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SUMMARY

We present a single-cell transcriptomic atlas of epithelial
cells from the duodenum to descending colon using 3 intact

healthy adult organs. Thorough analyses provide differen-
tially expressed/functional genes, regional differences, mu-

rine model comparisons, and gene sets highlighting
potential receptor-ligand and drug-target interactions

BACKGROUND & AIMS: Single-cell transcriptomics offer un-
precedented resolution of tissue function at the cellular level,
yet studies analyzing healthy adult human small intestine
and colon are sparse. Here, we present single-cell tran-
scriptomics covering the duodenum, jejunum, ileum, and
ascending, transverse, and descending colon from 3 human
beings.

METHODS: A total of 12,590 single epithelial cells from 3
independently processed organ donors were evaluated for
organ-specific lineage biomarkers, differentially regulated
genes, receptors, and drug targets. Analyses focused on
intrinsic cell properties and their capacity for response to

extrinsic signals along the gut axis across different human
beings.

RESULTS: Cells were assigned to 25 epithelial lineage clusters.
Multiple accepted intestinal stem cell markers do not specif-
ically mark all human intestinal stem cells. Lysozyme expres-
sion is not unique to human Paneth cells, and Paneth cells lack
expression of expected niche factors. Bestrophin 4 (BEST4)"
cells express Neuropeptide Y (NPY) and show maturational
differences between the small intestine and colon. Tuft cells
possess a broad ability to interact with the innate and adaptive
immune systems through previously unreported receptors.
Some classes of mucins, hormones, cell junctions, and nutrient
absorption genes show unappreciated regional expression dif-
ferences across lineages. The differential expression of re-
ceptors and drug targets across lineages show biological
variation and the potential for variegated responses.

CONCLUSIONS: Our study identifies novel lineage marker
genes, covers regional differences, shows important differences
between mouse and human gut epithelium, and reveals insight
into how the epithelium responds to the environment and
drugs. This comprehensive cell atlas of the healthy adult human
intestinal epithelium resolves likely functional differences
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across anatomic regions along the gastrointestinal tract and
advances our understanding of human intestinal physiology.
(Cell Mol Gastroenterol Hepatol 2022;13:1554-1589; https://
doi.org/10.1016/j.jcmgh.2022.02.007)

Keywords: scRNAseq; Cell Atlas; Intestinal Stem Cell; Paneth
Cell; BEST4.

C olloquially called the gut, the small intestine (SI)
and colon are distinct organs with overlapping and
unique roles in maintaining health. The gut lumen is lined
by epithelial stem and differentiated cells that renew
weekly.1 Cellular roles include absorption, ion balance,
hormone production, mucus production, and signaling
through the luminal-epithelial-immune axis. Although
physiological functions vary along the gut, how lineages
differ across the SI-colon axis is poorly understood.

Single-cell RNA sequencing (scRNAseq) approaches have
provided unprecedented transcriptomic resolution of cells
and have shown unappreciated cellular heterogeneity. Hu-
man intestinal scRNAseq studies often analyze individual
regions, with studies on adult colonic,”” ileal,®® and
duodenal® epithelium available. One study compared adult
human ileum and regionally unspecified colon,® and a recent
report compiled a regional mosaic using multiple donor
samples yet had few donors for some regions and provided
a limited epithelial analysis.'’ Several human gut regions
have sparse scRNAseq analysis available, with no scRNAseq
studies analyzing differences among regions within the
human SI or colon.

Here, we comprehensively survey adult human gut
epithelium using transplant-grade organs. scRNAseq li-
braries were prepared from epithelial cells from duodenum,
jejunum, ileum, and ascending (AC), transverse (TC), and
descending (DC) colon from 3 donors. This experimental
design provides a robust library that avoids intradonor
batch effects and allows comparisons between all 6 regions
across the same 3 individual patients. Using this data set, we
probe understudied human lineages including Paneth cells
(PCs), Bestrophin 4 (BEST4)" cells, and follicle-associated
epithelium (FAE). We define comprehensive transcrip-
tional signatures for lineages along the entire gut and
generate regional atlases of functional gene families. We
further probe how lineages might be affected by extrinsic
signaling through mapping receptor families and analyzing
primary gene targets of approved drugs.

Results
Sample Processing

We define SI and colon as organs, and duodenum,
jejunum, ileum, AC, TC, and DC as regions. Intestinal tracts
were obtained from 3 disease-free organ donors (Figures 14
and 2), with a pathologist verifying healthy mucosa.
Epithelium from each region was dissociated to single cells
using cold protease to preserve RNA integrity and cells were
flow-sorted to exclude dead cells and doublets before
sequencing. Cells from each region were stained with cell
hashtag antibody-oligo conjugates'’'? to multiplex regions
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for library preparation and sequencing, then cells from all
regions per donor were sorted concurrently to avoid
intradonor batch effects and reduce cost. Readouts were
filtered for minimum and maximum total counts and
maximum mitochondrial gene reads to exclude tran-
scriptomes of low-read count cells, multiplets, and likely
dead cells, respectively. Hashtag deconvolution allowed for
more stringent filtering against clusters and contaminating
messenger RNA (mRNA) than available in other studies,
with cells positive for multiple hashtags removed to filter
out likely multiplets or cells contaminated with RNA from
other cells. After filtering, transcriptional readouts for
12,590 total cells were obtained (Figure 2), with consistent
read depth (11,378 reads per cell) and gene counts (2851
genes per cell) seen across regions.

Donor data sets were individually processed and then
combined. Principal components were integrated with
Harmony® before dimensional reduction and Leiden clus-
tering.'* Most lineages formed SI- and colon-specific clus-
ters, suggesting functional differences between organs. One
cluster expressed PC and goblet cell (GC) markers, so sub-
clustering resolved these lineages (Figure 3). Our final data
set identifies all lineages by organ (Figure 1B). The inte-
grated data set shows overlapping cell distributions from
each donor and region within all major lineages, showing
that postsequencing hashtag deconvolution preserves tran-
scriptomic features across batches (Figure 1C-E). Cell
counts for each region show that all 3 donors contributed
approximately one third (33%) of the total cells analyzed
for each region and no individual donor provided the ma-
jority of cells for any specific region, with each donor
providing 20%-48% of the total cells for every region
(Figure 2).

To define transcriptional signatures for each lineage, we
calculated differentially expressed genes (DEGs) in both
organs for each lineage (Supplementary Table 1). We also
identified DEGs consistently enriched across all 6 regions
and in all 3 donors, defining DEGs that are lineage-specific
regardless of position in the SI or colon (Supplementary
Table 2). This statistical evaluation provides previously
unavailable transcriptional signatures for all lineages across
the human SI and colon epithelium (Figure 1F and G).

*Authors share co-first authorship.

