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Injection of oncolytic vesicular stomatitis virus (VSV) into 
established B16ova melanomas results in tumor regres-
sion, in large part by inducing innate immune reactivity 
against the viral infection, mediated by MyD88- and type 
III interferon (IFN)-, but not TLR-4-, signaling. We show 
here that intratumoral (IT) treatment with lipopolysac-
charide (LPS), a TLR-4 agonist, significantly enhanced the 
local therapy induced by VSV by combining activation of 
different innate immune pathways. Therapy was further 
enhanced by co-recruiting a potent antitumor, adaptive 
T-cell response by using a VSV engineered to express the 
ovalbumin tumor-associated antigen ova, in combina-
tion with LPS. However, the combination of IT LPS with 
systemically delivered VSV resulted in rapid morbidity and 
mortality in the majority of mice. Decreasing the intrave-
nous (IV) dose of VSV to levels at which toxicity was ame-
liorated did not enhance therapy compared with IT LPS 
alone. Toxicity of the systemic VSV + IT LPS regimen was 
associated with rapidly elevated levels of serum tumor 
necrosis factor-α (TNF-α) and interleukin (IL)-6, which 
neither systemic VSV, nor IT LPS, alone induced. These 
data show that therapy associated with direct IT injec-
tions of oncolytic viruses can be significantly enhanced 
by combination with agonists of innate immune activa-
tion pathways, which are not themselves activated by 
the virus alone. Importantly, they also highlight possible, 
unforeseen dangers of combination therapies in which an 
immunotherapy, even delivered locally at the tumor site, 
may systemically sensitize the patient to a cytokine shock-
like response triggered by IV delivery of oncolytic virus.

Received 2 March 2012; accepted 23 August 2012; advance online 
publication 25 September 2012. doi:10.1038/mt.2012.204

Introduction
Vesicular stomatitis virus (VSV) was originally proposed as a can-
didate oncolytic virus due to its sensitivity to the antiviral effects of 

interferon (IFN). This sensitivity mediates an apparent replicative 
preference for tumor, as opposed to normal cells, as many malig-
nant cells have defective IFN signaling pathways.1–3 Consistent 
with this, VSV is highly cytotoxic to transformed cells in vitro1,4 
and extensive replication leading to tumor clearance has been 
shown in vivo.5,6 However, we and others, have demonstrated that 
the innate antiviral immune response against VSV plays a criti-
cal role in antitumor therapy in immunocompetent hosts.7–9 In 
particular, in our B16ova/C57BL/6 model, tumor regression fol-
lowing intratumoral (IT) injection of VSV is dependent on innate 
immune signaling through the myeloid differentiation primary 
response gene 88 (MyD88) adaptor protein, the type III IFN-λ, 
CD8+ T cells, and natural killer cells, but does not require pro-
gressive viral replication.4,10–12

Despite reports that VSV can activate both TLR-4 and TLR-7 
signaling,13,14 in our hands therapy of B16ova tumors was not dimin-
ished in TLR-4 or TLR-7 knockout mice.11 Therefore, we hypoth-
esized that direct IT activation of a combination of innate immune 
signaling pathways, through both VSV-, and TLR-4–mediated 
mechanisms, would generate enhanced local antitumor clearance. 
In this respect, lipopolysaccharide (LPS), an immunogenic cell wall 
component of Gram negative bacteria, signals through TLR-4 via 
both MyD88-dependent MyD88-independent pathways resulting 
in expression of type-I IFNs and other proinflammatory cytokines. 
Intraperitoneal, as well as intravenous (IV), administration of LPS 
is associated with a fatal, sepsis-like syndrome in both mice and 
humans15–20 and would therefore, not be used clinically. However, 
with its known activities as a TLR-4–activating agent, we tested its 
activity in a proof-of-principle capacity to investigate whether com-
bination with VSV would enhance immune-mediated viro-immu-
notherapy through the simultaneous activation of different innate 
immune-stimulating pathways.

