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SUMMARY

CD8™ T cell exhaustion is a major barrier to current anti-cancer immunotherapies. Despite this,
the developmental biology of exhausted CD8* T cells (Tex) remains poorly defined, restraining
improvement of strategies aimed at “re-invigorating” Tex cells. Here, we defined a four-cell-stage
developmental framework for Tex cells. Two TCF1* progenitor subsets were identified, one tissue
restricted and quiescent and one more blood accessible, that gradually lost TCF1 as it divided and
converted to a third intermediate Tex subset. This intermediate subset re-engaged some effector
biology and increased upon PD-L1 blockade but ultimately converted into a fourth, terminally
exhausted subset. By using transcriptional and epigenetic analyses, we identified the control
mechanisms underlying subset transitions and defined a key interplay between TCF1, T-bet, and
Tox in the process. These data reveal a four-stage developmental hierarchy for Tex cells and
define the molecular, transcriptional, and epigenetic mechanisms that could provide opportunities
to improve cancer immunotherapy.
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Beltra et al. define a hierarchical developmental pathway for CD8" T cell exhaustion, revealing
four stages and multistep transcriptional and epigenetic dynamics underlying subset transitions
and subset-associated biological changes.

INTRODUCTION

Chronic viral infections (HIV, HCV, HBV) and cancers subvert CD8* T cell differentiation
toward exhaustion. CD8* T cell exhaustion has a central role in these settings because
blockade of the PD-1 inhibitory receptor (IR) pathway reinvigorates exhausted CD8* T
cells (Tex) and improves immune control of chronic infections and cancer (McLane et

al., 2019). Conversely, as exhaustion gets more severe, clinical symptoms of autoimmunity
decrease (McKinney et al., 2015). Indeed, Tex cells are a major cell type responding to PD-1
blockade (Huang et al., 2017; Miller et al., 2019; Siddiqui et al., 2019; Thommen et al.,
2018), and trials are underway to reinvigorate Tex cells in human chronic viral infections
(Wykes and Lewin, 2018). A hallmark of Tex populations is heterogeneity (Blackburn et al.,
2008; He et al., 2016; Im et al., 2016; Paley et al., 2012; Utzschneider et al., 2016; Wu et
al., 2016). This heterogeneity is relevant for disease because the distribution of these Tex
subsets in tumors could relate to response to checkpoint blockade (Daud et al., 2016; Huang
etal., 2019; Huang et al., 2017; Kurtulus et al., 2019; Sade-Feldman et al., 2019). Despite
the clinical importance of Tex cells, our understanding of their developmental biology and
underlying cellular and molecular mechanisms regulating their formation, maintenance, and
response to immunotherapies remains incomplete.

PD-1-intermediate Tex progenitors selectively respond to PD-1 pathway blockade, whereas
PD-1-high Tex cells are terminally exhausted and do not respond (Blackburn et al., 2008).
A developmental hierarchy was defined in which the progenitor Tex subset self-renews and
also gives rise to the more terminal Tex subset through proliferation (Paley et al., 2012). T
cell factor family member TCF1 (7¢f7) is a key transcription factor (TF) for the progenitor
Tex population (Chen et al., 2019; Im et al., 2016; Utzschneider et al., 2016; Wu et al.,
2016). However, different studies used distinct markers to define Tex subsets (e.g., PD-1,
the T-box TFs T-bet and Eomes, or CXCR5 and Tim-3), but inconsistencies between the
proposed models suggest a more heterogeneous Tex subset landscape and developmental
biology (Im et al., 2016; Paley et al., 2012; Utzschneider et al., 2016). Indeed, recent
studies of CX3CR1* Tex populations (Hudson et al., 2019; Zander et al., 2019) and high-
dimensional single-cell profiling of Tex cells in humans and mice (Kurtulus et al., 2019; Li
etal., 2019; Miller et al., 2019; Sade-Feldman et al., 2019; Zander et al., 2019) indicate a
more complex Tex subset biology.

The transcriptional and epigenetic landscape of Tex cells defines exhaustion as a distinct
branch of CD8* T cell differentiation (Pauken et al., 2016; Philip et al., 2017; Scott-
Browne et al., 2016; Sen et al., 2016). The high-mobility group (HMG)-protein Tox drives
epigenetic programming of Tex cells and establishes the exhaustion-specific epigenetic
landscape (Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019; Seo et al., 2019; Yao
etal., 2019). Tex cells maintain high Tox at late time points of chronic viral infections
and cancer. Nevertheless, the role of Tox has only been defined during initiation of

Immunity. Author manuscript; available in PMC 2021 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Beltra et al.

RESULTS

Page 4

Tex cell development, and the impact of this TF once Tex cells have been established
remains unclear. Moreover, one consequence of a stable epigenetic identity of Tex cells

is that interventions such as PD-1 pathway blockade only provide temporary benefit by
reactivating existing transcriptional circuits (Pauken et al., 2016). These reinvigorated Tex
cells, however, are not epigenetically reprogrammed and reacquire their exhausted features
over time (Pauken et al., 2016). A major question is whether Tex cell heterogeneity can

be exploited to achieve better efficacy of immunotherapies. However, the key steps in Tex
cell differentiation, underlying TFs, and epigenetic landscape changes involved remain to be
defined.

To address these questions, we used chronic lymphocytic choriomeningitis virus (LCMV)
infection in mice and performed complementary analysis in mouse and human tumors.

We defined four distinct Tex subsets based on Ly108 (S/amf6) and CD69 expression and
linked these subsets in a hierarchical developmental scheme. Two interconverting TCF1*
progenitor cell-states were identified: one quiescent and blood inaccessible and a second that
initiated robust cell cycling and gained access to circulation. This second TCF1* Tex subset
gave rise to a TCF1~ T-bet" intermediate Tex subset that (re)acquired some effector-like
features. These intermediate Tex cells ultimately became terminally differentiated, losing
T-bet (and gaining Eomes) and permanently exiting cell cycle. This final transition was
coordinated by Tox-mediated antagonism of T-bet. PD-1 pathway blockade preferentially
expanded the second progenitor and the T-bet" intermediate Tex subsets. These data help
clarify previous Tex subset models by defining additional heterogeneity and connecting this
heterogeneity to differentiation and underlying transcriptional and epigenetic control.

Ly108 (Slamf6) and CD69 Define Four Tex Subsets during Chronic Viral Infection and

Cancer

To interrogate Tex cell heterogeneity, we first analyzed adoptively transferred LCMV
DPGP33.41-specific P14 CD8* T cells in LCMV-clone-13-infected mice. At day 30 post-
infection (d30pi), P14 cells could be separated into PD-1 intermediate (PD-1i") and PD-1
high (PD-1M) subsets (Figure 1A) (Blackburn et al., 2008). PD-1i" Tex cells could be
further subdivided by TCF1 expression (Figure 1A) identifying PD-1I"TCF1*, PD-1int
TCF1~, and PD-1"TCF1~ cells. PD-1"MTCF1- cells were more abundant than either
PD-1N or PD-1IMTCF1* populations and displayed evidence of recent proliferation Jn
vivo, reminiscent of an active developmental transition (Figures S1A and S1B) (Paley

et al., 2012). Proliferating cells were also observed in the PD-1I"TCF1* population,
whereas few PD-1M cells were Ki67* (Figures 1B and S1B). CD69 distinguished PD-1i"
TCF1~ cells (CD69") from the PD-1N Tex subset (CD69*), and expression of CD69 was
anti-correlated with proliferation (Figures 1B and S1C). CD69 expression also correlated
with Tox and Eomes but was negatively associated with T-bet (Figures 1C and S1D).
CD69 also demarcated a fraction of TCF1* cells that preferentially lacked Ki67 expression
(Figures 1B, 1C, and S1E). Thus, combining CD69 with Ly108 (S/amf6), a surrogate

of TCF1 expression (Figure S1F) identified four Tex subpopulations: Ly108*CD69*,
Ly108*CD69™, Ly108~CD69~ and Ly108-CD69™ in chronic, but not acute, infection
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(Figure 1D). This pattern was present at all time points, was also observed for non-T cell
receptor (TCR) transgenic responses, and was seen in multiple organs, although different
subsets were enriched in different tissues (Figures 1D-1G and S1G). TCF1 expression

was lost as Ki67 increased, peaking in the Ly108~CD69~ population before declining

in the Ly108~CD69* subset. This latter subset was consistent with PD-1" terminal Tex
cells (Figure 1H). The Ly108*CD69* subset had higher TCF1 but low ex vivo Ki67 in
comparison with Ly108*CD69™ cells (Figure 1H). Hence, differential CD69 expression
distinguished quiescent (Ly108*CD69*) and cycling (Ly108*CD69~) TCF1* Tex subsets.
A similar pattern of four Tex subsets was found in mouse B16 tumors and also for tumor-
infiltrating lymphocytes (TILs) from human melanoma (Figures 11,1J, and S1H-S1K). Thus,
we identified four Tex subsets based on Ly108 (or TCF1) and CD69 expression in mice and
humans.

Developmental Relationships between the Four Ly108- and CD69-Defined Tex Subsets

To next investigate lineage relationships, we adoptively transferred sorted and CFSE-labeled
Tex subsets into infection-matched recipients (Figures 2A and S2A). After seven days,

the Ly108*CD69" donor population gave rise to the most divided cells followed by the
Ly108*CD69™ subset. Both populations persisted better i vivothan did the Ly108~ subsets
and regenerated all four Tex populations (Figures 2B, 2C, S2B, and S2C). Notably, the
Ly108*CD69™ Tex subset also gave rise to Ly108*CD69* cells (Figure 2C). Ly108-CD69~
and Ly108-CD69* transferred cells divided poorly, had limited persistence, and restrained
developmental plasticity (Figures 2B, 2C, S2B, and S2C). The Ly108~CD69™ cells also
mainly retained their identity and gave rise to Ly108"CD69™ cells. Donor Ly108~CD69*
cells gave rise to essentially no proliferated progeny and mainly retained their original

state (Figures 2B and 2C). The few Ly108~CD69~ cells recovered from the Ly108-CD69*
donor population likely reflected few contaminating Ly108~CD69™ cells in the donor pool
(though some inter-conversion cannot be excluded). Neither of the Ly108~ subsets gave rise
to Ly108* cells, consistent with irreversible commitment when TCF1 was lost. Based on
the undivided (CFSEM) transferred cells, Ly108*CD69* and Ly108+*CD69™ donor Tex cells
were capable of generating each other (Figures 2D, S2D, and S2E). Ly108*CD69™ cells
accumulated more than the Ly108*CD69* in the divided (CFSE') fraction independently of
the donor population (Figures 2D, 2E, S2D, and S2E). Accordingly, Ly108*CD69* donor
cells that retained their identity after seven days had undergone few cell divisions, whereas
the Ly108*CD69~ progeny from these donor cells had proliferated extensively (Figure S2F).
Hence, Ly108*CD69* cells had features of quiescent progenitors and restrained in vivo

cell cycle (Figure 1H). Thus, Ly108*CD69* cells likely first passively transitioned to a
secondary Ly108*CD69~ stage. Extensive proliferation then occurred with the formation

of Ly108~CD69™ cells (Figures 1H and 2D). Although a low frequency of Ly108~CD69~
cells could be detected without proliferation from Ly108*CD69* (13.9%) or Ly108*CD69~
(16.2%) donor cells, the proportion of the Ly108~CD69~ subset increased substantially
with proliferation, outnumbering Ly108*CD69~ cells among the dividing cells (Figures 2D,
S2D, S2E, and S2G). The high Ki67 expression found at steady state in Ly108~"CD69~
cells (Figure 1H) contrasted their lack of proliferative potential in this setting (Figure 2B),
suggesting that this population arises from dividing Ly108*CD69~ progenitors and loses
further proliferative potential. Lastly, the few cells recovered from the donor Ly108~CD69*
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cells remained undivided and largely conserved their original identity (Figures 2B-2D and
S2B-S2E). Ly108~CD69* cells could also be generated from all other subsets (Figures 2C,
2D, S2D, and S2E). The minor Ki67 expression found in the Ly108"CD69" subset coupled
with the lack of proliferative potential of Ly108"CD69™ cells suggested that the former cells
differentiate from the post-mitotic fraction of Ly108~CD69~ cells. Co-expression of IRs
and phenotypic changes consistent with terminal exhaustion accompanied the progression
from Ly108*CD69* — Ly108*CD69~ — Ly108~CD69~ — Ly108~CD69* (Figures 2F and
2G). For clarity, these Tex subsets will be referred to here as progenitor 1 (Ly108*CD69*;
TexPro91) progenitor 2 (Ly108*CD69~; TexP™92), intermediate (Ly108-CD69™; Texi"), and
terminal (Ly108~CD69™; Tex®™),

