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Abstract: Regional intestinal immune surveillance remains obscure. In this study, we integrated
single-cell RNA sequencing and spatial transcriptomics to create a regional atlas of fetal and
adult intestines, consisting of 59 cell subsets, of which eight new subsets and ILCs transition
states were identified. Results revealed that microenvironment determines in-situ cell25
differentiation and shapes the regional molecular characteristics, allowing different intestinal
segments with diverse functions. We characterized the regional expression of mucins,
immunoglobulins, and antimicrobial peptides (AMPs) and their shift during development and in
inflammatory bowel disease. Notably, α-defensins expressed most abundantly in small intestinal
LGR5+ stem cells, rather than in Paneth cells, and down-regulated as cell maturing. Common30
upstream transcription factors controlled the AMPs expression, illuminating the concurrent
change of AMPs during epithelial differentiation, and the spatial co-expression patterns. We
demonstrated the correspondence of cell focus of risk genes to diseases’ location susceptibility
and identified distinct cell-cell crosstalk and spatial heterogeneity of immune cell homing in
different gut segments. Overall, a cross-spatiotemporal approach to transcriptomes at single-cell35
resolution revealed that the regional milieu of the human intestine determined cellular and
molecular cues of immune surveillance, dictating gut homeostasis and disease.
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Introduction
Intestinal immune surveillance is essential for coordinating nutrition and immunity between the
body and the environment since it mediates microbial tolerance and pathogen defense1-5.
Immune-surveillance disorders are linked to diseases with unique regional susceptibility, such as
inflammatory bowel disease (IBD) and gastrointestinal tumors6-9.5
Recent single-cell RNA sequencing (scRNA-seq) studies have provided new insights into the

dysfunction of mucus barrier and immune cells during diseases with regional susceptibility10-15.
Nevertheless, the regional patterns of intestinal immune surveillance for microorganisms and the
cellular, molecular, and intercellular mechanisms that support the surveillance remain unclear. In
addition, the shifts in immune surveillance during fetal development and in diseases need to10
uncovered.
Mucus layer, epithelium, and immune cells constitute the hierarchical immune surveillance in

human intestinal tract16-18. In this study, we aimed to integrate scRNA-seq and spatial
transcriptome (ST) to create a comprehensive intestinal cell atlas of fetus, healthy adults, and
patients with IBD, to identify the molecular mechanisms underlying the shaping of epithelial cell15
differentiation and function. Our data revealed the contribution of regional milieu in the course
of intestinal diseases by delineating the regional heterogeneity of immune surveillance, and its
shift during fetal development and in IBD.

Results20

High-resolution cell atlas of the healthy human intestine
A total of 14 biopsy samples, representing duodenum, jejunum, and ileum, were collected and
segregated into epithelium or lamina propria, and single-cell transcriptome sequencing, based on
10x Chromium, was performed (Extended Data Fig. 1a), generating high-quality transcriptomes
from 53,749 cells. The new generated profiles coincided with the published data of 54 human25
samples (37,821 cells) from healthy ileum, colon, and rectum10,19, forming a comprehensive cell
atlas covering epithelial, immune, and stromal compartments (Extended Data Fig. 1b).
According to compartment-specific markers, unsupervised clustering preliminarily divided the

cells into six compartments, namely epithelium, T/innate lymphoid cells (ILCs), B cells, stromal
cells, mononuclear phagocytes (MNPs), and mast cell compartments (Fig. 1a, b, Extended Data30
Figs. 1c, 2a). Based on iterative clustering, 59 subsets were identified with unique gene
expression and segment distribution (Fig. 1c, f, Extended Data Figs. 1d, 2b-c, 3a-c), of which
eight were newly defined (Fig. 1e).
New intestinal cell subsets and states
M02-LILRB5+ macrophages (LILRB5+CCL3L3+MRC1+CD163+) were enriched in the small35
intestine (SI), characterized by specific chemokines and receptors (CCL3L3, CCL4L2, CCR1,
CX3CR1, and C5AR1) (Fig. 1e, f, Extended Data Fig. 3c), and were scattered in lamina propria,
as revealed by spatial transcriptome analysis (Extended Data Fig. 1e). Intestinal LILRB5+
macrophages, capable of putative self-recruitment through the CX3CR1-CCL3L3/CCL4L2 axis,
might sense bacterial metabolites and limit inflammation via CX3CR1 and CD163,40
respectively20,21. M03-CXCL9+ macrophages (CXCL9+ CXCL10+), populated in the terminal
ileum and colon (Fig. 1e, f, Extended Data Fig. 3c), might correlate with intestinal inflammation
by interacting with cDC1, Th1-like Trm, and DP + Th1-like cells through CXCL9/CXCL10-
CXCR3. In contrast to M02 and M03, M04-CCL18+ (CCL18+) and M05-MMP9+
(MMP9+MMP12+PLA2G7+) macrophages localized in gut-associated lymphoid tissue (GALT)45
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(Fig. 1e, Extended Data Fig. 1e). The transmission and differentiation of M05 might be
controlled by matrix metalloproteinases 9 and 1222,23.
B05-FCRL4+ and B06-CAMP+ memory B cells mainly located in the GALT of the ileum (Fig.

1e, f, Extended Data Figs. 1e, 3b). Highly expressed chemokine receptors (CCR1, CCR2, CCR6,
and FCGR2A) in B05 might enhance their homing during inflammation (Extended Data Fig. 3b)5
24, whereas LL-37, an AMP encoded by CAMP, might cause B06 to exhibit anti-bacterial
function25,26.
A rare but unique subset, S06-RGS5+ endothelial cells, presented a functional state of hypoxia-

induced apoptosis in endothelial lineage, as suggested by the up-regulation of RGS5, SOD3, and
GPX3 (Fig. 1e, Extended Data Fig. 2c)27,28. SI-populating S05-RSPO3+OGN+ fibroblasts10
expressed similar gut homeostasis-supporting genes (Fig. 1e, f, Extended Data Fig. 2c) with S07-
RSPO3+OGN- fibroblasts, which had been identified previously in colon10. However, S05-
RSPO3+ fibroblasts up-regulated neutrophils- and T cell-homing chemokines, CXCL2, 3, 6, and
16 while down-regulating the plasma cell-recruiting chemokine CCL7. Notably, S05 expressed
higher C3 and C7 than colon S07.15
Lineage-specific genes of NK, ILC1, ILC2, and ILC3 enriched in two independent cell

clusters, namely NK-ILC1 and ILC2-3 (Extended Data Fig. 4a-d). ILC2-3 subset co-expressed
ILC2-related genes, AREG and GFI1, as well as ILC3 markers, RORC and IL22 (Fig. 1e,
Extended Data Fig. 4a-d). Failed attempt to regroup NK-ILCs, along with continuous state
reflected by the pseudo-time analysis (Extended Data Fig. 4b-d), suggested the existence of a20
transitional state of NK-ILC compartment and was further confirmed by fluorescence-activated
cell sorting (FACS) (Extended Data Fig. 4e-g).
Fate decision tree of intestinal cells
A gene regulatory network (GRN), composed of 543 activated regulator modules, was
constructed29,30. We identified conical transcription factors (TFs) of known cell types, such as25
ATOH1 for secretory enterocytes and RORC for CD4+ and DP-type 3 cytokine T cells, and TFs
of newly identified cell types, such as POU2F2 for FCRL4+ memory B cells and ZNF732 for
LILRB5+ macrophages (Extended Data Fig. 5d). Hierarchical clustering and differential analysis
found regulon switches that determined the differentiation of cell subsets (Fig. 1g, Extended
Data Fig. 5d). For example, SOX17 and TAL1 controlled the differentiation of lymphatic and30
vascular endothelial cells, respectively, followed by MSC activation to promote RGS5+
endothelial cell generation. In contrast to the whole transcriptome, regulon activity grouped the
intestinal cells into identical but consecutive cell lineages (Fig. 1a, h).
Shaping of regional epithelial cell differentiation and molecular characteristics by the
microenvironment35
The anatomical position of intestine deeply affected the differentiation of regional epithelial
subsets based on 41 unique GRNs and fate decision trees (Fig. 2a), i.e., GATA4, GATA5, and
PDX1 for SI, and TFCP21, HOXB9, and HOXB13 for colon stem cells, transit-amplifying (TA)
cells, and immature enterocytes, respectively. However, the sensitivity of different epithelial
subset GRNs to the microenvironment was variable. Absorptive enterocytes, goblet cells, and40
Paneth/BEST4+ enterocytes showed significant GRN heterogeneity across the intestine, although
not so in tuft cell and enteroendocrine cells (EEC) GRNs. Bile acid receptors NR1H4 and
NR1H331,32 were highly expressed in small intestinal stem cells, TA cells, and immature
enterocytes, and less so in mature goblet cells, enterocytes, and Paneth cells, indicating the
involvement of environmental signals in epithelial cell differentiation since bile acids differ45
regionally33.
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Consistently, the pseudo-time analysis revealed that regional heterogeneity of enterocytes,
goblets, and Paneth/BEST4+ enterocytes was higher than that of tuft cells and EECs, increasing
during cell differentiation (Fig. 2c, d). Enterocytes, goblets, and Paneth/BEST4+ enterocytes
showed distinct functional enrichment, according to the local environment of proximal SI, ileum,
and colorectum (Fig. 2b, Extended Data Figs. 6c-e, 7e-g, 8d-f). Enterocytes in fat-rich proximal5
SI showed up-regulation of genes associated with fat-soluble vitamins' digestion and absorption
pathways, such as vitamin A (Fig. 2b). In contrast to their enrichment in digestive, absorption,
and metabolic pathways of the proximal SI, ileal enterocytes were enriched in a variety of
immune-related processes (Fig. 2b, Extended Data Fig. 6c), in line with the excessive lymphoid
structures in the ileum34. It is noteworthy that enterocytes converged to goblet cells in mucus10
biosynthesis and secretion toward the end of the digestive tract, based on the up-regulation of
various mucus-related genes, such as SPINK4, CLCA1, and FCGBP, as well as mucus-related
metabolic pathways (Extended Data Fig. 6b, d). Enriched goblet cells and goblet-like enterocytes
in the distal intestine might constitute a strengthened mucus barrier (Extended Data Figs. 2b, 6b,
d), adapted to the microbiota-shaped environment.15

