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Treatment of permissive tumors with the oncolytic virus 
(OV) VSV-Δ51 leads to a robust antitumor T-cell response, 
which contributes to efficacy; however, many tumors are 
not permissive to in vivo treatment with VSV-Δ51. In an 
attempt to channel the immune stimulatory properties of 
VSV-Δ51 and broaden the scope of tumors that can be 
treated by an OV, we have developed a potent oncolytic 
vaccine platform, consisting of tumor cells infected with 
VSV-Δ51. We demonstrate that prophylactic immunization 
with this infected cell vaccine (ICV) protected mice from 
subsequent tumor challenge, and expression of gran-
ulocyte–monocyte colony stimulating factor (GM-CSF) 
by the virus (VSVgm-ICV) increased efficacy. Immuniza-
tion with VSVgm-ICV in the VSV-resistant B16-F10 model 
induced maturation of dendritic and natural killer (NK) cell 
populations. The challenge tumor is rapidly infiltrated by 
a large number of interferon γ (IFNγ)-producing T and NK 
cells. Finally, we demonstrate that this approach is robust 
enough to control the growth of established tumors. This 
strategy is broadly applicable because of VSV’s extremely 
broad tropism, allowing nearly all cell types to be infected 
at high multiplicities of infection in vitro, where the virus 
replication kinetics outpace the cellular IFN response. It is 
also personalized to the unique tumor antigen(s) displayed 
by the cancer cell.
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Introduction
The current standard of care for cancer treatment is associated 
with severe off-target effects due to poor selectivity of the agent 
for cancer cells. New targeted therapeutics often target only one 
gene or pathway in a cell, allowing for resistance to easily evolve.1 
Likewise, cancer immunotherapies, though making great strides 
in recent years, are still focused on identifying one or very few 
tumor-associated antigens that can be targeted. However, tumors 

can rapidly evolve immune evasion and immune suppression 
mechanisms countering these therapies, leading to treatment 
failure.2,3 As well, tumors are antigenically heterogeneous4,5 as a 
result of high genetic instability.6 In theory, a vaccine presenting 
the spectrum of tumor antigens could allow for the in vivo selec-
tion of the optimum epitope(s) to target.

Oncolytic viruses (OVs) have emerged as a promising antican-
cer treatment platform, able to specifically replicate in and kill can-
cer cells while leaving normal cells unharmed. Though engineered 
for tumor-specific lysis, the multimodal nature of this platform is 
currently being revealed. Many of these viruses can be delivered 
systemically to reach distant tumor beds,7 be targeted to tumor 
vasculature to induce tumor vascular shutdown,8,9 and be engi-
neered to carry genetic payloads. Importantly, preclinical and clin-
ical evidence for OV-mediated antitumor immunity is emerging.10 
Recent results from a phase II clinical trial with OncoVexGM-CSF, an 
oncolytic HSV expressing granulocyte–monocyte colony stimu-
lating factor (GM-CSF), have demonstrated that patients treated 
with this platform have a very different tumor immune landscape. 
These tumors had significantly lower regulatory T cells and higher 
CD8+ effector T cells in the tumor.11

Previous research by our lab has demonstrated that a vesicu-
lar stomatitis virus (VSV) harboring a deletion in the M protein 
at position 51 (VSV-Δ51) is very sensitive to interferon (IFN)12 
and neutralizing antibody,13 which act to clear virus from the host. 
Antitumor immune stimulation may be important for the ongoing 
tumor destruction once the virus is cleared, and offers the poten-
tial to restore immune surveillance mechanisms that can lead to 
complete responses and prevent recurrence. Wild-type VSV has 
been observed to induce antitumor immune responses in models 
expressing exogenous antigens14 and has now been demonstrated 
to be a potent boost in an elegant prime/boost oncolytic vaccina-
tion model.15,16 Strategies that allow us to exploit the antitumor 
immunity induced through virus replication and lysis will be vital 
to using the full potential of these viruses. Herein we describe 
an infected cell vaccine (ICV) platform that presents a multi-
tude of tumor antigens in the context of a robust OV infection. 
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We demonstrate that this leads to potent immune stimulation and 
ultimately activates both natural killer (NK) cells and T cells for 
tumor debulking and long-term cancer surveillance. In addition, 
no prior knowledge on the tumor antigens is required to make 
this vaccine.

Results
T cells are required for VSV-mediated long-term 
tumor regression
Many OV platforms have been observed to induce antitumor 
immune responses.17–20 We examined the role of the T cell compart-
ment in oncolytic VSV-Δ51 treatment of cancer. A VSV-sensitive 
clone of colon carcinoma tumors (CT26.LacZ) was established in 
immunocompetent and athymic nude mice. When tumors were 
palpable, mice were treated with six intravenous (i.v.) doses of 
VSV-Δ51-GFP, UV-inactivated VSV, or phosphate-buffered saline 
(PBS). In the immune-competent mice, only those treated with 
VSV-Δ51-GFP had measurable responses, with 60% of the mice 
demonstrating complete tumor clearance (Figure 1a,b). The athy-
mic nude mice initially responded to VSV treatment, demonstrat-
ing stable tumor sizes, but showed marginal long-term efficacy, 
with only 1 out of 10 mice having a durable response (Figure 1c,d). 
This suggests that the T-cell compartment is required for long-
term tumor eradication following systemic VSV therapy in this 
model.

