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Oncolytic viruses are a promising approach for cancer treat-
ment where viruses selectively target and kill cancer cells while
also stimulating an immune response. Among viruses with this
ability, bovine herpesvirus-1 (BoHV-1) has several advantages,
including observations suggesting it may not require viral
replication for its anti-cancer effects. We previously demon-
strated that binding and penetration of enveloped virus parti-
cles are sufficient to trigger intrinsic and innate immune
signaling in normal cells, while other groups have published
the efficacy of non-replicating viruses as viable immunother-
apies in different cancer models. In this work, we definitively
show that live and UV-inactivated (UV) (non-replicating)
BoHV-1-based regimens extend survival of tumor-bearing
mice to similar degrees and induce infiltration of similar im-
mune cell populations, with the exception of neutrophils. Tran-
scriptomic analysis of tumors treated with either live or UV
BoHV-1-based regimens revealed similar pathway enrichment
and a subset of overlapping differentially regulated genes, sug-
gesting live and UV BoHV-1 have similar mechanisms of activ-
ity. Last, we present a gene signature across our in vitro and
in vivo models that could potentially be used to validate new
BoHV-1 therapeutics. This work contributes to the growing
body of literature showing that replication may not be neces-
sary for therapeutic efficacy of viral immunotherapies.

INTRODUCTION
Oncolytic viruses (OVs) are a promising approach for cancer treatment
where viruses demonstrate selective cytotoxicity in cancer cells, but not
healthy cells, and in many cases induce lasting systemic immunity
against the cancer.1,2 Although the selective replication of OVs within
tumor cells has conventionally been credited for their tumor-killing ef-
fects, the induction of host anti-tumor immunity also plays a significant
role.3,4We and others have shown that enveloped virus particle binding
and entry into normal cells is sufficient to initiate innate immune
signaling.5–11 Our early studies revealed that non-replicating HSV-1
can induce an antiviral state within cells by inducing the expression
of interferon (IFN)-stimulated genes (ISGs).9 Further, we showed a
diverse collection of enveloped virus particles can induce the expression
of ISGs in a mechanism dependent on IFN regulatory factor 3 (IRF3),
but not necessarily type I IFN.5,7,8,10

In the broader context of immunotherapy, heat-inactivated (HI)
and UV-inactivated (UV) vaccinia virus induce significantly higher
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expression of different IFN and cytokines in murine melanoma and
dendritic cells, conferring significant survival benefits compared to
PBS in mice harboring B16-F10 melanoma tumors.12 Additional
HI vaccinia models induced cytokines, IFN-1, and chemokines in
DCs while replicating vaccinia did not, with HI vaccinia being
more effective at eradicating tumors than its replicating counter-
part.13 UV HSV stimulation of human NK cells in vitro showed sur-
vival benefit in a xenograft mouse model of human acute myeloid
leukemia that received administration of these stimulated NK
cells,14 with a follow-up study showing that UV HSV can also stim-
ulate NK cells to lyse prostate cancer cells in vitro.15 Further, the
dependency of an OV’s efficacy on innate immune signaling is un-
derscored by findings that STING-KO tumors were more resistant
to oncolytic HSV-1 than STING-WT tumors.16 We have previously
failed to observe a correlation between the replication of an OV
in vitro and its efficacy in vivo,17 instead routinely observing an in-
verse correlation.4,17,18

Bovine herpesvirus-1 (BoHV-1) is an alpha-herpesvirus that can
replicate in and kill numerous human immortalized and cancerous
cell lines, but not healthy cells.19–22 In a study screening the effects
of BoHV-1 on the NCI60 panel of established human tumor cell lines,
35% of the panel showed minimal to no BoHV-1 replication, yet still
had decreases in cellular viability, which questioned whether replica-
tion is required for BoHV-1’s anti-tumor efficacy.20 We have shown
BoHV-1’s efficacy within a therapeutic regimen that induces immu-
nogenic cell death and activates circulating CD8+ T cells while
reducing infiltration of T regulatory cells.23 Similar to oncolytic
HSV-1, conditions that reduced BoHV-1 replication within tumor
cells augmented its therapeutic activity in vivo.23