Functional epithelial subset differentiation
Next, we investigated the functional subsets of intestinal epithelium that are influenced by the
microenvironment. Mature enterocytes, goblets, and Paneth/BEST4+ enterocytes were regrouped
into 6, 4, and 6 functional subsets, respectively, with a pan-intestine distribution but extreme
regional heterogeneity (Fig. 2e, f, Extended Data Figs. 6a, 7a-d, 8a-c). Take goblet cell as an20
example, rectum-enriched SET+ goblet subset was premature, characterized by active RNA
splicing, mRNA metabolism, and growth factor response. SELENBP1+ goblet cells, mainly
populated in the colon, represented higher injury or apoptosis, as revealed by enrichment of cell
response to chemical stress and detoxification of reactive oxygen species (Fig. 2g, i, Extended
Data Fig. 7a-d). Both TFF3+ and TFF1+ goblet cells functioned in mucus formation and25
microbial defense. TFF3+ goblet cells, enriched in the bottom of crypts in the colon, expressed
increased levels of mucus-related (RNASE1, AGR2, TFF3, CLCA1, and SPINK1) and microbial
defense-related (ITLN1 and WFDC2) genes (Fig. 2h, k). However, TFF1+ goblet cells, mainly
located at the top of SI crypts, up-regulated TFF1, FCGBP, ZG16, and LYPD8 expression levels,
which were involved in mucus layer stability and microbial defense (Fig. 2h, k). Notably, the30
pseudo-time analysis suggested that the TFF1+ subset was derived from the TFF3+ subset (Fig. 2i,
j, Extended Data Fig. 7b-d).
Antimicrobial peptide-mediated regional immune surveillance
Analysis of 40 gut-expressing AMPs demonstrated that the expression pattern of most AMPs
varied in different intestinal regions (Fig. 3a), such as DEFA5/6, REG3A, REG3G, ITLN2,35
DMBT1, GBP1, LEAP2, and H2BC6/7/8 in SI, and WFDC2, SLPI, LYPD8, CCL28, ADM,
DEFB1, PI3, CCL20, CXCL1, CXCL2, H2BC12/21, and RNASE6 in the large intestine (LI).
Both SI and LI showed higher AMPs in the distal part, except for H2BC12. In addition, AMPs
expression showed cell specificity, i.e., HAMP in proximal SI EECs, TAC1 in ileal EECs, and
NPY in proximal SI Paneth cells. Notably, region-specific AMPs were expressed in all epithelia40
of specific segments, though the expression levels differed (Fig. 3a). Taken together, the regional
and cell type-specific AMP expression patterns seemed to shape the microbial community.
Further scRNA-seq profiles of fetal intestine35 showed that regional heterogeneity of AMPs

appears at different time points before birth, such as 12-13 PCW for DEFA5, 15-16 PCW for
LYPD8 and 12-13 PCW for WFDC2, despite fetal AMP levels being lower than that of adults45
(Fig. 3f).
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The spatial distribution of AMPs along the crypt-villus axis suggested a unique niche of
intestinal stem cells
Unexpectedly, the expression of DEFA5/6, REG3A/G, ITLN2, and PRSS2 in small, especially
proximal, intestine correlated positively with that of LGR5 and decreased during cell maturation
(Fig. 3a-c), indicating that stem cells (instead of Paneth cells which expressed the highest level5
of lysozyme-encoding gene LYZ) were the primary sources of certain AMPs36,37, such as
defensins. Immunofluorescence demonstrated co-expression of DEFA5, PRSS2, and LGR5 (Fig.
3d, Extended Data Fig. 9a-c). Laser capture microdissection and sequencing (LCM-seq) of
mouse jejunal villus showed that AMPs enriched near the bottom of the villus (Extended Data
Fig. 9d)38, which, together with our data, suggested that AMPs enriched in the lower part of the10
small intestinal crypt-villus axis. This distribution pattern of AMPs in SI might contribute to the
maintenance of intestinal stem cell niche. In contrast, most colorectal AMPs were higher at the
top of the crypt axis, as revealed by spatial transcriptomics (ST), except for WFDC2 and ITLN1
(Fig. 3e, Extended Data Fig. 10a, b).
Furthermore, ST analysis showed limited expression of AMPs in GALT (Fig. 3e, Extended15

Data Fig. 10a, b), where CAMP was mainly expressed by CAMP+ memory B cells while
macrophages produced HAMP, RNASE6, and LYZ (Extended Data Fig. 9g-i). The articular
structure of GALT might account for the unique AMP expression and help kill pathogens
captured by microfold-like cells.
Transcription factor regulatory network controls the regional expression of antimicrobial20
peptides
Accounting for the concurrent change of AMPs during epithelial differentiation (Fig. 3c), as well
as the spatial co-expression patterns (Extended Data Fig. 10c), we hypothesized that there were
standard upstream regulators for AMPs. To gain mechanistic insight, we generated transcription
factor-target gene networks of SI- and LI-specific AMPs (Extended Data Fig. 11a, b), confirming25
the existence of common upstream TFs for AMPs. It is intriguing that SI AMPs, namely DEFA5,
DEFA6, PRSS2, REG3G, LEAP2, and REG3A, were regulated by bile acid receptors NR1H4 and
NR1H3 (Extended Data Fig. 11a), in line with the abundant expression of AMPs in NR1H4- and
NR1H3-dependent intestinal stem cells, TA cells, and immature enterocytes (Fig. 2a).
Consistently, the highest bile acid concentration in the ileum might lead to the elevated30
expression of AMPs in distal SI (Fig. 3a, b), highlighting the role of the microenvironment in
innate immunity.

A shift of AMPs in UC and Crohn’s disease (CD)
Abnormal expression of several AMPs has been noticed in patients with IBD39-42. To delineate a
comprehensive AMP response during IBD, we analyzed the scRNA-seq data of non-35
inflammatory and inflammatory biopsy of the colon from patients with UC, those of ileum from
patients with CD, as well as those from healthy controls12,43. Colonic epithelium of patients with
UC showed significant up-regulation of almost all AMPs, including SI-enriched AMPs, such as
DEFA5/6, REG3A, and ITLN2, and the levels increased with the progression of the disease
(healthy < non-inflammatory < inflammatory) (Extended Data Fig. 12a). In contrast, AMP40
alteration in the ileal epithelium of patients with CD showed an inconsistent trend (Extended
Data Fig. 12a), suggesting distinct roles of AMPs in the pathogenesis of UC and CD. The
increased AMPs during UC might be a compensatory response to the pathogenic
microenvironment, whereas the suppression of AMPs even before endoscopic inflammation
emerges during CD might exacerbate the condition.45
Of note, a group of epithelial cells, which expressed goblet cell markers (MUC2 and ITLN1),

in the colonic epithelium of patients with UC showed up-regulated SI-specific AMPs (DEFA5,
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DEFA6, REG3A, and ITLN2) (Extended Data Fig. 12b, c). According to functional analysis of
goblet cell subsets (Fig. 2h-k, Extended Data Fig. 7b-d), the AMP-producing cells were TFF3+
goblet cells (TFF1─LYPD8─) at the bottom of the crypt.

