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Defining the ontogeny of tumor-associated macrophages (TAM) is important to develop
therapeutic targets for mesothelioma. We identified two distinct macrophage populations
in mouse peritoneal and pleural cavities, the monocyte-derived, small peritoneal/pleu-
ral macrophages (SPM), and the tissue-resident large peritoneal/pleural macrophages
(LPM). SPM rapidly increased in tumor microenvironment after tumor challenge and
contributed to the vast majority of M2-like TAM. The selective depletion of M2-like
TAM by conditional deletion of the Dicer1 gene in myeloid cells (D) promoted tumor
rejection. Sorted SPM M2-like TAM initiated tumorigenesis in vivo and in vitro, con-
firming their capacity to support tumor development. The transcriptomic and single-cell
RNA sequencing analysis demonstrated that both SPM and LPM contributed to the
tumor microenvironment by promoting the IL-2-STAT5 signaling pathway, inflam-
mation, and epithelial-mesenchymal transition. However, while SPM preferentially
activated the KRAS and TNF-a/NFkB signaling pathways, LPM activated the IFN-y
response. The importance of LPM in the immune response was confirmed by depleting
LPM with intrapleural clodronate liposomes, which abrogated the antitumoral memory
immunity. SPM gene signature could be identified in pleural effusion and tumor from
patients with untreated mesothelioma. Five genes, TREM?2, STABI1, LAIR1, GPNMB,
and MARCO, could potentially be specific therapeutic targets. Accordingly, Trem2 gene
deletion led to reduced SPM M2-like TAM with compensatory increase in LPM and
slower tumor growth. Overall, these experiments demonstrate that SPM M2-like TAM
play a key role in mesothelioma development, while LPM more specifically contribute
to the immune response. Therefore, selective targeting of monocyte-derived TAM may
enhance antitumor immunity through compensatory expansion of tissue-resident TAM.

tumor-associated macrophages | tumor microenvironment | mesothelioma |
gene signature | cancer

Although mesothelioma carries poor prognosis, genomic alterations have helped to identify
new therapeutic targets and isolate markers associated with better prognosis (1).
Mesothelioma occurring in the context of germline mutations can also have better survival,
of up to 20 y on rare occasions (2). Mesothelioma is composed of a variety of tumor-in-
filtrating cells (3—6). Tumor-associated macrophages (TAM) in particular can generate an
immunosuppressive tumor microenvironment, initiate angiogenesis, and facilitate cancer
cell motility (7). Different subpopulations of TAM can be detected in the tumor microen-
vironment, some deriving from circulating monocytes, while others deriving from local
tissue microenvironment. Monocyte-derived TAM are immunosuppressive and, therefore,
erect barriers to effective immunotherapy (8). Resident or tissue macrophages play various
roles in maintaining tissue homeostasis and immune surveillance. However, their specific
role in tumor development is not well characterized.

Peritoneal macrophages encompass two distinct populations based on their size, small
peritoneal macrophages (SPM) and large peritoneal macrophages (LPM) (9, 10). SPM orig-
inate from monocytes, while LPM are predominantly resident macrophages of embryonic
origin (11, 12). Monocyte-derived macrophages and tissue-resident macrophages are also
generally characterized by distinct cluster of differentiation 11b (CD11b) and F4/80 expres-
sion patterns (13—16). The distinction between SPM and LPM provides the unique oppor-
tunity to determine their specific contribution to the development of mesothelioma and to
identify specific therapeutic targets (17-19). In this study, we investigated the dynamics,
role, and gene expression profiles of SPM and LPM during mesothelioma development.

Results

Dynamics of TAM Subpopulations during Mesothelioma Development. In order to
determine the importance of each macrophage subpopulation, we performed a time
course to characterize the infiltration of SPM and LPM in peritoneal lavage during
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development and progression of mesothelioma using an established
mouse model (20) (Fig. 1A4). Single cells from peritoneal lavage
contained immune infiltrates including monocytes, TAM, T, and
B lymphocytes. The proportions of T and B cells were found to
increase in peritoneal lavage at the end of the first week after
tumor cell injection and decreased afterward (SI Appendix,
Fig. S1). Two TAM populations were observed from day 7
up to the end of observation on day 28 (Fig. 1B). The SPM
population (characterized by CD11b"°F4/ 801°) rapidly increased
within the first week after tumor challenge and remained stable
afterward. Conversely, the LPM population (characterized by
CD11b™F4/80™) slowly increased over the 4-wk period (Fig. 1C).
Fluorescent immunostaining with CD11b and F4/80 confirmed
the presence of SPM and LPM in peritoneal lavage (Fig. 1D).