Subsequently, immune-competent mice demonstrating 
long-term complete responses were used as splenocyte donors 
in an adoptive cell transfer. Naive immune-competent mice that 
received splenocytes from VSV-treated and cured mice were not 
susceptible to CT26.LacZ tumor growth, but were susceptible to 
syngeneic 4T1 growth (Figure 1e). Splenocytes from naive mice 
and CT26.LacZ tumor-bearing untreated mice were not able to 
protect against subsequent tumor challenge. Therefore, a specific 
and long-lived antitumor immune response is generated through 
treatment with oncolytic VSV.

UV-inactivated VSV was not able to induce any efficacy in the 
CT26 subcutaneous model (Figure  1a). This leads us to reason 
that VSV replication in the tumor cells is required for immune 
stimulation. CT26.LacZ tumors are very sensitive to VSV and 
demonstrate robust infection by immunohistochemistry at 24 
hours following i.v. administration (Figure 1f). Conversely, B16-
F10 cells do not demonstrate any VSV replication in i.v.-treated 
tumors (Figure  2a) and B16-F10 tumor-bearing mice have no 
response to VSV-treatment (Figure  2b,c), further demonstrat-
ing the importance of replication in efficacy. Previous research 
by Breitbach et al.8 demonstrates that after i.v. administration, 
UV-inactivated VSV is undetectable in tumor sections using the 
methods described in the current manuscript. The viral proteins 
found in the tumor sections in Figures 1 and 2 must result from 
productive virus replication and spread and not simply tumor-
specific accumulation of viral particles.

VSV infection is a potent immune stimulator in a 
prophylactic ICV
We have so far demonstrated that VSV replication in a permis-
sive tumor can elicit a therapeutic antitumor T-cell response. 
We postulated whether we could generate a sufficiently robust 

therapeutic response in VSV-resistant B16-F10 cells by infecting 
them ex vivo and presenting this cocktail as an ICV. This would 
bypass the necessity for in vivo replication to mount an antitumor 
immune response. Though B16-F10 cells are not readily permis-
sive to VSV following i.v. delivery, we can achieve complete infec-
tion by infecting the cells in vitro at a high multiplicity of infection 
(Supplementary Figure S1a).

As a means of determining the immunogenicity of such a 
vaccine, γ-irradiated tumor cells were infected and assessed for 
their ability to provide protection against a future tumor challenge 
(Figure  3a). This VSV-ICV was administered intraperitoneally 
(i.p.) to mice on days 0 and 7, with a tumor challenge on day 14 
(Figure 3b).
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Figure 1  Vesicular stomatitis virus (VSV) treatment induces a potent 
antitumor immune response, on which treatment is dependent. 
(a,b) Balb/C or (c,d) athymic nude mice were injected subcutaneously 
with CT26.LacZ cells. Immune-competent Balb/C mice were treated 
starting on day 14 post-tumor implantation and nude mice were treated 
on day 10 to reflect a slightly faster onset of tumor development. Mice 
were injected six times with 5 × 108 plaque-forming unit (pfu) of VSV-
Δ51-GFP intravenous (i.v.) or equivalent amount of UV-inactivated 
VSV-Δ51 or phosphate-buffered saline (PBS). (a) Kaplan–Meier survival 
analysis of VSV-Δ51-GFP treatment in Balb/C mice. N = 8 per group. 
Statistical significance verified by the log rank test, where P < 0.0001. 
(b) Tumor area growth over time plotted only for VSV-Δ51-GFP-treated 
mice. (c) Kaplan–Meier survival analysis of VSV-Δ51-GFP treatment in 
nude mice. N = 10 for each group. Statistical significance verified by the 
log rank test, where P < 0.0001. (d) Tumor area growth over time plot-
ted only for VSV-Δ51-GFP-treated mice. (e) Splenocytes were harvested 
from either naive mice, CT26.LacZ tumor-bearing mice, or CT26.LacZ 
tumor-bearing mice cured with six doses of VSV-Δ51-GFP. These spleno-
cytes were injected i.v. into naive Balb/C mice, which were challenged 
subcutaneously 48 hours later with CT26.LacZ cells and 4T1 cells on 
the contralateral flank. (f) Balb/C mice-bearing CT26.LacZ subcutaneous 
tumors were injected i.v. with 5 × 108 plaque-forming unit (pfu) of VSV-
Δ51. Two days later, mice were euthanized; tumors were harvested, and 
frozen. Sections were stained by immunohistochemistry (IHC) for VSV.
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The immunization of mice with γ-irradiated B16-F10 cells 
infected with VSV-Δ51-GFP was able to completely protect 
30% of mice tested (9 protected/29) from later live cell challenge 
(Figure 3c). Control groups immunized with PBS or γ-irradiated 
B16-F10 cells demonstrate complete susceptibility to the tumor 
challenge. These results were also verified in a different mouse 
strain with the parental CT26.wt cell line (Supplementary 
Figure S2). Like the B16-F10 cells, and unlike the clone CT26.
LacZ, the parental CT26.wt cells are not permissive to in vivo VSV 
infection.

