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SUMMARY

Central memory CD8* T cells (Tcm) control systemic secondary infections and can protect from chronic
infection and cancer as a result of their stem-cell-like capacity to expand, differentiate, and self-renew. Cen-
tral memory is generally thought to emerge following pathogen clearance and to form based on the de-dif-
ferentiation of cytolytic effector cells. Here, we uncovered rare effector-phase CD8* T cells expressing
high amounts of the transcription factor Tcf7 (Tcf1) that showed no evidence of prior cytolytic differentiation
and that displayed key hallmarks of Tcm cells. These effector-phase Tcf7" cells quantitatively yielded Tcm
cells based on lineage tracing. Mechanistically, Tcf1 counteracted the differentiation of Tcf7" cells and sus-
tained the expression of conserved adult stem-cell genes that were critical for CD8" T cell stemness. The dis-
covery of stem-cell-like CD8" T cells during the effector response to acute infection provides an opportunity

to optimize Tcm cell formation by vaccination.

INTRODUCTION

Infection activates very rare antigen-specific naive CD8* T cells
(Tn), which expand and differentiate into cytotoxic effector cells
(Teff) that clear pathogen-infected cells. While most antigen-spe-
cific cells die following pathogen clearance, some cells survive to
form a diverse and long-lived memory compartment that protects
against secondary infection. The potent protective capacity of
central memory CD8* T cells (Tcm) depends on their stem-cell-
like properties to efficiently expand, differentiate into Teff cells,
and self-renew (Graef et al., 2014). Since Tcm cells provide sus-
tained secondary responses that have the potential to control
chronic infections and cancer (Cui et al., 2009; Klebanoff et al.,
2005; West et al., 2011), their generation is a central goal of vacci-
nation. However, despite their importance, the molecular pro-
grams required for Tecm cell generation and maintenance are
incompletely understood, which is related to the fact that the
developmental origin of Tcm cells is still not fully resolved.
Several CD8* T cell lineage relationship models explain the
predominance of effector CD8" T cells during an acute response
and the emergence of memory cells after antigen clearance
(Henning et al., 2018; Kaech and Cui, 2012). One model suggests
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that Tn cells differentiate into Teff cells (acquire cytotoxic capac-
ity), and occasional cells de-differentiate into Tcm cells (lose
cytotoxic capacity) once the infection is cleared (Bannard
et al., 2009; Youngblood et al., 2017). De-differentiation is not
random, as certain effector populations are biased toward a
memory fate (Chang et al., 2007; Joshi et al., 2007; Kakaradov
et al., 2017). Such memory precursor (MP) cells nonetheless
pass through a cytotoxic effector state, as judged by Granzyme
B expression and cytotoxic activity (Joshi et al., 2007), and
are thus also thought to de-differentiate in order to become
Tem cells. However, since most MP cells disappear during
contraction (Kaech and Cui, 2012), it remains possible that
memory derives from a specific subset of MP cells whose
properties may or may not support this model. An alternative
explanation is that Tn cells give rise to cells that have central
memory function and that such cells yield Tcm cells and, upon
further stimulation, Teff cells (Pace et al., 2018; Restifo and Gat-
tinoni, 2013). However, to our knowledge, effector-phase CD8*
T cells that respond to infection and that have central memory
function have not been identified.

The formation and function of Tcm cells depends on transcrip-
tion factors like Tcf1 (Tcf7) (Jeannet et al., 2010; Zhao et al.,
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Figure 1. Effector-Stage Tcf7" CD8* T Cells Resemble Central Memory Cells
B6 (CD45.1/2) mice were adoptively transferred with Tcf7S " P14 cells (CD45.2) and infected with LCMV WE.
(A) Tcf78"P expression by splenic P14 cells at the indicated time points post-infection (p.i.).

(legend continued on next page)
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2010), Id3 (Ji et al., 2011), STAT3 (Cui et al., 2011), Foxo1 (Hess
Michelini et al., 2013; Kim et al., 2013), and c-Myb (Gautam et al.,
2019). Absence of these factors reduces stemness and in-
creases effector differentiation. Indeed, full effector differentia-
tion is associated with epigenetic silencing of central memory
genes (Gray et al., 2017; Ladle et al., 2016; Pace et al., 2018),
suggesting that inhibition of effector differentiation is needed to
maintain stemness. However, despite the availability of CD8*
stemness gene signatures (e.g., Pace et al., 2018), the functional
relevance of such CD8" T cell stemness programs has not been
verified. The latter depends on the identification of effector-stage
CD8" T cells that have stem-cell properties or that quantitatively
acquire stemness subsequent to pathogen clearance.

To address these questions, we followed the expression of the
transcription factor Tcf1 (Tcf7), which plays a critical role for cen-
tral memory formation (Jeannet et al., 2010; Zhao et al., 2010),
during an acute CD8" T cell response to viral infection. We found
that high amounts of Tcf7 expression defined a small subset of
effector-phase CD8"* T cells that lacked cytolytic activity and
that already had central memory properties, which relied on a
set of Tcf1-dependent adult stem-cell genes. Central memory
thus derives from stem-cell-like cells that are present during
the effector response.

RESULTS

Tcf7 Expression Identifies Rare Effector-Phase CD8* T
Cells That Resemble Tcm Cells

To track the development of Tcm cells, we determined the
expression of the transcription factor Tcfl (Tcf7) in CD8*
T cells responding to acute viral infection. To this end, C57BL/
6 (B6) recipient mice were transplanted with naive P14 CD8*
T cells (specific for the lymphocytic choriomeningitis virus
[LCMV] gp33 epitope) expressing a Tcf7S™ reporter one day
before infection with LCMV WE strain, which causes acute
resolved infection.

While naive Tcf7®™ P14 cells highly expressed Tcf7SF"
(Tef78FP) only 40%-60% of memory P14 cells were Tcf78 N
(Figure 1A). The expression of Tcf7% F versus the classical central
memory marker CD62L distinguished 3 main populations of mem-
ory cells (Figure S1A), which we analyzed separately for Tcm and
effector memory (Tem) properties. These experiments revealed
that Tcf7%7P" CDB2L* and Tcf7%"P™ CD62L", but not Tcf78 ™
CD62L" memory cells, had lymph-node homing capacity (Fig-
ure S1A), efficiently produced IL-2 (Figure S1B), and had
increased recall expansion capacity (Figure S1C). Conversely,
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Tcf78FP- CDB2L" memory cells displayed hallmarks of Tem cells
including increased expression of Granzyme A (GzmA), GzmB
(Figure S1D), KLRG1, and the chemokine receptor CX3CR1 and
reduced expression of CD127, as compared to Tcf73 " memory
cells (Figure S1E). Despite subtle differences between CD62L*
and CD62L" Tcf7% ™" memory cells, these had Tem properties,
while CD62L" Tcf7%P cells qualified as Tem cells. Thus,
CD62L" memory cells were heterogenous and included both
Tem and Tem cells.

We next followed Tcf7Sf® expression during the primary
response to LCMV infection. Downregulation of Tcf7®™" was
observed in a subset of P14 cells starting on day 3 post-infection
(d3 p.i.). By d4, most P14 cells were Tcf7°™ ", and by d8, only 2%-
3% remained Tcf7S™ (Figure 1A). Tcf1 protein downregulation
occurred with similar kinetics (Figure S2A), in agreement with
(Lin et al., 2016; Gullicksrud et al., 2017). The d8 Tef7S P cells
highly expressed Tcf1 protein, while cells with intermediate
Tcf7¢FP expression showed reduced amounts of Tcf1, and most
Tcf78FP cells lacked Tcfl protein (Figure 1B). Despite the
decreasing frequency, the abundance of Tcf7S ™ cells increased
1,000-fold from dO to d8 but changed minimally following path-
ogen clearance (~2-fold decrease) from d8 to d50 p.i. (Figure 1C).
In comparison, P14 cells with a KLRG1~ CD127* memory precur-
sor (MP) phenotype contracted 13-fold (Figure 1D). Although 73%
of d8 Tcf78 PN cells had an MP phenotype (Figure S2B), only
around 10% of MP cells were Tcf7S ™" (Figure 1E). This showed
that MP cells were heterogeneous and suggested that only the
Tcf7SFPN MP subset efficiently formed memory. Indeed, d8
Tcf78FPN cells showed efficient survival in vitro and limited cycling
ex vivo (Figures S2C and S2D). On d6 p.i., only half of Tcf78Fi
cells had an MP phenotype, and most Tcf7 ™M cells were
KLRG1~ CD127" on d4 p.i. (Figure S2B). Thus, Tcf7S™™" and
Tcf78FP cells diverged prior to and independent from the emer-
gence of an MP phenotype.

D8 Tcf78 PN cells overexpressed certain markers of human
stem-cell-like memory cells (Tscm), such as Sca-1 or CXCR3
(Figure S2E) (Gattinoni et al., 2011), and expressed the central
memory markers Ccr7 (Figure S2F) and CD62L (Figure 1F),
whereby a discrete CD62L"* subset was detected throughout
the early response (Figure S2G). Furthermore, d8 Tcf7S ™ cells
produced >4-fold more IL-2 than did Tcf7S cells, while IFN-y
and TNF-a production was equivalent (Figure 1G). Increased IL-
2 production by Tcf7SFPN cells was already evident on d4 p.i.
(Figure S2H). Polyclonal d8 Tcf7SF™" CD8* T cells specific for
two distinct LCMV epitopes displayed corresponding pheno-
typic and functional characteristics (Figures S3A-S3E).

B) Tcf1 protein expression by sorted Tcf7% ™ -defined P14 cells at day 8 (d8) p.i. compared to Tcf7~/~ (KO) P14 cells (gray fill).

(
(C) Abundance of Tcf7SFPN (green) and Tcf78 P~ P14 cells (blue) and of (D) KLRG1~ CD127* memory precursor (MP) (gray) or KLRG1* CD127" terminal effector (TE)
(purple) P14 cells. Numbers indicate the fold difference between d8 and d50. (E) Tcf7S™F expression by gated TE or MP cells at d8 p.i.
(F-J) Analysis of d8 Tcf7° " and Tcf7SFP- P14 cells for (F) CD127 and CD62L, (G) cytokine production, (H) lytic activity against gp33-peptide pulsed tumor cells,
() LAMP-1 (CD107a) release, and (J) GzmA and GzmB protein expression.

(K-O) Spleen cross sections at d8 p.i. were stained for (K and L) CD45.2 (P14 cells) (blue), GFP (Tcf7) (green), CD4 (red), and DAPI (gray). Scale bar, 500 pm. (M)
Higher magnification of the indicated region (scale bar, 100 um), (N) with further magnification of the original immunofluorescence staining (top) and the digital
image (bottom) to identify Tcf7% "+ and Tcf7%7P P14 cells among nucleated cells (DAPI*). Scale bar, 50 um. (O) Abundance of d8 Tcf74 P+ or Tcf7% P~ P14 cells in
the B cell zone (blue), the T cell zone (pink), and the red pulp (gray) based on image analysis.

Data are compiled from 2 experiments with 6-9 mice per time point (A), representative of 3 experiments (B), of 2 experiments with 3-5 mice per group (C, D, G, H,
and J), of 5 experiments with 4 mice per group (E and F), or from one experiment with 5 mice (l). Data in (K-O) are representative of 4 cross-sections from 4
different mice. Mean + SD are shown. Statistics: non-paired two-tailed Student’s test (F, G, |, J, and O) or two-way ANOVA with Sidak’s test (H) with **p < 0.001;
****p < 0.0001, and (ns) p > 0.05. See also Figures S1-54.
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Figure 2. Gene Expression and Chromatin Accessibility Analysis of d8 Tcf7 " Cells
Sorted Tn, d8, and d30 Tcf73 ™" and Tcf79 P P14 cells were subjected to (A-E) RNA-seq or (F-J) ATAC-seq analysis.
(A) Principal component analysis (PCA) of gene expression counts from the indicated populations of cells. Each dot represents a biological replicate.
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While d8 Tcf78™- cells were highly cytolytic, Tcf78 N cells
essentially failed to kill target cells (Figure 1H). This contrasts
with MP cells, which efficiently kill target cells (Joshi et al.,
2007). Deficient killing was not due to reduced T cell receptor
(TCR) signaling or impaired exocytosis of granules, since d8
Tcf78FPNi cells efficiently produced IFN-y and TNF-«. (Figure 1G)
and mobilized LAMP-1 (CD107a) (Figure 11). Rather, d8 Tcf7& Fhi
cells expressed very little Gzma, Gzmb, Perforin (Prf1), and Fas
ligand (Fas/) mRNA (Figure S3F), and few cells expressed
GzmA and GzmB protein (Figure 1J). Although subsets of
Tcf78FPN cells transiently expressed GzmB between d2 and d4
p.i., most Tcf78 PN cells lacked GzmB, and GzmA was never ex-
pressed (Figure S3G). Thus, Tcf7 expression demarcated rare
effector-phase CD8" T cells that resembled Tcm cells, lacked
cytolytic activity, and did not contract following pathogen
clearance.

