
Supplementary figure and table legends  

 



 

Supplementary Figure 1. Related to Figure 1.  



(a-k) iFoxp3TomThPOKGFP mice were treated with tamoxifen for 10 weeks, and Tomato– and Tomato+ 

CD4+ T cells from mesenteric lymph nodes (mLN), lamina propria (LP) and intestinal epithelium (IE) were 

sorted for scRNA-Seq using 10X Genomics platform. Sorted Tomato– (blue gates) and Tomato+ (red 

gates) cells were pooled in a 2:1 ratio per tissue, resulting in 3 separate libraries. (a, b) CD4+ T cells from 

mLN, LP and IE before sorting (a) and after sorting (b). (c) Number of sequenced genes (left) and RNA 

molecules (middle) per cluster and percent of mitochondrial DNA (right) per library. (d) Top expressed 

genes per UMAP cluster. Circle size represents proportion of cells per cluster expressing the indicated 

gene and color represents expression level. (e) Expression levels of the motility signature among all 

sequenced cells. (f) Expression levels of Sell (top), Klf2 (middle), and Ccr7 (bottom) of cells from 

indicated tissues. (g) tdTomato gene expression in 6,668 sequenced cells. (h-i) Expression levels of Th1 

signature (h) and Cd8a (i) among all sequenced cells. (j) Expression levels of indicated genes among IE 

clusters. (k) Expression heatmap of selected genes in pre-IEL clusters.  

 



Supplementary Figure 2. Related to Figure 2.  

(a-d) Foxp3eGFP-Cre-ERT2xRosa26lsl-tdTomatoxZbtb7bGFP(iFoxp3TomThPOKGFP) mice were treated with 

tamoxifen for 10 weeks, Tomato– and Tomato+ CD4+ T cells from mesenteric lymph nodes (mLN), lamina 

propria (LP) and intestinal epithelium (IE) were sorted for scRNA-Seq using 10X Genomics platform. 

Sorted Tomato– and Tomato+ cells were pooled in a 2:1 ratio per tissue, resulting in 3 separate libraries. 

(a-c) mLN-derived cells were re-clustered into 8 new clusters (0-7). (a) Re-clustered mLN cells with 

number indicating the new clusters, consistent throughout the figure. (b) Expression levels of top 

differentially expressed genes among re-clustered cells. (c) Proportion of original UMAP clusters per re-

clustered mLN clusters (X-axis), as indicated. Top 3 original UMAP cluster contained within re-clustered 

mLN indicated in a box. (d) Scatter plot of gene expression ranked based on pseudotime principle 

component 1 (PC1). 



 

Supplementary Figure 3. Related to Figure 3. 



(a-j) iFoxp3TomThPOKGFP mice were treated with tamoxifen for 10 weeks and induced Tregs (iTreg; 

CD4+Tomato+GFPHighneuropilin-1–CD8a–), pre-IELs (CD4+Tomato+ GFPLowCD8a–), exTreg-IELs 

(CD4+Tomato+GFPLowCD8a+), and CD4-IELs (CD4+ Tomato–GFPLowCD8a+) were sorted in bulk from the 

IE. Assay for transposase-accessible chromatin (ATAC) or RNA libraries were prepared followed by 

sequencing of indicated populations. iTregs were also sorted from the mLN for RNA-seq.  (a) Gating 

strategy of CD4+ T cells in sequential order. (b) Sorting strategy of the indicated populations. CD8a and 

Tomato expression among CD4+ CD8blow T cells (left) from IE (top) and mLN (bottom). ThPOK and 

neuropilin-1 expression among Tomato+CD8a– (red), Tomato+CD8a+ (purple) and Tomato–CD8a+ (green) 

cells from IE (top) and mLN (bottom). (c) Levels of ThPOK expression in each sorted population in the IE. 

(d) Mapped accessible chromatin regions relative to promoters of all genes in ATAC-Seq data (top) and 

their relative read counts per genomic regions (bottom). (e) ATAC-Seq peak annotations as indicated per 

cell type. (f) Percent of total differentially accessible chromatin regions as follows: 5’UTR and promoters 

(Promoter; red), 3’UTR with exons and introns (Gene Body; blue), transcriptional termination site (TTS; 

gray) and intergenic (black). (g) Euclidean distance correlation of chromatin accessibility profiles of all 

samples. (h) Volcano representation of differentially expressed genes between IE iTregs (higher 

expression in blue) and mLN iTregs (higher expression in red), performed by Wald pairwise comparison 

test, padj<0.05 values were considered significant. (i) Treg signature from clusters 1- 3 and IEL signature 

from cluster 5 of the bulk RNA-seq heatmap (Figure 3d) overlaid onto the scRNA-Seq UMAP from figure 

1. (j) Curated list of gene set enrichment analysis of Hallmark pathways (black), chemical genetic 

perturbations pathways (white), and immune pathways (Retinoic acid (RA) pathways; green, Interferon 

pathways; blue, CD8-program; gray, and Treg program; silver). Significant differentially accessible 

chromatin regions p<0.01 and significant differentially expressed genes p<0.05 in RNA-Seq. Each sample 

for ATAC-Seq consisted of 5,000-40,000 cells from 6 or 9 pooled mice, n=2 samples. Each sample for 

RNA-Seq consisted of 300-800 cells per mouse, n=2-3 mice. 



