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Summary

αβ lineage T cells, most of which are CD4+ or CD8+ and recognize MHC I or MHC 

II-presented antigens, are essential for immune responses and develop from CD4+CD8+ 

thymocytes. The absence of in vitro models and the heterogeneity of αβ thymocytes have 

hampered analyses of their intrathymic differentiation. Here, combining single-cell RNA- and 

ATAC- (chromatin accessibility) sequencing, we identified mouse and human αβ thymocyte 

developmental trajectories. We demonstrated asymmetric emergence of CD4+ and CD8+ lineages, 

matched differentiation programs of agonist-signaled cells to their MHC specificity, and identified 
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correspondences between mouse and human transcriptomic and epigenomic patterns. Through 

computational analysis of single cell data and binding sites for the CD4+lineage transcription 

factor Thpok, we inferred transcriptional networks associated with CD4+- or CD8+lineage 

differentiation, and with expression of Thpok or of the CD8+-lineage factor Runx3. Our findings 

provide insight into the mechanisms of CD4+ and CD8+ T cell differentiation, and a foundation for 

mechanistic investigations of αβ T cell development.

eToc blurb

Chopp et al use single-cell RNA- and ATAC sequencing to define developmental trajectories 

of mouse and human αβ thymocytes. Their findings identify differentiation programs specific 

of agonist-signaled cells and of CD4+ and CD8+ lineages and infer gene regulatory networks 

involved in cell fate decisions.

Graphical Abstract

Introduction

αβ lineage T cells, defined by the expression of an αβ T cell antigen receptor (TCR), 

are essential for immune responses. These cells include “conventional” T cells, recognizing 

peptide antigens bound to classical Major Histocompatibility Complex (MHC)-I and MHC

II molecules, and other lineages of diverse functions. αβ T cells develop in the thymus from 

precursors that express both CD4 and CD8 coreceptors (“double positive” [DP] thymocytes) 
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(Carpenter and Bosselut, 2010; Rothenberg, 2019); in contrast, mature conventional T cells 

express only CD8 if MHC I-restricted or CD4 if MHC IIrestricted, whereas other αβ lineage 

cells express either coreceptor or neither.

Interactions between the αβ TCR and intrathymic MHC or MHC-like ligands determine 

the fate of DP thymocytes (Hogquist and Jameson, 2014; Palmer, 2003; Starr et al., 2003; 

Stritesky et al., 2012). Cells with moderate affinity for self MHC peptide are rescued from 

cell death (positive selection), and become conventional CD4+ or CD8+ single positive (SP) 

thymocytes and T cells (Singer et al., 2008; Taniuchi, 2018; Xiong and Bosselut, 2012). 

In contrast, cells with high affinity for intrathymic ligands are actively deleted (negative 

selection), or differentiate into diverse “agonist-selected” fates, including regulatory T (Treg) 

cells or precursors of CD8α+ CD8β− (CD8αα) gut intra-epithelial lymphocytes (IELp) (Li 

and Rudensky, 2016; McDonald et al., 2018; Ohkura et al., 2013; Ruscher and Hogquist, 

2019).

The development of these thymocyte lineages and the transcriptional programs that 

underlie their differentiation are incompletely understood, in part because of the 

heterogeneity characteristic of thymocyte populations. Commitment transcription factors 

have been identified for specific lineages, including Thpok (encoded by Zbtb7b) for CD4+ 

differentiation and Runx3 for CD8+ differentiation (He et al., 2005; Sun et al., 2005; 

Taniuchi et al., 2002; Woolf et al., 2003). However, much remains to be learned on what 

controls the expression of such factors and on their target gene sets. Genetic studies are 

limited by the absence of suitable in vitro approaches to study αβ thymocyte differentiation, 

and are often confounded by pleiotropic effects or functional redundancy between paralog 

genes, e.g. between Runx3 and the related Runx1 molecule (Collins et al., 2009; Egawa et 

al., 2007; Woolf et al., 2003).

Single-cell analysis of gene expression and chromatin accessibility maps developmental 

trajectories with minimal bias from prior knowledge (Buenrostro et al., 2015; Papalexi and 

Satija, 2018), unlike population-based analyses (Mingueneau et al., 2013; Yoshida et al., 

2019). However, previous scRNAseq studies of the thymus neither focused on αβ lineages 

nor compared the trajectories of MHC I- and MHC II-signaled thymocytes (Kernfeld et al., 

2018; Lavaert et al., 2020; Le et al., 2020; Park et al., 2020), and therefore could not map the 

divergence of conventional CD4+ or CD8+ lineages or associate the fate of agonist-signaled 

thymocytes with their MHC restriction. Furthermore, while chromatin organization is a 

defining feature of cell identity (Sen et al., 2016), how transcriptomic changes map to the 

chromatin dynamics in developing αβ lineage thymocytes is unclear.

Here we leveraged single cell approaches to identify the transcriptomic and epigenomic 

features of αβ thymocytes. We mapped divergence branch points between conventional and 

agonist-selected lineages, and the asynchronous emergence of CD4+- and CD8+ lineage 

differentiation programs at early and late stages of thymocyte development, respectively. 

Integration of transcriptomic and epigenomic data enabled the inference of gene regulatory 

networks associated with differentiation into either lineage. Last, we documented the 

conservation of these transcriptomic and epigenomic patterns in human thymocytes. 
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These developmental maps and associated regulatory networks present a resource towards 

deciphering the mechanisms of αβ T cell lineage differentiation.

Results

Defining signatures for the CD4+ and CD8+ transcriptomes

We used RNAseq to compare subsets of developing CD4+ and CD8+ T cells. We 

sorted cells based on expression of CD4 and CD8, CD69 (a TCR signaling marker), 

and MHC-I, expressed on the most mature thymocytes (Xing et al., 2016). In addition 

to unsignaled (CD69–) and signaled (CD69+) DP cells, we purified immature (CD69hi 

MHC-Ilo) CD4+CD8int and SP, semi-mature (CD69hi MHC-Ihi) SP, and mature (CD69lo 

MHC-Ihi) SP thymocytes (Figs. 1A and S1A–C). We used cells carrying reporter alleles 

for the transcription factors Thpok (encoded by Zbtb7b) and Runx3, specifically expressed 

in CD4+- and CD8+-lineage thymocytes, respectively (Wang et al., 2008b; Zamisch et 

al., 2009). These cells were obtained from chimeric mice generated by transplanting 

irradiated MHC II (H2Ab1)- or MHC I (B2m)-deficient hosts with bone marrow precursors 

carrying the reporter alleles (Fig. S1BC). Principal Component Analysis (PCA) grouped 

experimental replicates together (Figs. 1B and S1D). Among the first three components 

(PC), accounting for 79% of the total variability, PC1 was enriched in genes corresponding 

to lineage-independent developmental maturation (e.g. Rag1, Dntt, Il7r, S1pr1), and PC3 in 

genes involved in CD4+-CD8+ lineage differentiation (e.g. Zbtb7b, Cd4, Cd8a, Itgae); PC2, 

comprising a diverse array of genes, roughly paralleled expression of TCR-induced genes 

(e.g. Cd69) across thymocyte subsets (Table S1).

Differential gene expression was observed both across developmental stages and between 

lineages (Fig. 1C). We defined CD4+ and CD8+-lineage signatures as sets of genes with 

greater expression in CD4+- or CD8+-lineage cells, respectively, relative to each other and 

to unsignaled DP cells (Fig. 1D and Table S1). We based signature definitions on gene 

expression in immature, semi-mature and mature cells of each lineage, to include genes that 

would be transiently expressed in lineagedifferentiating cells. Most CD8+ signature genes 

were expressed in both immature and mature CD8+ SP cells with little or no expression 

detected at previous stages of MHC I-restricted cell differentiation (Fig. 1E). In contrast, the 

CD4+ signature was detected earlier and included components with distinct kinetic patterns 

(Fig. 1F).

Unbiased transcriptomic analysis of αβ lineage thymocyte differentiation

At the signaled DP stage, there were trends towards preferential expression of CD4+

signature genes, and of Ccr4, in MHC II-signaled cells (Figs. 1C, F). However, other results 

suggested heterogeneity of that population. A few MHC I-signaled DP cells expressed 

the chemokine receptor Ccr7, which promotes cell migration from the thymic cortex to 

the medulla (Kwan and Killeen, 2004; Ueno et al., 2004; Yin et al., 2007), (Fig. S1E). 

Furthermore, expression of genes encoding transcription factors Nur77 (Nr4a1) and Helios 

(Ikzf2), or the proapoptotic protein Bim (Bcl2l11) suggested that the signaled DP subsets 

included cells targeted for negative selection (Fig. 1C) (Bouillet et al., 2002; Daley et 

al., 2013; Marsden and Strasser, 2003; Stritesky et al., 2013). Thus, population-based 
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RNAseq could not unambiguously identify positive selection and lineage differentiation 

transcriptomic programs, prompting us to compare MHC-I and MHC II-signaled thymocytes 

by scRNAseq.

We sorted CD69lo/+ thymocytes, from either H2-Ab1−/− or B2m−/− mice, separately 

captured them using the 10x Genomics Chromium platform and processed them for 

scRNAseq (Chung et al., 2017) (Fig. S2AB, Table S2 for QC metrics). We performed two 

independent captures for each genotype, analyzed data with the Seurat R package (Butler 

et al., 2018), and integrated data from both captures to remove experimental batch effect 

(Stuart et al., 2019). Following PCA and dimensional reduction, unsupervised clustering 

distributed the 18,644 total cells into 16 clusters (Fig. 2A and S2C). We verified that 

clustering was not driven by batch effect between experiments (Fig. S2D); the same was 

true for all single cell captures reported in this study (as shown for each experiment). 

Clusters were largely segregated from each other when projected onto a UMAP dimensional 

reduction plot of the integrated data (Fig. 2A; see Table S1 for cluster-specific genes), 

except cluster Sig-5 which was split into two components (Sig-5a and Sig-5b, Fig. S2E). 

Eight clusters included both MHC I- and MHC IIsignaled cells, whereas the other eight 

predominantly or exclusively comprised only one (Figs. 2B and S2F). Expression of key 

genes was used to tentatively name MHC I- or MHC II-specific clusters along two CD4+ 

and CD8+ “arms” (Fig. 2A–D and Table S1, and discussed hereafter). The CD4+ arm 

included a cluster with features of Treg cells and another (ISC CD4) with marks of signaling 

by type Iinterferon, a cytokine known to contribute to gene expression in mature thymocytes 

(Xing et al., 2016) (Figs. 2A and S2G, and Table S1).

In contrast, most shared clusters could not be unambiguously positioned along known 

developmental paths. Most expressed both Cd4 and Cd8a and had low expression of Ccr7, 
a pattern characteristic of cortical thymocytes (Fig. 2C). Cluster DP-1 showed the highest 

expression of Rag1, indicating that it included pre-selection cells. In contrast, others (“Sig”) 

exhibited marks of TCR signaling. To determine developmental relationships between these 

clusters, we performed pseudotime mapping using Monocle 3, which infers developmental 

trajectories from scRNAseq data (Trapnell et al., 2014). Verifying the consistency of 

Monocle and Seurat analyses, cells color-coded according to their Seurat-defined cluster 

were grouped together on a UMAP plot generated from the Monocle-processed data (Fig 

2E, left). Pseudo-time mapping displayed the cells along an asymmetric trajectory (Fig. 2E, 

right) with three main endpoints corresponding to clusters Sig-4, mature CD4+ (MatCD4) 

and CD8+ (MatCD8) SP thymocytes, and two main branch-points, designated S (selection) 

and L (lineage).

Cells along the common stem sequentially mapped to clusters DP-1, DP-2, and Sig-1 (Fig. 

