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In multiple models of oncolytic virotherapy, it is common to
see an early anti-tumor response followed by recurrence. We
have previously shown that frontline treatment with oncolytic
VSV-IFN-b induces APOBEC proteins, promoting the selec-
tion of specific mutations that allow tumor escape. Of these
mutations in B16 melanoma escape (ESC) cells, a C-T point
mutation in the cold shock domain-containing E1 (CSDE1)
gene was present at the highest frequency, which could be
used to ambush ESC cells by vaccination with the mutant
CSDE1 expressed within the virus. Here, we show that the evo-
lution of viral ESC tumor cells harboring the escape-promoting
CSDE1C-T mutation can also be exploited by a virological
ambush. By sequential delivery of two oncolytic VSVs in vivo,
tumors which would otherwise escape VSV-IFN-b oncolytic vi-
rotherapy could be cured. This also facilitated the priming of
anti-tumor T cell responses, which could be further exploited
using immune checkpoint blockade with the CD200 activation
receptor ligand (CD200AR-L) peptide. Our findings here are
significant in that they offer the possibility to develop oncolytic
viruses as highly specific, escape-targeting viro-immunothera-
peutic agents to be used in conjunction with recurrence of tu-
mors following multiple different types of frontline cancer
therapies.

INTRODUCTION
A major challenge for the development of effective cancer therapies is
that tumors are genetically neither homogeneous nor static and typi-
cally evolve very rapidly in response to applied treatment.1–3 Thus,
initial robust responses to therapy are frequently followed by aggressive
recurrence as treatment-resistant clones are selected from the ongoing
mutational pool, leading to progressive disease that is both phenotyp-
ically and genetically distinct from the initial malignancy.4–11 One
mechanism that drives cancer plasticity is the action of APOBEC pro-
teins (apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
Molecu
This is an open access article under the CC BY-NC-
like), a broad family of cytosine deaminases that protect from viral
infection in healthy mammals. APOBEC family proteins have been
previously shown to drive mutagenesis in cancer cells and contribute
to escape in response to multiple types of therapy.1,9,10

In this respect, we have previously shown that APOBEC-mediated
mutagenesis is a major driver of resistance to oncolytic virotherapy
with the vesicular stomatitis virus (VSV).9 Replication of VSV, a sin-
gle-strand negative sense RNA virus (rhabdovirus, Indiana serotype),
is highly sensitive to inhibition by interferon (IFN). In our prior work
to enhance safety of this virus, we overexpressed the IFN-b gene with
the goal of selective replication in type I IFN-defective tumor cells and
rapid inhibition in normal, IFN-responsive cells.12–16 This viral plat-
form has been tested clinically (NCT03120624, NCT03865212, and
NCT03647163). Using in vitro and in vivo models, we showed that
infection of tumors with VSV-IFN-b induced type I IFN-dependent
human APOBEC3B- or murine APOBEC3-, which induced muta-
tions of the target tumor cell genome that were associated directly
with escape of virus/oncolysis-resistant (VSV-ESC) cells.8,9 Whole-
genome sequencing of these VSV-ESC cells identified reproducible
mutational signatures associated with escape, the most predominant
of which was a C-Tmutation in the cold shock domain-containing E1
(CSDE1) gene (CSDE1C-T), which converts a proline to serine at aa5
(CSDE1P5S).9,10 CSDE1, a multi-functional RNA binding protein that
regulates RNA translation and turnover,17–19 stimulates cap-indepen-
dent translation initiation for several viruses,20 and serves as an RNA
chaperone bridging viral RNAs and proteins that cannot bind directly
to each other. We went on to show that CSDE1 is a critical mediator
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of VSV replication and that the CSDE1C-T mutation in target tumor
cells is a predictable and reproducible mechanism of cellular escape
from viral lysis. Therefore, cumulatively our data have shown that
APOBEC-induced mutations rapidly allow for selection of tumor
cells that have acquired a few highly predictable and reproducible mu-
tations that serve to decrease viral fitness and, therefore, reduce viral
replication and oncolysis in escaping tumor cells.9,21

Since CSDE1WT is an important mediator of VSV replication, we con-
structed amodified version of VSV-IFN-b in which theCSDE1 gene is
co-expressed between the viralG and L genes. By providing additional
levels of CSDE1 in infected cells, this VSV-IFN-b-CSDE1 virus repli-
cated to higher levels than the parental VSV-IFN-b virus and was a
significantly more potent oncolytic in vivo, especially when used in
combination with late administered anti-PD-1 antibody immune
checkpoint blockade (ICB).21 We also immunotherapeutically ex-
ploited the in vivo generation of the mutant CSDE1P5S protein in
escape tumor cells as an escape-associated tumor antigen (EATA),
by “ambushing” tumors that escaped VSV-IFN-b treatment through
vaccination against EATA encoded within the virus itself.21

Just as tumors evolve to escape VSV oncolytic therapy (such as by loss
of function, through mutation, of CSDE1), we observed that VSV can
co-evolve to complement tumor-specific mutations such as
CSDE1C-T, although viral adaptation lags behind tumor evolution,
contributing to treatment failure. With prolonged culture of VSV in
CSDE1C-T mutated cells, we observed the emergence of a
predominant viral variant containing a single C-U mutation within
the only perfect CSDE1 consensus binding site within the VSV
genome at the intergenic region (IGR) between the P andM genes.21

This P/MC�U viral mutation complemented the host cell CSDE1C-T

mutation, allowing near wild-type levels of replication of the VSV-
IFN-b-P/M virus in escaped CSDE1C-T tumor cells. Taken together,
our preliminary studies showed that (1) the escape-associated
mutant CSDE1P5S protein decreases viral replication fitness, and,
therefore, promotes tumor cell escape from oncolysis by interfering
with the ability of the CSDE1 protein to interact with the IGR between
the P and M genes of VSV-IFN-b,21 (2) by expressing CSDE1WT in
the virus, these additional levels of CSDE1 allow for better replication
and oncolysis compared with the parental VSV-IFN-b, and (3) the
VSV-IFN-b-P/M virus compensates for the CSDE1C-T mutation,
allowing high-level replication and oncolysis in cells that have
escaped oncolysis by wild-type VSV-IFN-b.

Here, we test the hypothesis that, in response to VSV-IFN-b oncolytic
therapy, neoplastic cells that escape do so predominantly by genetically
fixing a predictable mutation C-T mutation in the CSDE1 gene; how-
ever, this makes them vulnerable to infection by the highly escape-spe-
cific oncolytic VSV-IFN-b-P/M virus. Our data show that the initial
response to VSV-mediated oncolytic virotherapy can be significantly
improved using the second-generation VSV-IFN-b-CSDE1 oncolytic
virus. Furthermore, by introducing sequential viral treatments starting
with VSV-IFN-b-CSDE1 then subsequently treating with the escape-
selectiveVSV-IFN-b-P/M virus, we enhanced the numbers of complete
130 Molecular Therapy: Oncolytics Vol. 29 June 2023
tumor cures generated compared with treatment with the parental
VSV-IFN-b or VSV-IFN-b-CSDE1 virus alone. We also show that
the therapeutic benefits of combination of oncolytic VSV-IFN-
b-CSDE1 with VSV-IFN-b-P/M led to immune effectors, the efficacy
of which could be further enhanced by ICB. Overall, our data are note-
worthy because they show that, in addition to an immunological trap
(VSV treatment) and ambush (vaccination with the escape-associated
CSDE1P5S EATA),21 it is possible to use an oncolytic trap and ambush
strategy to target initial treatment failure with a highly targeted, escape-
selective oncolytic virus—and that the immunotherapeutic sequelae of
improved oncolytic therapy can be further exploited with ICB.

