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SUMMARY

The human intestinal stem cell niche supports self-renewal and epithelial function, but little is known about its
development. We used single-cell mMRNA sequencing with in situ validation approaches to interrogate human
intestinal development from 7-21 weeks post conception, assigning molecular identities and spatial loca-
tions to cells and factors that comprise the niche. Smooth muscle cells of the muscularis mucosa, in close
proximity to proliferative crypts, are a source of WNT and RSPONDIN ligands, whereas EGF is expressed
far from crypts in the villus epithelium. Instead, an PDGFRA"/F3"!/DLL1"" mesenchymal population lines
the crypt-villus axis and is the source of the epidermal growth factor (EGF) family member NEUREGULIN1
(NRG1). In developing intestine enteroid cultures, NRG1, but not EGF, permitted increased cellular diversity
via differentiation of secretory lineages. This work highlights the complexities of intestinal EGF/ERBB
signaling and delineates key niche cells and signals of the developing intestine.

INTRODUCTION

The stem cell niche within a tissue is required to regulate stem cell
maintenance, self-renewal, and differentiation (Scadden, 2006).
The niche is made up of physical and chemical cues, including
the extracellular matrix (ECM), cell-cell contacts, growth factors,
and other small molecules, such as metabolites (Capeling et al.,
2019; Cruz-Acuna et al., 2017; Gjorevski et al., 2016). Understand-
ing the niche within various tissues has been central to under-
standing how tissues maintain homeostasis and how disease
may occur (van de Wetering et al., 2002). Further, establishing
proper in vitro niche conditions has allowed growth and expansion
of gastrointestinal tissue-derived stem cells in culture (Dedhia
et al., 2016; Kretzschmar and Clevers, 2016). For example, by un-
derstanding that WNT signaling is important for maintaining intes-
tinal stem cell (ISC) homeostasis (Muncan et al., 2006; Pinto et al.,
2003; Sansom et al., 2004), that blockade of Bone Morphogenetic
Protein (BMP) signaling by NOGGIN (NOG) promotes ectopic
crypt formation (Haramis et al., 2004), and that Epidermal Growth
Factor (EGF) is a potent stimulator of proliferation (Goodlad et al.,
1987; Ulshen et al., 1986), it was determined that WNTs, RSPON-
DINs (RSPOs), NOG, and EGF can be utilized to expand and main-
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tain ISCs in culture as three-dimensional intestinal organoids (Oo-
tani et al., 2009; Sato et al., 2009, 2011b). This information has
been leveraged to expand and culture human pluripotent stem
cell-derived intestinal organoids in vitro (Capeling et al., 2020;
Finkbeiner et al.,, 2015; Spence et al, 2011; Wells and
Spence, 2014).

Despite significant progress over the past decade, it is also
clear that current in vitro systems are still not optimized to
most accurately reflect the in vivo environment. Ongoing efforts
are aimed at improving the in vitro physical environment by
developing biomimetic ECM (Capeling et al., 2019; Cruz-Acuia
et al., 2017; Gjorevski et al., 2016) and by adjusting signaling
cues to more accurately reflect the in vivo niche (Fujii et al.,
2018). More recently, single-cell technologies have started to
reveal unprecedented amounts of information about the cellular
heterogeneity of human intestinal tissue and the ISC niche during
health and disease (Kinchen et al., 2018; Martin et al., 2019; Smil-
lie et al., 2019) and will undoubtedly yield substantial information
about cell types and niche cues that regulate ISCs in various
contexts.

Here we set out to better understand the cellular diversity and
niche cues of the developing human intestine by using single-cell
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Figure 1. Mesenchymal Heterogeneity in the Developing Human Duodenum

(A) H&E staining on human fetal intestine sections at a constant scale spanning from 54-130 days post conception.
(B) Timeline of specimens and corresponding number of cells profiled by scRNA-seq after filtering and “cleaning” of ambient/background RNA (STAR Methods)
(n = 8 biological specimens; n = 1 technical replicate 47, 59, 72, 80, 101, and 132 days; n = 2 technical replicates 122 and 127 days).

(legend continued on next page)
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mRNA sequencing (scRNA-seq) to describe the cell-associated
transcriptional signatures and by using fluorescence in situ hy-
bridization (FISH) and immunofluorescence (IF) to define the
location of cells and factors that make up the ISC niche. We
sought to interrogate the cellular source of known stem cell niche
factors and identify new niche factors. We determined that a
source of WNT and RSPO ligands that reside just below the pro-
liferative crypt domains is ACTA2"/TAGLN" smooth muscle cells
of the muscularis mucosa. We further determined that EGF is not
expressed in the mesenchyme but is most abundant in the enter-
ocytes of the villus epithelium, several cell diameters away from
the proliferative region of the crypt. We identified a population of
subepithelial cells (SECs) that lines the entire villus-crypt axis,
marked by a F3"'/PDGFRAM/DLL1™ expression profile, and
found that these cells express the EGF-family ligand NEUREGU-
LINT (NRGT), which has been implicated recently as an impor-
tant regenerative cue in the murine intestine (Jardé et al.,
2020). Given that NRG1 is expressed in mesenchymal cells adja-
cent to proliferative crypts, we tested the effect of EGF and
NRG1 on in vitro ISC growth using fetal human duodenal enter-
oids. We observed that EGF potently stimulated proliferation and
primarily maintained enteroids as a stem/progenitor cell popula-
tion, whereas NRG1 supported enteroid growth and enhanced
cell type diversity. These results suggest that NRG1 acts as a
niche cue that, when used in place of EGF, supports homeosta-
sis in vitro, allowing stem cell maintenance and differentiation of
human intestinal enteroids.

RESULTS

Interrogating the Developing Human Small Intestine at
Single-Cell Resolution

Given that little is known about mesenchymal cell heterogeneity in
the fetal human intestine, we aimed to better understand the
mesenchymal cell populations that make up the developing hu-
man ISC niche. To do this, we obtained samples of human fetal
duodenum or duodenum with adjacent proximal small intestine
(in the case of very young tissues) starting just after onset of villus
morphogenesis (47 days post conception) with samples inter-
spersed up to the midpoint (132 days) of typical full-term
(280 days) and performed histological and molecular analysis (Fig-
ures 1A and 1B). Major physical changes occur throughout this
developmental window: rapid growth in length and girth along
with formation of villi and crypt domains within the epithelium
and increased organization and differentiation of smooth muscle
layers within the mesenchyme (Chin et al., 2017; Figure 1A).

Cell Stem Cell

To capture the full complement of cell types that contribute to
the developing human intestine, we dissociated full-thickness in-
testinal tissue from 8 specimens ranging between 47 and
132 days after conception and used scRNA-seq to sequence
2,830-3,197 cells per specimen after filtering and ambient RNA
removal (STAR Methods). 24,783 total cells were used in the
analysis after passing computational quality filtering (Figure 1B).
Following dimensional reduction and visualization with uniform
manifold approximation and projection (UMAP) (Becht et al.,
2018; Wolf et al., 2018), we used canonical genes to annotate
each sample individually by identifying major cell classes,
including epithelial, mesenchymal, endothelial, enteric nervous,
and immune cells (Figures 1C and S1A). To focus our analysis
on the mesenchymal niche populations found in each sample,
we computationally extracted and re-clustered the mesenchyme
(1,462-2,054 cells per specimen) and annotated a population of
PDGFRAM cells, which have also been described in mice (Mc-
Carthy et al., 2020), and ACTA2*/TAGLN* smooth muscle cells
(Figures 1E and S1C). We also identified additional sub-clusters
and gene expression patterns not described previously in mice,
which we describe in greater detail below (Figure S1C). Given the
dramatic morphological changes that take place across this
development time (Figure 1A), we implemented Harmony (Now-
otschin et al., 2019), an algorithm that allows interrogation of
scRNA-seq data across discrete time points (Figures 1D, 1E,
and S1D).

