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SUMMARY

Loss of epithelial Sprouty2 promotes interleukin 13–
induced deep crypt secretory cell differentiation in the colon
and expression of the host defense peptide, Resistin Like
Beta (RELMb), thus positioning this Sprouty2/interleukin
13 axis as an important regulator of secretory cell remod-
eling and function in the colon.

BACKGROUND & AIMS: Deep crypt secretory (DCS) cells are a
critical component of the colonic stem cell niche. However, the
regulatory mechanisms controlling DCS cell numbers and func-
tion are not well understood. Sprouty2 is an inflammation-
responsive regulator of intracellular signaling that influences
colonic secretory cell numbers in colitis via an epithelial–stromal
interleukin (IL)33/IL13 signaling loop. Here, we tested the hy-
pothesis that IL13, induced by epithelial Sprouty2 down-
regulation, promotes DCS cell differentiation and function.

METHODS: Distal colons from mice with an intestinal
epithelial-specific Sprouty2 deletion (Spry2DIE) and littermate
controls were analyzed by in situ hybridization for Reg4þ DCS
cells. Single-cell RNA sequencing and immunostaining were
used to identify DCS cell–derived host defense peptides (HDPs)
and localization of IL13 and IL13 receptor; bulk RNA
sequencing and quantitative polymerase chain reaction were
used to quantify changes in expression of identified HDPs.
Cytokine-treated colonoids were assessed for DCS cells. A
requirement for an IL33/IL13 signaling loop in the regulation
of DCS cells was assessed in vivo using IL13 null mice.

RESULTS: Reg4þ DCS cell numbers were increased 2-fold in
distal colons of Spry2DIE mice with a concomitant overall increase
in DCS cell marker expression (Reg4, Spink4, and Agr2). Single-
cell transcriptomics showed the HDP Retnlb/Resistin Like Beta
(RELMb) is highly enriched in DCS cells. Retnlb/RELMb expres-
sion was increased in Spry2DIE colons. IL13, but not IL33, induced
Reg4 and Retnlb expression in colonic epithelial organoids, and
IL33-mediated expansion of the DCS cell population in vivo was
dependent on IL13, which was expressed predominantly by type
II innate lymphoid cells in the colonic mucosa.

CONCLUSIONS: Sprouty2 limits colonic DCS cell differentiation
through suppression of IL13 signaling. At homeostasis, DCS
cells are marked by high levels of the HDP RELMb. Loss of
epithelial Sprouty2 activates type II innate lymphoid cells to
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release IL13, promoting expansion of the DCS cell population
and increased colonic RELMb levels. (Cell Mol Gastroenterol
Hepatol 2023;15:971–984; https://doi.org/10.1016/
j.jcmgh.2022.11.004)
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olonic deep crypt secretory (DCS) cells are a
Abbreviations used in this paper: DCS, deep crypt secretory; HDP,
host defense peptide; IL, interleukin; ILC2, type II innate lymphoid cell;
RELMb, Resistin Like Beta; scRNA-seq, single-cell RNA sequencing;
Spry2FF, Sprouty2 floxxed littermate control; Spry2DIE, intestinal
epithelial-specific deletion of Sprouty2.
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Cspecialized, organ-specific cell population located at
the base of the colonic crypt. They are critical for the
regenerative capacity of the colonic epithelium and share
some similarities to Paneth and goblet cells in the small
intestine.1 For example, DCS cells express mucin 2 (Muc2),
similar to goblet cells, and are intercalated between crypt
base cells, similar to Paneth cells. The receptor tyrosine
kinase, c-Kit initially was proposed as a DCS cell marker,2

and subsequent work has shown additional markers
including Reg4,1 although some ambiguity remains as to
whether both of these markers label precisely the same
cellular populations. The best-understood function of DCS
cells at present is expressing Notch and EGF ligands that
support the stem cell niche. However, because next-
generation sequencing suggests these cells also express
immunoregulatory genes (eg, Ccl6), it is likely they serve
additional roles in maintaining colonic homeostasis.1,3

Whether DCS cells perform functions distinct from Paneth
cells remains poorly understood. For instance, although DCS
and Paneth cells overlap in expression of some gene prod-
ucts (Mmp7, Ccl6, Egf), unlike Paneth cells, DCS cells do not
produce substantial Wnt ligand or contain remarkable
lysozyme granules, suggesting they do not share the same
profile of secreted factors. One understudied function of
DCS cells is their potential production of host defense
peptides (HDPs). This class of proteins is secreted from
various cells of the body with a variety of roles including
regulating immune cell function, the microbiota, and barrier
function,4–7 but it is unknown if DCS cells are an important
source of these factors in the colon.

The signaling pathways controlling DCS lineage devel-
opment are incompletely understood. Their development in
the colonic epithelium can be driven by combined activation
of Wnt and inhibition of Notch signaling in vitro.1 However,
the environmental and immune signals controlling DCS cell
abundance and function have yet to be identified. Because
these cells likely play important roles in the maintenance of
colonic epithelial health and the response to inflammation,
defining the regulatory mechanisms controlling their
numbers and function will be an important step toward
elucidating their role in health and disease.

