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Summary

TCF-1 is a key transcription factor in progenitor exhausted CD8 T cells (Tex). Moreover, this Tex 

cell subset mediates responses to PD-1 checkpoint pathway blockade. However, the role of the 

transcription factor TCF-1 in early fate decisions and initial generation of Tex cells is unclear. 

Single cell RNA-sequencing (scRNA-seq) and lineage tracing identified a TCF-1+Ly108+PD-1+ 

CD8 T cell population early during chronic infection that seeds development of mature Tex cells. 

TCF-1 mediated the bifurcation between divergent fates, repressing development of terminal 

KLRG1Hi effectors while fostering KLRG1Lo Tex precursor cells, and PD-1 stabilized this 

TCF-1+ Tex precursor cell pool. TCF-1 mediated a T-bet to Eomes transcription factor transition 

in Tex precursors by promoting Eomes expression and drove c-Myb expression that controlled 

Bcl-2 and survival. These data define a role for TCF-1 in early fate bifurcation driving Tex 

precursor cells, and also identify PD-1 as a protector of this early TCF-1 subset.

Graphical Abstract

eTOC

The initiation of T cell exhaustion program remains poorly understood. In this study, Chen and 

colleagues define an effector (Teff) versus exhausted CD8 T (Tex) cell binary fate decision during 
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chronic infection, and find that TCF-1 supports the Tex precursor development by antagonizing 

Teff-like cell differentiation through multiple transcription factors.

Introduction

During acute infections or vaccinations, naïve CD8 T cells become activated and 

differentiate into a pool of effector T cells containing KLRG1Hi terminal effector (Teff) cells 

and KLRG1LoCD127Hi memory precursors (Tmp) cells (Kaech and Cui, 2012). The 

KLRG1Hi Teff cell population is often 5-20 times more numerous than the Tmp cell subset 

and has robust effector functions. However, the KLRG1Hi population is terminal, largely 

disappearing over the ensuing weeks whereas the Tmp cell population matures into long-

term memory CD8 T cells (Kaech et al., 2003). During chronic infections or in tumors, the 

KLRG1Hi population of Teff (or the related Temra or CD57+ populations in humans) cells is 

less prominent (Angelosanto et al., 2012; Joshi et al., 2007; Omilusik et al., 2018) and 

exhausted CD8 T cells (Tex) that are often found in these settings are KLRG1Lo (Doering et 

al., 2012; Wherry et al., 2007). Moreover, lineage tracing studies demonstrated that the 

KLRG1Hi Teff cells subset survives poorly during chronic infection and cannot give rise to 

Tex cells (Angelosanto et al., 2012). In contrast, a CD127HiKLRG1Lo population in the 

effector phase has the potential to give rise to either functional memory CD8 T cells or Tex 

cells during acutely resolved or chronic viral infection, respectively (Angelosanto et al., 

2012). Nevertheless, the developmental paths that seed the formation of Tex cells in chronic 

infections and cancer remain poorly understood. Dissecting these developmental 

relationships and the underlying transcriptional circuits could provide opportunities to avoid 

or reverse T cell exhaustion therapeutically.

Transcriptional control mechanisms have begun to be dissected for developing Teff and Tmp 

cells following acute infections. The KLRG1Hi Teff cell subset uses the TFs T-bet (Joshi et 

al., 2007), Blimp-1 (Kallies et al., 2009; Rutishauser et al., 2009), Id2 (Yang et al., 2011), 

and Zeb2 (Dominguez et al., 2015; Guan et al., 2018) that foster effector molecule 

expression (Kaech and Cui, 2012). Conversely, the KLRG1−D127+ Tmp cell fate employs a 

distinct transcriptional control circuits including Eomes (Intlekofer et al., 2005), Bcl-6 (Ichii 

et al., 2002), Id3 (Yang et al., 2011), TCF-1 (Jeannet et al., 2010) and c-Myb (Z. Chen et al., 

2017). This Tmp cell population eventually gives rise to memory CD8 T cells (Tmem) that 

have the ability to self-renew, persist long-term and provide protection upon subsequent 

infection (Zhou et al., 2010).

In contrast to acute infections, the early fate commitment steps and regulation of population 

heterogeneity in initial establishment of CD8 T cell exhaustion remain poorly understood. 

During chronic infection or cancer, the Tex cells that develop, unlike Tmem cells, have 

decreased function and high expression of inhibitory receptors such as PD-1, LAG-3, TIGIT, 

but relatively low KLRG1 (Wherry et al., 2007). It is now clear that Tex cells are a distinct 

“lineage” of mature CD8 T cells differing from Teff and Tmem cells by ~6000 open 

chromatin regions (Mognol et al., 2017; Pauken et al., 2016; Philip et al., 2017; Sen et al., 

2016). This epigenetic divergence begins early, but becomes progressively more widespread 

and permanent (Pauken et al., 2016; Philip et al., 2017; Sen et al., 2016; Wherry et al., 
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2007). However, the early transcriptional events that regulate formation of the Tex cell fate 

compared to Teff or Tmem cell fates remain undefined.

Several transcriptional control mechanisms have been identified in Tex cells. Most notably, 

T-bet, Eomes and TCF-1 have been implicated in the biology of Tex cell subsets (He et al., 

2016; Im et al., 2016; Paley et al., 2012; Utzschneider et al., 2016; Wu et al., 2016). A Tex 

cell precursor pool has been originally described as a PD-1Int population of Tex cells capable 

of responding to PD-1 blockade whereas a more numerous, terminal PD-1Hi subset failed 

respond (Blackburn et al., 2008). Subsequent work has identified key roles for T-bet, Eomes 

and TCF-1 (He et al., 2016; Im et al., 2016; Paley et al., 2012; Utzschneider et al., 2016; Wu 

et al., 2016). Nr4a (J. Chen et al., 2019; Liu et al., 2019), IRF4 (Man et al., 2017) and NFAT 

(Martinez et al., 2015) have also been implicated in promoting T cell exhaustion whereas 

Fosl2 (Stelekati et al., 2018) can partially antagonize exhaustion by promoting memory-like 

features. Recent work has also shown that the high mobility group (HMG) protein Tox 

coordinates the epigenetic imprinting of T cell exhaustion during chronic infections and 

cancer (Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019; Seo et al., 2019; Yao et al., 

2019). Despite these previous studies, the precise sequence of events that leads to the 

developmental ontogeny of Tex versus Teff and Tmp cells and subsequent memory remains 

poorly understood. Furthermore, the mechanism about how TCF-1 shapes Tex cell 

development remains unclear.

Here we address these questions about the ontogeny of Tex cells using a combination of 

single cell RNA-sequencing (scRNA-seq), computational modeling, lineage tracing and 

genetic perturbation to define the early developmental relationships that initiate the Tex cell 

lineage. ScRNA-seq revealed a molecular circuitry in which TCF-1 governed this early Tex 

cell fate decision during chronic infection at least in part by repressing an opposing cell fate 

of terminal Teff cells. TCF-1 antagonized the Teff cell-driving TFs, but positively regulated 

Eomes, and c-Myb. In the latter case, c-Myb then controlled a Bcl-2 dependent survival axis 

in Tex cells. Moreover, PD-1 expression protected this TCF-1+ precursor pool allowing 

subsequent formation of mature Tex cells. These analyses revealed molecular circuitry 

downstream of TCF-1 that functioned at a key fate decision point between the Tex precursor 

cells and terminal Teff cell branches of CD8 T cell differentiation. These data fill an 

important gap between the Tox-initiated epigenetic changes needed for exhaustion and 

establishment of fully differentiated Tex cells several weeks later. Moreover, these data 

suggest that a key mechanism by which TCF-1 promotes the Tex cell developmental 

program is by antagonizing robust activation involved in the terminal Teff cell differentiation 

program.

Results

Single cell RNA sequencing (scRNA-seq) reveals distinct subpopulations and 
transcriptional signatures of CD8 T cells early during chronic viral infection.

To interrogate the early population dynamics during chronic viral infection, we performed 

single cell RNA-sequencing (scRNA-seq) on LCMV DbGR33-41 specific P14 CD8 T cells 

isolated from naïve mice, or from mice on Day 8 (D8) after infection with acutely resolving 

LCMV Armstrong (Arm), the chronic LCMV clone 13 (Cl13) strain or from mice infected 
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with Cl13 and depleted of CD4 T cells (Cl13△CD4) (Figure 1A). We identified 5 major 

clusters of responding LCMV-specific CD8 T cells (Figure 1B). Cluster 1 contained the 

majority of cells from D8 Arm, whereas cluster 5 contained almost exclusively naïve P14 

cells (Figure 1C). D8 Cl13 and Cl13△CD4 P14 cells were distributed in clusters 2, 3 and 4 

(Figure 1C).

