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Antigen-experienced CD8" T cells form effector and central memory T cells
(Temand Ty, cells, respectively); however, the mechanism(s) controlling

their lineage plasticity remains incompletely understood. Here we show
that the transcription cofactor Tle3 critically regulates T, and T, cell fates
and lineage stability through dynamic redistribution in antigen-responding
CD8" T cellgenome. Genetic ablation of Tle3 promoted CD8" T, cell
formation at the expense of CD8" T, cells. Lineage tracing showed that
Tle3-deficient CD8" Ty, cells underwent accelerated conversion into CD8"

Tcum cells while retaining robust recall capacity. Tle3 acted as a coactivator for
Tbet toincrease chromatin opening at CD8" T, cell-characteristic sites and
toactivate CD8" Ty, cell signature gene transcription, while engaging Runx3

and Tcfl to limit CD8" Ty, cell-characteristic molecular features. Thus, Tle3
integrated functions of multiple transcription factors to guard lineage
fidelity of CD8" T, cells, and manipulation of Tle3 activity could favor CD8"
Tcum cell production.

CD8'Tlymphocytes have essential roles in mounting protective cellular
immune responses against pathogens and malignantly transformed
cells. A productive CD8" T cell response clears pathogens and forms
memory CD8"T cells, which have heightened protective capacity than
naive CD8" T cells'. Memory CD8" T cells consist of heterogeneous sub-
sets, with distinct distribution patterns and functionality®*. Compared
with CD62L"CD8" Ty, cells, which are largely detected in circulation,
CD62L'CDS8" Ty cells are more enriched in the secondary lymphoid
organs, persist for alonger time and respond more robustly to rechal-
lenge by the same pathogen®*. In terms of their developmental origin,
CD8" Ty, cells are derived from multiple sources, including CD8" Ty,
cells’ and various effector CD8" T cell subsets with elevated expression
of interleukin (IL)-7Ra, CD62L and/or Tcfl (refs. 6-10). However, the

molecular mechanisms underlying lineage plasticity of memory CD8"
T cells remain unknown.

Transcription factors orchestrate the differentiation of effector
and memory CD8' T cells2. One mechanismis through their dynamic
expression: Tbet and Blimpl are induced in CD8" effector T (T) cells
and partly retained in memory CD8" T cells, while Tcfl and Myb are
downregulated in CD8" T, cells but partly restored in memory CD8"
T cells”*™, Another mechanism is to utilize cofactors to achieve regu-
latory specificity, stability and transcriptional output, which is par-
ticularly important for stably expressed transcription factors such
as Runx3 (refs. 16,17). The transcription cofactor Tle interacts with
many transcription factorsinvolved in the regulation ofimmune pro-
cesses, including Tcf1/Lefl, Runx1/Runx3, Myc and Blimp1 (refs. 18-21).
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Tle proteins are the mammalian homologs of the Drosophila tran-
scriptional repressor Groucho. There are four mammalian Tle genes,
Tlel-Tle4, which encode full-length Tle proteins with unique and
redundant functions in organogenesis including hematopoiesis** .
Tle3 is most abundantly expressed in T cells, followed by Tle4 and
Tlel, with Tle2 at a barely detectable level®. Tlel, Tle3 and Tle4 criti-
cally regulate CD8" T cell lineage choice during thymic development
in a gene dose-dependent manner®. In this study, we found that Tle3
was dynamically redistributed in the T cell genome during effector
and memory CD8" T cell differentiation and that Tle3 functioned as
anintegrator of multiple transcription factors to reciprocally control
CD8* Ty and CD8* T, cell fates and lineage plasticity.

Results

Loss of Tle3 enhances CD8" T, cell formation

Because of the known functional redundancy among Tle pro-
teins®?°, we crossed the Gzmb-Cre transgene to mice carrying floxed
alleles for Tlel, Tle3 and Tle4 (refs. 26-28) to ablate these genes
in activated mature CD8" T cells without perturbing thymopoie-
sis. We obtained Gzmb-Cre'Rosa26° " Tle1""Tle3""Tle4"" mice and
Gzmb-Cre Rosa26°" Tle1""T1e3""Tle4"" littermate controls (here-
after Tle134” and wild-type (WT) mice, respectively), with Rosa26°*
marking Tle gene-deleted cells. WT and Tle134 mice were infected
with lymphocytic choriomeningitis virus (LCMV) Armstrong strain
(LCMV-Arm) to elicit acute viral infection. On day 8 after infection,
Tle1347 mice showed >80% reductionin the frequency and numbers of
CD8' T,cells, detected as antigen-experienced polyclonal CD11a"CD8"
CDS8' T cells or LCMV GP33 epitope-specific CD8" T cells, measured
with GP33-tetramers or interferon (IFN)-y-producing cells by GP33
peptide stimulation, compared to WT mice (Fig. 1a), demonstrating
more profound impact on CD8" T, cells than ablation of Runx3, Tbet
or Blimpl alone”"%,

Wenextinvestigated whether a specific Tle protein could fine-tune
specific CD8" T cell functions that could not be compensated by its
coexpressed homologs. We focused on Tle3 because of its abundant
expression in naive CD8" naive T (Ty) cells and CD8" T, cells (Fig. 1b)
and generated P14*Gzmb-Cre*Rosa26°" Tle3"" (hereafter Tle37) and
P14*Gzmb-Cre'Rosa26° Tle3"* (hereafter WT) mice, in which the trans-
genic P14 T cell antigen receptor (TCR) is specific for the LCMV GP33
epitope. WT or Tle37~ CD45.2'P14" T cells were adoptively transferred
into CD45.1WT mice, whichwere infected with LCMV-Arm the next day
(Extended Data Fig. 1a). On day 8 after infection, Tle37~ CD8* T cells
showed -3-fold reductioninnumbers (Fig.1c),amodest 10% decrease
in IFN-y production and similar tumor necrosis factor (TNF) or gran-
zyme B expression compared to WT CD8" T, cells (Extended Data
Fig.1b-d). The frequencies of fully differentiated KLRGI"IL-7RaCD8*
T.cellsand KLRG1PIL-7Ra*CD8" memory precursor T (T,,) cells were
similar between WT and Tle3”" P14'CDS8" T cells (Fig. 1d). At the con-
traction phase (day 14 after infection), annexin V" apoptotic cells were
reduced by ~50% in Tle3” CD8" T cells compared to WT CD8" T cells
(Fig.1c). Atday 30 after infection, WT and Tle3” memory CD8* T cells
were detected at similar numbers (Fig. 1c), but the frequency and
numbers of Tle37” CD62L'CD8" Ty, cells almost doubled compared
to those of WT CD62L'CD8" Ty, cells (Fig. 1f). Tle3”~ CD8" Ty, and
Ty cells showed similar capacity of producing multiple cytokines,
includingIFN-y, TNF and IL-2,and had a10-20% reductionin granzyme
B expression compared with their WT counterparts (Fig. 1g,h). To
investigate whether the phenotypic changes in Tle3” memory CD8"
T cells were due to persistence of viral antigens, we collected sera
and detected similar levels of LCMV by quantitative PCR with reverse
transcription (RT-qPCR) or plaque assays in recipients of Tle3” or WT
P14*'CD8' T cells on day 4 after infection, while viral titers on days 8, 14
and 30 after infection were below the detection limit (Extended Data
Fig.le-g). Additionally, we performed co-transfer of Tle37~CD45.2 and
WT CD45.1'CD45.2°P14°CD8" T cells into CD45.1 WT mice, which were

infected with LCMV-Arm the next day. On day 30 after infection, the
frequency of Tle3”7 CD8" T cells was ~3-fold higher than that of WT
CD8" Ty, cells (Extended Data Fig. 1h), suggesting that propensity of
Tle3”~memory CDS8' T cells toward Ty, cell formation was cell intrinsic.
These functional analyses indicated that deletion of Tle3 promoted the
formation of CD8" Ty, cells.

