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Microbial energy metabolism fuels an intestinal
macrophage niche in solitary isolated lymphoid tissues
through purinergic signaling
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Maintaining macrophage (MΦ) heterogeneity is critical to ensure intestinal tissue homeostasis and host
defense. The gut microbiota and host factors are thought to synergistically guide intestinal MΦ development,
although the exact nature, regulation, and location of such collaboration remain unclear. Here, we report that
microbial biochemical energy metabolism promotes colony-stimulating factor 2 (CSF2) production by group 3
innate lymphoid cells (ILC3s) within solitary isolated lymphoid tissues (SILTs) in a cell-extrinsic, NLRP3/P2X7R-
dependent fashion in the steady state. Tissue-infiltrating monocytes accumulating around SILTs followed a spa-
tially constrained, distinct developmental trajectory into SILT-associated MΦs (SAMs). CSF2 regulated the mito-
chondrial membrane potential and reactive oxygen species production of SAMs and contributed to the
antimicrobial defense against enteric bacterial infections. Collectively, these findings identify SILTs and CSF2-
producing ILC3s as a microanatomic niche for intestinal MΦ development and functional programming fueled
by the integration of commensal microbial energy metabolism.
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INTRODUCTION
Intestinal macrophages (MΦs) represent a large proportion of the
innate immune system in the gut and are critical mediators of
host defense and tissue homeostasis. Although their heterogeneity
is widely appreciated, the mechanisms regulatingMΦ heterogeneity
within microanatomic environments of intestinal lamina propria
(LP) remain enigmatic (1). Further complicating this matter are
the classification strategies for intestinal MΦs. As in other organs,
intestinal MΦ subpopulations can be distinguished on the basis of
their expression of the markers T cell immunoglobulin and mucin
domain containing 4 (Tim-4) and C-C motif chemokine receptor 2
(CCR2) to denote fetal-derived long-lived, self-renewing cells and
monocyte-derived ones, respectively (2, 3). Others have demarcated
gut MΦs using Tim-4 and CD4 into three subpopulations: Tim-
4−CD4− and Tim-4−CD4+ MΦs with rapid monocytic turnover
and long-lived Tim-4+CD4+ MΦs with slow monocytic turnover,
each subset capable of associating with either neurons, vasculature,
and other immune cells within distinct regions to adopt transcrip-
tional profiles and functions tailored to these microenvironments
(4, 5) (6–8).

In contrast to other organs, intestinal MΦs integrate signaling by
microbial metabolites derived from the commensal microflora into
their homeostatic function (7, 9). For example, polysaccharides pro-
duced by Helicobacter hepaticus and commensal bacteria-derived

short-chain fatty acids (SCFAs) promote tolerogenic MΦs (10–
12). Bacteria-metabolized dietary tryptophan controls monocyte
differentiation in an aryl hydrocarbon receptor–dependent
manner (13). Colonization with the protozoan commensal Tritri-
chomonas musculis (T. mu) was recently shown to induce monocyte
infiltration in the gut by increasing luminal extracellular adenosine
50-triphosphate (ATP) levels (14). Collectively, these studies raise
the question of whether a ubiquitously produced metabolite con-
served across microbial kingdoms may serve as a molecular motif
for imprinting MΦ heterogeneity.

Microbiota- and host-derived factors collaborate in orchestrat-
ing gut MΦ composition and function. Deficiency in the host-
derived myeloid growth factor colony-stimulating factor 1 (CSF1)
results in a systemic decrease in MΦs, with a less pronounced
effect on the intestinal tract, suggesting compensatory growth
factors (15–17). Interleukin-34 (IL-34), transforming growth
factor–β, or CSF2 has been reported to affect MΦ development in
many organs, including the intestinal tract (18–20). In the gut,
tissue-resident group 3 innate lymphoid cells (ILC3s) produce
large quantities of CSF2 in a microbiota-dependent manner
within cryptopatches and isolated lymphoid follicles (ILFs), collec-
tively known as solitary isolated lymphoid tissues (SILTs). CSF2
production in ILC3s was dependent on the IL-1 receptor and
MΦ-derived IL-1β (9). Csf2−/− mice displayed a partial reduction
in intestinal MΦs, suggesting that MΦ development may, in part,
depend on this growth factor (9). CSF2 has recently been shown
to license the effector profile of MΦs in the inflamed brain, impli-
cating an impact on MΦ function in addition to development (21).
Whether these observations on CSF2 extend to MΦ development
and function in the intestine remain unknown.

Here, we report a molecular and spatial framework governing
cross-talk between host and microbiota that regulates MΦ
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heterogeneity. We identified SILTs as a critical niche for the devel-
opmental and functional programming of monocyte-derived SILT-
associated MΦs (SAMs). Microbe-derived extracellular ATP
(ATPex), acting through purinergic receptor P2X 7 (P2X7R)– and
NLR family pyrin domain containing 3 (NLRP3)–expressing
myeloid cells, drives CSF2 production by ILC3s to induce the devel-
opmental and functional transition of monocytes to SAMs along a
differentiation pathway distinct from LP-associated MΦs (LAMs).
CSF2-dependent SAMs mediated antimicrobial host protection,
implicating SILTs as previously underappreciated, broadly scattered
myeloid reservoirs across the gut. Collectively, our findings identify
a molecular and spatial framework for the anatomically contained
differentiation of intestinal MΦs, centered around a microbiota-
fueled, ILC3-driven, and CSF2-dependent axis that integrates
signals indicative of microbial energy into the developmental and
functional heterogeneity of MΦs.

RESULTS
CSF2 maintains intestinal monocyte-derived MΦs
Tissue-resident MΦs in extraintestinal organs group into mono-
cyte- or fetal-derived subpopulations based on cross-organ con-
served expression of the following markers: the chemokine
receptor CCR2, the phosphatidylserine receptor Tim-4, lymphatic
vessel endothelial hyaluronan receptor 1 (LYVE1), and major histo-
compatibility complex 2 (MHCII) (2). In the gut, MΦs have been
classified by Tim-4 and CD4 expression and the “monocyte water-
fall” gating strategy, the latter tracking the transition of monocyte
into MΦ using the markers Ly6C and MHCII (4, 22). To determine
the full scope of gut MΦ heterogeneity, we performed single-cell
RNA sequencing (scRNA-seq) on CD11b-enriched cells isolated
from the colonic LP of healthy adult mice (8 to 12 weeks old). Sub-
setting and re-analysis of the MΦ/monocyte clusters, identified
based on their expression of Csf1r, Cx3cr1, and C1qa and the
absence of dendritic cell (DC) markers, resulted in nine distinct
clusters, revealing an anticipated heterogeneity within the colonic
MΦ pool (Fig. 1A and fig. S1, A to D). MΦs in clusters 0 and 5
highly expressed Lyve1, Mrc1, Maf, and Timd4 (Fig. 1, B and C)
(2, 6, 23). MΦs in clusters 0 and 5 coexpressed Cd4 but virtually
no Ccr2. Cluster 4 was marked by high expression of Ly6c2, identi-
fying them as monocytes, whereas cells in clusters 1 and 6 were an-
notated as monocyte-derived MΦs based on their high Ccr2
expression (Fig. 1, B and C). Lyz1 expression almost exclusively
overlapped with Il22ra2 expression in cluster 2, both genes previ-
ously reported to be also expressed in DCs located within small in-
testinal SILTs (24). Cluster 7 MΦs expressed Retnla, indicative of
RELMα+ MΦs. Cluster 8 cells showed an unexpected expression
of Pecam1, suggesting the existence of a MΦ population possibly
involved in the interactions with endothelial or epithelial cells
(Fig. 1, B and C). Multiparameter flow cytometry on colonic LP
CD64+ CD11b+ cells recapitulated the distinct and partial overlap
in the expression of Tim-4, CD4, CCR2, MHCII, and Ly6C across
MΦs aligning with the previous classification into Tim-4+CD4+,
Tim-4−CD4+, and Tim-4−CD4− MΦs (Fig. 1D). Using flow cytom-
etry, Tim-4−CD4− MΦs were further delineated into Ly6C+,
CCR2+, and CCR2− MΦs, suggesting a developmental relationship
tomonocytes and confirming the suitability of these markers for the
analysis of colonic MΦs (Fig. 1D and fig. S1, E and F) (2, 4).

