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T CELLS

Emergence and fate of stem cell-like Tcf7* CD8" T cells
during a primary immune response to viral infection
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Government Works

In response to infection, naive CD8" T (Ty) cells yield a large pool of short-lived terminal effector (Trg) cells that
eliminate infected host cells. In parallel, a minor population of stem cell-like central memory (Tcy) cells forms,
which has the capacity to maintain immunity after pathogen clearance. It has remained uncertain whether stem-
like Tcy cells arise by dedifferentiation from a subset of cytolytic T cells or whether priming generates stem-
like cells capable of seeding the T¢y compartment and, if so, when cytolytic Ty cells branch off. Here, we show
that CD8™ T cells with stem-like properties, which are identified by the expression of TCF1 (encoded by Tcf7), are
present across the primary response to infection. Priming programs Ty, cells to undergo multiple cell divisions,
over the course of which TCF1 expression is maintained. These TCF1* cells further expand relatively indepen-
dently of systemic inflammation, antigen dose, or affinity, and they quantitatively yield TCF1* Ty cells after
pathogen clearance. Inflammatory signals suppress TCF1 expression in early divided TCF1* cells. TCF1 down-
regulation is associated with the irreversible loss of self-renewal capacity and the silencing of stem/memory
genes, which precedes the stable acquisition of a Ty state. TCF1 expression restrains cell cycling, explaining
in part the limited expansion of TCF1* relative to TCF1~ cells during the primary response. Thus, our data are
consistent with terminal differentiation of effector cells being a step-wise process that is initiated by inflamma-

tion in primed stem-like cells, which would otherwise become central memory cells by default.

INTRODUCTION

Infection activates very rare naive antigen-specific CD8" T (Ty)
cells, which expand and differentiate into cytolytic effector cells
that are needed to clear pathogen-infected cells. Although most of
the effector CD8" T cells are terminally differentiated and die after
pathogen clearance [referred to as terminal effector (Trg) cells], 5 to
10% of the responding cells persist after pathogen clearance and
form a diverse memory CD8" T cell compartment. The latter in-
cludes central memory T (Tcy) cells, which maintain immunity
to subsequent infections with the same pathogen thanks to their
stem cell-like potential to expand, differentiate into effector cells,
or self-renew (I). Several models have been proposed to explain
the relationship between the distinct CD8" T cell states, the pre-
dominance of effector cells during the acute phase of the immune
response, and the emergence of memory cells after antigen clear-
ance (2-5). The linear differentiation model suggests that Ty cells
expand and acquire cytotoxic capacity. Once infection is cleared,
occasional cells dedifferentiate to become noncytolytic Tcy cells
(6, 7). Dedifferentiation is not random, because one subpopulation
of effector stage CD8" T cells, termed memory precursor effector
cells (MPECs), are biased toward memory fate (8-10), although
they do not quantitatively yield memory. Irrespectively, MPECs
express granzyme B (GzmB), have cytotoxic activity (8), and
would, thus, need to dedifferentiate to yield noncytolytic Ty
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cells. In support of this model, the Sell locus (encoding CD62L)
has inhibitory DNA methylation marks in MPEC but is demethyl-
ated in Ty cells (7). Alternative scenarios include the so-called
progressive differentiation model, which proposes that short-lived
effector cells derive from precursors of long-lived cells (2-5, 11—
14). Epigenetic repression of memory associated genes is needed
for efficient effector differentiation (15—17). Here, the level of anti-
genic, costimulatory, and inflammatory signals that individual cells
accumulate is thought to determine the proliferation and differen-
tiation of these precursors. According to this model, stem-like cells
would be required to be present throughout the primary response to
infection; however, that had not been formally demonstrated.

The developmental relationship between Ty and T, cells may
be followed using the expression of the transcription factor TCF1 (T
cell factor 1) (encoded by the Tcf7 gene), which is required for the
generation of Ty cells but dispensable for Trg formation (18-20).
Ty cells express high levels of TCF1, and most CD8" T cells lose
expression after day 3 of lymphocytic choriomeningitis virus
(LCMV) infection, and this is associated with effector differentia-
tion. However, a small population of Tcf7" cells is detected through-
out the primary response to infection (21, 22). In addition, effector
stage cells expressing the central memory marker CD62L have been
observed in bacterial (Listeria monocytogenes) (23-25) and LCMV
infection (26) where they overlap in part with Tcf7" cells (22). Tcf7*
cells present during the expansion phase [day 5 (d5) after LCMV
infection] have the potential to yield Tcy cells after transfer into
infection time-matched secondary hosts. On the other hand, d5
Tcf7™ cells fail to yield Tcy cells and remain Tc¢f7~ (21). Lineage
tracing subsequently revealed that the Tcf7" cells present at the
peak of the response (d8) quantitatively and exclusively yield Ty
cells (22), in line with the inferred trajectory of these cells based on
single-cell RNA sequencing (scRNA-seq) analysis (27). The d8

10f 17

€202 ‘T0 Joquisae uo ARiqi A1SBAIUN [eUOIEN [N0SS Te B10°90Us 105" MMM//:SANY WOoJ ) papeo|umod


mailto:werner.held@unil.ch
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciimmunol.adh3113&domain=pdf&date_stamp=2023-11-17

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

Tcf7" cells thus qualify as central memory precursors (Tpem)- Tpem
cells closely resemble Ty, cells as judged by their comparable phe-
notype, lack of cytolytic activity, and stem cell-like potential in
recall stimulation experiments, whereby TCF1 is essential for the
self-renewal of T, cells (22). The presence of stem-like Tcf7"
CD8" T cells at the peak of the response indicated that Tcf7" cells
might display stem cell-like potential and central memory precur-
sor function throughout the primary response to infection. If so, it
was unknown when and under what conditions these Tcf7" cells
committed toward differentiation and how this translated into
changes in stemness and effector programs.

Here, we show that TCF1" CD8" T cells maintain stem cell-like
potential and central memory precursor function throughout the
primary immune response, but that only the TCF1" cells present
during priming can yield TCF1™ Trg cells. Priming programs
cells to undergo multiple cell divisions while retaining TCF1. The
presence of type I interferon (IFN-I) during cell division, rather
than the priming phase, down-regulates TCF1, resulting in the
stable loss of stemness. Thus, dividing TCF1" cells that are commit-
ted to become Ty, cells can be deviated toward T differentiation
by inflammatory cytokine—induced TCF1 suppression.

RESULTS

Tcf7* CD8* T cells are present throughout the primary
immune response to infection

We have recently shown that Tcf7" CD8" T cells present at the peak
of the primary response to LCMYV infection display key features of
T cells (22). Here, we used scRNA-seq to address whether tran-
scriptionally similar cells were present throughout the primary
CD8" T cell response to infection. We adoptively transferred
naive P14 CD8" T cells (CD45.2), which express a transgenic T
cell receptor (TCR) specific for the LCMV gp33-41 epitope present-
ed by H-2D", into C57BL/6 (B6) recipients (CD45.1 or CD45.1/2).
Mice were then infected with LCMV strains, which cause acute re-
solving infection. On d0 (naive), d2, d3, d4, and d6 postinfection (p.
i.), splenic P14 cells were identified (fig. S1, A and B), flow-sorted,
and subjected to scRNA-seq analysis, obtaining 19,374 high-quality
cells for further analysis (data file S1).

Compared with Ty cells (d0), the average number of unique mo-
lecular identifiers and genes was transiently increased in d2 and d3
cells (fig. S1IC). On the basis of uniform manifold approximation
and projection (UMAP) dimensionality reduction, Ty (d0), d2,
and d6 cells were portioned into discrete areas, whereas d3 and
d4 cells partially comingled, indicating substantial transcriptome
changes (Fig. 1A). We addressed whether cells that were transcrip-
tomically similar to Tpcum cells were present throughout the primary
immune response. To this end, we calculated a T,y gene signature
score (data file S2) (22). Whereas almost all Ty and d2 cells had a
positive T,y score, the presence of such cells was reduced on d3,
d4, and d6 p.i. Notwithstanding, Ty score-positive and Tcf7 " cells
were detected at each time point (Fig. 1, B to D). Very similar results
were obtained using a Tcy; gene signature score (fig. S1D and data
file S2) (22).