Taken together, these data suggest that the anti-tumor effects of
large DNA enveloped viruses are uncoupled from their ability to
replicate. Indeed, it is well appreciated that large DNA viruses
encode a plethora of immune evasion genes which may dampen
anti-tumor immunity.4 To definitively test the hypothesis that onco-
lytic BoHV-1 replication is not required for its therapeutic efficacy,
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within our therapeutic regimen in a syngeneic melanoma model we
tested the single variable of OV replication by comparing live and
UV oBHV-1 particles and observed comparable outcomes in sur-
vival. Transcriptome analyses identified overlapping pathways and
genes triggered by both treatments. We also present the discovery
of a “gene signature” across both in vitro and in vivo models that
may help validate new BoHV-1 vectors and therapy regimens in
the future.

RESULTS
Live and UV BoHV-1 induce a small overlapping set of genes in

C10 cells in vitro

As our previous studies with inactivated virus particles and mem-
brane perturbation were routinely performed in normal (non-trans-
formed) cells,5,8–10 we were interested in understanding the gene
expression profile of B16-derived melanoma C10 cells infected
with either live or UV BoHV-1, using the same number of virus par-
ticles. RNA was harvested 6 and 12 h post infection (hpi) and a mi-
croarray was used to analyze the transcriptome (Figure 1). The
number of differentially expressed (>3-fold) genes increased over
time with live BoHV-1, but not UV BoHV-1, consistent with the
latter failing to replicate (Figure 1A). The majority of genes ex-
pressed by UV BoHV-1 were also expressed by live BoHV-1 (Fig-
ure 1A), with this subset of genes remaining consistent over time
(Figure 1B), despite differences in relative abundance (Figures 1C
and 1D). All but one (Samd9l) of the overlapping genes were ISGs
(Figure 1D). UV BoHV-1 only caused the differential expression
of 1 unique gene at 6 hpi, cytidine monophosphate kinase 2
(Cmpk2; fold change, 3.8), and two unique genes at 12 hpi, guany-
late-binding protein 2 (Gbp2; fold change, 3.23), and Gm10663
(fold change, �3.26) (Figure 1A).

UV BoHV-1 is as effective as live BoHV-1 at extending survival of

tumor-bearing mice

To test the hypothesis that oncolytic BoHV-1 does not require repli-
cation for its efficacy, we directly compared live and UV BoHV-1 in a
tumor regression study. The schematic for this experiment is outlined
in Figure 2A, which is based on our published triple-combination
therapeutic regimen that includes low-dose mitomycin C and check-
point inhibitors programmed cell death ligand 1 (PD-L1) and
CTLA-4.23–25 Over multiple tumor models, we have validated that
mitomycin C at this low dose is immune stimulatory but non-cyto-
toxic and has no efficacy as a monotherapy or in combination with
checkpoint inhibitors.23–25 Accordingly, the only variable being tested
in this study is the replication capacity of oBoHV-1. C57/Bl6 mice
bearing C10 tumors treated with either live or UV BoHV-1-based reg-
imens show no difference in survival. Both groups have significantly
longer survival compared with PBS-treated mice (p < 0.001; Fig-
ure 2B). The average tumor volumes (Figure 2C) and individual tu-
mor growth curves (Figure 2D) of mice treated with either live or
UV BoHV-1-based regimens have similar overall growth patterns.
Notably, one mouse in the UV group had a complete regression of
its tumor, and no tumor developed after a rechallenge of that mouse
with C10 cells (data not shown).
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Live and UV BoHV-1-treated tumors have similar immune cell

infiltration profiles

To evaluate whether UV BoHV-1 within our therapeutic regimen
stimulates similar immune cell infiltration as live BoHV-1, mice
bearing C10 tumors were treated with either live or UV BoHV-1
following the same therapeutic regimen in Figure 2A. On day 10 after
treatment initiation, tumors were harvested and cells were analyzed
using flow cytometry (Figures 3 and S1). We noted overall higher im-
mune cell infiltration into tumors treated with the UV BoHV-1
regimen (p = 0.0014). Live (p = 0.0074) and UV (p = 0.0159)
BoHV-1 induced significantly more tumor infiltration of CD8+

