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In brief

After birth, the intestine undergoes villus

and vascular remodeling to fulfill nutrient

requirement and enhance intestinal

barrier function. Peduto and colleagues

show that postnatal PDGFRa-dependent

intestinal stromal maturation is required

to restrain stemness and promote

epithelial differentiation and immunoreg-

ulation. Failure of stromal maturation

leads to decreased postnatal growth and

dysregulated intestinal inflammatory and

repair responses.
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SUMMARY
After birth, the intestine undergoes major changes to shift from an immature proliferative state to a functional
intestinal barrier. By combining inducible lineage tracing and transcriptomics in mouse models, we identify a
prodifferentiation PDGFRaHigh intestinal stromal lineage originating from postnatal LTbR+ perivascular stro-
mal progenitors. The genetic blockage of this lineage increased the intestinal stem cell pool while decreasing
epithelial and immune maturation at weaning age, leading to reduced postnatal growth and dysregulated
repair responses. Ablating PDGFRa in the LTBR stromal lineage demonstrates that PDGFRa has a major
impact on the lineage fate and function, inducing a transcriptomic switch from prostemness genes, such
asRspo3 andGrem1, to prodifferentiation factors, including BMPs, retinoic acid, and laminins, and on spatial
organization within the crypt-villus and repair responses. Our results show that the PDGFRa-induced tran-
scriptomic switch in intestinal stromal cells is required in the first weeks after birth to coordinate postnatal
intestinal maturation and function.
INTRODUCTION

The intestine constitutes a surface barrier between the host and

the external environment. The structural and functional matura-

tion of the intestinal barrier is achieved during the first weeks af-

ter birth (Chin et al., 2017). This requires restriction of intestinal

stem cells (ISCs) to the crypts and progressive maturation of

epithelial and immune intestinal components, overall ensuring

digestive and defense functions and a balanced immunity.

Notably, crypts containing ISCs are formed around 2weeks after

birth. ISCs continuously generate transit-amplifying (TA) cells

that proliferate and differentiate into specialized epithelial line-

ages including absorptive enterocytes, enteroendocrine cells,

antimicrobial secreting Paneth cells, and mucus-producing

goblet cells, altogether providing a first line of intestinal defense

(van der Flier and Clevers, 2009; Bry et al., 1994). Maintenance of

intestinal homeostasis requires localized expression of prostem-

ness and prodifferentiation factors. Stromal cells expressing

PDGFRa, which are present in embryonic intestine and essential

for intestinal morphogenesis (Karlsson et al., 2000), play an

essential role in this process. In the adult lamina propria,

PDGFRa+ stromal cells, partially coexpressing FoxL1 or Gli1,

maintain crypts ISCs by secreting prostemness factors such as

Wnt ligands, bone morphogenetic proteins (BMPs) antagonists
856 Cell Stem Cell 29, 856–868, May 5, 2022 ª 2022 The Authors. Pu
This is an open access article under the CC BY-NC-ND license (http://
(Grem1, Grem2), and the ISCs mitogen R-spondins. Ablation of

Wnt secretion in PDGFRa+, FoxL1+, or Gli1+ stromal cells, as

well as genetic depletion of FoxL1+ cells, abrogates ISCs prolif-

eration and induces loss of intestinal crypts (Aoki et al., 2016; De-

girmenci et al., 2018; Greicius et al., 2018; Shoshkes-Carmel

et al., 2018; Batts et al., 2006; Kosinski et al., 2007). BMPs

oppose Wnt signaling and promote epithelial differentiation.

BMPs are produced by subepithelial PDGFRaHiPdpnHi stromal

cells under control of Hedgehog (Hh) ligands, produced by

epithelial cells (Stzepourginski et al., 2017; Kosinski et al.,

2010; McCarthy et al., 2020). Pdpn+ stromal cells play also an

essential role in leucocytes migration, positioning, and function

(Stzepourginski et al., 2017; Peduto et al., 2009; Perez-Shi-

bayama et al., 2019), suggesting additional immunoregula-

tory roles.

Postnatal intestinal development requires immune maturation

to adapt to microbial density and complexity, food antigens, and

potential enteric pathogens. In the small intestine, these changes

include homing and expansion of immune populations including

myeloid populations such as CD103+CD11b+ dendritic cells

(DCs) that are essential for neonatal immunity (Lantier et al.,

2013). Mostly localized in the intestinal villi, CD103+CD11b+

DCs migrate to the mesenteric lymph node (mLN) where they

promote differentiation of regulatory T cells (Tregs) in presence
blished by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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of retinoic acid (RA) and TGF-b. Tregs are key to control the dif-

ferentiation and activity of effector intestinal T helper subsets

(Laffont et al., 2010; Persson et al., 2013; Coombes et al.,

2007; Iwata et al., 2004).

One major factor regulating the cross talk between Pdpn+

stromal cells and immune cells is lymphotoxin beta receptor

(LTbR). LTbR is required for the development of lymphoid organs

and is expressed by different cell types including stromal pro-

genitors with roles in development and inflammation (Lu and

Browning, 2014; Bénézech et al., 2010; F€utterer et al., 1998;

Bénézech et al., 2012; Krautler et al., 2012). To investigate in vivo

the role of LTbR+ stromal cells in the intestine, we generated re-

porter and inducible lineage tracing models for LTbR+ cells. We

show that a subset of intestinal PDGFRa+ stromal progenitors

expressing LTbR after birth is required for postnatal intestinal

epithelial and immune maturation. We demonstrate that devel-

opment, maturation, and spatial organization of the LTBR stro-

mal lineage requires PDGFRa, and failure for such postnatal

stromal maturation leads to reduced postnatal growth, dysregu-

lated intestinal homeostasis, and enhanced susceptibility to

inflammation.

RESULTS

Ltbr-expressing cells generate a subepithelial
perivascular Pdpn+PDGFRa+ stromal lineage in the first
weeks after birth
To investigate LTbR+ stromal progenitors in the intestine, we

generated BAC transgenic mice expressing the tetracycline

transactivator (tTA) under control of the Ltbr promotor (LTBR-

tTA mice). By crossing LTBR-tTA mice with tet-regulated Cre

(LC1) mice and Rosa26floxSTOP-YFP mice (termed LTBRYFP

mice, Figure 1A), we performed lineage tracing of LTbR+ cells

(in this tet-off system, doxycycline (dox) prevents Cre activation,

Figure S1A). In the absence of dox, and consistent with the re-

ported expression of LTbR (Lu and Browning, 2014; Macho-Fer-

nandez et al., 2015), subsets of endothelial, immune, and epithe-

lial cells expressed YFP in the small intestine of adult LTBRYFP

mice (Figures S1B and S1C). In addition, we observed around

8% of CD45�CD31�PDGFRa+Pdpn+ stromal cells of the small

intestine lamina propria expressing YFP (Figure 1B). YFP was

not detected in Pdpn� stromal cells (Figure S1E). YFP+ stromal

cells expressed higher levels of Pdpn and PDGFRa compared

with YFP� stromal cells and were wrapped around subepithelial

capillaries with multiple elongated processes, closely adjacent

to epithelial cells (Figures 1C, 1D, and S1F). YFP+ stromal cells

were mostly enriched in the villi, at the villus bottom and at the

junction of villus crypts (Figures 1C and 2A), whereas only rare

cells were found around crypts (Figure S1D). Few YFP+ stromal

cells were observed in the colon (Figure S1G). The intestine un-

dergoes profound structural and cellular changes in the first

weeks after birth (Chin et al., 2017). To investigate when intesti-

nal YFP+ stromal cells develop, we performed FACS analysis of

stromal cells in the small intestine of newborn, 2-, 4-, and

8-week-old LTBRYFP mice (Figure 1E). Although Pdpn+ or

PDGFRa+ stromal cells are present in the intestine at birth (Stze-

pourginski et al., 2017), we did not detect YFP+ stromal cells in

newborn LTBRYFP mice (Figures 1E and S1H). YFP+ cells

strongly expanded between weeks 2 and 4 and then gradually
increased until adult age (Figure 1E, green columns). YFP+ stro-

mal population was decreased by the administration of antibi-

otics, suggesting a role for the microbiota in their development

(Figure 1E, blue column). When dox was administrated until

week 4, preventing postnatal labeling, only 3% of intestinal stro-

mal cells expressed YFP at 8 weeks (Figure 1E, red column).