We next examined the top 20 differentially expressed genes across the 5 clusters (Figure 1D 

and S1A). Cluster 5 expressed naïve markers such as Lef1, Il7r, Sell, Ccr7, Tcf7 and Bcl2 
(Figure 1D and S1A) consistent with naïve CD8 T cells (Tn). Cluster 1 had high expression 

of Klrg1, Klrd1, Gzma, Gzmb, Id2 and Ccr2 (Figure 1D and S1A) in agreement with the 

preponderance of Arm-derived Teff cells in this cluster. This cluster also expressed Ifng and 

Tbx21, but to a similar extent as Clusters 3 and 4 (Figure 1D). Clusters 2, 3 and 4 all 

expressed Pdcd1 (encoding PD-1) consistent with enrichment of the D8 Cl13 and 

Cl13△CD4 P14 cells in these clusters. However, whereas clusters 3 and 4 displayed high 

Gzmb, cluster 2 was relatively depleted of this gene. Cluster 4 was enriched for cell cycle 

genes such as Ccnb2, Cks1b, Cenpa, Cdk2 and Mki67 (Figure 1D and S1A). Cluster 3 

contained genes encoding chemokines (Ccl3, Ccl4, Ccl5), Gzmb and other activation genes 

(e.g. S100a4, S100a6, Lgals1, Nkg7) and the inhibitory receptor Lag3 (Figure 1D and S1A). 

Cluster 2 was enriched for cells expressing Cxcr5, Tcf7 (encoding TCF-1) and Slamf6 
(encoding Ly108) and relatively depleted of cells expressing Havcr2 (encoding Tim3). In 

addition, cluster 2 displayed expression of a subset of interferon-stimulated genes (ISGs) 

and transcriptional coordinators such as Batf, Id3, Tox, and Nr4a1 (Figure 1D and S1A). 

Cluster 1 and, to a lesser extent, cluster 3 enriched in gene ontology (GO) terms reflecting 

cell trafficking and effector functions, whereas cluster 2 showed preferential enrichment of 

“response to virus” likely reflecting ISGs (Figure 1E). Cluster 4 had strong enrichment for 

cell cycle related GO terms consistent with individual gene expression data and also with the 

notion of ongoing proliferation during the development of exhaustion (Doering et al., 2012; 

Wherry et al., 2007). Cluster 2 was of particular interest given the high co-expression of 
Pdcd1, Tcf7, Slamf6, Bcl2 and relative lack of Gzmb, Havcr2 and markers of cell cycle. 

This cluster is reminiscent of recently described TCF-1+ Tex progenitor cells in established 

exhaustion (Im et al., 2016; Utzschneider et al., 2016; Wu et al., 2016).

Developmental bifurcation of Tex precursor cells and Teff-like cells at the early stage of 
chronic infection

We next used these scRNA-seq data to infer predicted developmental relationships during 

chronic infection. We applied a list of exhaustion specific genes (ESGs; n=513 genes; 

(Bengsch et al., 2018)) and used Monocle-2 (Qiu et al., 2017) to perform pseudotime 

analysis on P14 cells from naïve mice, as well as D8 Cl13 and Cl13△CD4 infection. These 

analyses revealed a trajectory originating at Tn cells, but then bifurcating into two branches 

containing cells from early chronic infection (Figure 1F). We tentatively labeled the upper 

branch “Tex precursor cells” because this branch enriched for cells from cluster 2 above 

(Figure 1F) and displayed high Tcf7 expression (Figure 1G). The lower branch we termed 

“Teff-like cells” because cells in this branch enriched for cells from cluster 3 and 4 (Figure 

1F) and had high expression of Gzmb and Havcr2 (encoding Tim3; Figure 1G). This branch 

also lacked Tcf7 (Figure 1G).
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Although across the entire data set, Klrg1 expression was most prominent in cluster 1 

containing the cells from Arm D8 (Figure S1A), the pseudotime branch with high Gzmb and 

Havcr2 expression had higher Klrg1 expression and enrichment of a KLRG1+ cell geneset 

(Klrg1+DiffGene generated from (Herndler-Brandstetter et al., 2018)) than the Tex cells 

precursor branch (Figure 1H and S1B). Detection among the Cl13 clusters (2, 3 and 4) was 

generally low (Figure S1B). However, projecting the Klrg1+DiffGene signature on the 

pseudotime trajectories, revealed higher representation of this transcriptional program in the 

Gzmb and Havcr2 branch and low expression in the Tcf7+ branch (Figure 1H).

Recent studies have defined CD39 or CD39 with Tim-3 as potential markers of terminal 

differentiation of T cells during chronic infection and cancer (Gupta et al., 2015; Sade-

Feldman et al., 2018). Thus, we next examined Tim-3 (encoded by Havcr2) and CD39 

(encoded by Entpd1) expression. The lower Teff-like cell branch in the pseudotime analysis 

from early chronic infection displayed high expression of Havcr2 (Figure 1G) and Entpd1 
(Figure 1I). Furthermore, we generated a Havcr2+Entpd1+ DiffGene signature (Sade-

Feldman et al., 2018). This Havcr2+Entpd1+ DiffGene signature was also more strongly 

enriched in clusters 3 and 4 compared to cluster 2 (Figure S1C) and in the lower Teff-like 

cell branch in the pseudotime analysis (Figure 1I). we also generated a Tcf7+Pdcd1+ 

DiffGene signature (Sade-Feldman et al., 2018) and found that this signature was strongly 

enriched in the “Tex precursor cell” branch (Figure 1I). Together, these data suggested a 

binary developmental bifurcation early in the formation of Tex precursor cells consisting of 

a divergence of a “Teff-like cell” branch and a distinct Tcf7+Pdcd1+ “Tex precursor cell” 

branch.

KLRG1+ Teff-like cells from chronic infection display a distinct molecular signature 
compared to PD-1+ Tex cells.

We next examined the relationship between Teff cells and developing Tex cells using flow 

cytometric analysis. Thus, we examined protein expression of KLRG1 (Joshi et al., 2007) 

and PD-1. At D8 p.i. of Arm, a robust population of KLRG1+ Teff cells was readily apparent 

as described (Joshi et al., 2007) (Figure 2A-2B). This KLRG1+ population was substantially 

reduced at D8 p.i. of Cl13 and Cl13△CD4 infections (Figure 2A-2B and S2A-S2B). Over 

the ensuing weeks, the KLRG1+ population gradually declined following Arm infection. In 

contrast, this population decreased precipitously during chronic infection with <5% of the 

P14 population expressing KLRG1 by D16 p.i. (Figure 2B and S2A-S2B). During 

developing chronic infection a clear population of PD-1+ cells was present at D8 p.i. and 

these cells were KLRG1− (Figure 2B and S2A-S2B) suggesting at least partially mutually 

exclusive expression of KLRG1 and PD-1 in this setting. Compared to Arm infection, the 

KLRG1+ cells from Cl13 infection at D8 p.i. had substantially higher expression of CD39 

and Tim-3 in spleen (Figure 2C) and other organs (Figure S2C-S2D), consistent with the 

Teff-like cell branch in the pseudotime above. A KLRG1+CD39+ population was also 

detectable in TIL from CT26 tumors (Figure S2E-S2F).

At D8 p.i. the KLRG1+CD39+ cells lacked TCF-1 and TCF-1 expression was exclusively 

found in the KLRG1−PD-1+ population (Figure 2D). We next divided the PD-1+ P14 cells 

into TCF-1+ and TCF-1− subpopulations and interrogated these subpopulations in more 
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detail (Figure S2G). For example, whereas the KLRG1+CD39+ Teff-like cell population 

from chronic infection expressed the highest T-bet, expression of this TF was higher in 

PD-1+TCF-1− compared to PD-1+TCF-1+ cells (Figure 2E). In contrast, Eomes was the 

highest in the PD-1+TCF-1+ D8 P14 population, but lower in both the PD-1+TCF-1− and 

KLRG1+CD39+ populations. Furthermore, the T-bet/Eomes ratio was lowest in the 

PD-1+TCF-1+ population (Figure 2E). As expected, the KLRG1+CD39+ P14 cells displayed 

robust effector functions (Figure 2F). Between the two PD-1+ subpopulations, the 

PD-1+TCF1+ cells were the least efficient at elaborating cytokines, expressing granzyme B 

or degranulating (Figure 2F). A similar hierarchy was observed when in vivo proliferation 

was examined at D8 or D12 p.i. with the PD-1+TCF-1+ cells displaying the lowest Ki67 

expression (Figure 2G).

KLRG1+ P14 cells generated early during chronic infection fail to persist long-term 

(Angelosanto et al., 2012). Thus, we examined expression of the anti- and pro-apoptotic 

molecules Bcl-2 and Bim. The KLRG1+ P14 population at D8 p.i with Cl13 infection had 

higher expression of both Bcl-2 and Bim compared to the KLRG1+ TEFF cells from Arm 

infection (Figure 2H). However, the KLRG1+ population from Arm infection had a 

substantially higher Bcl-2:Bim ratio (Figure 2H). Moreover, the KLRG1−PD-1+ subsets 

from D8 p.i. Cl13 had a considerably higher Bcl2:Bim ratio compared to the 

KLRG1+CD39+ cells (Figure 2I). Among the KLRG1−PD-1+ cells from Cl13 infection, the 

subpopulation that expressed TCF-1+ (using Ly108 as a surrogate (Figure S2H)) had the 

highest Bcl-2:Bim ratio among the subsets at D8 of Cl13 infection (Figure 2I). These 

patterns of transcription factor expression, effector function, proliferation and pro- and anti-

apoptotic molecule expression were also observed in the Cl13△CD4 setting (Figure S3).