GM-CSF expression by VSV enhances immune 
activation by the VSV-ICV
GM-CSF is a potent immunostimulating cytokine able to increase 
monocyte and macrophage migration and activation.21 To increase 
the immune stimulation properties of our vaccine, GM-CSF was 
cloned into the VSV-Δ51 genome and expression was confirmed 
by western blot (data not shown). The ICV made with VSV-Δ51-
GMCSF (VSVgm-ICV) prevented B16-F10 tumor engraftment 
in over 95% of mice tested (21 protected/22) (Figure 3c). Due to 
the heightened efficacy of this approach, we chose the VSV-Δ51-
GMCSF virus for further characterization. The VSV-Δ51-GMCSF 
virus was tested as a direct oncolytic alongside VSV-Δ51-GFP 
in the B16-F10 subcutaneous model and it demonstrated no 
increased efficacy (Supplementary Figure S1b).

Replication beyond the infected cells of the vaccine is 
not required for full ICV efficacy
We examined whether virus replication and spread or tumor cell 
integrity were important for ICV efficacy. UV-inactivated VSV 
lacks the ability to express gene products and was unable to con-
fer any protection (Figure 3d). G-Less VSV is a recombinant that 
lacks the gene encoding the glycoprotein, but is grown in cells 

expressing VSV G. This virus infects cells and expresses N, M, 
L, and P genes. It can package new virions, though these are not 
infectious.22 This virus was able to protect the same proportion of 
mice as the VSV-ICV in this experiment (Supplementary Figure 
S3). These viruses are compared to VSV-Δ51-GFP because neither 
UV-inactivated nor G-Less virus expresses GM-CSF. To deter-
mine the importance of cellular integrity to the efficacy of the vac-
cine, vaccine preparations were attempted in two other methods. 
γ-Irradiated B16-F10 cells were first freeze/thawed multiple times 
before being mixed with VSV-Δ51-GMCSF (irrB16 –> F/T + 
VSVgm). Compared to the regular VSVgm-ICV, this preparation 
was not able to protect any of the six mice treated. Alternatively, 
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Figure 2  Vesicular stomatitis virus (VSV) replication is poor in B16-
F10 tumors and leads to no efficacy. (a) C57BL/6 mice-bearing B16-
F10 subcutaneous tumors were injected intravenously (i.v.) with 5 × 108 
plaque-forming unit (pfu) of VSV-Δ51. Two days later, mice were eutha-
nized, and tumors were harvested and frozen. Sections were stained by 
immunohistochemistry (IHC) for VSV. (b) C57BL/6 mice-bearing B16-
F10 subcutaneous tumors were injected three times a week starting on 
day 6 for a total of six doses of VSV-Δ51 i.v. Tumor area growth over time 
plotted for PBS (in black) and VSV-Δ51 treated (in red). N = 6 per group. 
(c) Kaplan–Meier survival analysis with statistics examined by log rank 
test where P > 0.2.
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Figure 3  Vesicular stomatitis virus (VSV) acts as a potent adjuvant 
in a prophylactic B16-F10 infected cell vaccine. (a) Schematic rep-
resenting preparation of infected cell vaccine (ICV). (b) Prophylactic 
ICV treatment timeline in days. (c–d) C57BL/6 mice were immunized 
with various control or vaccine preparations according to the time-
line in (b). They were then challenged with 1 × 105 B16-F10 cells 
subcutaneously and tumor outgrowth was monitored. (c) Shown is 
the weighted mean + weighted standard deviation of final tumor out-
growth for each group, averaged from results from multiple experi-
ments. The total number of mice tested, with the fraction exhibiting 
tumor growth is listed below the graph. (d) Shown is the percent 
outgrowth from the one experiment in which that condition was 
tested.
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the VSVgm-ICV was made as per usual but freeze/thawed multi-
ple times before injection (VSVgm-ICV –> F/T). This preparation 
protected only four out of seven mice.

Taken together, these results indicate that in two VSV-resistant 
cancer models tumor cells infected with VSV-Δ51 can stimu-
late an antitumor immune response that is capable of protecting 
mice from a later tumor challenge. In addition, the expression 
of GM-CSF from infected cells greatly increased the immuniza-
tion capabilities of the ICV in the B16-F10 model. Interestingly, 
it seems that cellular integrity is important in conferring immu-
nological protection from this vaccine but virus only needs basal 
replication within the cells constituting the vaccine, as demon-
strated by the VSVGLess-ICV. Whether it is simply transcription or 
genome replication that is required is not presently clear.