Previous investigations into Csf2−/− mice did not use this de-
tailed classification of MΦs, prompting us to revisit the require-
ments for CSF2 on gut MΦ heterogeneity (9). Comparing cluster
relative abundance on scRNA-seq datasets generated from wild-
type (WT) littermate controls and Csf2−/− mice indicated a reduc-
tion of MΦs within clusters 0, 2, 3, 5, 7, and 8 in the absence of Csf2
(Fig. 1E). Analysis of MΦs in the colonic LP using flow cytometry
confirmed the reduction in Tim-4−CD4− MΦs and Tim-4−CD4+
MΦs in Csf2−/− mice. The same MΦ populations were similarly
reduced in Ccr2−/− mice, implicating the developmental origin of
these two MΦ subpopulations as monocyte derived (Fig. 1F and
table S1). A decrease in both tissue-infiltrating Ly6Chi monocytes
and CCR2+ MΦs suggested a possible developmental blockade
along the monocyte-to-MΦ transition in Csf2−/− mice (Fig. 1G
and fig. S1G). In contrast to Rag2−/− mice injected with neutralizing
anti-CSF2 antibodies, MΦs and monocytes from Csf2−/− and WT
mice showed comparable levels of MHCII expression (fig. S1H)
(25). In addition to the effects on monocytes and CCR2+ MΦs,
Tim-4+ MΦs were partially affected in Csf2−/− mice, suggesting
that all MΦ subpopulations variably depend on this growth
factor (Fig. 1E).

Monocytes and Tim-4−CD4− MΦs are
developmentally related
Tim-4+ MΦs are a long-lived, fetal-derived population with
minimal replacement by monocytes. It has been proposed that
the expression of Tim-4 may reflect long-term residency within a
tissue after differentiation (4, 6, 26–28). To determine the long-
termMΦ turnover by infiltrating monocytes, we performed parabi-
osis of CD45.1 C57BL/6 and CD45.2 Ccr2−/− mice to assess the chi-
merism of each MΦ subpopulation after 6 or 12 months. As
expected, CD45.2 Ccr2−/− parabionts showed CD45.1 frequencies
comparable to blood monocytes in both the colonic Tim-4−CD4−

and Tim-4−CD4+ MΦ compartments (fig. S1, I and J), consistent
with their continual replacement by blood monocytes. Unexpected-
ly, Tim-4+ MΦs were also replaced by donor CD45.1 monocytes,
albeit at a slower rate, suggesting a homeostatic contribution of
monocytes to the maintenance of Tim-4+ MΦs (fig. S1, I and J).

To confirm these results, we used a tamoxifen-inducible fate-
mapping model. Tamoxifen-containing chow was provided to
Ccr2CreERT2 x Rosa26-LSL-tdTomato (Rosa26td) mice during a 1-
week pulse phase, followed by a chase period with normal chow
for either 1 or 52 week(s). Loss of Tomato labeling was measured
in each MΦ subpopulation to assess the replacement of MΦs by
newly infiltrated monocytes. Tamoxifen administration labeled
~94% of all blood Ly6Chi monocytes within the 1-week pulse
phase, whereas the induced Tomato label was completely lost in
monocytes by 52 weeks (fig. S1K). Colonic Ly6Chi monocytes and
Tim-4−CD4− MΦs showed labeling efficiency similar to blood
monocytes, whereas Tim-4−CD4+ MΦs displayed partial Tomato
labeling (64%). Unexpectedly, ~17% of all Tim-4+ MΦs were
labeled after the 1-week pulse phase, suggesting either a possible
contribution of monocytes to this population during tamoxifen ad-
ministration or low Ccr2 expression levels and recombinase activity
within a subset of Tim-4+ MΦs (fig. S1K). After the first 7 days of
the chase period, Tim-4−CD4− MΦs (containing Ly6C+ and CCR2+
cells) displayed replacement by bone marrow–derived (BM) mono-
cytes, as indicated by the loss of Tomato labeling (fig. S1K). Tim-
4−CD4+ MΦs and Tim-4+ MΦs did not show signs of replacement,
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Fig. 1. Developmental requirements and kinetics of colonic LP MΦs. (A) UMAP projection of the combined analysis of WT and Csf2−/− datasets subsetted and re-
clustered for MΦs andmonocytes visualized together. (B) Heatmap depicting the top 30 DEGs for each cluster (log2FC threshold = 0.25, min.pct = 0.25, adjusted P < 0.05),
downsampled to 50 cells for visualization. The number of DEGs in each cluster is shown. (C) Feature plots illustrating expression of subset-defining genes. (D) Repre-
sentative flow cytometry analysis using (top) unbiased t-distributed stochastic neighbor embedding (t-SNE) dimensionality reduction of colonic CD64+ CD11b+ cells
showing expression of commonMΦmarkers or (bottom) Tim-4/CD4, Tim-4/CCR2, and Tim-4/MHCII classification strategies. (E) UMAP projection (left) of MΦs/monocytes
inWT versus Csf2−/− colon with relative abundance of each cluster (right). (F) Contour plots (left) and quantification (right) of colonic MΦs in B6, Csf2−/−, and Ccr2−/−mice.
(G) Percentage and absolute counts of Ly6Chi monocytes inWT and Csf2−/−mice. Data shown in (A) to (C) and (E) are from the same scRNA-seq experiment obtained from
cells pooled from at least three animals per genotype. Two-way analysis of variance (ANOVA) with post hoc Šidák’s multiple comparisons test (F) or unpaired Student’s t
test (G) was performed. FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin; n.s., not significant.
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suggesting a slower replacement rate in line with our parabiosis ex-
periments (fig. S1, I to K). After the 52-week chase period, all MΦ
subpopulations lost the Tomato label (fig. S1K). These results indi-
cate that all colonic MΦs share a monocytic origin, with Tim-
4−CD4− MΦs showing the fastest replacement and strongest reli-
ance on CSF2 (Fig. 1F and fig. S1G).

Diversified microbiotas promote the accumulation of Tim-
4−CD4− MΦs
Tissue-resident Tim-4+ MΦs dominate the MΦ pool during em-
bryogenesis and are found in all tissues at early time points of
fetal development, whereas Tim-4− MΦs postnatally arise from
BMmonocytes (2). In the gut, this development requires the micro-
biota (4, 22). Our fate-mapping and parabiosis data show that
colonic MΦ subpopulations display different rates of monocyte re-
placement, suggesting distinct appearances of the MΦ subpopula-
tions in the neonatal and adult intestine. To delineate the
developmental kinetics of MΦs, we assessed the composition of
MΦs starting in the neonatal colon, tracking along the first weeks
of life until adulthood. In line with previous reports, embryonically
derived Tim-4+CD4+ MΦs primarily comprise the colons of
newborn mice, followed by increased abundance of Tim-4−CD4−

MΦs at 3 to 4 weeks of age. This time corresponds to weaning
and the establishment of a diversified microbiota (Fig. 2A) (29).
By 8 to 12 weeks after birth, Tim-4−CD4− MΦs comprise the ma-
jority of colonic MΦs, suggesting a microbiota-driven adaptation of
the MΦ pool. These adaptations in gut MΦs mirror previously re-
ported observations of intestinal CSF2 production, which similarly
increased until week 8 in a microbiota-dependent fashion (9).

Depletion of the microbiota using broad-spectrum antibiotics in
adult mice shifted the MΦ pool in favor of Tim-4+CD4+ MΦs, con-
firming a requirement of the microbiota in regulating gut MΦ com-
position (Fig. 2B). In contrast, reconstituting germ-free (GF) mice
with an adult specific pathogen–free (SPF) microbiota increased
Tim-4−CD4− MΦs at the expense of Tim-4+CD4+ MΦs (Fig. 2C).
Colonization of adult SPF mice with the protozoan commensal T.
mu further increased the abundance of Tim-4−CD4− MΦs (fig.
S2A). A comparable shift toward Tim-4−CD4− MΦs was also ob-
served when analyzing “rewilded” mice, i.e., ex-SPF mice that
were colonized with the microbiota found in pet store mice (fig
S2B). These findings suggest that the increase in Tim-4−CD4−

MΦs in the colon may be due to an increase in microbiota-driven
monocyte replacement.

To track the rate of monocyte replacement, we labeled all
Cx3cr1-expressing cells in tamoxifen-inducible Cx3cr1CreERT2 x
Rosa26tdTomato mice and followed the loss of tdTomato labeling in
each MΦ population after colonization with T. mu (fig. S2C). Com-
pared with uncolonized littermate controls, T. mu–colonized mice
showed reduced percentages of tdTomato+ cells particularly in Tim-
4−CD4− MΦs, suggesting an increased replacement of these cells by
tdTomato− monocytes (fig. S2D). Monocyte replacement was also
elevated in Tim-4−CD4+ MΦs and Tim-4+CD4+ MΦs. Collectively,
our data demonstrate that diversifying the gut microbiota promotes
MΦ replacement by monocytes and the accumulation of Tim-
4−CD4− MΦs. Colonization with T. mu has previously been
found to increase the production of CSF2 by intestinal ILC3s, im-
plicating a role for ILC3s in the elevated MΦ replacement rates (30).
Csf2−/− mice treated with broad-spectrum antibiotics did not show

alterations in Tim-4−CD4− MΦs, suggesting that microbiota-
driven changes in the colonic MΦ pool require CSF2 (Fig. 2D).

