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We show here, for the first time to our knowledge, that 
the antitumor therapy of oncolytic vesicular stomatitis 
virus (VSV) in the B16ova model depends upon signal-
ing through myeloid differentiation primary response 
gene 88 (MyD88) in host cells. VSV-mediated ther-
apy of B16ova tumors was abolished in MyD88−/− 
mice despite generation of antigen-specific T cell 
responses similar to those in immune-competent mice. 
Mice defec tive in only toll-like receptor 4 (TLR4), TLR7, 
or interleukin 1 (IL-1) signaling retained VSV-induced 
therapy, suggesting that multiple, redundant pathways 
of innate immune activation by the virus contribute to 
antitumor immune reactivity. Lack of MyD88 signaling 
was associated with decreased expression of proinflam-
matory cytokines and neutrophil infiltration in response 
to intratumoral virus, as well as decreased infiltration of 
draining lymph nodes (LN) with plasmacytoid dendritic 
cells (pDCs) (CD11b−GR1+B220+) and myeloid-derived 
suppressor cells (CD11b+GR1+F4/80+). MyD88 signal-
ing in response to VSV was also closely associated with 
a type I interferon (IFN) response. This inhibited virus 
replication within the tumor but also protected the 
host from viral dissemination from the tumor. There-
fore, the innate immune response to oncolytic viruses 
can be, simultaneously, protherapeutic, antioncolytic, 
and systemically protective. These paradoxically con-
flicting roles need to be carefully considered in future 
strategies designed to improve the efficacy of oncolytic 
 virotherapy.
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IntroductIon
The development of oncolytic viruses has been based on the 
concept that even low levels of a replication competent virus 
introduced into a tumor will result in rapid spread, with sub-
sequent lysis of the tumor cells, with tumor selective viral rep-
lication being possible through either natural, or engineered, 
selectivity.1–6 Based on this rationale, the immune system is 
often viewed as an inhibitor of virotherapy because an aggres-
sive innate immune response against a viral pathogen—even in 

a tumor—restricts viral replication and oncolysis.7–9 However, 
where successful, the mechanisms by which oncolytic viruses 
lead to tumor clearance in vivo are clearly multifactorial and 
the immune system can contribute to effective therapy. Thus, 
the extent of viral replication does not necessarily correlate 
with therapy10–12 and tumor clearance often involves viral-, 
or immune-mediated, vascular destruction,7,13,14 as well as 
immune effectors against tumor, the invading viral pathogen, 
or both.9–11,15–19 In addition, the immune system acts as a safety 
blanket to prevent viral spread.20

Vesicular stomatitis virus (VSV), a negative strand 
Rhabdovirus, replicates in the cytoplasm, is highly cytolytic and 
highly sensitive to the antiviral actions of type I interferon (IFN)
α/β in normal cells.21–23 However, many tumor cells have defects 
in their IFN response21,22,24 allowing free-ranging infection and 
lysis.2,25 As a result, VSV is a potent oncolytic in a wide variety 
of models.2,15,22,26–28 Previously, we have shown that virotherapy 
with VSV in the B16ova model rapidly induces a robust, anti-
viral innate immune response.10 Consistent with this, intratu-
moral VSV injection was not associated with a viral burst and 
replication was extinguished very rapidly.10 Moreover, a VSV 
which could undergo only a single cycle of gene expression, but 
no ongoing replication, was as effective against B16ova tumors 
as was a fully replication competent VSV.10 In addition, VSV-
mediated therapy depends on natural killer, CD8+ T cells, and 
the type III IFN, interleukin-28 (IL-28).15,19 Therefore, the innate 
immune response acts both as a major inhibitor of viral replica-
tion, spread, and oncolysis,10,15,16,19 and also as a key effector of 
immune-mediated therapy in response to the introduction of an 
immunogenic viral pathogen at the tumor site.10,15,19 

Invading pathogens, such as VSV, are detected by the innate 
immune system through activation of toll-like receptors (TLR).29 
In this respect, the myeloid differentiation primary response gene 
88 (MyD88) molecule is a central adaptor protein in the signal 
transduction pathways mediated by IL-1 and most TLRs, with 
the exception of TLR3.30 In isolated cell populations, TLR7 and 
MyD88 mediated recognition of VSV and production of type I 
IFN from plasmacytoid dendritic cells (pDCs). In addition, the 
TLR-MyD88 pathway is a major component of protective anti-
VSV immunity31,32 and increased susceptibility of MyD88−/− 
mice to VSV infection correlated with impaired recruitment of 
immune cells to the site of infection.33
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The goal of the present study was to identify key components 
of the innate immune system which sense  intratumoral VSV and 
subsequently mediate antitumor therapy in the B16ova model. 
We show here that therapy with VSV is dependent upon signaling 
through MyD88 in host cells. MyD88 signaling was closely associ-
ated with a type I IFN response that inhibited virus replication 
within the tumor, protected the host from toxic viral dissemina-
tion, and also, critically, mediated therapy with VSV. Therefore, the 
innate immune response to oncolytic viruses can be simultane-
ously protherapeutic, antioncolytic, and systemically protective.

