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Abstract 

CD4 and CD8 T cells play critical roles in the mammalian immune system. While their development within 

the thymus from the CD4+CD8+ stage has been widely studied as a model of lineage commitment, the 

underlying mechanism remains unclear. To deconstruct this process, we apply CITE-seq, measuring the 

transcriptome and over 100 surface proteins in thymocytes from wild-type and lineage-restricted mice. 

We jointly analyze the paired measurements to build a comprehensive timeline of RNA and protein 

expression in each lineage, supporting a sequential model of lineage determination in which both lineages 

go through an initial phase of CD4 lineage audition, which is followed by divergence and specification of 

CD8 lineage cells. We identify early differences implicating T cell receptor signaling via calcineurin-NFAT 

in driving CD4 lineage commitment. Pharmacological inhibition validates the requirement of calcineurin-

NFAT for CD4, but not CD8, lineage development, providing insight into the CD4/CD8 commitment 

mechanism. 
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Introduction 

The maturation and selection of CD4 (helper) and CD8 (cytotoxic) T cells within the thymus is critical for 

mammalian adaptive immunity. These two primary types of T cells, despite having different functions, 

arise from a common subset of thymocytes known as double positive (DP) that express both the CD4 and 

CD8 coreceptors on their surface. While the development of thymocytes from the DP stage into CD4+ or 

CD8+ single positive (SP) T cells has been widely studied as a classic model of lineage determination, the 

mechanism underlying commitment to the two lineages remains partially understood. CD4 T cells receive 

signals through T cell receptor (TCR) recognition of antigenic peptides presented on Major 

Histocompatibility Complex class II (MHCII), whereas CD8 T cells interact with peptide/MHCI complexes, 

and CD4 and CD8 surface proteins serve as coreceptors that cooperate with the TCR by binding directly 

to MHCII and MHCI, respectively. As T cells develop in the thymus, recognition of self-peptide/MHC can 

provide survival and differentiation signals in a process known as positive selection. During positive 

selection, the strength and dynamics of signaling through the TCR have been implicated in influencing the 

choice of DP precursors between the CD4 versus CD8 fates (Germain, 2002; Singer et al., 2008; Xiong and 

Bosselut, 2012; Moran et al., 2011). However, it remains unclear how signaling through the same receptor 

results in different lineage outcomes including the loss of bi-potency (referred to as lineage commitment) 

and the acquisition of lineage-specific characteristics (referred to as lineage specification). It is also known 

that the transcription factors (TFs) THPOK (encoded by Zbtb7b) and RUNX3 act as mutually-antagonizing 

master regulators of the CD4 and CD8 lineages, respectively, and help enforce subsequent differences in 

phenotype and effector functions. However, how differences in TCR signaling drive later differences 

between the two lineages and the events that link TCR signals with differential expression of the master 

regulators remain largely open questions (Taniuchi, 2016). 

A major complicating factor in addressing these and similar questions is the heterogeneity of maturing T 

cells in the thymus – spanning different phases (positive selection, followed by negative or agonist 

selection), spatial locations (from cortex to medulla and sub-areas thereof), interactions with different 

types of support cells, TCR specificities, and ultimate fates (Kurd et al, 2016). The complexity of cell states 

in this differentiation process has long been characterized using surface protein markers including, and in 

addition to, CD4 and CD8 (Germain, 2002). However, this approach has been traditionally reliant on flow 

cytometry or fluorescence activated cell sorting (FACS) and is therefore limited in its capacity for defining 

intermediate stages of development or new subpopulations, as it hinges on small sets of pre-selected 

markers and lacks the ability to make quantitative comparisons in gene or protein expression. In contrast, 

advances in single-cell RNA sequencing (scRNA-seq) technologies have more recently enabled the 

unbiased observation of transcriptional heterogeneity in the thymus. scRNA-seq was recently used to 

construct a census of cell states in the mammalian thymus and helped identify new thymic subsets, as 

well as shed light on the kinetics of TCR rearrangement prior to positive selection (Park et al., 2020). 

Additional studies have used high-throughput single-cell analysis techniques to identify the early 

precursor populations that seed the thymus (Lavaert et al., 2020) and characterize the process of 

progenitor commitment (Zhou et al., 2019). A recent study added an analysis of chromatin accessibility to 

explore the subsequent development of the two lineages and computationally identify additional putative 

regulators (Chopp et al., 2020). While this study and another employing scRNA-seq (Karimi et al., 2021) 

led to important insights, the analyses did not provide sufficient temporal resolution to comprehensively 

pinpoint the early developmental stages (prior to the induction of THPOK and RUNX3). As a case in point, 

there is evidence for a late CD8-fated CD4+CD8+ thymocyte population (Saini et al., 2010), but this 
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population was not distinguished from earlier TCR signaled CD4+CD8+ populations that contain both CD4-

fated and CD8-fated cells (Chopp et al., 2020; Karimi et al., 2021). Furthermore, putative regulators of the 

respective early divergence events have not been validated. Finally, these studies relied on RNA and 

chromatin profiles, limiting the ability to relate the results to prior protein-based knowledge on the 

diversity of cell states in this system. Thus, generating a high-resolution delineation of the differentiation 

process that provides connections to FACS-based studies, and establishing experimentally validated 

mechanisms of early divergence between the two lineages remain largely open endeavors.  

To address these challenges, we leveraged the CITE-seq protocol (Stoeckius et al., 2017) to simultaneously 

measure the transcriptome and over 100 surface proteins in thousands of single thymocytes. Using the 

totalVI algorithm (Gayoso et al., 2021), we jointly analyzed the paired measurements in order to build a 

comprehensive timeline of RNA and protein expression spanning positive selection and lineage 

commitment. The availability of protein information allowed us to relate our findings to the foundational 

protein-based literature and further add to it by clarifying intermediate developmental stages and better 

define these stages by both transcript and surface protein composition. Furthermore, our study design 

included thymi from both wild-type (WT) and lineage-restricted mice, which provided a strategy to 

compare between lineages at the early stages when it is not possible to distinguish between lineages in 

WT samples. Through this analysis, we detected early differences in TCR signaling and identified signaling 

through calcineurin-NFAT as a putative driver of lineage differences. To validate calcineurin-NFAT as a 

differential driver of lineage commitment, we applied drug perturbations to an ex vivo culture system of 

neonatal thymic slices. While calcineurin-NFAT was necessary for CD4 lineage commitment, it was not 

necessary for either commitment to or maturation of the CD8 lineage. Beyond providing a high-resolution 

map of development, the findings presented here help fill the knowledge gap between early differences 

in TCR signaling at the cell surface and the subsequent differential activation of master regulator TFs in 

the nucleus, thus establishing a more complete model for how T cell fate commitment is controlled. 

Results 

A joint transcriptomic and surface protein atlas of thymocyte development in wild-type and lineage-

restricted mice 

To study T cell development and CD4/CD8 lineage commitment, we profiled thymocytes from both WT 

and lineage-restricted mice. Thymocyte populations in WT mice closely resemble those in humans (Park 

et al., 2020), and serve as a model of T cell development in a healthy mammalian system. However, in a 

WT system it is not possible to predict the ultimate fate of immature thymocytes, making it challenging 

to investigate the process of commitment to the CD4 or CD8 lineage. To probe the mechanism of lineage 

commitment, we profiled thymocytes from both WT (C57BL/6; referred to as B6) mice and mice with CD4-

lineage- or CD8-lineage-restricted T cells. To track commitment to the CD4 lineage (MHCII-specific) we 

used mice that lack MHCI expression (β2M-/-; referred to as MHCI-/-), which have polyclonal TCR 

repertoires, and two TCR transgenic (TCRtg) mice that express TCRs that are specific for MHCII (AND and 

OT-II). To track commitment to the CD8 lineage (MHCI-specific) we used mice that lack MHCII expression 

(I-Aβ-/-; referred to as MHCII-/-) and two MHCI-specific TCRtg mice (F5 and OT-I). In all of these lineage-

restricted mice, thymocytes are expected to pass through the same stages of development as WT 

thymocytes (Figure 1A). However, unlike in WT thymocytes, the fate of lineage-restricted thymocytes is 

known before cells present the CD4+ SP or CD8+ SP phenotype, allowing for independent 

characterizations of CD4 and CD8 T cell development and lineage commitment. 
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We characterized thymocyte development at the single-cell level by measuring transcriptomes and 

surface protein composition using CITE-seq (Stoeckius et al., 2017) with a panel of 111 antibodies (Table 

S1). We jointly analyzed these features using totalVI, which accounts for nuisance factors such as 

variability between samples, limited sensitivity in the RNA data and background in the protein data 

(Gayoso et al., 2021; Methods). We collected thymi from two biological replicates per lineage-restricted 

genotype and five WT biological replicates (Table S2). To enrich for thymocytes undergoing positive 

selection in samples from non-transgenic mice, MHC-deficient samples and three WT replicates were 

sorted by FACS for CD5+TCRβ+ (Figure S1A). We integrated CITE-seq data from all samples (72,042 cells) 

using totalVI, which allowed us to stratify cell types and states based on both RNA and protein information 

regardless of mouse genotype (Figure 1B). We identified the expected stages of thymocyte development 

including early CD4-CD8- (double negative; DN) and proliferating CD4+CD8+ (double positive proliferating; 

DP (P)) stages. We detected early and late stages of DP cells undergoing TCR recombination, as well as DP 

cells post-recombination that are downregulating Rag and receiving positive selection signals (signaled 

DP). In addition to immature and mature stages of CD4 and CD8 T cells, we observed two distinct waves 

of cells that appeared to be undergoing negative selection based on expression of Bcl2l11 (BIM) and Nr4a1 

(NUR77) (Daley et al., 2013). The first appeared to emerge from the signaled DP population (lying adjacent 

to a cluster of dying cells), and the second from immature CD4 T cells. Foxp3+ regulatory T cells appeared 

to cluster near mature conventional CD4 T cells and the second subset of negatively selected cells. Other 

populations included unconventional T cells (gamma-delta T cells, NKT cells), small clusters of non-T cells 

(B cells, myeloid cells, and erythrocytes), a thymocyte population with high expression of interferon 

response genes (Xing et al., 2016), and a population of mature T cells that had returned to cycling following 

the cell cycle pause during thymocyte development. As expected, WT, MHCII-specific, and MHCI-specific 

samples were well-mixed in earlier developmental stages but segregated into CD4 and CD8 lineages in 

later-stage populations (Figure 1C).  

Using totalVI, we defined cell populations with traditional cell type markers (Figure S1B-C) and with 

unbiased differential expression tests of all measured genes and proteins (Figure 1D-E, Table S3). Top 

differentially expressed features included classical cell surface markers of lineage (e.g., CD4, CD8), key 

transcription factors (e.g., Foxp3, Zbtb7b), and markers of maturation stage (e.g., Rag1, Ccr4, S1pr1). In 

addition to supporting the relevance of surface proteins in characterizing cell identities, these multi-omic 

definitions revealed gradual expression changes, particularly between the DP and CD4 and CD8 SP stages, 

that are best understood not as discrete populations, but as part of a continuous developmental process. 

Observation of these groups allowed us to select the populations of thymocytes receiving positive 

selection signals for further continuous analysis. 

We focused our analysis on developing thymocytes from the signaled DP stage through mature CD4 and 

CD8 T cells (Methods; Figure S1D). The totalVI latent space derived from these populations captured the 

continuous transitions that stratified thymocytes by developmental stage and CD4/CD8 lineage (Figure 

1F). This was evident through visualization of totalVI denoised protein and RNA expression of known 

markers including, for example, CD4 and CD8 protein expression, which revealed a gradual transition into 

a CD4 or CD8 SP phenotype in each of the two branches. In the CD8 branch, a CD4+CD8+ population could 

be seen even after a separation of the lineages in the UMAP representation of the totalVI latent space 

(Figure 1G; Becht et al., 2019), indicating that combining transcriptome-wide information with surface 

protein measurements might reveal earlier signs of lineage commitment than could have been observed 

from FACS-sorted populations. We also observed protein markers indicative of positive-selection-induced 
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TCR signaling (CD5, CD69) and maturation stage (CD24, CD62L), as well as RNA markers of TCR 

recombination (Rag1), cell location within the thymus (chemokine receptors Cxcr4, Ccr7), and lineage 

regulation (TFs Gata3, Zbtb7b, Runx3) (Figure 1H). This single-cell analysis of positively-selecting 

thymocytes from WT and lineage-restricted mice thus provides a high-resolution snapshot of the 

continuous developmental processes, capturing cells at a variety of states that span the spectrum 

between the precursor (DP) and late (CD4 or CD8 SP) stages. 