Effector-Stage Tcf7¢FF* and Tem Cells Exhibit
Comparable Distribution in the Spleen

We further determined the presence of Tcf7S ™M cells in various
tissues. D8 Tcf7®™™ cells were detected in hematopoietic
tissues (spleen, lymph node [LN], bone marrow [BM]), in the cir-
culation (peripheral blood) and in the parenchyma of non-he-
matopoietic tissues (lung, intra epithelial ymphocytes [IEL]) (Fig-
ure S4A). We used multicolor immunofluorescence staining
combined with digital image analysis to determine the anatom-
ical location of Tcf7%FF* cells in the spleen at d8 p.i. (Figures
1K-10). The abundance of Tcf78F* P14 cells detected in situ
corresponded to that obtained after tissue homogenization and
flow cytometric analysis (Figure S4B). The vast majority of d8
Tcf7%FP- P14 cells localized to the splenic red pulp (~90%)
with fewer cells located in the T cell zone (10%). In contrast,
40% of d8 Tcf7% P+ P14 cells localized to the T cell zone, 3%
to the B cell zone, and 57% to the red pulp (Figure 10). A similar
distribution was observed for d30 Tcf7%FP* (Tcm) P14 cells, while
naive Tcf7SP* (Tn) P14 cells preferentially localized to the T cell
zone (Figure S4C). Splenic d8 Tcf7™™+ and d30 Tcf78™+ (Tem)
cells thus showed a comparable localization.

Effector-Stage Tcf7¢°" and Tem Cells Show
Comparable Expression and Accessibility of Lineage-
Specific Loci

We further addressed the relatedness of d8 Tcf7S M and d30
Tcf787Ph (Tem) cells using gene expression and chromatin
accessibility analyses. Principal component analysis (PCA) of
RNA-seq data showed that d8 Tcf7S P cells clustered closer
to d30 Tef78™M (Tcm) than to d8 Tef7® ™ or d30 Tcf78
(Tem) cells (Figure 2A). Indeed, d8 Tcf7S P cells overexpressed
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multiple Tcm-associated genes (Tcf7, Ccr7, Sell, lI7r, 1d3),
whereas Tcf7% P cells were enriched in effector-gene expres-
sion (Gzma, Gzmb, Fasl, Kirg1, Prdm1) (Figures 2B and S4D)
(Table S1).

D8 Tcf7 PN and d30 Tef7SFPM (Tem) cells shared a substan-
tial number of differentially expressed genes (40%) (Figure 2C),
and their similarity was confirmed using gene set enrichment
analysis (GSEA) (Figure S4E) and corroborated using an inde-
pendent Tcm signature (Mackay et al., 2016) (Figures 2D and
2E). Furthermore, the transcriptome of d8 Tcf74 P cells over-
lapped with a stem-cell-like memory signature (Pace et al.,
2018), an adult stem-cell signature (Wong et al., 2008), and a he-
matopoietic stem and progenitor cell signature, but not with a
mature hematopoietic cell signature (lvanova et al., 2002) (Fig-
ures 2E and S4F). Most of the enrichments were also observed
with d30 Tcf78FPhi (Tem) and Tn cells (Figure 2E). Thus,
effector-stage Tcf7" CD8" T cells were transcriptomically similar
to Tcm and Tn, but different from Tcf7” Teff or Tem cells.

We further compared the epigenetic landscape of CD8* T cell
subpopulations using ATAC-seq. PCA of differentially accessible
chromatin regions showed that d8 Tcf7SF" and d30 Tcf78™Ni
(Tem) cells clustered closer to Tn than d8 Tcf7®™ and d30
Tcf 787" (Tem) cells (Figure 2F). Between d8 Tcf7S ™ and Tef 7577
cells, a total of 17,676 chromatin regions were differentially acces-
sible (FDR [false discovery rate] p < 0.05). Regions more accessible
in d8 Tcf7% P cells were also more accessible in d30 Tcf7S M
(Tcm) and Tn cells but were less accessible in d30 Tcf78
(Tem) cells (Figure 2G). Conversely, regions more accessible in
d8 Tcf7%F" cells were more accessible in d30 Tcf78™ (Tem) cells
but less accessible in d30 Tcf78 P (Tem) and Tn cells (Figure 2H).
Thus, the chromatin accessibility of d8 Tcf75 M cells was globally
similar to that of Tcm and Tn cells but different from d8 Tcf78™
and Tem cells, similar to the gene expression analysis.

To identify functionally relevant accessibility changes, we inte-
grated our RNA-seq and ATAC-seq datasets. Focusing on the
transcriptional start site (TSS) identified 4,049 genes with differ-
ential TSS accessibility in d8 Tcf7SFP" compared to Tcf7 -
cells (FDR p < 0.05) (Table S2). The TSS was significantly more
accessible in 143 of the 602 genes (23.8%) that were overex-
pressed in d8 Tcf78 P cells (Figure 21) (Table S3). These genes
included central memory genes such as Tcf7, Sell, or Ccr7 (Fig-
ures 2l and 2J) (Table S3). More than half of this class of genes
was also more accessible in d30 Tcf7S™ (Tcm) cells (74 of
143) (Figure S4G), as illustrated in (Figure 2J). This suggested
that accessibility of the TSS contributed to the increased expres-
sion of central memory genes in d8 Tcf7 PN cells and that
their downregulation in Tcf7%™" cells was due to reduced TSS
accessibility.

(B) Differentially expressed genes (DEGs) between d8 Tcf78 ™" and Tcf78 - cells (log, FC > 1 and adj. p < 0.05).

(C) DEG between d8 Tcf7S ™ and d30 Tef7 " cells, relative to d8 Tef7 ™ cells.

(D and E) Gene set enrichment analysis (GSEA) of (D) d8 Tcf7S P versus d8 Tcf7%™™" cells against a Tcm versus Tem cell signature. (E) GSEA results of Tn, d8
Tcf78Phi and d30 Tcf78 P cells (each versus d8 Tcf78™™ cells) testing enrichment in the indicated gene signatures. Dot sizes and color scales are proportional to
the false discovery rate (FDR) and the normalized enrichment score (NES), respectively.

(F-J) ATAC-seq analysis. (F) PCA of accessible regions in the indicated populations of cells. Each dot represents a biological replicate. (G and H) Peak centered
heatmaps of ATAC-seq read coverage. The coverage of regions more accessible in d8 Tcf78 ™ cells (G) or in d8 Tcf78 - cells (H) are shown for Tn, d30 Tcf787Fni
(Tem), and d30 Tef787P- (Tem) cells and are sorted according to their extent of coverage in d8 Tcf78 P and Tef7% ™ cells. Line graphs show the corresponding
mean intensity of the read coverage. () Differentially accessible transcription start sites (TSSs) in d8 Tcf7¢ " versus d8 Tcf78™ cells (FDR p < 0.05) were
correlated with gene expression data (log,FC > 1 and adj. p < 0.05). (J) Read coverage track for the indicated memory and effector genes. The region surrounding
the TSS is highlighted using a red outline. Horizontal lines depict accessible regions based on peak calling. See also Figure S4.
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Figure 3. Fate Mapping and Ablation of Tcf7% ™" Cells to Determine the Origin of Tcm Cells
(A-E) Tcf7GFP-CreER pogConfetti mice were infected with LCMV WE and left untreated (@) or were injected with Tamoxifen (TAM) starting on d8 p.i. (A) Tcf78F7-CreER
(intermediated amounts of GFP, see STAR Methods for further explanation) and R26°°" (RFP) expression by DPGp33 tetramer* CD44* CD8* T cells on d14
(left) or d28 p.i. (right). (B) Fraction of RFP* cells among D°Gp33* cells and (C) of Tcf7S P-CreER+ REP* cells among RFP* cells. (D) Expression of KLRG1 and CD62L
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Conversely, the TSS was more accessible in 212 of the 602
(35.2%) genes that were overexpressed in d8 Tcf7 - cells (Table
S3). The d8 Tcf7 ™ program included effector genes such as
Gzmb, Kirg1, Fasl, Cx3cr1, Tbx21 (T-bet), and Runx1 (Table S3)
(Figures 21 and 2J). The acquisition of this program was therefore
explained in part by increased TSS accessibility, while low expres-
sion of this class of genes in d8 Tcf7SF™ cells was explained by
reduced TSS accessibility. As one example, the Gzmb locus
was accessible in d8 Tcf7°™ and Tem cells but essentially inac-
cessible in d8 Tcf7%™" and Tem cells (Figure 2J). Of note, prior
work suggested that effector loci, including Gzmb, are accessible
in MP and memory cells (Jadhav et al., 2019; Scott-Browne et al.,
2016; Wang et al., 2018). However, these studies did not distin-
guish Tcm and Tem cells, and we found that MP cells are heterog-
enous. When the respective compartments were separated into
Tcf7" and Tcf7 cells, effector loci were poorly accessible in Tcf 7"
cells (Figure 2J), suggesting that these cells had not passed
through a cytolytic differentiation state, in agreement with our
flow cytometric analysis (Figure S3G). Overall, the expression
and accessibility of lineage-specific loci were similar in d8
Tef78FPNi 430 Tef78FPM (Tem) and Tn cells and different from d8
Tcf78FP and d30 Tcf7%F (Tem) cells.

Tcm Cells Quantitatively Derive from Effector-Stage
Tcf7FPP CD8* T Cells

To determine the fate of effector-stage Tcf7* CD8* T cells, we
generated a Tcf78 ™ CER mouse strain (Figure S5A) that we
crossed to Rosa26'ox stop lox Confetti (pogConfetty ranorter mice.
Tamoxifen (TAM)-mediated induction of Cre recombinase activ-
ity in Tcf7* cells resulted in the stochastic and mutually exclusive
expression of one of four fluorescent proteins (RFP, CFP, YFP, or
GFP), whereby only RFP expression is shown. GFP" cells, which
appeared following TAM injection and which could be discrimi-
nated from the Tcf78 T CeER+ cells (see STAR Methods for
further explanation), were removed from the analysis. The
Tcf78FP-CeER construct was expressed by virtually all CD8*
T cells from naive mice, downregulated in most CD8" T cells re-
sponding to LCMV infection (Figures S5B and S5C), whereby re-
sidual d8 Tcf78P-CreER+ celis identified Tcf1 protein-expressing
cells (Figure S5D).

LCMV-infected Tcf78 P-CreER pogContetti mice were injected
with TAM starting at d8 p.i. Two days after the last injection
(d14), H-2D® Gp33 tetramer* (D°Gp33*) CD8" T «cells
contained a small population of RFP* cells (0.38% of CD8), while
RFP* cells were not detected in the absence of TAM (Figures 3A
and 3B) or in TAM-treated mice that harbored only the R26°°nett
allele (Figure S5E). The vast majority of d14 RFP* cells were
Tcf78FP-CreER+  which expressed intermediated amounts
of GFP (see STAR Methods for further explanation) (Figures 3A
and 3C). This demonstrated the selective labeling of
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Tcf78FP-CreER+ cells and the absence of their differentiation into
Tcf78FP-CreER- calls between d8 and d14 p.i. Furthermore, most
of the d14 RFP* Tcf78 P-CeER* cells were KLRG1™ CDB2L* (Fig-
ure 3D). At d28 p.i., DPGp33* RFP* cells were still uniformly
Tcf78FP-CreER+ and most cells had a KLRG1~ CD62L* Tem pheno-
type (Figures 3A-3D). Importantly, the abundance of D°Gp33*
RFP* Tcf78FP-CreER cells at d14 and d28 p.i. was not different
(Figure 3E). Corresponding data were obtained for polyclonal
DPNp396* CD8* T cells (Figure S5F) and for monoclonal P14
Tcf78FP-CreER pogCenfetti salis (Figures S5G-S5I). Thus, d8 Tcf7*
cells maintained Tcf7 expression and quantitatively yielded Tcm
cells, indicating that effector-stage Tcf7* cells represent central
memory precursors.

