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ABSTRACT

Attenuated measles virus (MV) exerts its oncolytic activity in malignant pleural mesothelioma (MPM) cells
that lack type-l interferon (IFN-I) production or responsiveness. However, other cells in the tumor micro-
environment (TME), such as myeloid cells, possess functional antiviral pathways. In this study, we aimed to
characterize the interplay between MV and the myeloid cells in human MPM. We cocultured MPM cell
lines with monocytes or macrophages and infected them with MV. We analyzed the transcriptome of each
cell type and studied their secretion and phenotypes by high-dimensional flow cytometry. We also
measured transgene expression using an MV encoding GFP (MV-GFP). We show that MPM cells drive
the differentiation of monocytes into M2-like macrophages. These macrophages inhibit GFP expression in
tumor cells harboring a defect in IFN-I production and a functional signaling downstream of the IFN-I
receptor, while having minimal effects on GFP expression in tumor cells with defect of responsiveness to
IFN-I. Interestingly, inhibition of the IFN-I signaling by ruxolitinib restores GFP expression in tumor cells.
Upon MV infection, cocultured macrophages express antiviral pro-inflammatory genes and induce the
expression of IFN-stimulated genes in tumor cells. MV also increases the expression of HLA and costimu-
latory molecules on macrophages and their phagocytic activity. Finally, MV induces the secretion of
inflammatory cytokines, especially IFN-I, and PD-L1 expression in tumor cells and macrophages. These
results show that macrophages reduce viral proteins expression in some MPM cell lines through their IFN-I
production and generate a pro-inflammatory interplay that may stimulate the patient’s anti-tumor
immune response.
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The immune infiltrate is highly variable from one MPM
patient to another and comprised macrophages, regulatory
CD4+ T lymphocytes, CD8+ T lymphocytes and NK cells.*”
Myeloid cells such as tumor-associated macrophages represent
30% to 40% of the immune infiltrate in almost all tumors.
Macrophages are involved very early on in MPM pathogenesis
due to dysfunctional phagocytosis of asbestos fibers,"’ leading to
their activation and to the production of reactive oxygen species
that promote both an inflammatory environment and genetic
instability.'" Later in the disease, they commonly acquire an M2-
like phenotype mainly characterized by the expression of CD163
and CD206.° Our team previously showed that monocytes
cocultured with MPM cell lines differentiate mainly into
CD163+ M2-like immunosuppressive macrophages with
a central role of M-CSF produced by tumor cells that binds to
the CSFIR receptor.>'> Functionally, these M2-like macro-
phages are able to block the cytotoxicity of tumor antigen-
specific CD8+ T cells against MPM cells."® The first spatial
transcriptomics report in MPM shows that M2-like macro-
phages reside inside the tumor, whereas CD8+ T cells tend to

Introduction

Malignant pleural mesothelioma (MPM) is an aggressive cancer
mostly due to asbestos exposure." Treatments are mainly based
on surgery, or pemetrexed and cisplatin combination che-
motherapy with or without bevacizumab. Unfortunately, the
five-year survival remains below 10%.” In October 2020, an
immunotherapy based on a combination of ipilimumab and
nivolumab has been approved and led to new immunotherapeu-
tic guidelines for MPM.” Benefits of this combination were
observed mainly in non-epithelioid mesothelioma patients
regardless of PD-L1 expression.® However, there are still
a large number of patients that do not respond to immunother-
apy. In other cancers, poor response to immunotherapy has been
linked to a lack of tumor mutational burden and T cell-inflamed
gene expression profile in the tumor.” In MPM patients, PD-L1
expression is highly variable from one study to another and
ranges from 16% to 65% of the patients.’ Furthermore, its
expression is more frequent in non-epithelioid mesothelioma
and has been associated with a lower overall survival.
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be excluded and accumulate in the adjacent tissue.'* Various
strategies aim to attract these cells inside the tumor."”” Other
strategies are also being developed to block the immunosuppres-
sive function of M2-like macrophages or to redirect their differ-
entiation toward a more inflammatory, M1-like phenotype.'®
Interestingly, in a mesothelioma mouse model, monocyte-
derived macrophages accumulate in the tumor with an M2-
like phenotype and their depletion leads to tumor rejection, in
contrast to resident macrophages that support antitumor
immune response.'”

Oncolytic immunotherapy is a therapeutic approach
based on oncolytic viruses (OVs).'® OVs are nonpathogenic
replication-competent viruses that infect and kill exclusively
or preferentially tumor cells without harming healthy cells.
Infection of tumor cells by OVs results in an immunogenic
death that can activate antiviral inflammation in ‘cold’
tumors attract new immune cells and reinforce the antitu-
mor immune response.'” Furthermore, by inserting trans-
genes into their genome, they can be used as expression
vectors to produce therapeutic proteins in the tumor micro-
environment (TME). Thus, OVs may be good candidates to
attract immune cells in tumors, reorient immunosuppressive
myeloid cells, activate the antitumor immune response and
enhance immunotherapy by immune checkpoint inhibi-
tors (ICI).

