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The ubiquitin ligase KLHL6 drives resistance 
to CD8+ T cell dysfunction

Hongcheng Cheng1,10, Yapeng Su2,3,10, Xiaoli Pan1,10, Yue Xu1, Ermei Xie1, Jing Du1, 
Daniel G. Chen2,4, Xiaomeng Dai1,5, Raphael Gottardo3,6, Philip D. Greenberg2,4,7,8 ✉ & 
Guideng Li1,9 ✉

The multifaceted dysfunction of tumour-infiltrating T cells, including exhaustion and 
mitochondrial dysfunction, remains a major obstacle in cancer immunotherapy1–6. 
Transcriptomic and epigenomic regulation of T cell dysfunction have been extensively 
studied7–9, but the role of proteostasis in regulating these obstacles remains less 
defined. Here we combined computational analyses of atlases of T cell exhaustion  
and mitochondrial fitness with performed targeted in vivo CRISPR screens, which 
identified the E3 ubiquitin ligase KLHL6 as a dual-negative regulator of both T cell 
exhaustion and mitochondrial dysfunction. Mechanistically, KLHL6 expression 
promoted TOX poly-ubiquitination and subsequent proteasomal degradation, 
thereby attenuating the transition of progenitor exhausted T cells towards terminal 
exhaustion. Simultaneously, KLHL6 maintained mitochondrial fitness by constraining 
the excessive mitochondrial fission that occurs during chronic T cell receptor 
stimulation by means of post-translational regulation of the PGAM5–Drp1 axis. 
However, KLHL6 is naturally downregulated by T cell receptor ligation, mitigating  
its potentially beneficial ubiquitin ligase activities during exposure to chronic 
stimulation. Enforcing KLHL6 expression in T cells markedly improved efficacy and 
long-term persistence against tumours and during viral infections in vivo. These 
findings uncover KLHL6 as a multifunctional, clinically actionable target for cancer 
immunotherapy, and highlight the potential of modulating proteostasis and ubiquitin 
modification to improve immunotherapy.

Durable responses to T-cell-based cancer immunotherapies remain 
limited in a substantial fraction of patients10,11. A major barrier to effi-
cacy is T cell dysfunction within the tumour microenvironment (TME), 
driven in part by exhaustion, mitochondrial dysfunction and various 
immunosuppressive factors12,13. Despite extensive transcriptomic and 
epigenomic insights into T cell dysfunction7–9, our understanding of 
how post-translational modifications affect proteostasis to contribute 
to regulating this multifaceted process is still limited. Ubiquitin ligases 
have important roles in controlling protein degradation and homeo-
stasis14, thereby modulating diverse biological events, including T cell 
development, activation and trafficking15–17. The multifunctional nature 
of these ligases, which can target diverse substrates for degradation, 
offers unique opportunities to address many obstacles of anti-tumour 
T cell responses simultaneously. However, the fundamental roles of 
the diverse universe of ubiquitin ligases, particularly in anti-tumour 
T cell biology, remain incompletely understood, limiting potential 
modulation of ubiquitin ligase activity as a therapeutic strategy in 
cancer immunotherapy. In this study, we integrated computational 
analyses with targeted in vivo CRISPR screens, and identified the E3 

ubiquitin ligase KLHL6 as a dual-negative regulator of T cell exhaus-
tion and mitochondrial dysfunction during chronic antigen stimula-
tion. Enforced expression of KLHL6 in adoptively transferred T cells 
improved anti-tumour and anti-viral efficacy. The findings highlight 
the crucial role of ubiquitin modifications in dictating T cell fate and 
function, and implicate KLHL6 as a promising clinically actionable 
multifunctional target to enhance cancer immunotherapy.

CRISPR screen for E3 ligases in T cells
To elucidate general mechanisms of T cell dysfunction, we analysed 
136 bulk RNA sequencing (RNA-seq) samples of CD8+ T cells from eight 
independent infection and cancer studies to define the exhaustion tran-
scriptomic landscape (Fig. 1a, Extended Data Fig. 1a and Supplemen-
tary Table 1). Information-theoretic analyses distilled transcriptional 
variation across thousands of genes into two core modules (modules 1 
and 2), each comprising opposing gene sets (Extended Data Fig. 1a and 
Supplementary Table 2). These two modules recapitulated the global 
transcriptome of CD8+ T cells under chronic (tumour and/or infection) 
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and acute (infection) conditions (Extended Data Fig. 1a), capturing 
the principal programs underlying exhaustion. Module 1 positively 
enriched genes were low in naive and memory T cells but high in early 
and late exhausted T (Tex) cells, whereas negatively enriched genes 
showed the inverse trend. Module 2 positively enriched genes were 
selectively elevated in late exhausted cells, and negatively enriched 

genes were higher in naive and early exhausted states (Extended Data 
Fig. 1a and Supplementary Table 2). Gene set enrichment analysis 
(GSEA) revealed functional distinctions: module 1 genes associated 
with chronic stimulation, exhaustion and differentiation from naive 
and/or memory states, whereas module 2 genes related to proliferation, 
self-renewal and progenitor exhausted T (Tpex) cell features (Extended 
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Data Fig. 1b,c and Supplementary Table 3). Projecting time-course 
datasets of antigen-specific CD8+ T cells (acute, Listeria or chronic, 
LCMV-Clone 13/tumour) onto a two-module map confirmed mod-
ule 1 effectively separated acute from chronic antigen exposure, and 
module 2 tracked early-to-late exhaustion progression8,18 (Fig. 1b,c). 
Projecting independent time-series transcriptomes of CD8+ T cells 
in acute and chronic LCMV infection19 onto the same map revealed a 
coherent temporal trajectory of CD8+ T cell differentiation, with early 
samples (day 6–8) from both infections clustering together, consistent 
with early precursor T cells adapting to both acute and chronic infec-
tion20,21 (Extended Data Fig. 1d,e). These findings support the biological 
relevance of the two gene modules in capturing dynamic trajectories 
of CD8+ T cell differentiation across several physiological contexts.

Notably, we observed significant enrichment of proteostasis-related 
pathways in modules 1 and 2, particularly the ubiquitin–proteasome 
system (UPS) (Fig. 1d and Supplementary Table 3). Given the limited 
understanding of proteostasis in T cell dysfunction, we focused on 
the UPS pathway. Hierarchical clustering of E3 ligase-related genes 
from OT-I T cells isolated from B16-OVA tumours identified two pat-
terns, with one upregulated in single positive (SP, PD-1+TIM-3−) and 
double-positive (DP, PD-1+TIM-3+) tumour-infiltrating T cells (TILs) 
and the other downregulated (Extended Data Fig. 1f–h), underscoring 
potential roles of E3 ligase-mediated proteostasis in shaping exhausted 
T cell differentiation. Given the link between mitochondrial dysfunc-
tion and exhaustion under TME metabolic stress3–6, we analysed 
mitochondrial-associated genes and pathways in human and mouse 
TILs6,22, again revealing strong associations between UPS and mito-
chondrial function (Extended Data Fig. 1i,j). To prioritize functional 
candidates, we selected 78 E3 ligase-related genes negatively enriched 
in both exhaustion modules and 133 E3 ligase candidates positively 
associated with mitochondrial function for two parallel in vivo CRISPR 
screens targeting exhaustion and mitochondrial fitness (Extended Data 
Fig. 1k,l and Supplementary Table 4).