To track and eventually isolate TCF1-expressing P14 cells during
the primary immune response, we used a Tcf7°"" reporter mouse
strain (28). Tcf7°"" was highly expressed in virtually all Ty and most
d2 cells but was down-regulated in most cells from d4 p.i. However,
2 to 10% of cells retained Tcf7* expression in response to a low
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dose [2 x 10° plaque-forming units (PFU)] of LCMV Armstrong
(Arm) strain (Fig. 1E), a 10-fold higher LCMV Arm dose (fig. S1,
E and F), or LCMV WE (22), a LCMV strain with broader tissue
tropism compared with Arm (29). The Tcf7** cells expanded
between d4 and d6 p.i., although at a reduced rate compared with
Tcf7SFP~ cells (Fig. 1F). A considerable fraction of the Tcf7%™"* cells
expressed CD62L, CD127, IFN-y, and interleukin-2 (IL-2) at all
time points, whereas a subset of these cells expressed GzmB (but
not GzmA) at d2 and d4 but not at later stages of the primary re-
sponse (fig. S2) as shown before (22). Thus, CD8" T cells with phe-
notypic and transcriptional similarity to Tpcy and Tey cells were
present throughout the primary response to acute infection.

The stem-like potential of Tcf7* CD8* T cells is retained
throughout the primary immune response

Tcf7 is expressed by CD8" T cells with stem cell-like potential.
Therefore, we investigated whether the early Tcf7%*"* cells had
the capacity to expand and self-renew or differentiate in response
to recall stimulation. We isolated Tcf7°""* and Tcf7""™ P14 cells
from the various time points of infection and retransferred them
into naive secondary recipients that were then infected with
LCMV. Eight days later (dx+8), Tcf7°™* cells had expanded
about 10*-fold, irrespective of the time point of isolation from
primary hosts, very similar to that of Ty (d0+8) or Tcy cells (d28
+8) (Fig. 1G). Tcf7%*"* cells yielded more progeny than Tcf7“*"~
cells isolated from the same time point (Fig. 1G). Primary
Tcf79"P~ cells produced only Tcf7S*®~ offspring, most of which
had a Tpg phenotgrpe (Klrgl™ CD127 CD62L") (Fig. 1H and fig.
$3). Primary Tcf7%""* cells yielded more diverse progeny, including
Tef79FP~ Klrgl®, Tcf7™~ Klrgl™, and secondary Tcf7 " cells
(Fig. 1H and fig. S3). The latter lacked Klrgl but frequently ex-
pressed CD127 and occasionally CD62L (fig. S3). Secondary
Tcf7FP* cells derived comparably from Ty and d2 Tcf7%™ cells
but were generated less efficiently from later Tcf7 " cells, al-
though the output was still equivalent or superior in number to
that from Tcy; cells (d28+8) (Fig. 1H). The regeneration capacity
of Tcf7°F"* cells thus declined with the progression of the
primary response (Fig. 1H). This decline was not related to a
change in the fraction of Tcf7" cells coexpressing CD62L (fig.
S2A). Moreover, the d8 Tcf7" CD62L" and Tcf7" CD62L" subsets
had comparable recall expansion and regeneration capacity, as
judged by the generation of secondary Tcf7%*"* cells (fig. S4).
Thus, the presence of Tcf7" cells lacking CD62L at d8 p.i. did not
explain the reduced stemness compared with dO cells. We conclude
that T¢f7" CD8" T cells retain stem-like potential throughout the
immune response but that their regeneration capacity declines.
The latter may be related to the number of prior cell divisions, as
recently suggested for Tcy, cells (30).

Tcf7* CD8" T cells maintain the capacity to become Ty, but
their ability to form differentiated subsets declines with
time after infection

Because Tcf7" CD8" T cells had stem cell-like potential as judged by
the response to recall stimulation, we next addressed their capacity
to yield short-lived effector cells (T'tg) or memory cell subsets [Ty
effector memory (Tgy) or tissue-resident memory (Tgy)] during
the immune response. We used a Tc¢f7-guided fate mapping ap-
proach based on a Tcf7FP"CERT2 mouse strain (Tcf7 <)
(22) combined with a Rosa26 9Tomate (rogTom) reporter allele to
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Fig. 1. Presence and stemness of
Tcf7* CD8* T cells during the
primary response to infection.
(A to D) B6 mice (CD45.1) were
adoptively transferred with naive
Tcf7°F" P14 cells (CD45.2) and in-
fected with LCMV Arm. P14 cells
(CD45.2) were flow-sorted on d0
(naive, Ty), d2, d3, d4, and d6 p.i.
and subjected to scRNA-seq anal-
ysis. (A) UMAP dimensionality re-
duction of P14 cells analyzed at
do (Ty) (n = 5123), d2 (n = 1572),
d3 (n = 3974), d4 (n = 3352), and
d6 (n = 5353) p.i. (B) UMAP plot of
individual P14 cells colored ac-
cording to their level of expression
of a T,cm signature score [genes
up-regulated in d8 Tcf7* (Tocm)
versus d8 Tcf7~ cells]. (C) Distri-
bution of the T,cw score at the
indicated time points of the
primary response. The percentage
of cells with a T,cw score greater
than 0 is shown above each time
point. (D) UMAP and violin plots
showing the distribution of the
expression of Tcf7 [In(norm. counts
+ 1)] in individual P14 cells and
the presence of Tcf7* cells at dis-
tinct time points of the primary
response. (E to H) B6 mice
(CD45.1/2) were adoptively trans-
ferred with Tcf7°F" P14 cells
(CD45.2) and infected with LCMV
Arm. (E) Splenic P14 cells were
analyzed for Tcf7°F expression at
the indicated time points p.i. (F)
Number (N) of Tcf7SFP* (green)
and Tcf7°"~ P14 cells (blue) per
spleen, normalized to an input of
10* cells. (G and H) Tcf7°™* and
Tcf7°%P~ P14 cells (CD45.2) were
flow-sorted at the indicated time
points p.i. and transferred into
naive WT mice (CD45.1 or CD45.1/
2) that were infected with LCMV
Arm. (G) Recipient mice were an-
alyzed 8 days later (dx+8). The bar
graph shows the fold expansion of
P14 cells compared with input
(assuming 10% take). (H) Recipient
mice were analyzed for the pres-
ence of secondary Tcf7°"* P14
cells (green), and the bar graph
depicts the fold expansion com-
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determine the fate of the stem-like CD8" T cells during a primary
immune response without adoptive cell transfers. A single dose of
tamoxifen (TAM) induced Tom expression in a sizeable fraction of
Tcf7" cells, whereby the effective TAM half-life was around 12 hours
(fig. S5).

In our previous work, when fate mapping was initiated on d8
after LCMYV infection, we found that virus-specific d8 Tcf7" cells
yielded Tcf7" Tcy but essentially no Tcf7™ Tgy or short-lived
Trg cells (22). To determine whether Tcf7" CD8" T cells yielded
Tcwm or differentiated Tcf7™ progeny at earlier time points of infec-
tion, we initiated fate mapping on d1, d2, d3, or d4 p.i. (Fig. 2A).
Tom-labeled CD8" T cells, which retained Tcf7°*" expression
(Tom™ Tcf7FF ) were observed both on d8 and d28 p.i., irre-
spective of when labeling was started (Fig. 2, B and E). Some of these
Tom™ Tef7FP7Cr* cells expressed CD62L, and most lacked Klrgl
both at d8 and d28 p.i. (Fig. 2, Cand F), consistent with a Tpcm/Tem
phenotype. The abundance of Tom* Tcf7* 7" cells at d8 and at
d28 p.i. was comparable (Fig. 2H), indicating that Tcf7" CD8" T
cells quantitatively generated Ty cells. Similar data were obtained
when fate mapping was performed using a Rosa26'°* S0P lox Confetti
(R26onfettiy reporter allele (fig. S6). Fate mapping thus showed that
Tcf7" cells present throughout the primary response gave rise to
Tem cells and thus qualified as Ty cells.

In addition, fate-mapping of Tcf7" cells at d1, d2, d3, or d4
yielded Tom" memory cells (d28 p.i.) that no longer expressed
Tef7 (Tom* ch7GFP'icre') (Fig. 2, E and I). These cells lacked
CD62L, but many expressed Klrgl (Fig. 2G), consistent with a
Tem phenotype. The ability of Tcf7* cells to yield Tcf7™ memory
cells declined as the primary response progressed (Fig. 2I), and
we have previously shown that this no longer occurred from d8
Tef7" cells (22).