CSF2-producing ILC3s support intestinal CCR2+ Tim-
4−CD4− MΦs
Microenvironmental cues within anatomical niches are critical for
imprinting tissue-resident MΦ identity in various organs (31).
However, less focus has been placed on niches for monocyte-
derived MΦs. In the gut, CSF2-producing ILC3s are abundantly
found within postnatally formed SILTs (9). Csf2tdTomato reporter
mice revealed an accumulation of tdTomato+ cells within SILTs,
prompting us to determine whether CSF2-producing ILC3s consti-
tute supporting cells for monocyte-derived MΦs (Fig. 3A) (9).
Quantification of CX3CR1+CCR2+ MΦs in the colonic LP or
SILTs of Cx3cr1+/EGFPCcr2+/RFP mice uncovered an accumulation
of monocyte-derived CCR2+ MΦs around SILTs compared with
the surrounding LP (Fig. 3, B and C). SILTs contain B cells,
ILC3s, and T cells, the latter two being possible sources of CSF2
in the LP (9, 32). We compared CSF2 production by T cells and
ILC3s within SILTs or the surrounding LP by intracellular cytokine
staining. T cells and ILC3s contributed equally to the pool of spon-
taneous CSF2 within the LP, but ILC3s constituted the predominant
source of CSF2 within SILTs (Fig. 3, D and E). To confirm the role
of ILC3s as a source for CSF2, we analyzed the colonic MΦ compo-
sition across WT, Rag2−/−, RorcCre × Csf2fl/fl, Rorc−/−, Csf2−/−,
Vav1Cre × Csf2fl/fl, and Rag2−/−Il2rg−/− mice. Only Rag2−/−Il2rg−/−

mice (lacking all lymphocytes), but not Rag2−/− mice (sufficient in
ILCs), displayed a reduction in Tim-4−CD4− MΦs, comparable to
the decrease observed in Csf2−/− or Rorc−/− mice (lacking ILC3s
and Rorc-expressing T cell subsets). Animals lacking Csf2 in Rorc-
expressing ILC3s and T cells (RorcCre × Csf2fl/fl) or all hematopoietic
cells (Vav1Cre × Csf2fl/fl) recapitulated the altered MΦ composition
found in both total body Csf2−/− and Rorc−/− mice but did not reach
alterations observed in Rag2−/−Il2rg−/− mice. This indicates that
ILC3s, rather than T or B cells, regulate the homeostatic CSF2-de-
pendent MΦ composition in the colon, possibly supplemented by
CSF2-producing ILC1s, ILC2s, or natural killer cells in the absence
of RAR-related orphan receptor gamma t (RORγt) (Fig. 3F).

To further validate the contribution of ILC3s to the regulation of
colonic MΦs, we adoptively transferred 104 fluorescence-activated
cell sorting (FACS)–purified Rorc+/EGFP ILC3s fromWT (ILC3CSF2)
or Csf2−/− (ILC3ΔCSF2) mice into Rag2−/−Il2rg−/− recipients. We
observed accumulation of Tim-4−CD4− MΦs in the colonic LP
after 6 weeks, indicating the dependency of Tim-4−CD4− MΦs
on ILC3-derived CSF2 (Fig. 3G and fig. S3, A, and B). Numbers
of Tim-4−CD4+ and Tim-4+CD4+ MΦs were also slightly increased
in Rag2−/−Il2rg−/− mice after transfer of ILC3CSF2, suggesting their
partial dependency on CSF2-producing ILC3s (Fig. 3G). These
findings demonstrate that CCR2+ MΦs accumulate around
colonic SILTs rich in CSF2-producing ILC3s that support Tim-
4−CD4− MΦ development (Fig. 3H).

CSF2 expression by ILC3s has previously been demonstrated to
require an intact microbiota and the production of IL-1β (9). We
observed a microbiota-dependent increase in monocyte-derived
MΦs in the context of microbiotas complexified with nonbacterial
commensals and, conversely, a decrease in the absence or strong re-
duction of gut commensal microbes (Fig. 2, A to G). These obser-
vations argue in favor of a conserved mechanism that integrates the
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diversification of the microbiota into CSF2-dependent regulation of
colonic MΦs.

Microbial ATPex regulates MΦ composition and CSF2
production
Diversification of the microbiota generates multiple new features
within themicrobial community, including adaptations to nutrients
and synthesis of different metabolites (33). Such changes may not
apply to individual microbial species but rather reflect a feature of
complex community interactions (34). This raises the possibility for
a conserved ubiquitously produced metabolite across all living mi-
crobes that indicates microbial vitality but, at the same time, serves
as a molecular motif for immune recognition and activation that
can indirectly affect MΦ homeostasis. ATP is one such metabolite
capable of promoting intestinal immunity (35). We recently dem-
onstrated that colonization with the protozoan commensal T. mu
induces immune activation in the colon, including increased

monocyte infiltration, regulated by elevated intestinal ATPex levels
and inflammasome activation (14). ATPex is a common danger-as-
sociated molecular pattern that correlates with the presence of the
microbiota and subsequently regulates local adaptive immune cells
through P2X7R-dependent recognition by CD11c+ myeloid cells
(35, 36). Thus, we asked whether ATPex might serve as a rheostatic
indicator of the microbiota, capable of regulating colonic MΦ
composition.

In line with previous studies, we first confirmed that ATPex levels
in the gut lumen corresponded to microbiota abundance by com-
paring fecal ATPex in SPF, antibiotics-treated, and germ-free mice
(fig. S4A). ATP was shown to be released by multiple bacterial
species through an unknown mechanism while undergoing cellular
respiration during the growth phase in vitro (37). To specifically in-
vestigate the role of bacteria-derived ATP, we used a mutant strain
of commensal Escherichia coliMG1655 lacking the operons encod-
ing the ATP synthase subunits A-G [Δ(atpA-atpG)] (38). In contrast

Fig. 2. The development of colonic Tim-4−CD4− MΦs requires an intact and diversifiedmicrobiota. Colonic MΦ composition in (A) B6 mice across various ages, (B)
B6 mice either left untreated or treated with broad-spectrum antibiotics [metronidazole, ampicillin, neomycin, streptomycin (MANS)], and (C) GF mice or GF mice con-
ventionalized with SPF microbiota. (D) Colonic MΦ composition (left) and absolute counts of MΦ populations (right) in Csf2−/− mice either left untreated or treated with
MANS for 2 weeks. Multiple unpaired t tests with two-stage Benjamini, Krieger, and Yekutieli false discovery rate test were performed for (A), Q = 5%, reporting q values;
each time point compared with previous time point. Two-way ANOVA with post hoc Šidák’s multiple comparisons test was performed for (B) to (D). PBS, phosphate-
buffered saline.
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Fig. 3. CSF2-producing ILC3s in SILTs induce CCR2+ Tim-4−CD4− MΦs. (A) Representative immunofluorescence image of a colonic SILT of Csf2tdTomato mouse stained
for CD11c and DNA [40 ,6-diamidino-2-phenylindole (DAPI)]. (B) Representative immunofluorescence images of colonic LP and SILT of Cx3cr1+/GFP Ccr2+/RFP mice stained
for Tim-4 and DNA. Scale bars, 50 μm (A and B). (C) Proportion of CCR2-RFP+ of CX3CR1-GFP+ cells based on CellProfiler quantification of images in each colonic LP (CLP)
region and SILTs, as indicated. (D and E) Percentage and absolute counts of CSF2+ ILC3s and CD4+ T cells (D) in colonic LP and (C) within SILTs. (F) ColonicMΦ composition
as indicated. (G) A total of 104 FACS-sorted small intestinal Rorc+/EGFP ILC3s from either WT or Csf2−/− mice were adoptively transferred into Rag2−/−Il2rg−/− mice, and
recipients were analyzed at 6 weeks (left). Quantifications (right) of colonic MΦ populations after transfer, as indicated. (H) Schematic overview of how SILT-enriched,
CSF2-producing ILC3s affect MΦ development. One-way ANOVA with post hoc Tukey’s test (C and G), unpaired Student’s t test (D and E), or one-way ANOVA with Dun-
nett’s test compared with WT (F) was performed.
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to WT E. coli or a mutant lacking nitrate reductase genes [ΔnarG
ΔnarZ Δ(napD-napA)], the adenosine triphosphatase (ATPase)–
deficient mutant was unable to secrete ATP during growth in
vitro, confirming an ATPase-dependent increase in ATPex (fig. S4,
B and C). Transformation of the Förster resonance energy transfer–
type ATP biosensor ATeam 3.10 into these E. coli strains enabled the
quantification of intracellular ATP (ATPint) levels (fig. S4D) (39).
Accordingly, less pronounced ATPint levels were observed in the
ATPase-deficient E. coli in vitro, confirming its metabolic impair-
ment and release of ATP (fig. S4, E and F).