VSVgm-ICV induces rapid innate immune activation
We next examined the activation of early innate cells following 
VSVgm-ICV treatment. Splenocytes were harvested at 24 hours 
post-treatment and dendritic cells (DCs) evaluated for markers of 
activation. Mice treated with either VSVgm alone or VSVgm-ICV 
had a higher proportion of activated DCs. This is demonstrated 
by a higher frequency of cells expressing MHC II and CD86, 
as well as higher expression levels of these activation markers 
(Figure 4a–c).

In addition, splenic lymphocytes were examined for early 
activation through CD69 expression early after treatment with the 
VSVgm-ICV. CD69 is a marker of early lymphocyte activation and 
is not found on naive lymphocyte populations.23,24 Lymphocytes 
from VSVgm-ICV-treated mice demonstrate dramatically higher 
degrees of early activation than control animals (Figure 4d). In 
keeping with this finding, at 24 hours post-treatment, a higher 
frequency of blood NK cells from VSVgm or VSVgm-ICV-treated 
mice express IFNγ and more of the cytokine is expressed per cell 
(Supplementary Figure S4a,b). However, not surprisingly, NK 
cells are no longer expressing IFNγ in the blood on the day of 
tumor challenge (Supplementary Figure S4c,d).

VSVgm-ICV increases tumor infiltration by activated 
T and NK cells
To understand what cell types are responsible for tumor rejection in 
the B16-F10 model following VSVgm-ICV treatment, we implanted 
the challenge flank tumor in matrigel, thereby allowing us to easily 
resect and disaggregate the tumor (Figure 5a). Mice were injected 
with Brefeldin A 6 hours before tumor harvest. This allows us to 
determine the expression profiles of tumor infiltrating cells while 
they are in the tumor environment. We determined that T cells 
are 10 times more numerous in the tumor following vaccination 
with the VSVgm-ICV than with irradiated cells alone or VSVgm 
(Figure 5c). This difference is even larger when compared to the 
PBS-treated mice, with 30 times more T cells in the treated tumor. 
Indeed, over 8% of the tumor cellular content is T cells, equal to 
a ratio of one T cell for every 12.5 tumor cells (Supplementary 
Figure S5a). Importantly, there is also a much greater number of 
CD3+ IFNγ+ cells in the tumor following VSVgm-ICV than in any 
control group (Figure 5b,d and Supplementary Figure S5b).

In addition to a significant increase in T cells in the challenge 
tumor, VSVgm-ICV-immunized mice have 4–13-fold more NK 

cells (Figure 5e). Importantly, there are more NK cells producing 
either IFNγ or Granzyme B (Figure 5g), and there are more NK 
cells expressing both IFNγ and Granzyme B (Figure 5f).

A VSVgm-ICV reduces tumor burden 
in the therapeutic setting
Having demonstrated that a VSVgm-ICV can protect mice from 
a tumor challenge, we sought to examine the vaccine’s potency 
in more relevant therapeutic models, through the treatment of 
mice that have already been inoculated with tumors. C57BL/6 
mice bearing B16-F10 subcutaneous tumors were treated i.p. 
with VSVgm-ICV, irrB16, VSVgm, or PBS control (Figure 6a). 
Animals treated with the VSVgm-ICV had a dramatic delay in 
tumor growth (Figure  6b). In contrast, treatment with onco-
lytic VSV-Δ51-GMCSF had similar tumor growth to PBS-
treated animals. Treatment with γ-irradiated B16-F10 cells led 
to marginally delayed tumor growth compared to the other 
control groups, though this is not statistically significant.

A systemic dissemination model was also undertaken to 
examine the effectiveness of this vaccine. Mice were given B16-
F10 cells i.v., leading to tumor seeding mostly in the lung, though 
macroscopic tumors can also occur in the thymus, kidneys, 
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and ovaries. Treatments were initiated the following day and 
all mice were euthanized on day 22 to examine tumor burden 
(Figure 6c). Treatment with VSVgm-ICV demonstrated unde-
tectable tumor burden at the time of sacrifice in 80% of mice and 
no other tumors were found in any of the animals (Figure 6e,d). 
In contrast, control-treated mice demonstrated heavy tumor 
burden: 3 PBS-treated mice, 1 VSVgm-treated mouse, and 1 
irrB16-treated mouse had large growths in locations other than 
the lung. Another PBS-treated mouse was found dead before 
scheduled euthanizing. Lung weights demonstrated that the 
VSVgm-ICV-treated mice had a much lower tumor burden than 
controls, identical to non-tumor–bearing mouse lungs. As a 
more stringent test of the VSVgm-ICV’s therapeutic potential, 
treatments were started on days 3 or 4 after tumor seeding. In 

both cases two of four VSVgm-ICV-treated mice had no visible 
lung tumors at the time of sacrifice, whereas all irrB16-treated 
mice had significant tumor burden (Supplementary Figure S6). 
Treatments beginning later than day 4 were not attempted and 
so it remains to be seen if efficacy can be achieved while delaying 
treatments further.

