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ARTICLE INFO ABSTRACT

Keywords: Macrophages play essential roles in immune defense and tissue homeostasis, but the mechanisms underlying
M.acrophage their colonization in the gut mucosa remain incompletely understood. Here, we identify CSF1, primarily derived
Niche from fibroblasts, as the dominant factor maintaining mucosal macrophage colonization, whereas IL-34 deficiency
I(LSI;‘ alone has a minimal impact. We reveal that CSF1R ligands originate from distinct cellular sources: macrophages
Fibroblast at the upper villus region depend on fibroblast-derived CSF1 and IL-34, while macrophages in the lower villus
Intestine and the submucosal (lower villus + SM) region are regulated by CSF1 from both fibroblasts and endothelial cells.
Additionally, within the lower villus + SM region, CSF1-producing CD81" LepR" fibroblasts directly interact
with CD163" macrophages, forming a localized niche. The loss of CSF1 in fibroblasts results in accelerated
systemic dissemination of Salmonella Typhimurium, highlighting fibroblast-derived CSF1 as a key regulator of
gut macrophage function in host defense. Collectively, our findings uncover a previously unrecognized
fibroblast-macrophage crosstalk that governs gut macrophage homeostasis and immunity.
Introduction derived monocytes can replenish certain macrophage pools, particularly

5,6

under inflammatory conditions™".

Macrophages, a major component of the mononuclear phagocyte
system, are present in most vertebrate tissues, where they contribute to
immunity, development, metabolic homeostasis, and tissue repairl’g.
During embryogenesis, yolk sac erythro-myeloid progenitors generate
pre-macrophages and monocytes, which colonize developing tissues and
differentiate into tissue-resident macrophages, maintaining their pop-

ulations locally throughout life?. Postnatally, bone marrow (BM)-

The intestine performs multiple functions, including nutrient ab-
sorption, immune surveillance, and tolerance to dietary and commensal
antigens’. Gut-resident macrophages, located primarily in the lamina
propria, play a pivotal role in maintaining gut homeostasis by sampling
luminal contents through dendritic projections and initiating immune
responses against pathogenic microbes via pattern recognition
receptors® ', Additionally, they regulate both innate and adaptive
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immune responses to amplify host defense mechanisms'''®. Impor-
tantly, gut macrophages also exhibit immunoregulatory functions, such
as clearing apoptotic cells and producing IL-10, an anti-inflammatory
cytokine critical for suppressing excessive immune activation'*'°,
Dysfunction in these regulatory pathways has been implicated in in-
flammatory bowel diseases (IBD)'°.

Anatomically, the intestine consists of two major compartments: the
mucosa and the muscularis externa. The mucosa includes the epithelial
layer, lamina propria (LP) and submucosa. In some contexts, the LP and
submucosa are collectively considered and further subdivided into the

Mucosal Immunology xxx (xxxx) xxx

upper and the lower LP zones'”. The role of gut resident macrophages is
considered to be specialized in a region-specific manner'®. Lamina
propria macrophages, positioned just beneath the epithelium, play an
integral role in antigen sampling and immune homeostasis. Beyond their
immune functions, gut macrophages contribute to intestinal architec-
ture, including vascular homeostasis'®. In the crypt-lower villus
compartment, macrophages near crypt regions support Lgr5" intestinal
epithelial stem cells via Wnt signaling, particularly during homeostasis
and tissue repair following injury’®?!. Tissue-specific factors are
increasingly recognized as key determinants of macrophage identity and
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Fig. 1. CSF1 is predominantly required for gut mucosal macrophage pool. (A) Representative confocal microscopy images of the jejunum from 9-week-old
Cx3cr1#/* mice fed either a normal diet or a PLX3397-containing diet for 2 weeks. Macrophages and nuclei are visualized by CX3CR1-EGFP and DAPI, respec-
tively. Scale bars, 50 ym. (B) Flow cytometry analysis of small intestinal macrophages from 9-week-old Cx3cr1¥®* mice on the indicated diets. Representative
expression patterns of CD11b and CD64 among live CD45.2" small intestinal cells are shown. Numbers indicate the percentages of gated populations. (C) Quan-
tification of macrophages in the small intestine from (B). Data represent Cx3cr1 8f/+ mice fed a normal (n = 5) or PLX3397-containing diet (n = 6). The experiment
was performed twice. (D) Representative confocal microscopy images of the jejunum from 4-week-old Csf1*/* Cx3cr18®/*, Csf1™TA; Cx3cr18™/+ and 11347
Cx3cr1#/* mice. Macrophages and nuclei are labeled with CX3CR1-EGFP and DAPI. Dashed lines indicate boundaries of the upper villus, lower villus + submucosa
(SM), and muscularis externa. Scale bars, 50 pm. (E) Quantification of macrophages in the upper villus and lower villus + SM regions from (D). Data represent Csf1 +
+; Cx3cr18% (n = 3), Csf1'™A A Cx3cr18%/* (n = 3), and 11347 Cx3cr1®®/* (n = 4) mice. The experiment was performed twice for Csf1""/*™ and three times for
11347 mice. (F) Representative confocal images of the distal large intestine from 4-week-old Csf1*/"; Cx3cr18®/*, Csf1'™/TA; Cx3cr18®/* and 11347 Cx3cr18®/+
mice. Macrophages and nuclei are visualized with CX3CR1-EGFP and DAPI. Dashed lines indicate the boundary between the lamina propria (LP) + submucosa and
the muscularis externa. Scale bars, 50 pm. The experiment was repeated three times. (G) Flow cytometry analysis of small intestinal macrophages in 4-week-old
134" (n = 5) and II34”"(n = 5) mice. Frequencies of CD11b* CD64" Ly6Cl°W MHCII"8" cells among CD45.2% cells are shown. The experiment was performed
three times. (H) Flow cytometry analysis of large intestinal macrophages in 4-week-old I134*/* (n = 3) and II347" (n = 3) mice. Frequencies of CD11b* CD64*+ Ly6Clo"
MHCIT"#" cells among CD45.2" cells are shown. The experiment was performed twice. Data are pooled from at least two independent experiments and presented as
mean + SEM. Statistical analyses were performed using the unpaired Mann-Whitney test (C), one-way ANOVA with Dunnett’s multiple comparison test (E), and
unpaired t-test (F and H). Statistical significance is indicated as **p < 0.01, ***p < 0.001, “‘p < 0.0001; ns, not significant.
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function®>??, In line with this, gut-resident macrophages exhibit highly
heterogeneous transcriptomic profiles, suggesting that they integrate
local environmental cues to acquire distinct functional phenotypes®*2°.
However, the mechanisms regulating the development, survival, and
function of these macrophage subsets remain poorly understood.

