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Pancreatic cancer will soon become the second cause of death
by cancer in Western countries. The main barrier to increase
the survival of patients with this disease requires the develop-
ment of novel and efficient therapeutic strategies that better
consider tumor biology. In this context, oncolytic viruses
emerge as promising therapeutics. Among them, the fibro-
tropic minute virus of mice prototype (MVMp) preferentially
infects migrating and undifferentiated cells that highly
resemble poorly differentiated, basal-like pancreatic tumors
showing the worst clinical outcome. We report here that
MVMp specifically infects, replicates in, and kills pancreatic
cancer cells from murine and human origin with a mesen-
chymal, basal-like profile, while sparing cancer cells with an
epithelial phenotype. Remarkably, MVMp infection, at a dose
that does not provoke tumor growth inhibition in athymic
mice, shows significant antitumoral effect in immune-compe-
tent models; extended mouse survival; and promoted the
massive infiltration of tumors by innate, myeloid, and cyto-
toxic T cells that exhibit a less terminally exhausted phenotype.
Collectively, we demonstrate herein for the first time that
MVMp is specific and oncolytic for pancreatic tumors with
mesenchymal, basal-like profile, paving the way for precision-
medicine opportunities for the management of the most
aggressive and lethal form of this disease.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the most common
form of pancreatic cancer and has often been viewed as a disease
with a poor prognosis.1 Over the last decade, multiple groups have
characterized the complex molecular landscape of PDAC to reveal
several distinct classes of disease.2 Twomain molecular classifications
emerged, namely a classical subtype and a basal-like gene expression
program that resemble the basal subtype of breast and bladder
cancers, with the basal-like subtype showing the poorer clinical
outcome.3–5 However, the question remains as to how the recent
progress in molecular stratification may translate into tangible benefit
for patients with PDAC. With this in mind, we asked whether clini-
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cally relevant PDAC molecular subtypes may respond differently to
innovative therapies such as oncolytic virotherapy.

Oncolytic virus (OV) exploits the frequent defects in antiviral
signaling in cancer cells to prosper and kill cancer cells, leaving
normal cells unharmed.6 Virotherapy is now recognized as a prom-
ising multi-mechanistic therapy for the treatment of cancer, with
the first OV product, talimogene laherparepvec (T-Vec, Imlygic)
approved by the US FDA in 2015 for the treatment of advanced mel-
anoma.7,8 OVs come in different sizes and flavors; among them, the
minute virus of mice prototype (MVMp) is a non-enveloped, small,
single-stranded DNA virus with an icosahedral capsid of 25 nm.9

MVMp is member of the Protoparvovirus genus, is nonpathogenic
in humans, and has potential utility as cancer therapeutic in experi-
mental models of glioma.10

MVMp tropism for cancer cells is still not well understood. The
role of type-I interferons in limiting MVMp infection is highly
debated11,12; interestingly, as antiviral signaling is commonly silenced
in PDAC cells,13 this may provide favorable ground for MVMp repli-
cation. Recent works demonstrate the role of sialic acid structures14

and galectin-315 in MVMp cell surface binding and entry. Remark-
ably, MVMp infection is promoted by epithelial-mesenchymal tran-
sition (EMT),16 a situation that closely resemble basal-like phenotype
of PDAC tumors, as MVMp preferably enters the leading edge of
migrating cells by endocytosis close to filopodial and focal adhesions
areas.16 During this work, we asked whether PDAC cells with basal-
like, mesenchymal phenotype might be target for MVMp infection.
We identified a five-gene classifier (FAK, N-cadherin, E-cadherin,
and b-catenin) that predicts MVMp cytotoxic activity in PDAC cells
frommurine and human origin with mesenchymal profile, when cells
with a more epithelial phenotype were spared by the virus. MVMp
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Figure 1. Isolation of mesenchymal and epithelial

subtypes of murine pancreatic cancer cells

R211-E and R211-M cells were isolated by differential

adherence to plastic as mentioned in the “materials and

methods” section. (A) Representative images of long-term

culture of R211 cells (top) and of isolated R211-E (middle)

and R211-M (bottom) cells. (B) Western blot analysis for

the indicated proteins in LA9, parental R211, R211-E, and

R211-M cells. Representative of two independent

experiments. Representative images of tumor echography

(C) and tumor growth kinetics (D) analyzed by echography

of R211-M and R211-E tumors engrafted in NSG mice.

N = 3–8 mice per group. (E) Hematoxylin and eosin (H&E)

staining of orthotopic R211-E and R211-M tumors

engrafted in nude mice at endpoint. Representative of

n = 3 mice per group.
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tropism was maintained in vivo, as MVMp replicated in, inhibited the
progression, and induced cell death by apoptosis of PDAC experi-
mental tumors with mesenchymal phenotype only. Last, we found
that MVMp partners with the immune system to inhibit PDAC
growth, with evidence of adaptive immunity engagement. Collec-
tively, we demonstrate here for the first time that MVMp is oncolytic
for the most aggressive form of PDAC, paving the way for new pre-
cision-medicine opportunities for the therapy of this disease.

RESULTS
Isolation of mesenchymal and epithelial subtypes of pancreatic

cancer cells

Recent studies demonstrate that basal-like and classical cell types
coexist within PDAC.17 To interrogate how these subtypes respond
to virotherapy, we generated long-term cultures of murine R211
and R259 PDAC cells that derive from a KRAS P53 Cre (KPC)
spontaneous mouse model of cancer (Pdx1- Cre, lox-stop-lox-
KrasG12D/+, lox-stop-lox-tp53R172H/+).18 We identified clusters
of differentiated cells with an epithelial phenotype coexisting with
fibroblast-like, less-differentiated cells, highly resembling human tu-
mors (Figures 1A and S1A). Cells from each phenotype were sepa-
rated by differential adhesion to plastic and thereafter were named
R211-M and R259-M for mesenchymal and R211-E and R259-E for
epithelial (Figures 1A and S1A). We then performed western blot
analysis for markers of EMT (FAK, N-cadherin, E-cadherin, b-cate-
nin, Slug, Snail) and used b-actin and GAPDH as loading controls.
Molecular exploration demonstrates that mesenchymal markers,
such as FAK, N-cadherin, and Snail, are expressed at high levels in
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R211-M as compared to R211-E cells (Figure 1B).
Conversely, epithelial markers such as E-cadherin
and b-catenin are absent in cells with the mesen-
chymal phenotype but expressed at high levels in
cells with the epithelial phenotype (Figure 1B).
We next addressed the ability of these cultures
to form tumors in immune-deficient mice. As
shown in Figures 1C and 1D, engraftment in the
pancreas of both R211-M and R211-E led to
robust tumor formation, confirming the neoplastic nature of these
cultures, with R211-M tumors growing faster than R211-E tumors.
Macroscopic analysis of tumors at endpoint reveals that both pheno-
types are conserved within experimental tumors, with R211-M and
R259-M cells giving rise to poorly differentiated PDACwith extensive
desmoplastic stroma, and R211-E and R259-E cells at the origin of
moderately differentiated PDAC embedded in desmoplastic stroma
(Figures 1E and S1B).

