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The avian paramyxovirus, Newcastle disease virus (NDV), is a
promising oncolytic agent that has been shown to be safe and
effective in a variety of pre-clinical cancer models and human
clinical trials. NDV preferentially replicates in tumor cells due
to signaling defects in apoptotic and antiviral pathways
acquired during the transformation process and is a potent im-
munostimulatory agent. However, when used as a monotherapy
NDVlacks the ability to consistently generatedurable remissions.
Here we investigate the use of viral sensitizer-mediated combina-
tion therapy to enhance the anti-neoplastic efficacy of NDV. In-
tratumoral injectionof vanadyl sulfate, a pan-inhibitorofprotein
tyrosine phosphatases, in combination with NDV significantly
increased the number and activation status of natural killer
(NK) cells in the tumor microenvironment, concomitant with
increased expression of interferon-b, granulocyte-macrophage
colony-stimulating factor, and monocyte chemoattractant pro-
tein-1, leading to rapid tumor regression and long-term cures
in mice bearing syngeneic B16-F10 melanomas. The anti-tumor
efficacy of this combination therapywas abrogatedwhenNKcells
were depleted and when interferon-b expression was transiently
suppressed. Tumor-specific CD8+ T cell responses were not de-
tected, nor were mice whose tumors regressed protected from
re-challenge. This suggested efficacy of the combination therapy
predominantly reliedon the innate immune system. Importantly,
efficacywasnot limited tomelanoma; itwas alsodemonstrated in
a murine prostate cancer model. Taken together, these results
suggest that combining NDV with vanadyl sulfate potentiates
an innate immune response that can potentiate rapid clearance
of tumors, with type I interferon signaling and NK cells being
important mechanisms of action.

INTRODUCTION
Cancer immunotherapy represents a novel approach to treat malig-
nancies, whereby the patient’s suppressed immune system is revived
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so that it is again capable of launching sustained attacks against tumor
cells.1 Oncolytic viruses (OVs), such as Newcastle disease virus
(NDV), reovirus, herpes simplex virus (HSV)-1, and vaccinia virus,
are important immune-potentiating agents in the cancer immuno-
therapy armamentarium, as these viruses preferentially replicate in
tumor cells, resulting in inflammatory responses that lead to activa-
tion of innate and adaptive immune responses.2 NDV is an attractive
candidate for oncolytic immunotherapy due to its preferential repli-
cation in tumor cells possessing defects in their apoptotic and anti-
viral response pathways and its remarkable safety profile.3–6

NDV is a member of the Orthoavulavirus genus in the Paramyxovir-
idae family, and field strains are associated with respiratory infections
in a range of avian species; however, NDV is not known to cause dis-
ease in humans.7When used as amonotherapy in pre-clinical models,
NDV has been shown to possess a variety of direct and indirect im-
munostimulatory and anti-tumor properties.8 Recombinant NDV
has been engineered to contain a multibasic cleavage site in the fusion
protein (NDV-F3aa9 or NDV-F3aa[L289A]10) to increase fusogenic-
ity, as well as to express a variety of therapeutic transgenes, including
interleukin (IL)-2,9 granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF),11 IL-15,12 immunoglobulins against extradomain B of
fibronectin,13 inducible T cell co-stimulator (ICOS) ligand,14 cyto-
toxic T lymphocyte antigen (CTLA)-4,15 and programmed death
protein (PD)-1/PD ligand-1,16 to further enhance its anti-neoplastic
capabilities. While vectorization of these transgenes has improved
the potency of NDV, complete cures remain elusive. The use of
NDV in combination with systemic immune checkpoint antibodies
thor(s).
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(e.g., anti-CTLA-4 and anti-PD-1) has been shown to significantly
enhance survival in mouse models of melanoma, prostate, and
bladder cancers.15,17,18 The use of such systemic antibodies has
proven to be efficacious; however, toxicities and off-target effects
remain a concern.19 The use of complementary agents that are less
toxic may prove to be a comparable, if not more efficacious, approach.

The term “viral sensitizer” or VSe was first coined by Diallo et al.20 and
describes a growing category of small-molecule pharmacological agents
that have been shown to enhance viral oncolysis.While the mechanism
of many VSes remains unknown,21 some elicit their effects by
increasing viral titers by disrupting the interferon (IFN)-induced anti-
viral response through a variety of targets, including nuclear factor-kB
(NF-kB),20,22 microtubule destabilization,23 and histone deacetylase
(HDAC) inhibition.24 Drugs such as dimethyl fumarate, HDAC inhib-
itors, fluphenazine, indirubin, lofepramine, ranolazine, vanadate, and
pyrrole derivatives have all been shown to synergize with a range of
OVs in various murine cancer models.21,22,24–26

Vanadium is a naturally occurring oxo-metalate that has previously
been utilized in phase I/II clinical trials for treatment of diabetes for
its insulin-like effects, specifically its ability to stimulate glucose,
glycogen synthesis, and inhibition of gluconeogenesis in hepatic
cells.27–30 Vanadyl sulfate, an oxidative form of vanadium, is a
commonly used body-building supplement. Recent research has sug-
gested that, in addition to their insulin-mimetic properties, vanadium
compounds possess anti-neoplastic properties due to their activity as
pan tyrosine phosphatase inhibitors and their ability to stimulate the
immune system through the induction of pro-inflammatory cyto-
kines, which lead to an influx of granulocytes.31,32 In some instances,
vanadium compounds have been shown to induce apoptosis through
the generation of reactive oxygen species and to promote cell cycle ar-
rest by counteracting mitogen-activated protein kinase signaling and
strongly inducing p21Cip1 expression and retinoblastoma hypo-
phosphorylation;33 however, this was not the case for A549 cells.34

In the context of cancer cells, vanadate significantly decreases the
antiviral effects of type I IFN, while increasing the production of
pro-inflammatory cytokines and chemokines. Combination of vana-
date and oncolytic vesicular stomatitis virus (VSVD51) was shown to
increase viral spread and enhance survival in several immunocompe-
tent mouse tumormodels, with comparatively reduced anti-tumor ef-
fects in T cell-deficient mice.21

In contrast with vanadium compounds, synthetic agents such as VSe
1 and its pyrrole derivative VSe 1-28 elicit a more focused effect by
transiently suppressing the type I IFN response, specifically through
transcriptional repression of type I IFN-stimulated genes (ISGs), ulti-
mately leading to increased viral replication as demonstrated in
studies using VSVD51 and other IFN-sensitive viruses, such as
ICP0 null HSV-1.35

In this study, we compared the effects of the “pro-inflammatory” VSe
vanadyl sulfate to that of VSe 1-28 on the efficacy of oncolytic NDV-
F3aa(L289A) in vitro and in immunocompetentmurine cancermodels.
We demonstrated that combination vanadyl sulfate-NDV treatment
led to rapid tumor regression and complete cures in a B16-F10 mela-
noma model. Efficacy was not limited to the route of administration
or cancer type. We also addressed the contributions of various cells
of the innate and adaptive immune system and identified a signaling
pathway that was required to elicit these profound anti-tumor effects.

RESULTS
VSes act in conjunction with NDV to reduce metabolic activity

and modulate IFN-b expression in B16-F10 murine melanoma

cells

To determine whether the VSes vanadyl sulfate and VSe 1-28 enhance
the ability of NDVF3aa (L289A) carrying a transgene encoding full-
length enhanced green fluorescent protein (GFP; this virus herein
referred to as NDV) to reduce B16-F10 cell viability in vitro, two-
fold dilutions of VSe were applied to B16-F10 cells, and then 4 h later
the cells were treated with NDV at a multiplicity of infection (MOI) of
0.01. After 48 h, metabolic activity, which is a surrogate for cell
viability, was quantified using a resazurin assay36 and compared to
control cells that were untreated or treated with a VSe or NDV as sin-
gle agents. Combinations were deemed to have enhanced oncolysis if
cell viability was significantly lower than both NDV and the VSe when
used as monotherapies. The combination of 50 mM vanadyl sulfate
plus NDV significantly reduced the metabolic activity of B16-F10
cells (Figure 1A) and significantly increased cell lysis as measured
by release of lactate dehydrogenase (Figure S1) when compared to
each of the monotherapies on their own. Similarly, the combination
of 0.39 mM or 0.79 mM of VSe 1-28 and NDV significantly reduced
metabolic activity compared to NDV or VSe 1-28 alone (Figure 1B).