A spontaneous model of ovarian cancer also demonstrated ther-
apeutic benefit from the VSVgm-ICV (Supplementary Figure S7). 
These transgenic mice develop spontaneous bilateral ovarian 
tumors driven by the SV40 TAg.25 The vaccine was made with 
the 6048R cell line that had been previously established from one 
such tumor. Though normal ovary weights were not quantified, 
one VSVgm-ICV-treated mouse had normal appearing ovaries 
and these weighed 0.05 g in total.
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each group. (g) The total number of NK1.1+IFNγ+ cells and NK1.1+GranzymeB+ cells per tumor in each group. P values, £, †, ‡, ∫, §, and  are all P 
≤ 0.005. All data are presented as mean + SEM with five mice per group. P values, * P < 0.05, ** P < 0.005, *** P ≤ 0.0005.
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These results highlight the potency of this vaccine platform; able 
to initiate antitumor immune responses that can single-handedly 
slow the progression of highly aggressive and VSV-resistant tumors.

Discussion
Several recent studies have reported the very important role the 
immune system plays in tumor clearance. Indeed the quantity and 
quality of CD8+ T cells found in the tumor is one of the strongest 
favorable prognostic markers in many cancer types.25 Not surpris-
ingly, cancers evolve multiple mechanisms of immune evasion 
and suppression.26

OVs are emerging as promising clinical candidates that target 
tumors at multiple fronts. Importantly, many have been observed 
to stimulate antitumor immune responses when replicating in 
permissive tumors.10 However, not all tumors are permissive to 
these viruses. We sought to optimize and test an OV vaccine that 
could be used with all tumor types, regardless of in vivo permissiv-
ity; harnessing the antitumor immune response generated when 
an immunogenic virus replicates in tumor cells.

We observed that the efficacy obtained with VSV-Δ51 in the 
permissive CT26.LacZ colon cancer model is largely dependent 
on an intact T-cell compartment and that mice cured with this 
OV treatment generate a robust antitumor immune response 

(Figure  1). However, this efficacy does not translate to tumor 
models that are resistant to the viral doses achieved in systemic 
delivery of VSV (Figure  2). We propose that the deficit in effi-
cacy due to the lack of in vivo replication could be overcome by 
infecting γ-irradiated tumor cells in vitro, and then injecting this 
ICV into the mouse. Indeed an ICV using VSV-Δ51-GFP was 
able to protect 30% of mice from future B16-F10 tumor chal-
lenge in a prophylactic setting (Figure 3c). Interestingly, cloning 
the cytokine GM-CSF into the viral genome greatly increased the 
potency of the ICV. The VSVgm-ICV protects 95% of mice from 
future tumor challenge. GM-CSF enhances the recruitement and 
activation of antigen presenting cells.21 However, further studies 
are required to fully elucidate the role of GM-CSF in this vaccine.

Though UV-inactivated VSV does not lead to sufficient 
immune stimulation, a G-Less VSV was able to recapitulate the 
tumor protection achieved with fully replication competent virus 
(Figure  3d). Therefore a basal level of viral transcription/repli-
cation is required, though it need not replicate beyond the ini-
tially infected cells that constitute the vaccine. We also observed a 
requirement for cellular integrity, thus, it is reasonable to hypoth-
esize that this vaccine does not simply present viral danger signals 
in the context of tumor antigens. Instead, we speculate that viral 
infection of cells initiates critical immunogenic processes that, 
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coupled with tumor-associated antigens, lead to robust immune 
activation. In addition, viral infection of an intact cell is quite 
immunogically relevant, offering persistent toll-like receptor liga-
tion required for a robust immune response.27

Treatment with the VSVgm-ICV leads to rapid innate 
immune activation seen in the spleen and blood (Figure 4, and 
Supplementary Figure S4). In many cases, VSVgm leads to the 
same level of early immune activation as does the vaccine. VSV 
injected i.p. will productively infect the first cells it encounters, 
thereby initiating similar immune activation due to viral infec-
tion. However, no antitumor immune responses were detected at 
late timepoints with VSVgm alone (Figures 5 and 6) and impor-
tantly no auto-immune sequelae have ever been observed with 
VSVgm treatment, whether i.p. or i.v. (data not shown).