Force-directed layouts following Harmony implementation or-
dered cells broadly according to their developmental age (days af-
ter conception) (Figure 1D). The day 47 cells were largely separate
from other time points, with the exception of an ACTA2"/
TAGLN"/RGS5* population of vascular smooth muscle cells
(VSMCs) (Muhl et al., 2020; Figures 1D and 1E). Cells were then or-
dered according to developmental time, with cells from samples
older than 101 days (101, 122, 127, and 132 days) clustering
together. In addition to the VSMC population, this analysis sug-
gested the emergence of several mesenchymal populations,
including a PDGFRAM/F3/DLL 1™ population, a GPX3™ popula-
tion, a TAGLN™/RGS5~ smooth muscle population, and a promi-
nent cluster of cells defined as fibroblasts based on their expres-
sion of COLLAGEN genes (COL1A7 and COL1A2) and
DECORIN (DCN) (Figures 1E and S1D; Kinchen et al., 2018). F3
has been shown recently to be expressed in a population of
mesenchymal cells that is adjacent to the human colonic epithe-
lium (Kinchen et al., 2018), and these cells were additionally char-
acterized by their enrichment of NPY, DLL1, FRZB, and SOX6 (Fig-
ures 1E and S1B-S1D).

(C) UMAP visualization of each sample analyzed by scRNA-seq, displayed by age post conception. Cluster identities were assigned based on expression of
canonical lineage markers (see also Figure S1). Mesenchymal (green), epithelial (blue), neuronal (yellow), immune (purple), and endothelial (pink) cell clusters were
identified at all ages sequenced.

(D) Following application of Harmony to mesenchymal cells from all time points, a force-directed layout illustrates the relationship between time points. Cells are
colored by sample identity (days post conception).

(E) Feature plots of individual genes for various lineages, including PDGFRA, F3, DLL1, NPY, GPX3, TAGLN, ANO1, and RGS5, plotted onto the force-directed
layout presented in (D).

(F) Representative images from FISH staining for F3 (pink) and immunofluorescent protein staining for SM22 (TAGLN protein product; green) with DAPI (gray) on
the developing human intestine (n = 1 biological replicate per time point). Scale bars represent 200 um.

(G) Spatial characterization of PDGFRA™/DLL1"/F3™" and GPX3" mesenchymal cells using FISH in the developing human intestine. Multiplexed FISH/IF for F3,
PDGFRa, DLL1, NPY, and GPX3 (pink or green) was counterstained with DAPI (gray) and, in one case, ECAD (blue). Representative data are shown for n = 1
biological replicate aged 132 days for DLL1/F3, NPY/F3, and NPY/GPX3; n = 2 biological replicates for a PDGFRA/F3 120-day specimen are shown. The white
dotted line roughly defines the epithelial-mesenchymal boundary Scale bars represent 25 um.
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Figure 2. Interrogating Stem Cell Niche Factors in the Developing Human Intestine
(A) Summary schematic annotating the approximate expression domains of several mesenchymal subpopulations on the force-directed layout as identified in

Figure 1E and Figure S1D.
(B) Feature plots of several individual ISC niche factors, including EGF, NRG1, WNT2B, RSPO2, and RSPO3, in mesenchymal cells at all time points profiled.

(legend continued on next page)
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Mesenchymal Cell Lineages Emerge across
Developmental Time

Force-directed layouts following Harmony implementation sug-
gested that different mesenchymal cell populations emerge
across developmental time. For example, F3"'/PDGFRA cells
emerged after approximately 59 days, whereas GPX3'"/F3-C/
PDGFRA® and TAGLN"/RGS5~ smooth muscle cells emerge
after approximately 80 days. To corroborate the scRNA-seq
analysis, we used a combinatorial staining approach, utilizing
multiplexed FISH and IF to examine F3 mRNA and SM22, the
protein product of the TAGLN gene (Figure 1F). We found that
F3 was not expressed at 59 days but was clearly expressed in
the villus mesenchyme by 78 days, with expression becoming
more restricted to the SECs as time progressed. Interestingly,
we observed that F3 was expressed in scRNA-seq at 59 days;
however, it is possible that, because fetal tissue staging is an
approximation, samples may be slightly older or younger than
their actual labeling, explaining slight discrepancies such as
this. SM22 was expressed in the day 59 intestine, but only in
the outermost muscularis externa layer. SM22 expression in
the muscularis mucosa, the layer closest to the intestinal epithe-
lium and adjacent to the proliferative crypt domains, was first
observed as poorly organized cells near the epithelium at
100 days that became more organized after this time point. Sin-
gle-cell analysis and FISH/IF collectively suggest that the
mesenchyme in the early fetal intestine is naive and that mesen-
chymal cell emergence coincides with formation of proliferative
intervillus/crypt domains.

To understand how mesenchymal cell populations are orga-
nized spatially within the tissue after 100 days, we used FISH/
IF and confirmed that F3" cells co-express PDGFRA, DLL1,
and NPY (Figure 1G). Interestingly, NPY marked a subset of
F3" SECs lining the villus but was absent from villus SECs (Fig-
ures 1G and S2D). GPX3"/F3-°/PDGFRAC cells were most
abundant within the core of intestinal villi and were observed
sitting adjacent to NPY™! cells (Figure 1E).

Identifying Putative Human ISC Niche Factors in the
Developing Gut

It has been demonstrated that several niche factors allow adult
and developing human and murine intestinal epithelium to be
cultured ex vivo as organoids (Fordham et al., 2013; Fuijii et al.,
2018; Kraiczy et al., 2017; Sato et al., 2009, 2011b; Tsai et al.,
2018). These factors often include WNT and RSPO ligands,
BMP/transforming growth factor g (TGF-B) antagonists, and
EGF and are based on defined growth conditions that allow
expansion of intestinal epithelium in vitro (Sato et al., 2009,

Cell Stem Cell

2011b). Efforts have been made to determine more physiological
niche factors for in vitro culture systems based on observed
in vivo niche cues (Fujii et al., 2018); however, niche factors
have not been interrogated in the developing human gut using
high-resolution technologies such as scRNA-seq. To identify pu-
tative niche factors, we first determined which cells within the hu-
man fetal intestine expressed known niche factors. We observed
that F3"/PDGFRA™ SECs and GPX3"'/F3-°/PDGFRA"® villus
core cells lacked robust expression of most known niche factors
(Figures 2A and 2B), whereas the WNT pathway members with
the highest expression were RSPO2, RSPO3, and WNT2B,
which are expressed in TAGLN™/RGS5~ smooth muscle cells
and COL1A1" fibroblasts but not expressed by F3"/PDGFRA™
SECs (Figures 2A and 2B). EGF is a critical driver of proliferation
in murine enteroid culture (Basak et al., 2017); however, EGF
expression was not observed in the mesenchyme, whereas the
EGF family member NRG1 was abundant in the F3"'/PDGFRA""
cell population (Figures 2A and 2B). Of note, NRG1 was one of
the most robustly expressed EGF family members in the F3"/
PDGFRA™ cell population (Figure S3A). IF for SM22 combined
with FISH for RSPO2, RSPO3, WNT2B, EGF, and NRG1, re-
vealed expression patterns that were consistent with scRNA-
seq data (Figures 2C and S2F).

Given the importance of EGF for in vitro enteroid culture, we
further interrogated whether EGF and EGF receptors are ex-
pressed in the developing intestinal epithelium via scRNA-seq
and FISH. All epithelial cells were extracted and re-clustered,
and the data were visualized using a force-directed layout
following application of Harmony (Figure 2D). ERBB receptors,
including EGFR, ERBB2, and ERBBS3, were broadly expressed
throughout the epithelium, a finding that was confirmed by
FISH, whereas ERBB4 was not expressed (Figures 2E and
2F). Although EGF is not expressed in the intestinal mesen-
chyme (Figures 2A-2C), we observed that EGF is expressed
in a small subset of differentiated epithelial FABP2'" entero-
cytes (Figure 2G), a finding that was supported using co-
FISH/IF and showed that EGF expression is low/absent from
the proliferative crypt domain but expressed several cell diam-
eters above the MKI67+ crypt region and throughout the villus
epithelium (Figure 2D). On the other hand NRG1 is expressed
in F3"'/PDGFRA"' SECs adjacent to the crypt (Figures 2C,
2H, and S2B).