Monocyte-Derived SPM Are Predominantly M2-Like
Macrophages. We then used an intrapleural mesothelioma model
to confirm that a similar time course occurred in the pleural cavity
after mesothelioma cell challenge (21). Since tumor progression
is faster in the pleural cavity than the peritoneal cavity, the time
course was over 14 d. We observed a rapid accumulation of
SPM on day 3 after tumor challenge. This population remained
stable over time, while the LPM subpopulation rapidly dropped
after day 10 (Fig. 1E). SPM expressed CD206" on day 10 and
represented about 80% of the CD206" TAM population. By day
14, the LPM population had almost disappeared, and therefore,
SPM were nearly the only population of CD206" TAM in the
pleural lavage (Fig. 1F). Looking at myeloid-derived suppressor
cells (MDSC), we observed a rapid accumulation of inflammatory
monocytes (MMDSC) characterized by CD11b"Ly6C'Ly6G™ on
day 7 after tumor cell injection, while granulocytic-MDSC
characterized by CD11b'Ly6C Ly6G" (PMN-MDSC) increased
in large proportion on days 10 and 14 (S/ Appendix, Fig. S2). This
time course supports the possibility that M-MDSC transformed
into polymorphonuclear (PMN)-MDSC (22, 23).

Overall, the time course demonstrated that the SPM population
rapidly increased after tumor challenge and that the vast majority of
M2-like TAM were SPM. All mice died within 3 wk in the intrapleural
model correlating with a rapid drop in LPM at 2 wk. In contrast,
survival lasted 5 to 6 wk in the intraperitoneal model and corresponded
with rise in the LPM population after 2 wk. Considering the longer
survival and the persistence of both SPM and LPM subpopulations,
the peritoneal model was used in most of the following experiments.

Systemic Depletion of Macrophages by Clodronate Liposomes
(CL) Decreased Tumorigenicity, Mesothelial Progenitor Cells, and
Cytokine Release. To determine the importance of TAM in tumor
development, macrophages were depleted by CL on the same day as
the tumor challenge. Both M1-like inducible Nitric oxide synthase
(INOS') and M2-like (Argl*/CD206") phenotypes were depleted by
CL (SI Appendix, Fig. S3). Macrophage depletion was associated with
a significant drop in total macrophages (major histocompatibility
complex class II (MHCII)'CD68'F4/80") and mesothelial
precursor cells (Msln"CD34"CD90") in the peritoneal lavage (Fig. 2
A and B). Previous work had shown that mesothelial precursor
cells were detectable in the circulation during the development
of mesothelioma and increased in parallel to macrophages in the
peritoneal cavity, suggesting an interconnectivity between these
two populations (20, 24-26). The number of spheroids in the
peritoneal lavage at 4 wk and 6 wk after macrophage depletion
also dropped but were still detectable (Fig. 2C). Tumor invasion
into the diaphragm was absent in CL-treated group, while it was
evident in control mice at 4 wk after tumor challenge (Fig. 2 D and
E). Inflammatory and immune cytokines in the peritoneal lavage at
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4 wk after 7p injection of tumor cells were significantly lower after
macrophage depletion compared to control (S/ Appendix, Fig. S4).
Chemokine (C-C motif) ligand 2 (CCL2) remained high compared
to tumor-naive mice demonstrating that CCL2 production was
independent of macrophage upregulation.

Loss of Antitumoral Memory T Cell Protection after Systemic
Depletion of Macrophages by CL. CL depleted both SPM and
LPM, and we therefore questioned whether the systemic depletion
of macrophages could attenuate the memory antitumoral immune
response. We had demonstrated in a sc mouse mesothelioma model
that a short course of radiation followed by surgical resection of
the tumor 7 d later led to an in situ vaccination with long-term
immune memory protection mediated by CD4" T cells (27). This
memory model provided intrapleural protection with rapid rise of
antitumoral memory T cells after tumor challenge in the pleural
cavity leading to tumor rejection (28). We therefore tested the
impact of macrophage depletion with CL injection in the pleural
cavity using this model. CL led to rapid depletion of SPM and LPM
in the pleural cavity by day 3 after injection. By day 10, however,
LPM remained absent in the pleural cavity, but MMDSC and
SPM were present (Fig. 2F). The T cell population was maintained
in the spleen after CL injection (SI Appendix, Fig. S5). Using the
memory model, mice were challenged by intrapleural injection
of mesothelioma cancer cells. Memory mice rejected the tumor
and survived for at least 60 d after tumor rechallenge. In contrast,
memory mice that were injected with CL developed intrathoracic
mesothelioma and died after 30 d from tumor progression
(Fig. 2G). Despite tumor progression in the pleural cavity, memory
mice treated with CL survived longer than naive mice supportinga
persistent protection from memory T cells. Naive mice treated with
CL tended to die faster than untreated mice after tumor challenge.