We further determined whether Tcf7-negative cells contributed
to the central memory compartment. To this end, we ablated
Tcf7PTR-GFP+ cells in vivo using diphtheria toxin (DT) administration
(Siddiquietal., 2019). Naive Tcf7° TGP P14 cells were transferred
into B6 recipients, which were infected with LCMV. DT treatment
was started at d10, when 6.7% of P14 cells were Tcf7P RGP+ (Fig-
ure 3F), and mice were analyzed one day after the last injection
(d16). DT treatment profoundly depleted Tcf7°TRSFP+ put not
Tcf7PTR-GFP- cells, compared to DT treated mice harboring control
Tcf7% P cells (Figure 3G). The spleen of treated mice contained
very few Tcf7PTRCFP+ P14 cells (190 + 167) at d16 but contained
significantly more Tcf7PTR-SFP+ cells (5,542 + 3,416) (p < 0.01) at
d30 p.i. (Figure 3H). It was thus possible that Tcf7 was re-ex-
pressed by previously Tcf7-negative cells. However, even if that
was the case, the contribution of such cells to the normal Tcf7*
memory compartment (2.1 + 0.4 x 10° cells) was minor (2.7%).
On the other hand, DT-treated mice harbored comparable
numbers of Tcf7°TRSFP- and control Tcf7SFP- memory cells at
d30 p.i. (Figure 3H), suggesting that Tcf7* cells did not contribute
to the Tcf7 memory pool after d16 p.i.

The analysis of the memory compartment showed that DT
treatment strongly reduced the abundance of CD62L" KLRG1"
memory cells (39-fold) (Figure 3l) or of IL-2* cells (10-fold) (Fig-
ure 3l) and the recall expansion capacity (3-fold) (Figure 3J).
Thus, ablation of d10-15 Tcf7* cells blunted central memory
functions. Earlier ablation of Tcf7* cells (from d6 to d9 p.i.)
yielded overall similar results (Figures S5J-S5L), even though
these DT-treated mice became sick (independent of the deple-
tion of Tcf7°TRSFP cells) and had to be analyzed by d16 p.i.
We concluded that central memory derived almost exclusively
from effector-stage Tcf7* cells.

Effector-Stage Tcf7¢F°" CD8* T Cells Have Central
Memory Function

Memory-biased effector-phase CD8" T cells are thought to ac-
quire central memory functions following antigen clearance,
i.e., late during the contraction phase (Kaech et al., 2002). We

by D°Gp33* (left), DPGp33* Tcf78FP-CreER+ (center) and D°Gp33* Tcf78FP-CreER+ REP* cells (right) on d14 (top) and d28 p.i. (bottom). (E) Abundance of DPGp33*

Tcf7CFP-CreER+ REP* cells at d14 and d28 p.i.

(F-J) Tcf7PTR-GFP or control Tef79FP P14 cells (CD45.2) were transferred into B6 mice (CD45.1/.2) that were infected with LCMV Arm and injected with PBS (@) or
diphtheria toxin (DT) starting on d10 p.i. (F). Abundance of Tcf7°T*-G"F (or control Tcf7% ) P14 cells in the spleen on d16 (G) and d30 p.i. (H). (I) KLRG1 versus
CD62L (top) and IL-2 versus IFN-y expression (bottom) on d30 p.i. (J) Recall response on d8 post-challenge of d30 P14 cells sorted from untreated (&) and DT

treated mice (DT) (d30+8).

Data are pooled from 3 experiments with 5-6 mice per group (A-E), compiled from 2 experiments with 5 mice per group (G), or representative of 2 experiments
with 4-5 mice per group (H-J). Mean + SD are shown. Statistics: non-paired two-tailed Student’s test (A-E and J) or on one-way ANOVA with Tukey’s test (G-I

with *p < 0.05; **p < 0.01; **p < 0.001; and (ns) p > 0.05. See also Figure S5.
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thus tested whether d8 Tcf7°™™" CD8* T cells indeed lacked
Tcm function (as schematically shown in Figure 4A). Compared
to Tcf78FP cells, flow-sorted d8 Tcf7S PN cells mediated an
efficient recall response (Figure 4B), which was virtually iden-
tical to that of d30 Tef7SF™ (Tem) cells (Figure 4C). Progeny
of d8 Tcf7S™" cells were mostly Tcf7®™F- terminal effector
(TE) cells, but secondary Tcf7S ™ cells with a predominant
MP phenotype were also detected (Figures 4D and 4E). The
abundance of secondary Tcf7SPM cells was significantly
increased compared to input (Figure 4D), indicating that
Tcf78 PN cells reproduced. Conversely, descendants of d8
Tcf787P- cells remained Tcf7% P~ and displayed a TE phenotype
(Figures 4D and 4E), indicating that Tcf7 expression was stably
extinguished. Corresponding results were obtained for poly-
clonal d8 Tcf7SFPM CD8* T cells specific for two distinct
LCMV epitopes (Figures S6A-S6E).

To formally address whether d8 Tcf7S ™" cells self-renewed,
we performed tertiary transfers (Figures S6F-S6H). Secondary
Tcf78Ph P14 cells (d8+8) retained recall expansion capacity
(Figure S6F) and produced both Tcf7SF" as well as tertiary
Tcf78Phi cells that displayed a predominant MP phenotype
and that had expanded compared to input (Figures S6G and
S6H). Thus, serial transfers showed that effector-stage Tcf7G P
cells had expansion, self-renewal, and differentiation capacity.

To address multi-potency, the response of d8 Tcf7S P cells
was analyzed 30 days after recall stimulation (d8+30). Compared
to d8 Tef78 cells, d8 Tef78 i cells yielded significantly larger
memory compartments in both hematopoietic and non-hemato-
poietic tissues (Figure 4F, 41, S6l, and S6K). D8 Tcf7S ™ cells
yielded Tem (CD127* CD62L", IL-2*, Tef7 M) and Tem cells
(CD127 = CD62L, Tcf7%™™) in spleen and LN (Figure 4G, 4H,
and S6J) as well as tissue-resident memory cells (Trm) among in-
traepithelial lymphocytes (IELs) in the small intestine and in the
lung (Figures 41 and S6K). In comparison, d8 Tcf7% P cells
yielded considerably fewer Trm and Tem cells and essentially
failed to yield Tcm cells (Figures 4F-41 and S61-S6K). Thus, d8
Tcf78Ph cells yielded all memory populations as well as Teff
cells, indicative of multi-lineage differentiation potential. Finally,
we tested the capacity of d8 Tcf7% ™ cells to protect from viral
infection. Adoptive transfer of d8 Tcf7SF™ P14 cells into VB5
TCR transgenic mice, which cannot control viral infection,
reduced splenic virus titers to the same extent as did d30
Tcf78Ph (Tem) cells and more efficiently than did d8 Tcf78 -
cells (Figure 4J). Together, these data show that effector-stage
Tcf78Phi cells have key hallmarks associated with central mem-
ory cells.
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Tcf1" CD8* T Cells Are Present during the Acute
Response to Vaccination in Mice and Humans

We next addressed whether Tef7¢7" CD8* T cells could be
generated by vaccination. To this end, we primed (d0) and
boosted (d14) Tcf7%™ mice using a modified Ovalbumin (Ova)
peptide mixed with Pam3CSK4 (TLR1 and 2 agonist) and emul-
sified in Montanide (Figure 5A). We detected H-2K® Ovalbumin
tetramer* (KPOva*) Tcf78 ™" CD62L* CD8* T cells in the periph-
eral blood of vaccinated mice one week after the boost (d21)
(Figures 5B-5D). Such cells were equally abundant 3 weeks after
the boost in blood (d35) (Figures 5C and 5D), were also detected
in the spleen (Figures 5E-5G), and were further shown to pro-
duce IL-2 (Figure 5H). Thus, endogenous antigen-specific Tcf7""
CD8" T cells were detectable shortly after vaccination, and such
cells persisted, although they were rare compared to natural
infection.

We also addressed whether TCF1" CD8* T cells were detect-
able during an acute response in human volunteers exposed to
the live-attenuated yellow fever virus vaccine YF-17D. Peripheral
blood of human vaccinees (n = 6) was analyzed for the presence
of HLA-A*02-restricted CD8* T cells specific for the viral
LLWNGPMAYV peptide (LLW). At d14 post-vaccination, i.e., the
peak of the response, most A2/LLW tetramer”™ CD8" T cells
were TCF1'° compared to naive CD8* T cells (Figures 5| and
5J), and these TCF1' cells had a predominant Tem (CCR7"
CD45RA") phenotype (Figures 51 and 5K). However, we also de-
tected TCF1™ A2/LLW* CD8" T cells in all donors, and these had
a predominant Tcm (CCR7* CD45RA") and, to a lesser extent, a
Tscm (CCR7* CD45RA* CD95%) phenotype (Figures 5I-5K).
Thus, TCF1" CD8* T cells with a central memory phenotype ex-
isted at the peak of the acute response to vaccination in humans.
Tcf1 Ensures Stemness of Effector-Stage Tcf7¢FPh
CD8* T Cells
To address the importance of Tcf1 in the generation and/or the
function of d8 Tcf7® ™" cells, we generated Tcf7~/~ Tef78 re-
porter mice. Tcf7 '~ reporter P14 cells highly expressed Tcf75 P
(Figure S7A), indicating that reporter activity did not depend on
Tcf1 protein.

Naive wild-type (WT) and Tcf7 '~ reporter P14 cells gave rise to
equivalent or modestly reduced populations of total P14 and of
Tcf78™Ph P14 cells at d8 p.i. (Figures 6A and 6B). While there
were no evident differences between WT and Tcf7 /'~ Tcf78
cells (Figure S7B), Tcf7~/~ Tef7% M cells expressed significantly
more KLRG1 but less CD62L (Figure 6C) and less IL-2 compared
to WT (Figure 6D), whereas IFN-y and TNF-a expression was

Figure 4. Effector-Stage Tcf7% " Cells Have Central Memory Function

A) Recall response and memory formation by sorted d8 Tcf7S M or Tcf78FP- P14 cells.

B and C) Abundance on d8 post-challenge of d8 Tcf7¢™" P14 cells (B) compared to that of d30 Tcf73 ™" (Tem) cells (C).
D and E) Abundance of secondary Tcf7%™" P14 cells compared to input (D) and KLRG1 versus CD127 expression (E).

H) Phenotype (top & middle) and IL-2 and IFN-y production (bottom) by d8+30 Tcf7¢ ™ and Tcf757P- memory cells.

(o
(
(
(F and G) Abundance of P14 cells (F) and of Tcf7%F"" P14 cells (G) on d30 post-challange of d8 Tcf7 M or Tcf7% P-cells (d8+30).
(
(

1) Abundance of memory cells derived from d8 Tcf7S P cells (d8+30) among intraepithelial lymphocytes of the small intestine.
(J) The indicated population of cells were transferred into V5 TCR transgenic mice that were then infected with LCMV Arm. Plaque-forming units (PFUs) per gram

of spleen were determined on d8 p.i. and normalized to no cell transfers.

Data in (B, C, D, and E) are representative of 2 experiments with 5-7 mice per group, compiled from 3 experiments with 11-12 mice per group (F, G, and H),
compiled from 2 experiments with 6 mice per group (I), or compiled from 2 experiments with 10-11 mice per group (J). Mean + SD are shown. Statistics: non-
paired t test (B, D, F, G, and I) or one-way ANOVA with Tukey’s test (C, E, H, and J) with ***p < 0.001; ****p < 0.0001; and (ns) p > 0.05. See also Figure S6.
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Figure 5. Vaccination of Mice and Humans Generates Effector-Phase Tcf1" CD8* T Cells

(A-H) B6 Tcf7%FP mice were vaccinated as indicated with a modified Ovalbumin peptide and Pam3CSK4 in Montanide (Ova) or with Pam3CSK4 in Montanide ().
(B, C, and E) Abundance and (D and F) Tcf7S™ and CD62L expression by K°POva* CD8* T cells in the blood on d21 and d35 (B-D) and in the spleen on d35 post-
vaccination (E-G). (H) IL-2 and TNF-a production by d35 splenic IFN-y* cells.