RESULTS
VSV-IFN-b-CSDE1 has enhanced replication and cytotoxicity

compared with VSV-IFN-b

We have previously shown that tumor cells escape VSV-IFN-b-medi-
ated oncolysis by fixing at high frequency the APOBEC-induced
CSDE1C-T mutation,21 revealing a critical role for CSDE1 in the repli-
cation of VSV. CSDE1, an RNA-binding protein involved in transla-
tional control, binds at the consensus site 50-(purine) (aagua)-
30.17–19,22–26 This exact consensus site is present in the IGR of VSV
between the P and M genes during replication of the VSV genome
when the positive sense strand is generated.21 Consistent with the hy-
pothesis that enhanced levels of virus-expressed CSDE1WT protein
would therefore enhance viral replication, we confirmed that the sec-
ond-generation oncolytic VSV-IFN-b-CSDE1 replicated significantly
more efficiently than the parental first-generation VSV-IFN-b in
wild-type tumor cells (Figure 1A). Conversely, the VSV-IFN-b-P/M vi-
rus containing a single C-Umutation in the P/M IGR, isolated by serial
passage through tumor cells that had escaped VSV-IFN-b oncolysis
and which express the mutant CSDE1P5S protein, replicated 2–3 orders
of magnitude less efficiently than VSV-IFN-b (Figure 1A). Similarly,
whereas VSV-IFN-b-CSDE1 was more cytotoxic to wild-type tumor
cells than VSV-IFN-b over a 72-h time course, VSV-IFN-b-P/M
showed minimal cytotoxicity (Figure 1B). When tumor cells were
exposed to low multiplicity of infection (MOI) with VSV-IFN-b for
21 days, VSV-ESC cells could be isolated (Figure 1C), in which the
CSDE1C-T mutation occurs at very high frequency (>90% by Sanger
sequencing).9,21 In contrast, long-term exposure of wild-type tumor
cells to VSV-IFN-b-CSDE1 led to significantly decreased amounts of
escape (fewer surviving cells) (Figure 1C). These data show that
increasing the levels of CSDE1WT from the virus both increased viral
replication and oncolysis and significantly reduced the possibility of
target cell escape. Interestingly, 21-day exposure of wild-type tumor
cells to VSV-IFN-b-P/M led to significantly fewer escaped surviving
cells than did VSV-IFN-b (Figure 1C); we hypothesize that this effect
is attributable to the low levels of replication maintained by VSV-
IFN-b-P/M against wild-type tumor cells (Figure 1B) leading to the se-
lection of CSDE1P5S mutant ESC cells, which then provide a substrate
for replication of the VSV-IFN-b-P/M virus in the cultures.

CSDE1 mediates generation of unicistronic M and P RNA

VSV sequesters its replication machinery into specialized non-mem-
brane-bound cytoplasmic compartments where RNA synthesis
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Figure 1. VSV-IFN-b-CSDE1 and VSV-IFN-b-P/M

target virus sensitive and virus-escape tumor cells,

respectively

Hep3B cells were infected in triplicate with VSV-IFN-b, VSV-

IFN-b-CSDE1, or VSV-IFN-b-P/M (MOI = 0.1). (A) Viral titers

(pfu/mL) were determined by plaque assay at 24, 48, and

72 h. Significance was determined by two-way ANOVA

with interaction and repeated measures, mean ± SEM

shown. (B) Number of surviving cells at 72 h post infection

(hpi). (C) Hep3B tumor cells were exposed to low MOI

with VSV-IFN-b, VSV-IFN-b-CSDE1, or VSV-IFN-b-P/M

(MOI = 0.01) for 21 days and surviving VSV-ESC cells

were counted (days post infection, dpi). All cell counts in

(B and C) show means of triplicate wells with individual

data points shown. Significance for (B and C) was

calculated using one-way ANOVA, pairwise comparisons

using t tests with pooled standard deviation. Statistical

significance: *p < 0.05, **p < 0.01, ***p < 0.001.
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occurs.27–30 Consistent with its role in the replication of VSV, we
observed that CSDE1 also localized to cytoplasmic compartments
in VSV-infected cells (Figures 2A and 2B). The C-U mutation in
VSV-IFN-b-P/M, which greatly inhibits the ability of the virus to
replicate in parental CSDE1WT cells, occurs in the CSDE1 consensus
binding site, which is in the viral genome at a single base within the
IGR between the P and M genes (Figure 2C). Therefore, we tested
the hypothesis that CSDE1 mediates viral replication through control
of P and/orM gene expression. During normal VSV replication, uni-
cistronic P andMmRNAs are made by disengagement of the viral po-
lymerase at the P-M IGR (P mRNA) with subsequent re-initiation of
transcription at theM gene (M mRNA). Failure of the polymerase to
detach from the nascent P transcript would create a bicistronic P-M
mRNA. qRT-PCR from tumor cells infected with VSV-IFN-b,
VSV-IFN-b-CSDE1WT, or VSV-IFN-b-P/M showed that there was
no significant difference in PmRNA expression between any of these
viruses (Figure 2C). However, a 3-fold increase in M mRNA expres-
sion was observed in cells infected with VSV-IFN-b-CSDE1WT

compared with VSV-IFN-b (Figure 2D), consistent with the signifi-
cantly enhanced replication capacity of VSV-IFN-b-CSDE1 over
VSV-IFN-b (Figure 1). In contrast, infection with VSV-IFN-b-P/M
led to dramatically reduced levels ofMmRNAexpression (Figure 2D),
also consistent with the inability of this virus to replicate well in
normal CSDE1WT cells (Figure 1). Although levels of bicistronic
P-M RNA were largely undetectable in cells infected with VSV-
Molec
IFN-b or VSV-IFN-b-CSDE1 (Figure 2E), there
were significant levels of bicistronic P-M mRNA
in cells infected with VSV-IFN-b-P/M with
greater than a 100-fold increase when compared
with the VSV-IFN-b control (Figure 2E).

Consistent with the qRT-PCR data, tumor cells
infected with VSV-IFN-b-P/M produced very
low levels of M protein (Figure 2F, lane 3) as
would be expected from a bicistronic mRNA
with the M gene in the downstream position. Conversely, infection
with VSV-IFN-b-CSDE1WT enhanced M protein expression
compared with VSV-IFN-b (Figure 2F, lanes 1 and 2). This pattern
of M protein expression was completely reversed following infection
of ESC, CSDE1C-T mutant tumor cells previously selected for escape
from VSV-IFN-b. Thus, infection of ESC cells with VSV-IFN-b
yielded very low levels M protein (Figure 2F, lane 4)—consistent
with an incompatibility of the wild-type consensus CSDE1 binding
site (in VSV-IFN-b) with the mutant CSDE1P5S protein (in the ESC
cells). However, this effect was rescued by exogenous supply of the
wild-type CSDE1 protein in the virus following infection with
VSV-IFN-b-CSDE1 (Figure 2F, lane 5). Finally, infection of the
ESC, CSDE1C-T mutant tumor cells with VSV-IFN-b-P/M generated
wild-type levels of M protein (Figure 2F, lane 6) consistent with resto-
ration of normal transcription of unicistronic M RNA through
complementation of the CSDE1P5S mutant protein in the ESC cells
by the C-U mutation in the P/M IGR in the VSV-IFN-b-P/M virus.