These results indicate that a major fraction of PDGFRa+ subepi-

thelial stromal cells generated from LTBR+ progenitors develop

before weaning age, and low numbers of LTBR+ stromal progen-

itors are still present in adult intestine. To confirm this hypothe-

sis, we generated a direct LTBRGFP reporter model (Figure 1F).

Expression pattern of GFP was consistent with reported LTbR

expression (Lu and Browning, 2014; Macho-Fernandez et al.,

2015; Figures S1I–S1K). In the intestinal lamina propria, we de-

tected around 1% of PDGFRa+ stromal cells expressing GFP

close to the intestinal epithelial layer (Figures 1F and 1G),

showing that a small fraction of PDGFRa+LTBR+ stromal pro-

genitors are still present in adult intestine. Analysis of available

single-cell datasets of the small intestine confirmed Ltbr expres-

sion in PDGFRahi stromal cells (Figure 1H;McCarthy et al., 2020).

In addition to subepithelial stromal cells, we observed GFP

expression in intestinal endothelial cells (Figure S1K). To investi-

gate lineage relationships, we performed lineage tracing of

vascular endothelial (VE)-cadherin+ cells. Consistent with the re-

ported expression of VE-cad by endothelial progenitors and fetal

liver hematopoietic progenitors (Kim et al., 2005), amajority of in-

testinal endothelial cells and a fraction of CD45+ cells were fate

mapped in this setting (Figures S1L and S1M). However, no stro-

mal cells were fate mapped, confirming that endothelial and

mesenchymal lineages in the intestine have a distinct origin.

Altogether, these results show that a subset of PDGFRa+ stromal

cells expressing LTbR in the first fewweeks after birth generate a

subepithelial and perivascular Pdpn+PDGFRaHigh lineage within

the maturing villi, closely adjacent to capillaries, in a process

dependent on the microbiota.

The LTbR stromal lineage has a prodifferentiation gene
signature at steady state and after injury
To determine whether PDGFRa+YFP+ and PDGFRa+YFP� stro-

mal cells (Figures 1B and 2A) are transcriptionally different, we

performed transcriptome analysis by RNA sequencing (RNA-

seq) (Figure 2B). Consistent with their subepithelial localization,

YFP+ stromal cells expressed higher levels, compared with

YFP� stromal cells, of genes essential for epithelial cell differen-

tiation, such as Dll1, Bmp4, Bmp5, the Hh receptor Ptch1,Hh

signaling molecules (Foxf2, Nkx2-3, andGli1, a transcription fac-

tor promoting BMPs expression), and Frzb (a Wnt antagonist),

and lower levels of genes involved in the maintenance of the

epithelial stem cell niche, such as the BMP antagonists Grem1

and Grem2, Rspo2, Rspo3, Chrdl1, Cd34, and Cd81 (Figure 2B;

Kosinski et al., 2007, 2010; McCarthy et al., 2020; Stzepourginski

et al., 2017). YFP+ stromal cells also overexpressed genes

related to RA metabolism (Rdh10, Dhrs4, Aldh1a2, Aldh1a3,

Aldha2, and Lrat), which promote intestinal immunity and epithe-

lial differentiation (Oliveira et al., 2018; Lukonin et al., 2020), as

well as the chemokines Ccl11 and Cxcl14 (Figure 2B). In line

with their perivascular subepithelial localization, YFP+ stromal

cells expressed higher levels of Pdgfrb and Cspg4, expressed

by pericytes (Di Carlo and Peduto, 2018), as well as components
Cell Stem Cell 29, 856–868, May 5, 2022 857



Figure 1. Ltbr-expressing cells generate a subepithelial perivascular Pdpn+PDGFRa+ stromal lineage in the first weeks after birth

(A) Strategy for inducible lineage tracing of Ltbr-expressing cells.

(B) FACS plots of CD45�CD31�Pdpn+PDGFRa+ stromal cells expressing YFP in the small intestine of LTBRYFP mice. One representative plot of 9 mice from 3

individual experiments is shown.

(C and D) Immunofluorescence analysis of the indicated markers in intestinal sections from LTBRYFP mice. Insets shows high expression of PDGFRa on YFP+

stromal cells (C), wrapped around subepithelial CD31+ capillaries (D).

(E) Experimental setup and frequency of YFP+ cells among intestinal PDGFRa+Pdpn+ stromal cells at the indicated time in LTBRYFPmice. Data are represented as

mean ± SD (n = 3–9 from independent experiments).

(F) Immunofluorescence analysis of GFP, CD31, and PDGFRa in intestinal sections from LTBRGFP mice.

(G) FACS plot of CD45�CD31� stromal cells expressing GFP in the small intestine of LTBRGFP mice or nontransgenic littermate. One representative plot of 3

individual experiments is shown. (H) Expression of Ltbr in intestinal PDGFRa+ stromal cells, analyzed from single-cell dataset (GSE130681) (McCarthy

et al., 2020).

In (C), (D), and (F), representative images of 3 independent experiments are shown. *p < 0.05, **p < 0.01, ****p < 0.0001, as determined by unpaired Student’s t

test. ns (not significant). Scale bars, 20 mm. Dapi stains nuclei.

See also Figure S1.
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of the basement membrane including Col4a1, Col4a2, lama1,

lamb1, lamc1, and genes coding for collagen VI (Col6a1, a2,

a4, and a5), which anchors structures to the surrounding ECM

(Groulx et al., 2011; Kuo et al., 1997). Immunofluorescence anal-
858 Cell Stem Cell 29, 856–868, May 5, 2022
ysis confirmed localization of YFP+ cells within the ColIV+ base-

ment membrane (Figure S2A). In contrast, YFP� stromal cells ex-

pressed higher level of proinflammatory cytokines and

chemokines Il6, Ccl2, Cxcl1, Cxcl2, and Cxcl10, as well as



Figure 2. The LTBR stromal lineage has a prodifferentiation gene signature at steady state and after injury

(A) Immunofluorescence analysis of the indicated markers in intestinal sections from LTBRYFP mice.

(B) Differential gene expression analysis by RNA-seq, and heatmap of selected genes in PDGFRa+YFP+ and PDGFRa+YFP� stromal cells isolated from LTBRYFP

mice (n = 4).

(C) Experimental strategy for indomethacin treatment.

(D) Immunofluorescence analysis of the indicated markers in intestinal sections of LTBRYFP mice treated with indomethacin as indicated in (C).

(E and F) Enriched pathways (gene ontology) (E) and heatmap of selected genes (F) in PDGFRa+YFP+ (YFP+Indo) and PDGFRa+YFP� (YFP�Indo) stromal cells iso-

lated from the ulcers of indomethacin-treated LTBRYFP mice (n = 4).

(G) Overlap of upregulated genes (FC > 2) in inflamed YFP+ Indo and YFP� Indo stromal cells, versus their respective population at steady state. Representative

genes are shown.

(legend continued on next page)
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structural andmatricellular proteins involved in tissue remodeling

and inflammation such as Col1a1, Col1a2, Sparc, Postn, and

Has1 (Figure 2B). To investigate the fate of the postnatal LTBR+

stromal lineage during injury, we injected indomethacin, which

induces intestinal ulcers (Sigthorsson et al., 2002), in LTBRYFP

mice (Figure 2C). Of note, we added dox from the time of injury

to prevent labeling of cells that might upregulate LTBR after

injury.We observed that YFP+ cellsmassively expanded in the ul-

cer’s, mostly in the upper part of the lamina propria, andwere still

loosely connected to blood vessels, surrounded by PDGFRa+

stromal cells not derived from LTBR lineage (YFP�) (Figure 2D).

Expansion of YFP+ cells was specific to injured regions and

was not observed in noninjured zones of indomethacin-treated

mice (Figure S2B). Differential expression analysis of

PDGFRa+YFP+ and PDGFRa+YFP� stromal cells isolated from

ulcers indicated that YFP+ and YFP� populations maintain a

distinct gene signature after injury. Accordingly, injury-induced

YFP+ cells (YFP+ Indo) were enriched in GO terms related to cell

adhesion, angiogenesis, basement membrane matrix proteins,

prodifferentiation factors, and genes related to RA synthesis

(Figures 2E and 2F). In contrast, YFP� cells (YFP� Indo) were en-

riched in genes promoting Wnt signaling, proinflammatory cyto-

kines, responses to TNF-a and IL1, leukocyte chemoattractants

such as Ccl2 and Ccl7, and matrix proteins with roles in fibrosis

and inflammation such asCol1a1, Postn, Sparc, andHas1 (Jiang

et al., 2007; Ng et al., 2013; Koh et al., 2016; Figures 2E and 2F).

