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Cellular resistance to an oncolytic virus
is driven by chronic activation of innate immunity

Alejandra Larrieux' and Rafael Sanjuan’-#*

SUMMARY

The emergence of cellular resistances to oncolytic viruses is an underexplored
process that could compromise the efficacy of cancer virotherapy. Here, we iso-
lated and characterized B16 mouse melanoma cells that evolved resistance to an
oncolytic vesicular stomatitis virus (VSV-D51). RNA-seq revealed that resistance
was associated to broad changes in gene expression, which typically involved
chronic upregulation of interferon-stimulated genes. Innate immunity activation
was maintained in the absence of the virus or other infection signals, and
conferred cross-resistance to wild-type VSV and the unrelated Sindbis virus.
Furthermore, we identified differentially expressed genes with no obvious role
in antiviral immunity, such as Mnda, Psmb8 and Btn2a2, suggesting novel func-
tions for these genes. Transcriptomic changes associated to VSV resistance
were similar among B16 clones and in some clones derived from the mouse colon
carcinoma cell line CT26, suggesting that oncolytic virus resistance involves
certain conserved mechanisms and is therefore a potentially predictable process.

INTRODUCTION

Oncolytic virotherapy offers an alternative treatment against several cancers.’ Most tumor cells are more
susceptible to viruses than healthy cells because augmented cellular proliferation often trades off with anti-
viral mechanisms.” Specifically, cancer cells usually show innate immunity defects, making them highly
permissive to viruses.”* However, tumors exhibit micro-environmental and genetic diversity, which contrib-
utes to their survival under different types of stress, including anti-cancer treatments.” Tumor adaptations
include evasion or insensitivity to growth suppressor signals, inactivation of cell death mechanisms, resis-
tance to hypoxia and chromatin remodeling, among others.®’

Previous work has investigated different virus resistance mechanisms.® These include humoral and cellular
antiviral adaptive immunity after multiple doses of a given virus,” the activation of innate immunity path-
ways such as the interferon-receptor (IFNR)-based Janus-kinase (JAK-STAT) pathway,'® epigenetic modi-
fications,' "3 hypoxia-driven inhibition of infection,’* APOBEC-mediated viral resistance,”'® restrictions
to viral binding and entry,'® autophagy,'® and tumor-associated spatial barriers."””~*" More specifically,
the activation of master regulators such as the beta subunit of nuclear factor kappa-B kinase (IKK),”” as
well as inositol polyphosphate 5-phosphatase (Inpp5e),”® mitogen-activated protein kinase (MAPK),”
multidrug-resistance protein-1 (MDR1),%° mitogen-activated protein kinase kinase (MEK),?® second mito-
chondria-derived activator of caspases (SMAC),?’?8 sirtuin 1 (SIRT1),%” and N-myc proto-oncogene protein
(MYCN),*° have been found to be associated with resistance to viral infection and replication in tumor cells.

Although changes in these features across tumor types are well-known to influence the success of oncolytic
virotherapy, how naive tumor cell populations respond to administration of an oncolytic virus is a largely
unaddressed question. In principle, the selective pressure exerted by the virus in combination with tumor
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to integrate into the host genome and lack of pre-existing immunity in humans.*” Moreover, VSV shows a
remarkably wide cellular tropism, which in principle allows targeting multiple cancer types.*> One of the
best-studied oncolytic VSV is an engineered mutant carrying a deletion in methionine 51 of the matrix
(M) protein (VSV-D51). This mutation suppresses the ability of the M protein to block nuclear RNAs export,
allowing infected cells to mount antiviral immune responses34 As a result, VSV-D51 exhibits an attenuated
phenotype in normal cells, but efficiently infects tumor cells that carry innate immunity defects.®

In this study, we have explored the ability of cancer cells to evolve resistance against oncolytic viruses. To
achieve this goal, we focused on VSV-D51 and mouse melanoma cells B16-F10, a well-studied murine can-
cer model.** We found that resistant cells readily emerged following infection with VSV-D51, and that these
cells were not only resistant to VSV-D51, but also to wild-type VSV and the unrelated Sindbis virus. Tran-
scriptomic analysis revealed an extensive genetic plasticity, with approximately 1000 differentially ex-
pressed genes in resistant cells compared to treatment-naive cells. Changes in the interferon (IFN)
signaling cascade represented a major mode of resistance, consistent with previous work involving human
and mouse cell lines.*"**% In addition, resistant cells exhibited a marked (>1000-fold) over-expression of
other genes that have not been previously implicated in antiviral defense, such as Mndal, Apol9 and Psmb,
among others. Overall, differential gene expression patterns were highly correlated between resistant cell
clones, and more interestingly, with the expression profile of a resistant clone obtained by the same selec-
tion procedure in CT26 mouse carcinoma cells, suggesting that the mechanisms responsible for the emer-
gence of resistance to oncolytic therapy are reproducible, facilitating resistance management.

RESULTS
Isolation of VSV-resistant B16 cells

To select resistant B16 cells, we inoculated confluent cultures with a GFP-encoding VSV-D51 at a high mul-
tiplicity of infection (MOl = 5 plaque forming units, PFU per cell), washed out dead cells, allowed the culture
to regrow for 72 h and iterated this process three times. We observed a high percentage of survivor cells
despite the high MOl used (Figure 1A). We followed the same selection protocol using an mCherry-encod-
ing wild-type (WT) VSV but, in contrast to the results obtained with VSV-D51, no surviving cells were recov-
ered after multiple attempts (Figure 1B).