Using an established in vivo CRISPR-screening system23, single-guide 
RNA (sgRNA)-transduced Cas9+ OT-I T cells were transferred into 
B16-OVA tumour-bearing mice (Fig. 1e). Seven days after adoptive 
cell transfer (ACT), PD-1+TIM-3+ versus PD-1−TIM-3− cells (exhaustion 
screen) and (MitoTracker Deep Red (MTDR, mitochondrial membrane 
potential)/MitoTracker Green (MTG, mitochondrial mass))lo versus 
(MTDR/MTG)hi cells (mitochondrial dysfunctional versus functional 
screen) were isolated for sgRNA enrichment (Fig. 1e and Supplementary 
Table 5). Exhaustion screen identified positive and negative regulators 
including Klhl6, Traf6, Pcgf1, Trim45 and Rspry1 (Fig. 1f), with Traf6 
known to promote CD8+ T cell memory and anti-tumour responses24,25 
but underexplored in exhaustion. The mitochondrial screen revealed 
several established regulators such as Rnf34, Mkrn1 and Rnf7 (refs. 26–
28), not previously studied in T cells, and new regulators such as Klhl6, 
Trim8 and Rspry1 (Fig. 1g). Integrating both screens, KLHL6 emerged 

as the top-ranked E3 ligase regulating both T cell exhaustion and mito-
chondrial fitness (Fig. 1f,g). In vivo validation with two Klhl6-targeting 
sgRNAs confirmed Klhl6 deletion reduced OT-I cell accumulation in 
the TME and increased frequencies of exhausted (PD-1+TIM-3+ or 
LAG-3+TIM-3+) and mitochondrially depolarized (MTDR/MTG)lo CD8+ 
TILs (Fig. 1h,i and Extended Data Fig. 2a–e). Further validation con-
firmed Pcgf1 or Traf6 deletion increased exhausted PD-1+TIM-3+CD8+ 
TILs, whereas Rspry1 knockout (KO) reduced exhaustion, consistent 
with screening results (Extended Data Fig. 2f). Phenotypic assessments 
of mitochondrial regulators aligned with screen results (Extended Data 
Fig. 2g). These findings strongly implicate KLHL6 as a critical regulator 
of both T cell exhaustion and mitochondrial function.

KLHL6 deficiency impairs T cell function
The ubiquitinase KLHL6, a Cullin3-RING E3 complex component, is 
known to regulate B cell differentiation29,30. To investigate its role in 
T cell immunity, we generated KLHL6-deficient (Klhl6−/−) mice and 
evaluated immunological characteristics (Extended Data Fig. 2h,i). 
As reported in ref. 30, KLHL6 deficiency impaired mature B cell for-
mation but had no great effect on T cell development, peripheral 
homeostasis or activation, and only modestly reduced proliferation 
in vitro (Extended Data Fig. 2j–o). To assess the impact on anti-tumour 
T cell responses in a mouse B16-OVA melanoma model (Extended 
Data Fig. 2p), we crossed Klhl6−/− mice with OT-I mice (Klhl6−/− OT-I 
mice). By day 14, Klhl6−/− OT-I cells showed weaker tumour control 
than wild-type (WT) cells (Fig. 2a), with reduced accumulation in 
tumour, draining lymph node (dLN) and spleen (Fig. 2b and Extended 
Data Fig. 2q). Klhl6−/− CD8+ TILs showed increased PD-1+TIM-3+ and 
reduced PD-1−TIM-3− and PD-1+TIM-3− populations (Fig. 2c), elevated 
PD-1, TIM-3, LAG-3 and TOX expression (Extended Data Fig. 2r,s), and 
diminished tumour necrosis factor (TNF) and IFNγ production (Fig. 2d). 
Mice receiving Klhl6−/− OT-I cells had poorer survival (Extended Data 
Fig. 2t). To minimize inter-tumour variability, equal WT and Klhl6−/− OT-I 
T cells were cotransferred into the same tumour-bearing hosts (Fig. 2e). 
Klhl6−/− cells were consistently significantly decreased in tumour, dLN 
and spleen (Fig. 2f), and showed elevated PD-1, TIM-3 and TOX expres-
sion within tumours (Fig. 2g–i). KLHL6 deletion induced broad tran-
scriptional changes (Extended Data Fig. 3a), including upregulation of 
exhaustion-related genes and downregulation of stemness-associated 
genes (Fig. 2j and Extended Data Fig. 3b). Gene Ontology analysis 
showed enriched oxidative stress-induced senescence, transforming 
growth factor-β (TGFβ) signalling and G2 cell-cycle arrest pathways in 
KLHL6-deficient cells (Extended Data Fig. 3c). GSEA revealed reduced 
memory and effector signatures but increased apoptosis and cell-cycle 
arrest signatures in Klhl6−/−CD8+ TILs (Extended Data Fig. 3d,e). Col-
lectively, KLHL6 loss drove CD8+ T cells towards exhaustion and  
dysfunction.

Fig. 1 | An integrative computational analysis-guided CRISPR screen 
identifies post-translational regulators of both exhaustion and 
mitochondrial fitness in T cells. a, Schematic illustration of workflow for 
computational analysis of RNA-seq atlases of T cell exhaustion. b,c, Samples 
from two published datasets (GSE89307, GSE86881) were projected onto a 
two-dimensional map defined by computationally derived gene modules.  
b, Antigen-specific TCR-transgenic T cells collected across acute Listeria 
infection and tumour progression at matched time points following adoptive 
transfer. c, Antigen-specific naive and chronically exhausted T cells isolated 
during late-stage LCMV infection. d, GSEA enrichment of proteostasis-
associated pathways in modules 1 and 2. e, Experimental schematic of CRISPR 
screen for E3 ligases that regulate T cell exhaustion and mitochondrial 
function. f,g, Rank plots (left) of gene-level enrichment scores in exhausted 
versus non-exhausted T cells (f) and in T cell populations with dysfunctional 
versus functional mitochondria (g). The CRISPR enrichment scores  
(log2 fold change of PD-1+TIM-3+ versus PD-1−TIM-3− or (MTDR/MTG)lo versus 

(MTDR/MTG)hi) were determined by comparing the indicated subsets for 
target genes from Cas9+sgRNA (mCherry)+ cells isolated from tumours on  
day 7 after ACT. The x axis shows targeted genes; the y axis shows the CRISPR 
enrichment score of each targeted gene; the dot colour represents false 
discovery rate (FDR). Distribution of several top-hit sgRNAs (right). Axis 
represents log2 fold change (FC). The histogram shows distribution of all 
sgRNAs. Red bars represent targeted sgRNAs, grey bars represent all other 
sgRNAs. h,i, Representative plots (left) and quantification (right) of the 
proportions of PD-1+TIM-3+ (h, n = 7 mice) and (MTDR/MTG)lo (i, n = 6 mice)  
TILs in sgCtrl-transduced or sgKlhl6-transduced Cas9+ OT-I T cells from B16-OVA 
tumours obtained on day 7 after ACT. Diagram in a created in Biorender. Li, G. 
(2025) https://BioRender.com/d5c767f. Diagram in e created in BioRender. Li, G. 
(2025) https://BioRender.com/dw0yfsp. Data are presented as mean ± s.e.m. 
Statistical analyses were determined by two-way ANOVA with Tukey’s multiple-
comparisons test (h,i). *P < 0.05, ***P < 0.001 and ****P < 0.0001.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89307
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86881
https://BioRender.com/d5c767f
https://BioRender.com/dw0yfsp
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GSEA also showed reduced OXPHOS and respiratory chain activ-
ity in Klhl6−/− T cells (Fig. 2k and Extended Data Fig. 3f). MTG and 
tetramethylrhodamine ethyl ester (TMRE) (membrane potential) 
staining revealed a markedly reduced TMRE/MTG ratio, indicat-
ing impaired mitochondrial activity (Extended Data Fig. 3g). Meta-
bolic analyses demonstrated reduced oxygen consumption rate 
(OCR), spare respiratory capacity (SRC) and ATP production but 
elevated glycolytic proton efflux rate (glycoPER) in Klhl6−/− T cells 
(Extended Data Fig. 3h–k). Similarly, KLHL6-deficient TILs showed 
diminished mitochondrial function, increased glycoPER and a 
higher frequency of (MTDR/MTG)lo depolarized mitochondria 
compared with WT cells6,31 (Fig. 2l–o and Extended Data Fig. 3l–n). 
Exhausted TIL subsets (PD-1+TIM-3−, PD-1+TIM-3+) harboured more 
depolarized mitochondria than non-exhausted (PD-1−TIM-3−), and 
KLHL6 deficiency further exacerbated depolarization in exhausted 

