tertiary molecular structures of 
pathogen-associated molecular patterns that may lead to the fail-
ure of toll-like receptor stimulation. Nonetheless, UVRV fails to 
induce TAA presentation and subsequent activation of antitumor 
immunity. Our view is that since UVRV is unable to lyse tumor 
cells, it fails to expose TAAs for the processing by APCs required 
for the activation of tumor-specific T cells.

Prostate-cancer infiltrating CD8+ lymphocytes display 
impaired functionalities.41,42 In this study, our data suggest that 
reovirus therapy appropriately activates proliferative and IFN-γ/
CD107a response from CD4+ and CD8+ T  cells, respectively. 
These antitumor immune responses protect against subsequent 
tumor challenge in a reovirus-independent manner as the growth 
of tumors after challenge is solely inhibited by adoptively trans-
ferred immune cells. Such antiprostate immune responses bear a 
potential to maintain active surveillance against cancer relapse at 
local as well as distant metastatic sites even after discontinuation 
of oncolytic virus therapy.

Materials and Methods
Reovirus and cell lines. Reovirus (serotype 3, Dearing strain) was grown 
and purified as previously described.12 BPH-1, LNCap, DU145, PC-3, Lewis 
lung carcinoma, and TRAMP-C1 cell lines were originally purchased from 
ATCC, Manassas, VA. TRAMP-C1-ova27 and B3Z29 cells were kindly pro-
vided by Dr Weinberg, Providence Portland Medical Center, Portland, OR 
and Dr N. Shastri, University of California, Berkeley, CA, respectively.

Antibodies and reagents. Antibodies and reagents purchased from 
respective vendors: eBioscience (San Diego, CA): PerCp-Nk1.1, Alexa647-
anti-H2Kb, Alexa 488-anti-CD11c, PE-anti-mouse MHC class I molecule 
Kb bound to the peptide SIINFEKL (25-D1.16), unconjugated anti-mouse 
CD16/32, unconjugated anti-mouse CD49d; Invitrogen (Carlsbad, CA): 
PE-anti-CD3, Alexa 488-IFN-γ, APC-anti-CD107a, unconjugated anti-
mouse CD28, 5- (and -6)-carboxyfluorescein diacetate (CFSE); PerCp anti-
CD90.2; BD Biosciences (Mississauga, ON): PerCp-anti-CD8. GenScript 
(Piscataway, NJ): SIINFEKL (ova257B264) and KAVYNFATM (LCMV gp33–41) 
peptides. Ras activation assay kit (Millipore, Billerica, MA) was used 
according to manufacturer’s instructions to detect Ras protein.

Animals and in vivo experimental manipulations. The experimental pro-
cedures were governed by the ethics committee at Dalhousie University, 
Halifax, Nova Scotia, Canada. Eight- to ten-weeks old wild-type male 
C57BL/6 mice (thy1.2+) were obtained from Charles River Laboratory 
(Montreal, Quebec, Canada), whereas B6.PL-Thy1a/CYJ (thy1.1+; con-
genic to thy1.2+ C57BL/6 mice) and OT-1 mice were purchased from the 
Jackson Laboratories (Bar Harbor, ME). Transgenic OT-1 mice bear T cell 
receptor Vα2β5 specific for the ova257B264 peptide (SIINFEKL).30

Isolation of lymphocytes, enrichment of DCs, and generation of BMDCs. 
Ficoll–Paque Plus (GE Healthcare, Uppsala, Sweden) density gradient was 
used to isolate the lymphocytes from spleens, lymph nodes, or tumors as 
previously described.43,44 These lymphoid cells were incubated with MACS 
beads (Invitrogen) containing anti-CD3, anti-CD14, anti-B220 antibod-
ies, and then passed through magnetic column to obtain enriched DCs by 
negative selection.

Bone marrow cells were collected from femur and tibia bones and 
cultured for 6–8 days in RPMI 1640 medium supplemented with 10% 
fetal calf serum, 2 mmol/l glutamine, 0.1 mmol/l nonessential amino 
acids, 50 U/ml penicillin/streptomycin, 0.1 mmol/l 2-ME, and 20 ng/ml 
granulocyte macrophage colony-stimulating factor to obtain BMDCs.

Cytokine production by prostate cancer cells. BPH-1 cells were exposed 
to 1 multiplicity of infection of reovirus or PBS. After 18–24 hours, culture 
supernatants were directly evaluated for the presence of 60 cytokines using 
Antibody-based Quantitative Cytokine Arrays (Raybiotech, Norcross, 
GA). The change in cytokine level was considered significant when the 
difference between the means of cytokine concentrations from stimulated 
and unstimulated samples was ±2.1 fold.

B3Z antigen presentation assay. 1 × 105 BMDCs cocultured with 1 × 
105 reovirus-treated tumor cells or enriched DCs obtained from tumor 
were added with 1 × 105 B3Z CD8 T  cells for 18–24 hours. Then, cul-
tures were supplemented with 0.15 mmol/l of chlorophenol red-β-d-
galactopyranoside and incubated for additional 4 hours. The breakdown of 
chlorophenol red-β-d-galactopyranoside was visualized by reading absor-
bance at 570 nm and defined as a CD8 T cell response.29

Analysis of antitumor T cell response in vitro and in vivo. Lymphocytes 
from PBS/UVRV/LRV-treated tumor-bearing mice were labeled with 
1 μmol/l of CFSE dye44 and then stimulated with BMDCs pulsed with 
SIINFEKL, tumor lysate45 and control LCMVgp33–41 peptide (5 μg/ml) 
or left unstimulated. After 5 days, cells were harvested, stained with 
anti-CD3 antibodies and analyzed in flow cytometry to define cell divi-
sion index.44 The intracellular production of IFN-γ and degranulation of 
CD107a (lysosomal-associated membrane protein-1; LAMP-1) in CD3+, 
CD8+ T cells following stimulation with 5 μg/ml of SIINFEKL or control 
peptide was detected as described.46

To visualize the priming of antiprostate T  cell response in vivo, 
splenocytes from naive OT-1 mice were collected, labeled with CFSE and 
then transferred into PBS/UVRV/LRV-treated, TRAMP-C1-ova bearing 
B6.PL-Thy1a/CYJ mice. After 5 days, lymphocytes from lymph nodes 
were stained with anti-thy1.2 and anti-CD3 antibodies and analyzed in 
flow cytometry.

Antitumor immunity-mediated protection against tumor challenge. 
Splenocytes from PBS/UVRV/LRV-treated TRAMP-C1 tumor-bear-
ing and nontumor-bearing C57BL/6 mice were transferred into naive 
C57BL/6 mice as per protocol shown in Figure 6a. After 7 days, recipient 
mice were challenged with TRAMP-C1 or Lewis lung carcinoma cells and 
monitored for the development of tumors. Tumor dimensions were cal-
culated by measuring longest diameter of the tumor X smallest diameter 
of the tumor and expressed as mm2. Animals were sacrificed when tumors 
reached 250 mm2 to define survival.
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Flow cytometry and statistical analysis. Flow cytometry data was acquired 
with BD FACSCalibur cytometer and analyzed with BD CellQuest Pro, FCS 
Express V3 and/or ModFit LT softwares. The statistical analysis was per-
formed using two-tailed, Student t-test or Kaplan–Meier survival analysis. 
P values of <0.05 were considered statistically significant and represented 
as: *P < 0.05, **P < 0.005, ***P < 0.0001.

SUPPLEMENTARY MATERIAL
Table  S1.  Quantitation of proinflammatory cytokines and chemok-
ines produced by BPH-1 cells in the presence or absence of reovirus.
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