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 23 

SUMMARY 24 

 25 

The human intestinal stem cell (ISC) niche supports ISC self-renewal and epithelial function, yet 26 

little is known about the development of the human ISC niche. We used single-cell mRNA 27 

sequencing (scRNA-seq) to interrogate the human intestine across 7-21 weeks of gestation. 28 

Using these data coupled with marker validation in situ, molecular identities and spatial 29 

locations were assigned to several cell populations that comprise the epithelial niche, and the 30 

cellular origins of many niche factors were determined. The major source of WNT and 31 

RSPONDIN ligands were ACTA2+ cells of the muscularis mucosa. EGF was predominantly 32 

expressed in the villus epithelium and the EGF-family member NEUREGULIN1 (NRG1) was 33 

expressed by subepithelial mesenchymal cells. Functional data from enteroid cultures showed 34 

that NRG1 improved cellular diversity, enhanced the stem cell gene signature, and increased 35 

enteroid forming efficiency, whereas EGF supported a secretory gene expression profile and 36 

stimulated rapid proliferation. This work highlights unappreciated complexities of intestinal 37 

EGF/ERBB signaling and identifies NRG1 as a stem cell niche factor.  38 

 39 

 40 

INTRODUCTION 41 

 42 

The stem cell niche within a tissue is required to regulate stem cell maintenance, self-renewal 43 

and differentiation (Scadden, 2006). The niche is made up of both physical and chemical cues, 44 
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including the extracellular matrix (ECM), cell-cell contacts, growth factors and other small 45 

molecules such as metabolites (Capeling et al., 2019; Cruz-Acuña et al., 2017; Gjorevski et al., 46 

2016). Understanding the niche within various tissues has been central to understanding how 47 

tissues are maintain homeostasis, and for understanding how disease may occur (Van de 48 

Wetering et al., 2002). Further, establishing proper in vitro niche conditions has allowed the 49 

growth and expansion of gastrointestinal tissue-derived stem cells in culture (Dedhia et al., 50 

2016; Kretzschmar and Clevers, 2016). For example, through understanding that WNT signaling 51 

is important for maintaining intestinal stem cell (ISC) homeostasis (Muncan et al., 2006; Pinto et 52 

al., 2003; Sansom et al., 2004), blockade of BMP signaling by NOGGIN (NOG) promotes 53 

ectopic crypt formation (Haramis et al., 2004), and EGF is a potent stimulator of proliferation 54 

(Goodlad et al., 1987; Ulshen et al., 1986), it was determined that WNTs, RSPONDINs 55 

(RSPOs), NOG and EGF can be utilized to expand and maintain ISCs in culture as 3-56 

dimensional intestinal organoids (Ootani et al., 2009; Sato et al., 2009, 2011). This same 57 

information has been leveraged to expand and culture human pluripotent stem cell derived 58 

intestinal organoids in vitro (Finkbeiner et al., 2015; Spence et al., 2011; Wells and Spence, 59 

2014).  60 

 61 

Although a wealth of information about the signaling environment within the ISC niche has 62 

informed our understanding of ISC regulation, and that this information has been leveraged to 63 

grow epithelium-only intestinal organoids (herein referred to as enteroids) in vitro, it is also clear 64 

that current in vitro systems are still not optimized to most accurately reflect the in vivo 65 

environment. Efforts have been ongoing to improve the in vitro physical environment through 66 

biomimetic ECM (Capeling et al., 2019; Cruz-Acuña et al., 2017; Gjorevski et al., 2016), and by 67 

adjusting signaling cues to more accurately reflect the in vivo niche (Fujii et al., 2018). More 68 

recently, single cell technologies have started to reveal unprecedented amounts of information 69 

about the cellular heterogeneity of human tissue and the ISC niche during health and disease 70 

(Kinchen et al., 2018; Martin et al., 2019; Smillie et al., 2019), and will undoubtedly yield 71 

substantial information about cell types and niche cues that regulate ISCs in various contexts.  72 

 73 

Here, we set out to better understand the cellular diversity and niche cues of the developing 74 

human intestine using scRNA-seq to describe the transcriptional signatures and using 75 

fluorescent in situ hybridization (FISH) and immunofluorescence (IF) to define the location of 76 

cells that make up the ISC niche. We sought to interrogate the cellular source of known stem 77 

cell niche factors. We determined that a major source of WNT and RSPO ligands are most 78 

highly expressed in the ACTA2/TAGLN+ smooth muscle cells of the muscularis mucosae that 79 

reside just below the proliferative crypt domains. We further determined that EGF is most 80 

abundantly expressed, not in the mesenchyme, but by the enterocytes of the villus epithelium, 81 

several cell diameters away from the proliferative region of the crypt. We identified a 82 

subepithelial population of cells that lines the entire villus-crypt axis, marked by a 83 

PDGFRAHI/DLL1HI/F3HI expression profile, and found that these cells express the EGF-family 84 

ligand NEUREGULIN1 (NRG1). Given that NRG1 is expressed in mesenchymal cells adjacent 85 

to the proliferative crypts, we tested the effect of both EGF and NRG1 on fetal human duodenal 86 

enteroids and found that EGF potently stimulated proliferation, while NRG1 supports enhanced 87 

cell-type diversity. A combination of NRG1 plus low concentrations of EGF supported enhanced 88 
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cell-type diversity, improved stem cell gene expression, and markedly improved enteroid 89 

forming efficiency. Together, these results suggest that NRG1 is an essential niche cue and can 90 

be used to more accurately mimic the human ISC in vivo niche in enteroid cultures. 91 