Pseudotime inference captures continuous maturation trajectory and clarifies intermediate stages of 

development  

To further characterize the observed continuum of cell states, we performed pseudotime inference with 

Slingshot (Street et al., 2018; Saelens et al., 2019) to delineate the changes in RNA and protein expression 

over the course of development from the DP to SP stages (Figures 2A and S2A; Methods). Since cell-cell 

similarities in the reduced dimension space were based on both RNA and protein information, the 

placement of a cell in pseudotime reflected gradual changes in both gene and protein expression. The 

pseudotime inferred by Slingshot consisted of a branching trajectory with each branch corresponding to 

a different lineage (CD4, CD8), as can be observed by the positioning of cells from lineage-restricted mice 

(Methods; Table S4 and Figure 1F). 

We confirmed that the pseudotime ordering determined by Slingshot correctly captured the presence and 

timing of many known expression changes during thymocyte development (Hogquist et al., 2015) at the 

RNA and protein levels (Figure 2B-C). This included events such as early downregulation of TCR 

recombination markers Rag1 and Rag2, gradual downregulation of early markers such as Ccr9 and 

Cd24a/CD24, transient expression of the activation and positive selection marker Cd69/CD69, and late 

upregulation of maturation markers such as Klf2, S1pr1, and Sell/CD62L. To explore beyond known 

markers, we tested for differential expression over pseudotime with totalVI (Methods) and created a 

comprehensive timeline of changes in RNA and protein expression separately for each lineage (Figure 2D; 

Tables S5 and S6). There were some expected differences visible between the two lineages in the 

expression of key molecules (e.g., coreceptors and master regulators; Figure 2B). However, known 

markers of maturation followed similar patterns and timing in both lineages (Figure 2C). Furthermore, 

some of the most significant differential expression events over time were common between the two 

lineages including the early downregulation of Arpp21 (a negative regulator of TCR signaling (Mingueneau 

et al., 2013)), transient expression of the transcriptional regulator Id2 (Cannarile et al., 2006), upregulation 

of Tesc, (an inhibitor of calcineurin (Perera et al., 2010)), and later upregulation of Ms4a4b (shown to 

inhibit proliferation in response to TCR stimulation (Yan et al., 2012)) (Figure 2D). This pseudotime analysis 

therefore provides a comprehensive view of the continuum of expression changes during the 

developmental process. Moreover, the consistency in timing of expression changes enables an 

investigation of the two lineages at comparable developmental stages.  

We next sought to use pseudotime information to clarify the intermediate stages of development in the 

two lineages. Thymocyte populations have been commonly defined by surface protein expression using 

flow cytometry, and various marker combinations and gating strategies have been employed to subset 

thymocyte populations based on maturity and lineage (Germain, 2002; Xiong and Bosselut, 2012; Saini et 

al., 2010; Hu et al., 2012). However, due to the continuous nature of developmental intermediates, as 

well as technical variations in marker detection, no uniform consensus has emerged on how to define 

positive selection intermediates by flow cytometry. To address this, we performed in silico flow cytometry 
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analysis on totalVI denoised expression of key surface protein markers and explored their ability to 

distinguish between different pseudotime phases along the two lineages (Methods).  

Starting with the canonical CD4 and CD8 markers, we found that MHCII-specific cells appeared to progress 

continuously in pseudotime from DP to CD4+CD8low to CD4+CD8- (Figures 2E-F and S2B). In contrast, 

MHCI-specific cells appeared to progress from DP to the CD4+CD8low gate before reversing course to 

reach the eventual CD4-CD8+ gate later in pseudotime, consistent with the previous literature (Lundberg 

et al., 1995; Lucas and Germain, 1996; Chan et al., 1993). Using pseudotime information, we detected the 

existence of a developmental phase (between pseudotime 6-8) at which nearly all MHCI-specific cells fall 

in the CD4+CD8low gate (Figure 2F). The high numbers of MHCI-specific cells in the CD4+CD8low gate 

underscore the fact that WT cells within the CD4+CD8low gate cannot be assumed to be committed to 

the CD4 lineage. Our data also provided an opportunity to explore the progression of MHCI-specific after 

the CD4+CD8low gate, which has been less well defined in the literature. To this end, our data indicated 

that at subsequent stages (pseudotime 8-12), MHCI-specific thymocytes pass again through a DP phase 

on their way from the CD4+CD8low gate to the CD4-CD8+ gates, while the MHCII-specific lineage does not 

contain late-time DP cells. Although a population of later-time MHCI-specific DP cells has been previously 

described (“DP3”; Saini et al., 2010), it is not commonly accounted for (Park et al., 2020; Chopp et al., 

2020, Karimi et al., 2021), resulting in a missing stage of CD8 T cell development and potential 

contamination of the DP gate with later-time CD8 lineage cells.  

We next sought to computationally identify a minimal set of surface markers for these and other stages 

of differentiation in our data. Our goal was twofold: first, we aimed to leverage markers that had 

previously been used for isolating intermediate subpopulations to establish consistency between our data 

and other studies; second, we aimed to better characterize the late MHCI-specific DP stage using a refined, 

data-driven, gating strategy. We found that four stages in time (independent of lineage) could be largely 

separated by in silico gating on CD69 and CD127(IL-7Ra), in which thymocytes begin with low expression 

of both markers, first upregulate CD69, later upregulate CD127, and finally downregulate CD69 (Figure 

S2C-D). The addition of CD4 and CD8 as markers allowed for the separation of lineages at later times. 

Finally, we established that the later-time DP population that is prominent in the CD8 lineage could be 

distinguished from the earlier DP cells by high expression of TCRβ (Saini et al., 2010; Marodon et al., 1994) 

in addition to expression of both CD69 and CD127 (Figure S2D-E). Here, we refer to this later-time DP 

population as DP3 to distinguish it from the earlier DP1 (CD69-, CD127-) and DP2 (CD69+, CD127-) 

populations.  

In combination, a gating scheme based on these five surface proteins (CD4, CD8, TCRβ, CD69, and CD127) 

identified eight populations (DP1, DP2, CD4+CD8low, DP3, semimature CD4, semimature CD8, mature 

CD4, and mature CD8). This scheme, which included a marker previously unused in this setting (CD127), 

allows FACS to approximate the binning of thymocytes along pseudotime and lineage (Figure 2G-J). 

Fluorescence-based flow cytometry replicated these CITE-seq-derived gates (Methods), enabling the 

isolation of the eight described populations and supporting the presence of the proposed intermediate 

stages (Figure S2F-G). Collectively, these findings allowed us to specify an updated model of positive 

selection intermediates in both the CD4 and CD8 lineages (Figure S2F). 
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Paired measurements of RNA and protein reveal the timing of major events in CD4/CD8 lineage 

commitment 

While defining thymocyte populations by cell surface markers provides an approximate ordering of 

discrete developmental stages, a quantitative and high-resolution timeline of the differences between the 

lineages provided by CITE-seq data could address key outstanding questions. In particular, while the 

downregulation of CD8 in both MHCII- and MHCI-specific thymocytes suggests that all positively selecting 

thymocytes initially audition for the CD4 lineage, it is not clear whether MHCII- and MHCI-specific 

thymocytes exhibit parallel temporal changes in CD4-defining transcription factors. In addition, the key 

events that lead to CD8 lineage specification have not been defined, in large part due to the lack of 

temporal resolution for the events that occur in MHCI-specific thymocytes after divergence from the CD4 

lineage. To gain further and more nuanced insight into CD4 versus CD8 lineage commitment, we 

compared the continuum of expression changes of key coreceptors, transcription factors, and TCR 

signaling molecules involved in this process. 

The expression of the CD4 and CD8 coreceptors plays an important role not only in defining the lineage 

of mature T cells, but also in transmitting the TCR signals that are necessary for thymocyte development 

(Germain, 2002). We observed that the expression of these coreceptors followed an expected pattern by 

which RNA expression preceded the corresponding change in protein expression, likely due to the time 

needed for protein translation and transport (Figures 3A and S3A). Beginning from the DP stage with high 

expression of both coreceptors in both lineages, we observed small dips in expression of both coreceptors 

(“double dull” stage (Lucas and Germain, 1996)) followed by a rise in CD4 and a continued decrease in 

CD8. Eventually, in the CD8 lineage, CD8 expression rose in parallel to a decrease in CD4 expression, 

resulting in a late transient DP stage (DP3) as the cells moved towards the CD8 SP phenotype. Differential 

expression between the CD4 and CD8 lineages indicated that a significant difference in Cd8a RNA 

expression began building from pseudotime point 6 (approximately in the early CD4+CD8low gate), 

followed by later accumulation of difference in CD8 protein expression (Figure 3B). It was not until 

pseudotime point 9 (the point at which the lineages can first be distinguished by flow cytometry in the 

semimature CD4 versus DP3 gates), that a significant difference in CD4 expression emerged. These results 

suggest that while the two lineages cannot be distinguished by flow cytometry at the CD4+CD8low stage, 

they have already begun to diverge based on Cd8a RNA levels. 

While previous studies have characterized the expression of key lineage-defining transcription factors 

relative to changes in CD4 and CD8 surface expression using genetically-encoded fluorescent reporters 

and flow cytometry (Muroi et al., 2008, Egawa and Littman, 2008), our pseudotime analysis could more 

precisely characterize transcription factors’ expression as they diverge between the two lineages and 

relate them directly to differential expression of Cd4 and Cd8a RNA. To this end, we explored the timing 

of expression changes of the key lineage-specific transcription factor genes Runx3 (CD8 lineage), Zbtb7b 

(encoding THPOK; CD4 lineage), and Gata3 (a known up-stream activator of Zbtb7b that is more highly 

expressed in the CD4 lineage) (Wang et al., 2008, Taniuchi, 2016) (Figure 3C-D). Focusing on when 

transcription factor and coreceptor expression first diverged between the two lineages (Figure 3B,D), we 

observed that Gata3 became differentially expressed in CD4 lineage cells at pseudotime 4-5, prior to 

differential coreceptor expression. This was followed by differential upregulation of Zbtb7b and 

downregulation of Cd8a in the CD4 lineage at pseudotime 6-8, consistent with the role of THPOK in 

repressing CD8 expression (Taniuchi, 2016). Finally, differential upregulation of Runx3 and 

downregulation of Cd4 in the CD8 lineage occurred at pseudotime 8-10, consistent with the role of RUNX3 
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in repressing the Cd4 gene (Taniuchi, 2016). Examining the continuous expression changes over 

pseudotime (Figure 3C), we observed a parallel pattern in both CD4 and CD8 lineage cells in which Gata3 

induction was followed by a rise in Zbtb7b, although the expression of both CD4-associated transcription 

factors was lower and more transient in the CD8 lineage compared to the CD4 lineage. Interestingly, the 

large rise in Runx3 expression, which occurred only in the CD8 lineage, coincided with the decrease in 

Zbtb7b in that lineage (pseudotime 7-11, corresponding to the CD4+CD8low and DP3 stages). This implied 

that both transcription factors may be transiently co-expressed at this stage, in spite of their ability to 

repress each other’s expression and their reported mutually exclusive expression at later stages (Egawa 

and Littman, 2008; Vacchio and Bosselut, 2016; Taniuchi, 2016). In a more detailed view, in silico flow 

cytometry of Zbtb7b and Runx3 expression for WT or lineage-restricted thymocytes (Figure 3E and S3B) 

showed a continuous transition in which all thymocytes initially upregulated Zbtb7b, whereas CD8 lineage 

(MHCI-specific) thymocytes subsequently and gradually downregulated Zbtb7b, simultaneous with Runx3 

upregulation. Intracellular flow cytometry staining supported the observed timing in differential 

expression of TFs (Figure S3C; Methods). Altogether, our data provide strong evidence for an initial CD4 

auditioning phase for all positively selected thymocytes, and confirm that the master regulators THPOK 

and RUNX3 account for early lineage-specific repression of Cd8 and Cd4 genes respectively, with THPOK 

induction and CD8 repression in CD4-fated cells occurring prior to RUNX3 induction and CD4 repression 

in CD8-fated cells. 

