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ECSIT facilitates memory CD8+ T cell 
development by mediating fumarate 
synthesis during viral infection and 
tumorigenesis

Yongbing Yang1,2,7, Yanan Wang    1,7, Zhongcheng Wang3, Huanyu Yan4, 
Yi Gong    1, Yingchao Hu1, Yuying Jiang    1, Shuang Wen    1, Feifei Xu    3, 
Bingwei Wang    5, Fiachra Humphries    6 , Yun Chen    3 , Xi Wang    4  & 
Shuo Yang    1 

Memory CD8+ T cells play a crucial role in infection and cancer and 
mount rapid responses to repeat antigen exposure. Although memory 
cell transcriptional programmes have been previously identified, the 
regulatory mechanisms that control the formation of CD8+ T cells have not 
been resolved. Here we report ECSIT as an essential mediator of memory 
CD8+ T cell differentiation. Ablation of ECSIT in T cells resulted in loss of 
fumarate synthesis and abrogated TCF-1 expression via demethylation of 
the TCF-1 promoter by the histone demethylase KDM5, thereby impairing 
memory CD8+ T cell development in a cell-intrinsic manner. In addition, 
ECSIT expression correlated positively with stem-like memory progenitor 
exhausted CD8+ T cells and the survival of patients with cancer. Our study 
demonstrates that ECSIT-mediated fumarate synthesis stimulates TCF-1 
activity and memory CD8+ T cell development during viral infection and 
tumorigenesis and highlights the utility of therapeutic fumarate analogues 
and PD-L1 inhibition for tumour immunotherapy.

Memory CD8+ T cells play a crucial role in mounting a rapid immune 
response to eliminate reinfection1,2. When presented with antigens, naive 
CD8+ T (TN) cells undergo an initial activation step, followed by expansion 
to generate effector CD8+ T cells that eliminate pathogens and tumour 
cells1,3,4. At the peak of the response, CD8+ T cells exist as differing differen-
tiation states ranging from short-lived effector cells (SLECs) to long-lived 

memory-precursor effector cells (MPECs)5. SLECs (CD127loKLRG1hi)  
differentiate into short-lived effector CD8+ T cells and exhibit potent 
cytotoxicity. MPECs (CD127hiKLRG1lo) differentiate further into long-lived 
mature memory CD8+ T cells to confer durable immunity5,6.

CD8+ T cells often differentiate into a dysfunctional state as a 
result of ‘T cell exhaustion’ during chronic infection. Recent studies 
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memory CD44+CD62L+/− CD8+ T cells (TM) and a concomitant increase 
in CD44−CD62L+ CD8+ TN cells in the peripheral lymphoid organs and 
blood of Ecsitfl/fl dLck-Cre mice in comparison to the Ecsitfl/fl controls 
(Supplementary Fig. 2c–j).

We next performed mixed bone marrow adoptive transfer 
experiments using bone marrow cells from Ecsitfl/fl or Ecsitfl/fl dLck-Cre 
(CD45.2+) mice mixed at a 1:1 ratio with cells from wild-type (WT) B6.SJL 
(CD45.1+) mice. The WT and Ecsitfl/fl or Ecsitfl/fl dLck-Cre T cells developed 
and were homeostatically maintained in the same in vivo environment. 
Following mixed bone marrow adoptive transfer, a marked decrease 
in CD8+ T cells, particularly TM cells, was observed in the spleen and 
draining lymph nodes of the ECSIT-deficient T cell model in compari-
son to the control (Fig. 1i and Extended Data Fig. 1f), thus suggesting 
a T cell-intrinsic indispensable role of ECSIT for the generation of 
memory phenotype CD8+ T cells under homeostatic conditions.

ECSIT deletion attenuates the recall response of 
antigen-specific CD8+ T cells
To study the function of ECSIT in antigen-specific T cells, we gener-
ated Ecsitfl/fl dLck-Cre OT-1 T cell antigen receptor (TCR) transgenic 
mice, which enables the development of CD8+ T cells specific for the 
Kb-ovalbumin (OVA)257–264 epitope27. We injected an equal number of 
Ecsitfl/fl OT-1 (WT) or Ecsitfl/fl dLck-Cre OT-1 (knockout, KO) TN cells into 
WT recipient mice, followed by infection with VSV-OVA. The percent-
age and number of MPECs decreased in ECSIT-deficient mice but no 
significant changes were observed for SLECs at the early stage of viral 
infection (Supplementary Fig. 3a,b). Proliferation and apoptosis were 
unaffected (Supplementary Fig. 3c,d).

We next employed OVA-specific T cells to determine antigen- 
specific memory CD8+ T cells. We heterogeneously rechallenged 
host mice harbouring VSV-OVA-induced WT or KO OT-1 memory 
CD8+ T cells with a different pathogen carrying the same antigen— 
Listeria monocytogenes expressing ovalbumin (LM-OVA)—and then 
measured their recall response (Extended Data Fig. 2a). The recall 
responses of ECSIT-deficient memory T cells in the spleen and liver 
were markedly impaired, as demonstrated by a higher colony burden, 
substantial reduction in OVA-specific CD8+ T cells and significantly 
decreased levels of both interferon γ (IFN-γ+)- and tumour necrosis 
factor α (TNF-α+)-producing cells (Extended Data Fig. 2b–i). These 
data suggest that ECSIT in T cells is required to maintain the functional 
identity of memory CD8+ T cells.

Cell-intrinsic requirement of ECSIT for memory T cell 
formation and the function of antigen-specific CD8+ T cells in 
response to acute viral infection
We next used a mouse line carrying a Cre-oestrogen receptor T2  
(CreERT2) allele in the ROSA26 locus (Rosa26CreERT2) that can temporally 
control ECSIT expression and is activated by tamoxifen. We generated 
Ecsitfl/fl Rosa26CreERT2 OT-1 mice, and sorted congenically marked OT-1 TN 
cells from Ecsitfl/fl Rosa26CreERT2 OT-1 and Ecsitfl/fl OT-1 control mice and 
transferred them into B6 mice separately, which were then infected 
with VSV-OVA. Tamoxifen was administered to induce ECSIT deletion 
during the late stages of memory T cell development (Extended Data 
Fig. 2j and Extended Data Fig. 3a). The deletion of ECSIT during the 
formation of memory T cells by VSV-OVA infection led to a reduction 
in OVA-specific CD8+ T cells and decreased IFN-γ and TNF-α production 
(Fig. 2a–c and Extended Data Fig. 3b–d), with no effect on cell death or 
proliferation (Extended Data Fig. 3e,f). Splenic MPECs and the expres-
sion of the memory T cell marker CD62L were significantly decreased, 
whereas the percentage of SLECs and the expression of the effector 
molecule CD44 was significantly increased (Fig. 2d,e and Extended 
Data Fig. 3g), thus confirming that ECSIT controls the differentiation 
of memory CD8+ T cells in response to viral infection. Moreover, the 
expression levels of the memory-associated transcription factors TCF-1 
(ref. 11), FOXO-1 (ref. 28) and BCL-6 (ref. 12) were significantly reduced 

have shown that the pool of exhausted CD8+ T cells is developmentally 
and functionally heterogeneous, incorporating terminally exhausted 
cells co-expressing high levels of PD-1 and TIM-3, and stem-like memory 
progenitor exhausted T cells (TSM-PEX) that express T cell factor 1 (TCF-
1) and stem cell antigen-1 (SCA-1) but lack expression of TIM-3, hav-
ing features resembling memory cells7,8. TCF-1hi TSM-PEX cells maintain 
the quality of long-term self-renewal, which replenishes terminally 
exhausted TCF-1low populations, and TCF-1+PD-1+ tumour-infiltrating 
lymphocytes mediate the response to immunotherapy9,10.

Transcriptional programmes regulate the fate of CD8+ T cells 
such as short-lived cytotoxic effectors, long-lived self-renewing mem-
ory cells, terminally exhausted and TSM-PEX cells. TCF-1 (ref. 11), BCL-6  
(ref. 12) and ID-3 (ref. 13) drive gene expression programmes of 
long-lived memory cells and TSM-PEX cells. BLIMP-1 (refs. 14,15) and 
T-BET15 induce transcriptional programmes required for SLEC dif-
f erentiation, whereas NR4A16 and TOX17 promote the formation of 
terminally exhausted subpopulations. Note that the TCF-1-centred 
transcriptional network plays a master regulatory role in generating the 
CD8+ T cell memory response11,18. However, the regulatory mechanisms 
underlying the activity of TCF-1 remain largely unknown.

Evolutionarily conserved signalling intermediate in Toll pathways 
(ECSIT) was originally reported as an essential protein in mesoderm for-
mation, NFκB activity, mitochondrial reactive oxygen species (mROS) 
production, mitophagy and complex I assembly, cardioprotection and 
intestinal cell development19–25. The role of ECSIT in adaptive immunity 
is still unclear. Notably, we identified ECSIT expression in immune cells 
to be significantly enriched in T cells, particularly memory CD8+ T cells 
(Fig. 1a–c). Thus, we evaluated ECSIT function in memory CD8+ T cells.

Here we report that ECSIT is essential for the differentiation and 
function of memory CD8+ T cells. Deletion of ECSIT leads to metabolic 
changes that result in a loss of fumarate and impaired TCF-1 activity 
accompanied with demethylation of trimethylation of histone H3 at 
lysine 4 (H3K4me3) modifications the TCF-1 promoter.

Results
ECSIT expression is enriched in memory CD8+ T cells
Ecsit is abundantly expressed in memory CD8+ T cells (Fig. 1a,b). In 
particular, Ecsit was enriched in long-lived central memory and TSM-PEX 
cells in lymphocytic choriomeningitis virus (LCMV) infection and the 
tumour microenvironment (TME; Fig. 1c). We generated Ecsit–EGFP 
reporter mice to monitor the Ecsit expression of CD8+ T cell subpopu-
lations (Supplementary Fig. 1a). Ecsit expression levels in Ecsit–EGFP 
mice were confirmed to be significantly higher in CD8+ T cells com-
pared with myeloid, B, natural killer (NK) and CD4+ T cells (Fig. 1d and 
Extended Data Fig. 1a). Furthermore, Ecsit expression was higher in 
central memory CD8+ T cells (TCM) compared with CD8+ TN and effec-
tor memory T (TEM) cells under homeostatic conditions (Fig. 1e and 
Extended Data Fig. 1b). In addition, Ecsit was abundant in MPECs and 
CD8+ TCM cells infected with vesicular stomatitis virus encoding OVA 
(VSV-OVA; Fig. 1f,g and Extended Data Fig. 1c,d). In a B16F10 melanoma 
engraftment model Ecsit expression was markedly higher in TSM-PEX 
cells than terminally exhausted T cells (TEXH; Fig. 1h and Extended Data 
Fig. 1e). Thus, ECSIT is abundantly expressed in memory CD8+ T cells.