PD-L1 Blockade Selectively Expands Transitioning Tex Subsets

PD-1/PD-L1 pathway blockade likely impacts Tex subset distribution. Thus, we interrogated
changes in the four Tex subsets after PD-L1 blockade (Figure S2H). In the absence of

CD4* T cell help, the TexP™92 and TexiM subsets were reduced in comparison with the CD4-
sufficient settings at d30pi (Figures S21 and S2J) (Zander et al., 2019). PD-L1 blockade
preferentially promoted accumulation of the TexPr°92 and Tex" subsets. One day after
treatment, the absolute number of TexPr91 and Tex®™ cells increased 2.1- and 2.2-fold,
respectively, whereas the number of TexP™92 and Texi cells increased 17- and 10-fold,
respectively (Figures 2H and 21). These data indicate that Tex cell reinvigoration by PD-1
pathway blockade partially rebalanced Tex subset distribution by fostering the formation of
the TexP092 and Tex!" subsets.

Dynamic Changes in T-bet and Eomes in Four Subsets of Tex Cells

We previously identified differences in T-bet and Eomes expression in Tex subsets (Figure
S3A) (Paley et al., 2012). More recent studies that defined Tex subsets based on CXCR5
and Tim-3 found a different expression pattern for T-bet and Eomes (Figure S3A) (Im et al.,
2016; Utzschneider et al., 2016). We therefore asked whether the four-stage developmental
hierarchy defined above could better resolve the dynamics of T-bet and Eomes in Tex cells.
First, gating on Tex subsets based on PD-1 versus CXCR5 and Tim-3 revealed different
patterns of the four subsets defined by Ly108 and CD69. CXCR5* Tex captured TexProgl
and TexPr092 cells whereas the PD-11" population also contained the Texi" subset (Figure
S3B). This Ly108~CD69" TexI" subset was nearly completely absent from the PD-1Mi
population but was contained in the subset defined as CXCR5™ (Figure S3B). Eomes was
highest in TexP91 cells, declining slightly in TexP™92 and even more in the Texi" subset
(Figures S3C-S3E). However, Eomes expression rebounded at the Tex®™ stage (Figures
S3C-S3H). T-bet expression, in contrast, gradually increased from TexP™91 and was highest
in Texit cells from both LCMV-infected mice and human tumors before dropping at the
TexM stage (Figures S3C-S3H). Consistent with T-bet-repressing PD-1 (Kao et al., 2011),
we observed a slight decrease in PD-1 at the TexP™92 and TexIM stages, whereas other IRs
gradually increased from TexP™91 to Tex®™®™ (Figures 2F and S31). Thus, the initial stages of
Tex subset differentiation (i.e., from TexP°91 to TexI") were accompanied by an EomesM to
T-bethi conversion concomitant with loss of TCF1 and decreased PD-1 expression, whereas
the later transition to the Tex!™ subset was accompanied by a T-bet"i to EomesNi conversion
and higher PD-1 expression.
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Location and Function of Ly108- and CD69-Defined Tex Subsets

CXCR5-defined Tex progenitors (CXCR5*) are resident of lymphoid tissues whereas
CXCR5™ Tex cells are found in circulation and peripheral organs (He et al., 2016; Im et

al., 2016). Because the Tex subsets described above were defined by CD69 that can regulate
lymphocyte egress, we next performed intravascular antibody (i.v. Ab) staining to assess
blood accessibility (Anderson et al., 2014). Consistent with previous work (Beura et al.,
2015), 73% (2% SEM) of splenic P14 CD8" T cells were labeled by i.v. anti-CD8 Ab
(Figures S4A and S4B). TexP091 cells, however, were almost exclusively (~80%) in the

i.v. Ab~ fraction, consistent with localization to the white pulp of the spleen (Figure 3A).

In contrast, 47% (2% SEM) of the TexPr°92 population was marked by i.v. Ab staining,
indicating blood accessibility likely in the red pulp (Figure 3A). Moreover, a majority of
TexiNt and Tex®™®™ were i.v. Ab labeled (Figure 3A). The two CD69~ subsets, TexP092

and Texi", were present in blood, whereas TexP°91 and Tex!™ cells were not (Figure

3B). Circulating TexP™92 cells retained expression of TCF1 in the blood (Figure 3C). The
absence of Tex!™ cells in blood despite robust i.v. Ab staining suggested that these cells
were resident of the blood-accessible splenic red pulp. Thus, the Ly108* (TCF-1*) TexPro9l
and TexP™092 subsets differed in anatomical location, with the latter gaining access to blood.
The TexI" subset was also highly blood accessible whereas the re-acquisition of CD69
expression by Tex'™ cells was associated with tissue-residency but in distinct environments
in comparison with TexP™91 cells.

We next evaluated effector functions. Among the Tex subsets, TexP™91 contained the highest
frequency of IFN-y-producers, IFNy and TNF coproducers (Figures 3D-3F) and also made
the most IFNy per cell (Figure S4C). Cytokine coproduction declined in TexPr992 and Texint
subsets (Figures 3D-3F and S4C) but then rebounded slightly at the Tex®™ stage, although
these cells were inferior to TexP91 on a per-cell basis (Figures 3D-3F and S4C). However,
Texi"t and Tex'®™ accounted for a respective 49% and 34% of the absolute number of
IFNy-producing P14 cells, and Tex®™ contributed the largest number of IFNy and TNF
co-producers (Figures S4D and S4E). Note, expression of Ly108 and CD69 on Tex cells was
unaffected by peptide re-stimulation (Figures S4F and S4G), and memory T cells (Tmem)
outperformed all Tex subsets (Figures 3D-3F and S4C). CD107a staining followed a similar
trend to cytokine secretion profiles (Figures 3G and 3H). However, TexI"t and Tex®™ cells
mediated the most target killing (Figure S4H). Ex vivo proliferative potential was restricted
to TexP™29 and to a lesser extent TexP™92 cells, although this proliferation was substantially
worse than Tmem cells (Figure 31). The robust proliferation of TexP™91 cells upon antigen
stimulation but evidence of low /n vivo proliferation and relative lack of Ki67 (Figure 1H)
pointed to a high proliferative potential but low ongoing cell cycle by this quiescent subset
in the steady state. In contrast, Tex!"t and Tex' ™ cells were almost incapable of undergoing
cell division upon re-stimulation Jn vitro despite, at least for Texi" cells, ex vivo Ki67
expression as evidence of recent 7 vivo cell cycling (Figure 31). TexP91 and TexP"092 cells
also had little evidence of ex vivo cell death, whereas apoptotic cells were readily detectable
for TexIt and Tex'®™ subsets in both the LCMV system and human melanoma tumors
(Figures 3J and S4l). Collectively, these data identify a specific set of functional properties
for each Tex subset.
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Transcriptional Programs of Tex Subsets

We next performed RNA sequencing (RNA-seq) to further define the biology of Tex
subsets. Principal-component analysis (PCA) highlighted a distinct transcriptional program
for each Tex subset defined by Ly108 and CD69, and each population also differed from
conventional effector (Teff) or Tmem cells (Figures 4A and S5A). Pairwise comparisons
defined differentially expressed genes (DEGSs) and subset-specific transcriptional signatures
(Figures 4B and S5B; Table S1). Tex subsets shared upregulated genes (DEGsUYP) with their
direct neighbors from the developmental relationships above, but fewer with more distant
subsets. For example, ~40% of TexP™°91 DEGsUP were also up in TexP©92 whereas few of
these genes were shared by Texi" and Tex®™ cells (Figure 4C). We then asked how the Tex
subset transcriptional signatures compared with previous Tex cell sScRNA-seq data (Figure
S5C) (Miller et al., 2019). Bi-clustering analysis classified DEGs from Ly108- and CD69-
defined subsets into seven modules (Figure S5D, top row; Table S2). These DEGs modules
were then mapped onto the sScRNA-seq data (Figure S5D, bottom row). This analysis
revealed similarity of TexP©91 and TexP™°92 cells with a 7¢cf7" progenitor-like single cell
cluster (Figures S5C and S5D; module 1), with broader mapping of the TexPr°92 signature
in ScRNA-seq space (Figures S5C and S5D; modules 3 and 4). DEGs from the Texi" subset
mapped mainly to a scRNA-seq cluster enriched for effector-like biology exemplified by
genes like Cx3cr1 (Figures S5C and S5D; module 5). DEGs biased to the Tex®™ subset
mapped mainly to the cluster identified as terminal Tex cells (Figures S5C and S5D; module
7). Thus, each Tex population had a distinct transcriptional program, and the relationship
between these transcriptional signatures was consistent with the developmental scheme
above.