The low Bcl-2:Bim ratio in the KLRG1+ CD8 T cells from Cl13 infection suggested these 

cells may be more prone to cell death. Thus, we examined genome integrity using DAPI and 

gH2AX staining to identify cells with stable chromatin and nuclear structure, nuclear 

envelope blebbing and nuclear lamina de-association indicating pre-apoptosis, or apoptotic 

cells with complete co-staining of DAPI and nuclear lamina γH2AX (Figure S2I). At D8 p.i. 

of Cl13, KLRG1+CD39+ virus specific CD8 T cells had the highest proportion of apoptotic 

and pre-apoptotic cells followed by the KLRG1−PD-1+Ly108− (i.e. TCF-1−) cells. In 

contrast, the KLRG1−PD-1+Ly108+ (i.e. TCF-1+) subset had the highest proportion of non-

apoptotic nuclei (Figure S2I). Together, these data suggest that KLRG1+ Teff-like cells 

found at the early stage of chronic infection are highly susceptible to cell death, consistent 

with the inability of these cells to persist long-term in vivo.

KLRG1+ Teff-like cells persist poorly during chronic viral infection compared to PD-1+ Tex 
cells.

To define the developmental relationship between the subsets described above, we 

conducted lineage-tracing experiments. We sorted KLRG1+CD39+, KLRG1−PD-1+Ly108− 

and KLRG1−PD-1+Ly108+ cells at D7 or D8 p.i. and adoptively transferred equal numbers 

of each subset into congenically distinct, infection-matched recipient mice (Figure 3A and 

S4D). At D8 post transfer (p.t.), progeny of KLRG1−PD-1+Ly108+ Tex precursor cells were 

considerably more numerous than cells derived from KLRG1+CD39+ or 
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KLRG1−PD-1+Ly108− donor populations (Figure 3B), consistent with TCF-1 expression by 

this PD-1+Ly108+ subset (Utzschneider et al., 2016). However, when comparing the two D8 

subsets that lacked TCF-1 expression, the KLRG1−PD-1+Ly108− population persisted 

significantly better than the KLRG1+CD39+ Teff-like cell population (Figure 3B). We also 

analyzed changes in differentiation state. Although both KLRG1− donor populations 

maintained high PD-1 expression (Figure S4A-S4B), neither of these subsets gave rise to 

appreciable numbers of KLRG1+ cells in this setting (Figure 3C and S4C). These data 

suggest that divergent fate commitment to Tex precursor cells versus KLRG1+ Teff cells had 

occurred prior to formation of the KLRG1−PD-1+Ly108− and KLRG1−PD-1+Ly108+ 

populations or that development of KLRG1+ cells was antagonized by D8 of chronic 

infection. Moreover, PD-1+Ly108+ cells were able generate PD-1+Ly108− cells, whereas the 

opposite was inefficient (Figure 3C and S4C). These developmental relationships were also 

observed for non-P14 DbGP33 tetramer+ CD8 T cells (Figure S4D-S4F). Thus, these lineage 

tracing experiments highlighted a major difference in durability of the three D8 virus-

specific CD8 T cell populations generated during Cl13 infection and suggested that Tex 

precursor cells are distinct from KLRG1+ Teff-like cells.

TCF-1 represses the Teff-like cell fate in early chronic infection and fosters establishment 
of a Tex cell population.

Recent studies have identified a key role for TCF-1 in established exhaustion and genetic 

deletion of TCF-1 resulted in loss of Tex cells, specifically during the post effector phase 

(Im et al., 2016; Utzschneider et al., 2016; Wu et al., 2016), suggesting a role for TCF-1 in 

the transition from the effector phase to exhaustion. However, how and when this TCF-1 

dependent activity occurs is unclear. To investigate this question, we co-transferred equal 

numbers of congenically distinct WT (Tcf7flox/floxxCd4WT) and Tcf7flox/floxxCd4CRE P14 

cells to recipient mice of a third congenic background followed by Cl13 infection (Figure 

4A). Tcf7flox/floxxCd4CRE P14 mounted an initial response, but failed to seed a durable Tex 

cell pool (Figure 4B) as expected (Im et al., 2016; Utzschneider et al., 2016; Wu et al., 

2016). Based on the scRNA-seq above, we next examined if the distribution of cells 

corresponding to the Teff-like versus Tex precursor cell branches identified in the 

pseudotime analysis was altered in the absence of TCF-1. Indeed, staining for markers of 

these two pseudotime-defined branches revealed a substantial shift in the absence of TCF-1, 

with fewer KLRG1−PD-1+ P14 cells and a substantially higher proportion of 

KLRG1+CD39+ or Tim-3+CD39+ P14 than observed for WT P14 cells in Cl13 infection 

(Figure 4C and 4D).

We next investigated how enforced TCF-1 expression impacted early population dynamics. 

The p45 isoform has a β-catenin binding domain (Ioannidis et al., 2001) that could influence 

function (Anastas and Moon, 2013), whereas the p33 isoform lacks this domain. Thus, we 

expressed TCF-1 p33 or TCF-1 p45 in P14 cells in vivo using retroviral (RV) expression 

(Figure 4E and S5A) as described (Kurachi et al., 2017). RV expression of either TCF-1 

isoform repressed the formation of KLRG1+CD39+ or Tim-3+CD39+ P14 cells at D8 p.i. 

with Cl13. Moreover, enforced expression of either TCF-1 p33 or TCF-1 p45 increased the 

proportion of Ly108+CD39− P14 cells upon (Figure 4F). As chronic infection progressed, 

the p33 isoform displayed stronger repression of KLRG1 or CD39 expression (Figure S5B) 

Chen et al. Page 8

Immunity. Author manuscript; available in PMC 2020 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whereas the p45 isoform more efficiently promoted CD127 and CXCR5 expression (Figure 

4G and S5B). Both TCF-1 isoforms also promoted PD-1 expression (Figure 4G) at D15, a 

time point corresponding to the developmental transition between the effector phase and 

early establishment of exhaustion (Angelosanto et al., 2012; Crawford et al., 2014; Doering 

et al., 2012; Schietinger et al., 2016). Moreover, the p45 isoform appeared to more 

efficiently foster durability of the Tex cell population in established chronic infection (Figure 

S5C-S5F). A similar effect of TCF-1 expression was observed in the ΔCD4 setting (Figure 

S5G-S5H). Together these data underscore the importance of TCF-1 in T cell exhaustion. 

However, these experiments also further reveal a major role for TCF-1 in repressing the 

more terminal Teff-like cell branch early during the development of exhaustion.

PD-1 supports development of the TCF-1+ Tex precursor cell population early during 
chronic infection

High expression of PD-1 is emblematic of terminal Tex cells, whereas intermediate PD-1 is 

expressed by the progenitor Tex cell population (Blackburn et al., 2008). In the established 

Tex cell pool, the expression of PD-1 is negatively correlated with TCF-1 (Im et al., 2016) in 

contrast to the high Pdcd1 expression in the Tcf7 cluster revealed by the sc-RNA-seq above 

(Figure 1D and S1A). Indeed, in established chronic infection the TCF-1+ Tex cell 

population had lower PD-1 expression than the TCF-1− subset (Figure 5A) though this 

amount of PD-1 was still higher than that expressed by Tmem cells (data not shown). In 

contrast, in early chronic infection (D8 p.i.), TCF-1+ P14 cells expressed high PD-1 (Figure 

5A). This contrasts D8 Arm where PD-1 expression is already low (Barber et al., 2006; 

Wherry et al., 2007). Thus, we next tested whether PD-1 had a role in these CD8 T cell 

subsets in early chronic infection. Congenically distinct Pdcd1−/− and WT P14 cells were 

co-adoptively transferred followed by Cl13 infection (Figure 5B) as described (Odorizzi et 

al., 2015). This approach revealed a substantial increase in KLRG1+CD39+ or 

Tim-3+CD39+ cells (Figure 5C) and reduction in the TCF-1+ subset at D8 p.i. in the absence 

of PD-1 (Figure 5D and Figure S6A-S6B). These data are consistent with the observation 

that absence of PD-1 results in the erosion of the Tex cell population over time (Odorizzi et 

al., 2015). Thus, PD-1 is important to preserve the TCF-1+ Tex precursor cell population and 

repress the formation of the terminal Teff-like cell subset in early chronic infection.

State Transition Inference Prediction (STIP) identifies transcriptional circuits downstream 
of TCF-1 in Tex cells.

To begin to understand how TCF-1 might be involved in early events in the establishment of 

CD8 T cell exhaustion, we developed a computational approach for inferring transcriptional 

circuits. This approach uses a selected pseudotime trajectory, anchors on a TF of interest, in 

this case Tcf7 and then correlates expression of other transcriptional regulators with Tcf7 
across the pseudotime trajectory. Thus, sets of TFs are identified that are correlated and anti-

correlated with Tcf7 as well as those key TFs that change dynamically specifically at the 

major inflection point of change in Tcf7 expression. Using scRNA-seq data, this latter 

feature may reveal transcriptional circuits working coordinately or in opposition specifically 

at transitions between cell states. One advantage of this approach, termed, State Transition 

Inference Predictor (STIP) is that it overcomes some limitations of lowly expressed genes by 

using correlation coefficients rather than absolute gene expression (see Methods). Thus, 
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applying STIP to the data above, Tcf7 expression underwent a monotone increase allowing 

anchoring on this gene for analysis (Figure 6A). Several TF genes including Tox, Id3, 
Eomes, Myb and Nr4a1 were positively correlated with Tcf7 (Figure 6B). In contrast, Id2 
was strongly anti-correlated with Tcf7. We then examined an extended list of TFs (Figure 

6C). Two major clusters of TFs emerged including one containing Id3, Eomes, Myb, Batf, 
Irf4, Tox Nr4a1 and Hif1α that was positively correlated with Tcf7 over the pseudotime 

trajectory and a second cluster containing Id2, Runx1, Prdm1, Tbx21, Irf1 and Irf8 that was 

negatively correlated with Tcf7. In addition to these two major clusters, several TF genes 

including Smad7, Gata3, Runx2 and Zeb2 occupied an intermediate location in the 

pseudotime trajectory around the point of greatest change for Tcf7 and Id2 perhaps 

reflecting a metastable state or additional (perhaps transient) population heterogeneity 

(Figure 6C).