We show here that the combination of VSV and LPS gener-
ates significantly enhanced therapy of B16ova tumors, compared 
with either agent alone, upon direct IT administration. Moreover, 
therapy was further enhanced by recruitment of an adaptive T-cell 
component, induced by expressing a tumor-associated antigen 
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(TAA) from the VSV. When the virus was given IV along with IT 
LPS, however, severe toxicity was observed, associated with rap-
idly elevated levels of tumor necrosis factor-α (TNF-α) and inter-
leukin (IL)-6. Potentially, fatal sensitization of mice to systemically 
delivered oncolytic virus by IT LPS highlights the dangers which 
might be associated in patients treated with combination thera-
pies using systemic virus and either local, or systemically, acting 
immunotherapies. In addition, our results indicate the impor-
tance of careful screening for bacterial infections in patients to be 
treated systemically with oncolytic viruses.

Results
IT LPS treats established tumors
Similar to the innate immune-activating effects of VSV, IT LPS as 
a single agent both significantly enhanced survival compared with 
treatment with phosphate-buffered saline (PBS), and cured over 
50% of mice bearing established subcutaneous B16ova tumors 
(Figure 1a). Therapy was lost in IFNAR−/− mice lacking type I IFN 
signaling (Figure 1b) indicating a predominant role for MyD88-
independent, as opposed to MyD88-dependent, TLR-4 signaling21 

in this therapy. Although IT LPS induced a significant increase in 
tumor-infiltrating Gr1+CD11b+F4/80+ macrophages, compared 
with PBS-treated mice, similar treatment of IFNAR−/− mice was 
not associated with increased macrophage infiltration (Figure 1c), 
suggesting that macrophage activation played a major role in the 
therapy. Consistent with this, tumor regressions were consistently 
associated with the development of scabs at the tumor site in LPS-
treated mice. These normally resolved as the tumors regressed and 
no systemic toxicity was observed in these mice.

Combined TLR pathway activation enhances therapy
We sought to exploit a combination of innate immune activa-
tion pathways using VSV-mediated, MyD88-dependent but 
TLR-4–independent signaling,11 along with LPS-mediated, 
MyD88-independent, and TLR-4–dependent signaling (Figure 1). 
Treatment with IT VSV expressing green fluorescent protein 
(GFP) (VSV-GFP) followed by IT LPS significantly improved 
overall survival compared to treatment with VSV-GFP alone, LPS 
alone, or PBS (Figure  2a). Interestingly, IT LPS followed by IT 
VSV conferred no survival benefit compared with IT LPS alone 
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Figure 1 T ype-I interferon signaling is critical for antitumor effects of intratumoral LPS. Survival (tumor <1.0 cm in any diameter) of (a) 
C57BL/6 or (b) IFNAR−/− mice (n = 8/group) bearing subcutaneous (s.c.) tumors following treatment with three intratumoral doses of LPS 
(200 μg/50 μl) or PBS (50 μl), starting on day 7 (days 7, 9, 11). (c) Tumors from either C57BL/6 (in a) or IFNAR−/− (in b) were harvested 1 day 
after the second injection (day 10) and analyzed for CD11b+F4/80+IAb+ macrophages by flow cytometry (n = 3/group). Macrophage percent-
ages were determined relative to the total number of CD45+ cells in the tumor and are shown as mean ± SD. LPS, lipopolysaccharide; N.S., not 
significant; PBS, phosphate-buffered saline.
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(data not shown), suggesting that VSV may sensitize LPS-activated 
antitumor effectors (such as macrophages) (Figure 1c).

We hypothesized that recruitment of additional adaptive, anti-
tumor T-cell responses would further enhance the therapy induced 
by innate activation of the VSV/LPS combination. In this respect, 
we have previously shown that engineering VSV to express tumor-
associated antigens leads to significantly improved priming of 
antitumor T-cell immune responses.12,22,23 Consistent with this 
hypothesis, IT treatment of B16ova tumors with both VSV-ova 
and LPS significantly improved survival over either treatment alone 
(P = 0.025 compared with LPS; P = 0.04 compared with VSV-ova) 
and cured 100% of the treated mice (Figure 2b), compared with 
only 60–70% of mice treated with VSV-GFP + LPS (Figure 2a).

IT LPS alone was associated with significantly higher levels of 
tumor-infiltrating CD11b+Gr1+F4/80− neutrophils compared to 
treatment with either PBS (P = 0.0075) or VSV-ova alone (P = 0.0162) 

(Figure 2c). Correspondingly, the combination of LPS with VSV-
ova significantly increased the percentage of tumor-infiltrating neu-
trophils compared to treatment with VSV-ova alone (P = 0.02) and 
PBS (P = 0.0012) (Figure  2c). IT VSV-ova recruited significantly 
higher levels of CD3+CD8+ T cells into the tumor compared with 
either PBS (P = 0.0001) or LPS (P = 0.0002). Although the combina-
tion of VSV-ova + LPS did not recruit as high levels of infiltrating 
T cells compared with VSV-ova alone (P = 0.0028), it did signifi-
cantly enhance T-cell accumulation compared with LPS treatment 
alone (P = 0.014) (Figure 2d).

