N

N

Reticular Fibroblasts Expressing the Transcription
Factor WT1 Define a Stromal Niche that Maintains and
Replenishes Splenic Red Pulp Macrophages
Alicia Bellomo, Isabelle Mondor, Lionel Spinelli, Marine Lagueyrie, Benjamin
J Stewart, Nicolas Brouilly, Bernard Malissen, Menna R Clatworthy, Marc
Bajenoft

» To cite this version:

Alicia Bellomo, Isabelle Mondor, Lionel Spinelli, Marine Lagueyrie, Benjamin J Stewart, et al..
Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Main-
tains and Replenishes Splenic Red Pulp Macrophages. Immunity, 2020, 53 (1), pp.127 - 142.e7.
10.1016/j.immuni.2020.06.008 . hal-03013466

HAL Id: hal-03013466
https://hal.science/hal-03013466
Submitted on 23 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03013466
https://hal.archives-ouvertes.fr

Immunity

Reticular Fibroblasts Expressing the Transcription
Factor WT1 Define a Stromal Niche that Maintains
and Replenishes Splenic Red Pulp Macrophages

Graphical Abstract Authors

Alicia Bellomo, Isabelle Mondor,
SPLEEN Lionel Spinelli, ..., Bernard Malissen,

- ' Menna R. Clatworthy, Marc Bajénoff
Ejld Correspondence
/ ¥ \ bajenoff@ciml.univ-mrs.fr

CSF1-SUFFICIENT RPF CSF1-DEFICIENT RPF

In Brief
CSFT® Red Pulp & iron Bellomo et al. demonstrate that
Red Pulp Macrophage overload i i
Fibroblast phag homeostasis of splenic red pulp

macrophages and iron metabolism are
regulated by a reticular meshwork of red
pulp fibroblasts characterized by the
expression of Wilms’ Tumor 1 and colony
stimulating factor 1.

RPM MAINTENANCE RPM PAUCITY

Highlights
e RPMs are embedded in a meshwork of WT1, CSF1-
expressing RP fibroblasts

e RP fibroblasts represent a unique subset of splenic
stromal cells

e RP-fibroblast-derived CSF1 controls homeostasis of RPMs

e RP fibroblasts participate to the recruitment of monocytes

Bellomo et al., 2020, Immunity 53, 127-142
July 14, 2020 © 2020 Elsevier Inc.
https://doi.org/10.1016/j.immuni.2020.06.008 é CellPress



mailto:bajenoff@ciml.univ-mrs.�fr
https://doi.org/10.1016/j.immuni.2020.06.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2020.06.008&domain=pdf

Immunity @ CelPress

Reticular Fibroblasts Expressing the Transcription
Factor WT1 Define a Stromal Niche that Maintains
and Replenishes Splenic Red Pulp Macrophages

Alicia Bellomo,! Isabelle Mondor,! Lionel Spinelli," Marine Lagueyrie," Benjamin J. Stewart,2“ Nicolas Brouilly,>
Bernard Malissen,’ Menna R. Clatworthy,%3* and Marc Bajénoff'6-*

1Aix Marseille Univ, CNRS, INSERM, CIML, Marseille, France

2Molecular Immunity Unit, Department of Medicine, University of Cambridge, Cambridge, UK

3Cambridge University Hospitals NHS Foundation Trust and NIHR Cambridge Biomedical Research Centre, Cambridge, UK

4Wellcome Sanger Institute, Wellcome Genome Campus, Hinxton, UK

5Aix-Marseille Université, Centre National de la Recherche Scientifique, Institut de Biologie du Développement de Marseille, Marseille, France
6Lead Contact

*Correspondence: bajenoff@ciml.univ-mrs.fr

https://doi.org/10.1016/j.immuni.2020.06.008

SUMMARY

Located within red pulp cords, splenic red pulp macrophages (RPMs) are constantly exposed to the blood
flow, clearing senescent red blood cells (RBCs) and recycling iron from hemoglobin. Here, we studied the
mechanisms underlying RPM homeostasis, focusing on the involvement of stromal cells as these cells
perform anchoring and nurturing macrophage niche functions in lymph nodes and liver. Microscopy revealed
that RPMs are embedded in a reticular meshwork of red pulp fibroblasts characterized by the expression of
the transcription factor Wilms’ Tumor 1 (WT1) and colony stimulating factor 1 (CSF1). Conditional deletion of
Csf1in WT1* red pulp fibroblasts, but not white pulp fibroblasts, drastically altered the RPM network without
altering circulating CSF1 levels. Upon RPM depletion, red pulp fibroblasts transiently produced the mono-
cyte chemoattractants CCL2 and CCL7, thereby contributing to the replenishment of the RPM network.

Thus, red pulp fibroblasts anchor and nurture RPM, a function likely conserved in humans.

INTRODUCTION

All organs contain macrophages that sustain tissue homeostasis
within the body, not only as immune cells but also through tro-
phic, regulatory, and repair functions (Varol et al., 2015). The
spleen is a compartmentalized lymphoid tissue composed of
the white pulp (WP) that is surrounded by a venous part, the
red pulp (RP) (Golub et al., 2018; Mebius and Kraal, 2005).
Splenic arterioles and capillaries do not connect to venules in
the RP but discharge their content into unique structures known
as the RP cords. These labyrinthine structures form an interme-
diate circulation between the capillaries and venous sinuses and
are populated by RP macrophages (RPMs) (Kurotaki et al.,
2015). Although RPMs are involved in host defense, they are pri-
marily known to scavenge senescent erythrocytes and recycle
their hemoglobin iron, thus participating in iron metabolism (Kur-
otaki et al., 2015). Recent studies have revealed that RPMs are
generated during embryogenesis and are maintained throughout
adult life with negligible input from monocytes (Epelman et al.,
2014; Hashimoto et al., 2013). However, we still lack a compre-
hensive understanding of the mechanisms supporting their
homeostasis.

Macrophages depend on environmental cues such as the che-
mokine CX3CLA1, interleukin (IL) 34, colony stimulating factor
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(CSF)1, and CSF2 for their development and maintenance (Lavin
et al., 2015). These molecules are thought to be produced by
“macrophage niches” within tissues, which provide a three-
dimensional anchoring scaffold for macrophages and nurture
them by cytokine production (Guilliams and Scott, 2017; Guil-
liams et al., 2020; T'Jonck et al., 2018). In return, macrophages
should provide positive “feedback” signals to their niche, gener-
ating two-cell circuits that mutually benefit each partner (Zhou
et al.,, 2018). Although this concept has recently found wide
acceptance in the field, the nature of these niches remains
elusive in most tissues, including the spleen.

Lymphoid stromal cells comprise essential components of
the macrophage niche in lymph nodes. By using a combination
of imaging techniques and conditional mouse models, we and
others have shown that lymphatic endothelial cells (LECs)
regulate the homeostasis of lymph-node subcapsular and
medullary macrophages via the production of CSF1 (Mondor
et al.,, 2019) and receptor activator of nuclear factor «B
(RANK) (Camara et al., 2019; Mondor et al., 2019). Because
LECs are absent from the spleen, we hypothesized that a
different type of stromal cells might regulate RPM homeostasis
in this organ.

The stromal compartment of the splenic WP is supported by
mesenchymal stromal cells collectively known as fibroblastic
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reticular cells (FRCs). T and B cell zones are populated by several
types of T-cell-zone reticular fibroblasts (TRCs) and follicular
dendritic cells (FDCs) controlling the migration and homeostasis
of T and B cells (Mueller and Germain, 2009). Marginal reticular
cells (MRCs) are the stromal cells of the marginal zone that over-
lie B cell follicles and are thought to represent the adult counter-
parts of embryonic lymphoid-tissue organizer cells (Jarjour et al.,
2014; Katakai et al., 2008). Although it is appreciated that the RP
is composed of a three-dimensional network of splenic cords
and venous sinuses, its stromal cell compartment is much less
characterized (Mebius and Kraal, 2005). Venous sinuses are
found throughout the RP and are lined by loose endothelial cells.
The splenic cords are formed by reticular fibers and reticular
cells that have been observed in many species, but little is known
about their function because of the absence of adequate tools
(Chen and Weiss, 1972; Cheng et al., 2019; Suzuki, 1972; Suzuki
et al., 1977). As RPMs reside within these splenic cords, these
enigmatic RP reticular cells could represent their niche.

Here, we sought to identify the cellular niche of RPMs. We
characterized the most abundant population of RP mesen-
chymal stromal cells in the spleen as fibroblasts specifically ex-
pressing the transcription factor Wilms’ Tumor 1 (WT1). RP fibro-
blasts formed an extensive cellular meshwork in which RPMs are
embedded. Conditional deletion of CSF1 in RP fibroblasts, but
not WP fibroblasts, impaired RPMs and iron homeostasis
without altering circulating levels of CSF1. RP fibroblasts were
the main source of CSF1 in the murine and human spleen and
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Figure 1. Mesenchymal Reticular Cells
Form a Dense Network in the Splenic Red
Pulp

(A) Spleen sections isolated from Nkx2.5°® Ro-
sa'"F mice were stained for F4/80 expression
and analyzed by confocal microscopy. Scale bar,
40 um. Dashed line represents the WP/RP
boundary. Data are representative of 2 experi-
ments; n = 4.

(B) Adult Ubc®™ mice were sub-lethally irradi-
ated and reconstituted with a mixture of BM cells
isolated from wild-type (99%) and Cx3cr7°" Ro-
sa'T (1%) mice, allowing the identification of
single tdT* RPMs and their cellular processes in
relation to the host GFP* stromal network. One
month later, spleens were stained for F4/80
expression. Scale bar, 20 um. Arrowheads point
to tdT* RPM cellular processes stretching over
GFP* reticular cells. Data are representative of 2
experiments; n = 5 mice.

(C) Representative pictures of fibroblastic cells
(blue) imaged by scanning electron microscopy in
the white (left) and red (right) pulp of an adult
mouse spleen. Asterisks and arrowheads point to
lymphocytes and RBC, respectively. Scale bar,
20 um. Data are representative of 2 experiments;
n =4 mice.

Nkx2.5°"¢ Rosa'FP
F4/80

were central to the replenishment of the
RPM network after depletion via abun-
dant but transient production of mono-
cyte chemoattractants and subsequent
recruitment of blood monocytes. Alto-
gether, our results identified splenic RP fibroblasts as an essen-
tial component of the RPM niche.