Sprouty2 is an inflammation-responsive regulator of
growth factor signaling pathways that is highly expressed in
the colonic epithelium.8 We previously showed that dynamic
suppression of epithelial Sprouty2 by acute inflammatory
signals initiates an epithelial–stromal interleukin (IL)33/IL13
signaling loop to drive rapid tuft and goblet cell expansion in
the colon. This feedback mechanism positions Sprouty2 as an
important regulator of secretory differentiation by controlling
epithelial production of IL33. However, whether Sprouty2 and
its subsequent control of IL33 and IL13 affects the abundance
and function of DCS cells has yet to be tested.

Here, we used Sprouty2–null colonic epithelia as a tool
to probe cytokine-mediated mechanisms controlling secre-
tory cell differentiation. We performed unbiased analyses by
bulk and single-cell RNA sequencing (scRNA-seq) to un-
derstand the impact of Sprouty2 on abundance and function
of secretory lineages. We found that deletion of epithelial
Sprouty2 leads to a substantial expansion of the DCS lineage
and expression of the HDP RELMb. Guided by these findings,
we performed targeted mechanistic experiments to test the
role of interleukin signaling in DCS differentiation and
production of RELMb. We report that IL13 induces expan-
sion of the DCS cell population, thus positioning the
Sprouty2/IL13 signal loop as a central mediator of secretory
cell lineages in the colon. Furthermore, we show that
RELMb is a novel marker of DCS cells in the murine colon at
homeostasis, suggesting a previously unappreciated role for
DCS cells in producing this important HDP.

Results
Mice With an Intestinal Epithelial-Specific
Deletion of Sprouty2 Have Increased Numbers of
Reg4þ DCS Cells in the Distal Colon

Secretory cells perform vital functions in maintaining the
health and integrity of the colonic mucosa and the organism
as a whole. We previously have shown that mice with an
intestinal epithelial–specific deletion of Sprouty2 have
expanded tuft and goblet cell lineages.8 DCS cells, located at
the base of the crypt and marked by Reg4, are a recently
described secretory lineage that express niche factors for
colonic stem cells; ablation of Reg4þ cells leads to loss of
colonic epithelial integrity.1 However, despite the apparent
importance of this lineage, little is known about the signals
that control their development or the functional mecha-
nisms through which they support epithelial maintenance.
To begin studying the role of Sprouty2 in these processes, we
first performed in situ hybridization analysis for Reg4
(Figure 1A) on distal colons in mice with an epithelial-specific
deletion of Sprouty2 (Spry2DIE) and littermate controls
(Spry2FF). As expected, this staining confirmed localization of
Reg4 to the base of the crypt. Quantification showed a
doubling of Reg4þ DCS cells in Spry2DIE mice (Figure 1B).
Analysis of other DCS markers in bulk RNA sequencing of
colonic tissue from Spry2DIE and littermate controls8 showed
significant increases in Reg4, Spink4, and Agr2 (Figure 1C), in
line with increased numbers of these cells.
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Figure 1. Sprouty2DIE

mice have increased
numbers of Reg4D DCS
cells. (A) Distal colonic
sections from Spry2DIE

(DIE, n ¼ 5) and control
littermates (FF, n ¼ 9) were
analyzed by RNAScope in
situ hybridization for the
DCS cell marker Reg4,
quantified in panel B. (C)
Bulk RNA-seq on distal
colonic tissue was
analyzed for expression
levels of DCS cell markers.
n ¼ 6 per genotype. Data
were analyzed by 2-tailed
Student t test. *P < .05,
**P < .01, and ***P < .001.
TPM, transcripts per
million.
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Retnlb Is Highly Expressed in DCS Cells, With
Minimal Homeostatic Expression in Other
Epithelial Cell Types

We next wanted to find clues as to what functional ef-
fects may result from changes in DCS cell number by
analyzing gene expression in this population. We performed
an unbiased scRNA-seq analysis of colonic tissue from
Spry2FF control (functionally wild-type) mice. This allowed
for characterization and determination of novel DCS-
associated transcripts. As expected, this analysis identified
specific clusters of stem and progenitor cells, secretory
progenitors, tuft cells, goblet cells, DCS cells, and absorptive
enterocytes within the epithelial population (Figure 2A).
Gene expression analysis showed distinct patterns of high
expressing transcripts within each of these clusters
(Figure 2B).