To further interrogate how TCF-1 might regulate the TFs identified by STIPs in Tex cells, 

we constructed a transcriptional network (Figure 6D). We used existing Assay for 

Transposase Accessible Chromatin using sequencing (ATAC-seq) data (Sen et al., 2016) and 

identified TF encoding genes containing a predicted TCF-1 motif in open chromatin regions. 

We identified TFs predicted to be regulated by TCF-1 in Tn cells only (e.g. Ikzf1, Gata3), in 

Tn cells and early Tex precursor cell populations (e.g. Myb, Hif1a, Eomes, Id3, Prdm1) or 

only in early Tex precursor cell populations (e.g.Id2, Tox, Zeb2, Smad7, Batf, Nfatc1) 

(Figure 6D). Notably, TCF-1 was predicted to repress genes including Id2, Prdm1, and 

Runx1 that are involved in Teff cell differentiation and to promote expression of genes such 

as Eomes, Batf, and Nfatc1 that have been implicated in fostering exhaustion (Figure 6D). 

TCF-1 may also have more complex regulatory connection to Smad7 and Zeb2, because the 

greatest change in expression of these genes occurred at the transition of greatest change in 

Tcf7 (Figure 6C-6D). Thus, these data suggested a key role for TCF-1 in coordinating 

transcriptional circuitry at time points corresponding to the formation of precursors of Tex 

cells.

TCF-1 mediates a T-bet and Eomes transition during chronic infection.

Previous studies identified roles for T-bet and Eomes in progenitor and terminal Tex cell 

subsets (Paley et al., 2012), and genetic deletion of T-bet, Eomes or TCF-1 results in a 

collapse of the mature Tex cell population (Im et al., 2016; Paley et al., 2012; Utzschneider 

et al., 2016). However, the relationship between these three TFs remains to be defined. 

Based on the data above and a known connection between TCF-1 and Eomes in Tmem cells 

(Zhou et al., 2010), we hypothesize that TCF-1 might regulate T-bet and/or Eomes in 

developing Tex precursor cells. At D8 of chronic infection, a subpopulation of TCF-1+ 

virus-specific CD8 T cells was identifiable that expressed Eomes (Figure 7A). Moreover, 

these TCF-1+ Tex precursor cells expressed slightly lower T-bet than the TCF-1− population 

(Figure 7A and 2E). Similar patterns were observed for tumor infiltrating CD8 T cells at D8 

in mouse CT26 tumors (Figure 7B). Genetic deletion of TCF-1 reduced Eomes expression at 

D8 of Cl13 infection (Figure 7C). In contrast, although the percentage of T-bet+ cells 

decreased, the amount of T-bet per cell (MFI) was moderately increased in the absence of 

TCF-1 (Figure 7C). These data suggested that TCF-1 was upstream of Eomes, but had only 

minimal effect on T-bet at this time point. Indeed, enforced TCF-1 expression, and in 
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particular TCF-1 p45, promoted increasing EomesGFP expression and also fostered increased 

Eomes mRNA expression (Figure 7D-7F and S7A).

To further interrogate the role of Eomes in Tex cells, we crossed EomesWT or Eomesflox/flox 

mice to CREERT2 P14 mice on a Rosa26LSL-YFP reporter background. We used 

EomesWT×CREERT2×Rosa26LSL-YFP (Eomes WT) and 

Eomesflox/flox×CREERT2×Rosa26LSL-YFP inducible conditional deletion of Eomes on 

different congenic backgrounds in a co-adoptive transfer experimental design. We then 

induced Eomes deletion using tamoxifen treatment between D9-D13 p.i. (Figure S7B). Prior 

to tamoxifen treatment, EomesWT×CREERT2×Rosa26LSL-YFP or 

Eomesflox/flox×CREERT2×Rosa26LSL-YFP P14 cells were present at a 1:1 ratio (Figure S7C). 

After tamoxifen delivery there was efficient CRE activity as indicated by the Rosa locus 

YFP reporter (Figure S7D). However, 98%+ of the YFP+ cells were from the WT donor 

cells with almost no Eomes inducibly deleted P14 cells surviving after tamoxifen treatment 

(Figure S7E). These data are consistent with our previous studies demonstrating that 

constitutive deletion of Eomes compromises the development of Tex cells (Paley et al., 

2012), but extend this earlier work to indicate that even after establishment of Tex precursor 

cells, Eomes has a critical role in the durability of this cell type. Moreover, these data 

indicate that a likely essential function of TCF-1 in Tex precursor cells is to mediate Eomes 

expression.

We next examined the role of T-bet. RV-mediated T-bet expression fostered development of 

KLRG1+CD39+ Teff-like cells at D8 of Cl13 infection, though the Ly108+CD39− Tex 

precursor cell population was unchanged (Figure S7F). RV enforced expression of T-bet 

decreased expression of PD-1, Lag-3, and CD127 at this time point, but promoted 

expression of Tim-3 (Figure S7G), consistent with previous studies (Kao et al., 2011). Thus, 

during the early phases of establishing Tex cells, T-bet may promote Teff cell differentiation 

consistent with the role of this TF in acute infection (Joshi et al., 2007).

TCF-1 enhances Bcl-2 expression via c-Myb in Tex cells during chronic infection

In Tmem cells c-Myb regulates Bcl-2 expression and promotes Tmem cell survival (Z. Chen 

et al., 2017). To test whether c-Myb might also have a role in Tex cells and and test a role for 

TCF-1, we used the Tcf7flox/floxxCd4CRE versus Tcf7flox/floxxCd4WT P14 co-transfer model. 

In this setting c-Myb mRNA and protein was reduced in the absence of TCF-1 at D8 of Cl13 

infection (Figure 7G). This reduced c-Myb expression corresponded to decreased Bcl-2 

expression in the absence of Tcf7 (Figure 7H). Conversely Myb mRNA expression was 

induced by the p45, but not the p33 isoform of TCF-1 (Figure 7I). Furthermore, RV 

expressed c-Myb significantly increased the proportion of the Tex precursor cells 

(Ly108+CD39−) and reduced expression of CD39 and Tim-3 (Figure 7J), suggesting that c-

Myb antagonized the Teff-like cell-branch of differentiation and fostered the establishment 

of Tex precursor cell population. Although overall cell numbers were not changed with 

enforced c-Myb expression (Figure S7H-S7I), there was a bias to fostering the 

Ly108+CD39− subset at the expense of the Tim-3+CD39+ subset (Figure S7I). Thus, these 

data identify an early fate bifurcation in the establishment of the Tex precursor cell 

population and point to a TCF-1-related transcriptional network and TCF-1 as a key 
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regulator necessary to antagonize an early Teff-like cell population during chronic infection 

and support the Tex cell developmental path.

Discussion

In established Tex cells, the population dynamics and roles of specific transcription factors 

are beginning to be defined. However, the early events that form precursors of Tex cells and 

the relationship of these Tex precursor cells to other effector phase populations have 

remained poorly understood. We addressed this question and identified a fate bifurcation that 

distinguished early Tex precursor cells from Teff-like cells that are generated during chronic 

infection. Moreover, we demonstrated that the Teff-like cell population in early chronic 

infection was more activated than the corresponding Teff-like cell population during acute 

infection and survived poorly. These studies also defined transcriptional circuits centered on 

TCF-1 that repressed the Teff-like cell developmental path and fostered the formation of Tex 

precursor cells. These data are analogous to roles of TCF-1 in repressing terminally 

differentiated cells in other settings (Lin et al., 2015; 2016). However, our current data 

extend this role for TCF-1 to the setting of early chronic infection and initiation of T cell 

exhaustion. PD-1 plays a critical role at this stage of Tex cell development by protecting the 

TCF-1+ Tex precursor cells and ensuring these cells can seed the long-term Tex cell pool. 

Moreover, we identified downstream transcription factors, including Eomes and c-Myb 

through which TCF-1 acted in this early development of Tex precursor cells.