Like other leukocytes, macrophages rely on extrinsic niche signals for
their maintenance. Among these, Colony-Stimulating Factor 1 Receptor
(CSF1R) signaling—mediated by its two cognate ligands, CSF1 and IL-
34—is essential for macrophage proliferation, differentiation, and
survival?® 2%, Mice lacking functional CSF1R exhibit a profound loss of
macrophages across multiple tissues, resulting in severe defects such as
impaired bone marrow cavity formation and defective brain myelina-
tion?%°. Although CSF1R ligands have been established as key macro-
phage niche factors in the intestine, their precise identity and specific
cellular sources remain unknown®’.

In this study, we aimed to identify the cellular sources of CSF1R li-
gands within distinct intestinal compartments and elucidate their role in
gut macrophage homeostasis. Using transcriptomic analysis combined
with genetic models for cell lineage-specific depletion of CSF1R ligands,
we identified podoplanin (PDPN)" fibroblasts as the primary source of
CSF1, which was indispensable for sustaining gut mucosal macrophages.
Furthermore, fibroblast-derived CSF1 played a critical role in host de-
fense against Salmonella Typhimurium (S. Typhimurium) infection.
These findings reveal an essential fibroblast-macrophage crosstalk that
regulates gut macrophage homeostasis and host immunity, highlighting
intestinal fibroblasts as key niche cells for maintaining the macrophage
pool.

Results

CSF1 is predominantly required for the colonization of gut mucosal
macrophages

We first confirmed the significance of the CSF1R signal in gut-
resident macrophage. To this end, we examined the effect of CSF1R
blockade in adult mice using Cx3cr18™* reporter mice®
(Supplementary Fig. 1A, B). Pexidartinib (PLX3397) is a potent multi-
targeted inhibitor of receptor tyrosine kinases, including CSF1R™,
Mice fed a PLX3397-containing diet for two weeks exhibited a complete
depletion of CX3CR1-EGFP" macrophages in the intestine (Fig. 1A-C),
indicating that CSF1R signaling is essential for the maintenance of gut
macrophages.

CSF1 and IL-34 are cognate ligands for CSF1R in both mice and
humans. To investigate the role of CSF1 in intestinal macrophage
maintenance, we performed a histological analysis of small intestinal
macrophages in four-week-old Csfl-deficient Csf1'™/TA mjce
(Supplementary Fig. 2A). Anatomically, we divided the small intestinal
lamina propria into two regions: the upper villus and the crypt-lower
villus regions referring to the previous report'’. Because the submuco-
sal (SM) layer in mice is too thin to be clearly distinguished from the
crypt-lower villus regions, we defined the lamina propria excluding the
upper villus as “lower villus”. Thus, the non-muscularis externa region of
the small intestine was categorized into two compartments: “upper vil-
lus” and “lower villus + SM”. Similarly, we defined the non-muscularis
externa region in the large intestine as the “lamina propria and SM re-
gion (LP + SM)”.

We observed a significant reduction of macrophages within the
upper villus and lower villus + SM regions of the small intestine in
Csf1TATA mice (Fig. 1D, E). This phenotype closely resembles that of
Csf1°P°P mice, which lack functional CSF1°*. A similar trend was
confirmed in the large intestine (Fig. 1F). In contrast, the number of
mucosal macrophages in 11347 mice (Supplementary Fig. 2B-D) was
comparable to that of control mice in the small intestine (Fig. 1D, E).
Flow cytometry analysis further revealed no significant reduction in
macrophages in either the small or large intestine of I134”" mice (Fig. 1G,
H).
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These data indicate that systemic loss of CSF1 severely impairs the
colonization of gut mucosal macrophages, whereas IL-34 deficiency has
no apparent impact on the macrophage pool. Therefore, we conclude
that CSF1 is predominantly required for the colonization of gut mucosal
macrophages.

PDPN'™ fibroblasts are major producers of CSF1 in the gut mucosa

Through alternative splicing and distinct proteolytic processing,
CSF1 is produced in three isoforms: a secreted soluble form CSF1
(sCSF1), a secreted chondroitin sulfate form, and a cell-surface form>”.
Given that transgenic sCSF1 fails to compensate for endogenous CSF1
deficiency>®, we hypothesized that CSF1 is not uniformly distributed
across gut regions and that macrophages are primarily maintained by
locally provided CSF1°'. To identify CSF1-producing cells in the gut, we
generated Csf1™*; LCI; Rosa26-'9T°ma® mice  which enable
continuous labeling of Csfl-expressing cells and allow doxycycline
(Dox)-regulated Cre expression®’*%, Specifically, tTA expression is
driven by the Csf1 promoter, which activates Cre expression via binding
to the tetracycline response element (TRE). Dox inhibits tTA binding to
TRE, thereby preventing the labeling of cells with tdTomato
(Supplementary Fig. 3A, B).