We hypothesized that, under conditions where the host cell expressed
CSDE1 status (CSDE1WT or CSDE1P5S mutant) is mismatched to the
viral consensus CSDE1 binding site (P/M IGR wild-type or C-U
mutant), the functionality of the viruses released would be severely
impaired as reflected in the generation of increased levels of defective
interfering particles (DIPs). In this respect, supernatants from
CSDE1WT tumor cells infected with VSV-IFN-b-P/M (CSDE1
ular Therapy: Oncolytics Vol. 29 June 2023 131
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Figure 2. CSDE1 localizes to intracellular compartments in VSV-infected cells and regulates viral P and M RNA levels

Immunofluorescence for CSDE1 (red) and DAPI (blue) in (A) uninfected B16 parental cells and (B) B16 parental cells infected with VSV-IFN-b (MOI = 0.1) at 8 h post infection.

Arrows show areas of cytoplasmic CSDE1 concentration resembling VSV replication compartments. Scale bars, 50 mm. (C–E) Hep3B cells were infected in triplicate wells

with VSV-IFN-b, VSV-IFN-b-CSDE1, or VSV-IFN-b-P/M (MOI = 3.0). qRT-PCR from infected cells 6 h later is shown for (C) viral P (primers P1 and P2), (D) viral M (primers M1

andM2), or (E) bicistronic P/M RNA (primers IGR1 andM2). Significance for (C–E) was determined using one-way ANOVA. (F) Hep3B parental cells (lanes 1–3) or Hep3B cells

(legend continued on next page)
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consensus binding site mutant) were more inhibitory against infec-
tion of BHK cells with a stock VSV than were supernatants harvested
from infection of CSDE1WT tumor cells with either VSV-IFN-b or
VSV-IFN-b-CSDE1WT (CSDE1WT/CSDE1 consensus binding site
wild type) (Figure 2G). However, supernatants from infection of
CSDE1P5S mutant tumor cells with VSV-IFN-b-P/M (CSDE1
consensus binding site mutant) contained levels of DIP that resem-
bled those seen from infection of CSDE1WT with VSV-IFN-b and
CSDE1WT with VSV-IFN-b-CSDE1 (Figure 2G).

Trap and ambush oncolytic virotherapy

Given the reproducible and predictable mutation of CSDE1WT to
CSDE1C-T as tumor cells progressively escape oncolysis by VSV-
IFN-b, we hypothesized that there would be a time point at which
VSV-IFN-b-P/M should match VSV-IFN-b (CSDE1C�T mutant
escape cells �/< CSDE1WT wild-type cells), and then eventually
outperform it as an oncolytic (CSDE1C�T mutant escape cells >>
CSDE1WT wild-type cells) as the proportion of escaping tumor cells
with the CSDE1C-T mutation increases. To model this in vitro,
tumor cells were exposed sequentially to infection by VSV-IFN-b
or VSV-IFN-b-P/M (Figure 3A). Chronic low MOI exposure of
CSDE1WT parental tumor cells exclusively to three doses of VSV-
IFN-b-P/M killed �3 logs fewer tumor cells over the 21-day period
than did exposure exclusively to VSV-IFN-b (Figure 3A). Interven-
tion with VSV-IFN-b at days 7 and 14, or just day 14, post VSV-
IFN-b-P/M or (VSV-IFN-b-P/M)x2, respectively, wasmore cytotoxic
than continual VSV-IFN-b-P/M (Figure 3A). These data show that
VSV-IFN-b-P/M cannot kill therapeutically valuable levels of
parental CSDE1WT cells and that CSDE1WT cells remain the predom-
inant population following exposure to this ESC-selected virus.

As expected, although chronic low MOI exposure of CSDE1WT

parental tumor cells exclusively to VSV-IFN-b killed large numbers
of cells, it still selected for the emergence of virus-resistant cells char-
acterized by fixing of the CSDE1C�T mutation (Figure 3A), as re-
ported previously.9,21,31 Intervention with the VSV-IFN-b-P/M at
days 7 and 14 post VSV-IFN-b was not significantly more cytotoxic
than continual VSV-IFN-b (Figure 3A). However, intervention
with the VSV-IFN-b-P/M at day 14 post (VSV-IFN-b)�2 almost
completely eradicated tumor cells in vitro.

The assay of Figure 3A was repeated using CSDE1C�T mutant tumor
cells generated by the 21-day selection protocol described previously9

as the substrate for viral infection. In this scenario, continual exposure
of the CSDE1C�T mutant tumor cells to three consecutive doses of
VSV-IFN-b-P/M was the most effective cytotoxic combination (Fig-
ure 3B). Intervention with one dose of VSV-IFN-b at day 14, or two
selected for escape from VSV over 21 days (Hep3B-CSDE1C�T cells) (lanes 4–6) were in

viral M protein was measured by western blotting. Representative of two experiment

CSDE1C�T) were infected with VSV-IFN-b, VSV-IFN-b-CSDE1, or VSV-IFN-b-P/M (M

shown (neat, 1:10, 1:100) and added to a stock VSV-IFN-b used to infect BHK cells (MO

Significance was determined using two-way ANOVA with Tukey’s two-way multiple c

****p < 0.0001.
doses at days 7 and 14 led to the survival of progressively more cells
(Figure 3B). As expected, continual exposure of the CSDE1C�T

mutant tumor cells to three consecutive doses of VSV-IFN-b was
the least therapeutically effective treatment. Moreover, early interven-
tion with (VSV-IFN-b)�1 + (VSV-IFN-b-P/M)�2 (days 7 and 14)
was more therapeutic than late intervention with just a single dose
of VSV-IFN-b-P/M following two doses of VSV-IFN-b (Figure 3B).

Based on these in vitro data, we tested whether a similar strategy of
oncolytic virotherapy-based trap (frontline VSV-IFN-b to drive
emergence of CSDE1C�Tmutant tumor cells) and ambush (treatment
with ESC-adapted VSV-IFN-b-P/M) would also be therapeutically
valuable in the context of established tumors growing in immune
competent mice (Figure 3C). Using a regimen of three rounds of in-
tratumoral virus injection, with each round consisting of three injec-
tions every other day (Figure 3C), 50% of mice bearing 10-day estab-
lished B16melanomas were tumor free at day 80 upon treatment with
two rounds of VSV-IFN-b (trap) followed by one round of VSV-IFN-
b-P/M (ambush) (Figures 3D and 3E). This contrasted with no long-
term cures upon treatment with three rounds of VSV-IFN-b,
although this treatment was significantly more therapeutic than con-
trol PBS treatment (Figures 3D and 3E, p < 0.0001). Any treatment
regimen initiated with intratumoral injection of VSV-IFN-b-P/M
was no more effective than PBS treatment (Figures 3D and 3E).