Next, we further analyzed the DCS cell cluster to look for
genes specifically enriched in these cells. By differential
gene expression analysis between epithelial clusters, we
found multiple gene products enriched in the DCS cell
lineage, including previously identified markers Reg4 and
Spink4 (Figure 2C). In contrast to these markers, Kit was
expressed more broadly in the epithelium, suggesting it is
not in fact a specific DCS cell marker. Notably, this analysis
also showed that one of the highest differentially expressed
genes in the DCS cell cluster was Retnlb, which encodes the
HDP RELMb (Figure 2C). To confirm localization of trans-
lated RELMb protein, we performed immunofluorescence
analysis on distal colonic sections. In contrast to previous
studies showing RELMb expression in goblet cells in colitis
or parasitic infection,5,9 we found that under homeostatic
conditions RELMb localizes predominantly to cells at the
colonic crypt base (Figure 2D), consistent with expression in
DCS cells. Neither Retnlb transcript nor RELMb protein was
expressed robustly by goblet cells (Figure 2B–D).
RELMb Expression Is Increased in the Colon of
Spry2DIE Mice

HDPs are a broad class of secreted proteins with known
roles in microbe regulation, barrier function, and tissue
immunity in the intestine and other tissues, and multiple
families of HDPs are expressed across different tissues of
the body.10 Because we were interested in further defining
the role of DCS cells in HDP production, we performed an
unbiased expression analysis of HDPs in the colon using our
previously published colonic bulk RNA sequencing data set8

(GSE160854). This analysis found detectable expression of
7 HDPs: b-defensin 1 (Defb1), b-defensin 42 (Defb42), b-
defensin 45 (Defb45), resistin (Retn), RELMɑ (Retnla), RELMb

(Retnlb), and Camp (cathelicidin) (Figure 3A) in Spry2DIE

and littermate control mice. Of these, only Retnlb, Defb1, and
Defb45 showed epithelial expression in our colonic scRNA-
seq data set (Figure 3B). Furthermore, only Retnlb/RELMb

was increased significantly in Spry2DIE mice (Figure 3A).
Because our scRNA-seq data show that Retnlb/RELMb is
highly expressed in DCS cells (Figure 2B and C) and is
increased in Spry2DIE colons in our bulk RNA-seq data set
(Figure 3A), we analyzed Retnlb expression levels in addi-
tional litters of Spry2DIE and littermate controls by quanti-
tative polymerase chain reaction (Figure 3C). This
confirmed that, in a larger cohort, Retnlb was induced
significantly in the colons of Spry2DIE mice. Together, these
data show that Retnlb is enriched specifically in the
epithelium, highly concentrated in DCS cells at homeostasis,
and selectively regulated by Sprouty2.



Figure 2. Single-cell transcriptomic analysis of colonic epithelial cells shows Retnlb/RELMb marks DCS cells at ho-
meostasis. Single-cell transcriptomics was performed on 26,848 isolated distal colonic single cells from Spry2FF control mice
(n ¼ 4 mice). (A) The total survey of cells was pooled, clustered, and filtered to retain colonic epithelial cell populations (6502
cells), which are shown after uniform manifold approximation and projection (UMAP). (B) Expression intensity dot map rep-
resenting gene expression based on the fraction of cells that were positive and abundance of gene expression within each
cluster. (C) Expression levels of gene markers for cells residing within each cluster are shown as violin plots. (D) Immuno-
staining for RELMb in colonic crypts. E-cad, E-cadherin; UMI, unique molecular identifier.
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The Colonic Type II Innate Lymphoid Cell
Population Is Activated in Spry2DIE Mice

IL13 levels are increased in the colons of Spry2DIE mice.8

Type II innate lymphoid cells (ILC2s) are an IL13-expressing
immune cell subtype with important roles in tissue ho-
meostasis and remodeling. We previously showed that
Spry2DIE colons have increased levels of IL13, have
increased numbers of Il13-expressing and Gata3-expressing
cells, and express an ILC2-enrichment signature in bulk
RNA-seq analysis.8 However, whether this increase in the
ILC2 population reflected a change in the activity of these
cells remained unclear. Using our scRNA-seq data set, we



Figure 3. Retnlb/RELMb is expressed in DCS cells at homeostasis and is up-regulated by deletion of Sprouty2. HDP
expression was assessed in our bulk RNA-seq data set generated from distal colons of Spry2DIE and control littermates
(GSE160854). (A) Expression of multiple HDPs (Defb1, Defb42, Defb45, Restn, Retnla, Retnlb, and Camp) was detected in the
colon. (B) Analysis of HDP expression in cellular populations identified in colonic scRNA-seq showing enrichment of Defb1,
Defb45, and Retnlb in the epithelium. (C) Colonic samples from a larger cohort of Spry2DIE (n ¼ 9) and control (n ¼ 12) lit-
termates were analyzed by quantitative polymerase chain reaction (qPCR) to test for RELMb (Retnlb) expression levels. Data
were analyzed by 2-tailed Student t test. *P < .05. TPM, transcripts per million; UMI, unique molecular identifier.
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asked whether the ILC2 population in Spry2DIE mice has an
altered activation state by analyzing differential gene
expression in these cells. The ILC2 cluster (characterized by
high expression of Gata3, Lmo4, Ptpn13, and Il1rl1)11–13

showed a distinct separation between control and Spry2-
DIE mice by uniform manifold approximation and projection
analysis (Figure 4A). Differential gene expression analysis
showed that although baseline ILC2 identity markers
(Gata3, Fgl2, and Ly6a)14 remain relatively unchanged,
genes associated with altered ILC2 activation (Ramp1,
Ramp3, Ifngr1, Anxa1, Socs1, and Csf2)14–19 and expression
of Il13 are increased in colonic ILC2s from Spry2DIE mice
(Figure 4B and C).

