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In Brief

Sandu et al. compare the transcriptional
profile of exhausted virus-specific CD8
T cells isolated from six tissues of mice
chronically infected with LCMV. They
reveal exhausted cells are
heterogeneous, adopt organ-specific
signatures, and can be divided into five
main functional subpopulations:
advanced exhaustion, effector-like,
intermediate, proliferating, and memory-
like.
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SUMMARY

A hallmark of chronic infections is the presence of exhausted CD8 T cells, characterized by a distinct tran-
scriptional program compared with functional effector or memory cells, co-expression of multiple inhibitory
receptors, and impaired effector function, mainly driven by recurrent T cell receptor engagement. In the
context of chronic lymphocytic choriomeningitis virus (LCMV) infection in mice, most studies focused on
studying splenic virus-specific CD8 T cells. Here, we provide a detailed characterization of exhausted CD8
T cells isolated from six different tissues during established LCMV infection, using single-cell RNA
sequencing. Our data reveal that exhausted cells are heterogeneous, adopt organ-specific transcriptomic
profiles, and can be divided into five main functional subpopulations: advanced exhaustion, effector-like, in-
termediate, proliferating, or memory-like. Adoptive transfer experiments showed that these phenotypes are
plastic, suggesting that the tissue microenvironment has a major impact in shaping the phenotype and func-

tion of virus-specific CD8 T cells during chronic infection.

INTRODUCTION

Human immunodeficiency virus (HIV) and hepatitis virus in hu-
mans, or lymphocytic choriomeningitis virus (LCMV) in mice,
are chronic infections where active viral replication is ongoing
for weeks, months, or even years, leading to high systemic viral
titers and antigen loads. In response to sustained exposure to
cognate antigens, virus-specific CD8 T cells adopt a distinct
transcriptional program (Wherry et al., 2007), epigenetic land-
scape (Sen et al., 2016), and phenotype (collectively termed
exhaustion), compared with normal functional effector or mem-
ory CD8 T cells that develop following an acute infection (Wherry
et al., 2003).

Exhausted CD8 T cells are characterized by sustained co-
expression of inhibitory receptors, such as programmed cell
death protein 1 (PD-1), LAG-3, 2B4, CD160, and CD39 (Black-
burn et al., 2009; Richter et al., 2010; Gupta et al., 2015; Barber
et al., 2006), impaired effector functions (loss of interleukin-2 [IL-
2], interferon +y [IFN-v], or tumor necrosis factor alpha [TNF-o]
production), limited numbers, and altered requirements for pop-
ulation maintenance compared with classical memory cells
(Wherry et al., 2003; Fuller et al., 2004). The transcription factor
TOX (Khan et al., 2019; Seo et al., 2019; Yao et al., 2019) has
been recently identified as the master regulator controlling the
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exhaustion program. Antigen, ongoing proliferation, and IL-21
are involved in overall maintenance of the exhausted virus-spe-
cific CD8 T cell pool (Frohlich et al., 2009; Schmitz et al., 2013;
Shin et al., 2007; Yi et al., 2009). Moreover, exhausted CD8
T cells are seemingly impaired in their ability to efficiently kill in-
fected cells during chronic infection in vivo. However, when as-
sessing their in vitro or in vivo killing capacity of naive target cells,
cytotoxic potential is clearly observed (Agnellini et al., 2007; Gar-
cia et al., 2015; Graw et al., 2011). Exhaustion is a gradual,
continuous process that, among other factors, is triggered by
persistent T cell receptor (TCR) stimulation, the degree of
exhaustion depending on the TCR signaling strength, antigen
abundance, and affinity (Utzschneider et al., 2016a; Mueller
and Ahmed, 2009; Wherry et al., 2003). As a result, the pool of
exhausted CD8 T cells is likely a heterogeneous population.
Some studies suggested that the phenotype of exhausted vi-
rus-specific CD8 T cells depends on the tissue location (Wherry
et al., 2003; Blackburn et al., 2010), but most transcriptional an-
alyses are not informative about inter-tissue heterogeneity of
LCMV-specific CD8 T cells during chronic infection because
most studies focused on cells isolated from the spleen (Utzsch-
neider et al., 2016b; Wherry et al., 2007; Scott-Browne et al.,
2016). Two major subpopulations of exhausted CD8 T cells
were described in secondary lymphoid tissues: a less exhausted
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TCF1M T-bet" PD-1'°, more functional population, termed mem-
ory-like, and a more terminally exhausted population TCF1"9
PD-1" EOMES" CD39" (Paley et al., 2013; Gupta et al., 2015;
Utzschneider et al.,, 2016b). Additionally, single-cell RNA
sequencing (scRNA-seq) of exhausted CD8 T cells isolated
from the spleen revealed four distinct subsets: effector-like,
proliferating, memory-like TCF1", and terminally exhausted
PD-1" cD39" (Miller et al., 2019; Hudson et al., 2019; Zander
et al., 2019). This documents heterogeneity within the pool of vi-
rus-specific CD8 T cells during chronic infection present in sec-
ondary lymphoid organs; however, the extent of heterogeneity
has not been resolved with respect to an unbiased selection of
cell markers, as well as for other tissues than secondary
lymphoid organs.

In this study, we evaluated the heterogeneity of single-cell
transcriptomes of virus-specific CD8 T cells isolated from six
different tissues (spleen, lymph nodes [LNs], bone marrow
[BMY], lung, liver, and blood) in mice with chronic LCMV infection.
Overall, the population of virus-specific CD8 T cells could be
classified into five functional phenotypes (memory-like, prolifer-
ating, effector-like, intermediate, and advanced state of exhaus-
tion), based on distinct transcriptional profiles regarding T cell
activation and inhibition, chemokine and IL receptors, and
transcription factor expression. Cells with these functional phe-
notypes were represented at different frequencies in specific
tissues, resulting in tissue-specific phenotype transcription pro-
files, most apparent in those tissues where the population of
virus-specific CD8 T cells was predominantly composed of cells
with a single functional phenotype.

RESULTS

Exhausted P14 Cells Exhibit Tissue-Specific

Phenotypes

LCMYV induces a systemic infection and infects a wide range of
cells of both hematopoietic and non-hematopoietic origin, but
not lymphocytes (Mims and Wainwright, 1968; Althage et al.,
1992; Odermatt et al., 1991). Previous studies showed that viral
loads vary among different tissues (Ciurea et al., 1999; Wherry
et al., 2003). We therefore hypothesized that LCMV-specific
CD8 T cells might adopt different phenotypes, depending on
their tissue origin. We used LCMV gpsz 41 (peptide derived
from LCMV glycoprotein containing amino acids 33 to 41)-spe-
cific TCR-transgenic CD8 T cells (P14 cells; Pircher et al.,
1990) crossed to Nr4a1-GFP reporter mice (Moran et al., 2011)
in adoptive transfer experiments, allowing isolation of this mono-
clonal population from various tissues during established
chronic LCMV clone 13 infection. At 21 days into chronic infec-
tion, P14 cells were phenotyped by flow cytometry in six different
tissues: spleen, LNs, BM, lung, liver, and blood. This phenotypic
analysis was based on quantification of CD8, the activation
markers NUR77 and CD44, and inhibitory receptors (PD-1,
TIM-3, CD39). We evaluated phenotypic heterogeneity across
the tissues with respect to these markers by means of a t-distrib-
uted stochastic neighbor embedding (t-SNE) projection (Fig-
ure S1). We observed that exhausted cells were heterogeneous
within tissues and even more so between tissues, despite ex-
pressing the same TCR.
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scRNA-Seq of P14 Cells Demonstrates Transcriptional
Heterogeneity across Tissues

Having observed intra- and inter-tissue P14 heterogeneity based
on a limited set of phenotypic markers, we sought to employ
scRNA-seq to unbiasedly assess their heterogeneity during
chronic LCMV infection in different tissues (Figure 1A). After
pre-processing (see STAR Methods), cells were clustered using
a graph-based clustering approach (Butler et al., 2018), and
results were visualized with t-SNE (Maaten and Hinton, 2008;
Figures 1B and 1C).

Overall, 14 distinct clusters with different transcriptional pat-
terns (Table S1; Figure S2) were identified within P14 cells orig-
inating from various tissues (Figure 1D). Most clusters (8 out of
14) were composed of more than 80% cells isolated from one tis-
sue only (Figure 1E). The number of analyzed P14 cells was com-
parable among tissues (Figure 1F), and the cluster size varied be-
tween 4,204 and 167 cells (Figure 1G). Although we cannot rule
out that batch effects might impact the clustering, we believe
that this is rather unlikely, because some clusters, such as 7,
10, and 11, were composed of cells from all samples (Figure 1E),
suggesting that batch effects were not the main driver of varia-
tion. The most homogeneous samples were composed of cells
isolated from BM and liver, with more than 70% of cells attrib-
uted to only one cluster, whereas cells isolated from blood,
spleen, LN, and lung were more diverse, with at least two clus-
ters making up for at least 10% of the cells (Figure 1D).

