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            Abstract
The colonic epithelium facilitates host–microorganism interactions to control mucosal immunity, coordinate nutrient recycling and form a mucus barrier. Breakdown of the epithelial barrier underpins inflammatory bowel disease (IBD). However, the specific contributions of each epithelial-cell subtype to this process are unknown. Here we profile single colonic epithelial cells from patients with IBD and unaffected controls. We identify previously unknown cellular subtypes, including gradients of progenitor cells, colonocytes and goblet cells within intestinal crypts. At the top of the crypts, we find a previously unknown absorptive cell, expressing the proton channel OTOP2 and the satiety peptide uroguanylin, that senses pH and is dysregulated in inflammation and cancer. In IBD, we observe a positional remodelling of goblet cells that coincides with downregulation of WFDC2—an antiprotease molecule that we find to be expressed by goblet cells and that inhibits bacterial growth. In vivo, WFDC2 preserves the integrity of tight junctions between epithelial cells and prevents invasion by commensal bacteria and mucosal inflammation. We delineate markers and transcriptional states, identify a colonic epithelial cell and uncover fundamental determinants of barrier breakdown in IBD.
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                    Fig. 1: Heterogeneity of human colonic epithelial cells in healthy individuals.[image: ]


Fig. 2: scRNA-seq identifies a colonic absorptive cell type.[image: ]


Fig. 3: Human colonic epithelium in active colitis.[image: ]


Fig. 4: Heterogeneity of goblet cells in health and ulcerative colitis.[image: ]


Fig. 5: WFDC2 shows selective bactericidal activity and influences barrier function.[image: ]
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              Raw and processed sequencing data files are available under the GEO accession number GSE116222. The source code for analyses has been deposited at https://github.com/agneantanaviciute/colonicepithelium. Proteomics data have been deposited at the ProteomeXchange Consortium (http://www.proteomexchange.org) via the PRIDE69 partner repository with the dataset identifiers PXD011655 and 10.6019/PXD011655.
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Extended data figures and tables

Extended Data Fig. 1 Identification and validation of epithelial-cell subpopulations.
This figure is related to Fig. 1. a, i–iv, Flow-cytometry analysis of cells isolated from biopsies of healthy controls before scRNA-seq (i), measuring epithelial viability (DAPI−), purity (EPCAM+), an immune marker (CD45+) and a stromal marker(CD90+) (n = 4, mean ± s.d.), demonstrating the gating strategy for known epithelial markers (ii), viability (iii) and immune compartment (iv). APC and PE–Cy7 are fluorescent labels. b, i, FACS purification of EpCAM+CD45− isolated epithelial cells (n = 2). ii, iii, Representative images (n = 3) of immunohistochemical validation for LYZ expression in human epithelial tissue sections in small intestine (positive control) (ii) and colon (iii) (images shown at ×20 magnification). c, t-SNE plot of EEC subclusters. Single cells are coloured by cluster annotation. Descriptive cluster labels are shown (n = 3 per group). d, i, ii, Enteroendocrine subsets validated (representative images, n = 3) with double-stain immunohistochemistry for CHGA (blue) and two more novel markers identified from scRNA-seq: PCSK1N (i, brown) and CPE (ii, brown), showing co-localization of both markers in some cells (blue and brown arrowheads) but not in other EECs (blue or brown arrowhead). e, i–iii, Violin plots showing gene expression (y-axis) of different top EEC subcluster markers for enterochromaffin cells (ECs), L-cells (LCs) and a precursor-cell population (PCs) (n = 3; centre bar indicates median value; colour indicates mean expression). f, t-SNE plot visualizing undifferentiated colonic epithelial cell subclusters (n = 3). g, i–iii, Violin plots of gene expression (y-axis) in stem cells (SCs), cell-cycle cluster cells (CC), absorptive progenitor cells (APs), secretory progenitor cells (SPs) and transit-amplifying cells (TAs). The top markers for SCs (i), APs (ii) and SPs (iii) are shown (n = 3; centre bar indicates median value; colour indicates mean expression). h, Crypt-axis score superimposed over the differentiation trajectory captured by Monocle analysis (n = 3). Dimension (Dim) 1 and 2 are on the x- and y-axis respectively. i, Branch-specific expression of selected SC markers, secretory-lineage-specific markers and putative novel lineage-specific transcriptional regulators (n = 3). j, Selected Gene Ontology terms that show significant enrichment among all marker genes for epithelial clusters. The number of markers identified for each cluster is indicated (x-axis). The size of each circle corresponds to the proportion of markers annotated to a given term, while the colour indicates the significance (FDR) (n = 3 biological replicates; hypergeometric test and FDR calculated; Benjamini–Hochberg multiple testing correction).