Regional heterogeneity of adaptive immune surveillance
ScRNA-seq data revealed that plasma cells mainly populated the proximal SI and colon, whereas5
follicular B cells populated the ileum, consistent with the enrichment of Peyer’s patches
(Extended Data Figs. 1e, 9e, f). The expression of IgA-related genes, such as IGHA1 and IGHA2,
was significantly higher in colonic plasma cells than in the small intestine. In contrast, IgM-
related gene, IGHM, showed the opposite pattern (Extended Data Fig. 13a-c), indicating regional
immune surveillance mediated by IgM/IgA class switch. Genes related to immunoglobulin10
synthesis, processing, and secretion also diverged between SI and LI (Extended Data Fig. 13d).
Regional cores and heterogeneity of intestinal compartment/cell crosstalk
Cell-cell interaction44 and network representation analysis based on receptor-ligand pairs
revealed that cell-cell crosstalk in different compartments represented the coexistence of
compartmentalization and de-compartmentalization. More vigorous communication intensity15
display within the epithelial, fibroblast, and myeloid compartments (i.e., compartmentalization),
whereas the T/ILCs, B, glia, and endothelial cells were de-compartmentalized (Fig. 4a-d).
Significant regional heterogeneity was observed in the intensity of compartment/cell crosstalk
(ileum > proximal SI > colon) (Fig. 4a-d), suggesting the ileum-predominant occurrence of CD,
which in turn, is characterized by transmural inflammation, and penetrating and fibrotic stenosis,20
in contrast to the mucosal limitation in UC. The core of inter-compartment crosstalk in SI
consisted of monocyte, macrophages, and stromal cells, whereas LI consisted of MNPs and
epithelial cells (Fig. 4e).
Molecular basis of intestinal immune cell homing
Chemokine-receptor pairs constitute the molecular basis for the competitive homing of immune25
cells. Results proved that the same lineage showed the region-specific ability of immune cell
recruitment (Fig. 4f, Extended Data Fig. 14a, b), resulting in the spatial distribution of immune
cells. For example, the increase of CXCL1, 2, and 3 in the epithelium, and their decrease in
fibroblasts, toward the distal digestive tract (Extended Data Fig. 14a, b), suggested that
neutrophils might be enriched near lamina propria fibroblasts in SI but recruited to the colonic30
epithelium.
Region-specific chemokines were identified, such as known CCL25 in SI epithelium45 and

newly identified CCL3L3 and CCL4L2 in SI T cells, NK-ILC1, and MNPs (Fig. 4f). New
interactions were predicted, i.e., GPR42-CCL4L2 mediated mast cell-T cell/NK-ILC1 interaction,
CX3CR1-mediated homing of LILRB5+ macrophage, and CXCL9+ macrophage to CX3CL1-35
expressing fibroblasts and endothelia, and CCR4-mediated Treg homing to CCL22-expressing
LAMP3+ DC (Fig. 4f). Furthermore, positive feedback of self-recruitment existed in all immune
cell lineages, except naive T cells, follicular B cells, and mast cells (Fig. 4f).
Mapping cellular and regional foci of intestinal diseases
Genome-wide association studies (GWAS) identified the risk alleles for intestinal diseases. We40
determined the expression of 85 risk genes of 9 diseases in all 59 cell subsets to identify the
cellular origin of the diseases, such as the CD risk gene IL23R in ILC2-ILC3 and the food allergy
(FA) risk genes MMP12 and STXBP6 in MMP9+ macrophage and mast cells, respectively
(Extended Data Fig. 15a). Gene set enrichment analysis indicated enriched disease-risk genes in
specific lineages. For example, the CD, UC, internal tuberculosis, and celiac disease risk genes45
were enriched in MNPs, and FA genes were enriched in mast cells, endothelial cells, and
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follicular B cells (Extended Data Fig. 15b). Multiple diseases correlated with immune cell
disorders suggesting a crucial role of abnormal immune surveillance in the occurrence of
intestinal diseases. We further investigated the cellular and regional susceptibilities to five
diseases whose risk genes were enriched in the immune compartment, consistent with the
epidemiological characteristics (Extended Data Fig. 15c, d). In accordance with the regional5
tendency, CD risk genes, SNX20, CARD9, IL27, and PRDM1 enriched in ileum CXCL9+
macrophage, and IL10 enriched in ileum FCN1+ monocyte. TB risk genes, TAB3, MICB, TAP2,
and C6orf47 enriched in ileum S100A8+ monocytes (Extended Data Fig. 15c).

Discussion10

We presented a comprehensive cell and spatial atlas across intestinal space, consisting of 59 cell
subsets, of which eight were newly identified. The new subsets with unique gene expression,
segment distribution, and spatial localization characteristics were associated with inflammatory
progression and microbial defense. A transitional state of ILCs was identified, implicating a
potential polarization and its effects in gut diseases46,47.15
The atlas provided new insights into milieu-regulated epithelial differentiation and the

regional molecular and functional characteristics. It indicated that anatomical location to be vital
for the differentiation of regional epithelial subsets by GRN analysis. The sensitivity of different
epithelial cell GRNs to the microenvironment appears to be variable.
Regional and spatial heterogeneity of AMP-mediated immune surveillance throughout20

development and adulthood was identified, suggesting a highly variable pattern of AMPs
between SI and LI, which might be involved in shaping distinct microbial communities of SI and
LI. A distinct role of AMPs in stem cell niche maintenance in different regions was identified.
AMPs were concentrated at the bottom of the crypt in SI, but were mainly located at the top of
the colonic crypts. This difference in spatial distribution of SI and LI AMPs might accord with25
the distinct structure of mucus layer, which needs further investigation.
Our data revealed that LGR5+ stem cells in SI, especially proximal, expressed the highest level

of SI-specific AMPs, represented by DEFA5/6. This result is surprising since intestinal
epithelial-derived microbial defense mechanisms used to be largely attributed to Paneth cells36. A
mice study likely mirrored these LGR5+ cells in our data to be precursors that are committed to30
mature into differentiated secretory cells48. Common upstream TFs controlled the AMPs in SI
and LI, illuminating the concurrent change of AMPs during epithelial differentiation, as well as
the spatial co-expression patterns. Of note, the bile acid receptors, NR1H3/4, were involved in
regulating the expression of SI-specific AMPs, emphasizing the involvement of milieu signals in
AMP-mediated intestinal immune surveillance49,50 and consistent with gradually established35
regional AMPs pattern during fetal development, since around 17 PCW was the key window
from which fetal bile secretion started51. Intriguingly, a goblet subset at the bottom of the crypt
contributed to the up-regulation of defensins during UC, rather than previous-believed Paneth
cell metaplasia39,40.
Furthermore, the correspondence of cell focus of risk genes to diseases’ location susceptibility,40

along with distinct cell-cell crosstalk and spatial heterogeneity of immune cells in different gut
segments, provided new insights into regional milieu-determined immune surveillance in
intestinal diseases. Overall, our data revealed the regional milieu of human intestine determined
molecular cues of immune surveillance, dictating gut homeostasis and disease, which may yield
dividends for human medicine.45
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Figure legends:

Fig. 1: Single-cell atlas of the healthy human intestine. a, UMAP embedding of cells from 59
different cell subsets. b, UMAP embedding overlay showing the location distribution across all
cell subsets. c, Subset-specific markers. Shown is the scaled expression of marker genes (rows)
across cell types (column) (see also in Extended Data Figs. 2, 3). d, Diagrams showing5
localization and morphology of newly identified cell subsets, and differentially expressed
immunoglobulins and antimicrobial peptides across different intestinal regions. e, Dot plot
showing markers of 8 newly identified cell subsets, ILCs transition state, and enterocytes from
different intestinal regions. f, Cell subset distributions. Shown are fractions of cells (y-axis) in
each cell subset (bars) that are derived from indicated samples. Bottom: total cell counts in the10
subset. g, Hierarchical clustering of all cell types based on TF module scores. Branches are
colored by compartment. TFs at each branching point of the dendrogram are representative for
subjacent groups of regulons (see also in Extended Data Fig. 5d and Supplementary Table 2). h,
UMAP embedding based on the TF module scores shows the intestinal cells into identical but
consecutive cell lineages (see also in Extended Data Fig. 5a, b).15

Fig. 2: The microenvironment determines in site epithelial cell differentiation and shapes
regional molecular characteristics. a, A dendrogram of regulons for 41 regional epithelial cell
subsets. TFs at each branching point of the dendrogram are representative of subjacent groups of
regulons. Branches are colored by location (see also in Supplementary Table 3). b, Regional
function shifts in enterocytes across different intestinal regions. Shown are scaled scores of20
KEGG pathways (rows) (see also in Extended Data Fig. 6c-e). c, d, Trajectory and partition-
based graph abstraction of absorptive (c) and secretory (d) epithelial cell lineages. e, f, Sankey
diagrams depicting the mapping of enterocytes (e) and goblet cells (f) from different intestinal
regions to their functional subsets. g, h, Functional (g) and molecular (h) characteristics of goblet
functional subsets. i, j, Trajectory and partition-based graph abstraction highlighting the25
differentiation of goblet functional subsets (i) and their marker genes (j). k, Expression of ITLN1
and TFF1 in ST adult colon slides and H&E image showing the positioning on the crypt-villus
axis of TFF3+ goblet subset and TFF1+ goblet subset.