Taken together, these results demonstrate that macrophages con-
tribute to the immune memory protection, and therefore, nonspecific
depletion of macrophages may be detrimental and limit the immune
response against the tumor. Recent evidence supports this observation
by demonstrating that resident macrophages colocalize with memory
CD4 T cells to generate an adequate memory response (29).

Selective Depletion of M2-Like Macrophages Results in
Tumor Rejection in Dicer1-Deficient Macrophages with Near
Normalization of the Gene Expression Profile in the Tumor
Microenvironment. Considering the importance of selective
macrophage depletion to mediate the most benefit in cancer therapy,
we next specifically focused on depleting M2-like macrophages by
using mice with myeloid-specific inactivation of the Dicerl gene
(D7) (30). After tumor challenge in the 7p model, intraperitoneal
mesospheres in D™~ mice were absent in the majority of the mice at
4 wk and 6 wk after RN cells 7p injection (Fig. 34). M2- polarrzed
macrophages were depleted in the peritoneal lavage of D™~ mice
compared with D*"* mice (Fig. 3B), while in the sc model, tumor
growth was palpable 1 wk after tumor cell injection, but then the
tumor was completely rejected in D mice, while it continued
to grow in D*"* mice (Fig. 3C). Using ip model, we observed that
both SPM and LPM populations significantly dropped in tumor-
bearing D™~ mice (Fig. 3D). The drop was more pronounced in
SPM compared to LPM and the CD206".

SPM were nearly completely absent (Fig. 3£). The immune check-
point programmed death ligand 1 (PD-L1I) was also nearly absent on
TAM in D" mice at 4 wk after tumor cell injection (Fig. 3F and
SI Appmdzx, Fig. S6). Most importantly, the peritoneal lavage
from D™~ tumor-bearing mice demonstrated that the gene expression
profile had almost normalized in D™~ mice compared to naive mice
with only 158 genes that were up or downregulated, while
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Experimental design of intraperitoneal and intrapleural mesothelioma models in mice. (A) Schema of the experimental design in intraperitoneal mouse

model: RN5 cells (2 x 10°%) were injected intraperitoneally (jp) into C57BL/6 mice, lavage rinsed with phosphate buffered saline (PBS) was collected at different

time points, single cells were used for further analysis. (B) Two distinct subpo
(SPM). (C) Total macrophages, including SPM and LPM populations, accumulated

pulations of TAM were identified by F4/80"CD11b™ (LPM) and F4/80°CD11b"
in the peritoneal cavity after tumor challenge and were quantitatively analyzed

up to day 28. (D) Fluorescent immunostaining of SPM (CD11 b°F4/80'°) and LPM (CD11b"F4/80") from tumor-bearing mice at 4 wk after tumor cell injection.
(E) Intrapleural mouse model: AB12 cells (5 x 10°) were injected intrapleurally into Balb/c mice. Representative dot plots of flow cytometry in the intrapleural
model. (F) The proportions of CD206 in SPM and LPM were presented during observation after tumor challenge. *P <0.05, **P <0.01, ***P < 0.001, ****P <0.0001.

tumor-bearing wild-type (WT) mice had 3,314 genes that were dys-
regulated compared to naive mice (Fig. 37). The top 10 pathways that
were dysregulated in WT tumor-bearing mice were the T cell receptor
(TCR) and B cell receptor (BCR) signaling pathways, tumor growth
factor P (TGF-) receptor signaling pathway, Wnt signaling pathway,
and p53 signaling pathway (Fig. 3G). These pathways were reversed

PNAS 2023 Vol.120 No.9 e2210836120

to normalization in D™~ mice (S7 Appmdzx, Flg S7). One of the path-
ways that remained dysregulated in D™~ mice was the phosphoinos-
itide-3-kinase-protein kinase B (also known as Akt)-mammalian target
of rapamycin (PI3k-Akt-mTOR) signaling pathway.

Taken together, these results demonstrate that the polarization
of SPM into M2-like TAM is a critical step in the development

https://doi.org/10.1073/pnas.2210836120 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2210836120#supplementary-materials

MHCIICD68F480 in lavage

MsInCD34CD90 in lavage

Tumor spheroids in peritoneal lavage

401 50; 100
*k hid
*kk *kx @ o 00
P » 40 | T ol o 09
£ 30 £ £
o o
s 3 30 § 60
T 204 8 " o
° - - §20 e g ©
k] S
a
2 10/ ®
0 0 0.
Naive PBSL cL Naive PBSL cL PBSL4wk  CL4wk PBSL6wk  CL 6wk

