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            Abstract
In vitro differentiation of human stem cells can produce pancreatic β-cells; the loss of this insulin-secreting cell type underlies type 1 diabetes. Here, as a step towards understanding this differentiation process, we report the transcriptional profiling of more than 100,000 human cells undergoing in vitro β-cell differentiation, and describe the cells that emerged. We resolve populations that correspond to β-cells, α-like poly-hormonal cells, non-endocrine cells that resemble pancreatic exocrine cells and a previously unreported population that resembles enterochromaffin cells. We show that endocrine cells maintain their identity in culture in the absence of exogenous growth factors, and that changes in gene expression associated with in vivo β-cell maturation are recapitulated in vitro. We implement a scalable re-aggregation technique to deplete non-endocrine cells and identify CD49a (also known as ITGA1) as a surface marker of the β-cell population, which allows magnetic sorting to a purity of 80%. Finally, we use a high-resolution sequencing time course to characterize gene-expression dynamics during the induction of human pancreatic endocrine cells, from which we develop a lineage model of in vitro β-cell differentiation. This study provides a perspective on human stem-cell differentiation, and will guide future endeavours that focus on the differentiation of pancreatic islet cells, and their applications in regenerative medicine.
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                    Fig. 1: Single-cell RNA sequencing of in vitro β-cell differentiation.


Fig. 2: SC-β-cells maintain identity and gain maturation-marker expression during extended culture in stage 6.


Fig. 3: Characterization of SC-EC cells.


Fig. 4: Purification of SC-β-cells with CD49a.


Fig. 5: A high-resolution map of in vitro endocrine induction.



                


                
                    
                
            

            
                Data availability

              
              Raw and processed single-cell RNA sequencing data have been deposited in the Gene Expression Omnibus under accession number GSE114412. Any other relevant data are available from the corresponding author upon reasonable request.

            

Code availability

              
              The analysis code is available at https://github.com/meltonlab/scbeta_indrops.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of two SC-β-cell protocol variants and resulting cell types.
a–c, Immunofluorescence imaging of differentiated (v8, stage 6, day 13) SC-islets showing staining of relevant markers. a, SC-β-cells, which are typically positioned in the periphery, are positive for both NKX6.1 and C-peptide (fragment of proinsulin). b, SC-EC cells are positive for SLC18A1, an enterochromaffin cell marker. These cells are also present in the periphery. c, Non-endocrine cells, which are marked by SOX9, are most commonly found near the centre of SC-islets. Scale bars, 100 μm. d, e, Summary of changes in stages 3 and 4 in protocols x1 (d) and x2 (e) (see Extended Data Table 1 for protocol summaries), and representative flow cytometry results at the end of stages 4 and 6. f–i, t-SNE projection of cells sampled from the ends of stages 3–6 of protocol x2. Cells in f–i are coloured according to their assigned cluster. Horizontal bars indicate cell-type proportions. Related to Fig. 1d–g. j, Comparison of cell populations from protocols x1 and x2. Correlation is computed using the z-scores of mean TPM values (for each cluster) of 2,000 high-variance genes. Rows and columns are ordered using hierarchical clustering. Cells are labelled as in f–i and Fig. 1d–g. k, l, t-SNE projection of stage 6 from three differentiations, coloured by cell type (k) and by differentiation (l). m, Correlation of cell populations derived from HUES8 (embryonic stem cells, v4 and x3) and iPS1016/31 (v4). Colours are the same as in k. Correlation is computed as in j.


Extended Data Fig. 2 Functional assay of GSIS during stage-6 time course.
a, Design for sequential GSIS assay. b, Complete data for three independent flasks, assayed across several weeks. Circles are individual technical triplicates and bars show mean of those triplicates. c, Complete data for cadaveric human islets (seven donors), run alongside samples from b.

                          Source data
                        


Extended Data Fig. 3 Stage-6 SC-β-cells express characteristic β-cell markers.
a, b, t-SNE projection of stage-6 time-course data shaded by sampling time (a) and by representative marker genes (b). Expression is normalized relative to maximum value and smoothed over neighbouring cells. c, Expression profiles for key genes necessary for β-cell function. Shading displays mean expression (TPM, log-scaled) and diameter denotes fractional expression. d, e, Comparison of global expression between human islet β-cells and in vitro progenitors (d) and SC-β-cells (e). Note the shift in gene expression from progenitors to SC-β-cells. All genes shown in all panels from c are circled in red. f, Results from GSEA show that gene sets from c are significantly upregulated during differentiation. Value plotted is −log10 of the GSEA-reported FDR q-value (capped at 10), with sign (positive or negative) showing the direction of the effect (that is, purple positive values are upregulated in SC-β-cells compared to NKX6.1 progenitors).


