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Long-lived memory CD8" T cells are essential for the control of persistent
viralinfections. The mechanisms that preserve memory cells are poorly
understood. Fate mapping of the transcriptional repressor GFll identified
that GFI1 was differentially regulated in virus-specific CD8" T cells and
was selectively expressed in stem cell memory and central memory cells.
Deletion of GFI1led to reduced proliferation and progressive loss of

memory T cells, whichin turnresulted in failure to maintain antigen-specific
CDS8" T cell populations following infection with chronic lymphocytic
choriomeningitis virus or murine cytomegalovirus. Ablation of GFI1 resulted
indownregulation of the transcription factors EOMES and BCL-2 in memory
CDS8'T cells. Ectopic expression of EOMES rescued the expression of BCL-2,

but the persistence of memory CD8" T cells was only partially rescued.
These findings highlight the critical role of GFIlin the long-term
maintenance of memory CD8'T cells in persistent infections by sustaining
their proliferative potential.

Antigen recognition by naive CD8" T (T,) cellsinitiates clonal expansion
and a hierarchical differentiation program that generates heteroge-
neous populations, including short-lived effector CD8* T (T, () cells
with potent cytotoxicity and memory CD8" T (Ty,) cells that confer
durableimmunity. CD8" Ty, cells can persist for decades, even without
re-exposure to cognate antigens' . These long-term responses are
sustained by central memory CD8" T (T,) cells and stem cell memory
CD8' T (Tscy) cells that retain both self-renewal and immune reconstitu-
tion potential*’. CD8" Ty cellsand CD8* Ty, cells emerge early in viral
infection®’, while dysfunctional T cell emergencein chronicinfections
and cancers has been associated with loss of CD8" T, cells®’.

CD8" Ty cells are a heterogeneous population with distinct
functional and developmental properties. However, persistent
antigenic stimulation in chronic viral infection can disrupt memory

programming. CD8" Ty cells comprise two subsets: one that expresses
the transcription factor TCF1with remarkable longevity and asecond
progenitor type that also expresses elevated levels of the transcrip-
tion factor TOX and the inhibitory receptor PD-1 (refs. 5,10,11). Both
subsets have been identified in mice and humans, with the latter sub-
set now recognized as precursors of exhausted CD8* T cells (Tpgy)'>".
The CD8" Tyix cell population propagates exhausted CD8* T cells (Tgy)
that express high levels of multiple inhibitory immune checkpoint
receptors such as PD-1, LAG3, 2B4 and TIM3. Furthermore, CD8" Ty
cells gradually lose effector functions, including interferon-y (IFNy)
secretion*. The transcription factors TCF1,1D3, BACH2 and BATF have
allbeenshown toregulate the generation of CD8* T¢cy, cells***. However,
the determinants that maintain the essential self-renewal potential of
CD8" Ty cells to form long-lived populations are not fully resolved.
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Althoughreadily cleared acute viral infections give rise to effector
(Teep) and Ty, cells, including T, and Ty cells, persistent infections
such as hepatitis virus, human immunodeficiency virus in humans
and certain strains of lymphocytic choriomeningitis virus (LCMV)
in mice also give rise to CD8" Ty, cells, even though CD8" T, cell
populations contribute significantly to the propagation of CD8" Ty
cells in these chronic infections'®", However, in latent herpesvirus
infections, pathogen-specific T cell populations remain functional.
For instance, cytomegalovirus infection can generate significantly
expanded long-term stable CD8" T cell populationsin aphenomenon
known as memory inflation’. The factors sustaining inflationary CD8"
T cells remain unclear.

The transcriptional repressor GFI1 is highly expressed in thy-
mocytes following T cell receptor (TCR) activation, and loss of GFI1
impairs early T cell development in the thymus”. In mature T cells,
GFI1 deficiency differentially affects CD4" and CD8" T cell subsets,
with GFI1-deficient CD4" T cells exhibiting aberrant proliferation,
while GfilI’~ CD8" T cells are not impaired'®. Antiviral CD8" T cells in
Gfil”~ mice show elevated IL-7R expression'’, suggesting that alack of
GFI1 may enhance IL-7-dependent proliferation. However, the exact
role of GFI1 in maintaining Ty, cells following acute and chronic viral
infection is not understood.

Here, we examined the role of GFI1in CD8" Ty, cell development
afteracute and chronic viralinfection. GFI1 was differentially expressed
across Ty, and T cells resolving GFI1" and GFI1' populations. GFI1"
cells were transcriptionally distinct from GFI1" cells, expressing a
memory phenotype and a superior ability to generate long-lived T,
cells. Ablation of GFI1 early in chronic infection showed that antiviral
CDS8" T cells could still develop, whereas CD8" T, cells were lost.
Altogether, our data identify that GFIlis a key regulator of the fitness
of CD8" Ty, cells, which maintain memory compartments in chronic
infection and enable replenishment of effector populations.

Results

GFllisselectively expressed by T\, cells

Tounderstand how GFllisregulatedin CD8' T cells, GfiI*“™™** reporter
mice, which express tdTomato under the Gfil promotor in all cells?**?,
wereinfected with LCMV thatinduces either acute infection (Armstrong
strain, LCMV*™) or chronic infection (clone 13 strain, LCMV). In naive
Gfirmae’* mice, GFI1-tdTomato was uniformly highly expressed in
CDS8' T cells (Extended Data Fig. 1a). Following infection, CD8" T cells
showed a significant downregulation of GFI1-tdTomato expression
(Extended Data Fig. 1b,c). Further analyses revealed a graded expres-
sion of GFI1-tdTomato whereby CD8" T, and CD8" Ty, cells exhibited
highexpression of GFI1-tdTomato (Fig.1a,b and Extended Data Fig. 1d).
TCF1"CX3CRI" T cells showed the lowest GFI1-tdTomato expression
(Fig.1a,band Extended DataFig. 1e), whereas high expression was main-
tained in CD8" T,y cells (Extended Data Fig. 1e). TCF1'TOX' CD8" Tpgy
cells that maintain stem-like proliferation following LCMV® infection*
showed significantly lower expression of GFI1-tdTomato than CD8"
Tcwand CD8* Tgy, cells (Fig. 1b). Further resolving the CD8" Ty cell
population revealed that CD62L*CD8" T, cells, which were reported
to exhibit superior proliferative capacity®, had higher GFI1-tdTomato
expression than CD62L"CD8' T cells (Extended Data Fig. 1f). Follow-
ingtheinitial downregulation of GFI1-tdTomato expression after LCMV
infection, GFI1-tdTomato subsequently increased between day 7 and
day 21 for LCMV*™ infection but remained low following LCMV*" infec-
tion (Fig.1c). This pattern persisted in LCMV-specificgp33°CD8" T cells
during late LCMV*" infection (Fig. 1d and Extended DataFig.1g,h). Track-
ing the temporal dynamics of GFI1 expression early in infection using
Gfi1@emael+ p14 CD8* T cells showed that GFI1-tdTomato expression
was significantly downregulated onday 2and day 3in P14 T cellsisolated
from spleen and mesenteric lymph nodes (mLN), respectively (Fig. 1e
and Extended DataFig. 1i,j). FK506, a potent inhibitor of calcineurin that
blocks TCR-dependent signaling, showed that although TOX expression

wasimpaired, GFI1-tdTomato was not affected (Fig. 1f). Thus, calcineurin
signaling was not essential to GFI1 regulation, and infection-induced
inflammation was sufficient for GFI1 downregulation. Together, these
data show that GFIlis rapidly downregulated in activated CD8' T cells
after infection and is selectively maintained in T\, cell subsets.

Given the emergence of distinct high and low
GFIl1-tdTomato-expressing populations among activated CD11a"CD44"
CDS8' T cells, the GFI1" and GFI1'° CD8" T cells (Extended Data Fig. 1b)
were further analyzed to determine the expression of other transcrip-
tion factors. GFI1"CDS8" T cells showed increased expression of TCF1
and EOMES compared to GFI1°CD8" T cells at day 7 post LCMV*™ or
LCMV® infection (Fig. 1g,h). TCF1 remained high in GFI1"'CD8" T cells
at day 21, while EOMES expression was similarin GFI1" and GFI1'° CD8*
T cellsatday 21 (Fig. 1h). T-BET expression was low in GFI1"CD8* T cells
atday 7 and day 21 after LCMV*™and LCMV® infection (Fig. 1i). There-
fore, GFl1 was differentially regulated among T, and T cellsand was
associated with memory CD8T cell formation.

GFllidentifies transcriptionally distinct CD8' T cells
RNA sequencing (RNA-seq) of GFI1" and GFI1'° CD8" T cells isolated
from LCMVA™-infected or LCMV*®-infected mice (Extended DataFig. 2a)
showed that GFII"CDS8"* T cells responding to both infections exhib-
ited a similar transcriptional profile, which was distinct from that of
GFI1°CDS8" T cells (Extended Data Fig. 2b). We identified 929 and 220
unique differentially expressed genes (DEGs) in GFIICDS8 T cellsiso-
lated from LCMVA™-infected and LCMV*-infected mice, respectively
(Fig.2a and Supplementary Tables1and 2). GFI1"'CD8" T cells showed
upregulation of transcription factors associated with T cellmemory**,
including Eomes, Id3and Tcf7, whereas transcription factors linked with
Terrcell programs such as /d2, Thx21 and Zeb2were downregulated® >
(Fig.2b,c). GFII"CDS" T cells showed higher Gfil expression than GFI1"
CD8" T cells (Fig. 2c and Extended Data Fig. 2c), suggesting that the
reporter levels reflect GFI1 gene expression. GFI1"CD8* T cells showed
upregulation of genes associated with cell proliferationand cell cycle,
including Cdkl, Top2a and Myc (Fig.2c and Extended Data Fig. 2d) and
significant enrichment of memory signature genes, such as Tcf7, Eomes
and/l7r (Fig.2d and Extended DataFig. 2e), suggesting that GFII"CD8*
T cellshad enhanced proliferative potential. This premise was further
supported by upregulation of E2ftarget genes and the G2M checkpoint
pathway in GFI1"CDS8" T cells (Extended Data Fig. 2f). To understand
whether the memory signature®® observed in the transcriptome of
GFI1"CDS8" T cells was solely caused by enrichment of CD8* Ty, and
CD8' Ty cell subsets or whether GFI1-tdTomato expression regulated
memory gene expression within CD8" T, and CD8" T, cell popu-
lations, the transcriptional profile of GFI1" and GFI1" subsets from
CD44"CD62L"and CD44Ly108" (Ly108 was used as a surrogate marker
for TCF1* memory cells”’) CD8" T cell populations were analyzed. We
found that GFI1"CDS8" T cell fractions within CD8* Ty, and CD8" Ty
cellsexpressed higherlevels of Id3, Ikzf2 and Tcf7, whereas Gzmb, Havcr2
and Zeb2showed lower expression (Fig. 2e, Extended Data Fig. 3a,band
Supplementary Tables 3 and 4). These data strongly suggest that high
expression of GFI1 identifies key features of memory programmed
CD8' T cells, indicating a superior capacity to respond to infection.
Todetermine whether GFI1" and GFI1° CD8 T cells differed in their
capacity to respond to a secondary infection, GFI1" and GFI1'° CD8"
T cells were isolated from the spleen of LCMV*™-infected wild-type
(WT) mice on day 21 after infection and adoptively transferred into
secondary recipients that were challenged with LCMVA™ the next day
(Extended Data Fig. 3c). In this acute challenge model, GFI1" CD8*
T cells expanded approximately fourfold more than GFI11'° CD8" T cells
by day 7 post LCMV*™ infection (Fig. 2f,g and Extended Data Fig. 3d),
demonstrating the enhanced proliferative potential of GFI1" CD8"
T cellsinresponse to asecondary infection. Next, we adoptively trans-
ferred CD44'CD62L'GFI1", CD44'Ly108"GFI1" or CD44*GFI1'° CD8"
T cellsisolated from spleen and mLN of LCMV*™-infected mice at day 21
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Fig.1| GFIl1is differentially expressed in CD8' T cell effector subsets during
chronicinfection. a, Representative histogram (left) and quantification

(right) of GFI1-tdTomato expression in splenic CD11a"CD44 CD8" Ty cells from
C57BL/6 mice (control) and CD8" Ty, CD11a*CD44*CD62L*CD27°CD8" Ty

cells, CD11a*CD44 ' TCF1'CX3CR1 CD8" Tgcy cells, TCFTCX3CR1'CDS8" Ty cells
and gp33'CD8" T cells from the spleen of Gfi1*/*™°/* mice at day 7 (D7) post
infection with LCMVA™, Data are pooled from two experiments (n = 7 mice). gMFI,
geometric mean fluorescence intensity. b, Representative histogram (left) and
quantification (right) of GFI1-tdTomato expression in splenic CD8" T cells from
C57BL/6 mice (control) and CD8" Ty, CD8" Ty, CD8* Ty, CD8' Ty, CD8'gp33*
and TCFI'TOX'CD8" T, cells from the spleen of LCMV*-infected Gfi1™macr*
mice at D7. Pooled from four experiments (n =13 mice). ¢,d, GFI1-tdTomato in
total CD8' T cells (c) and gp33*CD8" T cells (d) from the spleen of LCMV*™ and
LCMV*2-infected Gfi1**™°/* mice at D7 and D21. Pooled from two experiments