results
therapeutic efficacy of VsV depends  
upon Myd88 signaling
As we have shown previously, intratumoral injections of VSV 
 significantly prolonged survival of C57BL/6 mice (P = 0.005 com-
pared to control-treated mice) (Figure 1a). To investigate the role 
of innate immune responses in VSV therapy, we used mice lack-
ing MyD88 signaling capability. Tumor-bearing MyD88−/− mice 
treated with VSV had no significant survival compared to mice 
treated with heat-inactivated (HI) virus (Figure 1a). In addition, 
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Figure 1 VsV therapy depends upon Myd88 signaling. (a,b) C57BL/6 or MyD88−/− mice (n = 8/group) bearing 7 day established B16ova tumors 
were injected intratumorally with 5 × 108 pfu of VSV or heat-inactivated (HI) VSV on days 7, 9, 11, 13, 15, and 17 after tumor implantation. Survival 
(tumor <1.0 cm in any diameter) with time is shown. (c) C57BL/6 or MyD88−/− mice (n = 3 /group) bearing B16ova tumors were injected intratumor-
ally with 5 × 108 pfu of VSV or HI-VSV. At the time points shown, tumors were harvested for viral titer determination. HI, heat-inactivated; MyD88, 
myeloid differentiation primary response gene 88; pfu, plaque-forming unit; VSV, vesicular stomatitis virus.
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survival of VSV-treated B16ova-bearing C57BL/6 mice was 
significantly greater than that of tumor-bearing VSV-treated 
MyD88−/− mice (P < 0.0001) (Figure 1a). Decreased survival 
of tumor-bearing MyD88−/− mice treated with VSV, compared 
to similarly treated C57BL/6 mice, was due to an inability of the 
virus to effect reductions in tumor size rather than any virus 
related  toxicity (Figure 1b).

An intact antiviral innate immune response is likely to inhibit 
viral replication and spread within an injected tumor. As we have 
observed previously, viral titers rapidly contracted in injected 
B16ova tumors in C57BL/6 mice (in contrast to robust replica-
tion in B16ova cells in vitro)10 (Figure 1c). However, the reverse 
was true in B16ova tumors injected with VSV in MyD88−/− mice, 
where a clear viral burst was observed, indicating effective viral 
replication within the tumor with time (Figure 1c). Therefore, 

even when increased intratumoral viral replication was induced 
by loss of MyD88 signaling in host innate immune cells, antitu-
mor therapy was lost.

VsV therapy is not dependent upon an adaptive 
immune response
We could not detect significant differences in the magnitude of 
either virus antigen-specific (P = 0.238), or tumor  antigen-specific 
(P = 0.553), T cell responses in tumor- bearing MyD88−/− mice 
compared to C57BL/6 mice in either the tumor-draining lymph 
nodes (TDLN) (Figure 2a) or in the tumor itself (Figure 2b) 
7 days following intratumoral injection of virus. Similarly, infiltra-
tion of virus-injected tumors with CD8+ T cells was not different 
in MyD88−/− mice compared to C57BL/6 mice 7 days follow-
ing treatment (Figure 2c). We also did not observe significant 
changes in the development of anti-VSV adaptive T cell responses 
when C57BL/6 or MyD88−/− mice were challenged with VSV in 
the absence of tumors (data not shown). Therefore, it is predomi-
nantly the innate, rather than adaptive, immune response that 
mediates virotherapy in this model.

Myd88-dependent VsV therapy does not depend 
on tlr4, tlr7, or Il-1r signaling in isolation
MyD88 activation is a downstream effector of signaling through 
IL-1, IL-18, and most TLR, and innate immunity to VSV can be 
activated through TLR4 and TLR7.31,34 However, intratumoral 
injections of VSV retained significant therapy against estab-
lished B16ova tumors in mice genetically deficient for TLR4, 
TLR7, and IL-1 receptor (IL-1R) compared to injection of 
HI-virus (P = 0.0014 for IL-1R−/− mice (Figure 3a); P = 0.015 
for TLR4−/− mice (Figure 3b) and P = 0.007 for TLR7−/−mice 
(Figure 3c)). Similarly, the therapy afforded by VSV injection 
into B16ova tumors in each of the IL-1R−/−, TLR4−/−, and 
TLR7−/− mice was very similar to that observed in C57BL/6 
mice (Figure 3a–c).

