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Memory CD8™ T cell heterogeneity is primarily
driven by pathogen-specific cues and additionally

shaped by the tissue environment

Esmé T.I. van der Gracht,” Guillaume Beyrend,’ Tamim Abdelaal,?® Iris N. Pardieck,” Thomas H. Wesselink,’

Floortje J. van Haften,” Suzanne van Duikeren," Frits Koning," and Ramon Arens’#*

SUMMARY

Factors that govern the complex formation of memory T cells are not completely
understood. A better understanding of the development of memory T cell hetero-
geneity is however required to enhance vaccination and immunotherapy ap-
proaches. Here we examined the impact of pathogen- and tissue-specific cues
on memory CD8" T cell heterogeneity using high-dimensional single-cell mass cy-
tometry and a tailored bioinformatics pipeline. We identified distinct populations
of pathogen-specific CD8™ T cells that uniquely connected to a specific pathogen
or associated to multiple types of acute and persistent infections. In addition, the
tissue environment shaped the memory CD8* T cell heterogeneity, albeit to a
lesser extent than infection. The programming of memory CD8™ T cell differenti-
ation during acute infection is eventually superseded by persistent infection.
Thus, the plethora of distinct memory CD8™ T cell subsets that arise upon infec-
tion is dominantly sculpted by the pathogen-specific cues and further shaped
by the tissue environment.

INTRODUCTION

After infection, naive antigen-specific CD4" and CD8" T cells clonally expand and differentiate into effector
cell populations, which further segregate into phenotypically diverse long-lived memory T cell subsets that
provide protection upon (re-)infection (Arens and Schoenberger, 2010). These memory T cell populations
reside in the blood circulation and lymphoid organs, but also in non-lymphoid tissues (Casey et al., 2012;
Gebhardt et al., 2009; Masopust et al., 2010; Schenkel et al., 2014). Memory T cells are classically divided
into two major subsets based on their circulatory patterns: central-memory T (Tcw) cells patrol secondary
lymphoid organs, governed by expression of homing molecules CD62L and CCR7, whereas effector-mem-
ory T (Tem) cells lack these homing molecules, which enables them to recirculate through non-lymphoid or-
gans (Sallusto et al., 2004). More recently, a third major subset of memory T cells has been identified based
on their restricted recirculation capacity. These tissue-resident memory T (Trm) cells are characterized by
the expression of CD69 and are found in virtually every tissue (Rosato et al., 2017).

The pivotal role of T cells as mediators and sentinels of immune homeostasis during health and disease
drove the necessity of comprehensive assessment of memory T cell heterogeneity. The identification of
subpopulations based on phenotypic changes has indeed been very useful to understand memory T cell
development and to perceive changes in immune homeostasis during disease. For example, distinct types
of T cell subsets are linked to infectious disease, cancer, and autoimmune disease (Ahlers and Belyakov,
2010; van der Leun et al., 2020). This increased understanding of heterogeneity within the memory T cell
pool coincided with the advances in cytometry and the availability of monoclonal antibodies. Moreover,
cytometry can also be combined with MHC tetramer technology, which provides insights into the charac-
teristics of antigen-specific T cells within the total T cell pool (Davis et al., 2011).

The multiparametric breadth of mass cytometry and the high-dimensional analysis of the data provide the
ideal setting to deeply comprehend the complex diversity of T cell subsets and T cell states (Cheng and
Newell, 2016; Spitzer and Nolan, 2016). By incorporating markers that identify various cellular properties
(i.e., differentiation, function, and/or trafficking) into the T cell panel, one could evaluate the heteroge-
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outstanding questions surrounding the impact of, e.g., organ-specific imprinting versus pathogen-specific
inflammation on memory cell differentiation. Previously, the importance of pathogen-specific cues on
memory T cell differentiation has been studied, showing that different types of infections lead to particular
differentiation types (Appay et al., 2002; Obar et al., 2011; Plumlee et al., 2013). However, these earlier
studies lack a deep dissection of memory CD8" T cell heterogeneity. In addition, it remained unaddressed
whether there is a hierarchical contribution of infection or tissue-specific cues to memory T cell
differentiation.

Here we examined the impact of pathogen- and tissue-specific cues on the development of the heteroge-
neous populations of memory CD8" T cells simultaneously. We assessed the CD8" T cell heterogeneity us-
ing high-dimensional mass cytometry with 41 markers including indicators for recognizing antigen-specific
T cells, and we interrogated the impact of tissue-specific imprinting in synchronized yet diverse pathogen-
modulated milieus. Distinct pathogen-specific Toym, Tem, and Trum cell subsets were recognized, and albeit
to a lesser extent, also tissue-specific signals shaped the differentiation of memory CD8" T cells. Thus,
memory T cell heterogeneity is strongly shaped by the pathogen-specific inflammatory milieu and in addi-
tion shaped by the tissue micro-environment.

RESULTS

Pathogen-specific cues during acute infection shape the development of distinct CD8" T cell
differentiation subsets

To study whether pathogen-specific cues impact memory CD8" T cell heterogeneity, mice were infected
with two different pathogens eliciting an acute infection. We used lymphocytic choriomeningitis virus
(LCMV) strain Armstrong and Listeria monocytogenes (LM) containing the GP33 epitope from LCMV
(LM-GP33) (Figure 1A), which allowed us to study the same antigen-specific T cell population in different
pathogen-modulated settings. Infections with LCMV Armstrong and LM-GP33 elicited similar high fre-
quencies of GP33-specific CD8™" T cell populations in the blood, i.e., 5%-6% of the total CD8" T cell pop-
ulation, which peaked around day 8 post-infection followed by contraction and memory formation (Figures
1B and S1A). Flow cytometric analysis of the GP33-specific CD8" T cells showed that the majority of these
cells had a similar effector-memory phenotype based on the markers CD44, CD62L, and KLRG1 (Figures
S1B and S1C). However, a more detailed analysis of memory CD8" T cell differentiation by Cytosplore (Holt
etal., 2016), which incorporates approximated t-distributed stochastic neighborhood embedding (A-tSNE)
algorithms for subset definition, revealed a difference in the heterogeneity of the GP33-specific CD8"
T cells in blood at both the acute and memory phase of infection (Figures 1C, S1D, and S1E). Phenotypic
differences were also revealed when analyzing the entire CD8" T cell compartment, comprising both the
GP33-specific CD8" T cells and other viral-specific subsets, bystander activated CD8" T cells, and naive
CD8" T cells (Figure S1F). Thus, by using unsupervised algorithm-based clustering techniques more
distinct deviations in the phenotype of both the pathogen-specific and the total memory CD8" T cell
pool can be detected.

To gain a deep insight into the memory T cell heterogeneity in both hematopoietic and non-hematopoietic
tissues, T cells from the spleen and liver were isolated at day 50 after infection for subsequent analysis by
CyTOF mass cytometry (Figure 1D) with 39 cellular markers that allowed the identification of T cell signa-
tures with an unprecedented depth. The panel consisted of lineage markers and markers specific for cell
differentiation, activation, trafficking, and function (Table S1 and Figure S2). In addition, anti-PE and
anti-APC antibodies coupled to lanthanides were added to the panel for the detection of PE- and APC-
labeled MHC class | GP33 tetramer-binding T cells. Upon selection of live single cells, positive for CD45
(Figure S3A), files were compensated using Catalyst (Chevrier et al., 2018), after which CD8" T cells and
tetramer-specific CD8" T cells were selected in FlowJo (Figure S3B). Subsequent analysis of total CD8"
T cells or GP33-specific CD8" T cells was performed using FlowSOM or Cytosplore and subsequently by
Cytofast (Beyrend et al., 2018, 2019a) (Figure 1E).

To gain insight into the putative phenotypic differences within the CD8" T cell pool, we first performed
Principal Component Analysis (PCA) based on the cluster frequencies of the GP33-specific memory
CD8" T cells. The clusters present in liver and spleen were clearly distinct between LCMV Armstrong
and LM-infected mice, indicating pathogen-specific clustering of the GP33-specific CD8" T cell popula-
tions (Figure 1F). Moreover, PCA of the total CD8" T cell compartment in liver and spleen also revealed
pathogen-specific clustering (Figure 1F).
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Figure 1. Pathogen-specific cues during acute infection shape the development of distinct CD8" T cell subsets

Q)
)

A) C57BL/6 mice were infected with LCMV Armstrong or LM-GP33.
B) Longitudinal analysis of GP33-specific CD8" T cells in blood. Data are represented as mean + SEM. Dots represent the values from individual mice.
tSNE maps describing the local probability density of GP33-specific CD8" T cells stained with CD62L, CD44, and KLRG1 at day 45 post-infection.

D) Schematic of the mass cytometric analysis of lymphocytes isolated from spleen and liver.

(
(
(
(
(E) Mass cytometry data analysis workflow.

(F) Principal Component Analysis (PCA) of mass cytometry data illustrating the phenotypic dissimilarity of GP33-specific and total CD8" T cell clusters in
spleen and liver induced by disparate infections (day 50 post-infection).