To identify subset-specific biology, we clustered DEGs and examined gene ontology. Genes
upregulated in TexP™91 cells were involved in progenitor biology ( 7cf7, Myb, 117r, Self,
Tth biology (Cxcr5, Icos), and positive co-stimulation (Ca28) (Figure 4D, clusters 5 and

6; Table S3). Many of these genes were also expressed in TexP™°92, but often at lower
amounts (e.g., 7¢f7, Cxcrb5, CDZ28), an observation confirmed for protein (Figures 4D, 4F,
S5E, and S5F). Cluster 5, biased to the TexP™91 subset, also contained interferon-stimulated
genes (ISGs) including /rf7, Oas1, and Stat1 contributing to an enrichment for antiviral
defense signatures (Figures 4D and 4E). Cluster 1 contained genes preferentially upregulated
in TexP92 and was enriched for genes related to cell-cycle (e.g., cyclins and mki67)

and cell motility (AnxaZ, Itgb7, Alcam) (Figures 4D, 4E, and S5E). The transcriptional
signature of Tex"t cells was enriched in clusters 3, 4, and 8, which contained effector-
related genes (e.g., Grzma, Grzmb, Prf1 [cluster 4]; K/rg1 [cluster 3]; Cx3cr1 [cluster 8])
and TFs (7bx21, Zeb2, 1d2, Pram1 [cluster 4]), with corresponding protein expression

and gene ontology pathways (cluster 4) (Figures 4D-4F, S5E, and S5F). Cluster 3 also
captured biology related to natural killer (NK) cells for Texi™ (e.g., K/r family genes).
Lastly, Tex®®™ cells upregulated mRNA and protein for IRs (Pdcdl, Lag3, Tigit, Ca244
[clusters 2 and 7]) and molecules associated with terminal exhaustion (Entpd1, Cad101,
Cd38[clusters 2 and 7]). Cluster 2 was highly biased to Tex'™ and enriched for pathways
including negative regulation of cell activation (Figure 4E). Tex®™ cells also showed signs
of recent TCR signaling including high expression of Zap70, Nfatc1, and calcium influx
pathway enrichment (cluster 7) (Figures 4D, 4E, and S5E, and S5F). Although Tox was
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expressed by all Tex subsets (Figure 1C), Tex'™™ had the highest expression (Figures S5E
and S5F). Gene-set enrichment analysis (GSEA) revealed that TexP©91 and TexP™°92 shared
similarity with CXCR5*Tim-3~ Tex cells and memory precursor effector cells (MPEC),
although TexP™91 had stronger enrichment (Figure 4G). TexP™92 and Tex!" were enriched
for signatures from circulating effectors (Tcirc) (Figure 4G). TexI"t and Tex! ™ enriched
for the signature of CXCR5~Tim-3* Tex cells, but Texi" also showed similarity to short-
lived effector cells (SLECs) (Figure 4G). Tex™™ selectively enriched for exhaustion and
resident-memory (Trm) signatures that coincided with elevated Runx3, a TF associated
with tissue-residency (Figures 4G, S5E, and S5F) (Milner et al., 2017). Finally, each Tex
subset enriched for transcriptional signatures of different populations of mouse and human
TILs (Figure S5G). These transcriptional programs are consistent not only with a stepwise
developmental program but also with acquisition of Tex subset-specific biological functions.

Distinct Epigenetic Remodeling and Associated TF Control of Tex Subsets

To define the epigenetic relationships between these Tex subsets, we next compared the
open-chromatin landscape of the four Tex subsets, as well as Teff and Tmem cells, by assay
for transposase-accessible chromatin followed by deep sequencing (ATAC-seq) (Buenrostro
et al., 2013). Chromatin accessibility changes mostly occurred at intronic and intergenic
regions and correlated with transcriptional changes of the nearest genes (Figures S6A and
S6B). We identified specific patterns of chromatin accessibility in each Tex subset. For
example, 7cf7and Cxcr5 loci were more accessible in TexP91 and TexP™°92, whereas
Cx3crl or Cd38had more accessibility in TexI™ or Tex®™, respectively (Figures 5A and
S6C). By PCA, TexP031 and TexP"092 were similar, whereas Texi" and Tex!™ were distinct
from each other and also from either TexP'°9 subset (Figure 5B). Each Tex subset also
differed epigenetically from Teff and Tmem cells (Figures 5C, S6D, and S6E). Although
Texi" cells mapped closer to Teff and Tmem cells, this Tex subset remained distinct

from Teff and Tmem by ~ 5,000 open chromatin regions (OCRs) (including OCRs near
Tox and Pdcdl). Many of these TexI"t OCRs or specific modules were also shared by

other Tex subsets (Figures S6F and S6G; Table S4). Unsupervised clustering revealed

five epigenetically distinct clusters between Tex subsets (Figure 5D; Table S5). Cluster 1
identified a set of OCRs uniquely shared between TexP™91 and TexP™°92, Many OCRs in
this cluster mapped near genes related to progenitor biology (i.e., /12, Lef1, Wnt2) (Table
S5). TexPro91 and TexPro92 also enriched for cluster 2 that overlapped with Tex®™ and
cluster 4 associated with Texi", TexP™92 showed more accessibility than TexP™9% in cluster
5, a cluster also associated with Texi cells that contained OCRs associated with mKi67
(Figure 5D; Table S5). Cluster 3, absent from either TexP'°9 subset, was highly biased to
Tex!®™ with some features moderately enriched in TexI"t. Overall, these open-chromatin
landscapes highlighted an epigenetic similarity between TexP91 and TexP™92 but also
reveal aspects of TexP'°92 that were intermediate between TexP™92 and Texit. However,
robust epigenetic remodeling occurred during the TexP™92 to TexI"t and Tex to Tex! M
transitions (Figure 5E; Table S6). Most of the chromatin regions either opening or closing
during the Texi to Tex®™ transition occurred at sites that were unaffected during TexP"092
to Tex!"t differentiation and vice versa. Genes related to the progenitor biology ( 7¢cf7, 1177)
were epigenetically silenced during the TexP™92 to Texi" transition and remained closed
thereafter (Figure 5F; Table S6). Conversely, OCRs in genes encoding effector- (Cx3crI)
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and exhaustion-related genes (Cd160, Nr4a family members) became, respectively, less
or more accessible during the Texi" to Tex®™ transition. Thus, a clear set of epigenetic
landscape changes accompanied transitions between Tex subsets.

We next examined enrichment for TF binding sequences in chromatin accessible regions
altered during Tex subset transitions using HOMER. These analyses identified TFs with
potential subset-specific roles (Figure 5G; Table S7). For example, the most significantly
enriched DNA binding sequence in chromatin differentially accessible in TexPr92 versus
Texint cells was for T cell factor family of TFs (e.g., 7¢f7 TCF4 and TCF7L2 motifs)
(Figure 5G left plot; Table S7). TF binding motifs enriched in TexI"t compared to TexPro92
included ETS:RUNX (Pu.1, Etvi, EtvZ, Etv6) and PRDM14 (Znf264 and Rfx7). T-box
motifs (e.g., Thet, TBX2) were highly enriched in Texi"t compared to in TexPr92 or Texerm
(Figure 5G; Table S7). Tex®™-specific OCRs were enriched for interferon-related TF motifs
including the IRF1 sequence that can be bound by IRF1, IRF2, and IRF7 as well as
sequences bound by STAT1 and Blimp-1. Combining motif enrichment analysis with RNA
expression refined the list of TFs predicted to have Tex subset-specific roles. TCF1 (7¢f7)
was the top-enriched TF in TexPr992 (Figure 5H, left), whereas T-bet ( 76x21) was the most
enriched for TexiM (Figure 5H). Nr4a2 was the most-enriched predicted TF for the Texte™m
subset, followed by Irf1, Nfatc1, and Eomes (Figure 5H). In the comparison of TexPr092

to Texi", the enrichment for T-bet versus TCF1 was strongly anti-correlated, and these

TFs displayed opposing protein-expression kinetics during the TexP™92 to TexiNt transition
(Figures 5H and 51). Together, these data demonstrate de novo epigenetic changes occurring
during the TexP092 to Texi" and Tex!"t to Tex'®™ transitions that coincided with gain or loss
of accessibility for key TFs including potential opposing functions for TCF1 and T-bet in the
TexPr092 to Tex!"t transition.

T-bet and TCF1 Control the Developmental Transition from TexP™92 to Tex!Nt Cells

We next directly tested the impact of TCF1 and T-bet on Tex subset development. Co-
adoptive transfer of naive P14 WT and P14 TCF1 cKO cells into LCMV-clone-13-infected
mice revealed an essential role for TCF1 in early development of TexPr°91 and TexPr92 cells
(Figures 6A, 6B, and S7A-S7C) (Chen et al., 2019; Im et al., 2016; Utzschneider et al.,
2016; Wu et al., 2016). TCF1-deficient P14 cells had almost exclusively a Texi"t phenotype
at d8pi, although these cells were not maintained over time (Figures 6B and S7B). In

the absence of T-bet (Figures S7D and S7E), there was a modest increase in the TexProgl
subset at d8pi but marked reduction of the Texi" population and accumulation of Texterm
cells (Figures 6C and 6D). At d15pi the loss of TexI"t cells was even more prominent, but
the accumulation of Tex®™ was lost (Figures 6E, 6F, and S7H). Consistent with previous
reports (Kao et al., 2011; Paley et al., 2012), the number of all Tex cells was decreased in
the absence of T-bet (Figures S7F, S7G and S7I), although there was a bias of T-bet cKO
P14 cells toward the TexP™91 and TexP"©92 compartments at d15pi (Figures 6E and 6F).
These data identified a crucial role for T-bet specifically in the Texi" subset. The higher
frequency of Tex®®™ at d8pi in P14 T-bet cKO suggested that T-bet could stabilize the Texint
stage, restraining conversion into Tex®™ cells (Figures 6C and 6D), although there is likely
also a role for T-bet in the non-exhausted KLRG1* Teff lineage at these early time points

of infection (Chen et al., 2019). The inability to sustain the development of the Tex®m
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population at d15pi in the T-bet cKO likely reflected a lack of replenishment caused by
defective generation of TexiM cells from TexP™92 (Figures 6C-6F and S7H). Thus, the defect
in Texi"t cell development in the absence of T-bet disrupted Tex subset dynamics, causing
attrition of the overall CD8" T cell response during chronic infection.

To confirm these results, we enforced expression of either TCF1 (short isoform) or T-bet
in P14 CD8* T cells with retroviral (RV) transduction (Kurachi et al., 2017) (Figure

S7J). TCF1 overexpression (VEX+) favored accumulation of TexP™91 and TexP"092 at
d15pi, reducing the proportion of Texi and Tex®™ cells in comparison with the non-
transduced (VEX-) or empty RV controls (Figures 6G and S7K). Conversely, enforcing
T-bet expression led to a substantial accumulation of TexiM cells, whereas the proportion
of TexP091 TexProd2 and also Text ™ cells was reduced (Figures 6G and S7K). These
data further illustrated the role of T-bet in fostering and stabilizing the Tex"t subset. Taken
together, we defined the TCF1-T-bet axis as a major transcriptional control mechanism in
the conversion of progenitor cells into Texi" cells.

The High-Mobility Group (HMG) Box Protein TOX Antagonizes T-bet Expression to Favor
Terminal Exhaustion

We next aimed to investigate the molecular events promoting final conversion of Texint
cells to terminal Tex®™ cells. We and others recently reported a role for Tox in early

Tex versus Teff cell-fate commitment (Alfei et al., 2019; Khan et al., 2019; Scott et al.,
2019; Seo et al., 2019; Yao et al., 2019). We then asked whether Tox might antagonize

the T-bet-driven Teff-like Texi" subset to favor terminal exhaustion. Indeed, Tox expression
was lowest in Tex!" cells but increased robustly at the Tex! ™ stage (Figures 7A, S5E, and
S5F). Texi cells also had the lowest Tox/T-bet ratio. Moreover, when examined directly,
the Tox and T-bet co-expression pattern revealed distinct Tox"T-bet!® and Toxi"T-betMi
populations at d27pi (Figure 7B). Accordingly, in chronic infection and cancer, lower Tox
was characteristic of T-betM Texit cells whereas higher Tox was associated with Tex!em
and/or TexPro9 subsets that were T-bet!® (Figures 7C-7F). Tox also had a predictive binding
site at an OCR distal to the 76x21 TSS, and among all TFs predicted to bind near 76x21 in
Tex cells, Tox was among the most anti-correlated with 76x21 mRNA (Figures 7G and 7H).
These data suggested potential direct negative regulation of T-bet by Tox.