To determine whether impaired ATP metabolism in commen-
sals affects MΦ heterogeneity in the gut, GF mice were monocolon-
ized with control E. coli, Δ(atpA-atpG) E. coli, or Δ(atpA-atpG) E.
coli supplemented with the ATP derivative γS-ATP (ATPγS) via
daily rectal enemas. Untreated groups received daily enemas of
sterile phosphate-buffered saline (PBS). Colonic MΦ composition
was assessed 7 days after engraftment to avoid confounding
effects of adaptive immune cells on the colonizing microbes (40,
41). Despite equal colonization, Δ(atpA-atpG) E. coli produced
less ATPint at the time of analysis compared with the WT strain
(fig. S4, G and H). Both E. coli strains displayed equal and preferred
localization in the lumen of the gut with minimal mucosal localiza-
tion (fig. S4, I and J). Nevertheless, mice colonized with control E.
coli showed higher infiltration of Ly6C+ and CCR2+ MΦs in com-
parison with Δ(atpA-atpG) E. coli–colonized mice (Fig. 4, A and B).
Application of rectal ATPγS in GF mice colonized with Δ(atpA-
atpG) E. coli recapitulated the increase in Ly6C+ monocytes and
CCR2+ MΦs, demonstrating the requirement of bacterial-derived
ATPex as a driver of monocyte infiltration and MΦ differentiation
(Fig. 4, A and B). No impact was observed on other MΦ subsets,
although it is possible that these may manifest after a longer time
of colonization, given their slower turnover rates from monocytes
(fig. S4K). CSF2 governed the abundance of CCR2+ MΦs and has
previously been reported to be produced by ILC3s in a microbiota-
dependent manner (9, 42). To determine the impact of ATPex on
ILC3s, we also analyzed CSF2 production and ILC3 counts in the
colonic LP. Mice gavaged with either WT E. coli or Δ(atpA-atpG)
supplemented with ATPγS showed an increase in ILC3 numbers
and CSF2+ ILC3s when compared with untreated GF mice or GF
mice colonized with Δ(atpA-atpG) E. coli (Fig. 4C). These findings
implicate the regulation of CSF2-producing ILC3s by microbe-
derived ATPex and led us to investigate how ATPex may acti-
vate ILC3s.

ATPex activates purinergic receptors on myeloid cells to
promote ILC3-derived CSF2
Colonization of the gut by commensal microbes induces the release
of IL-1β by MΦs (43). ATPex engages P2X7R, which can activate
NLRP3 to result in the processing of pro–IL-1β release of bioactive
IL-1β (44). To identify cells that could respond to ATPex stimula-
tion, we analyzed P2X7R expression on colonic lymphoid and
myeloid cells and found that MΦs expressed the highest levels of
P2X7R (fig. S4, L to N). P2X7R expression on ILC3s was extremely
low (fig. S4N). At the subpopulation level, Tim-4+ and Tim-
4−CD4+ MΦs expressed the highest levels of P2X7R. We confirmed
that P2X7R staining levels were not an artifact of MΦ autofluores-
cence, because fluorescence was not detected in P2rx7−/− MΦs
(Fig. 4D). A higher proportion of Tim-4+ MΦs coexpressed
pro–IL-1β protein compared with Tim-4−CD4− and Tim-

4−CD4+ MΦs despite lower mRNA Il1b transcripts (Fig. 4E and
fig. S4P). We then determined whether colonic MΦs expressed
Nlrp3 and found low but detectable expression across all MΦ sub-
populations, including fetal-derived Tim-4+MΦs (Fig. 4F). DCs ex-
pressed Nlrp3, P2rx7, and Il1b but showed lower P2X7R protein
levels across all subsets when compared with colonic MΦs (fig.
S4, M and O). Therefore, MΦs, most likely Tim-4+ MΦs, rather
than DCs or monocytes contribute to steady-state P2X7R-mediated
ATPex sensing. These findings also complement previous reports
showing that MΦ depletion in the steady state alters microbiota-de-
pendent, IL-1β-driven CSF2 production by ILC3s (9, 25).

To determine whether the absence of Nlrp3 affects the colonic
composition of MΦs, we analyzed MΦ subsets in Nlrp3−/− mice
and their littermate controls and observed a decrease in Tim-
4−CD4− MΦ numbers (Fig. 4G). In line with a decrease in CSF2-
dependent MΦs in these mice,Nlrp3−/− and P2rx7−/− mice showed
a reduction in ILC3-derived CSF2 (Fig. 4, H and I). Monocyte-
derived CCR2+ MΦs and Tim-4−CD4− MΦs were decreased
within SILTs of Nlrp3−/− mice (Fig. 4J). To determine whether
ILC3s could directly sense and respond to ATPex via CSF2 produc-
tion despite their low P2X7R levels, we stimulated ILC3s from WT,
P2rx7−/−, or Nlrp3−/− mice with either ATPγS or IL-1β. Although
IL-1β expectedly increased CSF2-producing ILC3s, stimulation
with ATPγS failed to activate ILC3s (Fig. 4K). This demonstrates
that ILC3-derived CSF2 production requires NLRP3 and P2X7R ex-
pression, likely by MΦs or DCs (Fig. 4L). Together, these data indi-
cate that microbe-derived ATPex regulates colonic monocyte-
derived MΦs via P2X7R-dependent NLRP3-mediated IL-1β activa-
tion in myeloid cells to induce CSF2 production by ILC3s.