To determine whether combining VSes with NDV has the potential to
increase therapeutic transgene expression, the amount of NDV-medi-
ated expression of GFP in B16-F10 cells treated with vanadyl sulfate or
VSe 1-28 was measured using a plate reader and compared to expres-
sion mediated by the parental NDV that lacked a transgene. As shown
in Figures 1C and 1D, pre-treating B16-F10 cells with vanadyl sulfate or
VSe 1-28 4 h prior to infection with recombinant NDV expressing GFP
did not significantly increase overall expression of GFP.

The fact that the combination therapy did not enhance NDV-medi-
ated transgene expression suggested that replication of the virus
may not have been potentiated. To investigate this, B16-F10 cells
were pre-treated with vanadyl sulfate or VSe 1-28 for 4 h before being
treated with NDV at a MOI of 0.01. After 48 h, the supernatants were
collected and virus titered on DF-1 cells by 50% tissue culture infec-
tive dose (TCID50) assay. No significant increases in NDV titers were
observed with either treatment (Figure 1E). Taken together, these
data demonstrate that combining low doses of vanadyl sulfate or
VSe 1-28 with NDV significantly reduces the viability of B16-F10 tu-
mor cells relative to VSe or NDV alone but does not appear to
enhance viral replication or transgene expression in these cells.

Vanadyl sulfate and VSe 1-28 have previously been shown to modu-
late IFN-b signaling.21,35 To investigate the impact of VSe plus NDV
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Figure 1. Impact on cell viability, virus production, and interferon (IFN)-b expression in B16-F10 cells treated with VSe 1-28 and vanadyl sulfate either alone

or in combination with NDV

(A) Percent metabolic activity of B16-F10 cells treated with vanadyl sulfate, NDV (multiplicity of infection [MOI] = 0.01) or vanadyl sulfate + NDV compared to vehicle treatment

alone. (B) Percent metabolic activity of B16-F10 cells treated with VSe 1-28, NDV (MOI = 0.01), or VSe 1-28 + NDV compared to vehicle treatment alone. Data were analyzed

by 2-way analysis of variance (ANOVA) using a Tukey’s multiple comparison test, comparing themean of each column with themean of every other column. Significance was

determined when comparing vanadyl sulfate + NDV or VSe 1-28 + NDV to NDV control only if the drug alone did not reducemetabolic activity below 80% (***p < 0.001, ****p <

0.0001). (C and D) Fold increase in GFP expression from B16-F10 cells treated with vanadyl sulfate (50 mM) (C), or VSe 1-28 (0.390 mM) (D), and then infected with NDV (MOI

0.01) relative to cells infected with NDV-GFP alone. Data were analyzed using a one-way ANOVA. (E) Amount of NDV produced from B16-F10 cells treated with NDV alone

(MOI = 0.01) or NDV in combination with either VSe 1-28 (0.390 mM) or vanadyl sulfate (50 mM). The Spearman-Kärber method was used to determine plaque-forming units

(PFU)/mL. A one-way ANOVA was used to determine significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (F and G) B16-F10 cells were treated with phosphate-

buffered saline (PBS), vanadyl sulfate either alone or in combination with NDV (MOI = 0.01) (F) and B16-F10 cells were treated with PBS or VSe 1-28 either alone or in

combination with NDV (MOI = 0.01) (G). NDV supernatants were collected at 0, 12, 24, and 48 h post-treatment. Significance was observed when comparing NDV versus

VSe 1-28 (p = 0.003), NDV versus vanadyl sulfate (p = 0.0001), NDV versus vanadyl sulfate + NDV (p < 0.0001), VSe 1-28 versus VSe 1-28 + NDV (p < 0.0001), VSe 1-28

versus vanadyl sulfate + NDV (p < 0.0001), VSe 1-28 + NDV versus vanadyl sulfate (p < 0.0001), VSe 1-28 + NDV versus vanadyl sulfate + NDV (p = 0.0066), and vanadyl

sulfate versus vanadyl sulfate + NDV (p < 0.0001). Quantities made relative to cell only control. Significance was determined using a 2-way ANOVA test. Experiments were

conducted a minimum of three times.
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combination therapy on IFN-b expression, B16-F10 cells were
treated with 50 mM of vanadyl sulfate, 0.390 mM of VSe 1-28,
NDV (MOI of 0.01), or a combination of NDV plus vanadyl sulfate
or VSe 1-28, and the amount of IFN-b produced at 0, 12, 24, and
48 h post-infection was quantified using a commercial enzyme-
linked immunosorbent assay (ELISA). As shown in Figure 1F, the
308 Molecular Therapy: Oncolytics Vol. 20 March 2021
combination of vanadyl sulfate plus NDV significantly increased
the concentration of IFN-b in the supernatant compared to NDV
or vanadyl sulfate alone. While combining VSe 1-28 with NDV
led to a significant increase in IFN-b production compared to
VSe 1-28 alone, this was not significantly different from NDV alone
(Figure 1G). These data demonstrate that vanadyl sulfate plus NDV
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Figure 2. Effect of combination therapies on survival in the B16-F10 murine melanoma model

(A) Schematic of the experimental outline. B16-F10 cells (5 � 105 cells) were implanted intradermally. When tumors reached 5 mm in any direction, therapies were

administered intratumorally (i.t.) every other day for a total of three treatments and tumor volume monitored. (B) Tumor volume of B16-F10 tumor-bearing mice treated three

timeswith vanadyl sulfate (40mg/kg) plus NDV, compared to PBS-treated tumor volumes. (C) C57BL/6mice bearing B16-F10 intradermal tumors were treated intratumorally

three times (48 h apart) with PBS, 5� 107 PFU NDV, vanadyl sulfate (20 mg/kg or 40 mg/kg), or vanadyl sulfate 4 h prior to i.t. injection of 5� 107 PFU NDV, and mice were

monitored for survival. Significance was determined using the log rank (Mantel-Cox) test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (D) Mice cured by treatment with

vanadyl sulfate plus NDV were re-challenged with 5 � 105 B16-F10 cells intravenously to mimic a metastatic spread. No significant extension of survival was observed. (E)

Survivors of the study in (C) were re-challenged with 5� 105 B16-F10 cells on the opposite flank. No significant extension of survival was observed. (F andG) Tumor volume of

(legend continued on next page)
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combination therapy stimulates B16-F10 cells to significantly in-
crease the expression of IFN-b.
Survival of B16-F10 tumor-bearing mice is dramatically

enhanced when vanadyl sulfate is administered in combination

with NDV

Results of in vitro experiments prompted us to determine whether
combining vanadyl sulfate plus NDV would translate into increased
survival in an immunocompetent in vivomodel. Six-week-old female
C57BL/6 mice were implanted with 5 � 105 B16-F10 tumor cells
intradermally. Tumors were measured using a digital caliper, and
when they grew to 5 mm in diameter, treatment was initiated. Mice
were injected intratumorally with phosphate-buffered saline (PBS),
vanadyl sulfate (20 mg/kg or 40 mg/kg), NDV, or a combination of
vanadyl sulfate + NDV every 48 h for a total of three treatments,
with the combination group receiving vanadyl sulfate 4 h prior to in-
jection with NDV (Figure 2A). Tumor volumes were measured every
other day until they reached 15 mm in a single direction, which was
defined as endpoint. We observed extremely rapid tumor regression
in mice treated with vanadyl sulfate (40 mg/kg) plus NDV (Figure 2B)
that was preceded by the formation of a thick, rigid scab that eventu-
ally resolved, typically within 5 days of the last treatment (Figure S2).
Regressions of tumors in all mice that received the combination ther-
apy were complete within only 96 h of the initiation of treatment.
Remarkably, all mice in the vanadyl sulfate plus NDV treatment
group were cured of their disease, as demonstrated by their failure
to re-grow tumors by 60 days after the initial regression. When
mice were treated with a lower dose of vanadyl sulfate (20 mg/kg)
in combination with NDV, 50% of the mice were cured of their dis-
ease, showing the therapy had a dose-response effect (Figure 2C).