Murine pancreatic cancer cells with mesenchymal phenotype

are preferential targets for MVMp infection

We next addressed the permissiveness of R211-M and R211-E cells to
MVMp infection. For comparison, LA9 cells, the prototypical cellular
model for the study for MVMp infection, were used as control. On-
colytic cell death was monitored in real time using the Cytotox Green
dye and the Incucyte Zoom. As expected, LA9 cells were highly sen-
sitive to MVMp oncolytic effect (Figures 2A and S2A), with more
than 20-fold increase in cell death as compared to control, 72 h
following infection (Figure 2B). Remarkably, MVMp infection
induced strong cell killing of R211-M cells at MOI = 100 (8-fold in-
crease, p < 0.001; Figure 2B), while R211-E cells largely resisted
viral-induced oncolysis when challenged with a similar dose of virus.
Western blot analysis for poly-(ADP-ribose) polymerase (PARP)
cleavage indicate that MVMp infection induces cell death by
apoptosis in R211-M cells (Figure 2C) but not in R211-E cells (Fig-
ure S2B). Plaque assay confirmed that R211-M cells are more sensitive
to MVMp infection, albeit at lower level as compared to LA9 cells
(Figure S2C). We also found that R259 with mesenchymal phenotype



Figure 2.MVM is oncolytic inmurine and human PDAC

cells with mesenchymal phenotype

R211-M and R211-E cells were infected with MVMp at

MOI = 100. Control cells were incubated with infection

medium. LA9 wells were used as positive control.

Representative images (A), real-time cell death analysis

(B), and western blot for PARP cleavage of cells infected

by MVMp or mock-treated cells, up to 72 h (A and B) or

48 h (C) following infection. Results are mean ± SEM or

representative of at least three independent experiments

performed in duplicate. ****p < 0.001, multiple unpaired

Student’s t test. R211-M and R211-E cells were infected

with MVMp at MOI = 100, when LA9 were treated with

0.1 M MVMp. (D) Cellular content in viral genomes was

analyzed by qPCR for NS1 viral gene at the time indicated.

Results are mean ± SEM of at three independent

experiments performed in duplicate. *p < 0.05,

***:p < 0.005, multiple unpaired Student’s t test. (E) Cell

supernatant was collected at the time indicated and

analyzed in real time for oncolytic activity on LA9 reporter

cells. Results are mean ± SEM of three independent

experiments performed in duplicate. *p < 0.05, **p < 0.01,

***p < 0.005, ****p < 0.001, multiple unpaired Student’s t

test. (F) Western blot analysis for the indicated proteins in

human primary PDAC cells PDAC087T, PDAC015T,

PDAC051T, and PDACT1. Representative of two

independent experiments. PDAC087T, PDAC015T,

PDAC051T, and PDACT1 were infected with MVMp at

MOI = 100 when control cultures were incubated with

infection medium. E, epithelial; M, mesenchymal.

Representative images (G) and live cell death analysis

(H) of human primary PDAC cells 72 h following infection

by MVMp. Results are mean ± SEM of three independent

experiments performed in duplicate. **p < 0.01, unpaired

Student’s t test.
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were killed by the virus when cells with epithelial phenotype resisted
MVMp infection (Figures S2D and S2E). Thus, we demonstrate that
infection by MVMp specifically kills murine PDAC cells with a
mesenchymal phenotype in vitro.

MVMppreferentially replicates inmurine pancreatic cancer cells

with mesenchymal phenotype

We next questioned whether murine PDAC cells may support viral
replication. Thus, R211-M and R211-E cells were infected with
MVMp at an MOI of 10. As control, LA9 cells were infected with
MOI = 0.1 of MVMp. Cells were collected at different times following
infection and intracellular viral load was analyzed by qPCR. Figure 2D
shows that LA9 cells replicate MVMp genome at very high level
(more than 30,000-fold increase as compared to viral input, 72 h
following infection, p < 0.005; Figure 2D). On the contrary, R211-E
cells failed to replicate MVMp genome (Figure 2D). Remarkably,
R211-M cells significantly supported MVMp genome replication
following infection, yet at lower level as compared to LA9 cells
(130-fold increase as compared to viral input, 72h following infection,
p < 0.001; Figure 2D). We then asked whether the mesenchymal
phenotype is associated with enhanced viral entry. We found a trend
in the acceleration of MVM entry in cells with mesenchymal pheno-
type that did not reach statistical significance (Figures S2F and S2G).
These results demonstrate that murine PDAC cells with mesen-
chymal phenotype are permissive to MVMp infection.

Viral progeny from MVMp-infected murine pancreatic cancer

cells with mesenchymal phenotype is infectious

One key advantage of OVs such as MVMp is that infected cells
become viral factories allowing for several consecutive rounds of
infection of neighboring cancer cells. Thus, we analyzed whether
R211-M cells may produce and secrete infectious MVMp progeny
following initial infection. R211-M and R211-E cells were infected
with MVMp at an MOI of 10. As control, LA9 cells were infected
with MOI = 0.1 of MVMp. Following infection, cells were carefully
washed with PBS and treated by proteinase K to remove viral input.
Culture supernatants were collected at 0, 24, 48, and 72 h following
infection, and LA9 cells were used as reporter cells for oncolytic
Molecular Therapy: Oncology Vol. 32 March 2024 3
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activity. Results shown in Figure 2E indicate that cell supernatants
from LA9 cells show lytic activity on reporter cultures, when superna-
tants collected from R211-E cells were ineffective. On the contrary,
supernatant collected from R211-M cells infected by MVMp demon-
strate a time-dependent increase lytic activity on reporter cells, indi-
cating the presence of a fully oncolytic viral progeny (Figure 2E).
Compared with cells with an epithelial phenotype, PDAC cells with
a mesenchymal phenotype that corresponds to the most aggressive
PDAC phenotype can be infected by MVMp to produce infectious
viral progeny.

MVMp preferentially targets human primary pancreatic cancer

cells with mesenchymal phenotype

To validate and extend these findings in patient-derived resources, we
selected human PDAC primary cell cultures that presented with high
expression of FAK, N-cadherin, and Snail1 that are indicative of the
mesenchymal phenotype (PDAC015T and PDACT1; Figure 2F) or
high expression of E-cadherin and b-catenin, which indicate the
epithelial phenotype (PDAC087T, PDAC051T; Figure 2F). Primary
cultures were infected with MVMp at MOI = 100. PDAC087T and
PDAC051T largely resisted infection, while PDACT1, and to a lesser
extent PDAC051T, died from MVMp infection (Figures 2G and 2H).
These further argue for a stronger MVMp tropism for mesenchymal-
like cultures in human PDAC.