scRNA-seq reveals unique SAM populations
The analysis of MΦ populations in Nlrp3−/− mice suggested differ-
ential regional effects on MΦs within LP and SILTs. To incorporate
spatial information into the actions of CSF2 on colonic MΦs at
higher granularity, we performed scRNA-seq analysis of MΦs iso-
lated from either SILTs or LP of WT or Csf2−/− mice. Live
Cx3cr1+/EGFPCcr2+/RFP colonic tissues enabled visual demarcation
of SILTs and LP using a fluorescent stereomicroscope (Fig. 5A).
Biopsy punches containing colonic SILTs or SILT-free LP were iso-
lated and digested before enrichment for CD11b+ cells by magnetic
beads (>90% purity) and subsequent scRNA-seq analysis (Fig. 5A).
UniformManifold Approximation and Projection (UMAP) dimen-
sionality reduction and combined analysis of all four groups (LPWT,
SILTWT, LPCsf2−/−, and SILTCsf2−/−) followed by subsetting and re-
analysis of the MΦ/monocyte populations, based on parameters
previously detailed, resulted in nine distinct clusters as seen
before (Figs. 1A and 5B). Cells within clusters 0, 1, and 7 were en-
riched in the LP, whereas SILTs primarily comprised clusters 2, 3, 5,
and 6, indicating preferential localization of some MΦ subpopula-
tions within SILTs (Fig. 5B). Annotation of the nine clusters based
on their differentially expressed genes (DEGs) prompted us to label
MΦ clusters 0 and 5, which highly expressed Lyve1,Mrc1,Maf, and
Timd4, as Tim-4+ LAMs and Tim-4+ SAMs, respectively. We also
identified clusters corresponding to CCR2+MΦs (cluster 1), mono-
cytes (cluster 4), Tim-4−CD4+ MΦs (cluster 6), RELMα+ MΦs
(cluster 7), and epithelium/endothelium-associated Pecam1+ MΦs
(cluster 8) (Fig. 1B and fig. S5A). Although previous reports iden-
tified Tim-4−CD4+ MΦs and investigated their developmental ki-
netics, the functions of this subpopulation remain unclear (4).
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Fig. 4. Microbial ATP regulates MΦ composition and drives CSF2 production by ILC3s through P2X7R and NLRP3 inflammasome signaling. (A to C) GF micewere
orally gavaged with WT or Δ(atpA-atpG) Strr E. coli MG1655, with a group of Δ(atpA-atpG) Strr E. coli MG1655 recipients receiving daily intrarectal applications of ATPγS.
Mice were analyzed 1 week later. (A) Representative flow cytometry plots show colonic monocyte and MΦ composition. (B) Quantifications of Ly6C+ and CCR2+ MΦs. (C)
Quantifications of total ILC3s and CSF2-producing ILC3s in the colon. (D and E) Each WT colonic MΦ population was assessed for (D) median fluorescence intensity (MFI)
of P2X7R staining, with histograms (right) showing staining in P2rx7+/+ versus P2rx7−/− mice, or (E) percentage of P2X7R+ pro–IL-1β+ cells. (F) Feature plots illustrating
expression of indicated genes in colonic MΦs/monocytes. (G) Contour plots (top) and quantification (bottom) of colonic MΦs in B6 and Nlrp3−/− littermates. (H and I)
Percentage of CSF2-producing colonic ILC3s in Nlrp3−/− and P2rx7−/− mice with respective littermate controls. (J) WT and Nlrp3−/− colonic SILTs were isolated and as-
sessed for percentage of each MΦ population. (K) Colonic LP leukocytes were treated with vehicle control, IL-1β, or ATPγS in the presence of brefeldin A (BFA) and
quantified for CSF2+ ILC3s. (L) Schematic overview of how microbiota-derived ATPex regulates ILC3-derived CSF2. For (J), each data point represents pooled SILTs
from two or three mice. One-way ANOVAwith post hoc Tukey’s test (B to E), two-way ANOVAwith post hoc Šidák’s multiple comparisons test (K), or unpaired Student’s
t test (G to J) was performed.
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Fig. 5. scRNA-seq analysis of colonic LPMΦs inside and outside SILTs predicts their different functions based on localization. (A) Representative live images [scale
bars, 200 μm (left) and 100 μm (right)] of a colonic SILT in Cx3cr1+/GFP Ccr2+/RFP mice and experimental scheme for scRNA-seq setup. Data are subsetted and reclustered for
MΦs and monocytes as in Fig. 1A. (B) UMAP projection of MΦs/monocytes of SILTWT and LPWT (left) with quantification of the relative cluster abundance for each sample
(right). (C) Pathway enrichment analysis (gProfiler, GO biological processes) using DEGs for each cluster (from Fig. 1B). (D and E) Colonic SAMs and LAMs were isolated,
stained with mitochondrial dyes, and assessed for staining MFI as indicated. TH1, T helper 1. (D) MFIs of mitochondrial dyes in total SAMs and LAMs. (E) MitoSOX MFI of
each MΦ population in each colonic region. (F) UMAP dimensionality reduction using Monocle 3 was performed and visualized with overlaid Seurat annotations from
Fig. 1A. (G and H) Trajectory analysis was performed using Monocle 3 as indicated by solid black lines. (G) Changes in expression of subset-defining genes were visualized
in conjunction with trajectory analysis. (H) Pseudotime analysis was performed and visualized using Monocle 3. Unpaired Student’s t test (D) or one-way ANOVAwith post
hoc Tukey’s test (E) was performed.
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Cluster 6 MΦs, corresponding to Tim-4−CD4+ MΦs, displayed a
gene expression pattern similar to that reported in inflammatory
microglia and border-associated MΦs, including the expression of
Apoe,Ms4a7, and Tmem119 (6, 21, 45, 46). Biological pathways en-
richment analysis on MΦ cluster 6 indicated that Tim-4−CD4+
MΦs are involved in leukocyte activation, antigen presentation,
and T cell activation, suggesting a proinflammatory role for this
subpopulation (Fig. 5C).

Cluster 2 and 3MΦs were found almost exclusively in SILTS and
expressed high levels of Il22ra2 and Lyz1, markers reported for
SILT-residing CD11c+MHCII+CD11b−CD103− DCs in the small
intestine (24). However, MΦ identity for cluster 2 and 3 cells was
confirmed by their expression of MΦ markers (Csf1r, Cx3cr1,
C1qa, Adgre1, and Fcgr1) and the absence of DC markers (Flt3,
Dpp4, and Zbtb46) (fig. S1, B to D). The absence of Timd4 and
Cd4 expression and the low level of Ccr2 expression in cluster 2
and 3 MΦs suggest that these cells correspond to a subset of the
Tim-4−CD4− MΦs (Fig. 1B). Cluster 2 and 3 SAMs were enriched
in ATP metabolism, oxidative phosphorylation (OXPHOS), and
phagocytic pathways, indicative of a population high in energy
demand and possibly involved in antimicrobial host defense
(Fig. 5C). This prompted us to characterize mitochondria, as a
major bioenergetic organelle, in LAMs and SAMs. Comparing mi-
tochondrial mass (MitoTracker Green), mitochondrial membrane
potential (MitoTracker Red) as an indicator of energy metabolism,
and the production of reactive oxygen species (ROS) particularly
superoxide (SOX) (MitoSOX) in LAMs and SAMs, we found
equal mitochondrial numbers in MΦs across LP and SILTs but
higher mitochondrial membrane potential and ROS production
in SAMs (Fig. 5D). Tim-4+ MΦs had higher numbers of mitochon-
dria compared with all other MΦ subpopulations, as previously re-
ported (47), regardless of colonic localization (fig. S5B). The higher
MitoSOX staining in SAMs was attributed to a greater staining in
Ly6C+ monocytes and especially Tim-4−CD4− SAMs, in line with
the pathway analysis of the scRNA-seq data (Fig. 5, C and E).

Considering these notable differences between LAM and SAM
populations, we sought to determine the developmental relation-
ship between each MΦ cluster from our scRNA-seq data and thus
performed trajectory analysis using Monocle 3 with Seurat-generat-
ed clusters overlaid (Fig. 5F). This analysis predicted a common
origin for all LAMs and SAMs within the monocyte cluster 4, sup-
porting our fate-mapping and parabiosis studies (Fig. 5G and fig.
S1, I to K). Pseudotime analysis revealed a gradual loss of Ly6c2
and Ccr2 expression and gain of Cd4 and Timd4 expression as
cells transitioned from monocytes toward differentiated MΦs
(Fig. 5G). Tim-4−CD4+ MΦs represent a differentiation branching
point, at which cells transition either into Tim-4+ MΦs (clusters 0
and 5) or into SAMs (first to cluster 3 and then cluster 2) (Fig. 5, F to
H). Given that Tim-4−CD4+ MΦs were least affected by perturba-
tions in the microbiota (Fig. 2, A to E), their status as a defining
branch point for tissue-resident MΦs may be worth additional in-
vestigation in the future. In summary, our scRNA-seq analyses
reveal a previously undescribed SILT-associated Tim-4−CD4−

MΦ population, high in energy metabolism and ROS production,
possibly originating from Tim-4−CD4+MΦs along a distinct differ-
entiation pathway and within a distinct anatomic location.

CSF2 is a spatial determinant of MΦ development and
function in the gut
To determine whether LAMs and SAMs are differentially regulated
by CSF2, we first identified MΦ clusters that are most likely to be
CSF2 responsive based on their Csf2ra and Csf2rb expression
(Fig. 6A). All MΦ clusters except for Timd4+Lyve1+ MΦs (clusters
0, 5, and 8) expressed detectable levels of Csf2ra and Csf2rb
(Fig. 6A). Comparison of MΦ cluster composition in LP and
SILTs revealed a loss in the relative abundance of cluster 2 and 3
MΦs in Csf2−/− compared with WT (Fig. 6, B and C). Tim-4+
LAMs (cluster 0) were reduced in the LPCsf2−/− (Fig. 6, B and C).
We hypothesized that CSF2 deficiency renders colonic monocytes
and CCR2+ MΦs unable to differentiate and undergo apoptosis
based on CSF2’s role as a prosurvival factor for myeloid cells (48).
An assessment of apoptosis in colonic MΦs revealed an increase in
apoptotic Ly6C+ and Tim-4−CD4− MΦs in Csf2−/− mice, the latter
likely corresponding to the loss of SAMs in SILTCsf2−/− (Fig. 6D).