T cells than PBS, while live (p = 0.034) and UV (p = 0.0062)
BoHV-1 induced significantly less tumor infiltration of T regulatory
cells compared with PBS. Tumors treated with live (p = 0.029)
BoHV-1-based regimen induced significantly more infiltration of
neutrophils compared with PBS-treated tumors, while tumors treated
with the UV BoHV-1-based regimen had similar infiltration of neu-
trophils compared with PBS. Our UV BoHV-1-based regimen also
significantly decreased the infiltration of natural killer cells
(p = 0.0392). Neither live nor UV BoHV-1 changed the overall infil-
tration profile of CD4+ T cells, macrophages, or natural killer T cells.

Tumors treatedwith liveBoHV-1 +mitomycinCandUVBoHV-1 +

mitomycin C have overlapping gene expression and pathway

enrichment profiles

To understand at a transcriptional level whether live and UV BoHV-
1 + mitomycin C-sensitize tumors to immune checkpoint inhibition
in a similar fashion, mice bearing C10 tumors were treated with UV
BoHV-1 + mitomycin C and data were compared with previous find-
ings with live BoHV-1 + mitomycin C.23 Pathway enrichment anal-
ysis of the top 10 pathways from each experimental group identified
8 pathways in common between tumors treated with mitomycin C
and live or UV BoHV-1, albeit with differences in their ordinal
arrangement (Figures 4A and 4B). The pathways associated with che-
mokine signaling, interleukin-17A signaling, Toll-like receptors, and
type II IFN signaling are of particular interest, as these pathways are
associated with an immune response. Further, the top 30 differentially
expressed genes common between both groups had similar ordinal
rankings, indicated in green and red for upregulated and downregu-
lated genes, respectively (Figure 4C).

Identification of a potential gene signature across in vitro and

in vivo models

The failure of in vitro oncolytic herpesvirus replication to predict
in vivo efficacy4,17,18,23 currently precludes rapid and effective
screening of novel therapy regimens in vitro. To see if there is a group
of genes that is differentially regulated in C10 cells and tumors treated
with mitomycin C and live or UV BoHV-1 across both in vivo and
in vitro contexts, the transcriptome data from all groups were evalu-
ated and compared. Transcriptome analysis of RNA from tumors
harvested on day 5 compared with the same in vitro treatment groups
with RNA harvested at 12 hpi showed 16 genes that were differentially
regulated across live BoHV-1 + mitomycin C and UV BoHV-1 +
mitomycin C therapeutic treatments, and across in vivo vs. in vitro



Figure 1. Differential gene expression in C10 cells infected with UV and live BoHV-1

(A) Comparison of genes with differential expression (R3-fold) induced by live BoHV-1 and UV BoHV-1 at 6 and 12 hpi. (B) Overlap between genes differentially regulated by

UV and live BoHV-1 at 6 hpi, with nine shared genes, six of which remain differentially expressed at 12 hpi. (C) Kinetics of relative gene expression between live and UV virus

treatments (from (B)), showing similar expression at 6 hpi, but higher expression with live BoHV-1 at 12 hpi. Points on the graphs represent the mean fold change relative to

mock and the bars represent the standard deviation. (D) Fold expression values of genes induced by both treatments.
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experiments (Figure 5). Ten of these genes are ISGs, many of which
are also present in the overlap described in Figure 1, while the remain-
ing 6 genes are related to p53 signaling. Table 1 briefly describes the
role of each gene.