We then performedsingle-cell RNA sequencing (scRNA-seq) onWT
and Tle3”” memory CD45.2*CD8" T cells sorted from the CD45.1 recipi-
ent mice on day 30 after infection. Focused analysis of WT memory
CDS8' T cells identified three major populations and a minor popula-
tion of few cells that were Dock2™, previously associated with ‘virtual
memory’ T cells*® (Fig. 2a,b). One major population was highly enriched
inCD8" Ty cell-characteristic genes, including Sell (encoding CD62L),
Ccr7, Il7r and Tcf7 (encoding Tcfl; Fig. 2¢), which we defined as Ty,
cells (Fig. 2a). The other two major populations had high expression
of CD8" Ty, cell-characteristic genes, including Kirg1, Cx3cr1, Zeb2 and
Bhlhe40,which we defined as Ti,1 and T2 cells, with the latter being
Klrel" (Fig. 2b,c). Pseudotime trajectory analysis with Monocle® sug-
gested maturation of Ty,2to Tpyland thento Ty, cells (Fig. 2d), consist-
ent with previous reports’. When combined, WT and Tle3”” memory
CDS8'T cells wereresolved into seven clusters, with cluster 7 as Dock2"
(Fig.2e). WT and Tle3” memory CD8* T cells were distributed in almost
exclusive clusters among the other six major clusters (Fig. 2f), suggest-
ing transcriptomic divergence due to Tle3 deficiency. Clusters 1-3
were mostly WT cells (Fig. 2g), with cluster 3 equivalent to Ty, cells,
expressing Ty, cell-characteristic genes including Tcf7, Sell, Ccr7, Il7r
and Myc (Fig. 2h). Clusters 4-6 were predominantly Tle3” cells, with
cluster 4 expressing Ty, cell-characteristic genes including Cx3cr1,
Klrgl, Gzma, S1pr5and Bhlhe40, while clusters S5and 6 resembled cluster
3 (Fig. 2g,h). By assessing the collective behavior of single-cell-based
CD8" Ty and CD8" Ty, cell signature genes (Supplementary Table 1),
the WT-predominant cluster 3 and Tle3”"-predominant clusters S5and 6
were enrichedin Ty scores, but depleted of Ty, scores (Extended Data
Fig.2). These analysesindicated thatloss of Tle3 facilitated acquisition
of CD8" Ty cell transcriptomic features at the single-cell level.

Tle3 promotes T, and suppresses Ty, signature genes

We next used multiomics approachestoinvestigate how Tle3 regulated
CDS8' Ty and Ty cell-characteristic molecular features. Because Tle3 7~
memory CD8" T cells showed altered expression of T, cell-associated
marker proteins such as KLRG1 and CX3CR1 (Extended Data Fig. 3a),
we used the CD62L-based classical definition to sort CD62L"CD8" Ty,
and CD62L'CDS8" Ty, cells from the immune mice on day 30 after infec-
tionwith LCMV-Arm (Extended Data Fig. 3b). We first performed bulk
RNA-seqanalysistoincreasetranscriptsequencing depth. Principal com-
ponentanalysis (PCA) placed WT CD8* Ty, cells, Tle3” CD8* Ty cells,
WTCDS8' Ty cellsand Tle37 CD8* Ty, cellsin distinct clusters (Fig. 3a).
Comparison between WT CD8" T, and WT CD8* Ty, cells identified
181Ty cell signature genes, including /d3, Eomes, Irf8 and Vcam1I (not
captured by scRNA-seq), in addition to Sell, Ccr7, I{7r and Tcf7, and
90 T, cell signature genes, such as Cx3cr1 and Klrgl1 (Fig. 3b and Sup-
plementary Table 2). Together with differentially expressed genes
(DEGs) comparing WT and Tle3”~ CD8* Ty, cells and those compar-
ing WT and Tle3”~ CD8" Ty, cells (Extended Data Fig. 3c,d), a total of
1,272 DEGs were resolved into five expression clusters (ExpC1-ExpCS5;
Fig.3cand Supplementary Table 3) by unsupervised k-means clustering
analysis. Consistent with the known corepressor function of Tle3, ExpCl
and ExpC2 genes showed increased expressionin Tle37” CD8' Ty and
Tle37" CD8" Ty cells (defined as ‘Tle3-repressed genes’), with Ty, cell
signature genes more enriched in ExpC2 (Fig. 3c). Loss of Tle3 caused
downregulation of many genes distributed in ExpC3-ExpC5 (defined
as ‘Tle3-actived genes’), with Ty, cell signature genes more enriched
in ExpC5 (Fig. 3¢). Gene-set enrichment analysis (GSEA) indicated that
Tle37 CD8" Ty cells were depleted of Ty cell signature genes but were
strongly enriched in Ty, cell signature genes (Fig. 3d,e). At the protein

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01720-w

a " b d
WT Tle1347/ *kk WT Tle3™-
100 + +
=1 s99 13 2 mwr cbs"  CD8 10° 723 51 709 7.9 157 Ns mwr "
S ot 3 { 754 0 Ttet34™- Ty Teit 108 Tef % 10 o M T3
w ~ &
a £ o 501 Tle3 -83kpa & 100 =<
& 108 3 < 3 5
5 o 50 254 B-actin -45kDa B o o8
© 04 2 13.6 Twe g 13 82 o
o 10°10% 10° o 10° 10%10°
CD8 APC-CYy] ——M8Mm > IL-7Ra PE-CY] —————————
w 12}
a 10° = [ e
g 10 4.7 15 9 S 10° WT Tle3™'"
] o =« o wr 105 01 09 03 11 W
5 10° g 8 10 ¥ O Tle3 - 5
o ° @ <t 6 10* R M Tle3 ™"
) = 5 10 NS £
& o 3 32
1) — 108 a1 g3
o 10° 10* 10° 6 2 o =y
CD8 APC-Cy]——————————> 10* ~ 90.7 83 94.8 as <
0O 8 16 24 32 0 10 10* 10°
o 8 . . .
bl 00 42 10 xkk Days after infection Annexin V PE —————————>
5 104 = 10 A
208 8 10° 1 g " +
G > 10° 4 CD8" T, cells CD8" Ty, cells
T 0 = 4 /- /- NS mwr
z & 10 WT Tle3 WT Tle3 9 100 ——
- ~ €.
10° 4 3 10° 903 917 88.9 87.1 » 7518
o 10% 10* 10° ¥ . =
CD8 APC-Cy]————————————————> g 10 o 50
e +
S 108 T 25
Z o z
f EwWT E - 0 28 o
/- —~ L o2 B2
WT Tle3 3 too 20 W Tle3” 0 10° 104 10° . [ 5 3
5 < < < *k a a
Tm P % . 2 CD8 APC-Cy7 8 8
= 123 .
8 104 Tem 35.3 62.6 8 3 o 100 NS S
< = O 101 o S .
& 10° = 3 o5 10 89.4 86.8 88 847 T
go o Jea [ Jue : - o . £
g . @ + 10° o
© 3 4 5 [=] @ 0 ==
010% 10* 10 o Ja w L3
O a 10% Z 0
CD8 APC-Cy7 —— > w =
= [0}
&
0 10% 10* 10°
h IFN-y eFluor 450
CD8" T, cells CD8" Ty, cells @
O Isotype _ 108 ~
[y T =
gwr =0 ~ 10% 39.6 40.9 23 24 [}
- O .2 > o
x 298 314 [ Tle3™ = @) +
I =2 w 10° T i
E 601 730 £ 2 a z
s} O] o~ 0 =
R 464 590 2 o~
010° 10% 10° 0 10% 10* 10° = 38 3o
o Fo
GzmB PE ——————————————> IFN-y eFluor 450 o © & °
[a) [=)
o O