Previous studies have implicated TCR signaling as a driver of early differences in DP thymocytes that 

ultimately lead to differential expression of the lineage regulators, whereas the role of TCR signals after 

the CD4 lineage branch point remains controversial (Germain, 2002; Xiong and Bosselut, 2012, Singer et 

al., 2008). There are indications that MHCII-specific thymocytes may have a higher intensity, duration, and 

frequency of TCR signaling, and disruption of TCR signaling at the DP stage can promote the CD8 fate 

(Yasutomo et al., 2000; Liu and Bosselut, 2004; Matechak et al., 1996). Consistently, we observed a higher 

and more prolonged TCR response (indicated by expression of TCR target genes Cd69 and Egr1) in the CD4 

lineage (Figure 3F), which became significantly differentially expressed simultaneous to Gata3 and prior 

to Zbtb7b (Figure 3G). We also observed a second TCR response in the CD8 lineage after Zbtb7b induction 

(coinciding with the DP3 and semimature CD8 stages) that was not present in the CD4 lineage. This may 

reflect the tuning of the TCR response by MHCI-specific thymocytes to increase their sensitivity to TCR 

signals at later stages of positive selection (Saini et al., 2010; Au-Yeung et al., 2014, Lutes et al., 2021), and 

may be due in part to increased surface expression of the CD8 coreceptor and decreased expression of 

the negative regulator CD5 (Figures 3A and S3A). Interestingly, the second TCR signaling wave overlapped 

with the rise in Runx3 and decline in Zbtb7b expression in MHCI-specific thymocytes after the CD4 lineage 

branch point, suggesting that it may be involved in driving CD8 lineage specification.  

Taken together, the timing of these events encompassing coreceptors, master regulators, and TCR 

signaling responses support a sequential model of CD4 and CD8 T cell development, summarized in Figure 

S4A. In this model, all positively-selected DP thymocytes begin the process of lineage commitment by 

auditioning for the CD4 lineage, as GATA3 upregulation followed by THPOK induction accompanied by a 

drop in CD8 expression occur in parallel in both MHCII- and MHCI-specific thymocytes. Sustained TCR 

signals in MHCII-specific thymocytes during an initial wave of TCR signaling locks in the CD4 fate, likely 

due to higher GATA3 expression and the activation of the THPOK positive autoregulation loop (Muroi et 

al., 2008; Wang et al., 2008), and accompanied by full repression of the Cd8 gene by THPOK. In contrast, 

a transient initial wave of TCR signaling in MHCI-specific thymocytes leads to an eventual drop in GATA3 
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and THPOK expression as the window for CD8 lineage specification begins, perhaps due to general 

maturation-inducing signals including the decline in E protein (E2A and HEB) transcription factor activity 

(Jones-Mason et al., 2012). Indeed, we observed a steady downregulation of the E protein genes Tcf3 

(E2A) and Tcf12 (HEB) as well as transient induction of the E protein inhibitors Id2 and Id3 during 

development (Figure S3A). During this window, RUNX3 expression rises as a second wave of TCR signaling 

provides survival and lineage reinforcement signals to drive CD8 development. Our pseudotime analyses 

and this model provide a useful framework for further mechanistic dissection of the drivers of the CD4 

versus CD8 lineage decision. 

Emergence of differences between CD4 and CD8 lineages implicates putative drivers of lineage 

commitment 

To better understand the process of lineage commitment, we systematically investigated how differences 

emerge between the CD4 and CD8 lineages by performing a totalVI differential expression test between 

lineage-restricted thymocytes within the same unit of pseudotime (Methods). There were no substantial 

differences in either RNA or protein expression between thymocytes from lineage-restricted mice at the 

early DP stages, and differentially expressed features gradually accumulated throughout maturation 

(Figure 4A; Table S7). This analysis resulted in a set of 302 genes that had significantly higher expression 

in MHCII-specific thymocytes (“CD4-DE”) and 397 genes that had significantly higher expression in MHCI-

specific thymocytes (“CD8-DE”) in at least one pseudotime unit. In this test, 92 genes were included in 

both lists due to, for example, early up-regulation in one lineage followed by late up-regulation in the 

other lineage. The genes in each set were clustered by their expression across all cells in the corresponding 

lineage (Figure 4B-E; Tables S8 and S9). Inspection of gene expression within each cluster over pseudotime 

revealed characteristic temporal patterns, reflecting variation in gene expression over the course of 

maturation within each lineage (Figure 4B-E). For example, CD4-DE cluster 5 and CD8-DE cluster 1 showed 

a late divergence of expression of master regulator TFs and genes related to effector functions in their 

respective lineages (e.g., Zbtb7b and Cd40lg in MHCII-specific cells, and Runx3 and Nkg7 in MHCI-specific 

cells). 

Considering all gene clusters, we investigated which genes shared similar variation within each lineage. 

We identified three clusters that were enriched for genes in TCR signaling pathways: CD4-DE clusters 4 

and 7, and CD8-DE cluster 3 (hypergeometric test, Benjamini-Hochberg (BH)-adjusted P < 0.05; Methods). 

Both CD4-DE cluster 7 and CD8-DE cluster 3 contained many of the same TCR-target genes (e.g., Cd69 and 

Egr1), which were initially more highly expressed in the CD4 lineage, and later more highly expressed in 

the CD8 lineage (Figure 3F-G). These gene clusters showed an early and sustained expression peak in CD4 

lineage cells, and two temporally separated, transient peaks in the CD8 lineage, suggestive of distinct 

lineage-specific temporal patterns of TCR signaling. CD8-DE clusters 0 and 4 exhibited increased 

expression in the CD8 lineage just before the second rise in TCR signaling and contained genes implicated 

in modulating TCR sensitivity, providing a possible explanation for the late increase in TCR signaling in 

MHCI-specific thymocytes. For example, cluster 0 contained Cd8a, which is required for MHCI recognition, 

and Themis, which modulates TCR signal strength during positive selection (Choi et al., 2017). CD8-DE 

cluster 4 contained ion channel component genes Kcna2 and Tmie, which have previously been proposed 

to play a role in enhancing TCR sensitivity in thymocytes with low self-reactivity (Lutes et al., 2021). CD4-

DE cluster 4, which included Gata3 and Cd5, showed sustained expression in the CD4 lineage relative to 

the CD8 lineage, but did not exhibit the pronounced second rise in expression in the CD8 lineage. We 

ordered genes by the timing of greatest mean differential expression of their respective clusters to 
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visualize the dynamics of emerging differences between lineages genome-wide (Figure 4D-E). This analysis 

captured the growing magnitude of phenotypic differences between MHCII- and MCHI-specific 

thymocytes as they develop. 

To identify factors that may influence lineage commitment, we narrowed our focus to the pseudotime 

period just after differential gene expression was first detected and immediately upstream of master 

regulator expression. We performed transcription factor enrichment analysis with ChEA3 (Keenan et al., 

2019), which identifies the TFs most likely to explain the expression of a set of target genes according to 

an integrated scoring across multiple information sources for potential regulatory activity, including 

ENCODE and ReMap ChIP-seq experiments (Dunham et al., 2012; Cheneby et al., 2020). We used genes 

differentially expressed between lineages in each unit of pseudotime as the target gene sets (Figure 4F-

G; Tables S10 and S11; Methods) and ranked candidate TFs based on enrichment in each of the three 

pseudotime units prior to master regulator differential expression in each lineage (pseudotimes 4-7 for 

the CD4 lineage and pseudotimes 5-8 for the CD8 lineage). In addition to their ranking, we annotated 

three additional characteristics for each transcription factor that provided guidance for selecting likely 

regulators of lineage commitment. These characteristics included a known association with TCR signaling 

(Kandasamy et al., 2010; Methods), evidence of regulating Gata3, Zbtb7b, or Runx3 according to ChEA3 

databases, and differential expression of this TF itself at the relevant pseudotime stage.  

In MHCI-specific cells, multiple highly ranked transcription factors such as Ets1 and Tcf7 have been 

implicated in thymocyte development (Zamisch et al., 2009), but have been previously shown to have 

relevance to the maturation of thymocytes in both lineages (Wang et al., 2010; Steinke et al., 2014). In 

MHCII-specific cells, we observed that multiple highly-ranked TFs were members of pathways associated 

with TCR signaling (e.g., Egr2, Nfatc2, Egr1, Nfatc1, and Rel), consistent with our observation that multiple 

TCR response genes were upregulated in the CD4 lineage relative to the CD8 lineage in the time period 

prior to lineage branching (Figures 3G and 4H). In particular, the top two ranked TFs in the CD4 lineage 

were Egr2 and Nfatc2, which are known to lie downstream of two of the three main branches of the TCR 

signal transduction pathway: the ERK-MAPK branch and calcineurin-NFAT branch, respectively (Figure 4I; 

Navarro and Cantrell, 2014; Hogquist and Jameson, 2014; Malissen et al., 2014; Chakraborty and Weiss, 

2014). While the ERK-MAPK branch plays a crucial role downstream of TCR signaling during positive 

selection in both lineages (Sharp et al., 1997; Wilkinson and Kaye, 2001; Daniels et al., 2006; McNeil et al., 

2005), the roles of the other two branches (calcineurin-NFAT and PKC-NF-kB) are less clear (Gallo et al., 

2007, Hettman and Leiden, 2000; Jimi et al., 2008). Investigation of the genes that were responsible for 

the high ranking of Nfatc2 in the CD4 lineage revealed TCR target genes including Egr1, Dusp5, Gata3, 

Cd5, Cd69, and Nr4a1 (Figure 4H). While Nfatc2 was also ranked highly among early CD8-DE genes (Figure 

4G), its putative targets in the CD8 lineage did not include TCR targets. Furthermore, we observed higher 

enrichment of the NFAT TFs in the CD4 lineage relative to the CD8 lineage (both in terms of their absolute 

enrichment score and their ranking compared to other TFs), suggesting that NFAT may play a larger role 

in the CD4 lineage. Although the NFAT TFs were not differentially expressed, NFAT activation is regulated 

by calcium signaling (not observed at the transcriptional level) and could therefore be differentially 

activated without being differentially expressed at the RNA level. These observations led us to hypothesize 

that TCR signaling through NFAT may be involved in differential commitment towards the CD4 rather than 

the CD8 lineage. 