Although not unique to a stromal subset, YFP� expressed Il1r1

(Figure S2C), involved in Rspo3 mediated stromal coordination

of intestinal repair after dextran sodium sulfate (DSS) (Cox

et al., 2021). We further investigated how gene expression

change in each lineage in response to injury. We observed that

although YFP� cells overall express higher levels of proinflam-

matory molecules compared with YFP+ cells, both injury-acti-

vated YFP+ PDGFRa+ and YFP� PDGFRa+ stromal lineages up-

regulated cytokines, chemokines, and IFN-induced genes

including Il6, Il11, Cxcl1,Ccl7, and Ifitm3 compared with homeo-

stasis, suggesting a common stromal response related to innate

immunity (Figure 2G). In addition, injury-activated YFP+ cells spe-

cifically upregulated genes regulating cell matrix adhesion, cell

migration, and proliferation (Figures 2G and 2H) while downregu-

lating genes involved in Hh signaling such asGli1, comparedwith

YFP+ cells at steady state (Figure S2D). In line with this observa-

tion, injury-activated YFP+ cells rapidly detached from the

damaged villus epithelium, the major producer of Hh ligands,

accumulated at the bottom of the villus and massively prolifer-

ated and migrated within the wound in the first few days after

injury (Figure 2I). Altogether, these results show that the postnatal

YFP+PDGFRa+ stromal lineage is enriched in factors essential for

epithelial differentiation/ integrity and immunoregulation,

whereas YFP�PDGFRa+ stromal cells express genes involved

in the maintenance of the ISCs niche, matrix remodeling, and

inflammation. After injury, YFP+PDGFRa+ cells, which are strate-

gically localized in the villi to sense damage, rapidly proliferate

and migrate within the wound.
(H) Enriched pathways in YFP+Indo versus YFP+ stromal cells excluding overlap g

(I) Immunofluorescence analysis of the indicated markers in intestinal sections o

In (A), (D), and (I), one representative image from 3 individual experiments is sho

See also Figure S2.
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Conditional ablation of PDGFRa in the LTBR lineage re-
strains postnatal intestinal maturation
Our results indicate that the LTBR lineage develops in the first

few weeks after birth, a key period for intestinal maturation

(Noah et al., 2011) and expresses high levels of PDGFRa

(Figures 1C and 1H), which plays fundamental roles in cell growth

and differentiation (Hoch and Soriano, 2003; Olson and Soriano,

2009). To investigate the role of PDGFRa in the LTBR lineage, we

crossed LTBR-tTA mice to tet-regulated Cre (LC1) mice and

PDGFRafl/fl mice (LTBR6PDGFRa mice; Figure 3A), and removed

dox at birth to ablate postnatal PDGFRa in YFP+ cells (Figure 3B).

We observed that LTBR6PDGFRa pups gained significantly less

weight starting from week 2 compared with their WT littermates

(Figure 3C), which is when intestinal YFP+ stromal cells develop

(Figure 1E). In the intestine of LTBR6PDGFRa mice, we did not

observe major differences in the intestinal length, overall struc-

ture, and gut-associated lymphoid tissues compared with

4-week-old littermates (Figures 3D, S3A, and S3B). In contrast,

we observed a significant increase in Olfm4+ cells, a marker for

ISCs (Schuijers et al., 2014; Figure S3C), as well as in Lgr5+

ISCs (Figure S3D), and EdU+ proliferating epithelial cells in

LTBR6PDGFRa mice compared with WT littermates, although

goblet cells were decreased (Figure 3D). No differences were de-

tected in Paneth cells and Tuft cells (Figures 3D and S3E).

Consistent with an increase in the stem cells pool, epithelial cells

isolated from LTBR6PDGFRa mice had increased expression of

transcripts coding for the ISCs markers Olfm4, Lgr5 (Hadis

et al., 2011; van der Flier et al., 2009; Barker et al., 2007), and

EphB3, a target of Wnt signaling (Figure 3E; Qi et al., 2017),

compared with epithelial cells isolated from the intestine of WT

littermate mice. In addition, epithelial cells isolated from

LTBR6PDGFRa mice showed decreased expressions of Klf4 and

Muc2, expressed by goblet cells, of Sucrase isomaltase (Sis), ex-

pressed in mature enterocytes, as well as Tff3 (mainly produced

by goblet cells) and Tjp2 (ZO-2) that have essential roles in main-

tenance of epithelial tight junctions (Figure 3E). Of note, Sis is

essential for digestion of dietary carbohydrates (Muncan et al.,

2011), suggesting that a defect in enterocyte maturation might

be involved in the lower weight of LTBR6PDGFRa mice. In line

with the proliferative phenotype, we observed that stromal cells

isolated from LTBR6PDGFRa mice expressed lower levels of

BMPs and Wnt antagonists and higher levels of prostemness

signals such as Grem2 and Chrdl1 (Figure S3F). As postnatal in-

testinal maturation is concomitant to immune recruitment, we

analyzed the frequency of lamina propria immune cells in

LTBR6PDGFRa mice. We did not observe significant differences

in B cells, T helper subsets, CD8+ T cells, ILCs, or major popula-

tions of myeloid cells in LTBR6PDGFRa mice (Figure S3G). In

contrast, we observed a significant decrease in intestinal

CD103+CD11b+ DCs (Figure 3F), which expressed RA, a major

factor regulating intestinal Tregs homeostasis (Tanoue et al.,

2016; Figure S4A). Intestinal CD103+CD11b+ DCs migrate to

the mLN and induce differentiation of Tregs (Coombes et al.,

2007; Ruane and Lavelle, 2011; Schulz et al., 2009). Consistent
enes.

f LTBRYFP mice treated with indomethacin for 1 day (left) or 4 days (right).

wn. U, Ulcer; C, Crypt; V, Villus. Scale bars, 50 mm.



Figure 3. Conditional ablation of PDGFRa in the LTBR lineage restrains postnatal intestinal maturation

(A) Strategy for conditional ablation of PDGFRa in the LTBR lineage.

(B) Experimental setup in (C)–(H).

(C) Body weight of LTBR6PDGFRamice andWT littermates at the indicated age after birth. n = 7–10 from at least 3 independent experiments. The line connects the

mean ± SD of each time point.

(D) H&E staining and immunofluorescence analysis of the indicated markers on intestinal sections. N = 6–9 mice from 2 to 5 independent experiments.

(E) Expression of the indicated genes, measured by qRT-PCR, on the epithelial fraction. n = 8–10 from 3 independent experiments.

(F) Frequency (left) and cell number (right) of intestinal CD103+CD11b+ DCs, measured by FACS. n = 5–7 mice from 2 independent experiments, representative

of 3.

(G and H) Frequency of CD103+CD11b+ DCs (G) and RORgt+Foxp3+ T cells (H) in the mesenteric lymph node (mLN). n = 4–5 mice from 2 independent exper-

iments (G) and n = 10–13 from 4 independent experiments (H).

(I) CD103+CD11b+ BM derived DCs, measured by FACS, cultivated with Pdpn+ stromal cells isolated by FACS from the small intestine of 4-week-old

LTBR6PDGFRa mice or WT littermates. n = 8–11 from 4 independent experiments.

In (D)–(I), data are represented asmean ± SD. ns (not significant). *p < 0.05, **p < 0.01,*** < 0.001, ****p < 0.0001 as determined by unpaired Student’s t test. Scale

bars, 50 mm.