 92 

RESULTS 93 

 94 

Interrogating the developing human small intestine with single cell resolution.  95 

Given that little is known about mesenchymal cell heterogeneity within the fetal human intestine, 96 

we aimed to better understand the mesenchymal cell populations that make up the developing 97 

human ISC niche. To do this, we obtained samples of human fetal duodenum starting just after 98 

the onset of villus morphogenesis (gestational day 47; 47d) with samples interspersed up to the 99 

midpoint (132d) of typical full-term gestation (280d) (Figure S1A-B). Major physical changes 100 

occur throughout this developmental window with rapid growth in length and girth and 101 

morphologic hallmarks are noted including the formation of villi and crypt domains within the 102 

epithelium and increased organization and differentiation of smooth muscle layers within the 103 

mesenchyme (Chin et al., 2017) (Figure S1A). 104 

 105 

In order to capture the full complement of cell types that contribute to the developing human 106 

intestine, we dissociated full thickness intestinal tissue from 8 duodenal specimens ranging 107 

between gestational day 47d-132 and used scRNA-seq to sequence 3,248 – 9,197 cells per 108 

specimen. 37,058 total cells were used in the analysis after passing computational quality 109 

filtering (Figure S1B). From these 37,058 cells, each time point was randomly downsampled to 110 

contain between 3,000-3,200 cells per timepoint to avoid analytical bias from any 111 

overrepresented stage. Following dimensional reduction and visualization with UMAP (Becht et 112 

al., 2019; Wolf et al., 2018), we used individual known cell type marker genes, or gene sets 113 

applied to a cell scoring system, in order to identify major cell classes including epithelial, 114 

mesenchymal, endothelial, enteric nervous and immune cells (Figure S1D-E, see Methods). By 115 

using both individual genes and gene sets, we identified clusters 0, 1, 2, 4 and 7 as non-116 

immune or vascular mesenchymal cells, which were then computationally extracted for further 117 

analysis (Figure 1), thus excluding epithelial, neuronal, endothelial and immune cells from 118 

downstream analysis.  119 

 120 

Re-clustering and UMAP visualization of extracted mesenchymal cells led to the identification of 121 

8 predicted mesenchymal cell clusters (Clusters 0-7, Figure 1A). We began to assign cell 122 

identities to these clusters by examining genes known to be expressed in different intestinal 123 

mesenchymal cell populations, and by uncovering and validating new markers. We identified 124 

prominent clusters of cells (Cluster 0 and 3) that we identify as fibroblasts based on their 125 

expression of COLLAGEN genes (COL1A1, COL1A2) and DECORIN (DCN), combined with 126 

low-level expression of smooth muscle associated genes such as ACAT2 and TAGLN (Figure 127 

1A) (Kinchen et al., 2018). Perivascular cells (Cluster 7) were identified by expression of RGS5 128 

and PDGFRB as recently described via scRNA-seq analysis in the adult human intestine 129 

(Kinchen et al., 2018); Interstitial Cells of Cajal (ICCs, Cluster 1) were identified by ANO1 and 130 

KIT expression (Gomez-Pinilla et al., 2009; Hwang et al., 2009); Smooth muscle cells (SMCs, 131 

Cluster 5) were identified by high expression of ACTA2 and TAGLN; and we identified two 132 
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population of cells that are defined broadly by the expression of the NOTCH ligand DELTA-LIKE 133 

1 (DLL1) (Clusters 2 and 4), which also expressed PDGFRA and F3 (Figure 1A-B). F3 was 134 

recently shown to be expressed in a population of mesenchymal cells that is adjacent to the 135 

human colonic epithelium (Kinchen et al., 2018). Clusters 2 and 4 were each enriched for 136 

unique markers as well, such as NPY (Cluster 4) and GPX3 (Cluster 2) (Figure 1A-B).  137 

 138 

In order to understand how cell populations identified in Cluster 2 139 

(GPX3+/PDGFRALO/DLL1LO/F3LO) and Cluster 4 (NPY+/PDGFRAHI/DLL1HI/F3HI) are spatially 140 

organized within the tissue, we used a combinatorial staining approach, utilizing multiplexed 141 

fluorescent in situ hybridization (FISH) and immunofluorescence (IF) to demonstrate that 142 

DLL1HI/F3HI cells sit adjacent to both the crypt and villus epithelium (Figure 1C, Figure S2), with 143 

NPY+ cell restricted to the subepithelial cells lining the villus (Figure 1C), but not that of the 144 

crypt (Figure S2). GPX3, which was expressed in the Cluster 2 PDGFRALO/DLL1LO/F3LO cells, 145 

was most abundant in cells within the core of intestinal villi (Figure 1C). Cells expressing GPX3 146 

are observed sitting adjacent to NPY+ cells, and although scRNA-seq suggested that GPX3+ 147 

cells express low levels of F3, F3 mRNA was not abundant in the villus core via FISH (Figure 148 

1C). 149 

 150 

Mesenchymal cell lineages emerge across developmental time.  151 

In order to get an idea of how gene expression patterns and cell populations may change over 152 

developmental time, we examined how different developmental time points contributed to each 153 

mesenchymal cluster (Figure 1D). We observed that cellular complexity appears to emerge and 154 

expand over time. At 47d, the NPY+/PDGFRAHI/DLL1HI/F3HI cells are entirely absent from the 155 

intestinal mesenchyme (Figure 1D, Cluster 4 - pink), and other cell populations (Clusters 156 