The attenuated vaccine strains of measles virus (MV) are
spontaneously oncolytic against numerous types of cancers
and have been evaluated in clinical trials.”* We and others
have shown that MV induces immunogenic death in tumor
cells that leads to the maturation of dendritic cells (DC) and
promotes tumor antigen cross-presentation.”’>* By studying
MYV oncolytic activity in a bio-collection of 22 human MPM
cell lines, we confirmed that MV oncotropism requires CD46
expression on tumor cells ** and that the most permissive
tumor cell lines to MV replication present a defective IFN-I
response compared to MV-resistant cells.”>*® More recently,
we showed that the most frequent defect in the IFN-I response
found in about 20% of MPM patient is the homozygous dele-
tion (HD) of all IFN-I encoding genes that co-occurs with the
HD of CDKN2A gene located nearby on the human chromo-
some 9.7

Interactions between MV and nonmalignant cells from the
human TME, especially myeloid cells are not well defined but
hold a great potential for therapeutic development. In this
study, we aimed at characterizing these interactions in the
context of MPM, with a focus on the myeloid compartment.
We cocultured different types of myeloid cells (monocytes,
MI1- or M2-like macrophages and DC) with two patient-
derived MPM cell lines that expressed GFP after exposure to
MV-GFP. First, we confirmed that monocytes differentiate
mainly into M2-like macrophages after coculture with MPM
cells. Then, we showed that myeloid cells, via their production
of IFN-I, can decrease GFP expression of MV-GFP in one of
the MPM cell lines. Finally, we showed that MV induces an
antiviral proinflammatory response in tumor and myeloid cells
that is characterized by the production of numerous chemo-
kines and cytokines, as well as PD-L1 expression in both cell
types. These results suggest that MV may be a good candidate
to modify the MPM TME and thus make it more favorable to

the efficacy of both the anti-tumor immune response and ICI
immunotherapy.

Methods
Cell lines

Human MPM cell lines were established and genetically char-
acterized in the laboratory from pleural effusions
(Biocollection DC-2011-1399, CHU Nantes, France).”” The
cell lines were cultured at 37°C and 5% CO2 in Roswell Park
Memorial Institute Medium (RPMI)-1640 (Eurobio) supple-
mented with 2 mM L-Glutamine, 100IU/mL Penicillin, 100 pg/
mL Streptomycin (all from Gibco), and 10% heat-inactivated
Fetal Calf Serum (FCS, Corning). They were regularly screened
for Mycoplasma contamination (PlasmoTestTM, InvivoGen).

Monocyte purification and myeloid cell differentiation

Blood monocytes were isolated through negative magnetic
sorting (EasySep Human Monocyte Enrichment Kit,
StemCell) from peripheral blood mononuclear cells of healthy
donors (Etablissement Francais du Sang, ethics agreement
CPDL-PLER-2022 09).

Macrophages were differentiated from monocytes over
4 days, seeded in a 12-well plate at 1.10° cells in 1 mL of
RPMI supplemented as described. At the seeding day and
the day after, 200 U/mL of GM-CSF (Miltenyi) was added to
differentiate M1-like macrophages or 5000 U/mL of M-CSF
(Miltenyi) for M2-like macrophages. After 4 days, macro-
phages were harvested for experiments. DCs were differen-
tiated from monocytes over 5 days, seeded at 10.10° cells in
a 6-well plate with 5mL of RPMI supplemented with
100 U/mL  Penicillin, 100 pg/mL  Streptomycin, 2mM
L-Glutamine, 2% human albumin (VIALEBEX), 1000IU/mL
of GM-CSF and 200IU/mL of Interleukin-4 (Miltenyi). After
5 days, DCs were harvested for experiments.

Oncolytic measles virus and infection of cocultures

The live-attenuated Schwarz strain of measles virus (MV) and
MYV expressing the enhanced green fluorescent protein (MV-
GFP) were produced as previously described.”®

Myeloid cells were cocultured with MPM cells at a 1:2
myeloid:MPM cell ratio, in 50% supplemented RPMI and
50% conditioned medium from MPM cells. In parallel, each
cell type was cultured alone following the same procedure.
After 24 h, cells were infected with either MV or MV-GFP
with a multiplicity of infection of 1 viral particle per MPM
cell, whereas no virus was added in the non-infected (NI)
condition. All the experiments were conducted 72 h after
infection.

Immune profiling of samples by high-dimensional flow
cytometry

Cells were infected with MV-GFP. A total of 300,000 cells per
condition were harvested using tryPLE (GIBCO). After washing
in Phosphate buffered saline (PBS), the cells were incubated



20 min with 1:500 Zombie UV™ Fixable Viability dye (Biolegend)
in PBS. They were washed with PBS-0.1% Bovine Serum
Albumine (BSA, Sigma-Aldrich) and fixed with PBS-4% parafor-
maldehyde (PFA, Electron Microscopy Sciences) for 10 min,
washed and stored at 4°C.

Cells were incubated in 50 pL of Brilliant Stain Buffer (BD
Biosciences) supplemented with 1.25 ug of human BD Fc Block
(BD Biosciences) and 1.25 ug of True Stain monocytes blocker
(Biolegend). After 10 min, appropriate concentrations of specific
antibodies or isotype controls from the same manufacturer were
added for 30 min at 4°C (available in supplemental Stable 1
(Table S1)).

After three washes in PBS-0.1%BSA, stained cells were
acquired on a 5 laser, 32 detector BD FACSymphony™ A5
Cell Analyzer (BD Bioscience). The BD FACSDiva 8.0 soft-
ware (BD Biosciences) was used for data acquisition. Weekly
QC was performed using CS&T DiVa QC beads (BD
Biosciences), and standardization of the flow cytometry
data acquisition across the three independent experiments
was done using Rainbow Calibration Particles (8 peaks)
(BD Biosciences), to ensure that the instrument variability
was inferior to 3% for each detector.