MVMp shows antitumoral potential only in murine pancreatic

cancer tumors with mesenchymal phenotype

To determine the antitumoral potential of MVMp in vivo, immune-
deficient mice with orthotopic R211-E or R211-M tumors were in-
jected intravenously (i.v.) with 106 or 107 particle-forming units
(p.f.u.) ofMVMp in two separate, injections 4 days apart (Figure S3A).
Control mice received PBS as placebo. Tumor growth monitoring by
echography showed no impact of virotherapy on R211-E tumor
growth (Figure S3B). On the other hand, MVMp injection signifi-
cantly reduced R211-M tumor growth in a dose-dependent manner
(�35% ± 3%, p < 0.001; Figure 3A). qPCR for MVMp genome shows
increased level of viral load in both tumor models (Figure 3B) and in
the spleen of mice with tumors (Figure S3C). We then analyzed
R211-M tumors 9 days after infection and found that they expressed
detectable levels of NS1 and viral capsid mRNAs (Figure 3C). This
latter result strongly suggests that MVMp replicates in experimental
PDAC tumors in vivo. To identify key tumor-cell-intrinsic factors
mediating MVMp antitumoral effect, we examined differentially ex-
pressed bulk transcriptomes from R211-M tumors receiving placebo
or treated with 10e7 p.f.u. of the virus. Gene set enrichment analysis
(GSEA) highlighted over-expression of pathways related to cell senes-
cence and tumor necrosis factor (TNF) signaling (Figure 3D;
Table S1) and inhibition of mitochondrial activity and DNA replica-
tion (Figure 3D; Table S2). In addition, these transcriptomes were en-
riched in genes and pathways related to apoptosis (Table S3). Consis-
tent with this, western blot analysis revealed PARP cleavage in
R211-M tumors treated by MVMp only, as compared to R211-E tu-
mors (Figure 3E). Collectively, these data further argue for the selec-
tivity of MVMp for mesenchymal-like PDAC tumors in vivo.
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MVMp shows increased antitumoral efficacy in immune-

competent models of pancreatic cancer

OV replication within tumors can cause direct lysis of cancer cells,
leading to decrease of the bulk of the tumor. Along this line, pre-
clinical and clinical data consistently suggest that OVs also utilize
other anticancer mechanisms to combat tumors.19 Previous work
demonstrated that MVMp-infected glioma cells activate immune
cells in vitro and protect from tumor outgrowth in vivo in immu-
nocompetent animals.10 These data suggest that MVMp could
partner with the immune system to control tumor growth. Howev-
er, the ability of MVMp to break immune tolerance in curative
strategies has not been tested to date, especially in experimental
models of PDAC. Accordingly, we generated orthotopic R211-M
tumors in immune-deficient (NOD scid gamma [NSG]) and im-
mune-competent (C56BL/6) mice models (Figure S3D). Mice
received two sequential i.v. injections of a dose of MVMp (10e4
or 10e6 p.f.u.) that has no effect on tumor growth in immunode-
ficient models. Control mice received PBS as placebo. At the lowest
dose tested (10e4 p.f.u.) MVMp showed no effect on the growth of
R211-M tumors engrafted in immune-deficient or immune-
competent mouse recipients (data not shown). At the highest
dose tested (10e6 p.f.u), MVMp increased tumor cell death by
apoptosis (Figure S3E), was detected in tumors (Figure S3F), but
failed to inhibit R211-M experimental tumors growth when en-
grafted in immune-deficient mice (Figures 4A and 4C), consistent
with our previous findings. Remarkably, 10e6 p.f.u of MVMp
significantly impaired the growth of very aggressive R211-M
tumors in mice with intact immune system (�32% ± 5%,
p < 0.005; Figures 4B and 4C). Mice survival was significantly
extended when R211-M tumors were treated by the virus, as
compared to control mice (15 days vs. 11 days following initial vi-
rus injection, log rank Mantel-Cox test, p < 0.01). We failed to
detect tumor cell death induced by virotherapy (Figure S3E) or
to retrieve viral genomes from infected R211-M tumors in
C57BL/6 mice (Figure S3F). On the other hand, antibodies against
MVMp were readily detected by dot blot in the serum of infected
mice (Figure S3G). These findings strongly suggest that infected
cells are rapidly sensed and cleared in immune-competent animals.

Next, we performed RNA sequencing (RNA-seq) on R211-M tumors
engrafted in immune-competent mice receiving placebo or 10e6 p.f.u.
i.v. of the virus. Tumor-treated transcriptomes were enriched in genes
and pathways related to immune recruitment/function, while path-
ways indicative of cell proliferation were repressed (Figure 4D;
Table S4). Tumor staining for Ki67 confirmed that tumor cell prolif-
eration was significantly decreased following MVMp injection
(�47.5% ± 5%, p < 0.01; Figures 4E and S3H). To better understand
the molecular basis for reduced tumor growth in the syngenic model
of PDAC, we compared Gene Ontology (GO) terms betweenMVMp-
infected R211-M tumors engrafted in NSG mice or in C57BL/6 mice.
We found that pathways related to innate immune cell recruitment
and function were similarly enriched in both models, while several
pathways related to adaptive immunity were only enriched in im-
mune-competent mice with tumors following MVMp administration



Figure 3. MVM is oncolytic in murine models of PDAC with mesenchymal phenotype

R211-M or R211-E tumors were induced in the pancreas of NSG mice as described in the “materials and methods” section. Eleven days later, when tumors reached

100mm3 in size, mice were randomized and received two sequential i.v. injections of MVMp (10e6 or 10e7 p.f.u.) in two separate injections 4 days apart (D0 = day of the first

injection). N = 3mice were used per group. (A) R211-M tumor volume by echography, 9 days after starting treatment. Results are mean ± SEM or representative of three mice

per group. ****p < 0.001, unpaired Student’s t test. At endpoint, tumors were sampled and tumor viral genome content was quantified by qPCR (B, results are shown asmean

of three independent experiments. *p < 0.05, ***p > 0.005). (C) Total RNA from R211-M tumors was analyzed for the presence of NS1 and viral capsid mRNA by qPCR. RNA-

seq followed by gene set enrichment analysis (GSEA, D) and western blot for PARP cleavage (E) were performed. NES, normalized enrichment score. Results are mean ±

SEM or representative of three mice per group. *p < 0.05, ***p < 0.005, unpaired Student’s t test.
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(Figure 4F; Table S5). Immunochemistry analysis confirmed a dra-
matic increase in intratumoral CD8+ T cells in R211-M tumors en-
grafted in C57BL/6 mice and treated by MVMp, as compared to con-
trol tumors (Figure 4G).