RESULTS

RPMs Are Embedded in a Dense Network of
Mesenchymal Stromal Cells

RPMs reside in the open blood circulation of the spleen and are
thus exposed to constant shear stress (Kohyama et al., 2009;
Kurotaki et al., 2015). This unique location suggests the exis-
tence of an anchoring mesenchymal network to which RPMs
are attached. We sought to further characterize this network
by using Nkx2.5° Rosa"™ mice. In these mice, embryonic
mesenchymal cells with lymphoid-tissue organizer activity ac-
quire yellow fluorescent protein (YFP) expression after Cre-
mediated recombination. Because all mesenchymal splenic
stromal cells derive from these progenitors, they are lineage
traced as YFP™" cells in these mice (Castagnaro et al., 2013).
Confocal imaging of Nkx2.5°® Rosa"™" spleens revealed that
RPMs were indeed embedded in a dense meshwork of YFP*
mesenchymal cells (Figure 1A). We then generated bone marrow
(BM) chimeras in which the radioresistant host stroma and donor
BM-derived RPMs were labeled in distinct fluorescent colors.
This approach revealed that the extracellular processes of
tdTomato (tdT)* RPMs were juxtaposed to the ones of GFP*
RP reticular cells, suggesting a close interaction between the
two partners (Figure 1B). Finally, we used scanning electron
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Figure 2. Characterization of WT1-Expressing RP Fibroblasts
(A) Spleen sections of Cx3cr1S ™+ mice were stained for F4/80, B220, and WT1 expression. Scale bars, 200 um (upper panels), 50 um (lower panels). Data are
representative of 2 experiments; n = 6.

(legend continued on next page)
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microscopy to compare the morphology of WP and RP reticular
cells. Although the density of the reticular network was higher in
the RP (Figure 1A), both cell types displayed similar elongated
spindle shapes characteristic of fibroblastic networks in
lymphoid organs (Figure 1C).

RP Mesenchymal Cells Are Wilms’-Tumor-1-Expressing
Fibroblasts

The network of RP reticular cells has previously been observed
and partially characterized in several species (Chen and Weiss,
1972; Cheng et al., 2019; Suzuki, 1972; Suzuki et al., 1977). How-
ever, in absence of proper tools and markers allowing their isola-
tion, the biological functions of RP reticular cells remained
elusive. We thus sought to identify markers and mouse models
allowing their manipulation in vivo. WT1 is a transcription factor
that regulates spleen development (Kim et al., 1999). Wt1-defi-
cient mice are asplenic, and conditional deletion of Wt7 in adult
mice leads to severe splenic atrophy (Chau et al., 2011). Adult
mouse spleens were thus immunostained for WT1 expression.
We found that WT1 was abundantly present in the RP and virtu-
ally absent from the WP (Figure 2A). Additional stainings per-
formed in Nkx2.5°" Rosa"™" mice showed that WT1 was ex-
pressed in the nucleus of YFP* RP reticular cells, thus
identifying WT1 as a useful marker for this stromal cell subset
(Figure 2B). We further took advantage of Wt1°"ERT2 RosatdT
(Wt1'Ty mice to characterize RP reticular cells by imaging and
flow cytometry (Zhou et al., 2008). Injection of tamoxifen in
iWt1'9T mice triggered tdT expression in the RP only (Figure 2C).
Within the RP, tdT"-labeled cells formed a reticular meshwork
expressing WT1, VCAM1 (CD106), desmin, ERTR7, and PDGFR
(CD140) a. and B but not podoplanin (gp38) and CD31 (Figures 2D
and S1A). Based on these results, we designed an antibody
panel allowing the identification of RP reticular cells by flow cy-
tometry. As indicated in Figures 2D and S1A, splenic RP reticular
cells could be defined as CD45~ CD31~ gp38~ VCAM1*
WT1* cells.

Transcriptomic Analysis Confirms Fibroblastic Identity
of RP Reticular Cells

We first sought to characterize RP reticular cells in detail by
comparing them to FRCs, a stereotypical subset of lymphoid fi-
broblasts. We chose to use lymph node (LN) FRCs based on
findings made in Cc/19° Rosa"™" mice. In this model, splenic
WP and LN FRCs homogenously express YFP by imaging
(Chai et al., 2013; Cheng et al., 2019). However, by flow cytom-
etry, only a fraction of splenic FRCs expressed YFP, whereas
virtually all LN FRCs were labeled, in keeping with imaging re-
sults (Chai et al., 2013; Cheng et al., 2019). Because of this
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discrepancy, we used LN as a source of FRC. We thus compared
the gene expression profiles of tdT+ RP reticular cells to that of
CD45~ CD31~ gp38* tdT~ LN FRCs isolated from tamoxifen-
treated iWt719T mice (Figure S1A). Bulk RNA-sequencing anal-
ysis indicated that RP reticular cells and FRCs shared many
genes encoding fibroblast-specific molecules such as colla-
gens, laminins, and adhesion molecules (Figure S1B), confirming
the fibroblastic nature of RP reticular cells. However, FRCs and
RP fibroblasts also showed divergent expression of many genes,
including immune genes (Figures 2E and 2F). RP fibroblasts ex-
pressed lower levels of Ccl21a, Ccl19, Cxcl16, Cxcl13, and 117,
genes involved in leukocyte migration and survival (Coelho
etal., 2013; Hara et al., 2006; Link et al., 2007; Okada and Cyster,
2007). RP fibroblasts also expressed lower levels of Pdpn (podo-
planin, gp38) and Fap genes controlling contraction and growth
of myofibroblasts as well as anchoring of dendritic cells (DCs) on
the FRC network (Acton et al., 2014; Astarita et al., 2015). These
results suggested that RP fibroblasts were not endowed with T,
B, or DC regulatory functions normally associated with TRCs or
FDCs. In order to compare the transcriptome of RP fibroblasts to
that of other splenic stromal cells, we took advantage of single-
cell RNA-sequencing (scRNA-seq) datasets generated by Lude-
wig and colleagues (Cheng et al., 2019). We first confirmed
expression of WT1 by RP fibroblasts and found that they were
closely related to splenic mural cells, a population of perivascular
cells surrounding splenic blood vessels (Figure S1C, upper
panels) (Cheng et al., 2019). Although our WT1"-expressing RP
fibroblasts clustered with a single population of fibroblasts iden-
tified by scRNA-seq analysis, we investigated whether they
nonetheless harbored any heterogeneity. Despite the fact that
RP fibroblasts could be further subdivided into 5 clusters, the
genes distinguishing these clusters corresponded to a signature
induced by mild dissociation stress, known to be a technical
noise factor in scRNA-seq data (van den Brink et al., 2017) (not
shown). In addition, there was uniform expression of the markers
used to sort these cells across all identified clusters, with homo-
geneous expression of Wt1 and Csf1, suggesting that RP fibro-
blasts constituted a homogeneous population of stromal cells
(Figure S1C, lower panels). Next, we aimed to leverage our tran-
scriptomic data for insights into the functions of RP fibroblasts.
We did so by analyzing the transcription factor regulons defining
the different stromal cell types by using the Pyscenic framework
(Aibar et al., 2017) and identified strong enrichment for a Wt71-
governed regulon specifically in RP fibroblasts (Figure S1D), in
keeping with our biological data. This RP-fibroblast-specific
Wt1 regulon characterizing RP fibroblasts was enriched for
genes related to mesenchymal differentiation and endothelial
cell function (Figure S1D), consistent with their location at the

(B) Spleen sections isolated from Nkx2-5°" Rosa""" mice were stained for WT1 expression. Scale bar, 10 um. Data are representative of 2 experiments; n = 4.
(C and D) Adult iWT7'T mice were treated with tamoxifen. One week later, spleen sections were stained for F4/80 and B220 expression (C) or for the indicated
markers (D). Scale bars, 400 um (C), 10 um (D). Data are representative of 2 experiments; n = 6.

(E and F) Transcriptomic analysis. Lymph node FRCs and RP fibroblasts were isolated by flow cytometry and analyzed by bulk RNA-seq.

(E) Volcano plot depicting the top differentially expressed genes between FRCs and RP fibroblasts. The x axis shows the fold change (log2) of normalized mean
gene expression across replicates of RP fibroblasts versus FRCs (right: RP fibroblast overexpression, left: FRC). The y axis shows the —log10 of the adjusted p
value of the differential expression test (see STAR Methods). Genes belonging to the core signature of FRCs are bolded and underlined. See also Figures S1

and S2.

(F) Heatmap of normalized mean gene expression across replicates for the 30 genes expressed the highest by RP fibroblasts with respect to FRCs (see STAR

Methods).
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Figure 3. RP Fibroblasts Regulate RPM Density
(A) Adult iWt1YFPPTR mice were treated with tamoxifen and injected one week later with diphteria toxin (+DTx) or not (—DTx). Another week later, their spleens
were stained for F4/80 and YFP expression and analyzed by flow cytometry and confocal imaging. Depletion of YFP* RP fibroblasts and loss of F4/80* RPMs

(legend continued on next page)
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interface with the circulation. Finally, we interrogated the exis-
tence of RP fibroblasts in human spleen by scRNA-seq analysis
of CD45™-enriched human splenocytes. As indicated in Fig-
ure S2, RP fibroblasts were readily identified, demonstrating
that WT1* RP fibroblasts also exist in humans.

Deletion of RP Fibroblasts Compromises the RPM
Network

We hypothesized that RP fibroblasts could represent an
anchoring and nurturing scaffold for RPMs. In this scenario,
ablating RP fibroblasts should alter RPM homeostasis and cause
a decrease in their numbers. To test this hypothesis, we de-
signed a mouse model allowing conditional deletion of RP fibro-
blasts in vivo. In Wt1°ERT2 RosaP™ Rosa " (iwt1YF™PTR) mice,
tamoxifen induces co-expression of YFP and diphtheria toxin re-
ceptor (DTR) in WT1-expressing cells. Adult mice treated with
tamoxifen were injected or not with Diphtheria toxin (DTx) one
week later. The efficacy of RP fibroblast deletion as well as its
consequence on RPMs (defined as CD45* CD11b"° F4/80*
CD64" VCAM1" MHCII" cells) were analyzed by confocal imag-
ing and flow cytometry another week later, the time point we
identified as the peak of RP fibroblast deletion. Injection of DTx
deleted 45% of YFP* RP fibroblasts and induced a concomitant
proportional loss of RPMs (41%) (Figures 3A and S3A). Critically,
we confirmed that RPMs did not express YFP and were not
affected in DTx-treated control mice (Figures S3B and S3C).
We thus concluded that alteration of the RP fibroblastic network
compromises RPM homeostasis.