Though the VSVgm-ICV is demonstrated to activate NK cells 
24 hours after prophylactic vaccination, they do not likely play a 
role in challenge tumor rejection as tumor implantation occurs 
after NK cells have returned to baseline (Supplementary Figure 
S4). Importantly, NK cell activation following VSVgm-ICV should 
have a significant role in a therapeutic setting, through the early 
debulking of the existing tumor and through the induction of 
inflammation at the tumor site. Though seemingly related to the 
vaccination, we believe that the NK cell infiltration and activation 
observed in the challenge tumor following VSVgm-ICV is in fact 
a consequence of activated T cell infiltration (Figure 5). Previous 
research indicates that T cells can activate NK cells in this man-
ner.28 NK cells have been demonstrated to be important mediators 
of early tumor debulking and in cytokine secretion, which fur-
ther amplifies Th1 responses.29–31 Certainly, the large quantity and 
activated nature of the T cells observed infiltrating the B16-F10 
challenge tumor only 3 days after implantation indicates that the 
VSVgm-ICV initiates an effective Th1 T cell response.

The activity of this vaccine is highlighted by its impact in ther-
apeutic models of cancer (Figure 6 and Supplementary Figures 
S6 and S7). Importantly, therapy could be delayed to 4 days after 
systemic dissemination, while still providing a therapeutic benefit. 
In some cases, the vaccine is delivered in a completely separate 
anatomical compartment and yet leads to significant tumor clear-
ance. Further studies will focus on better understanding the criti-
cal immunological components that lead to this efficacy.

The concept of using virally infected cells as a cancer vac-
cine has been previously investigated in both mouse models and 
human patients32–35 with some success, though few have inves-
tigated the immunological basis for this efficacy. Clinical tri-
als using NDV-infected autologous and allogeneic melanoma 
cells demonstrated impressive 10 and 15-year survival data.36,37 
However, many of these approaches used inactivated virus, rep-
lication-defective, or non-lytic strains. Of note, Livingston et al. 
used wild-type VSV to infect melanoma cell lines to create a vac-
cine, though observed very limited responses. However, in this 
case the infected cells were swelled, homogenized, enucleated, 
and the virus UV-inactivated before treatment.38 The results we 
have presented in this manuscript suggest that intact cells and 
replication competent lytic virus is much more immunogenic. We 
used an oncolytic strain of VSV so as to minimize toxicity, while 
allowing us to keep actively, yet locally, replicating virus as part of 
the vaccine. In addition, in virus-permissive tumor models, there 

might be an added benefit of tumor debulking and local inflam-
mation in the tumor microenvironment provided by the OV.

Though other immunotherapies have also achieved thera-
peutic efficacy in the B16-F10 tumor model, the VSVgm-ICV 
achieves this while requiring no previous knowledge about the 
relevant tumor antigens15 or the immunosuppressive mechanisms 
employed by the tumor. Importantly, the ICV is relatively simple 
to prepare, requiring no long-term ex vivo manipulations.39,40

The ICV platform would be best coupled to a debulking treat-
ment that might also stimulate the immune system. Local tumor 
irradiation may help with tumor debulking and has been dem-
onstrated to increase inflammation in the tumor environment,41 
leading to enhanced immunotherapeutic responses.42,43 An ideal 
scenario might include first surgically removing the tumor, using 
this tumor bulk to create the VSV-ICV, and then treating the 
patient to reduce metastatic recurrence.

The ICV is a promising immunotherapeutic platform that 
achieves the stimulation of both innate and adaptive immune cells. 
The potency of the ICV is highlighted by the significant impact it 
has on the progression of an aggressive and immunosuppressive 
tumor. In addition, the use of autologous tumor leads to a personal-
ized vaccine that can potentially present the full range of a patient’s 
unique tumor antigens. Recently, Castle et al.44 have shown that the 
B16-F10 tumor cell line has acquired over 500 somatic mutations 
that could, in principle, encode numerous novel immunogenic 
epitopes. Despite this, γ-irradiated B16-F10 cells, on their own, are 
ineffective in stimulating antitumor immunity, probably due to the 
lack of danger signals. Here, we show that infection of B16-F10 cells 
makes them a very potent vaccine platform that has the capacity to 
induce both a protective and therapeutic immune response. Since 
the B16-F10 cell line expresses a vast array of potential neo-antigens, 
perhaps many of these could now be made visible to the immune 
system when presented as an ICV. It is possible that because of this, 
the ICV has the potential to induce a broadly active T-cell response 
against a spectrum of neo-antigens. Currently, we have no data to 
support this notion, however studies are underway to determine 
the number and nature of mutant epitopes that the cellular immune 
system recognizes in B16-F10 cells following infected cell vaccina-
tion. It remains possible that our ICV approach simply focuses a 
robust response on a single or limited number of tumor antigens.