Flow cytometry supervised and unsupervised analysis

Flow cytometry data were cleaned using the FlowAl algo-
rithm with default settings on the OMIQ platform
(Dotmatics, https://www.omiq.ai/).”> Cells were manually
gated to remove aggregates, debris and doublets.
Compensations were performed, checked and applied to
samples using FlowJo software 10.8.1 (BD Biosciences).
Arcsinh scaling was adjusted in OMIQ to ensure than 99%
of the events were on scale, and the negative population was
unimodal around 0 for each channel. The gating strategy for
further analysis on live cells is shown in supplemental
Figure 1 (Figure S1).

The FlowSOM algorithm was applied to 7,000 events for
each sample (Euclidean distance to determine the nearest
neighbor of a new point, 7x 7 grid for the self-organizing
map, 10 training iterations) to cluster the data.*® Results were
mapped on a UMAP dimensional reduction of all fluorescent
features, excluding GFP and the viability dye.*!

Cells positive for HLA-DR and CD45 were gated and
downsampled to 1,200 events. The FlowSOM algorithm was
applied to uninfected samples with the same settings as
before. Twelve homogeneous metaclusters were identified
and visualized on an Opt-SNE dimensional reduction of all
features excluding GFP and the viability dye.”* Metaclusters
were annotated to display the different conditions of cul-
tures. The MFI values of markers were displayed on
a clustered heatmap, normalized by column. A principal
component analysis was performed on all features except
for GFP and viability dye to show the variations between
the different culture conditions.>* The FlowSOM algorithm,
with the same settings, was also applied on all samples.
Twenty metaclusters were created and annotated to display
the different culture conditions and visualized on an Opt-
SNE dimensional reduction of all fluorescent parameters
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except for the viability dye. Cocultured samples were then
grouped into 4 culture conditions and the MFI values of
markers were compared. The MPM cells (HLA-DR or
CD45 negative cells) were analyzed for the MFI of GFP
and PD-L1.

GFP expression kinetic assay

10,000 MPM cells were seeded in 96-well plates in 180 uL
of their culture medium, alone or with 5,000 monocytes,
M1-like or M2-like macrophages. After 24 h, they were
infected or not with MV-GFP. GFP fluorescence was mea-
sured daily for 10 days using a FLUOstar Omega reader
(BMG Labtech). Data were normalized to the uninfected
conditions and compared between cocultured cells and
MPM cells alone.

Confocal microscopy

Cocultures were seeded in p-Slide 8-well plates (IBIDI)
with 30,000 MPM cells/well. Treatment with 2uM
Ruxolitinib (Invivogen) or 1,000IU/mL of IFN-a2a/-B1
(Immunotools) was administered or not 8 h prior to MV-
GFP infection. Cells were fixed in PBS-4% PFA at room
temperature for 10 min. Myeloid cells were stained over-
night with an anti-CD45-APC antibody (Biolegend, RRID:
AB_304037) diluted to 1:50 in PBS-2% BSA. Nuclei were
labeled with 5pg/ml of Hoechst33342 (Sigma) in PBS-2%
BSA for 1h.

Pictures were taken with a Nikon A1rHD LFOV confocal
microscope, with a 60x oil immersion objective (Nikon
Instruments). The images were processed and analyzed using
the Image] software.>

mRNA extraction for 3’'RNAseq digital gene expression and
RT-PCR

Cells in cocultures with monocytes or M2-like macro-
phages, infected with MV or not, were harvested using
TryPLE. CD45+ and CD45- cells were sorted using
human CD45 (TIL) MicroBeads (Miltenyi). An additional
4 mL wash step was added to the manufacturer’s protocol.
RNAs were extracted immediately from positive and nega-
tive cells using Nucleospin® RNA plus kit (Macherey-
Nagel).

3’RNAseq digital gene expression

mRNA were analyzed by 3’seq-RNA Profiling (GenoBird, IRS-
UN, Nantes, France) using a NovaSeq 6000 (Illumina) as
described previously.”® The quality of raw sequence reads was
assessed by FastQC. Adapter sequences were trimmed off the
raw sequence reads using Cutadapt. Reads were aligned to the
human (hg38) genome using BWA. All obtained data have been
uploaded on GEO Omnibus site (GSE247526). Differential
expressions were detected using the BIOMEX software.”

We identified the KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways involving the differentially expressed RNA
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using PathfindR> and conducted further analysis with
R 2023.03.0.

Reverse-transcriptase quantitative polymerase chain
reaction (RT-qPCR)

One microgram of RNA was reversed-transcribed (Invitrogen).
Quantitative PCR was performed on a QuantStudio3 system
(Applied) using Maxima SYBR Green/ROX qPCR Master mix
(Thermo Scientific). Each reaction was done in duplicate.
Melting curve analysis was performed to ensure the specificity
of the amplification. Gene expression was normalized based on
the expression of the housekeeping gene encoding the
Ribosomal Protein Lateral Stalk Subunit PO (RPLPO). Primers
used are available in table S2.

Chemokine detection by multiplex assay

The supernatants of cocultures were collected after 72 h of
infection with MV for IL-1p, IL-6, CXCLS8, IFN-a2, IFN-B,
IFN-A1, IFN-A2/3, IFN-y, TNF-a, CXCL10, GM-CSF quantifi-
cation using the LEGENDplex™ Human Anti-Virus Response
Panel (BioLegend) according to the manufacturer’s
recommendations.

Statistical analysis

Data are presented as the mean + SEM between biological
replicates. Statistical details and the number of biological repli-
cates (n) are displayed in the figure legends. Means of the two
groups were compared using the non-parametric Mann-
Whitney test. Means of more than two groups were compared
with Kruskal-Wallis test. Statistical analysis was performed
using GraphPad Prism.

Results

Monocytes cocultured with MPM cell lines differentiate
into CD1c-CD206+CD163+ M2-like macrophages.