Factor Analysis Reveals Five Main Phenotypes with
Distinct Transcriptional Signatures Regarding TCR
Activation and Inhibition, Trafficking, and IL Receptors
Next, we assessed biologically relevant phenotypes of the above
defined clusters. To this end, we employed factor decomposition
analysis (Slalom; Buettner et al., 2017). This method identifies
factors, i.e., predefined gene sets representing biological pro-
cesses or functions that explain the observed variability in the
scRNA-seq data. We considered gene sets defined by the
immunological C7 collection from MSig (Godec et al., 2016)
and found three factors of interest (Figures 2A-2C), which
demarcated cells associated with proliferation, T cell memory,
and T cell exhaustion (Figures 2D-2F). Gene set enrichment
analysis (GSEA) performed on ranked genes correlating with
expression of the factors confirmed significant enrichment of
pathways related to proliferation, memory (Utzschneider et al.,
2016b), exhaustion (Wherry et al., 2007), or effector signature
(Doering et al., 2012; Figures 2G-2l). These three factors of
CD8 T cell function suggest classification of P14 cells into five
main functional phenotypes: proliferating (Tp), effector-like (Tg),
memory-like (Ty), cells in an “advanced exhaustion” state
(Texn), and intermediate between Tg and Tgxn (T)). These main
phenotypes were differentially represented in the tissues of inter-
est (Figure 2J), with hallmark genes being differentially ex-
pressed (Figures 2K-2N).

The first factor denotes Tp cells, which exhibited higher
expression of genes important in regulating the cell cycle and
were found to have a very low frequency in all tissues (Figure 2J).
GSEA performed on differentially expressed genes in cluster 7
(compared with all other cells) confirmed that cell-cycle and pro-
liferation-related genes were overexpressed (Figure 2G;
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Figure 1. scRNA-seq Reveals P14 Heterogeneity
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(A) P14 cells were isolated from tissues 21 days after LCMV infection. After pre-processing, highly expressed and variable genes were used to compute the first 20
principal components, which were used as input for t-SNE dimensionality reduction.
(B and C) t-SNE projection based on transcriptional profile. Each dot represents a cell and the color the cluster assignment (B) or the tissue of origin (C).

(D) Contribution of each cluster to the tissue samples.
(E) Contribution of each sample to clusters.

(F) P14 number analyzed by scRNA-seq per organ.
(G) Number of cells per cluster.

See also Table S1.

Figure S2). Among these, spindle assembly checkpoint Mad2/1
(Li and Benezra, 1996), apoptosis inhibitor Birc5 (Dohi et al.,
2004), Mki67 encoding Ki-67, cyclins and cyclin-dependent ki-
nases (Cdc8a, Cdc3, Cks1b, Cks2), DNA replication licensing
factors (Mcm2, Mcm3), DNA synthesis (Lig7), or elongation fac-

tors (E2f1) (Figures 2D and 2K) were expressed. Moreover, target
genes of proliferation-related transcription factors, such as
Mybl2, Maz, or E2f1, were also upregulated (Table S2). Interest-
ingly, this cluster was composed of P14 cells isolated from all or-
gans, suggesting that they are able to proliferate in the tissues.
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Figure 2. Functional Cluster Assignment

(A-F) Same projection (t-SNE) as in Figure 1. (A-C) Colors represent factors positively (red) or negatively (blue) associated with proliferation (A), memory (B), or
exhaustion/effector (C) phenotypes. (D-F) Selected examples of genes associated with the phenotype depicted in (A)~(C). Color denotes transcripts positively

(red) or negatively (blue) correlated with factors.

(G-1) GSEA performed on ranked genes correlating with identified factors in (A)~(C) were significantly enriched in the reference pathways depicted: cell cycle (G),
memory-like signature of exhausted P14 TCF1* (H), and exhaustion (red) or effector (blue) signature of P14 cells (|, in blue).
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The second factor identified Ty, cells (Figure 2B) and demar-
cated cluster 10. Ty, cells were found only in the spleen and
LNs (Figure 2J), as reported previously (Utzschneider et al.,
2016b; Im et al., 2016). These cells expressed memory-associ-
ated transcription factors, such as Tcf7 encoding TCF1 and
1d3, and higher levels of Cd28 (Figure 2L). They also expressed
Ccr7 and Sell, encoding CD62L (Figure 2L), which might
explain why they are mainly found in secondary lymphoid or-
gans (Berg et al., 1991; Gunn et al., 1998). Additionally, Ty, cells
expressed higher levels of Slamf6 encoding Ly108 and Cxcr5
(Figure 2L), which have been described as markers for a mem-
ory-like population with stem-like properties within virus-spe-
cific CD8 T cells in chronic LCMV infection, able to replenish
the pool of exhausted CD8 T cells (Utzschneider et al.,
2016b; Im et al., 2016) and being responsible for the prolifera-
tive burst observed following programmed death-ligand 1 (PD-
L1) blockade (Utzschneider et al., 2016b; Im et al., 2016; Cha-
moto et al., 2017; Borsa et al., 2019). Genes highly correlated
with the memory factor showed an enrichment in the TCF1*
signature (Figure 2H). Ty cells expressed low levels of inhibitory
receptors, effector molecules, and transcription factors associ-
ated with an effector program (Tbx21, Id2, Zeb2), but exhibited
higher expression of Tcf7 (Table S1), Id3, II7r, Sell, and Ccr7
(Figure 3). Moreover, target genes of Tcf7 were also upregu-
lated in cluster 10 (Table S2). Ty cells also expressed the che-
mokine receptor Cxcr5 (Figure 2L), which might mediate migra-
tion of these cells into the white pulp (Utzschneider et al., 2018;
Leong et al., 2016; Im et al., 2016). Additionally, Xc/1 was also
upregulated in the Ty, population (Figure 3A), which might lead
to the attraction of XCR1" dendritic cells located in the white
pulp (Yamazaki et al., 2013), potentially contributing to the gen-
eration of secondary effector cells (Argilaguet et al., 2019 Im
et al., 2016). Ty cells also expressed higher levels of Cxcl/10
(Figure 3A) and its receptor Cxcr3 (Figure 3B), with CXCL10 be-
ing reported to be upregulated in newly activated CD8 T cells
and CXCR3 being needed for clonal expansion (Peperzak
et al., 2013). Finally, Ty cells expressed higher levels of the
co-stimulatory receptor Icos (Figure 3C), important in mainte-
nance of high numbers of cytotoxic CD8 T cells during infection
(Bertram et al., 2002), and higher levels of Cxcr4 (Figure 3B),
relevant for memory T cell homeostatic maintenance in the
absence of antigen (Chaix et al., 2014). Regarding transcripts
relevant for cytotoxic functions, Ty, cells had low counts, but
both Te and Tex expressed elevated levels. Specifically,
Gzma and Gzmk were predominantly expressed in Tgyn,
whereas Prf1 and Gzmb exhibited higher expression levels in
Te cells (Figure 3A).

The third factor ordered the cells along an effector-to-exhaus-
tion axis, identifying three distinct phenotypes: Tg, T, and Tgxn.
Genes positively correlated with the third factor were signifi-
cantly enriched in exhaustion-associated markers, whereas the
genes negatively correlated with this factor were significantly en-
riched in effector genes (Figure 2I). Tg (denoted by clusters 1, 8,
and 9) cells were mostly found in the lung, blood, and spleen (Fig-
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ure 2J) and had high levels of transcription factors associated
with an effector program, such as Kif2, Zeb2, and Tbx21 (encod-
ing T-bet) (Dominguez et al., 2015), high Cx3cr1 (Gerlach et al.,
2016) and Gzmb expression (Ebnet et al., 1991), and high
expression of NK receptors, such as Kire1 (Westgaard et al.,
2003) and Kirk1 (Groh et al., 2001; Figure 2M).

Texn, composed of clusters 0, 2-5, and 11-12, were found in all
tissues at different frequencies and made up most cells found in
peripheral tissues (BM and liver) with the exception of lungs (Fig-
ure 2J). Texn cells were characterized by higher expression of
inhibitory receptors Pdcd1 (encoding PD-1), Cd160, Cd244,
Lag3, Eomes, and chemokine receptor Cxcr6 (Figure 2N).