Abbreviations used in this paper: AC, ascending colon; ACC, absorp-
tive colonocyte; AE, absorptive enterocyte; BEST4 ™, Bestrophin 4; DC,
descending colon; DEG, differentially expressed genes; dPBS, Dul-
becco’s phosphate-buffered saline; EEC, enteroendocrine cell; FAE,
follicle-associated epithelium; GC, goblet cell; Gl, gastrointestinal;
IBD, inflammatory bowel disease; icGC, intercrypt goblet cell; IL,
interleukin; ISC, intestinal stem cell; LPS, lipopolysaccharide; M-cell,
microfold cell; mRNA, messenger RNA; PAGA, partition-based graph
abstraction; PC, Paneth cell; scRNAseq, single-cell RNA sequencing;
SI, small intestine; TA, transit amplifying; TC, transverse colon.
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Figure 1. Sample processing. (A) Schematic for isolating single epithelial cells from 6 intestinal regions for 3 donors and then
using hashtag antibodies to sequence cells from all regions side-by-side. (B) UMAP of all analyzed cells in 25 lineage clusters.
See Figure 19 for clearly marked clusters. (C—E) UMAP of all cells colored by (C) donor or (D and E) region. (F and G) Heatmaps
showing unique markers for major lineages in (F) Sl and (G) colon. See Supplementary Table 1 for total DEGs for each lineage.
Schematics in panel A were created with BioRender.com. Duo, Duodenum; FACS, fluorescence-activated cell sorter; lle,
lleum; Interm, intermediate; Jej,Jejunum; Sec. Prog., Secretory Progenitor; UMAP, Uniform Manifold Approximation and
Projection.
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A Donor Characteristics B Cells collected per donor region
Donor Sex Age Race BMI | Intestinal Status Total Cells |Donor 1| Donor 2| Donor 3
Donor 1 Male 29 White 36.4 Healthy Duodenum 2115 687 423 1005
Donor 2 Male 45 White 52.2 Healthy Jejunum 2612 869 961 782
Donor 3 Male 53  |African American| 25 Healthy lleum 2609 918 1097 594
Asc. Colon 1746 733 557 456
C Small intestinal lineages collected per donor Trans. Colon 2171 567 1042 562
Total Cells| Donor 1 Donor 2 Donor 3 Desc. Colon 1337 556 385 3%
Mature AE 1569 607 372 590
Intermediate AE 1443 631 302 510
EArly AE 1237 455 498 284 D Colonic lineages collected per donor
IsC 873 239 448 186 Total Cells{Donor 1 Donor 2 Donor 3
AE2 591 35 113 443 Early ACC 1464 783 533 148
TA 397 111 259 27 Goblet 1189 157 435 597
Goblet 388 77 184 127 Late ACC 552 292 126 134
BEST4 339 148 73 118 Tuft 524 191 230 103
Tuft 184 81 94 9 TA 518 140 344 34
TA2 105 29 67 9 BEST4 477 92 81 304
EEC 72 19 25 28 ISC 385 178 171 36
Sec. Progenitors 70 34 12 24 EEC 82 15 22 45
Paneth 49 8 15 26 Sec. Progenitors 63 8 42 13
FAE 19 0 19 0
Small Intestinal lineages per donor region
Donor 1 Donor 2 Donor 3
E Cell Type Total #| Duodenum| Jejunum lleum Duodenum| Jejunum lleum Duodenum| Jejunum lleum
Mature Abs. Enterocytes 1569 43 192 372 20 33 319 278 311 1
Intermediate Abs. Enterocytes | 1443 262 164 205 15 42 245 368 138 4
Early Abs. Enterocytes 1237 190 171 94 116 246 136 141 99 44
Stem Cells 873 90 96 53 112 299 37 90 75 21
Abs. Enterocytes 2 591 0 13 22 30 71 12 2 0 441
Transit Amplifying Cells 397 40 50 21 29 69 161 17 4 6
Goblet Cells 388 10 44 23 44 106 34 28 65 34
BEST4 Cells 339 18 68 62 12 28 33 49 45 24
Tuft Cells 184 8 29 44 21 25 48 2 5 2
Transit Amplifying 2 105 10 17 2 11 15 41 3 5 1
Enteroendocrine Cells 72 11 5 3 8 10 7 10 14 4
Secretory Progenitors 70 4 14 16 0 7 5 10 9 5
Paneth Cells 49 1 6 1 1 8 6 7 12 7
FAE Cells 19 0 0 0 4 2 13 0 0 0
Colon lineages per donor region
Donor 1 Donor 2 Donor 3
F Cell Type Total # | Asc. Colon | Trans. Colon|Desc. Colon| Asc. Colon |Trans. Colon | Desc. Colon| Asc. Colon [Trans. Colon|Desc. Colon
Late Abs. Colonocytes 552 93 99 100 22 82 22 29 76 29
Early Abs. Colonocytes 1464 314 254 215 128 283 122 33 64 51
Stem Cells 385 68 72 38 63 79 29 10 12 14
Transit Amplifying Cells 518 76 29 35 55 233 56 15 12 7
Goblet Cells 1189 65 27 65 182 207 46 215 224 158
Secretory Progenitors 63 4 1 3 15 23 4 6 6 1
BEST4 Cells 477 26 28 38 21 38 22 100 111 93
Tuft Cells 524 76 55 60 65 90 75 31 39 33
Enteroendocrine Cells 82 11 2 2 6 7 9 17 18 10

Figure 2. Patient characteristics and cell counts. (A) Donor information. (B) Cells collected per donor region. (C) Small
intestinal lineages collected per donor. (D) Colonic lineages collected per donor. (E) Small intestinal lineages per donor region.
(F) Colonic lineages per donor region. Abs., Absorptive; Asc., Ascending; BMI, body mass index; Desc., Descending; Trans.,

Transverse.

Proliferative Cells

We found that human intestinal stem cells (ISCs)
significantly expressed classic markers LGR5, ASCL2,
SLC12A2, and RGMB (Figure 4A and B).">'7 SM0C2'® was
not a DEG in SI ISCs because PCs unexpectedly were
found to express it at higher levels (see Paneth Cell
section). Although in situ hybridization was used in a

previous report that concluded that OLFM4 marks human
colonic ISCs,"” our results showed colonic OLFM4 levels
were higher in transit-amplifying (TA) cells (Figure 4C),
consistent with mouse studies.'® RARRES2, a retinoid-
response gene with no reported association to the gut
epithelium, was enriched in colon ISCs, with low SI ISC
expression (Figure 4B).
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B Splitting EEC and secretory progenitors into Sl and colon
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Figure 3. Determining final lineage clusters. (A) Initial Leiden clustering for all cells. (B) Splitting EEC and secretory pro-
genitors by organ. (C and D) An ITLN1-high cluster, all from Sl, contains cells expressing PC markers (DEFA5, DEFAG6, ITLN2,
LYZ) along with cells expressing the GC marker MUC2. (C) cluster defined by ITLN7; (D) UMAP expression of PC and GC
markers within the ITLN7-high cluster. (E) Subclustering to define Paneth and Goblet cells. (F) Dotplot showing expression of
classic PC and GC genes across the new PC and GC clusters. UMAP, Uniform Manifold Approximation and Projection.

SI ISCs had 68 DEGs compared with other SI clusters,
whereas colon ISCs displayed 109 DEGs compared with
other colon clusters (Supplementary Table 1, Figure 5). We
identified 46 ISC DEGs enriched across both organs, defining
an ISC transcriptional signature spanning SI and colon
(Supplementary Table 2). This signature includes classic ISC
markers and 30 ribosomal genes, consistent with tran-
scriptional regulation by ribosomes shown in other stem
cell populations.”’"** To identify ISC DEGs conserved be-
tween human beings and mice, we compared our 68-gene SI
ISC signature with a mouse ISC signature defined by bulk
RNA sequencing of flow-sorted Leucine Rich Repeat Con-
taining G Protein-Coupled Receptor 5 (Lgr5™) cells."® Sur-
prisingly, only 11 genes overlapped between the signatures
(Figure 4D), although it is unclear whether this reflects
species differences or the higher stringency of scRNAseq
and computational analysis compared with bulk sequencing
of cells sorted using a fluorescent reporter. Conserved genes

included classic markers: LGR5, OLFM4, ASCL2, RGMB,
SLC12A2, and MYC; genes with known ISC function: RNF43,
ZBTB38, VDR, and CDK6; and 1 gene absent in ISC literature:
TRIMZ24. These SI, colon, and full-gut ISC signatures under-
line key similarities and differences in proximal-distal hu-
man ISCs.

Leiden clustering separated SI TA cells undergoing S/G2
cell-cycle phases (TA) and M-phase (TA2) (Supplementary
Tables 3 and 4). We found that DEGs shared across SI TA,
SI TA2, and colon TA cells (Figure 4E) were involved in the
cell cycle, mitochondrial biogenesis, and ribosomal RNA
processing, consistent with the increased mitochondrial
load and translation seen because stem cells differentiate in
various systems.””**"*® Several organ-specific markers of
differentiated lineages (Figure 6) were enriched unexpect-
edly in their respective SI or colon ISC and TA populations
(Figure 4F), hinting that ISCs are transcriptionally primed
for organ-specificity instead of existing in a pan-intestinal
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state. This is consistent with adult rodent SI ISCs producing
daughter cells specific to their originating organ when
engrafted into alternative sites.”>*” Studies defining region/
organ-specific chromatin or transcriptomic differences in
human ISCs were not found; thus, these genes may aid in
studying early differentiation and chromatin dynamics.
Trajectory analyses computationally investigate lineage
transitions and have been used previously to describe
mouse physiology.”” ' We used partition-based graph
abstraction (PAGA), which analyzes transcriptomic similar-
ity between individual cells in different clusters, to define
total connection strength (connectivity) between progenitor
and differentiated populations and to infer temporal lineage
trajectories.®” As expected, absorptive enterocytes (AEs)
and absorptive colonocyte (ACCs) are strongly and almost
exclusively connected to ISCs and TA cells,”** while PCs,
GCs, and enteroendocrine cells (EECs) connect strongly to
the secretory progenitor population (Figure 4G and H).
Consistent with murine findings, tuft cells connect weakly
but exclusively to secretory progenitors in colon but not in
SL>**> Conversely, SI BEST4" cells connect weakly but
exclusively to secretory progenitors while colonic BEST4"
cells connect strongly to TA cells. Because the strength of a
connection depends directly on the number of cells
analyzed, future studies that enrich for secretory pro-
genitors and immature but lineage-committed, crypt-base
populations are needed to further strengthen these findings.
Predicted regional cell-cycle phase distributions®® were
analyzed in proliferative lineages (Figure 4I-K). ISCs
showed high G1- and S-phase across regions,” while highly
proliferative TA cells largely existed in the S and G2/M. TC
showed lower proportions of TA cells in G2/M than
jejunum, reflecting regional differences seen in rodents.**
Secretory progenitors showed increasing S phase proxi-
mally to distally and higher G1 proportion than TA cells.