We additionally analyzed the immune infiltrate in tumors treated
with the virus using cell cytometry. We found that tumors receiving
virotherapy demonstrated significantly higher numbers of viable cells
(+80% ± 6%, p < 0.05; Figure 5A), which correlated with higher
numbers of CD45-positive cells (+65% ± 11%, p < 0.05; Figure 5B).
Apart neutrophils (Figure 5C), we identified that MVMp treatment
induced a remarkable increase in tumoral natural killer (NK) cells
(3-fold ±0.1, p < 0.01; Figure 5D), conventional dendritic cells
(cDCs, 3.1-fold ± 0.1, p < 0.05; Figure 5E), CCR2+ monocytes (1.8-
fold ± 0.2, p < 0.05; Figure 5F), and CCR2� macrophages (1.25-
fold ± 0.2, p < 0.05; Figure 5G). Importantly, we also identified a
significant increase in tumoral CD4+ (3.3-fold ± 0.1, p < 0.05; Fig-
ure 5H), and CD8+ T cells (2.7-fold ± 0.1, p < 0.05; Figure 5I)
following virotherapy.We further analyzed the expression of immune
checkpoints in intratumoral cytotoxic T cells. We found that MVMp
treatment did not change the percentage of CD8+ T cells expressing
either programmed cell death protein 1 (PD-1) or T cell immunore-
ceptor with immunoglobulin and ITIM domain (TIGIT) (Figures 6A
and 6B). On the contrary, MVMp infection resulted in significantly
lower numbers of intratumoral CD8+ T cells expressing LAG-3
(�66% ± 25%, p < 0.05; Figure 6C) or TIM-3 (�52% ± 14%,
p < 0.05; Figure 6D). Collectively, these data demonstrate that
MVMp virotherapy is more effective to inhibit the growth of autolo-
gous PDAC models and that MVMp infection significantly increases
immune cell infiltration in immune-competent models of PDAC.
Molecular Therapy: Oncology Vol. 32 March 2024 5

http://www.moleculartherapy.org


Figure 4. MVMp shows increased antitumoral efficacy

in immune-competent models of pancreatic cancer

R211-M tumors were induced in the pancreas of NSG mice

or of C57BL/6 mice as described in the “materials and

methods” section. When tumors reached 100 mm3 in size,

mice were randomized and received two sequential i.v. in-

jections of MVMp (10e4 or 10e6 p.f.u.) in two separate in-

jections 4 days apart (D0 = day of the first injection). Eight to

10 mice were used per group. Representative echography

images and photographs with weight of R211-M tumors

grown in NSG (A) or C57Bl6 (B) mice, up to 8 days

following initial administration of MVMp. Tumors are circled

in red. (C) Tumor weight at endpoint. Results are mean ±

SEM or representative of 8–10 mice per group.

***p < 0.005, unpaired Student’s t test. At endpoint,

tumors were sampled and RNA-seq followed by GSEA (D),

immunochemistry for Ki67 (E, R211-M tumors in C57Bl/6

mice only), GO terms analysis (F), and immunochemistry

for Ki67 (G, R211-M tumors in C57Bl/6 mice only) were

performed in mice receiving 10e6 p.f.u. of the virus.

Results are mean ± SEM or representative of 8–10 mice

per group.
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DISCUSSION
The present study illustrates for the first time the high selectivity of
MVMp OV for a particular subtype of PDAC, a disease that is highly
resist to conventional therapies. MVMpwas previously found to enter
the leading edge of migrating cells by endocytosis close to filopodial
and focal adhesions areas, notably following induction of EMT.16

Interestingly, two main molecular subtypes have recently been
described in PDAC, namely the classical/pancreatic progenitor sub-
type associated with a better prognosis and the basal-like/squamous
subtype associated with resistance to treatment and poorer clinical
prognosis, including immune escape.20 During this study, we built
on the characterization of murine PDAC cells with either mesen-
chymal or epithelial phenotypes that highly resemble the basal-like
and classical phenotypes found in patients with PDAC.2 We demon-
strate that infection by MVMp was cytotoxic and productive only in
murine PDAC cells with mesenchymal phenotype, both in vitro and
6 Molecular Therapy: Oncology Vol. 32 March 2024
in vivo, as compared to cells with an epithelial
phenotype that largely resisted virotherapy. To
our knowledge, these data establish only the sec-
ond example of a direct relationship between the
mesenchymal phenotype of cancer cells with the
increase in susceptibility to oncolytic infection.
Indeed, Chen et al.. previously found that EMT
enhances response to herpes simplex virus 1
(HSV-1) OV therapy, probably due to enhanced
cell surface expression of the viral receptor
nectin-1.21 Here, we went one step further as
we identified a five-protein classifier (FAK,
N-cadherin, E-cadherin, b-catenin, Snail) that
predicts response to MVMp virotherapy in mu-
rine PDAC models. We speculate that MVMp hi-
jacks the uptake and lysosomal/proteasomal
degradation of expired focal-adhesion molecules that are generated
following physical tension of stress fibers during the very dynamic
process of mesenchymal cell migration, as previously described.16

Considering non-migrating (epithelial) cells, where focal-adhesion
molecules remain very steadily attached and scarcely degraded, our
data on viral replication indicate that the virus is either blocked
outside the cell, trapped in endosomes, or brought back to the cell sur-
face, unable to reach the nucleus and establish an infection. We
observed a tendency of faster MVM entry in cells with a mesenchymal
phenotype that did not achieve statistical significance. Electron mi-
croscopy experiments may help to better understand the mode of en-
try of MVMp in PDAC cells.

We also established an instructive role of this classifier in predicting
MVMp lytic efficacy in patient-derived primary pancreatic tumor



Figure 5. MVMp infection increases the infiltration of immune cells into experimental pancreatic tumors

R211-M tumors were induced in the pancreas of C57BL/6 mice as described in the “materials and methods” section. When tumors reached 100 mm3 in size, mice were

randomized and received two sequential i.v. injections of MVMp (10e6 p.f.u.) in two separate injections 4 days apart (D0 = day of the first injection). At endpoint, tumors were

resected, minced, and single-cell suspensions were analyzed by cytometry for live cells (A), CD45+ cells (B), neutrophils (C), NKp46+ cells (D), conventional dendritic cells

(cDC, E), CCR2+ monocytes (F), CCR2-macrophages (G), CD4+ (H), and CD8+ T cells (I). Results are mean ± SEM of three to six mice per group *p < 0.005, unpaired

Student’s t test.
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Figure 6. MVMp infection reduces the expression of selected immune checkpoint by intratumoral CD8+ T cells

R211-M tumors were induced in the pancreas of C57BL/6 mice as described in the “materials and methods” section. When tumors reached 100 mm3 in size, mice were

randomized and received two sequential i.v. injections of MVMp (10e6 p.f.u.) in two separate injections 4 days apart (D0 = day of the first injection). Five to eight mice were

used per group. At endpoint, tumors were resected, minced, and single-cell suspensions were analyzed by cytometry for CD8+ T cells that were co-stained with PD-1 (A),

TIGIT (B), LAG-3 (C), and TIM-3 (D) immune checkpoints. Results aremean ± SEM of three to six mice per group. *p < 0.005, Student’s t test. *p < 0.005, unpaired Student’s t

test.
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cells, albeit the “mesenchymal status” does not perfectly match the
classical/basal-like molecular subtyping found in the literature.22

Here, Slug expression seems not to be as important as in murine
PDAC cells to predict MVMp efficacy. Further investigations are war-
ranted to confirm the predictive value of the MVMp signature in
more PDAC samples but also in other tumor types with similar
mesenchymal phenotype. As we and others documented that fine-
needle material can be sampled and analyzed following endoscopic
exploration,23 this finding opens the way for personalized, precision
virotherapy for patients with PDAC.