RP Fibroblasts Regulate RPM Homeostasis via CSF1

As we postulated that RP fibroblasts contribute to the niche of
RPMs, their partial deletion in iWt1""™P™R mice might have
impacted the RPM network in different ways: RPMs might have
lost their anchoring scaffold, their source of survival signals, or
both. Macrophage niches are thought to control macrophage
adhesion and survival through a variety of soluble and mem-
brane-bound molecules, such as CX3CL1, IL34, CSF1, and
CSF2 (Lavin et al., 2015). In order to identify the molecular mecha-
nisms underlying the dialog established between RP fibroblasts
and RPMs, we analyzed their transcriptome with the CellPhoneDB
tool, a dedicated resource for inferring cell-cell communication
from combined expression of multi-subunit receptor-ligand com-
plexes (Egen et al., 2008; Vento-Tormo et al., 2018). Among other
factors, we found that Csf7 and its receptor Csf1r were expressed
at particularly high levels by RP fibroblasts and RPMs, respectively
(Figure 3B). CSF1 is the major survival factor of macrophages
in vivo. Although CSF1-deficient (Csf1°P’°P) mice display a drastic
paucity of resident macrophages across organs, CSF2-, CX3CL1-,
and IL34-deficient mice only suffer from discrete macrophage al-
terations (Cecchini et al., 1994; Chitu and Stanley, 2006; Dai
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et al., 2002; Greter et al., 2012; Medina-Contreras et al., 2011;
Schneider et al., 2014). We thus assessed local production of
CSF1 in the spleen of tamoxifen-treated iWt7*" mice by confocal
imaging (Figure 3C). CSF1 immunostaining could be detected
almost exclusively in the RP, where it largely overlapped with RP
fibroblasts. Indeed, quantification revealed that ~75% of tdT*
RP fibroblasts expressed CSF1 in their cytoplasm (292 out of
392 cells). We therefore interrogated the physiological role of
RP-fibroblast-derived CSF1 in RPM homeostasis by using genetic
tools. This was achieved by generating Wt7°"® mice bearing condi-
tional “floxed” alleles of Csf1 (Harris et al., 2012; Zhou et al., 2008).
Ccl19%%mice, in which Cre is expressed by WP fibroblasts,
served as controls (Figure S4A) (Chai et al., 2013). As expected,
CSF1 was produced at normal levels in the RP of Cc/19*°*/'mice
(Figure 4A), and RPMs were not affected (Figures 4A and 4B). On
the contrary, CSF1 expression was strongly reduced (~20% of
the control) in the RP of Wt72°™ mice, and Csf7 mRNA was no
longer detectable in splenic RP fibroblasts isolated from Wit714°
mice (Figure S4B). In line with our hypothesis, conditional deletion
of Csf1 in RP fibroblasts was accompanied by a 75% reduction of
RPM density (Figures 4A and 4B). RPMs are known to degrade se-
nescent erythrocytes and recycle heme-associated iron, making
them important regulators of iron metabolism (Haldar et al.,
2014; Kohyama et al., 2009). Accordingly, we found that Wt714°s"
mice developed iron overload localized to the splenic RP
(Figure 4C).

It remained conceivable that deletion of Csf71 in WT1-Cre-ex-
pressing cells impacted circulating levels of CSF1 and thereby
indirectly altered RPM homeostasis. We addressed this possibility
by measuring circulating levels of CSF1 and the number of blood
monocytes in W12 mice. Levels of circulating CSF1 and
monocyte counts were normal in these mice, ruling out a major
role of systemic CSF1 levels in the regulation of RPM homeostasis
(Figures 4D and 4E). Despite being a long-established tool for ge-
netic manipulation, the Cre-lox recombination system displays
some caveats linked to Cre toxicity in certain cell types, including
immune cells such as mast cells (Feyerabend et al., 2011). As WT1
is expressed in a subset of hematopoietic progenitors (Chau et al.,
2011), RPMs themselves might have been killed by Cre action in
Wit12°5™ mice. Alternatively, some macrophages have been re-
ported to express CSF1, raising the possibility that RPMs were
no longer able to sustain their own survival in these mice (DeFalco
et al., 2015). These hypotheses were tested in mixed competitive
BM chimeras. Wild-type mice were fully irradiated and reconsti-
tuted with a mixture (~50/50) of BM cells isolated from control
and Wt12°" mice bearing different fluorescent reporters. Two
months later, chimeric spleens were analyzed by flow cytometry.
We found that like neutrophils, T cells, and monocytes, RPMs
were generated in the same proportions by both genotypes, ruling
out these two RPM-intrinsic effects (Figure 4F).

were determined by imaging and flow cytometry, respectively. Scale bars, 300 um. Dots represent individual mice. Pooled data are from 2 independent ex-

periments; n = 9 (—DTx) and n = 7 (+DTx). Bars = means. See also Figure S3.

(B) Left panel: heatmap of predicted chemokine ligand-receptor interactions between stromal and macrophage populations identified in murine spleen scRNA-
seq datasets. Point size indicates CellPhoneDB permutation p value, point color indicates the scaled aggregate expression value of genes in each ligand-receptor
complex. Right panel: Violin plots showing expression levels of Csf1r and Csf1 in populations of cells identified in murine spleen scRNA-seq datasets (Cheng

et al., 2019).

(C) Adult iWT1*T mice were treated with tamoxifen. One week later, spleen sections were stained for CSF1 expression. Insets show intracellular CSF1 staining of
tdT* RP fibroblasts. Scale bars, 400 um (upper panels), 10 um (lower panels). Data are representative of 2 experiments; n = 6.
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The alteration of the RPM network observed in adult W74t
mice could be the consequence of a developmental defect in
addition to an incapability of RP fibroblasts to sustain homeosta-
sis of adult RPMs. In keeping with a developmental defect, RPMs
were drastically reduced (50%-75%) in the spleens of Wt14Cs™
neonates (PO and P7) (Figure S4C). In order to specifically assess
the homeostatic role of RP-fibroblast-derived CSF1 on RPM ho-
meostasis and delineate it from this developmental defect, we
generated shielded BM chimeras, in which splenic stromal cells
were not affected by irradiation and thus remained of host origin
(Baratin et al., 2017). The spleens of adult wild-type, Cc/194°s™,
and Wt12°5™ mice were protected by a lead tube, and mice were
irradiated and reconstituted with fluorescent wild-type BM cells,
allowing engraftment and identification of donor-derived RPMs
in the protected spleens (Figure 4G). Three months later, we
found that BM-derived RPMs were drastically reduced (90%)
only in Wt12%s™ recipient mice, demonstrating that adult spleens
containing Csf1-deficient RP fibroblasts were no longer able to
sustain RPM homeostasis. Of note, a similar decrease (50%) of
RPMs was recently observed in the spleen of adult mice treated
for one week with an antibody blocking CSF1, independently
confirming the role of CSF1 in the maintenance of these macro-
phages (Lin et al., 2019). Although Wt72°5™ mice displayed
normal levels of circulating monocytes, myelopoiesis might be
partially compromised in the BM of these mice. We therefore first
investigated the presence of WT1* fibroblasts in the bones of
IWTTT Cx3cr1®7+ adult mice treated 10 days before with
tamoxifen. As indicated in Figure S4D, tdT* fibroblasts were ab-
sent from the bones of these mice but abundantly present in their
spleen. Accordingly, we found that numbers of BM monocyte
progenitors and macrophages were comparable between
Wt14°™ and control mice (Figures S4E and S4F). By using
various mouse models and in vitro studies, Buechler and col-
leagues identified retinol-producing WT1-expressing stromal
cells as a niche imprinting large cavity-resident macrophages
(Buechler et al., 2019). We reasoned that cavity-resident WT1*
cells might not only imprint peritoneal macrophages but also
control their homeostasis via the provision of CSF1. In line with
this, we found that pleural and peritoneal large cavity macro-
phages were drastically reduced in Wt12C"! mice (97% and
66% of reduction respectively; Figure S4G), suggesting that
WT1 might represent a factor globally specifying the transcrip-
tional landscape of several macrophage niches.

In order to rule out the contribution of an additional source of
CSF1 to RPM homeostasis, we compared the levels of tran-
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scripts encoding soluble and membrane bound Csf7 in splenic
RP fibroblasts to that of splenic FRC, vascular endothelial cells
(VECs) and CD45"* hematopoietic cells isolated from control,
Wt12°s"and Ccl192°5™ mice (Figure S4B). As expected, both
CSF1 isoforms were abundantly expressed in control RP fibro-
blasts but not detected in control CD45" hematopoietic cells,
confirming the stromal origin of CSF1. We further determined
that VECs expressed small amounts of membrane-bound Csf7
and took advantage of Cdh52°*" mice to assess the contribution
of endothelial-derived CSF1 to RPM homeostasis. Although ho-
meostasis of LN subcapsular sinus macrophages was perturbed
in these mice upon tamoxifen treatment (Figure S4H), in keeping
with our previous work (Mondor et al., 2019), numbers of RPMs
were unaffected, ruling out a contribution of endothelial-derived
CSF1 to the homeostasis of RPMs (Figure S4l). Collectively,
these results corroborated that RP fibroblasts control RPM ho-
meostasis through local production of CSF1, making them
essential components of the splenic RPM niche.

Marginal Zone Macrophages and Metallophilic
Macrophages Depend on CSF1

The spleen is populated by three additional subsets of macro-
phages. The marginal zone (MZ) harbors Marco* Marginal zone
macrophages (MZMs) in the outer MZ and CD169" Metallophilic
macrophages (MMMs) in the inner MZ, whereas MertK* T zone
macrophages (TZMs) locate to the T cell zone (A-Gonzalez and
Castrillo, 2018). We analyzed the distribution of these macro-
phages in the spleens of control, Wt12°5" and Ccl194¢!
mice (Figure S5A). Confocal imaging revealed that MZMs and
TZMs were present in normal numbers in the spleen of
Ccl194°%™ mice, whereas MMMs were absent, suggesting that
CSF1 produced by splenic RP fibroblasts (Figure S4B) contrib-
uted to MMM homeostasis. Although we determined that
MRCs co-localized with MMMs and produced CSF1 (Figure 3B),
the exact niche of MMMs remains to be identified with refined
tools. Interestingly, both MMMs and MZMs were affected in
Wt12°s" mice, suggesting that RP fibroblasts or another WT1-
expressing stromal cell type located in the MZ represented the
niche of MZMs (Figures 2A and S5A).