2E). Their progression was marked by cessation of Rag1 expression, increased expression 

of TCR signaling targets Cd5, Cd69 and Tox (Azzam et al., 1998; Swat et al., 1993; 

Turka et al., 1991; Wilkinson et al., 2002) (Fig. 2C–E), and increased scores for a TCR 

signaling signature composed of genes induced during the DP-1 to Sig-1 transition (Fig. 2F). 

This signature also indicated higher TCR signaling in CD4+ than CD8+ immature clusters 

(consistent with previous analyses, Moran et al., 2011). Expression of pro-survival Bcl2 
(Marsden and Strasser, 2003) increased along the common stem and was high in CD4+ and 
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CD8+ arm cells, whereas pro-apoptotic Bcl2l11 (Bim) was detected only in agonist arm 

clusters (Fig. 2C). Thus, we reasoned that DP-2 and Sig-1 cells were signaled for positive 

selection, allowing us to track the emergence of lineage-specific transcriptomic patterns.

MHC-specific transcriptomic divergence in signaled double positive thymocytes

To map the divergence of lineage-specific programs, we scored each cell for CD4+

and CD8+-lineage transcriptomic signatures defined in Fig. 1D. Positive scores for the 

corresponding signature were found among clusters within CD4+ and CD8+ branches, with 

the same kinetics of appearance as in population RNAseq (Fig. 2GH). Elevated CD4+ 

signature scores were detected as early as the DP-2 cluster (Fig. 2G), and were higher 

in MHC II- than in MHC I-signaled cells (Fig. 2I); as expected, scores for that signature 

were low in Rag1-and Rag2-expressing (pre-selection) DP-1 thymocytes, regardless of their 

genotype (data not shown). The scoring asymmetry between MHC I- and MHC II-signaled 

cells was specific of the CD4+ signature, as it was not detected with the TCR signaling 

signature (Fig. 2J). It was associated with decreasing expression of Cd4, Cd8a and Cd8b1 
in DP-2 and Sig-1 clusters, with similar kinetics in MHC I- and MHC II-signaled cells 

(Fig. 2D and S2H). The CD4+ signature included Gata3, a factor needed for CD4+-lineage 

differentiation (Hernandez-Hoyos et al., 2003; Pai et al., 2003) and Id2, an inhibitor of 

E-protein activity (Kee, 2009), but not its paralog Id3. We verified higher expression of 

Gata3 protein in MHC II- than MHC I-signaled DP cells (Fig. 2K).

Strong correspondence of epigenomic and transcriptomic dynamics

Cell differentiation is associated with changes in chromatin accessibility, which can be 

detected by Assay for Transposase Accessible Chromatin (ATACseq). Thus, we performed 

single-cell ATACseq (scATACseq) (Buenrostro et al., 2015) on MHC I- and MHC II

signaled thymocytes purified as for scRNAseq; cells were captured using 10x Genomics 

and data analyzed using the Signac extension of Seurat. Following normalization and 

dimensional reduction, we identified 17 cell clusters (Fig. 3A, Table S2), some containing 

both MHC I- and MHC II-signaled cells and others unique to either population (Fig. S3AB). 

We verified that this clustering was not simply driven by signal at and near transcription start 

sites by repeating the analysis after excluding sequencing reads mapping to gene promoters 

(Figs. S3D). To estimate gene expression in each of the scATACseq cells, we assumed, for 

each gene, RNA expression from high promoter accessibility (illustrated on Fig. 3B) (Stuart 

et al., 2019). From such an imputed transcriptome, each scATACseq cell was assigned 

an “inferred identity” (IID), corresponding to the scRNAseq cluster containing the best 

matching scRNAseq cell (Fig. 3C). Projecting IID (color-coded by scRNAseq clusters) onto 

the scATACseq UMAP plot grouped cells with a shared IID in a pattern overlapping that 

generated by scATACseq clustering (Fig. 3A, C). Such overlap between scATACseq clusters 

and IID groups indicated that epigenomic and transcriptomic analyses distinguished similar 

stages of cellular differentiation.

To evaluate chromatin dynamics, we identified 15,226 peaks with differential accessibility 

across cell groups defined by a shared IID. The resulting peaks were scored across cell 

groups sharing the same IID; k-means clustering on those peaks generated eight clusters, 

called peak classes here for clarity. Accessibility at peak classes I and V-VIII was associated 
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with DP thymocytes and agonist-signaled cells, respectively (Fig. 3D) (discussed later). 

In contrast, classes II-IV were preferentially accessible in ImCD4, MatCD4, ImCD8 and 

MatCD8 groups, although most of the variability mapped with cell maturation rather than 

lineage differentiation. We found similar results in population ATACseq analyses on sorted 

unsignaled DP, MHC I- and MHC II-signaled DP, and immature CD4+ and CD8+ SP 

thymocyte (data not shown).

The limited variability associated with lineage differentiation in classes II-IV (Fig. 3D) 

prompted us to examine if the divergence of CD4+- and CD8+-lineage transcriptomes 

was matched at the chromatin level. Accessibility scores for genes included in the CD8+ 

and CD4+ transcriptomic signatures were elevated in cells with the corresponding inferred 

SP thymocyte IID but remained low in cells with a signaled DP thymocyte IID (Fig. 

S3EF); thus, chromatin accessibility is lineage-specific in CD4+ and CD8+ SP cells. Because 

lineage-specific enhancers can be distant from the genes they control, we examined 1,115 

chromatin regions differentially accessible in CD4+ vs. CD8+ lineage cells, regardless of 

gene proximity. Accessibility scores for this set were uniformly low in DP cells (Fig. 

3EF). Neither the CD4+-lineage specific peaks at Cd40lg and Zbtb7b, nor the few CD8+ 

lineage-specific peaks upstream of Runx3 were accessible in MHC I- and MHC II-signaled 

DP-1 cells (Fig. S3G). Functionally identified Runx3 enhancers (Kojo et al., 2017) were 

similarly accessible in DP, CD4+ SP and CD8+ SP cells, whereas no lineage-specific peak 

was associated with Gata3 (Fig. S3G and data not shown). Thus, there was no evidence 

for epigenomic “poising” of pre-selection DP thymocytes towards either lineage. Last, we 

observed epigenomic opening at genes involved in mature T cell effector functions (Shih et 

al., 2014): it was largely CD4+-lineage specific at Il21 and Cd40lg (Fig. S3GH), whereas 

CD8+-lineage preferential peaks opened at the Ifng and Gzmb loci.

Transcriptional regulators driving CD4+ and CD8+ differentiation

We next sought insight into the transcriptional control of CD4+-CD8+ lineage 

differentiation, including of Zbtb7b or Runx3 expression. We used CellOracle (Kamimoto 

et al., 2020), which integrates transcription factor motif analysis with scRNAseq and 

scATACseq data to identify putative target gene sets for transcription factors. We defined 

target sets in DP-2 and Sig-1 clusters, that include both MHC I- and MHC II-signaled 

cells, for each of the 106 factors expressed in at least one of the scRNAseq-defined clusters 

(Table S3). Although assigned to specific factors, target gene sets are best understood as 

associated with transcriptional activities (TA) sharing similar DNA binding motifs, e.g. 

within transcription factor families. To quantify TA in differentiating cells, we scored the 

expression of each target set, separately in cells of each genotype, across common-stem and 

immature CD4+- and CD8+-lineage clusters, and in the agonist-signaled Sig-3 cluster (Table 

S4).

Scores for most TA were similar across genotypes in early (DP-1, DP-2 and Sig-1) clusters 

(Fig. 3G & Table S4), presumably because transcriptomic differences related to MHC 

specificity were modest at these differentiation steps compared to the broad size of the 

target sets inferred by CellOracle (Median gene number: 1608, Inter-Quartile Range: 799–

3302). In contrast, scores for 39 TA were significantly different between ImCD4 and ImCD8 
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clusters (with 27 scoring higher in ImCD4 and 12 higher in ImCD8, Table S4). Some 

CD8+-biased TA were inhibited by TCR signaling (e.g. Tcf3 encoding E2A, inhibited 

by TCR-induced Id2) or involved in CD8+-lineage differentiation (Tcf7, Hbp1) (Sekkali 

et al., 2005; Steinke et al., 2014); all showed unchanged or decreasing activity as cells 

progressed from DP to CD8+ SP (Fig. 3H). In contrast, the vast majority of CD4+-biased TA 

increased during the DP to CD4+ SP differentiation, and comprised factors induced by TCR 

signaling, including Elk3, JunB (an AP-1 family member) and Egr1 (Fig. 3H). There was no 

correspondence between TA scores in Sig-3 and in lineage-differentiating clusters (Fig. 3G): 

some CD4+-biased TA scored similarly in Sig-3 and ImCD4 cells (e.g. Elk3, JunB), whereas 

others had lower (e.g. Zbtb7b, Foxo1) or higher (e.g. Egr1 or Mlx) scores in Sig-3 than 

ImCD4 cells (Fig. S3I). This indicated that thymocyte fates were associated with specific TA 

combinations.

CellOracle identified 58 TA putatively targeting Zbtb7b, or the non-coding RNA Gm15417 
that overlaps with the Zbtb7b silencer, and 31 TA targeting Runx3 (Table S6). Zbtb7b

targeting TA included known Zbtb7b activators (Gata3) or repressors (Runx1 or Runx3); 

many were CD4+- or CD8+-biased, including some predicted to bind both Zbtb7b 
and Runx3 (Fig. 3I). Thus, computational analyses leveraging both transcriptomic and 

epigenomic data identify transcriptional activities putatively associated with CD4+ or CD8+

lineage differentiation, including with Zbtb7b and Runx3 expression.

Genomic and transcriptomic impacts of Thpok during CD4+ T cell differentiation

These results suggested implementation of a CD4+-specific gene regulatory network in the 

ImCD4 scRNAseq cluster, which scored highest for the CD4+ gene signature (Fig. 2G) 

and had high Zbtb7b expression (Fig. 2C, bottom right). Thus, we examined how Thpok 

affected gene expression in MHC II-restricted thymocytes. We first performed RNAseq 

on sorted populations of Thpok-sufficient (“WT”) and -deficient (“KO”) thymocytes, the 

latter from mice in which expression of Cd4-Cre deletes Zbtb7bfl alleles in DP cells. 

Both strains carried the Zbtb7bGFP bacterial artificial chromosome (BAC) reporter (Wang 

et al., 2008b), which results in GFP expression in MHC II-signaled cells, including in 

Thpok-deficient thymocytes as they become immature CD4+ SP cells and are “redirected” 

into CD8+ SP cells (Figs. 4A and S4A) (He et al., 2005). We compared (i) MHC II-restricted 

(Zbtb7bGFP+) Thpok-sufficient and -deficient immature (MHC-Ilo CD69+) CD4+ SP cells, 

(ii) “redirected” MHC II-restricted (Zbtb7bGFP+) CD8+ SP cells, and (iii) wild-type (MHC 

I-restricted) CD8+ SP cells (Figs. 4A and S4A). Zbtb7b disruption almost fully converted the 

transcriptome of redirected MHC II-restricted CD8+ SP cells to that of wild-type CD8+ SP 

cells, demonstrating that Thpok is required to maintain the CD4+ transcriptome (Fig. 4B). 

Immature Thpok-deficient CD4+ SP thymocytes expressed CD8+ signature genes, notably 

Runx3 mRNAs initiated from the CD8+-lineage-specific distal promoter (Fig. S4B) (Egawa 

et al., 2007).

Contrasting with these results, the expression of CD4+ signature genes in immature CD4+ 

SP thymocytes did not require Thpok (Fig. 4B), demonstrating that Thpok is dispensable 

for CD4+ lineage specification, as inferred earlier (Egawa and Littman, 2008; Wang et al., 

2008b). In light of a report that Thpok acts by promoting the expression of Socs-family 
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inhibitors of cytokine signaling (Luckey et al., 2014), we examined expression of these 

genes in Thpok-deficient cells. Despite de-repression of Runx3, we found that Zbtb7b 
disruption had no significant impact on Socs1 (Fig. S4C), whereas it increased expression 

of Socs3 and there was little or no expression of other Socs genes and Cish (data not shown 

and see below). ATACseq on CD4+ SP thymocytes indicated that Thpok is dispensable for 

epigenomic opening of CD4-specific peaks, including at the Il2-Il21 locus (Fig. S4D and 

data not shown). These experiments showed that Thpok serves to maintain transcriptomic 

patterns characteristic of MHC II-signaled thymocytes.