To test this relationship, we performed co-transfer of Tox haplo-insufficient P14 cells
(Tox™) with WT littermate (Tox*/*) in congenic mice followed by clone-13 infection
(Figure 71). Tox*/~ P14 cells had ~20%-30% reduction in Tox expression (Figure 7K,
bottom) in ~60% of the recipient mice by d27pi. Whereas a complete abrogation of Tox
precludes Tex cell development (Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019;
Seo et al., 2019; Yao et al., 2019), Tox*/~ P14 cells expanded normally, were maintained
up to d27pi (although at reduced frequencies and numbers compared to Tox*/* P14 cells),
and sustained high expression of PD-1 consistent with exhaustion (Figures 7J, 7K left,
and S7L). However, tempering Tox expression reduced the TexP91 TexProd2 and Texterm
compartments and favored accumulation of Texit cells (Figure 7K). Although the absolute
number of all Tex subsets was reduced in the Tox*/~ setting, the TexI"t cells were affected
the least (Figure 7L). These data confirmed a developmental advantage for Texi" cells in
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Tox*~ P14 that corresponded to an overall increase in T-bet expression in comparison with
Tox*"* P14 controls, a difference also apparent in the Texi" subset (Figure 7M). These data
indicated that Tox control over T-bet expression in Tex cells represents a key switch point
regulating the balance between Texi"t and Tex!™ cell accumulation.
DISCUSSION

We and others have previously identified Tex subsets. However, the number of subsets, their
underlying transcriptional and epigenetic control, and their developmental relationships have
remained poorly understood. Here, we identified a four-stage developmental trajectory of
Tex cell subsets defined by Ly108 (a surrogate of TCF1) and CD69. Our data revealed two
interchangeable progenitor states (TexPr°91 and TexPr092) with transcriptional, phenotypic,
functional, and anatomical differences but a related open-chromatin landscape. TexPro9l

are quiescent and resident and convert to TexP™92, This conversion was associated with
relocalization from blood-inaccessible lymphoid residence to blood-accessible locations
and a proliferation-driven transition to a downstream Texi"t developmental stage. This
TexiNt subset had similarities to circulating “effector-like” cells, although Texi" cells

were epigenetically distinct from bona fide Teff cells. TexI"t cells ultimately converted

to Tex™®™ cells that were absent from the blood but accumulated in tissues and the
blood-accessible locations in the spleen. We also discovered a TF cascade as Tex cells
transitioned from TCF1NTox"i to TCF1 iNtToxN to TCF1M9T-bet" Tox!" and finally to
TCF1e9T-bet!ToxNiEomesN during Tex subset conversion. Moreover, we defined key roles
for these TFs in this developmental trajectory, although other TFs likely also have a role.
These findings also reconcile previous differences between descriptions of Tex subsets

that could have related to whether the T-bet" Texin subset was included in a progenitor

or terminal population in earlier two subset models (Im et al., 2016; Paley et al., 2012;
Utzschneider et al., 2016). Moreover, although there will likely be disease-specific features,
the general biology identified here appears to be preserved across diseases and species,
suggesting a conserved core developmental biology.

These studies also provided additional insights about the biological role of T-bet in Tex
cells. First, T-bet drove conversion of TCF1* progenitor Tex cells to TCF1~ Texi" cells.
Second, the TexiM subset re-engaged some effector-like activity and migration reminiscent
of T-bet functions in other CD8* T cells (Berrien-Elliott et al., 2015; Intlekofer et al., 2008;
Intlekofer et al., 2005; Pearce et al., 2003; Taqueti et al., 2006). Third, T-bet stabilized

the Texit stage, preventing terminal exhaustion, whereas this activity was counterbalanced
by Tox. Moreover, two recent studies highlight a CX3CR1* Tex subset that possesses an
effector-like transcriptional program, expresses T-bet, and is similar to the Texi" subset
defined here (Hudson et al., 2019; Zander et al., 2019). Together, these data highlight
additional functions for T-bet as a central coordinator of an intermediate Tex subset and
identify the TCF1, T-bet, and Tox axes as essential components regulating the development
and balance between Tex subsets.

PD-1 pathway blockade preferentially amplifies the Tex subsets with circulatory potential
(i.e., TexPr292 and Texi"t cells) consistent with detection of responses in the blood after
PD-1 blockade in cancer patients (Huang et al., 2017). The observed Increase in effector-
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like transcriptional features in the Texit subset despite a Tex cell epigenetic landscape Is
consistent with reengagement of effector gene transcription but lack of epigenetic changes
associated with PD-1 pathway blockade (Pauken et al., 2016). Because Tex!"t cells also
convert to Tex®™ these data also predict a potential replacement of Tex®™ in tumors with
new Tex!" converting to Text ™ cells after PD-1 blockade consistent with accumulation

of EomesNi Tex cells after blockade or loss of PD-1 (Huang et al., 2017; Odorizzi

et al., 2015; Pauken et al., 2016). Moreover, these dynamics could explain the clonal
replacement observed in humans after PD-1 blockade (Yost et al., 2019). T-bet directly
represses PD-1 in Tex cells (Kao et al., 2011), and we consistently observed a modest
decrease in PD-1 expression in the TexPr091 — TexPro92 and TexPr292 — TexiN transitions.
Thus, it is possible that by restraining antigen-dependent TCR signals, PD-1 protects Tex
progenitors. A subtle transient downregulation of PD-1 by T-bet, and therefore increase In
TCR and/or costimulatory signaling, could provoke loss of TCF1, re-entry to cell cycle,
and differentiation to TexI"t, although whether loss of TCF1 instigates T-bet expression or
vice versa remains currently unclear. Blocking PD-1 signals could provoke a similar effect,
causing a synchronous and robust conversion of TexP™92 into Texint,

These observations also have relevance for understanding Tex biology in humans with
chronic viral infections and cancers. For example, CyTOF analysis in patients with HIV
or non-small-cell lung cancer identified 9 clusters of Tex cells that expressed IRs and Tox
(Bengsch et al., 2018). One rare cluster in the blood was TCF1*, PD-1*, and CXCR5*,
which was associated with less severe disease and might represent TexP™©91-like cells
(Bengsch et al., 2018). Several other clusters expressed lower TCF1 and/or lacked CXCR5
and were Ki67* bearing resemblance to TexP™92, Three additional clusters resembled
TexiM expressing T-bet, Ki67, and/or cytotoxicity molecules. Finally, two clusters were
more similar to Tex®®™ or Texi" just transitioning to Tex!®™ and had high Tox, IRs,

and Eomes and lacked Ki67. Notably, some of these latter clusters correlated with more
severe disease and/or were enriched in lung tumors in comparison with blood (Bengsch
etal., 2018). In addition, other studies in humans identified cells similar to TexPr91 in
lymphoid aggregates in tumors (Jansen et al., 2019), proliferating in the peripheral blood
after checkpoint blockade similar to TexP™92 and/or Tex!" (Huang et al., 2019; Huang et
al., 2017; Kamphorst et al., 2017) or clonally related populations in tumors with features
of TexProd cells and Texit or Text™ (Li et al., 2019; Wu et al., 2020; Zhang et al., 2018)
consistent with the lineage relationships defined here.

Most tissues are organized into proliferative hierarchies, and these hierarchies are important
in settings of proliferative stress (Grompe, 2012). Often, these regenerative hierarchies
involve a quiescent tissue stem cell or progenitor cell that could receive local tissue signals,
for example the crypt base columnar cell or hematopoietic stem cell (Gehart and Clevers,
2019; McCracken et al., 2016). There is often also a second progenitor population that

can display more steady-state cell cycle (Grompe, 2012; McCracken et al., 2016). In some
settings these two progenitor populations could interconvert, especially if proliferative stress
is increased (Grompe, 2012). In these tissues there is often also a transient amplifying
population that is more numerically abundant and occupies that part of the developmental
hierarchy where most proliferation has occurred, but also where cells acquire major
biological features of the function of the tissue. Finally, terminally differentiated tissue cells
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are formed. Although these cells, such as post-mitotic intestinal enterocytes (Gehart and
Clevers, 2019; Grompe, 2012), are terminally differentiated, they are critical for the function
of the tissue. Each step in these tissue proliferative hierarchies, which allow cells to manage
proliferative stress and regeneration, has possible analogies to Tex cell biology including
two distinct but interconvertible progenitor populations: a transient amplifying population
that acquires key functions of the tissue and a terminal population that is short-lived, but
likely has key biological functions. In some of these settings, the proliferative hierarchy

has branches allowing different types of more differentiated descendant cells to be formed
(Gehart and Clevers, 2019; McCracken et al., 2016). Whether the Tex cells proliferative
hierarchy contains more complexity than revealed here remains to be determined.

Together, these studies help clarify our understanding of Tex subset heterogeneity as well

as define the biological properties and associated underlying transcriptional and epigenetic
control of Tex cell heterogeneity. These “maps” of Tex cell biology could allow more
detailed understanding of data from cancer patients to determine which aspects of Tex

cells have been altered by therapeutic interventions. Finally, these data also illustrate a
developmental biology structure for Tex cell differentiation and highlight similarities to
other biological settings where a hierarchy of progenitor cell maintenance and differentiation
balances proliferative stress and homeostatic functions of the “tissue.”

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information, requests for resources and reagents should be
directed to the lead contact, E. John Wherry (wherry@pennmedicine.upenn.edu).

Materials Availability—Materials generated by this study are available upon request.

Data and Code Availability—The accession number for the RNAseq and ATACseq
reported in this paper is GEO:GSE149879.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients samples—Results presented in this study were obtained by re-analyzing tumor
resection data from clinical stage Il or stage IV melanoma patients involved in a previously
reported clinical trial at the University of Pennsylvania (NCT02434354) (Huang et al., 2019)
or collected from patients under IRB protocol 08607 at the University of Pennsylvania.

Flow cytometry and staining were performed as previously described. (Huang et al., 2019)
Samples were collected either before or 3 weeks after treatment with a single flat dose of
pembrolizumab 200mg intravenously. The protocol and its amendments were approved by
the Institutional Review Board at the University of Pennsylvania, and all patients provided
written informed consent.

Mice—Six-week old female C57BL/6 mice (CD45.2, Charles River, NCI) were used for
most experiments. Alternatively, six-week old female NCI B6-Ly5.1/Cr (NCI Charles River)
or male B6.SJL-Ptprc Pepc/BoyJ mice (The Jackson laboratory) expressing the congenic
marker CD45.1 were used as recipients for some P14 knockout adoptive transfers and CFSE
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tracing experiments. P14 TCR transgenic mice expressing a TCR specific for the LCMV
DPgp33-41 peptide were bred in house and backcrossed onto the C57BL/6 background.

P14 Tcf/Mox/flox CD4-cre (P14TCF1KO) mice were bred in house by crossing CD4-cre
mice (The Jackson laboratory) to 7cf7770X/flox mice on the P14 background. Thx21fox/flox
from the Jackson Laboratory (B6.128-Thx21tm2Srnr/J) were bred in house with P14 ERT2-
Cre*/~ Rosa26-YFP*/~ to generate P14 Thx2170X/flox ERT2-CRE*/~ Rosa-YFP*/~ mice
(P14TbetKO). 70x<C mice were kindly provided by Jonathan Kaye, PhD (Cedars-Sinai
Medical Center, Los Angeles, CA, USA) and bred in house onto the P14 background to
generate P14 7ox*'~ mice. All experiments and breeding conditions were in accordance with
Institutional Animal Care and Use Committee (IACUC) guidelines for the University of
Pennsylvania.