The T, population, composed of clusters 6 and 13 and present
in all tissues (Figure 2J), had features of both Tg and Tg,, pheno-
types. Previous studies showed that Tg,;, cells co-express mul-
tiple co-inhibitory receptors, a high Eomes-to-T-bet ratio (Paley
et al., 2013), and high levels of the master regulator TOX (Alfei
et al., 2019; Khan et al., 2019; Yao et al., 2019). Accordingly,
Tox transcripts were more abundant in Tg,y, cells than in Tg cells.
Additionally, compared with Tg cells, T4, cells were defined by
higher expression of the inhibitory receptors Pdcd1, Cd160,
Cd244, Cd200r1, and Lag3 (Figure 3D) and chemokine receptors
Cxcr3 and Cxcr6 (Figure 3B). CXCRS is relevant for migration of
effector CD8 T cells into tissues by sensing its ligands CXCL9/
CXCL10 (Hu et al., 2011). CXCR®6 ligand (CXCL16) is constitu-
tively expressed in the liver, lungs, spleen, and LNs (Matloubian
et al., 2000), and it is also upregulated on fibroblasts and
vascular cells by pro-inflammatory cytokines, such as IFN-y
and TNF-a (Abel et al., 2004). Another transcript highly ex-
pressed was Cd7 (Figure 3D), previously described to be upre-
gulated in virus-specific CD8 T cells in chronic LCMV infection
(Erickson et al., 2015; Doering et al., 2012), possibly promoting
cytotoxic responses (Lee et al., 1998).

Texn cells exhibited higher /121r expression (Figure 3E) and the
IL-21-induced transcription factor Batf (Figure 3D). During
advanced chronic LCMV infection, IL-21 plays a critical role for
the maintenance and function of virus-specific CD8 T cells via
a basic leucine zipper transcription factor (BATF)-mediated tran-
scriptional program (Xin et al., 2015; Yiet al., 2009; Frohlich et al.,
2009). As opposed to the Tg cells, Tgyxn cells expressed lower
I118r1 and [l18rap, encoding IL-18 receptor (IL-18R) and its
accessory protein, respectively (Figure 3E), which correlate
with poor effector functions (Ingram et al., 2011). Among Texn,
cluster 11 was composed of P14 isolated from all tissues (Fig-
ure 1E) and had a very strong IFN-related signature (Table S2;
Figure S2). This cluster also had the highest expression of type
I IFN-regulating master transcription factor Irf7, whose transcrip-
tion is controlled by ISGF3, composed of transcription factors
Stat1, Stat2, and Irf9 (Sato et al., 1998), which were also upregu-
lated (Table S1). Moreover, Stat1 and Stat2 targets were also up-
regulated (Table S2). This cluster had also upregulated expres-
sion of IFN-induced chemokine CXCL10 (Farber, 1997;
Figure 3A). This signature might be a result of close interaction
of P14 cells with recently infected, type | IFN-producing cells.

(J) Phenotypic composition of P14 cells isolated from various tissues with respect to functional phenotypes.
(K-N) Violin plots of selected markers correlating strongly with the defined functional phenotype: P, proliferating (K); M, memory-like (L); E, effector-like (M); and

Exh, advanced exhaustion (N).
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Taken together, Tgxh cells expressed cytokine receptors such as
IL-21R being critical for their survival and subsets thereof might
be more exposed to type 1 IFN signals than most T, or Ty cells.

The expression pattern of inhibitory receptors varied within the
Texn cells. For example, cluster 3 in particular had higher Havcr2,
Lag3, and Ctla4, but lower Cd160 and Cd244 compared with the
rest of the cells within Tg,;, phenotype (Figure 3D). Besides TCR
activation, specific cytokines are required for some co-inhibitory
receptors’ upregulation and/or maintenance. IL-2 and/or IL-15
stimulation is essential for upregulation of TIM-3, 2B4, and main-
tenance of LAG-3 (Beltra et al., 2016). Cluster 3 had also elevated
112rb (Figure 3E), encoding CD122, the common subunit of the IL-
15R and IL-2R. Moreover, the cells from this cluster originated
from lungs and LNs, which are two tissues shown to retain in-
jected IL-15 (Sato et al., 2007) and express IL-15 in naive mice
(Baumann et al., 2018). Within Tgxn cells, the liver-specific cluster
0 was characterized by the lowest levels of Nr4al encoding
NUR77, Nfkbid, and activator protein 1 (AP-1) transcripts Jun
and Jund (Figure 3C), suggesting very low TCR activation. Clus-
ters 2 and 12 were BM specific. Both populations showed
enrichment in four genes (Ngp, Camp, S110a9, S110a8) (Table
S1), which have been predicted to be part of a degranulation
pathway (Szklarczyk et al., 2019), suggesting this pathway might
be specifically induced in BM. Compared with cluster 12, cluster
2 had lower Ctla4 and more Gzma (Figures 3D and 3F). Cluster 4
was spleen specific and, compared with the other Tg,;, clusters,
had increased nuclear factor kB (NF-kB) transcripts and Junb.
Cluster 5 was composed of cells mainly isolated from the blood
and expressed high Gzma (Figure 3A).

Te cells expressed high levels of Cx3cr1 (Figure 3B), a chemo-
kine receptor associated with a terminally differentiated effector
phenotype (Gerlach et al., 2016), and transcription factors sup-
porting an effector program, including Tbx27 (encoding T-bet),
Zeb2, and Id2 (Dominguez et al., 2015, Knell et al., 2013; Fig-
ure 3C). As opposed to Tgy, cells, they expressed lower levels
of co-inhibitory receptors (Figure 3D). Furthermore, they ex-
pressed many adhesion molecules, such as ltgh7, Emp3, Itgax,
Itgb1, Itgb2, Itgal, and ltga4 (Figure 3F), important in adhesion to
the vasculature and extravasation of activated T cells into tissues
(Andersson et al., 1995, Christensen et al., 1995). Moreover, the
Te cells expressed higher levels of CD11b (encoded by /tgb2 and
Itgam) and CD11c (encoded by ltgh2 and ltgax), both being
markers expressed on effector CD8 cells with high cytotoxic po-
tential upon recent activation (Christensen et al., 2001; Lin et al.,
2003). Te cells also had higher expression of Ly6c (Figure 3F), a
surface molecule important in lymphocyte-endothelial adhesion,
usually expressed by memory CD8 T cells (Walunas et al., 1995).
Furthermore, Tg cells showed higher expression of KIf2 and its
target, S1pr1 (Figure 3B). S1pr1 and S1pr4 (also upregulated)
are important in tissue egress (Skon et al., 2013).

Te from cluster 9 (with the majority of cells harvested from
spleen, but also lung and LNs) had the most activated cells
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based on expression of Nr4a1 encoding NUR77 (as a proxy for
TCR signaling) (Moran et al., 2011; Ashouri and Weiss, 2017).
Consistent with this observation, AP-1 and NF-kB transcription
factors (Jun, Jund, Nfkbiz, Nfbid) were also upregulated, sug-
gesting that these cells have recently been exposed to antigen.
Additionally, target genes of Fos, Jun, Jund, and Fos/2 were
also upregulated (Table S2). Among the Tg cells, cluster 8, mainly
isolated from the blood, expressed lower Nr4a1 and Cd69, which
is to be expected for circulating cells because they are probably
not in contact with infected cells. Compared with Tg cells, Tgx
cells exhibited higher levels of TCR genes and associated sur-
face molecules, such as CD3 and CD8 (Figure 3C). CD8 T cells
downregulate TCR genes and TCR-associated genes following
activation (Paillard et al., 1990), suggesting that cells displaying
a more exhausted phenotype (compared with Tg cells) were
less activated. Taken together, Tg cells exhibited a more acti-
vated gene expression signature compared with Tg,;, cells,
potentially because of stronger co-inhibition of the latter.

T, phenotype had features of both Tg,, and Tg cells (Figures 3B
and 3C), suggesting that one of these subsets might differentiate
into the other. These cells had intermediate transcript levels of
Cx3cr1, Zeb2, and inhibitory receptors Pdcd1 encoding PD-1,
Lag3, and Cd160. Moreover, cells from this cluster had elevated
Nrd4a1 encoding NUR77, suggesting they had recently encoun-
tered antigen (Figure 3C). It is therefore likely that the cells exhib-
iting a T, phenotype are in transition either toward a Tg,, or Tg
phenotype.