To confirm that epithelial lineage allocation changes in
response to IL13 signaling were due to increased cytokine
expression and not altered receptor levels, we analyzed our
bulk and scRNA-seq data sets for the IL13 receptors Il13ra1
and Il4ra, and the inhibitory receptor Il13ra2. Comparison of
receptor expression between Spry2DIE mice and littermate
controls showed no significant differences (Figure 4D). Anal-
ysis of receptor expression in identified epithelial clusters
showed expression of Il13ra1 and Il4ra in the colonic
epithelium, with appreciable expression in DCS cells and other
lineages, and no expression of Il13ra2 in epithelial cells
(Figure 4E). This analysis showed expression of receptors for
IL13 in crypt base cells, consistent with other reports,20 and
suggests that IL13 signaling is being driven by increased
cytokine level and not by altered receptor expression.

IL13 expression has been reported throughout the body
in several immune cell populations besides ILC2s, raising
the possibility that there could be multiple sources of IL13
in the colon.21,22 To determine if there were other likely
sources of IL13, we analyzed our single-cell data set for
expression among the recovered epithelial and stromal cell
types. At the broadest level of clustering, this analysis
showed almost no Il13 expression in epithelial or nonim-
mune mesenchymal cell populations (Figure 5A and B). The
expression appeared highly specific to a subcategory of
immune cells (Figure 5B); subsequent subclustering of this
population defined this subcategory to represent the ILC2
population (Figure 5C and D). Thus, Il13 expression in the
colon is largely restricted to ILC2 cells, with minimal
expression observed in other colonic lymphocyte pop-
ulations (Figure 5D and E). We previously showed that
IL13-expressing cells can be detected along the length of the
crypt.8 By in situ hybridization, we further show here that
Il13þ cells are detectable in proximity to the crypt base
(Figure 5F). Together these data show that ILC2s are the
predominant source of IL13 in the murine colonic mucosa
and locationally positioned to modify stem cell behavior
and/or DCS cell development.
IL13 Regulates Expression of DCS Cells In Vivo
and In Vitro

We and others previously showed that IL13 drives
secretory lineage differentiation in the intestinal epi-
thelium.8,23–25 In the colon, specifically, an
epithelial–stromal IL33/IL13 circuit drives tuft and goblet
cell expansion in Spry2DIE mice: the loss of epithelial Spry2
drives increased epithelial expression of IL33, thereby
recruiting IL13-expressing ILC2s to mediate tuft and goblet
cell differentiation.8 To determine whether this circuit
contributes to DCS cell differentiation, we injected wild-type
mice with IL33 for 4 days. Injected mice showed a doubling
in the number of Reg4þ DCS cells (Figure 6A). Furthermore,
IL33-injected wild-type mice showed increased colonic
expression of the DCS cell markers Reg4, Spink4, and Retnlb
(Figure 6B). Importantly, these effects were lost in IL13-/-

mice. Thus, DCS cell population expansion can be driven by
IL33 in vivo but requires IL13 signaling.

To further model this circuit in vitro, we treated colonic
epithelial organoid (colonoid) cultures with either IL33 or
IL13. After 24 hours, IL13 promoted a robust >10-fold in-
duction of Reg4 and a >10-fold induction in Spink4 in
colonoids (Figure 7A). Interestingly, this treatment caused a
more than 10,000-fold induction in Retnlb. This suggests
that IL13 may drive RELMb expression in these cells beyond
the stochiometric levels that would be expected by
expanded DCS cell numbers alone, possibly indicating an
activation state with increased expression per cell. In
contrast, IL33 had no significant effects in colonoids. This
shows that IL33 promotion of DCS cell development in vivo
requires recruitment of a nonepithelial cell type and is
mediated primarily by IL13, similar to the role of these
cytokines in tuft and goblet cell differentiation.8,23 To test if
the IL13-mediated increases in gene expression represented
an expanded DCS cell population in this model, we immu-
nostained colonoids for Reg4. Consistent with increased cell
marker expression, IL13-treated colonoids showed a sig-
nificant increase in the number of Reg4þ cells (Figure 7B).

Because DCS cells reside at the base of the crypt, one
putative role of these cells is maintenance of the stem cell
niche.1,2 To test whether the IL13-mediated expansion of
the DCS cell population could functionally protect this niche,
we performed a stem cell maintenance and recovery assay
during a challenge represented by the withdrawal of exog-
enous stem cell growth factors. Loss of leucine rich repeat
containing G protein-coupled receptor 5 (Lgr5) positive
stem cells and reduced expression of the progenitor marker
Lrig1 occurs in various models of colonic injury and disease,
and the restoration of these markers is associated with
epithelial recovery.26 We primed colonoids with IL13 to
increase DCS cell numbers, and then starved cultures of
stem cell growth media for 48 hours. In IL13-primed cul-
tures, the stem and progenitor cell marker Lrig1 was
maintained at higher levels compared with unprimed cul-
tures after 48 hours of challenge, suggesting that DCS cells
contribute to protection of Lrig1þ cells during growth fac-
tor deprivation (Figure 7C). Furthermore, although Lgr5
was not preserved by IL13 in starved cultures, after
replenishment of stem cell growth media for 24 hours we
observed a more robust (3.1- vs 1.7-fold) recovery of Lgr5
(Figure 7D) in IL13-primed cultures vs unprimed cultures.
These results are consistent with the previous finding that
Lrig1 and Lgr5 levels are preserved in Spry2DIE mice sub-
jected to DSS colitis.8 Because DCS cell ablation is associated
with altered colonic secretory cells1 we next tested whether