Successful sequential trap and ambush virotherapy was

associated with T cell priming

To assess the immunological consequences of this successful sequen-
tial virotherapy regimen, splenocytes from mice treated in Figure 3D
and 3E were re-stimulated in vitro with MHC class I, H2Kb-restricted
T cell epitopes from potentially relevant antigens. Splenocytes from
control (PBS)-treated mice did not recognize any of the panel of im-
munogens as measured by IFN-g release (Figure 4A). Mice treated
with three rounds of VSV-IFN-b, a regimen that gave significant ther-
apy but no long-term cures (Figures 3D and 3E), had strong T cell re-
sponses against the virus as assessed by IFN-g secretion in response to
the immunodominant VSV N52-59 epitope.32 However, T cell re-
sponses against either of the SELF epitopes derived from the
CSDE1WT or TYRP2 (melanoma-associated antigen) proteins were
equivalent and at background levels. We have previously shown
that, in the context of C57BL/6 H2Kb mice, the CSDE1C�T mutation,
associated with the development of VSV-IFN-b ESC tumor cells, gen-
erates a heteroclitic neo-epitope, which primed T cell responses
against both itself and, to a lesser extent, against wild-type
CSDE1WT.10,21 Splenocytes from mice treated with three rounds of
VSV-IFN-b virotherapy consistently showed a trend toward
increased T cell responses against this CSDE1P5S-containing EATA
fected with VSV-IFN-b, VSV-IFN-b-CSDE1, or VSV-IFN-b-P/M (MOI = 3.0). After 6 h

s. (G) For defective interfering particle (DIP) assay, target cells (Hep3B or Hep3B-

OI = 3.0) and supernatant was harvested at 72 h. Supernatant was diluted as

I = 20 of VSV stock). Viral titers (pfu/mL) were determined by plaque assay at 24 h.

omparisons. Statistical significance was set: *p < 0.05, **p < 0.01, ***p < 0.001,
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Figure 3. Trap and ambush oncolytic virotherapy

Target cells were infected in triplicate on days 1, 7, and 14 with VSV-IFN-b or VSV-IFN-b-P/M (MOI = 0.01) in the combinations shown, with surviving cells counted at day 21.

(A) Parental Hep3B cells, (B) Hep3B-ESC cells, (C) C57BL/6 mice were injected s.c. with B16 tumors on day 1. Starting at day 10, mice were treated intratumorally (i.t.) (107

pfu/injection) with either VSV-IFN-b or VSV-IFN-b-P/M for three rounds of treatment. Each round consisted of three injections of a specific virus with the sequence of viruses

shown. (D) Tumor volumes of all mice in all groups. (E) Survival of C57BL/6 mice (n = 40 mice, n = 8 per arm) is shown with significance determined using a log rank Mantel-

Cox test (Figure S1). Statistical significance was set: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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peptide (MSFDSNLLH) compared with the CSDE1WT peptide
(MSFDPNLLH), although this did not reach significance (Fig-
ure 4A)—suggesting that very low levels of T cell priming against
the emerging CSDE1P5S epitope were occurring. Splenocytes from
mice treated with the therapeutically ineffective regimen of (VSV-
IFN-b-P/M)�1 + (VSV-IFN-b)�2 were effectively re-stimulated by
the viral VSV N52-59 epitope, but had only background levels of activ-
ity against the SELF CSDE1WT or TYRP2 epitopes or against the het-
eroclitic CSDE1P5S epitope (Figure 4A). In contrast, splenocytes from
mice treated with the therapeutically optimal regimen of (VSV-IFN-
b)�2 + (VSV-IFN-b-P/M)�1 secreted increased amounts of IFN-g
upon re-stimulation in vitro with the EATA CSDE1P5S peptide
(Figure 4B).

Sequential trap and ambush virotherapy induces immune

checkpoint CD200R1

Given the evidence of induction of potentially beneficial T cell re-
sponses against tumor- and escape tumor-associated antigens
134 Molecular Therapy: Oncolytics Vol. 29 June 2023
(Figures 4A and 4B), splenocytes and tumors were screened for
expression of potential immune checkpoint inhibitors whose expres-
sion may be limiting these therapeutic T cell responses in vivo. Of
several potential T cell immune checkpoint mediators, we observed
a highly significant increased expression of CD200R1, an inhibi-
tory/immunosuppressive receptor known to be expressed on mono-
cytes and dendritic cells (Figures 4C and 4D).33,34 High levels of
induced expression of CD200R1 were observed in both splenocytes
and whole tumor explants following treatment with the therapeuti-
cally most effective treatment of (VSV-IFN-b)�2 + (VSV-IFN-
b-P/M)�1 compared with any of the other treatments (Figures 4C
and 4D). Therefore, we investigated whether this elevated expression
of CD200R1 would provide a potential target for ICB in combination
with the sequential oncolytic virotherapy regimen. Thus, splenocytes
from mice treated with different rounds of virotherapy were re-stim-
ulated in vitro with MHC class I-restricted peptide targets in the pres-
ence of the CD200 activation receptor ligand (CD200AR-L) peptide,
which we have previously shown to block the inhibitory signaling of
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Figure 4. Sequential trap and ambush virotherapy is associated with T cell priming and epitope spreading

Spleens and tumors were harvested from C57BL/6 mice treated as described in Figure 3 at day of sacrifice. (A) Splenocytes from each treatment group were re-stimulated

with CSDE1, CSDE1P5S, TYRP2, or VSV-N52-59 peptides and IFN-g measured (pg/mL) via ELISA. (B) Identical to (A) with the exception of the VSV-N group which was

removed to clarify smaller-scale changes in IFN-g. Significance for (A and B) was determined using two-way ANOVA with Tukey’s two-way multiple comparisons. (C and D)

qRT-PCR levels of CD200R1 RNA from splenocytes and tumor cells from each treatment group (CD200R1-specific forward and reverse primers). Significance for (C and D)

(legend continued on next page)
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CD200R to enhance immunotherapy.34–39 In the presence of the
negative control SIINFEKL peptide, as before, splenocytes from
mice treated with the (VSV-IFN-b)�2 + (VSV-IFN-b-P/M)�1
regimen showed significant recall T cell responses against the hetero-
clitic EATA CSDE1P5S, the B16 melanoma-associated antigen
TYRP2, and the immunodominant VSV N52-59 viral antigen
(Figures 4E–4G). Treatment with (VSV-IFN-b)�3 also induced a
low but detectable response to CSDE1P5S (as well as an anti-viral
response) but no significant epitope spreading against TYRP2
(Figures 4E–4G). Treatment with the therapeutically ineffective
(VSV-IFN-b-P/M)�1 + (VSV-IFN-b)�2 was only able to induce
detectable anti-VSV T cell responses. However, the CD200AR-L pep-
tide, added to antagonize CD200R signaling, significantly increased
the potency of the Th1 anti-CSDE1P5S, TYRP2, and VSV N52-59

T cell responses in mice treated with the effective (VSV-IFN-b)
�2 + (VSV-IFN-b-P/M)�1 regimen (Figures 4E–4G). In addition,
CD200AR-L also potentiated the anti-VSV T cell response in spleno-
cytes from all treatment groups and showed a consistent, but non-sig-
nificant, trend to enhance the anti-CSDE1P5S and TYRP2 T cell re-
sponses in splenocytes from mice treated with (VSV-IFN-b)�3.
Sequential trap and ambush viro-immunotherapy

Based on these data, we hypothesized that the effective sequential on-
colytic virotherapy trap and ambush regimen described in Figures 3D
and 3E would be further enhanced by the addition of ICB with the
CD200AR-L peptide (Figure 5A). In our model of subcutaneous
B16 tumors, treatment with CD200AR-L ICB (starting at day 10
post tumor seeding) had no therapeutic effect (Figures 5A and 5B).
In our previous studies, we demonstrated that ICB with anti-PD-1
antibody following VSV virotherapy is most effective when adminis-
tered late following initiation of the virus.21 Consistent with this, we
observed that the treatment observed with three rounds of (VSV-
IFN-b)�3 with control SIINFEKL peptide treatment (Figure 5B)
was significantly enhanced by ICB with CD200AR-L initiated at the
start of the third cycle of VSV-IFN-b (Figure 5B).