Fig. 3: Antimicrobial peptide-mediated immune surveillance. a, Dot plot showing the
diversity of AMPs expression pattern in different intestinal regions and cell specificity of AMPs.30
b, T-SNE embedding of epithelial cells showing the co-expression of small intestine-specific
AMPs genes such as DEFA5 and PRSS2, and marker gene of stem cell (i.e. LGR5) in duodenum,
jejunum, and ileum. c, The wishbone trajectory dendrogram of duodenum epithelial cells
highlighting the expression of small intestine-specific AMPs genes (DEFA5, DEFA6, PRSS2,
REG3A, REG3G, ITLN2) correlate positively with LGR5. d, Bowel sections from the human35
intestine were immunofluorescent stained for DEFA5 (red), LGR5 (green), and DAPI (blue).
Scale bars, 50 μm in SI and 100μm in LI. Staining repeated on two to three participants (see also
in Extended Data Fig. 9a-c). e, Expression of LYPD8 and WFDC2 in ST adult colon slides. H&E
image of zoomed-in section repeated for clarity (see also in Extended Data Fig. 10a, b). f, Violin
plots depicting selected AMPs genes (DEFA5, LYPD8, and WFDC2) that show locational and40
time-course differences in expression of fetal intestinal epithelium (top), and locational
differences in the adult intestinal epithelium (bottom).
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Fig. 4: Regional heterogeneity of intestinal cell crosstalk. a-d, Cell-cell interaction networks
based on receptor-ligand pairs in different intestinal regions including duodenum (a), jejunum (b),
ileum (c), colon (d). Nodes, cell subsets annotated by lineage (color), and cell count (size). Edges
connect pairs of cell subsets labeled by interaction strength (width). e, Central nodes in the
interaction network. Shown are the top 10 central subsets of each intestinal region (left) and their5
mean degree centrality (connectivity) across different regions (right). f, Chemokine signaling
predicts immune cell homing in different intestines. Dot plot showing expression of chemokine
receptors (left) in immune cells and ligands (right) in intestinal cell compartments across
different intestinal regions (colors). Only cell types and chemokines with detected expression are
shown. Colored lines connect receptor sources (migrating cells) with target cell compartments10
expressing cognate ligand. Expression values are normalized and scaled. (see also in Extended
Data Fig. 14).
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Extended data figures and tables:

Extended Data Fig. 1 | Strategy for scRNA-seq and meta-information of human intestinal
samples and cells. a, Overview of study design for intestinal regional atlas. b, The meta-
information of the newly generated and previously published scRNA-seq data. c, Cell clustering
and annotation pipeline. Cell expression profiles were computationally clustered by graph40
clustering algorithm and clusters were then separated into tissue compartments based on the
expression of compartment-specific markers (KRT8 (Epithelial cells), CD3D (T cells/ILCs),
CD79A (B cells), IGFBP7 (Stromal cells), IGSF6 (MNPs) and TPSAB1 (Mast cells)), as shown
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for UMAP plot of intestinal cell expression profiles. Cells from each tissue compartment were
then iteratively re-clustered until differentially-expressed genes driving clustering were no longer
biologically meaningful. Cell cluster annotation was based on the expression of canonical marker
genes from the literature, ascertained tissue location, and inferred molecular function from
differentially-expressed genes. d, Heap map of pairwise Pearson correlations of the average5
expression profile of each cluster. e, Spatial transcriptome projection of marker genes for newly
identified macrophage and follicular B subsets highlighting the enrichment of subsets in GALT
or lamina propria (LILRB5 for M02, CXCL9 for M03, CCL18 for M04, MMP9 for M05, FCRL4
for B05, and CAMP for B06). The black box in the H&E image (left) indicates the location of
GALT.10

Extended Data Fig. 2 | Diversity of epithelial and stromal cells in different intestinal regions
and summary of major compartments, epithelial and stromal subsets in the human
intestine. a, Overview of major compartment characteristics from human intestine. The
compartment-specific TFs and functional genes were obtained by differential expression analysis
(DEA). EPI, epithelial cells; MNPs, monocytes, macrophages, and dendritic cells. b, Diversity of15
epithelial cells in different intestinal regions and their characteristics. Left: Shown are stacked
frequencies of each subset divided by the respective total compartment frequency estimated by
scRNA-seq in each intestinal region. Right: Overview of epithelial cell subset characteristics. c,
Diversity of stromal cells in different intestinal regions and their characteristics. Left: Shown are
stacked frequencies of each subset divided by the respective total compartment frequency20
estimated by scRNA-seq in each intestinal region. Right: Overview of stromal cell subset
characteristics. Note that for Extended Data Fig. 2b, c, the subset-specific TFs were obtained by
regulon specificity score (RSS) and functional genes were obtained by differential expression
analysis. +++ indicates that the cell subset is detected and the proportion of it in the epithelial
compartment of the respective region is more than 30%, ++ indicates that is more than 10% but25
less than 30%, + indicates that is more than 1% but less than 10%, -/+ indicates that is less than
1%, and - indicates no detection of this cell subset. The cell subsets marked in red are newly
identified.

Extended Data Fig. 3 | Diversity of immune cells in different intestinal regions and
summary of immune subsets in the human intestine. a-c, Diversity of T cells/ILCs (a), B cells30
(b), and myeloid cells (c) in different intestinal regions and their characteristics. Left: Shown are
stacked frequencies of each subset divided by the respective total compartment frequency
estimated by scRNA-seq in each intestinal region. Right: Overview of T cell/ILCs, B cell and
Myeloid cell subset characteristics. For Extended Data Fig. 3a-c, the subset-specific TFs were
obtained by regulon specificity score (RSS) and functional genes were obtained by differential35
expression analysis. +++ indicates that the cell subset is detected and the proportion of it in the
epithelial compartment of the respective region is more than 10%, ++ indicates that is more than
1% but less than 10%, + indicates that is more than 0.3% but less than 1%, -/+ indicates that is
less than 0.3%, and - indicates no detection of this cell subset. The cell subsets marked in red are
newly identified.40

Extended Data Fig. 4 | ILCs transition state characteristics and FACS validation in human
and mouse intestines. a, UMAP embedding plot of T cells/ILCs compartment from SI showing
13 major subsets including NK-ILC1 and ILC2-ILC3. b, Trajectory and partition-based graph
abstraction of NK-ILC1 and ILC2-ILC3 lineages showing a transition state of ILCs. c, UMAP
embedding plot of ILCs compartment from SI depicting the clustering result of re-clustering of45
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ILCs into 3 subsets (right). d, Heap map showing the scaled expression of marker genes of NK,
ILC1, ILC2, and ILC3 for 3 re-clustering subsets (fig. S5C) highlighting a transition state of
ILCs. e, FACS analysis of IL-22 and AREG expression after gating on CD45+Lin-
CD127+CD161+ ILCs and CD45+Lin-CD127+CD161- LPLs in human SI (upper) and LI (lower)
intestine. f, FACS analysis of IL-22 and AREG expression after gating on CD45+Lin-5
CD127+CD90.2+ ILCs in mouse SI (upper) and LI (lower) intestine. g, The frequency of double-
positive ILCs was much higher in humans than mouse in both SI and LI. Data are shown as
mean ± SEM (n =3 per group).