In a first experiment, we sought to characterize the effect of
MPM tumor cells on the phenotype of different subsets of
myeloid cells. As myeloid cells, we used monocytes either
undifferentiated or differentiated with GM-CSF/IL-4 to obtain
dendritic cells (DC), or with GM-CSF or M-CSF to obtain M1-
like or M2-like macrophages respectively (hereafter coined as
M1 or M2 macrophages). These myeloid cells were cultured
alone as control, or cocultured with Meso13 or Meso34 MPM
cell lines at a 1:2 (myeloid:MPM) cell ratio (Figure 1(a)). We
then analyzed their phenotypes with high-dimensional flow
cytometry using 13 discriminating markers. Our gating strate-
gies and analysis pipeline are shown in Figure S1. After 4 days
with MPM cells, we found that the average frequency of CD45
+HLA-DR+ cells accounted for 6% to 12% of the total viable
cells and displayed phenotypes distinct from MPM cells
(Figure 1(b-c)). CD45+HLA-DR+ myeloid cells of all donors
were grouped into 12 different metaclusters based on their
expression of cell markers (Figures 1(d)-1(f)). To assess the
impact of MPM on the myeloid compartment, both control

myeloid cells and myeloid + MPM cocultures were visualized
on the same high-dimensional representation (Figure 1(d)).
A small cluster of 172 cells (MC3) was found only in cocultures
with Meso13 cells and expressed a low level of CD45 suggesting
it was tumor cells. We removed it from subsequent analysis.

We further annotated the 11 meta-clusters (MC) based on
their relative cell abundance of each culture condition, with
monocultures hereafter coined as control (Figures 1(e)-1(f)).
Control monocytes were found in MCI and MC2 and were
CD14°¥CD1c-CD206-CD163-. Control DC were found in
MC8 and MC9 and were CDIc"®" CD206'°“CD163-.
Control M1 were in MC6 and MC7 and were
CD1cME"CD206™¢" CD163'°". Control M2 were mostly
found in MC4 and were CDlc- CD206™'CD163"¢", Upon
coculture with MPM, 95.6% of the myeloid cells were pre-
sent in 5 main meta-clusters (namely MC4, MC5, MC10,
MC11, and MC12). Most cocultured monocytes (86,7%)
were found into MC4 and MCI12 clusters and displayed an
M2-like phenotype (CD1c- CD206™'CD163"8"). Cocultured
DCs or M1 were enriched in 3 clusters (MC5, MC10 and
MC11) and were annotated as one group since they
expressed similar markers. They tend to lose CDl1c expres-
sion and gain CD163 expression suggesting a phenotypic
conversion toward the M2-like phenotype (Figure 1(f)).
Interestingly enough, cocultured M2 were in the same cluster
(MC4) as the M2 control monoculture, but also appeared in
a new cluster (MC12) characterized by the overexpression of
many markers (CD45, HLA-DR, CD86, CD206, CD68, CD14
and CD16) (Figures 1(e)-1(f)). Finally, a principal compo-
nent analysis highlights that regardless of their initial phe-
notype, myeloid cells cultured with MPM tend to
differentiate toward an M2-like state (Figure 1(g)), confirm-
ing our previous observations.'> Subsequent analyses from
our study thus focus on monocytes and M2 cocultured with
MPM cells.

Myeloid cells reduce MV-GFP expression in MPM tumor
cells exhibiting an IFN-I production defect and a functional
IFNAR signaling pathway

We previously showed in vitro that the spontaneous oncolytic
activity of the Schwarz attenuated strain of MV is directed
against human MPM cell lines with defects of the antiviral
IFN-T response.”” In this study, we found two types of defects
that lead to GFP expression by MPM cells after exposure to MV-
GFP. On the one hand, some MPM cell lines such as Meso34 are
able to produce IFN-I (IFN-a and -f) in response to MV while
being weakly permissive to MV replication. On the other hand,
some MPM cell lines, like Meso13, are unable to produce IFN-I
in response to MV, since their genes that code IFN-I are deleted,
and therefore are unable to inhibit GFP expression.*®

In the first set of experiments, we determined whether mono-
cytes, M1, M2 or DC cocultured with Meso13 or Meso34 could
affect MV-GFP expression in tumor cells. To this end, cocul-
tures were exposed to MV-GFP and three days later we mea-
sured GFP expression by flow cytometry to estimate viral genes
expression in MPM cells (Figures 2(a)-2(b)). After 72h of MV
infection, we found that coculture with CD45+ myeloid cells
reduced GFP expression in Mesol3, especially with M2
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inhibitor of IFNAR signaling, and MV-GFP fluorescence was measured for 10 days (n = 4 donors, Kruskal-Wallis test). (e) Cultures were treated with ruxolitinib or IFN-I.
Nuclei were labeled with Hoechst (blue), myeloid cells were stained with anti-CD45 antibody (red) and GFP from MV-GFP replication appears in green. Fluorescence was
observed by confocal microscopy (representative images of 6 donors, scale bar =200 pm). DC, dendritic cell; IFN, Interferon; ISG, Interferon stimulated genes; M1, M1-
like macrophage; M2, M2-like macrophage; MOI, multiplicity of infection; Monos, Monocytes; MPM, Malignant Pleural Mesothelioma; MV, Infected with MV; NI,

Uninfected. ns, non-significant, * p < 0.05, ** p < 0.001, *** p < 0.001.

macrophages that inhibit 90,3% of GFP fluorescence in tumor
cells. On the other hand, coculture with CD45+ myeloid cells did
not affect GFP expression in Meso34.