To evaluate whether this treatment induced a tumor-specific memory
response, mice that were cured of their disease were re-challenged
with 5 � 105 B16-F10 cells 60 days after the last PBS-treated mouse
reached endpoint. Regardless of whether mice were re-challenged
intravenously (to mimic metastatic disease) (Figure 2D) or subcuta-
neously on the opposite flank (Figure 2E), there was no significant in-
crease in survival when compared to PBS-treated controls. These data
demonstrate that although tumors treated with an optimal dose of va-
nadyl sulfate (i.e., 40 mg/kg) 4 h prior to injection with NDV regress
rapidly and resolve completely, this specific combination treatment
did not induce a sufficient memory response to control B16-F10 tu-
mors, as mice were susceptible to re-challenge.
The pyrrole derivative, VSe 1-28, only modestly enhanced

survival of B16-F10 tumor-bearing mice when used in

combination with NDV

Given its published potential to enhance OV-mediated oncolysis,35

we tested whether a single intratumoral dose of VSe 1-28 (40 mg/
B16-F10 tumor-bearing mice treated once with PBS or once with VSe 1-28 (40 mg/kg

Tumor volume of B16-F10 tumor-bearing mice treated three times with PBS or VSe 1-28

Significance of survival was determined using log rank (Mantel-Cox) test (*p < 0.05, **p
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kg) or VSe 1-28 followed by three doses of 5 � 107 plaque-forming
units (PFU) of intratumoral NDV every 48 h for a total of three treat-
ments would enhance survival in B16-F10 tumor-bearing mice. Since
VSe 1-28 has an enhanced half-life we initially investigated whether
one dose of VSe 1-28 would be efficacious. As shown in Figure 2F, tu-
mor growth was delayed but continually progressed. Similarly, in Fig-
ure 2G, there was a modest but significant increase in survival in the
group receiving the combination treatment when compared to VSe 1-
28 alone, but this did not prove to be curative. Given these results, we
next tested whether administering three doses of the combination
therapy 48 h apart, as was done with vanadyl sulfate, would yield bet-
ter results. As shown in Figure 2H, tumor growth was impeded but,
again, continually progressed. Results in Figure 2I show a similar
trend in survival to the single-dose regimen. Therefore, there did
not appear to be a benefit of increasing the number of doses of the
combination therapy. Since VSe 1-28 did not potentiate NDV-medi-
ated oncolytic virotherapy to nearly the extent that vanadyl sulfate
did, we focused on the latter for subsequent mechanistic studies.
Vanadyl sulfate plus NDV combination therapy fails to increase

the number of activated natural killer (NK) cells and tumor-

specific T cells in circulation

To begin dissecting cellular mechanisms of action, we investigated the
impact of the vanadyl sulfate NDV combination therapy on the activa-
tion status of both NK cells and T cells. Flow cytometric analysis of the
numberandactivation status ofNKcells in the bloodwas conducted36h
after a single treatmentofPBS, vanadyl sulfate (40mg/kg),NDV(5� 107

PFU/mL), or a combination ofNDVplus vanadyl sulfate. In terms of the
relative number ofNK cells in circulation,mice treatedwith vanadyl sul-
fate alone had significantly higher numbers of CD3�CD8�NK1.1+ cells
in the blood compared to all other treatments (Figure 3A). We next
quantified the relative numberof activatedNK1.1+ cells basedon expres-
sion of the early activation marker CD69 and found that the NDV-
treatedmice had significantly greater numbers of activatedNKcells rela-
tive to mice treated with PBS or vanadyl sulfate alone and mice that
received vanadyl sulfate plus NDV (Figure 3B).We observed similar re-
sults whenwe quantified the number of NK1.1+ that were producing the
effector cytokine IFN-g (Figure 3C). These results suggest that while va-
nadyl sulfate treatment leads to an increase in the total number of NK
cells in the blood, only mice that received NDV as a single agent had a
significant increase in activated NK cells in the blood.

To evaluate tumor-specific T cell responses, the same groups of
mice were bled 10 days after the first treatment and the amount
of CD8+ tumor-specific T cells in the blood was quantified using
two different assays to identify B16-F10 tumor-specific T cells.
The first assay is an antigen agnostic assay in which we exploit
the fact that IFN-g treatment leads to upregulation of major histo-
compatibility complex expression and thus display of putative
) (F) and three times with 5 � 107 PFU NDV and monitored for survival (G). (H and I)

(40 mg/kg) and three times with 5� 107 PFU NDV (H) and monitored for survival (I).

< 0.01, ***p < 0.001, ****p < 0.0001).
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populations in circulation 36 h post-treatment

(A–C) B16-F10 tumor-bearing mice were retro-orbitally

bled 36 h after a single intratumoral treatment with PBS,

NDV (5 � 107 PFU), vanadyl sulfate (40 mg/kg), or a

combination of vanadyl sulfate plus NDV. Blood was

processed and analyzed via fluorescence activated cell

sorting (FACS) using a natural killer (NK) cell antibody

panel. (D and E) Blood was drawn retro-orbitally from

B16-F10 tumor-bearing mice 10 days after the first of

three treatments was initiated and was processed and

analyzed via FACS using a panel of antibodies to quantify

CD8+ T cells responding to undefined tumor-associated

antigens (D) and a tumor-specific antigen (SVY) (E). Sig-

nificance was determined using a one-way ANOVA test

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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B16-F10 tumor-associated antigens. Tumor-specific T cells in the
blood are then detected by flow cytometry after co-culture, as
described.37 The second assay we employed identified CD8+

T cells specific for the melanoma-associated dopachrome tautomer-
ase180–188 peptide that is expressed by B16-F10 cells and is the
dominant epitope for cytotoxic T cells in C57BL/6 mice. Regardless
of the assay, none of the treatments significantly increased the num-
ber of B16-F10-specific CD8+ T cells in the blood (Figures 3D and
3E). These data suggested that the mechanism(s) by which this
combination treatment mediated its therapeutic effect could be bet-
ter understood by investigating the effects it has on the tumor
microenvironment (TME) and/or tumor-draining lymph nodes
(TdLNs). Further, the rapidity of tumor regression and an apparent
lack of induction of systemic tumor-specific T cells prompted an
emphasis on assessments of innate immunity.

Treatment with vanadyl sulfate plus NDV enhances the number

of activated NK cells in the tumor and TdLNs

To characterize the impact of combination treatment on the innate
immune response occurring in the TME, tumors were harvested
from B16-F10 tumor-bearing mice 36 h after a single intratumoral
treatment with PBS, vanadyl sulfate (40 mg/kg), NDV, or a combina-
tion of vanadyl sulfate plus NDV. Our initial strategy was to treat tu-
mors when they reached 5 mm in diameter and harvest them 36 h
later; however, we observed that the tumors had dramatically receded
in size and, in some cases, were too small for analysis. As such, we had
to allow tumors to reach 8 mm in any one direction before adminis-
tering the therapy. Tumors, TdLNs, and the same lymph nodes on the
opposite flank were harvested 36 h after a single treatment, and
various leukocyte subsets were quantified by flow cytometry. As
shown in Figures 4A and 4B, the relative number of IFN-g-producing
NK cells in the tumor and TdLNs was significantly greater in the va-
Molecular
nadyl sulfate plus NDV combination group
compared to all other treatments. Interestingly,
NDV as a single agent generated significantly
more CD69+ NK cells in the TME compared
to all the other treatments (Figure 4C), whereas
vanadyl sulfate plus NDV treatment generated significantly more
CD69+ NK cells in the TdLNs (Figure 4D).

To further elucidate the impact vanadyl sulfate plus NDV combina-
tion therapy has on dendritic cells (DCs), we quantified migratory
(CD103+) and lymphoid-resident (CD8a+) classical DCs (cDCs)38

in TdLNs. Additionally, we quantified the CCR7+-expressing cDCs,
as CCR7 has been shown to control different migratory events,
including the homing of NK cells, T cells, and cDCs to lymphoid com-
partments.39 A significant increase in the number of CD103+ (Fig-
ure 4G), CD103+CCR7+ (Figure 4H), and CD8a+CD103+ (Figure 4I)
cDCs were detected in the TdLNs of the vanadyl sulfate plus NDV
treatment group compared to all other treatments. Of note, the
CD8a+ CD103+ cDC1 lineage of cDCs is superior in antigen cross-
presentation, a process of presenting exogenous antigens on major
histocompatibility complex (MHC) class I to activate CD8+ T cells
and are thus particularly important for producing CD8+ T cells that
can kill tumor cells.40 Taken together, combination therapy with va-
nadyl sulfate plus NDV significantly increases the number of acti-
vated NK cells in the tumor and the TdLNs as well as the total number
of cDC1 cells in the TdLNs. These results suggest that vanadyl sulfate
plus NDV combination therapy potentiates the innate immune
response, which is probably why we see such rapid tumor regression.

