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Early Notch signals from fibroblastic reticular cells
program effector CD8* T cell differentiation

Dave Maurice De Sousab>**@®, Eric Perkey**@®, Laure Le Corre¥>**@®, Salix Boulet'®, Daniela Gémez Atria>®, Anneka Allman°®, Frédéric Duval'®,
Jean-Francois Daudelin'@®, Joshua D. Brandstadter°®, Katlyn Lederer’®, Sarah Mezragh>*@®, Livia Odagiu»?®, Myriam Ennajimi»?@®,

Marion Sarrias??@®, Héléne Decaluwe®®, Ute Koch’®, Freddy Radtke’®, Burkhard Ludewig®®, Christian W. Siebel’®, Ivan Maillard>°@, and
Nathalie Labrecque®>1'®

A better understanding of the mechanisms regulating CD8* T cell differentiation is essential to develop new strategies to fight
infections and cancer. Using genetic mouse models and blocking antibodies, we uncovered cellular and molecular mechanisms
by which Notch signaling favors the efficient generation of effector CD8* T cells. Fibroblastic reticular cells from secondary
lymphoid organs, but not dendritic cells, were the dominant source of Notch signals in T cells via Delta-like1/4 ligands within
the first 3 days of immune responses to vaccination or infection. Using transcriptional and epigenetic studies, we identified a
unique Notch-driven T cell-specific signature. Early Notch signals were associated with chromatin opening in regions
occupied by bZIP transcription factors, specifically BATF, known to be important for CD8* T cell differentiation. Overall, we
show that fibroblastic reticular cell niches control the ultimate molecular and functional fate of CD8* T cells after vaccination

or infection through the delivery of early Notch signals.

Introduction

Following antigen recognition, naive CD8* T cells massively
expand and differentiate into effector cells endowed with the
ability to control infection. This differentiation process involves
a complex molecular cascade of events where external signals
from antigen presentation, costimulation, and inflammation are
integrated to orchestrate chromatin reorganization and induc-
tion of a transcriptional program that will generate, at the peak
of the response, two main subsets of effector T cells: short-lived
effector cells (SLECs) and memory precursor effector cells
(MPECs) (Kaech et al., 2003; Joshi et al., 2007; Sarkar et al., 2008).
Most SLECs die during the contraction phase of the response,
while MPECs differentiate into long-lived memory CD8*
T cells (Kaech et al., 2003; Joshi et al., 2007; Sarkar et al.,
2008). CD8* T cell effector differentiation is regulated by
several competing transcription factors: T-BET, ID2, ZEB2,
and BLIMP-1 that induce the SLEC transcriptional program,
while EOMES, ID3, ZEB1, and BCL-6 favor MPEC differentiation
(Intlekofer et al., 2005; Yang et al., 2011; Omilusik et al., 2015;
Dominguez et al., 2015; Rutishauser et al., 2009; Kallies et al., 2009;

Ji et al., 2011; Guan et al., 2018; Ichii et al., 2002). Shortly after
T cell activation, binding sites for RUNX, basic leucine zipper
domain (bZIP), and NR4A family members are among the first
motifs to become more accessible in chromatin (Wang et al.,
2018). While NR4A transcription factors and the bZIP family
member BACH2 are viewed as molecular breaks of CD8* T cell
function (Odagiu et al., 2020; Liu et al., 2019; Chen et al,,
2019), this first wave of transcription factor activity results in
further increases in chromatin accessibility and in the estab-
lishment of a collaborative molecular network driving differen-
tiation. For example, BATF and IRF4 collaborate to bind DNA and
synergize with RUNX3 and T-BET to restructure chromatin ar-
chitecture and establish the effector program (Kurachi et al.,
2014; Tsao et al., 2022). In addition, RUNX3 increases tran-
scription of Irf4 and Prdml (encoding BLIMP-1) and promotes
accessibility to memory regulatory regions (Wang et al., 2018).
We and others showed that Notch pathway activation controls
SLEC differentiation, but how the pathway interacts with the
SLEC/MPEC transcription factor network remains unknown
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(Mathieu et al., 2015; Backer et al., 2014). Furthermore, Notch
was described as an amplifier of SLEC differentiation by inte-
grating and positively feeding into SLEC-driving signals such as
IL-2 and AKT/mTOR (Backer et al., 2014; Kalia et al., 2010; Obar
et al., 2010; Macintyre et al., 2011; Araki et al., 2009; Kim et al.,
2012). Indeed, IL-2 and mTOR can modulate Notch receptor ex-
pression in CD8* T cells, while Notch expression is required for
full induction of these pathways, as measured by CD25 expres-
sion and AKT/mTOR phosphorylation (Backer et al., 2014;
Mathieu et al., 2015; Maurice De Sousa et al., 2019). Molecularly,
when and how Notch fits in the complex network of transcrip-
tion factors that regulate T cell differentiation remains unclear.

Notch influences the development and function of multiple
immune cell types (Radtke et al, 2013; Amsen et al., 2015;
Vanderbeck and Maillard, 2021). Notch is activated upon Notch
receptor binding with ligands of the Delta-like (DLL) or Jagged
family. Ligand-receptor interactions lead to receptor cleavage
and release of the Notch intracellular domain (NICD), which
translocates to the nucleus, associates with RBP], and recruits a
member of the Mastermind-like (MAML) family and other co-
activators to induce gene transcription (Osborne and Minter,
2007). Notchl and Notch2 are present at low abundance in
naive CD8* T cells, but their expression is induced following TCR
stimulation and inflammation (Fiorini et al., 2009; Backer et al.,
2014; Mathieu et al., 2013). During CD8* T cell responses to
vaccination and infection, we and others showed that Notchl
and Notch2 promote SLEC differentiation (Mathieu et al., 2015;
Backer et al., 2014) through interactions with DLL1 and DLL4
Notch ligands (Perkey et al., 2020). Several studies showed that
dendritic cell (DC) activation leads to increased Notch ligand
expression (Amsen et al., 2004; Maekawa et al., 2008; Ito et al.,
2009; Skokos and Nussenzweig, 2007; Napolitani et al., 2005;
Mochizuki et al., 2013, 2016; Backer et al., 2014), suggesting that
DCs can be sources of Notch ligands during T cell responses.
Recent studies showed that DLL4 expression in secondary
lymphoid organ fibroblastic reticular cells (FRCs) regulates T
follicular cell (Tfh) differentiation, while DLL1 and DLL4 in FRCs
drive T cell pathogenicity during graft-versus-host disease
(GVHD) (Fasnacht et al., 2014; Chung et al., 2017). These findings
raise the possibility that DLL1 and DLL4 expression by FRCs
dictate in vivo CD8* T cell fate. FRCs function as the specialized
building blocks of lymphoid organ niches providing topological
cues to support CD8* T cell differentiation, as well as other cell
types (Fasnacht et al., 2014; Camara et al., 2019; Bellomo et al.,
2020; Perez-Shibayama et al., 2020; Cupovic et al., 202I;
Alexandre et al., 2022). Recent observations indicate that FRC
niches also sustain T cell activity in human lymphoid tissues (De
Martin et al., 2023). Altogether, activated CD8* T cells may re-
ceive Notch signals from activated DCs, FRCs, or both. Identifying
the timing of Notch signaling and the cellular source(s) of Notch
ligands is necessary to fill an important knowledge gap.

In this manuscript, we explore the temporal regulation as
well as the cellular and molecular effects of Notch signaling in
CD8* T cell responses. Secondary lymphoid organ FRCs, and not
hematopoietic antigen-presenting cells (APCs), provided critical
Notch signals to CD8* T cells to promote SLEC differentiation.
The major effects of Notch on CD8* T cells relied on signals
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delivered during the first 3 days of T cell activation. Tran-
scriptomic analysis demonstrated that the Notch-regulated gene
program in T cells was distinct from previously identified Notch
signatures. Combined transcriptomic and epigenetic studies
prior to the peak of the response showed that Notch activation
was associated with enhanced chromatin opening, particularly
at bZIP binding sites, leading to full induction of the T cell ef-
fector program and suppression of gene expression associated
with the naive T cell state. Finally, BATF but not c-JUN or JUNB
overexpression promoted SLEC differentiation in Notch-deficient
CD8* T cells, suggesting that the activity of a restricted subset
of bZIP family members was facilitated by Notch activation in
this process. Together, our results integrate cellular, temporal,
and molecular features of Notch activation to elucidate how it
promotes differentiation of cytotoxic T cells.

Results

Notch ligand-dependent CD8* T cell instruction by FRCs

We previously showed that DLL1- and DLL4-mediated activation
of Notchl and Notch2 receptors in CD8* T cells promotes SLEC
differentiation (Mathieu et al., 2015; Perkey et al., 2020).
However, the cellular sources of Notch ligands during acute
CD8* T cell responses remain unknown. Several lines of evi-
dence point to a role for Notch ligands in DCs, as their expres-
sion is induced during DC maturation (Amsen et al.,, 2004;
Maekawa et al., 2008; Ito et al., 2009; Skokos and Nussenzweig,
2007; Napolitani et al., 2005; Mochizuki et al., 2013, 2016;
Backer et al., 2014). The role of DC Notch ligands was never
tested during CD8* T cell differentiation in response to vacci-
nation and infection in vivo. On the other hand, DLLI1 and DLL4
are expressed by FRCs in secondary lymphoid organs, which
emerged as critical cellular sources of Notch ligands during Tth
cell differentiation and alloimmune T cell responses in GVHD
(Fasnacht et al., 2014; Chung et al.,, 2017; Perkey et al., 2020;
Tkachev et al., 2023). Therefore, we evaluated whether DLL1 and
DLL4 expression by FRCs was required for SLEC differentiation.
We turned to Ccl19-Cre*DII/EDII41/ mice (referred to as DIli/
4775, with Cre negative controls as DIlI/4/%) specifically lacking
DLL1 and DLL4 expression in secondary lymphoid organ FRCs
(Chai et al., 2013; Cremasco et al., 2014; Rodda et al., 2015; Chung
et al., 2017). We vaccinated DIl1/4%/2 versus DIlI/4%/8 mice with
ovalbumin (OVA) peptide-pulsed bone marrow (BM)-derived
DCs (BMDCs) differentiated with FLT3L as these cells expressed
high-level of DLL4 following TLR-induced maturation while
GM-CSF BMDCs did not (Fig. S1 A) (Mochizuki et al., 2016).
FLT3L-DCs were generated from the BM of control wild-type
(WT) Mx1-Cre-DIIVAD]I41/ mice (referred to as DC fl/fl), or
from DLL1 and DLL4-deficient BM from Mx1-Cre*DIlIf/D1i4f/4
mice (referred to as DC A/A), both harvested from mice previ-
ously treated with poly(l:C) to induce Cre expression. This
strategy inactivates DIl and DIl4 in all hematopoietic cells
(Chung et al., 2017; Perkey et al., 2020). Antigen-pulsed WT and
DLL1/4-deficient FLT3L-DCs were then used to vaccinate WT or
Ccl19-Cre*DIIVADN4Y/A mice (respectively referred to as stromal
fl/fl or stromal A/A) to delineate the essential cellular source of
Notch ligands (Fig. 1 A). Abrogation of DLL1 and DLL4 expression
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Figure 1. Following vaccination, fibroblastic reticular cells but not DCs provide Notch signals to promote effector CD8" T cell differentiation. (A-D)
Mice with or without a specific loss of Notch ligands DLL1/4 in stromal cells (Ccl19-Cre*/~ x DUIVA-DII4"f) were vaccinated with OVA-loaded FLT3L BMDCs
generated from poly(1:C)-treated Mx-Cre* or Mx-Cre~ x DUIVA-DI47/" mice to evaluate the respective roles of DLL1/4 on FLT3L-generated BMDCs and Ccl19-
Cre* stromal cells in CD8" T cell expansion (B), SLEC/MPEC differentiation (C), and Notch-regulated GCNTL activity detected by 1B11 staining (D). C and D are
gated on Tet-OVA* CD8* T cells. Data are from two independent experiments with a total of n = 8-9 mice per group. Error bars display means + SEM.
Kruskal-Wallis ANOVA with Dunn’s multiple comparison was used for multiple group comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