VSV-ova + LPS enhances both general and specific 
T-cell activation
IT VSV-ova alone induced a nonspecific T-cell activation in the 
tumor-draining lymph nodes, consistent with our previous obser-
vations4 (Figure 3a). IT VSV-ova also significantly increased both 
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Figure 2 E nhanced therapy and immune cell infiltration following combination intratumoral VSV-ova + LPS treatment. (a) Survival (tumor 
<1.0 cm in any diameter) of C57BL/6 mice (n = 8/group) bearing subcutaneous tumors following treatment with three intratumoral doses of VSV-GFP 
(5 × 108 PFU/50 μl), PBS (50 μl), and/or LPS (200 μg/50 μl) starting on day 7 (days 7, 9, 11). LPS (200 μg/50 μl), when given in combination with VSV-
GFP, was given on day 8. (b) Survival (as in a) following treatment with three intratumoral doses of VSV-ova (5 × 108 PFU/50 μl), PBS (50 μl), and/or 
LPS (200 μg/50 μl) starting on day 7 (days 7, 9, 11). LPS (200 μg/50 μl), when given in combination with VSV-ova, was given on day 8. Tumors were 
harvested following a single round of treatment (n = 3/group) and analyzed for infiltrating (c) CD11b+Gr1+F4/80− neutrophils or (d) CD3+CD8+ T 
lymphocytes. Percentages were determined relative to the total number of CD45+ cells in the tumor and are shown as mean ± SD. GFP, green fluo-
rescent protein; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; ova, ovalbumin; PFU, plaque-forming unit; VSV, vesicular stomatitis virus.
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Figure 3 S hift in generalized and antigen-specific T-cell activation in mice treated with VSV-ova + LPS. (a,b) C57BL/6 mice bearing 7-day 
subcutaneous tumors (n = 8/group) were administered intratumorally VSV-ova (5 × 108 PFU/50 μl), PBS (50 μl), and/or LPS (200 μg/50 μl). LPS 
(200 μg/50 μl), when given in combination with VSV-ova, was given on day 8. (a) Tumor-draining lymph nodes and (b) tumors were harvested on 
day 14 (n = 3/group). Samples were pulsed with either no peptide (medium), ova or VSV-specific peptides for 48 hours (in a) or 1 hour (in b) with 
T-cell activation being assessed by IFN-γ ELISA of cell-free supernates (in a) or intracellular IFN-γ staining (in b). Data are shown as mean ± SD where 
appropriate. ELISA, enzyme-linked immunosorbent assay; IFN, interferon; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; ova, ovalbumin; 
PFU, plaque-forming unit; VSV, vesicular stomatitis virus.
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VSV-specific and ova-specific T-cell responses compared to treat-
ment with PBS. In contrast, IT LPS activated neither nonspecific, 
nor VSV, nor ova-specific, T-cell responses (Figure 3a). Treatment 
with the combination of VSV-ova + LPS, however, significantly 
enhanced all three types of T-cell responses compared with either 
alone (P ≤ 0.025 for all comparisons) (Figure 3a).

Treatment with VSV-ova also resulted in infiltration of the 
tumor with both tumor (ova)-specific, as well as viral (VSV)-
specific, CD8+ T cells, which were not induced by LPS alone 
(Figure  3b). With combination VSV-ova + LPS treatment, sig-
nificantly greater IT CD8+ T-cell infiltration with tumor-specific 
T cells was generated compared with LPS alone (although this 
was less than that with VSV-ova alone) and the addition of LPS 
to VSV-ova treatment reduced the extent of the infiltration with 
virus-specific CD8+ T cells (Figure 3b). These data indicate that 
the combination VSV-ova + LPS treatment allows for retention 
of both the generalized T-cell activation, as well as the TAA, ova-
specific T-cell activation that is characterized by treatment with 
VSV-ova alone, while adding a significant adaptive, TAA-specific 
component to tumor therapy that is not provided by LPS treat-
ment alone.