(G and H) Heatmaps of splenic (G) and liver (H) GP33-specific CD8" T cell clusters. Clusters were selected on their abundance (>5%) and significant difference
and categorized into Tcwm, Tem, and Tru cell subsets. The level of ArcSinh5 transformed marker expression of the markers providing discernment is displayed
by a rainbow scale. Bar graphs indicate the abundance and significant differences of the selected GP33-specific CD8" T cell clusters elicited by LCMV
Armstrong and LM-GP33 infection. Data are represented as mean + SEM. *P < 0.05, Student t test.

See also Figures S1-53 and Table ST.
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To reveal which clusters most strongly associate with the pathogen-specificity, we performed Cytofast anal-
ysis, which generates (1) cluster overviews represented by heatmaps displaying all the markers and (2)
quantitative bar graphs with statistics. Based on this, we selected clusters based on the size of the cluster
(average abundance >5%) and significance (Figures S3C-S3E). After this selection, we categorized the re-
maining clusters into the three main memory T cell subsets (i.e., Tcm, Tem, and Trv) based on their CD69
and CD62L expression. To create comprehensibility regarding the detailed subset characterization, we
generated new heatmaps displaying the selected clusters categorized into the Tem, Tem, and Trm cell sub-
sets and included those markers providing the distinctiveness of the particular cluster. For clarity, we
excluded markers that were used to gate the GP33-specific memory T cells (represented by the inclusion
markers CD45, CD8a, CD8b, and MHC class | tetramers and the exclusion markers CD19, TCRgd, and CD4)
and markers that were not providing any discernment (for example, due to lack of expression on the GP33-
specific memory T cells). Within the selected displayed markers, we further focused on describing mainly
the markers that provided the highest level of distinction.

We observed that Ty (CD62L" CD697) and Ty (CD62L CD697) CD8™ T cell clusters differ between LCMV
Armstrong and LM-GP33 samples from the spleen, whereas both Tgy and Try (CD62L~ CD69") CD8™ T cell
clusters contributed to the clustering patterns in the liver (Figures 1G and TH). Within the GP33-specific
CD8™" T cells, a distinct splenic population of Teym cells expressing Sca-1 (LybA/E), Ly6C, CD11a (LFA-1 sub-
unit), and CD27" (Sp cluster 1) and a T cell population expressing CD54 (ICAM-1), KLRG1, and CX3CR1
(Sp cluster 6) connected to LM infection, whereas another Tgy cell population characterized by higher
levels of CXCR3, CD27", and CD127 (interleukin-7 receptor alpha [IL-7Ra]) (Sp cluster 2) was more abun-
dant upon LCMV Armstrong infection (Figure 1G). These markers may reflect specific adaptation of the
T cells responding to either LCMV or LM infection. For example, expression of the chemokine receptor
CX3CR1 identifies subsets with unique effector and migratory properties (Bottcher et al., 2015; Gerlach
et al., 2016), and CXCR3 mediates the migratory capacities of these T cell subsets into tissues but is also
directly involved in the differentiation of CD8" T cells in response to antigen (Christensen et al., 2006;
Hu et al., 2011). Expression of the Lyé family GPl-anchored surface molecules, Sca-1 and Ly6C, may reflect
specific cytokine-mediated induction of these molecules upon infection (DelLong et al., 2018).

Analysis of the liver GP33-specific CD8" T cells revealed differences in Tgp cell clusters between LM-GP33
and LCMV Armstrong infection (Figure TH). Liver Tem cells expressing higher levels of Ly6C, CD127, and
CD11c (Li cluster 5) were more abundantly present upon LCMV infection, whereas liver Tgy cells expressing
higher levels of KLRG1, NKG2A, and CXCR3 were highly LM associated (Li cluster 7). KLRG1 and NKG2A are
inhibitory NK cell receptors that are variably expressed on effector-memory phenotype T cells and reflect a
lower proliferation potential but a higher cytotoxic capacity (McMahon et al., 2002; Thimme et al., 2005). A
Trm cell cluster expressing high levels of CD49a, CD38, CXCRé4, CD11a, and CD54 was more abundant
upon LM infection (Li cluster 8) (Figure TH). In line with this, the integrin CD49a is directly involved in tissue
residency (Cheuk et al.; Reilly et al., 2020), and also CXCR4, CD11a, and the ectoenzyme CD38 are associ-
ated with tissue-resident CD8" T cells (McNamara et al., 2017; Stark et al., 2018). Similar analysis of the total
CD8" T cell compartment identified comparable Tcy and Tew cell clusters in the spleen that associate with
either LM or LCMV infection, albeit the differences were less pronounced (data not shown). Thus, despite
that the LM-specific CD8" T cell response directed to other epitopes than GP33 epitope is considerably
smaller as the LCMV-specific CD8" T cell response because LCMV elicits large responses to a broad array
of antigens other than GP33, we noticed that the observations made with GP33-specific CD8" T cells are
reflected in the analysis of the total CD8" T cells in both infections. All together, we conclude that circu-
lating CD8™" T cell subsets and Tgrw cell clusters in the liver and spleen connect uniquely to different acute
infections, indicating that distinct and long-lasting memory T cell states are formed associating with path-
ogen-specific cues in lymphoid organs and tissues.

Pathogen-specific impact on circulating and tissue-resident memory CD8* T cell subsets

To comprehend the impact of pathogen persistence on memory CD8" T cell heterogeneity, we examined
memory T cell differentiation during different states of pathogen chronicity. For this, T cells from various
organs and responding to pathogens provoking either acute, low-level persistent, or high-level chronic
infection were analyzed. We selected LCMV Armstrong (acute), MCMV containing the GP33 epitope
from LCMV (low-level persistent), and LCMV clone 13 (high-level chronic), because these pathogens elicit
disparate infections and allow us to study the CD8" T cell response to the shared GP33 epitope (Figure 2A).
As expected, infections with these pathogens elicited high frequencies of GP33-specific CD8" T cell
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Figure 2. Pathogen-specific impact on circulating and tissue-resident memory CD8" T cell subsets

(A) C57BL/6 mice were infected with LCMV Armstrong, MCMV-GP33, or LCMV clone 13.
(B) Longitudinal analysis of GP33-specific CD8" T cells in blood. Data are represented as mean + SEM. Dots represent the values from individual mice.
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Figure 2. Continued

(C) tSNE maps describing the local probability density of GP33-specific CD8" T cells stained with CDé2L, CD44, and KLRG1 at day 45 post-infection.

(D) Principal Component Analysis (PCA) of mass cytometry data showing the phenotypic dissimilarity of GP33-specific CD8" T cell clusters in spleen, liver,
lungs, and bone marrow induced by the different types of infection (day 50 post-infection).

(E) PCA of mass cytometry data illustrating the phenotypic dissimilarity of total CD8" T cell clusters in spleen, liver, lungs, bone marrow, and blood of
uninfected (naive) mice and of mice infected with different viruses.

(F and G) Heatmaps of the splenic (F) and liver (G) GP33-specific CD8" T cell clusters elicited after infection by LCMV Armstrong, MCMV-GP33, or LCMV
clone 13. Clusters were selected on their abundance (>5%) and significant difference and categorized into Tcy, Tem, and Trym cell subsets. The level of
ArcSinh5 transformed marker expression of the markers provided discernment is displayed by a rainbow scale. Bar graphs indicate the abundance and
significant differences of the selected GP33-specific CD8" T cell clusters in each infection. Data are represented as mean + SEM. *P < 0.05, ANOVA.
(Hand 1) tSNE embeddings of liver GP33-specific CD8" T cells isolated from infected mice. (H) Distribution of GP33-specific CD8" T cells per infection in one
tSNE analysis. Colors represent the different viral infections. (I) Expression intensity of the cell-surface markers on the GP33-specific CD8" T cells. The color of
the cells indicates ArcSinh5-transformed expression values for a given marker analyzed.

See also Figures S4 and S5.

populations in the blood with the anticipated response kinetics. Acute LCMV Armstrong infection resulted
in contracted GP33-specific CD8" T cell responses after the peak (day 8 post-infection), whereas chronic
LCMV clone 13 and MCMV-GP33 infection resulted in increasing percentages of GP33-specific CD8"
T cells in blood over time (Figure 2B).