RP Fibroblasts Contribute to the Replenishment of the
RPM Network

Macrophage networks can be transiently altered by insults such
as infections (Blériot et al., 2015; Lai et al., 2018; Robinson et al.,
2012). In many organs including liver, lymph nodes, skin, and

(B) RPM numbers in the spleens of control, Cc/792°™ and Wt72°s™ adult mice were determined by flow cytometry. Dots represent individual mice. Data are
representative of 3 experiments; n > 12. Bars = means.

(C) Adult wild-type, W12 and Ccl194°5"" spleens were stained for ferric iron (blue). Iron overload was only observed in the RP of Wt
500 pum (top), 100 um (bottom). Data are representative of 3 experiments; n > 5.

(D) Numbers of blood monocytes (defined as CD45* Ly6G~ SSC-A'® CD115* CD11b" cells) were determined by flow cytometry. Dots represent individual mice.
Pooled data are from 2 independent experiments; n = 13 (control) and n = 7 (Wt714°5"). Bars = means.

(E) Circulating levels of CSF1 were quantified by ELISA. Dots represent individual mice. Bars = means. Pooled data are from 2 independent experiments; n = 8
(control) and n = 8 (Wt12°%M). See Figure S4B.

(F) Adult CD45.1/CD45.2 mice were sub-lethally irradiated and reconstituted with a mixture of BM cells isolated from CD45.2/CD45.2 Ubc'®" (~50%) and CD45.2/
CD45.2 Wt12Cs™ (~50%) mice. The level of chimerism in the indicated donor cell types was determined 2 months later by flow cytometry. Dots represent in-
dividual mice. Data are representative of 2 experiments; n = 6. Bars = means.

(G) Wt12C51 Cc1192°%11 and control adult mice were shield irradiated and reconstituted with Ubc'®T BM cells. Three months later, the number of tdT* donor RPMs
per mg of spleen in shielded spleens was assessed by flow cytometry. Dots represent individual mice. Pooled data are from 2 independent experiments; n =9
(control), n = 6 (Ccl19°°%™), and n = 9 (Wt712°°M). Bars = means.

12851 mjce. Scale bar,
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gut, depleted macrophages are rapidly repopulated by circu-
lating monocytes (Bain et al., 2014; Blériot et al., 2015; Lai
et al., 2018; Mondor et al., 2019). Their recruitment relies on
the secretion of a specific set of chemokines by the affected tis-
sues (Shiand Pamer, 2011). We reasoned that in addition to their
nurturing function, RP fibroblasts might actively produce these
monocyte chemoattractants to replenish RPMs. This was tested
by different and complementary approaches. We first took
advantage of Fcgrl (CD64)°™ mice in which all tissue resident
macrophages and monocytes express DTR and are thus sus-
ceptible to DTx-mediated deletion (Baranska et al., 2018). DTx
injection in adult CD64°™" mice induced rapid and drastic deple-
tion of RPMs within 12 h (Figures 5A and S5B) and subsequent
changes in the monocyte compartment. Upon DTx injection,
Ly6C" splenic monocytes were transiently depleted and a pop-
ulation of Ly6C™ monocytes appeared 24 h after DTx, eventually
resembling mature RPMs (Ly6C'®"® CD64") at 60 h. DTx treat-
ment in wild-type (Wt) mice did not induce RPM deletion (Fig-
ure S5C). These data suggest that after RPM deletion, splenic
and recruited monocytes gradually differentiated toward RPMs
to repopulate their empty niche. To directly test this hypothesis,
we delivered tdT-expressing monocytes to DTx-injected
CD64P™ mice. In line with previous work, labeled RPMs could
be detected 8 days later, demonstrating that monocytes can
contribute to the reconstitution of the RPM network (Figure 5B
and Haldar et al., 2014). We then sought to determine whether
RP fibroblasts actively participated in monocyte recruitment
and the replenishment of the RPM network. To this aim, we first
compared the transcriptome of steady-state RP fibroblasts to
that of RP fibroblasts isolated from CD64°™F mice injected with
DTx 12 h before. We reasoned that this would be an ideal time
point for the niche to call for monocytes, because RPMs were
fully depleted. Bulk RNA-seq analysis revealed that RP fibro-
blasts isolated from mice depleted of RPMs were indeed en-
riched for transcripts encoding monocyte chemoattractants,
such as Ccl2 and Ccl7 (Figure 5C). Immunostainings performed
in tamoxifen-treated iWt 19T CD64°™ mice confirmed that CCL2
and CCL7 protein abundantly colocalized with RP fibroblasts
12 h after DTx injection but were absent at steady state (Fig-
ure 5D). Neither CCL2 nor CCL7 were induced in Wt mice treated
with DTx (not shown). This production lasted 48 h and coincided
with the recruitment of high numbers of monocytes to the spleen
(Figures 5A and 5D). We then investigated the role of these che-
mokines in the replenishment of the RPM network by two com-
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plementary approaches. As monocytes sense the presence of
both CCL2 and CCL7 via CCR2 (Kurihara and Bravo, 1996), we
treated CD64°™ mice with DTx and injected them i.v. with a
mixture of wild-type and Ccr2-deficient monocytes bearing
distinct fluorescent labels. Six days later, the contribution of
the two types of monocytes to the replenishment of the RPM
network was determined by imaging. In this set-up, Ccr2-defi-
cient monocytes were consistently less competitive than their
wild-type counterparts in giving rise to RPMs (Figures 5E and
S5D). We then assessed the role of RP-fibroblast-derived
CCL2 in the replenishment of RPMs by using a novel splenic or-
gan graft model. Inguinal lymph nodes of Ubiquitin GFP (Ubc® )
mice were removed, and splenic fragments of a wild-type mouse
were grafted in the empty inguinal pockets. Two months later,
the grafted fragments were analyzed by flow cytometry (Fig-
ure S5E). We determined that host-derived GFP* RPMs had
abundantly (~60%) populated the splenic fragments. In order
to assess the contribution of RP-fibroblast-derived CCL2 to
RPM replenishment, we generated Wt71°"® mice bearing condi-
tional alleles of Ccl2 (Wt12°°2). Wild-type and Wt12°°? frag-
ments were respectively grafted in the left and right inguinal
pockets of Ubc® recipients and analyzed 3 weeks later by
flow cytometry (Figure 5F). Host and donor T cells were equally
able to migrate to both spleen fragments. On the contrary,
68% less RPMs were recovered from Wt712°°2 fragments, sug-
gesting that RP-fibroblast-derived CCL2 played an active role
in recruiting monocytes. Altogether, our data point to RP fibro-
blasts representing master regulators of RPM biology via their
ability to sustain RPM homeostasis and their capacity to
replenish a damaged RPM network. Whether different or addi-
tional cues regulate the RPM niche during infection or inflamma-
tion remains to be investigated.

DISCUSSION

RPMs are key regulators of innate immune responses and iron
metabolism (Kohyama et al., 2009; Kurotaki et al., 2015). Here
we identified RP fibroblasts as central components of the cellular
niche for RPMs, with roles in the maintenance of RPMs in ho-
meostasis and their replenishment upon challenge.

A key function of the spleen is to recycle iron from senescent
RBCs. To this aim, RPMs are strategically positioned within
the RP cords, a labyrinthine structure in which blood circulation
is open. Wt12Cs" mice developed iron overload in the splenic

(B) Adult CD64°™ mice were treated with DTx and adoptively transferred with ~4.10° tdT* monocytes 8 h later. The percentage of tdT* RPMs (0.241% +
0.0234%) was determined 8 days later by flow cytometry. Data are representative of 2 independent experiments, n = 2 (no transfer) and n = 6 (transfer).
(C and D) Adult iwt1'9T CD64°P™ mice were treated with tamoxifen. One week later, mice were treated or not with DTx.

(C) tdT-expressing RP fibroblasts were isolated 12 h later and analyzed by bulk RNA-seq for the expression of monocyte chemoattractant genes. Data show
heatmap of normalized expression levels across replicates for selected genes.

(D) Spleens were stained for CCL2 and CCL7 protein at the indicated time points after DTx treatment. Data are representative of 2 independent experiments; n = 4.
Scale bars, 10 um.

(E) Adult CD64P™ mice were treated with DTx. Eight hours later, mice were adoptively transferred with a mixture of ~4 to 8.10° monocytes isolated from Ccr2VT
Cx3cr187P* UbctT and Ccr2k® Cx3cr17* adult mice. For each recipient, the percentages of injected Ccr2™™ and Ccr2%© monocytes (input) as well as the
percentages of Ccr2"VT and Ccr2® RPMs (output) recovered 6 days later were determined by flow cytometry and confocal imaging respectively. Each color
corresponds to data from a single recipient. Data are representative of 2 independent experiments, n = 6. See also Figure S5D.

(F) Both inguinal lymph nodes were surgically removed from Ubc®™ adult mice. Splenic fragments isolated from control or Wt7°™ mice bearing conditional
alleles of Ccl2 (Wt1AC°'2) were grafted into the left and right inguinal pockets of Ubc®FP recipients respectively. Three weeks later, the number of GFP* donor-
derived T cells and RPMs in both types of graft was determined by flow cytometry. Dots represent individual mice. Pooled data are from 2 independent ex-
periments; n = 11 (control) and n = 9 (Wt72°°"). Bars = means. See also Figure S5E.
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RP, and transcriptomic analysis revealed that RP fibroblasts
differ from FRCs in their limited expression of immune genes
known to modulate T, B, and DCs and their strong enrichment
in genes involved in the regulation of blood circulation. Based
on this finding, we suggest that RP fibroblasts regulate iron
metabolism by two complementary mechanisms. By providing
CSF1 to RPMs and secreting monocyte chemoattractants
upon RPM deletion, RP fibroblasts maintain a defined critical
number of RBC-filtrating macrophages able to recycle hemoglo-
bin iron. Whereas additional studies are required to investigate if
and how they directly affect splenic blood flow, RP fibroblasts
could modulate the influx of RBCs to the RP and thus ensure a
steady supply of RBCs. The contractile nature of RP fibroblasts
might also be particularly important during intense exercise,
ischemic myocardial injury, or hemorrhages, when the spleen
contracts to release RBCs, platelets, and monocytes stored in
the RP (Bakovic et al., 2005; Greenway and Stark, 1969; Swirski
et al., 2009).