Viruses and Infections—LCMV Armstrong and clone 13 were grown in BHK cells
and titrated using plaque assay on VERO cells. Recipient mice were infected either
intraperitoneally (i.p.) with LCMV Armstrong (2x10° plaque forming units [PFU]) or
intravenously (i.v.) with LCMV clone 13 (4x108 PFU) one day post adoptive transfer of
P14 cells where noted.

Cell line and tumor transplant—B16 and MC-38 tumor cells were maintained in
DMEM supplemented with 10% FCS, 1% L-glut and 1% Pen/Strep. Tumor cells (5x10°)
cultured for less than two weeks were implanted subcutaneously in the flank of recipient
mice using 29G1/2 syringes. Tumor size was monitored using a manual caliper and tumors
were excised before exceeding the volume permitted by the IACUC guidelines for the
University of Pennsylvania.

Retroviral vectors— 76x21 and 7c¢f7short isoform (p33; Origene) cDNAs were cloned
into a MSCV-IRES-VEX plasmid. Retroviral particles were produced by transfection of
293T cells. Briefly, 293T cells were pre-incubated with warmed cDMEM supplemented
with chloroquine (25uM; Sigma). Cells were transduced with a pCL-Eco plasmid (15ug)

and MSCV-IRES-VEX expression plasmid (15pg) using Lipofectamine 3000 (ThermoFisher
Scientific) for 6 h at 37°C 5%C02. After incubation, transduction medium was replaced
with fresh cDOMEM. RV supernatant were collected at days 3 and 4 of culture and titrated on
NIH 3T3 cells.

METHODS DETAILS

Adoptive T cell transfer—Recipient mice were adoptively transferred with PBMCs
containing 1x10% P14 CD8" T cells 24 h prior infection with either LCMV Armstrong or
LCMV clone 13. P14TCF1KO (CD45.1.2*) or P14 TOX*/~ (CD45.2*) were co-transferred
along with their relative WT P14 littermate controls (CD4-Cre™ 7cf7* [CD45.1*] or Tox*'*
[CD45.1.2*] respectively), 1x103 each. For T-bet KO experiments, P14WT (ERT2-Cre*/~
Rosa26-YFP*~ Thx21*; CD45.1.2*) and P14TbetkO (ERT2-Cre*/~ Rosa26 YFP*/~
Thx21Mox/flox. CDA45.2+) were treated /n vitro with TAT-cre (50ug/mL) in serum free RPMI
medium for 45min at 37°C, 5%CO2 and 1x10° of each were co-transferred into naive
CD45.1 recipients 24 h before infection. (Gordon et al., 2012) Markers typically associated
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with early T cell activation (i.e., CD69, Ly6C, PD-1, CD25, CD62L, CD127) were checked
in each P14 populations before infusion into recipient mice to ensure transfer of naive cells.

Cell preparation, flow cytometry and cell sorting—Spleens and inguinal lymph
nodes (LN) were mechanically disrupted onto a 70uM cell strainer using the plunger of a
3mL syringe and resuspended in 1mL of ACK red blood cell lysing buffer (GIBCO) for

3 min at room temperature (RT). Cell suspensions were washed in cRPMI supplemented
with 10% FBS, 1% penn/strep, 1% L-glut, HEPES 10mM (Cell Center, UPenn), MEM
non-essential amino acids 1% (GIBCO), Sodium Pyruvate 1mM (Cell Center Upenn),
B-mercaptoethanol (0.05mM) and resuspended in FACs buffer (PBS1%, 1%FBS, EDTA
[2mM]). Bone marrow suspensions were harvested by flushing cells out of the femur and
tibia of infected mice with a 29G syringe and cRPMI. Cells were then treated as above. For
lungs and livers, mice were perfused with cold PBS to maximize removal of blood stream
cells from organs. Lungs were cut in a Petri dish, disrupted in the presence of Collagenase
D (1X) (Roche) using a MACs dissociator (Miltenyi Biotec) and incubated for 45min at
37°C under agitation. After incubation, lung cells were disrupted a second time on a MACs
dissociator (Miltenyi Biotec) and processed as above. After mechanical disruption onto a
70uM strainer, lymphocytes from livers were enriched using Percoll (GE Healthcare) density
gradient separation (809%/40%), washed two times with cRPMI and processed as above.
Blood samples were collected in 1ml of PBS plus 2mM EDTA. RPMI was added and
samples were underlaid with Histopaque 1083 (Sigma Aldrich) for lymphocyte enrichment
using density gradient concentration. Remaining red blood cells were lysed using ACK
lysing buffer (GIBCO) for 3min at RT. For enrichment of mouse TILs, tumors were cut

in pieces using a scalpel and incubated in serum free RPMI containing Collagenase D

Type 4 (Img/mL, Worthington) and 0.02mg/mL of DNase | (Sigma) 45 min at 37°C under
agitation. Cell suspensions were filtered again on a 70uM strainer and processed as above
(Ngiow et al., 2016). Equal number of cells were stained with extracellular antibodies for
30min on ice in FACs buffer (PBS1X, 1%FBS, 2mMEDTA) in the presence of Live/Dead
Fixable Aqua Cell Stain (ThermoFisher Scientific). For tumor samples staining, anti-mouse
CD16/32 (Biolegend) was added (1/100) at the time of extra-cellular staining as previously
described. (Muroyama et al., 2017) Cells were then fixed for 20 min on ice with Cytofix/
Cytoperm (BD bioscience) for intracellular proteins detection (active-caspase3, granzyme B,
IFNy, TNFa), incubated 30 min on ice in Perm/Wash buffer (BD bioscience) and stained
for an extended 1 h on ice in Perm/Wash buffer (BD bioscience) containing antibodies for
intracellular proteins. For TFs detection, cells were fixed and permeabilized using the Foxp3
Transcription Factor buffer set (ThermoFisher Scientific) and incubated for an additional

1 h with TF antibodies. Samples were acquired on an LSR 1l or BD FACSymphony and
analyzed with FlowJo v.10 software (Tree Star Inc).

For cell sorting, CD8* T cells were enriched from total splenocytes using the EasySept™
CD8* T cell isolation Kit (StemCell) (routinely > 90% purity). CD8" T cells were stained
with Live/Dead Fixable Aqua Cell Stain (ThermoFisher Scientific) and Tex subsets were
sorted based on CD8, CD45.1, CD45.2, CD69 and Ly108 for /n vitro CFSE proliferation
assays, killing assays, RNaseq and ATACseq experiments. For /in vivo CFSE tracing, Tex
subsets were sorted from activated CD8* T cells using CD4 and CD19 as exclusion markers
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and PD-1 to gate on activated cells and CD69 and Ly108 to identify each Tex subset. Cells
were sorted on an BD FACSARIA (BD Bioscience) using a 70 micron nozzle in RPMI
50%FBS maintained at 4°C using a circulating cool-down system. Purity was routinely >
94%.

Intracellular cytokine staining—Splenocytes (1-2x10°) were re-stimulated /n vitro for
5hat 37°C 5% CO2 in cRPMI supplemented with GolgiStop (1/250; BD bioscience),
GolgiPlug (1/500; BD bioscience), gpss-41 peptide (NIH, 0.4ug/mL) and CD107a antibodies
(1/500). Cells were then washed and stained using the BD Fixation/permeabilization kit (BD
Bioscience).

CFSE tracing experiments—C57BL/6 mice (CD45.2%) were infected with LCMV clone
13 and spleens were collected at day 21 pi. Mice with low viral titers in the serum at day
15pi were excluded. CD8* T cells were enriched using EasySep!™ CD8* T cell isolation Kit
(StemCell) (routinely > 90% purity) and Tex subsets were sorted from endogenous activated
CD8™ T cells. Briefly, Live/Dead Fixable Aqua Cell Stain (ThermoFisher Scientific), CD4
and CD19 were used as exclusion markers and PD-1, Ly108 and CD69 were used to
discriminate and sort Tex subsets among endogenous activated (PD-1*) CD8* T cells (purity
was routinely > 94% for each subset). Sorted cells were stained with Carboxyfluorescein
succinimidyl ester (CFSE; ThermoFisher Scientific) for 8min at RT in PBS containing

the CFSE dye (5uM). Reaction was stopped by adding an equal volume of cold FBS

and cells were subsequently washed two times in cRPMI. Cells were counted and 1x10°

of each subset was adoptively transferred into infection-matched CD45.1* recipient mice.
Proliferation and phenotypic changes were assessed in the spleen seven days post-transfer.

Intravascular staining—Intravascular staining was performed as previously described.
(Anderson et al., 2014) At day 30 pi, recipient mice were injected i.v. with 200ul of PBS
containing 3ug of eF-450-conjugated anti-CD8 antibody (ThermoFisher Scientific). Three
minutes later, mice were sacrificed and spleens were collected and processed as above.

Antibody treatment—Where indicated, mice were depleted of CD4™ T cells using two
i.p. injections of 200uL of PBS containing 200ug of monoclonal anti-CD4 antibody (clone
GKL1.5, BioXcell) one day prior and post infection with LCMV clone 13.

PD-L1 blockade was performed in CD4-depleted mice as previously described. (Pauken
et al., 2016) Sequential i.p. injections of 200ul of PBS containing or not rat anti-mouse
PD-L1 monoclonal antibody (200ug/injection, clone 10F.9G2, BioXcell) were performed
every three days between days 22 and 34 for a total of five injections.

CFSE Proliferation assay in vitro—/n vitro CFSE proliferation assays were performed
as previously described (Beltra et al., 2016). Sorted Tex subsets were re-suspended in 1ml
of PBS and stained for 6min with CFSE by addition of an equal volume of PBS containing
4uM of CFSE (2uM final). The reaction was stopped by addition of an equal volume of cold
FBS and cells were subsequently washed two times in cRPMI. Dendritic cells (DCs) were
enriched from the spleen of naive C57B/L6 mice using CD11c+ MicroBeads Ultra pure
mouse kit (Miltenyi) and loaded with gpss3.41 peptide (0.1 uM) for 30min at 37°C 5% CO2
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in cRPMI. Each Tex subset was co-cultured with peptide loaded DCs (10% each) for three
days in 96-round bottom well plates.

Killing assay—Splenocytes from naive CD45.2* C57BL/6 mice were coated with 0.2uM
of gps3.41 peptide (targets) or the irrelevant OVA57.264 SIINFEKL peptide (non-target).
Target and non-target cells were stained with CFSE at 0.1 and 10uM respectively. Target and
non-target cells were incubated or not with sorted Tex subsets (E:T 3/1) for 16 h in cRPMI.
Percentage of specific lysis was calculated as follows: 100-((100X % gp33 targets)/% gp33
targets without effectors).