To further analyze redirection, we performed scRNAseq on (i) Thpok-sufficient and 

-deficient (Zbtb7bfl/fl Cd4-Cre) MHC II-signaled (i.e. expressing the Zbtb7bGFP reporter) 

thymocytes and (ii) wild-type CD8+ SP (MHC I-signaled) thymocytes. We captured Thpok

sufficient and -deficient cells separately, and included pre-selection CD69− DP thymocytes 

with each to facilitate data integration (Table S2). Low-resolution clustering and UMAP 

display verified dataset integration and separated preselection DP from other thymocytes 

(Fig. S4E–G). Higher resolution clustering on Zbtb7bGFP-expressing and wild-type CD8+ 

SP cells distributed WT Zbtb7bGFP+ cells into clusters similar to previously identified 

ImCD4 and MatCD4 clusters (Fig. 4C, Table S1), and an intermediate semi-mature 

(SMCD4) cluster. Thpok-deficient Zbtb7bGFP+ cells were excluded from the SMCD4 and 

MatCD4 clusters, but contributed to cluster ImCD4 and to clusters that did not include 

wild-type cells (Fig. 4DE). Among these, cluster CD4R2 showed partial loss of CD4+- 

and gain of CD8+-lineage features (Fig. 4F). At the single cell level, this cluster was 

enriched in cells expressing both Cd4 and Cd8a mRNAs, and the loss of the CD4+ signature 

generally preceded gain of CD8+ features (Fig. S4H and 4G). This corresponded to an 

abrupt transition within the CD4R2 cluster in the pseudotime analysis (Fig. 4H) and with the 

onset of Runx3 expression (Fig. 4E). Thus, the CD8+-lineage redirection of Thpok-deficient 

thymocytes follows a de-differentiation pattern, with minimal gain of CD8+-lineage features 

before cessation of CD4+-lineage gene expression. Similar to population RNAseq, we did 

not observe any reduction in Socs1 expression in Thpok-deficient clusters compared to 

their Thpok-sufficient counterparts, whereas expression of Socs3 was increased (Fig 4E). 

This challenges the idea that Thpok functions in thymocytes by promoting expression of 

Socs-family genes (Luckey et al., 2014).

To examine if Thpok binds genes it controls, we performed ChIPseq on CD4+ SP 

thymocytes from mice expressing biotinylated Thpok molecules (Ciucci et al., 2019). We 

identified 14,845 Thpok-binding sites (Fig. S4I), of which 8,497 (e.g. at Cd8 and Cd40lg, 

Fig. S4J, L) had not been found to recruit Thpok in activated CD4+ T cells (Ciucci et 

al., 2019). Thpok bound to most CD4+ and CD8+ signature genes (Fig. 4I). Given that 

Thpok binds Cd4 and Zbtb7b near Runx binding sites (Muroi et al., 2008), we compared 

genome-wide binding for both factors, using published thymocyte ChIPseq data for Cbfβ, a 

co-factor of both Runx1 and Runx3 (Fig. 4J) (Collins et al., 2009; Tenno et al., 2018). Most 

Thpok binding sites co-localized with Cbfβ sites, including at CD4+ and CD8+ signature 

genes, notably Cd40lg and, as previously noted, at Zbtb7b and Runx3 (Fig. S4K, and Kojo 

et al., 2017; Muroi et al., 2008). In contrast, there was no such association with Gata3 

binding sites (Wei et al., 2011) (Figs. 4K and S4L).
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To gain insight into Thpok function, we used CellOracle to identify transcription factors 

putatively recruited near Thpok binding sites in genes expressed in CD4+ lineage 

thymocytes. We found binding motifs for all the 106 transcription factors selected in our 

previous analysis (Fig. 3G and Table S5), including factors binding Zbtb7b, Gm15417 
and Runx3 genes (Table S6 and Fig. 3I). These results support the conclusion that Thpok 

functionally cooperates with multiple transcription factors, including of the Runx family, to 

control gene expression in developing T cells.

Transcriptomic and epigenomic features of agonist-selected cells

We then considered the agonist arm of the scRNAseq pseudotime trajectory, diverging from 

lineage-differentiating cells at the S (selection) branch point and including clusters Sig-2–4, 

and Sig-5a. All cells along this arm were post-DP, expressing little or no Cd4, Cd8 or Rag1 
(Fig. 5A). They expressed neither Ccr7 (consistent with a cortical location) nor Zbtb16 
(PZLF), characteristic of iNK T and MAIT cells (Kovalovsky et al., 2008; Rahimpour et al., 

2015; Savage et al., 2008) and detected in cluster NC-1 (data not shown). Agonist clusters 

were enriched for cells expressing pro-apoptotic Bcl2l11 (Bim), a hallmark of negative 

selection (Bouillet et al., 2002). Clusters Sig-2 and −5 had high scores for the TCR signaling 

signature (Fig. 2F) and for transcription factors Nr4a1 (Nur77) and Ikzf2 (Helios) (Fig. 

5AB), which are both highly expressed in cells signaled for negative selection (Daley et 

al., 2013; Stritesky et al., 2013). Flow cytometric staining for Bim, Helios, Nur77, PD-1, 

Ccr7, CD5 and CD69 identified cell subsets corresponding to clusters DP-1, DP-2, Sig-1–3 

and Sig-5a (Fig. S5A). These subsets had low levels of Ccr7, and their expression of CD4 

and CD8 proteins matched the patterns from scRNAseq clusters (Fig. S5BC). In addition, 

we identified TCRhi CD44lo PD1+ CD122+ CD4− CD8− cells that matched cluster Sig-4 

(Fig. S5A) and were similar to agonist-signaled CD8αα IELp (McDonald et al., 2018; 

Ruscher and Hogquist, 2019). Analysis of thymocytes from B2m- and H2-Ab1-deficient 

mice verified that subsets matching clusters DP-1, DP-2, Sig-1 and Sig-2 were contributed 

in similar proportions by both genotypes. In contrast, and similar to scRNAseq results, 

MHC II- and MHC I-restricted cells dominated in subsets corresponding to clusters Sig-5, 

and Sig-3 and −4, respectively (Fig. S5D and S2F). Expression of intra-cellular Gata3 in 

DP-1, DP-2 and Sig-1 subsets matched that of Gata3 mRNA in the corresponding scRNAseq 

clusters (Fig. S5E); consistent with Fig. 2K, it was higher in MHC II- than in MHC 

I-signaled cells. Bim and Nur77 expression in flow cytometric subsets also matched that of 

the corresponding scRNAseq clusters (Fig. S5FG). In line with its co-expression of Bim and 

Nur77, the Sig-5a matching subset had the highest frequency of cells staining for activated 

Caspase-3, an early marker of apoptosis (Fig. S5H).

Expression of Bcl2l11 in clusters Sig-3 and Sig-5a was accompanied by epigenomic 

opening upstream of the Bcl2l11 locus in scATACseq cells with the corresponding IID 

(Fig. 5C); this open chromatin region (OCR) contained Nur77 binding motifs (Fig. S5I) and 

differed from the T cell Bcl2l11 EBAB enhancer (Hojo et al., 2019). Motif analysis in OCR 

found enrichment for AP1 (Fos::JunB), Nur77, NF-κB, and the E-box motif (Fig. 5D), in 

patterns matching the expression of the corresponding transcription factor.
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Consistent with their co-clustering, clusters Sig-5a and −5b were transcriptomically similar, 

and both expressed NF-κB family genes (Fig. 5A). However, cells from Sig-5b had higher 

expression of Ccr7, suggesting a thymic medullary location; they scored lower for TCR 

signaling markers and Tox-family genes, and higher for Tnfrsf4 (Ox40) and Tnfrsf18 (Gitr)

(Fig. 5A), two Treg cell markers (Mahmud et al., 2014). Together with Il2ra and Foxp3, 
these were expressed on the Treg cluster (Hemmers et al., 2019). This suggests that cluster 

Sig-5b includes early Treg cell precursors, despite the lack of a pseudotime connection 

with the Treg cluster. Of note, although flow cytometry identified a fraction of CD25+ cells 

(corresponding to cluster Sig-5b) expressing high levels of Bim, few cells in this population 

stained for activated Caspase 3 (Fig. S5H).

Conservation of transcriptomic programs between mouse and human thymus

We next examined conservation of transcriptomic and epigenomic features between mouse 

and human thymocytes. We first performed scRNAseq, on human thymocytes obtained 

from infants undergoing surgery for conditions not associated with immunodeficiency. We 

purified CD69+ and pre-selection thymocytes from five donors, and CD4+ SP and CD8+ SP 

thymocytes from two of these donors (Fig. S6AB and Tables S2 and S7). Analyzing the 

combined 39,814 cells using the same procedures as for mouse thymocytes, we identified 

21 clusters (Fig. 6A and S6CD, and Table S1). Although expression of characteristic genes 

helped identify human clusters, there was no strict matching between human and mouse 

clusters (Fig. 6AB). However, the pseudo-time analysis showed conservation of mouse 

developmental trajectories in human thymocytes, delineating cells with agonist-signaled 

properties emerging from a common stem at an early S branchpoint, and a subsequent 

divergence (L) of CD4+ and CD8+ lineage cells (Fig 6C). Scores for both the mouse 

TCR signaling and CD4+-lineage signatures followed patterns similar to those in mouse 

thymocytes (Fig. S6E and 6D). In contrast, scores for the mouse CD8+ signature were 

low in most human CD8+ SP clusters, and high only in populations of Zbtb16 expressing 

cells (cluster hs-NC-1), with marks of high signaling and effector differentiation (Fig. 6E). 

Reciprocally, a CD8+-gene signature derived from human thymocytes scored high in both 

mouse mature CD4+ and CD8+ clusters, suggesting it was best associated with acquisition 

of mature cell features (Fig. S6FG). The top differentially expressed gene in human CD8+ 

but not CD4+ SP cells was a long non-coding RNA located in the NK inhibitory receptor 

locus (LINC02446) and had no mouse ortholog (Fig. 6B). Unlike in mouse cells, expression 

of RUNX3 mRNA was detected in human CD4+-lineage cells, which we confirmed by 

intra-cellular staining and flow cytometry (Fig. 6F). In contrast, Thpok protein expression 

in human thymocytes was strictly specific of the CD4+-lineage, as in the mouse (Fig. 

6G). Thus, these results indicated a strong human-mouse conservation of the CD4+-lineage 

differentiation program, unlike for the CD8+-lineage program.

To examine chromatin dynamics, we performed scATACseq on a mix of pre-selection 

DP and CD69+ human thymocytes from three donor thymi (Fig. S6A and Tables S2 

and S7). We identified 19 clusters, which were not driven by batch effect (Fig. S7AB). 

They closely overlapped with cells groups sharing a common transcriptomic IID (Fig. 

7A), indicating a strong correspondence between chromatin and transcriptomic dynamics 

in human thymocytes, as in the mouse. We identified 16,972 peaks with differential 
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accessibility across cell groups, distributed as in the mouse (Figs. 7B and 3D), including 

peaks at RAG1, ZBTB7B, IL21 and IFNG (Figs. 7C and S7E), and similar opening patterns 

of CD4+ and CD8+ lineage specific peaks (Fig. S7C). We identified a human “ortholog” 

for 11,173 of the 15,226 differentially accessible mouse OCR and found that accessibility 

at these human regions followed a similar pattern in human mouse cell groups (Fig. S7D). 

These finding suggested strong human-mouse conservation of epigenomic programs of T 

cell development.