IV VSV combined with IT LPS results in rapid toxicity
We investigated whether one, or both, components of this improved 
treatment regimen could be supplied systemically. During these 
studies, we observed that combination treatment with IV VSV 
(5 × 108 plaque-forming units (PFU)/dose) followed 6 hours later 
by IT LPS resulted in rapid mortality (Figure 4a). Neither treat-
ment alone induced these effects. Moreover, toxicity was not pre-
vented by using an attenuated VSV (VSV-Δ51) in which a mutant 
matrix protein increases the transport of type-I IFN mRNA mol-
ecules to the cytoplasm, thereby decreasing the virus’ toxicity 
profile.5 Equivalent levels of toxicity were observed when IV VSV 
was administered either before, or after, IT LPS. Consistent with 
the rapid onset toxicity being associated with a virus-mediated 
cytokine storm24 and LPS-induced septic shock, very high levels of 
both TNF-α and IL-6 were present in the serum following treat-
ment with IV VSV + IT LPS, which were significantly greater than 
induced by either IV VSV (P = 0.0008 for TNF-α and P = 0.0004 
for IL-6), or LPS (P = 0.0009 for TNF-α and P = 0.0004 for IL-6), 
alone (Figure 4b,c). A reduction in the dose of IV VSV to a level 
in which no similar toxicity was observed, correlated with a loss of 
serum TNF-α and IL-6 (Figure 4b,c). This VSV-induced hyper-
responsive state was, however, short-lived because increasing the 
interval between administration of IV VSV and IT LPS from 6 to 
24 hours completely ameliorated overt signs of toxicity, but was 
also not associated with antitumor therapy. In addition, toxicity 
was completely lost in mice lacking TNF (TNFKO mice) follow-
ing treatment with IV VSV + IT LPS (Figure 4d), confirming the 
role of TNF-α in the toxicity of the combination treatment.

Combining IT LPS with systemic, mid-dose VSV does 
not enhance antitumor therapy
Since toxicity of the combination IV VSV + IT LPS treatment 
could be abrogated by lowering the dose of VSV, we investi-
gated whether a non-toxic regimen could be therapeutically 
effective against B16ova tumors. The highest, non-toxic dose of 

VSV (5  ×  106 PFU/dose) which could be used in combination 
with IT LPS had no substantial effect on the survival of tumor-
bearing mice and was consistently less effective than IT LPS alone 
(Figure 5a). Although there was no significant difference in the 
levels of necrosis observed in tumors treated with either IT LPS 
(Figure 5b) or non-toxic IV VSV + IT LPS (Figure 5c) both of 
which were significantly greater than levels in control-treated 
tumors (Figure 5d,e), treatment with non-toxic IV VSV + IT LPS 
(Figure  5f) significantly reduced the level of tumor-infiltrating 
immune cells compared with IT LPS alone (Figure 5i). Both IT 
LPS and non-toxic IV VSV + IT LPS tumors were significantly 
more infiltrated than control-treated tumors (Figure 5g,h).

Clinically useful TLR-activating agents do not mimic 
efficacy of LPS
Our ultimate goal was to translate our proof-of-principle studies 
with LPS into clinically useful protocols of combination VSV/TLR-
activating antitumor therapies. To this end, we tested two nonspe-
cific immune adjuvants in combination with IV VSV. Although 
IT treatment with both bacillus Calmette–Guérin (BCG)25,26 
(Figure  6a), and Coley’s toxin27–29 (Figure  6b), gave significant 
improvements over control-treated mice (P = 0.0151 for BCG; 
P = 0.0113 for Coley’s toxin) in the experiments of Figure 6, these 
effects were consistently less impressive than with IT LPS alone 
(Figures 1 and 2) and significance was not achieved in all experi-
ments. Similar to the results with LPS, single-agent IT therapy 
was not improved by IV VSV before IT BCG or Coley’s toxin. In 
addition, no systemic toxicity was observed with the combina-
tion of IV VSV either at low (5 × 106 PFU/dose) or high (5 × 108 
PFU/dose) dose of IV virus followed by IT BCG or Coley’s toxin 
treatment.