Tom" Tcf7F7C™ cells were also observed at the peak of the
primary response (d8 p.i.) (Fig. 2, B and J). These cells lacked
CD62L, but most of them expressed Klrgl (Fig. 2D). When labeling
of Tcf7* cells was started at d1 or d2, Tom* Tcf7**<™~ cells were
more abundant at d8 than at d28 (Fig. 2]), consistent with d1 and d2
Tcf7" cells generating short-lived Trpg cells that disappeared after
viral clearance. In contrast, the abundance of Tom™ Tcf7 7 1¢re~
cells at d8 and d28 was not different when labeling was started at
d3 or d4 (Fig. 2]), indicating that T cells were no longer generated.
Corresponding data were obtained when lineage tracing was per-
formed using a R26°°™*" reporter allele (fig. S6). Moreover, fate
mapping of antigen-specific Tcf7" cells, recognizing the gp33 and
the np396 epitopes, from a polyclonal population confirmed that
d4 Tcf7" cells yielded Tcf7" and Tcf7~ memory cells but not
short-lived Trg cells (fig. S7, A to F). In addition, d2 Tc¢f7" cells
were the main source of Try; cells present among intestinal intra-
epithelial lymphocytes (IELs) at d28 p.i. (fig. S7, G to I).

To confirm that Tcf7" cells did not yield T, cells after d2 p.i., we
delayed the adoptive transfer of naive P14 cells relative to the time of
infection (Fig. 3A). Compared with the transfer of naive P14 cells at
the time of infection (d0), P14 transfer at d3 p.i. resulted in a 41.9-
fold reduced expansion of P14 cells at d8 p.i. (Fig. 3B). The forma-
tion of Tcf7°* "~ Klrgl" P14 cells was reduced 107-fold, whereas
that of Tcf7%** P14 cells was only reduced 5.5-fold (Fig. 3C).
The latter cells expressed CD62L and produced IL-2 (fig. S8),
similar to Ty cells.

Thus, our data are consistent with Tcf7" cells having stemness
and maintaining the ability to form Tcy, cells, but they are unable
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to become Trg and Ty, cells efficiently after d2 and cease to yield
Tgm cells between d4 and d8 p.i. Moreover, our data indicate that
the antigenic/inflammatory environment at d3 p.i. generated Tcf7"
cells relatively efficiently but no longer resulted in Trtg formation.

Tcf7* CD8™ T cells no longer contribute to the pool of short-
lived effectors 4 days p.i. but seed memory subsets
Despite the presence of Tcf7" CD8" T cells throughout the immune
response, fate mapping suggested that these cells no longer contrib-
uted to the T pool after d4 p.i. To independently address this, we
used T cells from Tcf7°™ ' transgenic mice (31), whereby the
expression of the diphtheria toxin receptor (DTR) allowed Tc¢f7-ex-
pressing cells to be selectively ablated in vivo. We transferred
Tcf7°™ ST (or control Tef7°"F) P14 cells to B6 mice and treated
with diphtheria toxin (DT) at d4 and d5 after LCMV Arm infection
(Fig. 3D). At d6 p.i., the spleens of mice transferred with Tcf7°™
SFF P14 cells harbored 48-fold fewer Tcf7* P14 cells than control
mice, whereas the number of Tcf7™ P14 cells was not different
(about 10° cells) (Fig. 3E), demonstrating that DT treatment
ablated selectively Tcf7" cells. Independent of the ablation of
Tcf7+ P14 cells, Tcf7~ P14 cells had expanded to about 107 cells at
d8 (Fig. 3F), and both had contracted at d16 p.i. (Fig. 3, F and G),
indicating that the short-lived effector Ty cell pool indeed derived
from Tcf7™ rather than Tcf7" cells present on d4 of the infection.
We evaluated the memory compartment at 16 p.i., because the
mice lose weight about 10 days after DT injection (d14 p.i.) inde-
pendently of the presence of DT-sensitive cells (32). We found
that the deletion of d4 Tcf7" cells reduced the presence of Tcf7™
cells (Tgy) (4.6-fold) (Fig. 3G) and that of CD62L" Klrgl™ (52-
fold) and IL-2" cells (6-fold) (Tcy) (Fig. 3, H and I), indicating
that the formation of Ty and Tey did depend on d4 Tef7* cells.
In contrast, as previously found, d10 Tcf7" cells did not yield Tgy,
but were essential to form a Ty compartment (22), confirming
that the capability of Tcf7" cells to yield Ty, cells ceases over time.
Last, we analyzed the data for evidence that Tcf7™ cells reac-
quired Tcf7 expression during the expansion or the maintenance
phase. Control Tcf7%""* cells expanded 7.6-fold from d6 to d8
p.i., very similar to that of residual Tcf7-expressing Tcf7° ™™ SFF cells
in DT-treated mice. Moreover, the abundance of these Tcf7" cells
did not change between d8 and d16 p.i. (Fig. 3]). There was thus
no evidence that Tcf7™ cells reacquired Tcf7 expression, indicating
that the Tcf7 locus in d4 Tcf7™ cells was stably silenced.

Low TCR and inflammatory signaling favor T,cy relative to
Tre formation

Our data suggested that signals early in the immune response deter-
mined whether CD8" T cells maintained or down-regulated the ex-
pression of Tc¢f7. To identify signals that could be responsible for
modulating early responding CD8" T cells, we used our scRNA-
seq data to evaluate the enrichment of Pathway Interaction Database
(PID) (33) and Hallmark (34) pathway genes in Tcf7" or Tcf7™ cells.
Compared with Ty cells, CD8" T cells from d2 p.i., which were es-
sentially all Tcf7*, were enriched for the IFN-q, IL-12 (PID), and
CD8_TCR downstream pathways (Fig. 4A) However, the
TCR_pathway (PID) signature, which includes genes coding for
components of the TCR complex (CD3e, CD3g, and Lck), was
down-regulated (Fig. 4A), consistent with cells undergoing TCR
stimulation (35). Down-regulation of the TCR_pathway was less
profound in d3 cells and no longer observed in d4 Tc¢f7" cells. In
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Fig. 2. Fate of Tcf7* CD8" T cells during the primary response to A Tof75FP-Ce RogTom
infection. (A) Tcf7°""1<"® R26™°™ P14 cells (CD45.2 or CD45.1/2) were PIACOE R ar CDIB.D
adoptively transferred into B6 (CD45.2 or CD45.1/2) or B6 Tcf7SFPicre I R -
(CD45.2) mice and infected with LCMV WE 1 day later. Recipient mice L 4 ! ki
were either left untreated (no TAM) or injected with a single dose of Q d‘h :(’) 4'2 )
. . Analysis of the spleen
TAM on d1 (TAM d1), d2, d3, or d4 p.i. Gated P14 cells present in the WT or " v TiMos d8 or d28 p.i.
spleen were analyzed for the expression of Tom (R26'°™) versus GFP (CDAST;:ZG;:"ZE% 5 d-1 do B M
(Tcf75FP7i€) (B) d8 Tom* Tcf7SFP e+ cells are highlighted in green ’ ’ d\l/1 (;l[') ;1;
(open), and d8 Tom™ Tcf7°™€"~ cells are highlighted blue (open). (C
and D) CD62L versus Klrg1 within these subsets at d8. (E) d28 Tom™* B o TAM
Tcf7SFPIC* cells are highlighted green (filled), and d28 Tom™* Tcf7SF- a8pi | 1018 —F
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comparison, the down-regulation of the TCR_pathway was stronger
and more sustained in Tc¢f7~ cells (Fig. 4A) compared with Ty cells.
Thus, these data suggest that Tcf7" CD8" T cells are transiently
exposed to TCR and inflammatory signals.