Moreover, while R211-M cells successfully infected with the virus
died by apoptosis, the non-infected cell population proliferated
aggressively so that inhibition of cell proliferation was at best partial.
The latter observation could be due to suboptimal viral replication
and spread. Indeed, while detectable and infectious, viral progeny
production by R211-M would be limiting to generate a second round
of infection, as it may get diluted in the fast-growing cell population
and eventually degraded. Importantly, MVMp establishes replication
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at cellular DNA damage sites that can be provoked by viral NS1 pro-
tein expression,9 which provides replication and expression machin-
ery.24 Unfortunately, we failed to identify MVMp-induced DNA
damage signaling in both R211-M and R211-E infected cells (western
blot for phosphorylated ATM and CHECK1, personal observation).
One avenue to increase MVMp therapeutic efficacy will be to
combine virotherapy with clinically relevant drugs such as gemcita-
bine or 5-fluorouacil (5-FU) that induce DNA damage and that block
cancer cells in G2/M or in S-phase to create a situation that is more
favorable to viral replication.

The present data not only build on a growing body of evidence impli-
cating direct oncolysis of cancer cells but also reveal novel insights
into the immune potential of MVMp in experimental models of
PDAC. This is of prime importance as pancreatic tumors are consid-
ered immunologically dead and have not yet succumbed to immuno-
therapies.1 To get one step closer to the clinical situation, we used
unique experimental models where tumors were engrafted in the
pancreas of recipient mice and the virus administrated systemically.
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Despite this very challenging setting, MVMp significantly inhibited
the progression of experimental R211-M tumors when R211-E tumor
growth was not affected by virotherapy, further demonstrating the
more pronounced specificity of MVMp for the most aggressive sub-
type of PDAC. In immune-compromised mice, MVMp genomes
were detected within tumors but also in the spleen of animals. Note-
worthy, we detected viral transcripts within tumors, strongly suggest-
ing active replication of the virus in tumor cells. MVMp infection was
associated with tumor cell death by apoptosis, with evidence of
expression of TNFa that is both involved in viral sensing and
type-1 antitumoral responses, inhibition of cancer cell proliferation,
and engagement of innate immunity. Remarkably, MVMp infection,
at a dose that does not provoke tumor growth inhibition in athymic
mice, shows significant antitumoral effect in immune-competent
models, extended mice survival and promoted the massive infiltration
of tumors by innate, myeloid, and cytotoxic T cells, which probably
accounted for the increase in live intratumoral cells following viro-
therapy. Furthermore, our findings demonstrate that MVMp infec-
tion has no impact on the percentage of CD8+ T cells expressing
PD-1 or TIGIT. However, it significantly reduces the percentage of
cytotoxic T cells expressing TIM-3 or LAG-3. These data are impor-
tant on several counts: first and foremost, they strongly suggest that
cytotoxic cells exhibit a less terminally exhausted phenotype in the
presence of the virus, so theymight bemore active against tumor cells.
Second, they indicate that it would be more advisable to prioritize
combinations of viruses and immunotherapies targeting PD-1 or
TIGIT rather than those targeting TIM-3 or LAG-3. Our data confirm
the general view that MVMp efficacy relies on the immune system, as
previously found in experimental models of glioblastoma.10 Never-
theless, MVMp virotherapy comes with a cost. First, and as expected,
mice produced antibodies against the virus following infection, a sit-
uation that may also occur in patients as MVMp is not a human path-
ogen. As active immune sensing of MVMp may blunt virotherapy
efficacy, this finding argues for a safe use of this biotherapy in im-
mune-competent patients. Second, our data suggest that infected cells
could be rapidly cleared by the adaptive immune system following
infection, as no viral genome or apoptotic cells were detected in tu-
mors established in immune-competent animals. This could result
from the relatively modest oncolysis of tumor cells and of the prob-
able expression of viral epitopes at the surface of infected cells. One
could speculate that the presence of newly activated antiviral T cells
may invigorate the pool of newly primed, cancer-specific cytotoxic
effector T cells within the tumor bed. Indeed, recent studies showed
that pathogen-related CD4+ T cell memory populations can be re-
engaged to support cytotoxic CD8+ T cells, converting a weak primary
anti-tumor immune response into a stronger one. Besides the deple-
tion of the different immune cell types that might be involved, it
would be useful to proceed with T cell receptor sequencing to deter-
mine the target of such potential cytotoxic activity. Along this line,
immunization with the Newcastle disease virus (NDV) strongly
increases both antiviral and antitumoral CD8+ T cells numbers and
tumor clearance before local treatment with NDV.25 Consequently,
vaccination strategies may improve the antitumoral activity of
MVMp in syngenic models of PDAC.
In summary, the present study describes for the first time the onco-
lytic potential of MVMp in experimental models of PDAC. We
show here that MVMp’s stronger selectivity for cancer cells with a
mesenchymal phenotype may reveal a novel molecular vulnerability
for patients with the most aggressive form of PDAC. Hence, we
have identified a five-gene classifier that may help select patients
that would benefit the most from virotherapy. Last, we describe the
immune potential of MVMp in syngenic tumor models, which can
call for combination with immunotherapies. Utilizing this innovative
strategy could be crucial for overcoming therapeutic resistance in pa-
tients with PDAC.

MATERIALS AND METHODS
Cell culture

LA9 cells were a kind gift of Dr Nelly Panté (The University of
British Columbia, Vancouver, BC, Canada). R211 and R259 cells,
which derive from spontaneous tumors generated in the KPC
mice model (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre),
were obtained from D. Sauer (TUM, Munich, Germany). LA9,
R211, and R259 cells were grown in DMEM supplemented with
4.5% glucose, 10% FBS, and 1% penicillin-streptomycin (Pen/
Strep). Murine PDAC cells with mesenchymal phenotype (hereafter
called R211-M or R259-M) were loosely attached to the culture dish
and isolated following repeated pipetting in warm PBS. Murine can-
cer cells with epithelial phenotype (hereafter called R211-E or
R259-E) strongly adhere to the plastic culture and were isolated
following trypsinization. Pancreatic cancer patient-derived primary
cells were obtained and cultured as previously described.26 Cells
were incubated at 37�C with 5% CO2.