Retroviral (RV) transduction—RV transduction of P14 CD8* T cells was performed as
described (Kurachi et al., 2017). P14 CD8* T cells were enriched from total splenocytes
using EasySep™ CD8* T cell isolation Kit (StemCell) and activated in vitro in cRPMI
supplemented with aCD3 (1 pg/mL), aCD28 (0.5ug/mL) antibodies and 1L-2 (100U/mL)
(PeproTech). One day post activation (between 24-27 h), activated CD8* T cells were
enriched using Percoll (GE Healthcare) density gradient (30%/60%) and spin-transduced
during 60-75min at 20009 30°C with RV supernatant containing polybrene (4pg/mL).
Transduced cells were then incubated for 6 h, washed twice in cRPMI, counted and injected
(1x105 per mouse) into LCMV clone 13 infected mice at day 1.5pi.

Active caspase-3 detection—Splenocytes from infected mice or TILs isolated from
Human melanoma tumors were incubated for 5 h at 37°C 5%CQO2 in cRPMI prior
intra-cytoplasmic detection of active-caspase 3 (BD Bioscience) using BD Fixation/
Permeabilization kit (BD Bioscience).

Sample preparation for RNaseq—Sorted cells were centrifuged, resuspended in 350ul
of RLT buffer (RNeasy Plus Micro kit, QIAGEN) in DNA LoBind tubes (Eppendorf),
vortexed for 30 s, flash-frozen on dry ice and stored at —80°C. mRNA was extracted

using RNeasy Plus Micro kit (QIAGEN) following manufacturer’s protocol and eluted in
141 of RNase free water. mRNA quality was assessed on a 2200 TapeStation (Agilent
Technologies) using High Sensitivity RNA ScreenTape (Agilent Technologies). mMRNA from
each biological replicate (5ng/sample) was converted into cDNA and amplified (9 cycles)
using the SMART-Seq V4 Ultra Low Input RNA Kit (Takara Bio). 10ng of cDNA was used
to prepare DNA libraries using Nextera XT DNA Library Prep Kit (Illumina). Barcoded
samples were pooled, diluted at 1.8pM, loaded onto a TG NextSeq 500/550 High Output
Kit v2 (150 cycles, 400M reads, Illumina) and paired-end sequencing was performed on a
NextSeq 550 (Illumina).

Sample preparation for ATACseq—ATACseq sample preparation was performed as
described with minor modifications. (Buenrostro et al., 2013) Sorted cells (2.5-to-5x10%)
were washed twice in cold PBS and resuspended in 50ul of cold lysis buffer (10nM Tris-
HCI, pH 7.4, 10mM NaCl, 3mM MgCI2, 0.1% Tween). Lysates were centrifuge (750xg,
10min, 4°C) and nuclei were resuspended in 50ul of transposition reaction mix (TD buffer
[25ul], Tn5 Transposase [2.5ul], nuclease-free water [22.5ul]; (Illumina)) and incubated

for 30min at 37°C. Transposed DNA fragments were purified using a QIAGEN Reaction
MiniElute Kit, barcoded with NEXTERA dual indexes (Illumina) and amplified by PCR for
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11 cycles using NEBNext High Fidelity 2x PCR Master Mix (New England Biolabs). PCR
products were purified using a PCR Purification Kit (QIAGEN) and amplified fragments
size was verified on a 2200 TapeStation (Agilent Technologies) using High Sensitivity
D1000 ScreenTapes (Agilent Technologies). Libraries were quantified by gPCR using a
KAPA Library Quant Kit (KAPA Biosystems). Normalized libraries were pooled, diluted to
1.8pg/mL loaded onto a TG NextSeq 500/550 High Output Kit v2 (150 cycles, 400M reads,
I1lumina) and paired-end sequencing was performed on a NextSeq 550 (I1lumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

Spice charts analysis—Positive gates for each parameter were created in FlowJo
(\V10.4.2, Tree Star) and the Boolean tool was used to evaluate the frequency of cells in
each possible combination of markers for each sample of interest. Excel sheet containing all
the samples and relative frequencies of cells in each combination was created from FlowJo,
converted to a spice-compatible file using Pestle and pie charts were realized with Spice
(v5.35).

RNA seg—Raw FASTQ files from RNaseq paired-end sequencing were aligned to the
GRCm38/mm10 reference genome using Kallisto (https://pachterlab.github.io/kallisto/),
filtered to remove transcripts with low counts and trimmed using the TMM normalization
method. Genes with differential expression across samples (DEGs) were assessed using the
Limma package of R. A FDR of 0.01 and Log2 fold change cut-off of 1 were imposed.
PCA plots were built using normalized and filtered log, cpm. Unsupervised clustering was
performed using K-means to cluster heatmap rows. ComBat in the R package svaseq was
used to correct for non-biological variations accounting for unwanted differences when
merging the RNaseq dataset from this paper and the Scott-Browne et al. (2016) (Scott-
Browne et al., 2016) RNaseq dataset for comparisons. (Leek, 2014)

Gene ontology—Gene ontology of gene sets of interest were obtained using

the Metascape online tool (http://metascape.org/gp/index.html#/main/stepl). Pathway
enrichment analysis (GO Biological processes) was set for a minimum overlap of 3, a
p-value cut-off of 0.01 and a minimum enrichment score of 1.5. The five pathways with the
most significant enrichment score by log (g-value) were presented and plotted onto a bubble
graph using Datagraph (https://www.visualdatatools.com/DataGraph/).

Gene set enrichment analysis—GSEA was performed using the Broad Institute
software (https://www.broadinstitute.org/gsea/index.jsp). Enrichment scores were calculated
by comparing each Tex subset (TexP™091, TexProd2 Texint and Tex!®™M) to the three others.
Multiple comparative analysis were performed using datasets publicly available through the
Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds) under the
following accession numbers: CXCR5+Tim3- and CXCR5-Tim3+ (GSE84105)(Im et al.,
2016), MPEC and SLEC (GSE8678)(Joshi et al., 2007), state 1 (plastic) and state 2 (fixed)
(GSE89307)(Philip et al., 2017) or using gene signatures listed as supplemental material:
Trwm and Tejre (Milner et al., 2017), Texhausted (Bengsch et al., 2018), CD8-G, CD8-B
and CD8-1_to_6.(Sade-Feldman et al., 2019)
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ATACseg—Raw ATACseq FASTQ files from paired-end sequencing were processed using
the script available at the following repository (https://github.com/wherrylab/jogiles_ ATAC).
DWe used samtools to remove unmapped, unpaired, mitochondrial reads and ENCODE
blacklist regions were also removed (https://sites.google.com/site/anshulkundaje/projects/
blacklists). PCR duplicates were removed using Picard. Peak calling was performed using
MACS v2 (FDR g-value 0.01). For each experiment, we combined peaks of all samples to
create a union peak list and merged overlapping peaks with BedTools merge. The number
of reads in each peak was determined using BedTools coverage. Differentially accessible
regions were identified following DESeq2 normalization using a FDR cut-off < 0.05 or
0.01 unless otherwise indicated. ComBat in the R package svaseq was used to correct for
non-biological variations accounting for unwanted differences when merging the ATACseq
dataset from this paper and the Pauken et al. (2016)(Pauken et al., 2016) ATACseq dataset
for comparisons.(Leek, 2014)

Correlation network analysis—For all pairwise comparisons, a correlation coefficient
was calculated using the Spearman method. A correlation network was created based on
correlation scores and projected using Cytoscape.

Motif enrichment analysis—Motif enrichment was calculated using HOMER (default
parameters) on peaks differentially accessible during indicated Tex subset transitions (Figure
5e; Table. S6). Transcription binding site prediction analysis was performed using the de
novo motif discovery strategy. For each predicted motif, top 10 TF matches were selected
and shown in Table. S7 and the top match was highlighted in Figure 5g.

Sample distance analysis—A distance matrix was calculated using the “euclidean”
measure using the top 25% peak by variance and plotted as a heatmap in Figure S6E.

Biclustering analysis—Differential expression of genes was calculated for all pairwise
comparisons of cell states using DESeq2 1.22.2. Normalized expression values of genes
which are differential in any of the pairwise comparison were used as input to bicluster

the data using the SpectralBiclustering method from the scikit-learn_0.21.3 package. Seven
gene modules were calculated for the four sample groups.

Gene signature analysis on scRNaseq data—The single cell expression data used
was from GSE122712 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122712)
(Miller et al., 2019), the supplementary files from the repository were used as input and
processed using the Seurat 3.1.1 package. The above-calculated seven gene modules were
used as features to calculate module scores of single cells using the AddModuleScore
function from the Seurat 3.1.1 package. Module scores for each of the gene signatures was
used to color the cells on the UMAP projection created from the Seurat processing.

Statistical analysis—Statistics on flow cytometry data were performed using unpaired
two-tailed Student’s t test (GraphPad Prism v6; *p < 0.05, **p < 0.005, ***p < 0.0005).
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Highlights

Ly108 and CD69 define four Tex subsets linked in a hierarchical
developmental pathway

Two TCF1+ subsets, effector-like and terminally exhausted subsets, are
identified

Key transcriptional, epigenetic, and biological changes define subset
transitions

TCF1, T-bet, and Tox coordinate Tex subset development and dynamics
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Figure 1. Four Tex Subsets Develop during Chronic Viral Infections and Cancer
Naive CD45.1* P14 CD8* T (103) were adoptively transferred into C57BL/6J mice

(CD45.2*) after infection with LCMV clone 13 and analyzed at d30pi.
(A) Ly108 and TCF1 expression by PD-1""t and PD-1M P14 CD8* T cells. Numbers are

frequencies.

(B) Representative Ki67 and CD69 co-expression in indicated populations of P14 CD8* T

cells.

(C) Representative histograms for indicated markers on subpopulations among endogenous
DPgp33 tetramer* CD8* T cells. Numbers are mean fluorescence intensity (MFI).

(D) Representative Ly108 and CD69 co-expression on splenic P14 CD8" T cells at indicated
time post-infection (pi) with LCMV Armstrong (left) or clone 13 (right). Numbers are

frequencies.

(E) Frequencies of different P14 populations at indicated time after clone-13 infection.

(F) Absolute number of different P14 populations at indicated time after clone-13 infection.
(G) Representative Ly108 and CD69 co-expression in tissues. Numbers are frequencies.
(H) Frequencies of Ki67* cells among indicated P14 populations (gray line; right axis) and

MFI for TCF1 (blue line; left axis).
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(1) Representative TCF1 and CD69 co-expression on PD-1*Tox* TILs from B16 tumors (see
Figure S1I for gating). Right graph shows cumulative data.

(J) Representative TCF1 and CD69 co-expression on non-naive Tox* TILs (see Figure S1J
for gating) analyzed from human melanoma tumors. n = 7 patients.

(A)—(H), n = 5 with 6 to 16 mice per group/time point.

(1), n =2 with 11 mice/group.
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Figure 2. Developmental Lineage Relationships between Four Tex Subsets and Changes upon
PD-L1 Blockade

(A) Experimental design. Tex subsets were sorted from endogenous PD-1" CD8™ T cells at
d21pi, labeled with CFSE, transferred back (1 x 10° each) into infection-matched recipients
and analyzed 7 days post-transfer (d28pi).

(B) CFSE profile of indicated transferred populations. Numbers are frequencies.

(C) Frequencies of P14 populations from indicated donor cells.

(D) Ly108 and CD69 co-expression on divided (CFSE!?) and undivided (CFSEN) cells that
developed from indicated transferred cells.