NRG1 Does Not Support Proliferation and Growth in
Established Enteroid Cultures

Based on the expression pattern of NRG1, we hypothesized
that it may act as an ERBB niche signaling cue and may be

(C) Multiplexed FISH for the niche factors EGF (green), NRG1 (green), WNT2B (pink), RSPO2 (pink), and RSPO3 (pink), coupled with immunofluorescent protein
staining of SM22 (blue), DAPI (gray), and FISH for F3 (green) in developing human fetal crypts. Representative data are shown from n = 2 biological replicates. A
140-day specimen is shown for EGF and NRG1, and a 132-day specimen is shown for RSPO2, RPSO3, and WNT2B. Lower-magnification images for all panels
are presented in Figure S2.

(D) Following application of Harmony to epithelial cells from all time points, force-directed layout illustrates the relationship among time points. Cells are colored
by sample identity (days post conception).

(E) Feature plots of EGFR, ERBB2, ERBB3, and ERBB4 plotted onto the force-directed layout presented in (D).

(F) FISH staining in developing human fetal crypts for EGFR (pink), ERBB2 (green), and ERBB3 (red), coupled with immunofluorescent staining for ECAD (blue) and
DAPI (gray). Representative data are shown from n = 1 132-day biological specimen. Lower-magnification images for all panels are presented in Figure S2.
(G) Feature plots of EGF and the enterocyte marker FABP2 plotted onto the force-directed layout presented in (D).

(H) Representative images of multiplexed FISH for EGF (pink) and NRG1 (green), coupled with immunofluorescent protein staining of MKI67 (blue) and DAPI (gray)
(n = 1 132-day human fetal intestine). The white dotted line roughly defines the epithelial-mesenchymal boundary. Scale bars represent 25 um.
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Figure 3. NRG1 Does Not Support Proliferation and Growth of Established Enteroid Lines

(A) Experimental schematic for the data presented.

(B) Representative stereomicroscopy images after 5 days of growth in the presence of EGF (100 ng/mL) or NRG1 (100 ng/mL). Scale bars represent 500 um.
Representative data are shown from n = 2 biological replicates; a 142-day fetal sample is shown.

(C) Representative images of FISH staining for OLFM4 (pink) or immunofluorescent protein staining for MKI67 (pink), coupled with ECAD (blue) and DAPI (gray), in
enteroids grown in EGF (100 ng/mL) or NRG1 (100 ng/mL). Representative data are shown from n = 2 biological replicates; a 142-day fetal sample is shown. Scale
bars represent 100 pm.

(D) UMAP embedding of enteroid scRNA-seq data (5,509 cells total) demonstrating the 5 precited clusters (n = 1 biological sample sequenced, 142-day fetal

sample).

(E
(
@
H

) UMAP embedding of enteroid scRNA-seq data colored by culture condition (EGF, 2,789 cells; NRG1, 2,720 cells).
F) Feature plot of MKIE7, illustrating that most proliferating cells are within cluster 4.
) Bar chart depicting the percentage of cells in cluster 4 from each treatment group.
) Feature plots demonstrating the expression of the stem cell marker OLFM4, the secretory progenitor marker SPDEF, and the enterocyte marker FABP1.

(I) Experimental schematic for enteroid formation assays (left) and stereoscope images of enteroids after single-cell passaging and 10-day growth without EGF-
family ligands (control) or in the presence of EGF (100 ng/mL), NRG1 (100 ng/mL), or EGF and NRG1 (100 ng/mL each). Representative data are shown fromn =2
biological replicates; a 142-day fetal sample is shown). Scale bars represent 500 pm.

physiologically relevant in vitro based on its localization and
proximity to ISCs within the developing intestine in vivo. To
interrogate the effects of NRG1 and EGF on the intestinal
epithelium, we split established human fetal duodenum-
derived epithelium-only intestinal enteroids (established from
a 142-day specimen) in culture using standard growth condi-
tions (WNT3A/RSPO3/NOG plus EGF; STAR Methods) into
two groups. One group of enteroids was cultured in standard
medium with EGF (100 ng/mL), and the other was grown
without EGF and was instead supplemented with NRG1
(100 ng/mL) (Figure 3A). Following growth for 5 days in EGF
or NRG1, enteroids did not appear phenotypically different
(Figure 3B). Upon interrogation using IF and FISH, we observed
that EGF-grown cultures had OLFM4+ and OLFM4— enteroids
and that enteroids in this group were highly proliferative based

on MKI67 staining (Figure 3C). NRG1-treated enteroids ap-
peared to have more uniform OLFM4 expression but also had
fewer KI67+ cells per field of view. To more closely interrogate
these differences, each group was subjected to scRNA-seq to
investigate transcriptional differences. To reduce any chances
of batch effect, all processing for single-cell sequencing for
these groups was carried out at the same time in parallel, li-
braries were prepared in parallel, and samples were sequenced
on the same lane (see STAR Methods for details). Despite vary-
ing only EGF or NRG1 in the culture, we observed a difference in
gene expression between the two groups, as visualized in
UMAP plots illustrated by nearly completely independent clus-
tering of cells by culture medium composition (Figures 3D and
3E). The exception to this was cluster 4, which expressed pro-
liferation markers (MKI67 and TOP2A) and had a contribution

Cell Stem Cell 28, 568-580, March 4, 2021 573
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(legend continued on next page)
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from both samples (Figures 3E and 3F). Cluster 4 appeared to
have a higher number of cells from the EGF-grown enteroids,
and, proportionally, ~4% (115 of 2,789) of cells from the
EGF-treated enteroids were in this cluster, whereas less than
0.5% (10 of 2,720) of cells from the NRG1-treated enteroids
were in this cluster (Figure 3G). These data support the
MKI67 IF staining, suggesting that NRG1 had reduced prolifer-
ation. Enteroids from both groups broadly expressed OLFMA4,
although it appeared that expression levels were slightly higher
when grown in NRG1, suggesting that these samples generally
had little heterogeneity and were largely comprised of undiffer-
entiated stem cells (Figure 3H). Consistent with this notion,
differentially expressed genes associated with each cluster
did not include genes canonically associated with differentiated
cell types (Table S1). We did note that a subset of cells in the
NRG1 clusters expressed the enterocyte marker FAPB1 (Guil-
meau et al., 2007) and a subset expressed the secretory pro-
genitor marker SPDEF (Gregorieff et al., 2009; Noah et al.,
2010; Figure 3H). These data suggest that some cells in the
NRG1 cultures may be in the early stages of differentiation;
however, the expression patterns were not sufficiently different
to form distinct clusters.