in either stromal cells or DCs did not impact the overall ex-
pansion of OVA-specific CD8* T cells after vaccination (Fig. 1 B)
but profoundly decreased SLEC differentiation, while loss of
DLL1 and DLL4 expression in DCs did not affect SLECs (Fig. 1 C).
Cre expression alone in FRCs did not decrease the relative
abundance of SLECs after DC vaccination (data not shown).
To validate that FRCs were the major source of DLL1 and
DLL4 for SLEC differentiation, we vaccinated WT or Ccl19-
Cre*DIIY/ADII4M/1 mice (respectively referred to as stromal fl/
fl or stromal A/A) and treated them with anti-DLL1 and anti-
DLL4 blocking antibodies (Fig. S1 B). A similar OVA-specific
CD8* T cell expansion was observed in all mice (Fig. S1 C).
SLEC differentiation was abrogated in mice lacking DLL1/4 ex-
pression in FRCs and this was not further decreased by anti-DLL1/
4 treatment (Fig. S1 D). Furthermore, a similar decrease in SLEC
differentiation was observed in mice with T cells expressing a
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dominant negative form of MAML1 (DNMAML), a potent in-
hibitor of canonical RBPJ/MAML-dependent Notch signaling
(Maillard et al., 2004) (Fig. S1 E). To determine the intensity of
Notch signaling experienced by CD8* T cells, we leveraged our
previous finding that Gentl is a Notch-regulated gene and that
GCNTI-mediated core 2 glycosylation activity can be quantified
via the detection of core 2-modified CD43 with the 1B1l anti-
body (Perkey et al., 2020). As evidenced by 1B11 staining, DIl1/4
inactivation in FRCs resulted in decreased Notch signaling in-
tensity in OVA-specific CD8* T cells, while Dlll/4 inactivation
only in DCs had non-significant effects (Fig. 1 D). In the absence
of DLL1 and DLL4 expression by secondary lymphoid organ
FRCs, anti-DLL1/4 treatment decreased 1BIl1 staining when
compared with the isotype control group (Fig. S1 F). Our results
demonstrate an essential role for DLL1 and DLL4 expression by
FRCs during CD8 T cell differentiation into SLECs following DC
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vaccination, although other cell types were able to contribute in
a minor way to Notch signaling in CD8* T cells as revealed with
1B11 reactivity as a sensitive readout.

Essential Notch ligand provision by FRCs during

Listeria infection

Vaccination with DCs induces low levels of inflammation and
SLEC generation when compared with infection (Badovinac
et al., 2005). Inflammatory and TLR signals have been re-
ported to induce Notch ligand expression in DCs (Ito et al., 2009;
Skokos and Nussenzweig, 2007; Amsen et al., 2004; Napolitani
et al., 2005; Mochizuki et al., 2013; Backer et al., 2014). We
evaluated whether DLL1 and DLL4 expression was induced in
DCs following Listeria monocytogenes (Lm) infection. DIl and Dil4
mRNA increased in DCs on day 2 after infection (Fig. S1 G). We
then assessed whether Notch signals were provided by second-
ary lymphoid organ FRCs in the context of Listeria infection and
its associated inflammation. We infected control versus Ccl19-
Cre*DIIVADNI4YT mice with Lm-OVA (expressing OVA as a
model antigen) and analyzed OVA-specific CD8* T cell response
7 days later. OVA-specific CD8* T cell expansion was not im-
paired by DIlI and DIl4 inactivation in FRCs (Fig. 2 A). Similarly,
CD8* T cell expansion was not impaired or even increased upon
Notchl/2 inactivation in CD8* T cells (Fig. 2 A). The CD8* T cell
effector functions (Fig. S1 H), or bacterial control (not shown),
were not affected by the inactivation of DIl and D14 in FRCs like
previously reported for Notchl/2 inactivation in CD8* T cells
(Mathieu et al., 2015). In contrast, SLEC differentiation was
compromised by DLL1/4 loss in FRCs to a similar extent as
previously reported for the loss of Notchl/2 receptors in CD8*
T cells (Fig. 2 B) (Mathieu et al., 2015). Furthermore, induction of
1B11 staining of core 2-modified CD43 in CD8* T cells was de-
pendent on DLL1/4 expression by FRCs (Fig. 2 C). These results
establish the essential role of DLL1 and DLL4 expression by
secondary lymphoid organ FRCs to trigger Notch signaling in
T cells during their response to Listeria infection.

A recent study identified Pofutl as a regulator of Notch signals
in CD8* T cells. Similar to Notch-deficient T cells, CD8* T cells
lacking Pofutl showed decreased SLECs with a selective loss of
effectors highly expressing CX3CR1 (Huang et al., 2021), raising
the possibility that Notch signaling specifically affects the gen-
eration of CX3CR1M SLECs. Indeed, mice lacking DLL1/4 in sec-
ondary lymphoid organ FRCs showed loss of CX3CR1MCXCR3°
SLECs after Listeria infection (Fig. 2 D), although to a lower
extent than mice lacking Notchl and Notch2 in CD8* T cells
(Fig. 2 D). This may result from strain differences (genetic and/or
microbiome) or from Notch ligand-expressing cells not targeted
by Ccl19-Cre that contribute to some extent to CX3CRIP.CXCR3
SLEC differentiation.

In other contexts, signals provided by DLL ligands are often
not redundant. This is illustrated by the observation that
knocking in DIl into the DIl locus is embryonic lethal (Preufle
et al,, 2015). In GVHD, DLL4 is the main driver of IFN-y pro-
duction by alloreactive CD4* T cells (Tran et al., 2013). Further-
more, DLL4 expression in FRCs regulates Tth differentiation in
lymph nodes, while DLLI controls marginal zone B (MZB) cell
homeostasis in the spleen (Fasnacht et al., 2014). To determine if
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DLL1 and DLL4 were both required for SLEC differentiation, we
injected anti-DLLI and anti-DLL4 antibodies in Lm-OVA-infected
mice either separately or in combination. Anti-DLLI or anti-DLL4
alone had only minor effects on the proportion of SLECs, while
combined DLL1/4 blockade significantly decreased SLEC differ-
entiation (Fig. 2 E). DLL1/4 inhibition did not affect overall
effector functions (Fig. S1 I). The recapitulation of the SLEC
phenotype by anti-DLL1/4 treatment demonstrates that Cre ex-
pression alone in FRCs did not impair SLEC differentiation. Thus,
both DLL1 and DLL4 contributed to Notch signaling during ef-
fector CD8* T cell differentiation, and secondary lymphoid organ
Ccl19-Cre* FRCs were the predominant source of these ligands
for CD8" T cells.

We then assessed whether memory CD8* T cells generated in
the absence of Notch signaling had a decreased ability to dif-
ferentiate into SLECs following a secondary challenge. Notch
signaling was also required to generate SLEC during a recall
response (Fig. S2). Furthermore, WT memory CD8* T cells were
impaired in the generation of secondary SLECs when mice were
treated with anti-DLL1/4 antibodies only during rechallenge
with Lm-OVA (Fig. S2).

Notch provides early fate-determining signals during CD8*

T cell differentiation

To decipher the molecular events regulated by Notch signal-
ing during CD8* T cell responses, it is critical to identify when
Notch signaling is provided to CD8* T cells and when it im-
pacts SLEC differentiation. We first defined the expression
kinetics of Notchl and Notch2. Notch receptor expression was
measured by flow cytometry after the adoptive transfer of
CD45.2* OT-I cells into CD45.1* recipients followed by Lm-
OVA infection. Expression of Notchl on primed antigen-
specific CD8* T cells was maximal on day 2 after infection
and decreased by day 7 (Fig. 3 A). In contrast, cell surface
Notch2 was not detected on antigen-specific CD8* T cells
during CD8* T cell response (Fig. S3 A). This may be a con-
sequence of transendocytosis of the extracellular domain of
Notch following ligand engagement. Therefore, we used an
antibody that targets the intracellular domain of Notch2 (NT/
ICD2). NT/ICD2 detection followed a similar pattern as Notchl
(Fig. 3 A). For both receptors, staining specificity was vali-
dated using adoptive transfer of OT-I T cells with Notchl and
Notch2 gene inactivation (Fig. S3 B). As both Notchl and
Notch2 expression was induced on antigen-specific CD8* T
cells, we tested the role of individual Notch receptors during
SLEC formation. We studied the immune response to Lm-OVA
in mice with CD8* T cells lacking expression of Notchl (ESI-
Cre*-Notch1/fl), Notch2 (E8I-Cre*-Notch2f/fl), or both receptor
genes (E8I-Cre*-Notchl/fINotch2f/8), Notchl or Notch2 inacti-
vation alone had no impact on effector CD8* T cell differenti-
ation, while combined Notchl/2 inactivation decreased SLEC
proportion (Fig. 3 B). The lack of effect of single gene deletions
demonstrates that Cre expression in CD8* T cells was not re-
sponsible for the SLEC phenotype. Altogether, these results
suggest that Notch signaling can occur throughout the expan-
sion phase of the CD8* T cell response to promote SLEC dif-
ferentiation with a contribution of both Notchl and Notch2.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20231758

9z0z AN 9T uo 1senb Aq jpd '85.T€Z0Z Wa [/SEETY6T /85LTE€Z0Z® /G /22g /4pd -8 [0 114e wa [/61o "ssaudniy//:d 11y wo iy papeo jumog

40f24


https://doi.org/10.1084/jem.20231758

Akkk
A DII1/4" DII1/4~ Notch1/244 . Py
T- 1.1 | 17 | 5.1 ] °
| £
< O 4
2 ©
o F o2 0,0
= o o X
ke =, I P
CD44 Di1/4 flifl AIA
Notch1/2 AIA

Fkkk
DIl1/4%» Notch1/2¥ 50 i N
40 °
O
m 8 30
%) '-'i 204 eo
< ST
. 0
> DiI1/4 flifl AIA fl/fl AIA fl/fl AIA
Notch1/2 AIA AIA AIA
C D gated on SLECs g
] “ 1‘1 192 DIl1/4%% DIl1/4~4 Notch1/2v (Lil/j
e 2056 _ 114 39 |1 20 52 |} 42 50 5
£ ] o i ] ] -
g% m & 3
> \ = O PY4
T, X O
1B11— Dill1/4 flIifl AIA CX3CR1 ¥ o\DII1/4 fl/fl A/IA

Notch1/2 AIA

Notch1/2 AIA

fl/fl+ aDLLA1 fl/fl+ aDLL4 fl/fl+ aDLL1/4  Notch1/2 AIA+ iso

80

60

40

% SLEC

20

0
Notch1/2 fl/fl fl/fl fl/fl fI/fl AIA
oDLL1 - + - + -
oDLL4 - - + + -

Figure 2. Fibroblastic reticular cells from secondary lymphoid organs provide Notch signals to promote effector CD8* T cell differentiation during
infection. Control (Ccl19-Cre~-DIl1/4"f; referred to as DIl1/4"f) or mice with a specific loss of Notch ligands DLL1 and DLL4 in FRCs (Ccl19-Cre*-DIl1/4%f,
referred to as DI1/4%/%) were infected with Lm-OVA. As a comparison, Notchl/2 KO (E8I-Cre*Notch1/2f/) mice were included. The CD8* T cell response was
assessed 7 days later in the spleen by flow cytometry. (A) Representative plots (left) and compilation (right) of the OVA-specific polyclonal CD8* T cell response
detected by tetramer staining. (B) Representative plots (left) and compilation (right) of the proportion of SLECs, MPECs, and early effector cells (EECs) among
Tet-OVA* CD8* T cells. (C) Binding of the 1B11 antibody to detect the core-2 O-glycosylated form of CD43 was used as a Notch signaling indicator on Tet-OVA*
cells from DIL1/4"" and DI1/42/% mice following Lm-OVA infection. (D) Representative plots (left) and compilation (right) of the proportion of CX3CRIMCXCR3'
SLECs from DI1/4"" and DII1/4%/® mice following Lm-OVA infection. (E) WT mice were treated with an isotype control or blocking antibodies against DLLI,
DLL4, or both on days 0 and 2 after Lm-OVA infection. The proportion of SLECs was measured among Tet-OVA* CD8* T cells. Data are from two independent
experiments with a total of n = 6-8 mice per group (A-E). Error bars display means + SEM. Ordinary one-way ANOVA with Tukey’s multiple comparison was
used for multiple group comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

To evaluate when Notch signaling impacted the SLEC mo-
lecular program, we injected anti-DLL1/4 antibodies on day 0

blockade on day 2 or 3 (Fig. S3 C). Decreased CX3CRIMCXCR3°
SLECs and 1B11 expression were also observed following sys-

and day 2 after infection with Lm-OVA or delayed the antibody
injection to day 3.5 after infection, before assessing the response
on day 7. Delayed injection of anti-DLL1/4 antibodies had a mi-
nor impact on SLEC differentiation, while DLL1/4 blockade on
days O and 2 abrogated SLEC differentiation and recapitulated
the phenotype of ESI-Cre*Notch1"/-Notch2®/®! mice (Fig. 3 C).
The effect on SLEC differentiation was partial with anti-DLL1/4
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temic antibody-mediated blockade of DLLI and DLL4 (Fig. S3, D
and E). Therefore, Notch signals delivered within the first
3 days of the immune response are essential to program SLEC
differentiation.