Fig.1| Targeting Tle3 favors generation of Ty, cellsin response to acute viral
infection. a, Representative flow cytometry plots of antigen-specific CD8" T cells
inWT and Tle134" mice on day 8 after infection with LCMV-Arm, using CD11a
surrogate marker, GP33-tetramer and GP33 peptide-stimulated IFN-y production,
and bar graphs showing cumulative data of frequency of antigen-experienced
CD8' T cells or numbers of GP33-specific CD8" T cells. b, Immunoblot of Tle3

in CD8" Ty cells from uninfected WT mice and CD8' T cells sorted on day 8

after infection with LCMV-Arm. Data are representative of two independent
experiments. ¢, Numbers of WT or Tle37~ CD45.2'P14*CDS8" T cells identified on
days 8 and 30 after infection in the spleens of CD45.1 WT recipient mice that were
adoptively transferred with WT or Tle3”~ CD45.2*P14*CD8’ Ty cells and infected
with LCMV-Arm the next day. WT (n=7) and Tle3”~ (n=7) from three independent
experiments. d, Representative flow cytometry plots of WT and Tle3”” KLRG1"IL-
7RaCDS* T, cellsand KLRGIIL-7Ra"CD8" Ty cells on day 8 after infectionin
mice asinc,and bar graph showing cumulative data of CD8" Ty, cell frequency.

e, Representative flow cytometry plots of cell viability of P14'CD8" T cells on day 14

after infection in mice as in ¢, and bar graphs showing cumulative data of frequency
of annexin V* cells. f, Representative flow cytometry plots of WT and Tle37"
CD62L'CD8" Ty, and CD62L"CD8"* Ty, cells at > day 30 after infectionin miceasinc,
and bar graphs showing cumulative data of CD8" T, cell frequency and numbers.
g, Representative flow cytometry plots of GP33-induced production of IFN-y, TNF
andIL-2in CD8" T and CD8" Ty, cells at > day 30 after infectioninmice as in ¢, and
bar graphs showing cumulative data of the frequency of IFN-y-producing cellsin
CD8" Ty and CD8' Ty, cells, and that of TNF-and IL-2-producing cellsin IFN-y* CD8*
Tcwand CD8' Ty cells. h, Expression of granzyme Bin CD8" Ty, and CD8" Ty, cells
at>day 30 after infection in mice as in ¢, and bar graphs showing cumulative data
of relative geometric mean fluorescence intensity (gMFI) of granzyme B, where the
granzyme BgMFlin WT CD8" T, cells was set as 1in each experiment, and that in
other cell types was normalized accordingly. Datain aand d-hare representative
of2-3independent experiments, and all cumulative datainaand c-hare

means * s.d., withindividual data points shown. *P < 0.05; **P < 0.01; **P< 0.001;
notsignificant (NS) by two-sided Student’s ¢-test.

level, IL-7Ra;, Tcfland Eomes were more highly expressed in WT CD8' Ty,
than WT CD8' Ty, cellsand were more strongly inducedin Tle3”~ CD8*
Tey cells than Tle3”~ CD8* Ty cells (Fig. 3f). CD8* Ty, cell-associated
KLRGI and CX3CR1showed lower expression in Tle3”~ CD8" Ty, and
Tle3"~CD8' Ty, cells compared to their WT counterparts (Fig. 3g). These
analyses indicated that Tle3 exerted dual functions, that is, promot-
ing CD8" Ty, but suppressing CD8" T, cell transcriptional programs.

De novo Tle3 binding promotes Ty, cell chromatin opening

We next profiled chromatin accessibility (ChrAcc) landscape in
WT and Tle3”” CD8"* Ty and CD8* Ty, cells using the assay for
transposase-accessible chromatin with sequencing (ATAC-seq). PCA
placedWTCD8" T.yand WT CDS8' Ty cellsindistinct clusters,and adirect
comparisonidentified1,881 T, and 2,643 T, cell signature ChrAccsites
(Fig. 4a,b). Tle3”7~ CD8" T¢y and Tle3”” CD8* Ty cells tended to cluster
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Fig.2|Deletion of Tle3 promotes the formation of T, cells as manifested

at the single-celllevel. a, Uniform manifold approximation and projection
(UMAP) plot of scRNA-seq data from WT CD45.2'P14°'CD8" memory T cells
sorted on day 30 after infection from the spleens of CD45.1 WT recipients that
were adoptively transferred with WT CD45.2'P14°CD8" Ty cells and infected

with LCMV-Arm the next day, with each dot representing a single cell and all four
clustersidentified with Seuratin distinct colors. b, Heat map showing expression
of ten selected characteristic genes in CD8" Tgy;, Teyl-Tew2 and Dock2" clusters
asdefinedin a, with each column corresponding to asingle cell and color scale
representing z-score-transformed transcript levels. ¢, UMAP plot showing single-
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color scale showing the range of transcript levels for each gene. d, Pseudotime
analysis of WT CD45.2°P14°'CD8" memory T cells using Monocle v3, with the green
line denoting the trajectory. e,f, UMAP plots of scRNA-seq data from WT and
Tle37~ CD45.2'P14*CD8* memory T cells sorted on day 30 after infection asin a,
displayed as clusters identified with Seurat (e) or single cells defined by genotype
(f). g, Bar graph showing distribution of WT and Tle3”~memory CDS8' T cellsin
each cluster defined in e. h, Violin plots showing transcript levels of Ty, and Ty
cellsignature genes in each cluster definedine.

togethertoward WT CD8' T, cells on the PCA (Fig. 4a). A total of 5,553 dif-
ferential ChrAccsites between WT and T/e3” memory CD8' T cellswere
resolved by k-means into eight clusters (ChrAccCl-ChrAccC8; Fig. 4c
and Extended DataFig.4a). ChrAccsitesin ChrAccCl-ChrAccC5showed
increased chromatinopeningin Tle3”" CD8* Toyand Tle3” CD8* Ty cells
(defined as ‘Tle3-closed sites’), with those in ChrAccC4 and ChrAccC5
moreenriched with T, cell signature sites (Fig. 4c). Incontrast, ChrAcc
sitesin ChrAccC6-ChrAccC8 showed decreased chromatin openingin
Tle3"" CD8' Ty and Tle3” CD8* Ty cells (defined as ‘Tle3-openedssites’),
with those in ChrAccCé6 frequently overlapping with T, cell signature
sites (Fig. 4c). Thus, Tle3 exhibited dual functions of promoting a CD8"
Tewbut suppressing a CD8" T, cell ChrAcc landscape.