0,2,3,5,6,7) make up a very small proportion of cells at this time, with the majority of 47d cells 157 

belonging to Cluster 1. Expression of DLL1, F3, NPY and GPX3 were non-detectable at 47d 158 

(Figure 1E). NPY+/PDGFRAHI/DLL1HI/F3HI Cluster 4 cells first become apparent at 59d (Figure 159 

1E), and robust GPX3 expression is not observed until 80d or later. Based on the emergence of 160 

cell populations after 47d, these data suggest that mesenchymal heterogeneity increases over 161 

time, with cells after 80d distributing to all clusters (Figure 1D).  162 

 163 

Identifying putative human ISC niche factors in the developing gut. 164 

It has been demonstrated that several niche factors allow adult and developing human and 165 

murine intestinal epithelium to be cultured ex vivo as organoids (Capeling et al., 2019; 166 

Finkbeiner et al., 2015; Fordham et al., 2013; Hill et al., 2017; Kraiczy et al., 2017; Sato et al., 167 

2009, 2011). These factors often include WNT and RSPO ligands, BMP/TGFβ antagonists and 168 

EGF, and are based on defined growth conditions that allow expansion of intestinal epithelium 169 

in vitro (Sato et al., 2009, 2011). Efforts have been made to determine more physiological niche 170 

factors for in vitro culture systems based on observed in vivo niche cues (Fujii et al., 2018), 171 

however these attempts at characterization have yet to fully leverage new high resolution 172 

technologies such as scRNA-seq. To identify putative niche factors we first determined which 173 

cells within the human fetal intestine expressed various known niche factors. We then identified 174 

the cellular origin of each niche factor in silico with scRNA-seq data, and validated these 175 

findings spatially in tissue sections using FISH/IF (Figure 2). We observed that 176 
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NPY+/PDGFRAHI/DLL1HI/F3HI Cluster 4 subepithelial cells, and GPX3+/PDGFRALO/DLL1LO/F3LO 177 

Cluster 2 cells that localize to the villus core lack robust expression of most known niche factors 178 

(Figure 2A). RSPO2, RSPO3 and WNT2B are expressed most highly by the ACTA2HI/TAGLNHI 179 

Cluster 5 cells, and not expressed by the  PDGFRAHI/DLL1HI/F3HI subepithelial Cluster 4 cells 180 

(Figure 2A, Figure S3), and expression of additional WNT and RSPO ligands was not detected. 181 

IF for the protein product of TAGLN (SM22), combined with FISH for RSPO2, RSPO3 or 182 

WNT2B revealed expression of these ligands within the SM22+ cells located below the 183 

proliferative crypt/intervillus domain as well as by other fibroblast populations further away from 184 

the epithelium, consistent with scRNA-seq data (Figure 2B, Figure S3).  185 

 186 

The TGFβ-family inhibitors NOG and CHRD appeared at low levels with NOG slightly enriched 187 

in ACTA2+/TAGLN+ smooth muscle cells by scRNA-seq. However, scRNA-seq data 188 

demonstrated more prominent expression of GREM2, and to a lesser extent GREM1, by the 189 

ACTA2+/TAGLN+ population implicating them as the dominant TGFβ-family inhibitors 190 

expressed in the human fetal intestine (Figure S3C). We also noted that EGF, was not robustly 191 

expressed within the mesenchymal population (Figure 2A). EGF is critical for epithelial 192 

proliferation in vitro, as inhibition of EGF has been demonstrated to induce a state of 193 

quiescence in LGR5+ ISCs in murine organoids (Basak et al., 2017). To further interrogate 194 

whether EGF is expressed in the developing intestine, or if other EGF-family members may be 195 

present, we examined expression of EGF and EGF-family members in the entire data set, 196 

including epithelium, immune, vasculature and enteric neurons (Figure S1B-D). We observed 197 

that EGF is expressed in a small subset of differentiated EPCAM+/ALPL+ epithelial enterocytes 198 

(Figure 2C-D), a finding that was supported using co-FISH/IF and showed EGF is robustly 199 

expressed only in the villus epithelium (Figure 2E, Figure S2B), several cell diameters above the 200 

MK67+ crypt region (Figure S2D).  201 

 202 

ERBB pathway members are expressed in sub-epithelial niche cells. 203 

To investigate whether other EGF/ERBB family members are expressed, we surveyed 204 

expression of all known EGF-family member ligands and ERBB receptors in the single cell data 205 

(Figure 2D). We found that another ERBB ligand, NRG1 is enriched in the 206 

PDGFRAHI/DLL1HI/F3HI subepithelial cells in both the villus and the crypt (Figure 2D-E). Co-207 

FISH/IF supported the single cell data, showing that EGF is nearly undetectable in the crypt 208 

region, but that NRG1 is expressed in sub-epithelial cells adjacent to the crypt (Figure 2E, 209 

Figure S2D). The ERBB receptors, including EGFR, ERBB2 and ERBB3 were expressed 210 

throughout the epithelium (Figure 2E).  211 

 212 

NRG1 enhances stem cell gene expression, and reduces proliferation associated gene 213 

expression.  214 

Based on the expression pattern of NRG1, we hypothesized that it may act as an ERBB niche 215 

signaling cue and may be physiologically relevant in vitro based on its localization and proximity 216 

to ISCs within the developing intestine in vivo. To interrogate the effects of NRG1 and EGF on 217 

the intestinal epithelium, we split human fetal duodenum derived epithelium-only intestinal 218 

enteroids in culture using standard growth conditions (WNT3A/RSPO3/NOG plus EGF, see 219 