Flow cytometry analysis of lamina propria cells isolated from
Csf1'™/+; LC1; Rosa26"S-14Tomat® mice revealed that the majority of
cells with a history of Csfl expression were CD45~ non-hematopoietic
cells, particularly CD31™ non-endothelial cells (Fig. 2A). Among them,
PDPN' and PDPN~ PDGFRa" fibroblasts selectively expressed tdTomato
(Supplementary Fig. 3C). Histological analysis showed that CsfIfate-
mapped cells were closely adjacent to CX3CR1-EGFP' macrophages in
both the small and large intestines (Fig. 2B). Under Dox-free conditions,
tdTomato expression was detected in upper villus PDPN™ fibroblasts at
both E15.5 and P1 (Fig. 2C). In addition, when Dox was withdrawn at 3
weeks of age, PDPN" fibroblasts in the upper villus region express
tdTomato by 6 weeks after birth (Fig. 2C). CsfIfate-mapped cells in the
villi co-immunostained with an anti-Cre antibody, confirming Csf1
promoter activity in these cells (Fig. 2D). In the lower villus + SM region
of Csf1'™*; LCI; Rosa26"S"9Tomato mice  tdTomato signals were
detected in mesenchymal cells, including CD31" endothelial cells and
PDPN™ fibroblasts by 6 weeks of age, following Dox withdrawal at 3
weeks (Fig. 2E). Under the same condition, PDPN™ fibroblasts were
labeled with tdTomato in the large intestine (Fig. 2F). These data indi-
cate that the Csfl promoter is active in mesenchymal cells within the
lamina propria. The anatomical proximity between CX3CR1-EGFP™"
macrophages and tdTomato " mesenchymal cells strongly suggests tight
cell-cell communication through local CSF1-dependent cues.

In parallel, we analyzed Csfl transcription among intestinal cells.
Csf1 mRNA levels were significantly higher in PDPN™ fibroblasts than in
CD45" hematopoietic cells and CD31" endothelial cells in both the
small and large intestines (Fig. 3A, B). Notably, PDPN" CD31" fraction,
which includes PDPN~ PDGFRa ™ fibroblasts (Supplementary Fig. 3C),
exhibited relatively lower Csfl mRNA expression than PDPN™ fibro-
blasts and CD31* endothelial cells. Fate-mapping analysis using Csf1'"™/
+: LCI; Rosa26™19Tomato mice confirmed that PDGFRa™ fibroblasts,
most of which are PDPN™, are the major source of GSF1 (Supplementary
Fig. 3C).

Intestinal fibroblast subpopulations uniformly express CSF1

Recent studies indicate that intestinal fibroblasts are highly hetero-
geneous, with distinct subpopulations exhibiting unique localization
patterns®®*>. To identify the specific fibroblast subsets that produce
CSF1, we sorted PDPN™ fibroblasts from the small intestinal lamina
propria of wild-type mice and performed droplet-based single-cell RNA
sequencing (scRNA-seq). Based on differentially expressed gene (DEG)
profiles, PDPN™ fibroblasts were classified into five clusters, which were
annotated using marker gene expression and DEG-based comparisons
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Fig. 2. Histological analysis of Csf1-expressing cells in the intestine. (A) Flow cytometry analysis of small and large intestines from 8-week-old Csf1""/*; LC1;
Rosa26St-tdTomato njce treated with 50 pg/mL doxycycline in drinking water from embryonic day 0 (E0) until 3 weeks after birth, followed by normal water.
Representative histograms show tdTomato™ cells within CD45.2" (left), CD45.2~ CD31~ (middle), and CD45.2~ CD31™ (right) populations. Mean + SEM values (%)
are indicated. Small intestine: n = 4; large intestine: n = 3. Numbers indicate percentages of gated populations. (B) Representative confocal microscopy images of
intestinal sections from Csf1"/*; LC1; Rosa26"S1-14Tomat; Cx3¢r18%/+ mice. Small (upper panels) and large (lower panels) intestines of 6-week-old mice in which Dox
was withdrawn at 3 weeks of age. Right panels show magnified views of boxed regions in the left panels. CSF1-fate mapped cells, macrophages, and nuclei are
visualized as Csfl-fm (red), CX3CR1-EGFP (green), and DAPI, respectively. Scale bars, 50 pm. (C-F) Representative confocal microscopy images of intestinal sections
from Csf1TA/*; LC1; Rosa26~519Tomat° mice. (C) Immunofluorescence of jejunal upper villus regions from perinatal (E15.5 and P1) mice maintained under Dox-free
condition, and 6-week-old mice after 3 weeks of age. CSF1-fate mapped cells, PDPN™ fibroblasts, and nuclei are visualized as Csf1-fm (red), PDPN (green), and DAPI.
Arrowheads indicate PDPN* tdTomato™ cells. Scale bars, 50 pm. (D) Immunofluorescence of jejunal upper villus region from perinatal (E16.5 and P1) mice under
Dox-free conditions, and 6-week-old mice after Dox withdrawal at 3 weeks of age. CsfI-fate-mapped cells, Cre-expressing cells, and nuclei are visualized as Csfl-fm
(red), Cre (green), and DAPI. Arrowheads indicate Cre" tdTomato ™ cells. Scale bars, 50 pm. (E) Immunofluorescence of jejunal lower villus + SM region from 6-week-
old mice following Dox withdrawal at 3 weeks of age. Left: Csf1-fm (red), Cre (green), and DAPI. Arrowheads indicate Cre™ tdTomato™ cells in the villus. Right upper:
Csfl-fm (red), CD31 (green), and DAPI. Arrowheads indicate CD31" tdTomato™ cells. Right lower: Csfl1-fm (red), PDPN (green), and DAPI. Arrowheads indicate
PNPD™" tdTomato™ fibroblasts. Scale bars, 50 pm. (F) Immunofluorescence of distal large intestinal sections 6-week-old mice following Dox withdrawal at 3 weeks of
age. CSF1-fate-mapped cells, PDPN™ fibroblasts, and nuclei are visualized as Csf1-fm (red), PDPN (green), and DAPI. Arrowheads indicate PDPN™ tdTomato™ cells.
Scale bars, 50 pm.
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wild type (WT) mouse. Shown are representative expression patterns of PDPN and CD31 among CD45.2". Numbers indicate the percentages of gated populations. (B)
Csf1 expression levels in intestinal cells from 6-week-old WT mice analyzed by quantitative PCR. PDPN™ (n = 6 for SI, n = 7 for LI), CD31" (n = 7 for SI, n = 8 for SI),
PDPN” CD31 (n = 7 for SI, n = 5 for LI), and CD45" cells (n = 7 for SI, n = 6 for LI) represent PDPN" fibroblasts, CD31 " endothelial cells, PDPN" CD31" mesenchymal
cells, and CD45" hematopoietic cells, respectively. The experiment was performed twice for the small intestine (SI) and three times for the large intestine (LI) Data