Identifying when essential Notch signals were delivered to
CD8* T cells was critical to identifying a Notch-regulated
signature most proximal to the transcriptional effects of the
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Figure 3. Early Notch signals control SLEC differentiation and early transcriptional events in antigen-specific CD8* T cells. (A) Notchl and Notch2
expression by OT-1 CD8* T cells was measured in naive mice (gated on OT-I) or on days 2, 3, 5, and 7 (gated on OT-1 CD44*) after infection with Lm-OVA.
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(B) The redundancy of Notch signaling via Notchl and Notch2 receptors was tested by measuring the proportion of OVA-specific SLECs following Lm-
OVA infection in WT (E8I-Cre~-Notch1/2fVfl), Notchl KO (E8I-Cre*-Notch1f/fl), Notch2 KO (E8I-Cre*-Notch2f/fl), or both Notch1/2 KO (E8I-Cre*Notchl/
2UfY). (C) The consequence of early (days 0 and 2) or delayed (day 3.5 [d3.5]) inhibition of Notch signaling with anti-DLL1/4 antibodies on SLEC dif-
ferentiation was assessed on day 7 after Lm-OVA infection. Gated on Tet-OVA* cells. (D) RNA-seq was performed on day 3 after infection to compare
the transcriptomes of Notch WT (E8I-Cre~-Notch1/2f“fl) and Notch KO (E8I-Cre*-Notch1/2f/fl) OT-I cells. (E) Volcano plot of differentially expressed
genes (adjusted P value <0.05). (F) GSEA showing the Hallmark Notch Signaling from MSigDB on RNA-seq data comparing Notch WT and KO OT-| cells
on day 3 after infection. NES, normalized enrichment score; FDR, false discovery rate. (G) Enrichment of RBPJ binding motifs at DEGs. Data are from two
independent experiments (A) or three independent experiments (B and C) with a total of n = 5-9 mice per group. Error bars display means + SEM.
Ordinary one-way ANOVA with Tukey’s multiple comparison was used for multiple group comparison and unpaired two-tailed t test was used for two-

group comparisons. *P < 0.05, **P < 0.01, ****P < 0.0001.

pathway. As very few antigen-specific T cells are present on
day 3 after infection in a polyclonal repertoire, we adoptively
transferred WT (ESI-Cre Notchi/fiNotch2f/fl) versus Notchi/2-
deficient (KO; E8I-Cre*Notchi/fiNotch2f/fl) OT-1 CD8* T cells to
B6-CD45.1 recipients and analyzed their transcriptome on day 3
after Lm-OVA infection (Fig. 3 D), prior to their acquisition of a
SLEC phenotype, as illustrated by the lack of KLRG1 expression
(Fig. S3 F). 860 gene transcripts were differentially expressed
(Padj < 0.05) in WT versus Notchl/2-deficient CD8* T cells on
day 3 after infection (Fig. 3 E). Amongst them, 217 transcripts
had >1.5-fold change, with 115 genes showing downregulated
and 102 upregulated expression in Notch-deficient CD8* T cells
(Table S1). Known Notch target gene transcripts such as Hesl,
Dtx1, and Heyl were decreased in the absence of Notch signaling
(Fig. 3 E and Fig. S3 G). Furthermore, RPB] binding motifs
(monomeric and dimeric) were enriched within differentially
expressed genes (DEGs) as compared with randomly selected
genes (Fig. 3 G), suggesting that our transcriptome analysis on
day 3 includes some genes that are potentially regulated by
Notch. Gene set enrichment analysis (GSEA) of our RNA se-
quencing (RNA-seq) data showed only modest enrichment for
the publicly available Hallmark Notch Signaling gene set from
the Molecular Signature Database (MSigDB, Fig. 3 F), and this
was driven in part by decreased Notchl and Notch2 mRNA, the
targets of our genetic modification (Subramanian et al., 2005).
This was also reported in a dataset studying the role of the Notch
pathway in CD4* T cells during GVHD (Chung et al., 2019). A
prior comparison of Notch-dependent T-cell acute lymphoblastic
leukemia (T-ALL), mantle cell lymphoma, and triple-negative
breast cancer showed only a few shared Notch target genes but
also many tumor and cell type-specific Notch-regulated genes
(Petrovic et al., 2019). As classical Notch signatures available in
public databases are derived from Notch-dependent tumors, our
data suggest that Notch signaling in peripheral T cells regulates a
distinct mature T cell-specific gene set.

Identification of a mature T cell-specific Notch

transcriptional signature

To generate a reliable Notch signature for peripheral T cells, we
combined our RNA-seq data with data from CD4* T cells in a
GVHD model where Notch signaling was inhibited using anti-
DLL1/4 antibodies (Chung et al., 2019). We selected these data-
sets because both were obtained at the early stages of the T cell
response, when the action of the Notch pathway is critical
(Chung et al., 2019); and this paper. Among DEGs (622 for CD4*
T cells and 875 for CD8* T cells), we identified 82 genes with
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upregulated expression and 54 with downregulated expression
in the absence of Notch signaling shared by both datasets (Fig.
S4, A and B; and Table S2). Gene Ontology (GO) term analysis of
gene transcripts decreased in the absence of Notch signaling (the
Notch T cell signature) and suggested that in activated T cells,
Notch regulated processes of cell adhesion and T cell differen-
tiation. Notch-repressed genes were enriched for several terms
related to the control of T cell responses, such as metabolism,
interferon signaling, and defense response (Fig. S4 C). To further
validate that our Notch T cell signature captures genes that are
regulated directly by Notch signaling, we evaluated its enrich-
ment in activated CD8* T cells that were co-cultured for 24 h on
OP9 or OP9-DLL4. As shown in Fig. S4 D, the Notch T cell sig-
nature was enriched following a culture of activated CD8* T cells
on OP9-DLL4.

We then compared the Notch T cell signature to Notch sig-
natures defined in other contexts, such as BM progenitors or
acute T cell lymphoblastic leukemia (GO term Notch Signaling
Pathway; GSEA-Vilimas: BM progenitors overexpressing the
NICD; GSEA Notch hallmarks: computationally derived signa-
ture; (Wang et al., 2011): CUTLLI cell line + gamma secretase
inhibitor [GSI] washout) (Gene Ontology Consortium et al., 2021;
Vilimas et al., 2007; Subramanian et al., 2005; Wang et al., 2011).
Interestingly, our Notch T cell signature was not enriched for
these other Notch signatures (Fig. 4 A), with Dixl, a known
Notch target, being the only overlapping gene between all
signatures. To validate the significance of our gene set across
mature T cells in other contexts, we studied other existing
transcriptomic data where Notch signaling was manipulated in
T cells. These included the transcriptome of WT and Notchl/2-
deficient CD8* T cells on day 10 after infection with influenza
(Backer et al., 2014), WT and Notchl/2-deficient T helper type
2 cells (Th2) effectors challenged in vivo with an allergen
(Tindemans et al., 2020), and T regulatory cells with/without
overexpression of the constitutively active NICD (Charbonnier
et al., 2015). Enrichment analysis by mROAST (Wu et al., 2010)
showed that genes with upregulated expression in the absence
of Notch signaling in our signature were enriched in conditions
with decreased Notch signaling (Fig. 4 B and Table S3). Con-
versely, genes with downregulated expression in the absence of
Notch signaling in our signature were enriched by enhanced
Notch activity (Fig. 4 B). Moreover, our Notch T cell signature
allowed for clustering of both CD4* or CD8* T cells receiving or
not Notch signals (Fig. S4 E). We also tested the signature using
RNA-seq data from T cells in which we did not expect Notch
signaling to be active (naive CD8* T cells and in vitro cultured

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20231758

9z0z AN 9T uo 1senb Aq jpd '85.T€Z0Z Wa [/SEETY6T /85LTE€Z0Z® /G /22g /4pd -8 [0 114e wa [/61o "ssaudniy//:d 11y wo iy papeo jumog

7 of 24


https://doi.org/10.1084/jem.20231758

A B Backer et al. 2014 Tindemans et al. 2020
1 Day 10 Notch WT vs KO  In vivo Notch WT vs KO
(CD8* T cells) (CD4* T cells)
Fo i, |
IS
Halmark 2 §||||||HM il EW il s
GO Term Notch T signature Notch T signature W foorm o w o
Notch signaling 3.9 R EY) 41 % s %
,b«b,e"&,a&o e PANNOSENL
logFC logFC
Charbonnier et al. 2015
Foxp3 WT vs Foxp3 N1c
(CD4* T cells)
=N A
E gﬂ Bl HH
y L i
GSEA Vilimas _ Notch T signature 5 O -
Notch T signature Wang et al. 2011 " J
o A A
;\6 ,Q\ ,Q&Q&Q\Q)b:b
logFC
C This paper: naive Tindemans et al. 2020 D Chung et al. 2019 E Notch driven score Notch repressed score
Notch WT vs KO In vitro Notch WT vs KO GVHD vs autologous KXXK P

1_4} (CD8* T cells) (CD4* T cells) l (CD4* T cells) ik HEXX
______ ;v[— /_/ 000

5 o E 5 o 4 4000
E g H'MI\H)'I\“WW w o £ 5 ||\ w vw Ml} £ In ‘l, 3000
c 32 E
o\ A= 2 S fe 177 2000 e
. 00 0} ___________ Lﬁ ___________ 1000 2000
e
Q’L Q‘b @Q ,\'\ (0'\ QG_) ' N D O A D r\(b Q‘) \Q Q\ QCb o_,\ 0 1000
,of’ PGNP SININ FToled il < 5 &< 5
logFC logFC logFC St St ©

Notch driven

UMAP 1
phs003086.v1.p1: CD4* T cells from PBMCs

920z AeN 9T uo 1senb Aq 4pd "85.TEZOZ Wa [/SEETYET /85LTEZOTZD /S /gge /4pd -0 [ 11 se d [/B 10 "ssaudni//:d 11y wo iy papeo juwog

UMAP T

Figure 4. Identification of a T cell-specific Notch transcriptional signature. A T cell-specific Notch signature was obtained by selecting differentially
expressed genes with similar expression patterns in activated CD4* (GSE126518) and CD8* (this paper) T cells that had received or not received Notch signals.
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(A) Venn diagram illustrating the overlap of the Notch T cell signature with currently available Notch signatures: GO term Notch signaling, the Vilimas gene set
from MSigDB (both up and down), the Notch Hallmark gene set from MSigDB, and Notch1 target genes from Wang et al. (2011). (B-D) mROAST enrichment
analysis for the T cell-specific Notch signature across indicated publicly available datasets. (E) Enrichment scores of Notch-driven and Notch-repressed
signatures were determined in available scRNA-seq data from P14 CD8* T cells that had undergone a single cell division following LCMV Armstrong infection
(Kakaradov et al., 2017). (F) UMAP projection of available scRNA-seq data (GSE131847) from P14 cells in the spleen (sp) and gut at different time points after
LCMV Armstrong infection. Each cell is colored by day of isolation and tissue (left) or by the relative expression of the genes from the Notch T cell signature that
are either induced (middle) or downregulated (right) by the Notch pathway. (G) scRNA-seq data (Benamar et al., 2023) from healthy controls or MIS-C patients
was reanalyzed; cells automatically labeled as CD4 were selected and visualized by UMAP (left). The relative expression level of the Notch gene signature is
shown in each group (right). Ordinary one-way ANOVA with Tukey’s multiple comparisons was used for multiple group comparison. ***P < 0.001, ****P <