ECSIT deficiency impairs the generation of memory CD8+ 
T cells in a cell-intrinsic manner in vivo
We first crossed Ecsitfl/fl mice with mice expressing Cre recombinase 
under the control of distal Lck promoter (dLck-Cre)26. dLck-Cre activ-
ity only occurs after the positive selection of thymocytes in adult mice 
(Supplementary Fig. 1b–d). Intercrossing of Ecsitfl/fl with dLck-Cre mice 
resulted in the deletion of ECSIT on CD4+ and CD8+ T cells in periph-
eral lymphoid organs (Supplementary Fig. 1e). The proportions of 
thymic T cells remained comparable between Ecsitfl/fl and Ecsitfl/fl 
dLck-Cre mice (Supplementary Fig. 2a,b). However, we observed a 
significant specific reduction in CD8+ T cells as well as the frequency of 
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Fig. 1 | ECSIT is upregulated in memory CD8+ T cells and promotes memory 
CD8+ T cell generation in a cell-intrinsic manner under homeostasis.  
a, Ecsit expression levels in mouse immune cells from the publicly available gene 
database BioGPS (http://biogps.org/). b, Ecsit expression levels in mouse immune 
cells from the publicly available gene database ImmGen (https://www.immgen.
org/). The red box demonstrates the isolation of the original Ecsit expression data 
in mouse CD8+ T cells from the ImmGen database to re-analyse and re-calculate 
the Z-score value of naïve TN, TM and TE cells. The orange scale bar shows the 
Z-score value of the Ecsit expression in mouse CD8+ T cells from the ImmGen 
database. c, Ecsit expression levels in TCM and TEM (left; from the publicly available 
Gene Expression Omnibus (GEO) accession number GSE157072), and TSM-PEX and 
TEXH (middle and right; GEO accession numbers GSE84105 and GSE123235) cells.  
d, Flow cytometry analysis of mouse Ecsit–EGFP expression in monocyte cells  
(CD45+CD11b+Ly6C+Ly6G−), dendritic cells (DCs; CD45+CD11c+MHC-II+), 
granulocytes (CD45+CD11b+Ly6G+Ly6C−), macrophages (CD45+CD11b+F4/80+),  
B cells (CD45+CD19+), NK cells (CD45+NK1.1+), CD4+ T cells (CD45+TCR-β+CD4+) 
and CD8+ T cells (CD45+TCR-β+CD8+) in homeostasis. e, Flow cytometry analysis 

of Ecsit–EGFP expression in TN (CD8+CD62L+CD44−), TCM (CD8+CD62L+CD44+) and 
TEM (CD8+CD62L−CD44+) subsets of mouse CD8+ T cells in homeostasis.  
f,g, Flow cytometry analysis of Ecsit–EGFP expression in MPECs 
(CD8+CD127+KLRG1−) and SLECs (CD8+CD127−KLRG1+) (f) as well as TCM and 
TEM subsets (g) of the CD8+ T cells of Ecsit–EGFP mice infected with VSV-OVA. 
h, Flow cytometry analysis of Ecsit–EGFP expression in CD8+ TSM-PEX (CD8+PD-
1+TIM-3−SCA-1+) and TEXH (CD8+PD-1+TIM-3+) cells of B16F10 tumour-bearing 
Ecsit–EGFP mice. i, Bone marrow from CD45.1 mice was mixed with equal 
amounts of Ecsitfl/fl or Ecsitfl/fl dLck-Cre (CD45.2) mouse bone marrow and then 
intravenously (i.v.) injected into irradiated Rag1−/− mice. After 8 weeks the mouse 
spleens were collected and analysed by flow cytometry for CD4+ T, CD8+ T and 
CD8+ TN and TM cells. A representative analysis is shown with the percentage 
of cells in the relevant quadrants indicated (left). d–i, Data were pooled from 
three independent experiments; n = 5 for (d–g), 3 (h) and 6 (i); data are the 
mean ± s.e.m. Two-tailed unpaired Student’s t-test. MFI, mean fluorescence 
intensity.
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Fig. 2 | ECSIT deficiency impairs memory CD8+ T cell differentiation in 
acute viral infection. a, Representative flow cytometry plots (top) and the 
percentage and number (bottom) of Kb-OVA+CD44+CD8+ T cells in the spleen. 
b,c, Representative flow cytometry plots (top) and the percentage and number 
(bottom) of IFN-γ+ (b) and TNF-α+ (c) subsets of Kb-OVA+CD44+CD8+ T cells in 
the spleen. d, Representative flow cytometry plots (left) and the percentage of 
MPEC (middle) and SLEC (right) subpopulations of Kb-OVA+CD44+CD8+ T cells 
in the spleen. e–h, Flow cytometry analysis of CD62L (e), TCF-1 (f), FOXO-1 (g) 
and BCL-6 (h) expression of Kb-OVA+CD44+CD8+ T cells in the spleen.  

i, Representative flow cytometry plots (top) and the percentage and number 
(bottom) of Ecsitfl/+ CD45.1.2 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells in the 
spleen following gating for Kb-OVA+CD44+CD8+ T cells. j,k, Representative 
flow cytometry plots (top) and the percentage and number (bottom) of Ecsitfl/+ 
CD45.1.2 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells in the spleen following 
gating for IFN-γ+ (j) and TNF-α+ (k) Kb-OVA+CD44+CD8+ T cells. Data are pooled 
from three independent experiments; n = 5; data are the mean ± s.e.m.  
Two-tailed unpaired Student’s t-test.
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after ECSIT deletion due to VSV-OVA infection, whereas the expression 
of the effector-associated transcription factor T-BET15 was enhanced 
(Fig. 2f–h and Extended Data Fig. 3h), further suggesting a role for ECSIT 
in the maintenance of the transcription programme of memory T cells.

To further study the T cell-intrinsic function of ECSIT in the genera-
tion of antigen-specific memory CD8+ T cells, we mixed congenically 
marked OT-1 control Ecsitfl/+ (CD45.1.2) and Ecsitfl/fl Rosa26CreERT2 (CD45.2) 
CD8+ TN cells at a 1:1 ratio and co-transferred them to WT recipient 
mice (CD45.1), which were then infected with VSV-OVA. Starting on 
day 21 post infection, the mice were administered five daily doses of 
tamoxifen to induce ECSIT deletion during memory T cell develop-
ment (Extended Data Fig. 2k). The percentages of Ecsitfl/fl Rosa26CreERT2 
OT-1 cells in the spleen and liver were substantially lower than that the 
Ecsitfl/+ OT-1 controls at day 35 post infection (Fig. 2i and Extended Data 
Fig. 3i). In addition, the majority of IFN-γ- and TNF-α-producing cells 
in the recipient mice were derived from control, not CD45.2 Ecsitfl/fl 
Rosa26CreERT2, OT-1 donor cells (Fig. 2j,k and Extended Data Fig. 3j,k), 
thus further establishing a cell-intrinsic role for ECSIT in the formation 
of memory CD8+ T cells during acute viral infection.

ECSIT loss significantly restrains the transcriptional level and 
regulation of TCF-1, thus blocking memory of CD8+ T cells 
during acute viral infection
We next performed RNA-sequencing (RNA-seq) analysis of OVA-specific 
OT-1 memory Ecsitfl/+ (CD45.1.2; WT) and Ecsitfl/fl Rosa26CreERT2 (CD45.2; 
induced KO, iKO) CD8+ T cells sorted from the co-transferred CD45.1 
WT recipient mice 35 d after VSV-OVA infection (Extended Data Fig. 4a),  
which revealed a distinct gene cluster (Fig. 3a) and a total of 7,124 dif-
ferentially expressed genes (DEGs) with a fold change of >1.2 when 
compared with the controls (Extended Data Fig. 4b). Lymphocyte 
differentiation, response to virus and metabolic pathways were 
downregulated in ECSIT-deficient T cells, which showed a significant 
downregulation in the enrichment of central versus CD8+ TEM cell sig-
natures and Tcf7 target gene signature compared with WT control 
cells (Fig. 3b–d). Specially, ECSIT deletion resulted in a decrease in 
the expression of memory-related receptors (Sell, Ccr7 and Slamf6) and 
transcription factors (Tcf7, Lef1, Bcl6 and Id3) but elevated expression of 
genes associated with effector CD8+ T cells (Cd44, Tbx21, Stat4, Zeb2 and 
Id2; Fig. 3e). Moreover, Tcf7, Fli1, Lef1 and Eomes were the most enriched 
transcription factors with DEGs, as determined by transcription fac-
tor enrichment analysis using the Chromatin Immunoprecipitation 
(ChIP)-X Enrichment Analysis version 3 (ChEA3) analysis tool (Fig. 3f).

We next sought to determine the chromatin accessibility profiles 
of antigen-specific memory CD8+ T cells. Following VSV-OVA infection, 
WT (CD45.1.2) and iKO (CD45.2) memory CD8+ T cells were isolated 
for assay for transposase-accessible chromatin using sequencing 
(ATAC-seq) analysis (Extended Data Fig. 4a,c). The significant down-
regulation of differentially accessible chromatin regions (DACRs) 
corresponded to cellular response to viral infection, cell differentia-
tion and metabolic pathway in ECSIT-deficient cells (Extended Data 
Fig. 4d). Transcription factor motifs of ELF-3, TCF-3, ELF-4 and TCF-1 
exhibited upregulation in WT memory CD8+ T cells relative to iKO 
cells (determined by Hypergeometric Optimization of Motif EnRich-
ment (HOMER) analysis; Fig. 3g). We further identified Tcf7 as the 
most enriched transcription factor motif in DACRs responsible for 
the changes in gene expression (Fig. 3h). The gene loci of important 
memory-associated genes, such as Bcl6, Lef1, Slamf6 and Ccr7, were less 
abundant in overlapped ATAC-seq and TCF-1 peaks in iKO CD8+ T cells 
relative to WT cells (Fig. 3i and Extended Data Fig. 4e).

To exclude effects due to differences in TCM and TEM subpopulation 
compositions of WT and iKO cells, we sorted OVA-specific CD8+ TCM and 
TEM cells and then performed RNA-seq analysis. ECSIT deficiency led to 
a distinct gene cluster and a significant DEGs in central memory T cells 
and effector memory T cells between the comparison (fold change > 1.5 
and false detection rate < 0.05; Supplementary Fig. 4a,b). Our GSEA 

analysis of ECSIT-deficient cells revealed significant downregulation of 
the central memory T cell signature in TCM cells and significant upregu-
lation of the effector memory T cell signature in TEM cells compared 
with WT controls (Supplementary Fig. 4c). Further analyses (volcano 
plot and gene heat map) also showed that memory- (Ccr7, Slamf6, Tcf7 
and Lef1) and effector-related genes (Zeb2, Nfatc2 and Prdm1) were 
downregulated and upregulated, respectively, in ECSIT-deficient TCM 
and TEM cells (Supplementary Fig. 4d,e). Overall, these RNA-seq data 
further confirm the important role of ECSIT in regulating memory 
T cell differentiation.

We further assessed the differentiation of WT and iKO memory 
CD8+ T cells transduced with a retrovirus encoding TCF-1 (TCF-1 over-
expression, TCF-1 OE). We analysed the transduced GFP+ cells to detect 
WT and iKO memory T cell differentiation and found that exogenous 
TCF-1 expression was significantly higher than that of endogenous 
TCF-1 (Extended Data Fig. 5a,b). TCF-1 OE promoted the expression of 
CD62L, CD127, TCF-1 and BCL-6, rescuing memory CD8+ T cell differ-
entiation in iKO cells in vitro (Supplementary Fig. 5a–e). Furthermore, 
we used a retroviral vector to transduce differentiated OT-1 memory 
Ecsitfl/+ (WT CD45.1.2) and Ecsitfl/fl Rosa26CreERT2 (iKO CD45.2) CD8+ T cells 
with empty vector or TCF-1 (TCF-1 OE) and co-transferred the cells 
into B6.SJL WT recipient mice (CD45.1), which were then infected with 
VSV-OVA (Extended Data Fig. 5c). TCF-1 OE also markedly rescued the 
expansion of ECSIT-deficient OT-1- and IFN-γ-producing CD8+ T cells 
in the spleen after VSV-OVA infection (Extended Data Fig. 5d,e). Thus, 
ECSIT promotes memory CD8+ T cell differentiation via TCF-1.