Paneth Cells

Murine PCs play important niche-supporting and
antimicrobial roles,®” yet little scRNAseq analysis covers
human PCs. Our data include 49 human PCs, 10 times
more than analyzed in recent literature.” PCs were
defined wusing DEFA5, DEFA6, ITLN2, and PLA2G2A
(Figure 7A). Because PCs cluster alongside GCs and share
LYZ expression with BEST4" cells, classic markers were
plotted to confirm PC identity (Figure 7C). Surprisingly,
the murine marker LYZ was not unique to human PCs,
with expression also seen in BEST4" cells and high
expression in FAE (Figure 7B). This is consistent with LYZ
expression found in fetal human organoids not expected
to form PCs.*® Other human intestinal scRNAseq reports
also have indicated that LYZ mRNA is not unique to PCs,
with 1 report showing that LYZ is not a top PC DEG® and
another showing LYZ as a DEG for M cells,'® consistent
with our findings (Figure 7B, Supplementary Table 1).
This indicates that although human PCs indeed express
LYZ, the presence of this gene product alone is insufficient
to determine PC identity or presence. Importantly, our
data indicate the cells designated as PCs in a recent
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scRNAseq publication® are actually BEST4" cells because
they are marked by high LYZ, SPIB, BEST4, and CA?7.
Similarly, the colonic Paneth-like cells reported in the
study likely also are BEST4" cells. The rarity of PCs in
scRNAseq data (<1% here and elsewhere’), and the
presence of LYZ mRNA in other lineages in addition to
PCs, highlights the precise lineage attribution needed
when defining human PCs.

Murine PCs express ISC niche factors including Wnt3,
Wnt11, Tgfa, Egf, Dll1, Rspo1, and DIi4,%*272%*° but 1 report
showed human PCs express no WNT3/11.° Our data confirm
this and showed no measurable EGF or RSPO1 and minimal
TGFA (Figure 7D). DLL1 and DLL4 are both expressed higher
in secretory progenitors (Figure 7D). We found no intestinal
growth factors enriched in PCs (Figure 7E), suggesting hu-
man PCs are not major niche-supporting cells. This agrees
with nonepithelial sources of WNTs and growth factors in

the human niche**** and echoes mouse biology, where PCs
support ISCs®” yet are unnecessary for niche
maintenance.’”****

Unexpectedly, SMOC2, a murine ISC marker,'® was
expressed highest in PCs, with other markers shown as
restricted to ISCs in mouse (LGR5, ASCL2, RGMB)
expressed higher in human PCs than expected from the
mouse data*® (Figure 7F). Expression of SMOC2 mRNA in
human PCs was visualized using in situ hybridization,
with obvious overlap seen between SMOCZ and LYZ pro-
tein (Figure 7F). ISC-PC doublets could provide a possible
explanation for these ISC genes presenting in PCs, yet the
lack of many other ISC markers in PCs, notably the nearly
complete absence of OLFM4, opposes this hypothesis.
LGR5, SMOC2, and ASCL2 function in WNT
reception,ls‘%’48 suggesting human PCs receive WNT
signals instead of providing WNT signals.’” PC unique
FZD9 expression further supports a WNT-receptive PC
role (Figure 7H).

Despite striking differences between mouse and hu-
man PCs, both supply antimicrobial gene products. Six of
the 10 highest expressed SI antimicrobial peptides are PC-
enriched (Figure 7I). Because antimicrobial genes
comprise half of human PC DEGs (Supplementary
Table 1), PCs largely appear to function to protect the
ISC niche.””

BEST4" Cells

Recent human scRNAseq studies have described a novel
intestinal lineage, absent in mice, expressing BEST4, SPIB,
and CA7° with Sl-specific CFTR™'® and colon-specific
OTOP2. Because these cells often are described by their
expression of BEST4, here we label these SI and colon
clusters BEST4" cells. Our DEGs encompassed all of the
previously defined markers for BEST4 " cells (Figure 84). By
comparing with diffusion pseudotime, which infers trajec-
tory,”” our data suggested that BEST4 is only expressed to
high levels as the cells mature (Figure 8B), and this was
confirmed with in situ hybridization, with BEST4-high cells
never seen in the proliferative crypts of SI (Figure 8C) or
colon (Figure 8D). In line with previous literature,”*° cystic



1560 Burclaff et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5

fibrosis transmembrane conductance regulator (CFTR) the function of BEST4" cells largely unknown, DEGs were
protein was shown to mark the apical tips of SIBEST4 " cells used to predict their physiological roles. DEGs included
(Figure 8C) but not colonic BEST" cells (Figure 8D). With GUCA2A and GUCA2B’, which act as prohormones regulating
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satiety.51 Consistent with a previous report, we found these
genes expressed in SI and colon BEST4" cells,’ yet our
database furthers this finding by showing that both genes
are expressed higher in SI BEST4" cells than in colonic
BEST4" cells (Figure 8E).

We identified 2 previously unreported secreted peptides,
NPY and BMP3, specifically in SI BEST4" cells (Figure 8E).
NPY expression is unexpected in intestinal epithelium,” and
gut BMP3 is largely studied for its antitumor roles.”” Similar
to BEST4, we found that NPY, GUCAZA, and GUCAZB
expression increased with BEST4" cell maturation, while
BMP3 was expressed independently of maturation
(Figure 8F). Interestingly, EECs express receptors for all 4
genes, suggesting EEC-BEST4" cell crosstalk (Figure 8E).

Because NPY is proposed to affect gastrointestinal (GI)
motility and energy homeostasis,”**® we probed if NPY
correlated with genes induced after meals. We found strong
positive correlations across SI regions for each donor be-
tween SI BEST4" cell NPY expression and AE expression of
SI (R = 0.82) and APOA4 (R = 0.86), which are induced by
dietary sugar’® and fat”’ (Figure 8G). We found further
positive correlations with AE genes involved in dietary
metabolism (Supplementary Table 5), and negligible corre-
lation with housekeeping genes ACTB (R = -0.22) or GAPDH
(R = -0.08), suggesting postprandial induction of SI BEST4"
NPY expression. Further SI BEST4" cell DEGs included
ADRA2A and CHRM3, receptors involved in intestinal
motility®® (Supplementary Table 1), reinforcing that SI
BEST4™" cells regulate intestinal motility after meals.

BEST4" cells likely absorb dietary heavy metals. Metal-
lothioneins, which bind heavy metals and prevent
toxicity,sg‘61 were described in colonic BEST4™ cells,” yet
we found 7 metallothioneins specifically enriched in SI
BEST4" cells (Figure 8H) alongside STEAP2, a metal-
loreductase for copper and iron,°? suggesting SI BEST4™"
cells maintain SI metal ion homeostasis.”’ ®* Our data
indicate BEST4" cells perform diverse roles within the in-
testinal epithelium, laying the groundwork for functional
studies.

Tuft Cells

Tuft cells are chemosensory cells that regulate type 2
immune reactions®*"®° in the intestinal epithelium through
interleukin (IL)25 signaling in response to pathogenic
metabolites.®” °? SI and colon tuft cells share many classic
markers”’? (Figure 94, Supplementary Tables 1 and 2).
DCLK1, a key murine marker,”” was not observed as a DEG.
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SUCNRI1, a G-protein-coupled receptor mediating SI IL25
release,”’ was negligible in the colon, suggesting SI and
colon tuft cells differentially detect succinate-producing
pathogens (Figure 9B and C). Colonic tuft cells likely
detect umami-chemosensory cues (eg, microbe-derived free
amino acids) with heterodimeric umami taste receptor
subunits TASIR1 and TASIR3 (Figure 9B and C).”* Down-
stream taste signal transduction genes are enriched in SI
and colon tuft cells,’*®> with SI-specific GNAT3 likely acti-
vating PDE4D to decrease intracellular cyclic adenosine
monophosphate/cyclic guanosine monophosphate (cAMP/
cGMP)”? (Figure 9B). This suggests human SI tuft cells have
multiple responses to succinate-producing microbes (eg,
Nippostrongylus brasiliensis), whereas colonic tuft cells
respond to other microbial taxa.