Extended Data Fig. 5 | Transcription factor regulatory networks in scRNA-seq of healthy
intestine. a, UMAP embedding based on the TF module scores shows the intestinal cells into10
identical but consecutive cell lineages. b, UMAP overlay of selected TF module AUC scores in
single cells across all compartments, demonstrating gene modules with compartment-specific
regulation of intestinal epithelium (CD2X), T cells/ILCs (STAT4), B cells (POU2F2), MNPs
(SPIC), mast cells (GATA1) and stromal cells (TCF21). c, Binary regulon activity heat map for
the intestinal cell atlas. Binary activity for each cell is generated from the SCENIC AUC15
distribution and plotted as a heat map, with black blocks representing cells that are ’on’. d, A
dendrogram of regulons for 59 intestinal cell subsets. TFs at each branching point of the
dendrogram are representative of subjacent groups of regulons. Branches are colored by lineages
(from left to right, they are epithelium, endothelium, fibroblasts, glial, pericytes and smooth
muscles, mast cells, monocytes-macrophages-dendritic cells, plasma cells, follicular B cells, and20
T/ILCs).

Extended Data Fig. 6 | Overview of molecular and functional characteristics of regional
and functional enterocyte subsets. a, Functional characteristics of 6 functional enterocyte
subsets. b, Dot plot showing the up-regulation of various mucus-related genes suggesting that
enterocytes converged to goblet cells in mucus biosynthesis and secretion toward the end of the25
digestive tract. c-e, Function enrichment of 6 regional enterocyte subsets. Shown are normalized
scores of KEGG pathways in organismal systems (c), metabolism (d), and human disease (e).

Extended Data Fig. 7 | Overview of molecular and functional characteristics of regional
and functional goblet subsets. a, Functional characteristics of 4 functional goblet subsets. b-d,
Trajectory and partition-based graph abstraction showing the differentiation of goblet functional30
subsets (b) and their regional distribution (c) and marker genes (d). e-g, Function enrichment of 7
regional goblet subsets. Shown are normalized scores of KEGG pathways in organismal systems
(e), metabolism (f) and human disease (g).

Extended Data Fig. 8 | Overview of molecular and functional characteristics of regional
and functional Paneth and Paneth-like cells (BEST4+enterocytes) subsets. a-c, Molecular (a)35
and functional (b, c) characteristics of 6 functional subsets. Note that there is only one
differential gene up-regulated in subset 4, so there is no enriched pathway for subset 4. d-f,
Function enrichment of 5 regional subsets. Shown are normalized scores of KEGG pathways in
organismal systems (d), metabolism (e), and human disease (f).

Extended Data Fig. 9 | Multi-omics verification of the regional heterogeneity of40
antimicrobial peptides expressed on the crypt-villus axis and different intestinal regions. a,
Bowel sections from human intestine are immunostained for REG3G. Scale bars, 100 μm. b,
Bowel sections from human SI are immunofluorescent stained for DEFA5 (red), LGR5 (green)
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and DAPI (blue). LGR5+ stem cells are not the only source of DEFA5, a part of DEFA5 positive
epithelial cells are negative for LGR5. c, Bowel sections from intestine are immunofluorescent
stained for PRSS2 (red), LGR5(green) and DAPI (blue). Scale bars, 50 μm in SI and 100 μm in
LI. Staining repeated on two to three participants. d, LCM-seq of mouse jejunum villi showing
the antimicrobial peptide-encoding genes Lypd8, Leap2, Dmbt1, Ccl28 were enriched at the5
bottom of villi. e, B cell subset distributions indicating the newly identified B06-CAMP+
Memory B are enriched in the ileum. Shown are stacked frequencies of each B cell subset
divided by the total B cell frequency estimated by scRNA-seq in each intestinal region. f, UMAP
embedding plot of B cells highlighting expression and distribution of marker gene CAMP for
B06 subset. g-i, ST slides of the adult colon showing the enrichment of CAMP (g), LYZ (h), and10
WFDC2 (i) in the GALT.

Extended Data Fig. 10 | The spatial transcriptome of colon depicting the enrichment
location of AMPs on the crypt axis. a, ST slides of the adult colon highlighting the enrichment
of most LI-specific AMPs at the top zone of LI crypt. b, ST slides of the adult colon showing the
enrichment of ITLN1 and WFDC2 at the bottom of LI crypt. c, ST slides of adult colon showing15
the rare co-expression (spatial co-localization) of SI-specific AMPs REG3A, DEFA5, and
DEFA6.

Extended Data Fig. 11 | Transcription factor-antimicrobial peptide regulatory network. a,
Venn network plot of SI-specific AMPs and their TFs highlighting the common upstream such as
NR1H4 and HNF4G. b, Venn network plot of LI-specific AMPs and their TFs highlighting the20
common upstream such as CREB3L1 and PPARG. c, Interactive Venn diagram indicating 35 TFs
overlapping from the upstream TFs of SI (47 TFs)- and LI (110 TFs)-specific AMPs.

Extended Data Fig. 12 | The shift of antimicrobial peptides in ulcerative colitis and Crohn’s
disease. a, Box plots depicting the shift of AMPs during the progression of UC and CD. Shown
are the mean expression of AMPs in epithelial cells from healthy (blue), non-inflamed (green),25
and inflamed (red) biopsies (t-test independent samples with Bonferroni correction, *p = 0.05; **p
= 0.01; ***p = 0.001; ****p = 0.0001); boxplots: 25%, 50% and 75% quantiles). b, UMAP
embedding plots of epithelial cells from UC biopsies highlighting expression and distribution of
SI-specific AMPs DEFA5, DEFA6, REG3A and ITLN2. c, UMAP embedding plots of epithelial
cells from UC biopsies showing the co-expression of marker genes of goblet cell and SI-specific30
AMPs, and low expression of markers (TFF1 and LYPD8) in the top zone of crypt indicating a
new goblet subset locating at the bottom of crypt expresses SI-specific AMPs during UC.

Extended Data Fig. 13 | Clustering and functional heterogeneity of B cells in different
intestine regions. a, Heap map showing the normalized expression of marker genes for B cell
subsets. b, UMAP embedding plot of B cells from different intestinal regions grouped in 635
clusters (4 for follicular B cells and 2 for plasma cells). c, UMAP embedding overlay showing
the location distribution across all B cell subsets (left) and distribution of immunoglobulin-
related genes IGHM, IGHA1, and IGHA2. d, Box plots showing the mean expression of genes
and pathway signatures implicated in immunoglobulin synthesis and secretion in each B cell
subset from different intestinal regions (t-test independent samples with Bonferroni correction, *p40
= 0.05; **p = 0.01; ***p = 0.001; ****p = 0.0001); boxplots: 25%, 50% and 75% quantiles).

Extended Data Fig. 14 | Intestinal epithelial and stromal cell regional expression patterns of
chemokines. a, Dot plots showing the mean scaled expression of chemokines in epithelial cells
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from different intestinal regions (left), and regional expression patterns of epithelial subsets
(right). b, Dot plots showing the mean scaled expression of chemokines in stromal cells from
different intestinal regions (left), and regional expression patterns of stromal subsets (right).

Extended Data Fig. 15 | Mapping cellular origins of intestinal disease by cell-selective
expression of disease genes. a, Dot plot of scaled expression of intestinal disease risk genes5
(columns) (numbered, associated disease shown above) enriched in specific intestinal cell
subsets (rows). Red, newly identified cell subset association of gene. b, Violin plots depicting the
enrichment of risk gene sets of 8 intestinal diseases in specific cell lineages. c, Dot plot of scaled
expression of risk genes (rows) enriched in immune cell subsets (columns) and intestinal regions
(colors), highlighting cellular and regional susceptibility to the five diseases (Crohn’s disease,10
ulcerative colitis, intestinal tuberculosis, B-cell malignancies, and food allergy). d, Matrix plot of
scaled expression of risk genes (rows) for all cells (left) and selected immune cells (right) (used
in Extended Data Fig. 15c) showing regional enrichment (columns).

Supplementary Table 1: an Excel file containing participants details.

Supplementary Table 2: an Excel file containing key transcription factors of 59 cell subsets,15
and TFs at each branching point representing subjacent groups of regulons.

Supplementary Table 3: an Excel file containing key transcription factors of 41 regional
epithelial cell subsets, and TFs at each branching point representing subjacent groups of regulons.

Materials and Methods20

Single-cell RNA-seq and spatial transcriptomics datasets collected in this study
We conducted the study in two phases: In the discovery phase, we integrated our newly
generated scRNA-seq data of mucosal epithelium and lamina propria of duodenum, jejunum, and
ileum, and previously published ileum, colon, and rectal epithelial data (GEO: GSE125970)19,
and colon epithelial and lamina propria data (Single Cell Portal: SCP259)10 to generate a25
comprehensive human intestinal single-cell atlas. In the promotion phase, we integrated non-
inflammatory and inflammatory mucosal biopsies data of ileal Crohn’s disease (available for
download at gutcellaltas.org)43 and colon ulcerative colitis (GEO: GSE116222)12, and fetal
development data of ileum and colon ranged from 8 to 22 post-conceptual weeks (PCW) (GEO:
GSE158702), as well as spatial transcriptome (ST) data of adult colon (GEO: GSE158328)35 and30
LCM-seq data of mouse jejunum (GEO: GSE109413)38 to identify regional immune surveillance
shifts during diseases and human development, and the spatial regularity of intestinal crypt-villus
axis. It is worth noting that in the discovery phase, we randomly sampled the colonic scRNA-seq
data from Single Cell Portal (SCP259)10 to 1/3 of the original to balance the cell numbers of the
proximal small intestine, distal small intestine and colon. In addition, before integrating data35
from different sources, the gene symbol of all open-source human single-cell sequencing data is
modified to the gene symbol of GRCh38.p13 human reference genome.