Methods) into two groups. One group of enteroids was cultured in standard media with EGF 220 
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(100ng/mL), the other was grown without EGF and was instead supplemented with NRG1 221 

(100ng/mL)(Figure 3A). Following growth for 5 days in EGF or NRG1, enteroids did not appear 222 

phenotypically different (Figure 3A), but each group was subjected to scRNA-seq to investigate 223 

transcriptional responses between groups. Despite varying only EGF or NRG1 in the culture, we 224 

observed a strong shift in gene expression between the two groups as visualized in UMAP plots 225 

illustrated by near complete independent clustering of cells by culture media composition 226 

(Figure 3B). At the transcriptional level, NRG1 cultured enteroids increased stem cell marker 227 

gene expression including OLFM4 and LGR5 (Figure 3C-D), while proliferation associated gene 228 

expression (MKI67, TOP2A) was lower relative to enteroids grown in EGF (Figure 3C-D).  229 

 230 

To functionally evaluate the observation that proliferation was reduced in NRG1 treated 231 

enteroids, we bulk passaged enteroids by fragmentation with a 30-gauge needle (see Methods) 232 

and then allowed them to expand for 3 days in standard (EGF 100ng/mL) growth conditions. We 233 

then removed EGF for 24 hours, dissociated enteroids into a single-cell suspension and plated 234 

5,000 cells per droplet of Matrigel. Immediately upon seeding single cells, we added standard 235 

growth media supplemented with no-EGF (control), with EGF (100ng/mL) only, with NRG1 236 

(100ng/mL) only or with NRG1 (100ng/mL) and a low concentration (1ng/mL) of EGF. After 237 

allowing single cells to expand for 10 days, we observed almost no enteroid recovery in the no-238 

EGF control nor in the NRG1-only supplemented cultures. In cultures supplemented with EGF 239 

(100ng/mL) we observed robust growth, and adding just 1ng/mL EGF rescued the recovery 240 

defect seen in the NRG1-only group (Figure 3E).  241 

 242 

Long-term enteroid growth in NRG1 is associated with increased epithelial diversity in 243 

vitro.  244 

The previous experiment was conducted with enteroids that had been established and 245 

expanded in long-term culture with EGF, and the experimental data (Figure 3) suggested that 246 

these cultures were highly dependent on EGF. To determine the effects of different EGF-family 247 

members on establishment and long-term growth of enteroids, we cultured freshly isolated 248 

epithelium with EGF, NRG1 or a combination of EGF and NRG1 (Figure 4A). We used these 249 

cultures to carry out imaging, quantitative enteroid forming assays and scRNA-seq (Figure 4A). 250 

Isolated intestinal crypts were placed in Matrigel with culture medium containing no EGF/NRG1 251 

(control), or containing NRG1 (100 ng/ml) plus increments of EGF (1-100ng/ml). Enteroids were 252 

successfully established from intestinal crypts under all conditions (Figure 4B). We noted that 253 

enteroids grown in high levels of EGF were phenotypically distinct from those grown in high 254 

NRG1 and low EGF, where high doses of EGF resulted in a cystic morphology, while NRG1 255 

with zero or low (1ng/mL) EGF condition had much smaller and condensed morphology (Figure 256 

4B-C). All conditions successfully underwent serial passaging, with the exception of the controls 257 

(no EGF/NRG1), which failed to expand beyond initial plating (Passage 0; P0) (Figure 4C). To 258 

determine the effects of different growth conditions on enteroid forming ability, we performed a 259 

quantitative single cell passaging assay on surviving cultures at P2. To do this, we dissociated 260 

the four remaining treatment groups into single cells and plated either 10,000 single cells 261 

(Figure 4D) or 1,000 single cells (Figure 4D) per droplet of Matrigel, allowed cultures to grow for 262 

11 days, and quantified the number of recovered enteroids per 1,000 single cells (Figure 4D’). 263 

All groups included 100ng/mL NRG1, and groups with 0 and 10ng/mL of EGF led to a ~1% 264 
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enteroid forming efficiency, whereas the 100ng/mL EGF group had ~0.5% enteroid forming 265 

efficiency and the 1ng/mL EGF condition led to a ~5.6% enteroid forming efficiency (Figure 4D’).  266 

 267 

Given the morphological differences between cultures grown in NRG1 with no/low EGF and 268 

high EGF, we wanted to interrogate the molecular differences between the groups. We 269 

therefore generated scRNA-seq data for each group, and sequenced 3,448 cells grown in 270 

0ng/mL EGF, 3,405 cells grown in 1ng/mL EGF, 1,932 cells grown in 10ng/mL EGF and 1,884 271 

cells grown in 100ng/mL EGF. tSNE dimensional reduction suggested that enteroids grown in 272 

low EGF (0, 1 ng/mL) clustered together, whereas enteroids grown in higher EGF (10, 273 

100ng/mL) clustered together (Figure 4E). We further examined individual genes expressed in 274 

the various samples that are associated with the absorptive (FABP1, FAPB2, RBP2), secretory 275 

(LYZ, PRSS1, TFF1, TFF2) and stem cell populations (YBX1, OLFM4) as depicted in boxen 276 

plots (letter-value plots) (Hofmann et al., 2017) (Figure 4F). We observed that low-EGF 277 

conditions had higher expression of individual absorptive and stem cell markers whereas high-278 

EGF conditions had higher expression of secretory markers, including those associated with the 279 

gastric epithelium (TFF1, TFF2) (Lennerz et al., 2010; Leung et al., 2002; Newton et al., 2000) 280 