Validation of the Functional Phenotypes by Flow
Cytometry
Having established, based on the scRNA-seq profile, five func-
tional phenotypes of P14 cells contributing in various propor-
tions to the overall population of cells found in specific tissues,
we next validated these results by staining P14 cells for specific
key markers that were differentially expressed in the five func-
tional phenotypes (Figures 4A-4N). Specifically, Texn cells (PD-
1" CXCR3" CXCR6") exhibited lower levels of CX3CR1 (Figures
4A-4C), a marker identifying the Tg population. Also, P14 cells
harvested from blood, liver, and BM, expressing the highest
levels of PD-1, CXCR6, and CXCRS3 (Figure 4K), also contained
the highest frequencies of Tgy;, cells on the transcriptional level.
The Tg population was demarcated by high expression of
CX3CR1, was most abundant in the lung, and showed low
expression of PD-1 (Figure 4L). Furthermore, CXC3CR1" ex-
pressed low levels of the key exhaustion transcription factor
TOX (Figures S3A and S3B) and high levels of GZMB (Figures
4D and S3C), confirming the scRNA-seq data. Moreover, there
was a trend toward higher IFN-y expression frequencies of
CD8 T cells following in vitro restimulation in sorted P14 cells
from organs having the lowest frequencies of the Tg,, phenotype
(Figure 4E). Of note, irrespective of the tissue of origin, all P14
cells showed high degranulation levels (Figure 4E), consistent

Figure 3. Heatmap Showing Normalized Expression of Relevant Genes for Assignment to Functional P14 Clusters

Colors indicate cluster assignment shown in Figure 1B. The phenotype refers to the functional phenotype: E (effector-like), | (intermediate), Exh (advanced
exhaustion), P (proliferating), and M (memory-like). Genes were grouped by biological function: secreted ILs and cytotoxicity (A), trafficking (B), activation of TCR
and genes associated with effector phenotype (C), inhibition of TCR signaling (D), IL receptors (E), and adhesion (F). Rows from each group were hierarchically

clustered based on gene expression. See also Tables S1 and S2 and Figure S2.
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with previous studies reporting efficient in vivo and in vitro killing
of pulsed naive targets by exhausted cells (Agnellini et al., 2007;
Richter et al., 2010; Graw et al., 2011). Organs with high fre-
quencies of less exhausted cells (such as lungs, LNs, and spleen)
had the highest NUR77 levels (Figure 4F), indicative of produc-
tive TCR engagement (Ashouri and Weiss, 2017). In contrast,
an opposite trend was observed with respect to CD8 expression
(Figures 4H and 4K), suggesting that cells isolated from more ex-
hausted organs (such as blood, BM, and liver) received less TCR
stimulation (Paillard et al., 1990).

The fraction of cycling cells was highest in LNs and lungs (Fig-
ure 4M). A single bromodeoxyuridine (BrdU) pulse 12 h prior to
sacrifice confirmed that the fraction of P14 cells actively prolifer-
ating (cluster 7) was low in all tissues (Figures 4G and 4H), also
evidenced by Ki-67 staining (Gerdes et al., 1984).

Tw cells (cluster 10), found mainly in the LNs and spleen (Fig-
ure 4N), as shown previously (Utzschneider et al., 2016b), were
identified by TCF1 expression (Figure 4l) and the expression of
the surface protein LY108 (encoded by Slamf6) (Figure 4J).

Effector-like Cells Localize Close to the Vasculature

Te cells exhibited a distinct transcriptional pattern compared
with Tgy, cells, expressing many adhesion molecules and the
sphingosine receptor S71pr1. We hypothesized that these cells
are located close to the vasculature because cells residing in tis-
sues do not express S1PR1, and most of the cells displaying a Tg
phenotype were found in the lungs, but not in other peripheral tis-
sues. To test this hypothesis, we performed an intravascular
in vivo labeling with an «-CD8 antibody prior to sacrifice to
assess tissue localization (Figure 5A). Tg cells, identified by
high CX3CR1 expression, were indeed found exclusively
within/close to the vasculature as indicated by their positive
intravascular staining (Figure 5B). CX3CL1 (fractalkine), the
CX3CR1 ligand, was found to be expressed by endothelial and
epithelial cells (Pan et al., 1997; Fong et al., 1998), which might
explain why so many Tg cells were found in the lungs, a highly
vascularized organ. Moreover, Tg cells had lower PD-1 expres-
sion (Figure 5A), suggesting that they received less TCR stimula-
tion compared with their CXC3CR1'® counterparts in tissues ex-
hibiting higher PD-1 expression.

The Phenotype of P14 Cells Is Plastic

Protein measurements and scRNA-seq data suggested that P14
cells adopted functional phenotypes differentially represented in
tissues. We aimed at investigating whether there was tissue-spe-
cific homing of phenotypes and whether the phenotype of these
cells was imprinted or plastic. P14 cells isolated from four organs
harvested 14 days post infection (dpi) were separately adoptively
transferred into chronically infected hosts and analyzed in the
same four organs 1 week later with respect to their numbers
and phenotype (Figures S4 and S5). The re-isolated P14 cells
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adopted in their new host a tissue-specific phenotype alike the
one of the endogenous pool CD8 cells. P14 cells isolated from
lungs and liver could be grouped by organ of recovery rather
than tissue of origin (Figures S4D-S4H; Figures S5D-S5G), sug-
gesting the observed phenotype was determined by the organ of
recovery. Additional markers (such as PD-1, CD44, and NUR77)
were also differentially expressed in cells that had the same
origin, but were harvested from different tissues after adoptive
transfer (Figures S4H and S4l). There are two hypotheses that
could explain these observations. The transferred cells could
either be plastic or preferentially home to a specific tissue, de-
pending on their phenotype. Given the fact that the transferred
cells did not preferentially home to a particular tissue (Figure S4J),
the first hypothesis based on plasticity is favored. In fact, irre-
spective of their origin, the highest frequencies of transferred
cells were found in the lungs. Moreover, the number of recovered
cells was highest for transferred cells initially isolated from the
lungs, which had the highest frequency of Tg cells, and lowest
for cells originally isolated from the liver, which had predomi-
nantly an advanced exhaustion phenotype (Figure S4K).

Functional Phenotypes Are Plastic 14 Days into Chronic
LCMV Infection

Because the P14 populations were heterogeneous at the time of
secondary transfer into chronically infected hosts (Figures S4B
and S5B), the observed plasticity could have been because of
preferential retention of a subset in a particular tissue. Next,
we aimed at assessing the plasticity of homogeneous sorted
populations. P14 cells were sorted from chronically infected
mice 14 dpi based on TCF1, CXCR6, and CX3CR1 expression
to isolate Ty, Tg, T, and Tg,p, subsets. These sorted populations
were separately transferred into infection-matched hosts. One
week later, animals were sacrificed and P14 cells were isolated
from spleen, lung, and liver (Figure 6A). All transferred popula-
tions changed their phenotype depending on the tissue of recov-
ery, but to a different extent. All cells found in the liver, regardless
of their tissue origin, expressed CXCR6 to some degree,
whereas at least a fraction of cells harvested from lung and
spleen expressed CX3CR1 (Figures 6B and 6C). Nevertheless,
the functional phenotype of the transferred population had a
very strong influence on the observed phenotype. This effect
was independent of the tissue of origin (Figures 6B and 6C). Tg
populations partially maintained a high CX3CR1 and low
CXCR6 expression. However, in lung and liver in particular,
CX3CR1 downregulation and CXCR6 upregulation were clearly
visible. Inversely, Tg.n cells were capable of upregulating
CXBCR1, especially when found in the spleen (Figure 6C). The
highest degree of plasticity, based on only CXCR6 and
CX3CR1 or all measured markers, was displayed by the interme-
diate population (Figures 6B and 6C). When found in the
liver, these cells expressed high CXCR6 and downregulated

(M and N) Frequency of cells positive for cell-cycle-related marker Ki-67 and BrdU incorporation (M) or transcription factor TCF1 and surface marker LY108
associated with the Ty, phenotype (N). Samples were ordered on the x axis based on the functional phenotype frequency from the transcriptional analysis shown

in (A).

Regarding the degree of exhaustion (K and L), cells isolated from blood and spleen had similar frequencies of the Tg,, population. Because the spleen
had a higher frequency of Ty cells, it was considered “less exhausted” than the blood. Representative data from at least two independent experiments are shown

(n = at least 2 mice). Bar plots show mean + SD. See also Figure S3.
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CX3CR1, whereas in the lung and spleen, CX3CR1 was still ex-
pressed. Interestingly, Ty cells did not upregulate CX3CR1 in
any tissue, upregulated CXCRG6 in spleen and lungs, and to a
large extent, maintained TCF1 expression (Figure 6B). Moreover,
the Tewxn CXCR6M populations maintained a relatively high
CXCRE®6 expression and had higher PD-1 and CD39 expression,
particularly when harvested from the liver, whereas Tg CX3CR1"
maintained high CX3CR1 and KLRG1 expression (Figure 6B).
Consistent with previous observations, irrespective of the func-
tional phenotype, the majority of the cells were found in the
lung. There was, however, a slight increase of cells found in
the spleen when the transferred population had a Tg phenotype
(Figure 6D).