The selected cells became fully refractory to reinfection with VSV-D51, as determined by the lack of a
detectable GFP signal following virus inoculation (Figure 1C). This suggests that the attenuated nature
of VSV-D51 allowed some cells to respond to infection by undergoing changes that conferred antiviral
resistance, or that cells became persistently infected with VSV-D51, making them insensitive to reinfection
because of superinfection exclusion. Of interest, the recovered cells were refractory to infection not only
with VSV-D51, but also with WT VSV (Figure 1D), revealing the involvement of mechanisms that were not
specific to the oncolytic variant. In the absence of virus re-inoculation, the selected cells showed slightly
reduced growth than naive B16 cells (Figure 1E), suggesting a cost associated to resistance or persistence
of infection.

Because selected cells may be a heterogeneous population and may still carry virus, five individual clones
(R1-R5) were isolated by cell sorting and expanded. To test whether these derived clones contained virus,
we first visualized GFP expression. All clones were GFP-negative. In addition, plaque assays indicated that
no infectious particles were shed into the supernatants of these cultures. Furthermore, we extracted total
cellular RNA and performed RT-gPCR of the VSV genes P and L, which yielded no amplification signal
above background level (Figure 1F). We thus conclude that the five derived clones no longer con-
tained VSV.

We then inoculated the five selected clones and naive B16 cells with VSV-D51 to assess resistance. We
monitored viral spread by measuring GFP signal in cells inoculated at low MOI (0.1 = PFU/cell) over a
24 h period using real-time live-cell microscopy. Moreover, supernatants were collected at endpoint
(24 h after infection, hpi) and titrated to quantify viral progeny production. In addition, we used RT-
gPCR to quantify viral RNA production (VSV-L) at 8 hpi. We found that R1, R2 and R5 exhibited a marked
resistance to VSV-D51 infection by each of these three criteria (Figures 2A-2C; t-tests: p< 0.001), because
GFP signal was below detection limit, viral titer at endpoint dropped between two and four orders of
magnitude, and VSV-L RNA levels dropped between fourfold and >100 fold. In contrast, R3 and R4 showed
only partial resistance, because GFP signal dropped less than twofold, whereas titers and RNA quantitation
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Figure 1. Isolation of a VSV-resistant B16 cell population

(A) Live-cell fluorescence microscopy of B16 cells infected with VSV-D51 GFP (MOI = 5 PFU/cell) at 24 hpi, and at 48 hpi after washing out dead cells.

(B) Fluorescence microscopy of B16 cells infected with VSV-WT mCherry.

(C) Quantitation of infection by real-time live-cell fluorescence microscopy in naive (B16) or selected (B16R) cells inoculated with VSV-D51 (MOI = 5 PFU/cell).
(D) Quantitation of infection in B16 and B16R cells inoculated with VSV-WT (MOI = 5 PFU/cell).

(E) Growth curves of B16 and B16R cell cultures in the absence of added virus.

(F) RT-gPCR analysis of five clones (R1-R5) derived from the B16R population. Left: B16 cells inoculated with VSV-D51 at different MOls. Right: non-inoculated
R1-R5 clones. Data are presented as mean + SEM.

showed no significant differences compared to naive B16 cells. Overall, we found good agreement be-
tween GFP signal, titers, and RNA concentration, except for R2 cells, which showed orders of magnitude
lower GFP and titer values, but experienced only a fourfold reduction in VSV-L RNA. This discrepancy might
indicate that for this clone the resistance became effective in later stages of infection (translation, budding)
or that it was dependent on the input MOI. We again found that in the absence of virus the derived clones
showed slightly reduced growth than naive B16 cells (Figure 2D), confirming a cost associated to resistance.
Finally, to further assess resistance, we again monitored viral spread in cells inoculated with the three most
resistant clones (R1, R2 or R5) at a higher MOI of 5 PFU/cell. GFP levels confirmed resistance in all cases
(Figure S1).

Infection of R1, R2 or R5 with WT VSV (MOI = 0.1 PFU/cell) reproduced the results obtained with VSV-D51,
(Figures S2A and S2B) confirming that the resistance mechanisms were not specific to the oncolytic variant.
To further assess the generality of resistance, we also performed infections with Sindbis virus, which was
capable to infect the naive B16 cells (MOl = 1 PFU/cell). We found that Sindbis virus was unable to infect
clones R1 and R5, whereas R2 cultures were infected albeit at slightly lower levels than naive cells
(Figure S2C).

VSV resistance is not mediated by enhanced antiviral cytokine signaling

We set out to test whether resistance was mediated by intercellular cytokine signaling. For this, we first
primed naive B16 cells with conditioned medium obtained from a previous infection of this same cell line
with VSV-D51 (filtering out viral particles), inoculated these primed cultures with VSV-D51 (MOI =
0.1 PFU/cell), and followed viral spread by measuring GFP signal using real-time live-cell microscopy
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Figure 2. Analysis of VSV-resistant B16-derived clones

(A) Quantitation of infection by real-time live-cell fluorescence microscopy in naive (B16) cells and derived clones R1-R5
inoculated with VSV-D51 (MOI = 0.1 PFU/cell).

(B) Titration of viral progeny produced at endpoint (24 hpi). Asterisks indicate significant differences with the naive B16
cells by a t-test, using log-transformed data. *** p< 0.001; ** p< 0.01; ns: non-significant.

(C) RT-gPCR analysis of viral RNA produced in cells inoculated at low MOI (0.1 PFU/cell) after 8 hpi.

(D) Growth curves of B16 and B16R cell cultures in the absence of added virus. Data are presented as mean + SEM.