Human specimens for single-cell experiment
We generated scRNA-seq profiles from 14 intestinal samples collected from 10 healthy donors40
recruited in Qilu hospital of Shandong University at the time of routine gastroscopy or
enteroscopy or colonoscopy (see also in Supplementary Table 1). Healthy volunteers were
individuals without gastrointestinal tumors, polyps, or other organic diseases and who were
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overall healthy with no underlying diseases such as hypertension and diabetes. All samples were
obtained with informed consent, and the study was approved by the medical science research
ethics committee of Qilu hospital of Shandong University (KYLL-202008-127-1). All relevant
ethical regulations of the medical science research ethics committee of Qilu hospital were
followed.5

Single-cell collection and sorting
Intestinal mucosa was freshly sampled from the duodenum, jejunum, ileum of the volunteers,
and intestinal biopsies were washed in PBS to remove mucus and blood cells. Intestine samples
were then incubated with shaking in PBS containing 10 mM EDTA and 20 mM HEPES at 37℃10
for 20 min. After shaking, crypts and villus fraction in the medium were mechanically detached,
strained, washed, and centrifuged; the pellet was then resuspended in warm TrypLE Express
(GIBCO) and digested to single epithelial cells at 37℃. To obtain the lamina propria cell
compartment, the rest pieces were digested by shaking in 2 mL of 5% (v/v) FBS in RPMI
medium containing DNase I (Sigma) (150 μg/ml) and collagenase IV (Sigma) (1.5K U/ml) at15
37°C for 20-30 min. The digested tissue was homogenized by vigorous shaking and filtered
through 100 μm cell strainer. After centrifugation, the pellets were harvested and resuspended in
a complete cell medium. Single-cell suspensions of epithelial and lamina propria cell
components were pelleted, washed, strained, and resuspended in FACS buffer. 7-
aminoactinomycin D (7-AAD) was added just before flow sorting. 7-AAD-negative living cells20
of epithelial and lamina propria compartment were sorted for further single-cell mRNA-
sequencing separately. Data for all sorted cells were recorded for later experiments.

Library preparation and single-cell RNA sequencing
Cells were concentrated to 700-1000 cells/μL and loaded on GemCode Single Cell Instrument25
(10x Genomics; Pleasanton, CA, USA) to generate single-cell gel bead-in-emulsions (GEMs).
Next, GEMs were subjected to library construction using Chromium Single Cell 3’ Reagent Kits
v2 (10x Genomics; Pleasanton, CA, USA) according to the manufacturer’s instructions, the steps
of which included incubation at room temperature, complementary DNA amplification,
fragmentation, end repair, A-tailing, adaptor ligation, and sample index polymerase chain30
reaction. To be compatible with BGISEQ-500 sequencing platform, libraries conversion was
performed using the MGIEasy Universal Library Conversion Kit (App-A) (Lot: 1000004155,
BGI). Then the converted library was subjected to subsequent DNA circularization and rolling-
cycle amplification to generate DNA nanoballs. Purified DNA nanoballs were sequenced using
the BGISEQ-500 sequencing platform, generating reads containing 16 base pairs of 10xTM35
barcodes, 10 base pairs of UMIs, and 100 base pairs of 3’ complementary DNA sequences.

Alignment, quantification, and quality control of single-cell RNA sequencing data
Droplet-based sequencing data were aligned and quantified using the CellRanger software
(version 3.0.2 for 3’ chemistry) using the GRCh38.p13 human reference genome. Scanpy40
(version 1.7.1)52 python package was used to load the cell-gene count matrix and perform quality
control for newly generated dataset and collected datasets. For each sample, after removing the
mitochondrial (gene symbols start with MT-) and ribosomal Protein (gene symbols start with RP)
genes, cells with fewer than 2000 UMI counts and 250 detected genes were considered as empty
droplets and removed from the datasets. After that, genes expressed in fewer than three cells45
were discarded.

Doublet detection
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To exclude doublets, we applied Scrublet software (version 0.2.3)53 to identify artifactual
libraries from two or more cells in each scRNA-seq sample, including newly generated dataset
and collected datasets. The doublet score for each single cell and the threshold based on the
bimodal distribution was calculated with default parameters (sim_doublet_ratio=2.0;
n_neighbors=None; expected_doublet_rate=0.1, stdev_doublet_rate=0.02). All remaining cells5
and cell clusters were further examined to detect potential false-negatives from scrublet analysis
according to the following criteria: (1) Cells with more than 8000 detected genes, (2) Clusters
that expressed marker genes from two distinct cell types, which are unlikely according to prior
knowledge (i.e. CD3D for T cells and EPCAM for Epithelial cells). All cells or clusters flagged
as doublets were removed from further downstream analysis.10

Graph clustering and partitioning cells into distinct compartments
Downstream analysis included normalization (scanpy.pp.normalize_total method,
target_sum=1e4), log-transformation (scanpy.pp.log1p method, default parameters), cell cycle
score (scanpy.tl.score_genes_cell_cycle method, cell cycle genes defined in Tirosh et al, 201654,15
feature regress out (scanpy.pp.regress_out method, UMI counts, percentage of mitochondrial
genes and cell cycle score were considered to be the source of unwanted variability and were
regressed), feature scaling (scanpy.pp.scale method, max_value=10, zero_center=False), PCA
analysis (scanpy.tl.pca method, svd_solver=’arpack’), batch-balanced neighbourhood graph
building (scanpy.external.pp.bbknn method, n_pcs=20)55, leiden graph-based clustering20
(scanpy.tl.leiden method, resolution=1.0)56, and UMAP visualization (scanpy.tl.umap method)57
performed using scanpy (version 1.7.1)52. Clusters were preliminarily partitioned into 6
compartments, using marker genes found in the literature in combination with differentially
expressed genes (scanpy.tl.rank_gene_groups method, method=’Wilcoxon test’). Specifically,
epithelial compartment was annotated using a gene list (EPCAM, KRT8, KRT18, KRT19, PIGR),25
T and ILCs compartment (CD2, CD3D, CD3E, CD3G, TRAC, IL7R), B cell compartment
(JCHAIN, CD79A, IGHA1, IGHA2, MZB1, SSR4), MNPs compartment (HLA-DRA, CST3, HLA-
DPB1, CD74, HLA-DPA1, AIF1), Mast cell compartment (TPSAB1, CPA3, TPSB2, CD9,
HPGDS, KIT), and Stromal cell compartment (IGFBP7, IFITM3, TCF7L1, COL1A2, COL3A1,
GSN). See Extended Data Figs. 2, 3 for differentially expressed genes in all compartments.30

Re-clustering and differential gene expression to define cell subsets
Re-clustering and differential gene expression analysis (scanpy.tl.rank_genes_groups method,
method=’wilcoxon’) were performed on each cell compartment to accurately identify cell types
or subsets and characterize the differential genes of each subset (Fig. 1c, Extended Data Figs. 2,35
3).
For the epithelial compartment, the results of preliminary re-clustering indicated that some

lineages from different intestinal regions, such as absorptive enterocytes from proximal SI, distal
SI, and LI, were independent of each other in UMAP and cannot be grouped into a cluster.
Therefore, we respectively performed clustering and annotation on epithelial compartment of40
proximal SI, distal SI, colon, and rectum, revealing nine cell types and 14 regional subsets in the
intestine epithelium (Fig. 1a) and their proportion distribution and differential genes (Extended
Data Fig. 2b). The cell types included LGR5+stem cell, transient-amplifying (TA) cell, goblet cell,
enteroendocrine cell (EEC), tuft cell, immature enterocyte, and enterocyte that coexist across all
segments, as well as small intestine-specific Paneth cell and colorectum-specific45
BEST4+Enterocyte (Paneth-like cell)19. Consistent with the results of Wang et al.19, tuft cells had
a lack of detection in the rectal epithelium. Moreover, in line with previous intestinal scRNA-seq
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reports12,19,35, our healthy human intestinal epithelial data also did not detect rare microfold (M)
cell, which was reported to expand in the colon during ulcerative colitis10.
For T/ILCs compartment, the results of preliminary re-clustering indicated that cells from the