ECSIT deletion reprogrammes metabolism with a significant 
reduction in fumarate during the differentiation of memory 
CD8+ T cells
Both RNA-seq and ATAC-seq analyses showed that metabolic pathways 
were significantly downregulated in ECSIT-deficient T cells. We next 
performed mass spectrometry (MS)-based metabolomics (Extended 
Data Fig. 6a). Principal component analysis (PCA) demonstrated clus-
tering of metabolic profiles in two groups. The most significant changes 
in metabolic pathways in ECSIT-deficient cells were purine, arginine 
and glutamine metabolism and the tricarboxylic acid cycle (Extended 
Data Fig. 6b,c). Fumarate was the most downregulated metabolite in 
ECSIT-deficient cells (Fig. 4a,b and Extended Data Fig. 6d). In line with 
a decreased oxidative phosphorylation signature detected by RNA-seq 
(Extended Data Fig. 6e), ECSIT deficiency decreased the oxygen con-
sumption rate (OCR) of memory CD8+ T cells cultured with interleukin 
(IL)-15 (Extended Data Fig. 6f,g). The OCR decrease was accompanied by 
an increase in glycolysis (Extended Data Fig. 6h–j). The mitochondria 
of ECSIT-deficient CD8+ T cells exhibited fragmented cristae (Extended 
Data Fig. 6k,l). Thus, the loss of ECSIT in CD8+ memory cells impaired 
cell metabolism with a significant reduction in fumarate, accompanied 
with defective mitochondria.

Fumarate reduction after ECSIT deficiency leads to impaired 
CD8+ memory T cell development
H3K4me3 was enriched at the Tcf7 gene promoter in MPECs and mem-
ory CD8+ T cells (Fig. 4c). Fumarate inhibits KDM5 histone demethy-
lases29. In agreement with this, the KDM5 activity of ECSIT-deficient 
memory T cells was significantly higher than the WT controls (Fig. 4d).  
ECSIT deficiency significantly decreased the level of H3K4me3 modi-
fications and the number of H3K4me3 peaks across the entire genome 
(Extended Data Fig. 7a,b). Tcf7 was one of the significant changes 
among all affected peaks (Fig. 4e). Furthermore, analyses using ChIP 
with sequencing (ChIP–seq) or quantitative PCR (ChIP–qPCR) con-
firmed a reduction in H3K4me3 enrichment at the Tcf7 gene promoter 
in ECSIT-deficient memory cells (Extended Data Fig. 7c,d). We next 
reconstituted WT and iKO cells with a cell-permeable form of fumarate 
(dimethyl fumarate, DMF)30. Sorted CD8+ T cells from Ecsitfl/fl (WT) and 
Ecsitfl/fl Rosa26CreERT2 (iKO) OT-1 mice were activated with OVA and IL-2 
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Fig. 3 | ECSIT deficiency impairs memory CD8+ T cell differentiation by 
inhibiting the transcription level and regulation of TCF-1 in acute viral 
infection. Equal numbers of CD8+ TN cells from Ecsitfl/+ CD45.1.2 and Ecsitfl/fl 
Rosa26CreERT2 CD45.2 OT-1 mice were mixed and transferred into CD45.1 recipient 
mice, which were infected with VSV-OVA 1 d later. The mice were intraperitoneally 
(i.p.) injected with five doses of tamoxifen (daily injections from day 21 to day 
25). OT-1 cells (memory) were sorted on day 35 for RNA-seq and ATAC-seq. a, PCA 
analysis of the RNA-seq data. b, Gene ontology biological processes (GO-BP) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEGs in Ecsitfl/+ 
CD45.1.2 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells. Down, downregulated 
genes; up, upregulated genes. c,d, Gene set enrichment analysis (GSEA) of 
upregulated genes in central CD8+ TM cells compared with effector CD8+ TM cells 
(GEO accession number GSE23321; c) and the top 100 Tcf7 target genes in GEO 

accession number GSE164978 (d). NES, normalized enrichment score; FDR, false 
detection rate. e, Heat map of surface protein and transcription factor DEGs. 
The colour bar shows the gene expression (Z-score value). f, Transcription factor 
ranks, which are required for DEGs analysed by ChEA3. g, HOMER motif analysis 
of the top transcription factor motifs enriched in DACRs between Ecsitfl/+ CD45.1.2 
and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells. h, Conjoint analysis of HOMER motif 
and ChEA3 rank data. The relative rank of the top five transcription factors 
enriched in Ecsitfl/+ CD45.1.2 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells in the 
ChEA3 analysis data. The orange bars show the rank of the transcription factors 
in f (Z-score value). i, Genome track view of the Bcl6 and Lef1 locus showing ATAC-
seq and Tcf7 ChIP–seq peaks (GEO accession number GSE177064; from TCM cells 
following acute viral infection). Tcf7 predictive binding sites (red shadows) are 
listed. b,f,g, One-sided Fisher’s exact test.
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for 2 d, after which they were treated with DMF and cultured in the pres-
ence of IL-15 and 4-hydroxytamoxifen (4-OHT) for 3 d. The DMF treat-
ment resulted in reduced KDM5 activity and enhanced Tcf7 promoter 

H3K4me3 in ECSIT-deleted cells. ChIP–seq analyses revealed that 
the DMF treatment restored H3K4me3 modifications and H3K4me3 
peaks at Tcf7 in iKO cells to levels comparable to those of WT OT-1 cells  
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Fig. 4 | ECSIT deficiency inhibits memory CD8+ T cell differentiation by 
reducing fumarate production. a,b, Metabolomic analysis of OT-1 Ecsitfl/fl 
(WT) and Ecsitfl/fl Rosa26CreERT2 (iKO) memory CD8+ T cells following in vitro IL-15 
induction. a, Volcano plot of metabolites. b, Relative abundance of fumarate. 
c, Genome track view of the Tcf7 locus showing H3K4me3 peaks in effector T 
(TE), MPEC T (TMPEC) and TM cells in the GEO ChIP–seq dataset GSE95237. d, KDM5 
activity in WT and iKO memory T cells from an in vitro culture system treated 
with or without DMF. e, Three-dimensional scatter plot showing the ranks of 
the increase level (based on a Z-statistic) of H3K4me3 from three comparisons: 
WT + NT versus iKO + NT, WT + DMF versus WT + NT and iKO + DMF versus 
iKO + NT. Tcf7 is labelled in red and other memory-related transcription factors 

are in blue. The dashed green line shows the direction of gene ranking for all 
three groups. f, Immunoblot analysis of TCF-1 expression of memory T cells in 
the four treatment groups following in vitro induction. g,h, Representative flow 
cytometry plots of splenic OT-1 T cells (left; the percentage of cells in the gated 
regions are indicated) and the percentage (right) of Kb-OVA+CD44+CD8+ (g) and 
CD62L+Kb-OVA+CD44+CD8+ subpopulations (h). i, Flow cytometry analysis of 
TCF-1 expression gated on CD45.1−CD45.2+ and CD45.1+CD45.2+Kb-OVA+CD44+ 
CD8+ T cells in the spleen. a,b,d,f–i, Data were pooled from three independent 
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(Fig. 4d and Extended Data Fig. 7a–d). Note that the DMF treat-
ment significantly elevated TCF-1 protein expression in WT and iKO 
memory T cells (Fig. 4f and Supplementary Fig. 6d). Furthermore, 
DMF promoted the expression of CD62L, CD127 and BCL-6, restoring 
the ECSIT-deficient memory CD8+ T cell function (Supplementary  
Fig. 6a–c,e). Next, we pretreated OT-1 WT (CD45.1.2) and iKO (CD45.2) 
CD8+ T cells with or without DMF, co-transferred them into B6.SJL WT 
recipient mice (CD45.1) and then infected the mice with VSV-OVA (Sup-
plementary Fig. 7a). The DMF pretreatment markedly enhanced the 
expansion of ECSIT-deficient OT-1 IFN-γ-producing CD8+ T cells of the 
spleen and liver of the recipient mice (Supplementary Fig. 7b–e). To 
further test the effect of DMF complement on ECSIT-deficient mem-
ory T cells in vivo, we co-transferred congenically marked OT-1 Ecsitfl/+  
(WT; CD45.1.2) and Ecsitfl/fl Rosa26CreERT2 (iKO; CD45.2) TN cells (mixed at 
a 1:1 ratio) into WT recipient mice (CD45.1) and infected the mice with 
VSV-OVA. The mice were administered tamoxifen, followed by DMF 
(Extended Data Fig. 7e). The DMF treatment significantly increased 
the percentage of CD62L+ and TCF-1+ ECSIT-deficient OT-1 CD8+ T cells 
compared with the iKO controls (Fig. 4g–i). Thus, ECSIT loss results in 
the loss of fumarate synthesis and enhanced H3K4me3 demethylation 
of the Tcf7 gene, thereby decreasing TCF-1 expression and impairing 
CD8+ memory T cell formation.

Loss of ECSIT impairs the formation of stem-like memory T cell 
progenitors and the antitumour function of CD8+ T cells
We next explored the role of ECSIT in mediating the antitumour responses 
of CD8+ T cells. We sorted congenically marked TN cells from Ecsitfl/fl and 
Ecsitfl/fl Rosa26CreERT2 OT-1 mice and adoptively transferred them into B6 
mice that had been engrafted with B16F10-OVA melanoma cells 24 h previ-
ously. The mice were administered tamoxifen to induce ECSIT deletion 
during the stages of stem-like memory T cell development (Extended 
Data Fig. 8a). The deletion of ECSIT significantly enhanced tumour pro-
gression (Fig. 5a,b). Furthermore, ECSIT deficiency led to a substantial 
reduction in OVA-specific CD8+ T cells as well as IFN-γ+ and TNF-α+ cells 
(Fig. 5c–e). ECSIT loss downregulated the TSM-PEX-associated markers 
SCA-1 and TCF-1 (refs. 9,31) and upregulated TIGIT32 (Fig. 5f–h). Upregula-
tion of PD-1+TIM-3+ and downregulation of PD-1+TIM-3− antigen-specific 
CD8+ T cells was also observed (Fig. 5i). Thus, ECSIT deficiency impairs 
TSM-PEX and the antitumour function of CD8+ T cells.

Next, we sought to determine the T cell-intrinsic function of ECSIT 
in the regulation of the antitumour activity of CD8+ T cells. We mixed 
congenically marked OT-1 Ecsitfl/+ (CD45.1.2) and Ecsitfl/fl Rosa26CreERT2 
(CD45.2) CD8+ TN cells at a 1:1 ratio and co-transferred them to WT 
recipient mice (CD45.1) that had been engrafted with B16F10-OVA 
melanoma cells. The mice were administered tamoxifen to delete 
ECSIT (Extended Data Fig. 8b). The percentage of Ecsitfl/fl Rosa26CreERT2 
OT-1 cells in the TME was lower than that of the Ecsitfl/+ OT-1 control 
cells (Fig. 5j). The majority of IFN-γ- and TNF-α-producing cells were 
derived from CD45.1.2 control, rather than CD45.2 Ecsitfl/fl Rosa26CreERT2, 
OT-1 donor cells (Fig. 5k,l).

ECSIT deficiency restrains the transcriptional expression of 
TCF-1 and antitumour response of CD8+ T cells by reducing 
fumarate synthesis
We next isolated OT-1 Ecsitfl/+ (CD45.1.2; WT) and Ecsitfl/fl Rosa26CreERT2 
(CD45.2; iKO) CD8+ T cells from the co-transferred CD45.1 WT recipient 
mice after engraftment with B16F10-OVA cells and performed RNA-seq 
analysis (Extended Data Fig. 9a and Fig. 6a). ECSIT deficiency resulted in 
the downregulation of T cell activation and metabolic pathway as well as a 
significant decrease in memory CD8+ T cell-related signatures (Fig. 6b–e).  
Specially, ECSIT deficiency resulted in decreased expression of genes 
related to exhausted stem-like memory progenitor CD8+ T cells (Sell, 
Slamf6, Tcf7, Bcl6, Myb and Id3) and elevated expression of genes involved 
in exhaustion (Irf4, Runx3 and Nr4a3; Fig. 6f). Similarly, Tcf7 was one 
of most enriched transcription factors associated with DEGs (Fig. 6g).