T, Cells Maintain Plasticity 21 Days into Chronic LCMV
Infection

Next, we investigated whether the observed plasticity of the
functional phenotypes was maintained over time. Using the
same experimental setup as before, we sorted P14 cells from
chronically infected mice 21 dpi and transferred them into infec-
tion-matched hosts. One week later, animals were sacrificed and

10 Cell Reports 32, 108078, August 25, 2020

P14 cells were isolated from spleen, lung, and liver (Figure SB6A).
Texn and Tg cells maintained their phenotype (Figures S6B and
S6C). Only the T, population showed plasticity with respect to
CXCR6 and CX3CR1 and other measured markers (Figure S6B);
in the liver, T, cells were CXCR6" CX3CR1'°, whereas in spleen
and lungs, they gave rise to a CXCR6™CX3CR1"™ population,
resembling Tg cells (Figure S6C). Ty cells in the spleen and, to
some extent, in the lungs maintained high TCF1. Transferred
cells were most frequently found in the lungs, irrespective of their
origin. However, there was a slight tendency for Tg cells to be
more prevalent in the spleen and for Tgy, cells to be enriched
in the liver (Figure S6D). Overall, there is less plasticity observed
21 dpi than at 14 dpi.

Te and T, Cells Exhibit Better Re-expansion Potential
Than Tgy, Cells

Next, we assessed the fitness of the functional phenotypes in the
absence of a chronic environment. P14 cells harvested from
lung, spleen, or liver of chronically infected mice 21 dpi were
sorted into TCF1" Ty, CX3CR1™ Tg, CX3CR1™ T, and
CXCR6MCX3CR1'"° Tg,, and transferred into naive hosts, which
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(legend continued on next page)
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were infected with a low dose of LCMV the following day. One
week later, the animals were sacrificed and spleens were har-
vested for analysis (Figure 7A). Ty cells had the highest re-
expansion rate, whereas Tg,, cells had the lowest. T, and Tg cells
were recovered in higher numbers than Tgy;, cells, but substan-
tially lower than Ty, cells (Figures 7B and 7C). Interestingly, the
phenotype of the cells in the new hosts was strongly influenced
by the functional phenotype acquired in the chronically infected
donors. In the new hosts, Tg cells had higher CX3CR1 and
KLRG1 expression, whereas Tg., cells had higher CXCR6
expression (Figures 7D and 7E). Clustering based on CXCR6
and CX3CR1 or all measured markers grouped the samples by
the functional phenotype (Figure 7D). In the new recipients, Ty,
cells gave rise to all phenotypes, whereas the other functional
phenotypes (Tg, T,, and Tg,,) differentiated into both
CX3CR1"CXCR6™ and CX3CR1'°CXCR6™ populations, but in
different ratios (Figure 7E).

DISCUSSION

We have characterized the landscape of exhausted P14 cells
isolated from six tissues (blood, spleen, BM, LNs, lungs, and
liver) harvested from mice chronically infected with LCMV clone
13 and classified them into five main functional phenotypes: Ty,
Tp, Tg, Ti, and Tgxn. Clusters 10 (Ty) and 7 (Tp) could be easily
identified by TCF1 staining and BrdU incorporation, respectively,
whereas CXCR6 and CX3CR1 discriminated between Tg
(CX3CR1M), T, (CX3CR1™), and Tex (CX3CR1°CXCR6M). Ty
cells expressed TCF1 and were found only in LNs and spleen,
as previously reported (Utzschneider et al., 2016b; Im et al,,
2016). The highest frequency of Tp cells was in the LNs, where
a significant Ty, population was also located. However, Tp cells
could be found in all other tissues in lower frequencies, implying
P14 cells actively divide, albeit to a low extent, both in the periph-
ery and lymphoid organs. Protein staining confirmed that
CX3CR1" Tg cells were found mostly in the lungs, but also
spleen and blood. Moreover, Tg phenotype matched the tran-
scriptional profile: CX3CR1" and PD-1" cells were also GZMB",
CXCR6'°, and CXCR3". Tg cells expressed many adhesion tran-
scripts (ltgb7, Emp3, Itgax, ltgb1, ltgb2, Itgal, Itga4) and were
located close to the vasculature, suggesting that they might be
in the process of extravasation. PD-1" CXCR6™ Tg,, cells were
found in all screened tissues. The T, population was observed
in all tissues, with LNs exhibiting the highest frequency. T, shared
both Te and Tgy, features, indicating potential conversion of one
subset into another. This population had also higher Nr4at
expression, a marker of recent TCR signaling (Moran et al.,
2011). Exhaustion is a gradual process, triggered by persistent
antigen stimulation (Bucks et al., 2009; Utzschneider et al.,
2016a; Angelosanto et al., 2012; Beltra et al., 2020). The expres-
sion of co-inhibitory receptors is positively correlated with TCR
signaling, which means Tg,;, cells were more stimulated than
Te cells. If the development of terminal exhaustion is a linear pro-
cess (Beltra et al., 2020), and because the transcriptional profile
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of Tg cells appears the most functional, Ty, cells might give rise to
Te cells, which in turn might develop into Tgy, with persistent
TCR stimulation. In this scenario, T, cells might be a “bridging
population” in the Ty-Te-Texn differentiation axis. This would
implicate that CX3CR1" cells from a chronic infection setup
are different from the ones described in the context of acute
LCMYV infection, where they were described as terminally differ-
entiated (Gerlach et al., 2016). Recent studies showed that there
is a TCF1-controlled bifurcation early in chronic exhaustion,
leading to terminally differentiated effector-like KLRG1" cells,
which are not sustained long-term, and to exhausted cell precur-
sors, which are able to survive better (Chen et al., 2019). In our
experimental setting, Tg cells re-expanded better than Tg,, cells
after re-exposure to LCMV in a naive host. One possibility that
might explain this difference is the timing of analyses. Chen
et al. (2019) analyzed cells during the early phase of chronic
infection (day 8) compared with days 14-21 in our case. The
seemingly contradictory results suggest that the Tg population
we identified may be phenotypically and functionally different
from the one described in the early stages of exhaustion. Recent
studies (Zander et al., 2019; Hudson et al., 2019) described Tg
cell populations during later stages of chronic LCMV infection
(day 28 or later), displaying a similar transcriptional profile to
our data, and showed that these cells are functionally better
than Ty or Tgun cells. Our results are consistent with Zander
et al. (2019), who performed adoptive transfer experiments of
sorted homogeneous populations based on CX3CR1 and
LY108 expression and showed that Tg cells are fitter than Tgy,
cells, and that the phenotypes of these populations were
strongly influenced by the acquired phenotype before sort, but
were plastic to some degree.

Another surprising finding was the plasticity of P14 cells in
chronic infection, in particular the Tg cells, which were able to
downregulate CX3CR1. Adoptive transfer experiments per-
formed in the setting of an acute LCMV infection clearly showed
that CX3CR1™ cells cannot give rise to CXC3CR1™ or
CXC3CR1'°"/"®9 cells, prompting the idea that CX3CR1 expres-
sion correlates with terminal effector differentiation (Gerlach
et al., 2016). When CX3CR1" cells were transferred into chroni-
cally infected mice and recovered from tissues with a strong Texn
signature, such as the liver, CX3CR1 was downregulated in a
substantial fraction of the recovered cells. When CX3CR1" cells
were recovered from the spleens of chronically or acutely in-
fected hosts, most cells maintained a high CX3CR1 expression.
Also, compared with Ty, or T cells developed in acute infection,
exhausted cells have a different transcriptional and epigenetic
program (Khan et al., 2019; Chen et al., 2019; Doering et al.,
2012; Wherry et al., 2007), which might explain the (potentially)
different regulation of CX3CR1.

P14 cells isolated from LNs, spleen, and lungs were the most
heterogeneous, with at least two clusters making up at least 10%
of the population. Cells from the blood were mainly split into two
clusters, while P14 cells harvested from BM and liver were the
most homogeneous samples. In fact, the landscape of

(C) Representative flow cytometry plots (n = 2-3 mice) showing expression of CXCR6 and CX3CR1 (gated on P14-Tcf7 cells).
(D) Distribution of recovered P14 cells in different tissues denoted by color. Bar plots show mean + SD. One of two experiments is shown.