Cytosplore analysis of the GP33-specific CD8" T cells using the cell surface markers CD44, KLRG1, and
CD62L revealed substantial differences in the phenotype of the GP33-specific CD8" T cells between the
three different infections (Figure 2C). Next, we performed high-dimensional mass cytometry to gain
deep insight into the details of the developed memory CD8" T cell clusters in various hematopoietic
and non-hematopoietic tissues at day 50 post-infection. At the overview level, PCA revealed clear path-
ogen-specific clustering of the GP33-specific CD8" T cells in liver, lungs, spleen, and bone marrow (BM)
(Figure 2D) and such clustering was also revealed by PCA of total CD8" T cells (Figure 2E). Note that
PCA of total CD8" T cell clusters from naive mice also separate from those existing in the infected mice
in all tissues. To reveal which cell clusters were most strongly associated with the pathogen-specificity,
we performed Cytofast analysis. In the spleen of LCMV-clone-13-infected mice, a unique Trum cell-like clus-
ter was present, typified by expression of PD-1, CD11a, CD38, CD39, CD54, CXCR6, and CD223 (LAG-3) (Sp
cluster 1) (Figure 2F). Thus, besides the Tgy cell markers these cells also expressed the inhibitory receptors
PD-1 and CD223, and the ectonucleotidase CD39, which are all markers associated with T cell exhaustion
(Barber et al., 2006; Blackburn et al., 2009; Gupta et al., 2015) and are known to be upregulated upon LCMV
clone 13 infection. Remarkably, a Tcy cell subset (Sp cluster 8), characterized by expression of cD27M,
CD127, and CD278 (ICOS) was found in the spleen upon infection with LCMV Armstrong and LCMV clone
13 but not MCMV. Tgy cell populations expressing PD-1, CD44, and CD11a and either CD27" (Sp cluster 2)
or CX3CR1 (Sp cluster 4) were dominantly present in LCMV clone 13 infection. A Tgy cell cluster in the
spleen expressing Ly6C, CD27, CXCR3, and CD127 (Sp cluster 12) was more abundant in LCMV Armstrong,
whereas a KLRG1*CX3CR1" subset was more related to MCMV-GP33 infection.

In the liver, a large LCMV-clone-13-associated GP33-specific CD8" Tgym cell population (Li cluster 5) was
found, expressing PD-1, CD38, CD54, and CD11a, whereas in MCMV-GP33 and LCMV-Armstrong-infected
mice a Trwm cell cluster characterized by Sca-1, CD38, CD11c, and CD4%a was present (Li cluster 6) (Fig-
ure 2G). Also, a Tgm cell cluster expressing high levels of Ly6C and CD127 (Li cluster 1) associated to
LCMV Armstrong was detected in the liver, whereas liver KLRG1"CX3CR1"NKG2A™ Tgy cells (Li cluster
8) associated predominantly to MCMV-GP33 infection. To confirm that marker expression profiles connect
uniquely to pathogen-specific clustering, we visualized expression of the markers using tSNE analysis of the
liver GP33-specific CD8" Ty cell populations (Figures 2H and 2I). Indeed, although markers such as PD-1
are strongly associated to LCMV clone 13 infection, KLRG1, CX3CR1, and NKG2A expression is mostly con-
nected to MCMYV, and Ly6C" and CD127" expression is connected to LCMV Armstrong (Figure 21). The
pathogen-specific T cell subsets were also confirmed by flow cytometry based on the markers that provided
the best distinction (data not shown).

Inthe lungs, one Try and one Tey cell cluster expressing PD-1, CD54, and CD11a was identified associating
uniquely to LCMV clone 13 (Lu cluster 1 and 2, Figure S4A). Moreover, one Tgy cell cluster (Lu cluster 7)
expressing Ly6C and CD127 was uniquely related to LCMV Armstrong, whereas upon MCMV-GP33 infec-
tion Tgym cells with a KLRG1*CX3CR1" phenotype were more abundant. In the BM, an LCMV-clone-13-spe-
cific Trm cell-like PD-1"CD223*CD38"CXCRé6" subset was present (Figure S4B). BM-residing GP33-specific
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Figure 3. The tissue environment shapes the differentiation of viral-specific memory CD8" T cell subsets

(A) Principal Component Analysis (PCA) of mass cytometry data illustrating the phenotypic dissimilarity of GP33-specific CD8" T cell clusters induced by the
different tissues (spleen, liver, lungs, and bone marrow) of LCMV-Armstrong-, MCMV-GP33-, or LCMV-clone 13-infected mice (day 50 post-infection).

(B) PCA of mass cytometry data illustrating the phenotypic cellular dissimilarity of the total CD8" T cell clusters induced by the different tissues (spleen, liver,
lungs, bone marrow, and blood) of uninfected (naive) mice or LCMV-Armstrong-, MCMV-GP33-, or LCMV-clone-13-infected mice.

(C-E) Heatmaps of the GP33-specific CD8" T cell clusters elicited after infection with LCMV Armstrong (C), MCMV-GP33 (D), or LCMV clone 13 (E). Clusters
were selected on their abundance (>5%) and significant difference and categorized into Tcwm, Tem, and Trm cell subsets. The level of ArcSinh5 transformed
marker expression of the markers, provided discernment is displayed by a rainbow scale. Bar graphs indicate the abundance and significant differences of
the selected GP33-specific CD8" T cell clusters in each tissue. Data are represented as mean + SEM. *P < 0.05, ANOVA.

See also Figure S6.

Tem cells expressing high levels of KLRG1 and CX3CR1 were abundantly present in MCMV-GP33-
infected mice and moderately existing after LCMV Armstrong infection (BM cluster 1), whereas a
Ly6CMS"CD127"CXCR3"* Tgw cell subset (BM cluster 6) associated uniquely to LCMV Armstrong and a
Sca-1M9"CD38*CD27 Tem cell subset (BM cluster 10) was mainly present upon MCMV-GP33 infection.
Similar observations were made by analyzing the total CD8" T cell population, comprising both GP33-spe-
cific CD8" T cells as well as other antigen-specific CD8" T cells, bystander-activated CD8" T cells, and naive
cells, albeit differences were generally less distinct (Figure S5). Thus, Tem, Tem, and Trm cell subsets in
hematopoietic and non-hematopoietic organs connect uniquely to specific pathogens, indicating that
pathogen-specific cues during infection profoundly impact memory T cell heterogeneity.

The tissue environment shapes the differentiation of viral-specific memory CD8" T cell
subsets

To interrogate whether tissue-specific environmental cues are also able to provide specific imprinting on
memory CD8" T cell differentiation, we performed PCA per infection aiming to visualize differences
between tissues. PCA of the GP33-specific CD8" T cell clusters separated acute and persistent infection
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samples (i.e., LCMV Armstrong, MCMV-GP33, LCMV clone 13) from each other based on tissue origin (Fig-
ure 3A), except for spleen and BM in MCMV infection where no apparent segregation was seen. PCA based
on the cluster frequency values of the total CD8" T cells also showed a separation based on the tissue origin
(Figure 3B).

To reveal which cell clusters were most strongly associated with the tissue-specificity, we performed Cyto-
fast analysis. Upon LCMV Armstrong infection, a GP33-specific CD11a*CD43"CD49a*CD27~ Try cell sub-
setwas specifically located in the liver, and a Sca-1"CD122*CD27" Ty cell subset was specific for the lungs.
Moreover, a CD27*Ly6C™ Tgy cell cluster (Arm cluster 3) was more abundant in BM and spleen, whereas a
Ly6C"KLRG1" Tgy cell cluster (Arm cluster 11) was most abundantin the lungs, and a Ly6C"KLRG1™ Tgpy cell
cluster (Arm cluster 1) was enriched in the spleen (Figure 3C). Upon MCMV-GP33 infection, two Ty cell clus-
ters expressing CD38, CD11a, CD11¢, CXCR$, and Sca-1, typified by divergent KLRG1 expression, con-
nected uniquely to the liver. Tgy cells that were NKG2A*CX3CR1°CD11c* (MCMV cluster 2) were more
abundantin the liver and lungs, and three Tgy cell subsets (MCMV cluster 3, 4, and 6) typified by high levels
of Ly6C, CD11a, and Sca-1 and different in CD27, KLRG1, and CX3CR1 expression were abundant in spleen
and BM (Figure 3D). In LCMV clone 13 infection, one Tgy cell cluster expressing PD-1, CD38, CD39, CD54,
and CXCRé significantly associated with the liver, whereas a Tgy cell subset of cells expressing high levels of
PD-1, CX3CR1, NKG2A, and Ly6C (CI13 cluster 5) was more abundant in the lungs and spleen (Figure 3E).
Another PD-1"CD27*CXCR3" Tgy cell cluster (Cl13 cluster 7) connected uniquely to BM and spleen. Similar
findings were observed when analyzing the total CD8" T cell compartment (Figure S6). Thus, the tissue envi-
ronment shapes the heterogeneity of pathogen-specific memory CD8" T cell subsets.