See also Figures S3 and S4.

ll
OPEN ACCESSArticle
with a decrease of intestinal CD103+CD11b+ DCs, we observed

a decrease of CD103+CD11b+ DCs in the mLN of LTBR6PDGFRa

mice (Figure 3G), as well as of RORgt+FoxP3+ Tregs induced in

the mLN (Figure 3H) and a trend of decrease of intestinal

RORgt+FoxP3+ Tregs (data not shown). We observed that a ma-

jority of intestinal CD11c+CD103+ DCs were closely adjacent to

YFP+ cells (Figures S4B and S4C), suggesting a cross talk

stroma-DCs. Consistent with this hypothesis, Pdpn+ stromal

cells isolated from LTBR6PDGFRa mice were less efficient than

WT Pdpn+ stroma to maintain CD103+CD11b+ BM-DCs in vitro

(Figure 3I). Altogether, these data show that PDGFRa expression

in the LTBR stromal lineage is required for postnatal mice growth

and intestinal epithelial and immune maturation.
LTBR6PDGFRa mice display dysregulated responses to
intestinal injury
Our results show that LTBR6PDGFRa mice have dysregulated in-

testinal epithelial and immune postnatal maturation. To deter-

mine whether such dysregulation has an impact on inflamma-

tion, we treated 4-week-old LTBR6PDGFRa mice and littermate

WT mice with DSS (Figure 4A). We did not observe major

structural changes in the small intestine of DSS-treated

LTBR6PDGFRamice and littermatemice, consistent with previous

reports showing that DSS-induced ileal inflammation has minor

epithelial damage (Sartor, 1997). Nevertheless, we detected

higher expression of Pdgfa in the small intestine of DSS-treated

LTBR6PDGFRa mice and littermates compared with nontreated
Cell Stem Cell 29, 856–868, May 5, 2022 861



Figure 4. LTBR6PDGFRa mice display dysregulated response to intestinal injury

(A) Experimental strategy for DSS treatment in (B)–(D).

(B) H&E coloration of intestinal sections of DSS-treated LTBR6PDGFRa mice and WT littermates. Arrows indicates highly infiltrated zones. Scale bars, 50 mm.

(C) Frequency of the indicated immune populations in the small intestine of DSS-treated LTBR6PDGFRa mice and WT littermates. n = 4–9 from 2 independent

experiments.

(D) Expression of the indicated transcripts, asmeasured by qRT-PCR, in the small intestine of DSS-treated LTBR6PDGFRamice andWT littermates. n = 13–17 from

3 independent experiments.

(E) Experimental strategy for indomethacin treatment in (F)–(H).

(F and G) Images of indomethacin induced intestinal ulcers (stained with Evan’s Blue, black arrows in F), andmeasure of ulcers area (G) in LTBR6PDGFRamice and

WT littermates. Representative images from 3 independent experiments are shown (n = 7–8).

(H) H&E coloration (left, arrowheads indicate epithelial coverage) and quantification of ulcer’s coverage by epithelial cells (right). A minimum of 20 ulcers were

analyzed from 14 mice from 2 independent experiments, and one representative image is shown. Scale bars, 100 mm.

In (C), (D), and (G), data are represented as mean ± SD. *p < 0.05, **p < 0.01 as determined by unpaired Student’s t test. EB: Evan’s Blue.

See also Figure S4.
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mice, suggesting a role for PDGF in inflammation (Figure S4D).

We further observed intestinal length shortening (Figure S4E)

and increased leucocyte infiltration and thickness of the smooth

muscle layer in the small intestine of DSS-treated LTBR6PDGFRa

mice (Figure 4B), consistent with increased inflammation.

Accordingly, the frequency of neutrophils, Ly6CHigh monocytes,

and inflammatory macrophages in the small intestine of
862 Cell Stem Cell 29, 856–868, May 5, 2022
LTBR6PDGFRa mice was increased following DSS (Figure 4C),

as well as expression of the proinflammatory cytokines Il1b

and Il18 (Figure 4D), but not at steady state (Figure S4F). Tregs

were not significantly impacted (Figure S4G). As we did not

observe damage to the epithelium in DSS-induced ileitis, we in-

jected indomethacin in 4-week-old LTBR6PDGFRa mice and WT

littermates (Figure 4E) to further investigate epithelial repair.



Figure 5. PDGFRa induces a major transcriptomic switch in the LTBR stromal lineage

(A) Strategy for the generation of LTBR6PDGFRa/YFP mice.

(B) Experimental setup in (C) and (D).

(C) FACS plot and percentage of CD45�CD31� stromal cells expressing YFP in the small intestine of the indicated mice treated as in (B); n = 10 from 4 indepen-

dent experiments.

(D) Immunofluorescence analysis of the indicated markers in intestinal sections from LTBR6PDGFRa/YFP mice (left) and percentage of YFP+PDGFRaHigh stromal

cells (arrow) and YFP+PDGFRa� (arrowhead) in the indicated mice (right). Quantification was done on 30 images from 4 independent experiments.

(E) Immunofluorescence analysis of the indicated markers in intestinal sections from 4-week-old LTBR6PDGFRa/YFP mice.

(F) Mean fluorescence intensity (MFI) of PDGFRa expression in YFP+ stromal cells from LTBR6PDGFRa/YFP mice. One representative plot is shown (n = 6–12).

(G) RNA-seq analysis and heatmap of selected genes differentially expressed in YFP+PDGFRa+ stromal cells versus YFP+PDGFRa� stromal cells isolated from

LTBR6PDGFRa/YFP mice, n = 4 mice.

(H) Immunofluorescence analysis of the indicated markers in intestinal sections of 4-week-old LTBR6PDGFRa/YFP mice treated with indomethacin for 4 days.

(I) Expression of Pdgfa measured by qRT-PCR in the indicated populations isolated by FACS from the small intestine of WT mice. n = 4–6 from 2 independent

experiments.

(legend continued on next page)
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We observed decreased ulceration surface in the small intestine

of LTBR6PDGFRa mice compared with WT littermate mice

(Figures 4F and 4G). Histological analysis indicated that the ma-

jority of ulcers lacked epithelial coverage in WT littermate mice,

although similar size ulcers in LTBR6PDGFRa mice were mostly

covered by epithelial cells (Figure 4H, red arrowheads), suggest-

ing improved regeneration. Overall, these results show that

expression of PDGFRa in the LTBR stromal lineage is required

to regulate postnatal repair and inflammatory intestinal

responses.

PDGFRa induces a major transcriptomic switch in the
LTBR stromal lineage
To investigate the underlying mechanism, we engineered a ge-

netic model to trace YFP+ cells in postnatal LTBR6PDGFRa mice.

To that aim, we crossed LTBR6PDGFRa mice to Rosa26floxSTO-

PYFP reportermice (LTBR6PDGFRa/YFPmice; Figure 5A), removed

dox at birth, and analyzed the small intestine of 4-week-old

LTBR6PDGFRa/YFP mice (Figure 5B). Compared with LTBRYFP

mice, which have WT expression of PDGFRa, YFP+ stromal

population in LTBR6PDGFRa/YFP mice was decreased by 50%

(Figure 5C), showing that the deletion of PDGFRa from YFP+

stromal cells regulate their development or survival. Consistent

with specific expression of PDGFRa in stromal cells (Fig-

ure S5A), YFP+ endothelial and YFP+ immune cells were not

affected (Figure S5B). Less than 5% of YFP+ cells still present

in the small intestine of LTBR6PDGFRa/YFP mice expressed high

levels of PDGFRa (Figure 1C), confirming efficient deletion of

PDGFRa (Figure 5D, arrows indicate YFP+PDGFRaHigh stromal

cells, and arrowheads indicates YFP+PDGFRa� stromal cells).

Most YFP+ cells in the small intestine of LTBR6PDGFRa/YFP

mice were PDGFRa� Pdpnlow, had lost their subepithelial posi-

tion, and accumulated in the lower part of the lamina propria

(Figures 5E and S5C). As a fraction of YFP+ cells still expressed

low but detectable levels of PDGFRa, consistent with gradual

excision (Figures 5F and S5D), we performedRNA-seq to inves-

tigate molecular changes occurring in a single stromal lineage,

in vivo, following deletion of PDGFRa. We identified a total of

809 differentially regulated genes between YFP+PDGFRa+

and YFP+PDGFRa� stromal cells isolated from the small intes-

tine of LTBR6PDGFRa/YFP mice, indicating that the removal of

PDGFRa has a major impact on the transcriptome of the LTBR

stromal lineage. Consistent with a role in cell proliferation,

YFP+ cells lacking PDGFRa downregulated genes involved in

cell proliferation (Mki67, Cdk1, and Cdk6) and upregulated

genes involved in cell cycle arrest (Gas1, Cdkn1a, and Cdkn1c).

Accordingly, PDGF-AA increased expression of proliferation

and prosurvival markers such as Mki67, Cdk1, and Bcl2 in

PDGFRa+ stromal cells in vitro (Figure S5E). In addition, major

genes essential for epithelial differentiation such as Bmp5,

Bmp6, Ptch1, and Frzb and enzymes involved in RA synthesis

such as Aldh1a2, Aldh1a3, and Rdh10 were downregulated in

YFP+PDGFRa� stromal cells, compared with YFP+PDGFRa+
(J) Expression of Pdgfa in single cells of the small intestinal epithelium (https://sin

(Haber et al., 2017).