To discern the direct actions by Tle3, we used Cleavage Under
Targets and Release Using Nuclease (CUT&RUN)*’ to map genome-wide
Tle3 binding sites in CD62L*CD44™'°CD8* T\ cells from uninfected
mice, and KLRG1"IL-7Ra"CD8* T, cells (day 8 after infection),
CD62L°CD8" Tiyand CD62L'CD8' Ty, cells (day 30 after infection) from
mice infected with LCMV-Arm. Each cell type formed distinct clusters
on PCA (Extended DataFig.4b), and all four celltypes had 34,292 Tle3

bindingsites as determined with MACS2 (ref. 33). By applying stringent
criteria (=3-fold changes in binding strength and false discovery rate
(FDR) < 0.05) in DEseq_2 (ref. 34), 3,627 Tle3 binding sites exhibited
significantgain or lossin binding strengthin CD8" Tg, Ty and Ty, cells
compared with CD8" Ty cells, and these dynamic Tle3 binding sites
were distributed into three major clusters (TleC1-TleC3; Fig. 4d and
Extended DataFig. 4c). Tle3 binding sitesin TleCl were absent or weak
inCD8' Ty cells, but became strong in CD8" Tcells, and were defined as
‘Tacquiredsites’ (Fig. 4d). Based ontheir binding strengthin CD8" Ty,
and CD8" Ty, cells, four subclusters (TleCla-TleCld) were distinguish-
able, with TleClb and TleClcsites retaining strong Tle3 bindingin CD8*
Tyucellsbutattenuatedin CD8* Ty, cells (Fig. 4d). These ‘T.s-acquired
sites’ were linked to genesin ‘immune system processes’ as determined
with GREAT analysis® (Extended Data Fig. 4d), as observed upstream
of Thx21 (encoding Tbet) and /fng genes in the cytotoxic program
(Extended DataFig. 4e). Tle3 binding sitesin TleC2 were weak in CD8"
Ty cellsbutacquired stronger binding in CD8" Ty, and/or CD8" T, cells
than CD8" T cells, and were defined as ‘Ty,-preferred sites’ (Fig. 4d), as
exemplified in the Thx21I introns (Extended Data Fig. 4d). In contrast,
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Fig.3 | Targeting Tle3 promotes T, cell signature gene expression but
diminishes CD8' T, cell signature gene expression. a, PCA of RNA-seq
libraries from WT and Tle37~ CD45.2'P14°CD62L"CD8" Ty, cellsand WT and
Tle37~CD45.2'P14*'CD62L*CDS8" T, cells sorted on day 30 after infection from
the spleens of CD45.1 WT recipients that were adoptively transferred with WT
or Tle37~CD45.2'P14"CD8" Ty cells and infected with LCMV-Arm the next day.
b, Volcano plot showing DEGs between WT CD8* T, and WT CD8" Ty, cells as
ina, by the criteria of >1.5-fold changes, FDR < 0.05 and fragments per kilobase
oftranscripts per million mapped reads (FPKM) values > 0.5in the higher-
expression condition, with values denoting DEG numbers. ¢, Heat map showing
five expression clusters (ExpC) identified with k-means clustering analysis of
DEGs between WT and T/e37~ CD8" Ty, cells and those between WT and Tle3™7"
CD8' Ty cellsasina, with values in parentheses denoting DEG numbersin each
cluster and select T (red line) and Ty, (blue line) cell signature genes marked.

d,e, Enrichment plots of Ty, (d) and T, (e) cell signature gene sets defined in
bin comparison of Tle3” versus WT CD8" T, cell transcriptomes with GSEA,
withtop 20 genesin the leading edge shown in heat maps. NES, normalized
enrichment score; NOM Pvalue and nominal Pvalues were defined in GSEA.

f.g, Representative half-stacked histograms showing the expression of CD8*
Tcw cell-characteristic proteins, IL-7Ra, Tcfl and Eomes (f) and that of CD8 Ty,
cell-characteristic proteins, CX3CR1and KLRG1(g) in WT and Tle3”7" CDS8" T,
and Ty cellsidentified on > day 30 after infection in mice asin a, with values
denoting gMFIfor each protein, and bar graphs showing cumulative data

of relative expression of each protein as means + s.d. from2-3 independent
experiments. Statistical significance for these multiple-group comparisons was
first determined with one-way ANOVA, and Tukey’s test was used as post hoc
correction for indicated pairwise comparison. *P < 0.05; **P < 0.01; ***P < 0.001.
NS, not statistically significant.

Tle3 bindingsitesin TleC3 were strongin CD8" T cells but substantially
weakened in CD8" T, cells, and were defined as ‘Tg-attenuated sites’
(Fig. 4d). Infive distinguishable subclusters (TleC3a-TleC3e) among
the Tattenuatedsites’, Tle3 binding strength in TleC3b-TleC3d sites
was partly restored in CD8" Ty, cells (Fig. 4d). These ‘T.4-attenuated
sites’werelinked to genesin ‘immune system processes’ (Extended Data
Fig. 4f), especially memory-characteristicgenes, such as Ccr7and Zeb1

(Extended Data Fig. 4g). By examining the £100-kb regions flanking
transcription start sites (TSSs) of DEGs between WT and Tle3”7" memory
CD8" T cells, the dynamic Tle3 binding sites in TleC1-TleC3 were asso-
ciated with ~40-60% of Tle3-repressed or Tle3-activated genes, and
were mostly distributed in distal regulatory regions (Extended Data
Fig. 4h,i). Thus, Tle3 was actively redeployed in the T cell genome to
meet the functional needs during CD8" T cell differentiation.
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When we stratified the dynamic Tle3 binding clusters (Fig. 4d)
with the differential ChrAcc clusters (Fig. 4c), Tle3-opened chromatin
sitesin ChrAccCé6 and ChrAccC7 were highly enriched in ‘T-acquired’
Tle3 binding sites (TleCla-TleClc; Fig. 4e); in contrast, Tle3-closed
chromatin sites in ChrAccCl1-ChrAccC5 frequently overlapped with
‘T-attenuated’ Tle3 binding sites (TleC3a-TleC3d; Fig. 4e). As exem-
plified at the T, cell signature genes, such as Kirg1, Cx3cr1, Prdm1 and
Bhlhe40, Tle3 acquired de novo binding sitesin CD8" T,;and CD8" Ty,
cells, and thesessites showed evidently decreased ChrAccin Tle3”~ CDS8"
Teywand CD8' Ty, cells compared to their WT counterparts (Fig. 4f).
Thus, Tle3 directly contributed to establishing and/or maintaining
chromatin open state, especially at genes associated with the CD8"
Tewcell transcriptional program.