Extended Data Fig. 4 Comparison of SC-β and SC-α-cells to each other, and their islet counterparts.
a, Insulin and glucagon expression in SC-β- (purple distributions) and SC-α-cells (red distributions) during several weeks of stage 6, shown as violin plots of SC-β or SC-α-cells from that particular time point. The connected lines connect the medians of each population at each time point. b, Identification of genes enriched in cadaveric-islet α-cells and islet β-cells, from previously published data5. c, Heat map of expression level of genes from b, shown for islet α, SC-α, SC-β and islet β-cells. d, Genes enriched in islet β-cells are upregulated in SC-β-cells, and genes enriched in α-cells are upregulated in SC-α-cells. The displayed P value is computed using a two-sided Wilcoxon rank-sum test. In the box plot, boxes extend from first to third quartiles, whiskers extend from 5th to 95th percentiles, central line indicates median and box notching indicates 95th percentile confidence interval for median.


Extended Data Fig. 5 SC-EC cells secrete serotonin and exist in other protocols.
a, Schematic of serotonin synthesis from tryptophan. Enterochromaffin cells use TPH1, whereas serotoninergic neurons use TPH2 for the first and rate-limiting synthesis step. b, Serotonin release during sequential challenges of low and high glucose, followed by KCl depolarization. Top, clusters from three independent SC-β-cell protocol differentiations. Bottom, human cadaveric islets from two donors. Symbols show values of individual replicates for each sample (different clusters from the same sample are split and measured separately). P values computed using two-sided Wilcoxon rank-sum test. NS, non-significant with P > 0.05. c, d, Expression of enterochromaffin marker genes (shown in blue) is detectable in bulk RNA-sequencing data (from a previous publication29), and enriched via sorting of NKX6.1–GFP + cells, shown as fold change, mean expression and differential expression q-values. Positive fold change indicates higher expression in NKX6.1–GFP + cells. Enrichment of SC-EC-cell markers is comparable to β-cell markers (shown in purple) and opposite of α-cell markers (shown in red). All values shown are directly reproduced from results that were previously computed and deposited29. e, Flow cytometry shows that SLC18A1 is co-expressed with NKX6.1+ in SC-EC cells of v8 SC-β-cell protocol differentiations. This example is representative across more than 100 independent differentiations. f, Comparison of gene expression between wild-type mouse islets and mouse islets 25 weeks after β-cell-specific polycomb repressive complex 2 ablation via Eed knockout. Purple genes are examples of downregulated β-cell-identity genes, blue genes represent serotonin–enterochromaffin signature. q-values are FDR-corrected (α = 0.05) P values from Limma differential expression analysis.

                          Source data
                        


Extended Data Fig. 6 Characterization of non-endocrine cells from stage-6 time course.
a, b, t-SNE projection of non-endocrine cells from stage-6 time course, shaded by collection day (a) or by genes relevant to cell identity (b). Expression is normalized relative to maximum value, and smoothed over neighbouring cells. c, t-SNE projection shaded by assigned cluster and bar charts of cellular fraction in each cluster by week of differentiation. d, Gene expression of population-specific markers for each subpopulation of non-endocrine cells. Shading displays mean expression (z-normalized TPM) and diameter denotes fractional expression.


