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Mesothelial cell CSF1 sustains peritoneal macrophage
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Macrophages play a central role during infection, inflammation and tissue homeosta-
sis maintenance. Macrophages have been identified in all organs and their core tran-
scriptomic signature and functions differ from one tissue to another. Interestingly,
macrophages have also been identified in the peritoneal cavity and these cells have been
extensively used as a model for phagocytosis, efferocytosis and polarization. Peritoneal
macrophages are involved in B-cell IgA production, control of inflammation and wound
healing following thermal-induced liver surface injury. These cells presumably require
and interact with the omentum, where milky spot stromal cells have been proposed to
secrete CSF1 (colony stimulating factor 1). Peritoneal macrophages depend on CSF1 for
their generation and survival, but the identity of CSF1 producing cells inside the large
peritoneal cavity remains unknown. Here we investigated peritoneal macrophage local-
ization and their interaction with mesothelial cells, the major cell type predicted to secrete
CSF1. Our data revealed that mesothelial cells produce membrane bound and secreted
CSF1 that both sustain peritoneal macrophage growth.

Keywords: CSF1 - mesothelial cell - peritoneal macrophage

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

The peritoneal cavity hosts several myeloid cell populations
including large peritoneal macrophages (LPMs) and small peri-
toneal macrophages (SPMs). These two populations express the
markers CD64 (the high affinity IgG receptor) and MerTK that are
conserved in all tissue resident macrophages [1]. Nevertheless,
LPMs are characterized by a high CD102 (ICAM-2) and F4/80
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expression that distinguish them from SPMs [2]. Large peritoneal
macrophages are arguably the most studied population of tis-
sue resident macrophages. The transcription factor Gata6 controls
their development in a vitamin A-dependent manner [3-5]. How-
ever, little is known about LPMs localization inside the peritoneal
cavity and whether a tissue specific tropism exists. The peritoneal
cavity has an estimated surface area equivalent to skin and repre-
sents the largest serous membrane in the body [6]. A single layer
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of mesothelial cells (MCs) covers the stratum of connective tissue
inside the peritoneal cavity and constantly secretes fluid acting as
lubricate and facilitating inter-organ frictions [6]. LPMs depend
on the growth factor CSF1 for their survival and express high lev-
els of its receptor CSF1R (CD115) on their cell surface [2, 7].
CSF1 is crucial for both monocyte survival and tissue resident
macrophage maintenance [8, 9]. Peritoneal macrophages are com-
pletely absent in osteopetrotic op/op mice, presenting a sponta-
neous mutation in the CSF1 gene and lacking functional protein
[10-12]. Nevertheless, the cellular source of CSF1 inside the peri-
toneal cavity remains currently unknown. Our data revealed that
mesothelial cells produce CSF1 and induce peritoneal macrophage
proliferation likely contributing to their homeostatic maintenance.