Vanadyl sulfate plus NDV combination therapy promotes

increased NK cell activation and reduces the number of M2

macrophages in the TME at acute time points

To elucidate the mechanism of action of vanadyl sulfate plus NDV
combination therapy, we conducted a tumor-infiltrating lymphocyte
(TIL) analysis using an antibody panel geared toward assessing the
cytotoxic potential of NK cells and the presence of M2 macrophages.
B16-F10 tumor-bearing mice were administered a single intratumoral
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injection of PBS, vanadyl sulfate (40 mg/kg), NDV (5.0 � 107 PFU),
or vanadyl sulfate 4 h prior to NDV. Tumors, which were 8� 8 mm2

at the initiation of treatment, were harvested at an acute time point
(24 h), and immediately processed and stained with NK- and macro-
phage-specific antibody panels. The PBS-treated group contained the
largest number of NK1.1+CD3� cells compared to all other treatment
groups (Figure 5A). However, it was observed that the highest per-
centage of NK cells producing granzyme B, a cytotoxic serine protease
found in the granules of NK cells, was in the vanadyl sulfate plus NDV
group, as it was significantly increased compared to PBS, vanadyl sul-
fate, and NDV treatment groups (Figures 5B and 5C). Moreover, the
mean fluorescence intensity (MFI) of granzyme B, an indication of
the density of expression of the molecules per cell, was also signifi-
cantly increased in the vanadyl sulfate plus NDV treatment group
compared to all other groups (Figure 5D). In addition, vanadyl sulfate
plus NDV combination therapy significantly increased the percentage
of IFN-g-producing NK cells compared to all other groups, as shown
in Figures 5E and 5F. Likewise, the MFI of IFN-g was also signifi-
cantly increased in NK cells from mice treated with vanadyl sulfate
plus NDV compared to all other groups (Figure 5G).

We next examined the effect of vanadyl sulfate plus NDV combina-
tion therapy on tumor-associated macrophage populations, with
macrophages defined as CD11b+F4/80+ cells. Specifically, we evalu-
ated the number of M2 macrophages, identified through the presence
of CD206, in B16-F10 tumor-bearing mice. As shown in Figures 5H
and 5I, the percentage of CD206+ macrophages was significantly
reduced when vanadyl sulfate plus NDV therapy was administered
compared to treatment with PBS or vanadyl sulfate. Alternatively,
only vanadyl sulfate as a monotherapy had a significantly different
MFI compared to macrophages in tumors derived from PBS-treated
mice (Figure 5J). These data showcase the ability of vanadyl sulfate
plus NDV combination therapy to enhance the activation and cyto-
lytic potential of NK cells, while simultaneously decreasing the
immunosuppressive nature of the TME through the reduction in
the number of resident M2 macrophages.

Determination of cytokine profiles in tumors at an acute time

point revealed significantly increased concentrations of IFN-b,

GM-CSF, and monocyte chemoattractant protein-1 (MCP-1) in

mice treated with vanadyl sulfate plus NDV

To better understand how this combination therapy might alter the
cytokine profile in the TME at acute time points, thirteen different cy-
tokines were quantified in B16-F10 tumors from mice treated once
with PBS, vanadyl sulfate, or NDV, or a single dose of vanadyl sulfate
plus NDV. Tumors were harvested 36 h after these treatments, and
cytokines were quantified using a flow cytometry-based method. Va-
nadyl sulfate plus NDV combination therapy significantly increased
IFN-b (Figure 6A), GM-CSF (Figure 6B), and MCP-1 (CCL2) (Fig-
Figure 4. Quantification of activated tumor-infiltrating lymphocytes

(A–L) Tumor (A, B, E, and F) and TdLNs (C, D, and G–L) were harvested from B16-F10 tu

(40 mg/kg), NDV (5 � 107 PFU), or a combination of vanadyl sulfate plus NDV and then

FACs. Significance was determined using a one-way ANOVA test (*p < 0.05, **p < 0.0
ure 6C) protein concentrations compared to all other treatments.
Treatment with NDV or vanadyl sulfate plus NDV both significantly
increased CXCL-10 (Figure 6D) and CCL5 (Figure 6E) protein con-
centrations compared to tumors from mice treated with vanadyl sul-
fate or PBS alone. Finally, IL-6 (Figure 6F) was significantly increased
and IL-1b (Figure 6G) was significantly decreased in the vanadyl sul-
fate plus NDV treatment group when compared to tumors frommice
treated with PBS alone. Taken together, these results indicate that
combining vanadyl sulfate with NDV leads to a rapid change in the
cytokine profile in the TME, highlighted by a general increase in
key immunomodulatory cytokines within the TME.

NK cells contributed to the therapeutic effect of vanadyl sulfate

plus NDV combination therapy

Given the probable role of the innate immune system in mediating
rapid tumor regression, and the apparent lack of a memory T cell
response following vanadyl sulfate plus NDV treatment, NK and
T cells were depleted in tumor-bearing mice according to the schedule
in Figure 7A, and we monitored the effect this had on survival. In
B16-F10 tumor-bearing mice depleted of NK cells using an anti-
Asialo-GM1 antibody (Figure S3), the therapeutic efficacy of vanadyl
sulfate plus NDV therapy was significantly reduced from 100% sur-
vival in the non-depleted mice to 12.5% survival in the mice depleted
of NK cells (Figure 7B). Conversely, when B16-F10 tumor-bearing
mice were depleted of T cells using anti-Thy1.2 (CD90.2) (Figure S4),
there was a slight reduction in survival in the vanadyl sulfate plus
NDV treatment group (Figure 7C), but this was not significant. Taken
together, these depletion studies demonstrate that NK cells play a crit-
ical role in mediating the anti-tumor effect of vanadyl sulfate plus
NDV combination therapy and suggest that T cells have a lesser
impact on the de-bulking effect of this combination therapy.

Type I IFNs are fundamental in antitumor control and execute their
function predominantly by modulating the activity of leukocytes.
Notably, the impact of type I IFNs on NK cells is especially crucial
for efficient tumor immunosurveillance.41 Our data showed that va-
nadyl sulfate plus NDV combination therapy significantly increased
IFN-b production in B16-F10 cells in vitro and in vivo in tumors (Fig-
ures 1F and 6B, respectively). To determine whether this increase in
IFN-b production contributed to the enhanced antitumor efficacy of
this combination therapy, we generated a recombinant NDV co-ex-
pressing the non-structural protein 1 (NS1) from the PR8 strain of
influenza virus and GFP from two separate transcription units
(NDV-NS1). NS1 has previously been shown to transiently suppress
IFN-b production when expressed from a recombinant NDV.42 As
shown in Figure 7D, infection of cultured B16-F10 cells with NDV-
NS1 significantly reduced IFN-b production relative to the parental
NDV. When NDV-NS1 was administered intratumorally to B16-
F10 tumor-bearing mice in combination with vanadyl sulfate there
mor-bearing mice 36 h after a single intratumoral treatment with PBS, vanadyl sulfate

the quantity and quality of NK cells (A–D) and dendritic cells (E–L) characterized by

1, ***p < 0.001, ****p < 0.0001).
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was a significant reduction in efficacy, as only 37.5% of mice survived
compared to 100% of mice in the vanadyl sulfate plus NDV treatment
group (Figure 7E). Of note, there was no significant difference in sur-
vival between NDV and NDV-NS1 when the viruses were adminis-
tered as monotherapies (Figure 7D). These data highlight the impor-
tance of IFN-b in mediating the rapid tumor regression observed in
the vanadyl sulfate plus NDV combination therapy.