Memory CD8" T cell heterogeneity is dominantly defined by the type of infection and further
shaped by the tissue environment

To interrogate whether a hierarchy exists between the influence of infection versus tissue-specific cues on
memory CD8" T cell differentiation, we performed a system-wide analysis of memory CD8" T cell subsets in
all tissues examined after three different types of infections. For this, we integrate collectively the path-
ogen- and tissue-specific signatures of the memory T cells at day 50 post-infection, which allows to
compare the impact of infection type and tissue location. First, we performed a dual tSNE analysis (van
Unen et al.,, 2016) on all 60 samples of GP33-specific CD8" T cells (three types of infection, four tissues,
n = 5) based on the abundance of cell clusters, having 71 GP33-specific CD8" T cell clusters. We visualized
the segregation of the samples, based on tissue-associated patterns or virus-specific patterns (Figure 4A).
The distribution of samples showed clusters of BM and spleen or lungs and liver but also clusters of all four
tissues were evident. Clustering based on the type of infection showed strong grouping for each infection.
In addition to the sample distribution, visualization of the tSNE map values of the GP33-specific CD8" T cell
clusters corroborated the tissue- and virus-associated patterns (Figure 4B). The GP33-specific CD8" T cell
clusters contributing to the organ-specific phenotypes had considerable overlap, whereas the distribution
of the clusters induced upon LCMV Armstrong, MCMV-GP33, and LCMV clone 13 infection indicated
unique virus-specific clustering.

Next, we visualized the similarity between GP33-specific CD8" T cells that were present in spleen, liver,
lungs, and BM upon LCMV Armstrong, MCMV-GP33, and LCMV clone 13 infection in one tSNE analysis
(Figures S7A and S7B). This analysis corroborated that distinct patterns across different infections exist,
whereas tissues provide both overlapping and unique profiles. Subsequently, the similarity between the
memory CD8" T cell clusters either in different tissues or in different infections was determined by perform-
ing a Jensen-Shannon (JS) divergence analysis. The similarity of a pair of tSNE plots is shown by JS diver-
gence, where a higher JS divergence value indicates more dissimilarity between a pair of tSNE plots. A low
JS distance was found when comparing spleen with BM, indicating high similarities between cells residing
in these tissues, whereas a higher JS distance was found when comparing spleen with liver and lungs (Fig-
ure 4C). In contrast, for all infections a high JS distance was obtained, indicating that these infections
induce clear dissimilar virus-specific CD8" T cell states.

In addition to the analysis of the GP33-specific CD8" T cells, we evaluated similarly the total CD8" T cell
compartment. Dual tSNE analysis exposed segregation of hematopoietic and non-hematopoietic tissues:
spleen samples associated more with BM and blood samples, whereas lungs and liver samples clustered
together (Figure 4D). Moreover, infection-associated patterns were also apparent for each infection. The
tSNE maps of the total CD8" T cell clusters confirmed the tissue- and virus-associated patterns (Figure 4E).
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Figure 4. Memory CD8" T cell heterogeneity is dominantly defined by type of infection and further shaped by the tissue environment

(A and B) Dual tSNE of memory GP33-specific CD8" T cells (day 50 post-infection) from multiple organs (bone marrow, liver, lungs, spleen) of mice (n = 5 per
infection) that received different infections (LCMV Armstrong, LCMV clone 13, MCMV-GP33). (A) tSNE maps showing the 60 samples, color coded per tissue
(upper) or per virus (lower). Samples with similar composition across clusters end up close together in the map. (B) tSNE maps showing the 71 GP33-specific
CD8" T cell clusters per tissue (upper row) or virus (lower row). Clusters with similar composition profiles across samples end up close together in the map.
The varying dot size and color in this cluster tSNE map shows the average cluster normalized frequencies per tissue/virus group, showing the most specific
clusters for each tissue/virus group.

(C) Pairwise Jensen-Shannon Divergence plots of the tSNE map obtained from all 60 samples of GP33-specific CD8" T cells (see Figures S7A and S7B)
grouped by tissue (upper) and virus (lower).

(D and E) Dual tSNE analysis of total CD8" T cells from multiple organs (bone marrow, liver, lungs, spleen, blood) of mice that were naive (n = 3) or received
different infections (LCMV Armstrong, LCMV clone 13, MCMV-GP33) (n = 5 per infection). (D) tSNE maps showing the 90 samples, color coded per tissue
(upper) or per virus (lower). (E) tSNE maps showing the 72 CD8" T cell clusters per tissue (upper row) or virus (lower row). The varying dot size and color in this
cluster tSNE map shows the average cluster normalized frequencies per tissue/virus group, showing the most specific clusters for each tissue/virus group.
(F) Pairwise Jensen-Shannon Divergence plots of the tSNE map obtained from all 90 samples of total CD8" T cells (see Figures S7C and S7D) grouped by
tissue (upper) and virus (lower).

See also Figure S7.

Thus, memory CD8" T cell heterogeneity is strongly influenced by the type of infection, whereas in tissues
memory T cell heterogeneity distinction exist between hematopoietic and non-hematopoietic tissues. Still,
tissue-specific cues within different hematopoietic and non-hematopoietic tissues shape the phenotype of
memory T cells as well. HSNE analysis of the total CD8" T cell compartment corroborated a stronger influ-
ence of the type of infection on CD8" T cell phenotype compared with type of tissue (Figures S7C and S7D).
However, this was less obvious than the analysis of GP33-specific CD8" T cells because of considerable
overlap of CD8" T cells due to the presence of naive subsets present in all infected mice. The JS divergence
analysis substantiated high distinctions when comparing different infections, and differences between he-
matopoietic and non-hematopoietic tissues were also found (Figure 4F). In summary, the integrated sys-
temwide analysis of the T cell compartment revealed that the heterogeneity of CD8" T cell subsets and
particularly the antigen-specific memory CD8" T cell populations is strongly defined by the type of
infection. Furthermore, diversification of memory T cell formation occurs across hematopoietic and non-
hematopoietic tissues.
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Viral persistence is dominantly directing the development of circulating memory CD8* T cell
states during co-infection

To examine whether simultaneous infection of two pathogens results in analogous pathogen-specific
imprinting or unique imprinting, co-infection studies were performed with LCMV Armstrong and MCMV-
GP33, and the differentiation of the GP33-specific CD8" T cells, which are able to respond to both viruses
in the same host, was compared with single infection (Figure 5A). Co-infection resulted in higher fre-
quencies of circulating GP33-specific CD8" T cells than the single infections during the peak of acute infec-
tion and also at day 50 after infection, demonstrating a combined acute and persistent infection (Figure 5B).
Co-infection was also exemplified by a consistently increased effector-memory phenotype (i.e., CD44"
KLRG1") of the GP33-specific CD8" T cells in blood (Figure 5C).

Cytosplore analysis based on the markers CD44, CD62L, and KLRG1 revealed that at the peak of the
effector response, the phenotype of the GP33-specific CD8" T cells in the blood upon LCMV Armstrong
infection resembled the phenotype of the GP33-specific CD8" T cells that develop during co-infection.
However, at the memory phase the phenotype of GP33-specific CD8" T cells in the co-infected mice
was more similar to those in MCMV-GP33-infected mice (Figure 5D). To examine this further in detail,
we performed high-dimensional phenotypic analysis of the GP33-specific memory T cells in the spleen
and liver by CyTOF mass cytometry at day 50 after infection. PCA analysis showed that splenic GP33-spe-
cific CD8" T cells in co-infected mice resembled those in MCMV-GP33-infected mice, whereas in the liver
the GP33-specific CD8" T cells clustered per infection (Figure 5E). This indicates a stronger influence of
MCMYV infection on the memory T cell differentiation in the spleen, whereas in the liver both infections pro-
portionally contribute to the memory T cell heterogeneity. PCA analysis of the liver GP33-specific Try cells
showed a high overlap between LCMV Armstrong and co-infection, whereas the liver GP33-specific Tgm
cells segregated (Figure 5F), indicating that especially the Tgym cells contributed to the segregation.

Cytofast analysis confirmed that the splenic GP33-specific Tgm cell clusters were dissimilar between LCMV
Armstrong and MCMV-GP33 infection, whereas co-infection generally resembled MCMV infection (Fig-
ure 5G). For example, Tgym cell subsets expressing high levels of CX3CR1 (Sp cluster 1, 11) were equally pre-
sent in MCMV-GP33 infected and co-infected mice and more abundant as compared with infection with
LCMV Armstrong (see also Figure 2F, cluster 4 and 5). In addition, splenic Tem cell subsets expressing
high levels of Ly6C and CD127 (Sp cluster 5 and 6) were enriched upon LCMV infection compared with
MCMYV infection and co-infection.

In the liver, a T cell subset expressing CD38, CD39, and Sca-1 (Li cluster 2) was similar in LCMV-infected
and co-infected mice, but this population was lower in MCMV-infected mice (Figure 5H). Vice versa, a Trum
cell subset expressing KLRG1 in addition to CD38, CD39, and Sca-1 (Li cluster 8) was increased in
MCMV and co-infected mice. Moreover, Tgy cell subsets in the liver were either associating with a
solitary infection with LCMV Armstrong (Li cluster 1; LysCMS"CD27*CD127"Sca-1%) or MCMV-GP33 (Li
cluster 10; KLRG1"CX3CR1") or were found in both infections but elevated upon co-infection (Li cluster
9; KLRG1*CX3CR1*NKG2A", Li cluster 12; KLRG1"CX3CR1"NKG2A"CD11c"CD39"). Thus, the phenotype
of circulating antigen-specific memory CD8" T cells upon co-infection is mostly defined by the infection
persistence, yet pathogen-specific signals during acute infection still programmed the development of
unique and long-lasting CD8" T cell subsets, and this was especially observed for Tgy cell subsets.