(I-K) Healthy volunteers received a yellow fever vaccine, and peripheral blood CD8" T cells were analyzed 14 days later. (I) TCF1 expression by A2/LLW tetramer*
CD8* T cells (left) and expression of CCR7, CD45RA and CD95 by TCF1"™ and TCF1'° A2/LLW* cells (right). (J) Frequencies of A2/LLW* TCF1"™ or TCF1'° cells
among CD8" T cells. (K) Presence of CCR7, CD45RA, and CD95-defined subsets among A2/LLW* TCF1 N and TCF1' cells.

Data in (B-G) are pooled from 2 experiments with 9-10 mice per group or (H) are representative of 2 experiments with n = 4 mice. Data in (J and K) are from 6
healthy donors analyzed using 2 staining panels (see STAR Methods). Total naive and CCR7” CD8* T cells were used as reference for gating TCF1™ cells. Mean +
SD are shown. Statistics: (C) one-way ANOVA with Tukey’s test; (D-H) non-paired t test; (J) intra-individual pairing, Wilcoxon test, and (K) adjusted p values from
Sidak’s multiple comparisons test with *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; and (ns) p > 0.05.

comparable (Figure 6D). Furthermore, the recall expansion of types were secondary to impaired T cell development in Tcf7 7/~

Tcf7~/~ Tef7% PN cells was compromised (Figure 6E), and sec-  mice (Verbeek et al., 1995). However, this was unlikely, as Tcf7
ondary Tcf7 '~ Tcf7% N cells were essentially absent (Figures  silencing in naive WT P14 cells produced comparable effects
6F and 6G). It was conceivable that some of the observed pheno-  (see below). Tcf1 expression thus ensured the stem-cell-like
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Figure 6. Tcf1 Is Essential for the Stemness of d8 Tcf7°FF" CD8* T Cells

(A-D) B6 mice (CD45.1/2) were transplanted with WT or Tcf7~/~ (KO) Tcf7%™P P14 cells (CD45.2) and infected with LCMV WE. (A) Abundance of P14 cells in the
spleen at d8 p.i. and (B) expression of Tcf7%7. Phenotype (C) and cytokine production (D) by WT and KO Tcf78 " P14 cells.

(E-G) Recall response of sorted d8 WT and KO Tcf7% " P14 cells. (E) Abundance of P14 cells in the spleen and (F) Tcf7%" expression 8 days later (d8+8). (G)

Abundance of secondary Tcf7°™ " cells compared to input.

Data are representative of 3 experiments with 4 mice per group (A-C), representative of 2 experiments with 5-6 mice per group (D), or compiled from 2 ex-
periments with 5-7 mice per group (E-G). Mean + SD are shown. Statistics: non-paired t test (A-D and F) or one-way ANOVA with Tukey’s test (E and G) with *p <
0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001; and (ns) p > 0.05. See also Figure S7.

properties of effector-phase Tcf7% M cells by counteracting their
differentiation and preserving their recall expansion and self-
renewal capacity.

Tcf1-Dependent Genes Ensure Stemness of Effector-
Phase Tcf7°F"" CD8* T Cells

We next aimed at identifying Tcf1-dependent genes that ensured
the stemness of effector-phase Tcf7 ™" CD8* T cells. The tran-
scriptomes of WT and Tcf7 '~ d8 Tcf78 PN cells differed consid-

erably both based on PCA (Figure 7A) and the number of differ-
entially expressed genes (DEG) (n = 607, FDR < 5%, FC > 2)
(Figure 7B) (Table S4). By comparison, the corresponding d8
Tcf78P populations overlapped in the PCA and had few DEG
(n = 72) (Figure 7A) (Table S4). Tef7~/~ d8 Tef7S™™ cells
overexpressed multiple effector genes and were enriched in an
IL-2-STAT5 signaling signature (FDR 0.01) (Figures S7C
and S7D), confirming that Tcf1 counteracted the differentiation
of effector-phase Tcf78 ™" cells. On the other hand, the
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transcriptome of Tcf7~/~ Tef78™M cells no longer overlapped
with the hematopoietic and the adult stem-cell signatures (lva-
nova et al., 2002) (Wong et al., 2008) (Figure 7C). In contrast,
the overlaps with the Tcm (Mackay et al., 2016) and the alterna-
tive stem-cell-like memory signature (Pace et al., 2018) were not
affected (Figure 7C), and the expression of the central memory
genes Bcl6, Foxol, I1d3, Myb, and Stat3 was not altered (Fig-
ure S7E). Impaired stemness of Tcf7 '~ d8 Tcf78 ™ cells thus
correlated with reduced expression of adult stem-cell genes. He-
matopoietic stem and progenitor cells (n = 517 genes) (Ilvanova
et al., 2002), adult stem cells (n = 494) (Wong et al., 2008), and
WT d8 Tcf78 PN cells (n = 602) (Table S1) shared 18 genes, 8
of which were reduced in Tcf7~/~ compared to WT d8 Tcf7¢FFhi
cells (Logo,FC > 1, p < 0.05) (Figure 7D). The TSS of 6 of the 8
genes was more accessible in d8 Tcf7¢ ™" compared to d8
Tcf78P- cells (Figures S7F and S7G) (Table S3), suggesting
that the downregulation of these genes during differentiation
was epigenetically regulated. The remaining 2 genes (Elovl6,
Kif4) were bound by Tcfl in naive CD8" T cells (Figure S7H)
based on published ChIPseq data (Xing et al., 2016), indicating
Tcf1-dependent transcriptional regulation.

To test the importance of Tcf1-dependent genes for CD8* T cell
stemness, we mimicked the reduced gene expression observed
in Tcf7~/~ d8 Tef78 ™M cells using lentivirus-based short-hairpin
(sh) RNA constructs. We confirmed reduced target-gene expres-
sion in transduced (mCherry®) Tcf7°T7 S (hereafter referred to
as Tcf7°P) P14 cells in vitro or at d8 post-LCMV infection (Figures
S71-S7L). Following transduction in vitro, Tcf7®™ P14 cells
(CD45.2) were transplanted into B6 recipient mice (CD45.1) that
had been infected with LCMV one day earlier. At d8 p.i., Tcf7 sh
reduced the abundance of Tcf7%™F* mCherry* cells 16-fold
compared to a scrambled control (Ctrl) sh construct (Figures 7E
and 7F). Residual d8 Tcf7®™* Tcf7 sh (mCherry™) cells showed
evidence of differentiation based on increased KLRG1 and
decreased CD62L and IL-2 expression (Figure 7G, 7H, and
S7M). Furthermore, Tcf7 sh impaired the recall expansion
and the self-renewal of d8 Tcf7SFF* mCherry* cells (Figures 71
and 7J). These data confirmed and extended the results obtained
with Tcf7 '~ Tcf7%™" cells (Figures 6A-6G) and validated our
approach to functionally test the role of adult stem-cell genes
for CD8" T cell stemness.

Similar to Tcf7 sh, silencing of each of the 6 adult stem-cell
genes reduced the generation of d8 Tcf7SFF* cells (Figure 7F).
Elovi6 and Smad1 shRNA also reduced IL-2 and increased
KLRG1 expression but, unlike Tcf7 sh, did not reduce CD62L
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expression (Figures 7G and S7M). Finally, Kif4, Elovl6, Pixdc2,
and Smad1 silencing reduced the recall expansion and the
self-renewal of d8 Tcf7% "+ cells (Figures 71 and 7J). These ex-
periments thus identified a set of Tcf1-dependent genes essen-
tial for CD8* T cell stemness.

DISCUSSION

A prevalent view of CD8" T cell differentiation is that some MP
cells differentiate into Tcm cells following antigen clearance.
As MP cells have cytotoxic activity and mostly lack central mem-
ory features such as CD62L expression (Bannard et al., 2009;
Joshi et al., 2007; Youngblood et al., 2017), formation of Tcm
cells is thought to involve the de-differentiation of cytolytic
effector cells. However, here we identified effector-phase cells
expressing high amounts of Tcf7 that represented a small subset
of MP cells, many of which expressed CD62L and that lacked
evidence of cytolytic differentiation. These cells may correspond
to CD62L" effector cells previously observed in bacterial (L.m.)
and viral (VSV) infection (Obar and Lefrancois, 2010). While
prior (Lin et al., 2016) and our own cell transfers suggested
that effector-stage Tcf7™ cells predominantly yield Tcm cells,
our lineage tracing and ablation experiments established that
central memory quantitatively and almost exclusively derived
from effector-stage Tcf7" cells (referred to hereafter as Tpcm).
Further, Tpcm cells already displayed key functions associated
with central memory cells, suggesting that central memory
did not emerge after pathogen clearance. Consequently, the
findings suggested that primed Tn cells expand and generate
Tpcm cells that quantitatively yield Tcm cells and whose further
stimulation produces cytolytic effector cells. This scenario is
consistent with the predominant central memory formation in
response to dendritic cell vaccination in the absence of systemic
inflammation (Pham et al., 2009) and with recent findings
regarding T cell differentiation in persistent viral infections and
cancer. The latter responses are sustained by a Tcf7™ PD-1*
CD8"* T cell subpopulation (memory-like [Tml] cells), which lacks
evidence of cytolytic effector differentiation but continuously
yields differentiated cells with cytolytic potential, while reproduc-
ing itself (Im et al., 2016; Jadhav et al., 2019; Miller et al., 2019;
Siddiqui et al., 2019; Utzschneider et al., 2016). Despite consid-
erable phenotypic and functional differences between Tml and
Tpcm cells, the data suggest that cytolytic effector cells derive
from less differentiated CD8" T cells with stem-cell-like proper-
ties in response to both acute as well as chronic stimulation.

Figure 7. Tcf1-Dependent Genes Are Essential for CD8* T Cell Stemness

(A-D) Sorted d8 WT and Tcf7~/~ (KO) Tcf78FP and Tcf78FP- P14 cells (CD45.2) were subjected to transcriptome analysis. (A) PCA of the indicated populations of
cells. Each dot represents a biological replicate. (B) Genes differentially expressed between WT and KO Tcf7S " cells, each relative to WT Tcf78 - cells. (C)
GSEA of WT and KO Tcf78 M cells (each versus WT Tcf7™ cells) relative to the indicated gene signatures. Dot sizes and colors indicate the FDR and the NES,
respectively. (D) Expression of adult stem-cell genes in the indicated population of cells. Log2 CPM (counts per million). (E-G) P14 Tcf7SF cells were transduced
with gene-specific Lentiviral sh RNA constructs or a scrambled control (Ctrl).

(E) Expression of sh constructs (mCherry*) by Tcf7¢™" P14 cells in vitro (left) and following the response to LCMV in vivo (right).

(F-H) D8 p.i. P14 cells were analyzed for the abundance of mCherry* (left) and of mCherry* Tcf7SFP* P14 cells (right) both relative to input and normalized to the
Ctrl sh (=1.0). Gated mCherry” and mCherry* Tcf7%™+ P14 cells were analyzed for (G) CD62L and KLRG1 expression and (H) IL-2 and IFN-y production.
(1and J) Recall response of sorted d8 mCherry* Tcf75 P+ P14 cells. () Abundance of mCherry* P14 cells and of (J) mCherry* Tcf7SFP+ P14 cells 8 days later (d8 +
8). Data in (I and J) are normalized to the Ctrl sh (=1.0).