As we have demonstrated previously,21 the efficacy of (VSV-IFN-
b-CSDE1)�3 was more pronounced than (VSV-IFN-b)�3, confirm-
ing that additional expression of CSDE1 from the virus generates a
significantly better oncolytic (Figure 5B vs. 5C and 5E). As for treat-
ment with (VSV-IFN-b)�3, ICB with CD200AR-L improved survival
compared with (VSV-IFN-b-CSDE1)�3 (Figure 5C). Sequential trap
and ambush virotherapy with (VSV-IFN-b-CSDE1)�2 + (VSV-IFN-
b-P/M)�1 was more therapeutic than our next most effective (VSV-
IFN-b-CSDE1)�3 treatment (Figure 5D vs. 5C and 5E), confirming
that emergence of VSV-ESC tumors can be treated with the ESC-
adapted VSV-IFN-b-P/M. Addition of ICB with CD200AR-L signif-
icantly enhanced therapy of this virotherapy trap and ambush still
was determined using one-way ANOVA. (E–G) Splenocytes from each treatment gro

CD200AR-L, a peptide inhibitor of the CD200/CD200R1interaction, or a control peptid

Significance for (E–G) was determined using two-way ANOVAwith Tukey’s two-waymul

****p < 0.0001.
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further, confirming that the anti-tumor effects are mediated in part
by immune effectors, the activity of which can be enhanced in vivo
by ICB (Figures 5D and 5E).
DISCUSSION
In multiple models of oncolytic virotherapy, it is common to see an
early anti-tumor response followed by aggressive escape and tumor
recurrence.1–15,31,40–44 Here, we show that the evolution of viral
ESC tumor cells harboring the critical escape-promoting CSDE1C-T

mutation can be exploited by a virological ambush using a mutant
VSV (VSV-IFN-b-P/M) selected for its ability to replicate to near
wild-type levels in CSDE1P5S expressing ESC tumor cells. Sequential
killing of primary (VSV-IFN-b-sensitive; VSV-IFN-b-P/M-insensi-
tive) and then emerging escape (VSV-IFN-b-insensitive; VSV-IFN-
b-P/M-sensitive) tumor cells with two different oncolytic viruses
also facilitated the priming of anti-tumor T cells responses. These
T cell responses could be further exploited to convert a tumor model
completely insensitive to ICB to one in which the combination of on-
colytic virotherapy with ICB could cure >80% of mice with estab-
lished tumors.

In our previous work,21 we showed tumors that escape initial VSV on-
colytic therapy can be targeted using an immunological trap and
ambush. Thus, oncolytic VSV virotherapy forces tumor cells to evolve
a specific immunogenic mutation (CSDE1P5S) to escape the VSV
therapy (the trap). Subsequently, those escaping cells were cleared
by a T cell response directed specifically against the enforced
CSDE1P5S mutation by expressing the mutated CSDE1P5S protein
from VSV (VSV-CSDE1C�T) (the ambush). In addition, the hetero-
clitic anti-CSDE1P5S T cell response was augmented in its efficacy
in vivo with ICB with anti-PD-1 therapy directed against the highly
antigen-focused high PD-1-expressing anti-CSDE1P5S T cells. In
this study, we show that a virological trap and ambush strategy can
also be effective at targeting tumors which escape initial VSV oncol-
ysis. In this case, sequential treatment with the escape-adapted VSV-
P/M virus allowed the VSV-P/M virus to replicate in the CSDE1P5S

escaped cells allowing for robust oncolysis of escape cells. In the cur-
rent manuscript, the immunological component of anti-tumor ther-
apy (not likely to be focused against a single tumor-associated anti-
gen) was augmented by treatment with the CD200AR-L checkpoint
inhibitor targeting highly increased levels of CD200R1 in both sple-
nocytes and whole tumor explants following our successful (VSV-
IFN-b)�2 + (VSV-IFN-b-P/M)�1 therapy. Experiments are under-
way to compare anti-PD-1 and CD200AR-L ICB in combination with
both the immunological and virological trap and ambush strategies.

Furthermore, we have shown that frontline treatment with oncolytic
VSV-IFN-b induces APOBEC and other mediators of cellular
up were re-stimulated with (E) CSDE1P5S, (F) TYRP2, or (G) VSV-N52-59 peptides.

e, SIINFEKL, were added to treatment groups and IFN-g was measured (pg/mL).

tiple comparisons. Statistical significancewas set: *p < 0.05, **p < 0.01, ***p < 0.001,
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Figure 5. Sequential trap and ambush virotherapy in combination with CD200AR-L immune checkpoint blockade

(A) C57BL/6 mice were injected s.c. with B16 tumors on day 1. Starting at day 10, mice were treated intratumorally (i.t.) (107 pfu/injection) with VSV-IFN-b-CSDE1, VSV-IFN-

b, or VSV-IFN-b-P/M for three rounds of treatment. Each round consisted of three injections of a specific virus with the sequence of viruses shown. Animals treated with virus

and immune checkpoint blockade with CD200AR-L or SIINFEKL peptide were treated with 25 mg peptide per injection 3 times per week only in the last week of treatment. The

(CD200AR-L)�3 group received three complete rounds of treatment with CD200AR-L over 3 weeks with three injections per week. (B–D) Survival of individual treatment

groups are shown; all the sequential viral therapy arms showed improvement in the number of surviving mice with the addition of CD200AR-L in comparison with the addition

of the control peptide SIINFEKL. (E) Overall survival of all groups combined (n = 64 mice, 8 mice per arm) with significance determined using a log rank Mantel-Cox test

(Figure S2).
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mutation.9,10,21 This drives the evolution, selection, and fixing, of spe-
cific mutations that allow cells to support replication of, and oncolysis
by, the virus significantly less efficiently than the wild-type tumor
cells. Of several mutations we observed in a range of murine and hu-
man tumor cells which evolved to escape VSV-IFN-b oncolysis, the
CSDE1P5S mutation occurred at the highest frequency.9,10,21 We
showed that this C-T mutation in CSDE1 can generate a heteroclitic
neo-epitope in the context of H2Kb MHC class I in the C57BL/6
mouse that could be used to ambush ESC tumor cells by vaccination
with the mutant CSDE1P5S expressed within the virus.21 These data
indicated a critical role for the CSDE1WT protein in the replication cy-
cle of VSV. Therefore, we reasoned that the provision of additional
levels of CSDE1WT protein by expression of the protein from the virus
itself would enhance viral replication and oncolytic activity. In this
respect, we show here that exogenous addition of CSDE1 to the
VSV-IFN-b virus enhances its titer, oncolytic potency, and ability
to reduce tumor cell escape from virotherapy (Figure 1).