We next performed ATAC-seq on WT and iKO OT-1 cells. Genes with 
DACRs—including genes involved in cell differentiation, metabolic 
pathways and signalling pathways regulating pluripotency of stem 
cells—were downregulated after ECSIT deficiency (Extended Data  
Fig. 9b). Tcf7 was defined as the most significantly targeted transcrip-
tion factor responsible for the changes in gene expression among the 
top enrichment of transcription factor motifs in DACRs (Fig. 6h,i). 
Correspondingly, the gene loci of important genes associated with 
TSM-PEX cells—such as Bcl6, Lef1, Ccr7 and Slamf6—showed lower abun-
dance in overlapped ATAC-seq and TCF-1 peaks in iKO CD8+ T cells 
relative to the WT cells (Fig. 6j and Extended Data Fig. 9c). Thus, ECSIT 
promotes the antitumour activity of CD8+ T cells through regulation 
of TCF-1 expression in the TME. We next used an in vitro OVA continu-
ous stimulation system that can induce TSM-PEX

33 and then analysed WT 
and iKO OT-1 CD8+ T cells that were retrovirally transduced with TCF-1 
(TCF-1 OE; Supplementary Fig. 8a). The expression of SCA-1, BCL-6 
and TCF-1 was dramatically promoted by TCF-1 OE in ECSIT-deficient 
OT-1 cells; however, TIGIT expression was reduced (Supplementary  
Fig. 8b–g).

We performed MS-based metabolomics analyses of OT-1 WT and iKO 
CD8+ T cells from an in vitro culture system (Extended Data Fig. 10a–c).  
Fumarate was significantly reduced in ECSIT-deficient CD8+ T cells 
(Fig. 7a,b and Extended Data Fig. 10d). We next performed a fumarate 
rescue assay (Supplementary Fig. 9a). Treatment of iKO cells with DMF 
significantly reduced KDM5 activity and enhanced Tcf7 promoter 
H3K4me3 (Fig. 7c,d). Accordingly, DMF treatment elevated TCF-1 in WT 
and iKO OT-1 cells (Fig. 7e and Supplementary Fig. 9d) and promoted 
the expression of SCA-1 and BCL-6, but reduced TIGIT expression, 
in ECSIT-deficient cells, thus restoring CD8+ T cell function (Supple-
mentary Fig. 9b,c,e). We also pretreated OT-1 WT (CD45.1.2) and iKO 
(CD45.2) CD8+ T cells with or without DMF in an in vitro culture system 
and co-transferred them into WT recipient mice (CD45.1) that had 
been engrafted with B16F10-OVA cells 10 d previously (Supplementary  
Fig. 10a). Fumarate pretreatment markedly enhanced the expansion of 
ECSIT-deficient OT-1 CD8+ T cells and their IFN-γ- and CD62L-expressing 
subsets in the TME (Supplementary Fig. 10b–d). We further mixed 
congenically marked OT-1 WT (CD45.1.2) and iKO (CD45.2) CD8+ TN 
cells at a 1:1 ratio and co-transferred them to WT mice (CD45.1) that 
had been engrafted with B16F10-OVA cells. The mice were adminis-
tered tamoxifen and DMF (Extended Data Fig. 10e). The in vivo DMF 
treatment significantly enhanced the expansion of OT-1 CD62L- and 
TCF-1-producing ECSIT-deficient CD8+ T cells compared with the iKO 
controls (Fig. 7f–h).

ECSIT expression correlates positively with stem cell-like 
memory progenitors of CD8+ T cells, antitumour immunity 
and the survival of patients with cancer
Additionally, ECSIT expression was significantly higher in TSM-PEX (CD8-6 
and CD8-4 in GEO accession numbers GSE120575 and GSE166181, 
respectively) than TEXH (CD8-1 in both GSE120575 and GSE166181) 
cells in the TME of patients with melanoma (Fig. 8a). ECSIT expression 
correlated negatively with the immune checkpoints HAVCR2, IL-10, 
CTLA4, TIGIT, CD274 and TGFBR1 in multiple tumour types (Fig. 8b). 
Moreover, Ecsit and TSM-PEX-associated genes—including Tcf7, Bcl6, Sell 
and Foxo1—were highly expressed in patients responding to anti-PD-1 
therapy, whereas TEXH-associated genes such as Pdcd1, Ctla4, Tigit and 
Tox were downregulated (Fig. 8c). In addition, ECSIT expression was 
positively associated with the corresponding prognoses in multiple 
cancers (Fig. 8d).

Pharmacological administration of fumarate enhances TCF-1 
expression and the antitumour immunity of CD8+ T cells 
during checkpoint blockade
We next treated melanoma-bearing mice with a combination of DMF 
and anti-PD-L1 (Supplementary Fig. 11a). Treatment with DMF resulted 
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in reduced tumour burden and increased survival during anti-PD-L1 
treatment (Supplementary Fig. 11b,c). Consistent with these data, the 
abundance of total CD8+ T cells as well as IFN-γ- and TNF-α-producing 
CD8+ T cells was increased (Supplementary Fig. 11d–f). In addition, 
the combined DMF and anti-PD-L1 treatment resulted in significant 
upregulation in expression of the TSM-PEX-associated marker TCF-1 (Sup-
plementary Fig. 11g).

Discussion
Beyond the function of innate immunity, the roles of ECSIT for other 
immune cells, especially those in adaptive immunity, remain largely 
unknown. In this study we found that ECSIT is expressed at high levels 
in memory CD8+ T cells and identified ECSIT as a critical regulator of 
memory CD8+ T cells. Sustained immune protection from CD8+ T cells 
relies heavily on the generation of memory CD8+ T cells to regenerate 
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effectors during recurrent antigen exposure34. The TCF-1-centred tran-
scriptional network plays a master role in the generation of memory 
CD8+ T cells including long-lived memory11,18. However, there have 
been no in-depth studies on the crucial factors involved in regulating 
TCF-1 expression and activity. Here we found that ECSIT loss in CD8+ 
T cells led to metabolic changes with a significant reduction in fuma-
rate, resulting in the H3K4me3 demethylation of the TCF-1 promoter 
region by the histone demethylase KDM5. Perturbed TCF-1 expres-
sion in ECSIT-deficient cells impaired the generation and function of 
memory CD8+ T cells in acute viral infection or chronic tumour antigen  
stimulation.

ECSIT deficiency can lead to marked mitochondrial dysfunction 
in memory CD8+ T cells, including a decreased OCR and fragmented 
mitochondrial shape (Extended Data Fig. 6e–g,k,l). However, a variety 
of pathways are known to regulate fumarate production35–40, includ-
ing succinate dehydrogenase and fumarate hydratase localization in 
mitochondria41, and other enzymes that mainly function in the cyto-
plasm42–45. A number of studies have ascribed additional functions for 
ECSIT in innate immune signalling in the cytoplasm. Thus, the exact 
mechanism by which ECSIT regulates the synthesis of fumarate by 
targeting the mitochondrial or cytoplasmic synthesis enzymes will 
be of future interest.
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The Tcf7 gene promoter was enriched for H3K4me3 modifica-
tions in MPECs and memory CD8+ T cells (Fig. 4c), suggesting that 
the expression of Tcf7 might be tightly regulated by KDM-mediated 
H3K4me3 demethylation in the development of memory cells. Fuma-
rate acts as a competitive inhibitor of histone lysine demethylases 
(KDMs)29. Fumarate supplementation by DMF indeed restored TCF-1 
expression and CD8+ T cell function in ECSIT-deficient cells (Figs. 4f–i 
and 7e–h). Although fumarate also affects histone H3 lysine 27 acety-
lation modifications and Tcf7 gene expression can be regulated by 
histone H3 lysine 27 acetylation modifications46, these do not conflict 
with our main finding: ECSIT can regulate the production of fumarate 
to control KDM5 activity, thereby promoting H3K4me3 modification 
and expression of the Tcf7 gene as well as the formation of memory 
CD8+ T cells47. However, the role of fumarate in the progression of CD8+ 
T cells is complex. Some studies have suggested that fumarate also can 
suppress effector CD8+ T cells and is used to inhibit CD8+ T effector 
cells in patients with multiple sclerosis30,48. Notably, studies from our 
laboratory and others have shown that DMF treatment or knockout 
of the DMF target GSDMD can enhance the expression of PD-1/PD-L1 
on CD8+ T or tumour cells, respectively49,50. Accordingly, we highlight 
the potential antitumour therapeutic value of developing strategies to 
combine DMF with anti-PD-L1 therapy. This is supported by our results 
demonstrating that DMF with anti-PD-L1 therapy resulted in reduced 
tumour burden, increased survival and increased abundance of TCF-1+ 
and cytotoxic CD8+ T cells in melanoma-bearing mice (Supplemen-
tary Fig. 11). In addition, our recent study has suggested that DMF 
can inhibit GSDMD-mediated pyroptosis in innate immune cells to 
enhance cGAS-induced IFN-stimulated genes, thus promoting antitu-
mour immunity in combination with anti-PD-L1 therapy50. Therefore, 
we have further expanded the therapeutic utility of DMF function.

In summary, our study describes the ECSIT–fumarate–TCF-1 signal-
ling pathway as an essential mediator of CD8+ memory T cell develop-
ment and provides a molecular framework that defines the importance 
of ECSIT in regulating antiviral and antitumour responses.
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Methods
The research conducted in this study complies with all of the relevant 
ethical regulations. All experiments were performed with age-matched 
male mice. All mice were kept in a barrier facility and all animal experi-
ments were conducted in accordance with the procedure approved by 
the Ethical Review Committee for Laboratory Animal Welfare of Nanjing 
Medical University (approval number IACUC-1811006-3) and the Nan-
jing University of Chinese Medicine (approval number 202006A010).

Mice
All mice had a C57BL/6 genetic background except for the CD45.1 mice 
(B6.SJL strain). Ecsitfl/fl mice were generated by clustered regularly inter-
spaced short palindromic repeats (CRISPR)–CRISPR associated protein 
9 (Cas9) genome engineering by Biocytogen. Two single guide RNAs 
were designed using the CRISPR design tool (http://crispr.mit.edu) to 
target a region either upstream or downstream of exon 4 of Ecsit and 
then screened for on-target activity using a Universal CRISPR activity 
assay. Ecsit–EGFP was generated by CRISPR–Cas9-mediated genome 
engineering by Cyagen Biosciences. The single guide RNA targeting the 
mouse Ecsit gene, the donor vector containing the ‘3×Flag-2A-EGFP’ 
cassette and Cas9 messenger RNA were co-injected into fertilized 
mouse eggs to generate targeted conditional knock-in offspring. F0 
founder animals were identified by PCR, followed by sequence analysis 
and bred with WT mice to test for germline transmission and F1 animal 
generation.

To obtain mature T cell-conditional Ecsit-knockout mice, Ecsitfl/fl  
mice were crossed with dLck-Cre mice (a gift from L. Lu, Zhejiang  
University, China). Ecsit-floxed mice were also crossed with Rosa26CreERT2  
mice (a gift from X. Zhang, Huazhong University of Science and  
Technology, China) to generate tamoxifen-induced Ecsit-knockout 
mice (Ecsitfl/fl Rosa26CreERT2). Ecsitfl/fl, Ecsitfl/fl dLck-Cre and Ecsitfl/fl Rosa-
26CreERT2 mice were crossed with OT-1 mice (a gift from H. Wang, Shang-
haiTech University, China) to generate Ecsitfl/fl, Ecsitfl/fl dLck-Cre and 
Ecsitfl/fl Rosa26CreERT2 mice that responded to OVA257–264 (Ecsitfl/fl OT-1, 
Ecsitfl/fl dLck-Cre OT-1 and Ecsitfl/fl Rosa26CreERT2 OT-1). The Ecsitfl/fl OT-1 
mice were crossed with CD45.1 mice (a gift from X. Wang, Nanjing Medi-
cal University, China) to obtain Ecsitfl/+ CD45.1.2 OT-1 mice. Rag1−/− (a gift 
from Y. Xiao, Shanghai Institute of Nutrition and Health, University of 
Chinese Academy of Sciences, China).