Data in (E-J) involve at least 2 independent experiments with a total of 4-15 mice per gene and at least 2 distinct sh constructs per gene (one for the Ctrl sh).
Means + SD are shown. Statistics: two-way ANOVA with Tukey’s test (D); one-Way ANOVA with Fisher’s LSD test (F, |, and J); or two-way ANOVA with Fisher’s
LSD test (G and H) with *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; and (ns) p > 0.05. See also Figure S7.
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The absence of Tcf1 protein increased the differentiation of
Tpcm cells and reduced their recall expansion and self-renewal
capacity. While increased differentiation of Tcf7~/~ CD8* T cells
responding to infection (Boudousquie et al., 2014; Jeannet
et al., 2010; Tiemessen et al., 2014; Wu et al., 2016; Zhou et al.,
2010) or vaccination (Danilo et al., 2018) has been noted before,
it is important to point out that the role of Tcf1 in the stem-like
Tcf7" CD8* T cell subset has not been addressed before. While
the absence or the epigenetic silencing of Tcf7 and other memory
transcription factors in effector cells is necessary for full effector
differentiation (Danilo et al., 2018; Gray et al., 2017; Ladle et al.,
2016; Pace et al., 2018; Youngblood et al., 2017), we identified
and functionally tested Tcf1-dependent genes that are expressed
in Tpcm cells and adult stem cells and that are essential in CD8*
T cell stemness. While Kif4 is a pluripotency factor necessary to
reprogram differentiated adult cells to an embryonic-like state
(Takahashi and Yamanaka, 2006), the role of the remaining genes
for CD8* T cell stemness remains to be elucidated. The downre-
gulation of most adult stem-cell genes in Tcf7 cells was associ-
ated with reduced accessibility of their TSS, suggesting stable
repression of the stemness program in Teff cells.

The identification of effector-stage CD8" T cells with central
memory function has implications for T cell vaccination and
further types of therapeutic interventions targeting T cells. The
abundance and the properties of such cells can now be as-
sessed early during a primary response, which should greatly
facilitate the optimization of the generation or maintenance of
Tem cells.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-Mouse CD4 — AF700 eBioscience Clone GK1.5;
RRID:AB_493999
Anti-Mouse CD8a. — PerCP-Cy5.5, PE Cy7, eBioscience / BioLegend Clone 53.6.7;

APC-eF780 or BV 650

Anti-Mouse CD8p - APC

Anti-Mouse CD11a (LFA1) - AF647
Anti-Mouse CD16/32

Anti-Mouse CD44 — APC eF780 or
Pacific Blue

Anti-Mouse CD45.1 — BV 785, Pacific Blue
or AF647

Anti-Mouse CD45.2 — PerCP Cy5.5 or
BV 650
Anti-Mouse CD45.2 - biotin

Anti-Mouse CD62L — PE, PerCP-Cy5.5, BV
711 or AF647

Anti-Mouse CD107a (LAMP-1) — PE Cy7

Anti-Mouse CD122 - eF450

Anti-Mouse CD127 — APC or PE

Anti-Mouse CXCR3 - PE

Anti-Mouse CX3CR1 - BV 711

Anti-Mouse/rat Granzyme A - PE

Anti-Mouse/human Granzyme B — AF647

Anti-Mouse IFN-vy - PE or PercPCy5.5

Anti-Mouse IL-2 - APC

Anti-Mouse Ki67 - FITC
Anti-Mouse KLRG1 - PE Cy7 or BV 421

Anti-Mouse Sca-1 - PE Cy7 or AF700

eBioscience

In house
In house
eBioscience / In house

BioLegend / In house

eBioscience / BioLegend

In house
eBioscience / BioLegend / In house

Biolegend
eBioscience

eBioscience / In house

BioLegend

BioLegend

Santa Cruz Biotechnology

BioLegend

eBioscience

eBioscience

BD Biosciences
eBiosciences / BioLegend

eBiosciences / BioLegend

RRID:AB_1107004
RRID:AB_469583
RRID:AB_1272185
RRID:AB_2563056
Clone H35-17.2;
RRID:AB_657760
Clone FD44.8
Clone: 24G2
Clone IM7;
RRID:AB_1272244
Clone A20;
RRID:AB_2563379
Clone 104.2;
RRID:AB_953590
RRID:AB_2563065
Clone AL-1

Clone Mel14;
RRID:AB_465722
RRID:AB_996667
RRID:AB_2564215
Clone 1D4B; RRID:AB_2562146
Clone TM-b1;
RRID:AB_2016697
Clone A7R34;
RRID:AB_469435
RRID:AB_465845
Clone 173;
RRID:AB_1027656
Clone SA011F11;
RRID:AB_2565939
Clone 3G8.5;
RRID:AB_2114414
Clone GB11;
RRID:AB_2294995
Clone XMG1.2;
RRID:AB_466193
RRID:AB_1107020
Clone JES6-5H4;
RRID:AB_2535421
RRID:AB_396302
Clone 2F1;
RRID:AB_1518768
RRID:AB_10918627
Clone D7,
RRID:AB_469669
RRID:AB_2565959
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IDENTIFIER

Anti-Mouse TNFa — PE Cy7 or Pacific Blue

Anti-Mouse/human TCF1 Rabbit mAb
antibody

Anti-Human CD8 - APC-AF750

Anti-Human CD45RA - BrV510

Anti-Human CD95 - PE Cy7

Anti-Human CCRY7 - BrV 421
Anti-rabbit IgG (FITC)
Donkey anti-rat IgG - Cy3
Donkey anti-rabbit Alexa488
Donkey anti-rabbit IgG — Cy3

F(ab’)2-Donkey anti-Rabbit IgG (H+L) - PE
Goat Anti-Rabbit IgG (H+L) - AF647

eBioscience / BioLegend

Cell Signaling Technology

Beckman Coulter

Biolegend

Biolegend

Biolegend

eBioscience

Jackson Immunoresearch
Life Technologies
Jackson Immunoresearch

eBioscience
Molecular Probes (Invitrogen)

Clone MP6-XT22;
RRID:AB_11042471
RRID:AB_893639

Clone C63D9;
RRID:AB_2199302

Clone B9.11;
RRID:AB_130782

Clone HI100;
RRID:AB_493763

Clone DX2;
RRID:AB_2100369

Clone G043H7; RRID:AB_11203894
polyclonal; RRID:AB_2536525

Cat# 712-165-153; RRID:AB_2340667
Cat# R37118; RRID:AB_2556546

Cat# 711-165-152;
RRID:AB_2307443

RRID:AB_1210761
RRID:AB_141663

Rabbit anti-GFP Thermofisher

Rat Anti-Mouse CD4 eBioscience Clone H129
Streptavidin - APC eBioscience Cat# 17-4317-82
H-2DP / gp33-41 — APC (Tetramer) TC Metrix N/A

H-2DP / np396 — APC (Tetramer) TC Metrix N/A

H-2KP / Ova257-264 (SIINFEKL) - APC TC Metrix N/A
(Tetramer)

HLA-A*02 / LLW — APC (Tetramer) TC Metrix N/A
Bacterial and Virus Strains

LCMV 53b Armstrong (Arm) D. Zehn, IVR-CHUV in house
LCMV WE C. Mueller, Uni Bern in house

Biological Samples

Human blood specimens

Centre de vaccination et de médecine des
voyages, Policlinique Médicale
Universitaire PMU, Lausanne, Switzerland.

Study protocol 324/13 approved by the
“Swiss Ethics Committee on research
involving humans,” Canton of Vaud,
Switzerland.

Chemicals, Peptides, and Recombinant Proteins

Ammonium-Chloride-Potassium (ACK)
buffer

Brefeldin A

DAPI

Diphtheria Toxin (DT)
Dithiothreitol (DTT)

Lipofectamine™ 2000 Transfection
Reagent

Montanide
NP-40
Pam3CSK4

Peptide: LCMV glycoprotein amino acids
33-41 (gp33) (KAVYNFATM)

Peptide: LCMV np396 (FQPQNGQFI)

In house

Biolegend

Life Technlogies
Sigma-Aldrich
Applichem
ThermoFisher Scientific

SEPPIC, Paris, France
Caymanchem
InvivoGen

TC Metrix

TC Metrix
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N/A

Cat# 420601
Cat# D1306
Cat# D0564
Cati# A3668
Cat# 11668019

N/A

Cat# 600009
Cat# 112208-00-1
N/A

N/A
(Continued on next page)



Immunity ¢ CelPress
Continued
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Peptide: Ovalbumin amino acids 257-264 P. Romero, UNIL N/A

(OVA) (SIINFEKL)

Peptide: KL-SLP GenScript, NJ N/A

(KKKKKLEQLEAAYSIINFEKL)
Percoll

Polybrene

Recombinant human IL-2
Sunflower seed oil
Tamoxifen

TDE1, Tagment DNA Enzyme
Trizol

2xTD buffer

7-AAD (Viability dye)

GE Heathcare

Sigma-Aldrich

Glaxo IMB, Geneve, Switzerland
Sigma-Aldrich

Sigma-Aldrich

lllumina

Life Technlogies

lllumina

Biolegend

Cat# 17-0891-01
Cat# TR-1003-G
gift from N. Rufer
Cat# S5007

Cat# T5648

Cat# 15027865
Cat# 15596026
Cat# 15027866
Cat# 420404

Critical Commercial Assays

Tumor Dissociation Kit

Mouse CD8" T cell enrichment kit
Direct-zol RNA Mini Prep
Intracellular Fix & Perm Buffer set

FoxP3/Transcription factor staining
buffer set

SMART-Seq v4 Ultra Low Input RNA
reagents

lllumina Nextera XT DNA Library reagents
MACS CD8+ positive selection
Annexin V - APC Apoptosis Detection Kit

SuperScript Il First-Strand Synthesis
System

KAPA SYBR FAST gPCR Kit Master Mix
Dynabeads Mouse T-Activator CD3/CD28

Miltenyi Biotec
StemCell Technologies
Zymo Research
eBiosciences
eBiosciences

Clontech

lllumina

Miltenyi Biotec
eBioscience
ThermoFisher Scientific

Kapabiosystems
ThermoFisher Scientific

Cat# 130-096-730
Cat# 19853

Cat# R2050

Cat# 88-8824
Cat# 00-5523

Cat# 634888

Cat# 15032354
Cat# 130-116-478
RRID:AB_2575165
Cat# 18080051

Cat# KR0389
Cat# 11452D

CellTrace™ Violet Cell Proliferation Kit ThermoFisher Scientific Cat# C34557
MinElute PCR Purification kit QIAGEN Cat# 28004
lllumina’s Unique Dual (UD) Indexes lllumina Cat# 20027213
NEBNext High-Fidelity 2X PCR Master Mix New England Biolabs Cat# M0541
AMPure XP magnetic beads Beckman Coulter Cat# A63880
Zombie Aqua Fixable Viability kit Biolegend Cat# 423101
Deposited Data

RNA-seq data This study GEO: GSE144383
ATAC-seq data This study GEO GSE144383

Experimental Models: Cell Lines

Mouse: RMA

RRID:CVCL_J385

Experimental Models: Organisms/Strains

Mouse: C57BL/6 (B6) (CD45.2)
Mouse: B6.SJL-Ptprc < a > (B6 CD45.1)

Mouse: B6; D2-Tg(TcrLCMV)327Sdz
P14 T cell receptor (TCR)
transgenic (CD45.2)

Mouse: B6.129-Tm(Tcf7)Cle
(Tcf7/) (CD45.2)

Charles River Laboratoies
Jackson Lab

(Pircher et al., 1989)

Verbeek et al., 1995

Strain 027

Strain 002014;
RRID:MGI:6200621

RRID:MGiI:3810256

RRID:MGiI:4360712

(Continued on next page)
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Mouse: B6.Gt(ROSA)26Sortm1 (Snippert et al., 2010) N/A

(CAG-Brainbow?2.1)Cle, (CD45.2) J. Joyce, UNIL

Mouse: B6.Tg(Tcf7S P)Whe (Utzschneider et al., 2016) N/A

(Tcf76FP) (CD45.2)

Mouse: B6.Tg(Tcf7°T*-CFP\Whe (Siddiqui et al., 2019). N/A

(Tcf7@FP-PTR) (CD45.2)

Mouse: B6.Tg(Tcf7°*ER-GFP)Whe This study N/A

(Tcf7 CreER-GFPy (CD45.2)