Injection into thoracic cavity

Injection into peritoneal cavity

PBSL cL PBSL cL
0.4%
TG
0.5% { :
3 0.5%
0.3%

Administration of PBS or CL into thoracic cavity

CL injection

G Naive
or
Memory Inoculation of AE17-OVA cells into thoracic cavity Follow the survival
Day -3 .
C57BL/6 [

e 80+ -A- Memory_PBS
3 60 . -¥ Memory_Clod-lip

Intrathoracic recurrence § 40- - Naive_PBS

in memory model after N i -& Clod-lip
o 20 0,

Dead on Day 39

b

50

10 20 30 40 60

Days elapsed

Fig. 2. Systemic depletion of TAM resulted in a significant decrease in mesothelial precursor cells in peritoneal lavage, mesospheres, and tumorigenicity.
(A and B) Macrophages were depleted by CL on the same day as tumor challenge. Macrophage depletion was associated with a significant reduction in total
macrophages (MHCII'CD68*F4/80") and mesothelial precursor cells characterized by MsIn*CD34°CD90" in the peritoneal lavage. (C) The number of spheroids in
the peritoneal lavage at 4 wk and 6 wk after treatment with CL compared with PBS liposome (PBSL) was counted based on the diameter greater than 100 pm.
(D and E) Tumor invasion into the diaphragm was evident at 4 wk after ip injection of RN5 cells in control mice, while it was absent in CL-treated group. (F) The
impact of macrophage depletion with CL injection in the pleural cavity was tested in the intrapleural model. PBS, PBSL, or CL was injected into the thoracic
cavity and peritoneal cavity of naive mice, respectively, and mice were killed on day 3 and day 10. The depletion of SPM and LPM was quantified in both models.
(G) Using the memory model, mice were then challenged by intrapleural injection of mesothelioma cells. Survival time and tumor progression were recorded in
memory mice with or without CL treatment in response to the tumor rechallenge. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

of mesothelioma. The depletion of M2-like TAM remains associ-
ated with a dysregulated PI3k-Ake-mTOR signaling pathway,
suggesting that targeting this pathway in combination with
M2-like TAM depletion could be beneficial.

In the next series of experiments, we isolated SPM M2-like
TAM to confirm their critical role in mesothelioma develop-
ment and identified a specific gene signature profile to charac-
terize SPM.

40f12 https://doi.org/10.1073/pnas.2210836120

Sorted SPM M2-Like Macrophages from Peritoneal Lavage
of WT and GFP Tumor-Bearing Mice Initiate Tumorigenesis.
Peritoneal lavage cells were collected from the RN5-bearing
WT mice at 4 wk after ip injection. Sorted M2-like SPM
cells (CD11b"F4/80°CD206%) were then injected sc and ip
into WT mice, where tumors and mesospheres were formed
respectively (Fig. 44). Tumors and mesospheres were confirmed
by immunostaining with WT1 and Ki67 (Fig. 4B). A similar
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experiment was then performed in green fluorescent protein (GFP)
mice to confirm the purity of GFP*F4/80°CD206" after cell sorting
and track the GFP expression. M2-like SPM macrophages were
able to form spheroids at day 14 (Fig. 4 Cand D). Sorted cells were
GFP" at the beginning of the culture and disappeared after the first
passage. When the isolated GFP'F4/80°CD206" M2-like SPM
were injected sc into mice, solid tumors developed with similar
properties as parental RN5 cells. Whole-genome sequencing data
showed that the genetic profile was nearly identical between the
new cell lines and the original RN cell population (S Appendix,
Fig. S8). The same number of F4/80"CD206" sorted cells were
injected sc but did not induce tumors after 3 mo of observation.
These results demonstrate that M2-like SPM TAM facilitate tumor
development, supporting an autoregulatory loop between TAM
and cancer cells in protumorigenic niche leading cancer cells to
acquire stem cell characteristics (8, 31).

PNAS 2023 Vol.120 No.9 e2210836120

*%%P <0.001, ¥***P < 0.0001.

Transcriptomic Analysis of TAM Subpopulations by Microarray.
Considering that SPM and LPM had different ability to become
M2-like TAM and had a different impact on tumor growth and
tumor immune response, we analyzed the gene expression profile
of SPM and LPM using transcriptomic analysis. We selected the
4-wk time point to perform the microarra?r analysis.

Total RNAs extracted from CD11b"F4/80° (SPM) and
CD11b"F4/80™ (LPM) subpopulations of sorted cells were used
to perform Affymetrix microarray. SPM were compared to LPM
in tumor-bearing mice and in tumor-naive mice. Up- or down-
regulated genes were shown in scatter plots (Fig. 54). The differ-
entially expressed genes were then summarized (Fig. 5B).
Comparison between SPM and LPM from tumor-bearing mice
included 421 (1.22%) genes that passed filter criteria among
which 200 (47.51%) were upregulated and 221 (52.49%) genes
were downregulated (S Appendix, Fig. S9).

https://doi.org/10.1073/pnas.2210836120
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from the RN5-bearing WT mice at 4 wk after ip injection. F4/80°CD11b"°CD206" cells were sorted using a cell sorter. (B) Sorted SPM M2-like cells were injected
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in GFP mice to confirm the purity of GFP*F4/80'°CD206" after cell sorting by tracking GFP expression. Cell sorting strategy to acquire GFP*F4/80°CD206" M2-
like SPM macrophages. M2-like SPM macrophages were able to form spheroids at day 14 and cell lines were derived from the spheroids. (D) Sorted cells were
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beginning of culture and disappeared afterward.