(E) Ratio of Ly108+*CD69%/Ly108*CD69~ within CFSE'® (light blue) and CFSEM (dark
blue) cells from indicated donor origin.

(F) IRs co-expression on indicated P14 populations.

(G) Representative PD-1/CD44, Cxcr5/Tim-3, and T-bet/Eomes co-expression in indicated
P14 populations.

Immunity. Author manuscript; available in PMC 2021 August 13.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Beltra et al.

Page 30

(H) Representative Ly108 and CD69 co-expression on P14 (CD45.1%) and endogenous
DPgp33* (CD45.2*) CD8* T cells 1 day after treatment (d35pi) with either PBS (CTR) or
anti-PD-L1.

(1) Absolute number of indicated P14 populations 1 day post-treatment (d35pi) with either
PBS (CTR) or anti-PD-L1.

(B)-(E), n = 2 with 6-8 mice/group; (F), n = 3 with 10 mice/group; (G), n =2 with 9
mice/group; (H) and (1), n = 2 with 7-11 mice/group.
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Figure 3. Developmental Transitions Alter Tex Subset Localization and Effector Functions
(A) LCMV-clone-13-infected mice were injected with 3ug/mouse of anti-CD8 i.v. at d30pi

and sacrificed 3 min later. Representative dot plots (left) and frequencies (right)

of indicated

P14 populations located either in the white pulp (CD8 i.v. antibody negative) or the red pulp

(CD8 i.v. antibody positive) of the spleen. Numbers are frequencies.

(B) Representative Ly108 and CD69 co-expression on P14 CD8* T cells isolated from the

spleen (left plot) or blood (right plot). Numbers are frequencies.
(C) TCF1 expression in indicated P14 populations isolated from the blood.

(D) Representative IFN-y and TNF co-production by indicated P14 populations at d30pi.

Numbers are frequencies.

(E-G) Frequencies of IFNy+ (E), IFN-y+TNFa+ (F), and CD107a+ (G) cells among

indicated P14 populations.

(H) Representative CD107a expression by indicated P14 populations. Numbers are MFI.
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(1) Indicated P14 populations were sorted at d30pi, labeled with CFSE, and incubated with
gp33-peptide coated dendritic cells (ratio 1/1). Dot plots display CFSE dilution profile after
3 days of co-culture. Numbers are frequencies.

(J) Representative dot plots and frequencies of active caspase-3-positive cells within
indicated P14 populations. Numbers are frequencies.

(A)—(C), 3 independent experiments with 12-18 mice/group; (D)—-(H), n = 2 with 7 mice/
group; (1), n = 2 with 4-10 mice/group; (J), n = 3 with 10 mice/group.
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Figure 4. Subset Transitions Induce Major Transcriptional Changes and Drive Acquisition of
Population-Specific Transcriptomic Signatures

(A) PCA of RNA-seq profiles.
(B) Venn diagram displaying overlaps between DEGs from indicated pairwise comparisons

(Ifc=1, p=0.01).

(C) DEGsYP overlaps between indicated P14 populations. Bubble size represents the
proportion of DEGsUP from each individual Tex population (y axis) also found to be
upregulated in indicated Tex subsets (x axis) in at least one pairwise comparison.

(D) Heatmap displaying all DEGs (Ifc = 1, p = 0.01) clustered by using Pearson correlation
as distance measure. Color legend indicates row z scores.
(E) Pathway enrichment analysis. Bubble graph displays the five most significantly enriched
pathways by log(g-value) for each cluster established in Figure 4D.

(F) Representative histograms showing the expression of indicated markers by different P14
populations. Numbers are MFIs.
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(G) GSEA displaying enrichment of each individual Tex subset for signatures of indicated
cell types. NES, Normalized Enrichment Score.
n = 3 biological replicates.
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Figure 5. Epigenetic Remodeling during Tex Subset Transitions Identifies Subset-Specific TF

Accessibility

(A) ATAC-seq tracks at indicated loci.

(B) PCA of normalized ATAC-seq counts (top 25% peaks by variance are displayed).
(C) Spearman correlation network analysis showing similarities between indicated

populations based on all ATAC-seq peaks.
(D) Heatmap of peak intensity displaying the top 500 peaks by variance and clustered by
using K-means method (k = 5). Color legend indicates row zscores.

(E) Number of statistically significant peaks (Ifc = 1, p < 0.05) either opening (red) or

closing (blue) upon indicated subset transitions.
(F) Alluvial plot displaying the dynamics of transition-specific peaks (E) and refined as Ifc >

1,p<0.0L.

(G) TF motifs enrichment analysis (HOMER) of subset-transition specific peaks (E).

Volcano plots show TFs with the highest predicted binding activity to the identified DNA

sequence.
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(H) Comparing TF motif enrichment with differential mRNA expression (Log2FoldChange)
upon the indicated subset-transition. Plotted are TFs with a motif enrichment fold over
background >1.25 in (G).

() Protein expression dynamics of TCF1 and T-bet in the indicated P14 populations at
d30pi.

(A)—(H), n = 3 biological replicates; (1), n = 2 with 7mice/group.
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Figure 6. TCF1 and T-bet Mediate Opposing Regulation of Tex Subset Differentiation

(A) Experimental design.

(B) Representative flow cytometry plots (left) and frequencies (right) of indicated
populations among splenic WT (gray; open circles) or TCF1KO (blue) P14 CD8* T cells at

d8pi. Numbers are frequencies.

(C-F) Gating strategy, representative flow cytometry plots and frequencies of indicated
populations of WT P14 (gray; open bars) or T-bet KO P14 (blue) at d8 ([C] and [D]) and 15
([E] and [F]) pi. Numbers are frequencies.
(G) Representative Ly108 and CD69 co-expression by P14 CD8* T cells transduced (VEX+;
lower line) or not (VEX~—; upper line) with either empty (Empty RV), TCF1 (short isoform;
TCF1 RV), or T-bet (Thet RV) encoding RVs at d15pi. Numbers are frequencies.

(B), n = 2 with 7 mice/group; (C)—(F), n = 3-5 with 11-17 mice/group; (G), n = 1 with 4

mice/group.
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Figure 7. Tox Modulates Tex Subset Dynamics through Regulation of T-bet
(A) Tox MFI (blue line; left axis) and Tox/T-bet ratio (gray bars; right axis) in indicated

populations among DPgp33 tetramer*CD8* T cells at d27pi.

(B) Representative T-bet and Tox co-expression in PD-1* DPgp33 tetramer* CD8" T cells at
d27pi.

(C) Representative plots (left) and frequency (right) of indicated populations among Toxint
(gray) and ToxM (blue) endogenous DPgp33 tetramer* CD8" T cells.

(D) T-bet MFI in Toxi" and Tox" endogenous DPgp33 tetramer* CD8* T cells.

(E and F) T-bet (E) and Tox (F) MFI in indicated populations (gated on TCF1 and CD69;
Figure 1J) within non-naive Tox* TILs isolated from human melanoma tumors.

(G) ATACseq tracks at the 76x21 locus highlighting TFs with predictive binding sites at the
indicated OCRs.

(H) Correlation score by mRNA between T-bet and TFs predicted to bind near the 76x21
locus (filtering out TFs without detectable mRNA in Tex subsets). Each TF is colored by the
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cell-type in which mRNA expression is highest (red-TexP™91, orange TexPr92, green-TexiM,
blue-Text®m),

(I) Experimental design.

(J) Numbers of Tox™* P14 (gray) and Tox*"~ P14 (blue) cells at the indicated time points.
(K) Representative dot plots (left) and frequencies (right) of the indicated populations
among Tox™* (gray; open circles) and Tox*~ (blue) P14 cells. Numbers indicate
frequencies. Numbers in the histogram are MFI.

(L) Number of indicated populations within Tox*/* P14 (gray) and Tox*'~ P14 (blue) at
d27pi.

(M) T-bet MFI in indicated populations among Tox*/* P14 (open circles) and Tox*~ P14
(blue circles). Linked circles represent individual mice.

(A)—(D), 3 experiments with 22 mice/group; (E) and (F), n = 7 patients; (J)-(M), 2
experiments with 15 mice/group.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies (Mouse, Human, Intracellular, /n Vivo)

FITC mouse anti-mouse CD244 (clone 2B4)

FITC Hamster anti-mouse KLRG1 (clone 2F1)

Alexa Fluor 488 anti-mouse CD45 (clone 30-F11)

Alexa Fluor 488 anti-mouse Ly-6C (clone HK1.4)
PE/Dazzle 594 anti-mouse TIGIT (clone 1G9)

PE-CF594 rat anti-mouse CD127 (clone SB/199)
PE-Cyanine 5 anti-mouse/rat ICOS (clone C398.4A)
PE/Cy5 anti-mouse CD69 (clone H1.2F3)

PE-Cyanine7 anti-mouse CD28 (clone 37.51)

PE/Cy7 anti-mouse CD279 (PD-1, clone RMP1-30)

PE anti-mouse Ly108 (clone 330-AJ)

PE anti-mouse CD160 (clone 7H1)

APC anti-mouse CD223 (Lag-3, clone eBioCI9B7W)
Alexa Fluor 647 anti-mouse/human CD44 (clone IM7)
APC-eFluor 780 anti-mouse CD62L (clone MEL-14)
APC-eFluor 780 anti-mouse KLRG1 (clone 2F1)
APC-eFluor 780 anti-human/mouse CD44 (clone IM7)
APC-Cy7 rat anti-mouse CD25 (clone PC61)

APC-eFluor 780 anti-mouse CD4 (clone RM4-5)

Alexa Fluor 700 anti-mouse CD45.1 (clone A20)

eFluor 450 anti-mouse CD223 (Lag-3, clone eBioC9B7W)
eFluor 450 anti-mouse CD8a (clone 53-6.7)

Pacific Blue anti-mouse Ly108 (clone 330-AJ)

Brillant Violet 605 anti-mouse CD4 (clone RM4-5)
Brillant Violet 605 anti-mouse CX3CR1 (clone SA011F1)
Brillant Violet 605 anti-mouse CD366 (Tim-3, clone RMT3-23)
Brillant Violet 650 anti-mouse CD8a (clone 53-6.7)
Brillant Violet 785 anti-mouse CD45.2 (clone 104)
Purified anti-mouse CD16/32 Antibody

Ultra-LEAF purified anti-mouse CD28 (clone 37.51)
LEAF purified anti-mouse CD3e (clone 145-2C11)
BUV395 Mouse Anti-Human CD45RA (clone HI100)
BUV496 Mouse Anti-Human CD8 (clone RPA-T8)
BUV737 Mouse Anti-Human CD27 (clone L128)
BUV805 Mouse Anti-Human CD3 (clone UCHT1)
PE/Cy5 anti-human CD69 Antibody (clone FN50)

PE Anti-TOX antibodies, human and mouse (clone REA473)
Alexa Fluor® 647 anti-TCF1 (TCF7) Antibody (clone C63D9)
Brilliant Violet 605™ anti-T-bet Antibody (clone 4B10)
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BD Biosciences
SouthernBiotech
Biolegend
Biolegend
Biolegend

BD Biosciences
Ebioscience
Biolegend
Ebioscience
Biolegend
Biolegend
Biolegend
Ebioscience
Biolegend
Ebioscience
Ebioscience
Ebioscience
BD Biosciences
Ebioscience
Biolegend
Ebioscience
Ebioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
Miltenyi