To more closely explore how branches of the TCR signaling pathway are associated with divergent 

transcriptional regulation between the two lineages, we focused on the three gene clusters that showed 
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the greatest enrichment for TCR target genes: CD4-DE clusters 4 and 7 and CD8-DE cluster 3 (Figure 4B-C, 

H). The single early peak during the CD4 audition stage in CD4-DE cluster 4, compared to the biphasic 

pattern of peaks during both the CD4 audition stage and the CD8 specification phase in the other two 

clusters (Figure 4H), suggested that the CD4-DE cluster 4 genes might be regulated by a branch of the TCR 

signaling pathway that is selectively active during the early CD4 audition phase. Interestingly, this gene 

cluster contained Gata3, which plays a key role in CD4 fate by activating the CD4 master regulator Zbtb7b 

(Wang et al., 2008), and has been previously implicated as a target of the TCR-associated TF NFAT 

(Gimferrer et al., 2011; Kandasamy et al., 2010; Scheinman and Avni, 2009). ChEA3 analysis of CD4-DE 

cluster 4 showed enrichment for NFAT family member Nfatc2 (Figure S4B, Table S12), with Gata3, Cd5, 

Id3, Cd28, and Lef1 all contributing to the enrichment score. In contrast, CD4-DE cluster 7 and CD8-DE 

cluster 3 showed enrichment for AP-1 transcription factors Fosb and Junb, NF-kB family members Rel and 

Nfkb1/2, and MEK-ERK target Egr1 (Figure S4B, Table S13). This suggested that all three branches of the 

TCR signaling pathway participate during the CD4 audition phase, whereas the MEK-ERK and PKC-NF-kB 

branches, but not the NFAT branch, are active in the later specification of the CD8 lineage. Based on these 

data, together with the ranking of NFAT in driving early transcriptional differences between lineages 

(Figure 4F), as well as the dearth of information about the role of NFAT downstream of TCR signaling 

during positive selection, we chose to focus on the calcineurin-NFAT pathway for functional testing. 

NFAT promotes commitment to the CD4 lineage via GATA3 

To investigate the influence of calcineurin-NFAT signaling in driving CD4 versus CD8 lineage commitment, 

we developed an ex vivo neonatal thymic slice culture system (Methods). Since mature SP thymocytes 

first appear shortly after birth in mice, neonatal thymic slice cultures allowed us to manipulate TCR 

signaling during a new wave of CD4 and CD8 SP development. We prepared thymic slices from postnatal 

day 1 mice and cultured slices for up to 96 hours on tissue culture inserts (Figure S5A). We quantified 

populations of developing thymocytes based upon cell surface marker expression using flow cytometry 

(Figures 5A and S5B; Methods). As expected, at time point 0 we observed mostly DP thymocytes, whereas 

the frequencies of more mature populations including CD4+CD8low, CD4+ semimature (CD4+ SM), CD4+ 

mature (CD4+ Mat), CD4lowCD8+, and CD8+ mature (CD8+ Mat) increased over time in culture (Figure 

S5C-I). Consistent with previously published results (Saini et al., 2010; Lucas et al., 1993) and our 

pseudotime analysis, CD8 T cell development was slightly delayed compared to that of CD4 T cells (Figure 

S5F-I). Together, these observations validate that the neonatal slice system supports the development of 

both CD4 and CD8 lineage cells, thus providing an experimental time window to manipulate TCR signaling 

during CD4 and CD8 development with pharmacological inhibitors.  

To directly test the involvement of TCR signaling through the calcineurin-NFAT branch in lineage 

commitment, we inhibited calcineurin activity by adding Cyclosporin A (CsA) (Liu, 1993) to the neonatal 

slice cultures (Figure 5B). High doses (greater than 200 ng/mL) of CsA treatment resulted in reduced cell 

viability and an increase in the frequency of DN thymocytes (Figure S5J-K). We therefore used low doses 

(50, 100, or 200 ng/mL) of CsA, which did not affect cell viability, DN, or CD69+ Sig DP (CD4+CD8+CD69+) 

cell populations (Figure 5C). Inhibition of calcineurin-NFAT with CsA for 96 hours in neonatal slices from 

WT mice led to a significant, dose dependent reduction in CD4+CD8low and CD4+ SM thymocytes (Figure 

5D-E). Similarly, we observed a reduction in CD4+CD8low thymocytes in neonatal slices from MHCI-/- mice 

treated with CsA (Figure 5F). In neonatal slice cultures from MHCII-/- mice, the CD4+CD8low population 

was not impacted by CsA (Figure 5G). We did not observe a decrease in mature CD4+ T cells (Figure 5H), 

suggesting that many thymocytes in culture had already received sufficient positive selection signals to 
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complete CD4 SP development prior to CsA addition. Consistently, there was also no significant change in 

the frequency of CD4lowCD8+ cells and a slight increase in mature CD8+ cells (Figures 5I-J and S5L-M) 

upon CsA addition. To gain insight into the timing of calcineurin-NFAT signaling in CD4 lineage 

commitment, we tracked development over time in WT slices in the presence of CsA. We observed a 

reduction in CD4+CD8low and CD4+ SM cells after 48 hours of culture with CsA. These differences became 

significant at 72 hours and more pronounced over time (Figure 5K-L), implying that new CD4+ 

development was blocked in the presence of CsA. Together these data indicate that inhibition of 

calcineurin-NFAT prevents the emergence of new CD4 T cells, but does not impact the commitment or 

development of CD8 T cells. 

The transcription factor Gata3 is significantly upregulated in MHCII- versus MHCI-specific thymocytes 

immediately prior to CD4 lineage commitment (Figure 3C-D), and was implicated by our ChEA3 analyses 

and prior studies as a target of NFAT (Figure 4F,I) (Gimferrer et al., 2011; Kandasamy et al., 2010; 

Scheinman and Avni, 2009). Moreover, GATA3 induces the expression of the CD4 master regulator THPOK 

(Wang et al., 2008). Thus, we hypothesized that CsA treatment prevented CD4 development by interfering 

with THPOK induction via GATA3. To test this hypothesis, we performed intracellular staining to quantify 

GATA3 expression in neonatal slice cultures treated with CsA for 48 hours (the time point at which we first 

observed a significant decrease in CD4+CD8low and CD4+ SM populations with CsA addition). Similar to 

adult thymocytes (Figure S3C), in thymocytes from neonatal thymic slices cultured for 48 hours, GATA3 

protein expression could be detected at the CD69+ Sig DP stage and increased in the CD4+CD8low stage, 

whereas THPOK was not detectable at the CD69+ Sig DP stage and was not fully upregulated until the 

CD4+ SM stage (Figure S5N). In cultures with CsA, we observed a significant reduction in GATA3 expression 

in CD69+ Sig DP, CD4+CD8low, and CD4+ SM cells (Figure 5M-O). Together these data validate predictions 

from our CITE-seq data, and implicate the calcineurin-NFAT axis as a link between TCR signals downstream 

of MHCII recognition and commitment to the CD4 rather than the CD8 lineage. 

Discussion 

In this study, we applied single-cell multi-omic analysis to investigate the development of thymocytes into 

CD4 and CD8 T cells. By jointly analyzing the transcriptome and surface protein expression of thymocytes 

from both WT and lineage-restricted mice, we comprehensively defined the continuous changes over 

maturation in both lineages and linked them directly to intermediate populations traditionally defined by 

flow cytometry. We identified key lineage-specifying differences in gene and protein expression and 

determined the relative ordering of single cells along their differentiation trajectory by defining a 

pseudotime axis based on both the RNA and protein measurements. These data support a sequential 

model for CD4 versus CD8 T cell lineage commitment in which both MHCII- and MHCI-specific thymocytes 

initially pass through a CD4 “auditioning” phase that culminates in CD4 lineage commitment for MHCII-

specific cells, followed by a CD8 lineage specification phase for MHCI-specific cells (Figure S4A). 

The availability of a high-resolution temporal map of gene and protein expression changes throughout 

positive selection and T cell lineage commitment provides a key resource for understanding mechanism, 

as illustrated in the current study. We used this resource to pinpoint CD4-fated and CD8-fated thymocytes 

just prior to differential expression of the lineage-defining master TFs Zbtb7b (encoding THPOK) and 

Runx3, and to compare gene expression at this critical stage. In doing so, we identified the 

TCR/calcium/calcineurin-regulated TF NFAT as a candidate to link differential TCR signaling upon MHCII 

recognition to upregulation of GATA3, THPOK, and CD4 lineage commitment. We also used this resource 
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to define two distinct temporal waves of TCR signaling during positive selection: an early wave that 

coincides with the CD4 auditioning phase, is initiated before THPOK induction, and is more sustained in 

MHCII-specific/CD4 lineage thymocytes compared to MHCI-specific/CD8 lineage thymocytes, and a later 

wave that overlaps with the CD8 specification stage and is specific for the CD8 lineage. While the inferred 

activity of some TCR-induced TFs, such as AP-1 and NF-kB, occurred in both early and late TCR signaling 

waves, NFAT appeared to be active primarily in the early wave, providing a potential link between TCR 

signals during positive selection and the CD4 T cell fate. NFAT activity has been shown to be required prior 

to positive selection to render DP thymocytes responsive to TCR triggering (Gallo et al., 2007), but the role 

of NFAT downstream of TCR signaling during positive selection has remained unknown. Here we 

addressed this question by a short term, low dose CsA treatment in neonatal thymic slice cultures, using 

conditions that minimized the potential impact on thymocytes prior to positive selection. We found that 

pharmacological inhibition of calcineurin-NFAT signaling with CsA prevented new development of mature 

CD4, but not CD8, thymocytes, and also led to decreased expression of GATA3 at the CD4+CD8low and 

CD4+ SM stages. Thus, computational analyses of CITE-seq data as well as experimental manipulation 

point to a role for NFAT downstream of TCR recognition of MHCII in driving CD4 lineage commitment.  

These results raise the question, what might lead to differential activation of NFAT in MHCII-specific 

thymocytes? NFAT activity is regulated by TCR-induced calcium flux, and thymocytes undergoing positive 

selection experience serial, transient calcium signals (Bhakta et al., 2005; Melichar et al., 2013; Kurd et al,. 

2016). While previous studies did not directly compare positive selection via MHCII or MHCI, the 

estimated duration of calcium signals was approximately 20 minutes for MHCII-specific thymocytes, but 

less than 5 minutes for MHCI-specific thymocytes, suggesting that positive selection signals generated 

upon MHCII recognition might lead to greater calcium flux compared to those generated by MHCI 

recognition. There is also evidence that the greater ability of the CD4 intracellular domain to recruit the 

TCR-associated tyrosine kinase LCK can promote the CD4 fate (Seong et al., 1992; Itano et al., 1994), and 

that LCK activity promotes calcium flux downstream of the TCR (Donnadieu et al., 2001). It is tempting to 

speculate that differences in TCR signaling due to increased LCK recruitment by CD4 could contribute to 

both increased calcium signals and greater NFAT activation, thus promoting the CD4 lineage choice. In 

addition to intrinsic differences in TCR signals due to CD4 versus CD8 coreceptor function, loss of the CD8 

coreceptor expression during the CD4 auditioning phase also likely contributes to more transient TCR 

signaling in MHCI- compared to MHCII-specific thymocytes, as predicted by the kinetic signaling model 

(Singer et al., 2008). Indeed, our data show that MHCII-specific thymocytes experience a more sustained 

initial wave of TCR signaling compared to that observed in MHCI-thymocytes, and this may also contribute 

to increased NFAT activation leading to CD4 commitment.  

Our data are consistent with the notion that greater NFAT activity downstream of MHCII recognition 

induces higher expression of GATA3, which would in turn promote THPOK expression and CD4 

commitment (Wang et al., 2008). GATA3 was implicated by our ChEA3 analyses as an NFAT target, both in 

gene sets that were differentially expressed prior to THPOK induction, and in gene clusters associated 

with the early wave of TCR signaling. We also observed that GATA3 protein expression was reduced upon 

CsA addition to neonatal thymic slice cultures. In addition, previous in vitro studies implicated NFAT as a 

positive regulator of GATA3 in thymocytes (Gimferrer et al., 2011), and NFAT can bind to GATA3 cis 

regulatory sequences and regulates its expression in CD4 T helper type 2 cells (Scheinman et al., 2009). 

While previous studies have shown that genetic disruption of NFAT function or in vivo treatment with CsA 

indirectly impairs the ability of thymocytes to activate ERK in response to TCR triggering (Gallo et al., 
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2007), this mechanism is unlikely to contribute to the effects of CsA reported here. Impairment of ERK 

activation in thymocytes was observed after long-term loss of NFAT function, whereas we observed 

reduced GATA3 expression in signaled DP and CD4+CD8low thymocytes after only 48 hours of drug 

exposure. In addition, under our experimental conditions, we did not observe substantial impact of CsA 

on expression of CD69, which is known to be regulated by ERK signaling (d’Ambrosio et al., 1994).  