Beyond triggering type 2 immunity, tuft cell DEGs allow
broad interaction with the adaptive and innate immune
systems. Tuft cell DEGs implicate ubiquitin-mediated pro-
teasome degradation, with enriched Skp, Cullin, F-box con-
taining complex (SCF) complex components (SKP1, CUL3,
FBX032, RBX1) initiating exogenous antigen processing for
presentation’*”” to the major histocompatibility complex 1
antigen presentation complex (Figure 9D). This suggests tuft
cells interact with the adaptive immune system after
luminal stimuli. Human tuft cells also uniquely express un-
appreciated Toll-like receptors (TLR9, TLR5, and TLR4),
which bind bacterial/viral DNA, flagellin, and lipopolysac-
charide (LPS), respectively (Figure 9D).”°”? Expression of
the LPS co-receptor CD14 across tuft cells’’ (Figure 9D)
supports this novel role in bacterial-related immune
responses.

Tuft cells show possible autoregulatory mechanisms for
these pathogen-response pathways. Tuft cells express het-
erodimeric IL25-specific receptor components (Figure 9D),
which may create a positive feedback loop to amplify IL25
signaling.”’ SIGIRR may also negatively autoregulate the
Toll-like receptor 4-LPS response.’’®* These implicate tuft
cells as dynamic sentinels linking luminal contents to the
immune system.

Tuft cells produce antimicrobial peptides in the SI to
complement those produced by PCs (Figure 7G). In the co-
lon, which lacks PCs, tuft cells express 6 of the top 10
colonic antimicrobial peptides (Figure 9E). Human and
murine tuft cells also produce neuromodulatory and
immunomodulatory compounds. We found genes necessary
for acetylcholine synthesis, communication with neurons,®*
and enzymes involved in eicosanoid and prostaglandin D,
production, which broadly regulate inflammation®

Figure 4. (See previous page). Proliferative crypt populations. (A) Heatmap of DEGs in ISCs vs other lineages (top; red:
classic markers), Sl vs colon ISCs (middle), and colon vs Sl ISCs (bottom). (B) UMAP of LGR5, OLFM4, and RARRES2
expression. (C) Dotplot showing expression of LGR5, OLFM4, and RARRES?2 across proliferative lineages of the Sl (left) and
colon (right). (D) Venn diagram showing overlap between our human ISC signature and a previously described murine
signature. (E) Heatmap of DEGs in TA cells vs other lineages (top), S| vs colon TA cells (middle), and colon vs Sl TA cells
(bottom). (F) Dotplot showing DEGs defined in Sl- or colon-specific mature lineages expressing within organ-delineated ISCs
and TA cells. (G and H) PAGA showing connectivity between major lineages in (G) Sl and (H) colon to infer the maturation
trajectory. Line thickness represents connectivity strength. (/-K) Regional cell-cycle phase distribution in (/) ISCs, (J) TA cells,
and (K) secretory progenitors. C, Colon; Duo, Duodenum; eACC, Early Absorptive Colonocytes; eAE, Early Absorptive
Enterocytes; Gob, Goblet; iAE, Intermediate Absorptive Enterocytes; lle, lleum; Jej, Jejunum; mACC, Mature Absorptive
Colonocytes; mAE, Mature Absorptive Enterocytes; Pan, Paneth; Sec. prog., Secretory Progenitor.
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Figure 5. DEG dotplots for each lineage. Dotplots showing expression of top 20 DEGs for each lineage, as sorted by
expression fold-change above the cluster with the next highest expression. DEGs included are genes significantly enriched in
the lineage in both the Sl and colon (if applicable).
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Figure 6. Organ-specific lineage DEGs. Relating to Figure 4F, UMAPs showing expression of DEGs from mature lineages
found to be more highly enriched in Sl or colon ISCs and TA cells. UMAP, Uniform Manifold Approximation and Projection.
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(Figure 9F). These analyses suggest tuft cells regulate
luminal microbes, communicate with the nervous system,

and affect systemic immune responses.

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5

Goblet Cells

GCs produce membrane-bound and secreted mucin gly-

coproteins that lubricate the gut, act in signaling, support
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commensal bacteria, and form the protective mucus
barrier.®”~®® DEGs include classic markers CLCA1, MUC2,
and TFF3, with colonic GCs expressing higher WFDC(C2,
consistent with previous findings® (Figure 104). Pathway
enrichment analysis of DEGs confirmed GCs principally act
in mucus production and secretion, with top-enriched
pathways including glycosylation, Golgi/Endoplasmic Re-
ticulum vesicle transport, and unfolded protein response
(Supplementary Table 6).57?2 We found secreted MUC2 and
transmembrane MUC13 expressed across organs and colon-
enriched MUC1, MUC4, and MUC5B (Figure 10B and ().
Although GCs are considered the major intestinal mucus
producers, we also mapped glycocalyx-forming trans-
membrane mucins, which protect against pathogenic bac-
teria,”®’* in AEs and ACCs (Figure 10D).

GCs commonly are considered homogenous, however, GCs
in the mouse colon recently were separated into functionally
distinct groups, with intercrypt GCs (icGCs) producing more
permeable mucus than crypt-resident GCs.”” Human colonic
secretory progenitors and GCs subclustered into similar
groups corresponding with differentiation status and marked
by genes defined in mouse GC heterogeneity”® (Figure 10E-H).
Distinct icGCs on the colon surface were visualized using
immunofluorescence, with RAB27A localized to the surface GC
cells (Figure 10I). Some mucus secretion genes (MUC2, ZG16)
were expressed highest in icGCs, consistent with icGCs
constitutively secreting mucus,”® and this was supported by
higher mucin 2 (MUC2) seen in surface GCs via immunofluo-
rescence (Figure 10/ and K). Notably, crypt-resident GCs and
icGCs expressed different mucin genes (Figure 10C), as veri-
fied with immunofluorescence showing crypt base-specific
mucin 5b (MUC5B) protein expression (Figure 10K) and
consistent with distinct mucus production in human beings
shown via lectin staining.”® Similar SI subclusters were
observed with less obvious mucin differences (Figure 11). The
physiological significance of this human GC heterogeneity ne-
cessitates further functional studies.

Enteroendocrine Cells

EECs secrete hormones to communicate throughout the
body. EEC hormone profiles have been characterized at the
single-cell level in mice, using EEC reporters to enrich for
this rare lineage.”””® However, transcriptomic differences
exist between mouse and human EECs.”””” Human orga-
noids with an EEC reporter yielded sufficient EECs for
scRNAseq analysis, although potential differences from
primary EECs are unclear.”” Although several human
scRNAseq studies include EECs,"®%'® our 154 EECs
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represent a large and informative scRNAseq data set of
primary human EECs.

Regional expression of hormones and other signaling
machinery in EECs was surveyed (Figure 124-C). An early
study that immunostained regional biopsy specimens found
Sl-segregated Cholecystokinin (CCK), gastrin (GAST), gastric
inhibitory polypeptide (GIP), neurotensin (NTS), motilin
(MLN), and secretin (SCT).'’ Our data confirm this bias but
additionally detected low levels of CCK, NTS, MLN, and SCT in
colonic EECs, suggesting higher sensitivity of scRNAseq.
Colonic NTS and CCK expression also was absent in a study
analyzing region-unspecified colon,” emphasizing the impor-
tance of analyzing all colon regions. Fatty acid receptors
FFAR1 and FFAR2 were enriched in SI EECs, with FFAR4
specific to colon (Figure 12C). EECs also express several
hormone receptors, indicating crosstalk among EECs. Novel
gut-brain crosstalk recently was described, with murine
EECs forming synapses with the vagus nerve.''"'°* Thirty-
one DEGs from SI and colon EECs are in the GOCC_Presy-
napse list (Figure 12D) and 33.7% of genes in the GOCC_-
Presynapse list expressed highest in EECs (Figure 12E),
suggesting a human equivalent of these mouse EECs, termed
neuropods.'®* These patterns describe EEC crosstalk within
the gut and between the gut and brain, further illuminating
newly appreciated functional roles of EECs.

EECs are classified into subtypes by hormone expres-
sion.’*'%> A regional breakdown of individual EECs was
constructed to visualize EEC subtypes (Figure 12F).
Enterochromaffin cells appear in each region, and ileal L
cells were undetected. Multiple EECs express 8-10 hor-
mones, expanding on studies identifying polyhormonal
EECs.'%'°7 GAST and GIP largely segregated from duodenal
L cells yet overlapped in jejunum. We noted rare NPY
expression in MLN" and GHRL™ EECs in jejunum and AC.
Future studies combining our EECs with additional regional
data sets hopefully will improve our understanding of EEC
subclusters.