(Figure 3A). As expected, we found that B16 cells efficiently produced and responded to antiviral cytokines,
as shown by the fact that infection progression was significantly reduced in the primed cultures. To examine
antiviral cytokine production in the five resistant clones, we obtained conditioned media from R1-R5 in-
fected cultures and used them to prime naive B16 cells. Media obtained from the strongly resistant clones
R1,R2and R5did nothave an effect on infection spread. The simplest explanation for this observation is that,
because the infection did not progress in these clones, there was little stimulus for cytokine production. The
conditioned media collected from the partially resistant clones R3 and R4 did have an antiviral effect, but
lower than that obtained from naive B16 cells, probably for the same reason outlined for R1, R2 and R5.

Conversely, we obtained conditioned media from naive B16 cultures infected with VSV-D51 and used it to
prime R1-R5 cells (Figure 3B). R3 and R4 clones responded to this pre-treatment in a manner similar to
normal B16 cells, whereas no infection signal was detected in primed cultures R1, R2, and R5 clones, as ex-
pected. We therefore obtained no evidence that VSV resistance was mediated by an increased production
of or response to antiviral cytokines.

Transcriptomic analysis reveals chronic activation of antiviral innate immunity genes in VSV-
resistant B16 cells

We used RNA-seq to study differences in the expression of genes that could be responsible for VSV resistance.
For this, we focused on uninfected R1, R2, R5 clones and naive B16 cells. For each, three independent RNA
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Figure 3. Conditioned media analysis for quantifying antiviral cytokine signaling

(A) Quantitation of infection by real-time live-cell fluorescence microscopy in naive (B16) cell cultures, which were primed
with virus-free media collected from a previous infection of the indicated cell line (B16, R1-R5), and then inoculated with
VSV-D51 (MOI = 0.1 PFU/cell).

(B) Same analysis for B16 or R1-R5 cell cultures primed with virus-free media collected from a previous infection of naive
B16 cells, and then inoculated with VSV-D51 (MOI = 0. 1 PFU/cell). Data are presented as mean + SEM.

extraction samples were sequenced. We obtained between 31.4 and 39.6 million clean reads per sample,
with approximately 95% of the reads reaching a quality score of 30 or higher (Table S1). Paired-end reads
were mapped to the Mus musculus genome. As expected, 90-94% of the mapped reads were in exons
(Table S1). Approximately 84% of the genes were expressed at relatively low levels (FPKM <3), whereas <2%
were strongly expressed (FPKM >60; Table S2). Pearson correlations between FPKM values obtained for the
three RNA extractions of a given cell line were >0.99, indicating good reproducibility.

We analyzed differentially expressed genes by comparing normalized read counts in resistant clones versus
naive B16 cells. The number of genes exhibiting a statistically significant (adjusted p< 0.05) change in
expression level of at least twofold was 928 for R1, 1025 for R2, and 1449 for R5, revealing broad differences
between VSV-resistant clones and naive cells (Figure 4A). Differential gene expression values (log, fold
change) were highly correlated between the three examined clones (R1 vs R2: Pearson r = 0.848; R1 vs
R5: Pearson r = 0.991; R2 vs R5: Pearson r = 0.845 Figure 4B). Of the 50 top over-expressed genes in R1,
38 and 48 genes were also in the top-50 list for R2 and R5, respectively (Table S3). Similarly, of the 50
top under-expressed genes in R1, 12 and 35 genes were also in the top-50 list for R2 and R5 (Table S4).
A principal component analysis revealed that the overall gene expression pattern of the three resistant
clones clearly deviated from that of naive cells and that, in turn, R1 and R5 showed similar gene expression
patterns, which departed from that of R2 (Figure 4C).

An obvious pattern shared by all three resistant clones was the marked overexpression of antiviral innate
immunity genes (Table S3). For instance, 2'-5'-oligoadenylate synthases (OAS) 1 and 2, which are central
actors of the dsRNA-stimulated type-| IFN cascade®” were overexpressed by >100-fold in each of the three
resistant clones. Similar results were obtained for other IFN-stimulated genes (ISGs) such as Mx dynamin-
like GTPase 2 (Mx2),"° IFN regulatory factor 7 (Irf7),*" IFN-induced protein with tetratricopeptide repeats
(fits),* and apolipoprotein L9 (Apo/?).“’/'5

A hierarchical clustering of gene expression profiles identified four gene clusters, of which two showed a
clear overexpression in resistant clones compared to naive cells (Figure S3). The first cluster (cluster A) con-
sisted of 39 proteins which, according to a STRING analysis, tended to exhibit extensive functional interac-
tions among them and were master regulators of innate immunity (Irf7, Isg15, Usp18, Oasl1, Oasl2 and Mx2
among others; Figure S4A). Some members of this cluster, such as myeloid cell nuclear differentiation an-
tigen-like (Mndal), also showed a marked overexpression in resistant clones but did not appear to be con-
nected to this interactome, despite the fact that Mndal has been recently shown to be an IFN-stimulated
gene.”®*” The other cluster (cluster B) consisted of 113 proteins, of which four appeared within the top 50
most overexpressed genes in the three resistant clones (Mnda, Csprs, Olfr56 and Trim12a). However, these
proteins are not part of the complete interactome (Figure S4B).
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Figure 4. Differential gene expression analysis comparing resistant and naive B16 cells

(A) Hierarchical clustering and heatmap showing differentially expressed genes between resistant (R1, R2, R5) and naive
B16 cells. The Z-score was calculated as Z = (x — p)/o, where x represents the expression value of the gene in a given
sample, p the mean expression of that gene across samples, and o the overall standard deviation. In the heatmap, red
color indicates under-expressed genes and green color indicates over-expressed genes. The identity of each clone
(naive, R1, R2, R5) is indicated bottom bar associated legend.

(B) Correlation between differential gene expression data in the three isolated resistant clones.