DISCUSSION
The overarching dogma that the replication capacity of an OV corre-
lates with its efficacy has been changing with recent preclinical and
clinical findings. Here, we directly compared the therapeutic capacity
of equal numbers of live and UV BoHV-1 particles within our thera-
peutic regimen and found no significant differences in tumor control
or survival. The results of the present study align with previous find-
ings showing the efficacy of inactivated viruses for treating cancers in
mouse models,12,14 and our previous evidence showing a lack of cor-
relation between OV replication and its therapeutic activity.17,18

Moreover, a recent report of glioblastoma patients treated with an on-
colytic HSV-1 vector showed an inverse correlation between positive
patient outcomes and sustained OV antigen expression in tu-
mors.44,45 Despite evidence from this and other studies that viral-
mediated cell lysis is not necessarily a requirement for anti-tumor
efficacy, the field more broadly still refers to these viruses as OVs.
However, this term must be used with caution and recognition of
Molecular Therapy: Oncology Vol. 32 December 2024 3
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Figure 2. UV-BoHV-1 is as effective as live BoHV-1 at extending the survival of mice bearing C10 melanoma tumors

(A) Experimental schematic outlining the treatment protocol for C57/Bl6 mice with C10 melanoma tumors, treated either with PBS (n = 5), live (n = 10) or UV BoHV-1 (n = 10)

as part of a triple-combination therapeutic regimen includingmitomycin and checkpoint inhibitors. (B) Survival curve indicating no significant difference in survival between live

and UV-BoHV-1-based regimes. (C) Average tumor volumes between groups treated with PBS, live or UV BoHV-1. (D) Individual mice tumor growth curves for PBS, live and

UV BoHV-1-treated mice. ***p < 0.001.
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the caveat that, if there is no “lysis” of cancer cells by the virus, the
virus is not truly “onco-lytic.” Thus, it would be more appropriate
to refer to these therapeutic viruses that do not cause cell lysis as “viral
immunotherapies.” This new terminology is more reflective and in-
clusive of the biology that involves, and is likely dependent on, stim-
ulation of the host immune system.
4 Molecular Therapy: Oncology Vol. 32 December 2024
Analyses of tumors failed to identify statistically significant changes in
tumor infiltration of CD4+ T cells, natural killer T cells or macro-
phages with either live or UV BoHV-1-based treatments compared
with treatment, with the simplest interpretation being that these cells
are not essential for OV efficacy. In our previous in vivo live BoHV-1
regimen study, we observed a trend toward a higher percentage of



Figure 3. Immune cell infiltration profile of tumors treated with either live or UV BoHV-1-based regimes

Tumors from PBS (n = 5), live (n = 5), or UV BoHV-1-treated (n = 5) regimes were harvested on day 10 (Figure 2A) and analyzed by flow cytometry for the presence of immune

cell populations shown as percent (frequency) of immune cell populations per CD45+ cells in tumors. Unpaired t test was used for pairwise data comparison. Ns, not

significant. *p < 0.05, ** p < 0.01. Gating strategy is seen in Figure S1.
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CD4+ T cells relative total tumor cells using quantitative immunohis-
tochemistry of tumor slices,23 which is a different analysis than per-
formed here. Additional experiments looking at the relative abun-
dance of infiltrating immune cells at different times after treatment
along with depletion experiments are needed, as diverse immune
cell types have been shown to have anti-tumor effects.46–48 The
pattern of increased cytotoxic T cell and decreased regulatory T cell
infiltration, however, did align with our previous study.23 These re-
sults further support that live BoHV-1 and UV BoHV-1 likely work
through similar mechanisms. It is also intriguing that UV BoHV-1-
treated tumors show a relative increase in total CD45+ immune cells,
suggesting that UV virus retains the ability to stimulate immune re-
sponses, which may be sustained due to the lack of expression of viral
genes with immune-suppressive properties.

Tumor infiltration of neutrophils was notably different between the
live and UV BoHV-1 groups. Neutrophil infiltration in tumors
treated with live BoHV-1 could be indicative of the host response
to replicating virus, as neutrophils have been known to attack virally
infected cells.49 One study, however, showed that intraperitoneal
administration of poly(I:C) in mice increased hepatic neutrophil infil-
tration as much as replicating virus, which would suggest that viral
replication is not necessary for neutrophil infiltration into a tissue.50