We then measured the kinetics of GFP expression over 10
days after infection in the absence or in the presence of rux-
olitinib, a JAK1/2 inhibitor that blocks IFNAR signaling
(Figure 2(c)-2(d)). We observed that myeloid cells decrease
significantly GFP expression in Mesol3 and that addition of
ruxolitinib restores it. In Meso34, GFP expression is not

significantly affected and the addition of ruxolitinib tends to
increase it. These results suggest that myeloid cells inhibit viral
protein expression in Mesol3 through IFN-I production.
Indeed, IFN I are able to inhibit GFP expression in Meso 13
whereas, IFN-III have no effect (Figure S2).

We then followed GFP expression in MPM tumor cells
cocultured or not with myeloid cells by confocal micro-
scopy. After 72h of MV infection, we observed that mye-
loid cells or IFN-I stimulation reduces GFP fluorescence in



Mesol3 but that the fluorescence can be restored by rux-
olitinib (Figure 2(e)). In Meso34, addition of myeloid cells
or IFN-I did not affect GFP fluorescence, while ruxolitinib
increased it. Altogether these results show that myeloid
cells tend to inhibit viral protein expression in Mesol3,
whereas they have a smaller effect in Meso34.

When we measured GFP fluorescence in Meso13 cocultured
with M2 cells exposed to MV-GFP, we observed a small increase
of GFP expression in all the CD45+ cells (Figure 2(a)). This GFP
fluorescence in macrophages is either due to residual GFP
expression or to acquisition by phagocytosis of GFP produced
by MV-GFP-infected Meso13 tumor cells. Thus, we performed
experiments to clarify the source of this GFP (Figure S3). We
cultured M2 macrophages alone and infected them with MV-
GFP. After 3 days, we observed no fluorescence in these cells. We
also cocultured M2 macrophages with Meso13 expressing con-
stitutively the GFP. Three days after MV-GFP infection, we
observed that M2 macrophages were GFP positive similarly to
what we observed in Figure 2(a). These results suggest then that
M2 macrophages do not express GFP from MV and that upon
MV-GFP infection of Mesol3, macrophages may phagocytize
GFP-containing cell debris.

MV induces antiviral inflammatory response in myeloid
cells cocultured with MPM tumor cells.

To understand how cocultures with infected MPM cells
impact monocytes and M2 function, we analyzed their tran-
scriptomic program by 3’RNA sequencing after magnetic
sorting of the cells based on their CD45 expression. We
first observed that MV has a more profound transcriptomic
impact in M2 than in monocytes cocultured with MPM cell
lines (4472 versus 150 significantly deregulated genes, respec-
tively) (Figure 3(a)). Analysis of the 25 most deregulated
pathways by MV in cocultured monocytes or M2 showed
that MV activates mainly pro-inflammatory anti-viral path-
ways such as IFN-I, TNF, IL-17 and necroptosis pathways
(Figure 3(b), Table S3-S4). In M2 macrophages from MPM
cocultures, we also found an activation of pathways asso-
ciated with antigen presentation such as “cell adhesion”,
“phagosome” and “antigen processing and presentation”
and a decrease of several metabolic pathways (Table S4). As
expected, among the 100 most deregulated genes, we found
that MV induces expression of the IFNBI gene (coding for
IFN-B) in monocytes or M2 cocultured with MPM, and
several genes encoding IFN-a in monocytes cocultured with
Mesol3 (Figure 3(c)). MV infection also activates IFNLI
expression that encodes IL-29 also called IFN-yl, a type III
interferon. As a consequence, MV activates the expression of
several interferon stimulated genes (ISG) in myeloid cells
such as APOBEC3A, APOBEC3H, IFIH1/T1/T2/T3/TM1,
ISG15, ISG20 and MXI1. Furthermore, infection induces the
expression of numerous chemokine genes such as CCL3, -4,
-4L1, -5, -7, -8, and CXCL-8, -10, -11, and some chemokine
receptors such as CCR3 and CCR7. We also observed that
the expression of some genes is repressed by the virus, such
as MRCI that encodes CD206. Finally, we confirmed and
validated by RT-qPCR the expression of four genes of inter-
est CLEC5A, MRCI, CCR7 and TAPI (Figure 3(d)). Thus,
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MYV induces an antiviral pro-inflammatory response in M2-
like macrophages that were cocultured with MPM cells.

MV induces antiviral inflammatory response in MPM cells
cocultured with myeloid cells.

In the same transcriptomic experiment, we also analyzed the
transcriptomic program of CD45- MPM cells cocultured with
monocytes or M2 exposed or not to MV. Infection by MV
modulates the expression of thousands of genes in Meso13 and
Meso34 cocultured with monocytes or M2 (Figure 4(a)). MV
activates pro-inflammatory anti-viral pathways in cocultured
tumor cells such as the IFN-I, the TNF and IL-17 pathways
(Figure 4(b), Table S5-S6). It also activates pathways implicated
in autophagy or cell death such as pyroptosis, apoptosis and
inhibits several metabolic pathways. As expected, we found
that MV induces the expression of the IFNBI gene only in
Meso34 cocultured with monocytes or M2 as expected, since
Mesol3 has lost both copies of this gene (Figure 4(c)). MV
activates lots of ISGs in cocultured Meso13 and Meso34 such as
RSAD2, MX1/2, OASs and IFITs genes. When we compared
ISGs induced in mesothelioma and in myeloid cells, we
observed that each cell type has its own ISG profile (Figure
S4). Furthermore, MV induced the expression of numerous
cytokines such as IL-1A, IL-1B and IL-6 and chemokine genes
such as CCL3, -4, -4L1, -4L2, -5, -20 and CCXCL-2, -3, -5, -8,
-10 and -11. We also found that the expression of some genes is
repressed by the virus, with a stronger decrease in Mesol3.
These genes belong mainly to the metabolism of steroid hor-
mones and the extracellular matrix proteoglycan pathways.