(n=8or17 mice per time point). e,f, Expression of GFI1-tdTomato in splenic CD8*
P14 T cells at DO-D7 post LCMV*® infection (n = 8 mice per time point) (e) and
GFl1-tdTomato and TOX in splenic CD8* P14 T cells at D7 post LCMV® infection
(f) in C57BL/6 mice transferred with congenically labeled Gfi1“™™** CD8* P14

Ty cells, infected with LCMV 1 day later (e,f) and treated with FK506 or vehicle
daily from D4-D6 post infection (f). Pooled from two experiments (n = 6 mice).
g-i, TCF1(g), EOMES (h) and T-BET (i) expressionin activated CD11a*CD44*GFI1"
and CD11a*CD44*GFI1° CD8" T cells from LCMV*™-infected and LCMV*-infected
Gfir™*mao/* mice at D7 and D21 post infection. Data pooled from two experiments
(n=7or8mice). Individual values and means are shown; error bars, s.e.m. Error
bars not shownin e. Statistical significance using a one-way ANOVA and Dunnett’s
post hoc test for a, band e; two-tailed Student’s ¢-test for ¢, d and f; Wilcoxon
signed-rank two-tailed paired ¢-test for g-i.

afterinfectioninto congenically marked secondary recipient mice that
were subsequently infected with LCMVA™ the next day. This procedure
showed that both CD44'CD62L'GFI1" and CD44'Ly108*GFI1" CD8"
T cell populations exhibited superior expansion compared with that
of CD44*GFI1°CDS8" T cells (Extended Data Fig. 3e). In line with these
observations, adoptive transfer of GFI1" and GFI1'°CD8" T cellsisolated

from spleen of Gfil‘“™™/* mjce infected with LCMV*? at day 7 after
infection into infection-matched recipients (Extended Data Fig. 3f)
showed that GFI1"CDS8* T cells had more enhanced capacity to prolif-
eratethan GFI1'°CDS8' T cells (Fig. 2h). Collectively, these datashowed
that GFI1" CD8" T cells identified a Ty, cell population with superior
expansion and recall response capacity.
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Fig. 2| GFI1-expressing CD8" T cells exhibit a Ty, cell molecular program.

a, Shared and unique DEGs (P < 0.05) in activated CD11a*CD44GFI1" CDS8" T cells
isolated from the spleen of GfiI““™*/* mice at D7 post infection with LCMV® or
LCMVA™ and analyzed by RNA-seq. b, Volcano plot of DEGs in GFI1" CD8* T cells
from LCMV*3-infected mice as in a. Blue and red indicate genes upregulatedin
activated GFI1° and GFI1" CD8* T cells, respectively. Gray dots indicate P> 0.05.
¢, DEseq2-normalized expression of selected genes in GFI1" and GFI1° CD8*

T cellsisolated from LCMV**-infected mice asin a. d, Gene set enrichment
analysis of GFI1" and GFI1° CD8* T cells isolated from LCMV**-infected mice as
ina, usingamemory CD8' T cells gene signature. NES, normalized enrichment
score. e, Shared and unique DEGs (P < 0.05) in CD44*CD62L*GFI1" and
CD44'Ly108*GFI1" CD8"* T, cellsisolated from the spleen of GfiI*/™™"* mice at

D7 postinfection with LCMV® and analyzed by RNA-seq. f,g, Representative flow
cytometry plots (f) and quantification (g) of spleen donor CD45.2°CD8" T cells at
D7 post LCMV*™infection in congenic C57BL/6 mice transferred intravenously
(i.v.) with splenic CD8" T cellsisolated at D21 post LCMVA™ infection from CD45.2*
Gfi1“™ma®/* mice and infected with LCMVA™ 24 h later. Data pooled from two
experiments (n =7 mice per group). h, Total donor CD45.2'CD8" T cells at D14
post LCMVBinfection in the spleen of congenic C57BL/6 recipients infected

with LCMV*®7 days before transfer of infection-matched (D7) CD8 T cells
isolated from LCMV*®-infected CD45.2* Gfi1*“™#/* mice. Data pooled from two
experiments (n=5or 7 mice per group). P values were calculated using a Wald’s
test (b, d and e) or atwo-tailed Student’s t-test (g and h). Datain g and h show
means; error bars, s.e.m.

GFI1 epigenetically regulates CD8' T cell function and
persistence

To study the role of GFI1, GfiI"" mice were crossed with CD8a"*
(E8I-Cre)*to create GFI1*“® mice, in which GFI1 was deleted in mature
peripheral CD8' T cells. Unlike T cells in the Gfil " strain'®, the numbers
of CD4"and CD8' T cells in the thymus (Extended Data Fig. 4a,b) and
spleen (Extended Data Fig. 4¢,d) of naive GFI1°°®® mice were similar to
WT mice. Moreover, selective ablation of GFI1did not alter TCF1, EOMES,
T-BET or TOX expressioninnaive CD8'T cells (Extended Data Fig. 4e).
When equal numbers of WT (CD45.1%) and GFI1°°® (CD45.1'CD45.2")
P14 CD8" T cells were co-transferred into congenic recipients, both
WT and GFI1°“® P14 CD8' T cells expanded equivalently by day 5 after

LCMV*®infection (Extended DataFig. 5a). However, the frequency and
number of GFI1*®® CD8" T cells declined from day 7 and were largely
lost by day 21 after LCMV*® infection in spleen, blood, mLN and lungs
(Fig. 3a,b and Extended Data Fig. 5a). This decline mirrored a reduc-
tion in P14 CD8" T,y cells (Fig. 3¢,d and Extended Data Fig. 5b) and
P14 CD8' Ty cells (Fig. 3e). CD8" Ty, cells were also decreased at day 7
(Fig. 3c and Extended Data Fig. 5¢). GFI1°“"® P14 CD8" T cells showed
lower expression of Ki-67, TCF1, EOMES, TOX and CX3CR1 (Fig. 3f,g and
Extended DataFig.5d) and increased expression of FOX0O1, CD127 and
TIM3 (Extended Data Fig. 5d) compared to WT P14 CD8' T cells. These
results demonstrate that GFI1is needed for antigen-specific memory
CDS8'T cell persistence in chronic infection.
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To identify the transcriptional program regulated by GFI1 fol-
lowing CD8" T cell activation, WT and GFI1*“"® P14 CD8" T cells were
analyzed by RNA-seq on day 7 and day 21 after LCMV*® infection. Loss
of GFllimpaired expression of proliferation and cell cycle genes such
as Cdkl, Cdk2, E2f2, Mki67 and Top2a (Fig. 3h) and altered transcription
of memory genes including Eomes, Id2 and Tox (Fig. 3h,i and Supple-
mentary Table 5). RNA-seq identified 2,832 unique DEGs in GF11°“"® P14
CDS8'T cellsat day 7and 302 DEGs at day 21 (Fig. 3j). Pathway analyses
showed downregulation of DNA replication and cell division pathways
(Extended DataFig. 5e), indicating that GFI1 had akey role in prolifera-
tion. GFI1loss also disrupted metabolic gene expression associated
with glucose and lipid uptake suchas Acss1, Pgkl and Ugcrh (Extended
DataFig. 6a,b), increased mitochondrial dysfunction (Extended Data
Fig. 6¢,d) and reduced granzyme B production (Extended DataFig. 6e).

GFI1 modifies chromatin to repress transcription®. Assay for
transposase-accessible chromatin using sequencing (ATAC-seq)
showed that WT and GFI1°“®® P14 CDS8" T, cells had similar epigenetic
profiles (Fig. 3k,I and Extended Data Fig. 6f). By contrast, CD8" T cell
activation following LCMV*® infectionresulted inasignificant change
inthe epigenetic profile of LCMV-activated CD8" T cells compared with
CD8" Ty cells (Fig. 3k,1). Both WT and GFI1*®® CD8" T cells showed a
similar epigenetic profile on day 3 and day 5 after infection, whereas
atday 7, the profile of GFI1*°®® CD8" T cells was substantially different
from WT CD8'T cells (Fig. 3k,l and Supplementary Table 6). Differen-
tially accessible chromatinregions (DARs) were upregulated in GFI1*®®
CD8'T cells following activation but notin CD8" Ty cells (Fig. 3],m and
Extended DataFig. 6g). The HOMER motif discovery analysis predicted
that the GFI1 binding motif in the promotor region of various targets
isimportant for CD8' T cell proliferation and differentiation, such as
E2f7,Fomes, Foxol, Havcr2 and Il7r (Fig. 3n and Supplementary Table 7).
Altogether, these data show that GFIl-mediated epigenetic silencing
regulates the CD8" T cell transcriptional program to promote their
persistence during chronic viral infection.

Loss of GFI1 abrogates inflationary CD8" T cell responses

Murine cytomegalovirus (MCMV) infection is characterized by the
development of ‘memory inflation’ driven by Ty, cell precursors®*®>!,
To understand the role of GFI1 in the development of these unusual
T cell populations, we generated mixed bone marrow chimeras with
WT or GFI1*®® bone marrow cells. Then, 8 weeks after bone marrow
reconstitution, mice were infected with MCMYV, and antigen-specific
CDS8" T cells were monitored longitudinally in blood (Extended Data
Fig.7a). The number of WT and GFI1*“®® CD8" T cells in peripheral blood
of chimeric mice was similar before virus infection (Extended Data
Fig.7b), suggesting that CD8" T cell development from GFI1*®bone
marrow was notimpaired. Following MCMV infection, WT CD8" T cells
mounted a strong response to the non-inflationary M45 epitope at
day 7, followed by a sharp contraction of the response (Fig. 4a,b). No
changeinCD4'T cellfrequency was observed (Fig. 4c). WT M38-specific

CD8' T cells accumulated gradually to produce ‘memory inflation’
during virus latency (Fig. 4a,b)*"*2. By contrast, GFI1*® CD8" T cells
hadimpaired responses for both epitopes and contracted prematurely
(Fig. 4a,b). The M38 and m139 inflationary epitope-specific GFI14"®
CD8'T cells were significantly lower inspleen during latency (Fig. 4d).
Theinflationary T cell responses have been previously found to be main-
tained by continuous production of KLRG1'CD27 CD8" T ¢ cells, which
arise from KLRG1"CD27" memory precursor CD8" T (Tc) cells®*>.
The GFI1*®® M38-specific and total activated CD11a"CD44*CD8" T cell
population exhibited a lower frequency of CD8" T, cells (Fig. 4e
and Extended Data Fig. 7c). Thus, GFI1 deficiency resulted in loss of
long-term CD8'T cell responses, in particular inflationary responses,
following latent virus infection. GFI1*“® P14 CD8" T cells mounted an
impairedinflationary response following infection with arecombinant
MCMV that expressed LCMV gp33 epitope (MCMV-ie2-gp33) (Fig. 4f,g).
Thisincluded reduced CD8" Ty, cells, CD8" Ty, cells (Fig. 4h) and CD8*
T e cells (Extended Data Fig. 7d) and lower Ki-67, TCF1, EOMES and
TOX expression (Extended Data Fig. 7e). Altogether, these data dem-
onstrate the essential role of GFI1in mounting inflationary CD8' T cell
responses in MCMV infection.

Transcriptional analysis showed that GFI1*°®® CD8" T cells down-
regulated T cell surface receptor genes such as Cx3crl and Kirgl
(Fig.4iand Supplementary Table 8). Furthermore, the transcriptional
profile of GFI1°® P14 CD8* T cells was similar following infection with
either MCMV-ie2-gp33 or chronic LCMV (Fig. 3i), with GFI1°“®® cells
showing both Eomes and Tox downregulation (Fig. 4i). We observed that
Tnfexpressionwas upregulated in GFI1*°®® P14 CD8' T cells (Fig. 4i). Pep-
tide stimulation confirmed a higher frequency of IFNy"and TNFa" cells
among GFI1°®* CD8" T cells compared to WT CD8" T cells (Extended
DataFig. 7f). Following MCMV infection, ATAC-seq revealed that GFI1
deficiency resultedinincreased chromatin accessibility in GFI1°“°® CD8*
T cells (Fig. 4j and Extended DataFig. 7g), with 54,137 upregulated DARs
and 646 downregulated DARs (Supplementary Table 9) compared to
WT CDS8" T cells. Thus, GFI1 acted to epigenetically repress the tran-
scriptional landscape of CD8" T cells and promote inflationary T cell
responses to cytomegalovirus infection.