(C) Principal component analysis of global gene expression in resistant and naive B16 cells.

To obtain a more general overview of differentially expressed genes, we examined the Gene Ontology
(GO) biological processes involved (Figure 5). For resistant clones R1 and R5, we confirmed a marked
enrichment of pathways related to antiviral defense against viral infection. Processes related to immune
response and response to viral infection were also significantly enriched in R2, although they were not
among the most significantly enriched. In terms of the gene clusters identified above, the first cluster of
39 genes was clearly associated with innate immunity and antiviral defense, whereas the second cluster
mainly showed an enrichment in pathways related to antigen presentation, negative regulation of viral
release from the host cell, and negative regulation of viral replication.

Overall, these results show that the resistant clones experienced a sustained overexpression of antiviral
genes in the absence of infection. GO terms also showed an increase in functions such as cell death induc-
tion and regulation of cellular response to stress, potentially explaining the lower proliferation rates of
resistant clones compared to naive cells. In contrast, the biological significance of downregulated genes
was less clear. We found a >100-fold reduction in the expression levels of the butyrophilin subfamily 2
A2 (Btn2a2) gene, which is known to inhibit T cell-mediated immunity.”® Glycosylase Galnté, which has
not been described to participate in antiviral immunity, was strongly repressed in clones R1 and R5, but
not in R2.

Validation of RNA-seq results by qPCR and immunofluorescence

To verify the results obtained by RNA-seq, we measured the expression levels of Mx2, Oasl and Irf7 by RT-
gPCR in R1, R2, R5 and naive B16 cells in the absence of virus. [rf7 was undetected by this method in naive
B16 cells but was strongly expressed in R1 and R2, and clearly detected in R5 (Figure 6A). Moreover, the
expression levels of Mx2 and Oasl were orders of magnitude lower in naive B16 cells than in the R1, R2,
and R5 clones. To further validate these results, we performed Mx2 immunoblotting in uninfected resistant
and naive cells. This confirmed Mx2 expression in each of the three resistant clones, as opposed to naive
B16 cells (Figure 6B).
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Figure 5. Gene ontology analysis comparing resistant and naive B16 cells
Functional classes showing the 10 highest enrichment processes according to gene ratios are shown. In the fourth panel, the sub-class of pathways involved
in immunity is shown separately for the R2-B16 comparison. Obs: observed ratio, Exp: expected ratio.

Selection of VSV-resistant CT26 carcinoma mouse cells can involve changes in gene
expression resembling those found in B16 melanoma cells

To examine the generality of the gene expression remodeling experienced by VSV-resistant B16 cells, we
used the same protocols to isolate two resistant clones (C1, C4) derived from the CT26 mouse carcinoma
cell line. As above, resistance was tested by inoculating the selected clones with VSV-D51 at low MOI
(0.1 PFU/cell) and monitoring fluorescence (Figure 7A), endpoint viral titer (24hpi, Figure 7B) and viral
RNA at 8 hpi (Figure 7C). As opposed to B16, CT26 cells achieved only moderate levels of resistance to
VSV. RNA-seq showed clearly differentiated gene expression profiles between clones C1 and C4, as well
as between these clones and naive cells (Figure 7D). Of interest, though, the C1 clone shared 397 overex-
pressed genes with the three resistant B16 clones R1, R2 and R5, and the overall changes in gene expres-
sion shown by this clone were significantly correlated with those exhibited by R1, R2 and R5 (Pearson
r>0.65; Figure 7E). The top 50 overexpressed genes shared between R1, R2 and R5 were also strongly over-
expressed in C1 (Table S5). GO analysis of differentially expressed genes again revealed enrichment in
pathways related to antiviral immune response (Figure 7F). These results suggest that sustained activation
of immune response mechanisms in the absence of infection might be a general resistance mechanism in
tumoral cells challenged with oncolytic VSV. However, clone C4 showed no similarities in gene expression
changes with any of the VSV-resistant B16 clones, Table S5), as well as weak correlation with C1, suggesting
the involvement of alternative resistant mechanisms (Figure S5).

DISCUSSION

Oncolytic VSV tropism towards tumor cells is largely driven by the predisposition to viral infection that
these cells acquire following inactivation of immune responses, particularly those related to type-l
IFNs.*”*° Thus, variations in IFN responsiveness across cells can limit treatment efﬁcacy.31 Here, we have

iScience 26, 105749, January 20, 2023 7
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Figure 6. Validation of RNA-seq results by RT-qPCR and immunofluorescence

(A) RT-gPCR analysis of constitutive Irf7, Mx2 and Oasl expression in naive B16 and selected clones. Asterisks indicate
significant differences with naive B16 cells. *** p< 0.001, by a t-test. Statistical comparison could not be performed for Irf7
because mRNA was not detected in naive B16 cells. Data are presented as mean + SEM.

(B) Immunofluorescence microscopy showing Mx2 expression (red: anti-Mx1/2/3; blue: DAPI).

directionally selected for VSV-resistant clones in B16 melanoma cells, and we have investigated the mech-
anisms underlying the emergence of resistance. We found that cells infected with VSV-D51 rapidly became
refractory to infection, whereas WT VSV caused massive cell death with no cell population regrowth. RNA-
seq data showed that chronic activation of multiple genes involved in innate immunity was a common
theme in the selected resistant cells. This change in gene expression patterns conferred resistance to
VSV-D51, but also to WT VSV and to an RNA virus from a different family (Sindbis virus). These results
are consistent with previously published works, which describe that chronic activation of IFN pathways
may play a role in long-term resistance to different cancer treatments, including oncolytic viruses.'#¢->'°%
However, we did not find evidence that intercellular cytokine-mediated antiviral signaling could be chron-
ically activated in the selected resistant clones. Although the expression of type-l IFN genes (Ifnb1 and
Ifnad) was slightly activated in R1 and R5 clones, our assays indicate that this was probably not sufficient
to induce a significant paracrine response. Activation of these IFN genes was expected because they
are also under the control of other ISGs as part of a positive feedback regulation.

