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Oncolytic virotherapies have shown excellent promise in a variety
of cancers by promoting antitumor immunity. However, the
effects of oncolytic virus-mediated type I interferon (IFN-I) pro-
duction on antitumor immunity remain unclear. Recent reports
have highlighted immunosuppressive functions of IFN-I in the
context of checkpoint inhibitor and cell-based therapies. In this
study, we demonstrate that oncolytic virus-induced IFN-I pro-
motes the expression of PD-L1 in tumor cells and leukocytes in
a IFN receptor (IFNAR)-dependent manner. Inhibition of
IFN-I signaling using a monoclonal IFNAR antibody decreased
IFN-I-induced PD-L1 expression and promoted tumor-specific
T cell effector responses when combined with oncolytic virother-
apy. Furthermore, IFNAR blockade improved therapeutic
response to oncolytic virotherapy in a manner comparable with
PD-L1 blockade.Our studyhighlights a critical immunosuppres-
sive role of IFN-I on antitumor immunity and uses a combina-
tion strategy that improves the response to oncolytic virotherapy.

INTRODUCTION
Oncolytic viruses (OVs) are a growing class of biotherapeutics that
have demonstrated remarkable potential in the treatment of solid tu-
mors.1 OVs are multimodal agents that induce cancer cell death
through a variety of mechanisms. Although the most direct mecha-
nism of OV-mediated cytotoxicity is oncolysis of cancer cells, OVs
can also generate a robust antitumor immune response by inducing
localized inflammation in the tumor microenvironment (TME).2–4

OVs have been shown to sensitize otherwise immune “cold” tumors
to immune checkpoint inhibitor (ICI) therapy, a strategy that has seen
some success in both pre-clinical and clinical studies.5–7 Furthermore,
OVs are attractive candidates for use as vectors for tumor-associated
antigens (TAAs) and chemoattractants because of their selective
replication at the tumor site, with active replication changing the dy-
namics of the TME. Most notably, the presence of a virus will highly
upregulate the production of type I interferons (IFN-I). The role of
IFN-I in cancer immunotherapy has become highly controversial,
as they have been shown to have both protumor and antitumor prop-
erties.8 IFN-I can enhance immunogenicity of the tumor by upregu-
lating the surface expression of major histocompatibility complex-I
(MHC-I) and TAAs.9–11 However, IFN-I signaling can also potentiate
resistance through upregulation of T cell inhibitory receptors and
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their respective ligands, including programmed death-ligand 1 (PD-
L1) and galectin-9.12–16 There is also accumulating evidence that
IFN-I can potentiate resistance to ICI therapy via PD-L1-independent
mechanisms and that blocking IFN-I signaling can restore the func-
tion of exhausted T cell subsets.17,18 Furthermore, IFN-I potentiates
autoimmune side effects of antigen-targeted adoptive cell therapy,
and modulation of IFN-I signaling ameliorates side effects without
compromising antitumor efficacy.19 Finally, the antiviral functions
of IFN-I can be detrimental to OV therapy by preventing infection
of tumor cells and subsequent expression of encoded tumor antigens
from the viral vector. Indeed, several groups have seen improved out-
comes in pre-clinical models by using small-molecule inhibitors of
type I IFN signaling in combination with OV therapy.20–22

In this study, we show that OVs can induce upregulation of PD-L1 in
tumors in an IFN-I-dependent manner. Differences in PD-L1 upre-
gulation induced by oncolytic vesicular stomatitis virus (VSV) and
Vaccinia virus are directly correlated with the level of IFN-I induc-
tion. Additionally, IFNa/b receptor (IFNAR)-knockout (KO) cells
demonstrate vastly reduced OV-mediated expression of PD-L1, a
phenomenon that was also observed in vivo. Finally, IFNAR blockade
prevented OV-mediated upregulation of PD-L1 in circulating leuko-
cytes and vastly improved antitumor CD8+ T cell activity resulting in
improved therapeutic efficacy. Our strategy of combining OVs with
IFNAR blockade can prevent the onset of IFN-I-mediated immuno-
suppression in the TME. These findings will be applicable for
improving OV therapy in multiple solid tumor types.
RESULTS
Virus-mediated PD-L1 upregulation corresponds with IFN-I

production

To assess the role of OVs in regulating the expression of PD-L1, we
decided to compare two commonly used OVs: VSVD51-GFP
r(s).
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Figure 1. Virus-induced expression of PD-L1 correlates with type I IFN production

B16F10 cells were infected with VSVD51-GFP (VSV) or vaccinia virus-YFP (VacV) at an MOI of 1. RNA was harvested 24 h post-infection, and RT-PCR was used to assess

mRNA expression of (A) PD-L1, (B) IFIT1, (C) IFNa, and (D) IFNb. Supernatants were also collected and used to measure the concentration of (E) IFNa and (F) IFNb secreted

into the supernatant. Statistical significance was calculated using ordinary one-way ANOVA for (A)–(D) and two-way ANOVA with multiple comparisons for (E) and (D).