GFl1 epigenetically regulates T;.,, CD8" T cell transcription

Tomaptheepigenetic and transcriptional landscape at single-cell level,
we performed single-cell multiome sequencing (scMultiome-seq),
which combines ATAC and gene expression analyses on WT and GF112P8
P14 CD8'T cellsisolated at day 7 after LCMV<® infection (Extended Data
Fig. 8a). Uniform manifold approximation and projection (UMAP) and
unsupervised clustering of integrated WT and GFI1°“®® CD8" T cells
divided them into seven clusters based on their epigenome and tran-
scriptome (Fig. 5a,b and Extended Data Fig. 8b). Cluster 1was identified
as CD8' Ty cell precursors and clusters 2 and 3 were proliferating cells,
respectively (Extended Data Fig. 8c). Cluster 1 cells expressed high
levels of Tcf7, Slamf6 and Id3 and were thus annotated as CD8" Ty cells

Fig. 3| GFI1drives epigenetic and transcriptional changes to promote antiviral
CDS8'T cell persistence. a,b, Representative flow cytometry plots (a) and total
number (b) of WT and GFI1*°®® live CD8" P14 T cells at D5-D60 post infectionin
the spleen of C57BL/6 mice that received a 1:1 mix of congenically labeled WT and
GFI14®8 T, cells followed by LCMV*® infection 24 h later. Data are pooled from two
(n=10 mice for D7 and D21) or one experiment (n = 5 for D5, D14, D28 and D60).

¢, Representative plots showing frequency of CD8" Tsy cells at D7 in the spleen of
LCMV*3-infected mice asina. d,e, Total number of CD8* P14 T, (d) and CD8" P14
Tcu (e) cells in the spleen of LCMV-infected mice asina. Data are pooled from
two experiments (n =10 mice per time point). f, Representative histograms at D7
(right) and quantification (left) of Ki-67 expression in WT and GFI11°“°® CD8'P14

T cellsasina. D7 data are representative of two experiments (n = 5 mice); D14
dataare representative of one experiment. g, TCF1, EOMES and TOX expression

in CD8" P14 T cells at D7 in the spleen of LCMV**-infected mice. Data are
representative of two experiments (n = 6 mice). h, Expression of selected genes in

WT and GFI1*®® CD8" P14 T cells from the spleen of C57BL/6 mice transferred i.v.
with congenically marked WT or GFI1°“°® CD8* P14 T cells, infected with LCMV
24 hpost transfer and analyzed by RNA-seq at D7 and D21 post LCMV* infection.
i, PCA plot of WT or GFI1*“®* CD8'P14 T cells at D7 and D21 post LCMV*" infection
based on RNA-seq asinh.j, Shared and unique DEGs at D7 and D21in GFI114¢P®
CD8* T cells as in h. k, ATAC-seq PCA plot of splenic WT and GFI1**® CD8* T cells
at DO, D3, D5and D7 post LCMV® infection in C57BL/6 mice transferred i.v. with
congenically labeled WT or GFI1*®® CD8* P14 T cells 24 h before infection. I, Total
number of DARs detected in GFI1°“*® CD8* P14 T cells versus WT CD8' P14 T cells
atDO, D3, D5 and D7 post LCMV® infection as in k. m, Number of DARs annotated
in promotor or exon regions in GFI1*“® CD8" P14 T cells compared with WT CD8*
P14 T cellsasinl. n, Predicted GFI1 binding motif by HOMER analysis using DEGs
from GFI1°®® CD8" T cellsisolated at D7 post LCM V2 infection as in h. Statistical
significance was calculated using a two-tailed paired ¢-test (b and d-g) or Wald’s
test (j,land m).
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Fig. 4| GFIlis essential for persistent CD8' T cell responsesto
cytomegalovirusinfection. a,b, Representative flow cytometry plots at D7 and
D90 (a) and total number at DO-D90 (b) of CD45.1'M45" and CD45.1'M38* CD8*
T cells post infection with MCMV in the peripheral blood of chimeric C57BL/6
mice that were reconstituted with a1:1 mix of congenically labeled Cd8a“*

(WT) CD45.1'and WT CD45.2* (WT) or Cd8a“**Gfil"" (GFI1***®) CD45.1 and WT
CD45.2" (GFI1°“"®) bone marrow (BM) after lethal irradiation and infected with
MCMV 8 weeks post BM reconstitution. ¢, Frequency of blood CD45.1'CD8*

T cellsand CD45.1'CD4" T cellsamong CD8*and CD4" T cells in WT and GFI1%"®
miceasina.d, Total splenic M38°CD45.1'CD8" and m139*CD45.1'CD8" T cells at
D90 post infection with MCMV in WT and GFI1°“°® mice as in a. e, Representative
plot (left) and quantification (right) of CD45.1'KLRG1'*CD27 CD8" T cells and
CD45.1'KLRG1"CD27* CD8" Typec cells in spleen at D90 post infection with MCMV
in WT and GFI1*® mice asina. f, Kinetics of WT or GFI1*°® CD8* P14 T cells at DO,
D14, D30, D60 and D90 post MCMV-ie2-gp33 infection in the peripheral blood of

GFINA°P8 CD8* T cells GFIA°8 CD8* T cells
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54,138 DARs upregulated 646 DARs downregulated

C57BL/6 mice that received 1:1 mix of congenically labeled WT and GFI1*“" CD8"
P14 T\ cells followed by infection with MCMV-ie2-gp33 24 h post transfer.

g, Number of WT and GFI1*“®® CD8* T cells in the spleen, mLN and lung at D90
postinfection with MCMV-ie2-gp33 asinf. h, Number of CD8" Tscyand CD8" Ty,
cellsinthe spleen at D90 post infection with MCMV-ie2-gp33 asinf. Dataare
shownas means; error bars, s.e.m. i, Normalized gene expression in splenic WT
and GFI1*® CD8* P14 T cells at D7 post infection with MCMV-ie2-gp33 asin

f.j, Frequency of upregulated and downregulated DARs in splenic GFI14°®®

CDS8' P14 T cellsat D7 post infection with MCMV-ie2-gp33 asin f. Outer donut,
distribution of DARs within the exonic regions (3’-UTR, 5’-UTR, CDS and other
exons). Pvalues: two-tailed Student’s t-test (b-e); two-tailed paired ¢-test (f-h).
Datainb-eare pooled from three experiments; mean values are shown; error
bars, s.e.m. (n =10 mice per group); datain f-h are pooled from two experiments
(n=10 mice). CDS, coding DNA sequence; UTR, untranslated region.
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Fig. 5|scMultiome-seq delineates GFI1-mediated epigenetic and transcriptional
regulationinvirus-specificCD8'T cells following infection with LCMV>,

a, UMAP showing unsupervised clustering of 7,629 WT and 5,805 GF11°*® CD8*

T cellsisolated at D7 post infection with LCMV> from the spleen of C57BL/6 mice
transferred i.v. with congenically labeled WT or GFI1*°®® CD8* T, cells 24 hbefore
infection, analyzed using scMultiome-seq (scRNA-seq + scATAC-seq Seurat-
integrated data). b, UMAP showing WT and GFI1*“*® CD8" P14 T cell distribution in
integrated data clusters asin a. ¢, Percentage of WT and GFI1*“®® CD8" P14 T cellsin
eachclusterasina.d, UMAP showing normalized expression of Btgl, E2f2, Eomes
and T¢f7in WT and GFI1*“*® CD8' P14 T cells asin a. e, Dot plot showing expression

of selected genesin WT and GFI1°°® CD8" P14 T cellsin clusters 1-7 as ina. Dot size
indicates fraction of cells expressing gene; color represents mean expression.

f, DEGs (top) and DARs (bottom) from cluster 1asina, using pseudobulk analysis
of scRNA-seq and scATAC-seq, respectively. g, Selected top-ranking transcription-
factor-linked eRegulons predicted by SCENIC+ analysis using sScRNA-seq and
scATAC-seq as ina. Color scale shows gene expression-based enrichment score;
dotsizeillustrates chromatin accessibility-based enrichment score for each
eRegulon and cell cluster. h, WT and GFI1*“"® CD8" T cell chromatin accessibility
and gene expression at Tcf7 gene locus in cluster 1asin a. Dashed boxes highlight
differentially accessible chromatin regions.
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Fig. 6 | GFIlis required for secondary CD8'T cell responses.

a,b, Representative plot (left) and quantification (right) of donor WT and GFI14°"8
CDS8'T cells at D7 post infection with LCMVA™ (a) or MCMV-ie2-gp33 (b) in the
spleen of secondary C57BL/6 recipients transferred with 1:1 mix of congenically
labeled activated WT and GFI1*®® CD8' T cells isolated at D7 post infection with
LCMV*® from the spleen of primary C57BL/6 recipients that received congenically
labeled WT or GFI1°“°® CD8" T, cells 24 h before infection with LCMV™, Data are
pooled from two experiments (n =9 or 10 mice); mean values are shown; error
bars, s.e.m. ¢, Weight-loss kinetics of Rag2”"112ry”~ mice that received activated
WT or GFI1°®® CD8* P14 T cells from C57BL/6 mice that received WT or GFI14¢P8
CD8' P14 Ty cells 1 day before infection with LCMV2. d, Virus titer in the lungs and
liver of Rag2”"112ry”- at D14 post transfer of activated WT or GFI1** CD8* P14

T cellsasin c. Dashed line, assay detection limit. e, scMultiome-seq data showing
expression of Bc2in splenic WT and GFI1°“®® CD8* T cells isolated at D7 post
infection from C57BL/6 mice that received congenically labeled WT or GFI1°“®

CD8' Ty cells 24 hbefore LCMV® infection. f, Representative histogram (top)
and quantification (bottom) of BCL-2 expression at D7 in splenic CD8* P14 T cells
isolated from C57BL/6 mice transferred with a1:1 mix of congenically labeled
WT and GFI11°“"® T, cells 24 hbefore LCMV*® infection. Data are representative
of two experiments (n = 6 mice). g, Cluster 1 WT (blue) and GFI1*®® (red) CD8*

T cell chromatin accessibility and gene expression at the Bc2locus asine.
Dashed boxes, DARs. h, Representative plots (left) and quantification (right)

of splenic WT and GFI1°°®® caspase-3"CD8" T cells at D7 post LCMV infection
asinf. Control, FMO staining of WT CD8' T cells. Data are representative of two
experiments (n =5mice). i, BCL-2 expression in CD8" Ty cells from the spleen of
naive WT and GFI1°“*® mice; mean + s.e.m. Data are pooled from two experiments
(n=6or7mice per genotype). P values were calculated using a two-tailed paired
t-test (a, b, fand h) or two-tailed Student’s t-test (¢, d and i). Dataincand d are
representative of two experiments; mean values are shown; error bars, s.e.m.
(n=4,50r 6 mice per condition).

(Extended Data Fig. 8d), while cluster 2 and cluster 3 cells expressed
highlevels of Cdk1, BircSand Mki67 (Extended Data Fig. 8d). The GFI11°“®
CDS8" T cell population had fewer cells in clusters 1and 2 (Fig. 5c and
Extended Data Fig. 8b). By contrast, a higher fraction of the GFI12"8
CD8' T population was located in cluster 5 (Fig. 5c). This population
exhibited reduced expression of genes associated with proliferation
and high expression of BtgI (Extended Data Fig. 8d). GFI1°*® CD8"
T cells had high Btgl, while E2f2, Fomes and Tcf7 was downregulated
(Fig. 5d,e). scATAC-seq data confirmed increased chromatin acces-
sibility at the Btgl locus in clusters 1and 5 (Extended Data Fig. 8e).

To identify DEGs and DARs within the CD8" Ty, cell cluster, we per-
formed pseudobulk RNA-seq (Supplementary Table 10) and ATAC-seq
(Supplementary Table 11) analyses on cluster 1 cells. These analyses
showed that loss of GFI1led to increased BtgI and Btg2 expression,
whereas the expression of Tcf7, Eomes, Bc[2 and Mki67 was reduced in
CD8" Ty cells (Fig. 5f). These transcriptional changes were linked to
upregulated DARs in the BtgI and Btg2 gene loci and downregulated
DARs in £2f1 and Mki67 genes (Fig. 5f). Thus, GFI1*®® CD8" Ty, cells
had reduced proliferation gene expression and increased quiescence
gene expression.
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Fig. 7| GFI1 epigenetically regulates EOMES expressionin memory CD8*

T cells. a, Representative histogram (left) and quantification (right) of EOMES
expressionin splenic WT and GFI11*®® CD8" P14 T cells at D7 post infection in
C57BL/6 mice that received a1:1 mix of congenically labeled WT and GFI114¢P8
CD8'P14 T cells 24 h before infection with LCMV®. Data are pooled from two
experiments (n =10 mice per time point). b, Representative histogram (left) and
quantification (right) of EOMES expression in splenic WT and GFI1“°® CD8" T4y,
cellsat D7 post LCMV® infection as in a. One of two experiments is shown
(n=>5mice).c, Chromatin accessibility at Fomeslocus in WT (blue) and GFI14°®®
(red) CD8" T cellsisolated at D7 post infection from the spleen of C57BL/6 mice
thatreceived congenically labeled WT or GFI1*“°® CD8" T cells 24 h before
infection with LCMV3; analyzed with scMultiome-seq. Dashed boxes, DARs.

d,e Representative plots (d) and quantification (e) of WT and GFI14¢"8
CD45.1'CD8' P14 T cells at D14 in the spleen of CD45.2* C57BL/6 mice transferred
with WT or GFI1°*® CD45.1'CD8* P14 T cells transduced with control or EOMES-
expressing (EOMES-OE) lentivirus and infected with LCMV*® 24 h later. f, Ki-67

expression in splenic WT and GFI1*® CD8* P14 T cells asind. g, Representative
histograms (left) and quantification (right) of BCL-2 expressionin splenic WT
and GFI1*°®® CD8" P14 T cells as ind. h, Representative flow cytometry of splenic
EOMES"CDS* P14 T cells at D7 post infection in C57BL/6 mice that received
congenically labeled Fomes™"™* CD8* P14 Ty cells 24 h before infection

with LCMV*, Data are representative of two independent experiments.