In (C) and (I), data are represented as mean ± SD. In (E) and (H), a representative

determined by unpaired Student’s t test. U, Ulcer; C, Crypt; V, Villus; LECs, lymp

See also Figure S5.
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stromal cells, whereas BMP inhibitors Grem1 and Grem2 and

Wnt regulators Dkk2, Rspo3, and Cd81 were upregulated (Fig-

ure 5G). Other downregulated genes included Il33, which pro-

motes epithelial differentiation and type 2 Immunity (Allen and

Sutherland, 2014; Mahapatro et al., 2016), as well as compo-

nents of the basement membrane and ECM anchoring proteins

such as laminins, collagen IV, and collagen VI, respectively. In

contrast, ECMfibrillar collagens such asCol1a andmatricellular

proteins Sparc and Sparcl1 were upregulated. These data

demonstrate that PDGFRa has a predominant role in the sur-

vival, localization, and proper maturation of the LTBR stromal

lineage and overall shaping of the subepithelial niche. To further

determine whether PDGFRa is required for the expansion of the

YFP lineage during injury (Figure 2D), we injected indomethacin

in LTBR6PDGFRa/YFP mice. We observed rare YFP+ki67� cells

that remained within the ulcer’s borders and did not migrate

and expand within the injured zone (Figure 5H), as in LTBRYFP

mice (Figure 2D), demonstrating that PDGFRa is required for

the function of the LTBR stromal lineage after injury. Finally, as

PDGF-AA is oneof themain ligandsofPDGFRa, we investigated

Pdgfa expression in intestinal populations. We observed that

Pdgfa is expressed at higher levels in intestinal epithelial cells

compared with other cells of the lamina propria, although peri-

vascular cells such as pericytes and vascular smooth muscle

cells also express detectable levels (Figures 5I and S5F). Sin-

gle-cell analysis of the small intestinal epithelium (Haber et al.,

2017) further indicated thatmost intestinal epithelial subsets ex-

press Pdgfa, suggesting a major role for epithelial cells in

shaping their own subepithelial niche (Figure 5J). As ISCs and

TA cells are major expressers of Pdgfa, it suggests a feedback

control mechanism to control stem cell proliferation. Of note,

additional ligands of PDGFRa, such as Pdgfc, are expressed

by intestinal smooth muscle cells (Figure S5F). As Pdgfb is ex-

pressedby blood endothelial cells (FigureS5G), this further sug-

gests tight control of YFP+ cells, which also expressPdgfrb (Fig-

ure 2B), by PDGFR ligands availability and proximity within the

intestine. In line with their postnatal development, we detected

a peak of expression of Pdgfa and Pdgfb in the small intestine

the first week after birth, whereas Pdgfc increased between

weeks 1 and 3 (Figure S5H). Overall, these data show that

PDGFRa is required for maturation, localization, and function

of the postnatal LTBR lineage in the small intestine at steady

state and after tissue damage.

DISCUSSION

Postnatal development of the intestinal barrier requires coordi-

nated epithelial and immune maturation. Here, we show that a

subset of intestinal PDGFRa+ stromal progenitors expressing

LTbR after birth play an essential role in this process by gener-

ating a prodifferentiation and immunoregulatory stromal niche

within the growing villus. We demonstrate that development,

maturation, and spatial organization of the LTBR lineage requires
glecell.broadinstitute.org/single_cell/study/SCP44/small-intestinal-epithelium)

image from 3 to 4 independent experiments is shown. *p < 0.05, **p < 0.01, as

hatic endothelial cells; BECs, blood endothelial cells. Scale bars, 50 mm.

https://singlecell.broadinstitute.org/single_cell/study/SCP44/small-intestinal-epithelium
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PDGFRa, and failure for such postnatal stromal maturation leads

to reduced postnatal growth, dysregulated intestinal homeosta-

sis, and response to injury.

In contrast to PDGFRa+ stromal cells that are already pre-

sent in fetal intestine, the LTBR lineage develops and expands

in the first few weeks after birth in the small intestine. The post-

natal period coincides with major structural and functional in-

testinal changes, including restriction of proliferative epithelial

cells within the crypts, promotion of epithelial differentiation

along the villi, as well as homing and differentiation of immune

populations essential for intestinal immunity (Bry et al., 1994;

Chin et al., 2017). Transcriptomic profiling indicated that the

LTBR lineage overexpresses several soluble and structural fac-

tors essential for this process. In agreement with previous re-

ports (McCarthy et al., 2020), the LTBR lineage expresses

high levels of PDGFRa, Pdpn, and BMPs. In addition, the

LTBR stromal lineage is enriched in transcripts coding for

key factors in cell differentiation, such as RA, components of

the basement membrane and ECM anchoring meshwork, as

well as pericyte markers, consistent with their perivascular

localization (Powell et al., 2011). As the LTBR lineage is wrap-

ped around subepithelial capillaries, it is localized in a strategic

position to sense and respond to both epithelial cells and

circulating factors. In contrast, PDGFRa+ stromal cells not

derived from LTbR+ progenitors overexpressed factors pro-

moting stem cells maintenance, including BMP inhibitors, the

Wnt signaling coactivators Rspo2/Rspo3, the pericryptal stro-

mal markers Cd81 and Cd34, as well as chemokines, cyto-

kines, and ECM proteins with essential roles in matrix remod-

eling and inflammation (Stzepourginski et al., 2017; McCarthy

et al., 2020; Hageman et al., 2020).. Consistent with the

massive colonization of the intestine by the microbiota at birth,

we show that the microbiota promotes development of the

LTBR lineage. It remains to be assessed whether this effect

is direct or indirect, as the microbiota regulates several intesti-

nal components including immune cells, epithelial cells, and

the vasculature (Al Nabhani and Eberl, 2020; Reinhardt et al.,

2012; Schirbel et al., 2013; Stappenbeck et al., 2002), which

might impact on stromal cells.

Our data are in agreement with previous reports showing that

PDGFRa and PDGF-AA have an essential role in intestinal

morphogenesis (Karlsson et al., 2000) and further show that

postnatal intestinal maturation requires differentiation of a sub-

set of PDGFRa+ stromal cells to restrict ISC proliferation and

promote adult intestinal barrier function. This requires soluble

factors that antagonize Wnts as well as other local and structural

factors such as matrix proteins constituting the basement mem-

brane, which is required for proper epithelial differentiation and

integrity (Gjorevski et al., 2016; Groulx et al., 2011; Simon-Ass-

mann et al., 1998), and RA, which has key roles in epithelial dif-

ferentiation and intestinal immunity (Oliveira et al., 2018; Lukonin

et al., 2020). Accordingly, RA signaling plays an essential role in

epithelial homeostasis by regulating exit from epithelial regener-

ative state and driving enterocyte differentiation (Lukonin et al.,

2020) and is a determinant factor inducing anti-inflammatory

CD103+CD11b+ RA-producing DCs in the small intestine (Bak-

dash et al., 2015; Agace and Persson, 2012). Although RA is

also produced by epithelial cells, our observations that amajority

of CD103+CD11b+ DCs are localized in close proximity to YFP+
cells and that stromal cells isolated from LTBR6PDGFRa mice

have a decreased capacity to maintain CD103+CD11b+ DCs

suggests that the subepithelial stromal niche plays a role in

this process. In line with our results, intestinal Pdpn+ stromal

cells produce RA and induce RA synthesis in DCs in vitro (Vice-

nte-Suarez et al., 2015).

We further demonstrate that PDGFRa is required for the fate

and function of the LTBR lineage at steady state and after injury.