p values are displayed for relevant comparisons.
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(VSV) and Vaccinia virus-YFP (VacV). B16F10 cells were infected
with VSV or VacV at a multiplicity of infection (MOI) of 1, and
the relative expression of PD-L1 mRNA was assessed using RT-
PCR 24 h post-infection. GFP or YFP expression was used to confirm
initiation of replication (Figure S1). We found that VSV, but not
VacV, significantly induced mRNA expression of PD-L1 (Figure 1A).
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VSV also upregulated PD-L1 inMC38 cells (Figure S2), which express
higher basal levels of PD-L1 and are responsive to PD-L1 blockade
therapy.23 To see how PD-L1 data compare with other virus-induced
genes, we assessed the mRNA expression of the interferon-stimulated
gene IFIT1. Like PD-L1, IFIT1 mRNA was highly expressed in cells
infected with VSV (Figure 1B). As IFIT1 expression can be indepen-
dent of IFN-I signaling,24 we assessed virus-induced expression of
IFN-I. Here we also found that VSV induced much higher expression
of IFNa/b mRNA (Figures 1C and 1D) and protein (Figures 1E and
1F) compared with VacV.

While IFNg is a known and potent inducer of PD-L1 expression in
the TME,25–27 several emerging studies suggest that IFN-I also regu-
lates PD-L1 expression.14–16 As we see a correlation between virus-
induced PD-L1 expression and IFN-I production, we tested the effects
of IFN-I on PD-L1 expression in B16F10 and MC38 cells. Treatment
with either IFNa or IFNb induced expression of PD-L1 mRNA in
both cell lines (Figures 2A and 2B). Furthermore, IFNa/b receptor
knockout cells showed no increase in PD-L1 expression when treated
with either IFNa or IFNb (Figures 2A and 2B). These data were
consistent with the IFN-induced expression of IFIT1 (Figures S3A
and S3B). Finally, these results were validated at the protein level
by measuring the mean fluorescence intensity (MFI) of PD-L1 surface
expression using flow cytometry analysis, in which we saw a similar
expression profile (Figures 2C–2F).

Virus-induced PD-L1 cell surface expression is dependent on

IFN-I signaling

Although type I IFNs induce PD-L1 expression through IFNAR,
several reports have also demonstrated that PD-L1 can be induced
via IFN-independent inflammatory pathways that generally converge
on IRF1, a transcription factor involved in PD-L1 regulation.28–31 We
thus used IFNAR-KO cells to determine the dependence of VSV-
induced PD-L1 upregulation on IFN-I signaling. Although both
MC38 and B16F10 IFNAR-KO cells showed upregulation of PD-L1
when infected with VSV, the expression of PD-L1 mRNA in
IFNAR-KO cells was significantly lower (Figures 3A and 3B). Despite
a small increase in PD-L1 expression at the mRNA level, flow cytom-
etry analysis of B16F10 cells failed to detect an increase in PD-L1 sur-
face expression in VSV-infected IFNAR-KO cells, while parental
B16F10 cells demonstrated a significant increase in PD-L1 surface
expression when infected with VSV (Figures 3C and 3D). GFP
expression analysis confirmed similar initiation of infection in
parental and KO cells (Figures S4A–S4C). Although data were
consistent at the protein level in B16F10 cells, monitoring surface
expression of PD-L1 on MC38 cells was not feasible, because of the
sensitivity of this cell line to VSV cytotoxicity (Figure S4D). As a
result, we used polyinosinic:polycytidylic acid (poly I:C) as a replace-
ment of viral infection to initiate antiviral signaling while maintaining
cell viability. Indeed, poly I:C transfection also induced an upregula-
tion of PD-L1 at both the mRNA and protein levels on MC38 and
B16F10 cells. Although there was a small increase in PD-L1 mRNA
expression in IFNAR-KO cells stimulated with poly I:C, there was
no significant change in surface expression of PD-L1 (Figures 3E–
18 Molecular Therapy: Oncolytics Vol. 25 June 2022
3J). Altogether these data strongly suggest that the virus-induced
expression of PD-L1 is largely dependent on IFN-I signaling.