Cells within the agonist arm expressed TCR signaling markers, including CD69 and 

NR4A1, and BCL2L11 (Fig. 6H and S6H). This arm was dominated by cluster hs-Sig-2, 

which contained cells expressing CD8A (but not CD8B), GNG4 and PDCD1 (Fig. 6B, H); 

such cells were similar to human thymocytes proposed to be enriched in IEL precursors, and 

that also expressed TNFRSF9 and HIVEP3 (Le et al., 2020; Park et al., 2020). Combined 

expression of Nr4a1, Hivep3, Tnfrsf9, and Pdcd1 was most characteristic of mouse clusters 

Sig-3 and Sig-5a (Figs. 5B and S6I). Cluster hs-Sig-3, which was not connected to the 

main developmental tree, expressed ZNF683 and IL2RB (Fig. 6A, C, H), characteristic 

of a recently identified pattern shared between αβ and γδ lineage thymocytes (Park et 

al., 2020). The conservation between human and mouse agonist-signaled cells extended 

to chromatin accessibility and motif enrichment (Fig. 7D and 5D). This included peaks 

specific of agonist-selected cells near PDCD1 and IL10 in highly signaled and Treg cells, 

respectively (Fig. 7B and data not shown). The vicinity of BCL2L11 contained an OCR 

homolog to that we had identified in the mouse and previously characterized in B cells 

(Wood et al., 2016) (Figs. 7E and 5C).

In summary, these findings reveal transcriptomic and epigenomic programs of TCR

signaled mouse and human αβ lineage thymocytes, and map developmental trajectories 

of conventional (CD4+ and CD8+ lineages) and agonist-selected thymocytes, of which most, 

but not all, are conserved in the human thymus.

Discussion

Here we examined gene expression and chromatin accessibility at the single cell level 

to map the developmental trajectories of αβ thymocytes undergoing selection, including 

CD4+-CD8+-lineage cells and agonist-signaled thymocytes. The robustness of these 

developmental pathways relied on a strong correspondence between transcriptome and 

epigenome dynamics, and most of them were conserved between human and mouse 

thymocytes. Leveraging this information, we used computational approaches to build gene 

regulatory networks that support CD4+ and CD8+ lineage differentiation. Unlike recent 

thymus scRNAseq studies (Kernfeld et al., 2018; Lavaert et al., 2020; Le et al., 2020; Park 

et al., 2020), we separately analyzed cells based on their MHC specificity and integrated 

epigenomic and transcriptomic data, so as to provide insight into CD4+-CD8+ and agonist

signaled cell differentiation.

Expression of the transcription factor Thpok (Zbtb7b) seals CD4+ lineage commitment 

and is the pivot of CD4+-CD8+ lineage differentiation; it depends on TCR signals in 

immature CD4+CD8int MHC II-restricted thymocytes (Adoro et al., 2012; Liu et al., 
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2005). Transcription factors important for Zbtb7b expression, including Gata3, Tox, Tcf1, 

Bcl11b, Satb1 or E-proteins, serve many functions during both CD4+ and CD8+ T cell 

differentiation, confounding genetic analyses (Aliahmad and Kaye, 2008; Jones-Mason et 

al., 2012; Kakugawa et al., 2017; Kojo et al., 2017; Steinke et al., 2014; Wang et al., 

2008b). Using computational approaches that are not hampered by such pleiotropic effects, 

we identified transcription factors (“CD4+-biased”) putatively associated with the emergence 

of the CD4+ lineage and Zbtb7b expression. The activity of most such CD4+-biased factors 

(evaluated by expression of their putative targets) increased as TCR signaled thymocytes 

underwent differentiation, consistent with the role of TCR signals in Zbtb7b expression 

(Adoro et al., 2012; He et al., 2008; Liu et al., 2005). Some of these factors are controlled 

by TCR signaling at the expression (e.g. Egr1, AP-1 [JunB]) or activity (e.g. Elk proteins) 

levels (Costello et al., 2004; Shao et al., 1997). Reciprocally, factors biased towards the 

CD8+-lineage included Tcf3-encoded E2A (Kee, 2009), which is inhibited by TCR-induced 

Id2, expressed in CD4+-lineage thymocytes. Among factors we identified as putatively 

controlling Zbtb7b and Runx3 expression, Runx molecules, Thpok, Gata3, Tcf1 (Tcf7), 

Mazr (Patz1), E-proteins (Tcf3) and Hbp1, actually affect Zbtb7b expression or lineage 

differentiation (Egawa et al., 2007; Jones-Mason et al., 2012; Muroi et al., 2008; Sakaguchi 

et al., 2010; Setoguchi et al., 2008; Steinke et al., 2014; Wang et al., 2008b). This supports 

the idea that other identified factors, whose expression or activity is controlled by TCR, 

contribute to trigger Zbtb7b expression upon TCR signaling.

The CD4+ or CD8+ lineage bias of transcriptional activities was detected only after lineage 

bifurcation, but not in MHC II- vs. MHC I-signaled thymocytes within the common 

stem trajectory. This suggests that the initial differentiation of TCR-signaled thymocytes 

is “lineage neutral”. This is in line with the “kinetic signaling” model of CD4+-CD8+ 

lineage commitment. This model proposes that asymmetric changes in CD4 or CD8 

expression, not intrinsic differences between MHC I- and MHC II-induced TCR signals, 

are the primary determinant of lineage differentiation (Singer et al., 2008). The model 

predicts that, regardless of MHC specificity, TCR signaling in DP thymocytes terminates 

Cd8 expression, preventing continued TCR signaling and thereby Zbtb7b expression in 

MHC I-restricted thymocytes, in which TCR signaling is CD8-dependent, but not in 

MHC II-restricted thymocytes. Also consistent with this model is our observation that 

Cd8 expression decreased in TCR-signaled thymocytes, with kinetics independent of MHC 

specificity, although the trajectory leading from DP to CD8+ SP thymocytes did not include 

cell clusters with no detectable Cd8 gene expression.

However, other results from our study indicate that the transcriptomes of MHC II- and 

MHC I-signaled thymocytes diverged early, and independently of changes in Cd4 or 

Cd8 expression. Scoring for a gene signature specific of CD4+ lineage cells indicated 

an early divergence between MHC II- and MHC I-signaled cells. The small size of this 

CD4+ signature (45 genes), compared to the computationally defined gene sets defining 

transcriptional activities (~2,000 genes), facilitated an early detection of lineage divergence. 

The divergence between MHC II- and MHC I-signaled cells preceded any detectable 

asymmetry in Cd4 and Cd8 gene expression, as expression of Cd4 was reduced before, 

and at least to a similar detectable extent as that of Cd8 genes. These results support the 

idea of differences between MHC I- and MHC II-induced TCR signaling that do not depend 
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on the kinetics of coreceptor gene expression. They also agree with the concept, based on 

multiple observations (Singer et al., 2008), that cessation of Cd8 gene expression in MHC 

I-signaled thymocytes contributes to prevent Zbtb7b expression.

Our study provides insight into the fate of agonist-signaled thymocytes, which include 

precursors of regulatory cells and cells targeted for negative selection. These cells 

maintained a high level of TCR signaling and expressed Ikzf2, Nr4a1 or Bcl2l11 (encoding 

Helios, Nur77 and Bim, respectively), unlike conventional positively selected thymocytes, 

which expressed Bcl2 and diverged into CD4+ and CD8+ lineages. A subset of agonist

signaled cells undergo negative selection, apoptotic cell death induced by TCR engagement 

(Hogquist and Jameson, 2014; Stritesky et al., 2012). Indeed, we identified an agonist

signaled subset enriched for active caspase-3, an effector of apoptosis; most of these 

cells are MHC II-restricted and express little Ccr7, suggesting cortical location. Although 

we detected little active caspase 3 among other agonist-signaled subsets, this presumably 

reflects the fact that apoptotic thymocytes are rapidly engulfed by thymic stromal cells 

and therefore escape detection. We show marked transcriptomic and epigenomic differences 

between mouse thymocytes signaled by MHC II- and β2-mdependent agonist ligands, and 

the conservation of cluster signatures across species suggests similar patterns in human 

thymocytes. Both pseudo-time mapping and scoring for a TCR signaling signature support 

the idea of an initial common stem shared by agonist-signaled and conventional thymocytes, 

before they diverge towards their respective fates. This shared program includes changes 

in expression of Rag genes, Bcl2, and multiple transcriptional regulators, including Tox 
and Tox2. A scenario whereby TCR engagement in DP cells initiates a differentiation 

program common to all signaled thymocytes fits with the differentiation of Treg cells in the 

medulla from immature CD4+ SP thymocytes that have been subject to positive selection 

(Cowan et al., 2013; Lee and Hsieh, 2009). Alternatively, other studies support the view that 

agonist TCR signaling, by immobilizing thymocytes and prolonging contact with ligands, 

triggers signaling pathways and transcription programs that rapidly diverge from those of 

conventional thymocytes (Au-Yeung et al., 2014; Daniels et al., 2006; McGargill et al., 

2009; Melichar et al., 2013; Palmer, 2003). These observations are not inconsistent with 

the common stem idea, because scRNAseq-based developmental trajectories are defined 

independently of actual kinetics.

In summary, by integrating single cell transcriptomics and epigenomics, we defined 

MHC-specific developmental trajectories of conventional and agonist-signaled αβ lineage 

thymocytes, and documented the conservation of these features in human T cell 

development. Furthermore, our computational analyses assembled the elements of 

transcriptional circuits involved in CD4+ and CD8+ lineage differentiation, including 

expression of the lineage-specific factors Thpok and Runx3.

Limitations of the study

The conclusions of this study must be understood in its biological, technical, 

and computational context. Agonist-signaled cells targeted for negative selection are 

quickly engulfed by thymic macrophages and therefore under-represented in thymocyte 

preparations. Human data is affected by inter-individual variability and clinical history, 
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hence the collection of samples from three to five distinct donors. Droplet-based scRNAseq 

and scATACseq do not detect all expressed genes or all OCR in every cell; for scRNAseq, 

this notably applies to low-abundancy mRNAs and small cells (including DP and most 

post-DP thymocytes). For computational inference of gene regulatory networks, consensus 

binding motifs are imperfect predictors of in vivo transcription factor DNA recognition, and 

can be shared by transcription factors of the same family.

Star Methods

Resource Availability

Contact for Reagent and Resource Sharing—Further information and requests for 

resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rémy 

Bosselut (remy.bosselut@nih.gov).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—The common accession number for all sequence data 

reported in this paper is GSE148981. Specific accession numbers are listed in the key 

resource table. All other data and code are available upon request.

Experimental Model and Subject Details

Mice—Zbtb7bfl, Zbtb7bGFP, and Runx3RFPmice were described previously (Wang et al., 

2008a; Wang et al., 2008b; Zamisch et al., 2009). Zbtb7bBio/+ Rosa26BirA+and Zbtb7b+/+ 

Rosa26BirA+ mice were described previously (Ciucci et al., 2019). Β2m−/−, Cd4-Cre (both 

from Taconic) and H2-Ab1−/− (Jax) mice were previously reported (Grusby et al., 1991; Lee 

et al., 2001; Zijlstra et al., 1990). CD45.1, CD45.2, and C57BL/6 mice from Charles River 

Laboratories. H2-Ab1−/− and B2m−/− mice were crossed to CD45.1 mice to obtain allelically 

marked strains. Mice were housed in specific pathogen-free facilities and most experiments 

were performed on sex-matched 6–14 week old mice. Animal procedures were approved by 

the NCI Animal Care and Use Committee.

Human thymic samples—Fresh human thymus samples were obtained from the 

pathology department of the Children’s National Medical Center in Washington, DC 

following cardiothoracic surgery from children with congenital heart disease not associated 

with immunodeficiency, as the thymic tissue is routinely removed and discarded to gain 

adequate exposure of the retrosternal operative field. Use of these thymus samples for this 

study was determined to be exempt from review by the NIH Institutional Review Board in 

accordance with the guidelines issued by the Office of Human Research Protections. Age 

and gender of donors is listed in Table S7.