CSF2 promotes the transition of monocyte to MΦs in the in-
flamed brain, specifically by supporting disease-promoting func-
tions in MΦs (21). These findings are in contrast to our data
showing CSF2-driven pathways in steady-state colonic MΦs.
Pathway analysis based on DEGs of each cluster in each region of
WT versus Csf2−/− mice revealed differences in multiple MΦ clus-
ters, including those devoid of Csf2ra or Csf2rb mRNAs (Fig. 6, A,
E, and F). Within the LPCsf2−/−, Tim-4+ LAMs (red) and CCR2+
MΦs (orange) were impaired in cytoskeleton organization, migra-
tion, and endocytosis but enriched in proinflammatory processes
such as T cell activation, antigen activation, leukocyte-mediated cy-
totoxicity, and the response to biotic stimuli (Fig. 6E). An even
larger number of MΦ clusters were affected in SILTCsf2−/−.
Similar to LPCsf2−/− Tim-4+ LAMs, homeostasis of SILTCsf2−/−

Tim-4+ SAMs (aqua) was impaired as shown by altered synapse
pruning and wound healing functions, as well as up-regulated
proinflammatory pathways (Fig. 6F). Tim-4−CD4+ MΦs (dark
blue) followed these trends toward altered homeostasis and in-
creased inflammation. Conversely, clusters corresponding tomono-
cytes (green) and CCR2+ MΦs (orange) down-regulated pathways
involved in response to stimuli and were enriched in pathways
related to cell survival, glycolipid catabolism, and protein stabiliza-
tion in SILTCsf2−/−, confirming the increased apoptosis in Csf2−/−

mice (Fig. 6, D to F). It is possible that CSF2 itself or its effects
on MΦ gene expression profiles as described could affect SILT for-
mation and function. This prompted us to quantify SILT numbers
and diameters, revealing higher numbers of smaller SILTs in
Csf2−/− mice (fig. S6A). However, these alterations had no signifi-
cant impact on the production of immunoglobulin A (IgA) in the
colon during steady state (fig. S6B) (49, 50). Instead, mitochondrial
homeostasis of SAMs was impaired in Csf2−/− animals, indicated by
lower ROS production in SILT-associated Ly6C+ monocytes and
Tim-4−CD4− SAMs, as well as reduced mitochondrial membrane
potential in CCR2+ SAMs (Fig. 6G and fig. S6C). These data
show that CSF2 controls mitochondrial functions implicated in
energy generation and antimicrobial activity particularly within
SAMs. As a result, Csf2−/− colons are enriched in MΦs skewed
toward proinflammatory processes, whereas down-regulating func-
tions were attributed to antimicrobial host defense and bioenergy
metabolism. Collectively, these findings demonstrate that CSF2-
rich SILTs constitute microanatomic niches for the homeostatic de-
velopment and functional programming of MΦs in the colon.
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Fig. 6. CSF2 deficiency results in a loss of Tim-4−CD4− SAMs and functional dysregulation of colonic MΦs. (A) Feature plots (top) and dot plot (bottom) showing
expression of Csf1r, Csf2ra, and Csf2rb in each cluster from the merged data. Color denotes expression level, and dot size indicates percentage of cells within the cluster
expressing the gene, as indicated. (B) UMAP projection of MΦs/monocytes of each sample. (C) Quantification of the relative abundance of each cluster for each sample.
(D) Quantification of apoptotic cells within each colonic MΦ population in sex-matched littermate WT versus Csf2−/− mice by ApoTracker staining, as indicated. (E and F)
Pathway enrichment analysis (gProfiler, GO biological processes) using DEGs differentially regulated betweenWT versus Csf2−/− in (E) LP and (F) SILT for selected clusters,
as indicated. Negative values of −log10 of adjusted P value indicate up-regulation in Csf2−/−, and positive values indicate up-regulation in WT. (G) MitoSOX MFI for each
SAM population (top) and LAM population (bottom) in sex-matched littermate WT versus Csf2−/− mice. Each SAM data point represents pooled SILTs from two or three
mice. Unpaired Student’s t test (D) or two-way ANOVAwith post hoc Šidák’s multiple comparisons test (G) was performed. IFN-γ, interferon-γ; MAPK, mitogen-activated
protein kinase; ERK1, extracellular signal–regulated kinase 1.
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CSF2-dependent Tim-4−CD4− MΦs are required for host
defense against enteric infections
ILC3s are central for the innate immune response against attaching
and effacing enteric pathogens such as Citrobacter rodentium, the
murine counterpart of human enteropathogenic E. coli (51). CSF2
has been implicated in supporting antimicrobial host defense
against C. rodentium through the modulation of CD11c+ myeloid
cells (52). In line with this, CD11c-expressing DCs are impaired
in their development in Csf2−/− mice as previously reported (fig.
S7A) (9). However, in contrast to previous reports using C. roden-
tium infections, CD11c+MHCII+CD64− DCs did not significantly
differ between Csf2−/− and littermate controls after infection,
likely because of a CSF2-independent increase in CD103−CD11b+
DCs (fig. S7, B and C). C. rodentium–infected mice had elevated
levels of luminal ATPex (fig. S7D). These findings prompted us to
revisit whether CSF2-dependent MΦs contribute to the defense
against C. rodentium.

Tim-4−CD4− SAMs, the MΦ population most affected in
Csf2−/− mice, were characterized by their expression of genes
related to OXPHOS, high mitochondrial membrane potential,
and elevated ROS production, which were affected in the absence
of CSF2. We reasoned that inhibition of OXPHOS in WT mice
would partly recapitulate the observed mitochondrial alteration in
colonic MΦs of Csf2−/− mice (Figs. 5 and 6). To validate this hy-
pothesis, we compared C. rodentium–infected Csf2−/− and litter-
mate control mice treated daily with IACS-010759 (IACS), an
established oral inhibitor of OXPHOS, or vehicle control
(Fig. 7A). In line with previous reports, Csf2−/− mice showed
greater weight loss and higher pathogen burden and dissemination
compared with their WT littermates despite comparable infection
efficiency (Fig. 7, B and C) (52). IACS-treated WT mice phenocop-
ied untreated Csf2−/− mice, but disease severity was not exacerbated
when OXPHOS was blocked in Csf2−/− mice (Fig. 7, B and C). IACS
acted downstream of CSF2 production by ILC3s, because treatment
had no effects on the numbers of total or CSF2-producing ILC3s
(fig. S7D). More strikingly, OXPHOS inhibition resulted in a de-
crease in Tim-4−CD4− MΦs, recapitulating the lower Tim-
4−CD4− MΦ numbers observed in Csf2−/− mice (Fig. 7D and fig.
S7E). In line with the characterization of MΦs in Csf2−/− mice,
OXPHOS inhibition had a major impact on the mitochondrial
membrane potential across most colonicMΦ subsets and more spe-
cific impact on ROS production in Ly6Chi monocytes and CCR2+
MΦs, immediate precursors of Tim-4−CD4− MΦs (Fig. 7, E to G).
In summary, these data show that CSF2-dependent host defense
against enteric pathogens operates via the regulation mitochondrial
energy homeostasis and ROS production imprinted preferentially
in SAMs.

DISCUSSION
Intestinal MΦs are critical for gut homeostasis and host defense.
Uncovering the mechanisms regulating their developmental and
functional heterogeneity is a critical step in our understanding of
these cells. Here, we provide a molecular and cellular framework
that governs microbiota- and host-regulated MΦ development in
the gut. We demonstrate that microbiota-derived ATPex fuels the
production of CSF2 by ILC3s via P2X7R and NLRP3 in myeloid
cells and identify SILTs as a distinct niche for CSF2-dependent

development and functional programming of SAMs that support
antimicrobial defense (fig. S8).

Intestinal SILTs, in contrast to tertiary lymphoid organs (TLOs),
form postnatally andmature depending on signals by the gut micro-
biota (50, 53, 54). Best known to support B cell maturation, our
findings indicate that SILTs constitute a developmental hub for
monocyte-derived SAMs that support antimicrobial host defense
(55). Although ILF-residing Cxcl13-expressing MΦs were shown
to support IgA-producing B cells during Salmonella infection,
their development is unlikely to be affected by CSF2, because IgA
titers were unchanged in Csf2−/− mice (50). We show that monocyte
transition into SAMs requires CSF2-dependent regulation of their
high mitochondrial membrane potential and ROS production to
support host defense against infections. However, their role in reg-
ulating adaptive immunity within SILTs remains an open question.