TILs (Fig. 2p), underscoring a positive regulatory role maintaining  
mitochondrial fitness.

KLHL6 expression profiling of OT-I subpopulations from spleen and 
tumour (PD-1−TIM-3−, PD-1+TIM-3− and PD-1+TIM-3+) revealed Klhl6 
expression highest in splenic T cells followed by PD-1−TIM-3− cells 
compared with the other tumour-reactive subsets (Extended Data 
Fig. 4a). T cell receptor (TCR) signalling downregulated KLHL6 pro-
tein expression in vitro (Extended Data Fig. 4b,c). Time-series analysis 
showed transient decline-recovery of KLHL6 expression following 
TCR stimulation but sustained repression on repeated stimulation 
(Extended Data Fig. 4d,e). Transcriptomic analysis of CD8+ T cells in 
acute and chronic infections or tumours8,19, confirmed persistent 
KLHL6 downregulation in chronic but transient reduction in acute 
contexts (Extended Data Fig. 4f,g). These findings were validated with 
an ex vivo time-course analysis of KLHL6 messenger RNA (mRNA) and 
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Fig. 2 | KLHL6 deficiency promotes T cell exhaustion and impairs 
mitochondrial function. a,b, CD45.2+ C57BL/6N mice were subcutaneously 
injected with B16-OVA melanoma cells and, 9 days later, treated by ACT with 
3 × 106 CD45.1/2+ Klhl6+/+ (WT) or Klhl6−/− (KO) OT-I T cells (n = 14 mice). Tumour 
weights (a) and the numbers of transferred OT-I T cells (b) were assessed at day 
14 post-ACT. c, Percentages of PD-1−TIM-3−, PD-1+TIM-3− and PD-1+TIM-3+ subsets 
among CD45.1/2+ TILs (n = 14 mice). d, Cytokine production (TNF and IFNγ) in 
transferred CD45.1/2+ TILs was determined (n = 14 mice). e–i, For cotransfer 
experiments, CD45.1/2+ WT and CD45.1+ KO OT-I T cells were mixed at a 1:1 ratio 
and then adoptively transferred into tumour-bearing CD45.2+ mice 9 days after 
tumour inoculation, and the mice were euthanized for analysis at day 14 after 
ACT (n = 7 mice). Experimental design (e), the proportions of WT and KO OT-I 
cells in tumour, dLN and spleen (f), the percentages of PD-1+TIM-3+ population (g) 
and the expression levels of PD-1 and TIM-3 (h) and TOX (i) in cotransferred WT 
and KO TILs. j, Heat map of exhaustion-associated genes in WT and KO TILs at 
day 14 post-ACT (n = 3 independent samples). k, GSEA plots of signatures of 

mitochondrial OXPHOS and mitochondrial respiratory chain complex assembly 
in WT versus KO TILs (n = 3 independent samples). GSEA was performed  
using a one-sided, permutation-based modified K–S test with adjustments for 
multiple comparisons. l–n, Cotransferred WT and KO TILs were sorted for 
Seahorse assays on day 14 post-ACT. OCR (l), SRC (m) and mitochondrial ATP 
production (n) were measured (n = 8 independent tests; 20 mice). o,p, The 
frequencies of (MTDR/MTG)lo subsets in transferred WT and KO OT-I TILs (o) 
and their distribution among exhausted (PD-1+TIM-3− and PD-1+TIM-3+) and 
non-exhausted (PD-1−TIM-3−) populations (p) at day 14 after ACT (n = 8 mice). 
Diagram in e created in BioRender. Li, G. (2025) https://BioRender.com/5se3g09.  
Data are presented as mean ± s.e.m. Statistical analyses were determined  
by unpaired two-tailed Student’s t-test (a,b,f–i,m–o) or two-way ANOVA  
with Sidak’s multiple-comparisons test (c,d,l,p). *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001; NS, not significant. FCCP, carbonyl cyanide 
4-(trifluoromethoxy)phenylhydrazone; MFI, mean fluorescence intensity; 
NES, normalized enrichment score; R&A, rotenone and antimycin A.

https://BioRender.com/5se3g09
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protein levels during acute (Armstrong) and chronic (Clone 13) LCMV 
infections in virus-specific CD8+ P14 T cells (Extended Data Fig. 4h–j). 
Collectively, chronic TCR signalling resulted in sustained repression 
of KLHL6 expression, contributing to CD8+ T cell exhaustion and meta-
bolic insufficiency.

KLHL6 limits Tpex terminal differentiation
As chronic TCR stimulation downregulates KLHL6 and promotes T cell 
exhaustion in the TME, we asked whether constitutive KLHL6 over-
expression (KLHL6-OE) driven by a retroviral promoter could miti-
gate exhaustion, restore mitochondrial function and enhance T cell 
anti-tumour effects in a B16-OVA model (Extended Data Fig. 5a). Mice 
receiving KLHL6-OE OT-I T cells showed greater accumulation of trans-
ferred cells in tumours, spleens and dLNs at day 14 after ACT (Fig. 3a,b 
and Extended Data Fig. 5b). KLHL6-OE TILs showed increased prolifera-
tion, reduced apoptosis and elevated Bcl-2/Bim ratios (Extended Data 
Fig. 5c–f), consistent with enhanced intra-tumoural accumulation. The 
proportion and absolute number of PD-1−TIM-3− cells within KLHL6-OE 
OT-I TILs increased, whereas percentage of PD-1+TIM-3+ cells decreased 
despite an increased absolute count, suggesting enhanced survival 
and/or replenishment of exhausted cells (Extended Data Fig. 5g,h). 
Intra-tumoural KLHL6-OE TILs had reduced TOX, increased TCF-1 and 
enhanced cytokine production (Fig. 3c and Extended Data Fig. 5i,j). In 
spleen and dLN, KLHL6-OE expanded central memory-like (TCM-like: 
CD62L+CD44+) CD8+ T cells (Extended Data Fig. 5k). Tumour-infiltrating 
exhausted T cells are heterogeneous, including Tpex (TCF-1+TIM-3− 
or Ly108+TIM-3−) and terminally exhausted (Texterm: TCF-1−TIM-3+ or 
Ly108−TIM-3+) subsets9,32. Notably, KLHL6 overexpression increased 
both percentage and absolute number of Tpex (Ly108+TIM-3−) cells, 
while reducing percentage (but not number) of Texterm (Ly108−TIM-3+) 
cells, opposite to the pattern in KLHL6-deficient cells (Fig. 3d,e and 
Extended Data Fig. 5l,m). KLHL6-OE Tpex and Texterm cells showed 
lower levels of TOX and PD-1 compared with controls (Extended Data 
Fig. 5n,o), supporting a direct role for KLHL6 in restraining T cell 
exhaustion. KLHL6-OE TILs also showed enhanced mitochondrial fit-
ness, with increased OCR, SRC and ATP production, reduced glycoPER 
and fewer (MTDR/MTG)lo depolarized mitochondria (Extended Data 
Fig. 5p–t), consistent with in vitro findings (Extended Data Fig. 5u–y). 
Correspondingly, tumour-bearing mice receiving KLHL6-OE T cells 
showed prolonged survival (Fig. 3f).