Conditional knockout of PDGFRa in the postnatal LTBR lineage

results in a 50% decrease in the cell population, consistent with

previous reports showing a role for PDGFRa in mesenchymal cell

survival and proliferation (Karlsson et al., 2000; Li and Hoyle,

2001; Zhuo et al., 2006). In addition, the LTBR stromal lineage

lacking PDGFRa had lost its subepithelial localization within

the villi, in line withmajor transcriptomic changes showing down-

regulation of BMPs, Hh signaling, collagen IV, and laminins,

although overexpressing prostemness genes such as BMP an-

tagonists, as well as proinflammatory and profibrotic genes

such as Il6, Sparc, and Col1a. In agreement with these findings,

BMP4 and BMP5 expression is decreased in the lamina propria

of newborn PDGFRa KOmice (Karlsson et al., 2000), and consti-

tutive activation of PDGFRa signaling induces fibrosis (Olson

and Soriano, 2009). PDGFRa also promoted expression of genes

with immunomodulatory roles, such as RA enzyme synthesis

and IL-33, a cytokine inducing type 2 immunity and involved in

differentiation of goblet cells (Oliveira et al., 2018; Mahapatro

et al., 2016), indicating that PDGFRa stromal expression has a

major impact on tissue function. Our in vivo data showing

increased epithelial proliferation, decreased generation of goblet

cells, and dysregulation of DCs are consistent with these tran-

scriptomic changes. Overall, these data show that PDGFRa is,

directly or indirectly, required for development, maturation, and

spatial organization of the postnatal LTBR stromal lineage. As

the LTBR lineage revert to an immature prostemness phenotype

in the absence of PDGFRa, both at the transcriptomic level and

localization, our data support the hypothesis that a subset of

postnatal PDGFRa+ stromal cells expressing LTbR acquire pro-

differentiation and immunoregulatory functions to ensure post-

natal intestinal maturation. These data also show that stromal

cells function is impacted by cross talk with their microenviron-

ment through PDGFRa.

We further show that LTBR6PDGFRa mice have dysregulated

repair responses. These data are consistent with dysregulation

of the stromal niche, as the LTBR lineage did not develop prop-

erly in absence of PDGFRa, and the remaining PDGFRa� LTBR

lineage reverted to an immature phenotype (Figure 5). We hy-

pothesized that the defect of maturation of the LTBR lineage

does not counterbalance the inflammatory/regenerative signals

produced by PDGFRa+YFP� stromal cells, resulting in dysregu-

lated regenerative and inflammatory responses. These data are

in line with increasing evidence that similar pathways are

engaged in inflammation and regeneration (Hageman et al.,

2020) and show that PDGFRa+ intestinal stromal cells play an

essential role in this cross talk. In agreement with this hypothesis,

Grem1+PDGFRa+ stromal cells expressing Il1r1 (therefore,

similar to YFP� cells) promote intestinal regeneration mediated

by Rspo3 (Cox et al., 2021). The immature state of epithelial cells

in LTBR6PDGFRa mice, including decrease in goblet cells and

tight junctions, as well as dysregulation of RA signaling might
Cell Stem Cell 29, 856–868, May 5, 2022 865
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lead to dysregulated repair and increased susceptibility to intes-

tinal inflammation (Kim and Ho, 2010; Van der Sluis et al., 2006;

Collins et al., 2011). The basement membrane, and in particular

laminins, are dysregulated in inflammatory bowel diseases

(Spenlé et al., 2012), suggesting that dysregulated stromal

maturation overall impacts on inflammation through several

mechanisms.

Finally, we show that the main ligand of PDGFRa, Pdgfa, is

strongly produced by epithelial cells, suggesting that subepithe-

lial PDGFRa+ stromal cells integrate signals from the epithelium

to promote anti-inflammatory responses and epithelial integrity,

both of which are essential for development of the intestinal bar-

rier. As the LTBR lineage is perivascular and coexpresses

PDGFRb, proximity and availability of several PDGF ligands

including PDGF-AA, PDGF-BB, and PDGF-C within the subepi-

thelial and perivascular space is most likely key for proper posi-

tion and function. Overall, these data suggest a tight control of

the LTBR lineage by several mechanisms to ensure a timed

development in the first few weeks after birth, when the intestine

undergoes rapid villus and vascular remodeling to fulfill nutrient

requirement, in order to promote intestinal barrier maturation

and postnatal growth.

Limitations of the study
This study relies on BAC-transgenic fluorescent reporters, which

serve as surrogates to evaluate cell identity and function by line-

age tracing analysis. Specifically, we use LTBR to trace discrete

perivascular stromal progenitors in the intestine, as previous re-

ports have shown that LTBR-expressing perivascular stromal

cells have progenitor functions in other organs. Further experi-

ments will be required to determine whether LTBR is involved

in regulation of stemness and cell fate of PDFGRa+ postnatal

progenitors, opening the possibility of additional control of intes-

tinal stromal regulation by lymphotoxin a1b2 producing leuco-

cytes, such as B cells, activated T cells, NK, or DCs. Moreover,

the specific niche signals involved in the development and regu-

lation of functionally distinct stromal lineages are still to be

discovered.
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C.-M., Belkaid, Y., and Powrie, F. (2007). A functionally specialized population

of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-b- and

retinoic acid–dependent mechanism. J. Exp. Med. 204, 1757–1764.

Cox, C.B., Storm, E.E., Kapoor, V.N., Chavarria-Smith, J., Lin, D.L., Wang, L.,

Li, Y., Kljavin, N., Ota, N., Bainbridge, T.W., et al. (2021). IL-1R1-dependent

signaling coordinates epithelial regeneration in response to intestinal damage.

Sci. Immunol. 6, eabe8856.

Degirmenci, B., Valenta, T., Dimitrieva, S., Hausmann, G., and Basler, K.

(2018). GLI1-expressing mesenchymal cells form the essential Wnt-secreting

niche for colon stem cells. Nature 558, 449–453.

Di Carlo, S.E., and Peduto, L. (2018). The perivascular origin of pathological fi-

broblasts. J. Clin. Invest. 128, 54–63.

Ewels, P., Magnusson, M., Lundin, S., and K€aller, M. (2016). MultiQC: summa-

rize analysis results for multiple tools and samples in a single report.

Bioinformatics 32, 3047–3048.

F€utterer, A., Mink, K., Luz, A., Kosco-Vilbois, M.H., and Pfeffer, K. (1998). The

lymphotoxin b receptor controls organogenesis and affinity maturation in pe-

ripheral lymphoid tissues. Immunity 9, 59–70.

Garcia, M.I., Ghiani, M., Lefort, A., Libert, F., Strollo, S., and Vassart, G. (2009).

LGR5 deficiency deregulates Wnt signaling and leads to precocious Paneth

cell differentiation in the fetal intestine. Dev. Biol. 331, 58–67.

Gjorevski, N., Sachs, N., Manfrin, A., Giger, S., Bragina, M.E., Ordóñez-Morán,
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Spenlé, C., Hussenet, T., Lacroute, J., Lefebvre, O., Kedinger, M., Orend, G.,

and Simon-Assmann, P. (2012). Dysregulation of laminins in intestinal inflam-

mation. Pathol. Biol. (Paris) 60, 41–47.

Srinivas, S., Watanabe, T., Lin, C.S., William, C.M., Tanabe, Y., Jessell, T.M.,

and Costantini, F. (2001). Cre reporter strains produced by targeted insertion

of EYFP and ECFP into the ROSA26 locus. BMC Dev. Biol. 1, 4.

Stappenbeck, T.S., Hooper, L.V., and Gordon, J.I. (2002). Developmental

regulation of intestinal angiogenesis by indigenous microbes via Paneth cells.

Proc. Natl. Acad. Sci. USA 99, 15451–15455.

Stzepourginski, I., Eberl, G., and Peduto, L. (2015). An optimized protocol for

isolating lymphoid stromal cells from the intestinal lamina propria.

J. Immunol. Methods 421, 14–19.

Stzepourginski, I., Nigro, G., Jacob, J.M., Dulauroy, S., Sansonetti, P.J., Eberl,

G., and Peduto, L. (2017). CD34+ mesenchymal cells are a major component

of the intestinal stem cells niche at homeostasis and after injury. Proc. Natl.

Acad. Sci. USA 114, E506–E513.

Tanoue, T., Atarashi, K., and Honda, K. (2016). Development andmaintenance

of intestinal regulatory T cells. Nat. Rev. Immunol. 16, 295–309.

Van Der Flier, L.G., and Clevers, H. (2009). Stem cells, self-renewal, and differ-

entiation in the intestinal epithelium. Annu. Rev. Physiol. 71, 241–260.

Van Der Flier, L.G., Van Gijn, M.E., Hatzis, P., Kujala, P., Haegebarth, A.,

Stange, D.E., Begthel, H., Van Den Born, M., Guryev, V., Oving, I., et al.

(2009). Transcription factor achaete scute-like 2 controls intestinal stem cell

fate. Cell 136, 903–912.

