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            Abstract
T cell development and selection are coordinated in the thymus by a specialized niche of diverse stromal populations1,2,3. Although much progress has been made over the years in identifying the functions of the different cell types of the thymic stromal compartment, there is no comprehensive characterization of their diversity and heterogeneity. Here we combined massively parallel single-cell RNA-sequencing4,5, spatial mapping, chromatin profiling and gene targeting to characterize de novo the entire stromal compartment of the mouse thymus. We identified dozens of cell states, with thymic epithelial cells (TECs) showing the highest degree of heterogeneity. Our analysis highlights four major medullary TEC (mTEC I–IV) populations, with distinct molecular functions, epigenetic landscapes and lineage regulators. Specifically, mTEC IV constitutes a new and highly divergent TEC lineage with molecular characteristics of the gut chemosensory epithelial tuft cells. Mice deficient in Pou2f3, a master regulator of tuft cells, have complete and specific depletion of mTEC IV cells, which results in increased levels of thymus-resident type-2 innate lymphoid cells. Overall, our study provides a comprehensive characterization of the thymic stroma and identifies a new tuft-like TEC population, which is critical for shaping the immune niche in the thymus.
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                    Fig. 1: The medulla epithelial compartment has diverse molecular functions.[image: ]


Fig. 2: Genetic and epigenetic characterization of TEC subsets.[image: ]


Fig. 3: Characterization of AIRE-dependent mTEC subsets.[image: ]


Fig. 4: mTEC IV, a new TEC population with tuft-cell characteristics.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Single-cell data quality controls.
a, Summary of all single cells analysed in this study, divided into experimental procedures. ‘nbatches’ indicates number of technical replicates; ‘ncells’ indicates number of cells after filtering (see Methods). b–e, Colour-coded tracks summarizing the number of Illumina reads per cell (b), transcripts (UMI) detected in each cell (c), fraction of analysed cells from each amplification batch (d) and estimation of technical noise for each amplification batch (e). Cells are coloured by experimental procedure. Technical noise is assessed by genomic UMIs in empty wells as previously described4 (see Methods).


Extended Data Fig. 2 Thymic stroma sorting and clustering.
a, Flow cytometry schematic of thymic cells showing isolation of stroma cells, as well as staining for known populations markers. Immune cells, CD45; fibroblast, CD34; endothelial, CD31; mTEC, UEA1; cTEC, LY51; mature mTEC, MHC-II. The red border marks stroma single-cell sorting gate. b, Index sort tracks showing the intensity of protein levels for MHC-II, UEA1 and LY51 in individual single cells shown in Fig. 1a–c. c, Cell–cell correlation of CD45− thymic stroma cells calculated over 132 differentially expressed genes. d, Pairwise distance distribution between cells within the three main stromal lineages. Distance is defined as 1 − Spearman. Box plots display median bar, first–third quantile box and 5th–95th percentile whiskers. n = 1,825 single cells. e, f, Gene expression profiles of 723 cells from fibroblast clusters of the CD45− stroma, marked by increased expression of Col1a1 (e, Supplementary Table 1) and 221 cells from the endothelial clusters of the CD45− stroma, marked by increased expression of Pecam1 (f, Supplementary Table 1).


Extended Data Fig. 3 Thymic epithelial cells are characterized by four subsets of mTEC and a single cTEC subset.
a, Heat map showing a metacell analysis of 2,341 thymic epithelial cells (CD45−EpCAM+), featuring the 73 most variable genes, from 15 biological replicates of 4–6-week-old mice. Colour bar represents separation of 36 metacells into five main populations. b, Two-dimensional graph representation of the metacell model in Fig. 1a (see Methods). Big circles represent metacells, and are colour-coded as shown in a. c, FACS index sorting measurement of LY51 and UEA1 in epithelial cells. Cells are coloured based on cluster association as determined in a. Dashed lines outline LY51+UEA1− and LY51−UEA1+ gates. d, Fraction of TEC subsets out of LY51+UEA1− and LY51−UEA1+ populations, assessed by gating single cells on index sorting protein measurements of UEA1 and LY51 in c. e, Controlling for batch effect as determined by the relative share of each batch in all metacells. Batches are ordered by biological replicate (marked by dashed lines) and sorting scheme (either CD45− or CD45−EpCAM+). f, g, Single molecule FISH assay on 5–8-μm-thick cryosections (see Methods) using fluorescent probes against the genes Epcam and Sbsn (f) or Avil (g). Blue, DAPI. The experiments were repeated independently four times with similar results. h, Immunofluorescence images of the protein markers: PIGR and DCLK1. Medulla (M) and cortex (C) are separated by dashed lines, distinguished by nuclei density. Blue, DAPI. f–h, Scale bars, 20 μm. The experiments were repeated independently twice with similar results. i, Projection of representative differentially expressed genes onto the two-dimensional graph of epithelial cells.