(Figure 4F). By defining gene sets based on well-established ISC, absorptive enterocyte, 281 

secretory cell, enteroendocrine cell and M-cell marker genes (Haber et al., 2017), we combined 282 

low EGF (0-1ng/mL) and high EGF (10-100ng/mL) treatment groups and generated a score for 283 

each cell-type within each set of EGF treatment groups (Figure 4G). The high EGF group 284 

appeared to score homogenously for stem cell, absorptive and secretory genes across most cell 285 

clusters, whereas the low-EGF group appeared to contain more clearly distinct populations of 286 

enterocytes, enteroendocrine, stem and secretory cells (Figure 4G). In order to quantitatively 287 

determine if the low EGF group had a higher cell-type diversity, we examined the percent of 288 

cells from each group (low EGF vs. high EGF) in the 90th quantile of each cell-type score 289 

(Figure 4H). These data supported the notion that enteroids cultured under conditions with 290 

NRG1 (100ng/mL) and low EGF (0-1ng/mL) possessed a higher proportion of enteroendocrine 291 

cells (EEC), enterocytes and stem cells, but had fewer secretory cells compared to enteroids 292 

grown in high EGF conditions.  293 

Taken together, our data demonstrates that EGF strongly promotes proliferation in enteroids 294 

generated from the developing human intestine, but that at high doses (10-100ng/mL), induces 295 

reduced cellular diversity, with the majority of cells tending to skew towards the transcriptional 296 

signature of  secretory cells, including genes that are normally associated with gastric secretory 297 

cells. In contrast, enteroids grown in NRG1 with low EGF have enhanced cellular diversity. 298 

DISCUSSION 299 

Subepithelial niche cells in the developing human intestine. We observed that WNT2B, 300 

RSPO2 and RSPO3are expressed in the muscularis mucosae in the human fetal intestine,  a 301 

muscle layer that is located close to the base of the epithelium. This is a unique finding when 302 

compared to recent single cell studies in the adult human colon, and compared to findings in the 303 

mouse. In the adult human colon, a source of WNT and RSPO external to the muscular 304 

mucosae has been identified as WNT2B/RSPO3+ fibroblasts (Smillie et al., 2019), whereas in 305 

mice the predominant source of RSPO3 are PDGRFA+ cells in the small intestine (Greicius et 306 

al., 2018), or MYH11+ myofibroblasts in the colon (Harnack et al., 2019). In addition, the 307 
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identification of the Foxl1+ telocyte has represented a major advance in elucidating the cells 308 

and sources of many niche factors in the murine intestinal stem cell niche (Aoki et al., 2016; 309 

Shoshkes-Carmel et al., 2018). When Foxl1+ cells are genetically ablated, the crypt collapses, 310 

and these cells have been shown to be a major source of several niche factors, including 311 

WNT2B and WNT5A, and while they also express RSPO3, it was also demonstrated that non-312 

telocytes also express RSPO3 (Shoshkes-Carmel et al., 2018). It remains to be seen if there is 313 

a unique expression pattern in the adult human small intestine and/or if there are changes in the 314 

cellular sources for WNT2B and RSPO2/3 as development progresses; however, as the gross 315 

anatomical structure of the intestine observed in the fetal stages starting at 80 days of gestation 316 

and onward is maintained into adulthood (i.e. crypt-villus axis, muscle layers) it is possible that 317 

there are dramatic differences across species and regions of the gut for the major niche cells.  318 

In the current work, we identify a subepithelial cell that lines the entire crypt-villus axis, marked 319 

by high levels of DLL1, F3 and PDGFRA expression. These cells can be further sub-divided 320 

using the marker NPY, which is expressed in the villus (NPY/DLL1/F3) but not the crypt. Within 321 

the DLL1/F3 transcriptional signature, we also observed robust expression of FRZB and SOX6 322 

(Figure S3), which have previously been described in the human colon as a subepithelial cell 323 

population that expresses several WNT family members (WNT5A, WNT5B) and several BMP 324 

family members (BMP2, BMP5) (Kinchen et al., 2018). Thus, while the focus of the current 325 

manuscript is on EGF-family members, it is likely that the niche signaling role for the DLL1HI/F3HI 
326 

is more complex, and may involve secretion of activators and inhibitors of several other 327 

signaling pathways.  328 

Establishing signaling gradients along the crypt-villus axis. While difficult or impossible to 329 

test in human tissue, one could speculate that the robust levels of EGF expressed in the villus 330 

epithelium coupled with NRG1 expression in subepithelial cells along the crypt-villus axis help to 331 

establish, in effect, a gradient of EGF/NRG1 signaling by differential receptor 332 

binding/dimerization in different domains. For example, high NRG1 is expressed in the crypt-333 

associated subepithelial cells, with low/no EGF being expressed in the in the crypt domain, 334 

whereas both NRG1 and lower levels of EGF are present in the putative TA zone, Finally, high 335 

NRG1 and high EGF is likely present in the villus, based on FISH data, but this area would also 336 

have the lowest levels of RSPO and WNT, given our localization data showing that  337 

ACTA2+/SM22+ cells of the lamina propria express undetectable levels of these genes, and 338 

that these ligands are produced in ACTA2+/SM22+ cells near the base of the crypt. In an 339 

attempt to mirror these in vivo expression patterns, in vitro experiments suggest that varying 340 

levels of NRG1 and EGF can drive different enteroid phenotypes, cellular diversity and stem cell 341 

function (enteroid forming efficiency) in conditions replete with WNT/RSPO/NOG. Given that 342 