Our identification of calcineurin-NFAT signaling as a driver of CD4 lineage commitment leaves remaining 

questions about whether an alternative pathway actively drives commitment to the CD8 lineage, or rather 

that failure to enforce commitment to the CD4 lineage allows CD8 commitment to progress by default. 

This question has been challenging to address, in part because the precise timing of events for MHCI-

specific thymocytes after the CD4 lineage branchpoint remained unclear. Here, we used pseudotime and 

in silico flow cytometry analyses to clarify the progress of MHCI-specific thymocytes from CD4+CD8low to 

a late-stage DP population (DP3), and eventually to the CD8 SP stage, revealing a second wave of TCR 

signaling unique to the CD8 lineage branch. These data are consistent with earlier indications of a 

prolonged requirement for TCR signaling for CD8 T cell development (Kisielow and Miazek, 1995; Liu and 

Bosselut, 2004; Au-Yeung et al., 2014; Sinclair and Seddon, 2014), but are at odds with the kinetic signaling 

model, which invokes a complete loss of TCR signals and an exclusive role for cytokine signals during CD8 

lineage specification (Singer et al., 2008). Moreover, our pseudotime data reveal that the late wave of TCR 

signals after the branchpoint from the CD4 lineage coincides with a gradual increase in RUNX3 expression. 

This is consistent with earlier evidence that the amount of TCR signaling impacts RUNX3 expression at the 

DP3 stage of thymic development (Sinclair and Seddon, 2014) and implies that TCR signals may actively 

promote the CD8 fate via RUNX3 upregulation. The second wave of TCR signaling may also promote 

survival ((Sinclair and Seddon, 2014) and serve to ensure the elimination of any MHCII-specific thymocytes 

that failed the CD4 audition phase. In addition to TCR signaling it is likely that other factors, including 

cytokine signals (Singer et al., 2008) and the downregulation of E protein TFs (HEB and E2A) (Jones-Mason 

et al., 2012) also contribute to CD8 lineage specification. Importantly, factors that promote CD8 lineage 

specification may not need to be differentially expressed between the two lineages. This is because MHCII-

specific thymocytes at the equivalent developmental stage would already express THPOK, leading to 

dominant repression of RUNX3 and the CD8 fate in spite of the presence of other CD8-promoting TFs 

(Taniuchi, 2016). We expect our data to provide a key resource for future studies of additional factors that 

contribute specifically to CD8 lineage specification.  

While in this study we focused our analysis on CD4/CD8 lineage commitment, we anticipate that our 

approach using paired single-cell RNA and protein expression data could be applied to the analysis of 

other developmental systems such as the selection of Tregs within the thymus, the commitment of naive 

T cells to specialized functions within the periphery, and hematopoiesis. The simultaneous measurement 

of RNA and protein not only allowed us to track the differences in relative timing of RNA and protein 

expression events, but also enabled the direct connection between multi-omic cell profiles and tangible 

populations that could be isolated by FACS for further analysis, such as intracellular TF staining or 

chromatin profiling. We also demonstrated that in silico gating of CITE-seq protein data can inspire gating 

strategies for fluorescence-based flow cytometry. While differences between sequencing-based and 

fluorescence-based protein measurements such as noise (e.g., spectral overlap) and sensitivity (e.g., 

barcode amplification) might limit the direct translation of gate position, large CITE-seq panels could 

provide a useful platform for screening potential combinations of fluorescence-based markers. The CITE-

seq method is currently limited to the measurement of surface proteins (Stoeckius et al., 2017), but 
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development of emerging methods such as inCITE-seq (Chung et al., 2021) to facilitate the simultaneous 

measurement of RNA, surface proteins, and large panels of intracellular proteins could greatly enhance 

the ability to generate hypotheses about molecular pathway activity, gene regulatory networks, and 

transcription and translation dynamics. Furthermore, since thymocytes actively traverse the thymic cortex 

and medulla over the course of their development, imaging could provide a valuable dimension to our 

current understanding of the thymocyte developmental timeline (Germain et al., 2012). Future work that 

integrates spatial genomic measurements with the transcriptomic and surface protein profiles generated 

in this study could inform how a cell’s micro-environment and physical motility might influence and reflect 

key aspects of the thymocyte developmental trajectory. 
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Methods 

CITE-seq on mouse thymocytes 

Mice: All animal care and procedures were carried out in accordance with guidelines approved by the 

Institutional Animal Care and Use Committees at the University of California, Berkeley and at BioLegend, 

Inc. WT (B6) (C57BL/6, Stock No.: 000664), β2M-/- (B6.129P2-B2mtm1Unc/DcrJ, Stock No.: 002087; referred 

to as MHCI-/-), OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J, Stock No.: 003831), and OT-II (B6.Cg-

Tg(TcraTcrb)425Cbn/J, Stock No.: 004194) were obtained from The Jackson Laboratory. MHCII-/- (I-Aβ-/-

) mice have been previously described (Grusby et al., 1991). RAG1-/-AND TCRtg mice and RAG1-/-F5 TCRtg 

were generated by crossing AND TCRtg (B10.Cg-Tg(TcrAND)53Hed/J, Jax Stock No.: 002761; (Kaye et al., 

1989)) and F5 TCRtg (C57BL/6-Tg(CD2-TcraF5,CD2-TcrbF5)1Kio; (Mamalaki et al., 1992)) mice with RAG1-

/- mice (Rag1-/-B6.129S7-Rag1tm1Mom) as previously described by (Au-Yeung et al., 2014)). All mice used 

in CITE-seq experiments were females between four and eight weeks of age. Samples are further 

described in Table S2. Mice were group housed with enrichment and segregated by sex in standard cages 

on ventilated racks at an ambient temperature of 26 °C and 40% humidity. Mice were kept in a dark/light 

cycle of 12 h on and 12 h off and given access to food and water ad libitum.  

Cell preparation: Mice were sacrificed, and thymi were harvested, placed in RPMI + 10% FBS medium on 

ice, mechanically dissociated with a syringe plunger, and passed through a 70 μm strainer to generate a 

single-cell suspension. 

Antibody panel preparation: We prepared a panel containing 111 antibodies (TotalSeq-A mouse antibody 

panel 1, BioLegend, 900003217), which are enumerated in Table S1. Immediately prior to cell staining, we 

centrifuged the antibody panel for 10 minutes at 14,000 g to remove antibody aggregates. We then 

performed a buffer exchange on the supernatant using a 50 kDa Amicon spin column (Millipore, 

UFC505096) following the manufacturer’s protocol to transfer antibodies into RPMI + 10% FBS. 

Cell sorting: To enrich for positively-selecting thymocytes in MHC-deficient and some WT samples (Table 

S2), live, single, TCRβ+CD5+ thymocytes were sorted by FACS. We took advantage of the fact that cells 

were already stained with TotalSeq (oligonucleotide-conjugated) antibodies and therefore designed 

oligonucleotide-fluorophore conjugates complementary to the TotalSeq barcodes (5’-

CACTGAGCTGTGGAA-AlexaFluor488-3’ for CD5; 5’-TCCCATAGGATGGAA-AlexaFluor647-3’ for TCRb). Prior 

to cell staining, the TotalSeq antibody panel was mixed with oligonucleotide-fluorophore conjugates in a 

1:1.5 molar ratio. This mixture was incubated for 15 minutes at room temperature to allow for 

oligonucleotide hybridization, and then transferred to ice. Cells were then stained with the 

antibody/oligonucleotide-fluorophore mixture according to the TotalSeq protocol. Cells were stained, 

washed, and resuspended in RPMI + 10% FBS to maintain viability. Cells were sorted using a BD FACSAria 

Fusion (BD Biosciences). 

CITE-seq protocol and library preparation: The CITE-seq experiment was performed following the TotalSeq 

protocol. Cells were stained, washed, and resuspended in RPMI + 10% FBS to maintain viability. We 

followed the 10X Genomics Chromium Single Cell 3′ v3 protocol to prepare RNA and antibody-derived-tag 

(ADT) libraries (Zheng et al., 2017). 

Sequencing and data processing: RNA and ADT libraries were sequenced with either an Illumina NovaSeq 

S1 or an Illumina NovaSeq S4. Reads were processed with Cell Ranger v.3.1.0 with feature barcoding, 
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where RNA reads were mapped to the mouse mm10–2.1.0 reference (10X Genomics, STAR aligner (Dobin 

et al., 2013)) and antibody reads were mapped to known barcodes (Table S1). No read depth 

normalization was applied when aggregating samples. 

CITE-seq data preprocessing 

Prior to analysis with totalVI, we performed preliminary quality control and feature selection on the CITE-

seq data. Cells with a high percentage of UMIs from mitochondrial genes (> 15% of a cell’s total UMI count) 

were removed. We also removed cells expressing < 200 genes, and retained cells with protein library size 

between 1,000 and 10,000 UMI counts. We removed cells in which fewer than 70 proteins were detected 

of the 111 measured in the panel. An initial gene filter removed genes expressed in fewer than four cells. 

The top 5,000 highly variable genes (HVGs) were selected by the Seurat v3 method (Stuart et al., 2019) as 

implemented by scVI (Lopez et al., 2018). In addition to HVGs, we also selected genes encoding proteins 

in the measured antibody panel and a manually selected set of genes of interest. After all filtering, the 

CITE-seq dataset contained a total of 72,042 cells, 5,125 genes, and 111 proteins.  

CITE-seq data analysis with totalVI 

totalVI modeling of all CITE-seq data: We ran totalVI on CITE-seq data after filtering (described above), 

using a 20-dimensional latent space, a learning rate of 0.004, and early stopping with default parameters. 

Each 10X lane was treated as a batch. When generating denoised gene and protein values, we applied the 

transform_batch parameter (Gayoso et al., 2021) to view all denoised values in the context of WT samples. 

Cell annotation: We stratified cells of the thymus into cell types and states based on the totalVI latent 

space, taking advantage of both RNA and protein information. We first clustered cells in the totalVI latent 

space with the Scanpy (Wolf et al., 2018) implementation of the Leiden algorithm (Traag et al., 2019) at 

resolution 0.6, resulting in 18 clusters. We repeated this approach to subcluster cells. We used Vision 

(DeTomaso et al., 2019) with default parameters for data exploration. Subclusters were manually 

annotated based on curated lists of cell type markers (Gayoso et al., 2021; Hogquist et al., 2015), resulting 

in 20 annotated clusters (excluding one cluster annotated as doublets). We visualized the totalVI latent 

space in two dimensions using the Scanpy (Wolf et al., 2018) implementation of the UMAP algorithm 

(Becht et al., 2019). 

Differential expression testing of annotated cell types: We conducted a one-vs-all differential expression 

test between all annotated cell types, excluding clusters annotated as doublets or dying cells. We 

identified cell type markers by filtering for significance (log(Bayes factor) > 2.0 for genes, log(Bayes factor) 

> 1.0 for proteins), effect size (median log fold change (LFC) > 0.2 for both genes and proteins), and the 

proportion of expressing cells (detected expression in > 10% of the relevant population for genes), and 

sorting by the median LFC. For marker visualization, we selected the top four (if existing) differentially 

expressed genes and proteins per cell type, arranged by the cell type in which the LFC was highest. 

totalVI modeling of positively-selecting thymocytes: To further analyze thymocyte populations with a 

focus on positively-selected cells, we selected the following annotated clusters: Signaled DP, Immature 

CD4, Immature CD8, Mature CD4, Mature CD8, Interferon signature cells, Negative selection (wave 2), 

and Treg. With an interest in the variation within thymocyte populations (rather than all cells in the 

thymus), we selected the top 5,000 HVGs in this subset, as well as genes encoding proteins in the 

measured antibody panel and a manually selected set of genes of interest. This resulted in a CITE-seq 
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dataset containing 35,943 cells, 5,108 genes, and 111 proteins. We ran totalVI on this subset dataset and 

generated denoised values as described above. We performed Leiden clustering and visualized the totalVI 

latent space in two dimensions using UMAP as described above.  