Discussion
We show here that it is possible to improve the antitumor efficacy 
of IT VSV by combining it with the nonspecific, immune acti-
vator LPS. These results are significant as they show that onco-
lytic virotherapy can be enhanced with agents which augment, 
rather than suppress, the innate immune reactivity at the tumor 
site and open the way for novel, combination clinical protocols 
with nonspecific immune adjuvants. We have previously dem-
onstrated that the antitumor efficacy of IT VSV in the B16ova/
C57BL/6 model is mediated primarily by innate immune antiviral 
responses dependent upon MyD88 signaling, host effector natu-
ral killer and T cells as well as type III IFN, leading to the kill-
ing of both infected and uninfected, bystander, tumor cells.4,7,11,12 
Therefore, we hypothesized that combining IT VSV with an agent 
that stimulates innate immune signaling pathways separate from 
those triggered by VSV would enhance the overall potency of IT 
VSV-mediated tumor clearance. Since loss of TLR-4 signaling had 
no effect on efficacy of IT VSV,11 as a proof-of-principle study, we 
tested the combination of VSV with the TLR-4 agonist LPS.13,21,30 
Here, we show that IT LPS has significant antitumor activity as 
a single agent (Figure 1a), a therapy which was associated with 
type-I IFN signaling (Figure 1b) and extensive recruitment of IT 
macrophages (Figure 1c) and neutrophils (Figure 2c).

These data suggested that VSV-mediated, MyD88-dependent 
but TLR-4–independent signaling11 would act cooperatively, or 
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even synergistically, with LPS-mediated, TLR-4–dependent 
and type-I IFN-mediated, MyD88-independent immune 
activation.21,31 Consistent with this hypothesis, therapy generated 
by local delivery of VSV was significantly enhanced by combin-
ing IT virus with IT LPS (Figure 2a). In addition, by expressing 
a defined TAA from the VSV, we were able to further enhance 
the combination therapy (Figure 2b) by activating, and recruit-
ing, adaptive antitumor effectors (anti-ova CD8+ T cells) to the 
tumor site (Figure 3), along with the potent innate effectors acti-
vated by both VSV and LPS (Figure 2c,d). In this latter respect, 
different patterns of tumor infiltration were induced by each 
treatment alone–for example, neutrophil-high, CD8+ T cell-low 

for LPS and neutrophil-low, T cell-high for VSV (Figure 2c,d). 
Although the therapeutically successful combination altered 
these profiles relative to either single treatment alone, the resul-
tant pattern of tumor infiltration retained what we believe to 
be the best features of each treatment individually—namely a 
neutrophil-intermediate (lower than LPS, but higher than VSV 
alone) (Figure  2c) and a CD8+ T cell-intermediate pattern 
(Figures 2d and 3). It seems likely that it was this ability of the 
combination treatment to mediate an overall recruitment of 
immune effectors of different classes simultaneously, relative to 
either treatment alone, which resulted in improved tumor clear-
ance and survival.
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The sequence dependency of these therapeutic effects (VSV 
followed by LPS, rather than vice versa) suggests that VSV sen-
sitizes immune cells within the tumor microenvironment, which 
then become hyperactivated by the subsequent presence of LPS. 
By having both agents focused within the tumor, we believe that 
the subsequent cytokine storm induced from the tumor-infiltrat-
ing immune effectors, which respond to the combination, leads to 
potent killing of both infected, and bystander, tumor cells.

Therefore, our data indicate that the direct antitumor efficacy 
of IT delivery of an oncolytic virus could be significantly enhanced 
through combination with an additional activator of innate immune 
effector mechanisms. These results are significant for developing 
new clinical protocols in which oncolytic viruses could be combined 
locally with clinically approved immune stimulators. In addition, 