Oligonucleotides

mTcf7 Fw Microsynth AG TGCTGAGTGCACACTCAAGG
mTcf7 Re Microsynth AG TGCGGGCCAGTTCATAGTA
mArmex2 Fw Microsynth AG CTGCACCCAGTCCTAAGGTTC
mArmcx2 Re Microsynth AG TAGCCTCAGTTTTAGCCCCAT
mElovl6 Fw Microsynth AG GAAAAGCAGTTCAACGAGAACG
mElovl6 Re Microsynth AG AGATGCCGACCACCAAAGATA
mPlIxdc2 Fw Microsynth AG GCCGCAGCAGGAGTTATGTTA
mPIxdc2 Re Microsynth AG TTCATTCCAAGGAAAAGCGTTTG
mSmad1 Fw Microsynth AG GCTTCGTGAAGGGTTGGGG
mSmad1 Re Microsynth AG CGGATGAAATAGGATTGTGGGG
mKIf4 Fw Microsynth AG GTGCCCCGACTAACCGTTG
mKIf4 Re Microsynth AG GTCGTTGAACTCCTCGGTCT
mKit Fw Microsynth AG GCCACGTCTCAGCCATCTG
mKit Re Microsynth AG GTCGCCAGCTTCAACTATTAACT
mp2 m Fw Microsynth AG AGACTGATACATACGCCTGCAG
mp2 m Re Microsynth AG GCAGGTTCAAATGAATCTTCAG
Recombinant DNA

pCMV-dR8.74 D. Trono, EPFL RRID:Addgene_22036

pMD2.G D. Trono, EPFL RRID:Addgene_12259
pLV[shRNA]-mCherry-U6 > Cyagen CCTAAGGTTAAGTCGCCCTCG
Scramble_shRNA

pLV[shRNA]-mCherry-U6 > mTcf7 Cyagen GCCACAAGTCTAAACAATAAT
[shRNA#1]

pLV[shRNA]-mCherry-U6 > mTcf7 Cyagen TTCTCCACTCTACGAACATTT
[shRNA#2]

pLV[shRNA]-mCherry-U6 > mTcf7 Cyagen AGAAGCCAGTCATCAAGAAAC
[shRNA#3]

pLV[shRNA]-mCherry-U6 > mArmcx2 Cyagen CCTGGTACTGTGTCTACAAAT
[shRNA#1]

pLV[shRNA]-mCherry-U6 > mArmcx2 Cyagen CCAGCTTTAAGCTGAACCATT
[shRNA#3]

pLV[shRNA]-mCherry-U6 > mElovl6 Cyagen CCCATGTAGATCAAGTCATAA
[shRNA#1]

pLV[shRNA]-mCherry-U6 > mElovI6 Cyagen GTCAGCAAATTCTGGGCTTAT
[shRNA#2]

pLV[shRNA]-mCherry-U6 > mKIf4 Cyagen CATGTTCTAACAGCCTAAATG
[shRNA#1]

pLV[shRNA]-mCherry-U6 > mKIf4 Cyagen AGTTGGACCCAGTATACATTC
[shRNA#2]

pLV[shRNA]-mCherry-U6 > mKit[shRNA#1] Cyagen ACTTCGCCTGACCAGATTAAA
pLV[shRNA]-mCherry-U6 > mKit[shRNA#2] Cyagen CCCTGGTCATTACAGAATATT
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pLV[shRNA]-mCherry-U6 > mPIxdc2 Cyagen GTTCGAAGAAGAACAATTTAT

[shRNA#1]

pLV[shRNA]-mCherry-U6 > mPIxdc2 Cyagen GTACTGGCTTACAGGTGTTAA

[shRNA#3]

pLV[shRNA]-mCherry-U6 > mSmad1 Cyagen GGACTACCTCATGTCATTTAT

[shRNA#1]

pLV[shRNA]-mCherry-U6 > mSmad1 Cyagen GACGAAGGAGCCACGATAATA

[ShRNA#2]

Software and Algorithms

GraphPad Prism v8.0.2

FlowJo v10
Adobe lllustrator v24.0.1

Cutadapt (v. 1.8)
seq crumbs (v. 0.1.8)

STAR (v. 2.5.3a) (Dobin et al., 2013)(Dobin
et al., 2013)

htseg-count (v. 0.9.1)
RSeQC (v. 2.3.7) (Wang et al., 2012)(Wang
etal., 2012)

R (v. 3.4.4 or 3..5.3).
EdgeR (v. 3.20.9 or v. 3.24.3)

Fastq_screen (v 0.11.1)

Reaper (v 15-065)
Limma (v. 3.38.3)

BiomaRt (v. 2.38.0)

bcbio-nextgen (v. 19.03)
BWA (version 0.7.17-r1188)
samtools (version 1.9)
Macs2 (version 2.1.1)
DiffBind (version 2.10.0)

CHIPpeakAnno (version 3.16.1)

deeptools3

ComplexHeatmap (version 1.20.0)

Integrative Genomics Viewer

Visiopharm (v. 2019.02)
BioRender

http://graphpad-prism.software.informer.

com/5.0/
Tree Star
Adobe creative cloud

(Martin et al., 2011)
http://bioinf.comav.upv.es/seq_crumbs/
(Dobin et al., 2013)

(Anders et al., 2015)

(Wang et al., 2012)

(Robinson et al., 2010)

Davis et al., 2013
(Ritchie et al., 2015)

(Durinck et al., 2009)

arXiv:1303.3997v2
(Li et al., 2009)
(Zhang et al., 2008)

(Ramirez et al., 2014)

(Gu et al., 2016)

(Robinson et al., 2011)

RRID:SCR_002798

RRID:SCR_008520

https://www.adobe.com/ch_fr/
creativecloud

https://cutadapt.readthedocs.io/en/stable/
N/A

https://github.com/alexdobin/STAR/
releases

https://htseq.readthedocs.io/en/release_0.
10.0/

http://rseqc.sourceforge.net/

https://www.r-project.org/

https://www.bioconductor.org/packages/
release/bioc/html/edgeR.html

https://www.bioinformatics.babraham.ac.
uk/projects/fastq_screen/

N/A

http://bioconductor.org/packages/release/
bioc/html/limma.html

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

https://github.com/bcbio/bcbio-nextgen
N/A
http://www.htslib.org/doc/samtools.html
https://pypi.org/project/ MACS2/

https://www.bioconductor.org/packages//
2.10/bioc/html/DiffBind.html

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

https://deeptools.readthedocs.io/en/
develop/

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

http://software.broadinstitute.org/
software/igv/

https://www.visiopharm.com/

https://biorender.com
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Werner
Held (Werner.Held@unil.ch).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
The accession number for the RNA-seq and ATAC-seq data reported in this paper is GEO: GSE144383.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 (B6) (CD45.2) mice were obtained from Charles River (L’Arbresle Cedex, France), CD45.1 congenic B6 mice were bred
locally. P14 T cell receptor (TCR) transgenic mice, expressing a TCR specific for the LCMV gp33-41 epitope (gp33) in the context
of H-2DP [P14 T cells], provided by H.P. Pircher (Freiburg, Germany) (CD45.2*) (Pircher et al., 1989), Tcf7~/~ mice (Verbeek et al.,
1995) provided by H. Clevers (Utrecht, the Netherlands), VB5 TCR transgenic mice (Dillon et al., 1994) provided by P. Fink (Seattle,
USA). Rosa26 lox stop lox Confetti (R26°°") (Snippert et al., 2010) (provided by J. Joyce, UNIL). Tef7SFP (Utzschneider et al., 2016)
and Tcf7PT*GFP mice have been described (Siddiqui et al., 2019).

Tef7CER-GFP mice were generated using a bacterial artificial chromosome (BAC) containing the entire Tcf7 locus plus > 60kb of up
and down stream sequence (RP23-223A11). An EGFP-T2A-CreERT2-polyA fusion gene was inserted into the endogenous transla-
tion start codon present in exon la’ of the Tcf7 locus. PiggyBAC transgenic Tcf7SFF-CreER mice were generated by pronuclear injection
into fertilized B6 oocytes (Cyagen Inc.). Founder mice were identified by PCR and initially characterized by flow cytometry for GFP
expression.

P14 Tcf78F, P14 Tcf7 '~ Tof75%P, P14 Tef7PTR-GFP Tof7CreER-GFP pogContetti gnd P14 Tef7CreER-GFP pogContetti mice were obtained
by breeding (all CD45.2* except indicated otherwise).

Mouse strains were maintained in the SPF animal facility of the University of Lausanne. Experiments used both male and female
mice between 6 and 12 weeks of age whereby donors and recipients of adoptive T cell transfers were sex matched. Animal exper-
iments were conducted in accordance with protocols approved by the veterinary authorities of the Canton de Vaud.

Human vaccination study

Human samples used in this study (protocol 324/13) originated from peripheral blood of n = 6 healthy volunteers (4 female and 2 male,
aged 22 to 47 years) that were in the prospect of receiving the YF-17D vaccine in view of traveling to endemic areas, in collaboration
with the local Centre de vaccination et de médecine des voyages (Policlinique Médicale Universitaire (PMU), Lausanne). The study
protocols were approved by the “Swiss Ethics Committee on research involving humans” of the Canton of Vaud, Switzerland. All
participants provided written informed consent.

METHOD DETAILS

LCMV infections
Mice were infected intraperitoneally (i.p.) with 2 x 10° plaque forming units (PFU) LCMV 53b Armstrong (Arm) or i.v. with 200 PFU of
LCMV WE strain. For recall responses mice were infected with 2 x 10° PFU LCMV Arm (i.p.) (LV sh RNA experiments) or 2’000 PFU of
LCMV WE (i.v.) (all other experiments).

To determine viral titers, spleens from LCMV-infected mice were ‘shock frozen’. Diluted spleen suspensions were then used to
infect Vero cells, and viral titers were determined by an LCMV focus-forming assay, as described elsewhere (Battegay et al.,
1991). Plaque Forming Units (PFUs) were calculated per gram of spleen.

Adoptive T cell transfer

P14 CD8T cells were obtained by mashing the spleen through a 40 um nylon cell strainer (BD Falcon). Red blood cells were lysed with
a hypotonic Ammonium-Chloride-Potassium (ACK) buffer. CD8" T cells were purified using mouse CD8" T cell enrichment kit (Stem-
Cell Technologies). Purified P14 cells (CD45.2) (usually > 95% pure) were adoptively transferred intravenously (i.v.) into naive B6
(CD45.1 or CD45.1/2) one day prior to infection (d-1). For primary responses, 10* naive P14 cells were usually transferred. For the
analyses of very early time points mice received 2x10° (d2 and d3) or 10° (d4) P14 cells. For experiments using Tcf7~~ Tef78F cells,
CD62L* Tef78 PN P14 cells were sorted from the spleen of naive mice and transferred (10%) into B6 recipient. For secondary transfer
experiments involving P14 cells, B6 mice were transplanted with 10* flow sorted cells of the indicated phenotype. For tertiary trans-
fers 2’000 P14 cells were injected i.v.. For transfers of polyclonal CD8" T cells, mice were transplanted with 150000 flow sorted
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Tcf787P* or 40000 Tcf7™- CD8* T cells. Finally, to test the recall response of d8 LV transduced (mCherry*) Tcf78™* cells, 500 to
1’000 flow sorted cells were transferred. For all experiments involving flow sorted cells, cell transfer and LCMV infection and was
done on the same day (d0).

Tamoxifen (TAM) and diphtheria toxin (DT) treatment

Tamoxifen (TAM) (T5648, Sigma) was dissolved in 100% ethanol to a concentration of 100 mg/mL and then diluted in pre-heated
Sunflower seed oil (S5007, Sigma) to a concentration of 10 mg/mL. Mice were injected intraperitoneally (i.p) with 1mg TAM, beginning
at d8 p.i. daily for 5 consecutive days.

Induction of Cre activity in R26°°""+ cells results in the stochastic and mutually exclusive expression of one of four fluorescent
proteins (RFP, CFP, YFP or GFP) (Snippert et al., 2010). Herein irreversible labeling was followed based on RFP expression, but TAM
treatment also yields GFP™ cells. These cells can be discriminated from Tcf7°"®ER"CFP+ cells based on the intermediate amounts of
GFP of the latter. The GFP™ cells were excluded from the analysis.