Collectively, our findings propose a mechanistic model explain-
ing how the microbiota, irrespective of strain or kingdom, contrib-
utes to the steady-state heterogeneity of intestinal MΦs. In contrast
to specific bacteria-derived metabolites such as tryptophan or
SCFAs, ATP is abundantly produced across all microbial kingdoms.
Here, we demonstrate that ATPex governs the steady-state activation
of ILC3s via an NLRP3- and P2X7R-dependent activation of
myeloid cells. This is in line with previous reports showing that in-
testinal MΦs are a major source of steady-state IL-1β and central for
the activation of ILC3s (9, 25, 43). ILC3s do not respond to direct
stimulation with ATPex but secrete CSF2 in response to IL-1β. Tim-
4+ MΦs among other myeloid populations coexpressed the highest
levels of P2X7R and pro–IL-1β, making them one possible mediator
between microbial ATPex and ILC3 activation. However, Il1b,
P2rx7, and Nlrp3 transcripts and P2X7R protein were also detected
in DCs and other MΦ subpopulations, opening the possibility for
collaboration between these myeloid cells to control ILC3-derived
CSF2 via IL-1β. Our findings indicate that ATPex, as a measurement
for universal microbial energy metabolism, serves as a rheostat for
the control of gut MΦ development in the steady state. However,
cell stress or death can contribute to increases in ATPex concentra-
tion not originating from the microbiota, which could affect the
production of ILC3-derived CSF2. The instability of ATP in the ex-
tracellular space and expression of ectonucleotidases by the intesti-
nal epitheliummay be a rate-limiting step in the activation of ILC3s
and the regulation of MΦ heterogeneity, suggesting a possible feed-
back loop controlling these interactions.

Although ATPex-mediated activation of the inflammasome
drives disease in extraintestinal locations, it constitutes a critical
element to tune immune homeostasis in the gut (56). In contrast
to its redundant and often proinflammatory role in other organs,
CSF2 governs the steady-state transition of monocytes to MΦs in
the intestine and controls essential homeostatic functions and
defense pathways in gut MΦs (57). We found that ILC3-derived
CSF2 promotes survival and differentiation of monocytes and
shapes the metabolic and functional program of MΦs within
SILTs. Moreover, SAMs followed a distinct developmental trajecto-
ry compared with LAMs, diverging from Tim-4−CD4+ MΦs. Defi-
ciency in Csf2 resulted in the loss of SAMs and promoted
inflammatory pathways in LAMs even if our gene expression anal-
ysis suggests a lack of responsiveness to CSF2. This enrichment of
inflammatory pathways in Csf2-deficient MΦs is possibly the result
of a misdirected strategy to reinstate antimicrobial host defense and
is of translational relevance, considering the presence of mutations
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inCSF2RB and neutralizing anti-CSF2 autoantibodies in complicat-
ed Crohn’s disease (CD) (58, 59). Neutralizing anti-human CSF2
autoantibodies precede the onset of CD by several years and are im-
plicated in elevated subclinical inflammation before diagnosis and
disease complications at the time of diagnosis (60). It remains pos-
sible that systemic CSF2 deficiency elicits its effects on the intestinal
MΦ population indirectly by perturbing critical systemic homeosta-
sis; however, our studies selectively deleting CSF2 in RORγt-

dependent ILC3s, highly enriched in the intestine, suggests an im-
portant role of CSF2 in maintaining gut-resident MΦs.

In summary, our results suggest that abrogating the steady-state,
microbiota-driven, ILC3-CSF2 niche for intestinal MΦ develop-
ment and function raises the susceptibility to enteric infections
that can serve as a trigger for the onset of CD (60). The analysis
of MΦs and DCs in C. rodentium–infectedCsf2−/− mice refines pre-
vious reports and indicates responsiveness of DCs even in the
absence of CSF2, whereas MΦs fail to expand and execute their

Fig. 7. Host defense against C. rodentium requires CSF2-dependent Tim-4−CD4− MΦs and OXPHOS activity. (A) Experimental set-up of C. rodentium infection and
daily oral treatment of OXPHOS inhibitor IACS-010759 (IACS). (B) Body weight was tracked daily during the course of infection. (C) Quantification of C. rodentium in the
feces, colon, and liver at end point. (D) Quantification of colonic MΦ populations at end point. (E) Mitochondria counts, (F) mitochondrial membrane potential, and (G)
superoxide production of each MΦ population in infected control mice or IACS-treated mice. Mixed-effects analysis with post hoc Šidák’s multiple comparisons test (B),
one-way ANOVA with post hoc Tukey’s test (C and D), or two-way ANOVA with post hoc Šidák’s multiple comparisons test (E to G) was performed.
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antimicrobial activity because of impaired CSF2-dependent
OXPHOS and mitochondrial ROS generation. This is in line with
a recent report demonstrating OXPHOS as a distinguishing factor
for proinflammatoryMΦs, with impairment of OXPHOS leading to
cellular stress and reduced MΦ numbers, particularly of alveolar
MΦs that are also CSF2 dependent (61, 62). Imprinting of these
metabolic functions is predominant in monocytes and SAMs,
pointing to a need to develop new tools to refine functional charac-
terization of MΦs within distinct microanatomic locations. Collec-
tively, our data identify an underappreciated role for microbe-
derived ATP as a regulator of MΦ development within SILTs
guided by ILC3-derived CSF2 and classify SILTs as microanatomic
niches for MΦ development to constitute an antimicrobial firewall.

MATERIALS AND METHODS
Study design
We aimed to identify pathways that integrate microbiota- and host-
derived signals into the development and function of intestinal
MΦs. We used gnotobiotic and transgenic mouse lines to dissect
MΦ ontogeny, myeloid growth factor expression, and gene expres-
sion of MΦs within spatial niches. We paired mitochondrial char-
acterization and enteric infections to demonstrate that ILC3-
derived CSF2, relying on myeloid purinergic signaling triggered
by microbiota-derived ATP, supports the differentiation of mono-
cytes to MΦs in the gut. Experiments across this study were con-
ducted at least two to three times on groups of three to five mice
of both sexes using age-matched littermate controls. Sequencing
data and code are publicly available, and materials used to generate
the data are fully disclosed. Figures include representative experi-
ments or pooled data; no outliers were excluded.

Animals
All mice were purchased from the Jackson Laboratory and subse-
quently bred in house under SPF conditions at the University of
Toronto, Division of Comparative Medicine. Unless otherwise
stated, all experiments were conducted using 8- to 10-week-old
age- and sex-matched littermates of both sexes. Germ-free
animals were maintained in the gnotobiotic facility at the University
of Toronto, Division of Comparative Medicine. To obtain rewilded
mice, pet store mice were purchased from High Oak Ranch Ltd.
(Baden, ON) and bred in our mouse facility in a containment
room (bioBUBBLE Inc., Fort Collins, CO). C57Bl/6 (B6) pups
were cohoused with pet store pups from 3 to 7 weeks of age, sepa-
rated, and subsequently bred. B6 pregnant dams were gavaged with
cecal content from pet store female mice 2 to 3 days before delivery.
The pups were used to establish a rewilded colony for experiments.
Csf2flox-tdTomato (Csf2fl) were recently described, crossed to Vav1iCre
[B6.Cg-Commd10Tg(Vav1-iCre) A2Kio/J; 008610] or RorcCre
[B6.FVB-Tg(Rorc-cre)1Litt/J; 022791], and housed at the Universi-
ty of Zurich Laboratory Animal Sciences Center in Zurich, Switzer-
land (63). All other strains were obtained from the Jackson
Laboratory. All experiments were approved by the Faculty of Med-
icine and Pharmacy Animal Care Committee at the University of
Toronto (animal use protocols 20011887 and 20012454 to T.M.
and 20012400 to A. Mortha) or the cantonal veterinary office of
Zurich (permit number ZH134/2019 to C.S.).

Microbes
All E. coliMG1655 strains were provided by T. Conway (Oklahoma
State University). C. rodentium ICC180 was a gift from D. Philpott
(University of Toronto). The plasmid encoding the ATP biosensor
(pRSET-AT3.10) was a gift from H. Imamura (Kyoto University).

Isolation of intestinal LP leukocytes
Colonic or small intestinal LP cells were isolated as previously de-
scribed (64). Briefly, intestines were washed in Hanks’ balanced salt
solution (HBSS) plus 5 mM EDTA and 10 mM Hepes to strip the
epithelium. Tissues were then minced and shaken at 37°C for 20
min in digestion buffer [HBSS with calcium and magnesium sup-
plemented with 10 mM Hepes, 4% fetal bovine serum, penicillin-
streptomycin (Sigma-Aldrich), deoxyribonuclease I (0.5 mg/ml;
Sigma-Aldrich), and collagenase (0.5 mg/ml; Sigma-Aldrich)]. Su-
pernatants were collected and enriched for leukocytes using a 40/
80% Percoll gradient, after which cells were ready for downstream
use. To isolate SILTs, intestines were placed under a Zeiss Axio-
Zoom.V16 fluorescent macroscope for live imaging after epithelium
stripping. SILTs were isolated using a 1.25-mm biopsy puncher.
SILTs and remaining punched out colons were placed separately
into R-10+ media until tissue digestion.