Venn diagram indicated that SPM and LPM shared 855 genes
(48.7%), while 557 genes were SPM-specific genes (32.9%) and 323
genes were LPM-specific genes (18.4%) (SI Appendix, Fig. S10). Gene
set enrichment analysis (GSEA) was used to identify the top 10 hall-
mark gene sets that were specific for SPM (Fig. 5C), specific for LPM
(Fig. 5D), and common to both SPM and LPM (Fig. 5E).
Transcriptomic analysis showed that SPM-specific genes were involved
in 155 WikiPathways, LPM-specific genes in 140 WikiPathways, and
that common genes were involved in 95 WikiPathways (Dataset S1).

Single-Cell RNA Sequencing (scRNA-Seq) Identifies Specific

Gene Signatures for SPM and LPM. Further characterization
of SPM and LPM was performed by scRNA-Seq to identify

60f 12 https://doi.org/10.1073/pnas.2210836120

specific markers for both TAM subpopulations. Specified
clusters were highlighted with low or high expression of the
gene Adgrel (Adgrel®, SPM or Adgrelhl, LPM) encoding F4/80
in the peritoneal lavage from tumor-bearing mice and tumor-
naive mice (Fig. 6A4). Adgrel (F4/80) and Itgam (CD11b) had
similar expression profiles, and we therefore used Adgrel to
separate the subpopulations of TAM (S Appendix, Fig. S11).
As expected, the total number of macrophages (Adgrel”) and
both subpopulations of SPM and LPM were much higher in
tumor-bearing mice than in tumor-naive mice (Fig. 6B). All
subpopulations of macrophages were included in both groups
to generate a heatmap of the top 50 up- or downregulated gene

expression (Fig. 6C).
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Fig.5. Transcriptomic analysis of gene expression profiles of SPM and LPM by microarray. (4) Total RNAs extracted from CD11b'°F4/80"° (SPM) and CD11b"F4/80"

(LPM) subpopulations of sorted cells were used to perform Affymetrix microarray.

Naive group was included for controls. SPM were compared to LPM in tumor-

bearing mice and tumor-naive mice, and up- or downregulated genes were shown in scatter plots as average values (log2). (B) Summary of differentially expressed
genes, red color represents upregulated genes and green color downregulated genes. (C) GSEA was performed to show the SPM-specific genes involved in top
10 hallmark gene sets of up- or downregulated genes (>twofold change; P < 0.05). (D) LPM-specific genes involved in top 10 hallmark gene sets, and (£) common

genes shared by both subpopulations involved in top 10 hallmark gene sets.

Opverlapping genes between SPM and LPM in RN5-bearing
mice or tumor-naive mice were excluded using the Gene List Venn
Diagram (www.bioinformatics.org/gvenn/) by importing all genes
with significant change (>twofold change and < 0.05) (Fig. 6D).

PNAS 2023 Vol.120 No.9 e2210836120

A specific gene signature of SPM and LPM in naive and RN5
mice was then selected from the gene lists (Fig. 6E).

Common genes in SPM and LPM from both naive and RN5
mice were also identified (S7 Appendix, Fig. S12).
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Fig. 6. Gene signatures of SPM and LPM identified by scRNA-Seq. (A) The gene Adgre? (encoded protein F4/80) expression in single cells from treatment-naive
and RN5-bearing mice. Adgre1lo and Adgre1hi cells in all clusters were highlighted with different colors. (B) SPM and LPM populations increased significantly in
RN5 compared with treatment-naive mice. (C) Heatmap of differentially expressed genes in SPM, LPM of treatment-naive and RN5 groups plotted by Loupe Cell
Browser. (D) Venn diagrams show the number of genes specific for each population or shared between the two subpopulations. () Lists of specific genes for
each population. Naive SPM-specific genes, RN5 SPM-specific genes, Naive LPM-specific genes, and RN5 LPM-specific genes were presented in both heatmaps
and bar graphs (genes of interest shown in red). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Hallmark Gene Set Analysis Identifies Common and Different
Pathways for SPM and LPM TAM Subpopulations. Hallmark gene sets
were determined by GSEA/MSigB software. The list of differentially