The strong co-expression of TCF-1 and PD-1 at D8 of chronic infection contrasts the 

relationship between PD-1 and TCF-1 in established Tex cells. Our studies indicate that 

PD-1 is required to preserve the TCF-1+ Tex precursor cell population at this early time 

point. One possible mechanism for this early connection between PD-1 and TCF-1 is 

attenuation of TCR and/or CD28 signaling by PD-1 (Adams et al., 2016; Kamphorst et al., 

2017; Lin et al., 2015) to prevent loss of TCF-1 expression. Another possibility is that TFs 

downstream of PD-1 could influence TCF-1 expression. Previous studies have identified 

BATF downstream of PD-1 (Quigley et al., 2010), and BATF was positively correlated with 

TCF-1 in the STIP analysis. However, the same analysis predicts BATF may also be 

downstream of TCF-1 in Tex precursor cells. Thus, it is possible that a PD-1-BATF-TCF-1 

feedback circuit exists in the Tex precursor cell pool. How such a circuit would be related to 

the Teff cell promoting role of BATF at early times after T cell activation (Kurachi et al., 

2014) remains unclear.

Recent studies have identified Tox as a factor that progressively programs the epigenetic 

landscape of Tex cells over the first several weeks of chronic antigen stimulation (Alfei et 

al., 2019; Khan et al., 2019; Scott et al., 2019; Seo et al., 2019; Yao et al., 2019). In this 

context, our data suggest the following model. Early, during the first 1-2 weeks of infection 

or chronic antigen exposure, TF like T-bet, Id2 and others promote terminal Teff cell 

differentiation by operating in the context of an “effector” or early activation epigenetic 

landscape. TCF-1 functions to antagonize this terminal Teff cell differentiation, perhaps in 

part through restraining cell cycle and/or promoting expression of TF like Eomes that may 

blunt the activity of T-bet. PD-1 may complement this activity by helping to preserve the 

TCF-1+ subset. This role of TCF-1 and PD-1 early may then allow sufficient time for the 
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Tox-dependent epigenetic remodeling towards mature Tex cells to occur over the first 1-2 

weeks of chronic antigen exposure. One could then consider that the previous role of TFs 

such as T-bet in established exhaustion (Doering et al., 2012; Kao et al., 2011; Paley et al., 

2012) may manifest differently than the effector-phase role because at these later time points 

these TF are operating in an exhaustion epigenetic landscape rather than an effector 

epigenetic landscape. Such a model would explain the temporally distinct roles of T-bet in 

promoting expression of genes like Havcr2 (encoding Tim-3) early in infection while 

repressing expression of Tim-3 in established exhaustion (Kao et al., 2011). Although the 

studies presented here help clarify these early fate decisions in establishing Tex cells, it will 

be important in the future to further investigate the developmental relationships and TF 

cascades in the later stages of exhaustion.

Together these studies identify the early events in initially establishing the Tex branch of 

CD8 T cell differentiation during chronic infection. Key features of this model were also 

observed in tumor models. We identified an early role for TCF-1 and defined the 

transcriptional circuitry linked to TCF-1 at this time point. These data extend our 

understanding of the role of TCF-1 in established exhaustion to the initial formation of Tex 

precursor cells. Moreover, our data indicate that Teff and Tex are dichotomous branches of 

CD8 T cell differentiation in settings of chronic antigen stimulation. The data presented here 

are consistent with studies demonstrating that Tex cells in humans are the major population 

in tumor infiltrating lymphocytes (TIL), are the major cell type responding to PD-1 blockade 

and are distinct from Teff even after PD-1 blockade mediated reinvigoration (Bengsch et al., 

2018; Guo et al., 2018; Huang et al., 2019; 2017; Zhang et al., 2018; Zheng et al., 2017). 

Thus, these findings highlight the distinction between Teff and Tex cells, define underlying 

molecular mechanisms for this distinction, and may have implications for which types of T 

cells are optimal targets for immunotherapy for cancer and other chronic diseases.

STAR★Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources should be directed to and will be fulfilled by 

the Lead Contact, E.John Wherry (wherry@pennmedicine.upenn.edu).

METHOD DETAILS

Mice—Pdcd1−/− (Odorizzi et al., 2015), EomesGFP (Paley et al., 2013), Tcf7flox/flox (Weber 

et al., 2011) and Eomesflox/flox (Intlekofer et al., 2008) mice have been described. Cd4CRE 

and Rosa26-CREERT2 mice were purchased from Jackson Laboratory. Tcf7flox/flox mice 

were bred to Cd4CRE mice and TCR transgenic P14 C57BL/6 mice (TCR specific for 

LCMV DbGP33–41). Eomesflox/flox mice were bred to Rosa26-CREERT2 mice and TCR 

transgenic P14 C57BL/6 mice. Pdcd1−/− and EomesGFP mice were bred to TCR transgenic 

P14 C57BL/6 mice. 6-8 week-old C57BL/6 Ly5.2CR (CD45.1) or C57BL/6 (CD45.2) mice 

were purchased from NCI. Both male and female mice were used. All mice were used in 

accordance with Institutional Animal Care and Use Committee guidelines for the University 

of Pennsylvania.
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Virus infection and tumor challenge experiments—Mice were infected 

intraperitoneally (i.p.) with 2 × 105 plaque-forming units (PFU) LCMV Armstrong or 

intravenously (i.v.) with 4 × 106 PFU LCMV Cl13. The mice of Cl13△CD4 group received 

200μg GK1.5/mouse i.p. treatment on day −1 and day 1 post Cl13 infection. The mice of 

inducible genetic deletion group received 2mg tamoxifen/mouse i.p. everyday on day9 to 

day13 post Cl13 infection. For tumor studies, 2 × 105 CT26 cells were subcutaneously 

injected into BALB/C mice. Established CT26 tumors (D8 post transfer) were excised and 

processed for flow cytometry as described (Knight et al., 2016). In brief, tumors were 

digested with 1 mg/ml collagenase D and 0.02 mg/ml DNasel at 37°C.

Cell culture and in vitro stimulation—CD8 T cells were purified from spleens by 

negative selection using EasySep Mouse CD8+ T Cell Isolation Kit (STEMCELL 

Technologies) according to manufacturer’s instructions. Cells were stimulated with 100 

U/mL recombinant human IL-2, 1 μg/mL anti-mouse CD3ε , and 5 μg/mL anti-mouse CD28 

in RPMI-1640 medium with 10% fetal bovine serum (FBS), 10mM HEPES, 100 μM non-

essential amino acids (NEAA), 50 U/mL penicillin, 50 μg/mL streptomycin, and 50 μM β-

mercaptoethanol.

Retroviral vector (RV) experiments—The TCF-1 p33 (MR226713) cDNA clone was 

obtained from OriGene and the TCF-1 p45 cDNA clone was extended from the TCF-1 p33 

cDNA using PCR. TCF-1 p33 or TCF-1 p45 cDNA were cloned into the MSCV-IRES-VEX 

plasmid. The c-Myb RV was constructed as described (Z. Chen et al., 2017). The T-bet RV 

was constructed as described(Kao et al., 2011). RVs were produced in 293T cells with 

MSCV and pCL-Eco plasmids using Lipofectamine 3000. RV transduction was performed 

as described (Kurachi et al., 2017). Briefly, CD8 T cells were purified from spleens of P14 

mice using EasySep™ Mouse CD8+ T Cell Isolation Kit. After 18-24 hrs of in vitro 
stimulation, P14 cells were transduced with RV in the presence of polybrene (0.5 μg/ml) 

during spin infection (2,000 g for 60 min at 32°C) following incubation at 37°C for 6 hrs. 

RV-transduced P14 cells were adoptively transferred into recipient mice that were infected 

24 hrs prior to transfer.

Flow cytometry and sorting—For mouse experiments, tissues were processed, single 

cell suspensions obtained, and cells were stained as described (Wherry et al., 2003). Mouse 

cells were stained with LIVE/DEAD cell stain (Invitrogen) and with antibodies targeting 

surface or intracellular proteins. Intracellular cytokine staining was performed after 5 hrs ex 
vivo stimulation with GP33-41 peptide in the presence of GolgiPlug, GolgiStop and anti-

CD107a. After stimulation, cells were stained with surface antibodies, followed by fixation 

with Fixation/Permeabilization Buffer and then stained with intracellular antibodies for TNF, 

IFN-γ and GrzmB using Permeabilization Wash Buffer according to manufacturer’s 

instructions. Flow cytometry was performed with an LSRII. Cell sorting experiments were 

performed with a BD-Aria sorter, with 70 micron nozzle and a 4°C circulating cool-down 

system.

Single cell RNA sequencing—P14 cells from spleens of naïve or infected mice were 

isolated using EasySep™ Mouse CD8+ T Cell Isolation Kit. Cells were double-sorted for 
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the CD8 CD45.2+(P14+) population into 1.5 ml Lo-Bind Eppendorf tubes with complete 

RPMI (10% FBS). 2 × 104 P14s were collected and washed with PBS twice before loading 

to a Chromium single cell sorting system (10× Genomics). Library construction was 

performed following the protocol of Chromium Single Cell 3’ Library system, with a 

standard loading targeting 5 × 103 cells recovered. The final pooled library with 4 samples 

(Naïve, Arm, Cl13 and Cl13△CD4) was sequenced on a NextSeq 500 using 1 pair-end high 

throughput FlowCell.

RNA isolation and qPCR—Total RNA was isolated using RNeasy micro kit from 

QIAGEN. QRT-PCR was performed using iTaqTM Universal SybrGreen Supermix from 

BioRad on the ViiA™ 7 Real-Time PCR System according to manufacturer’s instructions.