Absorptive Enterocytes and Colonocytes

AEs and ACCs perform nearly all intestinal absorp-
tion."”® Three AE Leiden clusters and 2 ACC clusters were
consistent with increasing maturity, reflecting other re-
ports,””*? and 1 cluster largely from donor 3 ileum (AE2)
separated from other AEs (Figures 1C and 13B). A DEG
signature was defined by comparing DEGs from all AEs and
all ACCs. Surprisingly, only 5 DEGs were shared across SI
and colonic absorptive populations (Figure 134), indicating
stark organ differences. AE2s expressed mature AE markers

Figure 7. (See previous page). Paneth cells. (A) Heatmap of DEGs in PCs vs other lineages (red: classic markers). (B) Dotplot
showing lysozyme mRNA expression across FAE, BEST4, Paneth, and tuft cell lineages. (C) Dotplot showing expression of
PC, goblet, and BEST4" cell classic markers across the PC, goblet, and BEST4™ cell clusters. (D) Dotplot showing growth
factors shown to be expressed in murine PCs in previous literature across human Sl lineages. (E) Dotplot showing all members
of major intestinal growth factor families that show detectable expression in PCs across Sl lineages. (F) Heatmap showing PC
(top) and ISC markers (bottom) across all Sl ISCs (left) and PCs (right). (G) Immunofluorescence staining for LYZ protein
(magenta), in situ hybridization showing SMOC2 mRNA (white), and nuclei (blue) in a human ileum crypt base. Maximum
projection of eight 0.5-um optical slices. Scale bar: 20 um. (H) Dotplot showing expression of all Frizzled family receptors
across Sl lineages. (/) Dotplot showing the 10 highest-expressed antimicrobial peptides across Sl lineages.
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Figure 8.BEST4™" cells. (A) Heatmap of DEGs in BEST4" cells vs other lineages (top; red: classic markers), Sl vs colon
BEST4" cells (middle), colon vs SI BEST4™" cells (bottom). (B) UMAPs showing all Sl (leff) and colon (right) BEST4" cells
colored according to predicted diffusion pseudotime or expression of BEST4 mRNA. (C and D) In situ hybridization showing
BEST4 mRNA (magenta), immunofluorescence staining CFTR protein (white), and nuclei (blue) in human (C) jejunum and (D)
colon. Scale bars: 100 um; 20 um (zoomed panels). (E) Dotplot showing secreted genes (top) and their receptors (bottom)
across lineages. (F) UMAPs of BEST4™ cells showing predicted diffusion pseudotime and expression of secreted peptides. (G)
Expression of NPY, SI, and APOAT across regions for each donor. (H) Dotplot showing genes involved in metal binding and
endocytosis across lineages. UMAP, Uniform Manifold Approximation and Projection. CFTR, Cystic Fibrosis Transmembrane
Conductance Regulator; GUCA2, Guanylate Cyclase Activator 2A; NPY, Neuropeptide Y.
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Figure 9. Tuft cells. (A) Heatmap of DEGs in tuft cells vs other lineages (top; red: classic markers), Sl vs colon tuft cells
(middle), and colon vs SI tuft cells (bottom). (B) Dotplot showing tuft cell enrichment of genes specific to taste signal trans-
duction. (C) Organ-specific signal transduction in Sl vs colon tuft cells. (D) Dotplot showing tuft cell-enriched genes enabling
interactions with innate and adaptive immune system. (E) Dotplot showing 10 highest-expressed antimicrobial peptides across
colon lineages. (F) Dotplot showing tuft cell-specific genes for producing acetylcholine, eicosanoids, and prostaglandins.
Schematics in panel C were created with BioRender.com. C, Colon; GPCR, G-protein Coupled Receptor; MHC, major his-

tocompatibility complex; TLR, Toll-like receptor.
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Figure 10. Goblet cells. (A) Heatmap of DEGs in GCs vs other lineages (top; red: classic markers), Sl vs colon GCs (middle),
and colon vs S| GCs (bottom). (B) Dotplot showing expression of the 9 highest-expressed mucins across GCs and proliferative
and absorptive lineages of the Sl and colon (blue: gel-forming mucins). (C) Dotplot showing the 9 highest-expressed mucins
across GCs by region. (D) Dotplot showing expression of the 9 highest-expressed mucins in all absorptive enterocytes and
colonocytes by intestinal region. (E) Leiden subclustering of colon GCs. (F) Diffusion pseudotime of colon GCs. (G) UMAP of
MUC2 expression in colon GCs. (H) Dotplot showing markers of murine GC subpopulations in the human colon GC sub-
clusters defined in panel E. (/) Immunofluorescence staining for protein expression of RAB27A (white), MUC2 (magenta), and
nuclei (blue) in human colon (2-um optical slice). (J) Dotplot showing expression of mucins in colonic icGCs, crypt-resident
goblet cells (crGCs), and early goblet cells. (K) Immunofluorescence staining for protein expression of MUC5B (white),
MUC2 (magenta), and nuclei (blue) in human colon (2-um optical slice). Scale bars: 50 um. UMAP, Uniform Manifold
Approximation and Projection; Duo, Duodenum; Jej, Jejunum.



2022 Atlas of Human Intestine and Colon Epithelium 1569
A Sl Goblet Cell Sl Goblet Cell Sl Goblet Cell
Leiden Sub-Clustering Diffusion Pseudotime 10 MUC2 Expression
5
0.8 ’ ’
.‘.‘ ® mature GC P 4
N  ERN2_high g < 0.6 o <7 ’ao
g ® REG1A high < g 0.'. 3
S ® AGR2_high D ° 04 = o
0 ® earlyGC * 0 4 ) 2
lg. ° 0.2 ® 1
UMAP1 UMAP1 0.0 UMAP1 0
Small Intestine Goblet Cells
C Early Immature Classical Goblet Mature
B Small Intestine Goblet Cells . Goblet Cells iy Goblet Cells g Cell Markers g Goblet Cells i
matureGC{ - @ ® ® o - . « < | mature GC o o o000 - 0000 O o - -00
ERN2_high{ « @ - ° - ERN2_high{ - o o o @0 00 ceQO@-c o ) ° o @ o
REG1A high{ - @ o e o . REG1A high{ o © O 0000 - 0000 @O o - -00
AGR2_high{ - @ © o e c e« AGR2highd{ c 0 - 0O - 0009 000 0O® O ©-°-°00
earlyGC1 ® O O o o o o earlycC1 0 Q000 O0OOO® > OCQPO@® O o000 -00
S0ACTRASRA CaS30b3IgLReLs2rilnRaensn
g28228898y9 EwggzaﬁﬁgagtggggjngXEE
222222222 G%FEZCLD.D. a o ¢ <LLZ§§EZ 5
Fraction of cells  Mean expression Fraction of cells Mean expression
in group (%) in group in group (%) in group
XY X | XXX X )
20406080100 O 1 20406080100 © L

Figure 11. Sl goblet cell subclustering. (A) Left: Leiden subclustering of Sl goblet cells, with subclusters named according to
genes with high expression. Middle: UMAP of S| goblet cells marked by diffusion pseudotime. Right: UMAP of Sl goblet cells
marked by MUC2 expression. (B) Dotplot showing expression of mucins in SI GC subpopulations. (C) Dotplot showing
expression of mouse-implicated markers of GC subpopulations in human SI GC subclusters. UMAP, Uniform Manifold

Approximation and Projection.

(Figure 13B) alongside bile acid absorption genes'’’
(Figure 13C). It is unclear why ileal AEs of donor 3 clus-
tered separately. Possible explanatory donor-specific de-
mographics include donor 3 having the lowest body mass
index, being the only African American, and the only donor
with type II diabetes. Meal timings across donors also might
induce unique expression patterns, as described for certain
genes.” ™"’

Macronutrient and micronutrient handling was mapped
across all AEs and ACCs (Figure 13D). Most fatty acid,
glucose, and cholesterol transporters were Sl-enriched, with
regional data showing increasing expression from duo-
denum through ileum for most genes (Figure 13D). Diges-
tive enzymes showed ileal enrichment, except for the
duodenum-specific serine protease TMPRSS15/enter-
opeptidase.”' Ton transporters showed the most regional
differences, with SLC25A3 and SLC4A4 spanning all regions,
colon-enriched SLC26A2, and Sl-enriched SLC9A3R1. Finally,
SCNN1 sodium transporter subunits were colon-enriched,
possibly regulating colonic water uptake. This regional
map expands upon previous organ-level analyses, empha-
sizing the importance of the ileum in digestion.