0.0001.

cells). We did not observe significant enrichment for our Notch
T cell signature (Fig. 4 C and Table S3). These data suggest that
our Notch T cell signature can identify T cells receiving Notch
signals in different contexts and differentiation states.
Although several reports, including our own, showed potent
biological effects of Notch on different aspects of T cell differ-
entiation (Chung et al., 2017, 2019; Zhang et al., 2011; Tran et al.,
2013; Mathieu et al., 2015; Backer et al., 2014; Tindemans et al.,
2020; Charbonnier et al., 2015; Fasnacht et al., 2014), enrich-
ment for the Hallmark Notch signature in transcriptomic studies
of CD4* and CD8* T cell responses has seldom been reported.
Our data suggest that previously available Notch signatures are
not adequate to interrogate mature T cells. We thus evaluated if
our newly described Notch T cell signature was enriched during
different types of T cell responses. As early Notch signaling plays
a critical role during the induction of GVHD (Tran et al., 2013),
we tested whether the Notch T cell signature was enriched in
CD4* alloreactive compared with syngeneic T cells at 48 h after
transfer (Chung et al., 2019). Indeed, the T cell Notch signature
was highly enriched in alloreactive T cells (Fig. 4 D and Table
S3). We also tested whether the Notch T cell signature was
linked to early T cell fate determination in single-cell RNA-seq
(scRNA-seq) data from sorted LCMV-specific P14 TCR transgenic
CD8* T cells that had undergone a single cell division in response
to LCMV Armstrong (Kakaradov et al., 2017). The score of genes
with an expression pattern driven by Notch was higher in cells
from the first division with an effector profile, while the score of
genes suppressed by Notch was lower in the same population
(Fig. 4 E). This is consistent with early Notch signaling activity
during effector T cell differentiation. Finally, we evaluated
whether the Notch T cell signature was detectable during CD8*
T cell responses to infection in publicly available scRNA-seq
data (Kurd et al., 2020; Milner et al., 2020). The activity of the
upregulated and downregulated Notch T cell signature was
strongest in antigen-specific CD8* T cells early in the response
(days 3 and 4), but not later (Fig. 4 F). This corroborates our
data demonstrating that Notch plays an essential role in the
first 3 days after activation for optimal SLEC generation. Fur-
thermore, the Notch-driven signature was enriched in LCMV-
specific CD8* T cells in the gut on day 30 (Fig. 4 F), consistent
with a reported role of Notch signaling in CD103* resident
memory CD8* T cells (Hombrink et al., 2016). Our Notch T cell
signature was also enriched in CD4* T cells, particularly regu-
latory T cells, from SARS-CoV-2-infected children with multi-
system inflammatory syndrome (MIS-C) associated with
dominant negative mutations in NUMB and NUMBL that lead to
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increased NOTCHI expression (Fig. 4 G), while the classical
Notch signature was not enriched (Benamar et al., 2023). These
data demonstrate the value of our newly defined Notch T cell
signature to probe diverse T cell responses in mice and humans.

Notch-regulated genes are enriched in molecular pathways
associated with cytokine responsiveness

While the T cell Notch signature uncovered information about
molecular pathways regulated by Notch in mature T cells, it did
not explain the effects of Notch signaling on MPEC/SLEC dif-
ferentiation. Among the 860 gene transcripts that were differ-
entially abundant (P,g; < 0.05) in WT and Notch-deficient CD8*
T cells on day 3 after infection (Fig. 3 E), several are known to
influence SLEC/MPEC differentiation, such as Il2ra, Prdml,
Bach2, Tcf7, and Id3 (Fig. 5 A) (Kalia et al., 2010; Rutishauser
et al.,, 2009; Kallies et al.,, 2009; Roychoudhuri et al., 2016;
Zhou et al., 2010; Ji et al., 2011; Yang et al., 2011). To get further
insights, we analyzed differentially expressed genes in Notch-
sufficient versus Notch-deprived CD8* T cells (P,g; < 0.05 and |
log,FC| >1) using DAVID GO molecular functions (Dennis et al.,
2003). In agreement with the similar recovery of WT and N1N2
KO (ESI-Cre*NotchiVNotch2f/f) OT-1 effectors and no differ-
ence in cell death markers (Fig. S3, H and I), cell survival and cell
death molecular pathways were not enriched in our dataset.
Cytokine and chemokine receptor activity as well as cytokine
binding were among the most significantly affected pathways
(Fig. 5 B). Analysis of upstream regulators via ingenuity path-
way analysis (IPA) further supported Notch-mediated regula-
tion of genes controlling cytokine responsiveness, as 15 of the 25
upstream regulators were cytokines and STATs, with the top
one being IL-2 (Fig. 5 C). The possible impact of Notch on
IL-2 signaling was in line with previous observations that
sustained T cell CD25 expression was reduced in the absence of
Notch signaling (Zhang et al., 2011; Backer et al., 2014; Mathieu
et al., 2015).

To determine the cytokine signaling pathway(s) affected by
Notch deficiency in CD8* T cells, we harvested activated OT-I
T cells obtained on day 3 following Lm-OVA infection, stimu-
lated them with IL-2, IL-15, or IL-21, and measured STAT
phosphorylation (STATS5 for IL-2 and IL-15; STAT3 for IL-21; and
STAT4 for IL-12). Only STATS phosphorylation after IL-2 stim-
ulation was affected in Notch-deficient OT-1 T cells (Fig. 5 D).
Reduced phospho-STATS5 (p-STATS5) correlated with decreased
CD25 cell surface expression (Fig. 5 E). Amongst CD25M cells,
Notch1/2 WT and KO OT-I T cells had similar levels of p-STATS5,
suggesting that decreased p-STATS was a consequence of
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Figure 5. Suboptimal IL-2 signaling in Notch-deficient CD8* T cells is not the sole contributor to defective SLEC differentiation. (A) Transcription of
genes involved in SLEC/MPEC differentiation or effector functions by day 3 effector CD8* T cells (data from RNA-seq). (B) Cytokine-related GO terms enriched
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in the differentially expressed genes between Notch WT and KO OT-I effectors. (C) Top 25 significant upstream regulators in our dataset were determined by
IPA. (D) On day 3 after Lm-OVA infection, WT or Notch KO OT-I cells were stimulated ex vivo for 30 min with IL-2, IL-15, IL-12, or IL-21, and the phosphorylation
of the appropriate STAT molecules was measured by flow cytometry (STATS, STATS, STAT4, and STAT3, respectively). Isotype control for cytokine-stimulated
cells and staining of unstimulated cells are also shown. (E) Representative plots (top) and compilation (bottom) of the expression of the IL-2 receptor a chain
(CD25) at day 3 after infection on Notch-sufficient and Notch-deficient CD8* T cells. (F) Representative plots (top) and compilation (bottom) of pSTATS levels
in OT-1 CD44+CD25" cells following in vitro IL-2 restimulation on day 3 after infection. (G) Experimental design for the adoptive transfer of Notch WT or KO
CD25" OT-I cells into match-infected recipients on day (d) 3 after infection. (H) CD25 expression on sorted CD25" CD44* OT-I cells from Notch WT and KO at
day 3 after Lm-OVA infection (related to Fig. 5 H). (1) At d7 after infection, differentiation of the transferred CD25" OT-1 CD8* T cells into SLECs was evaluated
in the spleen by flow cytometry. Representative plots and compilation of SLEC proportions and OT-I cell recovery. Data are from two independent experiments
(D-1) with a total of n = 7-14 mice per group. Error bars display means + SEM. Unpaired two-tailed t test was used for two-group comparisons. *P < 0.05, **P <

0.01, ****P < 0.0001.

decreased CD25 expression in Notch-deficient T cells and not of
defective intracellular signaling downstream of the IL-2 recep-
tor (Fig. 5 F).

To assess if Notch signaling enhanced SLEC differenti-
ation via induction of CD25 expression, we sorted WT (E8I-
Cre~NotchifINotch2f/8l) and KO (E8I-Cre*Notchl/fNotch2fl/f)
day 3 OT-I effector CD8* T cells expressing high levels of CD25
(Fig. 5 H), which have similar levels of p-STAT5 upon IL-
2 stimulation (Fig. 5 F). These cells were adoptively transferred
into matched-infected recipients (Fig. 5 G). 4 days after trans-
fer, we still observed decreased SLEC generation by CD25M
OT-IT cells lacking Notchl and Notch2 as compared with Notch-
sufficient OT-I T cells (Fig. 5 I) without any impact on cell
recovery (Fig. 5 I). These findings suggest that the effects of
Notch deficiency on SLEC differentiation extend beyond its
impact on IL-2 signaling.

Notch activation increases chromatin accessibility of bZIP
transcription factors

One mechanism by which Notch signaling could regulate SLEC
differentiation is by regulating chromatin accessibility either
directly or indirectly via induction of other transcription factors
or regulators. In the context of T cell acute lymphoblastic leu-
kemia, Notch activation is associated with increased deposition
of H3K27Ac active enhancer marks at Notch target genes, with
long-range effects on chromatin (Wang et al., 2011). Similar
observations were reported in Drosophila for H3K56Ac (Skalska
et al., 2015). The possible effect of Notch signaling on chromatin
accessibility is further supported by Notch-mediated recruit-
ment of the SWI/SNF complex, other chromatin remodeling
factors, and epigenetic modulators (Pillidge and Bray, 2019;
Schwanbeck et al., 2011; Wang et al., 2014; Takeuchi et al., 2007;
Yatim et al., 2012; Kadam and Emerson, 2003; Ntziachristos
et al., 2012). This body of work suggests that Notch has the
potential to regulate chromatin remodeling, which is essential
for naive-to-effector CD8* T cell differentiation (Yu et al., 2017,
Wang et al., 2018; Scott-Browne et al., 2016). To study the impact
of Notch signaling on chromatin accessibility in activated CD8*
T cells, we used the same approach and experimental time point
as for transcriptomic analysis (Fig. 3 D). Using assay for
transposase-accessible chromatin with sequencing (ATAC-seq),
we identified 1,678 differentially accessible regions (DARs) in
Notch WT versus KO CD8* T cells on day 3 after infection. Most
of these DARs (68%) were more accessible in WT compared
with KO (Fig. 6 A). The vast majority of DARs were found in
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introns as well as intergenic regions (Fig. 6 A), and they lay at
least 10 kb from transcription start sites (TSS) (Fig. 6 B), im-
plying that Notch activation in T cells mostly modulates chro-
matin accessibility at enhancers, and not at promoters.
HOMER and GREAT annotation tools (McLean et al., 2010;
Heinz et al., 2010) associated these DARs with 2,282 genes. To
elucidate the molecular network influenced by Notch signaling
during early CD8* T cell differentiation, we compared RNA-seq
and ATAC-seq data and identified 221 common genes between
these datasets (Fig. 6 C). Among genes both epigenetically and
transcriptionally regulated upon Notch activation, expression of
the SLEC-associated genes I12ra, Prdmi, and Klrgl was induced in
Notch-sufficient cells, while that of MPEC-associated genes Tcf7,
Bach2, and Id3 was repressed (Fig. 6 D) (Kalia et al., 2010;
Rutishauser et al., 2009; Kallies et al., 2009; Roychoudhuri et al.,
2016; Zhou et al., 2010; Ji et al., 2011; Yang et al., 2011).
Transcription factor binding motif enrichment analysis using
HOMER applied to our ATAC-seq data showed enrichment of
DNA binding motifs for the bZIP family transcription factors in
the more accessible WT DARs (Fig. S5 A). Footprinting analysis
of the ATAC-seq data revealed enhanced binding of bZIP tran-
scription factors in Notch-sufficient compared with KO CD8*
T cells (Fig. 6 E and Fig. S5 B). These footprints for bZIPs were
enriched in genes differentially expressed in WT versus Notchl/
2-deficient CD8* T cells (Fig. S5 C). To determine if the enrich-
ment for bZIP transcription factors could explain the impact of
Notch on SLEC differentiation, we turned to data from Scott-
Browne et al, who performed ATAC-seq analysis in several
CD8* T cell subsets (Scott-Browne et al., 2016). Their findings
revealed that DARs could be segregated into 12 different clusters
showing selective enrichment in naive, effector, SLEC, MPEC,
memory, and exhausted CD8* T cells (Scott-Browne et al., 2016).
Interestingly, these clusters were also selectively enriched for
specific transcription factor binding motifs. Effector and SLEC-
specific DARs were greatly enriched for binding motifs for
bZIPs. Therefore, we classified DARs in our ATAC-seq data using
the Scott-Browne et al. clustering. DARs that were more open in
the presence of Notch signaling were far more likely to be dis-
tributed in the effector- and SLEC-specific clusters, which were
enriched in bZIP motifs (Fig. 6 F). In contrast, accessible Notch
KO DARs were enriched in naive-specific clusters, which had no
bZIP motif enrichment (Fig. 6 F). This further suggests that
Notch activation controls SLEC differentiation by directly or
indirectly potentiating the binding of bZIP transcription factors
in chromatin regions important for SLEC differentiation. This
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Figure 6. Notch signaling increases chromatin accessibility of bZIP transcription factors during effector CD8* T cell differentiation. (A) 3 days after
infection by Lm-OVA, Notch WT and KO OT-I CD44* cells were collected for ATAC-seq. DARs were identified and distributed according to their genotype (left)
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or genomic location (right). (B) DARs were associated with genes using the HOMER annotation tool before being distributed by distance from their TSS.
(C) Common DEGs from our RNA-seq and gene-associated DARs (using HOMER and GREAT annotation tools) from our ATAC-seq were identified while
conserving the directionality of the data. (D) Several Notch-regulated genes common to our RNA-seq and ATAC-seq and important for SLEC/MPEC dif-
ferentiation or function are plotted. (E) Transcription factor (TF) footprinting analysis was performed on all identified ATAC-seq peaks using HINT-ATAC, and
statistically significative enrichment (P < 0.05) in either Notch WT or KO was illustrated. Members of the bZIP family are represented in orange. (F) Notch
DARs (this paper) were distributed in DAR clusters defined by Scott-Browne et al. (2016). bZIP motif enrichment, calculated by Scott-Browne et al. on their
clusters, is also represented. (G) GSEA was performed on Notch DEGs and DARs. Several immunological signatures of naive versus effector (eff.) CD8* T cells
were enriched (P < 0.05). ATAC-seq experiment was performed in two independent adoptive transfers and infections (A-G).