Results and discussion

Recently generated publicly available single cell transcriptional
analysis data [13] (Tabula Muris Consortium) revealed that
adipose tissue mesenchymal precursor cells, mammary gland
epithelial cells, bladder cells, non-myeloid brain cells and blood
endothelial cells selectively express CSF1 mRNA in comparison
to other stromal and immune cells (Fig. 1A and B). Since adipose
tissue blood endothelial cells are not directly connected with the
peritoneal cavity, this suggests that adipose tissue mesenchymal
cells, including cells with mesothelial markers such as mesothelin
and WT1, are likely the major cell type producing CSF1 inside
the peritoneal cavity. Another candidate is neutrophil-derived
CSF1 as those cells were shown to stimulate macrophage prolif-
eration [14]. This is rather unlikely to occur inside the peritoneal
cavity since neutrophils are barely present at steady state in this
location (65% LPMs against 0.4% neutrophils among CD45"
cells in our colony, data not shown). We analyzed whether LPMs
are present at the outer surface of an intraperitoneal organ, the
epididymal adipose tissue (eAT). To document cell topology, we
injected i.p. labelled antibodies directed against hematopoietic
cells (anti-CD45) and mesothelial cells (anti-podoplanin (Pdpn))
and analyzed mice 5 min post-antibody administration. eAT
was excised and submitted to a brief surface trypsin digestion,
a process known to liberate mesothelial cells, and then fully
digested with collagenase A (Fig. 1C). Trypsin digestion resulted
in a large fraction of CD45-CD31~CD90™ cells that was accessible
to the i.p. injected anti-Pdpn, and its surface location and phe-
notype is reminiscent of mesothelial cells. Trypsin failed to digest
endothelial cells as revealed by the small CD45-CD31"CD90~
fraction (Fig. 1D). By contrast, collagenase A liberated a large
endothelial cell fraction that were not stained by the i.p. injected
anti-Pdpn. Among CD45" cells, surface trypsin digestion liberated
preferentially a population of CD45+CD11bb1ghtF4,/80Prisht cells
that stained positive for ICAM-2 and was accessible to the i.p.
injected anti-CD45 and very few to none CD45"CD11b"F4,/80™
cells (Fig. 1D). The latter population was recovered preferentially
after a full enzymatic digestion and stained negative for ICAM-2
and the injected anti-CD45. Altogether, this suggests that the
ICAM-2% population resides inside the peritoneal cavity and
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represents a fraction of the LPM pool (Fig. 1D). We sought to
determine whether those LPMs are tightly associated to adipose
tissue mesothelial cells. We collected both eAT pads, washed one
and compared it to the non-washed control pad. Flow cytometry
analysis revealed that the peritoneal macrophage population
(CD64"F4/80"ICAM-2*") at the outer surface of eAT was lost
following PBS wash, suggesting that the interaction, if any,
between LPMs and mesothelial cells was rather loose (Fig. 1E and
F). By contrast, omentum residing LPMs were not removed fol-
lowing the washing procedure (Fig. 1E and F). The population of
adipose tissue macrophages (non-LPMs in eAT) was not affected
by the lavage confirming that these cells reside inside the organ
(Fig. 1F).