Cell filtering of positively-selecting thymocytes on the CD4/CD8 developmental trajectory: After 

visualizing the totalVI latent space of the thymocyte subset, we applied additional filters to restrict to cells 

on the CD4/CD8 developmental trajectory. We used two resolutions of Leiden clustering (0.6 and 1.4) and 

subclustering as described above to identify and remove clusters of negatively selected cells, Tregs, 

gamma-delta-like cells, mature cycling cells, and outlier clusters of doublets, interferon signature cells, 

and CD8-transgenic-specific outlier cells. After filtering, this dataset contained 29,408 cells that were used 

for downstream analysis. Differential expression testing of positively-selecting thymocytes using 

pseudotime information is described below. 

Pseudotime inference 

Pseudotime inference with Slingshot: Slingshot (Street et al., 2018) was selected for pseudotime inference 

based on its superior performance in a comprehensive benchmarking study (Saelens et al., 2019). 

Slingshot pseudotime was derived from the UMAP projection of the totalVI latent space. The starting point 

was assigned to DP cells, and two endpoints were assigned to mature CD4 and CD8 T cells. Slingshot 

pseudotime derived from the full 20-dimensional totalVI latent space was highly correlated with that from 

the 2-dimensional space (Figure S2A), supporting our use of the 2D-derived pseudotime values for ease 

of visualization and analysis. 

Lineage assignment: Initial lineage assignment of cells was made on the basis of their genotype (CD4 

lineage for MHCI-/-, AND, and OT-II mice, CD8 lineage for MHCII-/-, F5, and OT-I mice, unassigned for WT 

mice). However, small numbers of cells in MHC-deficient and TCR transgenic mice develop along the 

alternative lineage (particularly in TCR transgenics that are Rag sufficient, which might express an 

endogenous TCR in addition to the transgenic TCR). We therefore added an additional filter of Slingshot 

lineage assignment weight > 0.5. Cells with a Slingshot lineage assignment weight of < 0.5 along the 

expected lineage based on genotype were excluded from the remaining pseudotime-based analysis. 

In silico flow cytometry and gating 

To perform in silico flow cytometry, totalVI denoised protein counts were log-transformed and visualized 

in biaxial-style scatter plots. Gates in biaxial plots were determined based on contours of cell density. An 

approximate alignment of gated populations to pseudotime was generated by identifying thresholds 

classifying adjacent populations in pseudotime by maximizing the Youden criteria. 

Adult thymocyte population analysis with fluorescence-based flow cytometry 

Mice: All experiments were approved by the University of California, Berkeley Animal Use and Care 

Committee. All mice were bred and maintained under pathogen-free conditions in an American 

Association of Laboratory Animal Care-approved facility at the University of California, Berkeley. WT 

(C57BL/6, Stock No.: 000664) and β2M-/- (B6.129P2-B2mtm1Unc/DcrJ, Stock No.: 002087) were obtained 

from The Jackson Laboratory. MHCII-/- (I-Aβ-/-) mice have been previously described (Grusby et al., 1991). 

For thymocyte population analysis in adult mice, six to eight week- old animals were used. Thymi were 

analyzed from eight mice per genotype (four male and four female). 
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Flow cytometry: Thymi were mechanically dissociated into a single-cell suspension, depleted of red blood 

cells using ACK Lysis Buffer (0.15M NH4Cl, 1mM KHC3, 0.1mM Na2EDTA). Cells were filtered, washed, and 

counted before being stained with a live/dead stain; Zombie NIR Fixable Viability Kit (Biolegend). Samples 

were blocked with anti-CD16/32 (2.4G2) and stained with surface antibodies against CD4, CD8, TCRβ, CD5, 

CD69, and CD127 (IL-7Ra) in FACS buffer (1% BSA in PBS) containing Brilliant Stain Buffer Plus (BD 

Biosciences). Intracellular staining for GATA3, THPOK, and RUNX3 was performed using the eBioscience 

FOXP3/Transcription Factor Staining Buffer Set (Thermo Fisher). All antibodies were purchased from BD 

Biosciences, Biolegend, or eBiosciences. Single-stain samples and fluorescence minus one (FMO) controls 

were used to establish PMT voltages, gating and compensation parameters. Cells were processed using a 

BD LSRFortessa or BD LSRFortessa X20 flow cytometer and analyzed using FlowJo software (Tree Star). 

Gates defining all populations were based on in silico-derived gates for all described proteins with the 

exception of CD127 in the CD4+ SM, CD8+ SM, CD4+ Mat, and CD8+ Mat populations. In these cases, the 

CD127 fluorescent antibody did not have comparable sensitivity to the CD127 CITE-seq measurement and 

was therefore excluded.  

Differential expression analysis of positively-selecting thymocytes with totalVI 

Testing for temporal features: Temporal features (i.e., features that are differentially expressed over time) 

were determined by a totalVI one-vs-all DE test within each lineage between binned units of pseudotime. 

DE criteria (as above) included filters for significance (log(Bayes factor) > 2.0 for genes, log(Bayes factor) 

> 1.0 for proteins), effect size (median log fold change > 0.2 for both genes and proteins), and the 

proportion of expressing cells (detected expression in > 5% of the relevant population for genes). Top 

temporal genes were selected as the unique set among the top three differentially expressed genes per 

time that were differentially expressed in both lineages. 

Testing for differences between lineages: Differences between lineages were determined by a totalVI 

within-cluster DE test, where clusters were binned units in pseudotime and the condition was lineage 

assignment (i.e., cells within a given unit of pseudotime were compared between lineages). Criteria for 

DE were the same as above. 

Clustering of differentially expressed genes: To cluster differentially expressed genes into patterns, totalVI 

denoised gene expression values were standard scaled, reduced dimensions across cells using PCA, and 

clustered genes using the Leiden algorithm (Traag et al., 2019) as implemented by Scanpy (Wolf et al., 

2018). For features differentially expressed between lineages, the genes upregulated within a lineage 

were clustered according to expression within the lineage in which they were upregulated. 

Enrichment of TCR signaling in gene clusters: A hypergeometric test (phyper) was performed to test for 

enrichment of TCR signaling in differentially-expressed gene clusters. TCR signaling genes were compiled 

from Netpath (Kandasamy et al., 2010) and a set of genes activated upon stimulation in DP thymocytes 

(Mingueneau et al., 2012). The background set included all genes considered in DE analysis. P-values were 

adjusted by the Benjamini-Hochberg procedure. 

Transcription factor enrichment analysis 

ChEA3 analysis: To perform transcription factor enrichment analysis with ChEA3 (Keenan et al., 2019), we 

first selected target gene sets as genes differentially upregulated in one lineage relative to the other in 

each unit of pseudotime, filtered for significance (log(Bayes factor) > 2.0), effect size (median log fold 
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change > 0.2), and detected expression in > 5% of the population of interest. For each target gene set, TFs 

were scored for enrichment by the integrated mean ranking across all ChEA3 gene set libraries 

(MeanRank) based on the top performance of this ranking method (Keenan et al., 2019). ChEA3 analysis 

on gene clusters was performed as above, but using gene clusters as the target gene set. 

Ranking of candidate TFs: To generate an overall ranking of TFs for their likely involvement in CD4/CD8 

lineage commitment, we focused on enrichment in the three units of pseudotime prior to master 

regulator differential expression in each lineage (i.e., in the CD4 lineage, the relevant pseudotime units 

are 4, 5, and 6, prior to the differential expression of Zbtb7b differential expression at pseudotime 7; in 

the CD8 lineage, the relevant pseudotime units are 5, 6, and 7, prior to the differential expression of Runx3 

at pseudotime 8). We excluded the pseudotime unit containing master regulator differential expression 

from the ranking, as genes differentially expressed at this time could be the result of the master regulator 

itself enforcing lineage-specific changes rather than the factors driving initial commitment to a lineage. 

The pseudotime unit containing master regulator differential expression is included in Figure 4F-G for 

visualization, but did not contribute to the ranked order of TFs. We also excluded earlier units of 

pseudotime since these times included very few (< 15) significantly different genes between the lineages. 

Finally, pseudotime bins in which a TF was not expressed in at least 5% of the population of interest, did 

not contribute towards that TF’s ranking. The overall ranking of candidate driver TFs was then generated 

by taking the mean of ranks across the relevant pseudotime units.  

TCR signaling pathway involvement: TFs were annotated by whether they had a known association with 

TCR signaling. A list of molecules involved in TCR signaling were curated from the NetPath database of 

molecules involved in the TCR signaling pathway and the NetPath database of genes transcriptionally 

upregulated by the TCR signaling pathway (Kandasamy et al., 2010). Additional genes related to TCR 

signaling were curated from literature sources (Shao et al., 1997; Wong et al., 2014; Lopez-Rodriguez et 

al., 2015; Hedrick et al., 2013; Wang et al., 2010). TFs were also annotated by whether they were known 

to target either Gata3, Zbtb7b, or Runx3 according to ChEA3 databases (i.e., Gata3, Zbtb7b, or Runx3 

appeared in the Overlapping Gene list for the TF of interest in any ChEA3 query). 

Neonatal thymic slice experiments 

Mice: All experiments were approved by the University of California, Berkeley Animal Use and Care 

Committee. All mice were bred and maintained under pathogen-free conditions in an American 

Association of Laboratory Animal Care-approved facility at the University of California, Berkeley. WT 

(C57BL/6, Stock No.: 000664) and β2M-/- (B6.129P2-B2mtm1Unc/DcrJ, Stock No.: 002087) were obtained 

from The Jackson Laboratory. MHCII-/- (I-Aβ-/-) mice have been previously described (Grusby et al., 1991). 

For neonatal thymic slice experiments, postnatal day 1 (P1) mice were used. 

Thymic slices: We prepared thymic slices from postnatal day 1 mice, a time point that allows us to track a 

synchronous wave of developing CD4 and CD8 thymocytes since T cells in mice do not develop until birth. 

Thymic slices were prepared as previously described (Dzhagalov et al., 2012; Ross et al., 2015), with minor 

modifications to adjust for the smaller size of neonatal thymi compared to those of adults. Thymic lobes 

were dissected, removed of connective tissue, embedded in 4% low melting point agarose (GTG-NuSieve 

Agarose, Lonza) and sectioned into 500 μM slices using a vibratome (VT1000S, Leica). Slices were overlaid 

onto 0.4 μM transwell inserts (Corning, Cat. No.: 353090) and placed in a 6-well tissue culture plate with 

1 mL of complete RPMI medium (RPMI-1640 (Corning), 10% FBS (Thermo), 100U/mL 

penicillin/streptomycin (Gibco), 1X L-glutamine (Gibco), 55µM 2-mercaptoethanol (Gibco). Slices were 
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cultured for indicated periods of time at 37 °C, 5% CO2, before being prepared and analyzed by flow 

cytometry. For neonatal slice cultures containing Cyclosporin A (CsA; Millipore-Sigma, Cat. No.:239835), 

CsA was serially diluted to indicated concentrations (50-800 ng/mL) and added directly to the culture 

medium. 

Flow cytometry: Thymic slices were mechanically dissociated into a single-cell suspension, then filtered, 

washed and counted before being stained with a live dead/stain; Propidium Iodine (Biolegend), Ghost 

Violet 510 (Tonbo), Zombie NIR, or Zombie UV Fixable Viability Kit (Biolegend). Samples were blocked with 

anti-CD16/32 (2.4G2) and stained with surface antibodies against CD4, CD8, TCRβ, and CD69 in FACS 

buffer (1% BSA in PBS) containing Brilliant Stain Buffer Plus (BD Biosciences). Intracellular staining for 

GATA3, RUNX3, and THPOK was performed using the eBioscience FoxP3/Transcription Factor Staining 

Buffer Set (Thermo Fisher). All antibodies were purchased from BD Biosciences, Biolegend, or 

eBiosciences. Single-stain samples and fluorescence minus one (FMO) controls were used to establish 

PMT voltages, gating and compensation parameters. Cells were processed using a BD LSRFortessa or BD 

LSRFortessa X20 flow cytometer and analyzed using FlowJo software (Tree Star). Note that the DP3 

population is difficult to detect in neonatal compared to adult thymocytes samples, therefore we did not 

include it in our gating strategy.  