Given that CSDE1WT is mutated at very high frequency in VSV-IFN-
b-ESC tumor cells, we hypothesized that it would be possible to
isolate VSV-IFN-b variants which, given sufficient time and selective
pressure, could adapt to the loss of functional CSDE1WT in CSDE1P5S

ESC cells. Following repeated passage through CSDE1P5S-expressing
ESC tumor cells, we isolated a mutant VSV-IFN-b that replicates at
near wild-type levels in ESC CSDE1P5S mutant cells. This variant,
VSV-IFN-b-P/M, carries a C-U point mutation in the only perfect
CSDE1 consensus binding site in the viral genome within the IGR be-
tween the viral P and M genes. This IGR P/M mutation restored the
ability of the mutated CSDE1P5S protein to facilitate efficient viral
replication in ESC cells, a property that is lost with wild-type virus
Molecular Therapy: Oncolytics Vol. 29 June 2023 137
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growing in CSDE1P5S mutant cells (Figure 1). As a result, the VSV-
IFN-b-P/M virus, while very poorly effective against wild-type
(non-escaped) tumor cells, is a potent oncolytic against tumor cells
that have already escaped from VSV-IFN-b oncolysis (Figure 1).

The data of Figure 2 show that, when the host cell CSDE1 status is
matched with the viral P/M IGR status (wild type with wild type or
mutant with mutant), viral replication was optimal; however, when
host cell wild-type CSDE1 was mismatched with a mutant CSDE1
consensus binding site, or vice versa, viral fitness was greatly reduced.
This loss of viral fitness was directly associated with a major block in
expression of the viral matrix protein, which in turn generated signif-
icantly higher concentrations of DIPs (Figure 2). Further detailed
mechanistic studies are currently underway to test the hypothesis
that CSDE1WT protein directly binds to the CSDE1 consensus bind-
ing site in the P/M IGR of the virus; that this binding is directly dis-
rupted by the CSDE1P5S mutation, which evolves in ESC cells; and
that the C-U mutation in the CSDE1 consensus binding site that en-
ables VSV-IFN-b-P/M to replicate well in CSDE1P5S mutant ESC
cells restores a direct binding of the mutant CSDE1P5S to the mutated
P/M IGR. Our data in Figure 2 show that normal transcription of uni-
cistronic M RNA is restored through complementation of the
CSDE1P5S mutant protein in ESC cells by the C-U mutation in the
P/M IGR in the VSV-IFN-b-P/M virus. Therefore, we are currently
testing the hypothesis that the C-U mutation in the IGR allows the
mutated CSDE1P5S protein to bind to the mutated CSDE1 consensus
site in the positive strand of the IGR during the last stage of transcrip-
tion of the P gene. Once the mutant CSDE1P5S has bound to the
mutated consensus binding site, this interaction allows the viral poly-
merase to detach from the P gene mRNA releasing the unicistronic P
mRNA. It may also be that mutant CSDE1P5S binding to the mutated
consensus binding site in the positive strand of the IGR allows for re-
attachment of the polymerase to the viral negative sense genome to
initiate transcription of the M gene mRNA.

Having identified oncolytic viruses specifically adapted to replication
in both primary and escape tumor cells, we went to show that the evo-
lution of viral ESC tumor cells harboring the critical escape-promot-
ing CSDE1C�T mutation can be exploited by a virological trap and
ambush strategy. We observed that emergence of a predominantly
escape (CSDE1C�T mutant) population from a CSDE1WT population
of tumor cells requires between 7 and 14 days at least in vitro (Fig-
ure 3). Furthermore, this evolution from virus (VSV-IFN-b)-sensitive
to virus escape phenotype makes the ESC population highly vulner-
able to infection/replication and oncolysis by the ESC-adapted
VSV-IFN-b-P/M virus (Figure 3). We were also able to translate these
in vitro findings into a very effective in vivo regimen to treat tumors
that otherwise escape frontline VSV-IFN-b treatment (Figure 3). By
sequential delivery of a primary tumor-targeting virus (VSV-IFN-b
as the trap) followed by an escape targeting oncolytic VSV (VSV-
IFN-b-P/M as the ambush) in vivo a high proportion of tumors which
otherwise escape VSV-IFN-b oncolytic virotherapy could be cured
(Figure 3). These data are consistent with a model in which early
treatment of CSDE1WT tumors with VSV-IFN-b drove the evolution
138 Molecular Therapy: Oncolytics Vol. 29 June 2023
of escape tumor cells into a CSDE1P5S phenotype (after approxi-
mately 2 weeks) that was itself a highly susceptible substrate for sub-
sequent ambush with the ESC-adapted VSV-IFN-b-P/M virus, lead-
ing to significant numbers of mice cured of their tumors (Figure 3).
Experiments are underway to investigate how the sequential treat-
ment with (VSV-IFN-b)�2 + (VSV-IFN-b-P/M) selects for addi-
tional mutations either within, or separate from, the CSDE1 gene
(such as, for example, whether reversion to CSDE1WT is seen in
CSDE1P5S mutant tumor cells selected to escape from the VSV-
IFN-b-P/M virus). This is distinct from prior work in which VSV
therapy alone was able to cure murine tumor models.31 In this study,
we tested the efficacy of a relatively attenuated version of VSV (VSV-
IFN-b compared with VSV-GFP) against B16.F10 tumors which are
relatively sensitive to type I IFNs compared with other variants of B16
melanomas (such as B16ova). These factors, coupled with lower doses
of virus (nine injections of 107 pfu of virus compared with six injec-
tions of 5� 108 pfu) and treatment of more established tumors (7-day
compared with 10-day), combine to create conditions in which the vi-
rus alone was ineffective.

Consistent with a major role of the activation of anti-tumor immune
effectors by oncolytic virotherapy,45–47 the in vivo selection of
CSDE1P5S mutant cells evolving to evade VSV-IFN-b virotherapy,
followed by their lysis by VSV-IFN-b-P/M, was sufficient to prime
endogenous T cell responses against the CSDE1P5S-derived
MSFDSNLLH heteroclitic neoepitope as well as against the wild-
type CSDE1WT-derived MSFDPNLLH peptide (Figure 4A). Opti-
mizing the killing of tumor cells in this way also facilitated the
breaking of tolerance to the self melanoma-associated antigen
TYRP2 (Figure 4), showing that successful sequential trap and
ambush virotherapy was associated with epitope spreading to enable
the breaking of tolerance to therapeutically relevant tumor antigens
(Figure 4A). Therefore, the most effective sequential trap and ambush
oncolytic therapy regimen was associated with the induction of T cell
responses with potential therapeutic value to clearing both primary
(TYRP2) and ESC (TYRP2 and CSDE1P5S) tumors.