Efficacy of vanadyl sulfate plus NDV combination therapy was

not limited to a single cancer type

Since intratumoral injection of B16-F10melanomas with vanadyl sul-
fate plus NDV resulted in rapid tumor regression and long-term
cures, we wanted to investigate whether these results could be recapit-
ulated in a cancer type other than melanoma. Murine RM943 prostate
cancer cells (1 � 105) were injected subcutaneously into the left flank
of C57BL/6 male mice. Approximately 7 days later, when tumors
reached ~5 mm in diameter, PBS, vanadyl sulfate (40 mg/kg), NDV
(5 � 107 PFU), or a combination of vanadyl sulfate and NDV was
administered intratumorally and tumor growth monitored. As shown
in Figure 8, treatment with vanadyl sulfate plus NDV significantly
enhanced the survival of RM9 tumor-bearing mice compared to all
other treatment groups. These findings demonstrate that this combi-
nation therapy has the ability to enhance survival in other cancer
models.

DISCUSSION
In this study, we show that intratumoral administration of the pan-
tyrosine phosphatase inhibitor, vanadyl sulfate, 4 h prior to injection
with oncolytic NDV significantly potentiates the innate antitumor
immune response leading to rapid tumor regression, with curative
potential for orthotopic melanoma. The efficacy of this combination
therapy appears to be dependent on IFN-b production and is medi-
ated in large part by NK cells.

There are numerous reports in the literature highlighting the ability of
OVs to convert an immunosuppressive “cold” TME to a “hotter”
immunostimulatory one; however, thus far, OVs have had limited ac-
tivity as single agents in clinical trials.44 To date, an assortment of
OV-drug combination therapies have been shown to act in additive
or synergistic fashion, resulting in increased therapeutic effects not
possible with either therapy alone.45,46 Here we sought to determine
whether two small-molecule VSes, vanadyl sulfate and VSe 1-28,
which were previously shown to significantly improve the therapeutic
efficacy of VSVD51 in a range of tumor models,21,35 would potentiate
NDV-mediated oncolysis in a murine melanoma model. While both
VSes significantly reduced the metabolic activity of B16-F10 mela-
Figure 5. Quantification of cytotoxic NK cells and M2 macrophages in the B16

Tumors were harvested from B16-F10 tumor-bearing mice 24 h after a single intratum

combination of vanadyl sulfate plus NDV. (A) Relative number of NK 1.1+ CD3� cells. (B

cells. (C) Percent of NK 1.1+ CD3� cells that are granzyme B+ in the TME. (D) Mean fluo

Representative dot plots for each treatment group for IFNg+ NK 1.1+ CD3�. (F) Percent
1.1+ CD3� cells. (H) Representative dot plots for each treatment group for F4/80+ C

Significance was determined using a one-way ANOVA test (*p < 0.05, **p < 0.01, ***p
noma cells in vitro when combined with NDV, neither combination
led to substantially increased virus replication or transgene expres-
sion. It is possible that the combination of vanadyl sulfate plus
NDV reduced the viability of B16-F10 cells by rendering them
more permissive to NDV-induced apoptosis or cell death. Since va-
nadyl sulfate has been shown to activate several transcription factors,
including NF-kB,47 as well as influence the activity of the cell cycle,
oncogenes, and tumor suppressor genes,32 it is conceivable that
altered intracellular signaling could have potentiated the cytotoxic ef-
fects of oncolytic NDV.48 Additionally, vanadium compounds have
been shown to induce single-stranded DNA breaks leading to geno-
toxic stress preferentially in cancer cells.49 Finally, vanadate has
been shown to enhance NDV-mediated cell fusion,50 which could
potentially increase the direct oncolytic effect of NDV and induce
immunogenic cell death.51

The ability of vanadyl sulfate plus NDV combination therapy to in-
crease the production of IFN-b, particularly in the TME, is intriguing.
Despite its role in innate antiviral immune responses, IFN-b has been
shown to support activation of antitumor immunity when expressed
in VSV,52 vaccinia virus,53 and measles virus.54 It is also well known
that IFN-b plays a critical role in increasing the cytotoxic activity of
NK cells, as impaired IFN signaling in this subset results in a substan-
tial reduction in mature NK cells expressing receptors such as CD11b,
CD122, and Ly49, leading to impaired cytotoxic activity.41,55

An intratumoral dose of 40 mg/kg vanadyl sulfate was chosen based
on the fact that it was previously shown to significantly enhance tu-
mor regression when used in combination with oncolytic
VSVD51.21 While there was no evidence of toxicity when 40 mg/kg
vanadyl sulfate was delivered intratumorally or intraperitoneally, IV
administration of either 40 mg/kg or 20 mg/kg vanadyl sulfate was
acutely toxic to mice.

It is important to point out that vanadyl sulfate alone was able to
induce significant tumor regression and enhance survival of B16-
F10 tumor-bearing mice, with ~50% of mice being cured of their tu-
mors. The mechanism behind this warrants further investigation, as
well as dose escalation studies to determine whether greater survival
rates are achievable. However, while vanadyl sulfate as amonotherapy
significantly enhanced survival, it pales in comparison to the 100%
survival observed when vanadyl sulfate was combined with NDV.

When B16-F10 tumors were treated with a combination of vanadyl
sulfate plus NDV, tumor regression occurred rapidly, within only
48–96 h after the last treatment. The rapid nature with which tumors
-F10 tumor micro-environment (TME) at an acute time point

oral treatment with PBS, vanadyl sulfate (40 mg/kg), NDV (5.0 � 107 PFU), or a

) Dot plot representatives of each treatment group for granzyme B+ NK 1.1+ CD3�

rescence intensity (MFI) of granzyme B per cell in NK 1.1+ CD3� cells in the TME. (E)

age of NK 1.1+ CD3� cells that are IFNg+ in the TME. (G) MFI of IFNg+ per cell in NK

D11b+ CD206+ cells. (I) Percentage of F4/80+ CD11b+ CD206+ cells in the TME.

< 0.001, ****p < 0.0001).
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regressed suggested that the therapeutic effect of this combination
therapy is mediated in large part by the innate immune system, as
an effective adaptive immune response was unlikely to have been
generated within this time frame.56 This interpretation is further sup-
ported by the fact that mice that were cured of their tumors after
receiving the combination vanadyl sulfate plus NDV therapy suc-
cumbed to re-challenge, suggesting they did not generate a sufficient
anti-tumor memory response. It is possible that failure to induce
adaptive tumor-specific T cell responses was due to tumors regressing
so rapidly that there was insufficient stimulation of naive T cells, but
this remains to be determined.

In contrast to vanadyl sulfate, when the VSe 1-2835 was administered
either as a single agent or in combinationwithNDV, the increase in sur-
vival was ofmuch lowermagnitude in the orthotopicmelanomamodel.
This was consistent whether tumor-bearing mice received one or three
doses of the combination therapy. Considering that VSe 1-28 has been
shown to transcriptionally repress genes associated with a type I IFN
response,35 it could be speculated that these results support the notion
that themagnitude of type I IFN signaling correlates with the therapeu-
tic efficacy of combination therapies involving a VSe and NDV.

To better understand the role the innate immune system plays upon
administration of vanadyl sulfate and NDV, we evaluated the ability
of this combination therapy tomodulate NK cells in circulation after a
single administration. Although vanadyl sulfate significantly
increased the number of CD3� CD8� NK1.1+ cells in circulation, if
NDV was included in the treatment regimen there was a dramatic
reduction in the number of NK cells in the blood, likely due to the
well-recognized phenomenon of virus-induced lymphopenia.57–59 It
is plausible that intratumoral administration of NDV led to increased
NK cell trafficking to the TME, and, as such, their numbers in circu-
lation were reduced. Indeed, when B16-F10 TILs were analyzed 36 h
after a single treatment, the number of IFNg-producing NK cells was
significantly increased in the combination therapy group compared to
all other groups. It is important to note that for the TIL analysis it was
necessary to allow tumors to reach 8mm in any one dimension before
initiating treatment, as smaller tumors (e.g., ~5� 5 mm) treated with
vanadyl sulfate plus NDV were dramatically reduced in size by 36 h,
making it impossible to harvest a sufficient number of cells to conduct
TIL analysis. In addition to the tumor, the TdLNs also had signifi-
cantly increased numbers of IFNg-producing NK cells in the vanadyl
sulfate plus NDV treatment group, suggesting that activated NK cells
might be an important mediator of the antitumor efficacy of this ther-
apy. Conversely, the number of CD69+ NK cells in the tumor 36 h
post-treatment was only significantly increased when NDV was
administered as a monotherapy; however, in the TdLNs there was a
significant increase in the number of CD69+ NK cells in the combina-
tion therapy treatment group, which could be due to increased NK
Figure 6. Quantification of cytokine and chemokine expression levels in B16-F