The programming of memory CD8* T cell differentiation during acute infection is superseded
by viral persistance

To analyze the similarity of samples from spleen and liver or the MCMV, LCMV, and co-infection, dual tSNE
analysis was performed on all samples of the GP33-specific CD8" T cells present at day 50 post-infection. In
total, 69 GP33-specific CD8" T cell clusters were generated by tSNE analysis in Cytosplore. Dual tSNE anal-
ysis showed clear distinct tissue-associated patterns, as well as clusters of spleen and liver samples in close
proximity of each other (Figure 6A). With respect to virus-specific patterns, MCMV-GP33-associated sam-
ples clustered more with co-infection compared with LCMV Armstrong. The tSNE maps of the GP33-spe-
cific CD8" T cell clusters validated the large difference in tissue-associated patterns (Figure 6B). This anal-
ysis also revealed that GP33-specific CD8" T cell clusters contributing to the MCMV-GP33 and co-infection
virus-specific phenotypes segregate apart for LCMV Armstrong, indicating that the majority of the memory
T cell phenotypes induced upon MCMV-GP33 are very similar to the co-infection during the memory phase.
However, subsets of GP33-specific CD8" T cells associating more to co-infection also exist.
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Figure 5. Viral persistence is dominantly directing the development of circulating memory CD8" T cell states during co-infection

(A) C57BL/6 mice were infected with LCMV Armstrong, MCMV-GP33, or a combination of LCMV Armstrong and MCMV-GP33 (co-infection).

(B and C) Longitudinal analysis of GP33-specific CD8" T cells (B) and CD44"KLRG1" GP33-specific CD8" T cells (C) in blood. Data are represented as
mean + SEM. Dots represent the values from individual mice.
(D) tSNE maps describing the local probability density of GP33-specific CD8" T cells stained with CD62L, CD44, and KLRG1 at day 7, 21, and 50 post-

infection.

(E) Principal Component Analysis (PCA) of mass cytometry data illustrating the phenotypic dissimilarity of GP33-specific CD8" T cell clusters in spleen and

liver induced by the different types of infection (day 50 post-infection).
(F) PCA of mass cytometry data illustrating the phenotypic cellular dissimilarity of GP33-specific CD8" Tgy and Tewm cells CD8™ T cell clusters residing in the
liver induced by the different types of infection (day 50 post-infection).
(G and H) Heatmaps of the splenic (G) and liver (H) GP33-specific CD8" T cell clusters elicited after infection by LCMV Armstrong, MCMV-GP33 or co-

infection. Clusters were selected on their abundance (>5%) and significant difference and categorized into Ty, Tem, and Trum cell subsets. The level of

ArcSinh5 transformed marker expression of the markers, provided discernment is displayed by a rainbow scale. Bar graphs indicate the abundance and
significant differences of the selected GP33-specific CD8" T cell clusters in each infection. Data are represented as mean + SEM. *P < 0.05, ANOVA.

See also Figure S8.
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Figure 6. The programming of memory CD8" T cell differentiation during acute infection is superseded by viral
persistance

(A and B) Dual tSNE analysis of memory GP33-specific CD8" T cells (day 50 post-infection) from liver and spleen of mice
(n = 5 per infection) that were infected with LCMV Armstrong, MCMV-GP33, or LCMV Armstrong + MCMV-GP33 (co-
infection). (A) tSNE maps showing the 30 samples, color coded per tissue (upper) or per virus (lower). Samples with similar
composition across clusters end up close together in the map. (B) tSNE maps showing the 69 GP33-specific CD8" T cell
clusters per tissue (upper row) or virus (lower row). Clusters with similar composition profiles across samples end up close
together in the map. The varying dot size and color in the cluster tSNE map shows the average cluster-normalized
frequencies per tissue/virus group, showing the most specific clusters for each tissue/virus group.

(C) GP33-specific CD8" T cells from multiple organs of mice that received different infections analyzed in one tSNE
analysis. Cells color coded per type of tissue (upper) or virus (lower).

(D) Pairwise Jensen-Shannon Divergence plots of the tSNE maps in (C) grouped by virus.

tSNE analysis revealed considerable overlap between liver and spleen but also distinct patterns were
apparent. As observed earlier, MCMV infection and LCMV infection induced diverse GP33-specific memory
T cell subsets (Figure 6C). Notably, co-infection resembled more the single MCMV infection as compared
with single LCMV infection. Nevertheless, also overlays with LCMV infection were existing. Quantification
of the similarity by JS divergence analysis verified the low similarities (high JS distance) between cell clus-
ters when MCMV-GP33 was compared with LCMV Armstrong and a high resemblance when comparing
MCMV-GP33 with co-infection (Figure 6D).

To corroborate that persistent antigen-triggering has a profound influence on memory T cell differentia-
tion, we infected mice with replicating MCMV or a single-cycle replicating MCMV (MCMV-FKBP), both ex-
pressing the model antigen E7 from human papilloma virus (Figure S8), because this allows to directly
compare the effect of viral persistence. PCA analysis revealed clear distinction between liver and spleen
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phenotypes of E7-specific CD8" T cells upon infection with persistent replicating and single-cycle repli-
cating virus (Figure S8), and both Trym and Teym cell subsets contributed to this difference. The CD8"
T cell subsets associated with MCMV-E7 infection were characterized with a higher level of KLRG1,
CD39, CD11¢, and NKG2A expression compared with single-cycle MCMV-FKBP-E7 infection (Figure S8),
reflecting a higher activation status due to persistent antigenic triggering.

In summary, we conclude that the phenotypic heterogeneity of antigen-specific CD8" T cells upon co-infec-
tion with pathogens eliciting acute and persistent infections is eventually mostly defined by persistent
infection, yet pathogen-specific signals during acute infection still program the development of unique
and long-lasting CD8" T cell subsets that remain present.

DISCUSSION

Previous studies have shown that memory T cell heterogeneity exists within the circulating and tissue-resi-
dent compartment. However, studies simultaneously comparing the diversity of memory T cell subsets be-
tween infections and/or tissues are scarce and mainly restricted to a limited number of cell surface markers.
In this study, we performed extensive single-cell phenotypic analysis to interrogate the memory CD8" T cell
heterogeneity in various tissues and upon different types of infection simultaneously in mice. Our system-
wide analyses revealed substantial heterogeneity in both circulating (central-memory and effector-mem-
ory) and tissue-resident CD8" T cell populations. We found that memory CD8" T cell differentiation based
on cell-surface markers is foremost defined by the type of infection. Nevertheless, tissue-specific cues
within both hematopoietic and non-hematopoietic tissues also uniquely shaped the phenotype of memory
CD8" T cells. Correspondingly, the heterogeneity of human T cells in different tissues and upon stimulation
has been confirmed by transcriptomic studies, revealing both T cell tissue and activation signatures (Szabo
et al., 2019).

Already during clonal expansion, the differentiation patterns of individual CD8" T cells are heterogeneous,
as shown by conventional immune profiling and fate mapping (Buchholz et al., 2013; Gerlach et al., 2013).
Other studies showed that pathogen- and tissue-specific cues influenced memory T cell differentiation (Ba-
dovinac and Harty, 2007; Nolz et al., 2011; Obar et al., 2011; Plumlee et al., 2013); however, this was shown
with a limited number of markers, and it remained unanswered whether a hierarchy exist between the in-
fluence of the pathogen or tissue on T cell differentiation. Our concurrent evaluation of the high-dimen-
sional phenotypic profiles of CD8* memory T cells in different tissues and upon various virus infections
helped to resolve questions and controversies surrounding the particular impact of organ-specific
imprinting versus pathogen-specific cues on memory cell differentiation.

In addition to Tgym cell subsets and consistent with our data, heterogeneity within Tgry cells exists (Kumar
etal., 2017,2018; Milner et al., 2020). The latter is of interest, because these resident CD8™ T cells contribute
significantly to local immunity (Gebhardt et al., 2009; Masopust et al., 2010; Steinert et al., 2015). More
recently, Trum cells have been found to be able to re-enter the circulation upon re-activation, thus subsets
of these cells still have recirculation capacity and this contributes to systemic immunity (Behr et al., 2020;
Fonseca et al., 2020). We and others observed remarkable distinct Tgy cell formation upon chronic
LCMV clone 13 infection. Multiple distinct exhausted CD8" T cell subsets were defined, by expression of
Ly108 and CDé9, with transcriptional, phenotypical, functional, and anatomical differences (Beltra et al.,
2020), and by using parabiosed mice it was shown that the resident CD8" T cells in lymphoid tissues after
LCMV clone 13 infection have a PD-1" stem-like phenotype (Im et al., 2020).