Based on these observations, we tested the hypothesis that these anti-
tumor T cell responses could be further enhanced using ICB. By
screening tumors and spleens for expression of potential immune
checkpoint molecules, we observed that sequential trap and ambush
oncolytic virotherapy induced high levels of expression of the im-
mune checkpoint CD200R (Figure 4). CD200 is a type Ia transmem-
brane glycoprotein in the immunoglobulin supergene family which is
closely related to B7 family costimulatory receptors33 and acts as an
inhibitory/immunosuppressive receptor on monocytes and dendritic
cells.33–39 We have previously published data demonstrating this
overexpression in the tumor microenvironment and that
CD200AR-L administration reactivates antigen-presenting cells and
upregulates monocyte differentiation to immature dendritic cells.39

We confirmed that CD200 was acting as a negative regulator of the
anti-tumor T cell response in our model because, at least in vitro,
blockade of CD200R with the CD200AR-L peptide significantly
enhanced anti-tumor T cell responses (Figure 4). We have repeatedly
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observed that our model of subcutaneous B16 tumors is completely
insensitive to ICB with a variety of ICB strategies, including anti-
PD-1, anti-PD-L1, and anti-TIM3,10,21,48 a finding that was repeated
here with CD200AR-L ICB (starting at day 10 post tumor seeding)
(Figures 5A and 5B). We have observed previously with combination
VSV and anti-PD-1 viro-immunotherapy that only late administra-
tion of the ICB (at least 7 days post virus) significantly enhanced ther-
apy of virus alone.21 Consistent with those findings, treatment with
three rounds of (VSV-IFN-b)�3 was significantly enhanced by ICB
with CD200AR-L initiated at the start of the third cycle of VSV-
IFN-b (Figure 5B). As a means to optimize the initial round of oncol-
ysis, we confirmed the findings of Figure 3 that the efficacy of (VSV-
IFN-b-CSDE1)�3 was significantly better than (VSV-IFN-b)�3
(Figure 5B vs. 5C and 5E) and observed that ICB with CD200AR-L
also significantly added to the therapeutic value of direct oncolysis
by this improved VSV (Figure 5C). Optimal sequential trap and
ambush virotherapy with (VSV-IFN-b-CSDE1)�2 + (VSV-IFN-
b-P/M)�1 was significantly more therapeutic than (VSV-IFN-
b-CSDE1)�3 (Figure 5D vs. 5C and 5E), confirming that emergence
of VSV-ESC tumors can be treated with the ESC-adapted VSV-IFN-
b-P/M. Finally, combination of ICB with CD200AR-L significantly
enhanced therapy of this virotherapy trap and ambush still further
(Figures 5D and 5E). Further detailed investigation of the tumor
microenvironment and the changes in it induced by these sequential
viruses will elucidate exactly which immune/tumor cells are induced
to express the CD200R checkpoint molecule and which immune ef-
fectors mediate the enhanced therapy associated with CD200AR-L
ICB in this model. Therefore, we have shown that the generation of
anti-tumor T cell responses by sequential trap and ambush virother-
apy can be further exploited using ICB to convert a tumor model
completely insensitive to ICB to one in which the combination of on-
colytic virotherapy with ICB could cure >80% of mice with estab-
lished tumors.

We are currently testing the hypothesis that CSDE1P5S-mutated VSV-
escape tumor cells will inevitably evolve additional mutations that
allow them to escape replication/oncolysis by the VSV-IFN-b-P/M
virus. In addition, if we observe escape in vitrowe will also select addi-
tional VSV which can themselves evolve to replicate in these VSV-
IFN-b-P/M escaped cells.

In summary, we show here that the emergence of tumors which
escape frontline oncolytic virotherapy is characterized by reproduc-
ible and predictable genetic mutations that confer the escape pheno-
type. However, given sufficient time and selective pressure, viral var-
iants can also be isolated, which adapt extremely well to these escape
phenotypes. We exploited this phenomenon of dual tumor and viral
evolution to develop a virological trap and ambush therapy. In this
scenario, frontline treatment with a virus able to replicate well in pri-
mary tumors is used sequentially with a virus specifically adapted to
the cellular genotype/phenotype induced by escape from that virus.
This sequential treatment was highly effective at treating tumors
that otherwise escaped frontline therapy. Our data also show that
trap and ambush virotherapy using sequential administration of on-
colytic viruses specifically adapted to both primary and escape tumors
induced anti-tumor T cell immune responses that confer significant
sensitivity to ICB upon an otherwise ICB-insensitive tumor model.
Viruses of many different types have a well-documented ability to
evolve and adapt to replication environments induced within (tumor)
cells by almost any stimulus. We propose that it will be possible to
select viruses tailored specifically to replicate well in tumor cells car-
rying reproducible and predictable genotypes/phenotypes associated
with escape from many different forms of frontline therapy (chemo-
therapy, radiation therapy, ICB therapy, oncolytic virotherapy).
Therefore, our findings here are significant in that they offer the pos-
sibility to develop highly specific viruses for use as escape-targeting
oncolytic viro-immunotherapeutic agents to be used in conjunction
with recurrence of tumors following defined frontline therapies.
MATERIALS AND METHODS
Cell lines and viruses

B16 murine melanoma, human Hep3B hepatocellular carcinoma and
BHK cells were originally obtained from American Type Culture
Collection (ATCC). Cells were grown in Dulbecco’s modified Eagle’s
medium (HyClone, Logan, UT) + 10% fetal bovine serum (FBS) (Life
Technologies). Cell lines were authenticated by morphology, growth
characteristics, PCR for tissue-specific gene expression (gp100,
TYRP-1, and TYRP-2) and biologic behavior, tested mycoplasma-
free (MycoAlert Mycoplasma Detection Kit, Lonza), and frozen. Cells
were cultured for <3 months after thawing.

VSV expressing murine IFN-b (VSV-mIFN-b), murine CSDE1WT,
murine CSDE1C�T, or green fluorescent protein (VSV-GFP) was
rescued from the pXN2 cDNA plasmid using the established reverse
genetics system in BHK cells as described previously.12,15,41 In brief,
BHK cells are infected with MVA-T7 at an MOI of 1. Cells are incu-
bated at 37�C and 5% CO2. After 1 h, cells are transfected with pVSV-
XN2 genomic VSV plasmid (10 mg), pBluescript (pBS)-encoding
VSV-N (3 mg), pBS-encoding VSV_P (5 mg), and pBS-encoding
VSV L proteins (1 mg) using Fugene6 according to the manufacturer’s
recommendations. Cells were incubated at 37�C and 5% CO2 for
48 h. After 48 h, supernatant was collected and clarified by passing
through a 0.2-mm filter. All transgenes were inserted between viral
G and L genes using the XhoI and NheI restriction sites. VSV co-ex-
pressing murine IFN-b and CSDE1WT or CSDE1C�T were also gener-
ated by cloning the CSDE1 genes between the viral M and G genes.
Virus titers were determined by plaque assay on BHK cells or on
the stated cell lines in the text.
Mice

Female C57BL/6 (stock 000664) mice were obtained from The Jack-
son Laboratory. All mice were obtained at 4–8 weeks of age andmain-
tained in a specific pathogen-free BSL2 biohazard facility. Experi-
mental mice were co-housed and exposed to a 12:12-h light-dark
cycle with unrestricted access to water and food. The ambient temper-
ature was restricted to 68�F to 79�F and the room humidity ranged
from 30% to 70%. All animal studies were conducted in accordance
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with and approved by the Institutional Animal Care and Use Com-
mittee at Mayo Clinic.
In vitro plaque/survival assays