they suggest that innate immune stimulation, as opposed to sup-
pression, may also be therapeutically effective. Importantly, we did 
not observe any increased levels of VSV replication in tumors 
treated with both VSV and LPS (data not shown), indicating that 
the enhanced therapy was not associated with better oncolysis as a 
result of increased viral replication. The therapeutic effects result-
ing from the balance between viral replication, the antiviral innate 
response, and the resultant antitumor response will differ between 
viruses, models, and species. Therefore, therapeutic strategies aimed 
at suppressing the IT, antiviral innate immune response, in order to 
boost levels of oncolytic viral replication, should be carefully moni-
tored to ensure that they do not lead to decreased therapy as a result 
of diminishing the antitumor effects induced by the antiviral innate 
response—and vice versa.
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Figure 5 S ystemic VSV combined with LPS does not improve local, LPS-only therapy or increase immune cell infiltration. (a) Survival (tumor 
<1.0 cm in any diameter) of C57BL/6 mice (n = 7/group) bearing subcutaneous tumors after treatment with intravenous (IV) VSV-Δ51 (5 × 106 
PFU/100 μl) or PBS (100 μl) followed by intratumoral (IT) PBS (50 μl) or LPS (200 μg/50 μl) 6 hours later. Injections started on day 7 and continued 
every other day for a total of four (days 7, 9, 11, 13). (b–i) H&E stained tumors harvested 1 day after the last treatment (day 14). Arrows identify 
(b–e) representative areas of necrosis (×4 magnification) or (f–i) immune cell infiltration (×40 magnification). Bar equals 10 mm for all images. H&E, 
hematoxylin and eosin; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; VSV, vesicular stomatitis virus.
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Because our eventual goal is systemic delivery of oncolytic 
viruses, we also investigated whether the same improved thera-
peutic effects could be achieved following IV delivery of VSV 
along with local delivery of LPS into the tumor. In contrast to 
therapeutically effective, non-toxic IT combination therapy, IV 
VSV followed by IT LPS induced an oftentimes lethal, cytokine-
induced toxicity (Figure 4a), associated with very rapid elevations 
in serum TNF-α and IL-6 (Figure 4b,c). In this scenario, systemic 
virus appeared to sensitize host immune responder cells for sub-
sequent reactivity to LPS which, presumably, escaped from the 
local site of tumor injection. Our data are, therefore, consistent 
with a model in which high levels of systemic VSV lead to a VSV-
mediated sensitization of circulating innate immune effector cells. 
Subsequent leakage of LPS from the IT-injected tumors then fur-
ther activates these sensitized effectors to release cytokines, such 
as TNF-α and IL-6, leading to the severe cytokine storm toxic-
ity that we observed in the systemic tissues (Figure  4) but was 
diverted away from the tumor (Figure 5b–i). Importantly, toxicity 
was also observed in mice treated with IT LPS followed by high-
dose IV VSV.

At lower levels of VSV-mediated immune cell sensitization, 
subsequent activation by LPS escaping from the injected tumor 

was not sufficient for systemic toxicity—but neither was it able to 
mediate local tumor clearance by immune effectors still resident 
in the tumor (Figure 5a). Only by having high IT levels of VSV, to 
recruit and sensitize infiltrating immune effectors, could the sub-
sequent LPS-activated cytokine storm be highly focused on the 
tumor site to result in significant antitumor therapy (Figure 2). 
We were unable to demonstrate any significant tumor control 
using systemic VSV with IT administration of agents, such as 
BCG or Coley’s, which could be clinically useful. This, combined 
with the fact that treatment with IV VSV + IT LPS is closely asso-
ciated with potent toxicity, suggests that this type of combination 
therapy will be highly problematic to pursue into the clinic. This 
conclusion should not, however, in any way diminish enthusiasm 
for pursuing either treatment (systemic oncolytic virotherapy or 
TLR-targeted immunotherapy) alone.

We believe that the data presented here is potentially very 
important in highlighting the possible adverse events which may 
result from systemic delivery of oncolytic viruses in clinical trials. 
IV delivery of an oncolytic virus to a patient with a pre-existing, 
or newly acquired, bacterial infection,32 for instance, may lead 
to sensitization and subsequent systemic cytokine storm-related 
toxicity similar to that observed in our murine model. In addi-
tion, it is possible that certain combination treatment protocols 
may lead to the systemic release of bacterial products, such as 
LPS, or other innate immune activators, during, or shortly after, 
virus administration. For example, whole body radiation ther-
apy can lead to the translocation of LPS-containing microbes 
out of the gut.33,34 Similar effects may also be induced by non-
specific immunotherapies, chemotherapy, or even antibiotic 
treatment. Precisely to test this, we investigated whether similar 
toxicities would be induced in our preclinical model using two 
nonspecific immunotherapies, which have been used in patients 
(in contrast to LPS). Neither BCG, nor Coley’s toxin, showed 
the potency of LPS either in their local IT antitumor therapy 
(Figure 6) or in their systemic toxicity-inducing profiles in com-
bination with a prior dose of IV VSV. As such, the induction 
of the severe toxicities primed by IV viruses will be difficult to 
predict and will undoubtedly depend upon the nature, timing, 
and route of administration of the immune stimulus with which 
they are used in combination.