Most of the top 50 genes overexpressed in resistant clones have some described antiviral function accord-
ing to the Interferome database.”” Some of these antiviral genes have been previously shown to be markers
of VSV resistance. For instance, Mx GTPases are known to be important antiviral proteins genes against VSV
and other viruses,*” and their constitutive expression has been observed in VSV-resistant sarcoma SW982
cells.®Y It has also been reported that 3T3 mouse cells overexpressing Mx1 show a high degree of resis-
tance to VSV.®! Furthermore, MxA (Mx1 orthologue) and OAS proteins have been identified in previous
studies as resistance markers to VSV-D51 infection in human pancreatic ductal adenocarcinoma cells
(PDAC)**8 and CT26 cells.®>" In turn, constitutive OAS expression has been observed in VSV-resistant
human mesothelioma cells,” as well as in PDAC.*” Overexpression of other ISGs such as Irf7 has been pre-
viously detected in VSV-resistant PDAC. IFIT proteins,®*“>which block virus entry via endosomes and
lysosomes®® and bind specifically to viral mRNAs to prevent translation,®’ are other well-known ISGs that
were upregulated in our resistant clones. We also found strong overexpression of certain tripartite-motif
(TRIM) family members (Trim 12¢, Trim30, and Trim34), which play an important role against certain viruses
such as human immunodeficiency virus (HIV)*®“%*? but have not been previously implicated in cellular resis-
tance to VSV or oncolytic viruses. Finally, interferon-inducible GTPase 1 (ligp1) was also highly overex-
pressed. This protein suppresses replication of the related rabies virus by blocking viral phosphoprotein
dimerization.”® There are currently hundreds of IFN-stimulated genes described,**”" many of them
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Figure 7. Characterization and analysis of VSV-resistant CT26-derived clones

A) Infection spread tracking by real-time live-cell fluorescence microscopy in naive CT26 cells and resistant clones C1 and C4 after infection with VSV-D51
MOI = 0.1 PFU/cell).

(
(
(B) Viral production progeny after 24hpi. Significant differences by t-test are marked with asterisks (*** p< 0.001; ** p< 0.01).

(C) RT-qPCR analysis of viral RNA (RNA-L) produced in cells inoculated at low MOI (0.1 PFU/cell) after 8 hpi. Data are presented as mean + SEM.
(D) Principal component analysis of global gene expression in resistant C1, C4, and naive CT26 cells.

(E) Correlation between differential gene expression values in the resistant C1 clone and each of the three B16 resistant clones (R1, R2 and R5).

(F) Gene ontology analysis of the 10 highest enrichment processes comparing C1 and naive CT26 cells. Green: observed ratio, Blue: expected ratio.

significantly overexpressed in our B16 resistant clones, which makes it very likely that the observed resis-
tance involved much more than overexpression of these few previously described genes.

In contrast, we found no evidence that resistance could be mediated by loss of viral attachment, because
expression of low-density lipoprotein receptor gene (Ldlr), the principal cell receptor for VSV'? was de-
tected in all resistant clones, and was even slightly elevated compared to naive B16 cells (log2 fold changes
0f0.34,0.28 and 0.27; p< 0.01 in R1, R2 and R5 respectively). Alternative receptors, such as the low-density
lipoprotein receptor class A Domain (Ldlrad) were similarly expressed in naive and resistant cells. We also
found an enrichment in endocytosis GO pathways in resistant clones both in early (GO:0005769), late endo-
somes (GO:0005770), and complete endocytosis processes (GO:0006897), suggesting that post-attach-
ment VSV entry processes were not shut down in resistant cells.

Resistant clones showed a strong overexpression of genes whose antiviral function was less clear. For instance,
the three Sp100 family members (Sp100, Sp110and Sp140) were overexpressed in resistant clones. These pro-
teins are chromatin “readers” implicated in immunity disorders. Sp100 has been described as a regulator of
some human DNA viruses,”*”* but their role in defense against viral RNA infection has not been clearly eluci-
dated, and it is not known whether these proteins restrict viruses by regulating viral or host transcription.’”
Several members of the P200 family (HIN-200 in humans) were also among the top-50 overexpressed genes
(Mnda, Mndal, Ifi44, Ifi203, Ifi204, fi206 and Ifi207). This family of proteins participate in various cellular func-
tions,”*”® including modulation of innate immunity after RNA virus infection to avoid hyper-inflammatory re-
sponses.”’ However, none of these proteins have been associated with resistance to VSV. Another highly over-
expressed genes were Psmb8 and Psmb9, which encode immunoproteasome subunits’” but have no known
role against VSV or related viruses. Olfr56, which encodes a mouse olfactory receptor, was highly upregulated
not only in resistant B16 but also in the C1 CT26 clone.