The quantity and the quality of TCR signals determine the ex-
pansion of antigen-specific cells (36, 37). To address the role of
antigen dose and TCR affinity in Tycm formation, we used
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LCMV cl13 virus strains harboring altered gp33 epitopes. For
example, the P14 TCR has no measurable affinity for the F38L (KA-
VYNLATC) (Agp33) epitope (38), whereas the affinity for the A39C
epitope is about 100-fold reduced compared with the wild-type
(WT) epitope (39). WT mice harboring P14 cells were infected
with mixtures of WT and F38L (Agp33) LCMYV cl13 that ranged
from 100, 30, 10, 3, to 0% of WT virus (Fig. 4B). The total infectious
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dose was kept low (200 PFU) to obtain resolved infection and cons-
tant to provide comparable infectious and inflammatory environ-
ments. The mixtures induced very similar endogenous CD8" T
cell responses to the np396 epitope (fig. S9A). As expected, P14
cells did not respond to infection with the F38L virus. Progressively
increasing the contribution of WT virus to the mixture resulted in a
proportional increase in the abundance of P14 cells at d8 p.i.
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(Fig. 4C). At the lowest antigen dose (3%), the fraction of Tcf7"
cells among the total pool of P14 cells was increased (Fig. 4D),
and, consequently, that of Tcf7™ cells was decreased. Despite
minor differences, the responding P14 subsets had comparable phe-
notypes (fig. 9, B and C), indicating that T,c\ formation was less
sensitive to a low antigen dose compared with Tg formation. Infec-
tion with the LCMV variant expressing the low affinity A39C
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Fig. 4. Low TCR input disfavors Ty¢
relative to Tycw formation. (A)
Genes differentially expressed
between Ty and Tcf7* or Tcf7™ cells
present at the different time points of
infection (based on the scRNA-seq
analysis) were subjected to overrep-
resentation analysis using the PID
and the Hallmark (H) gene set col-
lections. The graph shows the sig-
nificance (—log of adjusted P
values) for the indicated gene sets.
For graphical representation, the
—logso(adj. P value) of gene sets
down-regulated in Tcf7* or Tcf7~
cells versus Ty cells was multiplied by
—1. The dotted line depicts the limit
of statistical significance [i.e., £logqo.
(0.05)]. (B) B6 mice (CD45.1/2) were
adoptively transferred with naive
Tcf7°P P14 cells (CD45.2) and in-
fected with a fixed but low dose of
WT and Agp33 (F38L) LCMV cl13,
whose gp33 epitope has no mea-
surable affinity for the P14 TCR. The
mixtures ranged from 100, 30, 10, 3,
to 0% of WT virus. (C) Number of P14
cells and (D) of Tcf7°F"+ and Tcf7°FP~
P14 cells at d8 p.i. (E to H) B6 mice
(CD45.1 or CD45.1/2) were adoptive-
ly transferred with naive Tcf7¢ P14
cells (CD45.2) and infected with a
fixed low dose of WT, F38L (Agp33),
or A39C LCMV cl13, whose gp33
epitope has a low affinity for the P14
TCR. (E) Number of P14 cells and (F)
frequency and number of Tcf7°™*
and Tcf7°~ P14 cells at d8 p.i. (G
and H) Gated Tcf7°"* and Tcf75FP~
cells were analyzed for (G) CD62L
versus Klrg1 expression or (H) IL-2
versus IFN-y production. The data in
(B) to (H) were compiled from two
independent experiments with a
total of n = 7 or 8 mice per group.
Data in (H) are from a single experi-
ment with of n = 4 mice per group.
Data points in (C) to (H) represent
individual mice. Means (+SD) are
shown. Statistics are based on one-
way ANOVA with Fisher’s LSD test (C
to E, G, and H) or nonpaired two-
tailed Student’s t test (F) with ****p <
0.0001; ***P < 0.001; **P < 0.01; *P <
0.05; and ns, P > 0.05.

epitope resulted in a 14.5-fold reduced expansion of P14 cells
(Fig. 4E) that harbored an increased fraction of Tcf7°*** cells com-
pared with the infection with WT LCMV (Fig. 4F). Despite some
differences, the responding P14 subsets had a comparable pheno-
type (Fig. 4, G and H). In addition, the different virus variants
induced a similar response by endogenous np396-specific CD8" T
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cells (fig. S9D). Thus, the formation of T, cells was less affected
by low antigen dose and affinity than the generation of Ty cells.
We then investigated how T,y formation was influenced by in-
flammatory signals. Exposure to IL-2, IL-12, and IFN-I provides
survival factors and promotes effector differentiation (8, 14, 40).
Because IFN-I, rather than IL-12, is essential for effector differenti-

ation in response to LCMV infection (41, 42), we addressed the
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importance of signaling through the interferon o/f receptor
(IFNAR) in T,cp formation. IFNAR blockade resulted in 15.2-
fold reduction of P14 cells, whereby Tc¢f7"™~ and Tcf7S~
Klrgl™ Ty cells were reduced 23.7-fold and 293-fold, respectively.
In contrast, the abundance of Tcf7%""* cells was unaltered (Fig. 5, A
and B). Although these cells showed normal CD62L expression, IL-
2 production was reduced (Fig. 5, C and D). In addition, PD-1

Fig. 5. Inflammatory signaling is
dispensable for Tycy formation. (A
to D) B6 mice (CD45.1/2) were adop-
tively transferred with naive Tcf7¢"
P14 cells (CD45.2) and infected with
LCMV Arm 1 day later (d0). Recipient
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versus Klrg1 expression or (D) IL-2
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(programmed cell death protein 1) and Lag3 expression was in-
creased compared with controls (fig. S9E). The latter may be
related to the fact that IFNAR blockade augments LCMV loads
and delays viral clearance (43). However, the protracted infection
does not account for the lack of Klrgl™ cells, because such cells
are readily observed at d8 after LCMV cl13 infection (44). These
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data showed that IFN-I signaling was essential for Tty but dispen-
sable for T,y formation.

Tocm cells are generated in response to dendritic cell
vaccination

As a complementary approach to address the role of inflammatory
signals in the formation of T,,c;, we investigated their generation in
response to dendritic cell (DC) vaccination. Mice adoptively trans-
ferred with Tcf7"" P14 cells were vaccinated with lipopolysaccha-
ride (LPS)-matured and gp33 peptide-pulsed DC (termed DC33)
alone or in combination with systemic exposure to the TLR9
ligand CpG-B (DC33 + CpG) to induce systemic inflammation
(13,45). DC33 and DC33 + CpG vaccination induced a comparable
expansion of P14 cells at d7 after vaccination (Fig. 5E) consistent
with previous work (20, 45). In response to DC33 + CpG vaccina-
tion, most P14 cells had a Tcf7"™~ Klrgl® phenotype, but 10% were
Tcf7°"™* (Fig. 5, F and G). In comparison, DC33 vaccination gen-
erated fewer Klrgl" Tcf7°*"~ and more Tcf7°*"* cells (Fig. 5, F and
G). There was a similar frequency of CD62L-expressing cells within
the Tcf7°""* CD8" T cell population in both vaccination condi-
tions; however, the frequency of IL-2—producing cells was reduced
after DC33 + CpG vaccination (Fig. 5, G and H). Thus, the absence
of systemic inflammation resulted in an increased generation of cells
with a Tpcm phenotype in response to DC vaccination.

DC33 vaccination expanded Tcy cells about 200-fold relative to
the input of naive P14 cells (Fig. 5F), which was very similar to the
response to LCMV infection (Fig. 1F). In comparison, vaccination
with gp33 peptide or gp33 peptide plus adjuvant [polyinosinic:pol-
yeytidylic acid) (pIC)] did not expand Tcf7“** P14 cells [showing
signs of antigen exposure (CD44")] relative to input (fig. S9F). Al-
though the requirements to generate T,cy cells appeared less strin-
gent than for Ty cells, certain vaccination approaches failed to
efficiently yield T,y cells.

Inflammatory signals received after priming, and once cells
have committed to cell division, contribute to TCF1 down-
regulation in CD8* T cells

We next investigated the relative importance of priming versus in-
flammatory cues during the early immune response to commit cells
to divide and down-regulate TCF1. CellTrace Violet (CTV)-labeled
P14 cells were undivided, and TCF1 protein was expressed at high
levels 2 days after infection, but cell division and down-regulation of
TCF1 had occurred by d3.5 p.i. (Fig. 6B and fig. SI0A). At this time
point, we observed nondivided TCF1", TCF1" cells that had under-
gone 1 to 3 and >3 divisions, as well as TCF1~ cells that had divided
>3 times (Fig. 6B), in agreement with previous work (21).