It is relatively unlikely that the circulation of (rather short-
lived) systemic oncolytic viruses would coincide with a subse-
quent boost of a systemic immune activation event through the 
presence of infection or even therapeutic agents. However, det-
rimental synergy between concurrent viral and bacterial infec-
tions in both animal models and humans, have been amply 
demonstrated.15,17,18,35–38 Therefore, with an increasing repertoire 
of combination therapies between oncolytic viruses and chemo-
therapeutics, biologics, radiotherapy or immunotherapies,39–41 our 
results show that careful combination dose escalation phase I tri-
als will be needed to optimize such combination therapies.

Materials and Methods
Cell line. Murine B16ova melanoma cells (H2-Kb) were derived from B16 
cells transduced with a cDNA encoding the chicken ovalbumin gene.42 
Cell lines were grown in Dulbecco’s Modified Eagle’s Medium (Life 
Technologies, Carlsbad, CA) supplemented with 10% (vol/vol) fetal calf 
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Figure 6 N either efficacy nor toxicity observed following treatment 
with BCG or Coley’s toxin in combination with systemic VSV. (a) 
Survival (tumor <1.0 cm in any diameter) of C57BL/6 mice (n = 7/group) 
bearing subcutaneous tumors after treatment with intravenous (IV) VSV-
Δ51 (5 × 106 PFU/100 μl) or PBS (100 μl) followed by intratumoral (IT) 
PBS (50 μl) or BCG (1 mg/50 μl) 6 hours later. Injections started on day 7 
and continued every other day for a total of four (days 7, 9, 11, 13). (b) 
Survival (as in a) after treatment with IV VSV-Δ51 (5 × 106 PFU/100 μl) 
or PBS (100 μl) followed by IT PBS (50 μl) or Coley’s toxin (final dilution 
of 0.05 Coley’s toxin in 50 μl PBS) 6 hours later. Injections started on day 
7 and continued every other day for a total of four (days 7, 9, 11, 13). 
BCG, bacillus Calmette–Guérin; PBS, phosphate-buffered saline; PFU, 
plaque-forming unit; VSV, vesicular stomatitis virus.
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serum (Life Technologies), L-glutamine (Life Technologies), and 5 mg/ml 
G418 (Mediatech, Manassas, VA) to select for retention of the ova gene. 
All cell lines were routinely monitored and found to be free of Mycoplasma 
infection.

Mice. C57BL/6 (Thy 1.2+) and TNFKO mice (C57BL/6 background) were 
purchased from The Jackson Laboratory (Bar Harbor, ME) at 6–8 weeks 
of age. IFNAR−/− mice, previously backcrossed onto the C57BL/6 back-
ground, were obtained as a kind gift from Dr Roberto Cattaneo, Mayo 
Clinic (Rochester, MN).

Viruses. VSV-GFP and VSV-ova (Indiana serotype) were generated by 
cloning the cDNA for GFP or chicken ovalbumin, respectively, into the 
plasmid pVSV-XN2 as described previously.43 VSV-Δ51, methionine dele-
tion in the viral matrix protein (residue 51), was a kind gift from Dr John 
Bell, Ottawa Hospital Research Institute (Ottawa, Ontario, Canada) and 
has also been described previously.5 VSV bulk amplification was per-
formed by infecting BHK-21 cells (multiplicity of infection = 0.01) for 24 
hours. Filtered supernatants were harvested and subjected to two rounds 
of 10% sucrose (10% wt/vol) in 1× PBS (Mediatech, Herndon, VA) cush-
ion centrifugation at 27,000 rpm for 1 hour at 4 °C. The pelleted virus was 
resuspended in 1× PBS, aliquoted and stored at −80 °C. Viral titers were 
measured by standard plaque assay on BHK-21 cells.12,43