See also Figures S4 and S5.
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Figure 7. Fitness of the Functional Phenotypes

(A) Experimental setup.
(B and C) Recovered cells from spleen in each group, defined by functional phenotype and origin of transferred cells (B) (n = 3 mice) or only functional phenotype

(C). Bar plots show mean + SD.
(D) Heatmaps showing marker expression of isolated cells. The samples were clustered based on median expression of all markers measured (left) or just CXCR6

and CX3CR1 (right) (n = 1-3 mice).
(E) Representative flow cytometry plots showing expression of CXCR6 and CX3CR1 (gated on P14-Tcf7 cells isolated from the spleen). One of two experiments is

shown.
See also Figure S6.
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exhausted cells might be even more diverse with respect to het-
erogeneity of lowly expressed genes. The droplet sequencing
technique results in noisy expression profiles, with a high rate
of dropouts, particularly impeding the detection of lowly ex-
pressed genes (Svensson et al., 2017). Expression profiling in
general is imperfectly correlated with protein expression (e.g.,
IFN-y) (Mackerness et al., 2010). Moreover, transcripts do not
necessarily result in active proteins because post-transcriptional
regulation and/or post-translational modifications may be
required (Mann and Jensen, 2003). The experimental setup
without technical and individual biological replicates does not
allow to properly control for batch effects. In this study, cells har-
vested from three mice were pooled before sequencing to make
sure the results are representative. Furthermore, the lysis and
transcript amplification of all six samples were performed the
same day. Eight of 14 clusters were composed of more than
80% cells isolated from one tissue only. However, the remaining
six clusters were mixed with three clusters containing cells from
all six organs, suggesting that these cells share the same pheno-
type and that the batch effects were weak in this case. Also, cells
isolated from LNs do not make up more than 80% of any cluster,
meaning that there was no LN-specific cluster. However, the
assessment of batch effect is not possible due to the experi-
mental design, which does not allow to assess the performance
of any type of batch correction method because we do not have
a control population (such as a common population among all
tissues). Importantly, cells from different tissues (mainly spleen
and LNs) exhibiting a strong Ty, phenotype previously described
(Utzschneider et al., 2016b) were grouped together based on
clustering of uncorrected data, suggesting that (at least for this
population) the batch effects were minimal. We applied Harmony
batch correction (Korsunsky et al., 2019), which performed best
on a test dataset (data not shown). Reassuringly, even after
batch correction, the five main functional phenotypes were still
maintained (Figure S7). However, clusters from different tissues
having the same functional phenotype (Tg or Tgy,) were mixed af-
ter batch correction (Figure S7C). In addition, the frequencies of
the Ty, population were closer to the expected ones (based on
phenotypic characterization of this cell subset in various tissues
by flow cytometry) (Figure S7H) in the uncorrected data than in
batch-corrected data (Figure S71), raising some concerns about
the suitability of batch correction for our dataset. Finally, to eval-
uate whether the qualitative differences highlighted in Figures 2
and 3 with respect to the five phenotypes are preserved irre-
spective of any potential batch effect, we performed differential
gene expression analyses between the main phenotypes within
each individual tissue sample. We then compared the union of
these gene sets with the list of genes we previously identified
as being differentially expressed with respect to the main pheno-
types (most genes in Figure 3, which are discussed in the manu-
script). All genes found to be differentially expressed contrib-
uting to the main phenotypes’ signatures were included in the
union of gene sets. Overall, the differences between the main
functional phenotypes are preserved irrespective of batch
correction.

We found that half of the clusters were tissue specific. This
observation indicates that exhausted cells adopt tissue-specific
transcriptional signatures, suggesting the microenvironment is
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important in shaping the phenotype of P14 cells in chronic infec-
tion. Because these cells were isolated from various organs with
distinct types of infected cells and inflammatory milieu, it is not
surprising that these cells adopted tissue-specific phenotypes.
For instance, regardless of their Tg or Tg,, phenotype, cells har-
vested from the spleen had higher expression of Nr4a1, Nfkbid,
and Nfkbiz, whereas cells isolated from the blood had low
expression of these transcripts, indicating that P14 cells from
the spleen recently encountered their antigen, whereas circu-
lating cells did not. P14 cells isolated from the liver also had
the lowest TCR signaling and Ifng expression, but high Gzma.
Expression of specific chemokine receptor transcripts corre-
lated with different functional phenotypes. Ccr7 and Sell expres-
sion, detected in the TCF1* Ty, cells, could explain why these
cells were found in secondary lymphoid organs. CX3CR1 was
highly expressed in Tg cells, which were found only close to
the vasculature and not deeper in peripheral tissues. Tg cells
were most abundant in the lung, an organ that is highly vascular-
ized and exhibits high levels of its ligand CX3CL1. Circulating
P14 cells isolated from blood had both Tg and Tg,, phenotypes.
CXCR6 and CXCRS3 expression was more abundant in Tgy, cells,
preferentially localized deeper in the tissues. High inhibitory re-
ceptor expression in Tgy, cells is an indicator of repeated TCR
stimulation likely occurring in the tissues, which might be bene-
ficial to the host by limiting immunopathology (Frebel et al., 2012;
Frebel and Oxenius, 2013).

Adoptive transfer of bulk P14 cells harvested from different or-
gans into chronically infected hosts did not show any tissue-spe-
cific homing and suggested that the tissue-specific phenotype
was plastic. However, because tissue populations were hetero-
geneous, we decided to transfer homogeneous P14 populations
of sorted Ty, Tg, T, or Texn Subsets. Although there was a strong
influence of the initial phenotype acquired in the chronically in-
fected donors, the functional phenotypes were able to partially
modulate the expression of CX3CR1 and CXCR®6, depending
on the tissue of recovery when cells were sorted 14 days into
chronic infection. However, when cells were isolated 21 days
into chronic infection, the Tg and Tg,, populations hardly
changed, while the T, population displayed the same plasticity
observed 1 week earlier, giving rise to both Tg and Tg,;, popula-
tions. Additionally, the global phenotype of P14 cells isolated
from different tissues did not correlate with viral titers. For
example, the spleen and liver were shown to have similar viral ki-
netics (Wherry et al., 2003), but the P14 cells isolated from these
organs displayed strikingly different phenotypes: the majority of
cells from the liver were Tg,;, cells, whereas P14 cells from the
spleen were very diverse. These data suggest that T cell differen-
tiation in chronic infections is impacted by both cell-intrinsic and
-extrinsic features, which are gradually more stable over the
course of the infection, and tissue-driven changes resulting
from niche-specific differences.

Recent studies (Zander et al., 2019; Hudson et al., 2019)
showed that Tg cells are functionally superior compared with
T or Texn cells. Despite secreting less IFN-y and IL-2 compared
with functional memory or effector cells generated in an acute
infection, exhausted cells still have cytotoxic potential because
they are able to efficiently kill pulsed naive target cells in vivo (Ag-
nellini et al., 2007; Graw et al., 2011). However, these naive
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targets do not highly express ligands recognized by co-inhibitory
receptors, which are highly upregulated on exhausted cells in
chronic infection. This might in part explain why exhausted cells
do not efficiently eliminate infected cells within a chronically in-
fected host. Moreover, in line with previous studies (Petrovas
et al., 2006; Zander et al., 2019), adoptive transfer experiments
suggested that Tgy;, cells had lower survival rates than Tg cells.
Indeed, 1 week after acute LCMV infection of naive recipients
that had received sorted populations, the recovery rate of cells
initially in a Ty, state was lower than the recovery rate of Tg or
T, cells. Corroborating previous results, Ty cells had the best
expansion and gave rise to all subsets (Im et al., 2016; Utzsch-
neider et al., 2016b; Jeannet et al., 2010). Moreover, all four
P14 subsets harvested 21 dpi showed plasticity when trans-
ferred into naive hosts, followed by LCMV infection, but not
when transferred into chronically infected mice, suggesting the
lack of plasticity observed in persistently infected mice 21 dpi
is probably not cell intrinsic and likely due to differences in anti-
gen load and/or (anti)-inflammatory environments at different
stages of chronic infection.

This work presents relevant insights into the phenotypic land-
scape of P14 cells constantly stimulated with cognate antigen,
highlighting their phenotypic diversity in chronic LCMV infection.
These findings are relevant in the context of T cell exhaustion in
chronic infections, as well as cancer, showing that the pheno-
type of virus-specific CD8 T cells is shaped by the microenviron-
ment and is largely plastic.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

B220 (biotin, RA3-6B2) Biolegend Cat#103204; RRID:AB_312989
CD107a (PE, 1D4R) Biolegend Cat# 103043; RRID: AB_2134487
CD28 (37.51) Biolegend Cat#102116; RRID: AB_11147170
CD39 (AF647, Duha59) Biolegend Cat#143807; RRID: AB_2563977
CDg3t (145-2C11) Biolegend Cat#100340, RRID: AB_11149115
CD4 (biotin, GK1.5) Biolegend Cat#100404; RRID: AB_312689
CD44 (BV510, IM7) Biolegend Cat#102116; RRID: AB_2561391
CD45.1 (APC, A20) Biolegend Cat# 110714; RRID: AB_313503
CD45.1 (BV711, A20) Biolegend Cat#110739; RRID: AB_2562605
CD45.1 (Pacific Blue, A20) Biolegend Cat# 110722; RRID: AB_492866
CD5 (PE-Cy7, 53-7.3) Biolegend Cat#100622; RRID: AB_2562773
CD8 (APC-Cy7, 53-6.7) Biolegend Cat#102116; RRID: AB_11147170
CD8 (BUV395, 53-6.7) Biolegend Cat#102116; RRID: AB_312753
CD8 (BV711, 53-6.7) Biolegend Cat# 100714; RRID: AB_11147170
CD8 (PerCP, 53-6.7) Biolegend Cat# 100732; RRID: AB_893423
CD8b.2 (PE, 53-5.8) BD Biosciences Cat#553041; RRID: AB_394577
CX3CR1 (APC, SA011F11) Biolegend Cat#102116; RRID: AB_2564491
CX3CR1 (PerCP-Cy5.5, SA011F11) Biolegend Cat#149010; RRID: AB_2566545
CXCRS3 (BV421, CXCR3-173) Biolegend Cat#102116; RRID: AB_2728154
CXCR6 (PE, SA051D1) Biolegend Cat#151103; RRID: AB_11147170
GZMB (PE, GB12) ThermoFisher Cat#MHGBO04; RRID: AB_10372671
IFNy (Pacific Blue, XMG1.2) Biolegend Cat#505818; RRID: AB_893526