Extended Data Fig. 2 Validation of the BEST4/OTOP2 cell population.
This figure is related to Fig. 2. a, Cluster distribution along the differentiation trajectory, captured by Monocle. BEST4/OTOP2 cells are highlighted on the left (n = 3). b, t-SNE gene expression overlay of core BEST4/OTOP2 cell markers (n = 3). c, i–v, Representative images (n = 3) of colonic sections stained with key BEST4/OTOP2 cell markers by immunohistochemistry to demonstrate BEST4 staining at high magnification (i; ×100), cathepsin E (CTSE) staining at low (ii; ×40) and high (iii) magnification, and additional stains with smISH for SPIB (iv) and HES4 (v) (each photograph is representative of three samples). d, i, t-SNE visualization of semisupervised clusters of scRNA-seq data identified in a fetal human colon study15 (n = 2). ii, Box plot (with 25th, 50th and 75th quantiles) showing co-localized expression of the core BEST4/OTOP2 cell signature. e, Heat map showing expression of the core BEST4/OTOP2 cell gene signature in TCGA bulk RNA-seq data in patients with colorectal cancer and matched normal tissue. f, i, t-SNE visualization of semisupervised clustering of scRNA-seq data from matched normal samples from a colorectal cancer study21 (n = 10). Only one BEST4/OTOP2 cell was identified in tumour samples (data not shown). ii, Box plot (with 25th, 50th and 75th quantiles) showing localized expression of the core BEST4/OTOP2 cell signature.


Extended Data Fig. 3 Isolation and characterization of the BEST4/OTOP2 cell population.
This figure is related to Fig. 2. a, Flow-cytometry gating strategy for isolating BEST4+ cells. Cells previously gated as live (DAPI−) singlets were selected as EPCAM+CD45− (i) with concurrent staining of a fluorescence minus one (ii) to allow placement of a BEST4+ gate on fully stained cells (iii). b, One hundred EPCAM+BEST4+ and EPCAM+BEST4− sorted cells (n = 3) processed using microfluidic RT–PCR demonstrate increased expression of markers identified from single-cell data relative to GAPDH. Mean ± s.e.m. values are shown. c, Circos plot showing overlap between the top 200 BEST4/OTOP2 cell markers detected between 10×, Smart-Seq2, quantitative proteomics and semi-supervised clustering of previously published data15,21. d, Over-represented Gene Ontology terms in the significantly upregulated protein set in BEST4/OTOP2 cells as identified by quantitative proteomics (n = 2 BEST4− versus n = 3 BEST4+; hypergeometric test and FDR-calculated Benjamini–Hochberg multiple testing correction).

                          Source data
                        


Extended Data Fig. 4 Gene Ontology enrichment analysis of differentially expressed genes in colonic epithelial-cell clusters.
This figure is related to Figs. 3, 4. a, Dot plot of Gene Ontology biological-process enrichment in upregulated genes (less than 1% FDR), comparing cell clusters in active colitis and health. b, Dot plot of Gene Ontology biological-process enrichment in downregulated genes (less than 1% FDR), comparing cell clusters in active colitis and health. c, Dot plot of Gene Ontology biological-process enrichment in differentially expressed genes (less than 1% FDR) in inactive, but not in active, colitis. Points in each dot plot are coloured by enrichment confidence (−log10(FDR)) and sized by the proportion of all genes within the cluster annotated with the Gene Ontology term. For panels a–c, n = 3 per group; hypergeometric test and FDR-calculated Benjamini–Hochberg multiple testing correction. d, Violin plots showing expression (y-axis) of selected genes that are dysregulated in active colitis (‘inflamed’) compared with healthy samples (‘normal’) in stem cells and/or other undifferentiated populations. n = 3 per group; centre bar indicates median value; colour indicates mean expression. e, i–iv, Representative immunohistochemistry images (n = 3) showing LYZ expression in inflamed and noninflamed colonic tissue sections. i, iii, ×20 magnification; ii, iv, ×40 magnification.