To functionally evaluate the observation that proliferation
was reduced in NRG1-treated enteroids, we bulk-passaged
enteroids and then allowed them to expand for 3 days under
standard (EGF, 100 ng/mL) growth conditions. We then
removed EGF for 24 h, dissociated enteroids into a single-cell
suspension, and plated 5,000 cells per droplet of Matrigel.
Immediately upon seeding single cells, we added standard
growth medium without EGF (control), with EGF (100 ng/mL)
only, with NRG1 (100 ng/mL) only, or with NRG1 (100 ng/mL)
and EGF (100 ng/mL) (Figure 3l). As expected, we observed
robust re-establishment of enteroids after 10 days under the
standard EGF condition. In contrast, we observed almost no
enteroid recovery in the control and NRG1-only supplemented
cultures, whereas this growth defect was rescued under the
NRG1 plus EGF condition (Figure 3l). These functional results
further suggest that EGF enhances proliferation relative to
NRG1 in established enteroid cultures.
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Long-Term Enteroid Growth in NRG1 Is Associated with
Increased Epithelial Diversity In Vitro

The previous experiment was conducted with enteroids that had
been established and expanded in long-term culture with EGF,
and the experimental data (Figure 3) suggested that these cul-
tures were highly dependent on EGF for proliferation. To deter-
mine the effects of different EGF family members on establish-
ment and long-term growth of enteroids, we cultured freshly
isolated intestinal crypts under standard growth conditions
(WNT3A/RSPO3/NOG; STAR Methods) without EGF/NRG1
(control), with EGF (100 ng/mL), with NRG1 (100 ng/mL), or
with a combination of EGF and NRG1 (100 ng/mL each) (Fig-
ure 4A). We used these cultures to carry out long-term
passaging, imaging, quantitative enteroid formation assays,
and scRNA-seq (Figures 4A and S4). Enteroids were established
successfully under all conditions (Figure 4B). All conditions suc-
cessfully underwent serial passaging, with the exception of the
controls (no EGF/NRG1), which failed to expand beyond initial
plating (passage 0 [POQ]). To determine the effects of different
growth conditions on enteroid formation ability, we performed
a quantitative single-cell passaging assay on surviving cultures
at P2 (Figures S4B and S4C). To do this, we dissociated the three
treatment groups into single cells and plated 1,000 single cells
(Figure S4B) per droplet of Matrigel, allowed cultures to grow
for 11 days, and quantified the number of recovered enteroids
(Figure S4C). All groups re-established enteroids, albeit with
low efficiency, and there was no difference in enteroid formation
efficiency between the EGF and NRG1 groups.

Examining all three groups that remained after passaging (EGF,
NRG1, and EGF/NRG1) by FISH or IF revealed that OLFM4 was
expressed under all conditions, and MKI67 did not appear
different per field of view (Figure 4C). The NRG1-only group ap-
peared to have more MUC2 staining within the enteroid lumen,
whereas both groups that included EGF (EGF only and NRG1/
EGF) had widespread LYZ expression within the epithelial cells
(Figure 4C).

Given the different IF staining patterns of MUC2 and LYZ
observed when comparing treatment groups (Figure 4E), we inter-
rogated the cellular makeup and molecular signatures of these

(B) Representative stereoscope images of enteroids under each condition 8 days after placing isolated epithelium in Matrigel with growth factors. Scale bars

represent 1 mm.

(C) Representative images of FISH for OLFMA4 (pink) or immunofluorescent protein staining for MKI67 (pink), MUC2 (pink), LYZ (pink), ECAD (blue), and DAPI (gray)
in enteroids after PO, 11 days of growth in the presence of EGF, NRG1, or EGF and NRG1. Scale bars represent 100 pm.
(D-J) scRNA-seq was performed on enteroids under EGF, NRG1, and dual EGF/NRG1 conditions after P1, 11 days of in vitro growth (n = 1 biological sample

sequenced, 105-day fetal sample).
D) UMAP embedding of 13,205 enteroid cells colored by cluster identity.

E) UMAP embedding of enteroid cells colored by sample identity (EGF, 3,262 cells; NRG1, 7,350 cells; EGF/NRG1, 2,593 cells).

F) Bar charts depicting the cell type abundance (percentage of total cells sequenced) for each condition. The colors in the graph correspond to (D).

G) Dot plots for the proliferation markers MKI67 and TOP2A. Both markers were enriched in clusters 4 and 8.

H) Bar chart depicting the proportion of cells sequenced that map to proliferative clusters (cluster 4 or 8) under each condition.

1) Feature plots for intestinal epithelial lineages include ISCs (OLFM4; clusters 0, 1, 2, 3, 4, and 8), enterocytes (FABP2 and SI; cluster 6), EECs (CHGA; cluster 12),

and goblet cells (MUC2; cluster 11). LYZ was broadly expressed across all enteroids conditions.
(J) Bar chart depicting the proportion of cells sequenced for each condition present in cluster 6 (enterocytes), cluster 12 (EECs), and cluster 11 (goblet cells).
(K) Epithelial cells (828 cells) from primary intestine specimens (n = 4; 101, 122, 127, and 132 days) were extracted computationally, re-clustered, and visualized

using UMAP.

(L) Cluster identities were assigned based on expression of canonical lineage markers (see Table S3 for differentially expressed genes in each cluster).
(M) The Ingest function was used to map enteroids derived in the presence of EGF (100 ng/mL), NRG1 (100 ng/mL), or EGF and NRG1 (100 ng/mL) onto the

primary intestinal epithelium reference presented in (K).

(N) The abundance of cells mapping to each of the 9 clusters identified in the in vivo intestinal epithelium was determined for the primary intestinal epithelium and

for enteroids in each treatment group. The colors in the graph correspond to (K).
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enteroids using scRNA-seq. We sequenced 3,262 cells grown in
EGF (100 ng/mL), 7,350 cells grown in NRG1 (100 ng/mL), and
2,593 cells grown in NRG1 and EGF (100 ng/mL each). UMAP
dimensional reduction showed that NRG1-treated enteroids clus-
tered distinctly from the EGF-only enteroids and suggested that
NRG1/EGF enteroids shared a high degree of molecular similarity
with EGF-only enteroids because these samples overlapped in the
clustering (Figures 4E and 4F). Examining the cluster distribution
for each sample, it was evident that EGF and EGF/NRG1 enteroids
contributed to the same clusters (clusters 1, 2, 7 and 8), whereas
NRG1 contributed to many distinct clusters (0, 3, 4, 11, and 12)
(Figure 4F). Upon interrogation of genes associated with various
clusters (Table S2), proliferation genes were associated with two
clusters: cluster 4 (NRG1) and cluster 8 (EGF and EGF/NRG1) (Fig-
ures 4G and 4H). Several clusters expressed the stem cell marker
OLFM4 (EGF and EGF/NRG1: clusters 1, 2, and 8; NRG1: clusters
0, 3, and 4). Cluster 6 had a contribution from all 3 groups and ex-
pressed enterocyte genes (S/ and FAPB2). Unique to the NRG1
grown enteroids, cluster 11 expressed genes associated with
secretory and goblet cells (MUC2), and cluster 12 expressed
genes associated with enteroendocrine cells (CHGA) (Figure 4l).
We also interrogated L YZ expression given our IF staining results.
LYZ was expressed at higher levels in EGF and NRG1/EGF enter-
oids, as suggested by IF; however, low-level expression was also
observed broadly in the NRG1 treatment group (Figure 41). LYZ is
canonically associated with Paneth cells; however, the fetal intes-
tine does not possess Paneth cells until 21 weeks after conception
(Elmentaite et al., 2020; Finkbeiner et al., 2015). Given that the en-
teroids used here were generated from specimens earlier than
21 weeks (replicate experiments utilized day 105 and day 135
specimens), it is unlikely that LYZ expression is associated with
Paneth cells. These data show that EGF and NRG1 can promote
long-term survival of freshly established enteroids but that they
have different effects on gene expression and cellular diversity.