Method Details

Bone marrow chimeras—Bone marrow was isolated from CD45.2 Zbtb7bGFPRunx3RFP 

mice, T cell-depleted with Mouse Pan T (Thy1.2) Dynabeads (ThermoFisher Scientific), and 

injected into lethally irradiated (900rad) wild-type, B2m−/−, or H2-Ab1−/− recipient mice, all 

CD45.1. Cells were sorted from thymus at least six weeks post-transplant.
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Antibodies—Fluorochrome-labeled antibodies of the following mouse specificities 

were purchased either from Becton Dickinson PharMingen, ThermoFisher Ebiosciences, 

BioLegend, or Cell Signaling Technologies: CD4 (Rm4.4, Rm4.5, or GK1.5), CD8α 
(53–6-7), CD44 (IM7), Thpok (T43–94), Runx3 (R3–5G4 [mouse and human]), TCRβ 
(H57–597), CD45.1 (A20), CD45.2 (104), CD69 (H1.2F3), H2kb (MHC-I, AF6–88.5.5.3), 

CD103 (2E7, M290), CD25 (PCG1.5), CCR7 (4B12), CD24 (M1/69), CD5 (53–7.3), Helios 

(22F6), NUR77 (12.14), Bim (C34C5), CD122 (TM-Beta1), PD1 (J43), Cleaved Caspase-3 

(Asp175, clone DE39), and Gata3 (L50–823). Fluorochrome-labeled antibodies of the 

following human specificities were purchased either from Becton Dickinson PharMingen 

or ThermoFisher Ebiosciences: CD4 (RPA-T4 or OKT4), CD8 (RPA-T8), CD69 (FN50), 

and Thpok (6/hcKrox).

Cell preparation, staining and flow cytometry—Human thymocytes were obtained 

by gentle teasing of thymic fragments cut from the surgery piece and filtered through a 70 

μm filter. Mouse thymocytes were prepared and stained as previously described (Carpenter 

et al., 2012). Staining of Thpok, Gata3, and Runx3 was performed for 1 hour at room 

temperature on cells fixed and permeabilized with the eBioscience Transcription Staining 

Buffer Set (EBioscience). For Gata3 staining on signaled DP thymocytes (Fig. 2K), to 

ensure equal intracellular staining, we first surface stained the cells from each genotype 

(H2-Ab1−/− or B2m−/−) with different color fluorochromes conjugated to anti-CD45, then 

mixed cells prior to fixation and intra-cellular Gata3 staining. For intracellular staining 

of Bim, Helios, Ccr7, Gata3, and Nur77 (Fig. S5), surface stained cells were incubated 

for 30 minutes at 4oC in BD Cytofix/Cytoperm fixation and permeabilization solution, 

then incubated for 45 minutes at 4oC in 1X permeabilization buffer from the eBioscience 

Transcription Staining Buffer Set. Cells were then washed in 1X permeabilization buffer, 

then stained for 12 hours at 4oC in antibody, washed, and analyzed. For data shown 

in Fig. S5D, populations of cells gated as in Fig. S5A were normalized to 100,000 

CD69+ thymocytes from H2-Ab1- and β2m-deficient mice. For ATACseq on wild-type and 

Thpok-deficient thymocytes, to ensure samples were processed equivalently and to enable 

simultaneous sorting of thymocytes from distinct animals, control and Thpok-deficient 

thymocytes were first stained with different fluorochromes conjugated to anti-CD45 for 

each genotype, then mixed prior to cell sorting. Purification of thymocytes was performed 

on a FACSAria II, a FACSViolet, or a FACSFusion (BD Biosciences). Flow cytometry data 

were acquired on an LSRFortessa, LSRFortessa X-20, BDFacsSymphony, or FACSCanto II, 

and analyzed with FlowJo (TreeStar) software. Dead cells and doublets were excluded by 

DAPI or Fixable Viability Dye UV staining (Invitrogen), and forward/side scatter height by 

width gating. For sorting, cells were not stained with viability dye, but were gated on live 

cells determined by size.

Population ATACseq—ATACseq and library construction were performed as previously 

described (Buenrostro et al., 2013). 50,000 cells were pelleted for 5 minutes at 550 x g and 

washed once with 1 mL of 1X pbs, then washed once with 50 μL of lysis buffer (10mM 

Tris-HCL [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630) and spun for 10 

minutes at 550 x g. Nuclei pellets were resuspended in 50 μL transposition reaction buffer 

with 2.5 μL Tn5 transposase (FC-121–1030; Illumina). The reaction was incubated for 45 
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minutes at 37oC. Tagmented DNA was eluted using the MinElute Reaction Cleanup Kit 

(QIAGEN), and amplified with 11 PCR cycles with NEBNext High-Fidelity 2X mastermix 

(New England BioLabs). Libraries were purified using a QIAQuick PCR purification kit 

(QIAGEN) and sequenced on an Illumina HiSeq 4000 (150bp paired-end). Thymocytes 

were processed in three biological replicates. Raw ATACseq fastq files were trimmed with 

Trimmomatic (Bolger et al., 2014), and aligned to mouse genome (mm10) using Bowtie2 

(v2.3.4) (Langmead and Salzberg, 2012) with X set to 2000. Low quality (MAPQ < 30) and 

mitochondrial reads were removed with Samtools (v1.6) (Li et al., 2009). PCR duplicates 

were removed with Picard (v2.2.8). Files were converted to bed with Bedtools (v2.29.2). 

Peaks were called using Macs2 (v2.2.4) (Zhang et al., 2008), with the parameters pvalue 

1e-7 and --keep-dup all. DiffBind (v3.1, http://bioconductor.org/packages/release/bioc/html/

DiffBind.html) was used for peak merging, read counting, and differential accessibility 

analyses (Ross-Innes et al., 2012). Homer (4.10) was used for peak annotation and motif 

enrichment analyses (Heinz et al., 2010). BigWig files for visualization were generated with 

Deeptools (3.3.0) with counts per million normalization (Ramirez et al., 2016).

Population RNAseq—RNA was extracted from thymocytes sorted according to gates 

shown in Fig. S1C using QIAshredder columns and RNeasy Plus Micro or Mini kit 

(QIAGEN). RNA samples with an RNA integrity number (RIN) > 8 as measured by 

bioanalyzer (Agilent) were processed for library preparation using SMARTer Ultra Low 

input reagent (Takara) and Nextera XT DNA (Illumina) library preparation kits. Libraries 

were sequenced with paired-end reads on a HiSeq 2500, HiSeq 3000, or HiSeq 4000 

(Illumina). For data shown in Fig. 1, 2–3 replicates were sorted per population, all from 

chimeric mice as described in Fig. S1B. Data shown in Fig. 4 includes three biological 

replicates for each population, sorted as in Fig. S4A from control or Zbtb7bfl/fl Cd4-cre 

Zbtb7bGFP BAC reporter mice. In all experiments, biological replicates were processed 

separately from sorting to sequencing. Raw fastq files were trimmed with Trimmomatic, 

aligned to mouse genome (mm10) using STAR (v.2.4.0h) with mouse gencode (release 11) 

gtf file (Ensembl m38.86) (Dobin et al., 2013; Mudge and Harrow, 2015). Count of RNA 

reads and gene assignment were done with HTseq (Anders et al., 2015). DESeq2 was used 

for differential expression analysis on samples collected within the same experiment (Love 

et al., 2014). Gene expression is shown as reads per million (RPM), and heatmaps were 

generated with pHeatmap. Gene signatures were defined as follows. For the CD4+-signature, 

genes induced from DP to immature CD4SP, or semi-mature CD4SP, or mature CD4SP were 

combined, and only those that are also higher in immature CD4SP > immature CD8SP, or 

semi-mature CD4SP > immature CD8SP, or mature CD4SP > mature CD8SP were retained. 

Finally, only genes with > 200 RPM in at least one sequenced sample were included in the 

signature. For the CD8-signature, genes induced from DP to immature CD8SP or DP to 

mature CD8SP were combined, and only those that are also higher in semi-mature CD8SP > 

immature CD4SP or mature CD8SP > mature CD4SP were retained. Only genes with > 75 

reads per million in at least one sequenced sample were included in the signature.

ChIP-seq—CD4 SP thymocytes (3–6 × 106) were sorted from mice carrying alleles for 

Thpok-biotin and Bir-A ligase (Ciucci et al., 2019) and fixed by adding 16% formaldehyde 

(28906, Thermo Scientific) to samples in PBS for a final concentration of 1% and incubating 
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at 37oC for 10 min. Fixation was quenched by addition of 2M glycine (Sigma) in PBS at 

a final concentration of 125 mM. Cells were washed twice in cold PBS, and pellets were 

snap frozen in dry ice and stored at −80oC. Fixed pellets were pooled to generate samples 

of ~20 × 106 cells each for Thpok ChIP (three independent samples) and BirA ligase 

control (one sample). Fixed pellets were thawed on ice and resuspended in 2mL of cold 

RIPA buffer (10mM TrisHCl pH 7.6, 1mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 

1% TritonX100, 1 Complete Mini EDTA free proteinase inhibitor (Roche)). Sonication 

was performed using the Covaris S220 sonicator at duty cycle 20%, peak incident power 

175, cycle/burst 200 for 30 cycles of 60 seconds with 30 second pause after every cycle. 

Chromatin samples were clarified by centrifugation at 21,000 g at 4oC for 10 minutes, 

and pre-cleared with 100 μL of prewashed Dynabeads Protein-A (Invitrogen 10001D) for 1 

hour at 4oC with rotation. 100 μL of prewashed Dynabeads M-280 Streptavidin (Invitrogen 

11205D) were added to 1 mL of precleared chromatin followed by overnight incubation at 

4oC on a rotator. Beads were washed at 4oC twice in cold RIPA buffer, twice with RIPA 

buffer containing 0.3M NaCl, twice with LiCl buffer (0.25 M LiCl, 0.5% Igepal-630, 0.5% 

sodium deoxycholate), once with TE (10 mM Tris pH 8.0, 1mM EDTA) plus 0.2% Triton 

X-100, and once with TE. Crosslinking was reversed by incubating the beads at 50oC for 1 

hour in the presence of 0.3% SDS and 1mg/mL of Proteinase K (Invitrogen), followed by 

four hours at 65oC with vortexing every hour. Immunoprecipitated DNA was removed from 

beads and stored at −20oC until library preparation. ChIP libraries were constructed with 

Illumina and sequenced on an Illumina NextSeq500 (75bp single-end reads) as previously 

described (Canela et al., 2019).

ChIP-seq analysis—Fastq files were aligned to the mm10 genome using Bowtie2 (v2.3.4) 

and filtered with Samtools (v1.6), using -q 20. BigWig files for visualization were generated 

with Deeptools (3.3.0) with counts per million normalization. Peak calling was performed 

on the sorted bam files using Macs2 (v2.2.5) with default parameters and using the BirA

ligase sample, which lacks the Thpok-Biotin acceptor molecule, as the control. Consensus 

peakset was generated by using the Homer (V4.1.0) MergePeaks function. MergePeaks was 

used to identify shared and specific peak-sets between different experiments. All published 

ChIP-Seq datasets were re-analyzed following the criteria above.