(A–M) B16-F10 tumor-bearing mice were administered a single intratumoral injection of

sulfate and NDV. Thirty-six hours after treatment, tumors were harvested, homogeniz

Significance was determined using a one-way ANOVA test (*p < 0.05, **p < 0.01, ***p
cell trafficking to the TdLNs. An alternative explanation for this dif-
ference may be because NK cells express the CD69 activation marker
after encountering stimuli such as IL-12p70 or IFN-a, neither of
which was upregulated in the TME of the combination therapy treat-
ment group at the 36-h time point.60 Further investigation into the
impact of vanadyl sulfate plus NDV combination therapy on the cyto-
toxic potential of NK cells revealed the highest percentage of gran-
zyme B+ NK cells in the tumor in the combination therapy group
at the 24 h time point. A similar trend was observed for IFNg+ NK
cells; however, the fact that there were more IFNg+ NK cells in the
TdLNs of the combination therapy group at 36 h post-treatment sug-
gests the possibility that activated NK cells are trafficking to the
TdLNs after exerting their cytolytic activity. Myeloid-derived
suppressor cells (MDSCs) are innate leukocytes that secrete cytokines
such as transforming growth factor beta (TGF-b), IL-10, and IL-6,
which can suppress NK cell activity.61 Vanadyl sulfate plus NDV
therapy reduced the number of tumor-associated macrophages
(TAMs), specifically M2 macrophages, which may have led to a
reduction in immunosuppression and enhanced NK cell activity.

In the TME of B16-F10 tumors treated with a combination of vanadyl
sulfate and NDV, MCP-1 (CCL2), which is a chemoattractant for
monocytes and macrophages, GM-CSF, which stimulates prolifera-
tion of granulocyte and macrophage progenitor cells and enhances
the activity of conventional type 1 DCs,62 a unique subset of DCs
that have been shown to enhance local cytotoxic T cell functions,63

were significantly increased relative to all other treatment groups.
Additionally, IFN-b, which has anti-proliferative and pro-apoptotic
effects on tumor cells,64–66 was significantly increased relative to all
other treatment groups. As a testament to their importance in
strengthening the anti-tumor immune response, a variety of OVs,
including HSV,67,68 vaccinia virus,69 and adenovirus,70 have been en-
gineered to express these exact pro-inflammatory cytokines, resulting
in enhanced anti-tumor immunity. While genetic modifications that
support both adaptive (e.g., GM-CSF) and innate (e.g., IFN-b) anti-
tumor immunity have been applied to improve OV therapy,61 it
may be possible to achieve a similar effect without having to engineer
NDV by combining it with vanadyl sulfate at the time of administra-
tion. The combination of vanadyl sulfate plus NDV also resulted in a
significant decrease in IL-1b, a cytokine that has been shown to play a
key role in carcinogenesis and tumor progression in the B16-F10 he-
patic metastasis model.71 Finally, combining vanadyl sulfate with
NDV did not diminish NDV’s natural ability to increase expression
of chemokines CXCL10 (IP-10) and CCL5 (RANTES), which are
important for the chemoattraction of CD8+ T lymphocytes.72,73

Taken together, the cytokine signature induced by the vanadyl sulfate
plus NDV combination therapy would be expected to increase
chemotaxis of effector leukocytes and, through the action of IFN-b,
enhance NK cell-mediated anti-tumor cytotoxicity.
10 tumors 36 h post-treatment

PBS, vanadyl sulfate (40 mg/kg), NDV (5.0 � 107 PFU), or a combination of vanadyl

ed, and then analyzed using the LEGENDplex Mouse Anti-Virus Response assay.

< 0.001, ****p < 0.0001).
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Figure 7. Impact of immune cell depletion on

survival

(A) Experimental outline showing the timing of NK cell

depletion antibody treatments, T cell depletion antibody

treatments (gray arrows), and therapeutic treatments

(PBS, vanadyl sulfate [40 mg/kg], NDV [5 � 107 PFU], or

vanadyl sulfate plus NDV; black arrows) in mice implanted

with 5 � 105 B16-F10 cells intradermally. (B) Survival of

B16-F10 tumor-bearing NK cell-depleted mice treated i.t.

with PBS, vanadyl sulfate, NDV, or vanadyl sulfate plus

NDV. (C) Survival of B16-F10 tumor-bearing T cell-

depleted mice treated intratumorally with PBS, vanadyl

sulfate, NDV, or vanadyl sulfate plus NDV. (D) IFN-b

quantification of B16-F10 cells treated with NDV or NDV-

NS1 (MOI = 1), made relative to cell-only control. Signifi-

cance was determined using a 2-way ANOVA test (*p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (E) Survival

of B16-F10 tumor-bearing mice treated intratumorally

with PBS, vanadyl sulfate, NDV, NDV-NS1, or a combi-

nation of vanadyl sulfate plus NDV or NDV-NS1 (5 � 107

PFU). Significance was determined using log rank

(Mantel-cox) test (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001).
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Figure 8. Impact of vanadyl sulfate plus NDV

combination therapy in a subcutaneous RM9

mouse model

Male C57BL/6 mice were administered syngeneic 1 �
105 RM9 prostate cancer cells subcutaneously. Seven

days later, mice received phosphate-buffered saline

(i.t.), vanadyl sulfate (40 mg/kg; i.t.), NDV (5.0 � 107

PFU; i.t.) or vanadyl sulfate intraperitoneally (i.p.) 4 h

prior to i.t. administration of NDV. Mice were eutha-

nized when tumors reached 15 mm in any one direc-

tion. Significance was determined using log rank

(Mantel-Cox) test (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001).
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When NK cells were depleted, there was a marked decrease in efficacy
in the vanadyl sulfate plus NDV combination therapy group. While
disease progression increased in the absence of NK cells in all thera-
peutic settings, this is likely because both vanadyl sulfate and NDV
enhance NK cell activity when used as monotherapies, but when
used in a combination they have an additive or synergistic effect to
enhance the antitumor effects mediated by NK cells. Conversely,
when T cells were depleted, there was comparatively less impact on
efficacy in the combination treatment group. The observation of com-
plete cures following this regimen in a large proportion of mice in the
absence of T cells highlights the role of the innate immune system in
mediating tumor regression. Immunosuppressive regulatory T cells
(Tregs) that are present in the TME have been shown to express
the Thy1.2 marker; as such, the use a-Thy1.2 may have resulted in
a reduction of Tregs, resulting in a more immunogenic TME.74

Furthermore, hepatic Thy1+ NK cells have been shown to play an
important role in viral clearance, antibacterial immunity, and cyto-
toxicity toward tumor cells, albeit this is a low-density marker.75–77

As such, a-Thy1.2 may inhibit activated NK cells bearing the Thy1
marker, and the reduction in survival of the vanadyl sulfate plus
NDV treatment group when a-Thy1.2 was used to deplete T cells
may be attributed to a reduction in NK cell numbers. Regardless,
the NK cell depletion study clearly suggests that this subset was a
dominant effector in this model. Previous studies using oncolytic
VSV in the CT26 model in combination with vanadyl sulfate attrib-
uted enhanced antitumor effects to increased T cell infiltration and
activation, wherein efficacy was abrogated in T cell-deficient mice.21

Taken together, the sum total of these findings suggests that the domi-
nant cellular mechanism of action leading to robust efficacy of OV/
vanadyl sulfate combination treatments may differ depending on
the specific OV and/or tumor model. Alternatively, it might be ex-
plained by the kinetics of tumor regression; if the regression is rapid
enough, there may be no need for the immune system to mount an
adaptive response.