We next performed single-cell RNA-seq (scRNA-seq) on KLHL6-OE 
and control OT-I TILs at day 14 post-ACT. Uniform manifold approxi-
mation and projection (UMAP) projection resolved five subpopula-
tions with distinct programs (Fig. 3g and Extended Data Fig. 6a,b), 
with cells from both groups present across the map but at differing 
densities (Fig. 3h). KLHL6-OE enriched for cluster 3 (Tpex) and reduced 
cluster 2 (Texterm) (Fig. 3g,h), concomitant with upregulation of Tpex 
signature and stem-like genes, and downregulation of Texterm signature 
and exhaustion-related genes (Fig. 3i,j and Extended Data Fig. 6c,d). 
Pathway enrichment analysis in KLHL6-OE TILs showed increased 4-1BB, 
IL-2 and TCR signalling, reduced replicative senescence and potassium 
channel activity, and enhanced mitochondrial programs including 
biogenesis, OXPHOS and ATP synthesis (Extended Data Fig. 6e).

To further elucidate the role of KLHL6 in the Tpex-to-Texterm tran-
sition, we isolated control or KLHL6-OE Tpex cells from tumours, 
transferred them into congenic mice implanted with B16-OVA tumours 
2 days earlier, and tracked differentiation trajectory at days 8 and 16 
post-transfer33 (Fig. 3k). KLHL6-OE restrained but did not completely 
block transition of Tpex to Texterm, increased TIL accumulation and 
improved tumour control compared with controls (Fig. 3l,m and 
Extended Data Fig. 6f,g). In a long-term cotransfer assay (days 21/28), 
KLHL6-OE OT-I cells persisted at higher proportions and numbers, 
expressed lower TIM-3 and higher Ki-67, showed greater polyfunc-
tionality (IFNγ+TNF+IL-2+) and maintained elevated TCM or stem-like 

fractions (Extended Data Fig. 6h–n), suggestive of more durable 
anti-tumour immunity. Finally, in a human HepG2-NY-ESO xenograft 
model treated with NY-ESO-specific 1G4 TCR-T cells34 (Extended Data 
Fig. 6o), KLHL6-OE TCR-T cells again showed enhanced tumour control, 
greater accumulation in TME and blood, reduced LAG-3, TIM-3 and TOX 
expression, elevated cytokine production and enhanced splenic TCM 
formation (Extended Data Fig. 6p–t). Overall, enforced KLHL6 expres-
sion preserved Tpex self-renewal, restrained terminal exhaustion and 
improved durable anti-tumour responses in mouse and human models.

KLHL6 resists exhaustion in chronic infection
KLHL6 function during chronic viral infection was investigated using 
Klhl6−/− P14 mice that express a transgenic TCR for the LCMV DbGP33–41 
epitope. Naive Klhl6−/− and WT P14 CD8+ T cells were mixed 1:1 and 
transferred into congenic recipients, which were then infected with 
acute LCMV-Arm or chronic LCMV-CL13. KLHL6 deficiency minimally 
affected early T cell activation in either setting (Extended Data Fig. 7a). 
However, during chronic LCMV-CL13 infection, Klhl6−/− T cells showed 
significant numerical reductions on days 8 and 28 post-infection (p.i.) 
(Extended Data Fig. 7b,c). At day 8 post-chronic infection, P14 cells 
typically differentiate into either terminal ‘effector-like’ cells (TCF-
1−GzmB+ or Ly108−TIM-3+) or Tex precursors (Texprec: TCF-1+GzmB− or 
Ly108+TIM-3−)23,35. Compared with WT, Klhl6−/− cells produced propor-
tionally more Texprec and fewer terminal effector-like cells, although 
absolute numbers of both subsets were decreased (Extended Data 
Fig. 7d,e). By day 8 p.i., KLHL6 deletion already impaired cytokine 
production, increased mitochondrial damage and enhanced apopto-
sis (Extended Data Fig. 7f–h). At day 28 p.i., KLHL6-deficient P14 cells 
showed elevated expression of exhaustion markers (for example, TIM-3 
and TOX) and reduced TCF-1 (Extended Data Fig. 7i). KLHL6 deletion 
resulted in a decreased proportion of Ly108+CX3CR1− Tpex cells and 
an increased frequency of Ly108−CX3CR1− Texterm cells, whereas the 
Ly108−CX3CR1+ Texint population was only modestly affected (Extended 
Data Fig. 7j). Moreover, all KLHL6-deficient subsets showed decreased 
absolute numbers and lower Bcl-2/Bim ratios (Extended Data Fig. 7j,k). 
Similar skewing was observed using Ly108 and CD69 gating to define 
Tpex1, Tpex2, Texint and Texterm subsets36 (Extended Data Fig. 7l). Fur-
thermore, KLHL6 deletion increased TOX expression in all four sub-
sets, and markedly impaired P14 effector function and viral control 
(Extended Data Fig. 7m–o).

We ectopically expressed KLHL6 in WT P14 cells through retrovi-
ral transduction to assess protective effects (Extended Data Fig. 8a). 
KLHL6-OE P14 cells preferentially differentiated into effector-like cells 
rather than Texprec during chronic LCMV-CL13 infection, with increased 
total numbers and subset abundance on day 8 p.i. (Extended Data 
Fig. 8b–d). KLHL6-OE reduced apoptosis, enhanced cytokine pro-
duction, decreased PD-1 and TIM-3 expression, and increased TCF-1 
levels at day 21 p.i. (Extended Data Fig. 8e–g). Furthermore, enforced 
KLHL6 expression delayed differentiation of Tpex to Texterm (Extended 
Data Fig. 8h). All KLHL6-OE subsets showed numerical advantages and 
reduced TOX expression compared with respective controls (Extended 
Data Fig. 8i,j). Similar trends were observed using Ly108 and CX3CR1 
markers (Extended Data Fig. 8k,l). Adoptive transfer of KLHL6-OE P14 
T cells significantly improved viral control at day 15 p.i. (Extended Data 
Fig. 8m). Together, these findings demonstrate KLHL6 restrained ter-
minal exhaustion, promoted exhausted T cell survival and enhanced 
protective immunity during chronic viral infection.