Cell lines
B16F10 and B16F10-OVA (a gift from C. Xu, Institute of Biochemis-
try and Cell Biology, Chinese Academy of Sciences, China) cells were 
maintained at 37 °C with 5% CO2 in RPMI 1640 medium supplemented 
with 10% heat-inactivated fetal calf serum and 1% penicillin and strep-
tomycin. Plat-E cells (a gift from X. Wang, Nanjing Medical University, 
China) were maintained at 37 °C with 5% CO2 in DMEM medium sup-
plemented with 10% heat-inactivated fetal calf serum and 1% penicillin 
and streptomycin.

Bone marrow chimaeras
Rag1−/− recipient mice were subjected to lethal-dose irradiation (5 Gy). 
One day later bone marrow cells from Ecsitfl/fl or Ecsitfl/fl dLck-Cre donor 
mice were mixed with equal numbers of bone marrow cells from CD45.1 
donor mice and 1 × 107 of these mixed cells were intravenously (i.v.) 
injected into the Rag1−/− recipient mice. Chimaeras were analysed 
8 weeks after transplantation

Acute and chronic stimulation in vitro of T cells
Splenocytes from OT-1 mice were stimulated with recombinant murine 
IL-2 (10 ng ml−1; PeproTech) and OVA peptide (1 μg ml−1) in RPMI 1640 
medium (supplemented with 10% heat-inactivated fetal calf serum, 
2 mM l-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 5 μM 
β-mercaptoethanol and 1% penicillin and streptomycin for 2 d). CD8+ 
T cells were then purified (>95% purity) by negative selection using an 

EasySep mouse CD8+ T cell isolation kit (Stem Cell Technologies, 19853).
To induce memory T cell differentiation in vitro, purified CD8+ 

T cells were stimulated with recombinant murine IL-15 (10 ng ml−1; 
PeproTech) for 3 d. Both 4-OHT (300 nM) and DMF (30 μM) were added 
to the culture medium to delete Ecsit and supplement fumarate, respec-
tively, in CD8+ T cells of Ecsitfl/fl Rosa26CreERT2 OT-1 mice.

To mimic tumour-antigen chronic stimulation in vitro, puri-
fied CD8+ T cells were subjected to daily repeated stimulations with 
OVA peptide (1 μg ml−1) in the presence of recombinant murine IL-15 
(10 ng ml−1; PeproTech) for 3 d. Both 4-OHT (300 nM) and DMF (30 μM) 
were added to the culture medium to delete Ecsit and supplement 
fumarate, respectively, in CD8+ T cells of Ecsitfl/fl Rosa26CreERT2 OT-1 mice.

Acute infection
To analyse effector T cells, 5 × 104 naive Ecsitfl/fl or Ecsitfl/fl dLck-Cre OT-1 
cells were i.v. transferred into WT recipient mice. The recipient mice 
were i.v. injected 1 d later with 1 × 105 plaque-forming units of VSV-OVA; 
the mice were killed for FACS analysis on day 7.

To analyse recall responses, 5 × 104 naive Ecsitfl/fl or Ecsitfl/fl dLck-Cre 
OT-1 cells were i.v. transferred into WT recipient mice. The recipient mice 
were i.v. injected 1 d later with 1 × 105 plaque-forming units of VSV-OVA. 
CD8+CD44+Kb-OVA+ cells were sorted on day 35 and then adoptively 
transferred into naive WT recipient mice (1 × 104 cells per mouse), fol-
lowed by i.v. injection with 5 × 104 colony-forming units of LM-OVA. The 
recall response was analysed on day 5 after the second infection.

For WT recipient mice, 5 × 104 naive Ecsitfl/fl or Ecsitfl/fl Rosa26CreERT2 
OT-1 cells were i.v. transferred into recipient mice. The recipient mice 
were i.v. injected 1 d later with 1 × 105 plaque-forming units of VSV-OVA. 
The recipient mice were i.p. injected with tamoxifen on days 21–25 and 
were killed for FACS analysis on day 35.

For CD45.1 recipient mice, 4 × 104 naive Ecsitfl/+ CD45.1.2 OT-1 cells 
were mixed with equal numbers of naive Ecsitfl/fl Rosa26CreERT2 CD45.2 
OT-1 cells and then i.v. transferred into CD45.1 recipient mice. The 
recipient mice were i.v. injected with 1 × 105 plaque-forming units of 
VSV-OVA 1 d later. The recipient mice were treated with tamoxifen via 
i.p. injection from day 21 to day 25 and killed for FACS analysis on day 
35. In some experiments, the recipient mice were treated with DMF at a 
dose of 10 mg kg−1 every other day from day 21 to day 35. For the in vivo 
TCF-1 OE experiments, 4 × 105 Ecsitfl/+ (CD45.1.2) and Ecsitfl/fl Rosa26CreERT2 
(CD45.2) OT-1 CD8+ memory T cells were retrovirally transduced with 
empty vector or TCF-1 (TCF-1 OE). Next, WT and iKO (GFP+FVD−) CD8+ 
T cells were sorted and co-transferred into B6.SJL WT recipient mice 
(CD45.1), followed by infection with 1 × 105 plaque-forming units of 
VSV-OVA. The recipient mice were killed on day 5 for FACS analysis.

Tumour models
Age- and sex-matched recipient mice were anaesthetized with 1.2%  
(wt/vol) tribromoethanol (20 μl g−1 mouse weight) by i.p. injection. The 
mice were then subcutaneously injected on the flank with 1 × 105 B16F10 
or B16F10-OVA cells in 100 μl PBS. For WT recipient mice, the mice were 
i.v. administered 2 × 105 Ecsitfl/fl or Ecsitfl/fl Rosa26CreERT2 naive OT-1 cells 
1 d after implantation. The tumour size (determined by caliper meas-
urements and calculated as length × width × width / 2) was recorded 
every 2 d from day 10. The mice were euthanized when the tumour 
size exceeded 1,500 mm3. For CD45.1 recipient mice, equal numbers 
(1.5 × 105) of OT-1 Ecsitfl/+ CD45.1.2 and Ecsitfl/fl Rosa26CreERT2 CD45.2 TN 
cells were mixed and then i.v. transferred into CD45.1 recipient mice 1 d 
after implantation. The recipient mice were i.p. injected with tamoxifen 
from day 10 to day 15 to delete Ecsit in the Ecsitfl/fl Rosa26CreERT2 CD45.2 
OT-1 T cells. To analyse OT-1 cells in TME, the recipient mice were killed 
for FACS analysis on day 20. For the in vivo DMF rescue experiments 
of memory T cell formation, the recipient mice (CD45.1) were treated 
with 10 mg kg−1 DMF every second day from day 11 to day 20. In some 
experiments, the mice were treated with 200 μg anti-PD-L1 on days 4 
and 8 following tumour implantation and 10 mg kg−1 DMF daily.
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Tcf7 overexpression in CD8+ T cells
Plat-E cells were transfected with packaging plasmids (PGE) and 
Tcf7-MSCV-GFP plasmids (overexpression) using PolyJet reagent 
(SigmaGen) according to the manufacturer’s instructions. The 
virus-containing supernatants were collected 48 h after transfection. 
Splenocytes from OT-1 mice were activated with OVA and IL-2 for 48 h 
in vitro and CD8+ T cells were isolated by negative-selection magnetic 
beads. The CD8+ T cells were mixed with the virus supernatant, cen-
trifuged at a speed of 2,000g for 2 h at room temperature and then 
cultured in an incubator for another 4 h. The virus-containing super-
natant was replaced with fresh RPMI 1640 medium supplemented with 
10% heat-inactivated fetal calf serum, 2 mM l-glutamine, 1 mM sodium 
pyruvate, 10 mM HEPES, 5 mM β-mercaptoethanol and 1% penicillin and 
streptomycin. GFP-positive cells indicated TCF-1 OE.

Flow cytometry
Single-cell suspensions from the thymus, spleen and lymph nodes were 
generated after mashing tissue through a 70-μm cell strainer. Following 
treatment with red blood lysis buffer, the cell suspensions were sur-
face stained using fluorescently labelled antibodies for FACS analysis. 
For the intracellular staining of IFN-γ and TNF-α, single tumour-cell 
suspensions were incubated in RPMI medium containing phorbol 
12-myristate-13-acetate (1:2,000; MultiSciences, CS0001), ionomycin 
(1:1,000; MultiSciences, CS0002) and brefeldin A (1:1,000; eBioscience, 
00-4506-51) for 4 h at 37 °C. After washing the samples with HBSS solu-
tion, surface proteins were stained, the cells were fixed and permea-
bilized using a Cytofix/Cytoperm kit (eBioscience, 88-8824-00) and 
finally intracellular IFN-γ and TNF-α were stained. For the transcription 
factor staining, the cells were fixed and permeabilized using a Foxp3/
transcription factor staining buffer set (eBioscience, 00-5523-00), after 
which intranuclear transcription factors were stained.

For the tumour model, tumour tissues were weighed, cut into 
smaller pieces and suspended in 10 ml tumour digestion buffer (2% 
FBS, 0.5 mg ml−1 collagenase IV and 100 U ml−1 DNase I in RPMI medium). 
After digestion for 45 min at 37 °C with rotation (200 r.p.m.), the cell 
suspension was filtered through a 70-μm filter to obtain a single-cell 
suspension. Immune cells were isolated by density-gradient centrifuga-
tion using 40 and 80% Percoll (GE Healthcare). For the liver, liver tissues 
were cut into smaller pieces and suspended in 10 ml liver digestion 
buffer (2% FBS, 0.5 mg ml−1 collagenase IV, 0.5 mg ml−1 collagenase II 
and 100 U ml−1 DNase I in RPMI medium). Following digestion for 45 min 
at 37 °C with rotation (200 r.p.m.), the cell suspension was filtered 
through a 70-μm filter to obtain a single-cell suspension. Immune 
cells were isolated by density-gradient centrifugation using 40 and 
70% Percoll. The immune cells were then stained using fluorescently 
labelled antibodies for FACS analysis. Intracellular staining of cytokines 
and transcription factors was performed as described earlier.