Mapping to an Intestinal Reference Reveals Cellular
Heterogeneity in Enteroids

To further interrogate cellular heterogeneity in enteroids grown
in EGF, NRG1, and EGF/NRG1, we used human fetal epithelium
as a high-dimensional search space to determine the potential
correspondence of enteroids and their in vivo counterparts. To
do this, we implemented the Ingest function (Wolf et al,
2018), which uses an annotated reference dataset that captures
the biological variability of interest and projects new data onto
the reference. We defined the major epithelial cell populations
in the human fetal intestine using the four samples that were
older than 100 days (101-132 days). These samples were cho-
sen based on the force-directed layouts following Harmony
augmentation, which suggested that major changes in develop-
ment/differentiation were not taking place across these times
(Figures 1 and 2). We defined 9 epithelial cell types based on
published data (Table S38), including ISCs (cluster 2: LGR5 and
OLFM4), enterocytes (clusters 0 and 3: FABP2, ALPI, and
RBP2; Haber et al., 2017), BEST4+ enterocytes (cluster 5:
BEST4 and SPIB; Elmentaite et al., 2020; Parikh et al., 2019),
goblet cells and goblet cell precursors (cluster 4: MUC?2,
SPDEF, and DLL1; Okamoto et al., 2009), tuft cells (cluster 7:
TRPM5, TAS1R3, and SPIB; van Es et al., 2019; Howitt et al.,
2020; Kaske et al., 2007), enteroendocrine cells (EECs; clusters
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1 and 8: CHGA, NEUROD1, PAX6, ARX, and REG4; Beucher
et al., 2012; Du et al., 2012; Gehart et al., 2019; Haber et al.,
2017 (Figures 4K and 4L). We then used Ingest to map enteroids
grown in EGF, EGF/NRG1, or NRG1 onto the in vivo epithelium
(Figure 4M), determined the proportion of cells that mapped to
each in vivo cell type, and compared this with the distribution of
cells seen in the primary intestine (Figure 4N). EGF and EGF/
NRG1 samples shared similar distribution patterns, with the ma-
jority of cells from both conditions mapping to ISCs and enter-
ocytes (Figures 4M and 4N). NRG1-treated enteroids mapped
to all cell types, including goblet cells (cluster 4), CHGA+
EECs (cluster 8), tuft cells (cluster 7), and BEST4+ enterocytes
(cluster 5), that were not present in EGF- or EGF/NRG1-grown
enteroids in this analysis (Figures 4M and 4N). These results
further support that NRG1-grown enteroids have enhanced
cellular differentiation relative to enteroids grown in EGF.

DISCUSSION

Subepithelial Niche Cells in the Developing Human
Intestine

Based on scRNA-seq and confirmatory FISH, we observed that
WNT2B, RSPO2, and RSPO3 are expressed in the muscularis
mucosa in the human fetal intestine as well as in cells more
broadly defined as fibroblasts. However, the muscularis mucosa
is a muscle layer that is located closest to proliferative domain of
the intestine. This is a unique finding compared with recent sin-
gle-cell studies in the adult human colon and compared with
findings in the mouse. In the adult human colon, a source of
WNT and RSPO external to the muscular mucosa has been iden-
tified as WNT2B/RSPO3+ fibroblasts (Smillie et al., 2019),
whereas in mice, WNT and RSPO ligands are expressed in cells
that were recently coined “trophocytes” and in PDGRFA®
stroma cells in the small intestine (McCarthy et al., 2020). In addi-
tion, identification of the Fox/71+ telocyte was a major advance in
elucidating the cells and sources of many niche factors in the
murine ISC niche (Aoki et al., 2016; Shoshkes-Carmel et al.,
2018). When FoxI1+ cells are genetically ablated, the crypt col-
lapses; however, recent single-cell studies have shown that telo-
cytes are not a major source of WNT or RSPO ligands (Kim et al.,
2020; McCarthy et al., 2020), and others have demonstrated that
non-telocytes express RSPO3 (Greicius et al., 2018; Shoshkes-
Carmel et al., 2018). Single-cell studies in humans have initially
focused on the colon (Kinchen et al., 2018; Smillie et al., 2019),
so it remains to be seen whether there is a unique expression
pattern in the adult human small intestine and/or whether there
are changes in the cellular sources for WNT2B and RSPO2/3
as development progresses. However, because the gross
anatomical structure of the intestine observed in the fetal stages
starting at 100 days post conception and onward is maintained
into adulthood (i.e., crypt-villus axis, muscle layers), it is possible
that there are dramatic differences across species and regions of
the gut for the major niche cells.

In the current work, we identify an SEC that lines the entire crypt-
villus axis, marked by high levels of DLL1, F3, and PDGFRA expres-
sion. These cells can be further sub-divided using the marker NPY,
which is expressed in the villus (NPY/DLL1/F3) but not the crypt.
Within the F3 transcriptional signature, we also observed robust
expression of FRZB and SOX6, which have been described
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previously in the human colon as an SEC population that expresses
several WNT family members (WNT5A and WINT5B) and several
BMP family members (BMP2 and BMP5) (Kinchen et al., 2018).
Thus, although the focus of the current manuscript is on EGF family
members, it is likely that the niche signaling role of DLL1"/F3"" is
more complex and may involve secretion of activators and inhibi-
tors of several other signaling pathways.

Establishing Signaling Gradients along the Crypt-

Villus Axis

Although difficult or impossible to test in human tissue, one can
speculate that the robust levels of EGF expressed in the villus
epithelium coupled with NRG1 expression in SECs along the
crypt-villus axis help to establish, in effect, a gradient of EGF/
NRG1 signaling by differential receptor binding/dimerization in
different domains. For example, high NRG1 is expressed in
crypt-associated SECs, with low/no EGF being expressed in
the in the crypt domain, whereas NRG1 and lower levels of
EGF are present in the putative TA zone. Finally, high NRG1
and high EGF are likely present in the villus, based on FISH
data, but this area would also have the lowest levels of RSPO
and WNT, given our localization data showing that RSPO and
WNT ligands are low/absent in the villus core. Given these spatial
differences, it is interesting to speculate that EGF normally acts
as a differentiation factor in the absence of WNT signaling. How-
ever, the interplay between WNT signaling and EGF signaling is
likely to intersect with other signaling pathways as well, given
that gradients of BMP signaling are also established along the
crypt-villus axis (McCarthy et al., 2020).

Future work may focus on how dose-dependent gradients from
multiple signaling pathways intersect with one another to finely
tune human stem cell maintenance and differentiation, and it is
clear that there is still much to be understood about the human
niche. In mice, a minimal set of niche factors is able to maintain in-
testinal enteroids in a homeostatic state, with stem cells and
differentiated cells taking on proper crypt-villus organization
(Sato et al., 2009). This organization is dependent on Paneth cell
differentiation and secretion of WNT ligands, allowing crypts to
bud into their own spatial domains in enteroids (Sato et al.,
2011a; Serra et al., 2019). However, such a homeostatic state,
which allows stem cell maintenance and differentiation, has not
been achieved in human enteroid cultures, and to date, human en-
teroids are largely maintained in a stem cell state, are switched to
differentiation medium to allow cytodifferentiation, or require engi-
neered scaffolds and growth factor gradients to establish crypt-
villus domains (Dame et al., 2018; Sato et al., 2011b; VanDussen
et al,, 2015; Wang et al., 2017). Here we show that EGF signaling
members may play a role in such a homeostatic state, given our
findings that NRG1 permits cytodifferentiation while maintaining
stem cells in vitro; however, it was clear that neither EGF- nor
NRG1-grown enteroids possessed crypt-villus architecture.