scenario is supported by GSEA of our RNA-seq and ATAC-seq
data, as Notch WT cells were enriched for effector CD8* T cell
signatures, while Notchl/2 KO cells were enriched for naive
T cell signatures (Fig. 6 G). Our results suggest that Notch sig-
naling acts early in activated CD8* T cells and is necessary to
fully induce the effector program while repressing the tran-
scription of naive T cell-associated genes. This is associated with
chromatin opening at enhancers, either directly by NICD or
indirectly by other Notch-regulated transcription factors, re-
sulting in increased binding of bZIP transcription factors to
these regions.

BATF requires Notch signaling for the generation of

CX3CR1M SLECs

BATF is a member of the bZIP family essential for naive-to-ef-
fector CD8* T cell differentiation and expansion (Kurachi et al.,
2014). BATF was recently described as an important epigenetic
regulator of early effector CD8* T cell differentiation (Tsao et al.,
2022). To evaluate if Notch cooperates with BATF to regulate
CD8* T cell differentiation, we compared our RNA-seq with data
reported by Tsao et al. in which WT and BATF KO CD8* T cells
were analyzed on day 3.5 after LCMV Armstrong infection (Tsao
etal., 2022). A significant fraction of DEGs were common to both
transcriptomes, with 32% of the genes regulated by Notch also
regulated by BATF (Fig. 7 A). We also observed an overlap in
DARs affected by Notch and BATF (Fig. 7 B). Furthermore, the
majority of DARs regulated by Notch were shown by others to be
bound by BATF in in vitro-activated CD8* T cells (Fig. 7, C and D)
and in vivo day 5 antigen-specific CD8" T cells (Fig. S5 D) (Tsao
et al., 2022; McDonald et al., 2023).

To determine if Notch and bZIP transcription factors coop-
erate to induce SLEC differentiation, we overexpressed JUNB,
c-JUN, or BATF using retroviral transduction in WT or Notch-
deficient OT-I T cells before TCR activation (Fig. 7 E). Over-
expression of BATF, but not JUNB and c-JUN, in Notch-deficient
OT-1 CD8* T cells increased SLEC proportions (Fig. 7, F and G).
SLEC generation was also increased by BATF overexpression in
WT OT-1CD8* T cells.

As Notch deficiency selectively affected the generation of
CX3CRIM SLECs, we evaluated if BATF overexpression restored
CX3CRIMCXCR3!° SLECs in the absence of Notch signaling. BATF
overexpression in Notch-deficient OT-I CD8* T cells was not
sufficient to promote the generation of CX3CR1MCXCR3! SLECs
(Fig. 8, A and B), similar to JUNB and c-JUN overexpression (not
shown). To define whether BATF overexpression in Notch-
deficient CD8* T cells was sufficient to rescue expression of
the gene signature shared by BATF and Notch signaling, we
performed RNA-seq analysis in Notch-sufficient or -deficient
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CD8* T cells overexpressing or not BATF on day 3 after infection
with Lm-OVA. BATF overexpression was not sufficient to fully
restore the expression of the gene sets that are both affected by
Notch- and BATF deficiency (Fig. 8 C). Among genes whose
expression was regulated by both Notch signaling and BATF,
only one quarter (60/239) was rescued by BATF overexpression
in Notch-deficient CD8* T cells indicating that without Notch
signaling, BATF cannot control a large fraction of the common
Notch-BATF-regulated genes (Fig. 8 C). The genes whose expression
was modulated by BATF overexpression in Notch-deficient
CD8* T cells were not enriched for the SLEC signature
(Fig. 8 D). These data imply that Notch signaling is critical to
allow the transcription of a subset of genes regulated by BATF
during effector CD8" T cell differentiation with a key role in the
generation of CX3CRIMCXCR3! SLECs. Altogether, our data
suggest that BATF cannot induce the full program of effector
CD8* T cell differentiation in the absence of Notch signaling.

Discussion

In this study, we elucidated the critical time points as well as
cellular and molecular mechanisms by which Notch signaling
controls SLEC differentiation. Our findings reveal that early
Notch activation, instigated through T cell interactions with FRC
niches, induces the expression of a CD8* T cell-specific Notch
transcriptional signature. This process also correlates with in-
creased chromatin accessibility at enhancers enriched for BATF
binding sites.

We identified Ccl19-Cre* FRCs as the primary cellular source
of DLL1 and DLL4 Notch ligands to orchestrate SLEC differen-
tiation following both vaccination and acute infection, while
other sources of Notch ligands may contribute to some Notch
signals controlling the upregulation of 1B11 reactivity (a sensitive
readout). The key role for DLL1 and DLL4 expression by Ccl19-
Cre* FRCs to promote SLEC differentiation further expands the
role of FRC niches in shaping CD8* T cell responses. Previous
works showed that FRCs provide more than physical support
and migration cues for T cell response in lymphoid organs
(Onder et al., 2022). The production of IL-6 by FRCs promotes
epigenetic remodeling in T cells to facilitate their survival and
differentiation (Brown et al., 2019). Interestingly, binding motifs
of bZIP transcription factors, including BATF, were enriched in
chromatin regions that FRC-T cell interactions induce to open
(Brown et al., 2019). Past work indicated that FRCs actively re-
spond to inflammation and infection and that this response is
necessary for proper T cell activation, expansion, and differen-
tiation (Perez-Shibayama et al., 2020; Alexandre et al., 2022; De
Martin et al., 2023). Our data demonstrate that one of the key
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Figure 7. Notch signaling promotes enhanced BATF activity to induce SLEC differentiation. (A) Overlap between DEGs from available WT versus BATF
cKO (Tsao et al,, 2022) and WT versus Notch1/2 cKO (this paper) CD8* T cells were determined while conserving the directionality of the data. (B) Overlap
between Notch DARs (this paper) and BATF DARs (Tsao et al, 2022). (C) Overlap between Notch DARs (this paper) and available BATF binding sites obtained
by chromatin immunoprecipitation with sequencing (ChIP-seq) (Tsao et al., 2022) is shown. (D) Notch WT or KO ATAC-seq tracks of genes important for CD8*
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T cell effector differentiation or function are represented. DARs are highlighted in yellow, and BATF ChiP-seq peaks identified by Tsao et al. (2022) were also
represented. (E) Naive OT-I cells were stimulated with IL-7, IL-15, and IL-2 before transduction with an empty or bZIP-encoding defective retrovirus. Cells were
adoptively transferred 2 days later, and mice were subsequently infected with Lm-OVA. On day (d) 7 after infection, spleens were collected for analysis. A
fluorescent reporter (GFP) was used to trace cells that were successfully transduced. (F) Representative SLEC/MPEC plots gated on the transferred OT-I cells
overexpressing BATF and compilation of SLEC, MPEC, and early effector cell (EEC) proportions. (G) Naive OT-I cells were transduced with JUNB or c-JUN as in
E. Compilation of SLEC, MPEC, and EEC proportions gated on OT-1 CD8* T cells. Data are from one (G) or two (F) independent experiments with a total of n =
4-8 mice per group. Repeated measures two-way ANOVA with Sidak’s multiple comparison test was used for GFP~ versus GFP* comparisons. **P < 0.01,

***P < 0.001, ****P < 0.0001.

signals provided by FRCs is the activation of Notch signaling in
CD8"* T cells, which allows for the opening of chromatin regions
controlling SLEC differentiation.

The presentation of Notch ligands within FRC niches is
reminiscent of how Notch ligands govern pathogenic CD4* and
CD8* T cell responses during GVHD, as well as the differentia-
tion of Tth cells (Fasnacht et al., 2014; Chung et al., 2017). Other
studies reported an influence of Notch ligand expression by DCs
on the differentiation of peripheral T cells (Backer et al., 2014;
Maekawa et al., 2008; Sugimoto et al., 2010; Laky et al., 2015; Ito
et al., 2009). Most of these studies were performed in vitro or
used DCs artificially overexpressing Notch ligands aside from

Laky et al. who showed that in vivo deletion of DIl4 in DCs affects
tumor control by CD4* T cells (Laky et al., 2015). Therefore,
while DCs can provide Notch signals to T cells in certain con-
texts, FRCs emerge as the favored source of Notch ligands for
activated T cells in multiple immune responses. This critical role
of FRC Notch ligands could be related to early T cell positioning
in FRC niches, prolonged FRC-T cell interactions, or temporal
alignment of ligand-receptor pair expression.