Mouse Single cell RNAseq—For mice deficient in either B2m or H2-Ab1, 5–8 × 103 

sorted CD69+ thymocytes were loaded on the 10X Chromium platform (10X genomics), 

and libraries were constructed using the Single Cell 3’ Reagent Kit V2 according to the 

manufacturer’s instructions. Two biological replicates, each with two captures (one for each 

genotype) were processed separately. For Thpok wild-type and deficient mice, 5–8 × 103 

cells comprising a mixture of sorted Zbtb7bGFP+, CD8SP, and CD69-DP (wild-type control), 

and 5–8 × 103 cells comprised of a mixture of Zbtb7bGFP+ and CD69-DP (Thpok-deficient), 

were loaded separately on the 10X Chromium platform. Each library was constructed 

using the Next GEM Single Cell 5’ Reagent Kit (v1.1) according to the manufacturer’s 

instructions. Two biological replicates, each with two captures (one for each genotype) 

were processed separately. Libraries were sequenced on one NextSeq run using 26×98bp or 

26×57 bp to a depth of at least 20,000 reads/cell. Sequencing files were processed, mapped 

to mm10, and count matrices were extracted using the Cell Ranger Single Cell Software 
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(v 2.2.0 or 3.1.0). Further analyses were performed in R using the Seurat package (v 3.1) 

(Butler et al., 2018; Stuart et al., 2019), and the Monocle3 package (Cao et al., 2019; 

Haghverdi et al., 2018; Levine et al., 2015; Qiu et al., 2017a; Qiu et al., 2017b; Trapnell et 

al., 2014).

Human Single cell RNAseq—For each of the five donors, CD69+ sorted thymocytes 

were mixed in 75:25 ratio with unsignaled DP thymocytes prior to capture. For donors #4 

and #5, CD4+ and CD8+ SP thymocytes were sorted and captured separately in addition 

to the CD69+:unsignaled DP mixture, so that 3 scRNAseq captures were performed from 

each of these two donors (Fig. S6A). For each sample, 5–12 × 103 sorted thymocytes were 

loaded on the 10X Chromium Platform, and libraries were constructed using the Next GEM 

Single Cell 5’ Reagent Kit (v1.1) according to the manufacturer’s instructions. Libraries 

were sequenced on one NextSeq run resulting in at least 20,000 reads/cell. Sequencing files 

were processed, aligned to GRCh38–3.0.0, and count matrices were extracted using the Cell 

Ranger Single Cell Software (v3.1.0). Further analyses were performed in R using Seurat 

(v3.1) and Monocle3.

Single cell RNAseq analysis—Data was pre-processed in Seurat by removing genes 

expressed in fewer than 2 cells and excluding cells that were outliers for number of 

RNA molecules, or more than 5% mitochondrial genes. The datasets were merged together 

and integrated following the Seurat standard integration method. Following normalization, 

UMAP dimensional reduction was performed using the first 30 principal components. 

Clustering was performed following identification of nearest neighbors, using the first 20 

dimensions and a resolution of 0.85 for the B2m−/− and H2-Ab1−/− mouse data and 0.7 

for the human data. Clusters predominantly comprising either cells with low RNA content, 

doublet cells, or human donorspecific cells, were removed and the datasets were re-clustered 

following dimensional reduction (resolution of 0.85 for the B2m−/− and H2-Ab1−/− mouse 

sample, and 0.8 for human). For analysis of Thpok-deficient and sufficient thymocytes (Figs. 

4 and S4), initial clustering was performed with a resolution of 0.8. Clusters with low 

content RNA and non-T cell lineages were removed. Following dimensional reduction, cells 

were re-clustered with a resolution of 0.1 (Fig. S4F), and the cluster corresponding to DP 

thymocytes was removed. Following dimensional reduction, cells were re-clustered with a 

resolution of 1.0 (Fig. 4C).

Marker genes for each cluster were determined by the FindAllMarkers function of Seurat 

with a minimum Log2 fold change threshold of +0.25 (cluster of interest over all other 

clusters) which uses the Wilcoxon Rank Sum Test. The mouse TCR signal-induced signature 

included genes with a +0.5 (Log2) fold higher expression in cluster Sig-1 over cluster 

DP-1. Signature scores were calculated on a per cell basis by using the AddModuleScore 
function to score each cell for a list of genes, with the number of control features set to 10. 

Mouse-derived gene signatures were converted to human gene symbols using the biomaRt 

package (v2.42.0). For scoring of the human CD8+ gene signature on mouse cells, human 

gene symbols were converted to mouse gene symbols using the biomaRt package.

Pseudotime analysis—Filtered and merged datasets were imported into Monocle3 by 

generating a cell data set from the raw counts slot of the Seurat object. Normalization 
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and PCA were done with the preprocess_cds command from Monocle3 using the first 

100 dimensions, and batch correction was applied using the align_cds command, which 

utilizes the Batchelor tool (Haghverdi et al., 2018). UMAP dimensional reduction was 

performed using the reduce_dimension command. Cells were clustered with cluster_cells 
using “Louvain” with the k set to 50 for B2m−/− and H2-Ab1−/− sample (Fig. 2E), 200 

for the Thpokdeficient sample (Fig. 4H), and 100 for the human sample (Fig. 6C). The 

trajectory graph was learned on the Monocle-derived clusters by calling learn_graph. Cells 

on the UMAP plot are colored by Seuratderived clusters. Pseudotime was determined using 

unsignaled DP cluster as the starting point for B2m−/− and H2-Ab1−/−, and human samples, 

and ImCD4 for Thpok-deficient sample.

Mouse Single Cell ATACseq—Nuclei were isolated, following 10X genomics 

instructions, from 0.5–1 × 106 CD69+ thymocytes sorted from either Β2m or H2-Ab1 
deficient mice. 5,000–10,000 nuclei were loaded on the 10X chromium platform, and 

libraries were constructed using the 10X Chromium Single Cell ATAC Solution (v1.0) 

according to the manufacturer’s instructions. Libraries were sequenced on two (Replicate 

or one (Replicate 2) NextSeq (150 bp) runs resulting in at least 15,000 fragments per cell. 

CellRanger ATAC V1.01 (Replicate 1) and 1.1 (Replicate 2) was used to generate fastq files 

using the mkfastq command. The count command was used to filter, align to mm10, count 

barcodes, identify transposase cut sites, call peaks, call cells, and generate a count matrix.

Human scATACseq—CD69+ sorted thymocytes were mixed with CD69- DP sorted 

thymocytes from the same donor in a 75:25 ratio. All donor samples were processed 

and sequenced separately. Nuclei were isolated from 0.5–1 × 106 cells of the mixed 

sample. 5,000–10,000 nuclei were loaded on the 10X chromium platform, and libraries 

were constructed using the 10X Chromium NextGEM Single Cell ATAC Solution (V1.1). 

Libraries were sequenced on NextSeq (150bp), and CellRanger ATAC (V1.1) was used to 

generate fastq files using the mkfastq command. The count command was used to filter, 

align to hg38, count barcodes, identify transposase cut sites, call peaks, call cells, and 

generate a count matrix.

scATACseq filtering and peakset generation—Downstream analysis was performed 

using the Signac extension (v0.2.1 and 1.0.0) of Seurat (https://github.com/timoast/

signac). Briefly, each of the four mouse samples was processed independently with the 

following criteria: Nucleosomal signal < 10, peak_region_fragments > 5,000 & < 50,000, 

blacklist_ratio < 0.025, pct_reads_in_peaks > 25 and TSS.enrichment > 2. Each of the three 

donor samples was processed as above, with the exception of peak region fragments > 5,000 

& < 40,000 and blacklist_ratio < 0.001. Gene activity scores were calculated for each cell 

by measuring the accessibility within 2kb upstream of the transcription start site (TSS) using 

the FeatureMatrix command. For the mouse, the aggr command from CellRanger (V1.1) 

was used to call peaks on a merged file containing both the B2m or H2-Ab1-deficient 

samples for each independent experiment. To identify peaks common to both experiments, 

the Signac command GetIntersectingFeatures was run on the experiment-specific peaksets 

generated from the CellRanger aggr command. This resulted in 81,109 peaks common to 

the two experiments, which were used to generate a feature matrix of reads within these 
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peaks for each sample. For the human, the Signac command MergeWithRegions was used to 

combine two samples, followed by GetIntersectingFeatures between the merged sample and 

the third independent sample, which generated a peakset of 62,555 common peaks.

scATACseq sample integration—The replicates for each species were merged 

together as in the standard Seurat integration procedure; however, term frequency-inverse 

document frequency (TF-IDF) normalization and singular value decomposition (SVD) 

linear dimensional reduction were used instead of RNA dimensional reduction procedures. 

To correct for experimental batch effect, we found integration anchors between the two 

experiments (mouse) or between donors (human) using the standard Seurat Integration 

procedure. We performed SVD linear dimensional reduction followed by UMAP using 

latent semantic indexing (LSI) reduction on the integrated data, and clustered the cells using 

a resolution of 0.3 (mouse) and 0.4 (human). For the human sample, low quality and doublet 

clusters were removed prior to re-clustering. To calculate inferred cell identify, we followed 

the procedure outlined in the standard integration workflow (Stuart et al., 2019). Briefly, we 

compared each ATACseq cell’s assumed transcriptome (gene activity) to the corresponding 

single-cell RNAseq dataset. For the mouse, this was the integrated RNAseq sample, and 

for the human, this was the integrated sample only including the mixture of CD69+ and 

unsignaled DP cells. The scATACseq cell was then labelled with the cluster assignment of 

the closest matching scRNAseq cell.

scATACseq lineage-specific chromatin accessibility—To identify lineage specific 

peak-sets (Figs. 3EF, S7C), we compared populations using the FindMarkers command 

with the likelihood ratio test, with experimental batch as a latent variable to mitigate 

the effect of batch on the result. For the CD4+-specific set, we took the union of peaks 

higher in ImCD4 than in ImCD8 or higher in MatCD4 than in MatCD8, and the opposite 

for CD8+-specific set. We then scored each cell for accessibility at these peaks using 

the AddChromatinModule command. To visualize this signature, we plotted the scores 

using FeaturePlot, with a minimum cutoff of “q5” and a maximum cutoff of “q95”. To 

identify differentially accessible chromatin regions across thymocytes (Figs. 3D, 7D), we 

compared peak accessibility between any two populations of cells with a shared inferred 

cell ID using the likelihood ratio test as before. We used Homer annotatePeaks to identify 

nearby transcriptional start sites for each peak. The 15,226 mouse peaks and 16,972 human 

peaks exhibiting differential accessibility between cell groups were classified by patterns of 

accessibility by k-means clustering. The number of k-means clusters to classify differentially 

accessible peaks into was determined by plotting the number of clusters (k) by the total 

within-clusters sum of squares and choosing the number for k at which the graph levels 

off. Pseudo-bulk genome coverage tracks were generated using the CoveragePlot command 

in Signac. To generate CD4+ and CD8+-transcriptome associated peak signature scores, we 

first found scATACseq peaks near CD4+ and CD8+ signature genes (Fig. 1D), using Homer 

annotatePeaks which identifies the nearest transcription start site. We then scored each cell 

for accessibility at these peaks using the AddChromatinModule command. To visualize 

this signature, we plotted the scores using FeaturePlot, with a minimum cutoff of “q5” 

and a maximum cutoff of “q95”. To calculate per-cell motif “activity” scores, we used the 

RunChromVar command within Signac (Schep et al., 2017). To find enriched motif activity 
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within groups of cells, we used the FindAllMarkers command on the ChromVar assay using 

the likelihood ratio test. For comparison of human scATACseq to mouse scATACseq, the 

15,226 differentially accessible peaks from the mouse scATACseq dataset were converted 

to human chromosomal coordinates using UCSC genome browser Lift Over tool (Kent et 

al., 2002), yielding 11,173 conserved regions. The Signac FeatureMatrix command was used 

to count reads at these coordinates, and a heatmap showing classes of these peaks across 

groups of cells was generated as described above.

Gene regulatory network analysis and scoring—To infer gene regulatory networks, 

we used the CellOracle suite (v0.3.5), which integrates scRNAseq and scATACseq to find 

putative target genes for a given transcription factor (Kamimoto et al., 2020). CellOracle 

utilizes the Cicero (Pliner et al., 2018) and Monocle3 packages to identify co-accessible 

regions from scATACseq. We used the SeuratWrapper command as.cell_data_set to convert 

the Seurat scATACseq object into a cell data set, then used the Cicero make_cicero_cds 
command to generate a Cicero object. We then followed the CellOracle pipeline to generate 

gene regulatory networks in a cluster specific manner.