To better apprehend the mesothelial cells-LPMs dialogue, we
developed a co-culture system between these two cell types.
Mesothelial cell identity was confirmed using microscopy that
revealed the typical pavementous morphology of these cells and
Pdpn staining (Fig. 2A and not shown). Total cells were extracted
from the peritoneal cavity of Lyz27¢ x TdTomato™ mice and
macrophages were followed by counting Tomato™ cells using
Incucyte live imaging system. Over a period of 8 days, LPMs expo-
nentially increased in the presence of mesothelial cells while they
were lost when grown among their co-inhabitants of the peritoneal
cavity (Fig. 2A and B). We confirmed cell identities in the co-
culture using CD90/Pdpn staining for mesothelial cells and Lyz2
reporter together with CD11b, F4/80, CD64 and MerTK for LPMs
(Fig. 2C and not shown). These data confirmed LPM expansion
(100% Tomato™ are F4/80"CD64"CD11b" MerTK" cells, Fig. 2C
and 2H) in the presence of mesothelial cells that likely produced a
growth factor supporting their proliferation. Such dynamic inter-
action between two cell types was recently reported between
fibroblasts and macrophages [15]. CSF1 protein was secreted by
mesothelial cells as revealed by ELISA test (Fig. 2D). Both adi-
pose tissue and liver-derived mesothelial cells produced CSF1 and
its concentration strongly decreased when LPMs were added to
the culture, suggesting that the latter ones are consuming large
amounts of CSF1 (Fig. 2D). Of interest, the addition of CSF1R-
neutralizing antibody completely prevented LPMs proliferation,
demonstrating the dominance of the CSF1-CSF1R axis in our sys-
tem (Fig. 2E). This was paralleled by increased CSF1 concentration
in the co-culture supernatants when CSF1R-neutralizing antibody
was added (Fig. 2F). Bone marrow contains a large monocyte
fraction expressing CSF1R and known to respond to CSF1 stimu-
lation [9]. To test the prediction that mesothelial cell would pro-
mote their expansion, we added bone marrow cells (BMs) on top
of adipose tissue mesothelial cells and we observed an impressive
expansion of Tomatot BM cell (Fig. 2G). This dataset suggests
that mesothelial cells can, by mean of CSF1 production, stimulate
the proliferation of any CSF1R-expressing cells with no particular
specificity for LPMs. Further analysis of mesothelial cell/peritoneal
cell co-cultures revealed that all TdTomato™ cells stained positive
for F4/80 and CD11b but were CX3CR1°¥, suggesting that after
8 days of co-culture LPMs kept their typical phenotypic mark-
ers (Fig. 2H). Interestingly, when BM cells were co-cultured with
mesothelial cells, all TdTomato™ cells were F4/80% and CD11b*
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Figure 1. Transcriptional analysis of CSF1 mRNA across tissues and potential role for LPMs maintenance. (A) Clusters corresponding to major
cell types expressing CSF1 are boxed as Ep (Epithelial cells), FB (Fibroblast), EC (Endothelial cell) and MP (Mesenchymal Precursor cells). Color code
refers to organ of origin according to the presented list (left panel). (B) Focus on adipose tissue, with major cell type clusters highlighted. My:
myeloid cell; EC; NK: Natural Killer cell; B: B cell; T: T cell and MP. (C) Experimental design includes 5-min intra-peritoneal injection of 1 pg of
PE-(Phycoerythrin) labelled anti-CD45 antibody together with 1 pg of APC-Cy7 labelled anti-Pdpn, surface tryptic digestion of full tissue (surface
digestion) followed by mincing and collagenase A digestion (2" digestion). (D) Dot plot representing CD90 versus CD31 staining of CD45~ cells and
staining by the i.p. injected anti-Pdpn of the CD45-CD90*CD31~ gated populations and dot plot of F4/80 and CD11b staining of CD45* cells with
further staining for ICAM-2 and injected i.p. anti-CD45 of the gated populations. (red boxed F4/80P1ightCD11bbright cells from tryptic digestion and
blue boxed F4/80"™CD11bM cells from collagenase A digestion), the experiment presented compares two injected mice and is one representative
experiment of three (2-6 mice per experiment with similar results). (E) Experimental design and gating strategies. Epidydimal adipose tissue (eAT),
omentum (OM) and subcutaneous adipose tissue (scAT) were either digested in collagenase A directly or after 4 PBS washes. Dot plot representing
gating strategy that includes CD641F4/80% macrophages and further ICAM-2 staining, allowing the separation of LPMs (ICAM-2") and (non-LPM)
(ICAM-27). (F) LPM and non-LPM quantification per organ is presented, each symbol representing one organ (black symbols = not washed, grey
symbols = washed) (F was performed using 5 mice and repeated once with 6 mice and similar results; ns = non-significant, ** = p < 0.005 with two
tailed non-parametric t-test followed by Mann-Whitney test).
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Figure 2. Mesothelial cells promote CSF1 dependent myeloid cell proliferation. 200 000 mesothelial cells (MC) were plated at day 0 and overlayed
with 100 000 peritoneal cells (PCs) isolated from Lyz2°™ x TdTomato®fl /CX3CR1"? mice. Macrophage growth with or without MC was documented
in real time by counting Tomato™ fluorescent cells; (A) Representative pictures of red fluorescence (TdTomato™ cells) at indicated times; top panel,
exemplifies MC morphology. (Scale bar = 100 pm) (B) Real time quantification of macrophage growth (TdTomato* cells per well of a 24-well plate);
(C) Dot plot showing CD90 versus TdTomato staining of live cells at the end of the co-culture (Day 8). (D) CSF1 quantification by ELISA test during
96 h of PCs, MCs and PCs+MCs co-cultures. (E) As described in 2A/B/C with the addition of blocking anti-CSF1R monoclonal antibody (10 ng/mL)
or isotype control at day 1 of culture. (F) PCs + MCs co-cultures were first established for 4 days before medium was exchanged and replaced by
medium with or without anti-CSF1R or isotype control, and supernatants were taken 3 days later and analyzed for CSF1 by ELISA. (G) As described
in 2B, except that total bone marrow was used. (H) Staining of day 8 MCs + PCs or BMs co-cultures, CD90 vs TdTomato dot plot of live cells is
presented as well as F4/80, CD11b and CX3CR1°" staining of the CD90~ TdTomato* population. (I) MCs were generated by organ surface trypsin
digestion from epididymal adipose tissue (eAT), omentum (OM), mesenteric adipose tissue (MES), liver (LIV) and kidney (Ki). Cell-sorted LPMs
obtained from Lyz2<"® x TdTomato™ mice (1 x 10* cells) were then added. One representative experiment is presented out of four for LPM growth
and out of two for ELISA tests and blocking anti-CSF1R assay. All experiments were done at least three times except for 2I that was done twice.
Two tailed non-parametric t-test followed by Mann-Whitney test was performed with GraphPad Prism 6 software to test the samples statistical
significance ("p < 0.05; *p < 0.01).
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Figure 3. Cell-contact and secretion control CSF1 dependent myeloid cell proliferation. (A) 10 000 mesothelial cells (MC) or MTE4.14 (MTE) thymic
stromal cells were plated at day 0 and overlayed 24 h later with 5000 BMDMs. At day 7, cells were stained for F4/80 and CD45 and the number of
CD45%F4/80" cells was counted. (B) CSF1 was measured in the supernatant of eAT MC and MTE cells cultured for 3 days. (C) eAT MC co-culture
supernatant (MC SN) was collected, cells washed 3x with PBS and either lysed directly in RIPA buffer (MC lysate) or following a 5-min surface
trypsin digestion. Data shown are from quadruplicates of one representative of two experiments. (D) 400 000 eAT MCs were plated at day O in
6-well plates. 48 h later, 100 000 violet proliferation dye stained BM cells were either co-cultured in the same well or placed on 0.4 uM transwell
inserts (Greiner). In half of the co-culture wells culture supernatant was removed completely and replaced with fresh medium every 12 h. After 6
days, the number of live F4/80" was counted and violet staining of F4/80" cells in different conditions was plotted (values are of triplicates, with
2 experiments performed). Two tailed non-parametric t-test followed by Mann-Whitney test was performed with GraphPad Prism 6 software to
test the samples statistical significance (*p < 0.05; **p < 0.01; **p < 0,001).