upregulated genes generated from microarray and scRNA-Seq data
was imported to the pathway analysis of GSEA and Gene Ontology
database. The top 10 hallmark gene sets from the microarray data
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were compared to the top 10 hallmark gene sets from scRNA-Seq data
for both SPM and LPM (S7 Appendix, Fig. S13 and Tables S1-S4).
SPM-specific hallmark gene sets common to both microarray data
and scRNA-seq data demonstrated activation of the Kirsten rat sar-
coma virus (KRAS) and tumor necrosis factor o (TNF-o) via nuclear
factor kB (NFkB) signaling pathway, while LPMspecific hallmark
gene sets demonstrated activation of the coagulation cascade, com-
plement factors and interferon Y (IFN-y) response. Three common

hallmark gene sets were identified for both SPM and LPM and
included Interleukin 2-Signal transducer and activator of transcription
5 (IL-2-STATS) signaling, inflammatory response, and epithelial—
mesenchymal transition (EMT) (S/ Appendix, Figs. S13 and S14).

SPM Gene Signature Is Present in Pleural Effusion and Tumor from
Patients with Pleural Mesothelioma. scRNA-Seq of pleural effusion
and tumor biopsy from five patients with pleural mesothelioma
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Fig. 7a. SPM gene signature is consistently identified in patients with mesothelioma, while LPM gene signature displays high variability. (A) Pleural effusion
from a patient with malignant pleural mesothelioma. The t-SNE plots of macrophage cluster distribution (clusters 5, 7, and 11) identified by genes CD68 ITGAM
CD163 and MRC1 showed dramatic overexpression of 14 SPM genes in both pleural effusion and tumor tissue of patients with pleural mesothelioma (A and B and
Sl Appendix, Fig. S15). Gene expression violin plots of SPM genes were consistently higher in macrophages than in other clusters in both pleural effusion and tumors
(Cand D and S/ Appendlix, Fig. S15).
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Fig. 7b. SPM gene signature is consistently identified in patients with mesothelioma, while LPM gene signature displays high variability. (£) Uniform manifold
approximation and projection (UMAP) of single cells derived from tumor biopsy of untreated mesothelioma. Regulatory macrophages (Mreg) were identified by
selecting the cluster with CD68"/ITGAM'/CD163"/TREM2" TAM. M1 were identified by CD68"/ITGAM'/CD163"/TREM2". (F) Violin plots demonstrated that GPNMB
was expressed on Mreg and not on M1-like macrophages. (G) Mreg (mainly SPM) and M1-like macrophages (mainly LPM) pathway enrichment determined by GSEA.

P R

demonstrated that the SPM gene signature was consistently present
in all tumors. The t-distributed stochastic neighbor embedding
(t-SNE) plots of macrophage cluster identified by genes CDGS,
ITGAM, CDI163, and MRCI showed dramatic overexpression of
14 SPM genes in both pleural effusion and tumor tissue (Fig. 7 A
and B and SI Appendix, Fig. S15). Gene expression violin plots of
SPM genes were consistently higher in macrophages than in other
clusters (Fig. 7 Cand D and SI Appendix, Fig. S15). We identified five
genes, GPNMB, STABI, TREM?2, LAIRI, and MARCO that were
upregulated transmembrane proteins expressed by SPM phenotypic
TAM and could be potential therapeutic targets for immunotherapy.
Mouse SPM genes Clendn, Cbr2, and Tnsl were excluded due to the
absence of these genes in human. In contrast to SPM, the expression of
LPM gene profiles was less specific, supporting the potential plasticity
of macrophages originating from local tissues (SI Appendix, Figs. S16
and S17).

TREM?2 defines a group of macrophages with regulatory function
(Mreg), which could be an important therapeutic target in mesothe-
lioma as well as other solid tumors (32, 33). We therefore character-
ized this population more specifically. We observed that the 94% of
TAM in tumor biopsy from untreated mesothelioma are Mreg
(Fig. 7E). GPNMB was also overexpressed in Mreg and absent in
M1-like TAM (Fig. 7F). Enrichment pathways determined by GSEA
in Mreg (mainly SPM) and M1-like TAM (mainly LPM) largely
overlapped with those observed in mouse data (Fig. 7G).