Extended Data Fig. 7 Re-aggregation is a scalable, function-preserving method to enrich for endocrine cells.
a, Schematic of re-aggregation procedure to remove non-endocrine cells. Cells are enzymatically dissociated and re-aggregated during continued suspension culture. Non-endocrine cells fail to adhere and are removed by filtration. b, Schematic of CD49a enrichment procedure to produce SC-β-cell enriched clusters. Dissociated cells are stained with anti-CD49a PE-conjugated antibody, incubated with anti-PE magnetic microbeads and magnetically separated. The enriched cells are re-aggregated in six-well plates on a rocker. c, t-SNE projection of cells sequenced from native and re-aggregated clusters from a single differentiation show a strong depletion of the non-endocrine population. Cells in both panels were differentiated using protocol v8. d, Immunofluorescence staining for C-peptide, GCG and SLC18A1 shows distinct neighbourhoods in re-aggregated clusters (protocol v8). Images shown are maximum intensity projections from z-stacks. Each panel shows separate representative clusters stained for all markers. Scale bars, 100 μm. e, f, Representative flow cytometry analysis of endocrine cell abundance (from protocol v8), before and after re-aggregation. Endocrine cells express CHGA. g, Summary of population composition (as assayed by flow cytometry) in 60 re-aggregated and 41 native independent differentiations, carried out using protocol v8. Re-aggregations were carried out in spinner flasks. P value computed using two-sided Wilcoxon rank-sum test. In g, h box plots, boxes extend from first to third quartiles, whiskers extend from 5th to 95th percentiles, central line indicates median and box notching indicates 95th percentile confidence interval for median. h, Stimulation index (insulin released at 20 mM glucose versus insulin released at 2 mM) of 52 independent protocol v8 differentiations, with paired native versus re-aggregated comparisons. P value computed using two-sided Wilcoxon signed-rank test. i, Complete data for static GSIS assays, performed as in Extended Data Fig. 2, corresponding to stimulation indices shown in Fig. 4d. Circles are individual technical triplicates and bars show mean of those triplicates. j, Dynamic perifusion assay of glucose-responsive insulin secretion of human islets, native SC-β-cell clusters (stage 6, day 22, v8) and matched SC-β islets produced via magnetic sorting for CD49a. Each point is the mean of three technical replicates, and the vertical bar indicates the s.e. across those triplicates. k, Area under the curve comparing the first low-glucose stimulation and the high-glucose stimulation, normalized to equal effective time in each treatment.

                          Source data
                        


Extended Data Fig. 8 Stage-5 time-course markers and progenitor population heterogeneity.
a, b, t-SNE projection of stage-5 time-course data shaded by collection day (a) and by population-marker genes (b). Expression is normalized relative to maximum value, and smoothed over neighbouring cells. c, Pseudotime analysis of day 0 (top) and day 1 (bottom) progenitor cells. Shading on each t-SNE shows assigned pseudotime value of each cell. d, Pseudotime ordering of progenitor cells from stage 5 day 0 (top row) and day 1 (bottom row), showing population heterogeneity among early progenitors. Individual cells are shown as dots, shaded as in c. Gene expression predicted from pseudotime regression shown as overlaid line. e, Summary of stage-5 (day 0) heterogeneity captured by pseudotime analysis. Fold change between start and end of pseudotime ordering. q-value from likelihood ratio test of model with and without pseudotime. f, Heat map of receptors, ligands and signalling effectors that are dynamically expressed across stage-5 populations. Shading displays mean expression (z-normalized TPM) and diameter denotes fractional expression.


Extended Data Table 1 Specification of differentiation protocols used in the studyFull size table


Extended Data Table 2 Summary of all cell populations identified in the studyFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Figures 1-3 and Supplementary Table 2.


Reporting Summary

Supplementary Table 1
Complete specification of SC-beta differentiation protocols. Stage-by-stage and day-by-day description of cell culture media used for several versions of the SC-beta differentiation protocol (on separate sheets). Additional sheets detail base media composition, and differentiation factors aliquot stocks.


Supplementary Table 3
Comparison of gene expression in NKX6.1+ progenitors, Stage 6 SC-beta cells and human islet beta cells. Complete differential gene expression for all genes, as presented Extended Data Figures 3d,e and complete GSEA results (for Hallmark and custom gene sets) are presented in Extended Data Figures 3f.


Supplementary Table 4
Pseudotime regression analyses of Stage 6 SC-beta cells. Complete results from regression analysis of Stage 6 SC-beta pseudotime for all genes, as presented in Figure 2g-i. GSEA results are included on separate sheet, showing no relevant gene sets.


Supplementary Table 5
Pseudotime regression analyses of Stage 5 progenitors and SC-beta and SC-EC branching. Complete results from regression analyses of Stage 5 populations gene expression for all genes, as presented in Figure 5e-g (SC-beta and SC-EC branching) and Extended Data Figure 8c-e (Day 0 and Day 1 progenitors). Each regression analysis presented on a separate spreadsheet.
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