KLHL6 mediates TOX ubiquitination
To investigate how KLHL6 regulates anti-tumour responses and exhaus-
tion, we performed E3-substrate tagging by ubiquitin biotinylation 
(E-STUB) with mass spectrometry37 and identified 82 putative sub-
strates (log2 fold change greater than 1) (Fig. 4a, Extended Data Fig. 9a 
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and Supplementary Table 7). TOX, a key transcription factor for T cell 
exhaustion7,38,39, was significantly enriched (Fig. 4a and Extended Data 
Fig. 9b,c). Reciprocal co-immunoprecipitation (Co-IP) assays confirmed 
KLHL6–TOX interactions in primary human T cells, Jurkat cells and EL4 
cells (Fig. 4b and Extended Data Fig. 9d). Truncation analysis revealed 
strong binding between the TOX carboxy-terminal domain (amino 
acids 330–526) and KLHL6 (Extended Data Fig. 9e,f). Ectopic KLHL6 

expression reduced TOX protein levels in a dose-dependent manner 
(Extended Data Fig. 9g). A cycloheximide chase assay to visualize pro-
tein degradation kinetics confirmed KLHL6 shortened the half-life of 
endogenous TOX (Fig. 4c). KLHL6 deficiency or overexpression signifi-
cantly regulated TOX protein levels in both stimulated and unstimu-
lated T cells (Fig. 4d and Extended Data Fig. 9h). KLHL6-mediated 
reduction of TOX was largely abrogated by the proteasomal inhibitor 
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Fig. 3 | KLHL6 restrains the transition of Tpex cells to terminal 
differentiation and enhances anti-tumour immunity. a–e, In total 3 × 106 
Control or KLHL6-OE OT-I T cells were transferred into tumour-bearing CD45.2+ 
mice 9 days after tumour inoculation, and the mice were euthanized for analysis 
at day 14 after ACT (n = 7 mice). Percentages (a) and numbers (b) of transferred 
CD45.1+ OT-I TILs, cytokine production (TNF and IFNγ) (c), and frequencies (d) 
and numbers (e) of Tpex (Ly108+TIM-3−) and Texterm (Ly108−TIM-3+) subsets in 
Control and KLHL6-OE OT-I TILs were determined. f, Survival curves of tumour- 
bearing mice receiving Control or KLHL6-OE CD45.1+ OT-I T cells (n = 10 mice). 
Mice with tumour volumes greater than 1,500 mm3 were euthanized and this 
was defined as death. g, Transferred Control and KLHL6-OE OT-I TILs at day 14 
post-ACT were subjected to scRNA-seq analysis. UMAP embedding showing 
clusters of all transferred CD8+ OT-I TILs (left) and their relative proportions 
(right); cluster annotations: 0, proliferation; 1, proinflammation; 2, exhaustion; 
3, progenitor and 4, early activation. h, UMAP density plots comparing Control 
and KLHL6-OE TILs. i, Violin plots of Tpex and Texterm gene signatures; the 

boxplot spans from the first to the third quartile of the distribution, with the 
median positioned in the centre and whiskers representing the minimum and 
maximum values, excluding outliers. Values plotted represent cells from a 
single replicate. j, Dot plots showing expression of signature genes, with  
both colour and size indicating effect size. k–m, CD45.1+ Control or KLHL6-OE 
OT-I Tpex cells were transferred into CD45.2+ congenic mice that had been 
subcutaneously implanted with B16-OVA cells 2 days earlier, and the mice were 
euthanized for analysis on days 8 and 16 post-ACT. k, Experimental design.  
l,m, Representative plots (l) and percentages (m) of Ly108+TIM-3−, Ly108+TIM-3+ 
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(n = 7 mice). Diagram in k created in BioRender. Li, G. (2025) https://BioRender.
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***P < 0.001 and ****P < 0.0001.
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MG132 (Fig. 4e), suggesting KLHL6 promotes TOX degradation by 
means of the proteasome. Ubiquitination analysis demonstrated KLHL6 
overexpression promoted poly-ubiquitination of TOX, whereas KLHL6 
deficiency reduced it (Fig. 4f,g and Extended Data Fig. 9i,j). Moreover, 
TCR stimulation markedly reduced TOX ubiquitination in both mouse 
and human primary T cells, coinciding with reduced KLHL6 expression 
following TCR engagement (Extended Data Fig. 9k).

KLHL6 is known to catalyse Lys48-linked poly-ubiquitination of sub-
strates for proteasomal degradation29,40,41. Indeed, mutation of Lys48 
but not Lys63 on ubiquitin greatly diminished KLHL6-induced TOX 
poly-ubiquitination (Extended Data Fig. 9l). We mapped by mutagenesis 
potential KLHL6-targeted lysines in TOX and identified four conserved 
residues (Lys245, Lys246, Lys248 and Lys323) as the primary sites for 
KLHL6-induced degradation (Extended Data Fig. 9m). Mutation of all 

four sites (4KR) rendered TOX nearly unresponsive to KLHL6-mediated 
ubiquitination and degradation, without affecting their interaction 
(Extended Data Fig. 9n–p). A cycloheximide chase assay confirmed 
TOX(4KR) showed a markedly prolonged half-life compared with 
TOX(WT) (Extended Data Fig. 9q), emphasizing the importance of 
these lysine residues in KLHL6-mediated proteasomal degradation.

KLHL6 loss causes TOX-dependent exhaustion
TOX is a master regulator for initiating and promoting T cell exhaus-
tion7,36,38,39,42. In CD8+ TILs from B16-OVA tumours, TOX expression cor-
related positively with TIM-3 and negatively with TCF-1 (Extended Data 
Fig. 10a). TOXhi cells contained more Texterm and fewer Tpex populations 
compared with TOXlo cells (Extended Data Fig. 10b). Consistent with 
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calculated by two-sided moderated t-test (limma). b, Interaction between 
endogenous KLHL6 and TOX in human T cells. c, Cycloheximide (CHX) chase 
assay showing TOX degradation in Jurkat cells transduced with empty or 
KLHL6-Myc vectors (n = 3 independent samples). d, TOX levels in WT or Klhl6−/− 
OT-I T cells with or without anti-CD3 restimulation (n = 3 independent samples). 
e, Quantification of endogenous TOX protein in Jurkat cells transduced with an 
empty vector or KLHL6-Myc, with or without MG132 treatment (10 μM, 6 h;  
n = 3 independent samples). f,g, Ubiquitination of endogenous TOX in 
KLHL6-overexpressing human T cells (f) and in mouse Klhl6−/− CD8+ T cells (g). 
h, Violin plots showing the TOX and TCF-1 signatures in transferred Control  
and KLHL6-OE TILs from scRNA-seq data in Fig. 3g. The boxplot spans from the 
first to the third quartile of the distribution, with the median positioned in the 

centre. Whiskers represent the minimum and maximum values, excluding 
outliers. Values plotted represent cells from a single replicate. i–k, OT-I CD8+ 
T cells from CD45.1+ WT or KO donor mice were transduced with shCtrl or shTox 
retrovirus and adoptively transferred (4 × 106) into B16-OVA tumour-bearing 
mice. The mice were euthanized at day 14 for analysis after adoptive transfer 
(n = 8 mice). Percentages (i) and absolute numbers ( j) of Texterm (Ly108−TIM-3+) 
and Tpex (Ly108+TIM-3−) subsets, and tumour weights (k) were assessed.  
l, Correlation of KLHL6 expression with Tpex, Texterm and TOX signatures in 
human CD8+ TILs from human pan-cancer scRNA-seq data. For immunoblot 
source data, see Supplementary Fig. 1. Illustration in l created in BioRender. Li, G. 
(2025) https://BioRender.com/p3754eu. Data in b,f,g are representative of three 
independent experiments. Data are presented as mean ± s.e.m. Statistical 
analyses were determined by two-way ANOVA with Tukey’s multiple-comparisons 
test (c–e,i–k). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001; NS, not 
significant. IP, immunoprecipitation.