To address the importance of inflammation in TCF1 down-reg-
ulation and cell division, we treated mice with anti-IFNAR before
adoptive cell transfer and infection. When IFNAR was blocked, all
cells were divided (Fig. 6B), which is likely explained by augmented
viral antigen load (46). In addition, IFNAR blockade increased the
fraction of highly divided (>3 divisions) TCF1" relative to TCF1~
cells (Fig. 6B), suggesting that IFN-I promoted the down-regulation
of TCF1 in dividing cells. Cell division has been shown to be nec-
essary for TCF1 down-regulation based on in vitro experiments
(20, 21).

We next addressed whether TCF1 expression and cell division
were affected by IFN-I exposure during the priming and/or the
cell division phase. P14 cells were primed in vivo and flow-sorted
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on d2 p.i. when cells were undivided and expressed high levels of
TCF1. Sorted cells were then cultured in vitro in the absence of ad-
ditional signals except for the addition of naive spleen cells and low-
dose IL-2 to ensure survival (Fig. 6C). After 48 to 72 hours of
culture, P14 cells had undergone 0 to >4 cell divisions, whereby
all cells retained high TCF1 levels (Fig. 6D). TCF1 expression also
remained high in cells primed in vivo in the presence of anti-IFNAR
despite the fact that most P14 cells were divided (Fig. 6, D and F).
Thus, priming committed cells to divide multiple times but did not
program TCF1 down-regulation. Yet, addition of IFN-B during in
vitro culture induced TCF1 down-regulation in dividing cells
(Fig. 6, E and F). This was also observed when cells had been
primed in the absence of IFNAR signaling (Fig. 6, E and F). Simi-
larly, when naive P14 cells were activated with gp33 peptide-pulsed
splenocytes in vitro, the presence of IL-12 during the division rather
than the priming phase down-regulated TCF1 (fig. S10C). Thus, the
exposure of primed cells to inflammatory cytokines during the cell
division phase was sufficient to induce TCF1 down-regulation.

The absence of TCF1 increases the cycling of CD8" T cells
There is a disparity between the relatively high number of Ttg and
smaller numbers of T,y generated during a primary immune re-
sponse, which has been previously linked to relative rates of cell pro-
liferation (25). Consistent with previous work, we observed that
Tem-prone TCF1' cells underwent fewer divisions than effector-
prone TCF1™ cells (Fig. 6B, left) (21). This raised the possibility
that TCF1 protein itself limited the division of Tcy-prone cells.
To address this issue, we crossed Tcf7°** reporter transgenic P14
mice to a Tcf7~'~ background. Naive P14 cells from these so-
called KO Tcf7°™ mice expressed the Tcf7* reporter at high
levels (22) and were thus useful to track Tcf7" (Tpcy) cells
lacking TCF1 protein. At d3.5 p.i., WT and KO Tcf7°™ cells had
expanded comparably (Fig. 6, G and H), and subsets of both
types of P14 cells retained Tcf7°™" expression (Fig. 61). Although
few WT Tcf7""* cells had divided >3 times, most KO Tcf7°" ™+
cells had divided >3 times (Fig. 6]). In contrast, all WT and KO
TcﬁGFp_ cells had divided >3 times (Fig. 6]).

We further evaluated the division of KO Tcf7“™ cells at d4 and at
d6 p.i using 5-ethynyl-2’-deoxyuridine (EdU) incorporation during
a 2-hour pulse. WT and KO Tcf7%*"~ cells showed comparable fre-
quencies of EAU" cells, which were increased compared with
Tcf7S"* cells (fig. S10D). There were more KO Tcf7%"™"" cells in-
corporating EQU than WT T¢f7°"* cells (fig. S10D). Thus, Tcf7*
cells lacking TCF1 protein underwent more cell divisions, suggest-
ing that the accelerated cycling of Tc¢f7™ cells is directly coupled to
the down-regulation of TCF1. These data are consistent with a role
of TCF1 protein in limiting cell cycle entry or progression, provid-
ing an explanation for the preferential expansion of the Tcf7™ Trg
compartment in response to infection.

Stable loss of the T,cm gene signature occurs upon Tcf7
down-regulation and precedes stable acquisition of a T
gene signature

To obtain further insights into how the generation of Ty cells from
Tcf7" cells was controlled, we computed a Tt gene signature score
derived from published data of d7 Klrgl " versus d7 Klrgl ™ cells (47)
that was characterized by high expression of the genes of interest
Zeb2, CX3CRI, Klrgl, and Sl1pr5 (Fig. 7, A and B, and data file
S2). We compared the distribution of Trg versus the previously
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Fig. 6. Role of priming and inflammatory signals in CD8* T cell cycling and TCF1 down-regulation. (A and B) B6 mice (CD45.1) were depleted of NK cells, treated with
isotype control or anti-IFNAR, transferred with CTV-labeled P14 cells (CD45.2) (1 0°), and infected with LCMV WE. (A) Frequency of P14 cells on d3.5 p.i. (B) Gated P14 cells
were analyzed for CTV versus TCF1, discriminating between undivided TCF17 cells, low divided TCF1* cells (one to three divisions), high divided TCF1* cells (>3 divisions),
and high divided TCF1™ cells (>3 divisions). The bar graphs show the fraction of undivided TCF1* cells (left) and the ratio of TCF1* versus TCF1™ cells that had divided >3
times (right). (C to F) B6 mice (CD45.1) were treated with anti-IFNAR, transferred with CTV-labeled P14 cells (CD45.2) (1 0°), and infected with LCMV WE on d0. Undivided
P14 cells were flow-sorted on d2 p.i. and cultured in vitro in the presence or absence of IFN-{3 for 2 to 3 days. (D and E) Gated P14 cells were analyzed for CTV versus TCF1.
Gates discriminate between undivided TCF1* cells, divided TCF1* cells, and divided TCF1~ cells. (F) Fraction of undivided TCF1* cells (left), divided TCF1* cells, and
divided TCF1~ cells from (D) and (E). (G to J) B6 mice (CD45.1) were transferred with CTV-labeled WT or Tcf7 KO Tcf7°™ P14 cells (CD45.2) (10°) and infected with
LCMV WE. (G) Frequency of P14 cells on d3.5 p.i. Gated P14 cells were analyzed for (H) TCF1 and (I) CTV versus Tcf7™. (J) Gated Tcf7° " and Tcf7°™~ cells were analyzed
for CTV. Gates distinguish between undivided, divided (one to three divisions), and highly divided cells (>3 divisions), with the frequencies of highly divided cells in each
subpopulation shown in graphs alongside. (A and B) Data were compiled from three independent experiments with a total of n = 6 or 7 mice per group. (C to F and G to J)
Data are compiled from two independent experiments with a total of n = 3 to 6 mice per group. Data points in (A), (B), (G), and (J) represent individual mice or (F) cultures
derived from individual mice. Means (+SD) are shown. Statistics are based on non-paired two-tailed Student’s t test (A, B, G, and J) and one-way ANOVA with Fisher's LSD
test (F) with ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; and ns, P > 0.05. KO, knockout.
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calculated T,y signature scores (data file S2) in single CD8" T
cells. The vast majority of d2 cells had a positive T,y but a negative
T score (Fig. 7C). Similarly, the vast majority of T,cn score-pos-
itive cells at subsequent time points had a negative Ttg score
(Fig. 7C), indicating that the two signatures rarely coexisted in
single cells. Rather, some d2 cells and the majority of the later
cells had a negative T,y score. These Tpcp-negative cells lacked

Silva et al., Sci. Imnmunol. 8, eadh3113 (2023) 17 November 2023

a Trpg signature at d2, whereas some d3 and most d4 cells had a
weak Trg score. Cells with a high T'rg score were first observed on
d6 (Fig. 7C). Similar data were obtained using Tcy- versus Tgy-
derived signature scores (data file S2 and fig. S11, A and B). Thus,
these data suggested that CD8" T cells first down-regulated the ex-
pression of T,y signature genes before up-regulating Ty signa-
ture genes.