i, Representative flow cytometry plot (left) and quantification (right) of splenic
CD45.1'CD8" P14 T cells at D21 post LCMV® infection in secondary infection
recipients thatat D7 postinfection received matched (D7 post infection)
activated CD45.1'EOMES" or CD45.1'EOMES" CD8* T cells isolated from primary-
infected C57BL/6 mice, which were adoptively transferred with Eomes™"™/*
CD8* P14 Ty cells 1 day before primary infection with LCMV®, Data are from one
experiment; mean values are shown; error bars, s.e.m. (n = 5 mice per condition).
Pvalues were calculated using a two-tailed paired ¢-test (a, b and j) or two-tailed
Student’s t-test (e-g). Datain d-g are pooled from two experiments (n =4 or 6
mice per condition); mean values are shown; error bars, s.e.m.
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Fig. 8| Continuous expression of GFIlis required to maintain CD8" T cell
persistence following chronic viral infection. a, Representative flow cytometry
plot (left) and quantification (right) of R26“*™* Gfi1"* and R26“* ¥+ Gfi1""
CD8* P14 T cellsin peripheral blood of MCMV-ie2-gp33-infected C57BL/6 mice
that received 1:1 mix of congenically labeled R26* %™ Gfi1"V* and R26*t*"%* Gfi1"
TCD8*P14 T cells 30 days before tamoxifen treatment and were infected with
MCMV-ie2-gp331day post CD8' T cell adoptive transfer; mean values are shown;
error bars, s.e.m. b, Number of R26¢5*™* Gfi1"* and R26*t"%* Gfi1"" CD8*

-10° 0 10°10%10°10° 0 D14 D28
Ki-67-AF488 ——
P14 T cellsin spleen at D14 and D28 after tamoxifen treatment as in a; mean
values are shown; error bars, s.e.m. ¢, Expression of TCF1, EOMES and BCL-2 in
R26ER21* Gfi1V* and R26*R™/* Gfi1"" CD8* P14 T cells at D28 after tamoxifen
treatmentasina.d, Representative histogram at D28 (right) and quantification
at D14 and D28 (left) of Ki-67 expression in splenic R26*t*"%* Gfi1"* and R26°™
ERT2Gfi1"" CD8* P14 T cells asin a. Inb-d, data are pooled from two independent
experiments (n =9 or 10 mice per time point). P values were calculated using a
two-tailed paired t-test.

To further understand the gene regulatory networks of each clus-
ter, SCENIC+ analysis® identified enhancer-driven gene regulatory
networks and candidate upstream transcription factors for each cell
cluster (Fig. 5g). The top-ranked eRegulon for cluster 1 was regulated
by Tcf7 (Fig. 5 and Extended Data Fig. 8f), in line with the high expres-
sion of memory-related transcription factors such as Fomes, Id3 and
Myb within that cluster. The chromatin region enrichment score of
Tcf7-driven eRegulon was higher for cluster 1 GFI1°°®® CD8" T cells
owing toupregulated DARs in the Tcf7 gene body, while the chromatin
accessibility at the 5’-untranslated region of T¢f7 was reduced (Fig. 5h),
in agreement with reduced Tcf7 expression in GFI1°“® CD8" T cells
(Fig. 5e). Additionally, gene regulatory network analyses identified
that £2f1I-driven and E2f7-driven direct gene networks important for
regulating cell proliferation were disrupted in GFI1*“®® CD8" T cells
(Fig. 5g and Extended Data Fig. 8g). These findings suggest that GFI1
is a key epigenetic modulator of transcriptional networks critical for
memory CD8" T cell proliferation.

GFI1enhances CD8' T cell recall responses and survival

Giventhe changes in gene expression affecting cell proliferation, TCR
and cytokine-mediated proliferation of GFI1*® CD8" T, cells, isolated
fromspleen of LCMV*-infected mice at day 7 after infection, was quan-
titated by culturing CD8" T\, cells in vitro with IL-2 + IL-7 or IL-2 + CD3/
CD28 stimulation beads (Extended Data Fig. 9a). This showed that
fewer GFI1°“®CDS8' T cells entered division when exposed to cytokines
IL-2 +IL-7 and exhibited extremely limited expansion compared with
WT CD8" T cells (Extended Data Fig. 9b,c). Although TCR activation
was able to drive strong proliferation by day 4 post-stimulation in all
conditions, GFI1*®® CD8* T cells showed significantly less proliferation
than WT CD8' T cells (Extended Data Fig. 9b,c). To investigate whether
the impaired proliferation of GFI1*“®® CD8" T cells observed follow-
ing primary infection also impacted CD8" T cell recall responses, we
isolated WT and GFI1°“®® CD8* T\, cells from LCMV*®-infected mice
at day 5 after infection and co-transferred them to a secondary host
followed by heterologous infection with LCMVA™ or MCMV-ie2-gp33
(Extended DataFig. 9d). This procedure showed that recall responses

by GFI1*®® CDS8" T\, cells were severely impaired (Fig. 6a,b). To test the
antiviral capacity of GFI1*"® CD8" Ty, cells, WT or GFI1*“®8-activated
P14 CDS8" T cells were transferred to Rag2” 112ry™" mice, which lack
naturalkiller cellsand CD4" T cell responses to MCMV>*. Although WT
CDS8" T cells were able to mediate effective protection against MCMV
infection, mice receiving GFI1*“°® CD8* T cells exhibited severe weight
loss (Fig. 6¢). This finding correlated with impaired virus controlin the
lungs and liver in mice reconstituted with GFI1*“® CD8* T cells (Fig. 6d).
Theseresults demonstrate that GFIl1is crucial for recall responses and
antiviral functions of memory CD8" T cells.

scRNA-seq of spleen CD8" Ty, cells isolated day 7 after LCMV?
infection showed that anti-apoptotic genes such as Bcl2, Mcl1 and Xiap
were diminished, while pro-apoptotic genes like Bax and Bid***° were
elevatedin GFI1*“°®CDS8" T cells compared to WT CD8" T cells (Extended
Data Fig. 9e). Bc2 transcript levels were notably lower in clusters 1
and2in GFI1*“®CD8" T cells compared to WT CD8' T cells (Fig. 6e and
Extended DataFig.9e). This paralleled lower BCL-2 expression (Fig. 6f)
andreduced accessibility at the Bcl21ocus (Fig. 6g) in GFI1*“P® CD8" Ty,
cells. Elevated caspase-3 activation indicated increased apoptosis in
GFI1*®CD8* T cells (Fig. 6h). Similar patterns were observed following
MCMV infection (Extended Data Fig. 9f,g). However, GFI1*® CD8" T,
cellshad normal BCL-2 expression (Fig. 6i), indicating the specificrole
of GFI1in CD8" T cell survival post activation and its action to inhibit
activation-induced T cell death. Altogether, these datashow that GFI1
promotes CD8'T cell proliferation, survival and virus control capacity.

EOMES rescues GFI1*®® CD8' T cell persistence

TCF1 promotes memory CD8" T cell persistence through EOMES™.
Given the downregulation of EOMES in CD8" Ty, cells (Fig. 7a,b) and
reduced chromatinaccessibility at the Eomeslocus in GFI1*®* CD8* T,
cells (Fig. 7c), we examined the requirement for GFI1-mediated EOMES
in maintaining the persistence of CD8" T cells following chronic viral
infection. WT and GFI1*“*® P14 CD8' T cells transduced with Eomes were
adoptively transferred into congenic recipient mice that were infected
with LCMV*®, EOMES overexpression partially rescued the number
of GFI112°P8 CD8" T cells (Fig. 7d,e) but did not impact proliferation,
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despite increased BCL-2 expression (Fig. 7f,g), suggesting that GFI1
drove CD8" T cell survival partly by regulating EOMES but requires
additional regulators to fully support proliferation.

Examination of P14 CD8" T cells from Fomes™"*™ reporter mice
revealed approximately 5-10% of CD8" T cells had high expression
of EOMES on day 7 after LCMV®® primary infection (Fig. 7h). Adop-
tive transfer of these EOMES" T cells into infection-matched second-
ary recipients showed that these EOMES™CDS8" T cells had higher
re-population capacity than EOMES" CD8" T cells (Fig. 7i). These
results indicate that early emerging EOMES-expressing CD8" T cells
are crucial for long-term persistence during chronic infection, high-
lighting theimportance of GFI1-driven EOMES expression for antiviral
T cellmemory.

Continuous GFI1 expression maintains CD8" T cell persistence
Toassesswhether GFllisessential for long-term CD8'T cellmaintenance
after chronicinfection, congenically labeled naive R26**™* Gfi1"* and
R26°ERT2*Gfi1"1 P14 CD8* T cells were co-transferred into C57BL/6
recipients and infected with MCMV-ie2-gp33 virus (Extended Data
Fig.10a). Tamoxifen-induced GFI1 ablation resulted in a reduction of
R26°ER12*Gi1"1 CD8* T cell numbers in blood and tissues compared
to R26°ER721*Gfi1"* CD8* T cells (Fig. 8a,b and Extended Data Fig. 10b),
significantly decreasing the GFI1-deficient Ty, cell population by
day 28 (Extended Data Fig. 10c). TCF1, EOMES and T-BET expression
were impaired at day 14 (Extended Data Fig. 10d) and remained low
at day 28 (Fig. 8c), whereas BCL-2 levels were unchanged (Fig. 8c) in
R26ERT2I*Gfi1"1 CD8* T cells. This was accompanied by reduced pro-
liferation of R26°**™2*Gfi1"" P14 CD8' T cells at day 28 but not at day 14
(Fig.8d). Similarly, tamoxifen-mediated GFI1ablation in R26*72"* Gfi1"/"
at day 15 post LCMV® infection led to reduced R26°“*2/* GfiI"" CD8"
T cell persistence (Extended Data Fig. 10e). Thus, continuous expres-
sion of GFI1is crucial for sustaining persistent CD8" T cell responses
in chronic and latent infections.

Discussion

Here, we defined arole of GFIlin regulating CD8" Ty, cell persistence.
CD8" Ty cells had high expression of GFI1, and although GFI1 was rapidly
downregulated in effector cells following activation, the CD8" Ty cell
population selectively maintained high GFI1 expression. GFIl ablation
markedly impaired Ty, cells during chronicinfection owing toreduced
proliferation and increased GFI1-deficient CD8" T cell death. Further-
more, we showed that continuous GFI1 expression was required to
sustain CD8' T cell proliferation during chronicinfection. Collectively,
these observationsindicated that GFI1 maintained CD8" T cell persis-
tence by promoting proliferation and by inhibiting EOMES-dependent
activation-induced cell death.

CD4'CDS8" (double-positive) thymic T cells express high levels
of GFI1 (ref. 22), which evicts autoreactive T cells from the thymus
to induce tolerance®®. CD8" T cells have been reported to transiently
upregulate GFI1 after in vitro stimulation with concanavalin A, We
found that GFI1 was downregulated in CD8" T cells following chronic
infection but was maintained in memory subsets, including CD8" Tgcy
and CD8' T, cells. Mapping GFI1 expression amongst CD8" T, popula-
tions showed that CD62L'CD8" T, cells maintained higher prolifera-
tion capacity” and exhibited higher GFI1 than CD62L"CD8" Ty cells,
suggesting that GFI1allowed CD62L'CD8" T, cells toretain prolifera-
tion characteristics.

GFI1 was found to be crucial for maintaining CD8" T cell persis-
tence during chronic viralinfection. This lack of CD8" T cell persistence
couldbe attributed to reduced proliferation of GFI1-deficient CD8" T¢y
cells, especially cytokine-driven proliferation. We observed impaired
cell cycle regulation in GFI1-deficient CD8' Ty, cells, consistent with
aprevious observation that GFllis required for thymic T cell prolifera-
tion during the development” and proliferation of other cell types,
including hematopoietic stem cells*. GFI1 maintained the proliferation

of CD8" Ty, cells by promoting gene regulatory networks driven by
the E2F family, notably £2f1 and E2f7. HOMER analysis showed a GFI1
binding motif in the promotor of £2f7, suggesting direct epigenetic
regulation. Moreover, GFI1 promoted CD8" Ty, cell persistence by
epigenetically silencing the expression of Btgl and Btg2, which has
been shown to inhibit T cell quiescence*’. We found that continuous
expression of GFI1 was necessary to maintain CD8" Ty, cell prolifera-
tion, indicating that stable GFI1 expression in Ty, cells was required
tosustain the cell cycle regulatory circuits necessary for memory CD8*
T cell proliferation.

Transcriptional mapping showed that GFI1 loss impaired the
expression of the transcriptional regulators /d2 and Zeb2, which are
important for T cell differentiation and CD8" T, cell formation®*.,
Reduced proliferation of CD8" Ty, cells during latent MCMV infection
was shown to impair CD8" T cell development, resulting in loss of
MCMV-specific memory inflation*’. Here, the impaired proliferation
and subsequent loss of CD8* Ty, cellsin the absence of GFI1 provides
an explanation for the impaired MCMV-specific memory inflation in
the GFI1-deficient CD8" T cells. This highlights the requirement for
GFllexpressionin CD8" T cells throughout the course of chronic viral
infection to generate immune protection.