Antibodies and drugs
The following antibodies were used for FACS: anti-BCL-6–PerCP-eFluor 
710 (BCL; eBioscience, 46-5453-82), anti-CD11b–FITC (M1/70; eBio-
science, RM2801), anti-CD11c–PE (N418; eBioscience, 12-0114-82), 
anti-CD127–PE-Cyanine7 (A7R34; eBioscience, 25-1271-82), anti-CD25–
PE (PC61.5; eBioscience, 12-0251-82), anti-CD44–AlexaFluor700 
(IM7; eBioscience, 56-0441-82), anti-CD44–APC (IM7; eBiosci-
ence, 17044182), anti-CD44–FITC (IM7; eBioscience, 11-0441-82), 
anti-CD45.1–eFlour450 (A20; eBioscience, 48-0453-82), anti-CD45.2–
PE-Cyanine7 (104; eBioscience, 25-0454-82), anti-CD45-AlexaFluor700 
(30-F11; eBioscience, 56-0451-82), anti-CD4–PE-Cyanine7 (RM4-5; 
eBioscience, 25-2242-82), anti-CD62L–eFlour450 (MEL-14; eBioscience, 
48062182), anti-CD8a–APC-Cyanine7 (53-6.7; BioLegend, 100714), 
anti-F4/80–APC (BM8; eBioscience, 17-4801-82), anti-Foxo-1–Alex-
aFluor488 (C29H4; Cell Signaling Technology, 58223S), anti-IFN-γ–
PerCP-Cyanine5.5 (XMG1.2; eBioscience, 85-45-7311-82), anti-Ki67–APC 
(SolA15; eBioscience, 17-5698-82), anti-KLRG1–FITC (2F1; eBioscience, 

11-5893-82), anti-Ly6C–PE-Cyanine7 (PK136; eBioscience, 25-5941-81), 
anti-Ly6G–eFlour450 (1A8; eBioscience, 48-9668-82), anti-NK1.1–
PE-Cyanine7 (PK136; eBioscience, 25-5941-81), anti-PD-1–APC ( J43; 
eBioscience, 17-9985-82), anti-SCA-1–APC (D7; eBioscience, 11-5981-
82), anti-T-BET–BV421 (4B10; BioLegend, 644815), anti-TCF-1–APC 
(C63D9; Cell Signaling Technology, 37636S), anti-TIGIT–BV421 (1G9; 
BD, 565270), anti-TIM-3–PE-Cyanine7 (RMT3-23; eBioscience, 25-5870-
80), anti-TNFα–APC (MP6-XT22; eBioscience, 17-7321-82), anti-CD16/
CD32 (93; eBioscience, 14-0161-85), fixable viability dye–eFlour 506 
(eBioscience, 65-0866-14), H-2K (b)/SIINFEKL Tetramer–PE (HELIXGEN) 
and mouse FITC–IgG isotype control (eBioscience, 31505), all of which 
were diluted 1:400 in staining buffer. The following antibodies were 
used for the western blots: anti-ECSIT (Novus, NBP1-91858; 1:2,000 
dilution), anti-β-Actin (Sigma, A1978; 1:3,000 dilution), anti-TCF7 
(Cell Signaling Technology, C46C7; 1:1,000 dilution), IRDye 800CW 
goat anti-rabbit IgG (LI-COR Biosciences, 926-32211; 1:3,000 dilu-
tion) and IRDye 680RD goat anti-rabbit IgG (LI-COR Biosciencese, 
926-68070; 1:3,000 dilution). The following antibodies were used 
for ChIP–qPCR: anti-HA (BioLegend, 901514; 1:100 dilution) and 
anti-H3K4me3 (ABclonal, A2357; 1:100 dilution). The following drugs 
were used: anti-PD-L1 (BioXcell, BE0101) and DMF (MCE, HY-17363). The 
peptide fragment we used was OVA257–264 peptide (GenScript, RP10611).

Immunoblot analysis
T cells were collected and lysed in NP-40 lysis buffer (50 mM Tris–HCl, 
pH 7.4, containing 150 mM NaCl, 1% (vol/vol) IGEPAL, 10% (wt/vol) glyc-
erol, 50 mM NaF, 1 mM Na3VO4, 1 mM dithiothreitol and 1 mM phenyl-
methylsulphonyl fluoride) plus complete protease inhibitor ‘cocktail’ 
(Sigma-Aldrich) for 60 min at 4 °C. The lysates were centrifuged at 
14,000g for 10 min. The supernatants were denatured with SDS buffer 
and boiled for 10 min. Proteins were separated by SDS–polyacrylamide 
gel electrophoresis and transferred onto nitrocellulose membranes. 
The membranes were immunoblotted with primary antibodies and 
proteins were detected with the appropriate secondary anti-rabbit 
conjugated to fluorophores. Immunoreactivity was visualized using 
the Odyssey imaging system (LI-COR Biosciences).

Extracellular flux analysis
A Seahorse XFe96 extracellular flux analyser (Agilent Technologies) 
was used according to the manufacturer’s instructions to measure 
the OCR and ECAR rates. Briefly, splenocytes from Ecsitfl/fl and Ecsitfl/fl 
dLck-Cre OT-1 mice were activated with OVA and IL-2 in vitro for 48 h. 
CD8+ T cells were isolated by negative-selection magnetic beads and 
cultured with IL-15 for 3 d to induce memory T cell differentiation. 
The OCR of memory CD8+ T cells was analysed under basal conditions 
and after sequential injections of 1 mM oligomycin A, 1.5 mM carbonyl 
cyanide 4-(trifluoromethoxy) phenylhydrazone and 0.1 mM rotenone 
with 1 mM antimycin A. The ECAR was analysed under basal conditions 
and after sequential injections of 10 mM glucose, 1 mM oligomycin A 
and 50 mM 2-deoxyglucose.

RNA-seq and data analysis
Wild-type and iKO OT-1 cells were sorted for RNA-seq on day 35 after 
VSV-OVA infection or day 20 after B16F10-OVA tumour implantation. 
Total RNA was extracted using TRIzol (Life Technology, 15596018) 
according to the manufacturer’s instructions. RNA isolation, library 
construction and sequencing were performed by LC-BIO TECHNOL-
OGIES. Clean reads were mapped to the mouse reference genome 
(mm10) using STAR (version 2.7.7a). The matched reads were calculated 
and then normalized to fragments per kilobase of transcript per mil-
lion mapped reads for gene expression analysis. Fold changes were 
calculated for all possible comparisons and a 1.2-fold cutoff was used 
to select genes with expression changes. The GO and KEGG pathway 
enrichment analysis was performed by applying the online tool of 
DAVID Bioinformatics Resources 6.8 (http://david.ncifcrf.gov) using 
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significant DEGs (fold change > 1.2, P < 0.05) as target genes. The GSEA 
analysis was performed using the GSEA v4.1 software. Transcription 
factor enrichment analysis was performed using ChEA3 (https:// 
maayanlab.cloud/chea3/) using significant DEGs (fold change > 1.2, 
P < 0.05) as target genes.

ATAC-seq and data analysis
Wild-type and iKO OT-1 cells were sorted on day 35 after VSV-OVA infec-
tion or day 20 after B16F10-OVA tumour implantation for ATAC-seq 
analysis. Ten thousand cells from each replicate were used to prepare 
ATAC-seq libraries using a TruePrep DNA library prep kit V2 for Illumina 
(Vazyme Biotech, TD502) according to the manufacturer’s instructions 
and sequencing was performed by Novogene. The ATAC-seq reads 
were mapped to the mouse genome (mm10) using Bowtie 2 (version 
2.2.9). To identify peaks with differential accessibility, we counted 
the duplicated reads overlapping with peaks. DESeq2 (version 1.16.0) 
was then used for statistical comparisons, using a similar procedure 
to that used for RNA-seq data analysis. Peaks with an adjusted P < 0.05 
and fold change > 1.5 were considered to have differential accessibil-
ity. The online tool of DAVID Bioinformatics Resources 6.8 was used 
to perform GO and KEGG pathway enrichment analyses. The motif 
analysis was done using HOMER (version 4.9.1) and IGV (version 2.8.2) 
was used to visualize the data. The fold enrichment over 1.2 (the ratio 
of the percentage of target sequences with motif to the percentage of 
background sequences with motif) in WT or iKO cells with less than 1.2 
in iKO or WTs were considered the special transcription factor.

Metabolite measurements and analysis
Mass spectrometry-based metabolomics were performed for OT-1 WT 
(Ecsitfl/fl) and iKO (Ecsitfl/fl Rosa26CreERT2) CD8+ T cells from an in vitro cul-
ture system. The samples were analysed on an Ultimate 3000 (Dionex) 
ultra performance liquid chromatography system coupled to a Q 
Exactive HF (QE-HF) mass spectrometer (Thermo Fisher Scientific). 
Chromatographic separation was conducted using reversed-phase 
liquid chromatography separation with a Kinetex EVO C18 column 
(2.1 mm × 100 mm, 2.6 μm; Phenomenex) and hydrophilic-interaction 
liquid chromatography with an InfinityLab Poroshell 120 Hilic-Z col-
umn (2.1 mm × 100 mm, 2.7 μm; Agilent). Each sample was injected in 
a randomized fashion for analysis to avoid complications related to the 
injection order. For reversed-phase liquid chromatography analysis, 
the mobile phase consisted of phase A (0.1% formic acid in H2O) and 
phase B (0.1% formic acid in acetonitrile) with a flow rate of 0.4 ml min−1. 
The reversed-phase liquid chromatography elution conditions were as 
follows: 0 min, 10% phase B; 1 min, 30% phase B; 19 min, 95% phase B; 
20 min, 95% phase B; 20.1 min, 10% phase B and 23 min, 10% phase B. 
For hydrophilic-interaction liquid chromatography analysis, mobile 
phase A was 25 mM CH3COONH4 and 25 mM NH4OH in H2O and mobile 
phase B was acetonitrile, which was run at a flow rate of 0.3 ml min−1. 
The hydrophilic-interaction liquid chromatography elution condi-
tions were as follows: 0 min, 85% phase B; 1 min, 85% phase B; 12 min, 
65% phase B; 12.1 min, 40% phase B; 15 min, 40% phase; 15.1 min, 85% 
phase B and 20 min, 85% phase B. The temperature of the column 
chamber was set at 40 °C. The mass spectrometry was performed 
in a data-dependent acquisition mode ranging from m/z 70 to m/z 
1,000 with a 60,000 resolution in both positive and negative modes 
simultaneously.

All of the MS raw data files were converted into mzML format 
using MSConvert (version 3.0). The MS-DIAL (version 4.36) software 
was used for deconvolution, peak picking, alignment and compound 
identification. The detailed parameter setting was as follows: MS1 
tolerance, 0.01 Da; MS2 tolerance, 0.05 Da; minimum peak height, 
10,000 amplitudes; mass slice width, 0.1 Da; smoothing method, lin-
ear weighted moving average; smoothing level, three scans; mini-
mum peak width, five scans; sigma window value, 0.5; identification 
score cutoff, 70%; remove feature based on blank information; sample 

maximum / blank average, fivefold change. [M + H]+, [M + NH4]+ and 
[M + Na]+ were included in adduct ion setting for positive analysis, and 
[M − H]−, [M + FA-H]−, [M + HAC-H]− were included in the adduct ion 
setting for negative analysis (FA-H typically refers to the form of the 
target compound as the formate adduct ion (in negative ion mode); 
HAC-H typically represents the form of the target compound as the 
acetate adduct ion (in negative ion mode)). Missing data zero values 
were replaced with 1/10 of the minimum peak height over all samples. 
Values were normalized to the cell number (total ion current). A Stu-
dent’s t-test was used to compare continuous variables between two 
groups. The SIMCA software (version 14.1; Umetrics) was employed 
for PCA analysis. The variable importance in P < 0.05 of each metabo-
lite was used as the combined cutoff of the statistical significance. 
Visualization of metabolomics was conducted using the R package 
and GraphPad Prism (version 8.0.2).

Confocal microscopy assay
OT-1 Ecsitfl/fl (WT) and Ecsitfl/fl dLck-Cre memory CD8+ T cells from 
an in vitro culture system were collected and then stained with 
MitoTracker Red for 30 min in culture medium. The cells were washed 
twice with PBS and stained with Hoechst solution (1:10,000 dilution) 
for 10 min. Next, the cells were centrifuged at 1,500 r.p.m. for 10 min, 
the supernatant was discarded and the cells were resuspended in PBS. 
The cells were placed on a glass slide and covered with a coverslip. 
Confocal fluorescence images were acquired with a Zeiss LSM 800 
confocal microscope, and images were processed and analysed using 
the ZEN 2012 software.