Itis currently thought that cellular niches not only nurture and an-
chor macrophages, but also “imprint” their identity in an active
fashion by directly providing tissue-specific cues (Guilliams and
Scott, 2017; Guilliams et al., 2020; T’Jonck et al., 2018). These
regulate expression of key transcription factors in macrophages
that in turn activate a population-specific genetic signature. In
the peritoneal cavity for example, Gata6 and Cebpb specify large
peritoneal macrophages (Cain et al., 2013; Okabe and Medzhitov,
2014). Inthe bone, Nfatc1 regulates osteoclast differentiation (Kim
and Kim, 2014) whereas in the liver, Id3 and Lxra control Kupffer
cell identity (Bonnardel et al., 2019; Endo-Umeda et al., 2018;
Mass et al., 2016; Sakai et al., 2019). As RPMs clear senescent
RBCs from circulation, they are constantly exposed to heme, a
toxic metabolite of hemoglobin degradation. Heme promotes
monocyte differentiation into iron-recycling macrophages by
inducing the expression of the transcription factor SPI-C, heme
oxygenase | (Hmox1) and ferroportin (Fpn1) (Haldar et al., 2014;
Kohyama et al., 2009). In Spic-deficient mice, RPMs can no longer
protect themselves from toxic heme and are thus missing (Ko-
hyamaetal., 2009). Heme is a physiologic trigger of Spic induction,
and feeding monocytes with heme is sufficient to induce Spic in
these cells (Haldar etal., 2014). RP fibroblasts might thus indirectly
confer RPM identity to incoming monocytes and resident RPMs by
creating an anchoring meshwork wherein these cells constantly
access heme-containing senescent RBCs, resulting in specifica-
tion and maintenance of their genetic program. We propose that
such “indirect imprinting” through physically providing access to
specific tissue-derived cues represents a paradigm that is more
globally applicable to the imprinting of tissue resident macro-
phages by efferocytic metabolites within their niche. In addition
to this metabolic imprinting, additional transcription factors such
as IRF4 and IRF8 are known to tailor RPM programming (Yama-
motoetal., 2011). IRF8is abundantly expressed in RPMs (Kurotaki
et al., 2015) and is induced by TGF-B signaling (Humblin et al.,
2017). In keeping with this, deletion of Tgfbr2 in hematopoietic
cells results in a 50% decrease of the RPM population (Yu et al.,
2017). We found that RP fibroblasts express TGF-f isoforms, sug-
gesting that RP fibroblast might imprint RPM programming
through TGF-B production and IRF8 induction.

It is highly conceivable that RP fibroblasts and RPMs engage
in two-sided crosstalk. Medzhitov and colleagues predicted the
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existence of two-cell circuits between fibroblasts and macro-
phages, in which the latter provide trophic factors to fibroblasts
in return for survival cues, identifying the CSF1-CSF1R and
PDGF-PDGFR axis as the minimal molecular language sustain-
ing fibroblast-macrophage circuitry in vitro (Zhou et al., 2018).
Although we found that RP fibroblasts indeed expressed
PDGFRa and B, none of the members of the PDGF ligand family
are expressed significantly by RPMs. Our analysis of RPMs and
RP fibroblast transcriptomes revealed two pairs of ligand-recep-
tors that could positively influence RP fibroblasts: TNFR-GRN
and TGFbR3-TGFb1. Tnfrsfla and b (encoding tumor necrosis
factor receptor types | and Il) and Grn (Progranulin) were ex-
pressed at high levels by RP fibroblasts and RPMs, respectively.
GRN binds to TNFR and suppresses TNFa signaling while also
acting as a survival and growth factor for fibroblasts during
wound repair (He et al., 2003; Tang et al., 2011; Zanocco-Marani
etal., 1999). TGFBR3 (transforming growth factor beta receptor 3
or Betaglycan) and one of its ligands, TGFB1, were also ex-
pressed by RP fibroblasts and RPMs, respectively (Kurotaki
et al., 2011). TGFB signaling regulates cell proliferation, differen-
tiation, communication, adhesion, movement, metabolism, and
death in many cell types, including fibroblasts (David and Mas-
sagué, 2018). Betaglycan is a co-receptor for TGFB that estab-
lishes the potency of its ligands to their target cells (Lopez-Casil-
las et al., 1991). Interestingly, deletion of Tgfrb2 in fibroblasts
induces expression of CCL2 in a mammary tumor model, sug-
gesting that TGFp signaling in RP fibroblasts might control their
homeostasis as well as their ability to recruit monocytes in the
absence of TGFB-producing RPMs (Fang et al., 2011). Additional
experiments will be required to unravel the molecular dialog es-
tablished between RPMs and RP fibroblasts.

CSF1 regulates macrophage homeostasis across tissues and
is expressed by various cell types, including endothelial cells and
fibroblasts (Mondor et al., 2019). The molecular mechanisms
regulating expression of macrophage survival factors such as
CSF1 in stromal cell types is incompletely understood. Is there
a core set of genes conferring a “macrophage niche” program
in different cell types such as LECs and RP fibroblasts? There
is some evidence suggesting that transcription factors might
instruct macrophage niches. The transcription factor GATA6
controls the homeostasis and metabolism of peritoneal cavity-
resident macrophages, and its expression is induced by retinoic
acid. WT1 drives the expression of two rate-limiting enzymes in
retinol metabolism: Raldh1 and Raldh2 (Buechler et al., 2019). By
using various mouse models and in vitro studies, Beuchler et al.
identified retinol-producing WT1-expressing stromal cells as a
niche imprinting large cavity-resident macrophages. WT1 is a
multifaceted protein that regulates gene expression both at the
transcriptional and post-transcriptional levels (Hastie, 2017).
Interestingly, endogenous WT1 interacts with Csf7 transcripts,
thus possibly regulating their stability (Bharathavikru et al.,
2017). WT1 also binds genes belonging to the laminin, collagen,
and integrin families, some of which are expressed by RP fibro-
blasts (Lamb2, Lama5, Lamc1, Col18a1, Col1a2; Figure S1B). In
lung fibroblasts, WT1 is associated with positive regulation of
Nt5e and Vcam1 (Sontake et al., 2018), two genes that are also
expressed by RP fibroblasts. Furthermore, it has been sug-
gested that WT1 and the transcription factor TCF21 coopera-
tively control the specification of glomerular podocytes. As
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Tesf21C7ERT2 mice fate map a population of splenic RP reticular
cells (Inra et al., 2015), itis conceivable that WT1 and TCF21 also
cooperate to program RP fibroblasts in the spleen, another
blood filtering organ.

Adding a further layer of complexity, CSF1 is expressed as
membrane-bound and soluble isoforms (Chitu and Stanley,
2006). Stanley et al. engineered a transgenic mouse in which
the membrane-bound isoform of CSF1 was reintroduced to
normal levels into otherwise Csf1-deficient (Csf1°?°P) mice
(Dai et al., 2004). Although these mice had no detectable CSF1
in their blood, the gross defects associated with the Csf1°P/°P ge-
notype, including the paucity of most macrophage populations,
were corrected (Dai et al., 2004). These results suggest that the
majority of tissue-resident macrophage relies upon a mem-
brane-bound source of CSF1 provided locally by their cellular
niches. Our results are consistent with this hypothesis. Although
blood levels of CSF1 were normal in Wt12%*™ mice, RPMs and
large cavity macrophages were reduced in these mice, suggest-
ing that circulating levels of CSF1 are insufficient to sustain the
homeostasis of these macrophages. Why would macrophage
niches favor the production of membrane-bound CSF1? The sol-
uble isoform of CSF1 is very potent to sustain macrophage sur-
vival in vitro and in vivo. Injection of soluble CSF1 in Csf1°P/°P
mice rescues most macrophage subsets including RPMs (Cec-
chini et al., 1994). In support of this notion, we found that 25%
of RPMs remained in the spleen of Wt12°5™ mice despite com-
plete deletion of Csf7 in RP fibroblasts. In theory, macrophage
homeostasis could thus be regulated by either isoform, and at
first sight, one might argue that the soluble form should be favor-
able for macrophage populations with direct access to the circu-
lation, such as RPMs. However, we would argue that their
dependence on the membrane-bound isoform of CSF1 repre-
sents the best option to locally nurture these abundant macro-
phages without more globally affecting macrophages in other or-
gans and other blood-filtering macrophages such as liver
Kupffer cells in particular. Membrane-bound CSF1 might also
be imperative for the establishment of two-cell circuits between
macrophages and their niche, because it would facilitate contin-
uous delivery of macrophage-derived homeostatic signals, a hy-
pothesis that remains to be tested experimentally in vivo.

Altogether, we have identified the cellular and molecular mech-
anisms regulating the homeostasis and replenishment of RPMs,
the most abundant population of splenic macrophages that exert
a major role in iron metabolism. We characterized a population of
splenic RP stromal cells as CSF1-producing fibroblasts and iden-
tified these as a key component of the RPM niche.

LIMITATIONS OF THE STUDY

A limitation of our study is that we identified RP fibroblasts as reg-
ulators of RPM replenishment after genetic perturbation of their
network but did not address this in additional, pathophysiologi-
cally relevant conditions such as infections. However, macro-
phage deletion is almost invariably accompanied by an inflamma-
tory process. We thus cannot envision situations in which RPM
deletion would not also be associated with inflammation and
consider it very likely that RP fibroblasts would be equally
involved in RPM replenishment in inflammatory or infectious con-
ditions. For the same reason, we believe it would be technically
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challenging to decipher the precise mechanism(s) governing the
production of monocyte chemoattractants by RP fibroblasts after
RPM depletion. This production could result from two non-mutu-
ally mechanisms, which we acknowledge have not been explored
in this study. RP fibroblasts and RPMs might physically interact
via an unknown mechanism that continuously represses CCL2
and CCL7 production. Upon RPM deletion, this inhibition would
be removed, allowing monocyte recruitment. The newly recruited
monocyte would settle in the vacant niche and re-establish this
inhibitory bond, ensuring that no further monocytes would be re-
cruited to this niche. Alternatively, RP fibroblasts could be actively
induced to secrete CCL2 and CCLY7 in response to the inflamma-
tion triggered by the synchronous and massive death of RPMs.
Regardless of the relative contribution of these mechanisms, RP
fibroblasts would actively participate in RPM replenishment in
either scenario. Our data demonstrated that RP fibroblasts main-
tain RPM homeostasis directly via the provision of CSF1. Whether
RPM loss in Wt72°5"" mice is due to cell death or emigration of
RPMs from the spleen remains to be investigated.