Hep3B cells were infected in triplicate with VSV-IFN-b, VSV-IFN-
b-CSDE1, or VSV-IFN-b-P/M (MOI = 0.1) with viral titers (pfu/
mL) were determined in BHK cells by plaque assay at 24, 48, and
72 h. Surviving cells were counted 72 h. For generation of Hep3B-
ESC cells, Hep3B tumor cells were exposed to low MOI with VSV-
IFN-b, VSV-IFN-b-CSDE1, or VSV-IFN-b-P/M (MOI = 0.01) for
21 days and surviving ESC cells were counted.
In vitro selection of virus-resistant populations

Hep3B cells were infected for 1 h with VSV at an MOI of 0.01. Cells
were washed with PBS to remove any excess virus and then incubated
for 7 days. Cells were washed every 2 days to remove any dead or
floating cells. After 7 days, the cells were collected and re-plated.
These cells were subjected to two repeated rounds of infection and
re-plating as just described. After 21 days, three total rounds of infec-
tion, the remaining virus-escaped cells were collected.
Immunofluorescence

Uninfected B16 parental and B16 parental cells infected with VSV-
IFN-b (MOI = 0.1) for 8 h, then seeded in chamber slides (Thermo
Fisher Scientific, cat. no. 154534) at 20,000 cells per well. Cells were
allowed to attach overnight, then medium was removed, cell mono-
layer washed once with PBS, then fixed for 20 min (BD Biosciences,
cat. no. 555028). Cells were then permeabilized and blocked for 1 h
using BD Cytoperm solution. Polyclonal anti-CSDE1 antibody (Atlas
Antibodies, cat. no. HPA052221) treatment was done overnight (�14
h) in humidity chambers to prevent drying. Slides were washed three
times with PBS and then incubated with species-appropriate Alexa
Fluor 594-IgG (H + L) (Jackson ImmunoResearch, cat. no. 711-
586-152) for 60 min in the presence of DAPI. Cells were then
observed with a Zeiss LSM 780 confocal laser scanning microscope
and the images were analyzed with Zeiss imaging software.
qRT-PCR and sequencing

RNA was prepared using the QIAGEN RNeasy-MiniKit (QIAGEN,
Valencia, CA) as per the manufacturer’s instructions. Onemicrogram
of total RNA was reverse-transcribed in a 20-mL volume using oli-
go(dT) primers using the First Strand cDNA Synthesis Kit (Roche, In-
dianapolis, IN). A cDNA equivalent of 1 ng RNA was amplified by
PCR with gene-specific primers using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as the loading control (mgapdh sense:
50-TCATGACCACAGTCCATGCC-30; mgapdh antisense: 50-TCAG
CTCTGGGATGACCTTG-30). qRT-PCR was carried out using a
LightCycler480 SYBRGreenI Master kit and a LightCycler480 instru-
ment (Roche) according to the manufacturer’s instructions. The
DDCTmethod was used to calculate the fold change in the expression
level of viral RNA (P,M, P-M) and GAPDH as an endogenous control
for all treated samples relative to an untreated calibrator sample.
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The following primers were used: P1: 50-CCTCTCACCA-30; P2:
30-GCTCTCAGTT-50 (120-bp fragment); M1: 50-GATCTAAGTG-
30; M2: 30-CATACGAGGC-50 (120-bp fragment); IGR1: 50-ACTAT
GAAAA-30. CD200R1: 50 primer: 50-GCTTTTGGAGAACTTCTG
CC-30; 30 primer: 50-CCCAAGCAGCTGGTTTCATT-30.

Protein expression analysis

Cells were lysed in NP40 lysis buffer containing Pierce Protease inhib-
itor tablets at a final concentration of 1� (Thermo Scientific). Protein
lysates were quantified by bicinchonic acid assay according to the
manufacturer’s instructions (Pierce, Thermo Scientific). Whole tu-
mor cell lysates, recovered frommice in vivo, were normalized by pro-
tein concentration prior to ELISA determination (OptE1A, BD Bio-
sciences, San Diego, CA), to ensure equal amounts of protein were
assayed from tumors of different sizes. For western blot analysis of
VSV M (29 kDa), 20 mg protein lysate was run on a 4%–15% SDS-
PAGE gel, transferred to PVDF membrane, and blotted with anti-
VSVMatrix clone 23H12, a mousemonoclonal antibody (EMDMilli-
pore, Burlington MA, product no. MABF2347), at a dilution of
1/1,000, overnight at 4�C. Membranes were washed with 0.05%
Tween 20 PBS and then probed with anti-mouse secondary antibody
(1/10,000) in 5% milk. Membranes were developed with chemilumi-
nescent substrate (Thermo Fisher Scientific).

Defective interfering particle assay

Hep3B or Hep3B-CSDE1C�T cells were infected VSV-IFN-b, VSV-
IFN-b-CSDE1, or VSV-IFN-b-P/M (MOI = 3.0) and were incubated
for 72 h. Supernatant was collected and either left undiluted or diluted
1:10 or 1:100 in serum-free medium. Fresh BHK cells were seeded the
day before in triplicate wells and diluted viral supernatants were al-
lowed to adsorb for 1 h. Stock VSV-IFN-b virus was then added at
an MOI of 20 and was incubated for 1 h. Cells were then washed
3� in PBS and fresh supernatant was added. Supernatant was
collected 24 h after infection and was titered by plaque assay on
BHK cells.

In vivo experiments

All in vivo studies were approved by the Institutional Animal Care
and Use Committee at Mayo Clinic. Mice were challenged subcutane-
ously with 2� 105 B16 melanoma cells in 100 mL PBS (HyClone, Lo-
gan, UT, USA). Subcutaneous tumors were treated with doses of 107

pfu of virus delivered intratumorally in 50 mL of PBS. Tumors were
measured using calipers three times per week and mice were eutha-
nized when tumors reached 1.0 cm in diameter. For experiments
using ICB with CD200AR-L or SIINFEKL peptide, mice received
25 mg each of CD200AR-L ([acetyl]IVTWQKKKAVSPANMVTFS
[amide]); control mice received 25 mg of control SIINFEKL peptide
(Mayo Peptide Synthesis Core).

Immune cell activation

Spleens fromC57BL/6micewere immediately excised uponkilling. Sin-
gle-cell suspensions were achieved in vitro via mechanical dissociation.
Red blood cells were lysed by resuspension in ammonium-chloride-po-
tassium lysis buffer and incubating at room temperature for 2 min.Cells
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were resuspended at a concentration of 1 � 106 cells/mL in Iscove’s
modified Dulbecco’s medium (Gibco) supplemented with 5% FBS,
1% penicillin-streptomycin, and 40 mmol/L 2-mercaptoethanol. Sple-
nocytes were restimulated with CSDE1, CSDE1P5S, TYRP2, or VSV-
N52-59 peptides with or without the addition of CD200AR-L or control
SIINFEKL (5mg/mL). Supernatants were collected and assayed for IFN-
g by enzyme-linked immunosorbent assay (ELISA) as per themanufac-
turer’s instructions (Mouse TNF-a or Mouse IFN-g ELISA Kit,
OptEIA, BD Biosciences).

Statistical analysis

All analysis was performed within GraphPad Prism software
(GraphPad). Multiple comparisons were analyzed using one- or
two-way analysis of variances with a Tukey’s post hoc multi-compar-
isons test. Survival data were assessed using a log rank Mantel-Cox
test. Data are expressed as group mean ± SD unless otherwise stated.
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