IFNy (PE, XMG1.2)

1gG (peroxidase)

Ki67 (Pe-Cy7, SolA15)
LY108 (APC, 330-AJ)
PD-1 (BV605, 29F.1A12)
PD-1 (PE-Cy7, 29F.1A12)
TCF1 (PE, C63D9)

TIM-3 (PE, RMT3-23)
TOX (PE, TXRX10)

VL-4

ThermoFisher

Jackson ImmunoResearch
ThermoFisher

Biolegend

Biolegend

Biolegend

Cell Signaling

Biolegend

ThermoFisher

Generated in-house

Cat#12-7311-82; RRID: AB_466193
Cat#:112-035-003, RRID: AB_2338128
Cat#25-5698-82; RRID: AB_11220070
Cat#134609; RRID: AB_11147170
Cat#135219; RRID: AB_11125371
Cat#135215; RRID: AB_10696422
Cat#14456S; RRID: AB_2798483

Cat# 1197083; RRID: AB_345377
Cat#12-6502-82; RRID: AB_10855034
N/A

Bacterial and Virus Strains

LCMV Clone 13

Provided by Dr. Rolf M Zinkernagel
(University of Zurich, Switzerland)

(Althage et al., 1992)

Chemicals, Peptides, and Recombinant Proteins

MEM medium

PBS

RPMI medium

HEPES

Non essential amino acids
EDTA

Sodium pyruvate

Fetal bovine serum

ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
Sigma Aldrich
ThermoFisher
ThermoFisher

Cat#:31095029
Cat#:14190094
Cat#:11875093
Cat#:15630056
Cat#:11140-035
Cat#:E7889-100ML
Cat#:11360-039
Cat#:10270106

(Continued on next page)
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Penstrep Sigma Cat#:P4333
Betamercapthoethanol ThermoFisher Cat#:31350-010
Brefeldin A Biolegend Cat#:420601
Monensin Sigma Aldrich Cat#:M5273-1G
LIVE/DEAD Fixable Near-IR Dye ThermoFisher Cat#:1.34976

Critical Commercial Assays

FITC BrdU Flow kit
MojoSort™ Streptavidin Nanobeads

Chromium Next GEM Single Cell 3’ Library
Construction Kit v2

BD Biosciences
Biolegend
10X Genomics

Cat#: 559619
Cat#:480016
Cat#:1000157

Fixation Buffer Biolegend Cat#:420801

Intracellular Staining Permeabilization Biolegend Cat#:421002

Wash Buffer (10X)

eBioscience Foxp3 / Transcription Factor ThermoFisher Cat#:00-5523-00

Staining Buffer Set

Deposited Data

scRNaseq of exhausted P14 isolated from 6 This paper ENA EMBL-EBI: PRJEB36998

tissues

Memory-like signature gene list
Exhausted signature gene list
Effector signature gene list

C7 immunologic signature gene set
collection

ENCODE ChIP-seq
GO database

(Utzschneider et al., 2016b)
(Wherry et al., 2007)
(Doering et al., 2012)
(Godec et al., 2016)

(Landt et al., 2012)

(Ashburner et al., 2000; The Gene
Ontology Consortium, 2019)

N/A
N/A
N/A
N/A

N/A
N/A

Experimental Models: Cell Lines

BHK-21

MC57/G fibroblast

VL-4 hybridoma

Provided by Dr. Rolf M Zinkernagel
(University of Zurich, Switzerland)
Provided by Dr. Rolf M Zinkernagel
(University of Zurich, Switzerland)

Provided by Dr. Rolf M Zinkernagel
(University of Zurich, Switzerland)

BHK21 [C13] (ATCC® CCL10)

MC57G (ATCC® CRL-2295)

Cat#:006A-EVA92

Experimental Models: Organisms/Strains

Mouse: C57BL/6
Mouse: Tcf7-GFP reporter mice

Mouse: Nr4a1-GFP reporter mice

Jaxmice

Provided by Werner Held
(Utzschneider et al., 2016b)

Provided by Roman Spdtri (ETH Zurich,

Swizterland) (Moran et al., 2011)

https://www.jax.org/strain/000664
N/A

https://www.jax.org/strain/016617

Software and Algorithms

BD FACSDiva Software
FlowdJo v9, v10
lllustrator

CellRanger 2.0.2
R

Seurat v2.0
ClusterProfiler

GSEA
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BD Biosciences
BD Biosciences
Adobe

(Zheng et al., 2017)

(R Development Core Team, 2019)
(Butler et al., 2018)

(Yu et al., 2012)

(Subramanian et al., 2005)

https://www.bdbiosciences.com/en-us
https://www.flowjo.com/

https://www.adobe.com/products/
illustrator.html

https://support.10xgenomics.com
https://www.r-project.org/
https://satijalab.org/seurat/

https://guangchuangyu.github.io/software/
clusterProfiler/

https://bioconductor.org/packages/
release/bioc/html/GSEABase.html
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fgsea (Korotkevich et al., 2019) https://github.com/ctlab/fgsea

slalom (Buettner et al., 2017) https://github.com/bioFAM/slalom

FlowSOM (Van Gassen et al., 2015) https://github.com/SofieVG/FlowSOM

Limma (Ritchie et al., 2015) https://kasperdanielhansen.github.io/
genbioconductor/html/limma.html

RtSNE (Maaten and Hinton, 2008) https://github.com/jkrijthe/Rtsne

made4 (Culhane et al., 2005) https://www.bioconductor.org/packages/
release/bioc/html/made4.html

ggplot2 (Wickham, 2016) https://ggplot2.tidyverse.org

stats (R Development Core Team, 2019) https://stat.ethz.ch/R-manual/R-devel/
library/stats/html/00Index.html

factoextra (Mundt, 2019) https://rpkgs.datanovia.com/factoextra/
index.html

grDevices (R Development Core Team, 2019) https://rdrr.io/r/grDevices/
grDevices-package.html

Harmony (Korsunsky et al., 2019) https://github.com/immunogenomics/
harmony

Prism 8 GraphPad https://www.graphpad.com/

scientific-software/prism/

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Annette
Oxenius (aoxenius@micro.biol.ethz.ch).

Materials Availability
This study did not generate any new materials.

Data and Code Availability

All software is freely or commercially available and can be found in the Key Resources Table. The accession number for the raw
scRNaseq dataset reported in this paper is ENA: PRJEB36998. Further data and materials that supported the findings of this study
are available from the corresponding authors upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type male C57BL/6J mice (purchased from Janvier Elevage), Nr4a1 mice expressing a GFP under the control of the NUR77 pro-
moter (Moran et al., 2011), Tcf7 mice expressing GFP under the control of TCF1 promoter (Utzschneider et al., 2016b), P14 transgenic
(CD45.1) mice expressing a TCR specific for LCMV peptide gpas-41 (Pircher et al., 1990) were housed and bred under specific
pathogen—free conditions at the ETH Phenomics Center Honggerberg. All mice used in experiments had between 6-16 weeks.
P14-Nr4a1-GFP and P14-Tcf7 were generated by crossing P14 mice to Nr4a1 or Tcf7 mice. All animal experiments were performed
according to the Swiss federal regulations and were approved by the Cantonal Veterinary Office of Zurich (Animal experimentation
permissions 147/2014, 115/2017).

METHOD DETAILS

Virus

LCMV clone 13 was propagated in baby hamster kidney 21 (BHK-21) cells at a low multiplicity of infection. 24-72h after infection,
supernatant of cultures were harvested. Viral titers were determined as described previously (Battegay et al., 1991).