Given the critical role of DLL Notch ligands in shaping the
differentiation and homeostasis of other immune cells, such as
MZB and ESAMM DCs (Fasnacht et al., 2014; Lewis et al., 2011;
Skokos and Nussenzweig, 2007), our observations could result

A ated on SLECs B
WT KO
empty BATF empty BATF % CX3CR1" of SLECs
GFP- 65

A

GFP*
(%]
&
x WT WT KO KO
O empty BATF empty BATF
CX3CR1
C D GSE41978 KLRG1 high vs low effector CD8 T cell UP
up in Notch KO BATF-RV m
(vs KO empty-RV) Yos NES: 1.16
[ .
it p-val: 0.1650
@ B 02 FDR: 0.4322
810,174/
et €00 N
577 179 S
179/ 819 2-0.1
wi
empty-RV Hp 1
(vs Notch ko (Vs BATF KO) -
empty-RV) Notch KO BATF-RV Notch KO empty-RV

Figure 8. BATF overexpression does not fully rescue the SLEC differentiation transcriptional program without Notch signaling. (A) Differentiation of
BATF overexpressing OT-| cells into CX3CRINCXCR3' SLECs. BATF overexpression and OT-I T cell response were done as in Fig. 7. Representative CXCR3
versus CX3CR1 plots gated on OT-I SLECs. (B) Compilation of CX3CRIMCXCR3'® SLECs as shown in A. (C) Venn diagram illustrating the overlap of the Notch
(WT empty-RV versus Notch KO empty-RV), BATF (WT versus KO), and BATF overexpression in Notch KO (Notch KO BATF-RV versus Notch KO empty-RV).
(D) BATF overexpression in Notch KO day 3 effector CD8* T cells does not lead to enrichment of the SLEC signature. NES, normalized enrichment score; FDR,
false discovery rate. Data are from two independent experiments (A and B) with a total of n = 8 mice per group. Repeated measures two-way ANOVA with
Sidak’s multiple comparison test was used for GFP~ versus GFP* comparisons. **P < 0.01, ****P < 0.0001.
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from an indirect effect of stromal DLL1 and DLL4 on SLEC
differentiation involving other cell types. This is unlikely for
several reasons. First, anti-DLLI blocking antibodies alone
profoundly reduce MZB numbers (Tran et al., 2013), but fail to
impact SLEC generation. Second, the loss of DLLI and DLL4 in
FRCs does not perturb the architecture of secondary lymphoid
organs (Fasnacht et al., 2014; Chung et al., 2017). Third, DIll and
Dll4 inactivation in FRCs does not affect overall CD8* T cell
expansion following infection, arguing against the possibility
that a DC defect underlies decreased SLEC differentiation. Fi-
nally, vaccination with in vitro matured BMDCs excludes any
indirect effect of DLL1 and DLL4 loss on DC maturation in vivo.

ATAC-seq analysis showed that in Notch-sufficient cells,
DARs with increased accessibility were associated with an ef-
fector signature, while those with decreased accessibility were
linked to genes expressed in naive T cells. Notch activation thus
potentially operates as an epigenetic activator, promoting up-
regulated expression of genes crucial for effector differentiation,
while being associated with repression of the naive T cell state.
Chromatin remodeling upon Notch activation could operate via
recruitment of histone acetylases (e.g., p300) or chromatin re-
modeling complexes following NICD binding with RBPJ, as
previously demonstrated (Kadam and Emerson, 2003; Takeuchi
et al., 2007; Ntziachristos et al., 2012; Yatim et al., 2012; Wang
et al., 2014, 2015; Schwanbeck, 2015; Skalska et al., 2015; Pillidge
and Bray, 2019; Martin et al., 2023). H3K27 acetylation correlates
with transcriptional activation, and dynamic binding of NOTCH1
increases H3K27Ac marks at enhancers in T cell acute lympho-
blastic leukemias (Wang et al., 2014). This is in line with our
findings, as a majority of DARs affected by Notch deficiency are
distant from TSS, consistent with gene regulation by Notch via
enhancers. The recent identification of interactions between
ARIDIA, a subunit of the cBAF chromatin remodeling complex,
and NICD (Martin et al., 2023) suggests that the recruitment of
ARIDIA by NICD might help to open chromatin regions neces-
sary for SLEC differentiation. It is therefore interesting to note
that ARIDIA deficiency affects effector CD8* T cell differentia-
tion with a severe loss of CX3CR1* SLECs (McDonald et al.,
2023).

Previous work showed enrichment of bZIP motifs within
DARs defining effector/SLEC populations (Scott-Browne et al.,
2016). The bZIP family includes members with similar DNA
binding motifs but distinct functional roles. For example, AP-1is
required to open chromatin during T cell activation (Yukawa
et al., 2020), while BACH2 is known to promote MPEC and
memory differentiation (Roychoudhuri et al., 2016). Our results
further demonstrate the differential effects of bZIP members on
CD8* T cell response as only BATF, but not c-JUN or JUNB ex-
pression, promoted SLEC differentiation. BATF overexpression
could not fully rescue Notch-driven SLEC differentiation as it
failed to generate CX3CRIM SLECs. This suggests that Notch
activation may render specific BATF binding sites accessible or
that concerted action of NICD and BATF is required to drive
expression of key SLEC-related genes. Alternatively, the differ-
entiation of CX3CRIM SLECs might solely depend on Notch
transcriptional activity or could require collaboration with
other bZIPs. Recent studies reported that BATF is required to
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coordinate the binding of several key transcription factors to
DNA, namely T-BET, JUND, IRF4, and STAT5 in CD8* T cells
(Tsao et al., 2022). Thus, Notch activation may be associated
with chromatin opening at specific regions to allow BATF-
mediated transcription of pro-SLEC genes or support the
function of other transcription factors, such as T-BET and
STATS5 (Joshi et al., 2007). Interestingly, BATF acts early during
CD8* T cell responses, further supporting the idea that it co-
operates with Notch to regulate SLEC differentiation (Tsao
et al., 2022). This would be consistent with the overlap of
transcriptomes controlled by Notch and BATF (32%), as well as
the enrichment of BATF binding sites in the DARs opened by
Notch, notably at pro-effector loci (Prdmil, Gzma, and Klrgl)
(Tsao et al., ZOZZ). However, BATF overexpression in Notch-
deficient CD8* T cells did not fully restore transcripts whose
abundance was affected both by Notch and BATF deficiency.
The exact mechanism of Notch and BATF target co-regulation
remains unknown. One possibility is that the binding of NICD-
RBPJ-BATF occurs in the same DNA regions, but we could
not exclude long-range effects via chromatin remodeling and
looping, or indirect effects. It would be interesting to investi-
gate whether the recruitment of the cBAF complex via NICD-
ARIDIA is involved (Martin et al., 2023) as 50% of our Notch
DARs have been shown to be bound by ARID1A in effector CD8*
T cells (McDonald et al., 2023). Furthermore, ARIDIA was
shown to be necessary for BATF binding to DNA in effector
CD8* T cells (McDonald et al., 2023) raising the possibility that
NICD-ARIDIA interactions are necessary to open chromatin
regions where BATF binds during CD8* T cell differentiation.

Our work has allowed us to define the transcriptional out-
come of Notch signaling in T cells, revealing a T cell-specific
Notch signature that will be useful to probe for Notch signaling
in T cells in different contexts. This is highlighted by the ability
of this novel signature to detect Notch signaling in human T cells
during multi-inflammatory syndrome in children infected with
SARS-CoV-2.

In conclusion, our results reveal an essential role for DLL1
and DLL4 expression by secondary lymphoid organ FRCs in
SLEC differentiation. The early Notch signals provided by these
specialized stromal cell niches ultimately control a T cell-specific
epigenetic and transcriptional signature that correlates with
open effector-associated chromatin regions and enhanced BATF
activity to promote the SLEC differentiation program.

Materials and methods

Mice

B6-CD45.1, C57BL/6, and OT-I Ragl-deficient (Hogquist et al.,
1994) mice were bred at the Maisonneuve-Rosemont Hospital
Research Center or Institut de recherches cliniques de Montréal
animal facilities. Notchi/f (N1f/8), E8I-Cre~ °* + x NIVl (Notchi
WT or KO), Notch2f/fl (N2f/f), ESI-Cre~ o *+ x N2f/l (Notch2 WT
or KO), E8I-Cre~ °* * x NIVAN2f/ (Notchl/2 WT or KO), and E8I-
Cre™ o * x NIVAN28/fl OT-1 Ragl~/~ (Notchi/2 WT or KO OT-I)
were bred as described (Mathieu et al., 2015). All mice were bred
and housed in a pathogen-free environment and treated in ac-
cordance with the Canadian Council on Animal Care guidelines.
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Our protocol was approved by the Hospital Maisonneuve-
Rosemont and Institut de recherches cliniques de Montréal
Committee on Animal Care. DIV, DIl4f/8 Ccl19-Cre~ °r + x
DI/AD1I4f/ (stromal f1/fl or A/A), Mx-Cre~ °F * x DIIf/Ap]i4f/
(DC I/l or A/A) CD4-Cre X ROSAdnMAMLf mice were previously
described in Zhang et al. (2011), Chung et al. (2017), and were
bred at the University of Michigan or the University of Penn-
sylvania or Institut de recherches cliniques de Montréal. The
animal protocol for these mice was approved by the University
of Michigan’s Committee on Use and Care of Animals or the
University of Pennsylvania’s Office of Regulatory Affairs and the
Institut de recherches cliniques de Montréal Committee on
Animal Care.

Analysis of CD8* T cell response

To induce a CD8* T cell response, mice were either injected i.v.
with 2 x 10% CFU of Lm-OVA as previously described (Bahjat
et al., 2006) or immunized with BMDCs loaded with the
OVAj;57.264 peptide (SIINFEKL; Sigma-Aldrich). GM-CSF + IL-4
and FLT3L BMDCs were generated as previously described
(Boulet et al., 2019). On the eve of the last day of culture, BMDCs
were matured with LPS alone (GM-CSF + IL4 BMDCs, 100 ng/ml;
Sigma-Aldrich) or with LPS and the TLR7/8 agonist R848 (FLT3L
BMDCs, 100 ng/ml; Sigma-Aldrich), as previously described, and
then loaded with OVA peptide (2 pg/ml; Sigma-Aldrich). A total
of 5 x 105 DCs were i.v. injected. In experiments with adoptive
transfers of OT-I T cells, 10° or 10% cells were transferred into
recipient mice 1 day prior to Lm-OVA infection. Mice that re-
ceived 108 OT-I T cells were sacrificed on day 2 or 3 after in-
fection, while mice that received 10# OT-I T cells were sacrificed
either on day 5 or 7 after infection. Ex vivo CD8* T cell responses
were analyzed in the spleen.

In selected experiments, recipient mice received humanized
IgGl monoclonal antibodies (mAbs) specific for DLL1 or DLL4
(Genentech, Inc.) or a combination of both mAbs (5 mg/kg i.p.)
(Ridgway et al., 2006; Tran et al., 2013). In these experiments,
anti-HSV gD human IgGl (Genentech, Inc.) was used as an iso-
type control antibody.

Recall response of memory CD8* T cells

B6-CD45.1 mice were adoptively transferred with 10* WT or
Notchl/2 KO OT-I cells (CD45.2*) and infected with Lm-OVA as
described above. On day 30 after infection, mice were re-
challenged with 1 x 10* CFU of Lm-OVA, and 5 days after re-
challenge, the CD8* T cell response (CD8*CD45.2*) was assessed
among splenocytes. Mice adoptively transferred with WT OT-I
cells received DLL1 and DLL4-specific mAbs on the day of the
rechallenge and 2 days later.

Adoptive transfer of WT or Notch1/2 KO CD25" OT-I cells

B6-CD45.1 mice were adoptively transferred with OT-I cells
and infected with Lm-OVA as described above. 72 h after
infection, splenocytes were purified by negative selection
using anti-CD4 and anti-CD19 biotinylated antibodies and
streptavidin-conjugated magnetic beads (EasySep Streptavidin
RapidSpheres from StemCell). CD25M OT-I cells (Zombie dye-
CD8* CD45.2+ CD44* CD25M) were then sorted and 5 x 10* were
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transferred into match-infected B6-CD45.1 mice. On day 7 after
infection, the CD8* T cell response was assessed among
splenocytes.

Retroviral (RV) transduction

MSCV-Batf-IRES-eGFP, MSCV-JunB-IRES-eGFP, and MSCV-
cJun-IRES-eGFP plasmids were kindly gifted by Patrick G.
Hogan (La Jolla Institute for Immunology, San Diego, CA,
USA). RV particles were produced by transfection of 293T cells
with MSCV and pCL-Eco plasmids using Lipofectamine 2000 and
RVs were collected on days 2 and 3 after transfection.