Oncolytic VSV-induced PD-L1 upregulation in murine tumors is

partially dependent on type I IFN signaling

Although our data strongly suggest that virus-induced PD-L1 expres-
sion is dependent on IFN-I signaling in vitro, the TME in vivo
contains a complex network of additional factors that regulate the
expression of PD-L1. This includes the presence of other cytokines
and chemokines that can regulate PD-L1 expression.29,30 To this
end, we assessed the effect of VSV on PD-L1 expression in vivo and
characterized the role of IFN-I signaling. MC38 or B16F10 tumors
were implanted subcutaneously and intradermally, respectively, into
C57BL/6 mice. One week later, tumors were treated with anti-IFNAR
or isotype control antibody by intraperitoneal (i.p.) injection followed
by intravenous administration of VSV. Tumors were harvested and
PD-L1 surface expression was assess via immunohistochemistry
24 h after treatment. In both MC38 and B16F10 tumors, treatment
with VSV induced much higher PD-L1 expression relative to un-
treated mice (Figure 4A). Pre-treatment with anti-IFNAR antibody
decreased, but did not eliminate, virus-induced PD-L1 expression.
Next, we validated these data by comparing virus-induced PD-L1
expression in MC38 IFNAR-KO tumors. MC38 and MC38 IFNAR-
KO cells were implanted subcutaneously, and mice were treated
with VSV intravenously 1 week later. Consistent with anti-IFNAR
antibody treatment, the loss of IFNAR in MC38 tumors reduced
but did not eliminate PD-L1 expression following VSV treatment
(Figure 4B). These data suggest that early virus-induced expression
of PD-L1 in the TME is partially dependent on IFN-I signaling.

Oncolytic VSV induces PD-L1 upregulation in circulating

leukocytes

Expression of PD-L1 on T cells, B cells, macrophages, and other leu-
kocytes can enhance immunosuppression and promote tumor toler-
ance.32–34 We investigated whether PD-L1 expression on circulating
leukocytes is upregulated following OV treatment and if early expres-
sion of PD-L1 is dependent on IFN-I signaling. We used tumors and
virus expressing gp33, an immunodominant antigen of lymphocytic
choriomeningitis virus, as a surrogate antigen. Mice harboring
B16F10-gp33 tumors were treated with anti-IFNAR antibody fol-
lowed by intravenous delivery of VSVD51-gp33 (VSV-gp33). Periph-
eral blood mononuclear cells (PBMCs) were isolated, and PD-L1
surface expression was assessed using flow cytometry 24 h later.
We found that there was a substantial increase in the percentage of
PD-L1-positive T cells and B cells after treatment with VSV-gp33.
Moreover, pre-treatment with IFNAR blockade partially abrogated
virus-mediated upregulation of PD-L1 on these cells (Figures 5A
and 5B). Interestingly, this trend was not entirely consistent among
different cell types. Although monocytes and macrophages also
demonstrated VSV-mediated PD-L1 expression, IFNAR blockade
only mildly prevented virus-mediated expression (Figures 5C and
5D). The percentage of PD-L1-positive neutrophils was substantially
increased following VSV-gp33 treatment, but unlike the other im-
mune cell types, neutrophils demonstrated a further increase in



Figure 2. Type I IFN induces PD-L1 upregulation in murine cancer cell lines

MC38/MC38 IFNAR-KO cells and B16F10/B16F10 IFNAR-KO cells were treated with 100 U/mL of IFNa or IFNb. (A and B) RNA was harvested and used to assess mRNA

expression of PD-L1 via RT-PCR. (C and D) Cells were stained with anti-PD-L1-BV711 antibody, and MFI was measured using flow cytometry. (E and F) Representative

histograms of PD-L1-BV711 fluorescence intensity. Statistical significance was calculated using two-way ANOVAs with multiple comparisons. p values are displayed for

relevant comparisons.
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percentage PD-L1-positive cells after IFNAR blockade (Figure 5E).
Finally, circulating natural killer (NK) cells demonstrated a mild
reduction in percentage PD-L1-positive cells following treatment
with VSV-gp33 (Figure 5F). Collectively, these data suggest that the
level of dependence of VSV-induced PD-L1 expression on IFN-I
signaling varies among cell types. Virus-mediated upregulation of
PD-L1 on T and B lymphocytes is moderately dependent on IFN-I
signaling, while similar PD-L1 upregulation on monocytes and mac-
rophages seems to be largely independent of IFN-I signaling, or even
dampened by IFN-I signaling.

IFNAR blockade potentiates activation of antitumor CD8+ T cells

and prevents upregulation of exhaustion markers

IFN-I signaling is required for priming antitumor CD8+ T cells and
can promote effector functions in CD8+ T cells.35,36 Therefore, we
decided to investigate the effect of IFNAR blockade on the activity
of antitumor CD8+ T cells and determine if IFNAR blockade
dampens the generation of effector CD8+ T cells. We used tumors
and virus expressing gp33 as a surrogate antigen to assess the priming
and magnitude of antitumor T cell responses. C57BL/6 mice
harboring B16-gp33 tumors were treated with anti-IFNAR or anti-
PD-L1 antibodies followed by vaccination with VSV-gp33. PBMCs
were isolated 7 days later and stimulated with gp33 peptide. The
magnitude of the gp33-specific T cell response was measured by as-
sessing IFNg production in response to gp33 antigenic stimulation
by intracellular cytokine staining. As expected, vaccination with
VSV-gp33 increased the number of IFNg+ gp33-specific CD8+