colon and small intestine were heterogeneous in UMAP. What’s more, the number of colon cells
was much less than that of the small intestine. Therefore, we clustered and annotated the T/ILCs5
of SI and colon, respectively. The process of hierarchical clustering and annotation based on
marker genes (Extended Data Fig. 3a) was as follows: First, we distinguished between αβ T and
non-αβ T cells. The non-αβ T cells were further classified into γδ T cells、NK-ILC1 and ILC2-
ILC3. The αβ T cells were preliminarily grouped into CD4+ Naive/Tcm, Treg, CD4+ Trm, CD8+
Trm, and CD4+CD8+ Trm based on mRNA scores of gene modules related to immunoregulation10
(TNFRSF18, TNFRSF4, TNFRSF9, TNFRSF1B, AC133644.2, CTLA4, TIGIT, ICA1, RHBDD2,
MAGEH1, IL2RA, TBC1D4, BATF, IKZF2, FOXP3), naive/central memory (SELL, LEF1, SOX4,
SC5D, CCR7, TOB1, NOSIP), CD8/cytotoxic (CD8A, CD8B, DHRS3, GZMA, GFOD1, IFITM3,
PRF1, KLRD1, GZMB, CCL5, NKG7, FGR, CD160, FCER1G, XCL2, XCL1, GNLY, EOMES,
CMC1, DTHD1, AOAH, CLIC3, CTSW, KLRF1, KLRC2, KLRC1, PTGDR, MCTP2, CCL3,15
CCL4, CCL3L3, CCL4L2, MATK, MAPK1, IL2RB), and resident memory T cell (JUN, KLF6,
FOSB, PTGER2, FOS, SYTL3, SPRY1, ANKRD28, GPR171, PDE4D, JAML, IL7R, GLIPR1,
CD69, NFKBIA, PPP1R15A, NFKBIZ, TNFAIP3, PTGER4, ANXA1, ID2, ATF3, MGAT4A,
AC092580.4, KLRB1, RORA, IL18R1, STAT4, IFNGR1, PFKFB3, GPR65). Then, CD4+ Trm
was further divided into CD4+ Type 1 cytokines Trm (Th1 like Trm) and CD4+ Type 3 cytokines20
Trm (Th17 like Trm). CD8+ Trm was further divided into CD8+ Cytotoxic Trm, CD8+ CTL Tem,
and CD8+ IEL. The CD4+CD8+ Trm was further divided into DP-Type 1 cytokines Trm and DP-
Type 3 cytokines-Trm. In addition, there was a cluster in the small intestine that showed very
high mitochondrial gene, low ribosomal gene patterns, and low TCR gene expression patterns,
and highly expressed mRNA splicing function-related genes, such as FUS, HNRNPA2B1,25
HNRNPH1, HNRNPU, SRSF7, and RBM5. Cells in this cluster contained CD4 and CD8 T cells,
indicating cells aggregated beyond the CD4/CD8 lineage with their special gene expression
patterns, and were annotated as MT_hi T cells. Furthermore, a cluster of CD4+ Trm in the colon
expressed very low Th1 and Th17 cytokines, and was annotated as cytokines low Trm.
MNPs and B cells compartment did not show the same regional heterogeneity as epithelial or30

T/ILCs compartments. Therefore, we integrated data from different regions and re-clustered it
together. The MNPs compartment was preliminarily divided into monocytes, macrophages, and
dendritic cells. Further, based on the differential genes, the monocytes were divided into
S100A8+ subset and FCN1+ subset, and the macrophages were divided into APOE+ subset,
LILRB5+ subset, CXCL9+ subset, CCL18+ subset, and MMP9+ subset, and dendritic cells were35
divided into cDC1, cDC2, and LAMP3+ Activated DC. The B cells compartment was
preliminarily divided into follicular B cells and plasma cells. The follicular B cells were further
divided into Naive B, Memory B, FCRL4+ Memory B, and CAMP+ Memory B. And the plasma
cells were divided into IgA plasma and IgG plasma.
For the stromal cell compartments, the endothelial and glial cells did not show strong regional40

heterogeneity. According to the differential genes, the endothelial cells from different regions
were re-clustered together and divided into ACKR1+ subset, CD36+ subset, RGS5+ subset, and
Lymphatic endothelial cells. The glial cells clustered individually. The fibroblast compartment
lacked prior knowledge of clear lineage distinctions like epithelial cells. Therefore, despite
significant regional heterogeneity within the fibroblast compartment, we integrated data from45
different regions and re-clustered them together. As a result, the fibroblast compartment can be
preliminarily divided into fibroblasts, pericytes, and smooth muscle cells, and the latter two had
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weaker regional heterogeneity. According to DEG and regional enrichment (Extended Data Fig.
2c), the fibroblasts were further divided into RSPO3+OGN+ subset (mainly enriched in the SI),
RSPO3+OGN-subset (mainly enriched in the colon) and WNT2B+ subset-1 (SI), WNT2B+ subset-2
(colon), as well as WNT5B+ subset with weak regional heterogeneity, and Fibro-MThi subset
with very high mitochondrial gene expression patterns.5

Estimation of cell proportions
Because EPI and LP samples were separately processed and sequenced, and the number of EPI
and LP samples also varied in different intestinal regions, we cannot directly compare the
enrichment of cell subsets in different intestinal segments by comparing cell numbers among10
regions. Therefore, we designed a normalized cell proportion metric ( *proportion ) and
calculated the enrichment of cell subsets of regions in each cell compartment, including
epithelial, T/ILCs, B cell, MNPs and Mast, and Stromal cell compartment. For each
compartment, the calculation process was as follows:

i

ji
ji N

n
proportion ,

,  (1)15

Where i and j indicated the intestine segment and cell subset, respectively. The proportion of cell
subset j in the intestinal segment i is equal to the cell counts n of subset j in segment i divided by
the total cell counts N in segment i.

20


i

jij proportionSum
0

, (2)

j

ji
ji Sum

proportion
proportion ,*

,  (3)

The normalized proportion ( *proportion ) intuitively reflected the relative enrichment of cell
types or subsets in each intestinal segment (Fig. 1f), and the proportion of each cell type in
different segments added up to 1. If a cell type had the highest proportion in a particular25
intestinal segment, the proportion of this cell type in that intestinal segment exceeded other
regions. The bar plots were done with matplotlib (version 3.3.4) and pandas (version 1.2.3)
python package.

Transcription factor module analysis30
Python package pySCENIC workflow (version 0.11.0)29,30 with default settings was used to infer
active TFs and their target genes in all cells and epithelial cells, respectively. In brief, the
pipeline was implemented in three steps. First, a single-cell gene expression matrix was filtered
to exclude all genes detected in fewer than ten total cells, and the remaining genes were used to
compute a gene-gene correlation matrix for co-expression module detection using a regression35
per-target approach GRNBoost2 algorithm. Second, we pruned each module based on a
regulatory motif near a transcription start site (TSS). Cis-regulatory footprints could be obtained
with positional sequencing methods (for example, from ChIP-seq motif calling with an antibody
against a TF). Binding motifs of TFs across multiple species were then used to build an
RCisTarget database. Precisely, modules were retained if the TF-binding motif was enriched40
among its targets, while target genes without direct TF-binding motifs were removed. Third, we
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scored the impact of each regulon for each single-cell transcriptome using AUC score as a metric
by the AUCell algorithm.
Each step of this pipeline used rank statistics, and the last classification step ran independently

for each cell, avoiding a batch effect. The transcription factor motif scores for gene promoters
and around transcription start sites for hg38 human reference genome were downloaded from the5
RcisTarget database29, and the TF gene list was downloaded from Humantfs database58. Based
on the AUCell matrix of 543 regulons, dot-plot of top 3 activated regulons across 59 identified
cell subsets and matrix plot of top 2 activated regulons across 41 regional epithelial cell subsets
were done in the Scanpy package (sc.pl.dotplot method, standard_scale=’var’) (sc.pl.matrix plot
method, standard_scale=’var’)52 (Extended Data Fig. 5d, Fig. 2A). GRN plots of the small10
intestine- and colorectum-specific antimicrobial peptides were done using the Evenn software59.

Fate decision tree construction (regulon-based)
Dendrogram plots were constructed for all cells and epithelial cells using Scanpy
(sc.pl.dendrogram method)52 on the AUCell matrix of 543 regulons to observe subtler changes,15
respectively (Figs. 1g, 2a, Extended Data Fig. 5d). We deciphered the diverging composite rules
of a regulon-based dendrogram by testing each branching node for differential regulon
importance. Therefore, we performed differential regulon expression analysis of every node with
Wilcoxon test (sc.tl.rank_gene_groups method, method=’Wilcoxon test’) to derive the action
propagation program of the regulons. The dot plot of the fate decision tree was ordered by20
dendrograms (Extended Data Fig. 5d, Fig. 2A).