Extended Data Fig. 4 TEC dynamics during thymus development.
a, Flow cytometry scheme of thymic epithelial cells from different development time points. Numbers indicate fraction of CD45−EpCAM+ cells. b, Summary of the K (K = 50) nearest neighbours of embryonic cells, grouped into metacells. Neighbours of adult origin are coloured by TEC subsets, and of embryonic origin are coloured by developmental time point. Metacells with more than 20% adult neighbours were assigned to a TEC subset. c, Normalized mean expression of differential genes across TEC mature populations (4 weeks old) and unassigned cells from developmental time points (grey). n = 4 (E14.5), 3 (E18.5) and 2 (6 days) independent animals. Data are median (bars) and individual animals (dots). d, Differential gene expression between early cTEC (e-cTEC) from three developmental time points and the mature cTEC. Axes represent UMI count per 1,000 UMI, normalized to cell numbers. e, Distribution of cell cycle gene expression across cells from developing TEC is bimodal. The red line indicates the empirical proliferation threshold. f, Frequency of proliferating cells in the epithelial population at each developmental time point. Colour code as in b. g, Gene pairwise Spearman correlation over 2,319 e-cTEC single cells reveals three gene modules jointly expressed across embryonic early TEC and mature cTEC populations. h, GO annotations enrichment analysis of the three cTEC gene modules. For cell cycle, n = 114; antigen presentation, n = 33; and antigen processing, n = 56.


Extended Data Fig. 5 Genetic and epigenetic characterization of TEC subsets.
a, In silico gating of mTEC I–IV populations by index sorting measurements of surface markers. The same gating schemes were used to purify these populations by FACS (Fig. 2a). Cells are colour-coded as shown in Fig. 1. Blue, cTEC; light blue, mTEC I; red, mTEC II; yellow, mTEC III; green, mTEC IV. b, Relative enrichment (log2 fold change compared to total CD45−EpCAM+ epithelial cells) of the individual mTEC I–IV subsets gated according to a. c, Heat map showing pairwise Spearman correlation of 29,472 H3K4me2 peaks (top) or ATAC-seq peaks (bottom) from mTEC I–IV sorted populations. Biological replicates for each population are shown. d, Scatter plots of mTEC I–IV H3K4me2 ChIP–seq peaks in biological duplicates. e, Summary of the most significant motifs enriched in each cluster of mTEC I–IV H3K4me2 differential peaks (Fig. 2e). P values are derived from binomial tests after FDR correction for multiple hypotheses. n = 2,302 differential peaks.


Extended Data Fig. 6 Characterization of AIRE-dependent mTEC subsets.
a, Variance of genes plotted against their mean value (genes with >50 total UMI are shown). Orange dots indicate variable genes. b, Pairwise Pearson gene correlations in AIRE-dependent (left) and AIRE-independent (right) TRA gene lists across 2,341 TEC single cells. Levels of differential expression (highest change of expression in cluster compared to median across all clusters) are indicated as bars; bar colours indicate cluster association to TEC population. c, Comparison of stochastic gene expression between Aire knockout and wild-type cells in mTEC III and IV populations. Marginal distribution is shown as histogram. Axes represent UMI count per 1,000 UMI, normalized to cell numbers. d, Flow cytometry scheme of thymic Aire knockout cells showing the percentage of each TEC population compared to wild-type percentage (shown in brackets). e, Representative immunofluorescence images of two independent experiments, for tdTomato across different organs. In the thymus, the medulla (M) and cortex (C) are separated by dashed lines, distinguished by nuclei density. Blue, DAPI. Scale bars, 100 μm. f, qPCR analysis of Csnb (left) and cre (right) genes in Csnbcre+Rosa26tdTomato (cre+) and Csnbcre−Rosa26tdTomato (cre−) across thymic populations. Dot plots display mean and error bars indicate s.e.m. n = 2 (wild type) or n = 3 (Csnbcre+) biologically independent animals. g, Flow cytometric analysis of tdTomato expression in mTEC subsets (colours as in Fig. 1) isolated from thymi of Csnbcre+Rosa26tdTomato- or Csnbcre−Rosa26tdTomato-reporter mice.