EGF expression is highest in the villus epithelium, one might speculate that EGF normally acts 343 

as a differentiation factor given its expression in vivo coupled with our data showing that 344 

enteroids grown in >10ng/mL EGF had a molecular profile that was shifted toward a secretory 345 

lineage, including expression of Trefoil factor (TFF) genes canonically associated with the 346 

gastric epithelium.  347 

Taken together, our data reveals that the human fetal intestinal stem cell niche is composed of 348 

multiple cellular sources, and highlights a unique role for different ligands from the EGF family. 349 
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The resources we provide here lay the groundwork to further interrogate cellular relationships in 350 

the human fetal intestine, provide an important benchmark for in vitro experiments, and will 351 

inform additional methods to generate more robust and physiologic culture conditions.  352 
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METHODS 389 

 390 

Isolating,  establishing and maintaining human fetal enteroids: 391 

Fresh human fetal epithelium was isolated and maintained as previously described (Tsai et al., 392 

2018). Once enteroids were established, healthy cystic enteroids were manually selected under 393 
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a stereoscope and bulk-passaged through a 30G needle and embedded in Matrigel (Corning, 394 

354234). For single-cell passaging, healthy cystic enteroids were manually selected under a 395 

stereoscope and dissociated with TrypLE Express (Gibco, 12605-010) at 37°C before filtering 396 

through 40µm cell strainers. Cells were then counted using a hemocytometer (ThermoFisher) 397 

and embedded in Matrigel.  398 

 399 

Media composition:   400 

Culture media consisted of 25% LWRN conditioned media generated as previously described 401 

(Miyoshi and Stappenbeck, 2013; Tsai et al., 2018) and 75% Human 2X basal media [Advanced 402 

DMEM/F12 (Gibco, 12634-028); Glutamax 4 mM (Gibco, 35050-061); HEPES 20 mM (Gibco, 403 

15630-080); N2 Supplement (2X) (Gibco, 17502-048), B27 Supplement (2X) (17504-044), 404 

Penicillin-Streptomycin (2X) (Gibco, 15140-122), N-acetylcysteine (2 mM) (Sigma, A9165-25G), 405 

Nicotinamide (20 mM) (Sigma, N0636-061)]. This culture media was the base media for the 406 

eight culture conditions with varied concentrations of rhEGF (R&D, 236-EG) and rhNRG1 (R&D, 407 

5898-NR-050) as follows: 100 ng/mL EGF with 0, 1, 10, and 100 ng/mL NRG1; 100 ng/mL 408 

NRG1 with 0, 1, and 10 ng/mL EGF; and culture media with neither EGF nor NRG1. 409 

 410 

Human subjects:  411 

Normal, de-identified human fetal intestinal tissue was obtained from the University of 412 

Washington Laboratory of Developmental Biology. All human tissue used in this work was de-413 

identified and was conducted with approval from the University of Michigan IRB 414 

  415 

Single cell dissociation:  416 

To dissociate human fetal tissue to single cells, fetal duodenum was first dissected using 417 

forceps and a scalpel in a petri dish filled with ice-cold 1X HBSS (with Mg2+, Ca2+).  Whole 418 

thickness intestine was cut into small pieces and transferred to a 15 mL conical tube with 1% 419 

BSA in HBSS. Dissociation enzymes and reagents from the Neural Tissue Dissociation Kit 420 

(Miltenyi, 130-092-628) were used, and all incubation steps were carried out in a refrigerated 421 

centrifuge pre-chilled to 10ºC unless otherwise stated. All tubes and pipette tips used to handle 422 

cell suspensions were pre-washed with 1% BSA in 1X HBSS to prevent adhesion of cells to the 423 

plastic. Tissue was treated for 15 minutes at 10ºC with Mix 1 and then incubated for 10 minute 424 

increments at 10ºC with Mix 2 interrupted by agitation by pipetting with a P1000 pipette until 425 

fully dissociated. Cells were filtered through a 70µm filter coated with 1% BSA in 1X HBSS, 426 

spun down at 500g for 5 minutes at 10ºC and resuspended in 500µl 1X HBSS (with Mg2+, Ca2+). 427 

1 mL Red Blood Cell Lysis buffer was then added to the tube and the cell mixture was placed on 428 

a rocker for 15 minutes in the cold room (4ºC). Cells were spun down (500g for 5 minutes at 429 

10ºC), and washed twice by suspension in 2 mL of HBSS + 1% BSA, followed by centrifugation. 430 

Cells were counted using a hemocytometer, then spun down and resuspended to reach a 431 

concentration of 1000 cells/µL and kept on ice. Single cell libraries were immediately prepared 432 

on the 10x Chromium at the University of Michigan Sequencing Core facility with a target of 433 

5000 cells. The same protocol was used for single cell dissociation of healthy cystic enteroids 434 

manually collected under a stereoscope. A full, detailed protocol of tissue dissociation for single 435 

cell RNA sequencing can be found at www.jasonspencelab.com/protocols. 436 

 437 
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Single cell library preparation 438 

All single-cell RNA-seq sample libraries were prepared with the 10x Chromium Controller using 439 

either the v2 or v3 chemistry. Sequencing was performed on an Illumina HiSeq 4000 or 440 