Tle3 engages Tbet to promote Ty, features
We next investigated how Tle3 achieved positive control of ChrAcc.
De novo motif analysis with HOMER®® showed that the ‘T s-acquired’
Tle3-bound, Tle3-opened ChrAcc sites were enriched in binding
motifs for the transcription factors Ets, Runx and Tbet (Fig. 5a).
Runx, but not Tbet, is known to interact with Tle cofactors® .
FLAG-tagged Tbet coimmunoprecipitated with HA-tagged Tle3
in 293T cells and with endogenous Tle3 in primary CD8" T, cells
(Fig. 5b,c), indicating a physical interaction between Tle3 and Tbet.
To further determine the cooperativity of Tle3 with Tbet and Runx3,
we used CUT&RUN and identified 15,498 Runx3 binding sites and
21,354 Tbet binding sites in WT CD8* T, cells sorted on day 8 after
infection with LCMV-Arm. Tle3 bound to 17,875 genomic locations in
CD8" T cells, with 65% co-occupied by Runx3 and 81% co-occupied
by Tbet, and Tle3 colocalized with both Runx3 and Tbet at 54% of
its binding locations (Fig. 5d), suggesting formation of multipartite
complexes. Further, 63% of ‘Tg-acquired’ Tle3 binding sites (TleCla-
TleC1d) showed colocalization with both Tbet and Runx3 (Fig. 5e),
corroborating that Tle3 functioned as a cofactor of Runx3 and Tbet.
To further substantiate this point, we generated P14"hCD2-Cre*
Rosa26°" Thx21""Runx3"" mice (hereafter TRKO) and P14"hCD2-Cr
e"'Rosa26° " Thx21"*Runx3*"* (hereafter WT) mice, in which hCD2-Cre
deletes floxed alleles in mature CD8" Ty cells®. WT or TRKO P14*CDS8"
Tycellswere adoptively transferred followed by LCMV-Arm infection as
above, and Tle3 CUT&RUN was performed on early CD45.2*P14*CD8" T
cellssorted fromrecipient mice on day 4 after infection. WT and TRKO
CD8' T, cells showed distinct Tle3 binding profiles (Extended Data
Fig.5a), with>3,000 Tle3 binding sites exhibiting diminished binding
strength in TRKO compared to WT T cells (Fig. 5f). These Tbet- and
Runx3-dependent Tle3 binding sites frequently colocalized with Tbet
and Runx3in CD8" T,¢sites, as observed in CD8" T, cell-characteristic
genes, such as Ifng, Gzmb, Klrgl and Prdm1 (Fig. 5g). To specifically
assess the contribution of Tbet to Tle3 binding events, we gener-
ated P14"hCD2-Cre*Rosa26 " Thx21"" mice (hereafter TbetKO), and
adoptively transferred WT or TbetKO P14°CD8" Ty, cells followed by
LCMV-Arminfectionas above. Tle3 CUT&RUN was performed on early
CD45.2'P14"CD8" T« cells sorted on day 6 after infection. While 22,467

Tle3binding sites were calledin WT CD8" Tcells, 13,393 Tle3 sites were
identified in TbetKO CD8' T cells (Extended Data Fig. 5b). Indeed, the
9,926 WT-specific Tle3 binding sites had only weak or background sig-
nals at the corresponding genomic locations in TbetKO CD8* T cells
and vice versa (Extended Data Fig. 5c), indicating a global loss of Tle3
bindingin the absence of Tbet. The 3,380 Tbet-and Runx3-dependent
Tle3 binding sites (defined in Fig. 5f) had attenuated binding strength
in TbetKO compared to WT CD8" T, cells (Extended Data Fig. 5d), as
specifically observed at Tassociated genes, including Ifng, Gzma,
Gzmb, Cx3crl, Irf4 and Prdm1I (Extended Data Fig. 5e). Thus, Tbet and
Runx3 are both critical for Tle3 recruitment and stabilized binding.

We next investigated the direct connection of Tle3-Tbet/Runx3
complexes with CD8" T, cell molecular features. Among the 1,211 T,
cell signature ChrAcc sites that overlapped with ‘Tle3-opened’ Chr-
AccCé6 and ChrAccC7ssites (Fig. 4c),204 overlapped with ‘T.s-acquired’
Tle3 binding sites, with 54% co-occupied by Tbet and 41% by both Tbet
and Runx3 (Fig. 5h). Analysis of +100 kb regions flanking the TSS of DEGs
indicated that the ‘T-acquired’ Tle3-bound, Tle3-opened ChrAccsites
were predominantly associated with Tle3-activated genes (Fig. 5i). Loss
of Tle3 resulted in concordantreductionin ChrAcc and gene expression
in DEGs comparing WT and Tle3”” CD8" T, cells (Fig. 5j), as observed
at T, cell signature genes, such as Kirgl, Cx3crl, PrdmI and Bhlhe40
(Fig. 4f). RNA-seq analysis of WT, TbetKO, P14*hCD2-Cre"Rosa26"*
Runx3"" (Runx3K0) and TRKO early CD8" T, cells isolated on day 4
after infection validated that several Tle3-activated Ty, cell signature
genes, such as Kirgl, Esm1 and S1pr5, had decreased expression in
TbetKO and TRKO compared to WT CD8" T, cells (Fig. 5k). Thus, Tle3
forms complexes with Tbet and/or Runx3 to cooperatively establish
CDS8* Tgy cellmolecular features.

The ‘T-attenuated’ Tle3 binding sites in TleC3 frequently over-
lapped with Tle3-closed chromatin sites in ChrAccC1-ChrAccC5
(Fig. 4e), and these overlapping sites were enriched in Runx, Tcf/Lef
and Ets motifs (Extended Data Fig. 6a). Among the 692 CD8" T, cell
signature ChrAcc sites that overlapped with ‘Tle3-closed’ ChrAccCl-
ChrAccC5 sites (Fig. 4¢), 127 sites overlapped with ‘T.4-attenuated’
Tle3 binding sites, with 95% pre-bound by Tcflin CD8* T, cells***!
and 28% co-occupied by Runx3 in CD8" T cells (Extended Data
Fig. 6b). Analysis of £100 kb regions flanking the TSS of DEGs showed
the ‘Tattenuated’ Tle3-bound, Tle3-closed ChrAcc sites were associ-
ated withboth Tle3-activated and Tle3-repressed genes (Fig. 5i). Loss of
Tle3ledtoaconcordantincreasein ChrAcc and gene expressionin DEGs
comparing WT and Tle3”7” CD8* T,y cells (Fig. 5j), as observed in ltgae
(encoding CD103) and Ty, cell signature genes, including Ccr7, Tcf7,
Selland Id3 (Extended Data Fig. 6¢,d). Additionally, some Tle3-closed
ChrAccsites were associated with downregulated genes, suchas /2ra,
in Tle3”~ compared to WT CD8* Ty, cells (Fig. 5i,j and Extended Data
Fig.6e), suggestinginduction of silenceractivity uponloss of Tle3.Regard-
less of transcriptional outcome, these DEG-associated, ‘T.-attenuated’
Tle3-bound, Tle3-closed ChrAcc sites were mostly co-occupied by Tcfl
and Runx3 (Extended Data Fig. 6¢-e). Thus, Tle3 co-opts Tcfland Runx3
torestrain CD8" T, cell molecular features, especially in CD8" Ty, cells.