We showed that GFI1 promoted BCL-2 expression in CD8" Ty
cells in an EOMES-dependent manner. Although GFI1 loss in CD8" Ty
cells did not alter EOMES or BCL-2 expression, GFI1-deficient CD8"
Tscmcellsexhibited reduced BCL-2. Thisreduction paralleled reduced
chromatinaccessibility at the Bc/2locus in CD8" T, cells and elevated
deathinthese cells. This GFI1-mediated BCL-2 expressionin CD8" Ty,
cells is consistent with previous reports that BCL-2 overexpression
protects GFI1-deficient thymic T cells from apoptosis™”*>. The loss of
GFI1in CD8' Ty cells did not impact the chromatin accessibility, but
it altered the epigenetic profile of activated CD8" T cells, indicating
that GFl1regulated CD8'T cell chromatin accessibility following T cell
activation. Thus, GFl1-mediated epigenetic gene regulation of CD8"
Tscm cells promotes BCL-2 expression following CD8* T cell activa-
tionbutnotin CD8' Ty cells. The transcription factor EOMES was dys-
regulatedin activated T cells following GFI1 ablation. EOMES inhibits
activation-induced T cell death by promoting BCL-2 expression®*,
Overexpression of EOMES induced BCL-2 expression and partially
rescued GFl1-deficient CD8' T cell persistence. Impaired BCL-2 expres-
sion has alsobeenreportedin TCF1-deficient CD8 T cells, and similar
to GFl1-deficient CD8' T cells, this phenotype was rescued by EOMES
overexpression”. A binding motif for GFI1in the Eomes promotor
suggests that GFI1 directly regulates EOMES expressionto support Ty,
cell but not Ty cell survival. Collectively, these findings demonstrate
that GFI1 drives EOMES-dependent BCL-2 expression in CD8' T cells
to generate ‘fit’ T, cells.

Inconclusion, this study reveals animportant function for GFIlin
maintaining CD8' T cell persistence following chronic viral infection.
We demonstrate that GFIl is a key regulator of memory CD8" T cells
that sculpts their gene regulatory network by modulating epigenetic
repression. Finally, we demonstrate that selective GFI1 expression
in CD8" Ty, cells ensures their long-term persistence by promoting
enduring proliferative potential required for self-renewal and main-
tenance of memory populations.
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Methods

Mice

C57BL/6 (CD45.2""), B6.SJL-Ptprc*Pep3®/Boy) (CD45.1'*), Gfiromator+
(refs.20,21), Eomes™"™* (ref. 44), Rag2 ™" I12ry”", B6.Tg(Cd8a-cre)lltan
(Cd8a™*)*, B6.129-Gt(ROSA)26Sor™ </ F12Mi/j (ref, 45) (R26° ™) and
GfiI"" (ref. 46) mice have been described previously. B6.Cg- Tcra™"om
Tg(TcrLCMV)327Sdz/TacMmjax (P14) mice carry CD8* P14 T cells trans-
genic for the T cell antigen receptor specific for the LCMV-derived
gp33-41 epitope”. Gfil““™*/* mice were backcrossed to the C57BL/6
background for at least ten generations. Gfil"" and Eomes™"™/*
were crossed with CD45.17* and P14 strains to generate congenically
labeled strains. The Cd8a* strain was crossed to GfiI""CD45.1"*
mice to generate congenically labeled mice selectively lacking GFI1
in CD8' T cells. Male and female mice were used at 6-16 weeks old
unless otherwise indicated. All mice were bred and maintained
under specific-pathogen-free conditions at the animal facility of the
University of Queensland. Mice were housed under a12 hlight/12 h
dark cycleat22 +2°Cand 55 +15% humidity. All animals were handled
according to the guidelines of the Australian Code for the Care and
Use of Animals of the National Health and Medical Research Council
of Australia. Experimental procedures were approved by the Animal
Ethics Committees of the University of Queensland.

Celllines and virus infection

BHK-21 (CCL-10), M2-10B4 (CRL-1972) and Vero E6 (CRL-1586) cells
were obtained from ATCC. All cell lines were maintained in DMEM sup-
plemented with10% heat-inactivated fetal calf serum (FCS), 100 U mI™
penicillinand 100 pg ml™ streptomycin.

LCMVA™and LCMV*" were propagated and titrated on BHK-21and
Vero E6 cells, respectively. MCMV was derived from pSM3fr-MCK-2f1
clone3.3BAC. MCMV-ie2-gp33 was kindly provided by L. Cicin-Sain*®.
MCMV strains were reconstituted by BAC transfection of M2-10B4 cells.
After reconstitution, the virus was propagated on M2-10B4 cells. Virus
stocks were prepared according to a previously described protocol .
Mice were infected intraperitoneally with 2 x 10° plaque-forming units
(PFU) of LCMVA™for acute viral infection. For chronic LCMV infection,
mice were infected intravenously with 2 x 10 PFU of LCMV** For MCMV
infection, animals were infected intraperitoneally with 2 x 10° PFU of
cell culture grown virus. Todetermine MCMV replication, tissues were

homogenized and titrated on M2-10B4 cells as described previously™.

Tamoxifen and FK506 treatment

Tamoxifen was dissolved in corn oil at a concentration of 20 mg ml™
Infected C57BL/6 mice were treated by injecting 100 mg tamoxifen per
kg body weight by intraperitoneal injection. Tamoxifen was adminis-
tered once every 24 hfor four consecutive days. MCMV-infected mice
were treated with tamoxifen at 30 days after infection, followed by a
rest period of 14-28 days before analyses. LCMV*-infected mice were
treated 15 days after infection, rested and then analyzed at 30 days after
infection. FK506 was dissolved in 30% PEG400 and 2% Tween 80 in PBS.
For FK506 treatment, 10 mg FK506 per kg body weight or vehicle was
injected intraperitoneally daily from day 4-6 after virus infection.

Cellisolation and flow cytometric analyses

Single-cell suspensions were generated by forcing tissues through
70 pum cellstrainers, and red blood cells were removed using hypotonic
lysis using ACK buffer (150 mM NH,CI, 10 mM KHCO,, 0.1 mM EDTA pH
7.4).Peripheral blood samples were collected by retro-orbital bleeding,
andred blood cells were lysed using ACK buffer. Lungs were perfused
with approximately 5 mIPBS through the right ventricle to remove cir-
culating blood. The lungs were placed in collagenase typelV (1 mg ml™;
Worthington), deoxyribonuclease I (200 pug ml™; Roche) and dispase
(0.4 U ml™; Gibco) in complete RPMI medium (RPMI 1640 medium
containing 10% heat-inactivated FCS, 1 mM L-glutamine, 100 U ml™
penicillin, 100 pg ml™ streptomycin and 50 pM B-mercaptoethanol)

and then dissociated and homogenized using the gentleMACS Disso-
ciator (Miltenyi Biotec) mouse lung digestion protocol setting. After
dissociation, mononuclear cells were purified by gradient centrifuga-
tion using a 40-80% Percoll gradient. Cell suspensions were blocked
with PBS containing 5 pg mi™ anti-CD16/CD32 (2.4G2) and stained
(30 min on ice) with fluorophore-conjugated antibodies or reagents
in FACS buffer (PBS containing 2.5% heat-inactivated FCS and 50 mM
EDTA), unless stated otherwise. Cell suspensions were incubated
with fluorophore-conjugated MHCI tetramers for 30 min at 25 °C.
M45-specific (H-2D° restricted peptide HGIRNASFI) and M38-specific
(H-2K® restricted peptide SSPPMFRV) MHCI-biotin monomers were
provided by the National Institutes of Health Tetramer Core Facility,
and tetramers were generated using streptavidin-fluorophore conju-
gates. Antigen-specific CD8" T cell cytokine analysis was performed
by incubating single-cell suspensions with 1 pg mlI™ KAVYNFATM
(H-2D"-restricted) peptide in complete RPMI medium for 1 hat 37 °C,
followed by 10 pg mi™ brefeldin A (Golgiplug; BD Pharmingen) addition
and further 5 hincubation. For intracellular staining, surface-labeled
cells were fixed using eBioscience Foxp3/Transcription Factor Staining
Buffer (Thermo Fisher) and then stained for intracellular cytokines or
transcription factors. Live cells were identified by exclusion staining
with afixable viability dye (BD Biosciences or BioLegend) or 7-AAD (BD
Biosciences). All antibodies and staining reagents used in the study
are outlined in Supplementary Table 12. Flow cytometry analysis was
performed ona Cytek Aurora (Cytek Biosciences) or LSRFortessa X-20
(BD Biosciences), and analysis was performed using FlowJo software
(v.10.10) (BD Biosciences).

Adoptive CD8'T cell transfer

For primary population transfer experiments, naive Cd8a““*Gfil""* P14
(WT P14), Cd8a‘™*GfiI"" P14 (GFI1°®® P14) or GfiI*™™/* CD8* T cells
were isolated from naive mice spleens using the T,CD8a" T Cell Isola-
tionKit (Miltenyi Biotec) according to the manufacturer’sinstructions.
Congenically labeled naive CD8" P14 WT (CD45.1" or CD45.1'CD45.2")
and GFl1-deficient (GFI1°P8, CD45.1" or CD45.1'CD45.2") P14 T cells
mixed at a 1:1 ratio (5 x 10 cells of each type) were adoptively trans-
ferredinto C57BL/6 (CD45.2") recipient mice. Then, 1 day later, recipi-
ent mice were infected with the specified virus. For secondary transfer
of transgenic cells, P14 T cells were first enriched from the spleen
and lymph nodes of primary recipients using the CD8a" T Cell Isola-
tion Kit (Miltenyi Biotec). Cells were then stained with anti-mouse
CD3e¢, anti-mouse CD8a, anti-mouse CD45.1, anti-mouse CD45.2
and 7-AAD to allow discrimination of live and dead cells. Cells were
then flow-cytometrically sorted on a BD FACSAriall (BD Biosciences)
or Aurora CS Cell Sorter (Cytek Biosciences), and 1 x 10* cells were
transferred into each recipient. The secondary response and expan-
sion capacity of GFI1" and GFI1'° CDS8" T cells was evaluated following
adoptive transfer of 1 x 10° cells into the secondary host. For evalu-
ating virus control capacity of CD8" T cells, 1 x 10° activated WT or
GFI14°*8 P14 T cells were transferred into Rag2 ™/ 112ry” mice followed
by MCMV-ie2-gp33infection the next day. Viral titer was determined at
day 14 after infection or at the time of death in liver and lungs. Unless
specified otherwise, equal numbers of cells of each CD8" T cell subset
were injected for secondary transfer into naive or infection-matched
secondary hosts.

Invitro T cell culture

Naive WT and GFI1°“"® P14 T cells were isolated using the Naive CD8a*
T Cell Isolation Kit (Miltenyi Biotec). Enriched naive congenically
labeled P14 T cells were adoptively transferred into C57BL/6 (CD45.2")
recipients, which were infected with LCMV®® 24 hlater. P14 T cells were
isolated fromthe spleen of infected animals 5 days after infection using
the BD FACSAria Il (BD Biosciences) or Aurora CS Cell Sorter (Cytek
Biosciences). The CD8'T cells were labeled with 5 uM CellTrace Violet
dye (Thermo Fisher) according to the manufacturer’s recommended
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protocol, and 5 x10° T cells were cultured in complete RPMI 1640
medium. Complete RPMI medium was supplemented with either IL-2
(30 Uml™; Thermo Fisher), IL-2 +1L-7 (10 ng mI IL-7; Thermo Fisher)
or IL-2 + CD3/CD28 beads (Dynabeads Mouse T-Activator CD3/CD28,
ThermoFisher). Dynabeads Mouse T-Activator CD3/CD28 beads were
addedatal:lratiotocells perwell. CellTrace Violet expressionand T cell
expansion were quantified using Cytek Aurora (Cytek Biosciences).

Generation of bone marrow chimeric mice

C57BL/6 recipient mice (6-10 weeks old) were lethally irradiated with
two doses of 5.5 Gy (3 h apart). Bone marrow cells were isolated from
Cd8a“* Gfil"* or Cd8a** Gfil"" (CD45.1") and C57BL/6 (CD45.2") donor
mice by flushing the femoral and tibial bones with 3 x 1 ml sterile FACS
buffer to create a single-cell suspension. Red blood cells were lysed
using ACK buffer and then washed twice with FACS buffer. Live cells
were enumerated using Trypan blue exclusion. Cd8a“**GfiI"" or
Cd8a™*Gfil""* (CD45.1" or CD45.1'CD45.2*) bone marrow cells were
mixed in a 1:1 ratio with C57BL/6 (CD45.2") bone marrow cells, and
2-4 x10° mixed bone marrow cells were then adoptively transferred
intotheirradiated recipients. Chimeric mice were allowed 6-10 weeks
tofully reconstitute their hematopoietic systemwith donor bone mar-
row cells before viral infection.