11 of 17

€202 ‘T0 Joquisae uo ARiqi A1SBAIUN [eUOIEN [N0SS Te B10°90Us 105" MMM//:SANY WOoJ ) papeo|umod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

We further addressed whether the transcriptional changes were
related to changes in chromatin accessibility. To this end, we per-
formed assays for transposase-accessible chromatin with sequenc-
ing (ATAC-seq) analysis of Tc¢f7" (Tpem)s Tef7~ Klrgl™, and
Tef7~ Klrgl™ (Trg) cells isolated at d4 and d8 p.i. together with
Ty cells and d28 Tcf7" (Tcy) and d28 Tef7 cells (Tgy). Although
the different samples had comparable numbers of accessible
regions, the sequencing coverage was lower in d4 Tcf7™ cells (fig.
S11C). This may be due to the rapid cycling of most d4 cells (fig.
S10D), which reduces chromatin accessibility (48). To address ac-
cessibility changes in T,cy and Ty signature genes, we integrated
our bulk ATAC-seq data with previously published bulk RNA-seq
data (22). Among the T, genes overexpressed at the mRNA level
(n=602), n = 323 genes were more accessible in T,cy cells, includ-
ing the genes of interest Tcf7, Sell, and Ccr7 (Fig. 7, D and F; fig.
S11D; and data file S3). These genes contained a total of n = 872
regions that were, on average, more accessible in Tpcy cells
(Fig. 7E). These epigenetically regulated T,,cp genes and regions
were also accessible in Ty, in d4 Tcf7°FF*, and in d28 Tcf7* cells
(Tcam)- On the other hand, these genes/regions were less accessible
in all T¢f7%"~ populations (Fig. 7, D to F). Motif search analysis
showed that these less accessible regions were highly enriched for
Tcf7-binding motifs (Fig. 7G). Thus, a considerable fraction of
Tpcm genes contained Tcf7-binding motifs and became less acces-
sible and less expressed at the time point when Tcf7 was down-reg-
ulated, and this was associated with the loss of stemness.

Conversely, among genes overexpressed in Trg cells (n = 119),
n = 56 genes were more accessible in Trg cells, including the genes
of interest Gzmb, Klrgl, and Fasl (Fig. 7, D and I; fig S10E; and data
file S3). These genes contained a total of n = 152 regions that were
more accessible in Ty, cells (d8 Tcf7~ Klrgl™) (Fig. 7H). The epige-
netically regulated Ty genes/regions were poorly accessible in all
Tcf7" populations (Ty, d4, d8, and d28). Ty genes/regions were
also poorly accessible in d4 Tcf7"™*~ Klrgl™ cells but gained
some accessibility in the occasional d4 Tcf7“""~ Klrgl™ (fig. S1F)
and in d8 Tcf7°*"~ Klrgl™ cells but reached maximal accessibility
only in d8 Tcf7*~ Klrgl* (T'g) cells (Fig. 7, D, H, and I, and fig.
S10E). The accessibility of Trg genes in d28 Tc¢f7™ (Tgy) cells was
intermediate and corresponded to that seen in the d8 Tcf7 "~
Klrgl™ population (Fig. 7H). Many of these latter cells correspond
to CD127" Klrgl™ cells, i.e., MPEC from which T¢f7" cells had been
excluded (fig. S2B), suggesting that Tgy; cells mainly derive from d8
Tcf7~ CD127" Klrgl™ cells. Although T genes were expressed in
d4 Tcf7™ cells, these genes became fully accessible only in Tcf7™
Klrgl™ cells at d8 p.i. On the other hand, the Ifng locus was compa-
rably accessible in Tcf7" and Tcf7™ cells of the same time point but
was poorly accessible in Ty cells (fig. S10F), in agreement with IFN-
y production (fig. S2C). The Ifng locus, thus, seemed to become ac-
cessible in response to activation and independent of T;,cp/T g dif-
ferentiation. We concluded that the stable loss of stemness as seen in
d4 Tcf7™ cells preceded the stable acquisition of a Ttg program
during CD8" T cell differentiation.

DISCUSSION

The stage of an acute immune response when T cells commit to
long-lived Ty cells or to terminally differentiated effector cells
has remained controversial. Here, we showed that a small popula-
tion of TCF1*" CD8" T cells with stem cell-like potential and Tcy

Silva et al., Sci. Imnmunol. 8, eadh3113 (2023) 17 November 2023

precursor function was present throughout the primary response to
infection. These TCF1" cells derived directly from primed naive T
cells, whereby their expansion was proportional to the TCR signal-
ing strength but independent of IFNAR signaling during infection
or independent of systemic inflammation during DC vaccination.
These findings are in line with earlier work showing that a brief
stimulation of naive CD8" T cells with antigen plus costimulation
is sufficient for Ty, formation (49, 50), and DC vaccination in the
absence of systemic inflammation results in accelerated Tcys forma-
tion (13). Thus, the default fate in response to T cell activation is the
generation of TCF1" cells, which act as precursors of Tcy; cells.

Prior work showed that Ty cells preferentially derive from
MPEC (CD127" Klrgl~ effector cells), which have cytolytic activity
(8, 51). To generate nonlytic Ty cells, some MPEC would have to
dedifferentiate, i.e., lose lytic activity, and acquire stem-like proper-
ties after pathogen clearance (6-8, 12, 51). This linear differentiation
scheme is supported by epigenetic changes of the Sell locus (encod-
ing CD62L), which is demethylated in Ty cells but has inhibitory
DNA methylation marks in MPEC [and in short-lived effector
cells (CD127” Klrgl™)] and is again demethylated in Tcy cells
(7). Similarly, the Gzmb locus is poorly accessible in Ty cells but
is comparably accessible in MPEC and SLEC as well as in unfractio-
nated memory cells (52-54). This suggested that all cells acquire an
“effector-like” epigenetic program and that dedifferentiation of
some MPECs was needed for Tcy; formation.

We recently reported that Tcy cells derive from d8 Tcf7™ CD8"
T cells, which represent a subset of about 10% of MPEC. These
Tcf7" cells lack lytic activity and already have stem cell-like proper-
ties (22). However, because pathogen control is essentially complete
at the peak of the primary response, it was possible that the d8 Tcf7*
cells exist in the absence of antigen and that dedifferentiation has
already occurred. Here, we showed that Tcf7" cells displaying
Tpcum function and stem-like properties are present throughout
the primary response to infection. Stemness was, thus, maintained
in a subset of CD8" T cells in the presence of antigen rather than
acquired subsequent to pathogen clearance. The apparent inconsis-
tency to prior data very likely derives from the fact that only 10% of
MPEC are Tc¢f7" cells. In contrast to MPEC, naive/central memory
genes (Tcf7, Sell, or Ccr7) were accessible in Tpcnm cells (d4 or d8
Tcf7"), similar to Ty cells. Conversely, effector genes (GzmB,
Klrgl, or FasL) were poorly accessible in Tpcym and Tey cells and
only modestly increased compared with Ty cells. These analyses
thus suggested that Ty cells derived from precursor cells that
maintained stemness and that had not previously acquired a
stable effector program. However, earlier work suggested that
Tcm cells had expressed GzmB at some earlier stage (6). Some
Tcf7" cells expressed GzmB both at the mRNA and protein level
until d4 of infection (fig. S2D) (55). Despite that, the accessibility
of GzmB gene body (+5 kb) in Tycm cells (d4 or d8 Tcf7") was
only slightly increased compared with Ty cells. Notwithstanding,
an element 22 kb upstream of the GzmB locus showed considerably
increased accessibility in Tpcy and Teu cells compared with Ty
cells, providing evidence that the GzmB locus has been active in
Tcm-prone cells. These cells did not acquire the chromatin accessi-
bility changes associated with Trg differentiation. The data, thus,
suggest that Ty cells derive from Tcf7" precursors without the
need for dedifferentiation.