A Diphtheria Toxin (DT) (D0564, Sigma) stock solution (2 mg/mL in H,O) was diluted in PBS to 5 pg/mL. Mice were injected intra-
peritoneally (i.p) with 50 ng/kg of body weight (around 1 ng of DT in 200 pL per mouse of 20 g). Control mice were injected with PBS

Vaccination

Tef7%P mice were injected sub-cutaneously (s.c.) at the base of tail with a modified synthetic long Ovalbumin peptide (KKKKKLEQ-
LEAAYSIINFEKL, termed KL-SLP) (15.86 nmole) (GenScript, Piscataway, New Jersey, USA) mixed with Pam3CSK4 (2 nmole) (Inviv-
oGen, San Diego, California, USA) in Montanide (25 pL, SEPPIC, Paris, France)), or Pam3CSK4 only in Montanide. The immune
response in the peripheral blood or spleen was analyzed using H-2K? Ovalbumin (SIINFEKL) tetramers (K°Ova) (TCMetrix) one
week or 3 weeks post the boost.

Plasmids, lentiviral vectors, virus production and T cell transduction
Lentivirus UB-shRNA pgk-mCherry constructs were synthesized by Cyagen and 2" generation packaging constructs were obtained
from D. Trono (EPFL) as listed in the Key Resource Table.

For lentivirus (LV) production, 293T cells (passage number < 10) were transiently transfected with lentivirus and 2" generation
packaging plasmids (pCMV-dR8.74 and pMD2.G) using lipofectamine 2000 (ThermoFisher) in the absence of antibiotics. LV culture
supernatants were collected 48 h after transfection, filtered through a 0.45uM filter (Millex) and either used directly to transduce acti-
vated CD8" T cells or stored frozen.

For T cell activation and transduction, CD8" T cells were purified from the spleen of naive P14 Tcf7° RSP mice (abbreviated here
to Tcf78"F) as described above. The Tcf7PTHCFF reporter was used for these experiments since the original Tcf74F reporter ex-
presses mCherry in addition to GFP. Purified cells were activated with Dynabeads Mouse T-Activator CD3/CD28 (ThermoFisher)
(ina 1:1 cells:beads ratio) in the presence of recombinant human IL-2 (50ng/mL) (a gift from N. Rufer, CHUV) in vitro for 24 h before
the addition of viral supernatant. LV transduction of activated cells was performed in the presence of polybrene (4 ng/mL) (Sigma, TR-
1003-G) during spin infection (1800rpm for 90min at 30°C). The cells were further cultured overnight at 37°C. The next morning, trans-
duced P14 cells (10°) were injected i.v. into mice that had been infected with LCMV Arm one day before. Alternatively, P14 cells were
kept in culture for 48 h and analyzed for the transduction efficiency.

In vitro killing assay

RMA mouse tumor cells were pulsed with gp33-41 peptide (KAVYNFATM) (1uM) for 1 h at 37°C, labeled with CTV (Cell Trace Violet)
(2 uM) for 8 min at 37°C and washed 3x. Gp33-pulsed RMA target cells were co-cultured with sorted Tcf7S ™" or Tcf79FP- effector
cells, at the indicated effector to target cell (E:T) ratios, for 4 h at 37°C. In parallel, target cells were cultured alone to measure basal
apoptosis. Following incubation, cells were stained with 7-AAD 5 min before acquisition. Target cell apoptosis was determined by the
incorporation of 7-AAD among CTV" cells. The percentage of specific lysis for a given E:T ratio was calculated as 100*(%lysis-%
spontaneous lysis)/(100-%spontaneous lysis), whereby spontaneous lysis corresponded to the % of apoptotic target cells in the
absence of effector cells.

Tissue preparation and cell suspensions
For the analysis of Trm cells, mice were injected i.v. with 3 ng of APC-eF780-labeled anti-CD8a mAb (clone 53-6.7) 4 min prior to
sacrifice. CD8a cells were considered to be resident in non-lymphoid tissues.

For the isolation of Intraepithelial Lymphocytes (IELs) the mouse’s small intestine was collected and the Peyer’s patches were
excise. The intestine was flushed with HBSS 2% FCS and cut in small pieces before being cut longitudinally (to open the intestine),
followed by incubation with TmM of Dithiothreitol (DTT) (Applichem, A3668) in HBSS 10% FCS and 2mM EDTA for 30min at 37°C
while stirring. After digestion, the cell suspension (containing the IELs) was filtered using a 100uM strainer (Falcon) and centrifuged
to obtain a pellet. The cells were then resuspended in FACS buffer and stained immediately. Alternatively, the resulting pellet was
enriched for CD8 T cells using MACS positive selection (Miltenyi Biotec kit 130-116-478).
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Liver and Lung were cut in small pieces and digested enzymatically with Tumor Dissociation kit (Miltenyi Biotec: 130-096-730) for
30min at 37°C. Following digestion, the tissues were further dissociated using a 40uM strainer. Hematopoietic cells were then iso-
lated using a 40/80% discontinuous Percoll density gradient (GE Healthcare). Cells at the interface were harvested, washed 2x and
red blood cells were lysed with ACK buffer.

For the analysis of bone marrow (BM) the femur was collected and flushed with RPMI 10% FCS using a 10mL syringe and a 26G
needle. The BM cells were then pipeted up and down to obtain a single cell suspension and passed through a 40uM cell strainer.
Finally, red blood cells were lysed using ACK buffer.

Cell suspensions from spleen and lymph nodes (LN) were obtained by mashing through a 40uM nylon cell strainer, followed by red
blood cells lysis using ACK buffer.

Peripheral blood was collected into 1.5mL Eppendorf containing 15 puL of 0.5M EDTA. Peripheral blood mononuclear cells (PBMCs)
were obtained by lysing the red blood cells with ACK buffer and subsequent wash with FACS buffer.

Flow cytometry and cell sorting

Surface staining was performed with mAbs for 20 min at 4°C in PBS supplemented with 2% FCS (FACS buffer) using the reagents
listed in the Key Resources Table. For tetramer staining, cell suspensions were incubated with anti-CD16/32 (2.4G2) hybridoma su-
pernatant before staining for 90min at 4°C with APC-conjugated MHC-I tetramers. Zombie Aqua Fixable Viability kit (Biolegend) was
used to exclude dead cells.

For intranuclear staining, cells were surface stained before fixation and permeabilization using the Foxp3 transcription factor stain-
ing kit (eBioscience: Cat. No. 00-5523) followed by intranuclear staining in Permeabilization buffer 1x (Perm buffer).

For the detection of cytokine production, splenocytes were re-stimulated in vitro with LCMV gp33-41 (gp33) (1uM) or OVAs57_264
(SIINFEKL) (1png/mL) peptide for 5 h in the presence of Brefeldin A (5pg/mL) for the last 4.5 h. Cells were stained at the surface before
fixation and permeabilization (Intracellular Fixation & Permeabilization Buffer Set, eBioscience kit: Cat. No. 88-8824) followed by
intracellular staining in 1x Perm buffer. For the detection of GzmA and GzmB splenocytes were cultured in the absence of peptide
but in the presence of 5ug/mL of Brefeldin A for 4.5 h, before intracellular staining as described above.

To determine cytokine production by memory cell subsets, d30 Tcf7S™ " CD62L*, Tef7S ™M CD62L" or Tef7S P CD62L" P14 cells
(CD45.2) were flow sorted and cultured with flow sorted host splenocytes (CD45.1/.2) in the presence of LCMV gp33-41 (gp33) pep-
tide (1uM) for 5 h, and Brefeldin A (5pg/mL) for the last 4.5 h. Intracellular staining was performed as described above.

For LAMP-1 degranulation assay splenocytes were cultured with 1 uM of gp33 peptide for 30min at 37°C, before the addition of
5ug/mL of Brefeldin A and 1pug/mL of PE-Cy7-conjugated CD107a mAb (Biolegend), followed by incubation at 37°C for 4.5 h. Mobi-
lization of LAMP-1 was determined by the surface expression of CD107a.

For apoptosis assays splenocytes were cultured for 4 h at 37°C in the absence of growth factors. The cells were then stained using
the Annexin V-APC Apoptosis Detection Kit (eBioscience), according to manufacturer instructions. 7-AAD was added 5 min prior to
data acquisition.

For cell cycle analysis, flow sorted d8 Tcf78 1 and Tef7%F cells were fixed and permeabilized using the Foxp3 kit (eBioscience:
Cat. No. 00-5523), followed by intranuclear staining with Ki67-FITC (BD Biosciences 556026) in 1x Perm Buffer. DAPI (2ug/mL) was
added for the last 10min of intranuclear staining.

Cell surface stained cells were analyzed directly. Flow cytometry measurements of cells were performed on an LSR-II or Fortessa
flow cytometer (BD). Data were analyzed using FlowJo (TreeStar).

For cell sorting of P14 cells, splenocytes were enriched for CD8" T cells using the mouse CD8" T cell enrichment kit (StemCell
Technologies) and stained for CD45.1 (A20) or CD45.2 (clone 104). Tcf7 ™ and Tef7% ™ CD45.1” CD45.2* cells were flow sorted
on a FACSAria (BD) flow cytometer. The purity of sorted cells was greater than 99%, based on post-sort analysis.

Immunofluorescence labeling and microscopy

For immunohistochemistry analysis, the spleens from d8 or d30 infected mice were fixed in 1% PFA in PBS overnight, infiltrated with
30% sucrose the next day (overnight) and then embedded and frozen in OCT compound. Cryostat sections were collected on Super-
frost Plus slides (Fisher Scientific), air-dried and preincubated with blocking solution containing BSA, normal mouse serum and
normal donkey serum (Sigma). Then they were labeled during 1 h using the following primary reagents: Rat anti-mCD4 (H129), Mouse
anti-CD45.2 biotin (AL-1) (both produced in house) and rabbit anti-GFP (Thermofisher). After washing with PBS, the following sec-
ondary reagents were applied for 1 h: Donkey anti-rat IgG Cy3 (Jackson Immunoresearch), streptavidin-APC (Biolegend) and donkey
anti-rabbit IgG Alexa488 (Thermofisher). Finally, DAPI (Sigma) was used to stain the nuclei followed by mounting in DABCO (home-
made). Images were acquired with a Zeiss Axiolmager Z1 microscope and a AxioCam MRC5 camera.

Image analysis and cellular identification

Image quantification was performed using VIS Image Analysis software (Visiopharm, version 2019.02). Splenic tissue was detected
applying a 21 pixel mean DAPI™ filter, followed by smoothening the edges and filling holes of the mask using the software’s functions
“close” and “fill holes,” respectively. Next, the mask was converted to a region of interest (ROI), annotated in gray. Within the de-
tected total spleen ROI a similar approach was used to detect regions positive for CD4 expression, in order to identify the T cell
zone (TZ), annotated in red. As the architecture of the TZ was altered in d8 spleens, this ROl was subsequently manually adjusted
based on a relatively higher mean DAPI* signal, reflective of an increased nuclear density compared to the red pulp (RP). The ROI
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for B cell zones (BZ) was manually drawn based on the absence of CD4 signal and relatively higher DAPI* signal density, ROl anno-
tated in blue. ROl were manually adjusted to exclude areas with high background signal due to artifacts in any of the channels (regions
annotated in white).

Nuclear identification was based on the watershed signal of the DAPI* staining. The nuclear label was expanded with 5 pixels to
allow detection of both nuclear and cytoplasmic fluorescent signal. Nuclear labels exceeding the manually set threshold for CD45.2
expression, were converted to CD45.2" labeled cells. Similarly, CD45.2" labeled cells surpassing the threshold for Tcf7 expression
were labeled as Tcf7%F* cells. Threshold settings were identical between different samples. Finally, a counting frame was applied to
ensure accurate counts for all CD45.27, CD45.2* and Tcf7% 7+ cells within the three ROI (total spleen, TZ and BZ). The obtained
counts were then used to determine the frequency of single CD45.2* cells (Tcf7% P~ P14 cells) or of double positive CD45.2* Tef78 +
(Tcf7FP+ P14 cells) in each zone. The frequency of cells in the RP was obtained by subtracting TZ and BZ counts from the cell counts
in the total spleen ROI.

RT-qPCR analysis

For the validation of target gene silencing, in vitro LV-transduced P14 cells were flow sorted based on mCherry expression at 48 h
post-transduction. mCherry* cells were lysed using Trizol LS (Life Technologies) and total cellular RNA was extracted using the
Direct-zol RNA MiniPrep kit (Zymo Research). Next, cDNA was synthesized using the SuperScript Ill First-Strand Synthesis System
(ThermoFisher Scientific). Real-time quantitative PCR was performed using KAPA SYBR FAST gPCR Kit Master Mix (Kapabiosys-
tems) on a LightCycler 480 Instrument (Roche), using primers listed in the Key Resource Table. Gene expression was quantified rela-
tive to g2 m.