T cells, which was improved further by the addition of anti-PD-L1
therapy. Interestingly, IFNAR blockade was substantially more effec-
tive than PD-L1 blockade at increasing the number of IFNg+ gp33-
specific T cells when combined with VSV-gp33 (Figures 6A and
6B). Next, we decided to further characterize the phenotype of
T cells by assessing the expression of CD44 and CD62L, which are
surface markers used to differentiate between naive (CD44�,
CD62L+), central memory (CM; CD44+, CD62L+), effector memory
(EM; CD44+, CD62L�) and double-negative (DN; CD44�,
CD62L�) cells (Figure 6C). We found that vaccination with VSV-
gp33 resulted in a higher fraction of EM CD8+ T cells (TEM cells)
in circulation. Addition of either PD-L1 or IFNAR blockade further
increased the percentage of TEM cells (Figures 6C and 6D). This trend
was consistent when assessing the absolute number of TEM cells in cir-
culation, with PD-L1 and IFNAR blockade substantially increasing
the number of TEM cells when combined with VSV-gp33 (Figure 6E).
Finally, we assessed the level of T cell exhaustion characterized by the
overexpression of programmed death-1 (PD-1) and T cell immuno-
globulin and mucin domain-containing-3 (TIM-3). These markers
can be upregulated following T cell effector functions and chronic an-
Figure 3. Virus-induced PD-L1 expression is dependent on type I IFN signaling

Wild-type and knockout MC38 and B16F10 cells were infected with VSVD51-GFP (VSV)

of PD-L1 via RT-PCR. (C) Representative histogram and (D) MFIs of PD-L1 surface e

(E) MC38/MC38 IFNAR-KO cells and (F) B16F10/B16F10 IFNAR-KO cells were transfec

PD-L1 using RT-PCR. (G and H) Representative histograms and (I and J) MFIs of PD-L1

calculated using two-way ANOVAs with multiple comparisons. p values are displayed
tigen stimulation, leading to exhaustion and dysfunctional T cell ac-
tivity.37 Although vaccination with VSV-gp33 marginally increased
the absolute number of PD-1+ and TIM-3+ CD8+ T cells in circula-
tion, the addition of PD-L1 blockade significantly increased the num-
ber of CD8+ T cells expressing exhaustion markers (Figures 6F–6H).
Impressively, the combination of IFNAR blockade with VSV-gp33 re-
sulted in a negligible increase in PD-1+ and TIM-3+ T cells compared
with VSV-gp33 monotherapy. Taken together, these data demon-
strate that IFNAR blockade can promote tumor-specific CD8+

T cell activation and TEM cell proliferation in a manner similar to
that of PD-L1 blockade, while maintaining lower expression of
exhaustion markers such as PD-1 and TIM-3.

IFNAR blockade synergizes with oncolytic VSV to improve

therapeutic outcomes in murine melanoma model

Our data show that IFNAR blockade can limit early virus-induced
expression of PD-L1 in the tumor and promote tumor-specific
T cell activity. To further establish the relevance of these observations
in the context of therapeutic efficacy, we assessed the therapeutic po-
tential of IFNAR blockade when combined with VSV-gp33 in tumor-
bearing mice. We chose to use B16F10 tumors because of their docu-
mented resistance to ICI therapy.38 C57BL/6 mice were implanted
intradermally with B16F10-gp33 cells and treated with anti-IFNAR
and/or anti-PD-L1 antibodies 10 days later. After 2 h, the mice
were then treated with VSV-gp33. Tumor volumes were monitored
and anti-PD-L1 treatments were administered every 3 days according
to a previously established therapeutic regimen (Figure 7A).39 VSV-
gp33 monotherapy significantly delayed tumor progression relative
to the control, but the combination of VSV-gp33 and anti-PD-L1 re-
sulted in a significant delay in tumor progression and prolonged sur-
vival (Figures 7B–7D). Of interest, the combination of VSV-gp33 and
a single dose of anti-IFNAR antibody was comparable with VSV-gp33
plus continual anti-PD-L1 administration (Figures 7B–7D). Finally,
the addition of anti-PD-L1 to VSV-gp33 plus anti-IFNAR treatment
did not improve therapeutic outcomes further (Figures 7B–7D).
These demonstrate comparable therapeutic efficacy of IFNAR
blockade and PD-L1 blockade when used in combination with
VSV-gp33, suggesting that PD-L1 blockade holds no additional
benefit to IFNAR blockade in this context.