In this transcriptomic analysis, we observed in cocultured
Meso13 the expression of some ISGs such as STAT1, MX1 and
TLR3 whose expression requires IFN-I. However, Meso13 does
not express IFN-I genes (Figure 4(c)). Thus, the expression of
STATI1, MX1 and TLR3 was probably induced by IFN-I secreted
from myeloid cells. We confirmed this hypothesis by comparing
the expression of these ISG in MPM cells cultured alone versus
MPM cells cultured with myeloid cells (Figure 4(d)). We
observed an increased expression of STATI, MXI and TLR3
expressions in response to MV, only when Mesol3 was cocul-
tured with myeloid cells or exposed to IFN-I.

MV promotes a pro-inflammatory secretome and
modulates surface markers expression in myeloid cells
cocultured with MPM tumor cells

We found that MV activates the expression of genes encoding
cytokines and chemokines in cocultured myeloid cells and
MPM cell lines. We next measured secretion of some of these
cytokines and chemokines in the supernatants of tumor cells
cultured alone or cocultured with monocytes or M2 and
infected with MV (Figure 5(a)). As expected, and observed in
the transcriptomic analysis, Mesol3 cells was unable to pro-
duce IFN-B or IFN-a2 in response to MV, but these two
cytokines were produced in the supernatants when myeloid
cells were present in the coculture. On the other hand, Meso34
cells was able to produce IFN-I in response to MV and more
IFN-a2 was measured in the supernatants when myeloid cells
were present. We also observed an increase of IFN-III (IFN-A1
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Figure 3. MV induces the expression of antiviral pro-inflammatory pathways in myeloid cells. Meso13 and Meso34 were cultured with monocytes or M2. After 24 h, MPM
cells were infected or not with MV at MOI = 1. After 72 h of infection, cells in cocultures were sorted according to CD45 expression. (a-c) a 3'RNA sequencing was
performed on each cell type (n =3 to 7 samples per condition). Gene expression volcano plot (a) the 25 most deregulated pathways (b) or the 100 most deregulated
genes in M2 and the 100 most deregulated genes in monocytes (c) upon infection in myeloid (CD45+) cells cocultured with MPM cells are shown. The heatmap is
normalized by line. (d) Expression of key markers in myeloid cells was assessed by qPCR (n =4 to 6 donors, Mann-Whitney test, *p < 0.05, **p < 0.001). M2, M2-like
macrophage; MOI, multiplicity of infection; Monos, Monocytes; MPM, Malignant Pleural Mesothelioma; MV, Infected with MV; NI, Uninfected.
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Figure 4. Upon infection, myeloid cells induce the expression of ISG in MPM cells. Meso13 and Meso34 were cultured with monocytes or M2. After 24 h, MPM cells were
infected or not with MV at MOI = 1. After 72 h of infection, tumor cells in cocultures were negatively sorted according to CD45 expression. (a-c) a 3'RNA sequencing was
performed on each cell type (n =6 to 8 samples per condition). Gene expression volcano plot (a), the 25 most deregulated pathways (b), or the 100 most deregulated
genes (c) upon infection in MPM cells cocultured with myeloid (CD45+) cells are shown. The heatmap is normalized by line. (d) Expression of three ISG, strictly
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and -A\2/3) production in response to MV when myeloid cells
were present. I1-6 and IL-1-Bsecretions were also induced by
MYV in tumor cells and in myeloid cells. Other cytokines like
TNF-a or CXCL10 were found in higher amounts in the super-
natants of cocultured myeloid and MPM cells than in those of
MPM cells cultured alone. We also observed that in response to
MV, Meso13 and Meso34 produced GM-CSF that is probably
consumed by myeloid cells, since this cytokine was not found
in the supernatants when myeloid cells were present. These
results confirm that myeloid cells cocultured with MPM cells
are activated by MV and produce numerous cytokines and
chemokines, in particular IFN-I.

To investigate the phenotypic changes induced by MV on
myeloid and tumor cells of the coculture, we used the 13
fluorescence-conjugated antibody panel against different mar-
kers. After metaclustering of control cells and cocultured cells,
we annotated the metaclusters with the different condition of
cultures, following a similar strategy as in Figure 1(Figure 5(b),
Figure S1E, Figure S5). We observed a phenotypic shift
induced by MV-GFP for all types of myeloid cells cocultured
with MPM cells (Figure 5(c)). This phenotypic shift was char-
acterized by an increase of CD86 and PD-L1 expression in all
types of myeloid cells (Figure 5(d)). The myeloid cells also
acquire a slight GFP fluorescence that is probably due to
phagocytosis as demonstrated earlier. We also observed an
increase of HLA-DR and CD80 expression induced by MV
that is significant only for M2 and M1, respectively. CD163
expression is decreased by MV on M2 that had been cocultured
with MPM cells. The other markers (CD206, CD14...) did not
significantly move on myeloid cells (Figure S6). Finally, MV
also induced the expression of PD-L1 on Meso34 MPM cells
(Figure 5(e)), whereas it did not modify the already high
expression of PD-L1 on Mesol3 (Figure S7).

Altogether, these results confirm at the protein level the
activation of an antiviral inflammatory response in myeloid
cells cocultured with MPM cells, leading to the expression of
the immunosuppressive protein PD-L1 on tumor and myeloid
cells.