Lentivirus transduction

An EOMES overexpression construct was generated by conjugating the
EOMES open reading frame with an EF1a-driven enhanced green fluo-
rescent protein (EGFP) using a T2A linker (pLV-EF1a-EGFP-T2A-EOMES).
Lentiviruses were produced by the University of Queensland Viral
Vector Core. CD3/CD28 bead-activated P14 T cells were spinoculated
with lentiviruses carrying a control (pLV-EF1a-EGFP-T2A-Puro) or the
EOMES overexpression construct. In brief, 200 pl of the lentivirus
suspensionwas centrifuged at3,000gat 32 °Cfor2 hina48-well plate
coated with RetroNectin (Takara Bio) according to the manufacturer’s
instructions. Next, 5 x 10° P14 T cells resuspended in complete RPMI
medium supplemented with100 ng ml™ of mIL-2 was added to 400 pl
per well. The cells were then centrifuged at 800g at 32 °C for 1.5 h.
After 2 dinvitro culture, transduced CD8" T cells were sorted by flow
cytometry to enrich for GFP*-transduced P14 cells. 1-5 x 10° GFP*P14
(CD45.1" or CD45.1'CD45.2") CD8" T cells were adoptively transferred
into C57BL/6 recipient mice, which were then infected with LCMV*®,

RNA isolation and bulk RNA-seq

P14 CDS8' T cells were sorted from splenocytes isolated from mice on
day 7 or day 21 after viral infection. Total RNA was extracted using
RNeasy Plus Micro kit (Qiagen) according to the manufacturer’sinstruc-
tions. The quality and integrity of total RNA was measured using Bio-
analyzer or TapeStation systems (Agilent Technologies). Libraries
were prepared using the TruSeq Stranded Total RNA Kit (Illumina)
or NEBNext Single Cell/Low Input Library Prep Kit (New England Bio-
labs) and sequenced using a NovaSeq S1 PE100 flow cell (Illumina) or
NovaSeq SP100 flow cell (Illumina).

RNA-seq read quality was assessed, and low-quality reads were
trimmed with fastp (v.0.22.0)*°. Reads were mapped to the mouse
genome (mm10) using STAR (v.2.7.10)°' and quantified with feature-
Counts (v.2.0.1)*. Read counts were normalized, and differential gene
expression was quantified with DESeq2 (v.1.4.0). A log(fold change)
larger than one and afalse discovery rate cutoff of 5% was used to select
significantly over-represented and under-represented genes. Gene
set enrichment analysis was performed using clusterProfiler (v.4.8.3).
Volcano plots and heatmaps were plotted using EnhancedVolcano
(v.1.18.0) and pheatmap (v.1.0.12) packages, respectively.

Promotor motif discovery analysis
Alist of DEGs, expressed in GFI1°“P® at day 7 after LCMV® infection
(Supplementary Table 5), was used to discover the presence of the GFI1

binding motifin the promotor and enhancer regions of sequences using
the findMotifs.pl command (HOMER v.5.1) with default parameters.
The GFI1binding motif weight matrix was downloaded from the Swis-
sRegulon Portal or JASPAR databases.

Bulk ATAC-seq

ATAC-seq was performed using the Omni-ATAC protocol’® with minor
modifications. P14 CD8" T cells were flow-cytometrically sorted from
mice on day 3, 5 or 7 after virus infection. A total of 50,000 sorted
P14 CD8' T cells were lysed to extract nuclei using cell lysis buffer
(10 mM Tris-HCI, 10 mM NacCl, 3 mM MgCl,, 0.1% Tween-20, 0.1%
IGEPAL CA-630, 0.01% digitonin and 1% BSA). Nuclei were washed and
resuspended in 50 pl1x TDE1 buffer (Illumina) containing 2.5 uL TDE1
transposase (Illumina). The transposase reaction was conducted at
37 °C for 30 min with mild shaking. Library amplification and bar-
coding were performed with NEBNext Ultra Il Q5 Master Mix (New
England Biolabs) using IDT dual index primer set (Integrated DNA
Technologies). PCR was conducted for10-11cycles. Library purifica-
tion was performed with the MinElute PCR Purification Kit (Qiagen),
and library size distribution was assessed using the TapeStation High
Sensitivity DNA Kit (Agilent). ATAC-seq libraries were quantified
before pooling and sequencing using the real-time NEBNext Library
Quant Kit for [llumina (New England Biolabs). Paired-end sequenc-
ing was performed on a NovaSeq SP 100 flow cell (Illumina) with 50
cycles for eachread.

Sequencing read quality was assessed, and low-quality reads were
trimmed with fastp (v.0.22.0)*°. These trimmed reads were mapped
to the mouse genome (mm10) using bowtie2 (v.2.4.2) with standard
parameters®. Picard (v.2.26.4) was used to remove PCR duplicates.
The deduplicated reads were then filtered to remove mitochondrial
chromosome, Y chromosome, improperly paired and non-mapping
reads using samtools flags. Peak summits were called using macs2
(v.2.2.9.1) using parameters --nomodel, --keep-dup all and --call-summits.
ATAC-seq library normalization was performed using the trimmed
mean of M values method. Identification of differentially accessible
regions (fold change of at least one and a false discovery rate of <0.05)
was performed using DiffBind (v.3.12.0). Peaks were annotated using
ChIPpeakAnno (v.3.36.1).

scMultiome-seq

scmultiome-seq was performed using the 10x Single Cell Multi-
ome ATAC + GEX analyses kit (10x Genomics). P14 CD8" T cells were
FAC-sorted from mice at day 7 after LCMV*® infection. CD8" T cells
were pooled from 3-5 mice, and -1 x 10° cells were used for nuclei
isolation. Cells were pelleted for 5 minat 300g followed by nucleiisola-
tion by incubating cells with chilled cell lysis buffer (10 mM Tris-HClI,
10 mM NacCl, 3 mM MgCl,, 0.1% Tween-20, 0.1% IGEPAL CA-630, 0.01%
digitonin, 1 mMdithiothreitol, 1 U pl™ RNase inhibitor and 1% BSA) for
3 min. Nuclei were washed twice in 1 ml of wash buffer (10 mM Tris-HCI
pH 7.4,10 mM NacCl, 3 mM MgCl,, 0.1% Tween-20,1 mM dithiothreitol,
1U pl RNase inhibitor and 1% BSA) by centrifuging at 500g for 5 min.
After centrifugation, cells were resuspended in chilled Nuclei Buffer (1x
Nuclei Buffer,1 mM dithiothreitol and 1 U pl™ RNase inhibitor). Nuclei
were incubated in a transposition mix according to the Chromium Next
GEM Single Cell Multiome ATAC + GEX user guide (protocol CGO00338
Rev F). Following transposition, GEMs were generated using 10x Chip
J. Sample cleanup and amplification PCR were performed as per the
user guide. For the ATAC-seq library, eight PCR cycles were run, and
seven PCR cycles were used for cDNA amplification. ATAC libraries
were sequenced using the NovaSeq SP 100 flow cell (Illumina) with
thefollowingread protocol: 50 cycles (read 1), 8 cycles (i7 index read),
24 cycles (i5 index read) and 49 cycles (read 2). RNA libraries were
sequenced on aNovaSeqSP100 flow cell (Illumina) with the following
settings: 28 cycles (read1),10 cycles (i7 index read), 10 cycles (i5index
read) and 90 cycles (read 2).
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Single-cell multiome data processing

RNA and ATAC raw reads from WT and GFI1°P8 T cell samples were pro-
cessed with CellRanger-arc (v.2.0.2) to map RNA transcripts and ATAC
peaks to the mm10 reference genome. Seurat objects (WT and GFI1¢P®
T cells) were created using RNA matrix files using Seurat (v.5.0.3)*. The
ATAC datawere added tothe Seurat object using CreateChromatinAssay
(Seurat). Transcription start site enrichment and nucleosome signal
scores were calculated using Signac (v.1.12.0)*". Quality control was
performed by filtering cells with the following criteria: transcription
start site enrichment score of >1, a nucleosome signal score of <2,
between100and 15,000 total RNA counts, between 2,000 and 30,000
total ATAC counts and percent mitochondrial counts of <20. Cell cycle
scores were assigned based on G2/M and S phase variability scores using
the Seurat CellCycleScoring function. The Seurat object was splitinto
RNA and ATAC objects for individual processing.

RNA gene expression unique molecular identifier count datawere
normalized using SCTransform, and principal component analysis was
performed on the SCTransformed Pearson residual matrix using the
RunPCA functionin Seurat. We found the 50 nearest neighbors for each
cellusing the Louvain algorithm with the FindNeighborsfunction. After
preprocessing, WT and GFI1*®® T cell RNA data were merged and inte-
grated using the IntegrateLayers (RPCAlntegration) function of Seurat.

For WT and GFI1*“P® T cell ATAC data, consensus peaks were called
using the Signac CallPeaks function. ATAC data were processed by
computing term-frequency inverse-document-frequency and running
singular value decomposition using the Signac RunTFIDF and RunSVD
function. Dimension reduction was performed on the ATAC dataset
using latent semantic indexing (LSI) and UMAP. Then, graph-based
clustering was performed on LSI components 2 to 30 by first computing
ashared nearest neighbor graph using LSIlow-dimensional space and
thenapplying the Louvain algorithmusing the FindNeighborsfunction
followed by FindClusters with algorithm =2 in Seurat. WT and GFI14¢P®
T cell ATAC data were integrated using low-dimensional cell embed-
dings across datasets using the Signac IntegrateEmbeddings function.
Finally, UMAP dimensional reduction was performed using integrated
LSIto visualize the integrated data.

The Seurat FindMultiModalNeighbors function was used to com-
puteajoint neighbor graphthatrepresented both the gene expression
and DNA accessibility measurements using the weighted nearest neigh-
bor methods. UMAP was performed using a joint weighted nearest
neighbor map followed by unsupervised clustering using the Seurat
FindClustersfunction. Integrated UMAP plots were produced using the
DimPlotfunctionwith aViridis color scale. Marker genes were identified
by the Seurat FindAlIMarkers function. DEGs and DARs between groups
of cells were calculated using the FindMarkers function. DEGs and DARS
were classified as an adjusted P value (Bonferroni-corrected) of <0.01
and absolute log,(fold change) of >1. Chromatin accessibility track
plots were generated using the Signac CoveragePlot function, and gene
expression was taken from normalized non-SCtransformed RNA data.

SCENIC+ analysis

Integrated single-cell transcriptomic and single-cell chromatin accessi-
bility datafrom the Seurat analysis was used to identify gene regulatory
networks using the SCENIC+ (v.1.0al) algorithm as described previ-
ously®. Topic modeling, dimensionality reduction, dropout imputa-
tion and differential accessibility region inference were performed
using pycisTopic (v.2.0) with default parameters. A serial latent Dir-
ichletallocation model with collapsed Gibbs sampler (500 iterations)
was used for topic modeling. Topics ranged from 2 to 500, with the
final model comprising 200 topics. PycisTarget (v.1.0) was used with
default settings to incorporate cisTarget and differential enrichment
of motifs using bulk consensus peaks motif database. SCENIC+ was
run with default parameters, and http://ensembl.org/biomart was
used asthe biomaRthost.eRegulon results were filtered based onboth
the correlationbetween gene-based regulon areaunder the curve and

region-based regulon area under the curve witha cutoff of >0.7. Gene
regulatory networks identified by SCENIC+ analysis were plotted using
Cytoscape (v.3.10.0).

Quantification and statistical analysis

Statistical analysis was performed using Prism (v.10.0) software
(GraphPad). Data are shown as the mean + s.e.m. Data distribution
was assumed to be normal, but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA-seq and ATAC-seq data have been deposited in the Gene Expres-
sion Omnibus repository with accession number GSE271885. All other
datagenerated or analyzed in this study are included in the paper and
Supplementary Information files.