Van Der Sluis, M., De Koning, B.A.E., De Bruijn, A.C.J.M., Velcich, A.,

Meijerink, J.P.P., Van Goudoever, J.B., B€uller, H.A., Dekker, J., Van

Seuningen, I., Renes, I.B., and Einerhand, A.W.C. (2006). Muc2-deficient

mice spontaneously develop colitis, indicating that MUC2 is critical for colonic

protection. Gastroenterology 131, 117–129.

Varet, H., Brillet-Guéguen, L., Coppée, J.Y., and Dillies, M.A. (2016).

SARTools: a DESeq2- and EdgeR-based R pipeline for comprehensive differ-

ential analysis of RNA-Seq data. PLoS One 11, e0157022.

Vicente-Suarez, I., Larange, A., Reardon, C., Matho, M., Feau, S., Chodaczek,

G., Park, Y., Obata, Y., Gold, R., Wang-Zhu, Y., et al. (2015). Unique lamina

propria stromal cells imprint the functional phenotype of mucosal dendritic

cells. Mucosal Immunol 8, 141–151.

Zhuo, Y., Hoyle, G.W., Shan, B., Levy, D.R., and Lasky, J.A. (2006). Over-

expression of PDGF-C using a lung specific promoter results in abnormal

lung development. Transgen. Res. 15, 543–555.

http://refhub.elsevier.com/S1934-5909(22)00158-8/sref47
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref47
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref47
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref47
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref48
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref48
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref48
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref48
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref49
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref49
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref50
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref50
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref50
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref51
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref51
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref51
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref52
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref52
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref52
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref52
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref53
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref53
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref53
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref54
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref54
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref54
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref55
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref55
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref55
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref56
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref56
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref56
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref57
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref57
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref57
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref57
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref57
https://doi.org/10.1016/s1074-7613(00)80589-0
https://doi.org/10.1016/s1074-7613(00)80589-0
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref58
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref58
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref59
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref59
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref59
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref60
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref60
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref60
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref60
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref61
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref61
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref61
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref62
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref62
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref62
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref63
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref63
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref63
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref63
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref64
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref64
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref64
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref64
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref65
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref65
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref65
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref65
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref65
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref66
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref66
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref66
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref67
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref67
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref67
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref68
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref68
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref68
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref69
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref69
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref69
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref70
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref70
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref70
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref71
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref71
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref71
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref72
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref72
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref72
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref72
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref73
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref73
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref74
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref74
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref75
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref75
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref75
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref75
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref76
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref76
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref76
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref76
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref76
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref76
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref77
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref77
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref77
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref78
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref78
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref78
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref78
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref79
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref79
http://refhub.elsevier.com/S1934-5909(22)00158-8/sref79


ll
OPEN ACCESSArticle
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE-conjugated anti-podoplanin (8.1.1) BioLegend Cat# 127407;RRID:AB_2161929

Syrian hamster anti-podoplanin (8.1.1) Gift from J. Browning N/A

BV786-conjugated anti-CD31 (390) BD Biosciences Cat# 740879; RRID:AB_2740529

APC-conjugated anti-CD31 (MEC.13.3) BD Biosciences Cat# 551262; RRID:AB_398497

Rabbit anti-GFP (polyclonal) ThermoFischer Cat# A-11122; RRID:AB_221569

PE-Texas-Red-conjugated anti-CD45

(30-F11)

BD Biosciences Cat# 562420; RRID:AB_11154401

Biotinylated anti-PDGFRa (APA5) ThermoFischer Cat# 13-1401-82; RRID:AB_466607

Goat anti-PDGFRa (polyclonal) R&D System Cat# AF1062; RRID:AB_2236897
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Pico Input
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Deposited data
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Raw and processed RNAseq data of

intestinal YFP+ and YFP– stromal cells after

indomethacin

This paper GEO: GSE200364

Raw and processed RNAseq data of

intestinal YFP+PDGFRa+ and

YFP+PDGFRa– stromal cells

This paper GEO: GSE200363

Experimental models: Organisms/strains
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Ltbr-tTA-IRES-DTR This paper N/A
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Lgr5tm1(cre/ERT2)Cle/J)

The Jackson Laboratory JAX stock #008875
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The Jackson Laboratory JAX stock #006137
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qRT-PCR mouse Cdk1 primer assay Biorad qMmuCID0015611

qRT-PCR mouse Mki67 primer assay Biorad qMmuCED0047197

Additional primers are found in Table S1 N/A N/A

Software and algorithms

R project for Statistical Computing R foundation RRID: SCR_001905

DESeq2 Love et al., 2014 Bioconductor DESeq2

FlowJo-v10 FlowJo, LLC RRID:SCR_008520

Prism 6 GraphPad RRID: SCR_002798
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ZEN Image Acquisition Software Zeiss Microscope RRID: SCR_013672

Fiji Image J RRID: SCR_002285

Adobe Photoshop CC Adobe Systems RRID: SCR_014199

Other
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lucie Pe-

duto (lucie.peduto@pasteur.fr).

Materials availability
Material generated in this study is available from the lead contact upon request, with a completed Materials Transfer Agreement.

Data and code availability
d The raw data of bulk RNA-seq generated by this study have been deposited in NCBI’s Gene Expression Omnibus and are

accessible through GEO Series accession number GEO: GSE200365. Accession numbers of each dataset are listed in the

key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice were kept in specific pathogen-free conditions, and mouse experiments were approved by the committee on animal exper-

imentation of the Institut Pasteur and by the French Ministry of Agriculture. Co-housed non-transgenic littermates were used as con-

trols in all experiments; experimental groups were both age and sex matched. All mice were C57BL/6 background. We generated

BAC-transgenic LTBR-cre-ires-egfp mice (LTBRGFP), by inserting the coding sequence for cre-ires-egfp, including a poly(A)

sequence after egfp, into exon 1 of Ltbr in place of the endogenous ATG translation start codon, on a 200-kb BAC (Invitrogen) carrying

80 kb of sequence upstream of the Ltbr translation start site. The transgene insertion was done by homologous recombination as

described (Sparwasser et al., 2004). We generated BAC-transgenic Ltbr-tTA-ires-Dtr mice (LTBRtTA), by inserting the coding

sequence for tTA-ires-Dtr (human), including a poly(A) sequence after Dtr, into exon 1 of Ltbr in place of the endogenous ATG trans-

lation start codon, on a 200-kb BAC as described above. We carried out inducible fate mapping experiments in triple-transgenic

LTBRYFP mice obtained by crossing LTBRtTA mice with tet-inducible LC1 mice (Schonig, 2002), and with Rosa26floxSTOP-YFP mice

(Srinivas et al., 2001). In both BAC-transgenic models, GFP and YFP expression was consistent with reported expression of

LTßR. Inducible conditional ablation of PDGFRa in the LTBR lineage was achieved by crossing LTBRtTA mice to tet-regulated Cre

(LC1) mice and PDGFRafl/fl mice (Jackson Laboratories) to obtain LTBR6PDGFRa mice. In some experiments, LTBR6PDGFRa mice

were further crossed to Rosa26floxSTOP-YFP mice (LTBR6PDGFRa/YFP mice). Lgr5-EGFP-IRES-creERT2 mice (Barker et al., 2007)

were purchased from The Jackson Laboratories. VE-cadherin-Cre mice specifically express Cre by vascular endothelial-cadherin

(Cdh5) (The Jackson Laboratories) were crossed to Rosa26floxSTOP-YFP mice for lineage tracing studies.