Western blot—Cells were lysed in RIPA buffer and processed as described (Z. Chen et al., 

2017). Blots were stained for c-Myb (1:200 for antibody staining for 1 hr at room 

temperature) and actin (1:5000 for secondary staining for 1hr at room temperature). Western 

blots were quantified by ImageJ.

Immunofluorescence—Cells were fixed in 4% paraformaldehyde in PBS for 30min at 

room temperature. After two PBS washes, cells were permeabilized with 0.5% Triton X-100 

in PBS for 10min, followed by two additional PBS washes. Cells were then blocked in 10% 

BSA in PBS for 1h at room temperature, and were incubated with γH2AX antibodies 

(Abcam, ab2893, 1:200 or Millipore, 05-636, 1:100) in 5% BSA in PBS supplemented with 

0.1% Tween 20 (PBST) overnight at 4°C. The next day, cells were washed 4× 10min with 

PBST, and then incubated with Alexa Fluor 647-conjugated secondary antibody in 5% BSA/

PBST for 1h at room temperature, followed by 4× 10min washes with PBST. Cell were then 

stained with 1μg/ml DAPI for 5min and washed twice with PBS. The coverslip were 

mounted with ProLong Gold, and imaged with Leica TCS SP8 fluorescent confocal 

microscope (63X).

Computational analysis of single cell RNA sequencing data

Data processing:  Raw sequencing files were aligned to the mouse mm10 genome using 

Cell Ranger software (10x Genomics). Mitochondrial genes were removed and cells that had 

positive read counts of at least 1000 genes were retained. Scran (Lun et al., 2016) was used 

to normalize the raw gene expression counts and normalized expression values were used 

throughout the analysis.

ScRNA-Seq analysis:  MAST (Finak et al., 2015) was used to perform differential analysis 

comparing gene expression of two cell clusters. GAM (in R package VGAM (Yee, 2015)) 

was used to fit the gene expression along a pseudotime trajectory. A Tobit family (lower 

threshold=0.1) was used to account for potential dropout events. To determine whether 

expression of a gene changed significantly along the pseudotime trajectory, a likelihood ratio 

test was performed comparing the full model with an intersect-only null model. FDRs were 

calculated for p-values of the likelihood ratio tests. A gene with FDR < 0.05 was determined 

to have differential expression along the pseudotime axis. Packages for pseudotime analysis 

include Monocle-2 (Qiu et al., 2017), TSCAN (Z. Ji and H. Ji, 2016) and STIP (http://
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github.com/zji90/STIP). Briefly STIP functions as follows: Given a pseudotime trajectory 

and gene expression profiles, STIP first extracts the TFs for which expression changes 

significantly along the pseudotime trajectory. Expression of each gene is then standardized 

to have a mean of zero and variance of one across all cells. For each gene STIP then 

calculates the pseudotime point at which the standardized expression is zero (zero point). 

Only genes that have 1 or 2 zero points are retained. Finally it reorders genes based on 

expression patterns (monotone increasing, single peak, monotone decreasing) and the 

occurrence of the zero point within each pattern. One can then compare the correlations 

between different genes with a selected anchor gene (Tcf7 in this study).

ATAC-Seq and Network Analysis:  Open chromatin regions for each sample (Naïve and 

D8 Cl13 samples as described (Sen et al., 2016)) were determined by peak calling using 

macs2v2.1.1 “callpeak” function at a q value of 0.01. For each peak identified, TF binding 

sites were scanned using the FIMO algorithm in the 100 bp centered around the summit of 

the peak, the TF motifs were obtained for MOUSE transcription factors (core) from 

HOCOMOCO V11 mouse. TF binding sites in these enhancers were linked to corresponding 

promoters/genes that were defined in a manner similar to the GREAT software, where each 

gene is assigned a basal regulatory domain that is defined as the promoter region and 

extended in both directions to the nearest gene basal domain but no more than 1000kb each 

direction. Network analysis was visualized using Cytoscape software(3.7.1).

Gene Ontology Analysis:  For each cluster, a GO analysis was conducted comparing the 

top 100 genes that were highly differentially expressed and all the other genes in the dataset. 

GO analysis was performed using DAVID with default parameters.

Gene index generation:  The Kirg1+DiffGene index was generated using bulk RNA-seq 

data (Herndler-Brandstetter et al., 2018). The comparison was between KLRG1+exKLRG1+ 

versus KLRG1−exKLRG1− groups. We selected the entire set of differentially expressed 

coding genes with the FDR<0.05. The Havcr2+Entpd1+ DiffGene index was generated using 

scRNA-seq (Sade-Feldman et al., 2018). The comparison was between the Havcr2+Entpd1+ 

and the Havcr2−Entpd1− groups. We selected the top 100 differentially expressed coding 

genes that were higher in the Havcr2+Entpd1+ group with an FDR<0.05. The 

Tcf7+Pdcd1+DiffGene index was generated using scRNA-seq (Sade-Feldman et al., 2018). 

The comparison was between the Tcf7+Pdcd1+ and the Tcf7−Pdcd1− groups. We selected 

the top 100 differentially expressed coding genes that were higher in the Tcf7+Pdcd1+ group 

with an FDR<0.05.

Statistical analysis—Statistical significance was calculated with unpaired two-tailed 

student’s t-test or one-way ANOVA with Tukey’s multiple comparisons test by Prism 7 

(GraphPad Software). P values are reported in the figure legends.

Supplementary Material

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

• scRNA-Seq defines an effector versus exhausted CD8 T (Tex) cell fate 

decision.

• TCF-1 plays a central role in initially establishing Tex precursor cells.

• PD-1 supports the TCF-1+ Tex precursor cells at early phase of chronic 

infection.

• Eomes and c-Myb play key roles in Tex cell persistence downstream of 

TCF-1.
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Figure 1. scRNA-seq identifies distinct subpopulations of virus specific CD8 T cells during the 
early stages of chronic infection.
(A) Experimental design. CD45.2+ P14 cells were adoptively transferred into naïve CD45.1+ 

recipient mice (5 mice/group) followed by infection with LCMV-Arm, Cl13, or Cl13△CD4. 

On D8 p.i., P14 cells were sorted and indexed for scRNA-seq.

(B) tSNE clusters of cells from the scRNA-seq.

(C) Cell count of treatment groups across 5 clusters from 1B.

(D) Expression of representative genes in tSNE space.

(E) Gene ontology (GO) enrichment analysis across clusters 1-5. Bonferroni correction test 

performed and enrichment cutoff p<0.05.

(F) Pseudotime analysis using Monocle 2 across naïve, Cl13, and Cl13△CD4 P14 

populations from D8 p.i. using a 513 exhaustion specific gene list (ESGs) from (Bengsch, et 

al. 2018). Predicted “Teff-like cells” and “Tex precursor cells” branches of the pseudotime 

trajectory. Distribution of clusters 2,3,4,5 from Figure 1B is shown.
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(G) Expression of Tcf7, Gzmb, Havcr2 projected onto the pseudotime trajectory.

(H) Expression of Klrg1 and a Klrg1+ DiffGene signature (from Herndler-Brandstetter et al., 

2018) projected onto the pseudotime trajectory or the scRNA-seq tSNE space from Figure 1 
and onto the pseudotime trajectory.

(I) Expression of Entpd1 and Entpd1+Havcr2+ DiffGene and Tcf7+Pdcd1+ DiffGene 
signatures (from Sade-Feldman et al., 2018) projected onto the pseudotime trajectory.

Also see Figure S1.
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Figure 2. Distinct cellular and molecular profiles of Teff-like and Tex precursor cells during 
chronic infection.
(A) Experimental design. 2.5 × 103 CD45.2+ P14 cells were adoptively transferred into 

naïve CD45.1+ mice followed by infection with LCMV Arm, Cl13 or Cl13△CD4. Spleens 

analyzed at the indicated time points.

(B) KLRG1 and PD-1 expression at the indicated time points of Arm, Cl13 and Cl13△CD4 

infections. Gated on donor P14 cells.

(C) Flow cytometry plots for CD39 and Tim-3 by KLRG1+ P14 cells from Arm versus Cl13 

at D8 p.i.

(D) TCF-1 expression on D8 p.i. with Cl13 in P14 cells gated on KLRG1+CD39+ or 

KLRG1−PD-1+ subsets. Naïve CD8 T cells (endogenous CD62L+CD44−) displayed as a 

control.
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(E) T-bet and Eomes expression assessed at D8 p.i. with Cl13 in P14 cells gated on 

KLRG1+CD39+, KLRG1−PD-1+TCF-1− or KLRG1−PD-1+ TCF-1+ subsets. Naïve CD8 T 

cells displayed as a control. The T-bet/Eomes ratio was calculated based on geometric MFI.

(F) IFNγ, TNF, CD107a and Granzyme B (Gzmb) expression assessed at D8 p.i. with Cl13 

by P14 cells gated on the indicated subsets.

(G) The percentage of Ki-67+ cells in the in the indicated subsets of P14 cells was assessed 

at D8 and D12 p.i. with Cl13.

(H) Bcl-2 and Bim expression were assessed at D8 p.i. with Arm in the KLRG1+ P14 subset. 

Naïve CD8 T cells are displayed as a control. The ratio of Bcl-2/Bim was calculated based 

on geometric MFI.