In vivo studies. All procedures were approved by the Mayo Foundation 
Institutional Animal Care and Use Committee. To establish subcutaneous 
tumors, 5 × 105 B16ova tumor cells in 100 μl of PBS were injected into the 
flanks of C57BL/6 mice (day 0). IT virus, LPS or PBS administration (50 μl) 
began on day 7 and continued every other day for a total of one (day 7) or three 
(days 7, 9, 11) injections, based on the investigative goals of the study. LPS 
(Sigma-Aldrich, St Louis, MO), when given in combination with VSV, was 
given on day 8. For semi-systemic combination experiments, IV VSV or PBS 
(100 μl) was administered starting on day 7 followed by IT LPS, BCG (TICE 
BCG; Organon Teknika, Durham, NC), Coley’s toxin (MBVax Bioscience, 
Ancaster, Ontario, Canada) or PBS (50 μl) 6 hours later. Combination treat-
ment was given either once (day 7) or for a total of four regimens (days 7, 9, 
11, 13). Mice were examined daily for overall health and tumor sizes were 
measured three times weekly using calipers. Tumor volume was calculated 
as 0.52 × width2 × length.44 Mice were euthanized at any sign of distress or 
when tumor size was ~1.0 × 1.0 cm in two perpendicular directions.

In vitro T-cell activation and ELISA for IFN-γ secretion. Tumor-draining 
lymph nodes were excised from euthanized mice. Single-cell suspensions 
were prepared by crushing tissues through a 100 μm filter and red blood 
cells were removed by incubation in ACK buffer (distilled H2O contain-
ing 0.15 mol/l NH4Cl, 10 mmol/l KHCO3, and 0.1 mmol/l EDTA adjusted 
to pH 7.2–7.4) for 2 minutes. Cells were resuspended at 1 × 106 cells/
ml in Iscove’s Modified Dulbecco’s Medium (Gibco, Grand Island, NY) 
+ 5% fetal bovine serum + 1% Pen-Strep + 40 μmol/l 2-ME and pulsed 
with ova-specific (5 μg/ml), VSV-N specific peptide (5 μg/ml) or medium 
for 48 hours. Supernatants were then collected and tested for IFN-γ pro-
duction by enzyme-linked immunosorbent assay (ELISA) as directed in 
the manufacturer’s instructions (Mouse IFN-γ ELISA Kit, OptEIA; BD 
Biosciences, San Diego, CA). The synthetic H-2Kb-restricted peptides 
ova257-264: SIINFEKL, VSV-N52-59: RGYVYQGL were synthesized at the 
Mayo Foundation Core Facility (Rochester, MN).

Flow cytometry and IFN-γ intracellular staining. Tumors were excised 
from euthanized mice and dissociated in vitro to achieve single-cell sus-
pensions. Red blood cells were lysed with ACK lysis buffer for 2 minutes 
as described up above. Remaining cells from each tissue were washed and 
resuspended in PBS wash buffer containing 0.1% bovine serum albumin, 
and incubated with directly conjugated primary antibodies for 30 minutes 
at 4 °C. Cells were then washed and resuspended in 500 μl PBS containing 
4% formaldehyde. For intracellular IFN-γ staining, tumor cell suspensions 

were incubated for 4 hours in the presence of peptides of interest (5 μg/
ml) and Golgi Plug reagent (BD Biosciences). Following incubation, the 
samples were permeabilized and stained using the Cytofix/Cytoperm 
kit from BD Biosciences, according to the manufacturer’s instruc-
tions. Extracellular and intracellular staining samples were analyzed by 
flow cytometry and data were analyzed using Flowjo software (Flowjo, 
Ashland, OR).

Serum collection and assessment of TNF-α and IL-6 levels. VSV-Δ51 
(5 × 108 PFU/100 μl) or PBS (100 μl) was injected IV into tumor-bearing, 
C57BL/6 mice on day 7. Six hours after VSV administration, mice were 
treated with IT LPS (50 μl) or PBS (50 μl). Animals were euthanized and 
cardiac bleeds were done 1.5 hours after LPS treatment. Serum was col-
lected and levels of TNF-α and IL-6 were determined by ELISA accord-
ing to manufacturer’s instructions (Mouse TNF-α and IL-6 ELISA Kits, 
OptEIA; BD Biosciences).

Histopathology. Tumors were fixed in 10% formalin in PBS (wt/vol), par-
affin-embedded and sectioned. Hematoxylin and eosin-stained sections 
were prepared for analysis of tissue destruction and gross immune infil-
tration. Sections were analyzed by an independent pathologist who was 
blinded to the experimental design.

Statistics. Survival data from the animal studies were analyzed by the log-
rank test using GraphPad Prism 5 (GraphPad Software, La Jolla, CA). Two-
sample, unequal variance Student’s t-test analysis was applied for in vitro 
data. Statistical significance was determined at the level of P < 0.05.
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