Extended Data Fig. 5 Human colonic epithelium in clinically noninvolved mucosa and ulcerative-colitis-associated GWAS loci analysis.
This figure is related to Fig. 3. a, Heat map visualizing the specificity of expression of ulcerative-colitis-associated GWAS loci in immune, epithelial and mesenchymal cell populations. Hierarchical clustering (horizontal) indicates groups of loci with similar expression specificities. b, t-SNE plots of cells in active colitis (n = 3), visualizing selected GWAS ulcerative-colitis-associated gene expression. c, Volcano plot showing the differentially expressed genes detected in a microarray study20, comparing inflamed ulcerative-colitis samples (n = 74) with healthy control colon samples (n = 11). Significantly downregulated core signature genes from BEST4/OTOP2 cells are highlighted (limma linear model empirical Bayes P value and Benjamini–Hochberg multiple testing correction). d, Distribution of cluster sizes in healthy colons (HC) and ulcerative-colitis inflamed (I) and noninflamed (NI) samples (n = 3 per group), shown as bar charts of proportions of total cells captured. Mean ± s.e.m. values are shown. e, t-SNE plot of human colonic epithelium single-cell clusters in noninflamed ulcerative colitis (n = 3).


Extended Data Fig. 6 Human colonic epithelium in clinically involved and noninvolved mucosa.
This figure is related to Fig. 3. a, i–iv, Violin plots visualizing expression (y-axis) of selected differentially expressed genes (less than 1% FDR; two-sided negative binomial likelihood ratio test; Benjamini–Hochberg multiple testing correction) in noninflamed and active ulcerative colitis (n = 3). Centre bar indicates median value; colour indicates mean expression. b, Heat map visualizing relative expression of all differentially expressed genes (less than 1% FDR; two-sided negative binomial likelihood ratio test; Benjamini–Hochberg multiple testing correction) detected in inflamed (red) and noninflamed (green) colitis compared with healthy tissue (blue) (n = 3 per group). c, Venn diagram showing the overlap between differentially expressed genes detected in all clusters in clinically inflamed (I) and clinically noninflamed (NI) colitis, compared with healthy tissue. d, Comparison between MAST generalized linear model coefficients for significant differentially expressed genes in ulcerative colitis inflamed and noninflamed samples with reference to healthy cells. Correlations for goblet and colonocyte cell clusters are shown (n = 3 per group; two-sided Hurdle likelihood ratio test; Benjamini–Hochberg multiple testing correction).


Extended Data Fig. 7 Goblet-cell remodelling and WFDC2 dysregulation in inflammation.
This figure is related to Figs. 4, 5. a, i–iv, Violin plots showing cluster gene expression (y-axis) for key marker genes in clusters 1 (i), 2 (ii) and 3 (iii) and common cluster 4 and 5 markers (iv) (n = 3 per group). Centre bar indicates median value; colour indicates mean expression. b, i, Pseudotemporal ordering of goblet-cell clusters. ii, Crypt-axis score superimposed on trajectory analysis. Cells predicted to reside at the top of the crypt are more mature populations, as inferred by pseudotime ordering, and vice versa. n = 3 per group. iii, Expression of MUC2 along the crypt axis. iv, Expression of WFDC2 along the crypt axis. c, i–vi, Gene-expression box plots of selected genes in goblet cells, divided spatially along the crypt axis by binning into four ranges (bottom, mid1, mid2 and top). n = 3 per group; 25th, 50th and 75th percentiles shown. Expression of CD74 (i), LCN2 (ii), REG1A (iii), SPINK1 (iv), SPINK4 (v) and LAMB3 (vi) is shown in health and inflamed ulcerative colitis. d, i–iv, Immunohistochemistry confirms increased expression of REG1A and SPINK4 in inflamed ulcerative-colitis biopsies (ii, iv) as compared with healthy samples (i, iii) (representative images of n = 3 for each). e, Stacked bar chart showing the relative frequency distribution of goblet-cell subclusters (percentage of goblet cells captured) in health and in active (inflamed) and inactive (noninflamed) colitis. f, Violin plots showing expression (y-axis) of WFDC2 in crypt-bottom goblet-cell clusters in healthy colons (HC) and inflammation (I) (n = 3 per group; centre bar indicates median value; colour indicates mean expression). g, Comparison of over-represented (hypergeometric test; Benjamini–Hochberg multiple testing correction) Gene Ontology biological-process terms amongst goblet-cell subcluster markers (n = 3 per group). h, Quantification of WFDC2 and MUC2 expression by immunohistochemistry from patient-matched inflamed and noninflamed sections of 24 patients with ulcerative colitis. Staining intensity was scored from 0 (no staining or weak staining) to 3 (strong staining) by three independent observers. Comparison between WFDC2 inflamed and noninflamed, P = 0.000148773; two-sided Wilcoxon matched-pairs signed-rank test, n = 24 patients. Comparison between MUC2 inflamed and noninflamed is not significant. Mean ± s.d. shown. i, Expression of interferon-induced genes in goblet cells (n = 3 per group): IFI6 (i), ISG15 (ii), IFITM3 (iii) and ISG20 (iv).