are shown as mean + SEM. Statistical analysis was performed using one-way ANOVA followed by Sidak’s multiple comparison test. *p < 0.05, **p < 0.01, ****p <
0.001; ns, indicates not significant. (C) Uniform Manifold Approximation and Projection (UMAP) plot of PDPN™ fibroblast isolated from the small intestine of 4-week-
old wild type mice, revealing five distinct clusters. Each dot represents a single cell. (D) Dot plot showing the expression of selected marker genes across the clusters
identified in (C). (E) Violin plots displaying the expression levels of Csfl, 1134, Pdgfra, Cd81, and Lepr in the clusters identified in (C).

with previously reported intestinal mesenchymal populations*’**%°

(Fig. 3C-E, Supplementary Fig. 4A, B). Cluster 0 was identified as CD81"
LepR ™" fibroblasts, corresponding to previously reported populations
such as CD81™ fibroblasts’*, FB4*°, or trophocytes40‘4l, based on their
high expression of Lepr, Cd81, Greml, and Piezo2. Cluster 1, termed
CD81" LepR™ fibroblasts, also exhibited high expression of Cd81 and
Piez02 but showed lower levels of Lepr and Cd55 compared to Cluster 0.
Cluster 2 was classified as PDGFRoM8! fibroblasts**, also known as FB5*°
or telocytes/subepithelial myofibroblasts”**°, These cells were charac-
terized by high expression of Sox6, Bmp5, and Pdgfra. Cluster 3, defined
as PDGFRq™4 fibroblasts, expressed Ccl11, Fgfr2, Lepr, and intermediate
levels of Pdgfra. This cluster largely overlapped with the Lo-2 subset!
encompassing Igfbp5™ and Fgfr2" fibroblasts*’, as well as FB2 and FB3"°.
Cluster 4 was annotated as smooth muscle cells, based on their expres-
sion of myosin-related genes, such as Myhl1 and Myl9 (Supplementary
Fig. 4A).

We also performed scRNA-seq analysis on PDPN™ fibroblasts from
the large intestine. Based on previous reports, these cells were catego-
rized into three clusters: Cluster 0, identified as CD81 fibroblasts
(overlapping with CD90™ FB and Fgfr2*™ FB**, as well as CD81~
stroma”?), Cluster 1, CD81" fibroblasts (equivalent to CD81" FB*? and
trophocytes’), and Cluster 2, PDGFRaM" fibroblasts (corresponding to

PDGFRa™8" FB** and SEMF"") (Supplementary Fig. 5).

In the small and large intestines, Csfl was highly expressed in all
clusters, including smooth muscle cells (Fig. 3E, Supplementary
Fig. 5D). Notably, in the small intestine, PDGFRa™" cells exhibited the
highest Csfl expression (Fig. 3E). Consistent with these findings, sub-
epithelial PDPN" fibroblasts— presumably PDGFRa™&" cells—in Csf1t™/
+. LCI; Rosa2619Tomate mice expressed Cre, indicating continuous
Csf1 promoter activity (Fig. 2D).

Taken together, these findings indicate that PDPN" fibroblasts are
the primary producers of CSF1 in the lamina propria of the small and
large intestines. Among PDPN™ fibroblast subpopulations, PDGFRoM8"
cells prominently express both CSF1 and IL-34.

Fibroblasts compose the microenvironment required for gut mucosal
macrophages

Ubiquitous CsfI expression across all subsets of PDPN* fibroblasts
(Fig. 3E, Supplementary Fig. 5D) strongly suggests that gut macrophages
are primarily maintained by fibroblast-derived CSF1. However, whether
distinct macrophage subsets establish their own niche composed of
specific local CSF1-producing fibroblast subsets remains unknown. To
investigate this, we generated a series of cell lineage-specific CsfI-
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deficient mouse lines using several Cre drivers.