Supplementary Figure 4. Related to Figure 4.  



(a-c) iFoxp3TomThPOKGFP mice were treated with tamoxifen for 10 weeks and induced Tregs (iTreg; 

CD4+Tomato+GFPHighneuropilin-1–CD8a–), pre-IELs (CD4+Tomato+ GFPLowCD8a–), exTreg-IELs 

(CD4+Tomato+GFPLowCD8a+), and CD4-IELs (CD4+ Tomato–GFPLowCD8a+) were sorted in bulk from the 

IE. Assay for transposase-accessible chromatin (ATAC) or RNA libraries were prepared followed by 

sequencing of indicated populations. (a) Pearson’s correlation (r) of log2 fold changes of RNA-Seq vs 

ATAC-Seq of total ATAC peaks averaged (top) or at promoters only (bottom) of indicated cell types. P 

value (p) for r coefficient as indicated. (b) ATAC-Seq peaks of indicated populations and ThPOK 

chromatin immunoprecipitation followed by sequencing (ChIP-Seq) of in vivo differentiated Foxp3+ splenic 

Tregs displayed on the integrative genomics viewer (IGV) in select regions as indicated. Overlap regions 

between ChIP- and ATAC-Seq indicated on bottom. (c) Numbers of differentially expressed genes 

(DEGs) (top) (silver for increase, gray for decrease) in between cell types in sequential progression as 

performed by Wald pairwise test as indicated, with differentially accessible chromatin regions (DACR) 

within those genes (red for increase, blue for decrease in accessibility). Significant DACR p<0.01 and 

significant DEG p<0.05 in RNA-Seq. Each sample for ATAC-Seq consisted of 5,000-40,000 cells from 6 

or 9 pooled mice, n=2 samples. Each sample for RNA-Seq consisted of 300-800 cells per mouse, n=2-3 

mice. 

 



Supplementary Figure 5. Related to Figure 5.  

(a, b) Flow cytometry analysis of CD45+TCRb+CD4+CD8blow Tomato+ cells in the IE and mLN of 

Zbtb7bfl/+xRunx3fl/+xRosa26|s|tdTomatoxFoxp3CreER (iFoxp3), iFoxp3xRunx3fl/+ (iFoxp3(DThPOK)), 

iFoxp3xZbtb7bfl/+xRunx3fl/fl (iFoxp3(DRunx3)), iFoxp3xZbtb7bfl/flxRunx3fl/fl (iFoxp3(DThPOK DRunx3)) mice after 10 

weeks of tamoxifen treatment. (a) Frequency of total Foxp3+ cells among Tomato+ CD4+ T cells. (b) 

Frequency of total CD8a+ cells among Tomato+ CD4+ T cells. (c) Neuropilin-1 expression among Foxp3+ 

Tregs in the intraepithelial compartment (IE) and mesenteric lymph nodes (mLN) of WT mice. Histogram 

(left) and frequency (right). (d-g) nTreg (neuropilin-1–)  or iTregs (neuropilin-1+) were sorted from spleens 

and mLNs of CD45.2 Zbtb7bfl/+xRunx3fl/+xRosa26|s|tdTomatoxFoxp3CreER (iFoxp3), iFoxp3xRunx3fl/+ 

(iFoxp3(DThPOK)), iFoxp3xZbtb7bfl/+xRunx3fl/fl (iFoxp3(DRunx3)), iFoxp3xZbtb7bfl/flxRunx3fl/fl 

(iFoxp3(DThPOK DRunx3)) mice after tamoxifen administration and co-transferred with CD45.1 naïve CD4+ T 

cells to Rag1-/- hosts. CD45.2+TCRb+CD4+CD8b-Tomato+ lymphocytes from the IE and mLN were 



analyzed 10 weeks after transfer. (d) Experimental layout. (e) Frequencies of total intracellular Foxp3 

cells after nTreg (left) or iTreg (right) transfer. (f-g) Body weight of Rag1-/- recipients after nTreg (left) or 

iTreg (right) transfers (f) and levels of fecal lipocalin-2 before and after per cell type transferred (g). 

Dashed lines represent colitis control transfer of naïve CD45.1+CD4+ T cells only. Data are expressed as 

mean +/- SEM of individual mice (n=5-11 per genotype, 3 separate experiments). *p<0.05, **p<0.01, 

***p<0.001 [one-way ANOVA and Bonferonni test (a,b,e-g) and student’s t test (c) ].  

 

  



 

Supplementary Figure 6. Related to Figure 5. 