C. rodentium infection and pathological assessment
Groups of age- and sex-matched littermates were infected with C.
rodentium ICC180 [~2 × 108 colony-forming units (CFUs)] by oral
gavage as previously described (65). Mice were weighed daily to
monitor disease progression and euthanized at 2 weeks post infec-
tion (p.i.) Colons were harvested for LP leukocyte isolation and
downstream analysis. CFUs of C. rodentium in the feces, colon,
and liver were measured on MacConkey agar plates containing
kanamycin (100 μg/ml). To minimize contamination, colons were
immediately removed of their luminal content and rinsed in PBS
before processing, as previously described (65). The OXPHOS in-
hibitor IACS-010759 (Chemietek) was dissolved in dimethyl sulfox-
ide, diluted in 5% methyl cellulose, and administered (7.5 mg/kg)
via oral gavage to experimental groups daily, starting 4 hours
before C. rodentium infection until the time of analysis.

Intrarectal application of ATPγS
ATPγS tetralithium salt (4080, Bio-Techne) was dissolved in ddH2O
and immediately stored at −20°C to avoid degradation. For in vivo
application, mice were first anesthetized with isoflurane, and a
plastic feeding needle lubricated with sterile jelly gel was used to
slowly apply 100 μl of ATPγS (12.5 mg/ml) intrarectally, 4 cm
into the colon. Mice were held in an inverted position for at least
30 s to ensure solution remained in the colon before removal of
the needle. ATPγS was administered to mice daily from day of E.
coli colonization until the day of analysis. Mice in the control
group were administered sterile PBS intrarectally.

Luminal ATP measurement
Fecal samples were collected, homogenized in PBS plus 0.01%NaN3
using the Omni Bead Ruptor 24, and centrifuged twice (800g fol-
lowed by 10,000g) to remove debris and microbes. Supernatants
were filtered through a 0.2-μm filter and Amicon Ultra-0.5 centrif-
ugal filter unit (MilliporeSigma) and then analyzed for ATP levels
using the ENLITEN ATP Assay System Bioluminescence Detection
Kit (Promega) according to the manufacturer’s instructions.
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Colonization of germ-free mice with E. coli strains
Groups of age- and sex-matched littermate germ-free mice were
orally gavaged with ~103 CFU of E. coli MG1655 WT or E. coli
MG1655 ΔnarG ΔnarZ Δ(napD-napA) or ~104 CFU of E. coli
MG1655 Strr Δ(atpA-atpG). Differences in starting CFUs account-
ed for the slower growth rate of E. coli Δ(atpA-atpG) to ensure equal
colonization efficiency at the time of analysis. Mice were analyzed 1
week later. Fecal pellets were collected both before gavage and at the
time of harvest to confirm colonization.

To determine the localization of the E. coli strains in vivo, SPF
mice were treated with ampicillin (1 g/liter) ad libitum for 1 week
via drinking water. Mice were then orally gavaged with E. coli
MG1655 WT or E. coli MG1655 Strr Δ(atpA-atpG). One week
later, fecal content or mucosal scrapings were collected and quanti-
fied for ATeam+ bacterial cells.

scRNA sequencing
Sample preparation
Colons (n = 5 per group) from age- and sex-matched Cx3cr1GFP/+
Ccr2

RFP/+
WT versus Csf2−/− littermate mice were isolated and

stripped of epithelium as detailed above and then placed under a
Zeiss AxioZoom.V16 fluorescent macroscope for live imaging.
SILTs were identified on the basis of green fluorescent protein
(GFP) and red fluorescent protein (RFP) expression and isolated
using a 1.25-mm biopsy puncher. SILTs and remaining punched
out colons were pooled and placed separately into R-10+ media.
Samples were digested and enriched for leukocytes as detailed
above. Samples were then enriched for CD11b+ cells using the
EasySep Mouse CD11b Positive Selection Kit II (STEMCELL Tech-
nologies) as per the manufacturer’s protocol. Purified single-cell
suspensions (>90% purity) were resuspended in R-10+ media for
10x Genomics scRNA-seq.
Library preparation, sequencing, preprocessing, and
quality control
Single-cell suspensions were prepared and loaded onto the v3 10x
Chromium for the generation of sequencing libraries and process-
ing as described by 10x Genomics. CellRanger (10x Genomics) was
used to preprocess sequenced cells, align reads, and generate expres-
sion matrices. Seurat (v.4.0) was used for all preprocessing, filtering,
and downstream analyses (66). Low-quality cells expressing fewer
than 200 genes were removed. Doublets and dead cells were exclud-
ed on the basis of high number of genes (>6000) and high percent-
age (>9%) of transcripts mapping to mitochondrial genes,
respectively. Cells with high percentage (>20%) of transcripts
mapping to dissociation-associated genes, as previously described,
were also removed (67).

Normalization, dimensionality reduction, clustering, and
cell annotation
To remove technical variation, data were normalized using
SCTransform, which uses negative binomial regression to normal-
ize the data, find variable features, and scale the data (68). The var-
iance-stabilizing transformation method in SCTransform was used
to select 3000 highly variable features. Mitochondrial gene percent-
age and number of counts (nCount_RNA) were regressed out. Di-
mensionality reduction was performed using principal components
analysis (PCA), and an elbow plot was used to determine the
number of statistically significant PCs for subsequent clustering.
FindNeighbors and FindClusters functions were used to perform

graph-based clustering. Nonlinear dimensionality reduction and vi-
sualization was performed using the UMAP method. Clusters were
identified and annotated on the basis of differential gene expression
testing using theWilcoxon rank sum test, with the following param-
eters in the FindAllMarkers function: min.pct = 0.25, log fold
change (logFC) threshold = 0.25, and adjusted P value < 0.05. For
heatmaps, each cluster was downsampled to 50 cells for visualiza-
tion, showing the top 30 DEGs of each cluster.

MΦ and monocyte clusters were identified on the basis of ex-
pression of MΦ markers (C1qa, Csf1r, Cx3cr1, and Adgre1) and
the absence of DC markers (Flt3, Dpp4, and Zbtb46). These clusters
were further subsetted (using the “subset” function), and normali-
zation, dimensionality reduction, and clustering were reperformed
as described above to obtain specific MΦ and monocyte clusters.
Clusters were identified, annotated, and visualized as de-
scribed above.

Differential gene expression
To compare the gene expression of MΦs between WT versus
Csf2−/− [knockout (KO)] LP and TLO, the “subset” function was
used to separate each cluster from each dataset. The FindMarkers
function (min.pct = 0.25, logFC threshold = 0.25, and adjusted P
value < 0.05) was used to compute differentially up-regulated and
down-regulated genes for each cluster in KO relative to WT of each
region (e.g., KO LP relative to WT LP and KO TLO relative to WT
TLO). Resulting genes were used for subsequent pathway enrich-
ment analysis, as indicated.

Pathway enrichment analysis
gProfiler functional profiling (https://biit.cs.ut.ee/gprofiler/gost)
was used to measure over-representation of target gene list against
the annotated gene database of Gene Ontology (GO; www.
geneontology.org). Enriched biological processes of GO (BP,
2019) and enriched Kyoto Encyclopedia of Genes and Genomes
pathways were identified and ordered on the basis of enrichment
scores (−log10 of the adjusted P value).

Single-cell trajectory analysis
The R package Monocle 3 was used to assess cell trajectories (69–
71). Data previously analyzed with Seurat (v.4.0), as described
above, were imported into Monocle 3 for reclustering. Briefly,
highly variable genes imported from the Seurat analysis were used
for PCA dimensionality reduction, followed by UMAP nonlinear
dimensionality reduction and subsequent clustering using Leidan
community detection (https://arxiv.org/abs/1802.03426). The
number of Monocle clusters was similar to Seurat clusters. This
method also generates “partitions” representing groups correspond-
ing to separate trajectories. Cell trajectory was assessed using the
“learn_graph” function, which uses the DDRTree method to learn
tree-like trajectories and further reduce dimensionality. Data were
visualized with UMAP embeddings and trajectories derived within
Monocle and overlaid with Seurat clusters.

Quantification and statistical analysis
Statistical analysis of nonsequencing data was performed with the
GraphPad Prism software (GraphPad), with statistical tests detailed
in the figure legends. All data are shown as means ± SEM. Signifi-
cant differences were defined at P < 0.05, *P < 0.05, **P < 0.01, ***P
< 0.001, and ****P < 0.0001; n.s., not significant. Unless otherwise
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stated, data shown in each figure are representative of at least three
independent experiments with at least three sex- and age-matched
mice per group per experiment.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1

Other Supplementary Material for this
manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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