Statistical analysis: Data were analyzed using Prism software (GraphPad). Comparisons were performed 

using an unpaired T test, one- or two-way analysis of variance, where indicated in the figure legends. For 

all statistical models and tests described above, the significance is displayed as follows; ns is not 

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Figures: Figures were created using Adobe Illustrator software. Illustrations in Figures 4I, 5B, S5A were 

created using Biorender.com. 
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Supplemental Tables 

Table S1: Antibodies used in this study. 

Table S2: CITE-seq sample information.  

Table S3: DE test results for totalVI one-versus-all DE test between annotated thymus populations. 

Table S4: Lineage information by genotype. 

Table S5: DE test results for totalVI DE test across pseudotime within the CD4 lineage. 

Table S6: DE test results for totalVI DE test across pseudotime within the CD8 lineage. 

Table S7: DE test results for totalVI DE test within pseudotime and between CD4 and CD8 lineages. 

Table S8: Cluster assignments for genes upregulated in the CD4 lineage from the totalVI DE test within 

pseudotime and between CD4 and CD8 lineages. 

Table S9: Cluster assignments for genes upregulated in the CD8 lineage from the totalVI DE test within 

pseudotime and between CD4 and CD8 lineages. 

Table S10: ChEA3 results for the CD4 lineage by pseudotime. 

Table S11: ChEA3 test results for the CD8 lineage by pseudotime. 

Table S12: ChEA3 test results for the CD4 lineage by gene cluster. 

Table S13: ChEA3 test results for the CD8 lineage by gene cluster. 

 

Data and Code Availability 

CITE-seq data are being uploaded to GEO. An accession number will be provided once available. Code will 

be made available prior to publication. 
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Figure 1: A joint transcriptomic and surface protein atlas of thymocyte development in wild-type and 

lineage-restricted mice. (A) Schematic representation of thymocyte developmental trajectories in WT, 

MHCII-restricted (MHCI-/-, OT-II TCRtg and AND TCRtg), and MHCI-restricted (MHCII-/-, OT-I TCRtg, and 

F5 TCRtg) mice used in CITE-seq experiments. (B, C) UMAP plots of the totalVI latent space from all 

thymocyte CITE-seq data labeled by (B) cell type annotation and (C) mouse genotype. (D, E) Heatmaps of 

markers derived from totalVI one-vs-all differential expression test between cell types for (D) RNA and (E) 

proteins. Values are totalVI denoised expression. (F) UMAP plots of the totalVI latent space from 

positively-selected thymocytes with cells labeled by mouse genotype. (G, H) UMAP plots of the totalVI 

latent space from positively-selected thymocytes. (G) Cells colored by totalVI denoised expression of 

protein markers of lineage (CD4, CD8a), TCR signaling (CD5, CD69), and maturation (CD24, CD62L). (H) 

Cells colored by totalVI denoised expression of RNA markers of TCR recombination (Rag1), thymic location 

(chemokine receptors Cxcr4, Ccr7), and lineage regulation (transcription factors Gata3, Zbtb7b, Runx3). 

GD T, gamma-delta T; DN, double negative; DP (P), double positive proliferating; DP (E), DP early; DP (L), 

DP late; DP (Sig.), DP signaled; Interferon sig., interferon signature; Neg. sel. (1), negative selection wave 

1; Neg. sel. (2), negative selection wave 2; Treg, regulatory CD4 T cell; NKT, natural killer T. 
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Figure 2: Pseudotime inference captures continuous maturation trajectory and clarifies intermediate 

thymocyte stages. (A) UMAP plot of the totalVI latent space from positively-selected thymocytes with 

cells colored by Slingshot pseudotime and smoothed curves representing the CD4 and CD8 lineages. (B) 

Heatmap of RNA (top) and protein (bottom) markers of thymocyte development over pseudotime in the 

CD4 and CD8 lineages. Features are colored by totalVI denoised expression, scaled per row, and sorted by 

peak expression in the CD4 lineage. Pseudotime axis is the same as in (A). (C) Expression of features in the 

CD4 and CD8 lineages that vary over pseudotime. Features are totalVI denoised expression values scaled 

per feature and smoothed by loess curves. (D) Heatmap of all RNA differentially expressed over 

pseudotime in any lineage. Features are scaled and ordered as in (B). Labeled genes are highly 

differentially expressed over time (Methods). (E) In silico flow cytometry plots of log(totalVI denoised 

expression) of CD8a and CD4 from positively-selected thymocytes (left) and the same cells separated by 

lineage (right). Cells are colored by pseudotime. Gates were determined based on contours of cell density. 

(F) In silico flow cytometry plot of data as in (E) separated by lineage and pseudotime. (G) UMAP plot of

the totalVI latent space from positively-selected thymocytes with cells colored by gate. Cells were

computationally grouped into eight gates using CD4, CD8a, CD69, CD127(IL-7Ra), and TCRβ. (H)

Histograms of cells separated by lineage and gate with cells colored by gate as in (G). (I) Stacked

histograms of gated populations in MHCII-specific (top) and MHCI-specific (bottom) thymocytes, with

thresholds classifying gated populations over pseudotime (Methods). (J) Schematic timeline aligns

pseudotime with gated populations, with population timing determined as in (I).
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Figure 3: Paired measurements of RNA and protein reveal the timing of major events in CD4/CD8 lineage 

commitment. (A) Expression of coreceptor RNA (dashed) and protein (solid) over pseudotime in the CD4 

(MHCII-specific) and CD8 (MHCI-specific) lineages. Features are totalVI denoised expression values scaled 

per feature and smoothed by loess curves. (B) Differential expression over pseudotime between CD4 and 

CD8 lineages for features in (A). Non-significant differences are gray, significant RNA results are filled 

circles, and significant protein results are open circles. Size of the circle indicates log(Bayes factor). Error 

bars indicate the totalVI-computed standard deviation of the median log fold change. (C) Expression over 

pseudotime as in (A), overlaying RNA expression of key transcription factors. (D) Differential expression 

over pseudotime as in (B) for features in (C). (E) In silico flow cytometry plots of log(totalVI denoised 

expression) of Runx3 and Zbtb7b from positively-selected thymocytes separated by lineage and colored 

by pseudotime. (F) Expression over pseudotime as in (C), overlaying RNA expression of TCR signaling 

response molecules (Cd69 and Egr1). (G) Differential expression over pseudotime as in (B) for features in 

(F). Schematic timeline aligns pseudotime with gated populations (see Figure 2J). 
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Figure 4: Emergence of differences between CD4 and CD8 lineages implicate putative drivers of lineage 

commitment. (A) Number of differentially expressed features between the CD4 and CD8 lineages across 

pseudotime (Methods). (B) Genes (RNA) upregulated in the CD4 lineage relative to the CD8 lineage scaled 

per gene and clustered by the Leiden algorithm according to expression in the CD4 lineage. Expression 

over pseudotime per cluster is displayed as the mean of scaled totalVI denoised expression per gene for 

genes in a cluster, smoothed by loess curves. (C) Same as (B), but for genes upregulated in the CD8 lineage 

relative to the CD4 lineage, clustered according to CD8 lineage expression. (D) totalVI median log fold 

change over pseudotime of genes upregulated in the CD4 lineage relative to the CD8 lineage. Genes are 

grouped by cluster in (B). Clusters are ordered by their average highest magnitude fold change. (E) totalVI 

median log fold change over pseudotime of genes downregulated in the CD4 lineage relative to the CD8 

lineage (i.e., upregulated in the CD8 lineage). Genes are grouped by cluster in (C). Clusters are ordered by 

their average highest magnitude fold change. (F) Transcription factor enrichment analysis by ChEA3 for 

CD4-lineage-specific differentially expressed genes. TFs are ranked by mean enrichment in the three 

pseudotime bins prior to Zbtb7b differential expression (between pseudotime 4-7; pseudotime 7-8 is for 

visualization and does not contribute to ranking). Gray indicates a gene detected in less than 5% of cells 

in the relevant population. “Differentially expressed” indicates significant upregulation in at least one of 

the relevant time bins. “Targets master regulator” indicates a TF that targets either Gata3, Runx3, or 

Zbtb7b in ChEA3 databases. “TCR pathway” indicates membership in NetPath TCR Signaling Pathway, 

genes transcriptionally upregulated by TCR signaling, or genes with literature support for TCR pathway 

membership (Methods). (G) Same as in (F), but for the CD8 lineage, with ranking by mean enrichment in 

the three pseudotime bins prior to Runx3 differential expression (between pseudotime 5-8; pseudotime 

8-9 is for visualization and does not contribute to ranking). (H) Expression over pseudotime of selected

TCR target genes. All genes are differentially expressed between the two lineages (with cluster

membership indicated above) and are putative targets of Nfatc2, according to one or more of the ChEA3

analyses. Genes indicated with (*) are differentially expressed during the time windows used for ranking

in (F-G), and are therefore included in the target gene sets used for the respective ChEA3 analysis. totalVI

denoised expression values are scaled per gene and smoothed by loess curves. (I) Schematic of the three

major branches of the TCR signaling pathway: calcineurin-NFAT (blue), ERK-MAPK (green), and PKC-NF-kB

(orange).
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Figure 5 
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Figure 5: Inhibition of calcineurin-NFAT in neonatal thymic slice cultures impairs CD4, but not CD8 

development. (A) Schematic showing populations of thymocytes quantified in neonatal thymic slice 

cultures; thymocytes were categorized into eight populations: double negative (DN; CD4-CD8-), 

unsignaled double positive (Unsig DP; CD4+CD8+CD69-), signaled double positive (Sig DP; 

CD4+CD8+CD69+), CD4+CD8low (CD4+CD8low; CD4+CD8lowTCRβ+), CD4+ semimature (CD4+ SM; 

CD4+CD8-TCRβhiCD69+), CD4+ mature (CD4+ Mat; CD4+CD8-TCRβhiCD69-), CD4lowCD8+ (CD4lowCD8+; 

CD4lowCD8+TCRβ+), CD8+ mature (CD8+ Mat; CD4-CD8+TCRβhiCD69-). For flow cytometry gating 

strategy, see Figure S5B. Note that the DP3 population is difficult to detect in neonatal compared to adult 

thymocytes samples, therefore we did not include it in our gating strategy. (B) Experimental overview of 

neonatal thymic slices cultured with a calcineurin inhibitor, Cyclosporin A (CsA). Postnatal day 1 (P1) 

thymic slices were harvested from mice and cultured with or without CsA at the indicated concentrations. 