(a, b) Induced Tregs (iTregs; Tomato+CD8a–neuropilin-1–) and Treg-derived CD4-IELs (exTreg-IELs; 

Tomato+CD8a+) were sorted from Zbtb7bfl/flxRunx3fl/+xRosa26|s|tdTomato xFoxp3CreER (iFoxp3(DThPOK)) mice 

after 10 weeks of tamoxifen administration followed by RNA-Sequencing from IE or mLN. Numbers of 

differentially expressed genes (DEGs) (silver for increase, gray for decrease) with total putative ThPOK 

targets or ThPOK targets at promoters (blue and purple, respectively; left) or putative Runx3 targets (red, 

right) at indicated comparisons between WT cells only (a) and WT and DThPOK cells (b).    

 

  



Supplementary Table 1. 10X genes per cluster, related to Figure 1. 

Top significantly differentially expressed genes per cluster as determined by the Wilcoxon rank sum test. 

Columns indicate p values (p_val), average log fold change (avg_logFC), principle components 1 and 2 

(pct.1and pct.2, respectively), adjusted p value (p_val_adj), cluster number and gene.  

 

Supplementary Table 2. Levels of chromatin accessibility of WT CD4+ T cells, related to Figure 3. 

Differentially accessible chromatin regions per cluster, as determined by the likelihood ratio test. Columns 

indicate peak ID (IDs), cluster number, chromosome location, peak annotation, and correlated gene 

name, in order of genes visualized in heatmap of Figure 3a. n=2 per genotype. 

 

Supplementary Table 3. Differentially accessible chromatin between WT CD4+ T cells, related to 

Figure 3.  

List of differentially accessible chromatin regions between indicated WT epithelial CD4+ T cell 

populations, as assessed by the Wald pairwise test. Columns indicate peak ID (IDs), log fold change of 

accessibility (log2FoldChange), adjusted p value (padj), annotation and correlated gene name. n=2 per 

genotype, padjsig<0.01.  

 

Supplementary Table 4. Differentially expressed genes between WT CD4+ T cells, related to Figure 

3.  

List of differentially expressed genes between indicated WT epithelial (IE) or mesenteric lymph node 

(mLN) CD4+ T cell populations, as assessed by the Wald pairwise test. Columns genes (target_id), log2 

fold change of expression (b) and adjusted p value (qval).  n=2-3 per genotype, qvalsig<0.05.  

 

Supplementary Table 5. Levels of gene expression of WT CD4+ T cells, related to Figure 3. 

Differentially expressed genes per cluster, as determined by the likelihood ratio test. Columns indicate 

gene (GeneID) and cluster number, in order of genes visualized in heatmap of Figure 3d. n=2-3 per 

genotype. 

 



Supplementary Table 6. ThPOK binding regions in splenic Tregs, related to Figure 4. 

Significant ThPOK binding sites in in vivo expanded splenic Tregs. Columns indicate binding region 

annotation, region location (chromosome, and start and end nucleotide position of region on indicated 

chromosome), peak score of regions, annotation of region, distance to transcriptional start site (TSS), and 

correlated gene name. Peak scores > 20 were considered to be significant. 

 

Supplementary Table 7. Differentially accessible regions that overlap with ThPOK ChIP-Seq 

regions and are present near differentially expressed genes, related to Figure 4. List of ATAC-Seq 

peak regions that overlap with ThPOK ChIP-Seq peaks. The likelihood ratio test with a minimum 

adjusted-pvalue of 0.05 were used to detect 814 significant regions, which 38 were also present near 

differentially expressed genes.  

 

Supplementary Table 8. Differentially expressed genes between WT and DThPOK CD4+ T cells, 

related to Figure 5.  

List of differentially expressed genes between indicated WT and DThPOK epithelial (IE) or mesenteric 

lymph node (mLN) CD4+ T cell populations, as assessed by the Wald pairwise test. Columns genes 

(target_id), log2 fold change of expression (b) and adjusted p-value (qval).  n=3 per genotype, 

qvalsig<0.05.  

 

Supplementary Table 9. Levels of gene expression of WT and DThPOK Tregs from the mesenteric 

lymph nodes and intestinal epithelium, related to Figure 5. 

Differentially expressed genes per cluster, as determined by the likelihood ratio test. Columns indicate 

gene (GeneID) and cluster number, in order of genes visualized in heatmap of Figure 5g. n=3 per 

genotype. 

 

Supplementary Table 10. Differentially accessible chromatin between WT and DThPOK CD4+ T 

cells, related to Figure 6.  



List of differentially accessible chromatin regions between indicated WT and DThPOK epithelial CD4+ T 

cell populations, as assessed by the Wald pairwise test. Columns indicate peak ID (IDs), log fold change 

of accessibility (log2FoldChange), adjusted p value (padj), annotation and correlated gene name. n=2 per 

genotype, padjsig<0.01. 