Thus, it is possible that live BoHV-1 can modulate the immunosup-
pressive tumor microenvironment in a manner that allows for
neutrophil infiltration, while UV BoHV-1 cannot. Given that two
of five tumors treated with live BoHV-1 had low neutrophil infiltra-
tion similar to PBS and UV BoHV-1, it is also possible there is a bi-
nary on or off effect of neutrophil infiltration. As there is inherent
variability in biological systems, a larger sample size may help to
clarify these observations.We and others have shown that neutrophils
are a key component of, and sometimes required for, different viral
immunotherapies.51,52 To our knowledge, however, no other study
has yet performed a head-to-head comparison of neutrophil infiltra-
tion into tumors treated with a live or non-replicating viral immuno-
therapy. It is possible that, despite mice being poorly permissive hosts
for BoHV-1, virus particles (live or UV) are able to target and modu-
late immune cells directly, as has been observed in other contexts.53

Additional studies are necessary to further evaluate the significance
of immune cell populations in the effectiveness of BoHV-1
immunotherapy.

Pathway enrichment analysis of tumors treated with live vs. UV
BoHV-1 suggests that both therapies trigger similar pathways in tu-
mors, despite differences in the total number of differentially ex-
pressed genes.54–56 Therefore, it is possible that the 63 differentially
regulated genes common to tumors treated with live or UV BoHV-
1-based regimens represent those responsible for the therapeutic
Molecular Therapy: Oncology Vol. 32 December 2024 5
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Figure 4. Pathway enrichment profiles and differentially regulated genes of tumors treated with mitomycin C and either live or UV BoHV-1

(A) Histograms of the top 10 pathway enrichment profiles in tumors treated with live BoHV-1 and mitomycin C (Mito) and (B) UV BoHV-1 andMito. Histograms shaded in blue

represent pathways that are in common in both groups. Gray-shaded pathways were identified in both groups, but with ordinal ranks outside the top 10. (C) Ranking of the

top 30 differentially regulated genes (>3-fold change) common between tumors treated with Mito and either live or UV BoHV-1. Numbers represent the rank of the relative fold

change of each gene. The fold change value for each group is themean value of five tumors per group (n = 5). Green boxes represent upregulation of gene expression and red

boxes represent downregulation.
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efficacy of BoHV-1. Comparing these enriched pathways and genes in
C10 melanoma tumors with those in MC38 (colon cancer) tumors
previously treated with an HSV-1 vector with mitomycin C and im-
mune checkpoint inhibitors,24 6 of the top 10 enriched pathways in
that study are among the top 10 in the present study. The notable
matching pathways, from most to least enriched, include Adar1 edit-
ing deficiency immune response, chemokine signaling pathway, type
II IFN response, and Toll-like receptor signaling pathways, which are
consistent with viral infections. The Adar1 editing deficiency immune
response was the top enriched pathway in all three cases: live BoHV-1,
UV BoHV-1, and live HSV-1,24 all with mitomycin C. In a typical
non-virally infected cell, the adenosine deaminase acting on RNA
(ADAR) enzyme catalyzes the conversion of adenosine to inosine
on double-stranded RNAs, which helps cells to reduce the overactiva-
tion of dsRNA pathways to avoid autoimmunity.56 ADAR1 is IFN
inducible and upregulated by many viruses,57 while its deficiency is
6 Molecular Therapy: Oncology Vol. 32 December 2024
associated with autoimmune disorders.56 In the context of our viral
immunotherapy regimens, ADAR1 editing deficiency could be one
of the strongest overarching driving factors of tumor killing, allowing
for strong expression of ISGs. It is well understood that mitomycin C
results in DNA damage, contributes to ADAR signaling, and may
trigger both p53- and p21-dependent pathways based on the cell
context, so it is unsurprising that we observe transcriptional changes
in those pathways in our analyses.54,55,58 Overall, these results also
illustrate the similarities in the anti-tumor mechanisms of BoHV-1
and HSV-1-based viral immunotherapies, although further work in
additional models is required to validate these observations.

We have historically failed to observe a correlation between viral
replication capacity in vitro and anti-tumor activity in vivo.4,17,18,23

The goal with identifying signature genes is to provide a framework
to examine whether transcriptional events could be a useful in vitro



Figure 5. Schematic diagramof differential gene expression patterns in C10 cells and tumors infected in vitro (12 hpi) or in vivo (5 d post infection) with live or

UV BoHV-1 in the presence of low dose mitomycin C

Values within a given set of the Venn diagram represent the number of genes differentially regulated between the indicated group and its respective mock-infected control.