Fig.4|Tle3 promotes Ty, cell-characteristic open chromatin profile by
acquiring novel binding sites. a, PCA of ATAC-seq libraries from WT and
Tle3"~ CD8' Tc and CD8" Ty, cells sorted on day 30 after infection as in Fig. 3a.
b, Volcano plot showing differential ChrAcc sites between WT CD8" Ty and WT
CD8" Tgy cells by the criteria of >2-fold changes and FDR < 0.05 as determined
with DESeq2, with values denoting numbers of T¢y, and Tg,, cell signature ChrAcc
sites. ¢, Heat map showing the eight ChrAcc clusters identified with k-means
clustering analysis of differential ChrAcc sites between WT and Tle3”~ CDS8*
Tcwcellsand those between WT and Tle37~ CD8* Ty, cells asin a, with values

in parentheses denoting site numbers in each cluster, and Ty, (red line) and

Tew (blueline) cell signature ChrAcc sites (defined in b) marked. d, Heat maps
showing three major Tle3 binding clusters and associated subclusters of
dynamic Tle3 binding sites identified with CUT&RUN in WT CD8" Ty cells from

uninfected mice, WT CD8" T cells sorted on day 8 after infection and WT CD8"
Tewand Tey cells sorted on day 30 after infection from the spleens of CD45.1WT
recipients that were adoptively transferred with WT CD45.2"P14"CD8" T cells
and infected with LCMV-Arm the next day, by the criteria of >3-fold changes,

FDR < 0.05in comparisons of CD8" Tg, Ty and Ty, with CD8* Ty cells, with values
in parentheses denoting site numbers, and each row representing z-score-
normalized Tle3 binding strength across cell types. e, Correlation matrix of
differential ChrAcc clusters asin ¢ and dynamic Tle3 binding clustersasind,
withvaluesin each element denoting the numbers of overlapping sites.
f,Sequencing tracks of Tle3 CUT&RUN and ATAC-seq at CD8" Ty, cell-
characteristic genes as displayed on Integrative Genomics Viewer, with open bars
denoting ‘Ts-acquired’ Tle3 binding sites and Tle3-opened ChrAcc sites, and Tle3
binding subcluster information marked on the top.
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Targeting Tle3 reprograms memory CD8" T cell fates

Next, we performed lineage-tracing studies to investigate if Tle3
affected memory CD8" T cell plasticity and/or fate decision. CD8" Ty,
cells convert to CD8" T, cells over time>'°. We sorted WT or Tle3™"
early-stage CD45.2'CD62LP14'CD8" Ty and CD45.2'CD62L*P14°'CD8"
Tcwcellsonday 14 after infection with LCMV-Arm, and transferred them

separately inequal numbersinto infection-matched CD45.1 WT mice.
Onday 20 after transfer, donor-derived WT and Tle3 " Ty, cells mostly
persisted as CD62L"CD8" T cells in the recipient mice (Fig. 6a). While
~1/4 of donor-derived WT CD8" T, cells became CD62L", about half of
donor-derived Tle37” CD8' T, cells adopted the CD62L" phenotype
(Fig. 6a). Similar results were obtained when the ‘established’ WT or
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Fig.5|Tle3isacoactivator of Tbet to positively regulate CD8" Ty cell-
characteristic molecular features. a, De novo motif analysis of ChrAccC6-
ChrAccC8sites that overlapped with ‘Tg-acquired’ Tle3 binding sites asin Fig. 4e,
with Pvalues determined using HOMER. b,c, Coimmunoprecipitation of FLAG-
tagged Tbet with HA-tagged Tle3 when coexpressed in 293T cells (b) or with
endogenous Tle3in WT CD45.2'P14*CD8’ T, cells sorted on day 6 after infection
asinFig. 4d.IP,immunoprecipitation; IB,immunoblotting. Immunoblots are
representative of two experiments d, Venn diagram of Tle3 binding sites with
Runx3 and Tbet binding sites determined with CUT&RUN in WT CD45.2"P14*CD8"
T.rcellssorted on day 8 afterinfection asin Fig. 4d. e, Pie chart of overlapping
rates of ‘Ts-acquired’ Tle3 binding sites (TleCla-TleCld in Fig. 4d) with Tbet and
Runx3bindingsitesin CD8" T cells asind.f, Volcano plot showing differential
Tle3 binding sites between WT and TRKO early CD45.2°P14'CD8’" T cells isolated
onday 4 after infection from the spleens of CD45.1 WT recipients that were
adoptively transferred with WT or TRKO CD45.2*P14"CD8" Ty cells and infected
with LCMV-Arm the next day, with values denoting site numbers, and heat map

showing Tle3 binding strength of the Tbet/Runx3-dependent Tle3 binding sites
inWT and TRKO CD8' Tcells. g, Sequencing tracks of Tle3 CUT&RUN in WT and
TRKO CD8" T,gcells (as inf), Tbet and Runx3 CUT&RUN in WT CD8" T cells (as

ind) at CD8' Ty, cell-characteristic genes as displayed on Integrative Genomics
Viewer, with IgG CUT&RUN tracks as a negative control. Openbars indicate Tbet/
Runx3-dependent Tle3 binding sites; bars with solid lines indciate overlap with
‘Tacquired’ Tle3 bindingsites; Tle3 binding subcluster informationis marked on
thetop. h, Venndiagram of Tle3, Tbet and Runx3 binding sites at Tle3-opened CD8*
Tey cell signature ChrAccssites (defined in Fig. 4¢). i, Bar graph showing association
of dynamic Tle3-bound, Tle3-opened and Tle3-closed ChrAccsites (defined in Fig. 4e)
with Tle3-activated and Tle3-repressed genes (defined in Fig. 3c).j, Scatterplot
showing the connection of dynamic Tle3-bound, differential ChrAccsites with
DEGsbetween WT and Tle3”" CD8' Ty, cells, with select genes marked. k, Heat map
showing relative expression of select Tle3-dependent CD8" Ty, cell signature genes
in WT, TbetKO, Runx3KO and TRKO early CD45.2'P14*CD8" T cellsisolated on day 4
afterinfectionasinf, as determined with RNA-seq analysis.
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Fig. 6| Tle3 deficiency promotes CD8" Ty, cell formation at all response
stages. a,b, Representative flow cytometry plots of WT and Tle3”"
CD45.2'P14*'CD8" memory T cells on day 20 after transfer in the spleens of
infection-matched CD45.1 WT recipient mice that were adoptively transferred
with WT or Tle37~ CD45.2*P14*CD62L CD8* Ty, cells (5 x 10° cells per recipient)
or CD45.2'P14'CD62L'CD8" T, cells (3 x 10° cells per recipient) sorted on day 14
(a) or day 30 (b) after infection from the primary recipient mice generated asin
Fig.1c, and bar graphs showing cumulative data of frequency of CD62L"'CD8" T
cells. ¢, Representative flow cytometry plots of WT and Tle37~ CD45.2'P14*CD8*
memory T cells on day 15 after transfer in the spleens of infection-matched
CD45.1WT recipient mice that were adoptively transferred with WT or Tle37~
CD45.2'P14'KLRGI™IL-7Ra"CD8" T, cells (1.5 x 10° cells per recipient) and
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CD45.2'P14"'KLRGI"IL-7Ra*CD8" Ty cells (3 x 10° cells per recipient) sorted on
day 8 after infection from primary recipient mice as in Fig. 1c, and bar graphs
showing cumulative data of frequency of CD62L*CD8" T cells. d, Representative
flow cytometry plots of WT and T1e3*““® CD45.2'P14"CD8" memory T cellson
day 35 afterinfectionin the spleens of CD45.1 WT mice that were adoptively
transferred with CD45.2'P14*CreER" Tle3"* or CD45.2'P14*CreER" Tle3"" CD8*
Ty cells, infected with LCMV-Arm the next day, and treated with tamoxifen on
days 6,7 and 21 after infection, and bar graphs showing cumulative data of
frequency and numbers of WT or T1e3*““®* CD62L"CD8" T cells. All contour
plots are representative of data from 2-3 experiments, and cumulative dataare
means t s.d. **P < 0.01; **P< 0.001 by two-tailed Student’s ¢-test.