CellOracle inferred target genes of 467 TFs across DP-1, DP-2, Sig-1, Sig-2, Sig-3, ImCD4 

and ImCD8 clusters. We then selected 106 TFs which were expressed in at least 10% of cells 

in at least one of the above clusters. We pruned the target gene sets of each TF by retaining 

only those genes whose TF-target interaction score had a Bonferroni-adjusted p-value less 

than 0.1. We then used AUCell (Aibar et al., 2017) to compute the activity of each of 

these target gene sets across all B2m or H2-Ab1 deficient cells. We then used the AUCell 

Global_k1 activity threshold and declared as active cells with an AUCell gene set score 

above this threshold. To account for differences in gene detection between B2m or H2-Ab1 
deficient cells, we computed Global_k1 activity thresholds separately for B2m and H2-Ab1 
deficient cells. The output of this pipeline was a cluster-by-’TF target set’ fractional activity 

matrix, one for each genotype, where each row corresponded to the fraction of cells in each 

cluster in which the TF target set was active.

Next we determined gene sets whose fractional activities differed significantly between 

genotypes. For each TF and for each cluster, we assessed using Fisher test whether the 

fractions of active cells were different across the two genotypes. The p-values were then 

corrected for multiple testing using the Benjamini-Hochberg procedure in R (Benjamini and 

Hochberg, 1995).

Inference of Zbtb7b Gene Regulatory Networks—To identify transcription factors 

that cooperate with Thpok, we followed the CellOracle pipeline using Thpok ChIP-seq 

peaks instead of scATACseq, as outlined in the CellOracle manual, which identified gene 

sets for factors that bind within Thpok binding sites. For input we used the Thpok-sufficient 

scRNAseq sample, and focused on ImCD4, SMCD4, and MatCD4. To determine Thpok 

gene set activities, the Thpok gene set inferred by CellOracle was filtered to retain Thpok

target interactions with a Bonferroni-corrected p-value less than 0.1.
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Quantification and Statistical Analysis

Except for deep-sequencing data, statistical significance was calculated with Prism software. 

Except where otherwise indicated in figure legends, error bars in graphs indicate standard 

error of the mean and statistical comparisons were done by a Student’s t-test or a One-Way 

ANOVA followed by a Sidak’s multiple comparisons test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Distinct developmental fates induced by β2m- and MHC II-dependent agonist ligands

Asymmetric emergence of CD4+ and CD8+ differentiation programs in thymocytes

Thpok binds and controls multiple targets during CD4+-lineage commitment

High conservation of differentiation programs between mouse and human αβ thymocytes
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Figure 1: Transcriptomic analyses of thymocyte subsets
(A) Populations sorted for RNA-seq analyses. Unsignaled (grey) MHC I- (blue) and MHC 

II- (red) signaled subsets are shown on a schematic CD4-CD8 expression plot.

(B) PCA displays cell subsets according to PC1 and PC3. Each symbol represents an 

individual biological replicate.

(C) Heatmap shows row-standardized (Z-scores of reads per million [RPM] values) mRNA 

expression in populations identified as defined in (A).

(D) Definition of CD4+ and CD8+ signature genes shown in (E,F).
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(E, F) Heatmaps (as in [C]) of CD8+- (E) and CD4+- (F) lineage signature gene expression. 

CD4+ signature genes differing by their kinetics of expression are boxed (F).

See also Figure S1
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Figure 2: Single cell RNAseq analysis of mouse αβ lineage thymocyte selection
(A-H) MHC I- and MHC II-signaled thymocytes (see Fig. S2AB) were analyzed by 

scRNAseq. Data integrates two biological replicates from each genotype.

(A) UMAP plot displays thymocytes color-coded according to their distribution into clusters 

(names on the right). Sig = signaled; Im = immature; Mat = mature; NC = non-conventional; 

ISC = interferon stimulated cluster.

(B) Same UMAP plot as in (A) with cells colored according to their MHC restriction.

(C) Scaled expression of indicated genes is shown on UMAP plots.
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(D) Heatmap of average gene expression in indicated clusters (right three sets of columns) 

or in their MHC-I or MHC II-signaled subsets (left two sets of columns). Data is row

standardized.

(E) (Left) UMAP plot of thymocytes, generated after Monocle3-derived dimensional 

reduction, colorcoded by Seurat-defined clusters. (Right) developmental trajectories (thick 

lines) defined by pseudotime analysis is shown on cells color-coded according to their 

pseudotime value. DP: DP thymocytes; Agonist, CD4, and CD8 indicate the trajectories 

emerging at branchpoint S (selection) and L(lineage).

(F-H) Violin plots show cluster-based average expression scores of (F) TCR signal induced 

genes, (Table S1), and (G) CD4+- or (H) CD8+-lineage signature genes (Fig. 1D–F and 

Table S1).

(I) Expression score of CD4+ signature genes in DP-2 and Sig-1 cells, MHC I- (blue) 

vs. MHC II- (pink) signaled. **** p < 0.0001 (unpaired student’s t-test with Welch’s 

correction).

(J) Expression score of TCR signal induced genes in DP-1, DP-2, Sig-1, and Sig-2 cells 

displayed as in (I). * p < 0.01; **** p < 0.0001 (one-way ANOVA and Sidak’s Multiple 

Comparisons Test).

(K) Overlaid histograms (left) and mean fluorescence intensity (MFI, right) of intracellular 

Gata3 protein on signaled (CD69+) DP thymocytes from B2m- or H2-Ab1-deficient mice, 

gated as in Fig. S1E. MFI is expressed relative to CTRL (wild-type CD69– DP thymocytes). 

** p < 0.005, **** p < 0.0001 (one-way ANOVA and Sidak’s Multiple Comparisons Test). 

Error bars show SEM.

See also Figure S2
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Figure 3: Single cell ATACseq analyses
(A-J) MHC I- and MHC II-signaled thymocytes were prepared as in Fig. S2AB for 

scATACseq. Data integrates two biological replicates from each genotype.

(A) UMAP plot displays thymocytes color-coded according to their cluster distribution.

(B) UMAP plots shows scaled accessibility scores at promoter (2 kb segment upstream of 

transcription start site) of indicated genes.

(C) UMAP plot shows cells color-coded according to scRNAseq-based IID. NC = non

conventional. Circles denote Sig-5a (red) and Tregs (pink).
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(D) Heatmap shows row-standardized accessibility of 15,226 OCR differentially accessible 

between any two IID-defined cell groups (columns) and classified by K-means clustering 

(rows). Gene assignment of OCRs performed by Homer; example genes are indicated.

(E, F) UMAP plot shows scaled accessibility scores for individual cells at CD4+- and 

CD8+-lineage specific peaks.

(G) Heatmap shows gene set expression scores for each of the 106 CellOracle defined 

transcription factor activities (TA) (rows) in MHC I- and MHC II-signaled cells from 

indicated clusters (columns). TA are ranked by decreasing score in MHC II-signaled ImCD4 

cells.

(H) Line graphs depict the scores of the top 15 significantly CD4+-biased (top) and the 12 

significantly CD8+-biased TA (bottom) across MHC II-signaled (left) and MHC I-signaled 

(right) DP-1, DP-2, Sig-1, ImCD4 and ImCD8 cells.

(I) Schematic showing transcription factors predicted by CellOracle and AU cell to bind the 

Runx3 or Zbtb7b locus (including Zbtb7b and Gm15417). Red and blue font indicate factors 

identified as CD4+- and CD8+-biased, respectively. Gata3, Runx factors and Patz1 (Mazr), 

identified as neither CD4+- nor CD8+-biased, were previously shown to bind Zbtb7b and 

Gm15417 (see text for references). Arrows indicate predicted binding.

See also Figures S2–3 and Tables S3–S6
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Figure 4: Transcriptomic and genomic footprint of Thpok
(A) Schematic development of wild-type and Thpok-deficient thymocytes. Thpok-deficient 

MHC-II restricted cells differentiate into immature CD4+ SP thymocytes before being re

directed into the CD8+-lineage.

(B) Heatmap shows row-standardized (Z-scored RPM values) expression of CD8+ and CD4+ 

signature genes (Fig. 1D–F and Table S1) in immature CD4+ SP (left) or CD8+ SP (right) 

Thpok-sufficient (WT) or -deficient (KO) thymocytes sorted as indicated in Fig. S4A.
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(C-H) scRNAseq comparison of Thpok-sufficient (WT) and -deficient (KO) thymocytes 

(detailed genotype information in Fig. S4E). Data integrates two biological replicates from 

each genotype.

(C, D) UMAP plots displaying WT (C) and KO (D) thymocytes, color-coded by clusters.

(E) Heatmap shows row-standardized expression (Z-scores of average values) of genes in 

indicated clusters or genotype-defined cluster subsets (for ImCD4, ImCD8 and MatCD8 

clusters).

(F) Violin plots show scores for the CD4+- and CD8+-lineage signature in cell clusters as 

shown in (C, D).

(G) Scatter plots show expression scores for the CD4+- and CD8+-lineage signatures in 

individual WT and KO cells from the indicated clusters. Lines indicate median scores for 

the CD8+-lineage signature in WT ImCD8 cells and for the CD4+-lineage signature in WT 

ImCD4 cells.

(H) Thpok KO thymocytes are shown on UMAP plot generated after Monocle3-derived 

dimensional reduction, and colored-coded by Seurat-defined clusters (left) or pseudotime 

value (right). Thick lines (right) are developmental trajectories defined by pseudotime 

analysis.

(I-K) ChIP-seq on sorted Zbtb7bBio/+ Rosa26BirA+ (Thpok) and Zbtb7b+/+ Rosa26BirA+ 

(Ctrl) CD4+ SP thymocytes.

(I) Pie charts display number of genes within the CD4+ and CD8+-lineage signatures (Fig. 

1D–F and Table S1) near ChIP-seq Thpok binding sites annotated by Homer.

(J) Venn diagram depicts numbers of shared and unique binding sites (peaks) of Thpok and 

Cbfβ (GSE90794); relevant genes are shown.

(K) ChIP-seq traces for indicated factors on Runx3 and Zbtb7b loci. ChIP-seq data for 

Gata3 (CD4 T cells) from GSE20898, and for Cbfβ (thymocytes) from GSE90794.

See also Figure S4
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Figure 5: Agonist-signaled cell developmental trajectories
(A-B) scRNA-seq of thymocytes sorted from MHC II- and β2m-deficient mice, as in Fig. 2.

(A) Heatmap shows row-standardized gene expression (Z-scored cluster averages).

(B) Scaled expression of indicated genes is shown on UMAP plots generated as in Fig. 2A.

(C-D) scATACseq-seq of thymocytes sorted from MHC II- and β2m-deficient mice, as in 

Fig. 3.
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(C) Genome browser tracks show average scaled scATACseq signals at Bcl2l11 for all cells 

sharing the indicated IID (right). Red box on DNA track indicates the EBAB enhancer, and 

pink star an agonist-specific OCR.

(D) Scaled “activity” for indicated transcription factor motifs shown on UMAP plots 

generated as in Fig. 3A. E-box identified as TCF4 motif in enrichment analyses. Circles 

denote Sig-4 (blue), Sig-5a (red), Sig-5b (yellow), and Treg (pink) clusters on the UMAP 

plot.

See also Figures S2 and S5
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Figure 6: Early divergence of agonist signaled cells and CD4 transcriptome conservation in 
human αβ lineage thymocytes
(A-H) Thymocytes sorted from human donors (Table S7) were prepared for scRNAseq as in 

Fig. S6AB. Data integrates nine distinct captures from five individual donors.

(A) UMAP plot displaying thymocytes color-coded according to their distribution into 

clusters. hs denotes Homo sapiens. NC = non-conventional. Unk = unknown ISC = 

interferon stimulated cluster.