Intestinal barrier function, largely conferred by cell-
junction proteins, is essential for well-regulated absorp-
tion and antimicrobial defense.'’’ Regional mapping of the

20 highest-expressed cell junction genes (Figure 13E)
showed equal expression of many cell-junction genes across
AEs and ACCs, while others showed regional enrichment.
Claudins (CLDN) are primary determinants of tight junction
barrier function and epithelial integrity.'’®'*" CLDN1 and
CLDN15 were Sl-enriched, and CLDN3, CLDN4, and CLDN7
were highest in TC. Notably, no cell junction genes were
expressed highest in DC. Ulcerative colitis often originates in
the distal large intestine, raising the possibility that higher
junction protein expression in AC and TC might protect
against certain inflammatory conditions."** *'*

Aquaporin proteins (AQPs) are the major intestinal
transcellular water transporters.115 We confirm a previous
report showing increased AQP3, AQP7, and AQP11 in ileum
vs colon and colon-enriched AQP8 (Figure 13F); however,
we found AQPI1 widely expressed.6 Aquaglyceroporin (AQP3,
AQP7, AQP10) expression is highest in mature AEs
(Figure 13G) and increases from duodenum to ileum
alongside lipid metabolism genes (Figure 13D and F). This
suggests AQP-mediated glycerol transfer functions in AE
triglyceride processing. We note unappreciated AQPI spec-
ificity in ISCs and TA cells and uniquely restricted AQP8
expression in the most mature late ACCs in the AC
(Figure 13H). These distinct differences suggest specific
physiological roles that should be functionally investigated.
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Figure 15. Extrinsic receptors and drug targets. (A) Dotplot showing expression of the 5 highest-expressing members of
each major receptor family by lineage. Top: Small intestinal lineages. Bottom: Colonic lineages. (B) Pie chart showing receptor
genes expressed in the intestinal epithelium by lineage with the highest expression. NOD, Nucleotide-binding Oligomerization
Domain Sec. Prog., Secretory Progenitor; TNF, tumor necrosis factor.

Follicle-Associated Epithelium

Rare FAE cells reside in small puncta throughout the
intestines."*® FAE includes microfold (M) cells, which
transport luminal antigens to resident immune cells."*” M
cells have been explored almost exclusively in mice''® "%’
or using directed differentiation in vitro,"*" with only 1
scRNAseq study isolating healthy human M cells.'’ Our data
set included a 19-cell cluster from a single donor (donor 2)
enriched for microfold cell (M-cell) markers'***** and im-
mune crosstalk genes while still expressing Epithelial Cell
Adhesion Molecule (EPCAM) (Figure 14A). We defined 145
DEGs (Supplementary Table 1), finding many FAE-unique
genes (Figure 14). Pathway enrichment analysis impli-
cated these DEGs in immune cell interactions, verifying ex-
pected M-cell function (Supplementary Table 7). Several
murine M-cell-specific markers,"'”'**'?° were either
widely expressed or absent (Figure 14), suggesting species
functional differences. Because these data arise from a small
set of cells from a single donor, future studies are necessary
to fully define these cells, possibly through enriching for
FAE using recently described methods."'®

Receptors/Drugs

We finished by designing 2 approaches showing how to
find associations between lineages, receptors, and drug
targets. Major receptor families were surveyed across line-
ages and classified as high-, intermediate-, or low-
expressing  (Supplementary File 1, Supplementary
Table 8). The 5 highest-expressing genes per family were
grouped across lineages (Figure 15A4). Several patterns
appeared from these 60 receptors: 20 receptors were
highest-expressed in tuft cells, 11 in EECs, 10 in AE/ACC,
and 9 in FAE; 12 villi-enriched vs 3 crypt-enriched; 4 SI-
enriched vs 0 colon-enriched; and many uniquely marked
individual lineages (12 in tuft cells, 3 in EECs, and so forth),
showing potential ways to target regions and lineages.

To test the novelty of these observations, we reviewed
literature regarding the 12 receptors found to be unique to
tuft cells. We found direct literature connections to human
or mouse intestinal tuft cells for only 5 of 12 receptors
(TRPMS5, ITPR2, HTR3E, IL13RA1, IL17RB), with no connec-
tion found for 7 receptors (GABRA4, ADGRG6/GPR126,
SIGIRR, ITGBS5, KIT, PTPR], TLR9). These 7 unappreciated
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lineage-specific receptors arose from analyzing just 60 re-
ceptors in 1 lineage, and our full data set included 669 total
receptors (Figure 15B, Supplementary File 1). This receptor
atlas across lineages, organs, regions, and donors provides a
powerful foundation to explore how extrinsic signals from
local microenvironments, dietary and microbial influences,
and pharmaceuticals may affect intestinal epithelial
lineages.

We next explored how pharmacologic agents might
directly affect the intestinal epithelium. Few drugs deliber-
ately target the intestinal epithelium'*°~**° and common GI
side effects often are unexplained at the cell-lineage level."*’
We found 498 Food and Drug Administration-approved
drugs had 232 primary gene targets expressed in our gut
epithelial data set (Figure 164, Supplementary Table 9).
Beyond primary targets in the gut epithelium, lineages ex-
press many enzymes that can functionalize drugs through
metabolism."*”"*?° We show gene expression for phase I
and phase II drug metabolism enzymes by lineage with the
highest expression in the intestinal epithelium (Figure 164)
and quantified gene expression by lineage and region
(Supplementary Table 10). We found CES2, which metabo-
lizes the cancer drug irinotecan into biologically active SN-
38,"! to be the highest-expressed phase I metabolism gene
in the SI, with AE enrichment. Interestingly, UGT1A1, the
phase II enzyme that inactivates SN-38,"*? has low gut
epithelial expression (Supplementary Table 10). This sug-
gests that irinotecan may experience prolonged activation in
the gut, advancing the idea that orally administered irino-
tecan might be effective against intestinal cancers.'** 3"
Our easily searchable data set quantifies the expression of
genes important for intestinal metabolism of endobiotics,
environmental toxicants, and pharmaceuticals.

As an example of a disease-focused approach, we
evaluated primary gene targets of drugs prescribed for in-
flammatory bowel disease (IBD). Most IBD drugs are anti-
inflammatory or immunomodulatory, so primary targets
often are not expressed in the intestinal epithelium, yet our
database shows 9 primary gene targets of 8 IBD drugs have
epithelial expression (Figure 16B). We mapped epithelial
expression of their primary target genes to locate potential
off-target effects (Figure 16C). We found high FKBPIA, a
tacrolimus (Prograf, Astellas Pharma Inc, Tokyo, Japan)
target, in the little-understood BEST4 " cells. Mycophenolate
mofetil (CellCept, Genentech, South San fransisco, CA) tar-
gets IMPDHZ and IMPDH1 were expressed in proliferative
crypt populations and EECs, respectively. The methotrexate
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target DHFR was highest in TA and progenitor cells, while
the tofacitinib (Xeljanz, Pfizer, New York, NY) target JAK1
had broader expression. Because functional protein
expression is not always found in the same cells as mRNA
translation, especially given the quick cellular turnover of
the intestine,'*® we stained for protein expression of the top
3 highest expressed gene targets that appear enriched in
specific cell types: FKBP1A, IMPDH2, and DHFR. We found
all 3 proteins enriched in the lineages implicated by our
transcriptional data (Figure 16D), highlighting the useful-
ness of our data set for predicting drug targets. These drugs
can be orally administered and primary targets in the
epithelium could explain common GI side effects.’®” "3 This
small subset of drug targets highlights a spectrum of po-
tential unintended epithelial effects on ISC/TA renewal, EEC
hormonal regulation of appetite and gut motility, and un-
known effects from other lineages.

Personalized precision medicine is an emerging field
motivating new technologies."** We used our drug-target
atlas to assess regional variability of tacrolimus, mycophe-
nolate mofetil, and tofacitinib target genes, FKBPIA,
IMPDH?2, and JAK1, across individual donors to inform po-
tential patient-dependent effects (Figure 16E). Higher
colonic expression of all 3 targets suggests that patients may
experience colon-specific off-target effects. Comparing do-
nors potentially hints at susceptibility to drug side effects,
with donors 2 and 3 generally expressing target genes
higher than donor 1. Although 3 donors are insufficient for
statistically significant conclusions, we provide a framework
to generate observations to inform larger studies. We hope
our lineage-, regional-, and donor-specific data on primary
drug targets will aid gastroenterology and pharmacology to
better understand potential intestinal drug effects.

Discussion

In this study, we provide a comprehensive cell-level
transcriptomic view of the SI and colon epithelium with
regional resolution across multiple human beings. Our an-
alyses independently confirm and advance prior studies,
define important differences between mouse and human
beings, and highlight how lineages vary along the
proximal-distal axis. We include easy-to-search tables for
DEGs, receptors, and drug targets that can be investigated
by most investigators and trainees. Overall, our database
provides a foundation for understanding individual contri-
butions of diverse epithelial cells across the length of the
human intestine and colon to maintain physiologic function.