Tle3"~CD8' Ty, cellssorted on day 30 after infection were used as donor
cells (Fig. 6b), indicating that conversion of CD8" T, to Ty, cells was
accelerated uponloss of Tle3. We also used KLRGI"IL-7Ra P14'CD8" T
cellsand KLRG1PIL-7Ra'P14*CDS8* T, cells sorted on day 8 after infec-
tion as donor cells. On day 15 after transfer, <5% WT CD8" T.-derived
cellswere CD62L", while~-30% of WT CD8" T,,-derived cells were CD62L*
(Fig. 6¢). Tle37" CD8' T.rand Tle3” CD8' Ty cells both yielded CD62L"
cellsat~25% and 50%, respectively (Fig. 6¢), suggesting that targeting
Tle3 increased the T¢y-producing capacity in both CD8* T,;;and CD8"
Typcells.

To determine if Tle3 had continuous roles in regulating
memory CD8" T cell plasticity, we generated P14*CreER'Tle3"" and

P14*CreER'Tle3"* mice, and adoptively transferred CD45.2'P14*CDS8"
Ty cells into CD45.1 WT mice followed by LCMV-Arm infection as
above. The recipients were treated with tamoxifen on days 6 and 7
after infection to induce CreER activity and Tle3 ablation, and on
day 21 after infection to ensure sustained Tle3 ablation (Extended
Data Fig. 7a). Two weeks after the last tamoxifen treatment,
P14*CreER'Tle3""-derived (hereafter TIe3*™R) memory CD8" T cells
had >2-fold increase in frequency and numbers of CD62L"CD8"
Tcw cells over P14*CreER'Tle3"*-derived (WT) memory CD8" cells
(Fig. 6d). Tle3*“"*R CD8" Ty cells had increased expression of T¢y,
cell-characteristic Tcfland Eomes proteins, but decreased expression
of Ty, cell-characteristic CX3CR1 and KLRG1 proteins compared to

Fig.7|Induced Tle3 deletionin‘established’ CD8" Ty, cells promotes CDS*
T cell formation while sustaining its functionality. a, Volcano plot showing
DEGs (21.5-fold expression changes, FDR < 0.05) between WT and Tle3*C R
CD45.2'P14*CD62L"CD8" Ty, cells treated with 4-OHT ex vivo for 48 h after
purification by cell sorting on > 30 day after infection from the spleens of CD45.1
WT mice that were adoptively transferred with CD45.2'P14*CreER* Tle3"* or
CD45.2'P14"CreER" T1e3"" CD8* T\ cells and infected with LCMV-Arm the next
day, with values denoting DEG numbers. b,c, Enrichment plots of Ty, (b) and

Teu (©) cell signature gene sets (defined in Fig. 3b) in the comparison of Tle3rt®
versus WT CD8' Ty cell transcriptomes with GSEA, with the top 20 genes in the
leading edge shown in heat maps, and those in red denoting overlap with the
corresponding top 20 enriched genesin Fig.3d,e. NOM Pvalues and FDR q values
are defined in GSEA. d, Volcano plot showing differential ChrAccssites (=1.5-fold
changes, FDR < 0.05) between WT and T1e3*“*®® CD45.2'P14"'CD62L CD8" Ty,
cells after ex vivo treatment with 4-OHT for 48 has in a, with values denoting

site numbers. e, Bar graph showing distribution of T¢,, and Ty cell signature
ChrAccsites (defined in Fig. 4b) among the overlapping differential ChrAcc sites
in Tle3*“*® versus WT CD8' Ty, cell comparison asind, with values denoting
site numbers. f, ATAC-seq tracks of WT and T1e3*“"*t® CD8" Ty, cells (asin d)

at the Ty, (top) and T, (bottom) cell-characteristic genes. Blue open bars

indicate more ‘closed’sites; red open bars indicate more ‘open’ sites in Tle3*CetR
compared to WT CD8" Ty, cells. g, Representative flow cytometry plots of WT
and Te3*““*R CD45.2'P14*CD8" memory T cells on day 14 after transfer in the
spleens of infection-matched CD45.1 WT recipient mice that were adoptively
transferred with WT and T1e3*“*R CD45.2'P14"CD8" Ty, cells (5 x 10° cells per
recipient) sorted on day 32 after infection from the spleens of primary recipient
mice that were adoptively transferred with CD45.2*P14*CreER* Tle3"* or
CD45.2'P14*CreER*T1e3"" CD8* T cells, infected with LCMV-Arm the next day,
and treated with tamoxifen on days 30 and 31 after infection. Bar graphs show
cumulative data of frequency and numbers of WT or Tle3*“®R CD62L"CD8*
Tcells,as means + s.d. from two independent experiments. h-j, Bar graphs
showing cell numbers (h), percentages of IFN-y-producing cells (i) and granzyme
B expression (j) of secondary CD8' T, cells detected on day 3 after infection in
the spleens of RagI”~ mice that were adoptive transferred with WT and Tle32Crt®
CD45.2'P14'CD62L'CD8" Ty cells (2 x 10* cells per recipient) sorted on day 45
afterinfection from the spleens of primary recipient mice asin g and infected
with LM-GP33 the next day. k, Bar graph showing colony-forming units (CFUs) in
the livers of Ragl” mice as in h-j, as means = s.d. from one of two independent
experiments. Ini-k, Pvalues were determined with two-tailed Student’s ¢-test.
*P<0.01.
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WT CDS8"* Ty, cells, while WT and Tle3*"*® CD8* Ty, cells had similar

production of IFN-y and TNF (Extended Data Fig. 7b-d). These data
suggested that persistent Tle3 expression was necessary for restrain-

ing CD8" T, cell formation.

To investigate the impact of acute Tle3 deletion on ‘estab-
lished” memory CD8" T cells, CD45.2'P14°'CD8" T, cells from
P14*CreER'Tle3"* or P14*CreER' T1e3"" mice were adoptively trans-
ferred, followed by LCMV-Arm infection as above. On day 30 after
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infection, sorted CD45.2°CD62L " CD8" Ty, cells were cultured ex vivo
with 4-hydroxy-tamoxifen (4-OHT) for 48 h to induce Tle3 ablation
(Extended Data Fig. 8a). The resulting T1e3*®® CD8" Ty, cells showed
effective deletion of the floxed Tle3 exons 3-4 by RNA-seq (Extended
Data Fig. 8b), and comparison with 4-OHT-treated WT CD8" Ty, cells
identified 171 DEGs, with T1e3® T, cells showing reduced expres-
sion of Ty, cell signature genes such as Klrgl, Gzma, Klra9 and Ckb,
but increased expression of T, cell signature genes, including Sell,
Ccr7, Eomes and Mapkll (Fig. 7a). GSEA indicated that the Ty, cell sig-
nature gene set was depleted, while the T, cell signature gene set was
enriched in Tle3*“*® compared to WT CD8" Ty, cells (Fig. 7b,c). We also
performed ATAC-seqon WT and T1e3*“®® CD8" T, cells and found that
1,458 ChrAccsites were more ‘open’, while 455 sites were more ‘closed’
in Tle3"*““*® compared to WT CD8" Ty, cells (Fig. 7d). Approximately 12%
of these differential ChrAcc sites overlapped with the T, and T, cell
signature sites (Fig. 4b), and among these, the more ‘closed’ ChrAcc
sites in T1e3“*f CD§* Ty, cells were enriched with Ty, cell signature
sites, and the more ‘open’ ChrAccsites in Tle3*®® CD8" Ty, cells were
enriched with T, cell signature sites (Fig. 7e). Specifically, the more
‘closed’ ChrAcc sites in Tle3"“®® CD8" Ty, cells were found at T, cell
signature genes such as Ckb and Klra9, and effector function-associated
genesincluding Ifngand Bhlhe40 (Fig. 7f), while the more ‘open’ ChrAcc
sitesin T1e3*“tR CD8" Ty, cells were observed at T, cell signature genes
including Ccr7, Sell and SocsI (Fig. 7f). Thus, acute deletion of Tle3 had
immediate effect of diminishing CD8" T;and promoting CD8" T, cell
molecular features in CD8" Ty, cells.