Figure 4. Sprouty2DIE mice have activated ILC2s in the colon. (A) Transcriptomic analysis of ILC2s obtained from single-cell
sequencing of colonic mucosal isolate from Spry2DIE (n ¼ 303 cells) and control (n ¼ 136 cells) mice representing 1.12% and
0.51% of the total cells recovered for each genotype, respectively, and shown as uniform manifold approximation and pro-
jection (UMAP). (B) Violin plots showing expression of ILC2 identity genes (Gata3, Fgl2, and Ly6a) and ILC2 activation markers
(Ramp1, Ramp3, Ifngr1, Anxa1, Socs1, and Csf2) in Spry2DIE and control mice. (C) Analysis of Il13 expression in the ILC2
populations of Spry2DIE and control mice by violin plot and UMAP. (D) Expression of IL13 receptors in bulk RNA-seq on distal
colons on mice. (E) Cell-specific expression levels of the IL13 receptors, Il13ra1 and Il4ra, and inhibitory receptor, Il13ra2, were
analyzed in the colonic scRNA-seq data set, showing broad expression of Il13ra1 and Il4ra across epithelial cell types,
including DCS cells, and no expression of Il13ra2 in the epithelium. Data were analyzed by 2-tailed Student t test. TPM,
transcripts per million; UMI, unique molecular identifier.
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DCS cell–derived product could function in driving goblet
cell activity by treating colonoids with RELMb and assaying
for Muc2. After 24 hours, RELMb-treated cultures showed a
significant increase in Muc2 expression compared with
controls (Figure 7E), similar to previous in vitro findings.27

Together, these results support functional roles for DCS cells
in the maintenance of the stem cell niche and regulation of
colonic epithelial secretory cells.
Discussion
DCS cells are a crucial component of the colonic

epithelium and are necessary for maintaining tissue
health.1,2 They produce stem cell maintenance factors, and,
as shown in our results, they also produce HDPs (Figure 2).
Ablation of DCS cells leads to a loss of goblet cells and
degradation of the epithelium.1 The number of DCS cells and
other secretory lineages vary in response to modulation of
growth factor signaling, showing that tissue-specific and
microenvironment cues control their abundance,1,28–30 but
very little is known about what signals regulate the number
and function of these cells.

Here, we show that IL13, increased in mice with intes-
tinal epithelial–specific deletion of the intracellular signaling
regulator Sprouty2,8 promotes expansion of the DCS cell
population in the colon. We previously reported that
Sprouty2 down-regulation is an inflammation-responsive
regulatory mechanism driving colonic tuft and goblet cell



Figure 5. ILC2s are the predominant source of IL13 in the colonic mucosa. (A) Uniform manifold approximation and
projection (UMAP) plot of colonic epithelial and stromal cells subjected to scRNA-seq. (B) UMAP and population expression
analysis showing Il13 expression largely restricted to the ILC and T-lymphocyte cluster. (C) Subclustering of the ILC and T-
lymphocyte population shown by UMAP. (D) UMAP and population expression analysis showing Il13 expression is expressed
predominantly in the ILC2 population, with minimal expression in other cell types. (E) Expression intensity dot map repre-
senting gene expression based on the fraction of cells that were positive and abundance of gene expression within each
cluster in the ILC and T-lymphocyte subcluster. (F) In situ hybridization for Il13þ cells in the colonic epithelium. IEL, intra-
epithelial lymphocyte; NK, natural killer; UMI, unique molecular identifier.
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Figure 6. The IL33/IL13 circuit induces expansion of the DCS cell population. (A) The IL33/IL13 axis was driven by 4 daily
injections of 0.4 ug IL33. In situ hybridization for the DCS cell marker Reg4 was performed on distal colons showing increased
numbers of Reg4þ cells in IL33-injected mice. n ¼ 5 mice per group. Scale bar: 50 mm. (B) To test the requirement for IL13
in vivo, expression of DCS cell markers Reg4, Spink4, Kit, and Retnlb expression levels were quantified by quantitative po-
lymerase chain reaction in colonic tissue of wild-type or IL13-/- mice injected with IL33. N ¼ 7–9 mice per condition. Data were
analyzed by 2-way analysis of variance with the Tukey post hoc test or 2-tailed Student t test. *P < .05, ****P < .0001. ISH, in
situ hybridization; PBS, phosphate-buffered saline; WT, wild-type.
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development via an epithelial–stromal IL33/IL13 signaling
loop, and Sprouty2 loss protected mice against acute coli-
tis.8 However, whether Sprouty2 and its actions on immune
signaling regulate DCS cells remained unknown. Using the
intestinal-specific Sprouty2 deletion mouse as a model of
increased ILC2 activity, we show that IL13 is sourced from
ILC2s and controls the census of DCS cells. Furthermore,
short-circuit activation of the IL33/IL13 epithelial–stromal
loop by injection of IL33 into mice or IL13 treatment in
colonoids induces expression of DCS cell markers Reg4 and
Spink4 and increases the number of Reg4þ DCS cells in the
colon.