Ourresults also revealed the overexpression of 129, 150 and 347 non-coding RNAs in R1, R2 and R5, respec-
tively. C130026121Rik IncRNA, which is known to be produced following IFN secretion,?>®" was highly
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overexpressed in R1 and R5. The involvement of this and other long non-coding RNAs in modulating resis-
tance to VSV is unknown, though. However, the participation of long non-coding RNAs in immune regula-
tion is being increasingly recognized.®*** For instance, IncRNA-COX2 has been identified as an important
regulator of the immune response in human TLR-activated macrophages, and its rapid upregulation con-
trols a large number of 1SGs and NFkB-regulated genes.®”

We also found that 29 of the 50 most under-expressed genes in our B16 resistant clones were somewhat
related to immunity according to the Interferome database. However, their role in oncolytic virus resistance
is largely unknown, and we can provide at present no explanation for their under-expression, aside from
speculating that they could be involved in modulating a chronic antiviral state. For instance, Btn2a2 and
potassium-channel subfamily K member 5 (Kcnk5), which were under-expressed in the three resistant
clones, have been shown to participate in T-cell mediated immunity.*®% Microtubule-associated protein
1A (Map1a) and carnitine palmitoyltransferase 1C (Cpt1c) promote HIV-1 routing to the nucleus and viral
replication.m‘88 Carbonyl Reductase 1 (Cbr1) is an anti-inflammatory mediator,®” Phosphoinositide-3-
Kinase regulatory subunit 5 (Pik2r5) is an inflammation-related gene with a prognostic value for lung
adenocarcinoma,’®?" and cardiotrophin 1 (Ctf1) an immune-related gene belonging to the IL-6 family.”?
However, none of these genes has been described to participate in the VSV infection cycle, or has been
associated with oncolytic virus infection outcomes.

Overall, we found a remarkably high correlation between the differential gene expression patterns shown
by the three B16 resistant clones examined. Considering the high number of cells that survived the initial
challenge with VSV-D51, it is unlikely that three clones were derived from the same initial surviving cell,
meaning that they probably represent independent resistance acquisition events. In addition, correlated
differential gene expression patterns were obtained in one of the two VSV-resistant clones isolated from
CT26 mouse carcinoma cells, an unrelated tumor cell line. The reproducibility shown by gene expression
shifts supports the hypothesis that chronic activation of innate immunity genes is a potentially predictable
cellular response to oncolytic virus treatment. However, differences between R2 and R1/R5 B16 clones and
between C1 and C4 CT26 clones revealed alternative resistance mechanisms, and several genes with un-
known antiviral function were strongly overexpressed in these resistant cells.

Technologies such as RNA interference (RNAI), short interfering RNA (siRNA), short hairpin RNA (shRNA), and
CRISPR-Cas have been extensively used in the last decade to experimentally disrupt gene expression and identify
host factors required by viruses for successful infection.”” Similar to other transcriptomic analyses, our study
thus provides a number of candidate markers with known mechanisms of action, but also suggests new viral resis-
tance targets that deserve in-depth examination in future work using the above techniques. The study of cellular
resistances to other oncolytic viruses could be useful for identifying common resistance markers in future work.
Likewise, selection of resistant cells derived directly from patients would be an interesting approach, because
this would allow contrasting our results in a biomedically more relevant setting.

Limitations of the study

The gene expression patterns associated to VSV resistance were observed in two murine cell lines. Their
generality remains to be tested further using additional cell lines from mice and other species, including
humans. This may provide good candidate genes to uncover novel antiviral pathways, which could be vali-
dated using siRNA or overexpression experiments. Our results suggest that inhibition of VSV entry was not
a major resistance mechanism in B16 and CT26 cells, but this conclusion remains to be validated
experimentally.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse Anti-Mx1 / 2 / 3 Monoclonal Antibody,
Unconjugated, Clone C-1

AffiniPure Fab Fragment Goat Anti-Mouse IgG
(H + L) antibody

Goat anti-Mouse IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor
Plus 594

Santa Cruz Biotechnology

Jackson ImmunoResearch Labs

Thermo Fisher Scientific

Cat# sc-166412; RRID: AB_2147714

Cat# 115-007-003; RRID: AB_2338476

Cat# A32742; RRID:AB_2762825

Bacterial and virus strains

VSV-WT-mCherry Dr. J.K. Rose (Yale University School of N/A
Medicine)

VSV-A51 Dr. V. Grdzelishvili (University of North N/A
Carolina)

Sindbis virus Dr. Carla Saleh (Institut Pasteur de Paris) N/A

Chemicals, peptides, and recombinant proteins

RNAzol RT reagent solution Sigma-Aldrich Cat# R4533

NZY Reverse Transcriptase NZYtech Cat# MB124

PowerUP SYBR Green qPCR Master Mix Applied Biosciences Cat# A25780

ProLong Gold antifade reagent containing
DAPI

Invitrogen

Cat# P10144

Deposited data

Global gene expression of B16-F10 cells
sensible and resistant to oncolytic VSV D51
virus

Global gene expression of CT26 cells sensible

and resistant to oncolytic VSV D51 virus

SRA (Sequence Read Archive)

SRA (Sequence Read Archive)

PRINA824679

PRJNA855353

Experimental models: Cell lines

Mouse: CT26 ATCC ATCC Cat# CRL-2639; RRID: CVCL_7255
Mouse: B16-F10 ATCC ATCC Cat# CRL-6475; RRID: CVCL_0159
Hamster: BHK-21 ATCC ATCC Cat# CCL-10; RRID: CVCL_1915
Oligonucleotides

Primer: VSV gene L Forward This paper N/A

AACGATTCCCCACAAGATCCC

Primer: VSV gene L Reverse This paper N/A
GCAAGAGGGTGGTGGAAATAGAG

Primer: VSV gene P Forward This paper N/A

CGCCAGAGGGTTTAAGTGGAG

Primer: VSV gene P Reverse This paper N/A

TTCTGATTGGGACGGATGTGTG

Primer: mouse Mx2 gene Forward This paper N/A

ACACGGTCACTGAAATTGTACG

Primer: mouse Mx2 gene Reverse This paper N/A

TGGAGTCGGATTGACATCTCTG

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Primer: mouse Irf7 gene Forward This paper N/A
CCAGTTGATCCGCATAAGGT

Primer: mouse Irf7 gene Reverse This paper N/A
GAGCCCAGCATTTTCTCTTG

Primer: mouse Oas| gene Forward This paper N/A
TTGTGCGGAGGATCAGGTACT

Primer: mouse Oasl gene Reverse This paper N/A

TGATGGTGTCGCAGTCTTTGA

Primer: mouse Actin-b gene Forward This paper N/A
CTGGCACCACACCTTCTACA
Primer: mouse Actin-b gene Reverse This paper N/A
TCATCTTTTCACGGTTGGCTT

Software and algorithms

R version 4.2.1 R Project https://www.R-project.org/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Rafael Sanjuan (rafael.sanjuan@uv.es).