Materials and Methods
Cell lines and mice. CT26.WT and CT26.LacZ (also known as CT26.CL25) 
colon carcinoma, 4T1 breast cancer, and B16-F10 melanoma cells were pur-
chased from the American Type Culture Collection (Manassas, VA) and 
the B16-F10.LacZ were a gift from Dr Ann F Chambers. All were cultured 
in HyQ Dulbecco’s modified Eagle’s medium (high glucose) (HyClone, 
Logan, UT) supplemented with 10% fetal calf serum (CanSera, Etobicoke, 
Ontario, Canada). 6048R cells (gift from Dr Vanderhyden) were grown in 
αMEM with 10% fetal bovine serum, 2.08 μg/ml epidermal growth fac-
tor (R&D Systems, Minneapolis, MN), 1× of ITSS (Roche, Montreal, CA), 
gentamicin, and penicillin/streptomycin (Invitrogen, Burlington, CA).

Female 6-week-old Balb/C, C57BL/6, and CD1 nude mice were 
purchased from Charles River Laboratories (Wilmington, MA). Female 
8-week-old FVB/N MISIIRTAg transgenic mice (line tg4568—a gift 
from Dr Vanderhyden) were generated using the transgene described by 
Connolly et al.45 These mice develop bilateral ovarian tumors of epithelial 
origin with full penetrance and typically endpoint at 14 weeks of age. 
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All experiments were conducted with the approval of the University of 
Ottawa Animal Care and Veterinary Service. Tumor Area is calculated by 
multiplying the width by the length of the tumor.

Virus. VSV-Δ51-GFP and VSV-Δ51-GMCSF were grown in Vero cells and 
purified by centrifugation or sucrose gradient banding and centrifuga-
tion. VSV-GLess was grown on 293G cells. Virus stocks were aliquoted 
in PBS, kept at –80 °C, used once, and then discarded. VSV-Δ51-GMCSF 
was cloned using PCR primers to murine GM-CSF and amplified off the 
pcDNA4.1-GMCSF vector. GM-CSF was cloned into the VSV-Δ51 vector 
at the XhoI and NheI sites between the G and L genes.

Direct treatment model and immunohistochemistry. Subcutaneous 
tumors were established by injecting 3 × 105 CT26.LacZ or B16-F10 cells 
in PBS on the hind flank of the mouse. Tumors were allowed to grow until 
palpable, six treatments were then administered i.v. for 2 weeks, every 
monday, wednesday, and friday, unless otherwise stated. VSV-Δ51 was 
used at 5 × 108 plaque-forming unit (pfu)/100 μl. To analyze VSV replica-
tion in CT26.LacZ and B16-F10 tumors following i.v. delivery, Balb/c or 
C57BL/6 mice were implanted with tumors subcutaneously and tumors 
were allowed to grow until reaching a sufficient size to dissect. Mice were 
then injected i.v. with 5 × 108 pfu/100 μl. Forty eight hours after injec-
tion, mice were euthanized, tumors were excised, and frozen in Shandon 
Cryomatrix freezing medium (TermoElectron, Waltham, MA) in liquid 
nitrogen. Five microgram sections were stained by immunohistochemis-
try with rabbit anti-serum raised against VSV (gift of Dr Earl Brown) at a 
1/5,000 dilution for 30 min. Secondary antibody and ABC reagents were 
used as directed from the Vectastain ABC kit and Horseradish peroxidase 
activity was assessed using a Diaminobenzene-HRP kit (KPL Biosciences, 
Guelph, Ontario, Canada). Nuclei were counterstained with hematoxylin. 
Images were obtained using an Epson Perfection 2450 Photo Scanner.

Rechallenge and splenocyte transfer. Mice were treated as in the direct 
oncolysis model with six doses of VSV at 5 × 108 pfu/100 μl i.v. Once tumors 
were palpable. Mice that had complete responses were kept for at least 3 
months to ensure long-term responses. Splenocytes were harvested and 
purified by Lympholyte-M gradient from mice that were naive, had a tumor 
but received no treatment, or cured by VSV treatment. 5 × 107 of these iso-
lated splenocytes were transferred to naive mice i.v., and these mice were 
then challenged 48 hours later with 3 × 105 CT26.LacZ cells on the right 
hind flank or 4T1 cells on the left flank. Tumor outgrowth was monitored.

ICV. Tumor cells were harvested from tissue culture and aliquoted in 
Eppendorf tubes at 2 × 107 cells/200 μl in PBS. These were γ-irradiated for 
30Gy (CT26.wt), 45Gy (6048R), or 60Gy (B16-F10) in a Pantak HF320 
X-Ray machine. Virus or PBS was added to the tubes at 2 × 108 pfu in 200 μl 
of PBS and incubated at 37 °C for 2 hours. The mixture was then injected 
in mice, 100 μl i.p.; therefore giving each mouse 5 × 106 γ-irradiated cells 
and 5 × 107 pfu of virus per dose. For Figure  3f, the “irrB16 → F/T + 
VSVgm” sample was γ-irradiated, then subjected to 3 freeze/thaw cycles 
in a dry ice bath and 42 °C water bath. Cells were then mixed with VSVgm 
before injection into the animal. Conversely, for the “VSVgm-ICV → F/T” 
sample, the ICV was made as usual and following the 2 hour infection the 
mixture was subjected to 3 freeze/thaw cycles before injection as detailed 
above. In the prophylactic model, mice were immunized on days –14 and 
–7, and then challenged with 1 × 105 live tumor cells subcutaneously on 
day 0. For the therapeutic model, mice were given 1 × 105 B16-F10 cells 
subcutaneously on day 0 or 7 × 104 B16-F10 cells i.v., and then vaccinated 
on days 1, 8, and 20 i.p. For the 3 and 4 day B16-F10 i.v. model, mice were 
treated on days 3, 10, and 22 or 4, 11, and 23, and then euthanized on day 
28 to determine lung tumor burden.