The effects of VSes on replication of NDV and induction of type I IFN
appear to be somewhat opposite from what was previously observed
with VSV (i.e., VSe 1-28 increased VSV replication,20,35 while vana-
dium compounds decreased type I IFN21). This highlights that com-
bination partners may lead to unexpected results within the context of
different viruses, even within the viruses in the same genetic taxon
(i.e., Mononegavirales). NDV is an avian paramyxovirus that is very
different from the rhabdovirus VSV. NDV replicates poorly in
mammalian cells,78 particularly murine cells,14 whereas VSV is highly
replicative in a wide range of cell lines.79 The mechanism of action of
oncolytic NDV is primarily through immune stimulation80 rather
than extensive virus replication and destruction of tumor cells, which
may contribute to the differences observed.

Type I IFNs are important regulators of innate leukocytes such as NK
cells and DCs in anti-cancer host responses.41 Type I IFNs can directly
enhance NK cell-mediated cytotoxicity and cytokine production.81,82

However, the effector functions of NK cells need to be “licensed,”
which is predominantly carried out by type I IFN through the stimu-
lation of DCs to produce IL-15, which is a crucial cytokine for NK cell
development, proliferation, and function.83–86 Given that combination
treatment with vanadyl sulfate plus NDV significantly increased IFN-b
production both in vitro and in vivo, we wanted to further dissect the
role of type I IFN in the antitumor function of this combination ther-
apy.Widespread and constitutive inhibition of interferon-a/b receptor
(IFNAR) signaling, as in the case of IFNAR�/� mice or the use of IF-
NAR-blocking antibodies, would be expected to have pleiotropic ef-
fects on tumor growth kinetics and leukocyte function. Therefore,
we engineered a recombinant NDV to express the influenza PR8
NS1 protein so as to localize depletion of type I IFN within the
TME.51 When NDV-NS1 was combined with vanadyl sulfate in the
B16-F10 survival model, a significant loss of efficacy was observed
(i.e., a reduction in long-term survivors from 100% to 37.5%), but
not to the same extent as NK cell depletion (i.e., a reduction in long-
term survivors to 12.5%). The reduction in IFN-b expression may
have resulted in decreased activation of NK cells, resulting in a lower
efficacy; however, when NK cells are depleted, efficacy is severely
impacted. Thus, the sustained antitumor response of this combination
therapy is dependent upon the presence of both intact type I IFN
signaling and NK cell functions.

Importantly, treatment with vanadyl sulfate plus NDV extended sur-
vival beyond that achieved with monotherapies in the context of
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subcutaneous prostate tumors, demonstrating the potential for this
combination therapy to treat cancers other than melanoma.

A variety of therapeutic strategies, including prime-boost vaccina-
tion87 and infected cell vaccines,88 have extended survival in the
B16-F10 model primarily through the induction of an anti-tumor
adaptive immune response mediated in large part by cytotoxic
CD8+ T cells. In contrast, the efficacy of vanadyl sulfate plus NDV
combination therapy is mediated in large part by the innate arm of
the immune system, mainly NK cells. An intriguing future direction
of this research might be to combine vanadyl sulfate with a cytotoxic
T cell-centric oncolytic viroimmunotherapy in an attempt to harness
the full potential of the immune system.

Although combining NDV with vanadyl sulfate was able to generate
durable cures, there are some limitations with this approach that
identify other possible future directions. The combination of vanadyl
sulfate plus NDV led to the complete regression of tumors typically
within 4 days of treatment, which may be too short of a time frame
for the development of an effective anti-tumor adaptive immune
response. The incorporation of a transgene that stimulates an adap-
tive immune response, such as IL-2, may increase the ability of this
combination therapy to induce a memory CD8+ T cell response.89

In addition, marrying this therapy with another strategy to stimulate
the adaptive immune response, for example immune checkpoint
blockade, might remedy this pitfall. Additionally, optimizing a
method by which vanadyl sulfate could be administered intrave-
nously could greatly broaden the applicability of this therapy, by al-
lowing for systemic administration and potentially increasing the
amount of vanadyl sulfate that enters the tumors.90 One possibility
is to conjugate vanadyl sulfate to nanoparticles designed for optimal
delivery to tumors to safely deliver the VSe to the TME.91,92 The suc-
cessful delivery of vanadyl sulfate, at a relevant dose, by intravenous
administration would enhance the clinical translation of this therapy
and increase the value of this technology. Lastly, we used a highly fu-
sogenic strain of NDV in this study; however, demonstration that va-
nadyl sulfate is efficacious when combined with lentogenic NDV or
inactivated NDV would prove valuable, as mesogenic NDV is a select
agent in the United States. As such, the potential additive or synergis-
tic effects of vanadyl sulfate and lentogenic NDV/inactivated NDV
warrants further investigation.

In summary, we identified a novel combination therapy that involves
administering vanadyl sulfate in conjunction with NDV, leading to
rapid and sustained tumor regression in mice bearing orthotopic
B16-F10 tumors. This therapeutic strategy generates a robust innate
immune response in which NK cells and type I IFN signaling are
dominant effector mechanisms. This treatment not only increases
the number of activated NK cells in the TME and TdLNs but also up-
regulates cytokines associated with activation and trafficking of
monocytes, neutrophils, and macrophages and suppression of
TAMs. Moreover, this combination therapy is efficacious in the
absence of T cells. These findings may prove useful in potentiating
the innate immune response to induce rapid regression of primary
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melanomas and warrants further investigation in other pre-clinical
models of cancer, and in the context of non-fusogenic strains of
NDV or strains of NDV engineered to enhance a T cell memory
response, to facilitate translation of this therapeutic strategy into
the clinic. Alternatively, the potency of this therapy in the absence
of T cells suggests it could be of utility in the treatment of cancers
in patients with compromised adaptive immune systems.

MATERIALS AND METHODS
Ethics approval

All mouse experiments were performed in compliance with the guide-
lines set forth by the Canadian Council on Animal Care. The Animal
Care Committee at the University of Guelph approved all methods.
Randomly allocated groups of 6-week-old female C57BL/6 mice
(for the B16-F10 model) and 6-week-old male C57BL/6 mice (for
the RM9 model) purchased from Charles River Laboratories (Wil-
mington, MA, USA) were housed at the University of Guelph in a spe-
cific pathogen-free animal isolation facility. Mice were housed in
groups of four and food (Teklad Global 14% Protein Rodent Mainte-
nance Diet, Indianapolis, IN, USA) and tap water were provided ad
libitum. Mice were acclimated to the environment for 7 days prior
to study initiation.

Cell culture

DF-1 chicken embryo fibroblast cells (ATCC CRL-12203), B16-F10
murine melanoma cells (ATCC CRL-6475), and RM9 murine pros-
tate cancer cells (ATCC CRL-3312) were purchased from ATCC.
Cells were maintained in Dulbecco’s modified Eagle’s medium, sup-
plemented with 10% bovine calf serum and 2 mM L-glutamine, and
grown in a humidified incubator at 37�C in 5% CO2-95% air. All
cell lines were continually tested for mycoplasma using a MycoAlert
mycoplasma detection kit (Lonza cat no. LT07-118; Morrisville, NC,
USA).

NDV production

The NDVF3aa-GFP genome was engineered to include an amino acid
substitution in the fusion protein, of the 289th amino acid from leucine
to alanine. Second, NDVwas made to express the full-length enhanced
GFP protein, with the GFP gene located between the phosphoprotein
(P) and matrix (M) genes of NDV. The helper plasmids (pTM1-NP,
pTM1-P, and pTM1-L) were a kind gift from Dr. Peter Palese (Mount
Sinai, NY, USA). Plasmids were purified with the GenElute HP
Plasmid Maxiprep Kit (Sigma-Aldrich). Recombinant NDV-GFP
was rescued and propagated in specific pathogen-free eggs (Canadian
Food and Inspection Agency), and allantoic fluid was harvested 50 h
post-inoculation and clarified by centrifugation (1,500 � g for
10 min at 4�C) and purified as described.93 The virus was aliquoted
and stored at �80�C and subsequently referred to as “NDV.”