DISCUSSION
Oncolytic viruses have gained traction as a potent cancer immuno-
therapy in the past decade. The presence of an actively replicating
virus in the TME can cause substantial upregulation of IFN-I produc-
tion; however, the role of IFN-I signaling in immunotherapy has
become a topic of controversy. In this study, we show that IFNAR
blockade is an effective therapeutic strategy when combined with
at an MOI of 1. (A and B) RNA was harvested and used to assess mRNA expression

xpression on B16F10 and B16 IFNAR-KO were measured using flow cytometry.

ted with 1 mg poly I:C. RNA was harvested and used to assess mRNA expression of

surface expression were measured using flow cytometry. Statistical significance was

for relevant comparisons.
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oncolytic VSV. Efficacy of this combination in tumor-bearing mice is
comparable with that of PD-L1 blockade and oncolytic VSV. Further-
more, addition of PD-L1 blockade does not improve therapeutic effi-
cacy any further. This observation suggests that the efficacy of IFNAR
blockade could be dependent on inhibition of PD-L1. Furthermore,
we use IFNAR-knockout cells in vitro to show that OV-mediated up-
regulation of PD-L1 is highly dependent on IFN-I signaling. Impor-
tantly, this observation is consistent in vivo, where a variety of other
factors can be involved in the expression of PD-L1. Namely, IFNg is a
key player for cancer immunotherapy and is known as a potent
inducer of PD-L1.25,26 In the context of OV therapy, however, sys-
temic IFNa/b is induced as early as 5 h after OV treatment,40 while
IFNg is only detected in circulation a few days post-infection. Our
data suggest that early induction of PD-L1 expression in the TME
following OV therapy is at least partially dependent on IFN-I
signaling. Our results match similar findings which show that sus-
tained IFN-I and IFN-II signaling confer resistance to immuno-
therapy and induce expression of inhibitory ligands.41 However,
Benci et al.41 demonstrated that IFN-mediated resistance is only
partially dependent on PD-L1 upregulation, and that upregulation
of other inhibitory ligands, including galectin-9, HVEM and
MHCII, contributes to IFN-mediated resistance. This observation
means that IFNAR blockade could potentially function as a multi-
modal inhibitor of several immune checkpoints, which could have
widespread clinical implications.

Expression of PD-L1 in the TME is not restricted to cancer cells.
Indeed, studies have demonstrated that PD-L1-knockout tumor
models can still benefit from anti-PD-L1 therapy.42,43 Furthermore,
expression of PD-L1 on immune cells can also suppress antitumor
immune responses. Indeed, one study by Diskin et al.34 demon-
strated that PD-L1 expression on T cells can promote tumor toler-
ance and suppression of effector T cells. Expression of PD-L1 on
antigen-presenting cells can also attenuate tumor antigen presenta-
tion and priming CD8+ T cells.43–45 In this study we show that
OV-mediated PD-L1 expression on T cells, B cells, and monocytes
is partially dependent on IFN-I signaling. We also demonstrated
that IFNAR blockade can promote the generation of TEM cells
and increase the number of IFNg+ tumor-specific T cells to similar
levels as with PD-L1 blockade. This finding suggests that transient
blocking IFN-I signaling promotes priming and/or boosting of tu-
mor-specific T cells, but the relevance of inhibiting PD-L1 expres-
sion on other immune cells has yet to be determined. Interestingly,
the dependance of PD-L1 expression on IFN-I signaling varies by
cell type. Whereas OV-mediated PD-L1 expression on T cells, B
cells, and monocytes is partially dependent on IFN-I signaling,
PD-L1 upregulation on macrophages is mostly IFN-I independent.
Furthermore, IFNAR blockade caused an upregulation of PD-L1
Figure 4. IFNAR blockade reduces virus-induced PD-L1 expression in the tum

(A) MC38 and B16F10 cells were implanted into C57BL/6 mice subcutaneously and in

followed by intravenous (i.v.) injection of 2� 108 pfu VSVD51 (VSV) 2 h later. (B) MC38 a

were treated with VSV by i.v. injection. Twenty-four hours after VSV administration, tum
on circulating neutrophils, suggesting that IFN-I signaling nega-
tively regulates PD-L1 expression on neutrophils. Although we
demonstrate that IFNAR blockade can enhance antitumor T cell ac-
tivity, it has been well established that IFN-I signaling is important
for promoting effector functions in CD8+ T cells.35,36 Interestingly,
existing reports have demonstrated that specifically prolonged IFN-I
signaling is detrimental to antitumor immunity.41 Another study
shows that IFN-I can still confer therapeutic benefit when combined
with PD-L1 blockade to counteract the IFN-mediated upregulation
of PD-L1.46 Future studies should continue to focus on the kinetics
of IFN-I signaling in the TME to establish the effects of acute versus
sustained signaling on resistance to immunotherapy. The timing of
anti-IFNAR administration must be considered to allow priming of
tumor-specific T cell responses while preventing IFN-I-mediated
exhaustion.