Trem2 Knockout (KO) Results in M2-Like SPM Depletion and
Unfavorable Tumorigenesis. Considering that TREM2 was one
of the most specific markers for SPM and that it is highly expressed
in human untreated mesothelioma, we tested its impact on
tumorigenesis using Trem2 KO mice. In vivo data demonstrated a
dramatic reduction of M2-like SPM and mesospheres in Trem2KO
mice compared with WT mice (Fig. 8). At 4 wk after ip challenge of
RNS5 cells, tumor nodules could be observed on the diaphragm in
both groups, but less invasion and smaller tumors were found in the
Trem2KO mice (Fig. 8 A and B). The number of mesospheres was
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significantly lower (Fig. 8C). F4/ 80°CD206" M2-like SPM nearly
disappeared, while F4/80"CD206™ LPM were more readily visible
in the Trem2KO mice compared with WT mice (Fig. 8D). Flow
cytometric data showed that CD11b"F4/80"° SPM significantly
decreased, while CD11b"F4/80"™ LPM significantly increased in
the Trem2KO mice compared with WT mice (Fig. 8 E'and F). The
proportion of CD206" TAM was significantly lower for both SPM
and LPM in the Trem2KO mice compared to WT mice (Fig. 8G).

Taken together, these results demonstrate that Trem?2 depletion
leads to reduction in CD206" M2like TAM and is associated with
an unfavorable tumorigenesis. Trem2 depletion is also associated
with a drop in SPM and a compensatory increase in LPM.

Discussion

Most TAM originate either from monocytes or from tissue-resident
macrophages (7, 8). Their distinction is often difficult due to a lack
of specific surface markers (34, 35). The peritoneal and pleural cavities
have the unique ability to separate macrophages into SPM and LPM
(11, 12). In this series of experiments, we observed that monocyte-de-
rived SPM played a predominant role in the development of meso-
thelioma. The time course demonstrated that SPM were the first
population to infiltrate the tumor and generated the vast majority of
CD206" M2-like TAM. We also observed that the upregulation of
SPM preceded the upregulation of MDSC and was followed by a
drop in T and B cells. Systemic macrophage depletion with CL
decreased tumor progression and reduced cytokines, chemokines, and
growth factors in the peritoneal cavity. CCL2 expression remained
high supporting the possibility that this chemokine is a key mediator
in recruiting monocytes to the tumor microenvironment (12, 36).
More specific deletion of M2-like TAM by the conditional deletion
of Dicerl in myeloid cells led to rejection of the tumor in the sc and
ip model. This was associated with the downregulation of PD-L1 on
SPM and LPM. Further experiments demonstrated that CD206"
SPM isolated from the peritoneal cavity of tumor-bearing mice facil-
itated tumor development in vivo and in vitro, while LPM did not.
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Using D mice, we demonstrated that M2-like
TAM were a critical component in the development
of mesothelioma. In fact, the specific deletion of
M2-like TAM was associated with tumor rejection
both in the sc and 7 model and the gene expression
profile demonstrated that the TCR, BCR, TGE-f,
Wnt, and p53 signaling pathways were restored. One
of the main pathways that remained dysregulated was
the PI3k-Akt-mTOR signaling pathway, suggesting
that a combined therapeutic approach specifically
targeting M2-like TAM and the PI3K-Ake-mTOR
signaling pathway could be beneficial. Previous stud-
ies have shown that the PI3K-Akt-mTOR signaling
pathway is upregulated in mesothelioma and could
be a potential therapeutic target (39, 40).
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Fig.8. Trem2 KO results in M2 SPM depletion and unfavorable tumorigenesis (A) Experimental
schema: RN5 cells (2 x 105200 pL PBS) were injected ip into WT and Trem2KO C57BL/6 mice.
(B) Tumor modules invasion was detected when mice were killed at 4 wk after tumor challenge.
Invasive tumor nodules were observed on the diaphragm in both groups, but smaller tumors were
found in the Trem2KO mice. (C) The number of mesospheres was significantly lower in Trem2KO
mice compared with WT mice, and (D) F4/80°CD206" M2 SPM almost disappeared, whereas the
F4/80MCD206 LPM were more easily visible in the Trem2KO mice compared with WT mice. (E)
Representative dot plots of flow cytometry data, showing that CD11b'°F4/80'° SPM decreased while
CD11b"F4/80" LPM increased. (F) Quantification of total SPM and LPM in Trem2KO vs. WT mice.
(G) The CD206 expression decreased in both SPM and LPM subpopulations of the Trem2KO vs.

WT mice. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

These observations therefore suggest that monocyte-derived M2-like
SPM are critical in the development of mesothelioma.

Microarray and scRNA-seq data demonstrated that SPM and
LPM shared some common mechanisms in the tumor microenvi-
ronment with the activation of the IL-2-STAT' signaling pathway,
promotion of an inflammatory response and EMT. However, LPM
were involved in the IFN-y response, while SPM activated the
KRAS and TNF-a/NFkB signaling pathways. This observation
suggests that LPM are more efficient in activating the T cell response,
which may explain why their presence in the tumor microenviron-
ment may translate into better outcome in the peritoneal model.