Immune signaling is known to regulate epithelial cell
lineage allocation and function. In parasitic infections,
epithelial production of IL33 and IL25 is enhanced to both
recruit and activate IL13-expressing ILC2s.31,32 Increased
IL13 drives secretory cell hyperplasia23,25 and promotes
maintenance of colonic stem cells.20 In the colon, loss of
Sprouty2 acts as an epithelial switch to drive production of
IL33,8 leading to increased numbers of IL13-expressing
ILC2s in the colon8 and an activated phenotype of these
cells (Figure 4). Here, we have used the Spry2DIE mouse
model to investigate the role of IL33 and IL13 signaling in
DCS cell development. We found that IL33 alone is not
sufficient to induce DCS cell marker expression in the
epithelium, but requires IL13, which is induced by IL33
(Figures 6 and 7). Further studies with IL13-/- mice and
colonoids confirmed that IL13 mediates the IL33 induction
of DCS cell markers (Figures 6 and 7). Interestingly, recent
work identified a fundamental role for cytokine signaling in
maintaining homeostatic numbers of secretory cells in the
human small intestine.33 Further work will be needed to
determine if cytokine signaling serves a similar function in
maintaining the homeostatic DCS cell balance in the colon,
and how a complex cytokine milieu interacts to drive pre-
cise epithelial adaptations to maintain health.

The role of DCS cells in the colon is incompletely defined.
These cells initially were thought to solely recapitulate the
functions of Paneth cells, which reside at a similar crypt
base position in the small intestine. However, because the
environment of the small intestine and colon are markedly
different and their epithelia face different microbial and
tissue conditions (eg, pH, oxygen, metabolite levels), it is
likely that a distinct set of specialized cells are required to
maintain tissue homeostasis and health. In support of this,
transcriptomic profiling by Sasaki et al1 found that DCS cells



Figure 7. IL13 drives the DCS cell population expansion in colonoids. (A) Expression levels of DCS cell markers Reg4,
Spink4, and Kit, and the HDP Retnlb were quantified in murine colonoids treated with 10 ng/mL IL13 or 100 ng/mL IL33 for 24
hours (n ¼ 6–8 cultures per condition). Dashed line represents expression in phosphate-buffered saline (PBS) control. (B)
Colonoids treated with 10 ng/mL IL13 were immunostained for Reg4 (red) and E-cadherin (white) and quantified to assess DCS
cell numbers. n ¼ 10–13 cultures per experiment. Each data point represents the average of an individual culture in an in-
dependent experiment. (C) Colonoids were primed for 24 hours with PBS or IL13 (10 ng/mL) to induce DCS cell development,
then starved in growth factor–deficient culture media for 48 hours. Cultures were analyzed for expression of stem cell markers
Lrig1 and Lgr5. (D) PBS or IL13 primed (24 h) and starved (48 h) cultures were re-fed with growth factor–replete media for 24
hours and analyzed by quantitative polymerase chain reaction (qPCR) for Lrig1 and Lgr5 induction. (E) Colonoids treated with
RELMb (100 ng/mL, 24 h) were analyzed by qPCR. Data were analyzed by 2-way analysis of variance with the Tukey post hoc
test or 2-tailed Student t test. *P < .05, **P < .01. CON, control.
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make up a discrete population that shares partial similarity
to both intestinal goblet and Paneth cells at the gene
expression level, but also has unique distinct properties.
Furthermore, a single-cell analysis of the colon found that
DCS cells have a similar gene expression profile with colonic
secretory progenitors and goblet cells, consistent with our
analysis.34 Taken together with our transcriptomic work,
these findings suggest that DCS cells are a distinct cell type
that develop from a common secretory progenitor in the
colon. Because ablation of these cells impairs the stem cell
niche and leads to loss of goblet cells,1 future studies will be
necessary to understand their role and developmental tra-
jectory in injury and disease. Furthermore, although some
studies have described DCS cells as crypt base goblet cells,
our data suggest a unique transcriptional profile for this
population that is both functionally and developmentally
distinct from goblet cells. Additional work will be needed to
dissect whether multiple populations of secretory cells with
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distinct functions are present at the colonic crypt base2,35,36

and whether these cell types change along the length of the
colon.