To investigate the role of mesenchymal cell-derived CSF1, we
crossed Twist2®™®* mice*® with Csf1%® mice. Fate-mapping analysis
using the Rosa26--147°mat0 renorter line confirmed that the Twist2*/*
line targets PDPN' fibroblasts and CD31" endothelial cells
(Supplementary Fig. 6A, B). In Twist2/; Csflﬂ/ fl mice, macrophage
density in the small intestine was reduced by approximately 30 % in the
upper villus region and 70 % in the lower villus + SM region (Fig. 4A, B).
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This reduction was even more pronounced in Twist2*"*; Csf1 /. 1347~
mice, particularly within the upper villus, indicating that IL-34 partially
compensates for CSF1 deficiency in maintaining upper villus macro-
phages (Fig. 4A-C). Flow cytometry analysis further supported the his-
tological findings, showing a significant reduction in the overall
macrophage frequency in the small intestine of Twist2“™/*; Csflﬂ/ fl
mice, with a further decrease observed in Twist2®™/*; Csflﬂ/ fl. 347
mice (Fig. 4D). These results demonstrate that fibroblast-derived CSF1 is
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Fig. 4. Fibroblasts form the microenvironment required for gut mucosal macrophages. (A) Representative confocal images of jejunum sections from 4-week-
old Csf1"%; Cx3cr18%/*, Lyve1®/"; Csf1V'™; Cx3cr18%/+, Twist2/*; Csf11/%; Cx3cr18®/*, and Twist2¢"®/*; Csf1™V%; 11347; Cx3cr18%/+ mice. Macrophages and nuclei
are visualized as CX3CR1-EGFP and DAPI, respectively. Dashed lines delineate the boundaries between the upper villus, lower villus + SM, and muscularis externa.
Scale bars, 50 pm. (B, C) Quantification of macrophages in the upper villus (left) and lower villus + SM (right) regions of jejunal sections from 4-week-old Csflﬂ/ fl.
Cx3cr18®* (n = 6), Lyve1®*; Csf11%; Cx3cr18%/+ (n = 4), Twist2%*; Csf1V%; Cx3cr18®/* (n = 3), and Twist2®/*; Csf11%; 11347, Cx3cr18® *mice (n = 3) (B).
Panel (C) shows re-analysis of the data for Twist2</*; Csf1%%; Cx3cr18™/+ and Twist2¢/*; Csf1%/%; 11347, Cx3cr18® *mice. Numerical densities were calculated
from images shown in. (A). Experiments were performed twice for Twist2*; Csf17/%; Cx3cr18%/* mice, three times for Lyvel ™ *; Csf11/%; Cx3cr18%/+ mice and
twice for Twist25/*; Csf11/%; 11347"; Cx3cr1%®/* mice. (D) Flow cytometry analysis of small intestinal macrophages from 4-week-old Csf1/% (n = 4), Twist2*/~;
Csf1V% (n = 4), and Twist2°*; Csf1"%; 1134 (n = 5) mice (left). The same data for Twist2®®/*; Csf1%" and Twist2®®/*; Csf1""; 11347 mice were re-analyzed
(right). Frequencies of CD11b" CD64" Ly6C'®" MHCIIM8" cells among CD45.2" cells are shown. (E) Representative confocal images of jejunal sections from 4-
week-old Csf1V%; Cx3cr18%+ and Lepr®/*; Csf1V"; Cx3cr18%™* mice. Macrophages (CX3CR1-EGFP), CD163, and nuclei (DAPI) are shown. Dashed lines indicate
boundaries between the upper villus, lower villus + SM, and muscularis externa. Scale bars, 50 pm. (F) Quantification of macrophages in the upper villus (left) and
lower villus + SM (right) regions from 4-week-old Csf17%; Cx3cr18®/+ (n = 5) and Lepr®®*; Csf1%%; Cx3cr18™/* (n = 5) mice. Numerical densities were calculated
from images shown in (E). (G) Quantification of CD163™ (left) and CD163" (right) macrophages in the lower villus + SM region from 4-week-old Csf1 fl/ ﬂ; Cx3cr18®/
*(n = 5) and Leprcre/ *; Csf1 1/ ﬂ; Cx3cr18P/+ (n = 4) mice. Numerical densities were calculated from images in (E). Experiments were performed four times. (H) Flow
cytometry analysis of small intestinal macrophages from 4-week-old Csf1%%; Cx3cr18%/* (n = 6) and Lepr™**; Csf1'V%; Cx3cr1#/* (n = 5) mice. Frequencies of
CD163" macrophages among total CD45" cells (left) and among total macrophages (right) are shown. Data represent pooled results from at least two independent
experiments and are presented as mean + SEM. Statistical analyses were conducted using one-way ANOVA with Dunnett’s multiple comparison test (B), and un-
paired t-test (C, D, F-H). Statistical significance is indicated as *p < 0.05, **p < 0.01, * kK

“p < 0.0001; ns, not significant.
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essential for maintaining the entire mucosal macrophage compartment,
while IL-34 provides additional support specifically for upper villus
macrophages. Similar trends were observed in the large intestine
(Supplementary Fig. 7).

Given that Csf1 mRNA was detectable in CD31" endothelial cells
(Fig. 3B), endothelial cell-derived CSF1 is likely to be functionally
relevant. To assess its contribution, we utilized the Lyvel®* line®’. In
Lyvel™; Csf1 /1 mice, macrophage density in the lower villus + SM
region was significantly reduced, while upper villus macrophages
remained unaffected (Fig. 4A, B). Previous studies have reported that
both fetal and adult hematopoietic stem cells (HSCs) exhibit 35-40 %
Lyvel®™ activity®', resulting in 50-70 % of tdTomato labeling in blood
leukocytes of Lyvel®®*; Rosa261Toma0  reporter  mice®”
(Supplementary Fig. 6G). However, CD45" hematopoietic cells express
markedly lower levels of Csfl mRNA compared to endothelial cells
(Fig. 3A, B). Thus, the reduced macrophage density in the lower villus +
SM region in Lyvel“®*; Csf1%% mice is most likely due to the loss of
CSF1 from endothelial cells rather than from hematopoietic sources.
Collectively, these findings suggest that upper villus macrophages are
maintained cooperatively by fibroblast-derived CSF1 and IL-34, while
macrophages in the lower villus + SM region primarily depend on
fibroblast-derived CSF1 and, to a lesser extent, on endothelial cell-
derived CSF1.

CD163" macrophages are enriched in tumorigenic and inflammatory
microenvironments®”, In gut macrophages, CD163 expression is induced
by anti-inflammatory cytokine IL-10°". Given their immunomodulatory
role, we sought to identify the niches of CD163% macrophages in the
intestine. Our scRNA-seq analysis of gut PDPN™" cells revealed high Lepr
expression within Cd81" fibroblasts, Fgfr2* PDGFRa™ fibroblasts and
smooth muscle cells (Fig. 3D, E). Among these, using the Lepr®™/*
mouse line>®, we identified LepR " fibroblasts predominantly localized in
the lower villus + SM region (Supplementary Fig. 6D), where CD163™
macrophages are exclusively found® (Fig. 4E, Supplementary Fig. 9).
Flowcytometry analysis confirmed that tdTomato™ cells were selectively
observed within the CD81" population among PDPN™ cells in Lepr®/™;
Rosa26"Si-14Tomato mice (Supplementary Fig. 6E), suggesting that Lepr-
Cre/+ js a suitable Cre driver for targeting CD81" LepR™ fibroblasts, but
not for other LepR™ cells such as smooth muscle cells. To assess the
functional relevance of CD81" LepR™ fibroblast-derived CSF1 in main-
taining CD163" macrophages, we generated Lepr®™®*; Csf1%/% mice. In
these mice, lower villus + SM macrophage density was significantly
reduced, with a marked depletion of CD163" macrophages within the
lower villus + SM region (Fig. 4E-H). Notably, CD163" macrophage
numbers remained unchanged in Lyvel®®*; Csf1  mice
(Supplementary Fig. 10), indicating that CD81" LepR" fibroblasts,
rather than endothelial cells, are the primary source of CSF1 for CD163™
macrophages located in the lower villus + SM region.