Transmission electron microscopy
OT-1 Ecsitfl/fl (WT) and Ecsitfl/fl dLck-Cre memory CD8+ T cells from an 
in vitro culture system were collected and fixed with 2.5% glutaral-
dehyde for 48 h, rinsed with phosphate buffer and postfixed with 1% 
osmium tetroxide. Next, the samples were rinsed and dehydrated in 
ethanol and acetone. The samples were then embedded in Spurr resin. 
Ultrathin sections were then stained with 2% uranyl acetate and lead 
citrate, and visualized using an FEI Tecnai G2 Spirit Bio TWIN electron 
microscope.

ChIP assays
For ChIP–seq, the DNA was end polished and dA tailed by adding 
End-repair and A-tailing reaction mix (Vazyme, N103-01 and N101-01) 
directly to the PCR tube and incubating the sample at 28 °C for 15 min 
and 68 °C for 15 min. Adaptors (0.6 μM; TransNGS Adapter for Illumina, 
KI241) containing barcodes were ligated to the DNA fragments. The 
DNA libraries were amplified using the following PCR programme: 
98 °C for 3 min; 14–15 cycles of 98 °C for 30 s, 60 °C for 30 s and 72 °C 
for 30 s; and 72 °C for 3 min, followed by a hold at 10 °C. The library was 
purified and selected with DNA Clean beads (Vazyme, N411-01). The 
quality of the amplified libraries for sequencing was verified using a 
PerkinElmer LabChip GX Touch and StepOnePlus Real-Time PCR sys-
tem. Sequencing was then performed on an Illumina Novaseq 6000 
platform in PE150 mode.

Raw ChIP–seq reads were first subjected to adaptor trimming and 
low-quality read filtering using flexbar (version 2.5) with the following 
parameters: -u 5 -m 26 -ae RIGHT -at 2 -ao 1. The trimmed reads were 
mapped to the mouse reference genome (mm10) using Bowtie 2 (ver-
sion 2.2.9) with default parameters. Reads that mapped to mitochon-
drial DNA or that had low mapping quality (<30) were excluded from 
the downstream analysis. Duplicate reads due to PCR amplification of 
single DNA fragments during library preparation were identified using 
Picard (version 2.17.3; available at http://broadinstitute.github.io/
picard) and thus removed from the downstream analysis. Peak calling 
was performed using MACS2 (version 2.2.7.1) in narrow-peak mode with 
the parameters -p 0.01–bdg–SPMR. To compare data between different 
conditions, the de-duplicated H3K4me3 reads overlapping with peaks 
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were counted and then normalized using library scale factors estimated 
using the deepTools suite (version 3.5.0). DESeq2 (version 1.30.0) was 
then used for statistical comparisons, using a procedure similar to 
that used for the RNA-seq data. The gene rank analysis was based on 
the Z-statistic of differential H3K4me3 levels (P < 0.05).

ChIP–qPCR assays
The assay was performed following the standard protocol. Briefly, WT 
(Ecsitfl/fl OT-1) and iKO (Ecsitfl/fl Rosa26CreERT2 OT-1) memory or exhausted 
CD8+ T cells from an in vitro culture system treated with or without DMF 
were crosslinked in 1% formaldehyde for 10 min at 25 °C, quenched 
with 0.125 M glycine for 5 min at 25 °C and lysed in 0.2% SDS with a 
protease inhibitor tablet for 10 min on ice. The genomic DNA was then 
fragmented by sonication to shear the chromatin to 200–500 bp. The 
sheared crosslinked chromatin was incubated overnight with primary 
or IgG antibodies, followed by an incubation with Protein A/G beads. 
DNA purification was performed using a ChIP DNA clean concentra-
tor (Beyotime, D0033) according to the manufacturer’s instructions. 
The precipitated DNA was amplified using primers and quantified an 
a StepOnePlus real-time PCR machine using Hieff qPCR SYBR Green 
master mix (Yeasen) according to the manufacturer’s instructions. The 
Tcf7 qPCR primer sequences were: F, 5′-AGACCTAATCTTTTCCGTT-3′ 
and R, 5′-CTGATTCACGTTGCTGAC-3′. The Tcf7 qPCR primers were 
purchased from Sangon Biotech.

Kdm5 activity assay
Cells (2 × 106) were resuspended in 400 μl cell lysis buffer (10 mM 
HEPES pH 7.5, 10 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5% 
Nonidet-40 and 0.5 mM phenylmethylsulfonyl fluoride along with a 
protease inhibitor cocktail) and allowed to swell on ice for 20 min with 
intermittent mixing. The tubes were vortexed and then centrifuged at 
12,000g and 4 °C for 10 min. The pelleted nuclei were washed twice with 
the cell lysis buffer, resuspended in 25 ml ice-cold nuclear extraction 
buffer (20 mM HEPES, 400 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol 
and 1 mM phenylmethylsulfonyl fluoride with protease inhibitor cock-
tail) and incubated in ice for 30 min with intermittent sonication. The 
nuclear extracts were collected by centrifugation at 12,000g and 4 °C 
for 15 min. The supernatant was used immediately in a colorimetric 
KDM5/JARID activity quantification assay kit (Abnova) according to 
the manufacturer’s instructions.

Analysis of data from public database
To explore the role of ECSIT in immune cells, we analysed the expres-
sion of Ecsit in immune cells from publicly available gene and protein 
databases such as ImmGen (https://www.immgen.org/) and BioGPS 
(http://biogps.org/). To explore the role of ECSIT in CD8+ T cells in 
acute or chronic stimulation, we analysed the public data from GEO 
accession numbers GSE157072 (ref. 51), GSE84105 (ref. 52), GSE123235 
(ref. 53), GSE120575 (ref. 54) and GSE166181 (ref. 55). We investigated 
the correlation of gene expression profiles between ECSIT and immune 
checkpoints through the TISIDB web portal (http://cis.hku.hk/TISIDB/
index.php). To explore the peak of TCF-1 target genes in CUT&RUN 
data of CD8+ T cells in acute or chronic stimulation, we analysed the 
public data from GSE177064 (ref. 56) and GSE139056 (ref. 57). To 
investigate the characteristics of CD8+ T cells as indicated by RNA-seq 
data during acute or chronic stimulation, we analysed the public data 
from GSE23321 (ref. 31), GSE164978 (ref. 58), GSE122969 (ref. 59) and 
GSE9650 (ref. 60). To explore the relationship between the survival rate 
of patients and ECSIT, we used the Gene Expression Profiling Interactive 
Analysis 2 (GEPIA2) platform (http://gepia2.cancer-pku.cn/). A log-rank 
test was used for statistical analysis.

Statistics and reproducibility
Information about the statistical details and methods used is pro-
vided in the figure legends. Statistical analysis was performed using 

GraphPad Prism 8.0 or 9.0. A two-way analysis of variance test was 
used for tumour growth. A log-rank test was used for the mice survival 
curves. Other statistical analyses were performed using a two-tailed 
unpaired Student’s t-test, unless stated otherwise. Data normality 
was not assumed. All statistical tests were two-sided, unless specified 
otherwise. Sample sizes were not pre-determined using statistical 
methods but followed those reported previously33 and no data were 
excluded from the analyses. Biological samples were excluded from the 
study only in cases where the sample preparation or data acquisition 
was unsuccessful. The experiments were not randomized, and data 
collection and analysis were not performed blind to the conditions of 
the experiments, except for tumour size and mice survival analysis.

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

Data availability
RNA-seq, ATAC-seq and ChIP–seq data that support the findings of 
this study have been deposited in the NCBI Sequence Read Archive 
database under the NCBI Bioproject accession codes PRJNA905206, 
PRJNA902096, PRJNA905582, PRJNA904827 and PRJNA1016360. 
Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | ECSIT is upregulated in memory CD8+ T cells, and 
promotes memory CD8+ T cells generation in a cell-intrinsic manner under 
the homeostasis. (a) Representative flow cytometry plots of Ecsit–EGFP 
expression in immune cells in Fig. 1d. (b) Representative flow cytometry 
plots of Ecsit–EGFP expression in TN, TCM, and TEM of CD8+ T cells in Fig. 1e. (c) 
Representative flow cytometry plots of Ecsit–EGFP expression in MPEC and 
SLEC of CD8+ T cells in Fig. 1f. (d) Representative flow cytometry plots of Ecsit–
EGFP expression in TEM and TCM of CD8+ T cells in Fig. 1g. (e) Representative flow 

cytometry plots of Ecsit–EGFP expression in TSCMP and TEXH of CD8+ T cells in 
Fig. 1h. (f ) CD45.1 mice bone marrows were mixed equally with Ecsitfl/fl or Ecsitfl/fl 
dLck-Cre (CD45.2) mice bone marrows then injected intravenously into irradiated 
Rag1−/− mice. 8 weeks later, draining lymph nodes were collected and analysed 
by flow cytometry for CD4+ T cells, CD8+ T cells, and CD8+ TN, TM cells. Data are 
pooled from three independent experiments and n = 6 for (f). Error bars show 
mean ± sem. Two-tailed unpaired student’s t-test for (f).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | ECSIT promotes the recall response of memory CD8+ 
T cells. (a) Schematic of memory CD8+ T cells recall response. Naive CD8+ T cells 
obtained from Ecsitfl/fl OT-1 or Ecsitfl/fl dLck-Cre OT-1 mice were transferred into 
WT recipient mice. Subsequently, the recipient mice were infected with VSV-OVA 
1 day later. After 35 days, memory OT-1 T cells were sorted and transferred into 
naive WT recipient mice, followed by LM-OVA challenge. Spleen and liver were 
collected for analyses 5 days later. (b, e) Representative flow cytometry plots 
(top) and the analysis of percentage and number (bottom) of Kb-OVA+ CD44+ 
CD8+ cells in the spleen (b) and liver (e). (c, d, f, g) Representative flow cytometry 
plots (top) and the analysis of percentage and number (bottom) of IFN-γ+ (c) and 
TNF-α+ (d) T cells gated on Kb-OVA+ CD44+ CD8+ cells in the spleen, and IFN-γ+ 
(f ) and TNF-α+ (g) T cells gated on Kb-OVA+ CD44+ CD8+ cells in the liver. (h, i) 