https://BioRender.com/p3754eu
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KLHL6 promoting TOX degradation, scRNA-seq of KLHL6-OE TILs 
showed reduced TOX and enhanced TCF-1 signatures (Fig. 4h). To deter-
mine whether KLHL6 regulates exhaustion through TOX, we examined 
differentiation of Klhl6−/−OT-I TILs transduced with a short-hairpin RNA 
(shRNA) targeting Tox. This knockdown (KD) approach was preferred 
over sgRNA-mediated KO because complete TOX deficiency impairs 
survival in Tex cells7,38. TOX KD in KLHL6-deficient TILs markedly 
decreased the proportion of Ly108−TIM-3+ Texterm cells, and favoured 
accumulation of the Ly108+TIM-3− Tpex subpopulation and total 
TIL numbers compared with KLHL6-deficient cells without Tox KD 
(Fig. 4i,j and Extended Data Fig. 10c), consistent with TOX reduction 

mitigating the Texterm skewing caused by KLHL6 loss. Although TOX 
levels in KLHL6-deficient TILs with Tox KD were restored to levels 
similar to WT T cells (Extended Data Fig. 10d), tumour control was 
only partially rescued (Fig. 4k), suggesting more downstream targets 
may contribute to KLHL6-mediated anti-tumour effects. Analysis of 
pan-cancer scRNA-seq data from TILs of 316 patients across various 
cancer types22 revealed that KLHL6lo CD8+ TILs were enriched with 
exhaustion-associated genes and TOX and Texterm signatures, but had 
lower expression of stem-like genes and Tpex signature compared 
with KLHL6hi cells (Fig. 4l and Extended Data Fig. 10e). Collectively, 
these findings suggest KLHL6-mediated regulation of TOX protein 
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levels controls the transition of self-renewing Tpex cells to Texterm cells 
within tumours.

To assess potential functional consequences of KLHL6-resistant 
TOX, TOX(WT) or TOX(4KR) was overexpressed in CD8+ T cells through 
retroviral transduction at comparable infection efficiencies, followed 
by 5-day in vitro expansion (Extended Data Fig. 10f). TOX(WT) over-
expression induced exhaustion features, including PD-1 and LAG-3 
upregulation and reduced cytokine production7 (Extended Data 
Fig. 10g–i). Notably, TOX(4KR) cells showed a small but significant 
difference compared with the TOX(WT) group, possibly because low 
endogenous KLHL6 expression cannot rapidly amplify expression 
differences between WT and mutant TOX, as evidenced by higher TOX 
levels and increased inhibitory receptor expression and cytokine sup-
pression (Extended Data Fig. 10g–i). Transcriptomic analysis revealed 
TOX(WT) overexpression upregulated exhaustion genes, whereas 
TOX(4KR) further amplified this profile, including Pdcd1, Havcr2, 
Nr4a3, Nfkb2, Hif1a and Bhlhe41 (Extended Data Fig. 10j). Further-
more, TOX(4KR) cells showed reduced effector gene expression rela-
tive to TOX(WT) cells (Extended Data Fig. 10k). In the B16-OVA model, 
TOX(4KR)-overexpressing OT-I TILs showed on day 14 post-ACT higher 
TOX levels, increased inhibitory receptor expression, and significantly 
fewer TNF+IFNγ+ effector cells compared with TOX(WT) cells (Extended 
Data Fig. 10l–o). These results indicate resistance to KLHL6-mediated 
degradation stabilized TOX and exacerbated T cell exhaustion, further 
supporting the mechanistic role of KLHL6 as a critical regulator of T cell 
anti-tumour function.

KLHL6–PGAM5 axis sustains T cell immunity
Mitochondrial capacity is a key contributor to T cell exhaustion 
and anti-tumour immunity3,5,6. Transmission electron microscopy 
demonstrated KLHL6-deficient T cells contain smaller mitochon-
dria with shortened cristae than WT cells (Fig. 5a). Mitochondrial 
morphology reflects the balance between fission and fusion, and 
KLHL6 loss shifted this equilibrium towards excessive fission, as 
evidenced by decreased expression of fusion mediators, including 
mitofusin 2 (Mfn2) and optic atrophy 1 (Opa1), and elevated levels of 
the fission factor dynamin-related protein 1 (Drp1) (Extended Data 
Fig. 11a). Reduced phosphorylation of Drp1 at Ser637 (p-Drp1S637) 
indicated preferential increase of the active form, which promotes 
mitochondrial fragmentation (Extended Data Fig. 11a). Moreover, 
KLHL6-deficient T cells showed increased p62 and a slight decrease 
of LC3-phosphatidylethanolamine conjugate (LC3-II) (Extended Data 
Fig. 11b), suggesting impaired mitophagy and defective mitochon-
drial quality control43. Pharmacological inhibition of mitochondrial 
fission in WT and KLHL6-deficient T cells enhanced anti-tumour 
activity, with prolonged survival of recipient mice44 (Extended Data 
Fig. 11c). Together, these results demonstrate KLHL6 deficiency drives 

excessive mitochondrial fragmentation that may impair anti-tumour 
activity.

To elucidate how KLHL6 modulates mitochondrial dynamics, we 
further analysed E-STUB data and identified phosphoglycerate mutase 
5 (PGAM5), a mitochondrial Ser/Thr phosphatase that regulates mito-
chondrial homeostasis45–47, as a potential target of KLHL6 (Fig. 4a and 
Extended Data Fig. 9c). Experiments confirmed KLHL6 interacts with 
PGAM5 and promotes its UPS degradation, whereas KLHL6 deficiency 
in OT-I T cells elevated PGAM5 abundance (Extended Data Fig. 11d–g). 
On mitochondrial stress, PGAM5 recruits and dephosphorylates Drp1 
at Ser637 to activate GTPase function and drive mitochondrial fission45. 
PGAM5 KD in KLHL6-deficient cells restored fusion-related proteins 
(Mfn2, Opa1) and p-Drp1S637, improved mitochondrial activity (TMRE/
MTG ratio), alleviated fragmentation and increased OCR, SRC and ATP 
production (Fig. 5b–f and Extended Data Fig. 11h,i). PGAM5 KD mod-
estly enhanced mitochondrial metrics in WT cells as well. In an in vivo 
cotransfer assay (Extended Data Fig. 11j), PGAM5 KD rescued much 
of the numerical defect observed in KLHL6-deficient cells, enhanced 
cytokine production, increased Tpex cells and reduced Texterm fre-
quency and expression of exhaustion markers (Fig. 5g–i and Extended 
Data Fig. 11k,l). PGAM5 KD in WT TILs modestly enhanced cytokine 
production and had limited effects on Tpex frequency (Fig. 5g,h), 
suggesting divergent mitochondrial requirements in WT versus 
KLHL6-deficient T cells. PGAM5 KD also increased TCM (CD62L+CD44+) 
numbers in dLN and spleen (Extended Data Fig. 11m). Mice receiv-
ing PGAM5 KD T cells, either WT (WT + shP5) or KLHL6-deficient 
(KO + shP5), showed improved tumour control and prolonged survival 
compared with respective controls (Fig. 5j,k). Similar mitochondrial 
and anti-tumour improvements were achieved with the PGAM5 inhibi-
tor LFHP-1c48 (Extended Data Fig. 11n–y). These results demonstrate 
PGAM5 contributed substantially to the mitochondrial and functional 
defects observed in KLHL6-deficient T cells.