Figure 16. (See previous page). Drug targets. (A) Pie charts of primary targets of all approved drugs (left) and all phase |
(center) and phase Il (right) drug metabolism genes expressed in the intestinal epithelium shown by lineage with highest
expression. (B) Primary targets of drugs used to treat IBD found to have expression in the intestinal epithelium. (C) Dotplots
showing expression of primary targets of drugs used to treat IBD by lineage split into high-, middle-, and low-expressing tables
for better visualization. Note scaling changes between tables. (D) Left: In situ hybridization showing BEST4 RNA (white) and
immunofluorescence staining for FKBP1A protein (magenta) and nuclei (blue) in human jejunum (top) and colon (bottom).
Center: Immunofluorescence staining for IMPDH2 protein (magenta), KI67 (white), and nuclei (blue) in human jejunum (top) and
colon (bottom). Right: Immunofluorescence staining for DHFR protein (magenta), KI67 (white), and nuclei (blue) in human
jejunum (top) and colon (bottom). Optical slice was 2 um for all. Scale bars: 50 um. (E) Dotplot showing expression of the top 3
highest-expressed targets of IBD drugs in the intestinal epithelium across regions and split by donor. FKBP1A, FKBP Prolyl
Isomerase 1A; IMPDH2, Inosine Monophosphate Dehydrogenase 2; JAK, Janus Kinase; Sec. Prog., Secretory Progenitor.
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Donor 1

Duodenum Jejunum

Figure 17. Tissue histology. H&E-
stained tissues from each region for
all 3 donors. Scale bars: 200 um.

Our experimental design had many unique strengths. We  characterize intestinal epithelial cells from duodenum
used healthy transplant organ tissue from 3 adult male do- through DC. DNA-oligo hashtag antibodies allowed a single
nors varying in age, race, and body mass index to library per donor for all 6 regions to be sequenced together,
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Figure 18. Fluorescence-activated cell sorter (FACS) strategy. FACS strategy for gating out cell fragments, likely doublets,

and dead cells. APC, Allophycocyanin.

saving cost and avoiding intradonor batch effects while pre-
serving biological variability. The hashtag antibodies also
allowed for increased stringency when filtering for mutliplets
and contamination. Analyzing cells across 6 regions allowed
for comprehensive transcriptional signatures of genes
significantly enriched in each lineage across the entire gut
from 3 donors. We mapped cell cycle, mucins, hormones,
transporters, digestive genes, and barrier function genes
along the regions of the SI and colon. We showed drastic
differences in PC growth factor expression from mouse
literature and highlight the insufficiency of LYZ for uniquely
marking human PCs. We used PAGA to infer a differentiation
trajectory for each lineage and suggest organ-specific matu-
ration for tuft and BEST4" cells. We propose novel tuft cell
interactions with pathogens and the immune system. Finally,
our survey of receptors and primary drug targets across
lineages highlights the utility and ease of our database to find
previously undescribed gene expression. The regional dif-
ferences found throughout our study highlight the impor-
tance of regional selection when studying the gut, yet many
colonic scRNAseq studies do not specify the sample region or
mention if pooled samples are from consistent regions. We
hope our database serves as a resource to understand how
drugs affect the intestinal epithelium and as guidance for
future precision medicine approaches.

Methods

Donor Selection
Human donor intestines were received from 3 male or-
gan donors, aged 29, 45, and 53 years (details in Figure 2),

from HonorBridge (Formerly Carolina Donor Services,
Durham, NC) with the following acceptance criteria: age
<65 years, brain-dead only, human immunodeficiency virus
negative, hepatitis negative, syphilis negative, tuberculosis
negative, coronavirus disease-2019 negative, and no bowel
surgery, severe abdominal injury, cancer, or chemotherapy.
Pancreas donors were excluded to avoid duodenum loss.
The University of North Carolina Institutional Review Board
determined this study does not constitute human subjects
research.

Tissue Processing

Intestines were transported on ice in University of
Wisconsin Cold Storage Solution (Bridge to Life, North-
brook, IL). Tissue dissection began within 8 hours of cross-
clamping. Fat/connective tissue were trimmed and intesti-
nal regions were separated: duodenum (most-proximal 20
cm), jejunum/ileum splitting remaining SI, and colon split
into thirds for AC/TC/DC (Figure 17). Two 3 x 3 cm
mucosectomies were isolated from the center of each region
for dissociation.

Mucosectomies were incubated in 10 mmol/L N-acetyl-
choline in Dulbecco’s phosphate-buffered saline (dPBS) at
room temperature for 30 minutes to remove mucus, then
washed in ice-cold chelating buffer'*’ + 100 wmol/L Y-
27632. Tissues were incubated in chelating buffer with 2
mmol/L EDTA and 0.5 mmol/L dithiothreitol, then shaken
to remove crypts. High-yield shakes were pooled by region,
with SI shakes pooled to approximate 1:1 villus to crypt
tissue by cell mass. Crypts and villi were dissociated to
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Table 1.Reagents Used

Reagent
N-acetylcholine
dPBS
Na2HPO4
KH2PO4
NaCl
KCI
Sucrose
D-sorbitol
Y27632
EDTA
Dithiothreitol
Protease VI
Advanced DMEM/F12
Bovine serum albumin
TotalSeq anti-human hashtag antibodies
10% neutral buffered formalin
Histo-clear
Triton X-100
Prolong Gold Antifade Reagent
Xylenes
RNAscope Multiplex Fluorescent Reagent Kit v2

Antibodies
AnnexinV-APC
Lysozyme
CFTR
Mucin 2 (Ccp58)
RAB27A
MUC5B
FKBP1A
IMPDH2
DHFR
Ki-67 monoclonal antibody (SolA15), APC
Donkey anti-rabbit IgG (H+L), Alexa Fluor 488
Cy3 AffiniPure F(ab’), fragment donkey anti-rabbit IgG (H+L)
Alexa Fluor 647 AffiniPure donkey anti-mouse IgG (H+L)
Bisbenzamide

RNAscope probes
Hs-SMOC2
Hs-BEST4
TSA cyanine 3 reagent pack
TSA cyanine 5 reagent pack

Company Catalog number
Millipore Sigma (St. Louis, MO) A9165
Gibco (Jenks, OK) 14190-144
Millipore-Sigma S7907
Millipore Sigma P5655
Millipore Sigma S5886
Millipore Sigma P5405
Fisher Scientific (Hampton, NH) 220-1
Fisher Scientific 439-500
Selleck Chemical (Houston TX) S6390
Corning (Corning, NY) 46-034-Cl
Fisher Scientific 172-5
Millipore Sigma P5380
Gibco 12634-010
Fisher Scientific BP1600-1
BioLegend (San Diego, CA) B0251-B0256
Fisher Scientific 22-050-105
National Diagnostics (Atlanta, GA) HS2001
MP Biomedicals (Irvine, CA) 02194854-CF
Invitrogen (Waltham, MA) P36930
Millipore-Sigma 534056
Advanced Cell Diagnotics (Newark, CA) 323100
BioLegend 640920
Diagnostic Biosystems (Pleasanton, CA) RP028
Cystic Fibrosis Foundation A570
Santa Cruz Biotechnology (Dallas, TX) sc-7314
Proteintech (Rosemont, IL) 17817-1-AP
Millipore Sigma HPA008246
Thermo Fisher (Waltham, MA) PA1-026A
Proteintech 12948-1-AP
Proteintech 15194-1-AP
Invitrogen 17-5698-82
Invitrogen A-21206
Jackson Immunoresearch (West Grove, PA) 711-166-152
Jackson Immunoresearch 715-605-150
Millipore Sigma 14530
Advanced Cell Diagnotics 533921
Advanced Cell Diagnotics 481501
Akoya Biosciences (Marlborough, MA) SAT704A001EA
Akoya Biosciences SAT715A001EA

DMEM, Dulbecco’s modified Eagle medium.

single cells using 4 mg/mL Protease VIII in dPBS + Y-27632
on ice for approximately 45 minutes with trituration via a
P1000 micropipette every 10 minutes. Cells were checked
under a light microscope and then filtered.