(I) Bcl-2 and Bim expression were assessed at D8 p.i. with Cl13 p.i. in the indicated subsets 

of P14 cells. Naïve CD8 T cells are displayed as a control. The ratio of Bcl-2/Bim was 

calculated based on geometric MFI.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus control (two-tailed Student’s t-test 

or One-Way ANOVA). Data are representative of 2-6 independent experiments with at least 

3 mice/group (mean±s.e.m.). Also see Figure S2-S3.

Chen et al. Page 27

Immunity. Author manuscript; available in PMC 2020 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Lineage tracing of subpopulations of Teff-like and Tex precursor cells in early chronic 
viral infection.
(A) Experimental design. 5 × 103 CD45.2+ P14 cells were adoptively transferred into naïve 

CD45.1+ C57BL/6 recipient mice followed One day later by Cl13 infection. On D7 p.i. 

KLRG1+CD39+, KLRG1−PD-1+Ly108− or KLRG1−PD-1+Ly108+ P14 CD8 T cells were 

isolated and 3 × 105 of each was adoptively transferred into infection-matched CD45.1+ 

recipient mice. Donor P14 cells were analyzed on D8 post transfer (p.t.).

(B) Flow cytometry plots and quantification of donor CD45.2+ DbGP33 tetramer+ P14 cells 

derived from the indicated subsets. Endogenous CD45.2− DbGP33 tetramer+ CD8 T cells 

shown as controls.

(C) Flow cytometry plots and quantification of splenic CD45.2+ donor P14 cells and host 

DbGP33 tetramer+ cells that are KLRG1+, Ly108−CD39+, or Ly108+CD39−. Note, there 

were too few KLRG1+CD39+ P14 cells for analysis on D8 p.i. (see part B).

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus control (two-tailed Student’s t-test 

or One-Way ANOVA). Data representative of at least 3 mice/group (mean±s.e.m.). Also see 

Figure S4.
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Figure 4. TCF-1 regulates the early fate bifurcation between Teff-like and Tex precursor cells.
(A) Experimental design. 1 × 103 CD45.2+ Tcf7flox/flox×Cd4WT (WT) littermate control P14 

and 1 × 103 CD45.1+CD45.2+ Tcf7flox/flox×Cd4CRE(TCF-1cKO) P14 CD8 T cells were co-

transferred into CD45.1+ naïve recipient mice followed by Cl13 infection. Splenocytes were 

isolated on the indicated days p.i. for analysis.

(B) Flow cytometry plots quantifying WT and TCF-1cKO P14 cells. The ratio of cells is 

plotted over time p.i.

(C) Flow cytometry plots and quantification of KLRG1+CD39+ and Tim-3+CD39+ subsets 

of responding P14 cells of each genotype on D8 p.i. with Cl13.

(D) Flow cytometry plots and quantification of the KLRG1−PD-1+ subset of responding P14 

cells of each genotype on D8 p.i. with Cl13. Endogenous naïve CD8 T cells are used for 

controls.

(E) Experimental design. WT P14 CD8 T cells transduced with the indicated RVs were 

adoptively transferred to mice infected one day previously with Cl13. Donor RV reporter 

P14 cells were analyzed at the indicated time points.
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(F) Flow cytometry plots and quantification of the indicated P14 cell subsets for the 

indicated RV groups on D8 p.i. with Cl13 p.i. Plots are gated on RV reporter+ (VEX+) P14 

cells. VEX+ cell numbers were normalized to 1 × 104 VEX+P14 cell engraftment according 

to the transduction efficiency on D2 p.i.

(G) Quantification of CD127 and PD-1 expression by P14 cells transduced with the 

indicated RVs at the indicated time points of Cl13 infection.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus control (two-tailed Student’s t-test). 

Data are representative of 3-4 independent experiments (mean±s.e.m.) with at least 4 mice/

group. Also see Figure S5.
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Figure 5. PD-1 maintains the TCF-1+ Tex precursor cell population at the early stage of chronic 
infection.
(A) Flow cytometry plots of TCF-1 and PD-1 expression by responding P14 cells at the 

indicated days of Cl13 infection. PD-1 MFI of TCF-1− (black) and TCF-1+(red) subsets of 

P14 cells is shown in the flow cytometry plots and summary data below.

(B) Experimental design. 5 × 102 CD45.2+ WT P14 and 5 × 102 CD45.1+CD45.2+ Pdcd1−/− 

P14 cells were co-adoptively transferred into CD45.1+ naïve recipient mice followed by 

Cl13 infection. Responding P14 cells from the spleen analyzed on D8 p.i. with Cl13.

(C) Flow cytometry plots and quantification of KLRG1+CD39+ or Tim-3+CD39+ subsets of 

responding WT or Pdcd1−/− P14 cells on D8 p.i.

(D) Flow cytometry plots and quantification of TCF-1+CD39− subsets of responding WT or 

Pdcd1−/− P14 cells on D8 p.i.

*P<0.05, **P<0.01 versus control (two-tailed Student’s t-test). Data are representative of 2-4 

independent experiments (mean±s.e.m.) with at least 3 mice/group. Also see Figure S6.
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Figure 6. State Transition Inference Prediction (STIP) identifies transcriptional circuits 
downstream of TCF-1.
(A) Pseudotime trajectory across naïve P14 cells and P14 cells from D8 of Cl13 and 

Cl13△CD4 infections. PCA space created using the ESGs from Figure 1. The line 

represents the longest lineage trajectory predicted by TSCAN (Z. Ji and H. Ji, 2016).

(B) Expression of Tcf7 and other indicated TFs is plotted over pseudotime.

(C) A heatmap is shown displaying TF expression across the pseudotime trajectory.

(D) A Tcf7 centered network was generated (see Methods). Border color for each gene 

represents the mRNA-expression relationship with Tcf7 (e.g. positively (orange) or 

negatively (blue) correlated with Tcf7 or neither (purple)). Fill color indicates the presence 

of Tcf7 binding motif(s) in the open chromatin of the indicated TFs in naïve only (cyan), 

naïve and Cl13 (dark blue) or Cl13 only (red).
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Figure 7. TCF-1 regulates distinct molecular modules during Tex cell development.
(A) Flow cytometry plots of TCF-1 and Eomes or TCF-1 and T-bet co-expression in P14 

CD8 T cells on the indicated days of Cl13 infection. Quadrant gates were set using CD44− 

naïve T cells (T-bet−Eomes−TCF-1+) for each time point.

(B) Flow cytometry plots of TCF-1 and Eomes or TCF-1 and T-bet co-expression in tumor 

infiltrating CD44+CD8 T cells (TILs) at D8 post CT26 tumor inoculation. Quadrant gates 

were set based on CD62L+CD44− naïve T cells (T-bet−Eomes−TCF-1+) from spleen. 

Quantification of T-bet and Eomes MFI of TCF-1+ or TCF-1− TILs show on the right.

(C) Flow cytometry plots and quantification of Eomes and T-bet expression in WT or 

TCF-1cKO P14 cells at D8 p.i. with Cl13.

(D) Flow cytometry plots of GFP expression from EomesGFP reporter P14 cells transduced 

with in empty, TCF-1-p33 or TCF-1-p45 RVs on D8 p.i. with Cl13. Plots gated on VEX+ 

P14 cells (see Figure S7A for gating).

(E) Quantification of Eomes-GFP+ cells in the RV transduced (VEX+) P14 donor population 

for the indicated RV constructs on the indicated days p.i. Both percent and numbers are 

shown. Cell numbers are normalized to 1 × 104 VEX+ P14 cell engraftment according to 

VEX+ transduction efficiency on D2 p.i. (Figure S7A).
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(F) Eomes mRNA expression is shown for P14 cells transduced with empty, TCF-1-p33 or 

TCF-1-p45 RVs. VEX+ (i.e. transduced) P14 cells were sorted by flow cytometry on D8 

Cl13 p.i. and Eomes mRNA measured by qRT-PCR.

(G) Myb mRNA and c-Myb protein expression were examined by qRT-PCR and Western 

blot in purified WT and TCF-1 cKO P14 cells isolated from spleens of co-transferred mice 

on D8 p.i. with Cl13.

(H) Flow cytometry plots and quantification of Bcl-2 expression in WT versus TCF-1 cKO 

P14 cells on D8 p.i. with Cl13. Gated on donor P14 cells of each genotype. Naïve control is 

gated on endogenous CD44−CD8 T cells.

(I) Myb mRNA expression in sorted WT P14 cells transduced with empty, TCF-1-p33 or 

TCF-1-p45 RVs D8 p.i. with Cl13. Transduced cells were sorted based on VEX expression.