Our data reveal that the human fetal ISC niche is composed of
multiple cellular sources and highlights a unique role for different
ligands from the EGF family. The resources we provide here lay
the groundwork to further interrogate cellular relationships in the
human fetal intestine, provide an important benchmark for
in vitro experiments, and will inform additional methods to
generate more robust and physiological culture conditions.
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Limitations of Study

Shortly after initial submission of this manuscript, the world
was gripped by a global pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus. This
forced massive shutdowns of biomedical research across
the United States and across the world for many months,
significantly affecting our ability to carry out new experiments.
Fortunately, much of the data for this manuscript were on
hand and allowed us to perform additional computational an-
alyses, and follow-up studies also relied on archival tissue in
the laboratory prior to shutdown. Nonetheless, there were
some limitations imposed by the pandemic; access to new tis-
sue for this study was effectively stopped, and this prevented
plans to isolate different mesenchymal cell populations (i.e.,
F3"/PDGFRAM) to directly test the function of these cells to
support enteroids in vitro. Another clear limitation in this study
(irrespective of the global pandemic) is the limited ability to
carry out experiments in human tissue. Our result in Figure 1,
based on force-directed layouts following implementation of
Harmony, suggests that there are lineage trajectories of
emerging mesenchymal cell populations over time. For
example, our data suggest that cell trajectories change
dramatically and diversify over time (Figures 1D and 1E); how-
ever, without the ability to carry out bona fide lineage tracing,
inferred cell trajectories should be interpreted with caution.
Similarly, the temporal resolution of our data, with datasets
being 1 week or more apart, prohibits certain types of ana-
lyses, such as RNA velocity (La Manno et al., 2018), which
would require much higher temporal resolution to draw mean-
ingful inferences between the time points.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti E-Cadherin (1:500)
Goat anti E-Cadherin (1:100)
Rabbit anti-SM22 (1:500)
Rabbit anti-Ki67 (1:500)

Rabbit anti-LYSOZYME (1:800)
Mouse anti-MUC2 (1:50)
Donkey anti-mouse 488 (1:500)
Donkey anti-rabbit 488 (1:500)
Donkey anti-goat 488 (1:500)
Donkey anti-mouse 647 (1:500)
Donkey anti-rabbit 647 (1:500)

BD Biosciences

R&D systems

Abcam

Lab Vision

DAKO

Santa Cruz Biotechnology
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat#610181; RRID:AB_397580
Cat#AF748; RRID:AB_355568
Cat#ab14106; RRID:AB_443021

Cat# RM-9106-S1; RRID:AB_149792
Cat# A0099; RRID:AB_2341230

Cat# SC-7314; RRID:AB_627970
Cat# 715-545-150; RRID:AB_2340846
Cat# 711-545-152; RRID:AB_2313584
RRID:AB_2336933; Cat# 705-545-147
RRID:AB_2340862; Cat# 715-605-150
Cat# 711-605-152; RRID:AB_2492288

Biological Samples

human fetal intestine University of Washington Laboratory of N/A
Developmental Biology

Chemicals, Peptides, and Recombinant Proteins

EGF R&D 236-EG

NRG1 R&D 5898-NR-050

N-acetylcysteine Sigma A9165-25G

Nicotinamide Sigma N0636-061

Critical Commercial Assays

Neural Tissue Dissociation Kit (P) Miltenyi 130-092-628

RNAscope® Multiplex Fluorescent Reagent ACD 323100

Kit v2

Deposited Data

Raw scRNA-seq data (human fetal This study ArrayExpress: E-MTAB-9489

duodenum)

Raw scRNA-seq data (human intestinal This study ArrayExpress: E-MTAB-9720

enteroids)

Experimental Models: Cell Lines

L-WRN Cells ATCC CRL-3276

Human fetal duodenal enteroids This study N/A

(HT-071, 142d)

Human fetal duodenal enteroids This study N/A

(HT-323, 105d)

Human fetal duodenal enteroids This study N/A

(HT-335 135d)

Software and Algorithms

Scanpy, Ingest
Cellranger

UMAP
Harmony
Prism 8.3.0

Wolf et al., 2018
10x Genomics

Mclnnes et al., 2018
Nowotschin et al., 2019
Graphpad

https://github.com/theislab/scanpy

https://support.10xgenomics.com/single-
cell-gene-expression/software/pipelines/
latest/what-is-cell-ranger

https://github.com/Imcinnes/umap
https://github.com/dpeerlab/Harmony

https://www.graphpad.com/
scientific-software/prism/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Matrigel Corning 354234
RNAscope Probe Hs-DLL1 ACD 532631
RNAscope Probe Hs-PDGFRA-C2 ACD 604481-C2
RNAscope Probe Hs-F3-C2 ACD 407611-C2
RNAscope Probe Hs-F3 ACD 407611
RNAscope Probe Hs-WNT2B ACD 453361
RNAscope Probe Hs-EGF ACD 605771
RNAscope Probe Hs-EGFR ACD 310061
RNAscope Probe Hs-ERBB2-C2 ACD 310081-C2
RNAscope Probe Hs-ERBB3 ACD 311941
RNAscope Probe Hs-NRG1-C2 ACD 311181-C2
RNAscope Probe Hs-RSPO2 ACD 423991
RNAscope Probe Hs-RSPO3-01 ACD 429851
RNAscope Probe Hs-NPY ACD 416671
RNAscope Probe Hs-GPX3-C2 ACD 470591-C2
RNAscope Probe Hs-NRG1-C2 ACD 311181-C2
RNAscope Probe Hs-LGR5 ACD 311021
RNAscope Probe Hs-OLFM4 ACD 311041

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jason R.
Spence (spencejr@umich.edu).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data Code and Availability

Sequencing data generated and used by this study is deposited at EMBL-EBI ArrayExpress. Datasets for human fetal intestine (Ar-
rayExpress: E-MTAB-9489) and human fetal intestinal enteroids (ArrayExpress: E-MTAB-9720) have been deposited. Accession
numbers for deposited data are also provided in the Key Resources Table. Code used to process raw data can be found at
https://github.com/jason-spence-lab/Holloway_Czerwinski_Tsai_2020.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Isolating, establishing and maintaining human fetal enteroids
Fresh human fetal epithelium was isolated and maintained exactly as previously described (Tsai et al., 2018). Briefly, duodenal tissue
was minced into small pieces using a scalpel under sterile conditions. To separate the epithelium from the underlying cell layers,
minced biopsy specimens then were incubated in dispase (STEMCELL Technologies, 07923) for 30 minutes on ice in a Petri dish.
Dispase then was removed and replaced with 100% fetal bovine serum for 15 minutes on ice. To mechanically separate the tissue
layers, a volume of Advanced DMEM/F12 (GIBCO, 12634-028) equal to the initial volume of fetal bovine serum was added to the bi-
opsy tissue before vigorously pipetting the mixture several times. Epithelial fragments then settled to the bottom of the Petri dish
where they were collected manually on a stereoscope by pipet. The epithelium then was washed with ice-cold Advanced DMEM/
F12 and allowed to settle to the bottom of a 1.5 mL tube. The media then was withdrawn from the loose tissue pellet and replaced
with Matrigel. The Matrigel containing the isolated epithelium then was gently mixed to suspend the cells evenly before being pipetted
into individual 50 pL droplets in a 24-well plate. The plate containing the droplets then was incubated at 37°C for 15 minutes to allow
the Matrigel to solidify before adding media.

Once enteroids were established, Matrigel droplets were dislodged from the culture plate and were pipetted in a Petri dish. Healthy
cystic enteroids were manually selected from the Petri dish under a stereoscope to be bulk-passaged through a 30G needle and
embedded in Matrigel (Corning, 354234). For single-cell passaging, healthy cystic enteroids were manually selected under a stereo-
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scope and dissociated with TrypLE Express (GIBCO, 12605-010) at 37°C before filtering through 40 um cell strainers. Cells were then
counted using a hemocytometer (ThermoFisher) and embedded in Matrigel. For some experiments, enteroid lines were derived in the
presence of NRG1 (100 ng/ml) or NRG1 (100 ng/ml) and EGF (100 ng/ml) in addition to the standard EGF (100 ng/ml) conditions in
complete LWRN media (see Media composition).

Media composition

Culture media consisted of LWRN conditioned media generated as previously described (Miyoshi and Stappenbeck, 2013; Tsai et al.,
2018) and human basal media [Advanced DMEM/F12 (GIBCO, 12634-028); Glutamax 4 mM (GIBCO, 35050-061); HEPES 20 mM
(GIBCO, 15630-080); N2 Supplement (2X) (GIBCO, 17502-048), B27 Supplement (2X) (17504-044), Penicillin-Streptomycin (2X)
(GIBCO, 15140-122), N-acetylcysteine (2 mM) (Sigma, A9165-25G), Nicotinamide (20 mM) (Sigma, N0636-061)]. Complete media
was comprised of 25% LWRN and 75% human basal media to which rhEGF (R&D, 236-EG, 100ng/ml) and/or rhNRG1 (R&D,
5898-NR-050, 100ng/ml) was added. For some experiments complete media was used without rhEGF or rhNRG1 as a control.