NovaSeq with targeted depth of 100,000 reads per cell. Initial cell demultiplexing and gene 441 

quantification were performed with the default 10x Cellranger pipeline using the pre-prepared 442 

hg19 reference.  443 

Primary tissue collection, fixation and paraffin processing  444 

Human fetal intestine tissue samples were collected as ~0.5 cm fragments and fixed for 24 445 

hours at room temperature in 10% Neutral Buffered Formalin (NBF), and washed with UltraPure 446 

Distilled Water (Invitrogen, 10977-015) for 3 changes for a total of 2 hours. Tissue was 447 

dehydrated by an alcohol series diluted in UltraPure Distilled Water (Invitrogen, 10977-015). 448 

Tissue was incubated for 60 minutes each solution: 25% Methanol, 50% Methanol, 75% 449 

Methanol, 100% Methanol. Tissue was stored long-term in 100% Methanol at 4oC. Prior to 450 

paraffin embedding, tissue was equilibrated in 100% Ethanol for an hour, and then 70% 451 

Ethanol.  Tissue was processed into paraffin blocks in an automated tissue processor (Leica 452 

ASP300) with 1 hour changes overnight.  453 

 454 

Multiplex Fluorescent In Situ Hybridization (FISH) 455 

Paraffin blocks were sectioned to generate 5 µm-thick sections within a week prior to performing 456 

in situ hybridization. All materials, including the microtome and blade, were sprayed with 457 

RNase-away solution prior to use. Slides were baked for 1 hour in a 60ºC dry oven the night 458 

before, and stored overnight at room temperature in a slide box with a silicone desiccator 459 

packet, and with seams sealed using parafilm. The in situ hybridization protocol was performed 460 

according to the manufacturer’s instructions (ACD; RNAscope multiplex fluorescent manual 461 

protocol, 323100-USM) under standard antigen retrieval conditions and 30 minute protease 462 

treatment. Immediately following the HRP blocking for the C2 channel of the FISH, slides were 463 

washed three times for 5 minutes in PBS, then transferred to blocking solution (5% Normal 464 

Donkey Serum in PBS with 0.1%Tween-20) for 1 hour at room temperature. Slides were then 465 

incubated in primary antibodies overnight at 4oC in a humidity chamber. The following day, 466 

excess primary antibodies were rinsed off through a series of PBS washes. Secondary 467 

antibodies and DAPI (1 µg/ml) were added and slides were incubated at room temperature for 1 468 

hour. Excess secondary antibodies were rinsed off through a series of PBS washes, and slides 469 

were mounted in ProLong Gold (TermoFisher, P36930).  A list of antibodies and concentrations 470 

can be found in the Key Resources Table.  All imaging was done using a NIKON A1 confocal 471 

and images were assembled using Photoshop CC. Z-stack series were captured and compiled 472 

into maximum intensity projections using NIS-Elements (Nikon). Imaging parameters were kept 473 

consistent for all images within the same experiment and any post-imaging manipulations were 474 

performed equally on all images from a single experiment.  475 

 476 

Single-cell in silico analysis 477 

All in silico analyses downstream of gene quantification was done using Scanpy with the 10x 478 

Cellranger derived gene by cell matrices (Wolf et al., 2018). All samples were filtered to remove 479 

cells with less than 1000 or greater than 9000 genes, and less than 3500 or greater than 25000 480 

counts per cell. Raw read counts per gene were scaled and log normalized prior to analysis. 481 
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Fetal tissue samples were batch corrected using BBKNN prior to dimensional reduction by 482 

principal component calculation and UMAP (McInnes et al., 2018; Polański et al., 2019). Genes 483 

were not included in the analysis if they were not sufficiently statistically invariable between 484 

cells. Clusters of cells within the combined full time-course of data were calculated using the 485 

Louvain algorithm within Scanpy with a resolution of 0.6. Cell type scoring was done with the 486 

native Scanpy score_genes() scoring function, as previously reported. Fetal tissue cell type 487 

scoring was conducted based on gene lists of established markers for each cell type and newly 488 

defined markers of submucosal and subepithelial cells (see supplemental data for gene 489 

lists)(Satija et al., 2015). Cell type scoring for in vitro grown enteroids was done based on gene 490 

lists derived from human homologs of cell type specific gene lists from Haber et al., 2017 (Haber 491 

et al., 2017) (see supplemental data for enteroids cell type gene lists). 492 

 493 

DATA AND CODE AVAILABILITY 494 

 495 

All code used for single cell analysis and data presentation is available via Github at: 496 

(https://github.com/jason-spence-lab/fetal_intestine). Submission of raw sequencing data is in 497 

process, for inquiries contact authors. 498 

 499 
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Figure Legends 649 

 650 

Figure 1. Mesenchymal heterogeneity in the developing human duodenum 651 

A)  UMAP plot of 13,847 computationally extracted mesenchymal cells identified 8 652 

mesenchymal sub-populations, which were annotated using expression of known and unknown 653 

genes, shown in the dot plot (right panel). Dot size indicates the proportion of cells in each 654 

cluster expressing the gene, with the color indicating mean expression level (normalized z-655 

score). B) Feature plots show that ACTA2 and DLL1 largely mark separate populations, and 656 

DLL1 expressing cells can be further characterized based on expression of F3, NPY or GPX3. 657 
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Cells with zero expression are shown in gray. C) Multiplexed fluorescent in situ hybridization 658 

staining of 132d human fetal intestine to show spatial localization of mesenchymal 659 

subpopulations (clusters 2 and 4). Left panel: DLL1 (magenta), F3 (green), DAPI (gray) ; Middle 660 

panel: NPY (magenta), F3 (green), DAPI (gray); Right panel:  NPY (magenta) and GPX3 661 