Trajectory analysis
We applied the pseudo-time analysis to infer the differentiation trajectories of absorptive
enterocytes and secretory cells across different intestinal regions (Fig. 2c, d), and then identified25
the influence of the regional microenvironment on the differentiation and functional shifts of
epithelial cells. The analysis pipeline was implemented in two steps. First, clustering and
annotation were performed on epithelial cells of the duodenum, jejunum, ileum, colon, and
rectum, respectively (the methods were the same as Graph clustering and partitioning cells into
distinct compartments). As a result, colonic enterocytes and goblet cells were divided into 2 and30
3 functional subsets, respectively, and those in other regions had only one functional subset. In
addition, considering the similarities between BEST4+ Enterocytes and Paneth cells in marker
gene expression, such as BEST4, HES4, SPIB, CA7, and Lysozyme (LYZ), as well as growth
factor receptor (NOTCH2), we classified these two cell types into one category
(Panthe/BEST4+Enterocytes) and included them in the pseudo-time analysis of secretory cells.35
Second, we set LGR5+ stem cells as the initial point for differentiation and implemented pseudo-
time analysis to absorptive enterocytes and secretory cells (including functional subsets of goblet,
tuft, EECs, Paneth/BEST4+ Enterocytes) with diffusion map (sc.tl.diffmap method, default
parameters)60, Partition-based graph abstraction (PAGA) (sc.tl.paga method)61 and Force-
directed graph drawing algorithm (sc.tl.draw_graph method, init_pos=’paga’)62.40

Differentiation dynamics of antimicrobial peptides expression
We implemented the Wishbone python package (scanpy.external.tl.wishbone method, default
parameters)63, an external module to the Scanpy package, to identify the dynamic trajectory of
epithelial cell differentiation of proximal small intestinal and the expression of antimicrobial45
peptides along the trajectory (Fig. 3c). In brief, we processed the normalized gene-cell matrix in
three steps. 1, the principal component analysis and batch correction based on BBKNN55 were
performed. 2, we estimated the diffusion map of epithelium differentiation. 3, Wishbone63 and
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Phonograph64 python package were used to determine the differentiation branch and cluster the
trends of antimicrobial peptides.

Scoring gene set and identifying significant changes
We scored gene sets of all cells and clusters using the Scanpy python package (sc.tl.score_genes5
method, ctrl_size=len(genesets), gene_pool=None, n_bins=25, use_raw=None). The score was
the average expression of a set of genes subtracted from the average expression of a reference set
of genes. The reference set was randomly sampled from the gene_pool for each binned
expression value. To prevent highly expressed genes from dominating a gene set score, we
scaled each gene of the log2 (TP10K+1) expression matrix by its root mean squared expression10
across all cells. After obtaining the signatures score-cell matrix, differential signature analysis
(sc.tl.rank_gene_groups method, method=’Wilcoxon test’) was implemented to identify
significant changes among different intestinal regions. All pathways used in gene set enrichment
analysis of regional epithelial cells (Extended Data Figs. 6c-e, 7e-g, 10d-f) and B cells (Extended
Data Fig. 13d) were obtained from KEGG65. In addition, we implemented gene set enrichment15
analysis to identify the distinct functions of epithelial cell subsets with metascape software66 (Fig.
2g, Extended Data Fig. 6a, 7a, and 8b, c).

Cell-cell interaction and network representation analysis
To identify regional heterogeneity of cell-cell interaction, we applied the CellphoneDB python20
package44 (version 2.1.7) (cellphonedb method statistical_analysis method, threads=32,
iterations=200) to the intestinal cell atlas, including duodenum, jejunum, ileum, and colon. Log
transformed and normalized counts and cell subset annotations were used as an input. To narrow
down the most relevant interactions, we looked for specific interactions classified by
ligand/receptor expression in more than 10% of cells within a cluster and where log2 mean25
expression of ligand/receptor pair is greater than 0 (cellphonedb plot heatmap_plot method,
default parameters). As a result, the file count_network output by the software recorded the count
of interactions between cell subsets. To plot cell-cell interaction networks, we applied the
Networkx (version 2.5) (https://github.com/networkx/networkx), Community (version 1.0.0b1)
and, Pygraphviz (version 1.6) (https://github.com/pygraphviz/pygraphviz) python packages to a30
network defined using the count of interactions between cell subsets. For each network, the
pipeline was implemented in three steps. First, we deleted the nodes whose degree is 0. Second,
we removed the edges whose connection strength between nodes is less than the average strength
of all edges. Third, we defined the size of nodes as log2 (counts+1) of cell subsets and
characterized the network with the Kamada Kawai layout algorithm35
(networkx.kamada_kawai_layout method).
The chemokines-chemokines receptor interaction (Fig. 4F, fig. S17, and fig. S18) was

obtained from IMEx Consortium67, IntAct68, InnateDB-All69, MINT70, and I2D71 database.

Defining disease risk genes40
We compiled lists of genes that have been implicated by human genetics studies as contributing
to risk for the following diseases: Crohn’s disease (CD), Ulcerative colitis (UC), Intestinal
tuberculosis (TB), Food allergy (FA), B-cell malignancies (BCM), Colorectal carcinoma (CRC),
Irritable bowel syndrome (IBS), Celiac disease (CED) and Hirschsprung’s disease (HRSC). The
risk genes curated from Genome-Wide Association Studies (GWAS) were obtained from the45
NHGRI-EBI Catalog (https://www.ebi.ac.uk/gwas/). And genome-wide association genes with
log(p-value) < -20 or top 20 were included in our research.
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Flow cytometry and cell sorting of ILCs
Isolation of intestinal lamina propria cells was done as described. Lymphocytes isolated from
human intestinal lamina propria were stained with antibodies against the following markers:
CD45-PE/Cyanine7, CD127-BV421, CD117-PE/Cyanine5, CRTH2-APC/Cyanine7, CD161-
Alexa Fluor 700, Amphiregulin, Rabbit IgG(H+L)-(R-PE), IL-22-APC. Lymphocytes isolated5
from mouse intestinal lamina propria were stained with antibodies against the following markers:
CD45.2-Alexa Fluor 700, CD90.2-APC/Cyanine7, CD127-PE, IL-22-APC, Amphiregulin-Biotin,
Streptavidin-eFluor 450. Lineage marker mix (Lin) for human contained FITC-CD3, CD19,
CD123, CD14, CD303a, CD94, CD16. Lin for mouse contained FITC-FceR1, CD3, CD5, CD19,
B220, Ly-6G, CD11b, CD11c, CD16/32 and TER-119. For cytokine staining, cells were10
stimulated with 50 ng/mL PMA, and 500 ng/mL ionomycin for 4 hr, and Brefeldin A (2 mg/mL)
was added 2 hours before harvested. The live and dead cells were discriminated against by
Zombie Aqua Fixable Viability Kit (BioLegend).

Multi-color immunofluorescence15
Human intestinal samples were fixed in 4% formaldehyde solution, dehydrated with ethanol, and
embedded in paraffin. Four um-thick tissue sections on glass slides were deparaffinized through
an ethanol gradient, and then tissue sections were incubated in retrieval solution for antigen
retrieval at 95℃ for 20 min. The sections were permeabilized and blocked for non-specific
binding with 5% BSA and 0.1% Triton X-100 in PBS for 1 h at room temperature. Then, the20
sections were incubated overnight with the primary antibody at 4°C. The fluorescein-labeled
secondary antibodies for immunofluorescence or secondary horseradish peroxidase-conjugated
anti-rabbit antibody for immunohistochemistry were added for 1 h at 37°C. Slides were mounted
with Slowfade Mountant+DAPI (Life Technologies, S36964) and sealed.

25
Animal experiments
Animal experiments were carried out in compliance and approved by the Shandong university
Specific Pathogen Free (SPF)-animal Center. All experimental animal procedures were approved
by the Animal Care and Animal Experiments Committee of Shandong university
(ECSBMSSDU2020-2-057). 6-8 weeks old male C57BL/6 mice were obtained from Nanjing30
GemPharmatech animal center and maintained in SPF facilities at Shandong University.
Isolation of mouse intestinal lamina propria cells was done as previously described.

Data availability
All raw and processed data will be deposited in the Gene Expression Omnibus (GEO).35

Code availability
The code generated during this study will be available at Github.
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