but a fraction was CX3CR18P+ as well, suggesting a diversity in
these cells (Fig. 2H). Given that both liver and adipose tissue
mesothelial cells were able to sustain CSF1 dependent growth,
we hypothesized that this might represent a conserved function
of all peritoneal organ mesothelial cells. We found that all peri-
toneal mesothelial cells that we tested were capable of sustaining
LPMs growth. This ubiquitous ability to grow myeloid cells was not
shared by a thymic stromal cell line or by culturing large amount
of bone marrow, blood or peritoneal cells that contains numer-
ous diverse cell types (Fig. 3A and not shown). Thymic stromal
cells produced few CSF1 in comparison to mesothelial cells (Fig.
3B). CSF1 is produced in 3 different biologically active isoforms
including a membrane-spanning glycoprotein, a secreted proteo-
glycan and a secreted glycoprotein [16]. We tested for the pres-
ence of a membrane bound isoform by dosing CSF1 in mesothelial
cell lysates. We detected a trypsin sensitive cell-associated CSF1
in lysates (~20 pg/mL), even thought the amount was lower
in comparison to the secreted form found in cell-culture super-
natants (~450 pg/mL) (Fig. 3C). Finally, we tested whether LPM
proliferation requires cell-contact interaction or, alternatively, is
mediated by secreted CSF1. We performed Transwell assay in
which mesothelial cells were seeded in the bottom and BM cells
added to the upper well (Fig. 3D). Surprisingly, and despite the
large amount of CSF1 detected in the culture supernatant, BM
cell proliferation was largely blunted when physically separated
from mesothelial cells (Fig. 3D). Also, to test for the importance
of the soluble form, culture supernatant was replaced every 12 h
with fresh medium, a similar strong decrease in myeloid cell pro-
liferation was measured. Our data suggest that both membrane
and secreted factors including CSF1 are present and secreted by

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mesothelial cells that can induce macrophage proliferation (Fig.
3C and D). Mice expressing only one CSF1 isoform have been pre-
viously generated [17, 18] but how this affects LPMs proliferation
remains currently unknown.

Taken together, we defined peritoneal mesothelial cells
as a major source of CSF1 and critical contributor to peri-
toneal macrophage homeostasis. Currently, there is an urgent
need to generate mouse genetic model to validate our find-
ing that mesothelial cells-derived CSF1 contributes to peritoneal
macrophage survival. Indeed, we are not aware of mesothelial
cell specific Cre mouse model that can be crossed to CSF1 floxed
mice [19] and validate our findings in vivo. Mesothelin-driven Cre
expression in mice is not exclusively restricted to mesothelial cells
but also affects, among others, hepatic portal fibroblasts [20, 21].
Nevertheless, we believe that our study reveals a new role for
mesothelial cells. By CSF1 production, these cells potentially con-
tribute to peritoneal macrophage pool maintenance.