In both in vitro and in vivo experiments, we found that
Kit expression is minimally responsive to cytokine treat-
ment (Figures 6 and 7). This is consistent with our bulk
RNA-seq data showing Kit is not increased significantly in
Spry2DIE mice despite increased IL13 and increased
numbers of Reg4þ DCS cells (Figure 1). Our single-cell
expression data suggest that Kit is expressed more
broadly in the epithelium than other molecules enriched in
DCS cells (eg, Reg4, Spink4, and Agr2), despite the earlier
identification of DCS cells as a Kitþ lineage. Additional work
clarifying whether Kit marks a population of crypt secretory
progenitors distinct from Reg4þ DCS cells, and the pheno-
typic equivalents of these discrete cellular populations in
human colon, will be an important area to clarify in future
work.

In addition to identifying an IL13-mediated mechanism
regulating DCS cells, our study suggests new specialized
functions of this cell type. By transcriptomic profiling of
colonic tissue and single cells, we have identified a previ-
ously unappreciated role for DCS cells at homeostasis in
selective production of the HDP RELMb (Figure 2). HDPs are
produced throughout the body in an organ- and cell-specific
manner. Expression of the resistin family of HDPs has been
shown previously in the colon, and here we advance this
knowledge by performing an unbiased transcriptomic
analysis for expression of multiple classes of HDPs. Using
bulk RNA-seq from colonic tissue, we performed a broad
evaluation of HDP expression and found expression of
several HDPs (Restn, Retnla, Retnlb, Camp, Defb1, Defb42,
and Defb45) that we further located in distinct cell pop-
ulations in the colonic epithelium using scRNA-seq
(Figure 3). Surprisingly, RELMb was the only HDP that
localized specifically to DCS cells. These results suggest that
DCS cells may serve as a reservoir of RELMb in the absence
of disease. Consistent with our finding that Spry2DIE mice
have higher numbers of DCS cells, these mice also showed
increased expression of RELMb (Figure 2), further sup-
porting the hypothesis that Sprouty2 serves as a tissue
environmental sensor to rapidly control the census of
mature cell types depending on microenvironment condi-
tions (eg, infection, injury, or inflammation). Interestingly,
our data show that RELMb can regulate the functional
goblet cell marker Muc2 in colonoids (Figure 7), thus
implying that dynamic regulation of DCS cells subsequently
may affect additional secretory cell populations.

RELMb expression in colonic goblet cells has been re-
ported during inflammation.5,37 Here, we show by tran-
scriptomic profiling that RELMb marks DCS cells, but not
goblet cells, at homeostasis (Figure 2). Consistent with
previous findings,38 this production occurs even in the
absence of colitis, thus providing evidence that DCS cells
play roles in homeostasis outside of maintenance of the
stem cell niche. However, because the tissue environmental
requirements for HDPs may differ along the length of the
colon, future work is necessary to understand discrete
locational and functional roles of DCS cells in distinct
regions of the intestinal tract, as well as identifying how
these cells respond to overt injury and disease.

In summary, our findings suggest that DCS cell numbers
are controlled by an epithelial-immune circuit. IL13
signaling, activated by down-regulation of epithelial
Sprouty2 and an increase in ILC2s, drives DCS cell popula-
tion expansion in the colon. The increase in DCS cell
numbers likely serves as a protective response to damage or
inflammation because these cells and their secreted prod-
ucts can limit pathogen invasion or alter the microbiota,
regulate epithelial secretory cells, and promote maintenance
or regeneration of the stem cell niche.

Materials and Methods
Animal Experiments

Mice with an intestinal epithelial–specific deletion of
Sprouty2 (VillinCre;Spry2flox/flox; herein termed Spry2DIE)
were generated by crossing VillinCre animals with mice
harboring loxP-flanked Spry2 (Spry2flox/flox; herein termed
Spry2FF).8 Male and female Spry2DIE and Spry2FF littermate
controls aged 7–8 weeks were used for experiments. IL13-/-

mice and controls aged 6–12 weeks were given daily
intraperitoneal injections of 0.4 mg recombinant IL33 for
4 days as previously described.23

RNA Sequencing
To generate a single-cell suspension, colonic mucosal

peelings were isolated from 4 Spry2DIE and 4 Spry2FF

littermate controls, and digested for 30minutes at 37�C in
100mL Dulbecco’s modified Eagle medium with 2% heat-
inactivated fetal bovine serum, 0.2mg/mL dispase II
(D4693; Sigma), 2mg/mL collagenase D (#11088882001;
Roche, Indianapolis, IN), and 0.2mg/mL DNase I (DN25;
Sigma).39 scRNA-seq was performed on this population us-
ing the Chromium Single-Cell System (10� Genomics) and
sequencing on a HiSeq flowcell to a total of 1.75 billion
reads with a minimum of 20,000 reads per cell and are
publicly available (GSE196803). Samples were processed
using CellRanger and quality control filtered so that cells
with fewer than 100 unique molecular identifier reads were
discarded. Cell populations were clustered in monocle3
using the Leiden clustering algorithm applied to uniform
manifold approximation and projection of the top 100
principal coordinates of dimensionally reduced data.40 Gene
enrichment in identified populations was performed with
the marker_test_res() function. Dot graphs and violin plots
were generated in R. Bulk tissue colonic RNA-seq from
Spry2DIE and Spry2FF littermate controls was generated
previously8 and publicly available (GSE160854).