Therefore, these data suggest either that signaling through 
IL-1, TLR4, or TLR7 has no role in VSV-mediated therapy of 
B16va tumors, or that MyD88-dependent innate immune signal-
ing through TLR4, TLR7, or IL-1R alone does not play a dominant 
role, in isolation of other pathways, in VSV-mediated therapy of 
B16ova tumors.

Myd88 signaling mediates VsV-induced cytokines 
and immune infiltration
To identify candidate effector cytokines induced by MyD88-
mediated signaling which may be critical for antitumor therapy, 
we used an in vitro assay of VSV infection of isolated bone-
marrow cells.19 As expected, multiple cytokines were induced 
upon infection of C57-derived bone-marrow cultures by VSV 
(data not shown). However, of these, secretion of the type III 
IFN IL-28, IL-6, and CXCL10 were significantly decreased from 
bone marrow of MyD88−/− mice compared to C57BL/6 mice 
(Figure 4a–c).

To correlate these in vitro data with the in vivo model, signifi-
cant decreases in expression of IL-1β, IL-6, KC, IFN-α, and IL-28 
were observed in tumors excised from MyD88−/− mice compared 
to tumors from C57BL/6 mice (Figure 5a–e). In contrast, other 
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Figure 2 Myd88 signaling does not overtly affect adaptive immune 
responses. Tumor-bearing C57BL/6 or MyD88−/− mice (n = 3/group) 
were intratumorally injected with 5 × 108 pfu of HI-VSV or VSV on day 
7 after tumor implantation. (a) Tumor-draining lymph nodes (LN) and 
(b) tumors (TM) were harvested for ELISPOT assay and intracellular 
staining for IFN-γ, respectively. (c) Tumor infiltrating CD8+ T cells were 
analyzed by flow cytometry. P values; *P < 0.05, **P < 0.01, ***P < 0.001. 
ELISPOT, enzyme-linked immunosorbent spot; HI, heat-inactivated; 
MyD88, myeloid differentiation primary response gene 88; VSV, vesicu-
lar stomatitis virus.
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cytokines such as IL-2 or IL-12, which are usually  associated 
with induction of type I adaptive immunity, were not detect-
able in this assay. There were several cytokines from the cytokine 
 multiplex analysis, which showed no statistically significant differ-
ence of intratumoral levels following injection of VSV, compared 
to HI-VSV, in C57BL/6 mice. There were also several cytokines 
which did not show any significant difference in intratumoral lev-
els following intratumoral injection of VSV, compared to HI-VSV, 
in MyD88−/− mice. However, Figure 5 represents those  cytokines 
for which there was statistically significant induction (relative to 
HI-VSV control) by VSV in C57BL/6 mice and for which that 
induction was significantly decreased in MyD88−/− mice.

Consistent with the changes in cytokine levels in vivo, C57BL/6 
mice contained significantly increased levels of both myeloid-
derived suppressor cell-like CD11b+Gr1+F4/80+ cells, as well as 
pDC (CD11b−Gr1+B220+) in the TDLN following treatment of 
B16ova tumors with VSV compared to treatment with HI-virus 
(P = 0.001 and P = 0.008, respectively) (Figure 6a,b). However, 
infiltration of the TDLN with CD11b+Gr1+ cells was signifi-
cantly reduced in MyD88−/− mice treated intra-tumorally with 
VSV (P = 0.003) (Figure 6b). With respect to the tumor itself, 
VSV treatment induced significant infiltration of neutrophils in 
C57BL/6 mice (P = 0.0146 compared to treatment with HI-VSV) 

(Figure 6c). In contrast, although neutrophil infiltration into 
B16ova tumors growing in MyD88−/− mice treated with VSV 
was significantly different to that in tumors treated with HI-VSV 
(P = 0.0091), the levels of infiltration into VSV-treated tumors in 
MyD88−/− mice were significantly lower than those in C57BL/6 
mice (P = 0.00125) (Figure 6c).