Our study also highlights limitations of conditional mouse
models. Ideally, conditional deletion of Csf7 should have been
also performed in Wt1°°ER™2 Rosa™T (iWt1'9T) mice in order to
bypass any developmental defect associated to with the constitu-
tive deletion of Csf7 occurring in Wt12C5™ mice. We have gener-
ated iWt1 97 A°S™ mice but noticed that Csf1 was not efficiently
deleted in tdT* RP fibroblasts after tamoxifen treatment, reinforc-
ing the idea that fluorescent reporter mice should not be used as
systemic proxies for gene deletion efficacy. Finally, the stromal
cell field urgently needs to generate additional tools allowing reli-
able and efficient targeting of individual stroma cell subsets.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD3 (17A2) Biolegend Cat#100222; RRID: AB_2242784
Anti-mouse CD3 (145-2C11) BD Biosciences Cat#553060; RRID: AB_394593
Anti-mouse CD11b (M1/70) Biolegend Cat#101216; RRID: AB_312799
Anti-mouse CD11c (N418) Biolegend Cat#117349; RRID: AB_2563905

Anti-mouse CD16/32 (2.4G2)
Anti-mouse CD31 (390)

Anti-mouse CD34 (RAM34)

Anti-mouse CD45 (30-F11)

Anti-mouse CD45 (30-F11)

Anti-mouse CD64 (X54-5/7.1)
Anti-mouse CD115 (AFS98)

Anti-mouse CD140b (28E1)

Anti-mouse CD169 (3D6.112)
Anti-mouse B220 (RA3-6B2)
Anti-mouse B220 (RA3-6B2)
Anti-mouse CCL2 (Polyclonal Goat IgG)
Anti-mouse CCL7 (Polyclonal Goat IgG)
Anti-mouse c-kit (2B8)

Anti-mouse CSF-1 (Polyclonal Goat IgG)
Anti-mouse Desmin (Polyclonal Rabbit IgG)
Anti-mouse ERTR7 (ER-TR?7)
Anti-mouse F4/80 (BM8)

Anti-mouse F4/80 (BM8)

Anti-GFP (Polyclonal Chicken IgY)
Anti-mouse gp38 (8.1.1)

Anti-mouse LY6C (HK1.4)

Anti-mouse LY6G (1A8)

Anti-mouse MARCO (ED31)
Anti-mouse MERTK (Polyclonal Goat IgG)
Anti-mouse MHCII (M5/114.15.2)
Anti-mouse NPNT (Polyclonal Goat IgG)
Anti-mouse NT5E (TY/11.8)

Anti-RFP (Polyclonal Rabbit IgG)
Anti-mouse Sca-1 (D7)

Anti-mouse Treml4 (16E5)

Anti-mouse VCAM1 (429 (MVCAM.A))
Anti-mouse WT1 (CAN-R9(IHC)-56-2))
Anti-Chicken CF488A

Anti-goat CF640R

Anti-Rabbit CF568

Anti-Rabbit AF647

Anti-Rat AF647

Anti-Sheep AF647

BD Biosciences
BD Biosciences
ebioscience

BD Biosciences
BD Biosciences
Biolegend
Biolegend

Cell Signaling Technology
Biolegend

BD Biosciences
ebioscience

R&D Systems
R&D Systems
Biolegend

R&D Systems
Monosan

Acris Antibodies
Biolegend
ebioscience
Aves

Biolegend
Biolegend
Biolegend
Euromedex

R&D Systems
Biolegend

R&D Systems
Biolegend
Antibodies online
Biolegend
Biolegend

BD Biosciences
Abcam

Biotium

Biotium

Biotium

Jackson immunoresearch
Jackson immunoresearch

Jackson immunoresearch

Cat#553142; RRID: AB_394657
Cat#740690; RRID: AB_2740374
Cat#50-0341-82; RRID: AB_10596826
Cat#564225; RRID: AB_2716861
Cat#563709; RRID: AB_2687455
Cat#139311; RRID: AB_2563846
Cat#135513; RRID: AB_2562667
Cat#3169S; RRID: AB_2162497
Cat#142408; RRID: AB_2563621
Cat#103227; RRID: AB_492876
Cat#13-0452-85; RRID: AB_466450
Cat#AF-479-NA; RRID: AB_354500
Cat#AF-456-NA; RRID: AB_2071565
Cat#108114; RRIDAB_493596
Cat#AF416; RRID: AB_355351
Cat#PS031; RRID: AB_420229
Cat#MCA2402
Cat#123106; RRID: AB_893501
Cat#13-4801-85; RRID: AB_466658
Cat#GFP-1010; RRID: AB_2307313
Cat#127410; RRID: AB_10613649
Cat#128026; RRID: AB_10640120
Cat#127604; RRID: AB_1186108
Cat#GTX43404; RRID: AB_11162718
Cat#BAF591; RRID: AB_2098563
Cat#107628; RRID: AB_2069377
Cat#AF4298-SP
Cat#127204; RRID: AB_1089062
Cat#ABIN1043867
Cat#108126; RRID: AB_10645327
Cat#143304; RRID: AB_11125372
Cat#561612; RRID: AB_10896662
Cat#ab89901
Cat#20166-1; RRID: AB_10854387
Cat#20179; RRID: AB_10853145
Cat#20098; RRID: AB_10557118
Cat#711-606-152; RRID: AB_2340625
Cat#712-606-153; RRID: AB_2340696
Cat#713-606-147; RRID: AB_2340752
(Continued on next page)

Immunity 53, 127-142.e1-e7, July 14, 2020 e1



¢? CellPress

Immunity

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Streptavidin, Bv421 conjugated BD Biosciences Cat#405226

Biological Samples

Normal Rat serum
Normal Mouse serum

Jackson ImmunoResearch
ThermoFisher Scientific

cat#012-200-120
cat#31881; RRID: AB_2532173

Chemicals, Peptides, and Recombinant Proteins

Antigen Fix

Anti-biotin microbeads
Anti-mouse CD11b microbeads
Anti-mouse CD45 microbeads

Microm Microtech
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec

cat#F/P0016

cat# 130-090-485; RRID: AB_244365
cat#130-049-601

cat#130-052-301

Collagenase | GIBCO cat#17100017
Collagenase D Roche, Sigma-Aldrich cat#11088866001
Corn Oil Sigma cat#C8267
CountBright™ Absolute Counting Beads Life Technologies cat#C36950
Diphteria toxin Merck cat#322326
Dispase Il Roche, Sigma-Aldrich cat#04942078001
DNase | Roche, Sigma-Aldrich cat#11284932001
Dnase | Sigma cat#10104159001
FcR blocking reagent, human Miltenyi Biotec Cat#130-059-901
Gluteraldehyde 25% Sigma-Aldrich Cat#G5882
HEPES GIBCO Cat#12509079
Liberase TM Research Grade Roche, Sigma-Aldrich Cat#5401119001
2-mercaptoethanol Sigma Cat#3148
Paraformaldehyde Sigma-Aldrich Cat#0571709
RapiClear 1.47 Sundin Lab RC147002
Tamoxifen Sigma cat#T5648
tamox chow Envigo TD.130856
Tissue Freezing Medium Triangle Biomedical Sciences 72593; cat#100496-345
TB Green Premix Ex Taq Takara cat#RR820B
Critical Commercial Assays

Mouse M-CSF quantikine ELISA kit R&D systems Cat#MMCO00
Prussian Blue Test Kit Sigma Cat#HT20-1KT
RNEasy Plus Micro Kit QIAGEN Cat#74034
Quantitect Reverse Transcription Kit QIAGEN Cat#205311
Deposited Data

Murine RNA-sequencing data This paper GEO: GSE 148356

Experimental Models: Organisms/Strains

Mouse: C57BL/6
Mouse: C57BL/6J CD45.1

Mouse Ccl19°®: C57BL/6N-Tg(Ccl19-
cre)489Biat/Biat

Mouse Ccl2-RFP": B6.Cg-Ccl2tm1.1Pame/J
Mouse Ccr2~/~: B6.129S4-Ccr2tm1lfc/J
Mouse: CD64P™

Mouse: Cdh5 CreERT2

Mouse: Csf1 flox/flox

Mouse Cx3cr1®P: B6.129P2(Cg)-Cx3cr1™mtitt/y

Mouse Rosa®™": C57BL/6-
Gt(ROSA)26Sor™ ! HEEGHAWaI; )

Mouse: Rosa"r"
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Janvier Labs
Charles River Laboratories
EMMA mouse repository

The Jackson Laboratory
The Jackson Laboratory
Baranska et al.,2018
Sorensen et al., 2009
Harris et al., 2012

The Jackson Laboratory
The Jackson Laboratory

Luche et al., 2007

N/A
N°2014
EM:09381

JAX: 016849

JAX: 004999

Gift from Bernard Malissen (CIML, France)

Gift from Ralf Adams (Muenster, Germany)

Gift from Sherry Abboud Werner (San Antonio, US)
JAX: 5582

JAX: 007900

N/A
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse Rosa'": B6.Cg-Gt(ROSA)26Sortm14(CAG- ~ Madisen et al., 2010;The Jackson ~ JAX: 007914
tdTomato)Hze/J Laboratory

Mouse Rosa"™": B6.129X1- The Jackson Laboratory JAX:006148
Gt(ROSA)26Sor™!EYFFICos

Mouse Ubc®™: C57BL/6-Tg(UBC-GFP)30SchalJ The Jackson Laboratory JAX: 004353
Mouse: Ubow/ Ubc '9TOM Ghigo et al., 2013 N/A

Mouse Wit1C°ERT2: Wit1tm2(cre/ERT2)Wtp/J The Jackson Laboratory JAX: 010912
Mouse Wit1¢FPCre: Wit1tm1(EGFP/cre)Wtp/J The Jackson Laboratory JAX: 010911
Oligonucleotides

cell-surface associated Csf1 gPCR FWD Rubin et al., 1996 N/A
CCACTTGTAGAACAGGAGGCCC

cell-surface associated Csf1 qPCR REV Rubin et al., 1996 N/A
CCAAGAACTGCAACAACAGCTTTGC

soluble Csf1 gPCR FWD Rubin et al., 1996 N/A
CCACTTGTAGAACAGGAGGCCC

soluble Csf1 gPCR REV Rubin et al., 1996 N/A

GCTTGAGGGCAAGAGAAGTACC-3

Software and Algorithms

BD FACS Diva Software

CellPhoneDB

lllustrator, CC2015
ImagedJ

Imaris, v8
Photoshop, CC2015
Prism, v7

Zeiss ZEN 2010

BD Biosciences

Teichmann Lab and Vento-
Tormo Lab (Wellcome Sanger
Institute, Cambridge, UK)

Adobe

Schneider et al., 2012
Bitplane

Adobe

GraphPad Software

Carl Zeiss

http://www.bdbiosciences.com/us/instruments/
clinical/software/flow-cytometry-acquisition/bd-
facsdiva-software/m/333333/overview

www.cellphonedb.org; RRID: SCR_017054

https://www.adobe.com/; RRID: SCR_010279
https://imagej.nih.gov/ij; RRID: SCR_018407
http://www.bitplane.com; RRID: SCR_007370
http://www.adobe.com/; RRID: SCR_014199

https://www.graphpad.com/scientific-software/
prism/; RRID: SCR_002798

http://www.zeiss.com

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to Marc Bajénoff (bajenoff@ciml.univ-mrs.fr).