Discussion

In this study, we confirmed that MPM cells drive monocytes
toward an M2-like phenotype. We then showed that MV is able
to activate an inflammatory response in cocultured myeloid
and tumor cells characterized by the expression of a large panel
of ISGs and the secretion of numerous cytokines and chemo-
kines. Interestingly, different ISG are expressed by MPM cells
and myeloid cells, since the ISG profiles are cell type and tissue
specific.”® Importantly, MV and MV-GFP induces PD-L1
expression not only in tumor cells, but also in myeloid cells.
In return, the inflammatory response of myeloid cells decreases
GFP expression in tumor cells, especially in those that are
unable to produce IFN-I in response to the virus and that
have a functional IFNAR signaling pathway. Despite the

impairment of viral protein expression, our results suggest
that oncolytic MV may be able to attenuate the TME immu-
nosuppressive properties by shifting tumor-associated myeloid
cells toward a more favorable phenotype.

We showed that, when in contact with MPM cells, mono-
cytes differentiate toward an M2-like phenotype with the
expression of CD163 and CD206. Furthermore, M1-like
macrophages and DCs tend to lose the expression of CD1c in
cocultures to express low levels of CD163. These results con-
firm and extend our previous studies where we showed that
MPM cells or pleural effusions promote via M-CSF the differ-
entiation of monocytes into M2-like immunosuppressive
macrophages, which block the cytotoxicity of tumor antigen
specific CD8+ T cells.">*® Our results are also in line with
histological or flow cytometry studies that demonstrate the
presence of CDI163+ CD206+ macrophages in MPM
tumors.’™® Thus, we used this coculture model to determine
whether M2-like macrophages affect MV oncolytic activity
against MPM cells and reciprocally how MV modulates macro-
phage and tumor cell transcriptome and phenotypes.

In Meso34, GFP expression after infection by MV-GFP was
not altered by the presence of macrophages. Indeed, Meso34
produces its own IFN-I and is still able to express viral proteins,
but less than Meso13. Defects in IFNAR signaling transduction
leading to vesicular stomatitis virus permissiveness are already
described.*® However, we showed that exposure to MV induces
ISG expression in Meso34 suggesting that IFNAR signaling is
at least partly functional, but that only a part of the ISGs
necessary to fully block expression of MV genes are induced.
After ruxolitinib treatment, the expression of these ISGs is
blocked in Meso34 and we observed an increased GFP
expression.

We also showed that macrophages, through their IFN-I
production, are able to reduce GFP expression in Mesol3
MPM cell line, which is unable to produce IFN-I due to the
loss of both copies of the genes encoding for IFN-f, IFN-¢,
IFN-w and for the 13 IFN-a.>**' Meso13 alone in response to
MV fails to express several ISGs that we previously described as
dependent on IFN-I such as STAT1, MX1 and TLR3.>° Here we
show that, in the presence of myeloid cells, Mesol3 is able to
express these genes, thus reducing GFP expression. We pre-
viously estimated that, like Meso13, around 20% of the patients
with MPM have tumor cells presenting homologous deletion of
the TFN-I locus.”®*' MV genes expression in these cell lines
may be impaired, but the induction of an antiviral proinflam-
matory microenvironment by MV may still have favorable
effects. Indeed, it was recently shown in a murine model that
similar homologous deletion of CDKN2A/IFN-I genes in pan-
creatic tumors were more infiltrated by macrophages and less
by activated CD8+ T cells compared to CDKN2A HD tumors.*?
In humans, deletions of CDKN2A/B and IFN-I genes were
recently associated with poor prognosis as it suppresses the
immune response in lung adenocarcinoma compared to
CDKN2A deletions alone.*® Thus, the TME of MPM tumor

dependent of IFN-I, were assessed in tumor cells cultured alone or with myeloid cells by gPCR (n =4 to 6 donors, Kruskal-Wallis test, *p < 0.05, ***p < 0.001). IFN,
interferon; ISG, Interferon stimulated genes; M2-like macrophage; MOI, multiplicity of infection; Monos, Monocytes; MPM, Malignant Pleural Mesothelioma; MV, Infected

with MV; NI, Uninfected.