Human subjects
Normal, de-identified human fetal intestinal tissue was obtained from the University of Washington Laboratory of Developmental
Biology. All human tissue used in this work was de-identified and was conducted with approval from the University of Michigan IRB.

METHOD DETAILS

Experimental design of enteroid cultures

The enteroid experiments in Figures 3 and 4 were carefully conducted to reduce batch effects in scRNA-seq data. All experiments
comparing different treatment groups (i.e., EGF, NRG1, etc.) were carried out in parallel, with experiments and treatments being con-
ducted at the same time. Cells were harvested and dissociated into single cell suspensions in parallel (see below). Since the 10X
Chromium system allows parallel processing of multiple samples at a time, cells were captured (Gel bead-in-Emulsion - GEMS)
and processed (i.e., library prep) in parallel. All samples were sequenced across the same lane(s) on a Novaseq 6000.

Single cell dissociation

To dissociate human fetal tissue to single cells, fetal duodenum was first dissected using forceps and a scalpel in a Petri dish filled
with ice-cold 1X HBSS (with Mg?*, Ca®*). Whole thickness intestine was cut into small pieces and transferred to a 15 mL conical tube
with 1% BSA in HBSS. Dissociation enzymes and reagents from the Neural Tissue Dissociation Kit (Miltenyi, 130-092-628) were
used, and all incubation steps were carried out in a refrigerated centrifuge pre-chilled to 10°C unless otherwise stated. All tubes
and pipette tips used to handle cell suspensions were pre-washed with 1% BSA in 1X HBSS to prevent adhesion of cells to the plas-
tic. Tissue was treated for 15 minutes at 10°C with Mix 1 and then incubated for 10 minute increments at 10°C with Mix 2 interrupted
by agitation by pipetting with a P1000 pipette until fully dissociated. Cells were filtered through a 70um filter coated with 1% BSAin 1X
HBSS, spun down at 500 g for 5 minutes at 10°C and resuspended in 500ul 1X HBSS (with Mg?*, Ca®*). 1 mL Red Blood Cell Lysis
buffer was then added to the tube and the cell mixture was placed on a rocker for 15 minutes in the cold room (4°C). Cells were spun
down (500 g for 5 minutes at 10°C) and washed twice by suspension in 2 mL of HBSS + 1% BSA, followed by centrifugation. Cells
were counted using a hemocytometer, then spun down and resuspended to reach a concentration of 1000 cells/pL and kept on ice.
Single cell libraries were immediately prepared on the 10x Chromium by the University of Michigan Advanced Genomics Core facility
with a target of 5000 cells. The same protocol was used for single cell dissociation of healthy cystic enteroids manually collected
under a stereoscope. A full, detailed protocol of tissue dissociation for single cell RNA sequencing can be found at http://www.
jasonspencelab.com/protocols.

Single cell library preparation and transcriptome alignment

All single-cell RNA-seq sample libraries were prepared with the 10x Chromium Controller using either the v2 or v3 chemistry.
Sequencing was performed on an lllumina HiSeq 4000 or NovaSeq 6000 with targeted depth of 100,000 reads per cell. Default align-
ment parameters were used to align reads to the pre-prepared hg19 human reference genome provided by the 10X Cell Ranger pipe-
line. Initial cell demultiplexing and gene quantification were also performed with the default 10x Cell Ranger pipeline.

Primary tissue collection, fixation and paraffin processing

Human fetal intestine tissue samples were collected as ~0.5 cm fragments and fixed for 24 hours at room temperature in 10% Neutral
Buffered Formalin (NBF), and washed with UltraPure Distilled Water (Invitrogen, 10977-015) for 3 changes for a total of 2 hours. Tissue
was dehydrated by an alcohol series diluted in UltraPure Distilled Water (Invitrogen, 10977-015). Tissue was incubated for 60 minutes
each solution: 25% Methanol, 50% Methanol, 75% Methanol, 100% Methanol. Tissue was stored long-term in 100% Methanol at
4°C. Prior to paraffin embedding, tissue was equilibrated in 100% Ethanol for an hour, and then 70% Ethanol. Tissue was processed
into paraffin blocks in an automated tissue processor (Leica ASP300) with 1 hour changes overnight.
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Enteroid collection, fixation and paraffin processing

Enteroids were allowed to grow in Matrigel for several days following passaging. Once established, Enteroids in Matrigel were trans-
ferred gently with a cut pipette P1000 tip into a Petri dish filled with cold DMEM/F12. Enteroids are then manually dissected from Ma-
trigel under a dissecting stereomicroscope using fine forceps and transferred to a microcentrifuge tube. Enteroids are left upright for
several minutes until they gravity sediment to at the bottom of the tube, at which time as much media as possible is gently withdrawn.
Histogel (Thermo-scientific, HG-4000-012) is slowly added to cover the enteroids following the manufacturers protocol. Once Histogel
has solidified, Histogel-embedded enteroids are transferred to a 5 mL conical tube and fixed in 10% NBF overnight at room temper-
ature. Once fixed, they are processed into paraffin as described above, sectioned and staining for FISH and IF described below.

Multiplex Fluorescent In Situ Hybridization (FISH) and immunofluorescence (IF)

Paraffin blocks were sectioned to generate 5 pm-thick sections within a week prior to performing in situ hybridization. All materials,
including the microtome and blade, were sprayed with RNase-away solution prior to use. Slides were baked for 1 hour in a 60°C dry
oven the night before and stored at room temperature in a slide box with a silicone desiccator packet, and with seams sealed using
parafilm. The fluorescent in situ hybridization protocol was performed according to the manufacturer’s instructions (ACD; RNAscope
multiplex fluorescent manual protocol, 323100-USM) under standard antigen retrieval conditions and 30 minute protease treatment.
Immediately following the HRP blocking for the C2 channel of the FISH, slides were washed three times for 5 minutes in PBS, then
transferred to blocking solution (5% Normal Donkey Serum in PBS with 0.1%Tween-20) for 1 hour at room temperature. Slides were
then incubated in primary antibodies overnight at 4°C in a humidity chamber. The following day, excess primary antibodies were
rinsed off through a series of PBS washes. Secondary antibodies and DAPI (1 ng/ml) were added and slides were incubated at
room temperature for 1 hour. Excess secondary antibodies were rinsed off through a series of PBS washes, and slides were mounted
in ProLong Gold (TermoFisher, P36930). A list of antibodies and concentrations can be found in the Key Resources Table. All imaging
was done using a NIKON A1 confocal and images were assembled using Photoshop CC. Z stack series were captured and compiled
into maximum intensity projections using NIS-Elements (Nikon). Imaging parameters were kept consistent for all images within the
same experiment and any post-imaging manipulations were performed equally on all images from a single experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell in silico analysis

All in silico analyses downstream of gene quantification were done using Scanpy with the 10x Cell Ranger derived gene by cell
matrices (Wolf et al., 2018). For primary human tissue sample analysis in Figures 1 and 2, all samples were filtered to remove cells
with less than 1000 or greater than 9000 genes, less than 3500 or greater than 25000 unique molecular identifier (UMI) counts per cell.
Ambient/background signal was removed from the data using CellBender. “Remove-background” was used at 200 epochs to re-
move ambient RNA counts from all fetal intestine samples, and the de-noised data matrix was used for subsequent analysis (Fleming
et al., 2019). De-noised data matrix read counts per gene were log normalized prior to analysis. After log normalization, 2000-3000
highly variable genes were identified and extracted. The normalized expression levels then underwent linear regression to remove
effects of total reads per cell and cell cycle genes, followed by a z-transformation. Dimension reduction was performed using prin-
cipal component analysis (PCA) and then uniform manifold approximation and projection (UMAP) on the top 9 principal components
(PCs) and 30 nearest neighbors for visualization on 2 dimensions (Mclnnes et al., 2018; Polanski et al., 2020). Clusters of cells within
the data were calculated using the Louvain algorithm within Scanpy with a resolution of 0.6. For Figures 1 and 2, combined time series
data for mesenchymal and epithelial cells were integrated using Harmony to generate augmented affinity matrices and plotted as
force-directed layouts with ForceAtlas2 (Jacomy et al., 2014; Nowotschin et al., 2019).