Materials availability

All the unique reagents (resistant clones and viral constructs) developed in this work are available upon
request.

Data and code availability

® Raw RNA-seq data were deposited at SRA and are publicly available as of the date of publication. Acces-
sion numbers are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyse the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Virus strains

VSV wildtype (WT-mCherry) and oncolytic VSV (D51-GFP) were kindly provided by Dr. Valery Z. Grdzelishvili
(University of North Carolina, USA). Both WT and D51 VSVs belong to the Indiana serotype. GFP and

mCherry reporter genes were cloned at the intergenic region between the G and L genes. Sindbis virus
(SBV-GFP), derived from plasmid infectious cDNA clone pTE/3'2J was kindly provided by Dr. Carla Saleh.

Cell lines and culture

B16-F10 (CVCL_1915), CT26 (CVCL-7255), and BHK-21 (CVCL_0159) cells were obtained from the American
Type Culture Collection (ATCC) and cultured in DMEM supplemented with 10% fetal bovine serum (FBS),
1% non-essential amino acids, 50 U/mL penicillin and 50 pg/mL streptomycin. No information about the
gender or exact age of the source animals was available. All cell lines were cultured at 37°C under 95% hu-
midity, 5% CO,, and regularly shown to be free of mycoplasma contamination by PCR.

Viral titration by plaque assay

Confluent BHK-21 monolayers were inoculated with 100 plL containing serial dilutions of the virus for 45 min
and then overlaid with DMEM supplemented with 2% FBS and 0.5% agar. At 20-24 hours post inoculation
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(hpi), cells were fixed with 10% formaldehyde and stained with 2% crystal violet in 10% formaldehyde to
visualize plaques. Virus titers were calculated as plaque forming units (PFU) per mL.

Automated real-time fluorescence microscopy

Real-time live-cell fluorescence imaging was performed using an IncuCyte S3 Live-Cell Analysis System
(Sartorious) placed inside a cell culture incubator. Images were acquired using phase contrast, green
(300-ms exposure) and red (400-ms exposure) channels with a 4X objective. Representative images of
various time points and experimental conditions were used as a reference to calibrate image analysis masks
for each acquisition channel. Images were segmented by defining a fluorescence intensity threshold after
applying a Top-Hat background correction.

Cell sorting and clonal expansion

Cells were detached using trypsin-EDTA, resuspended in DMEM containing 10% FBS, washed twice with
PBS 1X by centrifugation (1200 rfc, 5 min), and finally resuspended in 1 mL of PBS containing 2% FBS at
a cell concentration of 10 cells/mL. Approximately 10° events were analysed and naive B16 and CT26 pop-
ulations were used to delineate quadrants manually selecting survival, GFP-negative B16/CT26 cells.
Selected cells were separated using a Beckman Coulter “MoFlo Legacy” cell sorter in 96-well plates and
surviving cells were amplified by serial transfer to 48-well, 24-well, 60 mm, and 100 mm plates, and finally
stored at —150°C.

RNA extraction, cDNA synthesis and quantitative PCR

RNA from 6-well confluent monolayers plates was extracted with RNAzol RT (Sigma-Aldrich) following man-
ufacturer’s instructions and quantified by Nanodrop (Thermo Scientific). Approximately 1 pg of total RNA
was subjected to reverse transcription using NZY reverse transcriptase (NZYtech) and specific plus-strand
primers for VSV genes L (5 AACGATTCCCCACAAGATCCC) or P (5 CGCCAGAGGGTTTAAGTGGAG).
Primers for cellular mRNAs included mouse Mx2 (5 TGGAGTCGGATTGACATCTCTG), Qasl (5 TGATG
GTGTCGCAGTCTTTGA), Irf7 (5 GAGCCCAGCATTTTCTCTTG) and B-actin (5 CAGAGGCATACAGGGA
CAGC). Reverse transcription (RT) reactions were performed at 50°C, following manufacturer’s instructions.
Quantitative PCR (gPCR) was performed using primers for VSV gene L (5 AACGATTCCCCACAAGATCCC,
5" GCAAGAGGGTGGTGGAAATAGAG), VSV gene P (5" CGCCAGAGGGTTTAAGTGGAG, 5 TTCTGAT
TGGGACGGATGTGTG), Mx2 (5 ACACGGTCACTGAAATTGTACG, 5 TGGAGTCGGATTGACATCT
CTQG), Irf7 (5" CCAGTTGATCCGCATAAGGT, 5 GAGCCCAGCATTTTCTCTTG), Qasl (5 TTGTGCGGAG
GATCAGGTACT, 5 TGATGGTGTCGCAGTCTTTGA) or B-actin (5CTGGCACCACACCTTCTACA,
S5TCATCTTTTCACGGTTGGCTT) using PowerUP SYBR Green gPCR Master Mix (Applied Biosystems) in
a Quant Studio 3.0 gPCR thermocycler (Applied Biosystems). The following thermal profile was used for
amplification: 95°C for 10 min, and 40 cycles of 95°C for 5's, 55°C 10 min and 60°C for 20 s. The absence
of primer dimers, contaminating cDNA in the mastermixes and multiple amplifications in the reactions
were tested by melting curve analysis and by including no-RT and no-template controls.