Virus production and purification

The initial MVMp stock was a kind gift of Nelly Panté (The Univer-
sity of British Columbia, Vancouver, BC, Canada). All agreements
for using MVMp were obtained from the French Ministry of
Research, with authorization number DUO2333. Adherent LA9
cells were infected in high-containment biological facility (Bl3,
CRCT technological cluster) with MVMp at an MOI of 10�2, grown
for 4 days at 37�C and 5% CO2, and harvested by scraping in PBS.
After a centrifugation at 2,000 � g for 5 min, the cells were resus-
pended in TE (pH 8,7) and lysed through three cycles of freeze and
thaw in liquid nitrogen. Further cell lysis was obtained by direct
sonication at 10 W (4 times for 3 min) on ice, and cell debris
was pelleted by centrifugation at 15,000 � g for 1 h. The virus
was then precipitated by addition of CaCl2 (25 mM final), incubated
on ice for 30 min, then spun at 10,000 � g for 15 min at 4�C and
resuspended in DNase I (50 U/mL) to eliminate free viral DNA. Af-
ter a 20-min incubation at 37�C, the precipitation step was repeated
and the pellet of virus was resuspended in TE. The process of son-
ication was then repeated as described above, and cell debris was
eliminated by centrifugation at 15,000 � g for 1 h at 4�C. The virus
was finally loaded on sucrose/CsCl gradients for a 24-h centrifuga-
tion at 100,000 � g and 4�C. The virus was extracted and dialyzed
three times overnight against TE, and then filtered through a
0.2-mm PES syringe filter.
Molecular Therapy: Oncology Vol. 32 March 2024 9
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Plaque assay

Cells were seeded in 6-cm dishes at 6e3 (R211) or 2e5 (LA9) cells/mL
(5 mL/dish) in complete DMEM (4.5% glucose, 10% FBS, and 1%
Pen/Strep) and grown at 37�C and 5% CO2 for 24 h. After a brief
wash in PBS, the cells were incubated for 1 h at 37�C with 10� dilu-
tions (in infection medium: DMEM 1% FBS and 1 mM HEPES) of
purified MVMp, starting at an MOI of 100. As a control (mock), cells
were incubated in infection medium alone. The supernatant was then
removed and 7 mL of overlay medium (MEM containing 0.5%
glucose, 5% FBS, 2% gentamycin, 1% tryptose phosphate, and
0.75% low-melting-point agarose) were added to each dish and al-
lowed to solidify for 30 min at room temperature (RT). The cells
were then grown at 37�C and 5% CO2 for 4 (R211) or 5 (LA9)
days, then fixed in 4% formaldehyde for 30 min and stained with
0.3% methylene blue for 30 min.

Virus infections and analysis

Cells were seeded in six-well plates at 5.103 (R211) or 2.104 (LA9) cells/
mL (2 mL/well) in complete DMEM and grown at 37�C and 5% CO2

for 24 h. After a brief wash in PBS, the cells were incubated for 1 h at
37�C with purified MVMp diluted in infection medium at the indi-
catedMOIs. As a control (mock), cells were incubated in infectionme-
dium alone. The supernatant was then removed, 2 mL of complete
DMEM containing 10 nM Cytotox Green (Sartorius) were added to
each well, and the cells were grown at 37�C and 5%CO2 in an Incucyte
Zoom (Sartorius). Cell death was monitored hourly.

MVMp secretion analysis

Cells were seeded in 10-cm dishes at 3.104 (R211) or 7.104 (LA9) cells/
mL in completeDMEMand grown at 37�C and 5%CO2 for 24 h. After
a brief wash in PBS, the cells were incubated for 1 h at 37�C with pu-
rifiedMVMp diluted in infectiousmedium, at anMOI of 10 (R211) or
0.1 (LA9). As a control (mock), cells were incubated in infectious me-
diumonly. The supernatantwas then removed and the cells were incu-
bated for 30 min at RT in PBS containing 0.1 mg/mL proteinase K
(1 mL/plate) for 30 min at RT. The cells were subsequently collected,
spun at 2,000� g for 5min, and washed in 1mL of PBS. After another
centrifugation at 2,000 � g for 5 min, the cells were resuspended in
complete DMEM and finally reseeded in 10-cm dishes and grown at
37�C and 5% CO2. Culture supernatants were collected at 0, 24, 48,
and 72 h post reseeding for Incucyte-based analysis of MVMp secre-
tion using LA9 as a reporter cell. For this latter experiment, LA9 cells
were seeded in six-well plates at 2.104 cells/mL in complete DMEM
(2 mL/well) and grown at 37�C and 5% CO2 for 24 h. After a brief
wash in PBS, the cells were incubated for 1 h at 37�C with 1 mL of
each collected supernatant diluted 1:100 in infectionmedium. The su-
pernatants were then aspirated and 2mL of complete DMEMcontain-
ing 10 nMCytotoxGreen (Sartorius) were added to eachwell. The cells
were grown at 37�C and 5% CO2 in an Incucyte Zoom (Sartorius)
where cell death was monitored hourly.

Viral entry analysis

Here, 1.5e5 R211-E or M cells were seeded in 24-well plates with
500 mL of complete medium and incubated for 24 h at 37�C to let
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the well surfaces become fully covered by a monolayer of cells.
Then the medium was aspirated and cells were infected with
MVMp at MOI of 0.1, 1, or 5 by addition of 250 mL of infection me-
dium or supplemented with Opti-MEM only and incubated at 37�C,
5% CO2. For each time point, cells were washed four times with PBS,
detached with 250 mL of trypsin for 5 min at 37�C, then the trypsin
activity was stopped by adding 250 mL of complete medium/PBS
(1:1). Cells were lysed by three cycles of freeze and thaw and viral ge-
nomes were quantified by qPCR for NS1 genes.

Western and dot blots

For western blot analysis, cells were scraped in PBS, spun at 2,000� g
for 5 min at 4�C, resuspended in radioimmunoprecipitation assay
(RIPA) lysis buffer (Bio Basic, CA) containing protease inhibitors
(Sigma), and incubated on ice for 30 min. After a 10-min centrifuga-
tion at 15,000� g and 4�C, supernatants were collected and protein
concentration determined by Bradford assay (Bio-Rad). For the prep-
aration of tumor samples, 2- to 3-mm cubes of tumors were mixed
with 1-mm glass beads and 300 mL of ice-cold RIPA lysis buffer con-
taining protease inhibitors, then lysed using Precellys tissue homog-
enizer (Bertin) through four cycles of 10 s at 800 rpm. After a
10-min centrifugation at 15,000 � g and 4�C, supernatants were
collected and protein concentration determined by Bradford assay
(Bio-Rad). Depending on the proteins of interest, 8% or 14% SDS-
PAGE gels were loaded with 40 or 80 mg of total proteins (diluted
in 5� sample buffer and boiled for 5 min at 96�C) and run for 2 h
at 140 V. After semi-dry transfer of the proteins onto nitrocellulose
membranes (Bio-Rad), blocking was performed in PBS 5% skim
milk for 1 h at RT. Primary antibodies (Cell Signaling Technology)
were incubated overnight at 4�C as recommended by the manufac-
turer, and horseradish peroxidase (HRP)-coupled secondary anti-
bodies (Bio-Rad) for 2 h at RT. For dot-blot studies, 1-mL drops con-
taining 104 p.f.u. of purified MVMp were dried onto a nitrocellulose
membrane. After blocking in PBS 5% skim milk for 1 h at RT, mem-
branes were incubated overnight at 4�C with serums from MVMp or
mock-treated mice diluted 1:1,000 in PBS. After three washes in PBS,
membranes were incubated with HRP-coupled anti-mouse secondary
antibodies (1/104) for 2 h at RT and then washed again three times
before revelation by electrochemoluminescence (Bio-Rad) using the
Chemi-doc XRS+ (Bio-Rad).