Cell Signaling Technology

Biolegend

Cat# 553305; RRID: AB_394769
Cat# 1807-02; RRID: AB_2795367
Cat# 103122; RRID: AB_493531
Cat# 128022; RRID: AB_10639728
Cat# 142110; RRID: AB_2566573
Cat# 562419; RRID: AB_11153131
Cat# 15-9949-82; RRID: AB_468828
Cat# 104510; RRID: AB_313113
Cat# 25-0281-82; RRID: AB_469612
Cat# 109110; RRID: AB_572017
Cat# 134606; RRID: AB_2188095
Cat# 143004; RRID: AB_10960743
Cat# 17-2231-82; RRID: AB_2573184
Cat# 103018; RRID: AB_493681
Cat# 47-0621-82; RRID: AB_1603256
Cat# 47-5893-82; RRID: AB_2573988
Cat# 47-0441-82; RRID: AB_1272244
Cat# 557658; RRID: AB_396773
Cat# 47-0042-82; RRID: AB_1272183
Cat# 110724, RRID: AB_493733
Cat# 48-2231-82; RRID: AB_11149866
Cat# 48-0081-82; RRID: AB_1272198
Cat# 134608; RRID: AB_2188093
Cat# 100548; RRID: AB_2563054
Cat# 149027; RRID: AB_2565937
Cat# 119721, RRID: AB_2616907
Cat# 100742; RRID: AB_2563056
Cat# 109839; RRID: AB_2562604
Cat#101302; RRID: AB_312801
Cat#102116; RRID: AB_11147170
Cat#100331; RRID: AB_1877073
Cat#740298; RRID: AB_2740037
Cat#564805; RRID: AB_2744460
Cat#564302; RRID: AB_2744350
Cat#565515; RRID: AB_2739277
Cat#310908; RRID: AB_314843
Cat#130-107-785; RRID: AB_2654225
Cat#6709S; RRID: AB_2797631
Cat#644817; RRID: AB_11219388
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Alexa Fluor 700 Mouse anti-Ki-67 (clone B56)
FITC Rabbit Anti-Active Caspase-3 (clone C92-605)
PE/Cy7 anti-human CD279 (PD-1) Antibody (clone EH12.2H7)

Eomes Monoclonal Antibody, PEeFluor 610, eBioscience™ (clone
WD1928)

Alexa Fluor 488 anti-mouse CD107a (LAMP-1, clone 1D4B)
FITC mouse anti-Ki67 (clone B56)

FITC anti-T-bet (clone 4B10)

R-PE conjugate anti-human Granzyme B (clone GB12)

PE Rabbit anti-active Caspase-3 (clone C92-605)

PE mouse anti-TCF-7/TCF-1 (clone S33-966)

PE-Cy7 anti-mouse TNFa (clone MP6-XT22)

APC anti-mouse IFNg (clone XMG1.2)

APC anti-TOX human and mouse (clone REA473)

BD Biosciences
BD Biosciences
Biolegend

Ebioscience

Biolegend

BD Biosciences
Biolegend
Invitrogen

BD Biosciences
BD Biosciences
Ebioscience
Ebioscience

Miltenyi Biotech

Cat# 561277, RRID: AB_10611571
Cat# 560901; RRID: AB_10563896
Cat#329918; RRID: AB_2159324
Cat# 61-4877-42; RRID: AB_2574616

Cat# 121608; RRID: AB_571983

Cat# 51-36524X; RRID: AB_396302
Cat# 644812; RRID: AB_2200540
Cat# MHGBO04; RRID: AB_1500191
Cat# 51-68655X; RRID: AB_393957
Cat# 564217; RRID: AB_2687845
Cat# 25-7321-82; RRID: AB_11042728
Cat# 17-7311-82; RRID: AB_469504
Cat# 130-118-335; RRID: AB_2751485

In vivo Mab anti-mouse CD4 (clone GK1.5) BioXcell Cat# BE0003-1; RRID: AB_1107636
In vivo Mab anti-mouse PD-L1 (clone 10F.9G2) BioXcell Cat# BE0101; RRID: AB_10949073
Bacterial and Virus Strains
LCMV clone 13 Rafi Ahmed Grew up in house
LCMV Armstrong (Arm) Rafi Ahmed Grew up in house
Biological Samples
Patients samples used in this study are detailed elsewhere (Huang et N/A N/A
al., 2019)
Chemicals, Peptides, and Recombinant Proteins
Live/Dead Fixable Aqua Dead cell stain Kit ThermoFisher Scientific Cat# L34957
Zombie NIR Fixable viability kit Biolegend Cat# 423105
CellTrace CFSE Cell Proliferation Kit ThermoFisher Scientific Cat#t C34554
Recombinant Murine IL-2 Peprotech Cat#212-12
ACK Lysing Buffer ThermoFisher Scientific Cat#A1049201
Collagenase, Type 4 Worthington Cat#L.5004189
Deoxyribonuclease | from bovine pancreas Sigma-Aldrich Cat#D5025
Collagenase D Roche Cat#11088866001
Golgi Stop BD Biosciences Cat#554724
Golgi Plug BD Biosciences Cat#555029
gp (33-41) peptide KAVYNFATM GenScript Custom
OVA (257-264) peptide SIINFEKL GenScript Custom
LCMV tetramers (gp33, gp276) NIH N/A
Percoll® Sigma-Aldrich Cat#GE17-0891-01
Histopaque®-1083 Sigma-Aldrich Cat#10831
Tat-cre Recombinase Protein and Proteomics N/A

Core Facility, The

Children’s Hospital of

Philadelphia
NEBNext High-Fidelity 2X PCR Master Mix New England Biolabs Cat#M0541

Cell Culture Reagents
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

RPMI-1640 medium

HI Fetal Bovine Serum
HEPES

Non-Essential Amino Acids

Penicillin-Streptomycin

Corning/Mediatech
ThermoFisher
ThermoFisher
ThermoFisher

ThermoFisher

Cat#10-040-CV
Cat#26170-043
Cat#15630080
Cat#11140050
Cat#15140122

B-mercaptoethanol Sigma-Aldrich Cat#M6250-500ML
Opti-MEM ThermoFisher Cat#31985088
Polybrene Sigma-Aldrich Cat#TR-1003-G
Lipofectamine 3000 transfection reagent ThermoFisher Cat#L.3000001
Critical Commercial Assays

Fixation/Permeabilization Solution Kit BD Biosciences Cat#554714

Foxp3 / Transcription Factor Staining Buffer Set
RNeasy Micro Kit

High Sensitivity RNA ScreenTape

Agencourt AMPure XP

High sensitivity D5000 screentape

Library Quantification Kit

EasySep Mouse CD8* T Cell Isolation Kit
MinElute Reaction Cleanup Kit

QIAquick PCR Purification Kit

Nextera DNA Library Preparation Kit
SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing

BD Biosciences
QIAGEN

Agilent

Beckman

Agilent
Kapabiosystems
StemCell Technologies
QIAGEN

QIAGEN

Hlumina

Takara/Clontech

Cat#00-5523-00
Cat#74004
Cat#5067-5579
Cat#A63880
Cat#5067-5592
Cat#KK4824
Cat#19853
Cat#28204
Cat#28104
Cat#FC-121-1030
Cat#634889

Nextera XT DNA Library Preparation Kit Ilumina Cat#FC-131-1024
NSQ 500 Hi Output KT v2 (150 CYS) Hlumina Cat#FC-404-2002
D1000 ScreenTape Agilent Cat#5067-5582
Deposited Data

RNAseq and ATACseq for the Ly108- and CD69-defined Tex subsets  In this paper GEO: GSE149879
(d30pi)

RNaseq for Cxcr5+Tim3- and Cxcr5-Tim3+ CD8s Imetal., 2016 GEO: GSE84105

RNaseq for MPEC and SLEC

Teff and Tmem transcriptional signature
Mouse TILs transcriptional signature
ATACseq profile of Teff and Tmem

10X single-cell RNASeq profiling of GP33-tetramer+ CD8* T cells
from mice chronically infected with LCMV Clone 13

Joshi et al., 2007
Scott-Browne et al., 2016
Philip et al., 2017
Pauken et al., 2016
Miller et al., 2019

GEO: GSE8678
GEO: GSE88987
GEO: GSE89307
GEO: GSE86797
GEO: GSE122712

Experimental Models: Cell Lines

B16 melanoma cell line Grown in house N/A
MC-38 colon adenocarcinoma cell line Grown in house N/A
Experimental Models: Organisms/Strains

C57BL/6 mice NCI/Charles River Cat#027
B6-Ly5.1/Cr NCI/Charles River Cat#564
B6.SJL-Piprca PepchbiBoyl The Jackson Laboratory Cat#002014
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REAGENT or RESOURCE SOURCE IDENTIFIER

P14 Tg mice Bred in house (NCI N/A
background)

CD4-cre The Jackson Laboratory Cat#022071

P14 Tcf7ox/flox CD4-Cre In this paper N/A

P14 Thx21flox/flox ERT2-Cre*'~ Rosa-YFP*'~ mice In this paper N/A

P14 Tox*- In this paper N/A

Recombinant DNA

TCF-1 p33 cDNA OriGene Cat#MR226713

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

T-bet overexpression vector In this paper N/A

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

Software and Algorithms

FlowJo V10.4.2

GraphPad Prism v6

Biorender

Pestle v1.8

Spice v5.35

IGV v2.4.16

Datagraph

Cytoscape (v3.4)
GSEA (v3.0)

Monocle (v2)

Homer (v4.6)

Bowtie (v2)

Samtools (v1.1)
Kallisto (v0.44)

Deseq2 1.22.2

svaseq

Pheatmap

Great (v3.0)
ggplot2 (v3.2.0)

Seurat_3.1.1

TreeStar
GraphPad Software
Biorender Software

NIH/NIAID (Roederer et
al., 2011)

NIH/NIAID (Roederer et
al., 2011)
The Broad Institute

Visual Data Tools

Cytoscape
The Broad Institute

Qiu et al., 2017

Heinz et al., 2010
Langmead and Salzberg,
2012

Li et al., 2009
Bray et al., 2016

Love et al., 2014

Leek, 2014

Bioconductor

McLean et al., 2010
R package

Butler et al., 2018

https://www.flowjo.com/solutions/
flowjo/downloads

https://www.graphpad.com/scientific-
software/prism/

https://biorender.com/

On demand

https://niaid.github.io/spice/help/
dataformat

https://software.broadinstitute.org/
software/igv/download

https://www.visualdatatools.com/
DataGraph/Download/

https://cytoscape.org/download.html

http://software.broadinstitute.org/gsea/
index.jsp

http://cole-trapnell-lab.github.io/
monocle-release/docs/

http://homer.ucsd.edu/homer/
download.html

http://bowtie-bio.sourceforge.net/
index.html

http://samtools.sourceforge.net/

https://pachterlab.github.io/kallisto/
download

http://www.bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://bioconductor.org/packages/
release/bioc/html/sva.html

https://cran.r-project.org/web/packages/
pheatmap/index.html

http://great.stanford.edu/public/html/

https://cran.r-project.org/web/packages/
ggplot2/index.html

https://cran.r-project.org/web/packages/
Seurat/index.html
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