To independently validate that impaired mitochondrial function 
contributes to KLHL6-deficient T cell dysfunction, we tested whether 
enhancing mitochondrial function through the ectopic expression of 
PGC1α, a master regulator of mitochondrial biogenesis and oxidative 
phosphorylation (OXPHOS)49, could rescue the functional defects 
of KLHL6-deficient T cells. Enforced PGC1α expression is reported 
to improve metabolism and restore effector function in Tex cells31,50. 
PGC1α overexpression in KLHL6-deficient T cells did enhance mito-
chondrial function, with increased basal and maximal OCR, SRC and 
ATP production (Extended Data Fig. 12a,b). In the B16-OVA tumour 
model, PGC1α overexpression improved tumour control and increased 
intra-tumoural accumulation of transferred KLHL6-deficient T cells 
(Extended Data Fig. 12c,d). Furthermore, enforced PGC1α expression 
reduced mitochondrial depolarization, restricted terminal exhaustion, 
promoted formation of Tpex cells and enhanced cytokine produc-
tion in KLHL6-deficient TILs (Fig. 5l,m and Extended Data Fig. 12e).  

Fig. 5 | PGAM5 serves as another downstream target of KLHL6 governing 
T cell mitochondrial fitness to modulate the anti-tumour responses.  
a, Representative mitochondrial morphology, individual mitochondrial area 
(n = 218) and total crista length per mitochondrion (n = 60 cells) in WT and KO 
OT-I T cells. b–f, CD8+ WT and KLHL6 KO OT-I T cells transduced with shPgam5 
(shP5) or shCtrl retrovirus were cultured for 6 days in vitro. b, Immunoblots of 
indicated proteins. c–f, OCR (c,d), SRC (e) and mitochondrial ATP production (f) 
were assessed (n = 9 tests). g–i, CD45.1/2+ WT and CD45.1+ KO OT-I T cells 
transduced with either GFP-shCtrl or Thy1.1-shPgam5 (shP5) were mixed equally 
(1:1:1:1) and cotransferred into CD45.2+ mice bearing B16-OVA tumours. Mice 
were analysed on day 14 post-ACT (n = 7 mice). Percentages of TNF+IFNγ+CD8+ 
TILs (g), frequencies (h) and cell numbers (i) of Tpex (Ly108+TIM-3−) and Texterm 
(Ly108−TIM-3+) subsets were assessed. j,k, Tumour volume ( j) and survival 
curves (k) of tumour-bearing mice following separate transfer of 5 × 106 
indicated cells were recorded (n = 10 mice). Mice with tumour volumes greater 
than 1,500 mm3 were euthanized and this was defined as death. l,m, 4 × 106 

WT + Empty, WT + PGC1α, KO + Empty or KO + PGC1α OT-I T cells were adoptively 
transferred into B16-OVA tumour-bearing mice. Mice were analysed at day 14 
post-ACT for the frequencies and numbers of Tpex and Texterm cells (l), and 
cytokine production (m) (n = 6 mice). n,o, CD45.1+ WT and KO OT-I T cells  
were transduced with either shCtrl, shPgam5 (shP5), shTox or a combination  
of shPgam5 and shTox (shP5 + shTox) retrovirus. A total of 4 × 106 cells from  
each group were transferred into CD45.2+ B16-OVA tumour-bearing mice.  
Tpex and Texterm subsets (n) and cytokine production (o) in CD8+ TILs were 
assessed on day 14 post-ACT (n = 6 mice). For immunoblot source data, see 
Supplementary Fig. 1. Experiments in a,b were repeated three times. Data in 
n,o are representative of two independent experiments. Data are presented as 
mean ± s.e.m. Statistical analyses were determined by unpaired two-tailed 
Student’s t-test (a), two-way ANOVA with Tukey’s multiple-comparisons test  
(d–j,l–o), and log-rank (Mantel–Cox) test (k). *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001; NS, not significant. Scale bar, 1 μm.
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These results support the conclusion that mitochondrial insufficiency 
is a driver of KLHL6-deficient T cell dysfunction.

Dual targeting boosts anti-tumour immunity
Previous results showed KLHL6 supports T cell anti-tumour func-
tion primarily by limiting TOX-driven exhaustion differentiation and 
PGAM5-mediated mitochondrial dysfunction. To test whether dual 
targeting of TOX and PGAM5 could additively improve KLHL6-deficient 
T cell function, we simultaneously knocked down both genes in 
KLHL6-deficient T cells and evaluated performance in vivo (Extended 
Data Fig. 12f). KD of TOX or PGAM5 alone partially restored anti-tumour 
immunity, with improved tumour control, enhanced TIL accumula-
tion, reduced terminal exhaustion and increased cytokine produc-
tion (Fig. 5n,o and Extended Data Fig. 12g–i). Dual KD resulted in 
near-complete rescue, with phenotypic and functional features 
largely restored to WT levels (Fig. 5n,o and Extended Data Fig. 12g–i). 
These findings further confirm both TOX and PGAM5 as key functional 
substrates of KLHL6 regulating T cell exhaustion and anti-tumour 
immunity, highlighting that KLHL6 coordinates transcriptional and 
metabolic pathways rather than acting through a singular substrate.

To explore the relationship between these two downstream path-
ways, we overexpressed TOX in CD8+ T cells in vitro to test direct 
effects on mitochondrial function. TOX-OE did not affect mitochon-
drial depolarization with or without TCR restimulation (Extended 
Data Fig. 12j), and only modestly increased mitochondrial reactive 
oxygen species (ROS) levels (Extended Data Fig. 12k). Seahorse analysis 
revealed no changes in mitochondrial OCR, SRC or ATP production, 
although activation-induced glycolysis (glycoPER) was reduced on 
TCR stimulation, suggesting TOX does not directly regulate mitochon-
drial function (Extended Data Fig. 12l–n). In addition, TOX KD failed to 
rescue mitochondrial defects in KLHL6-deficient cells (Extended Data 
Fig. 12o,p). These findings support KLHL6 maintains mitochondrial 
fitness independently of TOX, primarily through PGAM5.

Discussion
Ubiquitin modification controls intracellular protein degradation, 
translocation and function, thereby regulating cellular homeostasis. 
Dysregulation of ubiquitination is implicated in human malignancies51. 
Beyond tumour-intrinsic effects, ubiquitin modification shapes host 
defence and modulates the TME by influencing innate and adaptive 
immunity52,53. Targeting UPS pathways, including E3 ligases such as 
Cbl-b, Fbxo38, Mdm2 and Stub1, has enhanced T cell immunotherapy 
efficacy15,17,54,55. However, there remains limited understanding of 
ubiquitin-dependent regulation of T cell dysfunction within the TME. 
Our integrative computational analysis-guided CRISPR screen identi-
fied the E3 ligase KLHL6 as a previously unrecognized multifunctional 
negative modulator of T cell dysfunction that counteracts two main 
obstacles: exhaustion and mitochondrial dysfunction.