Viral genome quantification

Cells were seeded in 10-cm dishes at 3.104 (R211) or 7.104 (LA9) cells/
mL (10mL/dish) in complete DMEM and grown at 37�C and 5%CO2

for 24 h. After a brief wash in PBS, the cells were incubated for 1 h at
37�C with purified MVMp diluted in infectious medium at MOIs of
10 (R211) or 0.1 (LA9). The cells were subsequently grown at 37�C
and 5% CO2 and harvested by scraping in 1 mL of PBS at 0, 24, 48,
or 72 h post infection, then spun at 2,000 � g for 5 min. Cell pellets
were resuspended in ice-cold TE (pH 8.7) and lysed through three cy-
cles of freeze and thaw in liquid nitrogen. For the preparation of tu-
mor samples, 2–3 mm3 of tumors were mixed with 1-mm glass beads
and 300 mL of ice-cold TE, then lysed using a Precellys tissue
homogenizer (Bertin) through four cycles of 10 s at 800 rpm. After
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a 30-min centrifugation at 15,000 � g and 4�C, 10 mL of supernatant
was mixed with 30 mL of 1 M NaOH (diluted in TE) and immediately
incubated at 56�C for 30 min to release viral genomes. The reaction
was finally stopped by the addition of 960 mL of 40 mM HCl. For
qPCR analysis, 1 mL of sample was mixed in a final 20 mL of
SoFast-Green reaction mix containing 10 nM forward (GCGCGG
CAGAATTCAAACT) and reverse (CCACCTGGTTGAGCCATCA)
primers for MVMp NS1 gene amplification using the StepOnePlus
real-time PCR system (Thermo Fisher Scientific). Primers targeting
GAPDH were used for normalization (forward, GGCCACGCTAA
TCTCATTTT; reverse, AAGGCGGAGTTACCAGAGGT). Relative
quantity of viral DNA was calculated by the comparative threshold
cycle (CT) method as 2–DCT.

Viral mRNA quantification

RNA from tumor single-cell suspensions were extracted using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific) according to the man-
ufacturer’s instructions. RNAwas quantified using the NanoDrop de-
vice. Then 500 ng of RNA was treated with 0.5 units of DNase I,
RNase free (Thermo Fisher Scientific) at 37�C for 30 min. DNase re-
action was stopped by the addition of EDTA for 10 min at 65�C.
Reverse transcription of the DNase-treated RNA was performed us-
ing random hexamer primers and RevertAid first-strand cDNA syn-
thesis kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. For qPCR analysis, reverse transcription product was
diluted at 1:20 and 2 mL of sample was mixed in a final 20 mL of
SoFast-Green reaction mix containing the following forward and
reverse primers at 10 mM. For NS1 mRNA quantification: forward,
GCGCGGCAGAATTCAAACT; reverse, CCACCTGGTTGAGCCA
TCA. For viral capsid VPmRNA quantification: forward, ACAGGCC
TGAAATCACTTGGT; reverse, AAAGCGTTGATCAGCAGCAG.
Primers targeting the hypoxanthine phosphoribosyltransferase 1
(hprt) mRNA were used for normalization (forward, GGCCAGACT
TTGTTGCATTTG; reverse, TGCGCTATCTTAGGCTTTGT). Rela-
tive quantity of viral RNAwas calculated by the CTmethod as 2�DCT.

Animal experimentation

Experimental procedures performed on mice were approved by the
ethical committee of INSERM CREFRE US006 animal facility and
authorized by the French Ministry of Research: APAFIS#3600-
2015121608386111v3. Six- to 8-week-old NSG or C57BL/6 mice
were surgically grafted orthotopically with 5.104 R211-M or
R211-E cells diluted in 50 mL of total PBS per animal. One week
later, tumor formation was measured non-invasively by echogra-
phy using the Aixplorer imaging device (Supersonic Imagine).
Four days later, echography was performed and groups of mice
with comparable average tumor sizes were made. Randomized
mice were injected intravenously with 50 mL of purified MVMp
(diluted 1:10 in PBS) in a high-containment animal facility (A3
level). As placebo, mice received a similar volume of TE diluted
1:10 in PBS. Tumor volume was measured at the indicated days
using the Aixplorer imaging device. For dot-blot experiments,
blood was sampled and spun at 2, 000 � g for 5 min, and serum
was frozen immediately.
Immunohistochemistry

Samples were incubated at 60�C for 1 h, then incubated 3� in xylene
for 5 min. Samples were then rehydrated by incubation in 100%
ethanol (3 � 5 min), 90% ethanol (2 � 5 min), 70% ethanol for
2 min, 50% ethanol for 5 min, then 2� in dH2O for 5 min each. After
a 10-min permeabilization step in 0.1% Triton X-100 in PBS, samples
were washed 3� in milliQ distilled water (dH2O). For antigen
retrieval, samples were autoclaved at 121�C for 12 min in citrate buffer
(20 mM citric acid, 1 mM sodium citrate), allowed to cool for 1 h, and
incubated 3 � 5 min in PBST. For sample staining, slides were placed
in humid chambers, blocked in protein block (Dako) for 10min at RT,
then incubated overnight at 4�C with KI67 primary antibody (Cell
Signaling Technology) diluted 1:400 or CD8a primary antibody
(BioLegend) diluted 1:200 in antibody diluent signal stain (Dako). Af-
ter three wash of 5 min in PBS-Tween, peroxidase activity was in-
hibited by incubation of the samples in PBST-H2O2 (3%) for 15 min
at RT. The samples were then washed twice in PBS-Tween, once in
PBS-Tween 1% BSA (5 min each), and subsequently incubated with
SignalStain Boost IHC detection reagent (Cell Signaling Technology)
for 45 min at RT in humid chambers. The samples were then washed
3� in PBS 1% BSA, once in PBS-Tween, incubated in AEC (Dako) for
5 min, and washed twice for 5 min in PBST. For counterstaining, sam-
ples were incubated for 2 min in hematoxylin (Merck) and washed for
5 min in dH2O, then mounted in Glycergel (Dako) and analyzed using
an Axiolab A1 inverted microscope (Zeiss).