Concluding remarks

In the present study we described an unprecedently attributed
function of peritoneal mesothelial cells. By secreting CSF1 they
sustain peritoneal macrophage proliferation. This interaction is
completely CSF1R dependent as illustrated by the addition of neu-
tralizing antibody. Both cell contact between mesothelial cells and
LPMs and CSF1 secretion are required for optimal macrophage
proliferation. This might explain differential myeloid cell turn-over
upon steady versus injury conditions that promote adhesion [22].
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Materials and methods

Lyz2%¢ mice (B6.129P2-Lyz2tm1(cre)Ifo/J, The Jackson Labo-
ratory) have been crossed to TdTomato reporter mice (B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, The Jackson Labora-
tory) and CX3CR18"™ mice (B6.129P-Cx3cr1™!kt/J The Jackson
Laboratory). Animal protocols were approved by the Institutional
Animal Care and Use Committee of the French Ministry of Higher
Education and Research and the Mediterranean Center of Molecu-
lar Medicine (Inserm U1065) and were undertaken in accordance
with the European Guidelines for Care and Use of Experimental
Animals. Animals had free access to food and water and were
housed in a controlled environment with a 12-h light— dark cycle
and constant room temperature (22°C).

Flow cytometry

Tissues were collected, and surface digested or not with Trypsin
before shredding and then incubating for 30 min at 37°C with
RPMI medium containing 2 mg/mL collagenase A (Roche Diag-
nostics). Following red blood cells were lysed (BD Pharmlyse),
cells were centrifuged (400 g, 5 min at 4°C) and stained for
25 min on ice. Stained cells were acquired on a BDFACSCanto flow
cytometer. Analysis was performed using FlowJo software (Tree
Star). The authors adhered and followed the guidelines described
in ‘Guidelines for the use of flow cytometry and cell sorting in
immunological studies’.

Antibodies and reagents

The following list of reagents and antibodies was used: rCSF1
(Miltenyi); ICAM-2-APC conjugated (clone 3C4(mIC2/4), BioLe-
gend); CD11b-APC-Cy7 conjugated (clone M1/70, BioLegend);
F4/80-Pe-Cy7 conjugated (clone BM8, BioLegend); Podoplanin-
FITC or APC-Cy7 -conjugated (clone 8.1.1, BioLegend); CD90.2-
BrilliantViolet510 conjugated (clone 53-2.1, BioLegend);
CD31-PerCP-Cy5.5 conjugated (clone 390, Biolegend); CD45-PE
conjugated (clone 30-F11, BioLegend); CD64-BrilliantViolet421
conjugated (clone X54-5/7.1, BioLegend); CSF1R-neutralizing
antibody (BioXcell); rat 1gG2b isotype control (BioXcell); Mouse
M-CSF Quantikine ELISA Kit (R&D Systems). LIVE/DEAD®
Fixable Aqua Dead Cell Stain Kit and CellTrace Violet Cell
Proliferation Kit were purchased from ThermoScientific and used
according to the manufacturer’s instruction.

Peritoneal macrophage generation

Peritoneal lavage was performed with 5 mL of FACS Buffer (RPMI
medium, 0.3 mM EDTA and 0.06% BSA). Cells were centrifuged
for 5 min at 1500 rpm at 4°C, counted and used in various

experiments.
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Incucyte

Adipose tissue and liver were collected, washed in PBS 1x and
the surface was digested with Trypsin-EDTA 0,05% (Gibco) for
10 min at 37°C. Cells were cultured as previously described [23].
Cells were counted and plated at 2*10° cells per well in 24-well
tissue culture plates for 24 h. Macrophages and BM cells (1*10°
cells) were then added. Photomicrographs were taken every hour
using an Incucyte live cell imager (Essen Biosciences) for 8 days
and tomato positive cells number were counted using Incucyte
software (Essen Biosciences).

Statistical analyses

Statistical analyses were generated with GraphPad Prism software
using statistical tests indicated for each experiment.
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