Finally, IFNAR blockade as a therapeutic strategy has unique impli-
cations for OV therapy. Several OVs induce expression of PD-L1 in
the tumor, so OVs are often combined with anti-PD-1/PD-L1 therapy
to improve therapeutic outcomes.47–50 Our study demonstrates that
IFNAR blockade can prevent the onset of IFN-mediated PD-L1
expression and synergize with oncolytic VSV in a similar manner
to PD-L1 blockade. Future studies are required to determine if
IFNAR blockade will synergize with OVs that induce lower levels
of IFN-I expression, such as oncolytic VacV and HSV. On the basis
of the data in this study, VacV induces lower levels of PD-L1
compared with VSV, but other studies have demonstrated synergistic
tumor control by combining oncolytic VacV with anti-PD-L1 ther-
apy.51,52 Unlike anti-PD-L1 therapy, however, IFNAR blockade has
the added benefit of potentially enhancing OV replication in the
TME. Indeed, several groups have shown that inhibition of IFN-I
signaling can enhance OV replication and promote therapeutic effi-
cacy in several OV platforms without compromising the safety profile
of OVs.21,22 We observed no additional adverse effects from the com-
bination of VSV and IFNAR blockade. The transient nature of a single
dose of anti-IFNAR antibody seems to be enough to enhance tumor
control while maintaining VSV’s selectivity for malignant cells.
Furthermore, previous studies have shown that IFNAR blockade
can ameliorate adverse effects caused by other immunotherapies.19

However, additional experiments will be required to fully elucidate
the safety implications of this combination strategy. Furthermore,
OVs can function as effective vectors for transgenes, including pro-
inflammatory chemokines and tumor antigens that can further boost
the generation of a robust antitumor response. Promoting OV repli-
cation by inhibiting IFN-I signaling will, in turn, increase the produc-
tion of encoded transgenes. Therefore, our development of an IFNAR
blockade strategy has broad clinical implications for the future of OV
therapy.
or

tradermally, respectively. Mice were treated with 1 mg anti-IFNAR antibody by i.p.

nd MC38 IFNAR-KO cells were implanted into C57BL/6 mice subcutaneously. Mice

ors were harvested and stained for PD-L1 expression using immunohistochemistry.
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Figure 5. Blocking IFNAR signaling alters virus-mediated PD-L1 expression on circulating leukocytes

B16F10-gp33 cells (105) were implanted intradermally in C57BL/6mice. Mice were treated with 1mg anti-IFNAR by i.p. followed by i.v. injection of 2� 108 pfu VSVD51-gp33

2 h later. Expression of PD-L1 on circulating mononuclear cells was assessed 24 h after VSV treatment using flow cytometry. (A) Representative flow plots of PD-L1

expression on circulating T cells (top) and B cells (bottom). (B) Percentage of circulating T cells (top) and B cells (bottom) expressing PD-L1. (C–F) Percentage of circulating

monocytes, macrophages, neutrophils, and NK cells expressing PD-L1. Statistical significance was calculated using ordinary one-way ANOVAs. p values are displayed for

relevant comparisons.
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MATERIALS AND METHODS
Cell lines

MC38 cells (American Type Culture Collection [ATCC]) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum (FBS; 30-2020; ATCC),
2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Gibco). B16F10 (ATCC) and B16-gp33 cells (B16F10 cells sta-
24 Molecular Therapy: Oncolytics Vol. 25 June 2022
bly transfected with a minigene corresponding to the gp33 peptide)53

were maintained in minimum essential medium with Earle’s salts
(MEM-Earle’s) supplemented with 1� MEM vitamin solution
(11120052; Thermo Fisher Scientific), 10% FBS, 2 mmol/L
L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.
MC38 and B16F10 IFNAR knockouts were obtained from the lab
of Dr. John Bell (Ottawa Hospital Research Institute [OHRI], Ottawa,



(legend on next page)
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ON, Canada) and cultured under the same conditions as their respec-
tive wild-type cell lines.

Virus propagation and peptides

VSVD51 is an oncolytic attenuated variant of the VSV Indiana strain.
VSVwas propagated, purified and quantified onVero cells as described
previously.54 Briefly, virus stocks were purified from cell culture super-
natants by filtration through a 0.22 mm Steritop filter (Millipore) and
centrifugation at 30,000 � g before resuspension in PBS. VSV-gp33
is a recombinant VSVD51 expressing the dominant epitopes of the
lymphocytic choriomeningitis virus glycoprotein (LCMV-gp33-41
and LCMV-gp61-80, respectively).55 The VacV used in this study is
the wild-type Copenhagen strain and was produced in HeLa cells
and quantified inU2OS cells. For VacVpurification, virus was collected
by repeated freeze-thaw cycles. Further purification was done by
centrifugation at 20,700 � g through a 36% sucrose cushion before
resuspension in 1 mM Tris (pH 9). The H-2Db-restricted peptide of
LCMV-GP33 (GP33-41; KAVYNFATM) was synthesized by Biomer
Technology (Pleasanton, CA).