                          Source data
                        


Extended Data Fig. 8 In vitro regulation of WFDC2.
This figure is related to Figs. 4, 5. a, i, ii, Untreated (i) and interferon-γ-treated (ii) human colonic organoids in culture. IFNg, interferon-γ. iii, qRT–PCR quantification of WFDC2 expression in interferon-γ-treated and untreated organoids (n = 2 independent experiments; mean values shown). iv, t-SNE plot of inflamed epithelium highlighting localized expression of interferon-γ in intra-epithelial lymphocytes (IELs; n = 3). b, i, ii, Quantification by enzyme-linked immunosorbent assay of WFDC2 secretion into apical (i) or basal (ii) medium of HT29-MTX-E12 cells with and without 100 ng ml−1 of PMA stimulation for 6 h (n = 1). c, i, ii, MMP12 (i) and MMP13 (ii) activity measured in the absence and presence of various concentrations of WFDC2. Data are presented as percentage of activity remaining. n = 3, except for MMP12 + 40 µg ml−1 WFDC2 and untreated MMP13, where n = 2. Mean ± s.d. shown. d, i–iii, WFDC2 knockdown (KD) in HT29-MTX-E12 cell lines (n = 2). i, Immunoblot of WFDC2 on cell lysates from nontransfected (lane 1, wild type, WT), WFDC2 shRNA transfected (lane 2, clone 1; lane 3, clone 2) and scrambled transfected (lane 4; Scr) cells. β-Actin was used as a loading control. I.B., immunoblot. ii, Cell-culture supernatants were tested by immunoblotting for secreted WFDC2. iii, Cells grown on transwells were stained with haematoxylin and eosin and Alcian blue. Arrows indicate the attached mucus layer and mucin-secreting goblet cells.

                          Source data
                        


Extended Data Fig. 9 WFDC2 influences barrier function.
This figure is related to Fig. 5. a, i, ii, Histopathological evaluation of changes in epithelial-cell morphology and mucosal architecture in wild-type (WT; i) and Wfdc2+/− (ii) mice shows bifurcation at the base of the crypt in the Wfdc2+/− mice. iii, Mice were assigned a subjective colitis severity score on the basis of a modification of previously published criteria50. Scores for morphology, ulceration and infiltration were ranked on a scale from 0 (normal or absent) to 4 (severe), which were summed to give an overall score. b, Colonic tissue from Wfdc2+/− mice and wild-type littermates was processed to preserve the mucus layers. Immunohistochemistry for MUC2 in the distal mouse colon reveals mucus-filled goblet cells in the epithelium (e) and secreted mucus. The secreted mucus forms two layers: a stratified inner layer (i) and an outer layer (o). Arrows indicate the inner mucus layer. Higher-magnification images are shown in the bottom panels. n = 4. c, SEM of the colonic surface shows bacteria invading goblet cells in Wfdc2+/− mice. Scale bars, 2 µm. d, i–iv, TEM images of colons of Wfdc2+/− mice show epithelial-cell damage with destruction of microvilli (i), epithelial detachment (ii) and destruction (iii), as well as bacterial aggregates observed over the surface of Wfdc2+/− mice (iv). b–d show representative images; n = 4 animals per group.

                          Source data
                        


Extended Data Fig. 10 Integrated sample analysis and batch distribution.
This figure relates to the Methods. a, Density distribution of cell UMI counts per sample. b, Density distribution of cellular gene-detection rate per condition. c, Density distribution of cellular gene-detection rate per condition per cell-type cluster. d, t-SNE visualization showing integrated clustering analysis of samples across all conditions (n = 3 per group). e, t-SNE visualization of sample batch distribution in the integrated clustering analysis (n = 3 per group). f, Box plots showing entropy of batch mixing for sample batches (n = 9; right); positive controls (Ct), in which clusters were assigned as batches (centre); and negative controls, in which cells were assigned random batch labels in accordance with batch size distribution (left). The entropy of batch mixing for sample batches approaches that of the negative control. Bars show the 25th, 50th and 75th percentiles.
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