For RV transduction, E8I-Cre~ °* * x Notchl/2/f OT-I cells
(CD45.2*) were isolated from lymph nodes, resuspended to a
final concentration of 2 x 10 cells/ml in complete RPMI medium
(Nu-Serum 10%, Penicillin-Streptomycin 100 U/ml, L-glutamine
2 mM,, B-mercaptoethanol 50 uM, non-essential amino acid 0.1
mM, sodium pyruvate 1 mM, HEPES 10 mM) supplemented with
IL-7 (25 ng/ml), IL-15 (100 ng/ml), and IL-2 (20 ng/ml) to induce
homeostatic proliferation. After 48 h in culture, cells were spin-
transduced with RV supernatant in the presence of polybrene (8
pg/ml) at 2,500 rpm for 1 h at 37°C. Cells were then incubated
for an additional 2-4 h at 37°C before being resuspended to a
final concentration of 2 x 10° cells/ml in RPMIc supplemented
with IL-7 (25 ng/ml), IL-15 (100 ng/ml), and IL-2 (20 ng/ml)
(Connolly et al., 2021). Transduced OT-I cells were transferred
(0.5 x 10%) into B6-CD45.1 mice (CD45.1*) 48 h later to ensure
optimal bZIP overexpression. Lm-OVA infection was performed
the following day, and CD8* T cell response was measured 7 days
after infection.

Flow cytometry and cell sorting

Spleens and lymph nodes were dissociated using frosted glass
slides. Red blood cell lysis was performed on spleens using
0.83% NH,CIl for 5 min at room temperature. Tetramer H2-
KP-OVAys; 564 (obtained from the National Institutes of Health
Tetramer Core Facility) staining was performed at 37°C for
15 min. Extracellular staining was performed for 20 min at 4°C
in FACS wash buffer, as previously described (Ostiguy et al.,
2007). A complete list of antibodies used in this article is
available in Table S4.

For kinetic analysis of Notch2 expression, splenocytes were
stained with a Zombie dye following the manufacturer’s proto-
col (Biolegend). Extracellular staining was performed for 20 min
at 4°C in FACS wash buffer, as previously described. Then, cells
were fixed and permeabilized using the eBioscience Foxp3
staining buffer following the manufacturer’s protocol. Intra-
cellular staining with uncoupled anti-Notch2 antibody (Cell
Signaling) was then performed in permeabilization buffer for
30 min at 4°C. Finally, a goat anti-rabbit IgG (H+L) highly cross-
adsorbed secondary antibody (Invitrogen) was used to target
uncoupled Notch2 in the permeabilization buffer for 15 min at
4°C.

For analysis of p-STAT5a, p-STAT4, and p-STAT3a, spleno-
cytes were rested 2 h in RPMI and then stimulated for 30 min in
complete RPMI (10% FBS) with IL-2 (100 U/ml), IL-15 (20 ng/
ml), IL-12 (20 ng/ml), or IL-21 (20 ng/ml). Following stimulation,
cells were stained with a Zombie dye following the manufacturer’s
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protocol (Biolegend). Cells were then fixed with PFA 1% at room
temperature for 15 min and permeabilized with 100% ice-cold
methanol at -20°C for 20 min. Finally, extra and intracellular
staining was done simultaneously in PBS/FBS 1% buffer at room
temperature for 30 min. Flow cytometry analysis was per-
formed on a BD LSR II or BD LSRFortessa X-20 from BD Bio-
sciences and data were analyzed using Flow]Jo software (Tree
Star).

For the analysis of cytokine production, day 7 ex vivo sple-
nocytes were collected and stimulated with the OVA peptide (2
pg/ml) in the presence of brefeldin A (10 ug/ml) for 5 h at 37°C.
Briefly, restimulated cells were fixed for 20 min with 1%
paraformaldehyde at room temperature. Fixed cells were per-
meabilized with saponin (0.5%) in FACS wash buffer for 10 min
at room temperature (RT) and stained with anti-cytokine or
anti-granzyme B antibodies followed by cell surface staining.

For cell sorting, cell suspensions were incubated with a via-
bility dye and Fc-block (aCD16/32; BioXcell) for 10 min at RT and
then stained with extracellular antibodies for 20 min at 4°C in
sorting buffer (PBS, 1% Nu serum [Corning], 1 mM EDTA, and
25 mM HEPES). Cells were sorted with a BD FACSAria III.

For RNA-seq of WT versus Notchl/2 KO OT-I cells, naive OT-I
cells (Zombie dye- CD8* CD45.2* CD25~ CD69- CD44~) from
pooled lymph nodes and spleens and activated OT-I cells
(Zombie dye~ CD8* CD45.2* CD44*) from spleens were sorted
on day 3 after infection. For naive cells, a total of three indi-
vidual biological samples from three independent experiments
were collected for each genotype (6 x 105-3 x 10° cells/sample).
For activated cells, a total of eight individual biological samples
from three independent experiments were collected for each
genotype (1.9 x 10-1.1 x 10° cells/sample).

For RNA-seq of WT versus Notchl/2 KO OT-I cells transduced
with empty-RV or BATF-RV as described above, transduced OT-I
cells (Zombie dye~ CD8* CD45.2* CD44* GFP*) were isolated
from spleens on day 3 after infection. A total of four individual
biological samples from one independent experiment were col-
lected for each condition (6 x 10*-1 x 105 cells/sample).

RNA-seq sample preparation

Cells were FACS-sorted directly into TRIzol reagent and frozen
at -80°C. RNA extraction, library preparation, and sequencing
were done at the IRIC Genomics Platform (University of Mon-
treal). For cDNA library preparation, 150 ng RNA was used, and
cDNA library sequencing was performed on Illumina Next-
$eq500 (75 cycles of single-end reads).

RNA-seq analysis

For experiments comparing the transcriptomes of Notchl/2 WT
and KO CD8* T cells and OT-I in vitro activated T cells culture on
OP9 versus OP9-DLL4 (Mohtashami et al., 2010), bioinformatics
analysis was done at the IRIC Genomics Platform and at the
Institut de recherches cliniques de Montréal (IRCM). Sequenced
reads were trimmed for sequencing adapters and low-quality 3’
bases using Trimmomatic version 0.35 (Bolger et al., 2014) and
then aligned to the reference mouse genome version GRCm38
(or mm10 gene annotation from Gencode version M13, based on
Ensembl 88) using STAR version 2.5.1b (Dobin et al., 2013). Gene
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expression was obtained both as read count directly from STAR
as well as computed using RSEM (Li and Dewey, 2011) to obtain
gene and transcript level expression, either in transcripts per
kilobase million or fragments per kilobase per million mapped
reads values for these stranded RNA libraries. DESeq2 version
1.16.1 was then used to normalize gene read counts and compute
differential expression between different experimental con-
ditions (Love et al., 2014).

GO term enrichment analysis of differentially expressed
genes was performed using DAVID (Huang et al., 2009) and the
determination of relevant upstream regulators was done with
QIAGEN's IPA. GSEA enrichment analysis was performed using
the Broad Institute’s software and MSigDB (https://www.gsea-
msigdb.org/gsea/index.jsp) (Subramanian et al., 2005).

For experiments evaluating the impact of BATF overexpression,
sequences were trimmed with Trimmomatic version 0.39
(Bolger et al., 2014) and aligned to reference genome GRCm38
using STAR version 2.7.8a (Dobin et al., 2013). Gene counts
were determined with featureCounts (Liao et al., 2014). Robust
principal component analysis (Chen et al., 2020) was used to
detect outlier samples, and two samples (one KO-empty and
one KO-BATF sample) were therefore excluded from differen-
tial expression analysis. DESeq2 v1.24.0 was used to determine
differential expression (Love et al., 2014).

Quantitative real-time PCR

Total RNA was isolated from cells sorted in TRIzol, followed by
reverse transcription into cDNA using SuperScript II and oli-
go(dT) primers (Invitrogen). Subsequently, the quantitative PCR
(qPCR) reaction was performed using Power SYBR Green (Ap-
plied Biosystems) on a 7500 Real-Time PCR System (Applied
Biosystems). Each sample was normalized to the endogenous
reference gene Hprt and to a reference sample (calibrator), as
previously described (Boulet et al., 2014). The differential cycle
threshold (ACr) value for each sample was determined by cal-
culating the CT value difference between the target gene and
Hprt. Next, the AACt was computed for each sample by sub-
tracting the mean ACr of the sample from the ACr of the cali-
brator. The relative expression of the target gene was calculated
using 2724Cr, Primer sequences are as follows: Hprt, 5'-CTCCTC
AGACCGCTTTTTGC-3' and 5'-TAACCTGGTTCATCATCGCTA
ATC-3'; DllI, 5'-GGATACACACAGCAAACGTGA-3' and 5'-CGC
TTCCATCTTACACCTCAG-3'; Dll4, 5'-GGAACCTTCTCACTCAAC
ATCC-3' and 5'-CTCGTCTGTTCGCCAAATCT-3'.

T cell Notch signature

RNA-seq data from this paper and Chung et al. were reanalyzed
with the same pipeline (Chung et al., 2019). Briefly, the first 10
base pairs from sequence reads were trimmed with Trimmo-
matic version 0.36 (Bolger et al., 2014) and aligned to reference
genome GRCm38 using STAR version 2.5.1b (Dobin et al., 2013).
Gene counts were determined with featureCounts (Liao et al.,
2014). DESeq2 v1.24.0 was used to determine differential ex-
pression (Love et al., 2014). DEGs with an adjusted P value <0.05
were kept for further analysis. This included 875 DEGs for CD8*
T cells and 622 DEGs for CD4* T cells. 136 DEGs were similarly
regulated in the CD4* and CD8* T cells datasets; 82 genes were
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upregulated and 54 downregulated in the absence of Notch
signaling. These 136 genes were thus defined as the Notch T cell
signature (Table S2).

Enrichment of the Notch T cell signature was tested in
publicly available mouse (GSE131847) and human (Benamar
et al., 2023) scRNA-seq data. The FeaturePlot_scCustom()
function from the scCustomize package in R was used to score
the Notch signature gene sets on murine and human data.
Mouse data from GSE131847 were imported and analyzed using
Seurat. Doublets or dead cells were filtered out and downstream
analysis was performed using default values. Human data from
healthy and COVID MIS-C patients were reanalyzed. The Cell-
ranger (7.0.1) multi pipeline was used to analyze 10 x 3’ Cell
Multiplexing data from different patients. The resulting gene
expression matrices for each sample were then imported into the
R package Seurat for quality control and downstream analyses
(Satija et al., 2015). For each sample, empty/dead cells or dou-
blets were filtered out based on the number of transcripts,
number of unique genes present, and percentage of mitochon-
drial reads. Samples were then normalized and highly variable
genes were identified prior to integration. Linear dimensionality
reduction was performed by principal component (PC) analysis.
Only the first 15 PCs were selected for subsequent analyses.
Clusters were identified using Louvain’s algorithm with a reso-
lution of 0.5. The resulting clusters were automatically labeled
using the fine labels from the MonacoImmune reference dataset
from the celldex library. Cells labeled as CD4 were subsetted and
reanalyzed (15 dimensions, resolution 0.5). Uniform Manifold
Approximation and Projection (UMAP) was applied for visuali-
zation purposes.

ATAC-seq sample preparation

B6-CD45.1 mice were adoptively transferred with WT versus
Notchl/2 KO OT-I cells and infected with Lm-OVA as described
above. 72 h after infection, splenocytes were purified by nega-
tive selection using anti-CD4 and anti-CD19 biotinylated anti-
bodies and streptavidin-conjugated magnetic beads (EasySep
Streptavidin RapidSpheres, StemCell Technologies). Activated
OT-I cells (Zombie dye~ CD8* CD45.2*CD44*) were then sorted
and nuclei isolation was performed as previously described
(Odagiu et al., 2020). Briefly, cells were kept on ice, washed
twice in ice-cold PBS without Ca%*/Mg?*, and centrifuged for
5 min at 1,300 rpm. Cells were resuspended in one volume of
ice-cold PBS before adding four volumes of lysis buffer (12.5 mM
Tris, pH 7.4; 45 mM KCl; 6.25 mM MgCl,; 375 mM sucrose;
0.125% Nonidet P-40; 1 tablet of complete [EDTA free] protease
inhibitor mixture [Roche]/50 ml). After 10 min of incubation on
ice, lysed cells were centrifuged at 4°C for 7 min at 500 g. The
nuclei pellet was resuspended in a tenth of the original lysis
volume in wash buffer (10 mM Tris, pH 7.4; 60 mM KCl; 15 mM
NaCl; 5 mM MgCly; 300 mM sucrose). Then, wash buffer was
added to half of the lysis volume, and nuclei were centrifuged at
4°C for 7 min at 500 g. Washed nuclei were counted and 50,000
nuclei were used for the transposase reaction. ATAC-seq was
performed as previously described (Odagiu et al., 2020) with
some modifications (Tn5 tagmentation, DNA purification, and
library preparation were performed at the Montreal Clinical
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Research Institute Genomics Platform; sequencing was per-
formed by the Centre d’expertise et de services of Génome
Québec). Briefly, 5 x 10* nuclei were directly treated with Tn5
transposase at 37°C for 30 min. After the enzymatic reaction, the
DNA was purified by Mini-Elute PCR Purification columns
(Qiagen) and enriched by 12 PCR cycles. The library was re-
covered from PCR by GeneRead Purification columns (Qiagen)
and double-strand sequenced on Illumina NovaSeq 6000 S4
PE100. A total of 112 x 10%-132 x 10° reads/samples were ob-
tained. For footprinting analysis, libraries were resequenced to
allow increased sequencing depth, and an additional 103 x
10°-149 x 10° reads/sample were obtained.