Besides antigen-dependent signals provided by the TCR, naive CD8" T cells require costimulation and in-
flammatory cytokines to drive expansion and survival (Arens and Schoenberger, 2010; Curtsinger and
Mescher, 2010). We found that persistent antigen-specific triggering eventually dominates over the signals
that T cells receive during acute infections with respect to differentiation of circulating memory CD8"
T cells. This is likely directly caused by persistent low-level TCR triggering although variances in costimu-
latory signals may correspondingly influence T cell differentiation (Welten et al., 2013) but also other fac-
tors, e.g., differences in local inflammatory cytokines and cellular interactions, can shape the differentiation
of CD8" T cells (Enamorado et al., 2018). In lung tissue for example, pulmonary monocytes interact with
effector T cells to drive Tgry cell differentiation following viral infection (Dunbar et al., 2020). It has recently
been shown that lung Trm cells can be reactivated by numerous hematopoietic and non-hematopoietic an-
tigen-presenting cells, but the identity of the antigen-presenting cells influenced the functional properties
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of the Trwm cells (Low et al., 2020). In the liver, Kupffer cells and stromal cells are the sources of soluble me-
diators (e.g., IL-6, IL-10, and TGFB) capable of modulating the phenotype of T cells, and the unique signa-
ture of such cytokines but also of other factors may further instruct T cells in each tissue type, and this may
trigger the phenotypic differences observed. Interestingly, KLRG1"CX3CR1" Tgy cells, mainly observed
upon MCMV infection, were also phenotypically different in various organs. For example, in the lung
compartment these Tgy cells are co-defined by Lyé6C and NKG2A, whereas in BM additionally CD27 and
CD122 are expressed.

The apparent PD-1" phenotype in LCMV clone 13 infection likely directly results from strong chronic anti-
genic triggering, yet tissue-specific signals can still modulate this phenotype, albeit less as compared with
milder type of infections. Regarding the liver compartment, our analyses revealed that both heterogeneous
Tem and Tryv cells accumulate here and contribute to the total memory T cell heterogeneity. In the liver, we
found a population of Try cells expressing CD223 (LAG-3), CXCR6, and CD43 as well as high CD39 and PD-
1 levels to represent more than 70% of the total liver antigen-specific CD8" T cells upon chronic LCMV
clone 13 infection. In contrast, Tgym cell populations induced upon acute LMCV Armstrong or persistent
MCMV-GP33 infection displayed a CD11c*CD49a"Sca-1* phenotype. Tegy cell subsets, however, were
mainly responsible for the difference between LCMV Armstrong and MCMV-GP33 infections, with
Ly6C*KLRG17CD127" cells being more abundant in LCMV Armstrong and KLRG1*CX3CR1"NKG2A™
GP33-specific CD8" Tgpy cells defining the phenotype after MCMV-GP33 infection.

We found large frequencies of pathogen-specific CD8" T cells that display an activated phenotype in tis-
sues that are characterized by high amounts of markers related to inhibitory receptors (PD-1), costimulatory
receptors (CD27), cytokine receptors (CD127), NK cell receptors (KLRG1, NKG2A), chemokine receptors
(CXCR6, CX3CR1, CXCR3), integrins (CD11¢, CD49%a), enzymes (CD38), and GPl-anchored membrane pro-
teins (Ly6C, Sca-1). The biological function of these molecules may serve immune checkpoints as has been
shown for PD-1, NKG2A, and KLRG1 but may also serve as proteins that provide stimulatory signals as has
been shown for CD27 and Ly4C (Bamezai, 2004). Moreover, chemokine receptors and integrins influence
migratory properties. How the multitude of all these markers with each having a unique function is trans-
lated into functional properties of the memory T cell subsets that cope with the current infection or re-infec-
tion is not yet known and will require further investigation.

The distinct phenotypic characteristics of CD8" Tgy and Try cells that differ between diverse types of infec-
tion in each tissue represent the enormous plasticity of these cell types. Insight into memory T cell hetero-
geneity could be used as a resource for the informed design of prognostic and/or therapeutic avenues. In
fact, cellular phenotypes can be equally or even more indicative of clinical outcomes than the mere number
of infiltrating T cells. For example, the PD-1 pathway blockade increases the numbers of CD4* and CD8"
T cell subsets expressing CD278 (ICOS), and co-targeting of this molecule indeed improved efficacy (Be-
yrend et al., 2019b). The unique imprint of each infection on the memory CD8" T cell differentiation could
serve as a valuable tool to study their role in diseases in general and specifically also in tissue-specific im-
munity. Defining the T cell heterogeneity could accordingly be important to empower immunotherapies
targeting specific cell subsets.

Taken together, we show that the plethora of distinct memory CD8" T cell subsets that arise upon infection is
sculpted strongly by pathogen-specific signals while tissue-specific imprinting is present but less evident. Our
work provides a phenotypic framework for the development of memory CD8" T cells during acute and persistent
infection and identifies phenotypically distinct subpopulations in diverse tissues that may play different protec-
tive roles in long-term immunity. Further studies examining the plasticity of antigen-specific CD4" T cells could
determine whether their heterogeneity is similarly or differentially influenced by infection type and tissue environ-
ment. Understanding the pathogen- and tissue-specific memory T cell heterogeneity will have biological impli-
cations for designing vaccination regimens against infections. The richness of the T cell heterogeneity regarding
cellular states parallels their favorable implications for enhancing vaccination and immunotherapy approaches.
In-depth knowledge of the specific T cell signatures across tissues and infections is a major step forward for the
rational design of T-cell-targeted immunotherapy strategies.

Limitations of the study

Here we established that both the infection type and tissue environment play an important role in directing
the memory T cell heterogeneity, although a more dominant role for infection was apparent. We used
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established experimental infection models and performed high-dimensional mass cytometry to effectively
analyze the heterogeneity of memory CD8" T cells at the single cell level. To further verify the function of all
these subsets, adoptive transfers could be very useful; however, this remains challenging to set up given
the many different functions to assess. Therefore, we attributed the function of the subsets to the expres-
sion of their main discerning markers. Another challenge could be the tracking of the development of
memory T cell heterogeneity in time to address, e.g., the onset and waning of particular memory T cell
subsets.

In this study, we have only considered cell-surface markers on T cells. However, T cell heterogeneity can be
found in different levels including at the transcriptomic and epigenetic level. Moreover, intracellular pro-
teins such as transcription factors or excreted cytokines could also provide further heterogeneity, implying
that the subsets we describe differ in transcription factor profile and cytokine production. With respect to
the latter, reporter mouse models for transcription factors or cytokines should help to functionally define
the heterogeneous memory T cells subsets in these experiments.
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Figure S1. Pathogen-specific cues induce distinct development of circulating CD8" T cells after LCMV
Armstrong and LM-GP33 infection. Related to Figure 1.

(A) C57BL/6 mice were infected with LCMV Armstrong or LM-GP33. Representative plots show the gating
strategy of detecting GP33-specific CD8* T cells (depicted in Figure 1B) taken from blood and analysed by
flow cytometry. (B) Representative plot showing the CD44 and KLRG1 cell—surface-phenotype of GP33-
specific CD8* T cells at day 45 after infection. (C) Longitudinal analysis of CD44*KLRG1* GP33-specific CD8*
T cells in blood. (D, E, F) tSNE maps describing the local probability density of GP33-specific CD8" T cells
(D,E) and total CD8* T cells (F) stained with CD62L, CD44, and KLRG1 at day 7 (D) and day 45 (E,F) post
infection.

Figure S2. CyTOF mass cytometry panel. Related to Figure 1 and Table S1.

(A) tSNE embeddings of total CD45" cells obtained from the spleen of LCMV infected mice showing the
level of marker expression. (B) tSNE embeddings of total CD45* cells in the spleen from LCMV infected
and control (naive) mice showing the expression levels of APC and PE labelled tetramers. (C) tSNE
embeddings of total CD8" T cells obtained from the spleen of LCMV infected mice showing the level of
marker expression.

Figure S3. Gating strategy of CyTOF mass cytometry data and selection of T cell clusters. Related to
Figure 1.

(A, B) Representative plots show the gating strategy of CD45" live cells (A) and GP33-specific CD8" T cells
(B) obtained from the liver and analysed by mass cytometry. (C) Heatmap of liver GP33-specific CD8* T cell
clusters identified at day 50 after LCMV Armstrong or LM-GP33 infection. Level of ArcSinh5transformed
expression marker is displayed by a rainbow scale. (D) Average abundance of the GP33-specific CD8* T cell
clusters shown in C. Data are represented as mean + SEM. *P<0.05, Student t test. Selection of the cluster
shown in Figure 1H are marked with an asteriks, and are based on an average abundance of >5%, and a
significant difference between groups. (E) Principal component analysis (PCA) analysis of the liver GP33-
specific CD8* T cell clusters (shown in C and D), illustrating the contribution of the different clusters to
the sample distribution. The selected cluster numbers are indicated in red (cluster 7, 5 and 8).

Figure S4. Pathogen-specific cues induce distinct development of GP33-specific CD8* T cells in lungs and
bone marrow. Related to Figure 2.