In vivo experiments

Mice were maintained at the McMaster University Central Animal Fa-
cility, and all procedureswere performed in full compliancewith theCa-
nadian Council on Animal Care and approved by the Animal Research
Ethics Board ofMcMaster University.MC38 tumors: 2� 105 cells were
implanted subcutaneously into the left flank of 6- to 8-week-old female
C57BL/6 mice (Charles River Laboratories, Wilmington, MA). B16F10
tumors: 1� 105 cells were implanted intradermally into C57BL/6mice.
Mice were treated 7 days after B16F10 tumor challenge or 10 days after
MC38 tumor challenge. aIFNAR (1 mg, one dose; clone MAR1-5A3;
InVivoMab) and/or 250 mg aPD-L1 (clone 10F.9G2; InVivoMab) anti-
bodies were administered by i.p. injection. Experimental groups
receivingaPD-L1 followed adosing scheduleof 250mg treatments every
3 days for a total of 8 doses. Two hours after aPD-L1 and/or aIFNAR
treatment, 2� 108 pfu of VSVD51 was administered via tail vein injec-
tion. About 150 mL blood was collected via retro-orbital bleed 1
and 7 days following treatment for immune analysis (described in
another section). Tumor volumes were monitored and measured every
2–3 days until they reached their endpoint volume (1,000 mm3).

Immune analysis and flow cytometry

Following blood collection, red blood cells were lysed with ACK
buffer, and peripheral blood mononuclear cells were transferred to
Figure 6. IFNAR blockade promotes tumor-specific CD8 T cell activation and th

markers

(A) Schematic representation of the treatment regimen used. B16F10-gp33 cells (105)

IFNAR or 250 mg anti-PD-L1 antibodies by i.p. followed by i.v. injection of 2� 108 pfu VS

with gp33 peptide, and IFNg production was assessed using ICS. (B) Representative co

IFNg+ CD8 T cells were graphed; lines represent the means. PBMCs were isolated 7

cytometry. (D) Representative contour plots showing the percentage of naive, centr

(E) Quantification of the T cell populations for each group. (F) Boxplot showing the ab

1+ and (H) TIM-3+ CD8 T cells. (I) Representative contour plots showing percentage of P

one-way ANOVAs. p values are displayed for relevant comparisons.
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a round-bottom 96-well plate. For in vitro cell lines, confluent cells
were treated with TrypLE Express Enzyme (Thermo Fisher Scienti-
fic), resuspended in PBS, and then transferred to a round-bottom
96-well plate. The cell suspensions were stained with fixable viability
stain 510 (catalog no. 564406; BD Biosciences) for 30 min at room
temperature, then treated with anti-CD16/CD32 (Fc block; catalog
no. 553141; BD Biosciences) for 15 min at 4�C. Cell surface staining
was done for 30 min at 4 degrees. Intracellular staining was done us-
ing Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosci-
ences). For analysis of gp33-specific T cells, PBMCs were treated
with 1 mg/mL gp33 peptide (KAVYNFATM; Biomer Technology,
CA) and incubated for 1 h at 37�, 5% CO2, followed by treatment
with a protein transfer inhibitor (GolgiPlug; BD Biosciences) and
incubated for another 3.5 h. The cells were then stained as described
above. Data acquisition was done on the LSRFortessa (BD), and data
were analyzed using FlowJo. The following antibodies were purchased
from BD Biosciences: BV711 rat anti-mouse CD274 (PD-L1; clone
MIH5, catalog no. 563369), BV786 rat anti-mouse CD3 (clone
17A2, catalog no. 564010), PE-Cy7 rat anti-mouse CD8a (clone 53
6.7, catalog no. 552877), PerCP-Cy5.5 rat anti-mouse CD62L (clone
MEL-14, catalog no. 560513), BV711 rat anti-mouse CD44 (clone
IM7, catalog no. 563971), APC-Cy7 rat anti-mouse CD4 (clone
GK1.5, catalog no. 561830), BV650 rat anti-mouse CD279 (PD-1;
clone RMP1-30, catalog no. 748266), BV421 mouse anti-mouse
CD366 (TIM-3; clone 5D12, catalog no. 747626), APC rat anti-mouse
IFNg (clone XMG1.2, catalog no. 554413), BV421 hamster anti-
mouse CD11c (clone HL3, catalog no. 562782), BV650 rat anti-mouse
F4/80 (clone T45-2342, catalog no. 743282), PerCP-Cy5.5 rat anti-
mouse Ly6G (clone 1A8, catalog no. 560602), FITC rat anti-mouse
Ly6C (clone AL 21, catalog no. 553104), PE-Cy7 rat anti-
mouse CD19 (clone 1D3, catalog no. 552854), and BV605 rat anti-
mouse CD11b (clone M1/70, catalog no. 563015).