ATAC-seq analysis

The quality of the raw reads was assessed with FASTQC v0.11.8.
Trimming was then performed with TRIMMOMATIC v0.36
(Bolger et al., 2014). Reads were aligned to the mouse reference
genome mml0 with BOWTIE2 v2.2.6 (Langmead and Salzberg,
2012) with a mean of 57% of reads uniquely mapped. Alignments
were post-processed to remove PCR duplicates (Picard tool
v2.4.1) and reads were mapped to mitochondrial DNA (samtools
v1.8). To represent the real Tn5 transposase binding sites of 9 bp,
the coordinates of the reads were shifted by 4 bp for the plus
strand and by 5 bp for the minus strand using Deeptools v3.0.1
(Ramirez et al., 2016). The former was also used to remove
ENCODE'’s blacklisted regions (signal artifact regions) and con-
vert Bam files to BEDPE format. MACS2 was used to identify
significant peaks (Zhang et al., 2008). Diffbind v2.10.0 R pack-
age was used to generate the count matrix of Tn5 insertion site
numbers for each consensus peak (peaks that were present in all
samples for each condition). DARs were identified between WT
versus Notchl/2 KO OT-I cells using DESeq2 v1.30.0 R package
(Love et al., 2014). DARs were annotated with their closest fea-
ture and different transcription binding motifs identified with
HOMER v4.8.0. An unbiased motif search was also performed
with HOMER to identify all known motifs and de novo motifs in
these regions.

Footprinting analysis was done with the HMM-based IdeN-
tification of Transcription factor footprints (HINT) library from
the Regulatory Genomics Toolbox (RGT) software (version
0.13.2 [Li et al., 2019]). Footprints were called from chromatin-
accessible regions (called by MACS2 2.6) for each sample and
then matched to motifs using JASPAR 2020. Differential activity
of transcription factors was assessed using HINT-differential,
while P value and read counts were calculated using RGT HINT-
differential.

Bioinformatics analysis was performed at the Bioinformatics
core facility from IRCM.

Statistical analysis

Statistical analyses for differences between the fl/fl and A/A
groups were done using a two-tailed Student’s t test. Welch’s
correction was applied for unequal variances when required.
Wilcoxon signed-rank test was used when comparing two
groups with matched pairs. ANOVA analysis (Kruskal-Wallis
test) with Dunn’s multiple comparisons was used when com-
paring more than two experimental groups. Tukey’s correction
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was applied for unequal variances when required. Data are
presented as mean + standard error of the mean (SEM). Only
significant statistical differences are indicated on the figures,
and *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001 were
considered statistically significant.

Online supplemental material

Fig. S1 shows DLL1 and DLL4 expression in GM-CSF or FLT3L
BMDCs and mRNA expression on ¢DC1 and cDC2, as well as
cytokine production by OVA-specific CD8* T cells following Lm-
OVA infection. Fig. S2 shows SLEC differentiation of memory
CD8* T cells following rechallenge with Lm-OVA. Fig. S3 shows
the impact of the timing of aDLL1/4 blockade on SLEC differ-
entiation following Lm-OVA infection, as well as the recovery
and viability of OT-I CD8* T cells on day 3 after infection with
Lm-OVA. Fig. S4 shows our Notch T cell signature applied to
publicly available datasets of T cell transcriptomes during an
immune response. Fig. S5 shows HOMER motif enrichment
analysis and footprints of several bZIP transcription factors.
Table S1 shows the 217 differentially expressed genes (Padj <0.05
and |fold change| >1.5) between Notchl/2 WT and KO CD8+ T
cells. Table S2 shows the 136 genes included in the T-cell Notch
transcriptional signature. Table S3 shows the mROAST enrich-
ment analysis results of the Notch T cell signature against other
published datasets. Table S4 shows the complete list of anti-
bodies used in this article.

Data availability

The raw sequencing data have been deposited in NCBI's Gene
Expression Omnibus (GEO). RNA sequencing data underlying
Fig. 3, E-G; Fig. 4; Fig. 5, A-C; Fig. 7 A; Fig. 8, C and D; Fig. S3 G;
and Fig. S4 are accessible through GEO Series accession number
GSE289394. ATAC sequencing data underlying Fig. 6; Fig. 7, B-D;
and Fig. S5 are accessible through GEO Series accession number
GSE289392.
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Figure S1.  Contribution of DLL1 and DLL4 to CD8" T cell differentiation. (A) Cell surface DLL1 and DLL4 expression in GM-CSF + IL-4 BMDCs (left) and
FLT3L BMDCs from poly(l:C)-treated Mx1-Cre~ or Mx1-Cre* x DIl1/4" mice (right). (B) Mice with or without a specific loss of Notch ligands DLL1/4 in stromal
cells (Ccl19-Cre*/~ x DUIVA-DII4"f) were vaccinated with OVA-loaded FLT3L BMDCs generated from poly(l:C)-treated Mx-Cre* or Mx-Cre~ x DIIYf-p[l4ff
mice. (C and D) Some mice were treated on days 0 and 2 with anti-DLL1/4 blocking antibodies. CD8* T cell expansion (C) and SLEC differentiation (D) were
analyzed on day 10 after vaccination. (E) Reduced SLEC differentiation in mice expressing DNMAML in T cells following WT DC vaccination. (F) 1B11 reactivity
on Tet-OVA* CD8* T cells in mice lacking or not DLL1/4 expression on FRCs or DCs (as described in B) on day 10 after vaccination. D-F are gated on Tet-OVA*
CD8* T cells. (G) On days 0 and 2 following Lm-OVA infection, cDC1 (MCHII* Lin~ CD11lc* XCR1*) and ¢DC2 (MCHII* Lin~ CD11c* SIRPa*) were sorted. A-
bundance of DIl1 and DIl4 relative to Hprt transcripts was determined by RT-qPCR. (H) Effector functions on day 7 following Lm-OVA infection of mice with or
without a specific loss of Notch ligands DLL1/4 in stromal cells (Ccl19-Cre*/~ x DUIVA-D{[47/7). (1) Effector functions of OVA-specific CD8* T cells on day 7 after
Lm-OVA infection with or without anti-DLL1/4 treatment. For H and |, splenocytes were briefly stimulated with the OVA peptide in the presence of Brefeldin A
followed by intracellular staining. Data are from one (C-G), two (H), or three (I) independent experiments with a total of n = 3-13 mice per group. Error bars
display means + SEM. Ordinary one-way ANOVA with Tukey’s multiple comparison was used for multiple-group comparison and unpaired two-tailed t test was
used for two-group comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure S2. SLEC differentiation of memory CD8* T cells following rechallenge with Lm-OVA. (A) Mice with memory OT-I CD8* T cells (WT or Notch1/2-
deficient; day 30 [d30] after Lm-OVA infection) were rechallenged with Lm-OVA and the response of secondary effectors was analyzed on day 5 after re-
infection. A group of mice was treated with anti-DLL1/4 blocking antibodies on days 0 and 2 of the challenge. (B) Response of OT-I memory CD8* T cells after
rechallenge. (C-F) Differentiation of secondary effector OT-I T cells into SLECs (C), MPECs (D), EECs (E), and CX3CR1MCXCR3'® SLECs (F). (G) Mean fluo-
rescence intensity (MFI) of 1B11 on secondary effector CD8* T cells. Data are from two independent experiments (A-G) of n = 4-13 mice per group. Error bars
display means + SD. Ordinary one-way ANOVA with Tukey’s multiple comparison was used for multiple group comparison. *P < 0.05, **P < 0.01, ***P < 0.001,

***¥P < 0.0001.
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Figure S3. Role of early Notch signaling in CD8* T cells during Lm-OVA infection. (A) Staining of the Notch2 extracellular domain in Notch1/2 WT CD8*
OT-I T cells on day 2 after infection with Lm-OVA. (B) Staining of the Notch2 transmembrane and intracellular domain in Notch1/2 WT and KO CD8* OT-|
T cells on day 2 after infection with Lm-OVA. (C~E) Proportion of SLECs (C), proportion of CX3CRIMCXCR3'® SLECs (D), and MFI of 1B11 (E) from mice infected
with Lm-OVA and treated with anti-DLL1/4 blocking antibodies on days (d) 0 and 2, day 2, day 3, or day 3.5. Untreated Notch1/2 WT and KO mice were used as
control. (F) Representative histograms (left) and compilation (right) of the proportion of KLRG1* cells among effector OT-1 CD8* T cells on day 3 after Lm-OVA
infection. (G) Differential transcription of classical Notch target genes in the presence or absence of Notch signaling in day 3 effector CD8* T cells.
(H) Proportion and numbers of Notch1/2 WT and KO OT-1 CD8* T cells recovered on day 3 after infection with Lm-OVA. (1) Proportion of Notch1/2-
deficient or sufficient OT-1 CD8* T cells positive for 7-AAD on day 3 after infection with Lm-OVA. Data are from one (G and ), two (C-F and 1), or three (H)
independent experiments with a total of n = 2-8 mice per group. Error bars display means + SEM. Ordinary one-way ANOVA with Tukey’s multiple comparisons
was used for multiple group comparison and unpaired two-tailed t test was used for two-group comparisons. ***P < 0.001, ****P < 0.0001.
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Figure S4. Notch-T cell signature characterization and validation. (A) Overlap of the DEGs in Notch-deprived CD4* and CD8* T cells. (B) Heatmap
representation of gene expression from the T cell-specific Notch signature in CD4* T cells (GSE126518) during GVHD (samples: isotype [iso] and aDLL1/4-
treated) and in CD8* T cells following Lm-OVA infection from this paper (samples: WT and Notch KO). (C) GO molecular function terms of Notch-driven or
repressed signatures. (D) GSEA showing the enrichment of our T cell Notch signature on the DEGs from RNA-seq data comparing activated CD8* T cells co-
cultured on OP9 versus OP9-DLL4. (E) The Notch T cell signature identifies different subsets of T cells receiving Notch signals. Heatmap clustering of the
different T cell subset transcriptomes using the Notch-T cell signature. Chung et al. (2019): CD4* T cells early GVHD; Tindemans et al. (2020): CD4* T cells Th2;
Backer et al. (2014): effector CD8* T cells d10 Influenza.
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Figure S5. Notch signaling increases the accessibility of chromatin containing motifs for bZIP transcription factors. (A) HOMER motif enrichment
analysis between Notch WT and KO DARs. bZIP transcription factors are in orange. Significant threshold was set as P, < 0.05 and |log,FC| >1. (B) Footprints of
bZIP transcription factors. (C) Enrichment of bZIP transcription factor footprints with Notch-regulated DEGs. (D) Overlap of BATF bound genes from in vivo
day 5 CD8" effectors and Notch DARs from day 3 CD8* effectors.
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Provided online are Table S1, Table S2, Table S3, and Table S4. Table S1 shows the 217 differentially expressed genes (Padj <0.05 and
[fold change| >1.5) between Notch1/2 WT and KO CD8* T cells. Table S2 shows the 136 genes included in the T-cell Notch
transcriptional signature. Table S3 shows the mROAST enrichment analysis results of the Notch T cell signature against other
published datasets. Table S4 shows the complete list of antibodies used in this article.
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