(J) Flow cytometry plots and quantification of Ly108+CD39− and Tim-3+CD39+ subsets of 

responding P14 cells transduced with empty versus c-Myb RVs. Plots are gated on 

transduced (VEX+) donor P14 cells on D8 p.i. with Cl13. VEX+ cell numbers were 

normalized to 1 × 104 VEX+P14 cell engraftment according to the transduction efficiency on 

D2 p.i.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.001 versus control (two-tailed Student’s t-test 

and One-Way Anova analysis). Data are representative of 2 independent experiments (mean

±s.e.m.) with at least 3 mice/group. Also see Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse strains

C57BL/6 Charles River N/A

CD45.1+ C57BL/6 Charles River N/A

BALB/C Charles River N/A

TCRα−; P14 TCRVα2Vβ8 The Jackson Lab Stock No. 37394-JAX

Pdcd1−/− (Odorizzi et al., 2015) N/A

EomesGFP (Paley et al., 2013) N/A

Tcf7flox/flox (Weber et al., 2011) N/A

Eomesflox/flox (Intlekofer et al., 2008) N/A

Cd4CRE The Jackson Lab Stock No. 022071

Rosa26-CREERT2 The Jackson Lab Stock No: 008463

Flow cytometry reagents

Live/Dead Aqua Dye Thermofisher Cat#L34957

Live/Dead Zombie NIR Dye BioLegend Cat#423106

Anti-Mouse KLRG1(2F1) BD Biosciences Cat# 561619, RRID:AB_10898017

Anti-Mouse CD127(A7R34) BioLegend Cat# 135016, RRID:AB_1937261

Anti-Mouse CD8(53-6.7) BioLegend Cat# 100742, RRID:AB_2563056

Anti-Mouse CD44(IM7) BioLegend Cat# 103059, RRID:AB_2571953

Anti-Mouse CD45.1(A20) BioLegend Cat# 110724, RRID:AB_493733;
Cat# 110716, RRID:AB_313505

Anti-Mouse CD45.2(104) BioLegend Cat# 109828, RRID:AB_893350;
Cat# 109823, RRID:AB_830788

Anti-Mouse CD122(TM-b1) Thermofisher Cat# 48-1222-80, RRID:AB_2016628

Anti-Mouse Ly108(330-AJ) BioLegend Cat# 134608, RRID:AB_2188093;
Cat# 134605, RRID:AB_1659258

Anti-Mouse Tim-3(RMT3-23) BioLegend Cat# 119721, RRID:AB_2616907

Anti-Mouse CD39(24DMS1) Thermofisher Cat# 46-0391-80, RRID:AB_10717513

Anti-Mouse PD-1(RMP1-30) BioLegend Cat# 109109, RRID:AB_572016

Anti-Mouse TCF-1(S33-966) BD Biosciences Cat# 564217, RRID:AB_2687845

Anti-Mouse TCF-1(C63D9) Cell Signaling Technology Cat# 14456, RRID:AB_2199302

Anti-Mouse T-bet(4B10) BioLegend Cat# 644808, RRID:AB_1595479

Anti-Mouse Eomes(Dan11mag) Thermofisher Cat# 50-4875-80, RRID:AB_2574226

Anti-Mouse Ki67(16A8) BioLegend Cat# 652420, RRID:AB_2564285

Anti-Mouse Bcl-2(A19-3) BD Biosciences Cat# 556537, RRID:AB_396457

Anti-Mouse Bim(C34C5) Cell Signaling Technology Cat# 2933, RRID:AB_1030947

Anti-Mouse CD107a(1D4B) BioLegend Cat# 121606, RRID:AB_572007

Anti-Mouse TNFα(MP6-XT22) BioLegend Cat# 506328, RRID:AB_2562902

Anti-Mouse IFNγ(XMG1.2) BD Biosciences Cat# 560661, RRID:AB_1727534
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Mouse Gzmb(GB11) Thermofisher Cat# GRB17, RRID:AB_2536540

LCMV DbGP33 tetramer NIH Conjugated in house

LCMV DbGP276 tetramer NIH Conjugated in house

BD GolgiStop Thermofisher Cat# 554724

BD GolgiPlug Thermofisher Cat#555029

Foxp3 Transcription Factor Staining Buffer Kit Thermofisher Cat# A25866A

Experimental Models: LCMV

LCMV Clone13 (Cl13) Rafi Ahmed Grew up in house

LCMV Armstrong (Arm) Rafi Ahmed Grew up in house

Experimental Models: Tumor Cell Lines

CT26 ATCC Cat# CRL-2638, RRID:CVCL_7256

Mouse treatment reagents

Anti-mouse CD4 Mab (GK1.5) Bioxcell Cat# BE0003-1

Tamoxifen Sigma-aldrich Cat# T5648-1G

In vitro culture and retroviral transduction reagents

Recombinant human IL-2 NIH N/A

Anti-Mouse CD3(145-2C11) BioLegend Cat# 100302, RRID:AB_312667

Anti-Mouse CD28(37.51) Thermofisher Cat# 16-0281-82, RRID:AB_468921

LCMV peptide GP33-41 NIH N/A

EasySep™ Mouse CD8+ T Cell Isolation Kit STEMCELL Technologies Cat# 19853

RPMI-1640 medium Corning/Mediatech Cat# 10-040-CV

HI Fetal Bovine Serum Thermofisher Cat# 26170-043

HEPES Thermofisher Cat# 15630080

Non-Essential Amino Acids Thermofisher Cat# 11140050

Penicillin-Streptomycin Thermofisher Cat# 15140122

β-mercaptoethanol Sigma-Aldrich Cat# M6250-500ML

Opti-MEM Thermofisher Cat# 31985088

Polybrene Sigma-Aldrich Cat# TR-1003-G

Lipofectamine™ 3000 Transfection Reagent Thermofisher Cat# L3000001

cDNA constructs

TCF-1 p33 cDNA OriGene MR226713

TCF-1 p33 overexpression vector In this paper N/A

TCF-1 p45 overexpression vector In this paper N/A

c-Myb overexpression vector Chen et al. 2017 N/A

T-bet overexpression vector In this paper N/A

Empty-VEX retroviral vector Kurachi et al. 2017 N/A

Single cell RNA Sequencing

Chromium Single Cell 3’ Library & Gel Bead Kit v2 10× Genomics Cat# PN-120267

Chromium Single Cell A Chip Kit 10× Genomics Cat# PN-1000009
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium i7 Multiplex Kit 10× Genomics Cat# PN-120262

Dynabeads™ MyOne™ Silane Thermofisher Cat# 37002D

SPRIselect Reagent Kit Beckman Coulter Cat#B23318

10% Tween 20 Bio-Rad Cat#1610781

Glycerin (glycerol), 50% (v/v) Aqueous Solution Ricca Chemical Company Cat# 3290-32

KAPA NGS quantification kit KAPABiosystems Cat# KK4824

NextSeq 500/550 High Output Kit v2.5 (150 Cycles) Illumina Cat# 20024907

RT-QPCR

iTaq™ Universal SYBR® Green Supermix Bio-Rad Cat# 1725121

Eomes Forward Primer
GCGCATGTTTCCTTTCTTGAG

In this paper N/A

Eomes Reverse Primer
GGTCGGCCAGAACCACTTC

In this paper N/A

c-Myb Forward Primer
AGACCCCGACACAGCATCTA

Chen et al. 2017 N/A

c-Myb Reverse Primer
CAGCAGCCCATCGTAGTCAT

Chen et al. 2017 N/A

GAPDH Forward Primer
AGGTCGGTGTGAACGGATTTG

Chen et al. 2017 N/A

GAPDH Reverse Primer
TGTAGACCATGTAGTTGAGGTCA

Chen et al. 2017 N/A

Western Blot

Anti-c-Myb (C19) Santa Cruz, Cat# sc-517, RRID:AB_2148017

Anti-Actin Sigma-Aldrich Cat# A5316, RRID:AB_476743

Immunofluorescence

Anti-γH2AX Abcam Cat# ab2893, RRID:AB_303388

Anti-γH2AX Millipore Cat# 05-636, RRID:AB_309864

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor Plus 647

Thermofisher Cat# A32733, RRID:AB_2633282

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor Plus 647

Thermofisher Cat# A32728, RRID:AB_2633277

ProLong™ Gold Antifade Mountant Thermofisher Cat# P10144

Computational analysis

Cell Ranger 10× Genomics https://support.10xgenomics.com/
single-cell-gene-expression/software/
pipelines/latest/installation

Scran (Lun et al., 2016) https://bioconductor.org/packages/
release/bioc/html/scran.html

MAST (Finak et al., 2015) https://www.bioconductor.org/
packages/release/bioc/html/
MAST.html

VGAM (Yee, 2015) https://cran.r-project.org/web/
packages/VGAM/index.html

Monocle-2 (Qiu et al., 2017) http://cole-trapnell-lab.github.io/
monocle-release/docs/
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REAGENT or RESOURCE SOURCE IDENTIFIER

TSCAN (Z. Ji and H. Ji, 2016) https://www.bioconductor.org/
packages/release/bioc/html/
TSCAN.html

STIP In this paper http://github.com/zji90/STIP

The GREAT software McLean et al. 2010. http://great.stanford.edu/public/html

Cytoscapte(3.7.1) Cytoscape https://cytoscape.org

DAVID GO analysis (6.8) LHRI https://david.ncifcrf.gov/tools.jsp

Statistical Analysis

Prism 7 GraphPad Software N/A

Datasets

D8 p.i. single cell RNA Sequencingon P14 cells In this paper https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE131535

D8 p.i. ATAC-Sequencing on P14 cells Sen et al. 2016. https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE87646

Mouse TF motifs HOCOMOCO V11 mouse http://hocomoco11.autosome.ru

Klrg1+ DiffGene Index Herndler-Brandstetter et 
al., 2018

https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE110707

Havcr2+Entpd1+ DiffGene index and Tcf7+Pdcd1+ DiffGene index Sade-Feldman et al., 2018 https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE120575
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