Myd88-mediated Il-6 signaling is not important  
for VsV therapy
We hypothesized that the loss of the ability of MyD88−/−-derived 
viral sensor cells to secrete one or more of the cytokines identi-
fied in Figures 4 and 5 in response to VSV would contribute to 
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Figure 3 VsV-mediated therapy is not dependent upon Il-1r, tlr4, 
or tlr7 signaling in isolation. (a) C57BL/6 and IL-1R−/−, (b) TLR4−/−, 
or (c) TLR7−/− mice (n = 8/group) bearing 7 day established subcutane-
ous B16ova tumors were injected intratumorally at days 7, 9, 11, 13, 
15, and 17 with 5 × 108 pfu of HI-VSV or VSV. Survival of mice with time 
is shown. IL, interleukin; ns, not significant; pfu, plaque-forming unit; 
VSV, vesicular stomatitis virus; TLR, toll-like receptor.
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Figure 4 effects of Myd88 signaling on cytokine expression. Bone-
marrow cells from C57BL/6 or MyD88−/− mice were left untreated, 
pulsed with the TLR agonists LPS or imiquimod, or infected with VSV at 
MOI 0.1, 1, or 10. Fourty-eight hours later, supernatants were assayed 
for (a) IL-6, (b) CXCL10, and (c) IL-28 by ELISA. All treatments of C57 
bone-marrow cells gave significantly higher levels of cytokine secretion 
compared to MyD88−/− bone-marrow cells. P value <0.001. ELISA, 
enzyme-linked immunosorbent assay; IL, interleukin; MOI, multiplicity 
of infection; MyD88, myeloid differentiation primary response gene 88; 
TLR, toll-like receptor; VSV, vesicular stomatitis virus.
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the loss of VSV-mediated antitumor therapy in MyD88−/− mice 
(Figure 1). Consistent with this hypothesis, we have shown that 
IL-28 is indeed an important mediator of VSV therapy in the 
B16ova model.19 In contrast, there was no significant difference 
between the efficacy of VSV against B16ova tumors grown in 
C57BL/6 or IL-6-deficient mice (Figure 7a). This result suggests 
either that IL-6 is not a critical mediator of the innate response to 
virus that mediates tumor regressions in this model, or that a role 
for IL-6 is not revealed by these experiments due to redundancy 
in the multiple innate immune pathways involved in the response 
to VSV in vivo.

type I IFn responses mediate both antiviral 
protection and antitumor therapy
GR1+ pDC, major mediators of type I IFN responses to viral 
infection,35,36 were significantly increased in TDLN of C57BL/6 
mice treated with VSV compared to the TDLN of MyD88−/− 
mice in which VSV has no therapeutic effects. Therefore, we 
hypothesized that type I IFNs may also be the principal mediators 
of MyD88-mediated VSV immune therapy of B16ova tumors.

When B16ova tumors growing in IFNα/βR knockout (KO) 
mice were injected with VSV, mice rapidly developed fatal toxic-
ity, associated with dissemination of virus to the brain, confirming 
the role of IFNα/β in protection of normal cells from viral infec-
tion. Therefore, to address the role of IFNα/β in VSV-mediated 
therapy of B16ova tumors, we used a virus in which the VSV-G 

glycoprotein is deleted from the viral genome (VSV-ΔG). We have 
shown that this VSV-ΔG, which can infect target cells, triggers an 
antiviral innate type I response but cannot replicate,10 is as effec-
tive as wild type, fully replication competent VSV in generating 
antitumor therapy in the B16ova model10 (Figure 7b). Thus, intra-
tumoral injection of VSV-ΔG significantly prolonged survival of 
C57BL/6 mice compared to injection with HI-virus (P = 0.001)10 
(Figure 7b). In contrast, this therapy was lost completely follow-
ing injection of B16ova tumors with VSV-ΔG in IFNα/βR KO 
mice (Figure 7b).

Similarly, the profile of cytokine secretion from bone marrow-
derived cells of IFNα/βR KO mice infected with VSV largely mir-
rored that from MyD88−/− mice. Thus, bone-marrow cells from 
neither MyD88−/− (Figure 4) nor IFNα/βR−/− (data not shown) 
mice were able to secrete IL-6, CXCL10, or IL-28 in response to 
VSV at levels approaching those observed from C57BL/6-derived 
bone marrow (data not shown).