The potential immune benefit generated by LPM was demon-
strated by the loss of the immune protection in a memory model
after the intrapleural injection of CL. In this mouse model, sc mes-
othelioma tumor treated with a short course of oligofractionated
nonablative radiation 7 d before surgery developed a systemic anti-
tumoral immune response mediated by memory CD4 and CD8 T
cells (22). These mice were therefore resistant to tumor development
in the pleural cavity. After intrapleural injection of CL, however,
LPM were profoundly depleted, while SPM rapidly recovered, and
mice lost their immune protection. The tumor grew relatively slowly
compared to naive mice suggesting that the memory response was
still effective, but not as efficient. Increasing evidence demonstrate
that tissue-resident macrophages play a key role in promoting organ
surveillance by supporting both the CD4 and CD8 memory T cell
response locally (24, 37). This observation is important considering
that the antitumoral immune response is predominantly driven by
memory T cells (38). Therefore, the maintenance of tissue-resident
macrophage in the tumor microenvironment, while targeting mono-

cyte-derived TAM could be the most optimal approach.
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M2 in WT vs Trem2KO

Considering the importance of differentiating
SPM and LPM and the importance to specifically
target SPM for therapy, we then identified a specific
gene signature for the SPM and the LPM subpopu-
lations. These gene signatures were then applied to
patients with mesothelioma using scRNA-seq. The
analysis from human samples confirmed the potential
value of the gene signature to identify monocyte-de-
rived M2-like TAM in patients with mesothelioma.
All the genes identified on SPM were highly expressed
by the macrophage population isolated from the
pleural effusion and the tumor, supporting the notion
that TAM are predominantly originating from mono-
cytes in pleural mesothelioma (41, 42). This analysis
allowed us to identify TREM2, STAB1, LAIRI,
MARCO, and GPNMB as potential targets for
immunotherapy in the clinical setting. Some of these
genes have also been identified in single-cell analysis
from human lung adenocarcinoma (43).

Among these five potential targets, TREM2 is highly expressed in
mesothelioma and was recently demonstrated to be an important
target for monocyte-derived TAM in other solid tumors (32, 44). We
therefore tested its impact in our preclinical model using Trem2KO
mice. We observed that Trem?2 deletion was associated with impaired
tumorigenesis. Of particular importance is the fact that Trem2 dele-
tion led to an overall reduction in SPM and compensatory increase
in LPM. Considering that LPM are mediating the IFN-y response,
the shift from SPM to LPM may explain why Trem2 deletion is
associated with enhanced CD8 T cell infiltration in the tumor and
more efficient anti-programmed cell death protein 1 (PD-1) therapy
(33, 45). This observation is also consistent with the concept that
Trem2™* TAM are immunosuppressive and Trem2”” TAM are
immunostimulatory (46). Our data on hallmark gene sets consistently
demonstrated that the activated pathways in SPM (mainly
Mreg—CD68+/TREM2 ") were immunosuppressive, while the acti-
vated pathways in LPM (mainly M1-CD68" /TREM2) were
immunostimulatory.

Targeting specific TAM populations could potentially be more
efficient and provide greater benefit than targeting colony stimulating
factor 1 receptor (CSF-1R) in the clinical setting (47). A more selec-
tive approach could also provide the ability to reverse the TAM
polarization from an anti-inflammatory M2-like phenotype to a
proinflammatory M1-like phenotype, which can lead to better and
more persistent activation of the antitumoral immune response (25).
'This was demonstrated in the combination of ®CSE-1R with aCD40
therapy (48). The macrophage depletion with «CSF-1R took 1 wk
during which aCD40 activated the tumor microenvironment.
Afterward, the rapid repopulation of TAM was redirected toward an
MI-like response with synergistic benefit on the tumor response.
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This study presents limitations related to potential overlap
between SPM and LPM. However, the two cell populations were
sufficiently distinct to be able to identify a gene signature profile
that was different. Further studies will also be required to charac-
terize the interaction between the LPM and the memory T cell
response in more details. Also, the LPM population behaved dif-
ferently in the peritoneal cavity than the pleural cavity, and it will
be of importance to determine whether this can explain the differ-
ence in survival between pleural and peritoneal mesothelioma.

In conclusion, this study demonstrates the importance of the
SPM and LPM phenotypes in mesothelioma. The SPM population
is a critical component in tumor progression. SPM-like TAM could
thus be an important target for immunotherapy in clinical trials,
particularly in combination with immune checkpoint blockade.
This approach could provide major benefit in mesothelioma.

Materials and Methods

Murine mesothelioma cells and mouse models were employed to investigate
systemic depletion of macrophages with CL and determine cytokines and
chemokines in peritoneal lavage by enzyme-linked immunosorbent assay
(ELISA). The selective depletion of M2-like macrophages was performed in
conditional depletion of Dicer 1 mice. Cell populations and characteristics
were analyzed by flow cytometry, cell sorting, and fluorescentimmunostaining.
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