Signature genes are the intersection of genes differentially regulated across live BoHV-1 and UV BoHV-1 treatments, and across in vitro vs. in vivo experiments all treated with

mitomycin C. The table lists the 16 signature genes and indicates their fold-change ranking within their group. *ISG. #p53-related.
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screening tool for additional therapeutic regimens. Given the inherent
biological diversity between tumors, it is unlikely that a specific gene
set would be representative of diverse tumor types. Of interest, how-
ever, is that 10 of 16 genes within the signature gene set are ISGs, with
many belonging to a subset of ISGs driven by IRF3 activation.9,10,59 It
will be of particular interest in future studies to identify whether an
IRF3 signature in vitro can be used to predict efficacy of a given ther-
apeutic in vivo. The potential role of IRF3 is further implicated by our
findings that UV-inactivated BoHV-1 retains activity as a viral immu-
notherapy, as our previous work in normal (untransformed cells)
highlighted the role of IRF3 in responding to disruptions in homeo-
stasis such as entry of enveloped virus particles into cells.5–10,60 Inter-
estingly, while BoHV-1 replicates poorly in C10 cells,23 live BoHV-1
induces a much larger gene signature than UV inactivated virus, sug-
gesting that the limited replication is still of consequence to the cell
response despite not affecting overall therapy efficacy.

Collectively, our findings show that equal numbers of live and UV
BoHV-1 particles within our therapeutic regimen similarly control
tumor growth and survival, potentially through stimulation of im-
mune pathways activated by IRF3. While virus replication would pre-
sumably amplify innate immune signaling, large, complex DNA vi-
ruses such as herpesviruses and poxviruses encode a plethora of
immune evasion genes. While we suggested several years ago that
the balance between immune stimulation and immune evasion would
be an important factor in determining the therapeutic activity of a
given viral immunotherapy,4 we were still surprised by our findings,
particularly given the small number of genes induced in C10 cells and
tumors with inactivated virus. Future studies with additional viral
vectors and tumor cells, particularly those with validated mutations
in IRF3 and other key pathways, will be informative in understanding
the minimal events required for the success of a given viral
immunotherapy.

MATERIALS AND METHODS
Cells

CRIB cells,61 derived from Madin-Darby bovine kidney cells to be
resistant to bovine viral diarrhea virus and other pestiviruses,62

were generously gifted by Dr. Clinton Jones (Oklahoma State Univer-
sity) and cultured in DMEM supplemented with 5% fetal bovine
serum (FBS) and 1% L-glutamine. C10 cells63 (derived from B16
B78H1 mouse melanoma cells and expressing human Nectin-1)
were generously gifted from Dr. Gary Cohen (University of Pennsyl-
vania) and maintained in DMEM supplemented with 5% FBS, 1%
L-glutamine, 100 U/mL penicillin-streptomycin, and 250 mg/mL Ge-
neticin (Gibco Cat# 10131035).

Virus

BoHVgfp64 was generously gifted by Dr. Günther Keil (Friedrich-
Loeffler-Institut, Greifswald, Mecklenburg-Vorpommern, Germany)
Molecular Therapy: Oncology Vol. 32 December 2024 7
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Table 1. Summarized roles of the 16 signature genes

Gene Role

Eda2r
alias XEDAR: p53-regulated, promoter of
apoptosis, inhibitor of cell adhesion transmembrane
and member of the TNF receptor superfamily26,27

Ifit3
forms complex to inhibit viral replication by binding
viral RNA28; controversial role in cancer depending
on cell type29

Ifit3b
forms complex to inhibit viral replication by binding
viral RNA28; controversial role in cancer depending
on cell type29

Tgtp1
alias T cell specific-GTPase; involved in response
to virus; acts upstream of cellular responses to
IFN alpha, beta, and gamma30