(B) Scaled expression of indicated genes is shown on UMAP plots generated as in (A).
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(C) (Left) UMAP plot generated after Monocle3-derived dimensional reduction, colored

coded by Seurat-defined clusters as shown in (A). (Right) developmental trajectories (thick 

lines) defined by pseudotime analysis on cells color-coded according to their pseudotime 

value. DP: DP thymocytes; Agonist, CD4, and CD8 indicate the trajectories emerging at 

branchpoints S (selection) and L (lineage).

(D, E) Violin plots show cluster average expression scores of mouse CD4+- and CD8+

lineage signatures (Fig. 1D–F and Table S1) in cell clusters defined as in (A).

(F, G) Overlaid histograms of Runx3 (F) or Thpok (G) intra-cellular expression on CD69+ 

CD4+ (red) or CD8+ (blue) SP human (left) or mouse (right) thymocytes. CTRL trace is 

CD69– DP thymocytes. Human data representative of 3 distinct donors from 3 independent 

experiments. Mouse data representative of > 5 mice from >5 experiments.

(H) Row-standardized gene expression (Z-scored cluster averages) in select scRNAseq 

human cell clusters.

See also Figure S6 and Table S7
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Figure 7: Single cell epigenomic analysis of human thymocytes
(A-E) Human thymocytes (Table S7) were prepared for scATACseq as in Fig. S6A. Data 

integrates thymocytes from three distinct donors.

(A) UMAP plot displaying thymocytes color-coded according to their inferred cell identity. 

hs denotes Homo sapiens. NC = non-conventional. Unk = unknown. ISC = interferon 

stimulated.

(B) Heatmap shows row-standardized accessibility of 16,972 OCR, selected for their 

differential accessibility between any two groups of cells (columns) and distributed into 
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classes by K-means clustering (rows). Gene assignment of OCRs performed by Homer; 

example genes are indicated.

(C) Genome browser tracks show average scaled scATACseq signals at indicated genes 

(bottom) for all cells sharing the indicated IID (right). Red boxes indicate sequence

conserved OCR.

(D) Scaled “activity” for indicated transcription factor motifs shown on UMAP plots as in 

(A). E-box identified as TCF4 motif in enrichment analyses. Circles denote Sig-2 (cyan), 

Sig-3 (blue), Pre-Treg (yellow), and Treg (pink) clusters on the UMAP plot.

(E) Genome browser tracks show average scaled scATACseq signals at BCL2L11 for all 

cells sharing the indicated IID (right). The enhancer element EBAB is indicated by a red 

rectangle. The sequence conserved agonist-specific OCR is denoted by a pink star.

See also Figures S6–7 and Table S7
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Bim-AF647 (C34C5) Cell Signaling Technology Cat# 10408S, RRID:AB_2797721

Anti-Bim-PE (C34C5) Cell Signaling Technology Cat# 12186S, RRID:AB_2797842

Anti-Cleaved Caspase-3 (ASP175) (Clone D3-E9) Cell Signaling Technology Cat# 8788S, RRID:AB_2797665

Anti-CCR7-Pe-Cy7 (Clone 4B12) Thermofisher Cat# 25-1971-82, RRID:AB_469652

Anti-CD122-FITC (Clone TM-Beta 1) Thermofisher Cat# 11-1222-82, RRID:AB_465189

Anti-CD25- APC-eF780 (Clone PC61.5) Thermofisher Cat# 47-0251-82, RRID:AB_1272179

Anti-CD25-PerCP-Cy5.5 (Clone PC61.5) Thermofisher Cat# 45-0251-82, RRID:AB_914324

Anti-CCR7-PE-Cy7 (Clone 4B12) Thermofisher Cat# 25-1971-82, RRID:AB_469652

Anti-CD279-BV786 (Clone J43) BD Pharmigen Cat# 744548, RRID:AB_2742319

Anti-CD4-APC (Clone GK1.5) Thermofisher Cat# 17-0041-82, RRID:AB_469320

Anti-CD4-BV650 BD Pharmigen Cat# 563747, RRID:AB_2716859

Anti-CD4-BV786 (Clone RM4-4) BD Pharmigen Cat# 563727 RRID:AB_2728707

Anti-CD4-eFluor450 (Clone GK1.5) Thermofisher Cat# 48-0041-82, RRID:AB_10718983

Anti-CD4-PerCP-Cy5.5 (Clone RM4-5) Thermofisher Cat# 45-0042-82, RRID:AB_1107001

Anti-CD44-Alexa Fluor 700 (Clone IM7) Thermofisher Cat# 56-0441-82, RRID:AB_494011

Anti-CD45.2-BV786 (Clone 104) BD Pharmigen Cat# 563686, RRID:AB_2738375

Anti-CD5-BV605 (Clone 53-7.3) BD Pharmigen Cat# 563194, RRID:AB_2738061

Anti-CD69-PE (Clone H1.253) Thermofisher Cat# 12-0691-82 RRID: AB_465732

Anti-CD69-PerCP-Cy5.5 (Clone H1.253) Thermofisher Cat# 45-0691-82, RRID:AB_1210703

Anti-CD8a-APC (Clone 53-6.7) Thermofisher Cat# 17-0081-82, RRID:AB_469335

Anti-CD8a-APC-eFluor780 (Clone 53-6.7) Thermofisher Cat# 47-0081-82, RRID:AB_1272185

Anti-CD8a-BUV395 (Clone 53-6.7) BD Pharmigen Cat# 563786, RRID:AB_2732919

Anti-CD8a-PerCP-Cy5.5 (Clone 53-6.7) Thermofisher Cat# 45-0081-82, RRID:AB_1107004

Anti-CD8a-PE (Clone 53-6.7) Thermofisher Cat# 12-0081-83, RRID:AB_465530

Anti-GATA3-APC (Clone L50-823) BD Pharmigen Cat# 560078, RRID:AB_1645317

Anti-HELIOS-Alexa Fluor 647 (Clone 22F6) BioLegend Cat# 137218, RRID:AB_10660750

Anti-HELIOS-Pacific Blue (Clone 22F6) BioLegend Cat# 137220, RRID:AB_10690535

Anti-MHC Class I (H-2Kb)-APC (Clone AF6-88.5.5.3) Thermofisher Cat# 17-5958-82, RRID:AB_1311280

Anti-MHC Class I (H-2Kb)-APC (Clone AF6-88.5.5.3) Thermofisher Cat# 17-5958-82, RRID:AB_1311280

Anti-NUR77-Alexa Fluor 647 (Clone 12.14) Thermofisher Cat# 51-5965-82, RRID:AB_2802306

Anti-NUR77-PE (Clone 12.14) Thermofisher Cat# 12-5965-82, RRID:AB_1257209

Anti-RUNX3-PE (Clone R3-5G4) BD Pharmigen Cat# 564814, RRID:AB_2738969

Anti-TCRb-BUV737 (Clone H57-597) BD Pharmigen Cat# 612821

Anti-THPOK-Alexa Fluor 647 (Clone T43-94) BD Pharmigen Cat# 565500, RRID:AB_2739268

Anti-CD4-APC (Clone RPA-T4) Thermofisher Cat# 17-0049-42, RRID:AB_1272048

Anti-CD4-eFluor 450 (Clone RPA-T4) Thermofisher Cat# 48-0049-42, RRID:AB_1272057
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-CD69-FITC (Clone FN50) BD Pharmigen Cat# 560969, RRID:AB_10562195

Anti-CD8-PerCp-Cy5.5 (Clone RPA-T8) BD Pharmigen Cat# 560662, RRID:AB_1727513

Anti-RUNX3-PE (Clone R3-5G4) BD Pharmigen Cat# 564814, RRID:AB_2738969

Anti-THPOK-PE (Clone 6/hcKrox) BD Pharmigen Cat# 565730

Chemicals, Peptides, and Recombinant Proteins

Formaldehyde Thermofisher 28906

Critical Commercial Assays

Transcription factor Staining Buffer Set Thermofisher 00-5523-00

Cytofix/Cytoperm BD Pharmingen 554714

Protein-A beads Invitrogen 10001D

Streptavidin beads (M280) Invitrogen 12205D

QIAshredder QIAGEN 79656

RNeasy Plus Micro Kit QIAGEN 74034

RNeasy Plus Mini Kit QIAGEN 74134

10X Chromium single cell 3’ V2 kit 10X Genomics 120267, 120262

10X Chromium Next GEM Single Cell 5’ Reagent Kit (v1.1) kit 10X Genomics 1000127, 1000165

10X Chromium Single Cell ATAC Solution (v1.0) kit 10X Genomics PN-1000110

10X Chromium NextGEM Single Cell ATAC Solution (V1.1) kit 10X Genomics 1000176, 1000162

Proteinase K Invitrogen 25530049

RNase A Invitrogen 1209121

Nextera DNA Library Prep Kit Illumina FC-121-1030

Minelute PCR Purification Kit QIAGEN 28004

QIAquick PCR Purification Kit QIAGEN 28104

Deposited Data

Developing Mouse Thymocyte Population RNAseq This study GSE148973

Developing Mouse Thymocyte Single-cell RNAseq This study GSE148977

Thpok KO Thymocyte Population RNAseq This study GSE148974

Thpok KO Thymocyte Single-cell RNAseq This study GSE157286

Thpok KO Thymocyte Population ATACseq This study GSE148975

Developing Mouse Thymocyte Single-cell ATACseq This study GSE148979

Developing Human Thymocyte Single-cell RNAseq This study GSE148978

Developing Human Thymocyte Single-cell ATACseq This study GSE148980

CHIPseq (Thpok CD4 SP thymocytes) This study GSE148976

CHIPseq (Thpok CD4 T Cells) Ciucci et al. (2019) GSE116506

CHIPseq (Cbfβ) Tenno et al. (2019) GSE90794

CHIPseq (Gata3) Wei et al. (2011) GSE20898

Experimental Models: Organisms/Strains

Zbtb7b fl (Wang et al., 2008a)

Zbtb7b Bio (Ciucci et al., 2019)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rosa26 BirA (Driegen et al., 2005)

NCI B6-Ly5.1/Cr (CD45.1) Charles River Charles River 564

C57BL/6Ncr (CD45.2) Charles River Charles River 556

B6 CD45.1 CD45.2 Generated in house

Zbtb7b GFP (Wang et al., 2008b)

Runx3 RFP (Zamisch et al., 2009)

B2m −/− Taconic (Zijlstra et al., 1990)

H2-Ab1 −/− JAX (Grusby et al., 1991)

Cd4-cre Taconic (Lee et al., 2001)

Software and Algorithms

Graphpad Prism 7.0 graphpad.com n/a

Flowjo 10.0 flowjo.com n/a

R r-project.org n/a

Seurat v 3.1 (Butler et al., 2018)

Signac v 0.2.1 and 1.0.0 github.com/timoast/signac

MACS2 (v2.2.5) github.com/taoliu/MACS

CellRanger v2.2 and 3.1 10X Genomics

DESeq2 (Love et al., 2014)

STAR aligner (v2.4.0) github.com/alexdobin/STAR

CellOracle (v0.3.5) github.com/morris-lab/CellOracle

AUCell (Aibar et al., 2017)

Htseq (v0.11.4) (Anders et al., 2015)

Homer (v4.10) (Heinz et al., 2010)

Bowtie2 (v2.3.4) (Langmead and Salzberg, 2012)

Samtools (v1.6) (Li et al., 2009)

Picard (v2.2.8) http://broadinstitute.github.io/picard/

Bedtools (v2.29.2) github.com/arq5x/bedtools2

Diffbind v(3.1) (Ross-Innes et al., 2012)

Deeptools (v3.3.0) (Ramirez et al., 2016)

Monocle3 (Cao et al., 2019)

biomaRt (v2.42.0) github.com/grimbough/biomaRt

CellRanger ATAC (V1.01 and 1.1)

UCSC LiftOver (Kent et al., 2002)
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