Preparation of conditioned media

Confluent cell monolayers were inoculated with VSV-D51 at a multiplicity of infection (MOI) of 0.1 PFU/cell,
supernatants were collected at 24 hpi, centrifuged at 1200 rfc for 10 min and passed through 0.05 pm cel-
lulose filters (MF-Millipore) to remove viral particles. The undiluted medium was tested by the plague assay

to verify the absence of infectious particles, and this conditioned medium was aliquoted and stored
at —80°C.

RNA extraction, quantitation, and integrity analysis for RNA sequencing

Each cell clone was seeded in triplicate and collected with RNAzol RT. The extraction was performed
following manufacturer’s instructions as indicated above. Samples were quantified and checked for
A260/280 and A260/230 quality ratios (>1.9). In-depth integrity quality analysis was performed in house us-
ing Agilent 2100 Bioanalyzer and externally (Novogene, Cambridge, UK).

cDNA library preparation and lllumina RNA sequencing

Poly-T oligo-attached magnetic beads were used for mRNA enrichment and purification from total RNA.
After fragmentation, first-strand cDNA was synthesized using random hexamer primers, followed by sec-
ond strand cDNA synthesis using dTTP for non-directional library. Libraries were quantified by absorbance
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(Qubit) and gPCR, and size distribution was analysed (Bioanalyzer 2100). Library preparations were
sequenced using the lllumina NovaSeq 6000 platform, which generated approximately 150 base paired-
end raw reads. Raw sequences were deposited in the NCBI Short Read Archive (SRA) database under
the BioProject accession numbers SRA: PRINA824679,PRINAB55353 for B16 and CT26 respectively. Raw
reads in FASTQ format were first processed using fastp. Clean reads were obtained by removing adapters,
poly-N sequences and low-quality reads.

Gene expression quantitation and differential expression analysis

Reads were mapped to the Mus musculus genome using HISAT2 (v2.0.5). Featurecounts (v 1.5.0-p3) were
used to obtain read counts for each gene and fragment per kilobase per million mapped reads (FPKM) were
calculated. Differential expression analyses (three biological replicates per condition) were carried out to
compare each VSV-resistant B16 or CT26 clone with treatment-naive B16 or CT26 cells respectively using
the DESeg2 (v1.20.0) R package, and the resulting P-values were adjusted using the Benjamini and
Hochberg's approach to control for false discovery rate. Genes with an adjusted p< 0.05 were assigned
as differentially expressed. Principal component analyses (PCA) were performed in R using variance-stabi-
lizing-transformation (VST) normalisation of read counts. Hierarchical heatmap and cluster analysis were
performed using coolmap (package limma) and hclust functions in R, based on relative gene distance.

Enrichment analyses

Gene Ontology (GO) enrichment analyses of differentially expressed genes were implemented using the
ClusterProfiler (v3.8.1) R package, which corrects for gene length bias. GO terms with adjusted P-values
lower than 0.05 were considered as significantly enriched. The observed gene ratio was defined as the frac-
tion of all differentially expressed genes that belonged to a given GO term. The expected gene ratio was
defined as the fraction of all genes in the GO database that belonged to a given GO term.

STRING protein-protein interaction analysis

The Search Tool for Retrieval of Interacting Genes and Proteins (STRING) database (http://stringdb.org)
was used in order to construct protein-protein interaction networks. A sub selection of the two major
gene clusters obtained by hierarchical clustering of the most differentially expressed genes between resis-
tant and naive B16 cells was used as network input. Known and predicted associations were scored and in-
tegrated (neighbourhood, gene fusion, co-occurrence, co-expression, experimental evidence, database
evidence, evidence from text mining and homology between two proteins).

Immunofluorescence and confocal microscopy images

Treatment-naive and resistant B16 cells were seeded in triplicate in 24-well plates containing circular cov-
erslips and allowed to grow to confluence. Cells were fixed with 3.6% PFA for 30 min at 4°C, washed twice
with 1X PBS, and incubated in blocking solution (20% goat serum, 0.5% Triton X-100 in 1X PBS) for 2 h with
shaking at room temperature. Endogenous immunoglobulin blocking was performed with AffiniPure Fab
Fragment Goat Anti-Mouse IgG (Jackson Immunoresearch) diluted in blocking solution and incubated for
2 hat4°C. Cells were washed with PBS and then incubated with Mx1/2/3 mouse monoclonal primary anti-
body (1:500, Santacruz Biotech) overnight at 4°C. After primary incubation, cells were washed twice with 1X
PBS and incubated with Alexa Fluor Plus 594 Mouse IgG (H + L) polyclonal secondary antibody (1:1000,
Invitrogen), 1 h at room temperature and mounted with ProLong Gold antifade reagent containing DAPI
(Invitrogen) on separate slides. Samples were imaged on a FV1000 confocal microscope (Olympus). Cell
auto fluorescence and non-specific secondary antibody binding were tested using no secondary antibody
and no primary antibody controls.

QUANTIFICATION AND STATISTICAL DETAILS

All infections were conducted in triplicates and all measurements are reported as mean + SEM. Statistical
analyses were performed using SPSS software (IBM Analytics). Mapping, read counts, differential gene
expression, Gene Ontology and KEGG analysis were carried out in R (4.2.1), packages as indicated in
methods details. For all statistical tests, a p value of 0.05 was accepted for statistical significance; additional
details in figure legends.
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