Ifitm3

restricts cellular entry of a variety of viruses; a
pan-cancer analysis showed a positive correlation
between ifitm3 expression and tumor-infiltration
immune cells and immune checkpoints31

Ifit1
forms complex to inhibit viral replication by binding
viral RNA28; controversial role in cancer depending
on cell type29

Trp53inp1
P53-induced, mediator antioxidant function; absence
of TP53INP1 (loss of antioxidant function) favors
cancer progression due to ROS32

Cd80
antigen presentation; CD80 binds both CD28
(stimulating T cells) and CTLA-4 (inhibiting T cells),
can be induced by p53 in cancer33

Rsad2 (viperin)
inhibits DNA and RNA viral replication34; increased
expression correlates with a significant reduction in
breast cancer patient survival35

Ccng1
blocks mitosis when upregulated, cell cycle regulator;
transcriptional target of p5336

Cxcl10
chemokine; stimulates monocytes, NK, and T cells that
can attack cancer; also associated with tumor
development and metastasis37

Ak1
ATP regulation, AK expression is downregulated in
several tumors, may be related to oxidative stress;
controversial, contains several consensus p53 sites38

Gbp3

part of the family of guanylate binding proteins;
positively correlated with STING expression in
human glioblastoma; differential expression from
healthy cells differs among cancers39

Isg15

extracellular immunomodulatory cytokine that
regulates cellular function by conjugating proteins;
highly expressed in most tumors; evidence suggests
ISG15 conjugates are pro-tumor but free ISG15
is anti-tumor40

Irgm1
immune-related GTPase; found to increase B16 cell
metastasis in vivo and in vitro41; negative regulator
of IFN-dependent stimulation of hematopoietic stem cells42

Slc19a2
solute carrier for B1 (thiamine); target for activation
by the p53 tumor suppressor43
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and has a partial deletion in the gI locus and an insertion of enhanced
GFP controlled by a murine cytomegalovirus promoter. CRIB cells
were used to propagate and titer BoHVgfp. Virus stocks were pre-
pared as described previously and stored at�80�C.19 For each exper-
8 Molecular Therapy: Oncology Vol. 32 December 2024
iment, the same batch of virus was used (live or UV) keeping the con-
centration constant to ensure the same number of virus particles were
used for each experimental condition.

UV inactivation

UV inactivation was defined to be the condition needed to reduce
viral titers a minimum of 105-fold, as done previously.5 UV inactiva-
tion of BoHV-1 was performed using a mercury lamp ultraviolet
crosslinker emitting 254 nm UV-C radiation (Stratalinker). Immedi-
ately after UV treatment, plaque assays and growth curves were per-
formed using CRIB cells to confirm UV inactivation.

Drug and antibody preparation for in vivo experiments

Mitomycin C powder (Sigma Cat# M4287) was dissolved in sterile
water to a concentration of 2 mg/mL, and a new bottle was used
for each experiment. Anti-mouse a-CTLA-4 and a-PD-L1 antibodies
(BioXCell Cat# BE0131 and BE0101, respectively) were diluted to
1 mg/mL with sterile PBS.

Tumor regression study of mice bearing C10 tumors

Female C57Bl/6 mice were cared for by the McMaster University
Central Animal Facility. All experiments aligned with standards
from the Canadian Council on Animal Care and were approved by
the Animal Research Ethics Board of McMaster University. The sche-
matic for this experiment is outlined in Figures 2A and is based on a
previously established therapeutic regimen.23 Six- to 8-week-old
C57Bl/6 female mice were implanted with 5 � 106 C10 cells resus-
pended in 200 mL PBS subcutaneously into the left flank. After
approximately 2 weeks when tumors reached sizes between 50 and
100 mm3, mice were treated with 100 mg (50 mL) mitomycin C or ster-
ile water as a vehicle control intratumorally (day 0). Every day from
days 1 to 3, mice received intratumoral injections of 2 � 107 PFU
live BoHV-1, an equivalent volume of UV BoHV-1, or PBS. Treated
mice also received intraperitoneal injections of a-CTLA-4 and a-PD-
L1 antibodies (200 mg each; 200 mL) starting on day 1 and every 3 days
for 10 total doses. Tumors were measured every 3–4 days and mice
were considered endpoint when tumor volumes reached 550 mm3.