(A, B) Heatmaps of GP33-specific CD8* T cell clusters in lungs (A) and bone marrow (B) elicited after
infection by LCMV Armstrong, MCMV-GP33 or LCMV clone 13. Clusters were selected on their abundance
(>5%) and significant difference, and categorized into Tcm, Tem and Trm subsets. The level of ArcSinh5
transformed marker expression of the markers providing discernment is displayed by a rainbow scale. Bar
graphs indicate the abundance and significant differences of the selected GP33-specific CD8* T cell clusters
in each infection. Data are represented as mean + SEM. *P<0.05, ANOVA.

Figure S5. Pathogen-specific cues induce distinct development of memory CD8* T cell populations.
Related to Figure 2.

(A, B) Heatmaps of CD8* T cell clusters in spleen (A), liver (B), lungs (C) and bone marrow (D) elicited after
infection by LCMV Armstrong, MCMV-GP33 or LCMV clone 13. Clusters were selected on their abundance
(>5%) and significant difference, and categorized into Tcw, Tem and Trm subsets. The level of ArcSinh5



transformed marker expression of the markers providing discernment is displayed by a rainbow scale. Bar
graphsindicate the abundance and significant differences of the selected GP33-specific CD8* T cell clusters
in each infection. Data are represented as mean + SEM. *P<0.05, ANOVA.

Figure S6. The tissue environment shapes the differentiation of memory CD8" T cell subsets after
infection. Related to Figure 3.

(A-C) Heatmaps of CD8* T cell clusters elicited after infection with LCMV Armstrong (A), MCMV-GP33 (B)
or LCMV clone 13 (C). Clusters were selected on their abundance (>5%) and significant difference, and
categorized into Tcm, Tem and Trm subsets. The level of ArcSinh5 transformed marker expression of the
markers providing discernment is displayed by a rainbow scale. Bar graphs indicate the abundance and
significant differences of the selected GP33-specific CD8* T cell clusters in blood, bone marrow (BM), liver,
lungs and spleen. Data are represented as mean + SEM. *P<0.05, ANOVA.

Figure S7. Memory CD8* T cell differentiation is dominantly defined by type of infection. Related to
Figure 4.

(A-D) tSNE embeddings of GP33-specific and total CD8" T cells isolated from infected mice and various
organs. Cells are color coded per type of tissue or virus. (A,B) Distribution of GP33-specific CD8" T cells per
tissue (A) and infection (B) in one tSNE analysis. (C, D) Distribution of total CD8" T cells per tissue (C) and
infection (D) in one tSNE analysis. CD8" T cells are downsampled to 15.000 cells per sample.

Figure S8. Continuous low-level antigen triggering drives Tem and Trm cell differentiation. Related to
Figure 5.

(A) C57BL/6 mice were infected with MCMV-FKBP-E7 or MCMV-E7. (B) Longitudinal analysis of E7-specific
CD8* T cells in blood. Data are represented as mean * SEM. Dots represent the values from individual
mice. (C) Principal Component Analysis (PCA) of E7-specific CD8* T cells in spleen and liver illustrating the
phenotypic distinction of these cells induced by dissimilar infection. (D, E) Heatmaps of GP33-specific CD8*
T cell clusters in the spleen (D) and liver (E). Clusters were selected on their abundance (>2%) and
significant difference, and categorized into Tcm, Tem and Trm subsets. The level of ArcSinh5 transformed
marker expression of the markers providing discernment is displayed by a rainbow scale. Bar graphs
indicate the abundance and significant differences of the selected E7-specific CD8" T cell clusters elicited
by MCMV-FKBP-E7 and MCMV-E7. Data are represented as mean + SEM. *P<0.05, Student t test. (F) PCA
of total CD8* T cells in the spleen and liver illustrating the phenotypic distinction of the CD8"* T cells induced
by dissimilar infection. (G) PCA of Tem and Tem cell subsets in the liver illustrating the phenotypic distinction
of these T cells subsets induced by dissimilar infection.



Table S1. CyTOF Mass Cytometry Panel. Anti-mouse monoclonal antibodies used for staining of cells for
mass cytometry analysis. Antibodies were either purchased pre-conjugated, or antibodies were conjugated

to the indicated lanthanide metal isotopes. Related to Figure 1 and Figure S2.

Antibody | Clone Metal E(r)i-jugated Company Cat no gzzlahir:j(i)gmgtal
Anti-PE PEOO1 165 Ho X Fluidigm 3165015B

Anti-APC | APCO003 176 Yb X Fluidigm 3176007B

CD3e 145-2C11 172 Yb eBioscience 14-0031-86 201172A
CD4 RM4-5 145 Nd X Fluidigm 3145002B

CD8a 53-6.7 168 Er X Fluidigm 3168003B

CD8b YTS156.7.7 | 194 Pt BioLegend 126602 201194
CD11la M17/4 160 Gd eBioscience 16-0111-82 201160A
CD11b M1/70 154 Sm X Fluidigm 3154006B

CD11c N418 167 Er eBioscience 14-0114-85 201167A
CD19 6D5 (131(12%6155'(: g ThermoFisher Q10379

CD25 3C7 150 Nd X Fluidigm 3150002B

CD27 LG.3A10 158 Gd eBioscience 14-0272-82 201158A
CD38 90 163 Dy eBioscience 14-0381-85 201163A
CD39 24DMS1 152 Sm eBioscience 14-0391-82 201152A
CD43 1B11 1151n BioLegend 121202

CD44 IM7 142 Nd eBioscience 14-0441-86 201142A
CD45 30-F11 89Y X Fluidigm 3089005B

CD49a Ha31/8 151 Eu BD Biosciences 555001 201151A
CD54 YN1/1.7.4 164 Dy BioLegend 116102 201164A
CD62L MEL-14 169 Tm BioLegend 104443 201169A
CD69 H1.2F3 143 Nd X Fluidigm 3143004B

CD73 TY/23 148 Nd BD Biosciences 550738 201148A
CD86 GL1 171Yb eBioscience 14-0862-85 201171A
CD103 2.E7 173 Yb eBioscience 14-1031-85 201173A
CD122 TM-b1l 155 Gd eBioscience 14-1222-85 201155A
CD127 A7R34 175 Lu X Fluidigm 3175006B

CD160 TH1 209 Bi BioLegend 143002

CD161 PK136 170 Er X Fluidigm 3170002B

CD223 eBioCO9B7W | 161 Dy eBioscience 14-2231-85 201161A
CD278 7TE.17G9 162 Dy eBioscience 14-9942-85 201162A
CX3CR1 SA011F11 174 Yb BioLegend 149002 201174A
CXCR3 CXCR3-173 | 149 Sm eBioscience 16-1831-85 201149A
CXCR5 L138D7 153 Eu BioLegend 145502 201153A
CXCR6 SA051D1 144 Nd BioLegend 151102 201144A
FR4 TH6 198 Pt BioLegend 125102 201198
KLRG-1 2F1 166 Er eBioscience 16-5893-85 201166A
Ly6C HK1.4 156 Gd eBioscience 16-5932-85 201156A
NKG2A 20d5 147 Sm eBioscience 16-5896-85 201147A
PD-1 29F.1A12 159 Tb X Fluidigm 3159024B

Sca-1 D7 141 Pr BioLegend 108135 201141A
TCRgd eBioGL3 146 Nd eBioscience 14-5711-85 201146A
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Figure S1. Pathogen-specific cues induce distinct development of circulating CD8* T cells after LCMV Armstrong
and LM-GP33 infection. Related to Figure 1.
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Figure S3. Gating strategy of CyTOF mass cytometry data and selection of T cell clusters. Related to Figure 1.
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Figure S5. Pathogen-specific cues induce distinct development of memory CD8* T cell populations. Related to Figure 2.
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Figure S6. The tissue environment shapes the differentiation of memory CD8* T cell subsets

after infection. Related to Figure 3.
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Figure S8. Continuous low-level antigen triggering drives Tgy and Try cell differentiation. Related to Figure 5.



Transparant Methods
Mice

C57BL/6 mice were obtained from Charles River Laboratories (L’Arbresle, France) or Jackson Laboratory
(Sacramento, CA, USA). At the start of the experiments, mice were six to eight-weeks-old. Animals were
housed in individually ventilated cages under specific-pathogen free conditions at the animal facility at
Leiden University Medical Center (LUMC). All animal experiments were approved by the Animal
Experiments Committee of the LUMC and performed according to the recommendations and guidelines set

by LUMC and by the Dutch Experiments on Animals Act.