To assess the impact of acute Tle3 deletion in vivo, mice adop-
tively transferred with P14*CreER* Tle3"* or P14*CreER" T1e3"" T cells
were infected with LCMV-Arm as above and treated with tamoxifen
on days 31 and 32 after infection. One day later, CD45.2°CD62L CDS8"
Ty cells were sorted and transferred into infection-matched CD45.1
WT mice (Extended Data Fig. 8a). Two weeks after transfer, CD62L"
cells derived from Tle3*“R CD8* Ty, cells were ~1.5- to 2-fold higher
in frequency and numbers than those from WT CD8" Ty, cells
(Fig. 7g). To determine the functionality of Tle3-deficient CD8" Ty,
cells, another cohort of tamoxifen-treated recipient mice as above were
rested for 2 weeks to allow in situ CD8" Tg\-to-CD8" T, conversion,
and WT or Tle3*““®-derived CD45.2"'CD62L"CD8" T cells were sorted
and transferred into Ragl”~ mice followed by infection with Listeria
monocytogenes expressing the GP33 epitope (LM-GP33) (Extended
Data Fig. 8a). On day 3 after L. monocytogenes infection, we detected
similar numbers of secondary CD8" T, cells derived from WT and
Tle3"R CD8" Ty, cells (Fig. 7h), which had similar IFN-y production
and granzyme B expression (Fig. 7i,j). While Listeria expanded rapidly
inRagl” mice duetolack of endogenous adaptiveimmune responses,
transfer of WT or T1e3*“tR CD8" T, cells curbed bacterial expansion
with similar efficacy (Fig. 7k). Additionally, T/e3*“**® P14*CD8" T,,and
Tey cells showed similar capacity of curtailing the growth of subcuta-
neously inoculated B16 melanoma cells expressing the GP33 epitope
(B16-GP33), compared to their WT counterparts*** (Extended Data
Fig.8c-h). These datasuggest that targeting Tle3 facilitates the produc-
tion of CD8" T cells without compromising their recall responses to
pathogens or tumor antigens.

Discussion
Using integrative functional and multiomics approaches, we showed
that Tle3 reciprocally regulated CD8" T, and Ty, cell fate decision and
lineage plasticity. Tle3 acted as a gatekeeper that preserved the CD8"
Tey cell pool, and its persistent expression was required at all stages
of CD8" T cell responses. Targeting Tle3accelerated the conversion of
CD8" Tgy cellsto CD8" Ty, cells and induced a T¢-forming capacity in
terminally differentiated CD8" T cells, while the converted T cells
sustained their superior recall capacity.

The functional redundancy among the multiple Tle cofactors
poses achallenge to dissecting their regulatoryrolesinT cell biology.

Combined deletion of Tle genes abrogated the accumulation of
antigen-specific CD8" T cells. The effect was more severe than tar-
geting Runx3 or Tbet alone””**, highlighting anintegrative function of
multiple transcription factors by Tle proteins. Here, selective targeting
of Tle3 revealed its unique requirements for sustaining the CD8" Ty,
cell pool while restraining CD8" T, cell formation. This biological
impact was likely a collective effect of perturbing multiple transcrip-
tion factor complexes that were sensitive to loss of Tle3, which was not
compensated by Tleland Tle4. Thus, transcription cofactorssuchas Tle
had unique functions asintegrators of transcription factor complexes
acting downstream of various external inputs.

Longitudinal tracking of Tle3 binding during effector and mem-
ory CD8" T cell differentiation revealed dynamic redistribution of
Tle3 in the CD8" T cell genome. The active gain of Tle3 binding in
antigen-experienced CD8" T, Ty and Ty, cells was concordant with
induced Tbet expression in these cells. Tle3 and Tbet physically
interacted, colocalized extensively in CD8" T, cell genome, and
the Tle3-Tbet cooperativity frequently involved Runx3, forming
multipartite complexes. Intact expression of Tbet and Runx3 was
critical for effective Tle3 recruitment and its stable engagement in
the regulatory complexes. Meanwhile, Tle3 binding was attenuated
inanother set of genomiclocations in CD8 T.and Ty cells, some of
which partly restored its binding in CD8" T, cells. This Tle3 binding
dynamics coincided with the expression pattern of Tcfl and Lefl,
and these sites were intrinsically accessible to Tcf1, as evidenced
by enrichment of Tcf/Lef binding motifs and colocalization of Tcfl
peaks identified with chromatin immunoprecipitation followed by
sequencing in CD8" Ty cells. Additionally, ‘T.sacquired’” and
‘Tattenuated’ Tle3 binding sites were both enriched in the less
restrictive GGAA Ets motif, and at least ten Ets family transcription
factors are abundantly expressed in T cells**®. Although the identities
of Tle3-Ets complexes remained unknown, our findings highlighted
the advantages of characterizing Tle cofactors for their integrative
regulatoryrolesinT cells.

Tle proteins are historically known as transcriptional repres-
sors®>?*, and are also reported to activate transcription in adipo-
cytes*”*8, Our analysis indicated that Tle3 controlled an ‘open’
chromatin state at its direct binding sites and positive regulation of
their associated genes. The Tle3-Tbet complex had adominant role
inactivating CD8" T, cell-characteristic gene expression and ChrAcc
landscape. In parallel, Tle3-dependent ‘closed’ chromatin state and
generepression contributed to restraining the activation of the CD8*
Tcwprogram, where Tle3-Runx3 and Tle3-Tcfl complexes could act
through direct and indirect mechanisms. Ablating Runx3in CD8"
T.cells caused aberrantly induced genes associated with follicular
helper T cells, generating Tcf1"*CXCR5"CD8" cells with B cell help func-
tion”. Compound deletion of Tcfl together with Runx3 prevented the
follicular helper T cell lineage divergence". These findings reconciled
with our observations and suggested that Tle-Runx3 complexes,
in which all Tle proteins were likely involved, were responsible for
complete repression of Tcflin CD8" T, cells. Specific disruption of
the Tle3-Runx3 complexresulted in more nuanced regulation of Tcfl,
allowing modest activation of the CD8" T, program, while avoiding
the detrimental effect of ablating Runx3 or all Tle proteins**. Insum,
Tle3 uses dual functions in gene regulation to guard CD8" Ty cell
lineage fidelity, and releasing the brake mediated by Tle3 facilitates
the formation of CD8" T, cells with better durability and more robust
recall capacity.
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