In subcutaneous models, tumor measurements were determined 
with callipers until end point was reached. In i.v. model, endpoint was 
reached when mouse demonstrated severe respiratory distress, had a mass 
larger than 15 mm, or predetermined experimental endpoint was reached. 

Lungs were removed and fixed in 10% formalin for at least 3 days. These 
were then blotted dry and weighed. Lungs were then paraffin embedded 
and slices were analyzed by hematoxylin and eosin staining. Pictures 
were taken on the Aperio ScanScope (Axiovision Technologies, Toronto, 
Ontario, Canada) and analyzed using Aperio ImageScope software 
(Axiovision Technologies, Toronto, Ontario, Canada).

Flow cytometry. Spleens and blood were harvested from mice at indi-
cated timepoints, red blood cells were lysed using ACK lysis buffer, and 
resuspended in RPMI + 10% fetal bovine serum. For examination of DC 
maturation, cells were stained with cell surface antibodies for CD11c-PE-
Cy7 (clone N418; eBioscience), CD86/B7-1 (clone GL1; eBioscience, San 
Diego, CA), and MHC class II-FITC (clone M5/114.15.2l eBioscience). For 
early lymphocyte activation, splenocytes were stained with CD3-PerCP 
(clone 17A2; R&D Systems), DX5-PE (BD Bioscience), and CD69-FITC 
(clone H1.2F3; BD Biosciences). All flow cytometry was performed on a 
Beckman Coulter CyAn and data analyzed with Kaluza v1.1 software. For 
the examination of NK cell activation splenocytes were restimulated for 
1.5 hours with PMA and ionomycin, during the last hour GolgiPlug (BD 
Biosciences) was added. These cells were then stained with CD3-PerCP 
(clone 17A2; R&D Systems), DX5-PE, Granzyme-B-PE-Cy7 (clone 16G6; 
eBioscience), and IFNγ-FITC (clone XMG1.2; eBiosciences) and examined 
by flow cytometry.

Examination of cellular infiltrate of matrigel challenge tumor. Following 
the regular prophylactic immunization schedule mice were challenged with 
3 × 105 B16-F10 cells resuspended in 300 μl of matrigel (BD Biosciences). 
6 hours before euthanasia, mice were treated i.v. with 0.25 mg Brefeldin 
A (Sigma, Oakville, Canada) as previously published.46 Mice were eutha-
nized and matrigel plugs were excised from the flank and disaggregated 
using a cocktail of collagenase type IV (Cooper Biomedical, Malvern, PA), 
Dispase, and DNase I (Invitrogen) resuspended in HBSS. This mixture 
was then washed and stained with surface antibodies: anti-CD3-PE (clone 
17A2; BD Biosciences) or anti-NK1.1-PE (clone PK136; BD Biosciences). 
Cells were then permeabilized and fixed (BD Cytofix/Cytoperm; BD 
Biosciences) and stained with intracellular antibodies: IFNγ-FITC (clone 
XMG1.2; eBiosciences) and Granzyme B-PE-Cy7 (16G6; eBioscience).

Statistical analysis. All statistical analyses were determined using 
GraphPad Prism 5.0 software. Where applicable, data are presented as 
mean + SEM and significance of variance was determined by T-test with 
Welch’s correction, unless otherwise stated.

SUPPLEMENTARY MATERIAL
Figure S1  . VSV infection of B16-F10 cells at a high MOI can over-
come replication issues.
Figure S2. VSV acts as a potent adjuvant in a prophylactic CT26.wt-
infected cell vaccine.
Figure S3. The VSVGLess-ICV performs identically as the VSV-ICV.
Figure S4. Prophylactic immunization with the VSVgm-ICV leads to 
early NK cell activation; however activation is not maintained until tu-
mor challenge.
Figure S5. A significant increase in the proportion of T and NK cells is 
observed within the challenge tumor.
Figure S6. Treatment with the VSVgm-ICV reduces tumor burden 
even when treatment is delayed to day 3 or 4 after tumor inoculation.
Figure S7. The VSVgm-ICV has therapeutic efficacy in the MISIIRTAg 
spontaneous ovarian cancer model.
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