Finally, upon depletion of GR1+ cells from C57BL/6 mice, 
which would include both pDC and neutrophils, VSV-mediated 
therapy of B16ova tumors was completely lost in the experi-
ment of Figure 7c. It is important to stress that repeats of this 
depletion experiment did not always generate statistically signifi-
cant loss of therapy in the GR1-depleted mice, compared to the 
control-treated groups, although the trend was always the same. 
We believe that this is due both to technical difficulties in achiev-
ing complete depletion within the tumor using the RB6-8C5 
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Figure 5 Intratumoral VsV induces cytokine expression in vivo. Seven day established tumors in C57BL/6 or MyD88−/− mice (n = 3/group) were 
intratumorally injected with 5 × 108 pfu of HI-VSV or VSV. Twenty-four hours later, tumors were harvested and analyzed for cytokine expression using 
a multiplex assay. Results for (a) IL-1β, (b) IL-6, (c) KC, (d) IFN-α, and (e) IL-28 (fold induction over control-injected tumors) are shown. The cytokines 
in this figure represent those cytokines for which there was (i) a statistically significant difference in levels induced intratumorally by VSV, compared to 
HI-VSV, in C57BL/6 mice, but for which (ii) the difference in levels induced intratumorally by VSV, compared to HI-VSV, upon injection in MyD88−/− 
mice was not significant (three mice per group, per mouse strain). The fold induction in cytokine level between the mean level of cytokine induced 
by VSV treatment, compared to HI-VSV, in C57BL/6 mice (filled bar), compared to the fold induction in cytokine between the mean level of cytokine 
induced by VSV treatment, compared to HI-VSV, in MyD88−/− mice (open bar) was then plotted to generate the figure. HI, heat-inactivated; IL, inter-
leukin; IFN, interferon; MyD88, myeloid differentiation primary response gene 88; pfu, plaque-forming unit; VSV, vesicular stomatitis virus.
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antibody and because the GR1 marker is also expressed on a pro-
portion of CD8+ T cells which positively mediate therapy in this 
 model.15 Nonetheless, these data, taken together with those from 
Figure 7b, suggest that type I IFN, probably derived from GR1+ 
pDC, play a critical role in mediating immune-based therapy of 
B16ova tumors, possibly through the activity of GR1+  neutrophils, 
 following intratumoral injection of VSV.

dIscussIon
We show here that innate immune signaling through the MyD88 
adaptor protein in host cells is critical for effective antitumor ther-
apy following intratumoral injection of VSV into B16ova tumors. 
These conclusions are consistent with our previous findings that 

virotherapy with VSV in this model does not depend upon viral 
replication and is predominantly mediated through host immune 
reactivity to an immunogenic virus at the tumor site.10,12,15,16,19

Whereas viral replication in B16ova tumors in vivo was severely 
restricted in C57BL/6 mice, we observed a viral burst characteris-
tic of ongoing replication in MyD88−/− mice (Figure 1). However, 
even when innate immune reactivity to virus was at least partially 
inhibited by loss of MyD88 signaling in host cells, with a concomi-
tant increase in levels of intratumoral viral replication, antitumor 
therapy was completely lost (Figure 1). We also observed that 
absence of MyD88 signaling in vivo did not significantly impair 
either virus-specific or tumor-specific adaptive immunity, at 
least at day 7, following injection of virus (Figure 2), although 
we did not assess the effects of MyD88 on development adaptive 
responses over longer periods of time.37 Since antitumor therapy 
was lost in MyD88−/− mice, these data suggest that it is the innate, 
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Figure 6 effects of Myd88 signaling on tumor infiltration follow-
ing VsV treatment. C57BL/6 or MyD88−/− mice (n = 3/group) bearing 
B16ova tumors were injected intratumorally with 5 × 108 pfu of HI-VSV 
(open columns) or VSV (filled columns). Draining lymph nodes were 
harvested 48 hours after VSV injection and analyzed by flow cytome-
try for (a) CD11b−GR1+B220+ or (b) CD11b+GR1+ cells. (c) Tumors 
harvested 24 hours following injection were analyzed for neutrophils 
(CD45+CD11b+GR1+F4/80−). HI, heat-inactivated; ns, nonsignificant; 
MyD88, myeloid differentiation primary response gene 88; pfu, plaque-
forming unit; VSV, vesicular stomatitis virus.
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Figure 7 VsV therapy is mediated through IFnα/β signaling. 
(a) C57BL/6 or IL6−/− mice (n = 8/group) bearing s.c. B16ova tumors 
were intratumorally treated with 5 × 108 pfu HI-VSV or VSV at days 7, 9, 
11, 13, 15, and 17. Survival with time is shown. (b) C57BL/6 or IFNα/
βR−/− mice (n = 8/group) bearing s.c. B16ova tumors were intratumor-
ally treated with 5 × 107 pfu HI-VSV or VSV-ΔG at days 7, 9, 11, 13, 15, 
and 17. Survival with time is shown. (c) Mice were depleted of GR1+ 
cells (0.2 mg anti-GR1 Ab) or mock depleted (IgG control) (antibodies 
administered intraperitoneally 5.5 days after tumor implantation and 
every other day). Viruses or PBS were injected intratumorally on days 7, 
9, 11, and 13 after tumor implantation. Tumor sizes in mice which had 
developed a tumor by the time of injection were monitored every other 
day and survival was plotted using a Kaplan–Meier survival curve. HI, 
heat-inactivated; IFN, interferon; IgG, immunoglobulin; PBS, phosphate-
buffered saline; pfu, plaque-forming unit; VSV, vesicular stomatitis virus.
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rather than adaptive, immune response that mediates virotherapy 
in this model.