Materials Availability

Materials generated in this study will be available from the authors upon request to bajenoff@ciml.univ-mrs.fr.

Data and code availability

All RNA-sequencing data have been deposited in the Gene Expression Omnibus public database as Database: GSE148356.

EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Mice

Mice were maintained under specific pathogen free conditions and a 12 h light/dark cycle at an ambient temperature of 22°C at the
animal facilities of the CIML (Marseille, France). Animals were housed in individually ventilated cages containing sterile quarter-inch
corncob bedding and cotton pads for environmental enrichment. All experiments were performed in accordance with the French
ethical committee. Unless otherwise specified, a mix of male and female mice were used for each experiment and mice were consid-
ered adult at the age of 6 weeks. C57BL/6 mice were purchased from Janvier Labs. CD45.1 (Ly5.1) mice were purchased from

Charles River. Ubc™” mice were generated as previously described (Ghigo et al., 2013; Luche et al., 2007). Rosa

9T (also known

as Ai14, (Madisen et al., 2010)), Rosa®™® (Buch et al., 2005), Rosa""" (Srinivas et al., 2001), Cx3cr187F (Jung et al., 2000), Ccr2~/~
(Boring et al., 1997), Wt1°ERT2 (Zhou et al., 2008), Wt1GFFC™® (Zhou et al., 2008), Ccl2-RFP" (Shi and Pamer, 2011), Ubc®F (Schaefer
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et al., 2001) mice were purchased from the Jackson Laboratory. Cc/79°™ mice (Chai et al., 2013) were purchased from the EMMA
mouse repository (Vienna, Austria). Csf17/f°X (Harris et al., 2012), Cdh5-CreERT2 (Sérensen et al., 2009) and CD64°™ mice (Bar-
anska et al.,2018) were a kind gift from respectively Sherry Abboud Werner (San Antonio, US), Ralf Adams (Muenster, Germany) and
Bernard Malissen (CIML, France).

METHOD DETAILS

Tamoxifen administration

Adult mice were gavaged once per week with 15mg of regular tamoxifen dissolved in corn oil (both from Sigma-Aldrich), twice
(Wt1C®ERT2 Rosa'™T, Wi1C°ERT2 Rosa™T CD64P™) or three times (Wt19°EF72 Rosa”™™PTR). Adult Cdh5CeERT2 Csf1™ooX mjce
were fed with tamox chow (Envigo) for one month.

Bone marrow chimeras

For shield irradiation, anesthetized mice were placed into a 6mm thick lead cylinder to selectively expose their hind legs to irradiation,
but protect (shield) the rest of their body. To generate regular BM chimeras, mice were subjected to full-body irradiation. Mice were
irradiated (9Gy) and reconstituted with at least ~3x10° total bone marrow (BM) cells prepared using standard procedures.

Isolation of RPM, splenic stromal cells, and lymph node FRC

For splenic stromal cell isolation, spleens were injected in situ with warm RPMI medium (Invitrogen) containing 400U/mL Collagenase
| (GIBCO) with 30 G syringe and harvested 2min later. Cell suspensions from adult mouse spleens and lymph nodes were obtained
through mechanical dissociation and enzymatic digest. Briefly, organs were harvested, finely minced with scissors and digested in
RPMI medium containing 3mg/mL Collagenase D (Roche), 0,8 mg/mL Dispase Il (Roche), 0,1 mg/mL DNase | (Roche), 2% FCS, 5%
Supplementum Complementum (Penicillin/Streptamycin 1000U/mL, 40mM L-glutamin, 100mM HEPES (GIBCO), 1mM B-mercap-
toethanol (Sigma) in RPMI medium). Digests were performed for 40min at 37°C under continuous agitation (1000rpm) with resuspen-
sion and collection of supernatant every 20min to FACS buffer (PBS, 1%FCS, 2mM EDTA). Samples were regularly pipetted up and
down to support mechanical dissociation and digest. Cell suspensions obtained from the spleen were subjected to red blood cell
lysis prior to enrichment/staining. To enrich splenic and lymph node fibroblastic stromal cells, hematopoietic cells were depleted
by incubating the cell suspension with MACS anti-CD45 microbeads (Miltenyi Biotec) and passing them through a MACS LS column
(Miltenyi Biotec). Unbound single-cell suspensions were used for further flow cytometric analysis.

Flow cytometry

Blood samples were drawn from the retro-orbital vein and subjected to RBC lysis prior to staining. Bone Marrow cell suspensions
were obtained from mice tibia by flushing the bones with PBS, filtering the suspensions on a 70 uM cell strainer and lysing red blood
cells. Peritoneal and pleural washouts were performed by intraperitoneal and intrathoracic injections of cold PBS (5 and 2ml respec-
tively) and collection of the resulting fluids. Single cell suspensions were stained blocked in a medium containing rat serum, mouse
serum and CD16/32 specific blocking antibody (Biolegend). Surface staining was then performed in FACS buffer for 30min at 4°C.
Data were acquired on a LSRII 561 (Becton Dickinson) and analyzed using Diva software (BD) and Prism7 (GraphPad). RP Fibrobasts
and FRC were sorted using a FACS Aria Illu (BD, Biosciences).

Immunostaining for confocal microscopy

Spleens and lymph nodes were fixed in AntigenFix (Microm Microtech) for 2 h at RT and washed in 0.1M phosphate buffer. For
vibratome sections, one hundred and fifty um-thick sections were prepared and stained with the indicated antibodies in IHC buffer
(Tris 0.1M, BSA 0.5%) containing 2% Triton X-100 for a minimum of 4 h. After 30min washing, spleen sections were clarified with
Rapiclear 1.47 (Sundin Lab) for 2 h. For cryostat sections, organs were dehydrated in 30% sucrose in 0.1M phosphate buffer for
12 h, embedded in tissue freeze medium (Triangle Biomedical Sciences) and snap frozen. Twenty pm-thick sections were prepared
and stained with the indicated antibodies in IHC buffer containing 2% Triton X-100 for minimum 2 h. Confocal images were acquired
on a Zeiss LSM 880 confocal microscope. Final image processing was done using Imaris software (Bitplane) and Adobe Photoshop.

Iron Staining
For Perl’s Prussian Blue stain, spleens were fixed with 4% formaldehyde in 0.1M phosphate buffer (pH 7.0) for 3 h, embedded in
paraffin, and stained with Perl’s Prussian blue and Pararosaniline (Sigma).

Scanning Electron Microscopy

Spleens were fixed in Antigen Fix for 2 h and cut with a vibratome into 250um thick slices. Spleen slices were post-fixed in 2% PFA,
2.5% glutaraldehyde in PBS overnight at 4°C. The next day, the samples were washed three times in PBS and dehydrated in graded
series of ethanol baths (10min each). The samples were freeze-cracked with a razor blade in parafiims packs submerged in liquid
nitrogen. Once air-dried, the samples were placed on carbon taped-stubs with the cracked face up for gold sputtering (10’ at
15mA, Edwards). Imaging was carried out on an FEI Teneo VS running in high vacuum, at 10kV and using an ETD secondary electrons
detector.
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Antibodies

Specific antibodies directed against mouse CD11b (M1/70), CD64 (X54-5/7.1), F4/80 (BM8), MHCII (M5/114.15.2), CD3 (17A2), LY6C
(HK1.4), LYBG (1A8), CD115 (AFS98), gp38 (8.1.1), NT5E (TY/11.8), Treml4 (16E5), Sca-1 (D7), c-kit (2B8), CD169 (3D6.112) were pur-
chased from Biolegend. B220 (RA3-6B2), CD3 (145-2C11), CD45 (30-F11), VCAM1 (429 (MVCAM.A)), CD31 (390), CD16/32 (2.4G2)
antibodies were purchased from BD. ERTR7 (ER-TR7), CD140b (28E1), WT1 (CAN-R9(IHC)-56-2)),CD34 (RAM34), MARCO (ED31)
specific antibodies were purchased respectively from Acris antibody, Cell Signaling, Abcam, ebioscience and Euromedex. CSF-
1, CCL2, CCL7, NPNT, MerTK (Polyclonal Goat IgG) specific antibodies were purchased from R&D systems. GFP (Polyclonal Chiken
1gY), RPF (Polyclonal Rabbit IgG), Desmin (Polyclonal Rabbit IgG) specific antibodies were purchased respectively from Aves, An-
tibodies online and Monosan. Chicken CF488, Rabbit CF568 and goat CF640R specific antibodies were purchased from Biotium.
Rabbit AF647, Rat AF647 and Sheep AF647 specific antibodies were purchased from Jackson immunoresearch.

Diphteria toxin mediated RPM or RP Fibroblasts depletion

Diphteria toxin (DTX) (Merck) was dissolved in PBS and stored at —80°C. Isoflurane anaesthetized Cx3cr1¢™, CD64°™", CD64P TR
Cx3cr1®FF, Wt1CERT2 Rosa™T CD64PTR or Wit19°ER™ Rosa"™™PTR mice were injected in the retro-orbital venous sinus with a single
dose of 1 pg of DTx or PBS for control mice. Mice were sacrificed at the indicated time points and spleens were harvested for
analysis.

Monocyte transfer

DTx-treated CD64°™ mice were injected in the retro-orbital venous sinus with monocytes collected from the spleen and BM of adult
Ubc'T mice (regular transfer) or adult Ccr2™"™ Cx3cr1SF™+ Ubc'®T and Ccr2X® Cx3cr1®™™* mice (competitive transfer). For spleen
monocytes, the spleens were harvested and digested as previously described. For BM monocytes, tibias and femurs were flushed
with cold PBS and the suspension was filtered on a 70 uM cell strainer. Monocyte enrichment was achieved by negative selection of
neutrophils, T and B cells using biotin-conjugated anti-CD3-, CD45B-, Ly-6G Abs followed by anti-biotin microbeads (Miltenyi Bio-
tec). Cell suspensions were then similarly enriched for CD11b* cells. Enriched cells were labeled with fluorescent antibodies and
CD11b* CD117” monocytes were sorted using a FACS Aria lllu.