Taken together, these findings establish that fibroblast-derived CSF1
plays a predominant role in gut macrophage maintenance. In particular,
the number of CD163" macrophages is tightly regulated by CSF1
derived from lower villus-specific CD81" LepR™ fibroblasts, high-
lighting fibroblasts as a key component of the gut mucosal macrophage
niche.

CSF1 is essential for the proliferation and maturation of perinatal
intestinal macrophages

Intestinal macrophages originate from two distinct sources: fetus-
derived macrophages and adult bone marrow (BM)-derived macro-
phages®’. Following weaning, fetus-derived macrophages are largely
replaced by BM-derived macrophages, although a subset persists
through self-renewal>®'°,

To evaluate the dependence of fetus-derived macrophages on CSF1,
we analyzed the intestines of PO Twist2®/ +; Csfl I/l mice. In these mice,
the frequency of Ki67' proliferating intestinal macrophages was
significantly reduced compared to controls (Fig. SA-C). Conversely, the
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frequency of Ly6Chigh monocytes in PO intestine was increased (Fig. 5D,
Supplementary Fig. 8A), suggesting that CSF1 is crucial for the prolif-
eration and differentiation of fetus-derived monocytes into intestinal
macrophages immediately after birth.

Local CSF1 in the gut supports the colonization of BM-derived
macrophages

We next investigated the role of CSF1 in the colonization of BM-
derived macrophages after weaning®°®. Although the absolute number
of Ly6C™M8" monocytes in the BM of Twist2®*; Csf1/% mice was
slightly lower than that of controls, their frequency in the BM and
concentration in the peripheral blood remained comparable
(Supplementary Fig. 8B, C). Notably, despite similar numbers of circu-
lating monocytes, the direct precursors of intestinal macrophages, the
frequencies of Ly6CM8" MHCII'™ monocytes and macrophages in both
the small and large intestines were markedly reduced in Twist2/;
Csf1 U/ mice at eight weeks of age (Fig. 5E, F). Nevertheless, serum CSF1
levels were significantly lower than in Csflﬂ/ . mice (Supplementary
Fig. 8D). These findings suggest that systemic and intestinal fibroblast-
derived CSF1 is dispensable for maintaining blood monocyte levels.
Instead, we hypothesized that fibroblast-derived CSF1 plays a critical
role in the recruitment and differentiation of monocytes into mature
intestinal macrophages.

To evaluate contribution of CSF1 to the colonization of BM-derived
monocytes, we employed a parabiosis model®® to establish shared
blood circulation between CD45.1/CD45.2; Cx3crl 8/+ donor mice and
CD45.2/CD45.2; Twist2°"/+; Csf1% or CD45.2/CD45.2; Csf1V? recip-
ient mice (Fig. 5G). Eight weeks after surgery, peripheral blood chime-
rism was comparable between Csf1"" and Twist2®*; Csf1%/% mice,
ensuring equal systemic monocyte availability (Fig. 5H). However, in
Twist2/; Csflﬂ/ fl recipients, donor-derived (EGFP™) macrophages
were significantly fewer in the small intestine compared to Csflﬂ/ fl
controls, despite equivalent circulating monocytes (Fig. 5I). The number
of donor-derived macrophages colonizing the small and large intestines
was also significantly lower in Twist2°®/"; Csf11/ recipients (Fig. 5J,
K). These findings suggest that gut-derived CSF1 is necessary for the
efficient recruitment and differentiation of BM-derived monocytes into
mature macrophages in the intestine.

Recently, Tim4 has been proposed as a marker of long-lived mac-
rophages' %! 'most of which are fetus-derived in the intestine. In this
study, we confirmed that the majority of CD163" macrophages express
Tim4°°, and that their numbers are significantly reduced in Twist2"®/*;
Csfl I/ mice (Supplementary Fig. 11). These findings led us to investi-
gate whether CSF1 influences the differentiation of monocyte-derived
macrophages into CD163" macrophages in the gut. In Twist2®/;
Csf1"1 recipients, the percentage of CD163" macrophages among
donor-derived macrophages was significantly lower compared to con-
trol parabionts (Fig. 5L, M). Given their Tim4 expression, CD163"
macrophages in the small intestine are likely long-lived, presumably
fetus-derived, and dependent on CD81" LepR ™" fibroblast-derived CSF1
for their intestinal colonization.

Fibroblast-derived CSF1 contributes to resistance against S. Typhimurium
infection