Overall, these data indicate that the antitumor activity of anti-
viral immune effectors predominate in vivo over the therapeutic 
effects of viral replication—which is extremely limited10 in this 
model (Figure 1c). We believe that the increased viral burst seen 
in B16 tumors from MyD88−/− injected mice, relative to that in 
C57BL/6 mice, will also be associated with a shift in the balance 
from immune-mediated tumor cell destruction to virus-induced 
tumor necrosis, even though the increased levels of viral replica-
tion were insufficient to induce antitumor therapy in MyD88−/− 
mice. However, more detailed immunohistochemical experiments 
will be required to confirm this hypothesis.

Although VSV can activate innate immunity through activa-
tion of TLR4 and TLR7,31,34 the experiments of Figure 3 indicate 
that TLR4 alone, TLR7 alone, or IL-1 signaling alone was not 
sufficient to generate the antitumor immune therapy induced by 
VSV. It may be that TLR activation through multiple signaling 
pathways, which collectively culminate through MyD88, induce 
threshold levels of innate immune reactivity, which lead to tumor 
clearance. In this scenario, redundancy of the multiple signaling 
pathways activated by VSV, which are only collectively defec-
tive in MyD88−/− mice, may compensate for the absence of any 
single TLR pathway in the TLR deficient mice that we  studied. 
In addition, in our experiments here, only the host-derived cells 
are defective for MyD88 or specific TLR signaling pathways. The 
B16ova tumor cells may themselves respond to VSV through 
TLR activation and may secrete inflammatory cytokines, which 
induce immune clearance of tumor cells. Studies are underway 
to knockdown-specific TLR pathways, as well as MyD88 in the 
tumor cells to resolve these confounding factors. In addition, 
MyD88 activation is a downstream effector of signaling through 
IL-18. Because previous reports suggested that IL-18 is not a key 
mediator of the host response to VSV infection,38,39 we have not yet 
studied the effects of IL-18 in VSV-mediated therapy of B16ova 
tumors. However, it may be that IL-18, or other molecules, which 
have minimal role in mediating the response to VSV infection in 
other tissues, are important in the context of intratumoral VSV 
infection. Therefore, studies to test the role of IL-18 are currently 
underway.

To identify critical host effector cytokines and cells which 
mediate the antitumor effects in response to VSV infection of 
B16ova tumors, we observed significant decreased expression of 
several cytokines—including IL-1β, CXCL10, IL-6, KC, IFN-α, 
and IL-28—in bone marrow-derived cells, as well as tumors from 
MyD88−/− mice compared to C57BL/6 mice (Figures 4 and 5). 
Consistent with Figures 4 and 5, we recently reported that induc-
tion of IL-28 from bone-marrow cells in C57BL/6 mice is, indeed, 
an important mediator of VSV therapy in the B16ova model.19 
However, despite IL-6 being consistently down regulated in tumors 
and in bone-marrow cells, following VSV infection, anti-B16ova 
therapy by VSV was retained in IL-6−/− mice (Figure 7). Once 
again, it may be that animals deficient for a single cytokine may 
not reveal the true role of that molecule in an immune response, 
which involves multiple, possibly compensatory, pathways. These 
studies also suggest various additional effectors—such as CXCL10 
and KC—which are induced by VSV in C57BL/6, but not in 

MyD88−/− KO, mice may mediate immune-based tumor cell 
clearance in response to innate activation by VSV. Previously, we 
have shown that natural killer cells are a major mediator of VSV-
induced therapy of B16ova tumors.15,19 We have also shown that 
induction of IL-28 by intratumoral injection of VSV mediates sen-
sitivity of B16ova tumors to natural killer cell killing.19 Moreover, 
we show here that induction of IL-28 in VSV-injected tumors is 
significantly reduced in MyD88−/− mice (Figure 5). Therefore, 
loss of innate immune signaling, through molecules such as IL-28 
amongst others, to natural killer cells and other immune effectors, 
is likely to be a major mechanism by which the antitumor activity 
of VSV is lost in MyD88−/− mice.

The elevated levels of GR1+ cells in the TDLN of C57BL/6 
mice treated intratumorally with VSV were significantly reduced 
in MyD88−/− mice (Figure 6). pDC are principal mediators of 
type I IFN secretion in response to viral infection,35,36 and we 
also observed significant loss of IFN-α in B16ova tumors injected 
in vivo with VSV from MyD88−/− mice compared with C57BL/6 
tumor-bearing mice treated with VSV (Figure 5). Therefore, we 
hypothesized that, in addition to their potent antiviral activ-
ity, type I IFNs may also be the principal mediators of MyD88-
dependent, VSV immune therapy of B16ova tumors. Injection of 
replication competent VSV into B16ova tumors in IFNα/βR KO 
mice led to rapid, fatal toxicity because of virus dissemination to 
the brain—consistent with the role of type I IFN in controlling the 
spread of VSV in normal cells in vivo. However, using a replication 
defective, single cycle VSV, which has equal therapeutic efficacy to 
wild-type VSV in the B16ova/C57BL/6 model,10 it was clear that 
an intact type I IFN response in the host was required for the anti-
tumor therapy of VSV (Figure 7b).