Transcriptome profiling

For the in vitro transcriptome analysis, C10 cells were mock infected
or infected with live or UV BoHVgfp, either in the presence of
20 mg/mL pre-diluted mitomycin C (Sigma Cat# M5353) or DMSO
(vehicle control) and RNA was harvested at 6 and 12 hpi using the
RNeasy Plus Mini Kit (Qiagen Cat# 74136). The ThermoFisher Affy-
metrix Clariom S Mouse Assay (Cat. # 902930) was used, which pro-
vides a transcriptome-wide analysis of over 20,000 annotated genes.
In summary, 12 groups were analyzed using the Clariom S Mouse
Assay: C10 cells infected with live, UV BoHV-1, and mock-infected,
each with or without mitomycin C, at 6 hpi and 12 hpi. This process
was repeated 3 times to generate 3 biological replicates, totaling 36
samples.

For in vivo transcriptome analysis, C10 tumors were treated with
either PBS or UV BoHV-1 with or without mitomycin C (Sigma
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Cat# M4287). Transcriptome data from tumors treated with live
BoHV-1 were taken from our previous study and reanalysed.23 Tu-
mors were harvested 5 days after treatment and homogenized in Tri-
zol Reagent (Thermo Cat# 15-596-018). After homogenization, chlo-
roform was added and samples were left to incubate at room
temperature for 3 min. Samples were centrifuged at 12,000�g for
15 min at 4�C and the top aqueous layer was mixed with 70% ethanol
in a separate tube. RNA from this mixture was isolated using the same
RNeasy Plus Mini Kit, diluted to 100 ng/mL and reverse transcribed.
Single-stranded cDNA was purified using magnetic beads and frag-
mented using UDG. The fragmented samples were hybridized to
the Affymetrix Clariom S Mouse Assay, and the stained arrays were
scanned to generate intensity data. All reagents for this assay were
purchased from Thermo Fisher Scientific.

Tumor infiltration of immune cells

Tumors were harvested andminced with a razor blade in RPMI +10%
FBS. Then, 50 mg/mL Liberase (Sigma Cat# 5401054001) was added
for digestion and samples were incubated for 1 h at 37�C with con-
stant stirring. The cell suspension was passed over a 100-micron filter
and rinsed with 5 mL of RPMI +10% FBS. Cells were pelleted and
ACK Lysis buffer (Quality Biological Cat# 118-156-101) was used
to lyse red blood cells. Viability staining was done using the Zombie
UV Fixable Viability Kit (BioLegend Cat# 423107). Cells were treated
with anti-CD16/CD32 (Fc block; BD Biosciences Cat# 553141) and
surface stained with fluorescently conjugated antibodies against F4/
80 (BD Biosciences Cat# 565635), Ly6G (BD Biosciences Cat#
569406), CD8 (BD Biosciences Cat# 563046), CD45 (BD Biosciences
Cat# 562420), CD4 (BD Biosciences Cat# 552775), CD11b (BD Bio-
sciences Cat# 553311), CD3 (BD Biosciences Cat# 561388), and
NK1.1 (BD Biosciences Cat# 550627). Cells were then intracellularly
stained with anti-FoxP3 (BD Biosciences Cat# 560403). The
CytoFLEX LX flow cytometer was used for data acquisition and the
FlowJo Software version 10.10.0 was used for data analysis.

Statistical analysis

An unpaired t test was used to compare the means between two
groups of data. Kaplan-Meier curves were used to estimate survival,
and the log rankMantel-Cox test was used to determine the difference
in survival. A p values of less than 0.05 was considered significant.
Data analyses for tumor regression and immune cell infiltration
experiments were carried out using GraphPad Prism version 9.3.1.
Microarray data was analyzed using the Thermo Fisher Scientific
Transcriptome Analysis Console software, version 4.0.2.1.5, with
SST-RMA normalization. For all transcriptome analyses, only genes
with a fold-change in expression of >3 were included.
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