Thymic slices were collected at indicated time points and analyzed via flow cytometry to quantify cell 

populations. Illustrations in (B) were created using Biorender.com. (C-E) Frequency (% of live cells) of (C) 

CD69+ Sig DP, (D) CD4+CD8low, and (E) CD4+ SM cells in neonatal slices from WT mice following culture 

in medium alone (No CsA; filled symbols) or with indicated concentrations of CsA (open symbols) for 96 

hours. (F-G) Frequency (% of live cells) of CD4+CD8low cells in slices from (F) MHCI-/- (MHCII-specific; 

squares) or (G) MHCII-/- (MHCI-specific; triangles) mice following culture in medium alone (No CsA) or 

with 200ng/mL CsA for 96 hours. (H-J) Frequency (% of live cells) of (H) CD4+ Mat, (I) CD4lowCD8+, and 

(J) CD8+ Mat cells from WT slices cultured in medium alone or with 200ng/mL CsA. (K-L) Frequency of (K) 

CD4+CD8low and (L) CD4+ SM cells after 0, 24, 48, 72 and 96-hours of culture in medium alone or with 

200ng/mL CsA. (M-O) Histograms displaying GATA3 expression (top) and quantification of geometric 

mean fluorescent intensity (gMFI) of GATA3 (bottom) detected by intracellular flow cytometry staining in 

(M) CD69+ Sig DP, (N) CD4+CD8low, and (O) CD4+ SM cells after 48 hours of culture in medium alone (No 

CsA; solid colored line/symbol) or with 200ng/mL CsA (dashed line/open symbol). Each symbol on the 

graphs represents a thymic slice. For (C-E), data is compiled from 3 independent experiments with WT 

slices. Data was analyzed using an ordinary one-way ANOVA. For (F-J), data is compiled from 2 

independent experiments with MHCI-/- slices, 5 independent experiments with MHCII-/- slices, and 3 

independent experiments with WT slices. Data was analyzed using an unpaired t test. In graphs (K and L), 

data is compiled from 9 independent experiments with WT slices. Data are displayed as the mean ± 

standard error of the mean (SEM). For slices cultured with no CsA for 0 hours n=6, 24 hours n=9, 48 hours 

n=10, 72 hours n=22, 96 hours n=10. For slices cultured with 200ng/mL CsA for 24 hours n=6, 48 hours 

n=7, 72 hours n=14, 96 hours n=7. Data was analyzed using an ordinary two-way ANOVA with multiple 

comparisons. For (M-O), graphs display representative data from 2 independent experiments with WT 

slices. Positive GATA3 staining was determined using the FMO control. Data was analyzed using an 

unpaired t test. NS is not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure S1: Sorting and characterization of positively-selecting thymocytes. (A) Representative FACS plots 

displaying gating strategy to sort thymocytes for CITE-seq. Cell populations were gated and sorted to 

include lymphocytes, exclude forward scatter doublets, include Ghost Dye Violet 510 Live/Dead stain 

negative (live cells), then on TCRβ+CD5+ to enrich for cells that were positively-selecting. (B-C) Heatmaps 

of manually selected cell type markers for (B) RNA and (C) proteins. Values are totalVI denoised 

expression. (D) UMAP plot of totalVI latent space from positively-selected thymocytes before filtering 

indicating annotated populations that were retained (positively-selecting thymocytes) or removed (all 

other populations) from downstream analysis. 
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Figure S2: Pseudotime inference identifies intermediate thymocyte stages that can be isolated by FACS. 

(A) Correlation between Slingshot pseudotime inferred from the full 20-dimensional totalVI latent space

and a 2-dimensional UMAP projection of the 20-dimensional latent space. (B) UMAP plot of the totalVI

latent space from positively-selected thymocytes. Cells are colored according to placement in one of eight

bins uniformly spaced over 2D pseudotime for visualization. (C) In silico flow cytometry plots of log(totalVI

denoised expression) of CD127(IL-7Ra) and CD69 from positively-selected thymocytes (left) and the same

cells separated by lineage (right). Cells are colored by pseudotime. (D) In silico flow cytometry plot of data

as in (C) separated by lineage and pseudotime. (E) In silico flow cytometry plots of log(totalVI denoised

expression) of TCRβ and CD5 from DP thymocytes (left) and the same cells separated by lineage (right).

Cells are colored by pseudotime. Among DP thymocytes, the DP3 population is TCRβ high, CD127+, and

CD69+. (F) Schematic of a CD4 versus CD8 biaxial plot to identify gated populations in adult thymocytes.

Cells were gated into eight subsets: DP1, DP2, CD4+CD8low, semimature CD4 (CD4+ SM), mature CD4

(CD4+ Mat), DP3, semimature CD8 (CD8+ SM), and mature CD8 (CD8+ Mat). Circles represent lineage

uncommitted cells, squares represent CD4 lineage cells, and triangles represent CD8 lineage cells. (G)

Representative flow cytometry gating strategy for thymocyte populations in adult mice. Thymocytes were

harvested from 6-8-week-old WT (C57BL/6 strain), MHCI-/- or MHCII-/- mice. Cell populations were gated

to include lymphocytes, exclude forward scatter and side scatter doublets, include live cells, include

TCRβ+CD5int/hi, then on CD4 versus CD8. Cell populations were gated into the following subsets based

upon cell surface marker expression: DP1 (CD4+CD8+CD127-CD69-), DP2 (CD4+CD8+CD127-CD69+),

CD4+CD8low (CD4+CD8low; CD4+CD8lowCD69+), DP3 (CD4+CD8+TCRβhiCD5+CD127+CD69+),

semimature CD4 (CD4+ SM; CD4+CD8-CD69+), mature CD4 (CD4+ Mat; CD4+CD8-CD69-), semimature CD8

(CD8+ SM; CD8+CD69+), and mature CD8 (CD8+ Mat; CD8+CD69-).
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Figure S3 
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Figure S3: CITE-seq and fluorescence-based flow cytometry reveal the timing of expression for 

transcription factors and other features of CD4/CD8 development. (A) Expression of RNA and protein 

features over pseudotime by genotype. Features are totalVI denoised expression values scaled per feature 

and smoothed by loess curves. (B) In silico flow cytometry plots of log(totalVI denoised expression) of 

Runx3 and Zbtb7b from positively-selected thymocytes separated by pseudotime. (C) Transcription factor 

protein expression in adult thymocyte populations. Representative histograms displaying GATA3, THPOK, 

and RUNX3 transcription factor expression detected by intracellular flow cytometry staining in MHCII-

specific (MHCI-/-) and MHCI-specific (MHCII-/-) thymocyte populations. Thymocyte populations were 

gated on lymphocytes, excluding forward scatter and side scatter doublets, live cells, TCRβ+CD5int/hi then 

on CD4 versus CD8. Cell populations were gated into the following subsets based upon cell surface marker 

expression: DP1 (CD4+CD8+CD127-CD69-), DP2 (CD4+CD8+CD127-CD69+), DP3 

(CD4+CD8+TCRβhiCD5+CD127+CD69+), CD4+CD8low (CD4+CD8lowCD69+), semimature CD4 (CD4+ SM; 

CD4+CD8-CD69+), mature CD4 (CD4+ Mat; CD4+CD8-CD69-), semimature CD8 (CD8+ SM; CD8+CD69+), 

and mature CD8 (CD8+ Mat; CD8+CD69-). Data is concatenated from n = 4 mice per genotype. Positive 

staining was determined using a fluorescence minus one (FMO) control. 
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Figure S4: A sequential model for CD4 versus CD8 T cell lineage commitment. (A) A sequential model for 

CD4 versus CD8 T cell lineage commitment. Key events during positive selection inferred from CITE-seq 

data are displayed from left to right in their order of occurrence based on pseudotime. Colored circles 

indicate the order of appearance of key thymocyte stages as defined by cell surface markers. Shaded red 

area indicates the time window during which both MHCI- and MHCII-specific thymocytes audition for the 

CD4 fate, corresponding to upregulation of GATA3 followed by THPOK. Shaded blue area indicates the 

later time window during which those thymocytes that failed the CD4 audition (mostly MHCI-specific) 

receive CD8 lineage reinforcement and survival signals. Green horizontal bars indicate two distinct 

temporal waves of TCR signaling: a first wave that is stronger and more sustained in MHCII- compared to 

MHCI-specific thymocytes, and a second later wave that occurs only in MHCI-specific thymocytes during 

the CD8 lineage specification phase. Stars indicate the key time points of lineage divergence, including the 

earliest detection of greater TCR signals and GATA3 upregulation in MHCII-specific thymocytes (purple 

star), followed by preferential THPOK induction and CD8 repression in MHCII-specific thymocytes (red 

star), and finally preferential RUNX3 induction and CD4 repression in MHCI-specific thymocytes (blue 

star). Red bracket indicates the time window during which MHCII-specific thymocytes commit to the CD4 

lineage by fully upregulating THPOK, leading to activation of a THPOK autoregulation loop (Muroi et al., 

2008) and full repression of CD8. Blue bracket indicates the time window during which MHCI-specific 

thymocytes turn on RUNX3, leading to repression of THPOK and CD4. Brown triangle indicates the gradual 

downregulation of E protein transcription factor activity throughout positive selection, which eventually 

allows for CD8 lineage specification in thymocytes that do not express high levels of THPOK (Jones-Mason 

et al., 2012). (B) Transcription factor (TF) enrichment analysis for TCR target-enriched gene clusters. The 

top 30 TFs enriched in the gene sets defined by CD4-DE clusters 4 and 7 and CD8-DE cluster 3 in Figure 4B 

and C. The full ChEA3 enrichment analysis is in Table S11 and S12. Colored boxes correspond to TFs 

activated by the respective branch of TCR signaling annotated in the inset diagram. Gray boxes indicate 

additional TFs associated with TCR signaling based on Netpath (Kandasamy et al., 2010), and as labeled in 

Figure 4F-G.  
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Figure S5
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Figure S5: Cell populations in neonatal thymic slice cultures treated with Cyclosporin A. Thymic slices 

were isolated from postnatal day 1 (P1) mice and cultured in the presence or absence of Cyclosporin A 

(CsA) for up to 96 hours. Thymic slices were collected and analyzed at indicated time points via flow 

cytometry to quantify cell populations. (A) Experimental overview of neonatal thymic slice cultures. 

Illustrations in (A) were created using Biorender.com. (B) Representative flow cytometry gating strategy 

for neonatal thymic slice samples. We used a modified gating scheme to adjust for the differences in cell 

populations in adult versus neonatal thymocytes; e.g., the absence of a detectable DP3 population and 

presence of a CD4lowCD8+ population in neonatal thymic samples. Cell populations were gated on 

lymphocytes, excluding forward scatter and side scatter doublets, live cells, then on CD4 versus CD8. 

Thymocytes were further gated into eight populations: double negative (DN; CD4-CD8-), unsignaled 

double positive (Unsig DP; CD4+CD8+CD69-), CD69+ signaled double positive (CD69+ Sig DP; 

CD4+CD8+CD69+), CD4+CD8low (CD4+CD8lowTCRβ+), CD4+ semimature (CD4+ SM; CD4+CD8-

TCRβhiCD69+), CD4+ mature (CD4+ Mat; CD4+CD8-TCRβhiCD69-), CD4lowCD8+ (CD4lowCD8+TCRβ+), and 

CD8+ mature (CD8+ Mat; CD4-CD8+TCRβhiCD69-) cell populations. (C-I) WT neonatal slice time course 

experiments. Graphs display the frequency (% of live cells) of (C) DN, (D) DP, (E) CD4+CD8low, (F) CD4+ 

SM, (G) CD4+ Mat, (H) CD4lowCD8+, and (I) CD8+ Mat cells in thymic slices after 0, 24, 48, 72 and 96 hours 

of culture. (J-K) Impact of CsA concentration (J) frequency of live cells (% of total cells) (K) frequency of 

DN cells (% of live cells). (L-M) Frequency of (L) CD4lowCD8+ and (M) CD8+ Mat cells after 0, 24, 48, 72 

and 96-hours of culture in medium alone or with 200ng/mL CsA. (N) Transcription factor expression in 

neonatal thymic slice cultures after 48 hours. Representative histograms displaying concatenated (n=4) 

data showing GATA3 (left) and THPOK (right) transcription factor expression detected by intracellular flow 

cytometry staining. Each symbol on the graphs represents a thymic slice. For (C-I), graphs contain data 

compiled from 9 independent experiments with WT slices. Data in (J-K) is representative of 2 independent 

experiments. Data were analyzed using an ordinary one-way ANOVA. In graphs (L and M), data is compiled 

from 9 independent experiments with WT slices. Data are displayed as the mean ± standard error of the 

mean (SEM). For slices cultured with no CsA for 0 hours n=6, 24 hours n=9, 48 hours n=10, 72 hours n=22, 

96 hours n=10. For slices cultured with 200ng/mL CsA for 24 hours n=6, 48 hours n=7, 72 hours n=14, 96 

hours n=7. Data was analyzed using an ordinary two-way ANOVA with multiple comparisons. NS is not 

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 13, 2021. ; https://doi.org/10.1101/2021.07.12.452119doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.12.452119
http://creativecommons.org/licenses/by-nc-nd/4.0/