Therefore, the type I IFN response to VSV in this model serves 
several conflicting roles as they pertain to the success of VSV-
mediated oncolytic virotherapy. Finally, we show here that the 
type I IFN response is also essential for antitumor efficacy, both 
through its own direct antitumor effects40–44 as well as through 
stimulation of other antitumor immune effectors in vivo. In this 
respect, neutrophils were recruited at high levels to VSV-infected 
tumors in C57BL/6 mice, but much less so in MyD88−/− mice 
(Figure 6), consistent with previous studies on the importance of 
MyD88 for neutrophil recruitment to sites of pathogen infection.45 
Our data are consistent with those of Breitbach and colleagues, 
who reported that VSV-induced neutrophil infiltration into 
tumors was associated with rapid vascular shutdown.7 In those 
studies, the effects of neutrophil depletion on therapy were not 
reported. In our model, depletion of GR1+ cells was accompanied 
by loss of VSV-mediated therapy (Figure 7), although this did not 
consistently reach significance across experiments.

Our data here are significant because they indicate that anti-
tumor therapy in patients is likely to be contributed by a balance 
between direct viral replication/oncolysis and antiviral immune 
reactivity. This balance needs to be carefully considered when 
using immune suppression to enhance oncolytic virus delivery/
replication/spread in vivo.12,20,43,44 If only suboptimal levels of 
innate immune inhibition are achieved in vivo, viral replication/
oncolysis in the tumor may be only partially increased. However, 
under such conditions, immune-mediated therapy in response to 
the immunogenic virus may still be significantly impaired, thereby 
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decreasing therapeutic outcome. This is what we observed in 
MyD88−/− mice, where increased viral replication was still insuf-
ficient to compensate for the loss of therapeutic benefits of the 
defective antiviral immune response (Figure 1). Alternatively, it 
may be possible to suppress the antiviral innate immune response 
sufficiently to allow for significantly increased, therapeutic levels 
of viral replication through the tumor. If this can be achieved, 
however, it will be important to restrict this immune suppression 
locally to the tumor site. If not, there is a risk of increased toxicity 
to the patient through viral release from the tumor, accompanied 
by unrestrained replication in normal tissues—as we observed 
with the lethality of VSV-treated IFNα/βr KO mice.

In summary, we show here, for the first time to our knowl-
edge that antitumor therapy of oncolytic VSV in the B16ova 
immune-competent model is dependent upon signaling through 
MyD88 in host immune cells, which form part of the antiviral 
innate immune response. MyD88 immune signaling, in response 
to VSV, was also closely associated with a type I IFN response, 
which inhibited virus replication within the tumor, protected the 
host from uncontrolled viral spread from the tumor, and medi-
ated antitumor therapy. Therefore, the innate immune response 
to oncolytic viruses can be, simultaneously, protherapeutic, 
antioncolytic, and systemically protective. These paradoxically 
conflicting roles need to be carefully considered in future strat-
egies designed to improve the efficacy of oncolytic virotherapy 
in patients.

MaterIals and Methods
Cell lines and viruses. Murine B16ova melanoma cells (H2-Kb) were 
derived from B16 cells transduced with a complementary DNA encod-
ing the chicken ovalbumin gene.46 Cells were grown in Dulbecco’s 
modified Eagle’s medium (Life Technologies, Rockville, MD) supple-
mented with 10% (vol/vol) FCS (Life Technologies), l-glutamine (Life 
Technologies) and 5 mg/ml of G418 to select for retention of the ova 
gene. All cell lines were monitored routinely and found to be free of 
mycoplasma infection.

VSV-GFP and VSV-ova (Indiana serotype) were generated by 
cloning the complementary DNA for the green fluorescence protein or 
chicken ovalbumin into the plasmid pVSV-XN2 as described previously.26 
Concentration and purification of viruses were done by sucrose gradient 
centrifugation. Virus titers were measured by standard plaque assays 
of serially diluted samples on BHK-21 cells.26 VSV-GFP is referred to 
as VSV.