Real-Time Polymerase Chain Reaction
RNA from cells and tissue was collected using on-column

RNA isolation and purification (Omega Bio-tek), and com-
plementary DNA was generated with a high-capacity com-
plementary DNA reverse-transcriptase kit (4368814;
Applied Biosystems). Quantitative analysis of expression
was performed using TaqMan assays (Hprt
[Mm03024075_m1], Reg4 [Mm00471115_m1], Kit
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[Mm00445212_m1], Spink4 [Mm00803437_m1], Agr2
[Mm00507853_m1], Spdef [Mm00600221_m1], Muc2
[Mm01276696_m1], Lgr5 [Mm00438890_m1], Lrig1
[Mm456116_m1], and Retnlb [Mm00445845_m1]) on an
Applied Biosystems StepOne thermocycler. Fold change was
calculated using the 2-DDCt method. Results are expressed as
the average fold change in gene expression relative to con-
trol or nontreatment group using Hprt as the reference
gene.

RNAScope In Situ Hybridization
Distal colonic sections (cut at 5 mm from tissue fixed

with 4% formaldehyde overnight and paraffin-embedded),
were probed using RNAScope probes Mm-Reg4 (#409601;
Advanced Cell Diagnostics) and Mm-Il13 (#312291;
Advanced Cell Diagnostics) using the RNAScope 2.5 HD
Detection system (#322310; Advanced Cell Diagnostics)
according to the manufacturer-provided protocols.

Immunofluorescence Staining
Fixed colonic sections were blocked with 10% goat

serum for 1 hour at room temperature followed by incuba-
tion with primary antibody against RELMb (#PA1-1047,
1:100; Invitrogen) and E-cadherin (#610181, 1:500; BD
Biosciences) overnight at 4�C. Sections were washed and
incubated with secondary anti-mouse Alexa Fluor–488
(#A11029, 1:1000; Life Technologies) or anti-rabbit Alexa
Fluor-546 (#A11035, 1:2000; Life Technologies) overnight
at 4�C, followed by mounting with Diamond Prolong Glass
Mountant containing NucBlue (P36981; Invitrogen). Imag-
ing was performed on a Leica DM4000B fluorescence mi-
croscope using Leica Application Suite X software.

Cell and Organoid Culture
Colonoids were generated from mouse colon using

modified previously established protocols.41 Briefly, crypts
were isolated by EDTA chelation and mechanical dissocia-
tion and embedded into Matrigel (BD Biosciences), and then
overlaid with murine Intesticult growth media (Stem Cell
Technologies). Cultures were passaged every 7–10 days by
mechanical trituration and shearing of colonoids before re-
embedding. Passaged cultures were starved in basal me-
dium without growth factors (advanced Dulbecco’s modified
Eagle medium/F12 supplemented with 2mmol/L GlutaMax
(Thermo Fisher), 10mmol/L HEPES, 1� penicillin-
streptomycin, 1� N2 supplement, and 1� B27 supple-
ment) overnight, treated with IL33 (#210-33; Peprotech) or
IL13 (#210-13; Peprotech), and collected at 24 hours. In
some experiments, cultures were treated with RELMb

(76238; Bio-techne) for 24 hours. For imaging, colonoids
grown on chambered coverglass slides (155411; Nunc)
were fixed with 4% paraformaldehyde at room tempera-
ture, permeabilized with phosphate-buffered saline þ 0.1%
Triton X-100, and blocked with 10% goat serum. Cultures
then were incubated for 48 hours with primary antibody
against Reg4 (#80249, 1:500; Sino Biological) and E-cad-
herin (#610181, 1:200; BD Biosciences), and incubated
overnight with secondary anti-mouse Alexa Fluor–488
(#A11029, 1:200; Life Technologies) or anti-rabbit Alexa
Fluor–546 (#A11035, 1:200; Life Technologies) overnight at
4�C. Imaging was performed on a Zeiss LSM 700 using Zen
2009 software.

Statistics
Statistical analyses and plots were generated using

Prism 8 (GraphPad Software). Means ± SEM are depicted in
dot and bar graphs. A 2-tailed Student t test or analysis of
variance with the Tukey post hoc test to correct for multiple
comparisons was used to determine statistical differences,
as appropriate. Statistical significance was set at P < .05,
and is indicated in the figure legends.

Study Approval
All animal use was approved and monitored by the Chil-

dren’s Hospital Los Angeles Institutional Animal Care and Use
Committee (Animal Welfare Assurance #A3276-01) or the
Cincinnati Children’s Hospital Medical Center Institutional
Animal Care and Use Committee (Animal Welfare Assurance
#A3108-01). Mice were housed under standard conditions
with ad libitum water and chow access in the Association for
Assessment and Accreditation of Laboratory Animal
Care–accredited animal care facilities at Children’s Hospital
Los Angeles or Cincinnati Children’s Hospital Medical Center.
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