Spleen grafting

Inguinal lymph nodes were surgically removed from Ubc™" mice under general anesthesia. One ~3 mm-thick fragment of spleen
collected from WT (Figure S5E) or Wt14€°2 and littermate controls (Figure 5F) was transplanted into the lymph node-free inguinal
pockets of Ubc®™ mice (Wt14°°2 in the right pocket, control in the left pocket). Animals were maintained under Ibuprofen in drinking
water (0,1mg/mL) for the entire duration of the experiment.

GFP

Bulk RNA Sequencing and bioinformatics analysis

Wit1CmERT2 RosatT CDB4P™R mice received tamoxifen as previously described and were treated ("RPM depletion”, Figure 5) or not
(“steady state”, Figures 2, S1) one week later with DTx. 12 h later, RP Fibroblasts (“’steady state’” and “RPM depletion’’) and FRC
(“steady state’”) were FACS-purified into 350 uL RLT Buffer (QIAGEN) from the spleens and lymph nodes respectively. Biological
triplicates were generated from a pool of 2 mice per sample. Total RNA was extracted using RNeasy Plus micro kit (QIAGEN)
following the manufacturer’s instructions. Library preparation and RNA sequencing were performed by the IGBMC GenomEast plat-
form, a member of the ‘France Génomique’ consortium (ANR-10-INBS-0009). Sequencing was performed using an llllumina HiSeq
4000 sequencer. On the platform, reads were preprocessed in order to remove adaptor and low-quality sequences (Phred quality
score below 20). After this preprocessing, reads shorter than 40 bases were discarded for further analysis. These preprocessing
steps were performed using cutadapt version 1.10. Reads were mapped to rRNA sequences using bowtie version 2.2.8, and reads
mapping to rRNA sequences were removed for further analysis. Successively, remaining reads were mapped onto the mm10 assem-
bly of Mus musculus genome using STAR version 2.5.3a. Gene expression quantification was performed from uniquely aligned reads
using htseg-count version 0.6.1p1, with annotations from Ensembl version 93 and “union” mode. Successive analysis were per-
formed using homemade R scripts with R version 3.5.3. Analysis of differential expression of genes (DEG) was done thanks to the
Deseg2 R packages (version 1.20.0) using a negative binomial generalized linear model. Data normalization was done using the
FRC and RP fibroblast replicates all together in the DEseg2 model with shrunken log2 fold changes (LFC) and SE. Volcano plot of
differentially expressed genes between FRC and RP fibroblasts uses statistics generated by the DEG analysis (LFC and adjusted
p value). Highlighted genes come from (Malhotra et al., 2012). Heatmaps comparing FRC and RP fibroblast populations were created
using pheatmap R package (version 1.0.12). In Figure 2F, the displayed genes are the top 30 genes computed by the DEG analysis
considering both the genes LFC and their DEG adjusted p value (adj-pval < 0.05). Heatmap displaying chosen list of genes were
created using pheatmap R package (version 1.0.12). Enrichment analysis of Gene Ontology terms (Biological Processes) was
done using genes selected (i) from the DEG analysis (adj-pval < 0.05) and (ii) having a mean expression greater than 1000 in at least
FRC and RP fibroblasts and a LFC greater than 2 between the two populations. This selection identified 358 genes overexpressed in
RP fibroblastss versus FRC. The R package ClusterProfiler (version 3.8.1) was used to perform the enrichment analysis based on
these genes. Biological processes were selected among the top enriched ones on their interest in the study and grouped by biological
function.
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Murine spleen scRNaseq data analysis

Fastq files from E-MTAB-7703 (Cheng et al., 2019) and the Tabula Muris (10X droplet sequencing) spleen samples (P4_7, P7_6)
(Schaum et al., 2018) were downloaded. These data were processed to count matrices using the kallisto and bustools workflow,
pseudoaligning reads to the GRCm38 reference (Melsted et al., 2019). Data were subsetted to cells with total features > 500, and
percent mitochondrial counts < 10%. Downstream analysis was conducted using Scanpy (Wolf et al., 2018). Data were normalized
and log transformed before calling the top 2000 highly variable genes, and calculating the first 30 principal components. Principal
component coordinates were used in neighbor graph construction and UMAP embedding. We calculated clusters on the graph using
the Leiden algorithm, with resolution = 1. Clusters were annotated to cell types using canonical immune cell markers, and genes
described in (Cheng et al., 2019). The splenic stroma dataset was subset to cells annotated as red pulp fibroblasts and we conducted
a repeated clustering analysis using the Leiden algorithm with resolution parameter set to 0.4. Dissociation stress gene sets were
downloaded from (Bhattacharya et al., 2018; van den Brink et al., 2017). Ligand-receptor interaction analysis was performed using
the python implementation of CellPhoneDB version 2.0, setting threshold = 0.2 (Egen et al., 2008; Vento-Tormo et al., 2018). Analysis
of chemokine and cytokine genes was performed using a gene list downloaded from immport (Bhattacharya et al., 2018). Enrichment
of gene lists for Gene Ontology, REACTOME, and KEGG terms was conducted with the ClusterProfiler R package (Yu et al., 2012).
Identification of active transcription factor regulons was conducted using the PyScenic toolkit (Aibar et al., 2017).

Human spleen processing

Human spleen samples (n = 2) were collected from recently deceased donors and cut into approx 30 mm? pieces before digestionina
solution containing 25 pg/mL Liberase TM (Roche) and 50 png/mL DNase (Sigma) in 5 mL RPMI (GIBCO) for 30min at 37°C. The sam-
ple was then dissociated using mechanical disruption over a 70 um sieve, and resulting suspension washed with PBS. Subsequently
samples were processed as follows: Experiment 1: Splenocytes were FACS sorted into CD45" and CD45" fractions. Experiment 2:
Cells were incubated with saturating concentrations of FcR blocking reagent (Miltenyi Biotec) for 10min at room temperature, then
stained with a lineage mixture of FITC-congugated anti-CD3 (Hit3a) (Tonbo biosciences), FITC-conjugated anti-CD19 (SJ25C1) (Bio-
legend), FITC-conjugated anti-CD56 (5.1H11) (Biolegend), FITC-conjugated anti-CD138 (DL101) (eBioscience), and FITC-conju-
gated anti-TCRap (IP26) (Invitrogen) for 15min at room temperature. We performed negative selection with anti-FITC microbeads
(Stem Cell Technologies) according to manufacturer’s instructions.

Seperately, cells were stained with FITC-conjugated anti-CD45 (2D1) (Biolegend). We again performed negative selection with
anti-FITC microbeads (Stem Cell Technologies) according to manufacturer’s instructions.

The lineage negative and CD45™ suspensions were counted using an haemocytometer and adjusted to 1000 cells/uL. Cells were
loaded onto the Chromium 10X microfluidics controller and processed using the standard protocol. Experiment 1 used 10X version 2
chemistry; experiment 2 used 10X version 3 chemistry.

Sequencing was performed on an lllumina Hiseq 4000 instrument.

Human spleen scRNaseq analysis

Count matrices were calculated using the cellranger software package version 3 (10X genomics). Features were subsetted to the
intersect of features mapped between the two chemistries. Data were subsetted to cells with total features > 250, and percent mito-
chondrial counts < 20%. We removed computationally predicted doublets using the Scrublet tool (Wolock et al., 2019), using default
settings. Data were normalized and log transformed before calling the top 2000 highly variable genes using Scanpy. Data were in-
tegrated between each experiment using the fastMNN function in the Batchelor R package (Haghverdi et al., 2018), before using
these corrected principal component coordinates to calculate a neighbor graph, UMAP embedding, and Leiden clustering solution
in Scanpy. Clusters were annotated to cell types using canonical immune cell markers. We mapped murine genesets to orthologs
using bioMart (Smedley et al., 2009) in R, and calculated enrichment scores using Scanpy.

Dosage of serum CSF1

After collection, the blood was allowed to clot by leaving it undisturbed at room temperature for 30min. The clot was removed by
centrifuging at 10 000 rpm for 5min at 4°C. The collected supernatant was further centrifuged under the same conditions and the
collected sera were stored at —20°C. The levels of circulating CSF1 were determined using the mouse M-CSF quantikine ELISA
kit (R&D systems) following the manufacturer’s instructions. Optical density was determined using the microplate reader Spectrostar
Omega (BMG labtech).

qRT-PCR

Splenic stromal cells and CD45™ cells from adult wild type, Ccl/194°5"" and Wt14°5" mice (pool of 3 mice per sample) were FACS-
sorted and total RNA was extracted as previously described. Quantitative reverse transcriptase-polymerase chain reaction (RT-
PCR) was performed (Quantitect Reverse Transcription Kit, QIAGEN) with SYBR Green PCR master mix (TB Green Premix Ex
Taq, Takara). The reaction was carried out in an 7500 Fast Real Time PCR system (Applied Biosystems), one cycle 95°C 20 s followed
by 40 cycles 95°C 3 s 60°C 30 s. Primers used included soluble CSF-1 (Pa:5-CCACTTGTAGAACAGGAGGCCC-3'; Pb: &
GCTTGAGGGCAAGAGAAGTACC-3'), cell-surface associated CSF-1 (Pa:5’-CCACTTGTAGAACAGGAGGCCC-3’; Pc: &
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CCAAGAACTGCAACAACAGCTTTGC-3) (Rubin et al.,, 1996), and glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
(5'-GGGTGTGAACCACGAGAAAT-3', 5'-CCTTCCACAATGCCAAAGTT-3'). The average CT value for each gene was calculated
and normalized to Gapgh.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of YFP* pixels in the Red Pulp

Same size/thickness confocal images of spleen sections were made in DTx treated and untreated Wt mice. RP
was identified through F4/80 staining. In this region, the area covered by YFP* pixels was determined using ImageJ software (see also
legend of Figure S3A).

1 CreERT2 RosaYFP/DTR

Quantification of cells

In order to quantify the absolute numbers of cells present in a given blood volume or weighed spleen piece or graft, CountBright
Absolute Counting Beads (Life Technologies) were added to the samples before flow cytometry analysis. These numbers were deter-
mined using the bead-to-cell ratio.

Statistical analysis

Mean values were calculated using Prism software (GraphPad) as indicated in the respective figures. p values were calculated with
the Mann-Whitney test. ns: p > 0.05, *p < 0.05, *p < 1072, **p < 1073, **p < 10~*
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