To assess the biological significance of CSF1-dependent macro-
phages, we examined host resistance to S. Typhimurium, a well-
established cause of enteritis. We orally infected lineage-specific CSF1-
deficient mice with S. Typhimurium one day after streptomycin pre-
treatment®” to disrupt the intestinal microbiota (Fig. 6A). By day 6 post-
infection, 90 % of Twist2°®/*; Csf]ﬂ/ ' mice had succumbed, whereas
Lyve1®e*; csf1V% and Lepr®/*; Csf1%/% mice exhibited survival rates
comparable to those of control Csflﬂ/ fl mice (Fig. 6B). These findings
suggest that CSF1 derived from fibroblasts, excluding CD81" LepR™
submucosa-specific fibroblasts, plays a critical role in host defense
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Fig. 5. Intestinal fibroblast-derived CSF1 supports colonization of mucosal macrophages. (A) Representative immunofluorescence images of the jejunal
sections from PO Csf1%; Cx3cr18%®/* (upper panels) and Twist2°"*; Csf1V"; Cx3cr18%/* (lower panels) mice. Macrophages and proliferating cells are visualized by
CX3CR1-EGFP and Ki67, respectively. Merged (left), CX3CR1-EGFP (middle), and Ki67 (right) images were shown. Nuclei are stained with DAPI. Arrowheads indicate
Ki67" CX3CR1-EGFP™ cells. Scale bars, 50 pm. (B) Frequencies of Ki67" cells among GX3CR1-EGFP™ cells in the small intestine of PO Csf11/%; Cx3cr18%/* and
Twist2%"¢/ *; Csf1 fl/ ﬂ; Cx3cr1%%/* mice (n = 5 per group), based on data from (A). The experiment was performed twice. (C, D) Flow cytometry analysis of small
intestinal macrophages in PO Csf1"; Cx3cr18®/* and Twist2®*; Csf1%"; Cx3cr18® *mice (n = 5 per group). Frequencies of CD11b* CD64" Ly6C!°" MHCII™S"
macrophages (C) and CX3CR1-EGFPmid Ly6Chigh monocytes (D) among CD45.2" cells are shown. The experiment was performed twice. (E, F) Frequencies of CD1 1b*
CD64*+ Ly6Chis? MHCIT'" immature monocytes (E) and CD11b* CD64" Ly6C'® MHCII™8" macrophages (F) among CD45.2" cells in the small and large intestine of
8-week-old Csf1%® and Twist2¢/*; Csf1%" mice. n = 5 per group for (E), n-6 (small intestine) and n = 5 (large intestine) for (F). The experiment was performed three
times. (G) Schematic of the parabiosis experiment. Eight-week-old CD45.1%; Cx3cr1%®/* mice (green) were surgically joined with either Csf1%/% or Twist2<*/*; Csf1%
fl mice (black). Recipient mice (red outline) were sacrificed 8 weeks after surgery. (H) Frequencies of CD45.1" CD3¢™ T cells, CD45.1" B220" B cells and CD45.1"
CD11b* Ly6C"#" monocytes among total CD45" hematopoietic cells in the peripheral blood of CD45.2/CD45.2; Csf1"?! (n = 5) and CD45.2/CD45.2; Twist2°"®/*;
Csf1V% (n = 3) parabionts. The experiment was performed three times. (I) Representative confocal images of the jejunal sections from Csf1%/" or Twist2°/+; Csf19/1
parabiosis recipients, showing donor-derived CX3CR1-EGFP" macrophages (green) and DAPI-stained nuclei (blue). Scale bar, 50 pm. The experiment was performed
twice. (J) Flow cytometry analysis of small intestinal lamina propria cells obtained from parabiosis recipients. Expression of CD64 and CX3CR1-EGFP is shown.
Numbers indicate percentages of gated populations. The experiment was performed twice. (K) Frequencies of CX3CR1-EGFPTCD64 ™ cells in the small (left) and large
(right) intestines of parabiosis recipient Csf11/® (SI: n = 6, LI: n = 7) and Twist2°"/*; Csf1%/% (SI: n = 3, LI: n = 3) mice. Data were obtained from flow cytometry as
shown in (J). The experiment was performed three times. (L, M) Flow cytometry analysis of small intestinal lamina propria macrophages from Csf1 fl/ ﬂ(n = 8) or
Twist2°/*; Csf1 I/l (n = 5) parabiosis recipients. (L) CD163 expression in donor-derived CX3CR1-EGFP* macrophages; numbers indicate percentages of gated
populations. (M) Frequencies of CD163™ cells among donor-derived macrophages. The experiments were performed four times. Data represent pooled results from at
least two independent experiments and are presented as mean + SEM. Statistical analyses were conducted using unpaired t-tests (B-D, E, F, H, K-SI, M) and the Mann-
Whitney test (K-LI). Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. 6. Fibroblast-derived CSF1 contributes to the resistance against Salmonella Typhimurium infection. (A) Experimental design for S. Typhimurium
infection experiments. Ten-week-old female C57BL/6J mice were administered streptomycin (20 mg) via oral gavage 24 h before oral infection with S. Typhimurium
(SL1344 strain 2x10* CFU). For experiments in (D), mice were fed a PLX3397-containing diet for 2 weeks prior to infection. (B) Kaplan-Meier survival curves of S.
Typhimurium-infected mice: Csf1 /1 (n = 11) and Twist2®/; Csf1 A (= 7) (left), Csflﬂ/ 1 (n = 5) and Lyvel®’*; Csf1 /1 (n = 10) (center), Csf1 1 (4 = 6), and
Lepr™®*; Csf1%% (n = 10) (right). Each dataset represents pooled results from two independent experiments. Statistical analysis was performed suing log-rank
(Mantel-Cox) test. **p < 0.01; ns, not significant. (C) Bacteria loads of S. Typhimurium in the indicated organs from Csf1"/"! (control) and Twist2¢/*; csf1?/%
(cKO) mice four days post-infection. CFU counts in the large intestine (control: n = 8, cKO: n = 6), small intestine (n = 5 each), spleen (n = 4 each), and liver (n = 4
each) were normalized to tissue weight. Data represent pooled results from four independent experiments and are shown as mean + SEM. Statistical analysis was
performed using an unpaired t-test. *p < 0.05; ns, not significant. (D) Kaplan-Meier survival curve of Csf1 i/l (n = 6) and Twist2“"/ +; Csf1 fifl (n = 5) mice fed a
PLX3397-containing diet for 2 weeks prior to S. Typhimurium infection. Data represent pooled results from two independent experiments. Statistical analysis was

conducted using the log-rank (Mantel-Cox) test. ns, not significant.

against S. Typhimurium.

Despite comparable bacterial loads in the intestines of Twist2™/*;
Csfl fi/fl and control mice, systemic dissemination of S. Typhimurium to
the spleen and liver was significantly increased in the Twist2°"/*+; Csf11/
fl group (Fig. 6C). This suggests that CSF1 produced by fibroblast re-
stricts bacterial spread beyond the intestine.

To determine whether macrophage reduction was the primary driver
of early mortality, we pretreated Twist2“"*; Csfl A/ mice with
PLX3397%°, a potent CSF1R inhibitor (Fig. 1A-C), before infection.
Macrophage depletion resulted in infection severity comparable to that
observed in control Csf1 /A mice (Fig. 6D). These results confirm that
fibroblast-derived CSF1 supports gut macrophages, which in turn limit
systemic S. Typhimurium dissemination. Loss of fibroblast-derived CSF1
compromises host defense, leading to increased bacterial spread and
mortality.