The continuous presence of stem-like cells satisfied a key predic-
tion of the progressive differentiation model. However, the stage
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during the immune response when stem-like cells committed to a
Trg fate remained unclear. Lineage tracing showed that only the
TCF1" cells present during priming (i.e., before or around the
first cell division) were competent to yield TCF1™ Trg cells
despite stem-like TCF1" cells being present throughout the
primary immune response. Culturing in vivo primed but undivided
TCF1" cells showed that these cells were programmed to undergo
several divisions, as shown before (56), whereby TCF1 expression
was maintained. Addition of IFN-pB during the division phase in
vitro induced TCF1 down-regulation, but prior IFNAR signaling
in vivo was not needed. Thus, priming produced divided TCF1*
cells that were committed to become T¢y cells and that could be
diverted toward an effector fate by inflammatory cytokines, which
suppressed TCF1. Prior work suggested that the effector versus
memory fate decision is made on the basis of a first asymmetric
cell division, whereby the DC proximal daughter cell is effector-
prone and the distal daughter cells is memory-prone (9). Although
there was no evidence of asymmetric TCF1 distribution during the
first three cell divisions, see also (21), it remains possible that the
initial cell division generates effector-prone cells. However, such
cells may realize their potential only several generations later, de-
pendent on their exposure to inflammatory signals. Thus, priming
generates Tcy-prone TCF1" cells, and inflammation-dependent
TCF1 down-regulation initiates the diversion of some of these
cells toward an effector fate.

Last, we addressed the hierarchy of transcriptional and chroma-
tin accessibility changes associated with differentiation. Previous
data suggested that naive cells, which express a stem/memory signa-
ture but lack an effector gene signature, give rise to cycling cells ex-
pressing both signatures. Such bipotent differentiation
intermediates then commit toward effector cells by silencing the
stem/memory signature (I17). However, this hierarchy was
deduced from a relatively late stage of the response to bacterial in-
fection (d7), whereas we obtained evidence for a stable cell fate
change on d3.5 to d4 of the response, which occurred upon TCF1
down-regulation. TCF1 loss resulted in a reduced accessibility of the
Tcf7 locus and a subset of Ty signature genes. TCF1 down-regu-
lation was associated with the loss of T,cy function and stemness
and was stable, because there was no evidence that Tcf7 was reex-
pressed by Tcf7™~ cells. These early Tcf7™ cells had not yet acquired
a stable Tty program. Thus, we propose that Ty differentiation in-
volves the stable loss of stemness, which occurs in response to in-
flammation-induced TCF1 down-regulation, and that this is
followed by the stable acquisition of a Ty state.

The current study has some limitations. The early phase of the
response was studied using unphysiologically large numbers of
virus-specific CD8" T cells, which reduces cellular activation and
could thus explain the presence of TCF1" CD8" T cells early
during the primary response. However, lineage tracing and
lineage deletion experiments are based on lower numbers of input
cells, and the findings provide clear, although circumstantial, evi-
dence that TCF1" CD8" T cells were present throughout the
primary response. Last, the study does not address the question of
how some primed cells retain TCF1 in the face of systemic
inflammation.

A key goal of understanding the developmental origin of Tcy
cells is to generate such cells by vaccination. The identification of
Tcm precursor cells represents an important step toward that
goal. Here, we showed that DC vaccination (in the absence of
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systemic inflammation) leads to a 200-fold expansion of antigen-
specific Tcf7" cells (compared with the input of naive T cells),
which was remarkably similar to LCMV infection. Conversely,
peptide plus adjuvant vaccination failed to amplify Tcf7" cells.
These initial experiments highlight that Tcf7" cells can be expanded
by vaccination but that the precise conditions will need to be
defined and improved. The identification of TCF1" Tycym cells
should greatly facilitate the optimization of current and the
testing of approaches of candidate T cell vaccines.

MATERIALS AND METHODS

Study design

The goal of this study was to understand the developmental origin
of effector and memory CD8" T cells in response to viral infection.
TCR transgenic T cells—expressing reporters to isolate, track the
fate, or ablate virus-specific Tcf7" CD8+ T cells—were transferred
into congenically distinct hosts, and the response to acutely resolv-
ing LCMYV infection was characterized by flow cytometry. The po-
tential of expansion-phase Tcf7" and Tcf7~ CD8" T cell subsets was
examined using recall responses in secondary recipient mice,
whereas their fate was addressed using Tcf7-guided cell tracing
and ablation experiments. These findings were related to transcrip-
tome and chromatin accessibility analyses. Group sizes were n =5 or
as indicated in the figure legends, and experiments were repeated at
least twice. Occasional mice were excluded for technical reasons, i.
e., incomplete intravenous injections.

Mice

C57BL/6 (B6) (CD45.2") mice were obtained from Envigo (Gannat,
France), CD45.1 congenic B6 mice were bred locally, B6 P14 T cell
receptor (TCR) transgenic mice (line 237) were provided by
H. P. Pircher (Freiburg, Germany) (CD45.2") (57), and T¢ -I=
mice (58) were provided by H. Clevers (Utrecht, the Netherlands).
Rosa26 lox stop lox Confetti (R26°°™*") (59) mice were provided
by J. Joyce [University of Lausanne (UNIL)]; Rosa26 lox stop lox
TdTomato (R26T°™3) (60) mice were provided by J. Huelsken
(EPFL, Switzerland); and ch7GFP (28), ch7DTR'GFP (31), and
ch7GFP'C”ERT2 (Tcf78FP- €™ (22) mice have been described. P14
Tcf75%, P14 Tef79® Tef7~'~, P14 Tcf7P™CFF, P14 Tcf7CFPicre
R26°°™M and P14 Tcf7S € R26TO™2° mice were obtained by
breeding (CD45.2" unless indicated otherwise). 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 experiments were conducted in accordance
with protocols approved by the veterinary authorities of the
Canton de Vaud (reference numbers VD1124.8 and VD3704).

LCMV infections

Mice were infected with LCMV 53b Armstrong strain (Arm) (2 x
10° PFU, i.p.), LCMV WE strain (200 PFU, i.v.), LCMV clone 13
(cl13) (200 PFU, i.v.), gp33 epitope mutant (F38L) LCMV cl13
(200 PFU, i.v.) (38), or gp33 epitope mutant (A39C) LCMV cl13
(200 PFU, i.v.) (39). For recall responses, mice were infected with
LCMV Arm (2 x 10° PFU, i.p.) or LCMV WE (2000 PFU, i.v.).

Adoptive T cell transfer
P14 cells were obtained by mashing the spleen through a 40-um
nylon cell strainer (BD Falcon). Red blood cells were lysed with a
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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" or CD45.1/2")
(usually >95% pure) were adoptively transferred intravenously
into naive B6 (CD45.2%, CD45.1%, or CD45.1/2") 1 day before infec-
tion (d—1). For lineage tracing experiments using Tcf7 ¢
R26T0™a P14 cells (CD45.1/27), Tom™ cells were flow-sorted and
transferred into WT or Tcf7° "™ recipients (CD45.2"). For the
analysis of primary responses, the number of P14 input cells de-
pended on the time point of the analysis: ~0.8 x 10° to 2 x 10°
P14 cells for analyses at d2 or d3 p.i. and 10° P14 cells for d4 and
10* P14 cells for all later time points. For experiments using KO
Tef79" cells, CD62L* Tcf7°F"* P14 cells were flow-sorted from
the spleens of naive mice before transfer into recipients. For some
experiments, purified P14 cells were labeled with CTV (2.5 pM) ac-
cording to manufacturer’s instructions. For recall responses, 10*
flow-sorted P14 cells were transferred and recipients were infected
with LCMV on the same day (d0).

Antibody treatment

For natural killer (NK) cell depletion, mice were injected intraper-
itoneally with anti-NKI1.1 (PK136) (0.5 mg). For IFNAR blockade,
mice were injected intraperitoneally with anti-IFNAR1 (MARI1-
5A3) (1 mg) or isotype control antibody (Ab) (mouse immunoglob-
ulin G1) (MOPC-21). All Abs were purchased from Bio X Cell.

TAM, DT, and EdU treatment

Mice transferred with R26 7™ Tcf7FF P14 cells were injected
intraperitoneally with a single dose of 0.1 mg of TAM (T5648,
Sigma-Aldrich). Mice transferred with R26“°" " Tf7SFP-iCre p1g
cells were injected intraperitoneally with 1 mg of TAM on 3 to 4
consecutive days. Induction of Cre activity in R26°°""! cells
results in the stochastic and mutually exclusive expression of one
of four fluorescent proteins [red fluorescent protein (RFP), cyan
fluorescent protein (CFP), yellow fluorescent protein (YFP), or
green fluorescent protein (GFP)] (59). Here, labeling was followed
on the basis of RFP expression. Cre induction also yielded cells ex-
pressing high levels of GFP and YFP, which could be discriminated
from Tcf7FP 1+ cells based on the intermediate GFP levels of the
latter. The GFP/YFP" cells were excluded from the analysis. Control
mice were injected with sunflower vehicle only.