NDV-NS1

The mouse codon-optimized NS1 gene from the A/Puerto Rico/8/
1934 strain of influenza A virus (GenBank: 956533) was synthesized
as a gene block by GenScript. The gene block was cloned into the
NDVF3aa (L289A) GFP cDNA between the GFP and M gene using
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InFusion cloning techniques. Each transgene was flanked by a gene
start, intergenic, and gene stop sequence, as well as preceded by a Ko-
zak sequence. Therefore, NDV expresses GFP and NS1 from two
different transcriptional cassettes to generate NDV-NS1, which was
then rescued using the strategy described above. Note that NS1 had
no impact on virus titers. NDV-NS1 titers in eggs were comparable
if not greater than NDV-GFP when titered on DF1 cells.
Evaluating the effect of VSes on NDV production

B16-F10 cells were plated at a density of 1 � 104 cells per well in 96-
well tissue culture plates. At 24 h post-seeding, a range of concentra-
tions of VSe 1-28 (a kind gift from Dr. J.S. Diallo) or vanadyl sulfate
(Sigma-Aldrich, cat no. 233706) were administered to cells, and 4 h
later cells were infected with NDV at an MOI of 0.01. At 48 h post-
infection, supernatants were collected and clarified, and 10-fold serial
dilutions were administered to DF-1 cells seeded in 96-well plates.
Fluorescence of GFP was evaluated using a Carl Zeiss Axio 154
Observer A1 inverted fluorescence microscope 96 h later, and the titer
of the virus was determined using a TCID50 assay.
TCID50 assay

Virus titer was determined by TCID50 assay and expressed as
TCID50/mL. Briefly, NDV samples were serially diluted 10-fold
with Dulbecco’s PBS and inoculated onto DF-1 cells seeded at
70%–80% confluency in 96-well cell culture plates. After 96 h, green
fluorescence was observed using a Carl Zeiss Axio 154 Observer A1
inverted fluorescence microscope, and titer was calculated according
to the Spearman-Kärber method.94
Resazurin assay

Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) was pur-
chased from Sigma-Aldrich (USA) and dissolved in PBS (pH 7.0).
Cell viability was evaluated by treating cells with 10 mM of resazurin
and incubating for 4–6 h at 37�C, 5% CO2. Excitation was measured
at a wavelength of 535 nm and emission at a wavelength of 590 nm,
using a BioTek Synergy HT plate reader (Winooski, VT, USA).
GFP quantification

B16-F10 cells were seeded on a 96-well tissue culture plate at 5 � 104

cells per well. GFP expression was quantified 48 h post-infection us-
ing a PerkinElmer Multimode plate reader. Fluorescence intensity
was quantified at an excitation wavelength of 500 nm and emission
wavelength of 600 nm.
Quantification of murine IFN-b

B16-F10 cells seeded in 12-well tissue culture plates were treated with a
VSe for 4 h followed by infection with NDV at a MOI of 0.01. When
determining the impact of NS1 expression on IFN-b production, an
MOI of 1 was used. Cell supernatants were collected at varying time
points post-infection and IFN-b production quantified using the Lu-
miKine Xpress ELISA (InvivoGen), as per the manufacturer’s instruc-
tions. Concentrations of IFN-b were normalized to untreated controls.
Survival experiments

Six-week-old female C57BL/6 mice were injected with 5 � 105 B16-
F10 cells in a final volume of 20 mL (diluted in PBS) intra-dermally.
In the case of the RM9 model, 6-week-old male C57BL/6 mice were
injected with 1 � 105 RM9 cells in a 30 mL volume subcutaneously.
When tumors reached 5 � 5 mm, vehicle control or a VSe was in-
jected intratumorally in a 20 mL volume. In the combination therapy
groups, 5 � 107 PFU of NDV was administered intratumorally 4 h
later. Tumor volumes were measured every other day using an elec-
tronic caliper. Ear clipping patterns allowed for accurate tracking of
individual mice. Tumor volume was calculated using this formula:
volume = (length � width2)/2. Mice were euthanized when tumors
reached 15 mm in any direction.

NK cell analyses

The following antibodies were used for flow cytometric analysis: Bril-
liant Violet (BV) 421 anti-mouse CD3 (BioLegend, cat no. 100336,
clone 145-2C11), fluorescein isothiocyanate (FITC) anti-mouse
CD69 (BD Bioscience, cat no. 553236, clone H1.2F3), allophycocya-
nin (APC) anti-mouse NK1.1 (BD Bioscience, cat no. 550627),
Phycoerythrin (PE) anti-mouse IFNg (BioLegend, cat no. 505807,
clone XMG1.2), and Fc Block-CD16/32 (BioLegend, cat no. 101320,
clone 93). A second TIL utilized FITC anti-mouse granzyme B (Bio-
Legend, cat no. 515403, clone GB11), Alexa Fluor 488 anti-mouse
CD11b (BioLegend cat no. 101219, clone M1/70), APC anti-mouse
F4/80 (BioLegend, cat no123115, cloneBM8), and FITC anti-mouse
CD206 (BioLegend cat no. 141703, clone C068C2) antibodies. Cells
were isolated from blood, tumors, and TdLNs and processed for sur-
face labeling with antibodies against CD3, NK1.1, and CD69, in a sin-
gle staining panel, followed by the application of fixable viability dye
Zombie NIR (BioLegend) to label dead cells and intracellular staining
with an antibody against IFNg after fixation with intracellular
fixation buffer (eBioscience, cat no. 00-8222-49). Data were acquired
using a FACS Canto II flow cytometer with FACSDiva version 8.0
software (BD Biosciences) and analyzed using FlowJo version 10.6.2
software (BD Biosciences). Cell counts were normalized to volume
of blood drawn or to tumors by using the weight (mg) of tumor after
its excision from mice. See Figures S5–S9 for gating strategies.

Tumor-specific T cell analysis

B16-F10 cells seeded at a density of 1 � 105 cells per well in a round-
bottom 96-well plate was stimulated with 50 units of murine IFN-g
recombinant protein (eBioscience, cat no. 14-8311-63, San Diego,
CA, USA) for 48 h. Blood was drawn 10 days after the first dose of
PBS, vanadyl sulfate (40 mg/kg), VSe 1-28 (40 mg/kg), NDV (5.0 �
107 PFU/mL), or a combination of VSe and NDV and applied to
IFN-g-stimulated B16-F10 cells as previously described.46 Samples
were then split into two groups, and one group was pulsed with the
DCT180–188 peptide, which is the immunodominant B16-F10 tu-
mor-derived epitope for C57BL/6 mice. Cells were then treated
with Fc Block-CD16/32 (BioLegend, cat no. 101320, clone 93),
stained and analyzed by flow cytometry after surface staining with an-
tibodies against CD3, FITC anti-mouse CD4 (eBioscience, cat no. 11-
0043-85, clone RM4-4), and BV 510 anti-mouse CD8 (BioLegend, cat
Molecular Therapy: Oncolytics Vol. 20 March 2021 321
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no. 100752, clone 53-6.7), and intracellular staining against IFN-g.
Cell counts were normalized to volume of blood drawn or to tumors
by using the weight (mg) of tumor after its excision from mice.

Quantification of cytokines and chemokines

Proteins were isolated from tumors or TdLNs of B16-F10 tumor-
bearing C57BL/6 mice 36 h after their first treatment of PBS, vanadyl
sulfate, NDV, or vanadyl sulfate plus NDV. Radioimmunoprecipita-
tion (RIPA) buffer (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS) and tissue homogenizer
beads (MP Biomedicals, cat no. 6910-100) were added to sample
tubes. A Precellys 24 tissue homogenizer (Bertin Instruments) was
used to homogenize tissue at 6,000 rpm for two intervals of 60 s. Sam-
ples were then centrifuged at 14,000 rpm (Thermo Scientific Micro-
Click 30 � 2 Fixed Angle Microtube Rotor) for 15 min at 4�C and
the supernatant collected. Samples were then analyzed with the
LEGENDplex Mouse Antiviral Response kit (cat no. 740261; Bio-
Legend,) according to the manufacturer’s protocol.

Depletion of leukocytes

Six-week-old female C57BL/6mice were administered 5� 105 B16-F10
cells in a 20 uL volume intradermally and at days 3, 6, 10, 17, 24, and 31
post-challenge, Ultra-LEAF purified anti-Asialo-GM1 (Poly21460;
BioLegend) for NK cell depletion, or anti-mouse Thy1.2 (CD90.2; clone
30H12; Bio XCell) for T cell depletion, was administered into the intra-
peritoneal cavity in a 250 mL volume. Therapies were typically admin-
istered on days 7, 9, and 11 after tumor cell implantation.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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