Discussion

Macrophages are widely distributed across tissues in diverse organ-
isms, from metazoans to vertebrates, where they play critical roles in
tissue homeostasis®. While it is well established that resident macro-
phages form distinct populations depending on their origin and micro-
environment®, how intestinal macrophages are maintained by local
niche factors remains incompletely understood.

In this study, we identified spatially distinct cellular sources of CSF1
that regulate intestinal macrophages and contribute to antibacterial
defense. Pharmacological blockade of CSF1R signaling led to macro-
phage depletion, and genetic ablation of CSF1 resulted in a marked
reduction of these cells, whereas IL-34 deficiency alone had no

significant impact. Using a Csfl-fate-mapping mouse model, we
observed co-localization of macrophages with CSF1-expressing PDPN™
fibroblasts, suggesting that fibroblasts are key niche components for
macrophage maintenance. Conditional deletion of CSF1 in various cell
types confirmed that fibroblast-derived CSF1 is a dominant and essential
niche factor for sustaining gut macrophage populations.

In addition to fibroblasts, we identified endothelial cells as another
source of CSF1 in the small intestine. Previous studies have shown that
macrophages regulate vascular permeability by interacting with endo-
thelial cells, thereby preventing infiltration of commensal bacteria and
leukocytes®*®°, In Lyve1®®/"; Csf]ﬂ/ 1 mice, where Csf1 expression is
selectively deleted in endothelial cells, macrophages in the lower villus
+ SM region were reduced, while CD163" macrophages remained un-
affected. These findings suggest that endothelial cell-derived CSF1
supports a distinct macrophage subset, separate from CD163" macro-
phages. Given the heterogeneity of intestinal vasculature and the long-
lived nature of macrophages in the lower villus + SM'*°, our results
point to a specialized endothelial cell-macrophage niche, although its
precise function remains to be defined.

In the brain, CSF1 and IL-34 exhibit spatially distinct expression
patterns, with IL-34 maintaining microglia in the cortex and CSF1 sup-
porting those in the white matter and cerebellum®”-°®, In the intestine,
PDGFRo™8" fibroblasts beneath the epithelium exhibited the highest
levels of Csfl and uniquely expressed 1134, suggesting that they sustain
upper villus macrophages, which are rapidly replenished by BM-derived
macrophages after weaning'®. Regarding their precursors, we observed
no significant changes in Ly6C"" monocyte number in the blood of
Twist2%*; Csf1" mice (Supplementary Fig. 8C), consistent with re-
ports showing that CSF1 is dispensable for monocyte homeostasis®® .
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In contrast, intestinal Ly6Chigh monocytes were significantly reduced,
suggesting that fibroblast-derived CSF1 is critical for monocyte
recruitment to the gut and plays a non-redundant role in determining
intestinal macrophage pool size. This conclusion was supported by
parabiosis experiments, showing that local CSF1 is required for effective
colonization of BM-derived macrophages. However, due to limitations
of the model, we were unable to distinguish whether CSF1 and IL-34 act
at the level of recruitment, differentiation, or both.

To evaluate the biological relevance of fibroblast-derived CSF1, we
assessed host resistance to S. Typhimurium, an enteric pathogen that
breaches the epithelial barrier and persists within macrophage phag-
osomes’ 7%, Twist2®®*; Csf1%% mice succumbed significantly earlier to
infection and exhibited enhanced bacterial dissemination, whereas
Lyve1®®*; Csf1% mice showed normal survival. CSF1R inhibitor
treatment abolished survival differences between Twist2®®/*; Csf1/1
and Csf1 1/ mice, confirming that fibroblast-derived CSF1 is essential for
macrophage-mediated containment. Interestingly, Lepr®™*; Csf11/1
mice displayed normal survival, indicating that CSF1 from PDGFRoM8"
fibroblasts, rather than CD81" LepR™ fibroblasts, plays a predominant
role in gut-lumen defense.

Despite progress in characterizing macrophage subsets, a compre-
hensive anatomical and functional classification based on niche context
remains incomplete. Our findings suggest that fibroblast-macrophage
interactions establish spatially distinct macrophage niches. We
confirmed that CD163" macrophages are localized to the deep submu-
cosal region®® and are supported by CD81" LepR* fibroblasts rather
than endothelial cells. As CD163 expression is induced by IL-10, a key
homeostatic cytokine®®, it is likely that CD163" macrophages prefer-
entially reside in IL-10-rich environments.

CD81™ fibroblasts also support Lgr5™ intestinal epithelial stem cells
by producing BMP inhibitors such as Glemlin-1*'. CD163" macro-
phages, which localize near crypts in the lower villus region, have
similarly been implicated in stem cell support®>?!. Recent studies show
that Tim4" macrophages are long-lived and largely derived from fetal
progenitors' “°%°! The severe reduction of CD163% Tim4" macro-
phages in Twist2°"®/*; Csf1%% mice suggests that CD81" LepR* fibro-
blasts may contribute to epithelial stem cell maintenance by supporting
this macrophage subset across developmental stages. Further in-
vestigations are required to clarify the cellular relationship between
CD163" Tim4 " macrophages and Lgr5" stem cells.

Finally, our parabiosis experiments demonstrated that monocyte-
derived CD163" macrophages colonize the gut in a CSF1-dependent
manner. Together, these findings indicate that CD81" LepR" fibro-
blasts serve as a niche for macrophages in the lower villus + SM region,
particularly CD163" macrophages. While their functional diversity and
roles in gut immunity remain to be fully defined, their spatial localiza-
tion and fibroblast dependence highlight their physiological
significance.

In conclusion, our study shows that CSF1R ligands, particularly
fibroblast-derived CSF1, are essential regulators of the intestinal
macrophage pool and contribute to host defense against enteric patho-
gens. By identifying the cellular sources and spatial niches of CSF1R
ligands, we provide a framework for developing niche-centered thera-
pies in immune-mediated gastrointestinal diseases.
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