Infections

10000 transgenic CD45.1* cells (P14, P14-Nrda1 or P14-Tcf7) were adoptively transferred into CD45.2* hosts one day prior LCMV
clone 13 infection with 2 x 10° ffu/mouse. For acute infections, 20 ffu LCMV clone 13/mouse were used.
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Cell isolation from tissues

Mice were sacrificed with CO, and blood was collected from the heart or vena cava into FACS (fluorescence activated cell sorting)
buffer. The mice were then perfused with 20 mL of ice-cold PBS, and organs (spleen, BM, lymph nodes, lung, and liver) were isolated.
Bone marrow was flushed with 5-10 mL ice-cold PBS. Tissues (lung, liver) were cut into pieces, incubated with digestion cocktail con-
taining 2.4 mg/mL collagenase type Il and 0.2 mg/mL DNase in complete RPMI (RPMI-1640 containing 10% fetal bovine serum, 2 mM
L-glutamine, 1% penicillin-streptomycin, 1 mM sodium pyruvate, 50 nM betamercapthoethanol, 0.1 mM non-essential (glycine, L-
alanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-proline, L-serine) amino acids, 20 mM HEPES) for 30 minutes at 37°C.
Cell suspensions were filtered (70 um) and treated with ammonium-chloride-potassium (ACK) lysis buffer (150 mM NH,4CI, 10 mM
KHCO3, 0,1 nM Na,EDTA, pH adjusted to 7.3) for 5 min at room temperature. Cell suspension obtained from lungs and liver were en-
riched for lymphocytes by centrifugation over Percoll density centrifugation (30% (v/v) Percoll in PBS) for 30 minutes at 4°C (500 g).
Spleens were depleted of B and CD4 T cells; spleen suspensions were incubated at room temperature with biotinylated «-B220 and
o-CD4 for 20 minutes, followed by 5 minute incubation with streptavidin-conjugated magnetic beads (Mojo, Biolegend) and then used
StemCell magnet to retain the magnetic beads. For scRNaseq, all tissues (including blood) were incubated with digestion cocktail and
treated with ACK lysis buffer. For scRNaseq samples (Figure 1), cell suspension of tissues isolated from three mice were pooled in
order to ensure the sample is representative of a population. For cells isolated from lymph nodes, samples from 10 mice were pooled
to ensure sufficient P14 cells can be sorted.

scRNaseq analysis

Cell suspensions (see “Cell isolation from tissues”) containing P14 cells were next stained with a-CD8a and o-CD45.1 antibodies,
and cell viability dye (LiveDead, Thermo Fisher) at 4°C for at least 30 min. P14 cells were then sorted by FACS (ARIA, BD Biosciences)
in complete RPMI at 4°C. Sorted P14 cells from different tissues were washed and resuspended in 0.04% BSA. The single cell
sequencing was performed at the Functional Genomics Center Zurich. The cell lysis and RNA capture was performed according
to the 10XGenomics protocol (Single Cell 3’ v2 chemistry). The cDNA libraries were generated according to the manufacturer’s
protocol (lllumina) and further sequenced (paired-end) with HiSeq2500 technology (lllumina). The transcripts were mapped with
10Xgenomics CellRanger pipeline (version 2.0.2). The count matrices were analyzed with Seurat package v2.0 (Butler et al., 2018)
in R (R Development Core Team, 2019). Briefly, the count matrices were filtered (genes detected in fewer than 10 cells and cells
with fewer than 500 transcripts were removed). Outlier cells (based on the correlation between total UMIs and number of detected
genes) were also removed. A small cluster of cells displaying a B cell phenotype (CD3"CD8 CD19*) was excluded as well. The
matrices were normalized (to 10000 transcripts per cell), logged and scaled per gene (mean 0 and variance 1). The contribution of
total UMIs counts to the count matrices was regressed out. The resulting matrix was used to select the top 1800 highly expressed
and variable genes (based on arbitrary thresholds regarding mean (> 0.1) and gene variance (> 0.2)). These selected genes were used
to compute principal components. First 20 principal components were used for graph-based clustering using Louvain modularity
(resolution parameter = 0.8). The first 20 principal components were also used for dimensionality reduction (tSNE [Maaten and
Hinton, 2008] with perplexity = 50). Next, differential expression analysis (log2 fold change > 0.2) was performed for all detected
clusters (using Wilcoxon rank sum test [Wilcoxon, 1945] with multiple test correction [Benjamini and Hochberg, 1995]). Gene set
enrichment analysis was done using GSEA package (Subramanian et al., 2005) on the differentially upregulated genes (log2 fold
change > 0.5 and adjusted p value < 0.05) in each cluster. Heatmaps were generated in R with made4 package (Culhane et al.,
2005). Factor analysis was performed with slalom (Buettner et al., 2017) and C7 immunologic signature collection from MSigDB
was used. For GSEA analysis, the ranked gene lists were generated by correlating gene counts with factor values (Spearman cor-
relation). For sample contribution to each cluster, 2500 cells were randomly sampled from each sample. The raw data files have
been deposited in the EMBL-EBI database under accession number PRJEB36998.

Adoptive transfer experiments

Organs were harvested from hosts (which received transgenic P14, P14-Nrda1, or P14-Tcf7 cells one day prior infection) at the indi-
cated time into chronic LCMV infection and processed as described above (see section “Cell isolation from tissues”). For adoptive
transfers (Figures 6, 7, S4-S6), between 3 and 12 mice were pooled. Cells were stained and FACS sorted (ARIA, BD Biosciences)
based on CD8, CD45.1 and, when indicated, CXCR6, CX3CR1, LY108 or GFP (reporting TCF1 expression). The number of trans-
ferred cells was 20 000 (experiments shown in Figures 7B and 7C) and varied between 20 000 and 200 000 for phenotype assessment
(Figures 7D and 7E).

P14 restimulation

Restimulations of sorted P14 cells were performed in 96 well flat-bottom antibody-coated plates (¢-CD3& and «-CD28 at 1 ung/mL) for
6 hours at 37°C in presence of 2 pM monensin, 10 ng/mL brefeldin A, and «-CD107a antibody.
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Flow cytometry analysis

Surface stainings were performed at room temperature for 30 minutes in FACS buffer (2% FCS, 1% EDTA in PBS). Intracellular stain-
ings were performed according to the manufacturer’s protocol. Data were acquired with LSR Il and LSR Il Fortessa cytometers (BD
Biosciences, Allschwil, Switzerland) and analyzed in FlowJo (BD Biosciences, Allschwil, Switzerland). Bar plots were generated in
GraphPad Prism 8 (La Jolla, California, USA).

Determination of viral loads

Viral titers were determined by focus-forming assay using the MC57G fibroblast cell line (Battegay et al., 1991). Blood was collected
in FACS buffer, organs were collected in 0.5 mL of MEM medium containing 2% FCS. Tubes were weighted before and after collec-
tion of organs. Samples were frozen and stored at —80°C. Organs were homogenized with a tissue lyser. Cell debris was removed by
centrifugation at 300 g and supernatant was used for the assay.

Heatmaps and PCA analysis

Heatmaps based on marker medians were generated in R with coolmap (limma package [Ritchie et al., 2015]). Frequencies or marker
medians were scaled, then used as input for PCA analysis in R (prcomp function from stats package) and results plotted with fac-
toextra package.

Cell densities and high-dimensional clustering

250 P14 cells were randomly selected for each replicate. Scaled (per gene) marker expression matrix (Nr4a1-GFP, CD44, CD8, CD39,
TIM-3, PD-1)) was used as input for tSNE calculations (used with default parameters in R implementation, except for the perplexity,
which was set to 50). Local 2D scatterplot densities were computed with densCols (grDevices package) function, based on tSNE
coordinates (Figure S1). Colors represent relative local densities. FlowSOM was used for high-dimensional clustering of single cells
(10x10 grid, n = 15 clusters).

In vivo labeling

In vivo labeling was performed by administering 5 ng of «-CD8a per mouse 3 minutes prior sacrifice as previously described (Thom
etal., 2015). Mice were perfused with 20 mL of cold PBS and tissues were processed as described above. For the in vivo proliferation
assay, 2 mg of BrdU were injected IV 12 hours prior sacrifice. Staining was performed according to the manufacturer’s protocol (BD
Bioscience).

Batch correction

Harmony was applied on principal components computed after data pre-processing (see “Experimental procedures”) without UMI
regression. The regression was omitted because the results with respect to the frequency of the memory-like TCF1 hi hopulation were
closer to expected based on flow cytometry data (data not shown).

QUANTIFICATION AND STATISTICAL ANALYSIS
Unless otherwise mentioned, statistical significance was calculated using Mann-Whitney for comparing two groups. For differential
expression analysis (based on scRNaseq data), the non-parametric Wilcoxon rank sum test with Bonferroni correction for multiple

comparisons was used. All error bars represent the standard deviation from the mean. All statistical analyses were performed in
GraphPad Prism 8 or in R.
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