(green) do not co-localize in villi, DAPI (gray). Dashed line defines the epithelial-mesenchymal 662 

boundary. Scalebars depicted represent 25µm. D) UMAP plots of cells separated by 663 

developmental time to assess the relative emergence of mesenchymal subpopulations, Early 664 

Stage (day 47) right, Mid Stages (days 59 and 72) middle and late stages (days 80, 101, 122, 665 

127, 132) left. E) Dotplot of smooth muscle cells and villus mesenchyme markers during 666 

development. Dot size represents the proportion of cells in each cluster expressing the marker, 667 

with the color showing expression level (normalized z-score). 668 

 669 

Figure 2. Interrogating stem cell niche factors in human intestinal mesenchyme 670 

Dot plot showing smooth muscle, and villus mesenchyme markers alongside known ISC niche 671 

factors. Dot size represents the proportion of cells in each cluster expressing the marker, with 672 

the color showing mean expression (normalized z-score). Red box highlights the absence of 673 

EGF expression B) Co-fluorescent in situ hybridization and immunofluorescent staining of 132d 674 

fetal human intestine. WNT2B, RSPO2 and RSPO3 colocalize with SM22 protein (gene name 675 

TAGLN), a smooth muscle marker. Scalebars represent 25µm. C) UMAP plots of the entire data 676 

set (epithelium, mesenchyme, immune, neuronal, endothelial). Feature plots depicting the 677 

epithelial-specific (EPCAM+) expression of EGF. Within the epithelium, EGF is expressed by 678 

enterocytes (ALPL+) but is excluded from stem cells (LGR5+). Cells with zero expression are 679 

shown in gray. D) Dot plots showing gene expression of markers for stem cells (LRG5, OLFM4), 680 

enterocytes (FABP2, SI and DPP4), subepithelial mesenchyme (F3, NPY) and smooth muscle 681 

(ACTA2, and TAGLN) are shown alongside EGF family ligands and ERBB receptors. E) Co-682 

fluorescent in situ hybridization and protein staining of 140d human intestine to determine the 683 

localization of EGF-family ligands (EGF and NRG1) and ERBB receptor expression. Protein 684 

localization of SM22 (blue) is shown alongside EGF and NRG1 (green, left) and DAPI (gray). 685 

Dashed line defines the epithelial-mesenchymal boundary. Protein staining for ECAD (blue) 686 

marks the epithelium in FISH staining for ERBB family receptors EGFR (magenta), ERBB2 687 

(yellow) and ERBB3 (red) and DAPI (gray) in each, right. All scalebars depicted represent 688 

25µm. 689 

 690 

Figure 3. EGF and NRG1 drive strong transcriptional shifts in short term enteroid 691 

cultures. 692 

A) Schematic of experimental design (top). Stereoscope images of enteroids after 5 days of 693 

100ng/ml EGF (left) or 100ng/ml NRG1 (right). B) UMAP plot of combined EGF-treated and 694 

NRG1-treated enteroids reveals treatment-dependent clustering. C) Dot plot depicting 695 

expression of stem (LRG5, OLFM4) and proliferation (MKI67, TOP2A) markers in EGF and 696 

NRG1 treated enteroids. Dot size represents the proportion of cells in each cluster expressing 697 

the marker, with the color showing mean expression level (normalized z-score). D) Feature plots 698 

demonstrating OLFM4 and MKI67 expression E) Schematic of experimental design (top). 699 

Stereoscope images of enteroids after single-cell passaging and growth with varying 700 

concentrations of EGF and/or NRG1. All scalebars depicted represent 500µm. 701 
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 702 

Figure 4. Establishment of new enteroid lines in NRG1 and low EGF increases cell type 703 

diversity in vitro. 704 

A) Schematic of experimental design. B-C) Stereoscope images of human fetal intestinal 705 

enteroid cultures established and grown in various concentrations of EGF with NRG1 after the 706 

first (P1) or second passage (P2). D-D’) Stereoscope images of 10,000 cells (D) and 707 

quantification of 1,000 cells(D’) of enteroid forming efficiency of P2 enteroids after single cell 708 

passaging in various concentrations of EGF. Data is plotted as the mean +/- SEM. Statistically 709 

significant variation in means was calculated using a one-way ANOVA (alpha=0.05) followed by 710 

Tukey’s multiple comparisons test of the mean of each group to the mean of every other group. 711 

Data are from a single experiment. Estimated p values are reported as follows: * p<0.05; ** 712 

p<0.01, *** p<0.001, **** p<0.0001. E) tSNE plot of scRNAseq results from enteroids grown in 713 

the presence of constant NRG1 (100 ng/ml) and varying concentrations of EGF (0, 1, 10, or 714 

100ng/ml). F) Letter-value (Seaborn boxen) plot showing extended quantile data of gene 715 

expression for absorptive (FABP1, FABP2, RBP2), stem (YBX1, OLFM4) and secretory (LYZ, 716 

PRSS1, TFF1, TFF2) enriched genes across EGF treatment groups in the presence of NRG1 717 

(100 ng/ml). G) tSNE plots depicting cellular diversity using cell-type scores for enteroendocrine, 718 

enterocyte, stem, M-cell, and secretory cells present in enteroids grown in low EGF (0-1ng/ml) 719 

and high EGF (10-100ng/ml) conditions. H) Percent of cells, per treatment group, that score at 720 

or above the 0.9 quantile of all cells in low EGF and high EGF treatment groups. All scalebars 721 

depicted represent 500µm. 722 
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