ONCOIMMUNOLOGY 1

500+ 250 20000 200
-, a
k%
= 400 *k = = o
g0 € 15000 £ T 150 X
=
2 300 4 E E
o = 10000 P £ 1004
S 200 < g i :
4 a8 Z 5000 = Z 504
L 100 L & -
w —
0- o 0-
Meso13 NI Meso13 MV Meso13 NI Meso13 MV Meso13 NI Meso13 MV Meso13 NI Meso13 MV Meso13 NI Meso13 MV
500- 2000+ 20000 14000 2001
ns ns
s i lesessspsessesessess Dhssssss 7 = 12000
= 400 ] ° a z £ =
1500 o € 15000 s
%300 E o 2 10000 ?E”
. £ 000 g
~ gmoo- = 10000+ = 8 £ 004
Y 200 . g_ b § 6000 5 .
z i 500 £ 5000+ = 4000 Z 50 1 N
LL 100 * o = - * L 2000 * =
-] [
04 - 0- 0 0-
Meso34 NI Meso34 MV Meso34 NI Meso34 MV Meso34 NI Meso34 MV Meso34 NI Meso34 MV Meso34 NI Meso34 MV
120 12000- 8000 1600 12000
= * .
__1004 _* * = 10000 = = 1400 10000+
T E %eooo- ° E 1200- =
E 2 80004 2 a 21000_ ns ns g 80000 --ee--- B
< = 6000 © 4000 L 800 6000
9 2 5 9 600 ¢ g e
- O 4000 b 4000
= 5 2000 2 2000- § 400- < o
E * 2000
o —_— O 200
0- 0- 0-
Meso13 NI Meso13 MV Meso13 NI Meso13 MV Meso13 NI Meso13 MV Meso13 NI Meso13 MV Meso13 NI Meso13 MV
120+ 12000- 8000+ 1600 ok
= = = 1400 s
_ 100 = 10000
Z E E 6000- X E 12004 ° =
£ . 2 2 L B E
£ 60 a =g O© 40004 44 w 800 E
=1 5 i
f‘_" 40 o g 3] a g Q 60 . 3
= < 52 2000+ s . s 4004 =
20 o 3) & O 2004 —
0- 0- 0-
Meso34 NI Meso34 MV Meso34 NI Meso34 MV Meso34 NI Meso34 MV Meso34 NI Meso34 MV Meso34 NI Meso34 MV
B MPM
b. HLA-DR+CD45+ cells C. HLA-DR+CD45+ cells = MPM + monocytes
46715 . EmDC 46-"’. ¥ Emcontrol cells B MPM + M2
2 EZIDC/M1+ MPM e o ¥ % =N
EM1 Pru k- vV  e.
EM1 + MPM R 2x104
Y ] NI *
] B oo EEMV
M2 + MPM 3 o 4
[EMonocytes 1 § 1x101+
+ _
[EMonocytes + MPM s ] = S0
o
R o
4 E 0
i optsne_4
o I — L 5x10°
-48 23 2.8 28 54
6x104- 3x104
4x1044 2x1044
© - % % Xk X
a8 a
O 2x10% o 1x1044
c c
.= =
0 0
-200 T T T T -2x10¢ -1x104 . ' y .
DC/M1 M1 M2 Monocytes DC/M1 M1 M2 Monocytes
2.5x105 1x104- 1.5%104+
*
2x105 i
o 1x104
0 1.5x10° 5%107- 3
D e
; 1x105 8 5x103
- ™
L 5x104 B
= =
0
5x104 Y 5x10° 5x10°

T
Monocytes DC;M1

T T
M1 M2

T
Monocytes

T
DC/M1

T
Monocytes

Figure 5. MV oncolytic action induces pro-inflammatory proteins expression in myeloid cells. (a) MPM cells were cultured alone or with myeloid cells for 96 h. Some of
the cocultures were infected with MV at MOI = 1. After 72 h, cytokines secretion was measured in culture supernatants by Biolegend “human anti-virus response”
cytokine array (n =4 donors, Kruskal-Wallis test). Dotted line represents the upper detection limit. (b-e) Myeloid cells were cultured alone or with MPM cells. Some of the
cocultures were infected at 24 h with MV-GFP. They were analyzed at 96 h by flow cytometry for the expression of 13 markers. After gating of HLA-DR+CD45+ cells,
FlowSOM clustering was performed on cells control and cells cocultured with infected or uninfected MPM cells (n = 5 donors for monocytes and DC, n = 6 donors for M1



12 (&) C. CHATELAIN ET AL.

with IFN-I HD is thought to be particularly cold and oncolytic
immunotherapy appears as a good candidate to make it more
favorable to the antitumor immune response by inducing an
antiviral proinflammatory microenvironment. It may be
tempting to use inhibitors of the IFN-I response such as rux-
olitinib to increase viral replication, but they may also disrupt
the positive effects of IFN-I on the TME.

In our study, we show that MV induces an antiviral pro-
inflammatory response in myeloid cells as well as in tumor cells.
MV-GFP decreases the expression of the M2 specific marker
CD163 on cocultured monocytes and M2 macrophages, thus
suggesting a conversion toward the M1 phenotype. Our results
confirm a similar study using a human breast cancer line, where
Tan et al. showed that MV induces the modulation of monocyte-
derived myeloid cells toward an anti-tumor phenotype.** It also
increases the expression of both co-stimulatory molecules and
HLA-DR on all types of co-cultured myeloid cells. Furthermore,
MYV induces the production of cytokines and chemokines that is
more diversified and massive when myeloid cells are present.
Some of the chemokines such as CXCL10 and CXCLI11 are
known to attract effector T cells.*> This chemoattracting effect
of MV on T cells and NK has been observed in colorectal and
pancreatic cancer mouse model.***® In these studies, the
authors also showed a synergy of MV virotherapy with anti-
PD1 treatment in mice. In humans, the only FDA and EMA
approved OV, the T-vec (Imlygic®, Amgen), has been shown to
attract immune cells in melanoma tumors notably T cells.*” Our
study suggests that MV should be of particular interest to induce
T cell infiltration in MPM tumors. However, in these animals
and human studies, OVs have been shown to induce PD-LI
expression in tumors that is known to shut down T cell cyto-
toxicity. In consequence, OVs have been evaluated in combina-
tion with anti-PD1 and increase its efficacy.**™* This increase in
PD-L1 expression on tumor and myeloid cells was also observed
in our study during MV-GFP infection suggesting that
a combination of MV with checkpoint inhibitor immunotherapy
may be envisaged to treat mesothelioma with a likely better
efficacy than MV alone.

In conclusion, our study characterizes the interplay of MV
with human MPM cells and M2-like macrophages. MV can
have negative effects on myeloid cells, by decreasing viral genes
expression and inducing PD-L1 expression, but also positive
effects by developing an antiviral pro-inflammatory response
that can remodel the MCT and promote the antitumor
immune response. Thus, oncolytic MV may be an interesting
candidate for MPM treatment, especially in the context of
immunotherapy.
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