Analysis of intratumoral immune cells by cytometry

Tumors were resected, minced, and single-cell suspensions were ob-
tained using tumor dissociation kit and gentleMACS octo dissociator
(Miltenyi Biotec) according to the manufacturer’s instructions. Cells
were stained for 30 min at 4�C in PBS, 5 mMEDTA, 10 mg/mLmouse
FcBlock (rat anti-mouse CD16/CD32, BD Biosciences) with fluoro-
chrome-conjugated monoclonal antibodies (Table 1). Dead cells
were excluded from analyses by electronic gating of fixable viability
dye (Live/Dead fixable blue from Invitrogen, Thermo Fisher Scienti-
fic). Data were collected on an LSR Fortessa X-20 (BD Biosciences)
and analyzed with FlowJo Software.

RNA isolation and gene expression analysis

Tumors were sampled and minced and total RNA was extracted from
tumors with RNeasy kit (Qiagen) according to the manufacturer’s in-
structions; quality and quantity were measured on a NanoDrop sys-
tem (Thermo Fisher Scientific). RNA-seq analysis (poly(A) capture)
was performed using 1 mg of total RNA and subcontracted to Novo-
gene. Briefly, RNA degradation and contamination was monitored on
1% agarose gels. RNA purity was checked using the NanoPhotometer
spectrophotometer (IMPLEN, CA, USA). RNA integrity and quanti-
tation were assessed using the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). A total
amount of 1 mg of RNA per sample was used as input material for
the RNA sample preparations. Sequencing libraries were generated
using NEBNext Ultra RNA. Library Prep Kit for Illumina (NEB,
USA) following manufacturer’s recommendations and index codes
were added to attribute sequences to each sample. Briefly, mRNA
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Table 1. Antibodies for flow cytometry used during this study

Target Fluorochrome Clone Company Reference

CCR2 APC-Vio770 REA538 Miltenyi 130-117-501

CD4 APC RM4-5 BD 553051

CD8a APC-Vio770 REA601 Miltenyi 130-120-737

CD11b BV605 M1/70 BD 563015

CD11c PE-Cyanine7 N418 BioLegend 117318

CD25 PE-Dazzle594 PC61 BioLegend 102048

CD45.2 BUV737 104 BD 612778

F4/80 BV421 T45-2342 BD 565411

I-A/I-E BV510 2G9 BD 743871

LAG-3 VioBright FITC C9B7W Miltenyi 130-120-170

Ly-6G Alexa Fluor 700 1A8 BD 561236

NK1.1 BV510 PK136 BD 563096

NKp46 PE-Cyanine7 29A1.4 BioLegend 137618

PD-1 BV421 J43 BD 562584

TCRb PE-Cyanine5 H57-597 BioLegend 109210

TIGIT PE 1G9 BioLegend 142104

TIM-3 BV786 5D12/TIM-3 BD 747621
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was purified from total RNA using poly-T oligo-attached magnetic
beads. Fragmentation was carried out using divalent cations under
elevated temperature in NEBNext First Strand Synthesis Reaction
Buffer (5�). First-strand cDNA was synthesized using random hex-
amer primer and M-MuLV Reverse Transcriptase (RNase H-). Sec-
ond-strand cDNA synthesis was subsequently performed using
DNA Polymerase I and RNase H. Remaining overhangs were con-
verted into blunt ends via exonuclease/polymerase activities. After ad-
enylation of 30 ends of DNA fragments, NEBNext Adaptor with
hairpin loop structure were ligated to prepare for hybridization. In or-
der to select cDNA fragments of preferentially 150–200 bp in length,
the library fragments were purified with AMPure XP system (Beck-
man Coulter, Beverly, USA). Then 3 mL of USER Enzyme (NEB,
USA) was used with size-selected, adaptor-ligated cDNA at 37�C
for 15 min followed by 5 min at 95�C before PCR. Then PCR was per-
formed with Phusion High-Fidelity DNA polymerase, Universal PCR
primers, and Index (X) Primer. At last, PCR products were purified
(AMPure XP system) and library quality was assessed on the Agilent
Bioanalyzer 2100 system. The clustering of the index-coded samples
was performed on a cBot Cluster Generation System using PE Cluster
Kit cBot-HS (Illumina) according to the manufacturer’s instructions.
After cluster generation, the library preparations were sequenced on
an Illumina platform and paired-end reads were generated.

Raw data (raw reads) of FASTQ format were first processed through
fastp. In this step, clean data (clean reads) were obtained by removing
reads containing adapter and poly-N sequences and reads with low
quality from raw data. At the same time, Q20, Q30, and guanosine
cytosine (GC) content of the clean data were calculated. All the down-
stream analyses were based on the clean data with high quality. Refer-
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ence genome and gene model annotation files were downloaded from
genome website browser (NCBI/UCSC/Ensembl) directly. Paired-
end clean reads were mapped to the reference genome using
HISAT2 software. HISAT2 uses a large set of small graph FM index
(GFM) indexes that collectively cover the whole genome. These small
indexes (called local indexes), combined with several alignment stra-
tegies, enable rapid and accurate alignment of sequencing reads. Dif-
ferential expression analysis between two conditions/groups (three
biological replicates per condition) was performed using DESeq2 R
package. DESeq2 provides statistical routines for determining differ-
ential expression in digital gene expression data using a model based
on the negative binomial distribution. The resulting p values
were adjusted using the Benjamini and Hochberg’s approach for con-
trolling the false discovery rate (FDR). Genes with an adjusted
p value <0.05 found by DESeq2 were assigned as differentially ex-
pressed. GO enrichment analysis of differentially expressed genes
was implemented by the clusterProfiler R package, in which gene
length bias was corrected. GO terms with corrected p value less
than 0.05 were considered significantly enriched by differential ex-
pressed genes. We used clusterProfiler R package to test the statistical
enrichment of differential expression genes in Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways.

Ethics reporting

Experimental procedures performed on mice were approved by the
ethics committee of INSERM CREFRE US006 animal facility and
authorized by the French Ministry of Research: APAFIS#3600-
2015121608386111v3.

Statistical analysis

Grouped analyses were performed using Student’s t tests, including
multiple comparisons using GraphPad Prism 9 software. Survival an-
alyses were performed using a log rank (Mantel-Cox) test. Values are
presented as *p < 0.05, **p < 0.01 and ***p < 0.001, and ****p < 0.0001.
Error bars are SEM unless otherwise stated. The experiments were
performed with a sample size (n) greater than or equal to three rep-
licates, with the exception of Figure S2E, and the results from repre-
sentative experiments were confirmed in at least two independent
experiment repeats. When monitoring tumor growth, the investiga-
tors were blinded to the group allocation but were aware of group
allocation when assessing the outcome. No data were excluded
from the analyses.
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