DT (D0564, Sigma-Aldrich) was injected intraperitoneally (50
pg/kg of body weight, i.e., about 1 ug of DT per mouse). Control
mice were injected with phosphate-buffered saline (PBS). Mice
were injected intraperitoneally with 2 mg of EAU 2 hours before
euthanasia.

Cell culture

B6 splenocytes (CD45.1") were pulsed with gp33-41 peptide (KA-
VYNFATM) (1 uM) for 1 hour, washed three times, and used to
stimulate P14 cells (CD45.2) purified from the spleens of naive
mice. Anti-IL12p40 Ab (1 pg/ml) (C17.8) (Bio X Cell) and/or IL-
12 (0.1 to 0.3 ug/ml) (PeproTech) were added as indicated.

P14 cells flow-sorted at d2 p.i. (10*) were cultured for 48 to 72
hours in the presence of naive splenocytes (10*) and low-dose IL-2
(50 ng/ml) (recombinant human, Glaxo, a gift from N. Rufer,
UNIL) to ensure survival. Where indicated, IFN-B (1000 U/ml) (Bi-
oLegend) was added to the culture.
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Vaccination

For DC vaccination, B6 recipient mice (CD45.1" or CD45.172")
were adoptively transferred with purified P14 Tcf7%™ cells (10*)
(CD45.2") 1 day before the intravenous injection of bone
marrow—derived, LPS-matured, and gp33 peptide-pulsed DC
(DC33) (10°), with or without intraperitoneal injection of 50 ug
of CpG-B 1826 oligodeoxynucleotides (TriLink Biotechnologies),
as described in detail in (20).

For peptide vaccination, purified P14 Tcf7°" cells (10°)
(CD45.2") were adoptively transferred 1 day before vaccination.
Mice were injected subcutaneously with 50 ug of poly(I:C) (Inviv-
ogen) together with gp33 peptide (10 pg) (TCMetrix). Mice were
analyzed on day 7 after vaccination.

Tissue preparation and cell suspensions

Spleens were mashed through a 40-pm nylon cell strainer to obtain
single-cell suspensions. This was followed by red blood cell lysis
using ACK bulffer.

For the isolation of IELs, the small intestine was collected, cut
into small pieces, and flushed with Hanks' balanced salt solution
(HBSS) 2% fetal calf serum (FCS) before excising the Peyer's
patches. This was followed by incubation with 1 mM dithiothreitol
(AppliChem, A3668) in HBSS 10% FCS for 20 min at 37°C. The cell
suspension was filtered using a 100-pm strainer (Falcon) and cen-
trifuged, and CD8" T cells were enriched using positive selection by
magnetic-activated cell sorting (Miltenyi Biotec kit, 130-116-478).

Flow cytometry and cell sorting

Surface staining was performed for 15 min at 4°C in PBS supple-
mented with 2% FCS (FACS buffer) using the reagents listed in
data file S4. For tetramer stainings, cell suspensions were incubated
with anti-CD16/32 (2.4G2) hybridoma supernatant before staining
for 90 min at 4°C with allophycocyanine-conjugated major histo-
compatibility complex-I tetramers (data file S4). A Zombie Aqua
Fixable Viability kit (BioLegend) was used to exclude dead cells.

For intranuclear staining, cells were surface-stained before fixa-
tion and permeabilization using the Foxp3 staining kit (eBioscience,
catalog no. 00-5523), followed by intranuclear staining in permea-
bilization buffer 1x (Perm buffer). For cytokine production, spleno-
cytes were restimulated in vitro with LCMV gp33-41 (gp33) (1 uM)
peptide for 5 hours in the presence of brefeldin A (5 pg/ml) for the
last 4.5 hours. Cells were surface-stained before fixation and perme-
abilization (Intracellular Fixation & Permeabilization Buffer Set,
eBioscience kit, catalog no. 88-8824), followed by intracellular
staining in 1x Perm buffer. For GzmA and GzmB detection, sple-
nocytes were cultured in the absence of peptide but in the presence
of brefeldin A (5 pug/ml) for 4.5 hours before intracellular staining as
described above.

EdU was detected with the Click-iT Plus EAU Alexa Fluor 488
Imaging Kit (Molecular Probes, Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. Flow cytometry measure-
ments 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) before cell surface staining. Cells were flow-sorted
to a purity of >99% (based on post-sort analysis) using a FACSAria
(BD) flow cytometer.
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scRNA-seq analysis

Purified Tcf7"F P14 cells (CD45.2) were adoptively transferred
into B6 (CD45.1) mice before infection with LCMV Arm. P14
cells were flow-sorted from the spleen of one mouse (for d0),
pooled spleens of three mice (for d2, d3, or d4), or pooled spleens
of two mice (for d6), and one sample per time point was subjected
to scRNA-seq analysis as described in Supplementary Methods.
After quality control, a total of 19,374 cells were retained for
further analysis (data file S1). Genes differentially expressed
between d0 (Ty) cells and all cells or Tcf7" cells of each time
point were identified using the FindMarkers function in Seurat
with default parameters, and overrepresentation analyses of the
PID (33) and Hallmark (34) gene set collections from the Molecular
Signature Database (MSigDB) v7.5.1) were performed separately for
up- or down-regulated genes using the enricher function of the
clusterProfiler package (v3.18.1) (61).

Gene signatures and calculation of module scores

Tpem and Tey gene signatures derived from bulk RNA-seq analysis
of d8 Tcf7" (Tpcm) versus d8 Tcf7™ P14 cells and d30 Tcf7" (Tewm)
versus d30 Tcf7~ P14 cells (Tgy) after LCMV Arm infection
(22). Genes were considered differentially expressed when
[log,(fold change) > 2] and are listed in data file S2. A Ty, signature
was generated using publicly available bulk RNA-seq data of Klrgl*
P14 cells (GSM3568611, GSM3568612, and GSM3568613) versus
Klrgl™ P14 cells (GSM3568614, GSM3568615, and
GSM3568616), both at d7 after LCMV Arm infection (47). Genes
were considered differentially expressed when [log,(fold change)
> 1.5] (data file S2). A module score was calculated for each gene
signature using the AddModuleScore function in the Seurat
package (62).

ATAC-seq analysis

Purified Tcf7°"" P14 cells (CD45.2) were adoptively transferred
into B6 mice (CD45.1) before infection with LCMV Arm. At d4
and d8 p.i., Tef7°FP, Tef79FP~ Klrgl™, and Tef7%""~ Klrgl* P14
cells were sorted from the spleens of infected recipient mice or
from naive ch7GFP P14 mice, and three replicates (5 x 10* cells)
of each population were subjected to bulk ATAC-seq analysis as de-
scribed in Supplementary Methods. ATAC-seq peaks were associat-
ed to the gene that was closest and located within <5 kb of the gene
body. We further incorporated our prior chromatin accessibility
data from d28 Tcf7" (Tcy) and d28 Tef7~ samples (Tgyy) (three rep-
licates each) into the analyses (22). The reads overlapping peaks
were counted with the dba.count function, followed by normaliza-
tion and differential accessibility analysis as described above. We
transformed the sequencing counts to log,(counts per million +
1) using the cpm function of edgeR (v3.34.1) (63) and calculated
for each sample the average chromatin accessibility of all peaks as-
sociated with a gene.

Data normalization

The number of P14 cells per spleen (output) was recalculated as if
10* cells had been transferred. In addition, for all time points, we
took into account that the effective take of the transferred cells
was 10% (64). Output counts were thus normalized to an effective
input of 10* cells. The fold expansion of P14 cells was also estimated
relative to an estimated 10% “take” of the adoptively transferred
naive P14 cells (64).
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Statistical analyses

Statistical analyses were performed using Prism 8.0 or 9.0 (Graph-
pad Software). Nonpaired Student's ¢ test (two-tailed, 95% confi-
dence level) was used for the comparison of two datasets.
Analysis of variance (ANOVA) was used for >2 comparison
groups. P values were considered significant when P < 0.05, indicat-
ed as (*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001); P > 0.05
was considered nonsignificant (ns).
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