Code availability
No custom code or algorithms were used in this study.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| GFI1 expressionin antiviral CD8" T cell following
virusinfection. a, Expression of GFI1-tdTomato in naive CD8" T cells (live
CD45'CD3'TCRb*CD8a") isolated from different tissues of naive GfiI“™™ mice.
Control CD8" T cells were isolated from the spleen of a naive C57BL/6 mouse.
Histograms show geometric mean florescence intensity (gMFI) of GFI1-tdTomato
expression. Data representative of three independent experiments except for
the bone marrow (BM) data which is from a single experiment. b, Flow cytometric
dot plots showing frequency of GFI1" and GFI1" cell among total CD8* T cells (live
CD3'TCRb*CD8a") isolated from spleen of naive, LCMV*™- or LCMV*"*-infected
Gfil'm® mice at D7 after infection. ¢, GFI1-tdTomato expressionin total CD8* T
cellsisolated from spleen of naive, LCMVA™- or LCMV**-infected GfiI"“*™ mice
at D7 after infection. Data are pooled from two experiments (n = 7,10 or 15 mice/
condition). p values were calculated using a two-tailed unpaired Student’s ¢ test.
d, Gating strategy for naive (T, CD11a"CD44") and activated (CD11a*CD44")
CD8' T cellsamong total CD8" T cells (live CD45'CD3*CD8a"). Activated CD8* T
cells were further separated into Tey (CD27°CD62L"), Tsy (TCF1I'CX3CRY), Tgpr
(TCFI'CX3CRI") and T, (TCFI'TOX") populations. e, Flow cytometric dot plots
showing Ty, (red dots) and T (blue dots) cells isolated from spleen at D7 after
LCMV*infection (left panel). GFI1-tdTomato expression in Tsy and T CD8*

T cellsisolated from spleen of LCMV* infected mice (right panel). Data pooled

from two experiments (DO, D7 and D21, n = 6, 7 or 13 mice/timepoint), or asingle
experiment (D14, n = 4 mice) and show individual responses. p values were
determined using the Wilcoxon signed-rank paired ¢ test. f, Frequency of CD62L"
Tpex (blue dots) and CD62L Ty (red dots) among total CD8" Ty, T cells isolated
from spleen at D7 after LCMV* infection (left panel). GFI1-tdTomato expression
in CD62L" and CD62L" Ty CD8* T cellsisolated from spleen at D7 (right panel).
pvalues were calculated using a Wilcoxon signed-rank paired ¢ test. Data are
pooled from two independent experiments (n =13 mice). g, h, GFI1-tdTomato
expressioningp33*CD8' T cells in spleen, mLN and lungs following LCMVA™ (g)
or LCMVE (h) infection. Data pooled from two experiments (D7 and D21,n =6,

7 or 8 mice/timepoint), or a single experiment (D14 for panel h, n =4 mice) and
show individual responses. p values were calculated using a two-tailed unpaired
Student’s ttest. i,j, Naive Gfil/"°"* P14 T cells (CD45.1'CD45.2%,1x10° cells) were
transferred to congenic recipients (CD45.2") and the next day recipients were
infected with LCMV.i, Flow cytometric plots showing P14 T cells frequency
among total CD8 T cells following LCMV® infection. j, Expression of GFI1-
tdTomato by P14 T cells isolated from mLN following infection. p values were
calculated using one-way ANOVA and Dunnett’s post-test. Data pooled from two
independent experiments (n = 8 mice/ timepoint).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2| Transcriptional profile of antiviral GFI1"¢" and GFI1'"
CDS8' T cells following chronic or acute LCMV infection. GfiI"/°"*°"* mice were
infected with LCMV or LCMV*™virus via tail vein or intraperitoneal injection,
respectively. Activated (CD11a*CD44") GFI1" and GFI1'° CD8" T cells were flow
cytometrically sorted at D7 after infection and RNA-seq was performed.

a, Gating strategy used to sort GFI1" and GFI1°° CD8* T cells from spleen of
infected Gfi1*“™@* mice at D7. b, Principal component analyses (PCA) plot
showing clustering of CD8" T cells. Replicates of the same group are indicated
by the same colour and shape. ¢, DEseq2 normalized gene expression for Gfil in

GFI1" and GFI1° CD8* T cells following LCMV* infection. p value was calculated
using two-tailed Student’s ¢ test. d, DEseq2 normalized expression of selected
genesin CD8' T cells isolated from LCMV or LCMVA™ infected Gfil““"™ mice.
e, GSEA analysis of CD8 T cells isolated from LCMVA™-infected mice tested on
memory CD8' T cells gene signature®. p value was calculated using Wald’s test.

f, GSEA Hallmark pathway analysis. Dot plots show the changes in GSEA hallmark
pathways, where size of dot represents absolute pathway enrichment in GFI1" vs
GFI1"° comparison. p values were calculated using Wald’s test.
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Extended Data Fig. 3 | See next page for caption.

Day 14

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02151-5

Extended Data Fig. 3| Transcriptional profile of GFI1"" central memory and
stem cell memory CDS8" T cells. a,b, GfiI“"™** mice were infected with LCMV*"®
via tail veininjection. GFI1" and GFI1" CD8" T cells from CD44*CD62L" (T¢y,)

and CD44'Ly108" (Tscy precursor) CD8' T cells were flow cytometrically sorted
fromspleenand mLN at D7 after infection and RNA-seq was performed. p values
were calculated using Wald’s test. a, Volcano plot showing DEGs (p < 0.05) in
CD44'CD62L* and CD44*Ly108" GFI1" CD8* T cellsisolated from LCMV**-infected
mice. Blue and red dots show genes upregulated in GFI1'° and GFI1" CD8* T cells,
respectively. b, DEseq2 normalized expression of selected genesin CD44'CD62L"
and CD44°Ly108* CDS8' T cells isolated from LCMV*-infected GfiI“"™* mice.c,
Schematic of Gfi1““°™a/* CD8" T cell isolation and transfer (1x10° cells/recipient)
to congenic mice followed by challenge with LCMV*™ infection. d, Total donor
cellsin mLN of recipients at D7 after LCMV*™infection. Data pooled from two

experiments (n =7 mice/group). p value calculated using two-tailed Student’s ¢
test. e, CD44*Ly108*GFI1", CD44*CD62L*GFI1" or CD44*GFI1° CD8* T cells were
flow cytometrically isolated from spleen of GfiI*“*™® mice (CD45.2") at D21 after
LCMVA™infection. Each population was adoptively transferred (5x10* cells) into
congenic recipient mice (CD45.1'CD45.2" or CD45.1%), then infected with LCMVA™,
Flow cytometric dot plots show frequency of donor cells (CD45.2*) among total
CD8'T cellsisolated from spleen at D7 after LCMVA™ infection (left plots). Total
number of donor cellsin spleen of recipients at D7 after LCMV*™ infection. Data
are pooled from two independent experiments (n = 6 or 7 mice/group). p values
were calculated using Kruskal-Wallis test followed by Benjamini-Hochberg FDR
test for individual comparison. f, Schematic of Gfi1““*™a** CD8" T cell isolation
and transfer (1x10° cells/recipient) to infection matched mice.
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Extended Data Fig. 6 | Characterization of transcriptional and epigenetic
profile of GFI1-deficient CD8" T cells following chronic LCMV infection.

a, Naive congenically labelled WT or GFI1°*® P14 CD8" T cells (CD45.1") were
adoptively transferred into C57BL/6 mice that were subsequently infected with
LCMVS, P14 T cells were isolated from spleen at D7 after infection and analysed
using RNA-seq. DEseq2 normalized expression of selected genes is shown.

b-e, Congenically-labelled naive WT (CD45.1") and GFI1°®8 (CD45.1°CD45.2") P14
T cells were mixed 1:1and co-transferred to C57BL/6 mice that were subsequently
infected with LCMV24 h later. Splenic P14 T cells were analysed at D7 after
infection. b, Uptake of fluorescent glucose analog 2-NBDG and fluorescent fatty
acid (BODIPY C16) in P14 T cellsisolated from spleen at D7. ¢, Mitochondrial mass
and membrane potential determined by Mitotracker Green and Mitotracker Red
(CMXROS) labeling, respectively, in P14 T cells isolated at D7. d, Plots showing
frequency of P14 cells with dysfunctional mitochondria (left panels). Data
showing frequency of P14 cells with dysfunctional mitochondria (right panel).

e, Histograms showing granzyme B expression in WT (blue line) and GFI112P8
(redline) P14 CD8" T cells following gp33 peptide stimulation. Control (black
dotted line) shows unstimulated WT P14 CD8" T cells (left panel). Data show
granzyme B expression in P14 T cells at D7. b-e Data are representative of two
experiments (n = 6 mice). p values calculated using a two-tailed paired ¢ test.
f,g, Naive congenically-labelled WT or GFI1°“° P14 CD8" T cells (CD45.1*) were
adoptively transferred into C57BL/6 mice that were infected with LCMV*®24 h
later. Nuclei from activated splenic P14 T cells (D7 after infection) and naive P14
Tcells wereisolated to perform bulk ATAC-seq. f, Chromatin accessibility read
density enrichment around peak centres for P14 T cells. Upper panels show the
average profile around detected peak centres. Lower panels show read intensity
heatmaps ranked by total read intensity. Reads are centred on the middle of

the accessible peak +1.5 Kbp. Data pooled from three samples to generate read
density map. g, Number of differentially accessible regions detected in naive
GFI1°®® P14 CD8' T cells and annotated in and around promotor or exon regions.
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Extended DataFig. 7| CD8" T cell responses mounted by GFI1-deficient
following latent MCMV infection. a, Schematic showing irradiation, BM cells
injection, MCMV infection, peripheral blood and tissue analysis. b,c, Mixed bone
marrow chimeras were generated by adoptive transfer of equal mix of WT CD45.1*
and WT CD45.2" (WT + WT) or GFI1®® CD45.1"and WT CD45.2" (WT + GFI12¢™8)
bone marrow cellsintoirradiated C57BL/6 mice that were infected with MCMV
intraperitoneally 60 days after reconstitution. b, Total number of CD45.1°'CD8"

T cellsin peripheral blood 8 weeks following bone marrow reconstitution.

¢, Flow cytometric dot plots showing frequency of T, ;c (KLRG1*CD27) and Typgc
(KLRGI'CD27") among activated (CD11a"CD44") CD8' T cells isolated from the
spleen of bone marrow chimeric mice at D90 after infection (left panels). Total
number of Tg gc and Typec CD45.1°CD8’ T cells in spleen at D90 (right panels).

b, cData pooled from 2 experiments (n = 9 or mice/condition) is shown as mean +
s.e.m. p values were calculated using a two-tailed unpaired Student’s ¢ test.

d,e, Naive congenically-labelled WT (CD45.1*) and GFI1°°® (CD45.1°CD45.2") P14
T cells were mixed 1:1and co-transferred to C57BL/6 mice that were subsequently

infected with MCMV-ie2-gp33 the next day. Mice were euthanized at D7 after
infection to assess CD8" T cell responsesin tissues. d, Frequency of T, c and Typgc
among WT and GFI1°*® P14 CD8* T cells isolated from spleen at D7 after infection.
Data pooled from two experiments (n =10 mice). e, Data show Ki-67, TCF1,
EOMES, T-BET and TOX expression from one of two independent experiments
(n=6mice).f, Frequency of IFN-y* and IFN-y'TNFa* among total WT and GFI1°"8
P14 CD8'T cells isolated from spleen following gp33 peptide stimulation (left
panels). Data showing frequency of IFN-y* and TNFa* P14 CD8' T cells from one
of twoindependent experiments (n = Smice). d-f, p values calculated using a
two-tailed paired ¢ test. g, Chromatin accessibility read density enrichment
around peak centres for adoptively transferred congenically-labelled WT or
GFI1°°°® P14 CDS8" T cells (CD45.1*) in response to MCMV-ie2-gp33 at D7. Upper
panels show the average profile around detected peak centres. Lower panels
show read intensity heatmaps ranked by total read intensity. Reads are centred
onthe middle of the accessible peak +1.5 Kbp. Data pooled from three samples to
generate read density map.
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Extended Data Fig. 8 | See next page for caption.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02151-5

Extended Data Fig. 8| scMultiome-seq analysis of virus-specific CD8*

T cells following chronic virus infection. Naive congenically-labelled WT or
GFI1*®$ P14 CD8" T cells (CD45.1") were transferred to C57BL/6 mice that were
subsequently infected with LCMV® the next day. P14 T cells were isolated on

D7 after infection for scMutiomic-seq. a, Schematics showing scMutiomic-seq
workflow. b, UMAP projection showing unsupervised clustering of WT and
GFI1*®8CD8" T cells (WT + GFI1°®8 Seurat integrated data). ¢, UMAP projection
showing cell-cycle phases of WT and GFI1*®® CD8* T cells based on expression of
G2/Mand S phase genes (scRNA-seq data). d, Aggregate gene expression of top

20 upregulated genes for each cluster. e, Cluster 1and 5 WT (blue histogram and
violin plots) and GFI1*®® (red histogram and violin plots) CD8" T cell chromatin
accessibility and gene expression at BtgI gene locus. Dashed boxes highlight
differentially assessable chromatin regions. f, Transcription factor linked gene
regulatory networks identified by SCENIC+ analysis. Core regulatory genes
showninred andtargetgenesinblue. g, Cluster1and 2 WT (blue histogram and
violin plots) and GFI1*°®8 (red histogram and violin plots) CD8" T cell chromatin
accessibility at £2f1 (left panel) and £2f7 (right panel) gene locus. Dashed boxes
highlight differentially assessable chromatin regions.
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Extended Data Fig. 9| GFI1-deficient CD8* T cells exhibit reduced proliferation
and are prone to activationinduced T cell death. a, Schematic representation
showing naive P14 CD8" T cells transfer to C57BL/6 mice that were infected with
LCMV*3 after 24 h. P14 T cells were isolated at D5 after infection, labelled with
CTVthen cultured invitro for 4 days with IL-2, IL-2 + IL-7 or IL-2 + CD3/CD28 beads.
b, Flow cytometric histograms showing WT (blue) and GFI1°"® (red) CD8" T cell
proliferation. Dotted lines mark cell divisions. ¢, Total number of WT and GFI14"®
CD8'T cells per well after 4 days in vitro culture shown as mean + s.e.m. Data
pooled from two independent experiments (n = 6 mice). p values were calculated
using a two-tailed Student’s ¢ test. d, Schematics showing P14 T cell activation
with primary infection, sorting, and transfer to secondary recipients and virus
infection. e, Naive congenically-labelled WT or GFI1*®® P14 CD8" T cells (CD45.1%)
were transferred to C57BL/6 mice that were subsequently infected with LCMV?
the next day. P14 T cells were isolated on D7 after infection for scMutiomic-seq.