In vivo studies. All procedures were approved by the Mayo Foundation 
Institutional Animal Care and Use Committee. C57BL/6 mice, TLR4, 
TLR7, and IL-1R KO mice (TLR4−/−, TLR7−/−, and IL-1R−/−) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) at 6–8 weeks of 
age. IFNα/βR KO mice, previously backcrossed onto the C57BL/6 back-
ground, were a kind gift from Dr Cattaneo, Mayo Clinic (Rochester, MN). 
MyD88 KO mice (MyD88−/−) were a kind gift from Dr Pease, Mayo 
Clinic. To establish subcutaneous tumors, 5 × 105 B16ova tumor cells in 
100 μl of phosphate-buffered saline were injected into the flank of mice. 
Viral injections (50 μl) were administered intratumorally at days 7, 9, 11, 
13, 15, and 17 after tumor establishment. Animals were examined daily 
and tumor sizes were measured thrice-weekly using calipers. Animals were 
euthanized when tumor size was >1.0 × 1.0 cm in two perpendicular direc-
tions. For in vivo depletion of GR1+ cells, 0.2 mg of anti-GR1 antibody, 
RB6-8C5 (BioXcell, West Lebanon, NH), or IgG control (ChromPure Rat 
IgG; Jackson ImmunoResearch, West Grove, PA), was administered intrap-
eritoneally on days 5.5, 8, 10, 12, 15, 18, and 23 after tumor implantation.

Enzyme-linked immunosorbent spot assay for IFN-γ secretion. TDLN 
were harvested and 1 × 105 cells/well were plated in 96-well plates in trip-
licate. Cells were stimulated for 48 hours at 37 °C with peptides at 5 µg/ ml. 
Peptide-specific, IFN-γ positive spots were detected according to the 
manufacturer’s protocol (Mabtech, Cincinnati, OH) and were quantified 
by computer-assisted image analyzer. The synthetic, H-2Kb–restricted 
 peptides ova SIINFEKL and VSV N protein-derived RGYVYQGL were 
synthesized at the Mayo Foundation Core Facility.

Flow cytometry and IFN-γ intracellular staining assay. TDLN and tumors 
were recovered from mice and dissociated in vitro to achieve single-cell 
suspensions. Cells were washed, resuspended in phosphate-buffered 
saline containing 0.1% bovine serum albumin (wash buffer), and incu-
bated with directly conjugated primary antibodies for 30 minutes at 4 °C. 
Cells were then washed and resuspended in 500 μl phosphate-buffered 
saline containing 4% formaldehyde. Cells were analyzed by flow cyto-
metry using Flowjo software (Flowjo, Ashland, OR). Anti-CD11b FITC, 
anti-B220 PE, anti-F4/80 APC, anti-GR1 PE-Cy7, anti-CD45 Per-CP, and 
their respective isotype controls were purchased from BD Pharmingen 
(San Jose, CA).

For intracellular staining, single-cell suspensions were prepared 
from TDLN (three mice per group) harvested 7 days after viral injection. 
IFN-γ production, in response to antigen, was measured by incubation 
with peptides (5 µg/ml) in the presence of Golgi Plug reagent for 4 hours. 
Cells were then stained, fixed, and permeabilized for intracellular 
staining using a Cytofix/Cytoperm kit from BD Biosciences according to 
the manufacturer’s instructions. All antibodies were obtained from BD 
Biosciences (San Diego, CA).

Bone-marrow activation. Bone-marrow cells were removed from the 
femurs and tibias of female C57BL/6, MyD88−/−, or IFNα/βR KO mice 
by flushing with RPMI 1640 and passed through a 100-μm filter to pre-
pare single-cell suspensions. 1 × 106 bone-marrow cells were plated for 
6 hours at 37 °C in a 10% CO2 incubator. Cells were then infected with 
different multiplicity of infection of VSV or pulsed with lipopolysaccharide 
(Sigma-Aldrich) or imiquimod (InvivoGen, San Diego, CA) for 48 hours. 
Supernatants were harvested for enzyme-linked immunosorbent assay.

Enzyme-linked immunosorbent assay and cytokine multiplex  analysis. 
Cell-free supernatants, or tumor lysates, were tested for IL-28 (PBL 
Interferonsource, Piscataway, NJ), IL-6 and IL-1β (BD OptEIA, San Diego, 
CA), and CXCL10/IP-10 (R&D Systems) as directed in the manufacturer’s 
instructions.

For cytokine multiplex analysis, tumor lysates harvested 24 hours after 
viral injection were normalized by protein concentration and 20 cytokine 
multiplex (Procarta, Cytokine Assay Kit; Affymetrix, Fremont, CA) were 
performed and analyzed according to manufacturer’s instructions.

Statistics. Survival data from the animal studies were analyzed by log-rank 
test using GraphPad Prism 4 (GraphPad Software, La Jolla, CA). In vitro 
experiments were analyzed using JMP Software (SAS Institute, Cary, NC). 
Statistical significance was determined at the level of P < 0.05.15
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