Extended Data Fig. 7 Comparing intestinal tuft cells and the mTEC IV population.
a, Flow cytometry scheme of mTEC IV cells (Sox9-eGFP+L1CAM+) sorting. b, Flow cytometry scheme of small intestine Hpgds-tdTomato+ tuft cell sorting. c, Heat map showing gene expression profiles across 1,903 intestinal tuft (Hpgds-tdTomato+) single cells, grouped into 68 metacells. d, Comparison of gene expression between tuft cells isolated from small intestine (Hpgds-tdTomato+; x axis) and mTEC IV cells isolated from thymus (CD45−EpCAM+Sox9-eGFP+L1CAM+; y axis). Axes represent UMI count per 1,000 UMI, normalized to cell numbers. e, Normalized mean expression of differential genes across TEC populations, sorted mTEC IV cells (L1CAM+ Sox9-eGFP+) and intestinal Tuft (Hpgds-tdTomato+) cells. f, GO annotations enrichment in differential genes (fold change >2) between intestinal tufts (n = 634) and mTEC IV cells (L1CAM+Sox9-eGFP+) (n = 1,308).


Extended Data Fig. 8 The transcription factor Pou2f3 is a master regulator of mTEC IV.
a, Flow cytometry scheme for sorting of EpCAM+ cells from Pou2f3 knockout thymi. b, Projection of representative TEC subtype-specific markers onto the two-dimensional mapping of Pou2f3 wild-type and knockout cells to the epithelial model of Fig. 1 (see Methods). c, Bar plot showing log2 fold change between TEC subpopulation abundances in Pou2f3 knockout (n = 451 single cells) and wild-type (n = 1121) mice. Error bars represent 95% confidence intervals. d, Pooled expression of mTEC IV genes across cells from Pou2f3 knockout and wild-type (WT) mice. The x axis represents UMI count per 1,000 UMI; y axis represents fraction of expression from total UMI count of the cells. Green cells indicate cells classified as mTEC IV (two-sided binomial test; FDR-adjusted P < 10−10). n = 1,572 single cells. e, Differential gene expression between mTEC I–III cells isolated from control (wild-type) and Pou2f3 knockout mice. Axes represent UMI count per 1,000 UMI, normalized to cell numbers.


Extended Data Fig. 9 mTEC IV shape the thymus immune niche.
a, Heat map showing a metacell analysis of 3,500 CD45+IL-25R+ cells across five clusters. b, Differential gene expression in ILC2 cells from two biological replicates compared to other CD45+IL-25R+ cells (rest) from each replicate. Axes represent log2 fold change. c, Percentages of CD45+ cells in Pou2f3 knockout and wild-type thymi, determined by flow cytometry. Circles and diamonds indicate independent mice, centre line indicates the mean value. d, Flow cytometry analysis of cells expressing CD4, CD8, CD25 and CD44 in Pou2f3 knockout and wild-type thymi. The experiment was repeated independently four times with similar results to confirm reproducibility. e, Flow cytometry sorting scheme of thymic CD45+IL-25R+ cells from Pou2f3 knockout and wild-type thymi. f, Percentage of CD45+IL-25R+ cells in Pou2f3 knockout and wild-type thymi. Circles and diamonds indicate independent mice, centre line indicates the mean value. g, Percentages (left) and numbers (right) of ILC2 (Lin−TCR−CD127+GATA3+Rorγt−) cells within the single-cell gate in Pou2f3 knockout and wild-type mice. Circles and diamonds indicate independent mice, centre line indicates the mean value. A one-tailed Student’s t-test was used for the comparison, *P < 0.05.


Extended Data Table 1 Regions of enhancer enrichment peaksFull size table
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