Viral and bacterial infections

Mice were infected with lymphocytic choriomeningitis virus (LCMV) Armstrong (2 x 10° PFU,
intraperitoneally), LCMV Clone 13 (2 x 10® plaque-forming units (PFU), intravenously via retro-orbital
injection), Listeria monocytogenes (LM) expressing GP33 (LM-GP33 ((Zenewicz et al., 2002); 1 x 104
colony-forming units (CFU), intravenously via retro-orbital injection), MCMV-GP33 (2 x 10° PFU,
intraperitoneally), MCMV-E7 (1 x 108 PFU, intraperitoneally) or MCMV-FKBP-E7 (1 x 10%® PFU,
intraperitoneally). For co-infection studies, mice were infected intraperitoneally with 1 x 10° PFU MCMV-
GP33, 1 x 10° PFU LCMV Armstrong or a combination of MCMV-GP33 and LCMV Armstrong (each 1 x
10° PFU).

LCMV Armstrong and LCMYV clone 13 were propagated in BHK cells, and titers were determined by plaque
assays on Vero cells as described previously (Ahmed et al., 1984). MCMV-GP33, MCMV-E7, and the
single-cycle replicating MCMV-FKBP-E7 were generated and reconstituted as described elsewhere
(Beyranvand Nejad et al., 2019; Welten et al., 2015). In brief, nucleotide sequences encoding the GP33-41
epitope (GP33; KAVYNFATC) of LCMV or the E749.57 epitope (E7; RAHYNIVTF) of human papilloma virus

were inserted by targeted mutagenesis at the C-terminus of the IE2 genes.

Isolation of lymphocytes

Peripheral blood was collected from the tail vein. Splenocytes were obtained by mincing the tissue through
cell strainers. Bone marrow cells were obtained from the femurs and tibias by centrifugation. Blood cells,
splenocytes and bone marrow cells were depleted of erythrocytes using ammonium chloride buffer.

Subsequently, T cells were isolated using MicroBeads (130-095-130, Miltenyi Biotec).

To remove remaining circulating blood cells from the liver and lungs, mice were perfused with 20 ml PBS

containing 2 mM EDTA. Next, liver and lungs were cut into small pieces using surgical knives. Liver tissue



was resuspended in 3.5 ml IMDM containing 250 U/ml collagenase type 1-A (C2674, Sigma) and 20 pg/ml
DNase | (D5025, Sigma), and lung tissue was incubated with 1 ml IMDM and 250 U/ml collagenase and 20
png/ml DNase. After incubation with collagenase/DNase for 25 minutes at 37°C, the liver and lung tissue
were dissociated into single-cell suspensions using 70 um cell strainers, and subsequently lymphocytes

were isolated using a Percoll (GE Healthcare) gradient.

Conjugation of antibodies for CyTOF analysis

Metal-conjugated antibodies were either purchased from Fluidigm or were generated by conjugation of
lanthanide metal isotopes to anti-mouse antibodies using the Maxpar X8 Polymer method according to the
manufacturer’s protocol (Fluidigm). Cisplatins 194 and 198 were conjugated to anti-mouse monoclonal
antibodies using a modified protocol as previously described (Mei et al., 2016). Conjugation with 209
Bismuth was performed using a protocol adapted from M. Spitzer (Spitzer et al., 2017). All in-house
conjugated antibodies were diluted to 0.5 mg/ml in antibody stabilizer supplemented with 0.05% sodium
azide (Candor Biosciences). Serial dilution staining was performed on mouse lymphocytes to determine

appropriate antibody dilution.

Flow cytometry

Fluorescently-labelled monoclonal anti-mouse antibodies against the following cell-surface molecules were
used: CD3 (clone 145-2C11, BD Biosciences), CD4 (clone RM4-5, BioLegend), CD8 (clone 53-6.7,
BioLegend), CD127 (clone A7R34, ThermoFisher), KLRG1 (clone 2F1, ThermoFisher), CD44 (clone IM7,
BioLegend), CD62L (clone MEL-14, BioLegend), CD69 (clone H1.2F3, BD Biosciences) and CD38 (clone
90, Thermo Fisher). Cells were stained according to our previously published protocol (Arens et al., 2011).
7-AAD (A1310, Invitrogen) cell viability dye was used to exclude dead cells. GP33-specific CD8* T cells
were detected using MHC class | tetramers for the KAVYNFATC epitope, and E7-specific CD8* T cells
were detected using MHC class | tetramers for the RAHYNIVTF epitope. Flow cytometric acquisition was

performed on a BD Fortessa flow cytometer (BD Biosciences).

CyTOF mass cytometry

Approximately 3 x 10° cells per sample were stained for mass cytometry analysis. First, cells were stained
with PE and APC-labelled MHC class | tetramers for 30 minutes on ice in PBS containing 0.5% FCS. Cells
were washed and subsequently incubated for 20 minutes with 1 pM Interchalator-Rh (201103A, Fluidigm)

in Maxpar Cell Staining buffer (201068, Fluidigm) on ice. Subsequently, a-specific binding was prevented



by incubating cells with Fc block (clone 2.4G2, anti-CD16/anti-CD32 antibody) and mouse serum for 15
minutes. Metal conjugated anti-PE and anti-APC antibodies were added in a final dilution of 1:50 and
incubated for 45 minutes. The antibody mixture containing all other metal-conjugated antibodies was added
and incubated for an additional 45 minutes. After washing, the cells were incubated overnight with 25 nM
Intercalator-Ir (201192A, Fluidigm) in Maxpar Fix and Perm Buffer (201067, Fluidigm). Cells were pelleted
in staining buffer and measured within one week. Before measuring, EQ™ Four Element Calibration Beads
(201078, Fluidigm) were added in a 1:10 ratio to normalize the short-term signal fluctuations during the
course of each experiment (Finck et al., 2013). Samples were measured on a CyTOF Helios mass

cytometer.

Flow cytometry data analysis

Flow cytometry data was analysed using FlowJo or Cytosplore. For Cytosplore analysis, samples were
analysed by hierarchical stochastic neighbourhood embedding (HSNE) (van Unen et al., 2017) based on
approximated t-distributed stochastic neighbourhood embedding (A-tSNE) (Pezzotti et al., 2017). Statistical
analyses were performed using GraphPad Prism (La Jolla, CA, Unites States). The Mann-Whitney or
Student t test was used for statistical analysis. All P values were two-sided, and P < 0.05 was considered

statistically significant.

Mass cytometry data analysis

We set our gating strategy to live single cells, positive for CD45, and excluded reference beads. For further
analysis, live CD45* gated files were compensated using Catalyst (Chevrier et al., 2018). Total CD8* T cells
and MHC class | tetramer-specific CD8* T cells were selected in FlowJo for subsequent analysis. Marker
expression was ArcSinh5 transformed and subjected to dimensionality reduction analyses in Cytosplore
(Hollt et al., 2016) or FlowSOM (Van Gassen et al., 2015). For Cytosplore analysis, samples were analysed
by hierarchical stochastic neighbourhood embedding (HSNE) (van Unen et al., 2017) based on
approximated t-distributed stochastic neighbourhood embedding (A-tSNE) (Pezzotti et al., 2017).

FlowSOM was used for the identification of tissue and virus-specific clusters. Using FlowSOM, 14 clusters
were identified per analysis. Subsequently, Cytofast (Beyrend et al., 2018; Beyrend et al., 2019) was used
for visualization and quantification of cell clusters as well as principal component analyses (PCA). To reveal
the association of clusters with certain groups, clusters were selected based on the size of the cluster
(abundance of at least >5% of total are shown) and significance. PCA of Trw and Tem CD8* T cell subsets
as shown in figure 5F and figure S6G were selected in Cytosplore by expression of CD69 and CD62L and

further analysed using Cytofast.



Trm (CD62L- CD69Y), Tem (CD62L* CD69Y) and Tem (CD62L- CD69Y) CD8* T cell clusters were selected by
expression of CD69 and CD62L. For visualization of the memory T cell subsets adjusted scaling of CD69
and CD62L was used. For visualization we excluded markers that were used to gate the GP33-specific
memory T cells (represented by the inclusion markers CD45, CD8a, CD8b, MHC class | tetramers, and the
exclusion markers CD19, TCRgd, CD4), and markers that were not providing any discernment (for example

due to lack of expression on the CD8* memory T cells).

The similarity between tSNE maps was quantified using the Jensen-Shannon (JS) divergence. The tSNE
maps were first converted into two-dimensional probability density functions. Next, the JS divergence was
used to measure the similarity between the two maps. Using a base 2 log, the JS divergence values ranged
from 0 (indicating identical distributions) to 1 (indicating disjoint distributions). The dual tSNE analysis was
performed to quantify the individual samples similarity based on the clusters composition. The dual tSNE
analysis was performed as described by van Unen et al. (van Unen et al., 2016). Briefly, a data matrix
(nsamples X Mclusters) containing the cluster frequencies of the individual samples was used as input to generate
the samples tSNE map, hence samples with similar profiles across clusters end up close together in the
map. The data matrix was normalized by centering (zero mean) and scaling (unit variance). The clusters
tSNE map was obtained by using the transposed normalized data matrix as input, hence clusters with

similar profiles across individual samples end up close together in the map.

The Student t test or ANOVA was used for statistical analysis. All P values were two-sided, and P < 0.05

was considered statistically significant.
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