RT-PCR

RNA extraction was performed using the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s protocol. Purified RNA
(500 ng) was reverse-transcribed using the iScript gDNA Clear
cDNA Synthesis Kit (Bio-Rad). Real-time PCRs were performed
with Ssofast EvaGreen kit (Bio-Rad), and data were acquired on a
7500 Fast Real-Time PCR system (Applied Biosystems). Relative
mRNA expression was normalized to GAPDH, and fold induction
was calculated relative to the untreated/uninfected controls using
the Pfaffl method.56 Primer sequences are as follows:
e generation of TEM cells while maintaining lower expression of exhaustion

were implanted intradermally in C57BL/6 mice. Mice were treated with 1 mg anti-

VD51-gp33 2 h later. PBMCs were isolated 7 days post-treatment and re-stimulated

ntour plots showing the percentage of CD8 T cells that are IFNg+. (C) Percentages of

days post-treatment, and expression of T cell markers was assessed using flow

al memory (CM), effector memory (EM), and double-negative (DN) CD8 T cells.

solute number of EM CD8 T cells. Boxplots showing absolute numbers of (G) PD-

D-1+ and TIM-3+ CD8 T cells. Statistical significance was calculated using ordinary



Figure 7. IFNAR blockade synergizes with oncolytic VSV to improve therapeutic outcomes in tumor-bearing mice

(A) Schematic representation of the treatment regimen used. B16F10-gp33 cells (105) were implanted intradermally in C57BL/6 mice. Mice were treated with 1 mg anti-

IFNAR and/or 250 mg anti-PD-L1 (checkpoint) antibody by i.p. followed by i.v. injection of 2� 108 pfu VSVD51-gp33 2 h later. Tumor volumes were monitored every 2–3 days

until endpoint (1,000 mm3). (B) Tumor volumes graphed for each mouse over time. (C) Average tumor volumes over time. (D) Kaplan-Meier survival curves. Statistical

significance of survival was calculated using Gehan-Bresloq-Wilcoxon test. p values are displayed for relevant comparisons.
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PD-L1 F: CAGCAACTTCAGGGGGAGAG

PD-L1 R: TTTGCGGTATGGGGCATTGA

IFIT1 F: GCC TAT CGC CAA GAT TTA GAT GA

IFIT1 R: TTC TGG ATT TAA CCG GAC AGC

IFNa F: CGGAATTCTCTCCTGCCTGAAGGAC

IFNa R: AAGGGTACCACACAGTGATCCTGTGGAA

IFNb F: AGC TCC AAG AAA GGA CGA ACA

IFNb R: GCC CTG TAG GTG AGG TTG AT

GAPDH F: AATGGATTTGGACGCATTGGT

GAPDH R: TTTGCACTGGTACGTGTTGAT
Immunohistochemistry

Tumors were harvested and flash-frozen in liquid nitrogen. Frozen
tissue sections were cut at 5 mm onto coated slides. Sections were
air-dried overnight and then fixed in 10% neutral buffered formalin
(NBF) for 5 min before being treated with 1% H2O2 in dH2O for
15 min at room temperature. Slides were then washed in dH2O to re-
move excess H2O2. Slides were rinsed in Bond Wash (Leica) and
placed on the Leica Bond Automated stainer. The slides were stained
with Rat primary PDL-1 (13-5982-52; EBio) 1:500 in Animal Free
Diluent (SP-5035; Vector Labs). The BOND Polymer Refine Red
Detection kit (Leica) was used according to the manufacturer’s proto-
col. The slides were then digitized according to a previously described
protocol.57
ELISA

Supernatants from cells were collected 8, 16, and 24 h post-infection
and treated with a protease inhibitor cocktail (Thermo Fisher Scien-
tific) and centrifugated for 10 min at 4�C. Supernatants were trans-
ferred to a new tube and either frozen at �80�C or used immediately
for ELISA. Verikine mouse IFN beta ELISA kit (PBL Assay Science)
and Verikine mouse IFN alpha ELISA kit (PBL Assay Science) were
used for data acquisition according to the manufacturer’s protocol.
Levels of secreted cytokines (pg/mL) were interpolated from experi-
mental standard curves.
Statistical analysis

Results are presented as mean ± SD. Log rank (Mantel-Cox) tests
were used to analyze the statistical significance between treatment
groups for Kaplan-Meier survival graphs. Ordinary one-way
ANOVA was used to determine the statistical significance between
means of treated groups according to the normality of their distribu-
tions. In all cases, the null hypothesis was rejected at p < 0.05. All sta-
tistical analysis was performed using GraphPad Prism 9.
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