For Figures 3 and 4, all samples were filtered to remove cells with too few or too many genes (Figure 3 - <2000, > 9000; Figures 4D-
4J < 250, > 8000; Figures 4K and 4L < 500, > 3000) or with high unique molecular identifier (UMI) counts per cell (Figure 3 - 100000;
Figure 4 —10000), and a fraction of mitochondrial genes greater than 0.1-0.25. Data matrix read counts per gene were log normalized
prior to analysis. After log normalization, 2000-3000 highly variable genes were identified and extracted. For Figure 3, the normalized
expression levels then underwent linear regression to remove effects of total reads per cell and mitochondrial transcript fraction. Data
was then scaled by z-transformation. Dimension reduction was performed using principal component analysis (PCA) and then uni-
form manifold approximation and projection (UMAP) on the top 11-20 principal components (PCs) and 15-30 nearest neighbors for
visualization on 2 dimensions (Mclnnes et al., 2018; Polanski et al., 2020). Clusters of cells within the data were calculated using the
Louvain algorithm within Scanpy with a resolution of 0.2-0.4. Following initial PCA dimension reduction and UMAP visualization,
further de-noising was not carried out for this analysis given the distinct cell clusters. In some cases, accompanying graphs were
generated from summarizing the scRNA-seq data using Prism 8 software (Graphpad).

Scanpy’s Ingest functionality was used to map enteroids onto primary human fetal epithelial cells. Epithelial cells were identified (as
in Figure S1) and extracted from a data matrix to include 828 intestinal epithelial cells from ages 101, 122, 127, and 132 days (ArrayEx-
press: E-MTAB-9489). Epithelial cells were annotated using canonical genes (Table S3). The extracted epithelial cell matrix then
again underwent log normalization, variable gene extraction, z-transformation and dimension reduction to obtain a reference embed-
ding. Ingest was then run to project each of the individual enteroid datasets onto the epithelial reference map.
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Supplemental Figure 1. Cell cluster annotation of primary human fetal intestine
specimens profiled by scRNA-seq. Related to Figure 1. (A) Dotplot of canonical genes
associated with major cell classes for each sample sequenced: Neurons (S7100B, PLP1,
STMN2, ELAVL4); endothelium (CDH5, KDR, ECSSR, CLDNS5); mesenchyme (COL1A1,
COL1A2, DCN, ACTA2, TAGLN, MYLK); epithelium (EPCAM, CDH1, CDX2, CLDN4); immune
(PTPRC, HLA-DRA, ARHGDIB, CORO1A). Age is shown as days (d) post conception. (B)
Mesenchymal cells from each timepoint were computationally extracted, re-clustered, and
visualized using UMAP for each sample. Clusters are represented by different colors (Note:
colors do not represent the same cell type for each sample). (C) Feature plots of individual
genes for various mesenchymal subpopulations are shown, including DLL1, PDGFRA, F3, NPY,
GPX3, and TAGLN. (D) Feature plots of additional individual genes for various lineages are
shown, including DCN, COL1A1, COL1A2, ACTA2, FRZB, SOXG6 plotted onto the force-directed
layout presented in Figure 1C.
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Supplemental Figure 2. Related to Figures 1 and 2. Lower magnification imaging for
spatial characterization of mesenchymal subpopulations and ISC niche factors. (A) Lower
magnification image of multiplex FISH for F3 (pink), PDGFRa (green) and IF for ECAD (blue) in
developing human intestine (representative data shown from n = 2 biological replicates, 120d
fetal sample shown). The white box indicates region that presented in Figure 1G. (B) Multiplex
FISH demonstrating co-expression of F3 (pink) and NRG1 (green) in developing human
intestine (representative data shown from n = 1 biological replicates of 132d sample). (C)
Multiplex FISH demonstrating co-expression of F3 (pink), FRZB (green) and IF for SM22 (blue)
in developing human intestine (representative data shown from n = 2 biological replicates, 132d
fetal sample shown). (D) Multiplex FISH for NPY (pink) and F3 (green) in developing human
intestine (representative data shown from n = 1 biological replicates of 132d sample). The upper
white box indicates region that presented in Figure 1G. Note the lack of expression of NPY by
subepithelial cells in the developing crypt region. (E) Multiplex FISH for DLL1 (pink) and F3
(green) in developing human intestine (representative data shown from n = 1 biological
replicates of 132d sample). The lower white box indicates region that presented in Figure 1G.
(F) Lower magnification image of multiplex FISH for RSPO2, RSPO3, and WNT2B (pink) and
F3 (green) and IF for SM22 (blue) in developing human intestine (representative data shown
from n = 2 biological replicates, 120d fetal sample shown). The white boxes indicate region that
presented in Figure 2C. (G) Lower magnification image of multiplex FISH for EGFR (pink),
ERBB2 (green), and ERBB3 (red) and IF for ECAD (blue) in developing human intestine
(representative data shown from n = 1, 132d biological replicate). White boxes indicate regions
that presented in Figure 2F. (H) Representative images of multiplex FISH using commercial
negative control probes (Cy3 and Cy5 channels), and IF for SM22 (blue) in developing human
intestine to demonstrate tissue autofluorescence of by red blood cells and epithelium. Low level
autofluorescence is consistently detected in the villus tip epithelium and blood cells (asterisk) for
the 488 (pseudocolored blue) and Cy3 (pseudocolored pink) channels. Cy5 (pseudocolred
green) is usually free of autofluorescence. All scalebars represent 25 pym.
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Supplemental Figure 3. Related to Figure 2. Investigation of EGF family ligand expression
by scRNA-seq. (A) Feature plots displaying mesenchymal expression of additional EGF-family
ligands NRG2, NRG3, NRG4, TGFA, HBEGF, AREG, BTC, EPGN, and EREG plotted onto the
force-directed layout presented in Figure 1C. (B) Feature plots from each developmental
specimen for EGF, NRG1, and F3 interrogating expression in the entire scRNA-seq data set for
each sample. Superimposed outlines demarcate epithelial (ep — blue), mesenchymal (m —
green), neuronal (n -yellow), immune (i - purple), and endothelial (EC - pink) lineages.
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Supplemental Figure 4. Enteroids established in NRG1 can be passaged at similar
efficiencies to those established in standard EGF conditions. Related to Figure 4. (A)
Stereomicroscope images at passage (P) P1, P2, P4, and P5 in EGF (100ng/ml), NRG1
(100ng/ml), or both EGF (100ng/ml) and NRG1 (100ng/ml). Representative data shown from n
=1, 105d biological replicate. Scalebars represent 500um. (B) Stereoscope images of enteroids
after single-cell passaging 1,000 or 10,000 cells at P2 and growth in EGF (100ng/ml), NRG1
(100ng/ml), or both EGF (100ng/ml) and NRG1 (100ng/ml). Representative data from n=1
biological replicate, 105d fetal specimen derived enteroids. Scalebars represent 1 mm. (C)
Quantification of number enteroids formed from 1,000 single cells. Each data point represents 1
well of enteroids (n=5 technical replicates). Data are potted as mean + SEM for each condition.
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