Sample Preparation

Single cells were washed with dPBS + Y-27632, resus-
pended in Advanced Dulbecco’s modified Eagle medium/
F12 4+ 1% bovine serum albumin + Y-27632, and then
stained with AnnexinV-Allophycocyanin (APC) (1:100) and
1 TotalSeq Anti-Human Hashtag Antibody (1:100, Biolegend,
San Diego, CA) per region to track all 6 regions with a single
library preparation.’’ Cells were washed and resuspended
in Advanced Dulbecco’s modified Eagle medium + 1%
bovine serum albumin + Y-27632 for sorting on a Sony Cell
Sorter SH800Z (Sony, Tokyo, Japan) to enrich for live single

epithelial cells (Figure 18). There were 25,000 cells that
passed Annexin V live/dead parameters and were
fluorescence-activated cell sorter isolated for each region,
then different cell hashing antibodies were added to cells
from each of the 6 regions before pooling for library prep-
aration. An additional live/dead analysis was performed
after pooling and approximately 10,000 cells from the
pooled population were loaded onto the Chromium Next
GEM Single Cell 3’ GEM, Library and Gel Bead Kit v3.1 (PN-
100012, 10x Genomics, Pleasanton, CA) for complementary
DNA library preparation Sequencing was performed on an
[llumina NextSeq 500 (Illumina, San Diego, CA).

Immunofluorescence and In Situ Hybridization
Tissue samples adjacent to the sections dissociated for
single-cell dissociation were dissected from each region and
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then fixed in 10% neutral buffered formalin overnight at
4°C. The following day, tissues were washed 3 times in
water and then stored in 70% ethanol until embedding in
paraffin wax. Embedded tissues were sectioned onto glass
slides.

For immunofluorescence, sections were deparaffinized
and rehydrated using Histo-clear (Great Lakes IPM,

UMAP1 UMAP1

Vestaburg, MI) and an ethanol gradient. Sections were
permeabilized with 0.3% Triton X-100 (Thermo Fisher
Scientific, Waltham, MA) for 20 minutes, then blocked with
3% bovine serum albumin for 30 minutes at room tem-
perature. Sections then were incubated with primary an-
tibodies (Table 1) in blocking buffer overnight at 4°C. The
following day, the sections were washed in PBS and then
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Figure 20. Hashtag deconvolution. (A) Per donor hashtag noise distributions. Blue dotted lines indicate the 99th percentile
values for noise. Values above this line were called positive for a specific hashtag. (B) Left: K-medoid clustering for each donor
based only on hashtag reads. Cells positive (P < .01) for multiple hashtags were removed as likely multiplets. Cells were called
as negative if they did not surpass the noise threshold for all hashtags. Right: K-medoid clustering with final hashtag labeling

for nonmultiplet cells.
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Table 2.Table 2: Filtering Parameters

Donor 1 Donor 2 Donor 3
Minimum genes >500 >800 >500
Mitochondrial reads, % <75 <50 <75
Minimum counts >3000 >1000 >3000
Maximum counts <50,000 <30,000 <50,000

incubated with secondary antibodies in blocking buffer for
1 hour at room temperature. Finally, slides were treated
with bisbenzamide (MilliporeSigma, Burlington, MA) and
coverslips were mounted using Prolong Gold Antifade Re-
agent (Thermo Fisher Scientific, Waltham, MA).

For in situ hybridization, sections were deparaffinized
and rehydrated using xylenes and an ethanol gradient. In
situ hybridization was performed using RNAscope (ACD Bio,
Newark, CA) following the manufacturer’s protocol (Table 1
lists the probes used). After the in situ hybridization, sec-
tions were co-stained for protein expression with immu-
nofluorescence, following the protocol listed earlier, starting
at the blocking step.

All sections were imaged on LSM 700 and LSM710
confocal microscopes (Zeiss, Jena, Germany), and figure
preparation for images was completed using FIJI (National
Institutes of Health, Bethesda, MD) and Adobe Illustrator
(Adobe Inc., San Jose, CA).

Data Preparation and Hashtag Calling

Harmony (Harmonypy, v0.0.5) was used to integrate
the top 40 principal components from each data set for
clustering and visualization."® Leiden clustering was
initialized with a k-nearest neighbor (kNN) graph (k =
10 neighbors) and a Leiden resolution of 0.92'* to
resolve most  expected physiological  lineages
(Figure 19). Uniform Manifold Approximation and Pro-
jections (UMAPs) were initialized with PAGA embedding
of Leiden clusters,’*** then nonepithelial EPCAM-
negative lineages were eliminated. Regional hashtag
deconvolution followed published methods: raw hashtag
read counts were normalized using centered log ratio
transformation followed by k-medoid clustering (k = 6
medoids for donor 1, k = 7 medoids for donors 2 and
3).!! Hashtag noise distributions were determined by
removing the highest-expressing cluster, then fitting a
negative binomial distribution to the remaining cells.
Cells were considered positive for a hashtag with counts
above the distribution’s 99th percentile (P < .01)
threshold. Cells positive for multiple hashtags were
excluded as likely doublets (Figure 20).

Data Processing, Filtering, Doublet Removal, and
Feature Selection

After sequencing, single-cell fastq files were aligned to
reference transcriptome GRCh38 with the 10x Cell Ranger
pipeline (V4.0.0, 10x Genomics, Pleasanton, CA), and
downstream analysis was performed with scanpy

Atlas of Human Intestine and Colon Epithelium 1581

(v1.7.2)'**. Annotations for cell-cycle phase predictions
were added following previously published methods.*®
Quality filtering thresholds for each donor are shown in
Table 2 and Figure 21. After filtering, read counts were log-
transformed and normalized to the median read depth of
donor 2, which had the fewest read counts. Variability
resulting from gene expression count, mitochondrial per-
centage, and cell-cycle gene expression were regressed out
by simple linear regression. Highly variable genes were
identified with the Seurat method'*? (min_dispersion, 0.2;
min_mean, 0.0125; max_mean, 6), identifying 2777 genes
that subsequently were used for principal component
analysis. Genes were scaled to have a mean of zero and unit
variance.

Identifying Transcriptionally Distinct Subclusters

Subclustering was performed to isolate Paneth cells from
SI goblet cells, which cluster together in the overall data set.
For Paneth cells, the SI_ITLNI1-high cluster was subset from
the main data set and 40 principal components were
recalculated and reharmonized. Leiden clusters were
recalculated on the new principal components based on the
same 2777 highly variable genes as the initial data set with
Leiden resolution of 0.15 and k = 15 neighbors.

Further subclustering on SI and colon goblet cells
was performed to show goblet cell heterogeneity in the
SI and colon separately. For colon goblet cells, Leiden
clustering settings were as follows: k = 5 nearest
neighbors, Leiden resolution of 0.3, and 4000 highly
variable genes were calculated based on 22 recomputed
principal components from the colon goblet cells subset.
For SI goblet cells, Leiden clustering settings were as
follows: k = 10 nearest neighbors, Leiden resolution of
0.4, and 2000 highly variable genes were calculated
based on 19 recomputed principal components on the SI
goblet cell subset.

Online Databases

Human homologs for mouse genes were defined using
Ensembl version release 104 (European [European Bioin-
formatics Institute, Cambridgeshire, UK] Bioinformatics
Institute, Cambridgeshire, UK).'** Pathway enrichment
analysis was performed using Reactome,”” with focus given
to pathways with a false-discovery rate of less than 0.05, as
calculated by over-representation analysis, and full reports
are included as Supplementary Tables 3, 4, 6, and 7. Com-
mon drugs prescribed for ulcerative colitis and Crohn’s
disease were curated using online literature. Comprehen-
sive receptor family lists and primary target genes for all
approved drugs were downloaded from Guide to Pharma-
cology."** Phase I and phase II drug metabolism genes were
defined via Reactome.””

Trajectory Analysis

To infer differentiation trajectories, subclustered cell
populations were separated into SI and colon as previously
described. For each data set, PAGA (v1.2) then was per-
formed on a k-nearest neighbor graph of 20 neighbors
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constructed from 40 principle components. The resultant Djfferential Expression Analysis
transition connectivity matrix was filtered to remove To determine genes that consistently mark a lineage, as
spurious connections (SI, >0.08; colon, >0.09). determined by previously described Leiden clustering, in all
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3 donors, the data set first was separated into SI- and colon-
specific data. For each organ, the depth-normalized
expression of each gene was used to fit to a negative bino-
mial general linear model with the diffxpy package (v0.7.4).
A Wald test was used to iterate through all cell lineages,
testing a null model in which only donor-specific batch ef-
fects were included: x; = B, + B;donor against an alter-
native model where a cell’s inclusion in the current test
lineage was included as a binary independent variable,
correcting for multiple testing using the
Benjamini-Hochberg procedure.

x; = By + B1donor + B,lineage

Each test then was repeated independently on each
donor including at least 10 cells of the lineage, excluding
donor as a covariate. A gene was determined to be a marker
gene for a particular lineage if it met the following thresh-
olds: (1) maximum expression in the lineage of interest, (2)
q value less than 0.05 in the combined data set and all 3
donors individually, (3) minimum log, fold-change
(compared with the next highest expressing lineage)
greater than 0.25, and (4) mean in-lineage normalized
expression greater than 0.2.
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