RNA-seq analysis

Flow sorted Tcf78 ™" CD62L* CD8* T cells from naive Tef7 '~ or WT Tcf7SFF P14 reporter mice (CD45.2) were used to obtain cellular
RNA or were adoptively transferred into B6 hosts (CD45.1/.2) that were infected with LCMV Arm. Eight or 30 days later, splenic
Tcf78FP and Tef78FP- P14 cells were flow sorted. Sorted cells were lysed and stored in Trizol before extraction of total cellular
RNA using the Direct-zol RNA MiniPrep kit (Zymo Research).

Library preparation, sequencing and data processing were performed using the methods described (Utzschneider et al., 2016). In
brief, double stranded cDNA for RNA-seq library preparation was generated using SMART-Seq v4 Ultra Low Input RNA reagents (#
634888, Clontech) according to the protocol provided with the reagents beginning with 5 ng of total RNA and using 9 cycles of PCR.
150 pg of the resulting cDNA were used for library preparation with the lllumina Nextera XT DNA Library reagents (# 15032354, lllu-
mina) using the single cell RNA-seq library preparation protocol developed for the Fluidigm C1 (Fluidigm). Cluster generation was
performed with the libraries using the lllumina TruSeq SR Cluster Kit v4 reagents and sequenced on the lllumina HiSeq 2500 using
TruSeq SBS Kit v4 reagents. Sequencing data were processed using the lllumina Pipeline Software version 1.82.

Purity-filtered reads were adapters and quality trimmed with Cutadapt (v. 1.3) (Martin et al., 2011) and filtered for low complexity
with seq crumbs (v. 0.1.8). Reads were aligned against Mus musculus (version GRCm38) genome using STAR (v. 2.4.2a) (Dobin et al.,
2013). The number of read counts per gene locus was summarized with htseg-count (v. 0.6.1) (Anders et al., 2015) using M. musculus
(Ensembl v. GRCm38.82) gene annotation. Quality of the RNA-seq data alignment was assessed using RSeQC (v. 2.3.7) (Wang
etal., 2012).

Differential gene expression analysis was performed using R (version 3.1.2). Genes with low counts were filtered out according to
the rule of 1 count per million (cpm) in at least 1 sample, and only protein-coding genes were retained, resulting in 12138 genes
analyzed. Library sizes were scaled using TMM normalization (EdgeR, v 3.8.5) (Robinson et al., 2010) and transformed to log,
cpm. PCA analysis was performed on scaled log, normalized cpm of all retained genes. Differential expression was computed using
the limma package for R (version 3.22.4 (Ritchie et al., 2015)) by fitting data into a linear model correcting for batch effect. Moderated t
test was used for each cell population pairwise comparison and the adjusted p values were computed by the Benjamini-Hochberg
(BH) method controlling for false discovery rate (FDR) independently. Genes were considered as significantly differentially expressed
between any two populations of CD8" T cells at a threshold of absolute log, fold change (FC) > 1 and FDR < 0.05.

The following external gene sets were used for gene set enrichment analysis (GSEA):

1) Genes upregulated in central memory versus effector memory CD8" T cells derived from the spleen of LCMV immune mice
(Tem versus Tem cells) (GEO: GSE70813) (Mackay et al., 2016). RNA-seq data were retrieved form Gene Expression Omnibus
(GEO) database (GEO: GSM1819914, GEO: GSM1819923, GEO: GSM1819915, GEO: GSM1819924) and raw counts were
filtered and genes with at least 1 (cpm) in at least 1 sample were retained (n = 12566 genes). Counts were TMM-normalized
and converted to log, cpm using the edgeR package (version 3.24.3) (Robinson et al., 2010) and the voom function imple-
mented in the limma package (version 3.38.3) (Ritchie et al., 2015). Genes differentially expressed between Tcm and Tem cells
were determined by fitting a linear model to the normalized gene expression data followed by empirical Bayes moderation us-
ing the functions ImFit and eBayes implemented in the limma package. P values were adjusted using the Benjamini-Hochberg
procedure (Benjamini and Hochberg, 1995). In total, n = 1896 genes were significantly upregulated in Tcm compared to Tem
cells. Because genes in Mackay et al. (2016) were labeled with Entrez gene IDs, we retrieved available corresponding Ensembl
IDs using the biomaRt package (v. 2.38.0) (Durinck et al., 2009), resulting in n = 1737 genes used for GSEA.

2) Stem-cell-like memory signature (see Table S1 of (Pace et al., 2018)),
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3) Genes upregulated in hematopoietic stem cells (M8215) (lvanova et al., 2002),
4) Genes upregulated in adult stem cells (M1999) (Wong et al., 2008).
5) Genes upregulated in mature hematopoietic cells (M11205) (lvanova et al., 2002).

For the last three gene sets, we retrieved gene symbols from the Molecular Signatures Database (http://software.broadinstitute.
org/gsea/msigdb) (Subramanian et al., 2005) and converted human gene symbols to mouse Ensembl IDs and mouse gene symbols
using the biomaRt package.

Gene set enrichment analysis was conducted similarly to the method described in (Subramanian et al., 2005), for each cell pop-
ulation comparison separately. All protein-coding genes detected by RNA sequencing (12138 genes) were sorted after differential
gene expression analysis according to their moderated t-statistic estimate. Upregulated genes and downregulated genes were
tested for enrichment separately. An enrichment score (ES) was calculated for each cell subset comparison by increasing or
decreasing a running-sum statistic according to the magnitude of the t-statistic of each gene (using p = 1, see Equation 1 in (Sub-
ramanian et al., 2005). The normalized ES (NES) and associated p value were obtained by randomizing the genes included in the gene
set 10° times. The NES was calculated by dividing the ES by the mean of the randomized ES values, and the nominal p value was
equal to the proportion of randomized ES values that had a higher (for positive ES) or lower (for negative ES) value than the ES initially
calculated. Each p value was then adjusted for the total number of individual ES calculated across the five gene sets and all cell pop-
ulation comparisons by using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995).

We also performed a GSEA of genes differentially expressed between P14 and Tcf7 '~ d8 Tcf78 P cells against the hallmark gene
set list (Liberzon et al., 2015). The method was the same as the one described above, except that the genes in each gene set were
randomized 1000 times.

ATAC-seq analysis

ATAC-seq was performed as described (Buenrostro et al., 2015). Briefly, 510* flow sorted CD8" T cells were washed with cold 1x
PBS and resuspended in 50uL of ice-cold lysis buffer (10mM Tris-Cl (pH 7.4), 10mM NaCl, 3mM MgCl, and 0.1% (v/v) of NP-40. Cells
were centrifuged immediately and the resulting pellet (nuclei) was resuspended in 50uL of transposase reaction mix (25 uL 2xTD
buffer (lllumina), 2.5 uL. Tn5 transposase (lllumina) and 22.5 L of nuclease-free water), followed by incubation at 37°C for 30min (while
gently shacking). Tagmented DNA was cleaned using QIAGEN MinElute PCR Purification kit as described in the kit’s protocol. Library
preparation was performed using lllumina’s Unique Dual (UD) Indexes (R#20027213) and NEBNext High-Fidelity 2X PCR Master Mix
(M0541), using the following program: 5 min 72°C, 30 s 98°C ; 10 cycles: 10 s 98°C, 30 s 63°C, 1 min 72°C: Hold: 4°C.

The libraries were then cleaned using Agencourt AMPure XP magnetic beads (A63880, Beckman). To remove both excess adaptor
primers and big DNA fragments we performed double-sided magnetic bead purification. Finally, libraries were quantified using Frag-
ment Analyzer and sequenced on an lllumina HiSeq 4000, with paired end 150 nucleotides at the Lausanne Genomic Technologies
Facility.

The bcbio-nextgen pipeline (v. 19.03, https://github.com/bcbio/bebio-nextgen) was used for initial computations of the analysis.
Each sample was sequenced on 3 independent sequencing lanes, therefore the sequencing reads of each individual lane and sample
were first processed separately. Reads were filtered for quality and aligned to the Mus musculus reference genome (mm10) using
BWA (version 0.7.17-r1188) (arXiv:1303.3997v2). The three alignment files of each sample were manipulated and merged using sam-
tools (version 1.9) (Li et al., 2009). Peak calling was performed globally for each cell population using Macs2 (version 2.1.1) (Zhang
et al., 2008) with the-broad argument.

Tests of differential accessibility of chromatin among cell populations were performed in R (version 3.5.3) using package DiffBind
(version 2.10.0). Chromatin regions were considered as significantly differentially accessible between any two cell populations at a
threshold of FDR < 0.05.

Principal component analysis was performed using reads per kilobase per million mapped reads (RPKM) of all accessible regions
called by Macs2 (n = 112069). Subsequently, accessible chromatin regions were annotated to genes using the R package CHIPpea-
kAnno (version 3.16.1) and its precompiled Ensembl mouse TSS annotation (TSS.mouse.GRCm38), retaining only regions laying
within + 5kb of a gene for subsequent analyses. Heatmaps of read coverage per region were generated using the computeMatrix
function of the Galaxy instance of deeptools3 (Ramirez et al., 2014). Regions smaller than 4kb were extended 2kb up- or downstream
of the peak center. Read coverage per chromatin region was averaged over the 3 biological replicates of each cell population, and
heatmaps were drawn using the ComplexHeatmap package (version 1.20.0) (Gu et al., 2016).

Figures of coverage tracks were exported from bigwig read alignment files using the Integrative Genomics Viewer (Robinson et al.,
2011). The same y axis scale was set across all samples.

Human peripheral blood collection and analysis
Peripheral blood mononuclear cells (PBMC) were obtained from heparinated whole blood diluted 1:1 in PBS, and subjected to den-
sity gradient fractionation using Lymphoprep (30 min at 400 g without break). PBMC were cryopreserved in complete RPMI 1640
supplemented with 40% FCS containing 10% DMSO (dimethyl sulfoxide).

Frozen PBMC were thawed in RMPI containing 10 ug/mL of DNase | (Sigma), resuspended in FACS buffer (PBS 5mM EDTA, 0.2%
BSA and 0.2% sodium azide) and subjected to CD8" T cell enrichment (Negative enrichment kit from Stem Cell). Cells were then
stained in the following order: 1) A2/LLW tetramer (30 min at 4°C in FACS buffer) followed by a wash in FACS buffer, 2) surface staining
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(in FACS buffer) followed by a PBS wash 3) staining with fixable viability dye in PBS followed by a PBS wash, 4) cells were then fixed
overnight at 4°C and washed in permeabilization buffer (Foxp3 staining kit from eBioscience) 5) rabbit anti-TCF1 staining in perme-
abilization buffer followed by secondary fluorochrome-conjugated anti-rabbit IgG at 4°C. Specific TCF1 staining was further ascer-
tained using a secondary antibody-only control. The cells were resuspended in FACS buffer for sample acquisition using an LSRII
flow cytometer (Beckton Dickinson). Data files were analyzed using FlowJo 9.7.7.

The majority of the PBMC samples in this study (n = 5 from protocol 324/13) were stained for TCF1 using a secondary anti-rabbit
FITC Ab (bioRxiv 808774). One sample was stained with secondary anti-rabbit PE Ab (shown in Figure 5I), accounting for the
improved discrimination of TCF1™ and TCF1'° cells. Regardless of the secondary Ab used, gating of A2/LLW tetramer* TCF1" cells
was based on the TCF1 staining of total naive and total CCR7- CD8* T cells present in the same sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

The fold expansion of T cells was appraised relative to an estimated 10% “take” of the transferred cells (Blattman et al., 2002).
All bar and line graphs depict means + SD. Statistical analyses were performed using Prism 7.0 or 8.0 (Graphpad Software). Non-
paired t test (two-tailed, 95% confidence level) was used for the comparison of 2 datasets. One-way or two-way analysis of variance
(ANOVA) was used for > 2 comparison groups. Statistical details of each experiment can be found in the figure legends. p values (p)
<0.05 were considered significant (*: p < 0.05; **: p < 0.01; ***: p < 0.001; ***: p < 0.0001); p > 0.05 was considered non-significant (ns).
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