Dot plot showing expression of selected cell death related genesin WT and
GFI1°°®® P14 T cells, with dot size indicating fraction of cells expressing gene and
colour representing mean expression. f, Mixed bone marrow chimeras were
generated by adoptive transfer of equal mix of WT CD45.1and WT CD45.2*

(WT + WT) or GFI1*°®* CD45.1 and WT CD45.2* (WT + GFI1°*®) bone marrow into
irradiated C57BL/6 mice that were infected with MCMV intraperitoneally at D60
after reconstitution. Histograms (left panel) and bar plots (right panels) showing
expression of BCL-2in CD8" T cellsisolated from spleen at D7 after infection
shown as mean +s.e.m. g, Flow cytometric plot showing frequency of caspase-3*
(casp-3) CD45.1'CD8" T cells isolated from spleen 7 days after infection (left
panels). Frequency of casp-3" CD45.1' CD8' T cellsin spleen 7 days after infection
shownasmean ts.e.m. (right panel). f, g, Data pooled from two experiments
(n=35or6mice). p values were determined using a two-tailed unpaired Student’s
ttest.
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Extended Data Fig. 10 | Continuous expression of GFI1is required to maintain isolated from spleen of tamoxifen-treated animals at D14 after treatment.
persistence of antiviral CD8' T cells. a-d, Congenically-labelled naive R26 b-d Data pooled from two experiments/timepoint (n = 9 or 10 mice/timepoint).
ERT2 G and R26“R™* Gfil"" P14 T cells were co-transferred to C57BL/6 mice e, Congenically-labelled naive R26“ ™ Gfit"* and R26“**™* Gfil"" P14 T cells
that were subsequently infected with MCMV-ie2-gp33 the next day. Mice were were co-transferred to C57BL/6 mice that were subsequently infected with
treated with tamoxifen daily for 4 days from day 30 after infectionand CD8* T cell LCMV*E the next day. Mice were treated with tamoxifen at D15 after infection
responses analysed at D14 or D28 after tamoxifen. a, Schematic showing P14 T for 4 daysand CD8" T cell responses were analysed on D30 after infection. Plot
cell transfer, virus infection, tamoxifen treatment and analysis. b, Total number showing frequency of Tsc, P14 T cellsin spleen at D30 (left panel). Total number
of P14 T cells in lungs and liver at D14 and D28 after tamoxifen treatment. c, of P14 and Ty, T cells in spleen and lungs (left panel). Data pooled from two
Total number of Ts P14 T cells in spleen at D14 and D28 after tamoxifen experiments (n =11 mice). b-e Datashow mean +s.e.m. p values were determined
treatment. d, Expression of TCF1, EOMES, T-BET, FOXO1and BCL-2in P14 T cells using a two-tailed paired ¢ test.
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For bulk RNA-seq, RNA-seq read quality was assessed and low quality reads trimmed with fastp v0.22.0. Reads were mapped to the mouse
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plotted using EnhancedVolcano v1.18.0 and pheatmap v1.0.12 packages, respectively.
Bulk ATAC-seq read quality was assessed and low quality reads trimmed with fastp v0.22.0. These trimmed reads were mapped to the mouse
genome (mm10) using bowtie2 v2.4.2, with standard parameters. Picard v2.26.4 was used to remove PCR duplicates. The deduplicated reads
were then filtered to remove mitochondrial chromosome, Y chromosome, improperly paired and non-mapping reads using samtools flags.
Peak summits were called using macs2 v2.2.9.1 using parameter --nomodel, --keep-dup all and --call-summits. ATAC-seq library normalization
was performed using the trimmed mean of M values (TMM) method. Identification of differentially accessible regions (at least a 1-fold-change
and false discovery rate less than 0.05) was performed using DiffBind v3.12.0. Peaks were annotated using ChIPpeakAnno v3.36.1.
Single-cell multiome sequencing data was analysed using CellRanger-arc, Seurat v5.0.3 and Signac v1.12.0. SCENIC+ v1.0al was used to
identify gene regulatory networks. Topic modelling, dimensionality reduction, dropout imputation and differential accessibility region
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used with default settings to incorporate cisTarget and differential enrichment of motifs using bulk consensus peaks motif database. The
SCENIC+ was run with default parameters and http://ensembl.org/biomart/ was used as the biomaRt host. eRegulon results were filtered
based on both the correlation between gene-based regulon area under the curve (AUC) and region-based regulon AUC with the cut off AUC >
0.7. Gene regulatory networks identified by SCENIC+ analysis were plotted using Cytoscape v3.10.0.

For Motif discovery analysis, findMotifs.pl command (HOMER v5.1) with default parameters was used. The GFI1 binding motif weight matrix
was downloaded from the SwissRegulon Portal or JASPAR databases.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Animal models used in this study are well established and based on prior research conducted in our laboratories to use sufficient numbers of
mice or cells in each group. For each experiment 3-5 animals were used and experiments were repeated

Data exclusions  No data points were excluded.

Replication All experiments, except RNA and ATAC sequencing (including single-cell sequencing), were performed at least twice. The presented data were
successfully replicated. Bulk RNA-seq and bulk ATAC-seq data findings were reproduced with single-cell multiomic anlaysis. All findings were
reproduced

Randomization  Age- and sex-matched mice were allocated to groups based on the experimental treatment (no randomisation).

Blinding Blinding was not performed in this study as data analysis in strictly quantitative (and not subjective) and data acquisition occurred based on
fixed protocols. Thus, introduction of investigator bias is unlikely.
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Antibodies

Antibodies used BCL2-PE/Cy7 clone 10C4 Thermo Fisher catalogue# 25-6992-42, dilution used 1:100

CD107a-FITC clone ID4B BD catalogue# 553793, dilution used 1:200

CD11a -BV421clone H155-78 Thermo Fisher catalogue#f 141013, dilution used 1:100
CD16/32 clone 2.4G2 BD catalogue# 553142, dilution used 1:100

CD19-BV605 clone 1D3 BD catalogue# 563148, dilution used 1:200

CD127 -PE/Cy7 clone SB-199 Thermo Fisher catalogue# 25-1273-82, dilution used 1:200
CD27-BV510 clone LG.3A10 BD catalogue# 563605, dilution used 1:200

CD3e-BUV395 clone 145-2C11 BioLegend catalogue#f 563565, dilution used 1:100
CD3e-BUV615 clone 145-2C11 BD catalogue# 1284741, dilution used 1:100

CD4-FITC clone GK1.5 BD catalogue# 557956, dilution used 1:200

CD4-Alexa Fluor 700 clone RM4-5 Thermo Fisher catalogue# 11-0041-85, dilution used 1:200
CD44-BUV496 clone IM7 BD catalogue# 741057, dilution used 1:500

CD45-BUV805 clone 30-F11 BD catalogue# 748370, dilution used 1:200

CD45.1-APC/eFluor 780 clone A20 Thermo Fisher catalogue# 47-0453-82, dilution used 1:200
CD45.1-FITC clone A20 BD catalogue# 5533775, dilution used 1:400

CD45.2-eFluor 450 clone 104 Thermo Fisher catalogue# 48-0454-82, dilution used 1:200
CD62L-BV786 clone MEL-14 BD catalogue# 564109, dilution used 1:1000

CD8a-PerCP/Cy5.5 clone 53-6.7 BD catalogue# 551162, dilution used 1:100

CX3CR1-BV605 clone SA011F11 BiolLegend catalogue# 149027, dilution used 1:500
CXCR3-BUV737 clone CXCR3-173 BD catalogue#t 741895, dilution used 1:200

EOMES-PE/CyS5 clone Danl11mag Thermo Fisher catalogue# 15-4875-82, dilution used 1:100
EOMES-PE/eF610 clone Danl1mag Thermo Fisher catalogue# 61-4875-82, dilution used 1:100
FOXO1-PE clone C29H4 Cell Singnalling Technologies catalogue# 14262S, dilution used 1:50
Granzyme B-PE/Cy7 clone NGZB Thermo Fisher catalogue# 25-8898-82, dilution used 1:100
IFNg-PE clone XMG1.2 BioLegend catalogue# 505808, dilution used 1:100

Ki-67-Alexa Fluor 488 clone SolA15 BD catalogue# 53-5698-82, dilution used 1:200
Ki-67-BUV395 clone B56 BD catalogue# 564071, dilution used 1:100

KLRG1-BV711 clone 2F1 BD catalogue# 564014, dilution used 1:200

KLRG1-Super Bright 702 clone 2F1 Thermo Fisher catalogue# 67-5893-82, dilution used 1:200
LAG3-APC clone C9B7W BD catalogue# 562346, dilution used 1:200

NK1.1-BV650 clone PK136 BD catalogue#f 564143, dilution used 1:500

Perforin-APC clone eBioOMAK-D Thermo Fisher catalogue# 17-9392-80, dilution used 1:100
PD1-BV421 clone J43 BD catalogue#f 562584, dilution used 1:100

PD1-PE/CF594 clone J43 BD catalogue# 562523, dilution used 1:100

Sca-1-Super Bright 645 clone D7 Thermo Fisher catalogue# 64-5981-82, dilution used 1:200
T-BET-PE/Cy5 clone eBio4B10 Thermo Fisher catalogue# 15-5825-82, dilution used 1:100
T-BET-PE/Cy7 clone eBio4B10 Thermo Fisher catalogue# 25-5825-82, dilution used 1:100
TCF1-AF488 clone $33-966 BD cataloguett 567018, dilution used 1:100

TCF1-PE clone S33-966 BD catalogue# 564217, dilution used 1:100

TCF1-BV421 clone S33-966 BD catalogue# 566692, dilution used 1:100

TCRb-APC/eFluor 780 clone H57-597 Thermo Fisher catalogue# 47-5961-82, dilution used 1:200
TNFa-BV421 clone MP6-XT22 BD catalogue# 563387, dilution used 1:100

TNFa-APC clone MP6-XT22 Thermo Fisher catalogue# 17-7321-82, dilution used 1:100
TIM3-PE clone 5D12 BD catalogue#566346, dilution used 1:200

TOX-eFluor 660 clone TXRX10 Thermo Fisher catalogue# 50-6502-82, dilution used 1:100
Vb5.1/5.2-BUV395 clone MR-9 BD catalogue# 743004, dilution used 1:400

VB 8-PE clone F23.1 BD catalogue# 553862, dilution used 1:400

Ly108-BV421 clone 13G3 BD catalogue# 740090, dilution used 1:100

7-AAD BD cataloguett 559925, dilution used 1:50 ‘

FVS510 BD cataloguett 564406, dilution used 1:1000 vf:f
FVS700 BD cataloguett 564997, dilution used 1:1000 S
CellEvent™ Caspase-3/7 Thermo Fisher catalogue# C10423, dilution used 1:100 §




Validation

All antibodies were titrated and validated using appropriate controls.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

BHK-21 (CCL-10), M2-10B4 (CRL-1972) and Vero E6 (CRL-1586) were originally obtained from ATCC.

Not authenticated

Mycoplasma contamination None detected.

Commonly misidentified lines No commonly misidentified lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6 (CD45.1+ or CD45.2+), Gfil-tdTomato, Eomes-mCherry, Rag2gc-KO, Cd8a-cre, R26-cre/ERT2, Gfilfl/fl and P14Tg. Both, male
and female mice were used at 6-16 weeks old age. All mice were bred and maintained under specific pathogen-free conditions at the
animal facility of The University of Queensland. Mice were housed under a 12-hours light/12-hours dark cycle at 22°C £ 2°C and 55%
+15% humidity.

No wild animals were used in this project.
Both, male and female mice were used.
None

The University of Queensland ethics committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-authentication-procedures for-eachseed stock-used-or-novel-genotype-generated.-Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Single cell suspensions were generated by forcing tissues through 70 m cell strainers, and red blood cells (RBC) were
removed using hypotonic lysis using ACK buffer. Cell suspensions were blocked with PBS containing Sug/ml anti-CD16/CD32
and stained (30 min on ice) with fluorophore-conjugated antibodies or reagents in FACS buffer. For intracellular staining,
surface-labelled cells were fixed using eBioscience Foxp3/Transcription Factor Staining Buffer (Thermo Fisher) then stained
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for intracellular cytokines or transcription factors. Live cells were identified by exclusion staining with a fixable viability dye
(BD Biosciences or BioLegend) or 7-AAD (BD Biosciences).

Instrument Flow cytometry analysis was performed on a Cytek Aurora (Cytek Biosciences) or LSRFortessa X-20 (BD Biosciences). Cell
Sorting was performed using BD FACS aria Il (BD Biosciences).

Software All flow cytometry data were analysed using FlowJo analysis software v.10.10 (BD Biosciences). Statistical analysis was
performed using Prism v10.0 software (GraphPad Software).

Cell population abundance Cell populations analysed ranged from 50-1000000 cells/mouse.

Gating strategy 1. FSC-A/SSC-A were used to select lymphocyte populations.
2. FSC-A/FSC-H were used to select singlets.
3. FSC-A/viability were used to identify live cells.
4. CD3/CD8 were used to select CD8+ T cells.
5. CD45.1/CD45.2 were used to identify P14 T cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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