Bacterial load of LM-OVA in the spleen (h) and liver (i). ( j) Schematic of memory 
T cells formation in acute infection. Naive CD8+ T cells from Ecsitfl/fl OT-1 or Ecsitfl/fl 
Rosa26CreERT2 OT-1 mice were transferred into WT recipient mice, followed by VSV-
OVA infection 1 day later. Tamoxifen was intraperitoneally injected from day21 
to day25. OT-1 memory cells were analysed on day35. (k) Schematic of memory 
T cells formation in acute infection with adaptive co-transplantation model. 
Naive CD8+ T cells from Ecsitfl/+ CD45.1.2 OT-1 and Ecsitfl/fl Rosa26CreERT2 CD45.2 
OT-1 mice were mixed equally and transferred into CD45.1 recipient mice, and 
then the recipient mice were infected with VSV-OVA 1 day later. Tamoxifen was 
intraperitoneally injected from day21 to day25. OT-1 memory cells were analysed 
on day35. Data are pooled from three independent experiments and n = 5 for (b-
i). Error bars show mean ± sem. Two-tailed unpaired student’s t-test for (b-i).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | ECSIT deficiency impairs memory CD8+ T cells 
formation and function without affecting proliferation and apoptosis 
during acute viral infection. (a) Immunoblot analysis of ECSIT expression in 
Ecsitfl/fl OT-1 and Ecsitfl/fl Rosa26CreERT2 OT-1 cells 35 days after VSV-OVA infection. 
(b) Representative flow cytometry plots (top) and the analysis of percentage and 
number (bottom) of Kb-OVA+ CD44+ CD8+ cells in the liver. (c, d) Representative 
flow cytometry plots and the analysis of percentage and number of IFN-γ+ (c) 
and TNF-α+ (d) T cells gated on Kb-OVA+ CD44+ CD8+ cells in the liver. (e, f ) 
Representative flow cytometry plots (left) and the analysis of percentage and 
number (right) of Annexin V+ (e) and Ki-67+ (f ) in Kb-OVA+ CD44+ CD8+ cells in 

the spleen. (g, h) Flow cytometry analysis of CD44 (g) and T-BET (h) expression 
in Kb-OVA+ CD44+ CD8+ cells in the liver. (i) Representative flow cytometry 
plots (top) and the analysis of percentage and number (bottom) of Ecsitfl/+ 
CD45.1.2 OT-1 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells gated on Kb-OVA+ 
CD44+ CD8+ cells in the spleen. ( j, k) Representative flow cytometry plots (top) 
and the analysis of percentage and number (bottom) of Ecsitfl/+ CD45.1.2 OT-1 
and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells gated on Kb-OVA+ CD44+ CD8+ IFN-γ+ 
( j) and TNF-α+ (k) T cells in the liver. Data are pooled from three independent 
experiments for (a-k), and n = 5 for (b-k). Error bars show mean ± sem. Two-tailed 
unpaired student’s t-test for (b-k).
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Extended Data Fig. 4 | ECSIT affects chromatin accessibility of memory CD8+ 
T cells and promotes transcription regulation of Tcf7 during acute viral 
infection. (a) Flow cytometry gating strategy of sorting Ecsitfl/+ CD45.1.2 OT-1 
and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells (memory) from CD45.1 recipient mice 
35 days after VSV-OVA infection for RNA-seq and ATAC-seq. (b) Venn diagrams of 
differentially and commonly expressed genes between Ecsitfl/+ CD45.1.2 OT-1 and 
Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells. (c) Pie charts of the genomic distribution 

of differentially and commonly accessible chromatin regions between Ecsitfl/+ 
CD45.1.2 OT-1 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells. (d) GO and KEGG 
analysis of differentially accessible chromatin region genes. (e) Genome track 
view of the Ccr7 and Slamf6 locus showing ATAC-seq and Tcf7 ChIP–seq peaks 
(GSE177064). Tcf7 predictive binding sites (red shadows) are listed. One-side 
Fisher’s Exact test for (b, d).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | TCF-1 overexpression promotes memory T cells 
formation in ECSIT deficiency CD8+ T cells in vitro. (a, b) Ecsitfl/fl OT-1 (WT) and 
Ecsitfl/fl Rosa26CreERT2 OT-1 (iKO) splenocytes were activated with OVA and IL-2 for 2 
days, followed by sorting of CD8+ T cells, then CD8+ T cells were transduced with 
vector (EV) or TCF-1 (TCF-1 OE) by the retroviral system and cultured in IL-15 for 3 
days to induce IL-15-mediated differentiation of memory T cells in the presence of 
4−OHT. (a) Flow cytometry gating strategy of TCF-1 overexpression CD8+ T cells. 
(b) Immunoblot analysis of ECSIT expression in WT + EV, WT + TCF-1 OE, iKO+EV 
and iKO+TCF-1 OE cells. (c) Schematic of the experiments. Ecsitfl/+ CD45.1.2 OT-
1(WT) and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1(iKO) mice splenocytes were activated 
with OVA and IL-2 for 2 days, followed by sorting of CD8+T cells, then CD8+T cells 

were transduced with vector (EV) or TCF-1 (TCF-1 OE) by the retroviral system and 
cultured in IL-15 for 3 days to induce IL-15-mediated differentiation of memory T 
cells in the presence of 4-OHT. WT and iKO memory CD8+T (GFP+) were mixed at 
a 1:1 ratio and transferred into CD45.1 recipient mice, and then the recipient mice 
were infected with VSV-OVA 1 day later. OT-1 cells were analysed on day 5 after 
infection in the spleen. (d, e) Representative flow cytometry plots (left) and the 
analysis of percentage (right) of OT-1 cells (GFP+ Kb-OVA+ CD44+ CD8+ T) (d) and 
IFN-γ+ cells (e) gated on GFP+ Kb-OVA+ CD44+ CD8+ T cells in the spleen. Data are 
pooled from two independent experiments and n = 4 for (d-e). Error bars show 
mean ± sem. ***P ≤ 0.001, ns, not significant. Two-tailed unpaired student’s t-test 
for (d-e).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | ECSIT deficiency dysregulates mitochondrial 
metabolism and inhibits fumarate production. (a-d) Ecsitfl/fl OT-1 (WT) and 
Ecsitfl/fl Rosa26CreERT2 OT-1 (iKO) splenocytes were activated with OVA and IL-2 
for 2 days, followed by sorting of CD8+ T cells, then cultured in IL-15 for 3 days 
to induce IL-15-mediated differentiation of memory T cells in the presence of 
4-OHT. Memory T cells were collected for metabolite detection. (a) Schematic of 
memory CD8+ T cells induced in vitro. (b) PCA analysis of metabolomics data. (c) 
Pathway enrichment analysis of changed metabolites. (d) Heat map of relative 
abundance of significantly changed metabolites. (e) GSEA analysis of oxidative 
Phosphorylation genes (Hallmark) with RNA-seq data. (f,g,k,l) Ecsitfl/fl OT-1 and 
Ecsitfl/fl dLck-Cre OT-1 (CKO) splenocytes were activated with OVA and IL-2 for 
2 days, followed by sorting of CD8+ T cells, then CD8+ T cells were cultured in 
IL-15 for 3 days to induce IL-15-mediated differentiation of memory T cells. (f, g) 

Seahorse extracellular flux analysis of OCR; n = 4 biological replicates per group. 
(k) Transmission electron microscope images of mitochondria. (l) Confocal 
microscopy images of mitochondria. Mitochondria are red (MitoTracker Red) 
and nuclei are blue (Hoechst). (h) GSEA analysis of MOOTHA GLYCOLYSIS 
Pathway (KEGG) with RNA-seq data. (i-j) Ecsitfl/fl OT-1 and Ecsitfl/fl dLck-Cre OT-1 
(CKO) splenocytes were activated with OVA and IL-2 for 2 days, followed by 
sorting of CD8+ T cells, then CD8+ T cells were cultured in IL-15 for 3 days to 
induce IL-15-mediated differentiation of memory T cells. Memory T cells were 
collected for Seahorse extracellular flux analysis of ECAR. Data are pooled from 
three independent experiments for (f, g, i-l), and n = 4 for (f, g) or 5 for (I, j) Error 
bars show mean ± sem. One-side Fisher’s Exact test for (c). Two-tailed unpaired 
student’s t-test for (g, j).
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Extended Data Fig. 7 | DMF supplement significantly rescue H3K4me3 
modification and H3K4me3 level at the Tcf7 promoters of ECSIT-deficient 
memory CD8+ T cells. (a) Immunoblot analysis of H3K4me3 expression in 
WT + NT, WT + DMF, iKO+NT and iKO + DMF memory T cells induced in vitro. (b) 
Comparison of entire H3K4me3 ChIP–seq peaks in WT + NT, WT + DMF, iKO + NT 
and iKO + DMF memory T cells induced in vitro. (c) Genome track view of the 
Tcf7 locus showing H3K4me3 ChIP–seq peaks in WT + NT, WT + DMF, iKO + NT 
and iKO + DMF memory T cells induced in vitro. H3K4me3 predictive binding 
sites (red shadows) are listed. (d) ChIP–qPCR analysis of H3K4me3 levels at the 
promoters of Tcf7 in WT + NT, WT + DMF, iKO + NT and iKO + DMF memory T cells 

induced in vitro; n = 4 biological replicates per group. (e) Schematic of memory 
T cells formation with DMF supplement in acute infection. The equal number 
of OT-1 naive CD8+ T cells from Ecsitfl/+ CD45.1.2 OT-1 and Ecsitfl/fl Rosa26CreERT2 
CD45.2 OT-1 mice were mixed and transferred into CD45.1 recipient mice, and 
then the recipient mice were infected with VSV-OVA 1 day later. Tamoxifen was 
administered every day for five treatments starting at day 21 to day 25, and DMF 
was also injected every other day from day 21 to day 35. OT-1 memory cells from 
the spleen were analysed on day 35. Data are pooled from three independent 
experiments for (a, d), and n = 4 for (d). Error bars show mean ± sem. Two-tailed 
unpaired student’s t-test for (d).
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Extended Data Fig. 8 | ECSIT deficiency impairs CD8+ T cells antitumour 
function through cell-intrinsic mechanisms. (a) Schematic of tumour model. 
WT recipient mice were implanted subcutaneously with B16F10-OVA cells, and 
then Ecsitfl/fl OT-1 or Ecsitfl/fl Rosa26CreERT2 OT-1 naive CD8+ T cells were transferred 
into recipient mice 1 day later. Tamoxifen was injected intraperitoneally 5 times 
from day10 to day15. The growth of B16F10-OVA melanomas and the survival  
of mice were assessed. And transferred OT-1 cells were analysed on day 20.  

(b) Schematic of tumour model with adaptive co-transplantation. CD45.1 
recipient mice were implanted subcutaneously with B16F10-OVA cells, and then 
Ecsitfl/+ CD45.1.2 OT-1 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 naive CD8+ T cells were 
mixed and transferred into recipient mice 1 day later. Tamoxifen was injected 
intraperitoneally 5 times from day10 to day15. Transferred OT-1 cells were 
analysed on day 20.
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Extended Data Fig. 9 | ECSIT affects chromatin accessibility of TME CD8+ 
T cells and promotes transcription regulation of Tcf7 in chronic tumour 
stimulation. (a) Flow cytometry gating strategy of sorting Ecsitfl/+ CD45.1.2 OT-1 
and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 cells (memory) from B16F10-OVA tumour-
bearing CD45.1 recipient mice for RNA-seq and ATAC-seq. (b) GO and KEGG 

analysis of differentially accessible chromatin region genes. (c) Genome track 
view of the Ccr7 and Slamf6 locus showing ATAC-seq and Tcf7 CUT&RUN peaks 
(GSE139056). Tcf7 predictive binding sites (red shadows) are listed. One-side 
Fisher’s exact test for (b).
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Extended Data Fig. 10 | ECSIT deficiency inhibits fumarate production of 
CD8+ memory T cells in chronic stimulation, and DMF supplementation 
improves the antitumour function of ECSIT-deficient memory CD8+ T cells 
in vivo. (a-d) Ecsitfl/fl OT-1 (WT) and Ecsitfl/fl Rosa26CreERT2 OT-1 (iKO) splenocytes 
were activated with OVA and IL-2 for 2 days, followed by sorting of CD8+ T cells, 
and then sorted CD8+ T cells were cultured in IL-15 and OVA for 3 days to mimic 
tumour antigen chronic stimulation in the presence of 4-OHT. CD8+ T cells were 
collected for metabolite detection. (a) Schematic of CD8+ T cells stimulated 
chronically in vitro. (b) PCA analysis of metabolomics data. (c) Pathway 

enrichment analysis of changed metabolites. (d) Heat map of relative abundance 
of significantly changed metabolites. (e) Schematic of tumour model with DMF 
supplement. An equal number of OT-1 naive CD8+ T cells from Ecsitfl/+ CD45.1.2 
OT-1 and Ecsitfl/fl Rosa26CreERT2 CD45.2 OT-1 mice were mixed and transferred into 
CD45.1 recipient mice that had been engrafted with B16F10-OVA melanoma cells. 
Tamoxifen was administered every day for five treatments starting at day 11 to 
day 15 and DMF was also injected every other day from day 11 to day 20. OT-1 cells 
from the tumour were analysed on day 20. One-side Fisher’s exact test for (c).
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