Mice treatment
To stop gene labeling or gene excision in the tTA mice models, doxycycline (Sigma-Aldrich) at 1 mg/ml was added in drinking water

containing 5% sucrose, during the indicated periods of time. To assess epithelial proliferation, mice were injected i.p. with 80ml of

EdU 10mM and analyzed 2 hours after injection. To induce intestinal ulcers, mice were injected intra-peritoneally with indomethacin

(10mg/kg). To visualize ulcers, mice were injected with Evan’s Blue 1% intra-venously 30 min before killing. Intestines were opened,

pinned down and intestinal ulcers were counted and their area was measured using Fiji based on evan’s blue diffusion. To induce

intestinal inflammation, mice were treated with Dextran Sodium Sulfate (DSS) 2,5% in drinking water for one week. To deplete the

microbiota, mice were treated from late gestation with 2.5 mg/ml streptomycin, 1 mg/ml ampicillin, 0.5 mg/ml vancomycin, metro-

nidazole 0.5 mg/ml and amphotericin b 0.1mg/mL in the drinking water. The antibiotic-containing drinking water was changed twice

a week.
Cell Stem Cell 29, 856–868.e1–e5, May 5, 2022 e3
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Tissue preparation and immunostaining
Intestines were washed, opened and fixed overnight at 4�C in solution of 4% paraformaldehyde (PFA). For immunofluorescence,

samples were washed for 24h in PBS, incubated for 2–4h in a solution of 30% sucrose in PBS, embedded in OCT, and frozen in

a bath of isopentane cooled with liquid nitrogen. Frozen blocs were cut at 8um thickness and sections collected onto Superfrost

Plus slides. Sections were processed for immunofluorescence staining: after 1h blocking with 10% bovine serum in PBS containing

0,1% Triton at room temperature, slides were incubated with primary antibodies at the appropriate concentration in PBS containing

1% bovine serum and 0,1% Triton (PBS-TS) overnight at 4�C, washed three times for 5 min with PBS-TS, incubated for 1h at room

temperature with secondary antibodies or streptavidin at the appropriate concentration, washed once, incubatedwith DAPI (1ug/mL)

for 5 min, washed three times for 5 min and mounted with Fluoromount-G (Southern Biotechnology Associates). For pathological

assessment, intestines were fixed in PFA, incubated in ethanol and embedded in paraffin. Paraffin blocs were cut a 4mm for hema-

toxylin and eosin coloration. Lgr5 expression was detected with an RNAscope ISH assay (Advanced Cell Diagnostics - ACDBio),

following the manufacturer’s instructions. We examined slides with an AxioImager M1 fluorescence microscope (Zeiss) equipped

with a CCD camera and processed images with AxioVision Zen software (Zeiss) or ImageJ software. The graphical abstract was

created using Biorender.com.

Cell isolation and flow cytometry
To isolate cells from the small intestine lamina propria, Peyer’s patcheswere removed, intestine opened longitudinally, cut into pieces

and processed as we previously described (Stzepourginski et al., 2015). To isolate cells from the LN, LN were incubated for 30min in

DMEM containing Liberase DL (1 Wunit/mL; Roche) and DNAse I (1 U/ml; ThermoFisher). Cells were filtered through a 100-ummesh

in DMEM 10% BS, washed, filtered through a 40um filter in PBS 2% BS, and processed for FACS staining (Stzepourginski et al.,

2015). Cells were incubated for 1 min with DAPI (Sigma) before analysis to exclude dead cells. When indicated, the fusion protein

LTbR-Ig or IgG control proteins (Rennert et al., 1998) were pre-incubated with anti-LTbR antibodies. For intracellular FACS staining,

we incubated cells with LIVE/DEADTM Fixable Blue Dead Cell Stain Kit following the manufacturer instruction, and processed for

intracellular staining using FoxP3/Transcription Factor Staining Buffer Kit. Cells were fixed and permeabilized according to the man-

ufacturer’s instructions. Retinoic Acid production by dendritic cells was assessed using the Aldefluor kit according tomanufacturer’s

instructions. Cell doublets were excluded during analysis. Cells were analyzed with Fortessa (BD Biosciences) and Flowjo software

(Tristar) and isolated with FacsARIA III (BD Biosciences). The immune populations were gated as follow: CD19+ cells were gated on

CD45+ cells, Th2 and Th17 were gated on CD45+CD3+CD4+ cells, CD8+ T cells were gated on CD45+CD3+ cells, ILC2 and ILC3 were

gated on CD45+CD19–CD3–IL-7R+ cells, CD103+CD11b– DCs and CX3CR1
+ mononuclear phagocytes were gated on

CD45+CD19–CD3–CD11chighMHC-IIhigh cells, SiglecF+ eosinophils, Ly6Ghigh neutrophils and Ly6Chigh monocytes were gated on

CD45+CD19–CD3–CD11c-/lowMHC-II-/lowCD11b+ cells.

RNA Isolation and qRT-PCR
WeFACS sorted cells, or collected epithelial cells directly into vials containing lysis buffer complementedwith 1%ß-mercaptoethanol.

We isolated total RNAusing theSingleCell RNAPurificationKit (Norgen) according to themanufacturer’s instructions.Weassessed the

quality of total RNA using the 2100 Bioanalyzer system (Agilent Technologies) and the quantity using Qbit RNAHS kit (ThermoFischer).

Total RNA was transcribed into cDNAs using SuperScript IV reverse transcriptase (Invitrogen). We performed qRT-PCR using

RT2-qPCRprimer sets (Bio-RadLaboratories) andSYBR-Greenmastermix (Bio-RadLaboratories), onaPTC-200 thermocycler equip-

ped with a Chromo4 detector (Bio-Rad Laboratories), and analyzed data using Opticon Monitor software (Bio-Rad Laboratories). Ct

values were normalized to the mean of Ct values obtained for the housekeeping genes Hsp90ab1, Hprt, and Gapdh.

RNA sequencing
Librairies were prepared from total mRNA using the SMARTer� Stranded Total RNA-Seq Kit v2-Pico Input Mammalian (Takara Bio)

according to the manufacturer’s instruction. Library quality and quantity were assessed using the 2100 Bioanalyzer system (Agilent

Technologies) and the Qbit dsDNA HS kit (ThermoFischer). Sequencing was performed using Illumina NextSeq 500/550 High Output

kit v2.5. The RNA-seq analysis was performed with Sequana 0.11.0 (https://github.com/sequana/sequana_rnaseq) built on top of

Snakemake 6.1.1 (Koster and Rahmann, 2012). Briefly, reads were trimmed from adapters using cutadapt 3.4 then mapped to

the genome assembly GRCm38 from Ensembl using STAR 2.7.3a. FeatureCounts 2.0.1 was used to produce the count matrix, as-

signing reads to features using corresponding annotation GRCm38_92 from Ensembl with strand-specificity information. Quality

control statistics were summarized using MultiQC 1.10.1 (Ewels et al., 2016). Clustering of transcriptomic profiles were assessed us-

ing a Principal Component Analysis (PCA). Differential expression testing was conducted using DESeq2 library 1.24.0 (Love et al.,

2014) and SARTOOLS scripts (Varet et al., 2016). The normalization and dispersion estimation were performed with DESeq2 using

the default parameters; statistical tests for differential expression were performed applying the independent filtering algorithm. A

generalized linear model was set in order to test for the differential expression between conditions. Raw p-values were adjusted

for multiple testing according to the Benjamini and Hochberg procedure and genes with an adjusted p-value lower than 0.05

were considered differentially expressed. Gene set enrichment analysis was performed using the fisher statistical test for the

over-representation of up-regulated genes.
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Cell culture
FACS sorted intestinal PDGFRa+Pdpn+ stromal cells were plated in complete RPMI medium for 3 days. In vitro differentiation of

CD103+CD11b+ BM-DCs was performed as previously described. Briefly, one million total BM cells were cultured in CM containing

GM-CSF (Preprotech, 20ng/mL) and FLT3L (Preprotech, 100ng/mL) with partial change of medium at day 3 and 5. At days 7, cells

were collected. For experiments, DCs were co-cultured +/- stromal cells in complete medium lacking GM-CSF and FLT3L for 3 days,

and analyzed by FACS. In some experiments, PDGFRa+Pdpn+ stromal cells were incubated O/N with 20ng/mL of PDGF-AA in me-

dium containing reduced serum.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of immunofluorescence stainings, we examined slides with an AxioImager M1 fluorescence microscope (Zeiss)

equipped with a CCD camera. Images were processed with AxioVision Zen software (Zeiss) and quantified using ImageJ software

on the indicated number of images per mice. Except for the RNAseq experiments, statistical significance between groups was deter-

mined using either Student’s t tests, one or two-tailed as appropriate, using GraphPad Prism 6 (GraphPad Software, La Jolla, Cal-

ifornia). Unless otherwise specified, n represents the number of animals. Values are expressed asmeans ± standard deviation (SD). A

p value < 0.05 was considered statistically significant. For all figures, asterisks denote statistical significance and the associated p

values are shown in the legends.
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