KLHL6 regulated Lys48-linked ubiquitination and proteasomal deg-
radation of TOX, which governs the transition from Tpex cells towards 
terminal differentiation. This post-translational control complements 
transcriptional and epigenetic mechanisms of TOX regulation. Ectopic 
KLHL6-OE reduced but did not abolish intracellular TOX, enhancing 
tumour control and prolonging T cell persistence without the detri-
mental effects of total TOX loss. Various factors, including chronic TCR 
stimulation3,4,6, PD-1 signalling6 and metabolic stress5,56 within the TME 
can trigger mitochondrial insufficiency and reinforce T cell dysfunc-
tion. We found KLHL6 preserves mitochondrial fitness through the 
PGAM5–Drp1 axis. Loss of KLHL6 drove pathological mitochondrial 
fission, probably contributing to the hyperaccumulation of fragmented 
mitochondria observed in TILs during chronic antigen stimulation6. 
Targeting PGAM5-mediated mitochondrial fission partially restored 
anti-tumour function in KLHL6-deficient T cells, although complete 

inhibition or PGAM5 deletion can cause excessive mitochondrial 
fusion and senescence57. Dual targeting of TOX and PGAM5 additively 
enhanced KLHL6-deficient T cell anti-tumour responses, highlighting 
functional independence and synergy. We speculate these two separate 
pathways converge to further drive differentiation to exhaustion and 
intracellular stress, as suggested by the phenotypes of KLHL6-deficient 
TILs in which only one of the pathways has been partially repaired.

Recently, proteolysis-targeting chimeras and molecular glues lever-
aging E3-substrate interactions showed potential to enhance immune 
checkpoint blockade and/or ACT by degrading targets such as PD-L1 
in tumour cells or HPK1 in T cells58,59. However, as regulation of T cell 
dysfunction in the TME is multifaceted, single-targeted approaches 
may prove inadequate. Our findings demonstrated KLHL6 acts as a 
dual-negative regulator of T cell exhaustion and mitochondrial dys-
function, providing a rationale for developing proteolysis-targeting 
chimeras that simultaneously target many KLHL6 substrates, includ-
ing TOX and PGAM5, to overcome obstacles to T-cell-based immuno-
therapy. Besides immunomodulatory effects in T cells, KLHL6 also 
functions as a tumour suppressor by promoting degradation of CDK2, 
Roquin2 and NOTCH2, thereby impeding tumour progression29,40,41. 
Thus, developing specific small-molecule agents that enhance KLHL6 
expression or activity may offer further benefits by directly suppressing 
tumour growth while revitalizing T cell function. Furthermore, explor-
ing other E3 ligases, deubiquitinases and/or their manipulation through 
proteolysis-targeting chimera-based or modifier-based strategies may 
broaden therapeutic opportunities in cancer immunotherapy.

In summary, our study provides an in-depth view of how KLHL6- 
mediated ubiquitination orchestrates T cell anti-tumour immunity 
by means of dual regulation of Tex lineage differentiation and mito-
chondrial dynamics. By elucidating molecular characteristics of T cell 
exhaustion, this work offers new insights into fundamental immunol-
ogy and concrete avenues for advancing cancer immunotherapy.
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Methods

Mice
Male and female mice were used for the study. CD45.1+ OT-I or P14 
TCR-transgenic mice were housed together. CD45.2+ male and female 
C57BL/6N or C57BL/6JNifdc mice aged 6–8 weeks were purchased from 
Vital River as recipients. Female NCG (NOD/ShiLtJGpt-Prkdcem26Cd52 
Il2rgem26Cd22/Gpt) mice aged 6–8 weeks were purchased from GemPhar-
matech. Rosa26-Cas9 mice were provided as a gift from the W. Sheng 
laboratory at the University of Zhejiang. We crossed Rosa26-Cas9 mice 
with OT-I transgenic mice to generate Cas9+ OT-I mice for CRISPR–
Cas9 screening in tumour antigen-specific CD8+ T cells. Four-week-old 
Klhl6+/− mice were purchased from Cyagen. The Klhl6+/− mice were 
crossed with OT-I, P14 or C57BL/6N mice to generate Klhl6−/− OT-I/P14 
mice or Klhl6−/− mice for subsequent experiments. All mice were kept 
in a specific-pathogen-free facility, and all animal experiments were 
performed with the approval of the Institutional Animal Care and Use 
Committee of Suzhou Institute of Systems Medicine (ISM-IACUC-0151-R 
and ISM-IACUC-20240098). Mice were housed in standard conditions, 
with 12 h/12 h light/dark cycles, a controlled temperature of 22–24 °C 
and humidity of 60%, with unrestricted food and water availability, 
and were examined daily. All mice were used at 6–16 weeks old. All 
tumour burdens did not exceed the permission of the Institutional 
Animal Care and Use Committee of Suzhou Institute of Systems Medi-
cine. Age-matched and sex-matched mice were assigned randomly to 
experimental and control groups.

Cell lines
Human embryonic kidney 293T (HEK293T) cells were purchased from 
the American Type Culture Collection (ATCC, CRL-3216) and main-
tained in DMEM (Gibco, C11995500BT) supplemented with 10% fetal 
bovine serum (FBS) (Gibco, 16000044) and 1% penicillin–streptomy-
cin (P/S) (Gibco, 15140122). The mouse melanoma cell line B16 was 
transduced to express OVA257-264 antigen (a gift from Bo Huang labora-
tory) and maintained in DMEM with 10% FBS and 1% P/S. HepG2 cells 
(ATCC, HB-8065) were transduced to express human NY-ESO antigen 
(HepG2-ESO) and cultured in DMEM with 10% FBS and 1% P/S. Jurkat 
(ATCC, TIB-152) and EL4 (ATCC, TIB-39) cell lines were cultured within 
the complete Roswell Park Memorial Institute (RPMI)-1640 medium 
supplemented with 10% FBS, 1% P/S, 1% GlutaMAX (Gibco, 35050061), 
10 mM HEPES (Gibco, 15630130), 1% non-essential amino acids (Gibco, 
11140076), 1 mM sodium pyruvate (Gibco, 11360070) and 50 μM 
β-mercaptoethanol (Sigma, M6250). HEK293T, Jurkat, HepG2 and 
EL4 cells were pre-authenticated by ATCC by short tandem repeat 
(STR) sequencing. B16-OVA cells were frequently monitored based 
on their morphological features but have not been authenticated by 
STR. All cell lines were routinely tested for mycoplasma contamination.

Plasmids
Mouse Klhl6, Tox and Ppargc1a genes were amplified from the com-
plementary DNA (cDNA) library of mice OT-I T cells, and human 
KLHL6 and TOX genes were amplified from human peripheral blood 
mononuclear cells (PBMCs). Retroviral plasmid (MSGV-Thy1.1-Klhl6, 
MSGV-Thy1.1-Ppargc1a and MSGV-Thy1.1-Vector) and packaging vector 
(pCL-Eco) plasmid were used to produce retroviruses in HEK293T cells 
using 293 Transfection Reagent (Mirus, MIR 2700), which were then 
transduced into OT-I CD8+ T cells. The MESV-shCtrl-GFP (Addgene, 85587) 
was used for Tox or Pgam5 KD. Primer sequences used for Tox and Pgam5 
KD can be found in Supplementary Table 6. The retroviral plasmids 
(MSGV-NGFR-KLHL6, MSGV-Thy1.1-1G4 TCR and MSGV-NGFR-Vector) 
and packaging vectors (pHIT60 and RD114) were used to produce retro-
viruses, which were used to transduce PBMCs and Jurkat cells. Lentivirus 
vectors (pCCLc-MND-Thy1.1-Klhl6 and pCCLc-MND-Thy1.1-Vector) and 
packaging vector (PA2X and VSV-G) plasmids were used for lentivirus 
production in HEK293T cells using Liposomal Transfection Reagent for 

transduction into EL4 cell line. For transient expression experiments in 
HEK293T cells, the vector plasmid pcDNA4/TO or pFLAG-CMV-4 was 
used according to the experimental need.

Primary mouse T cell isolation, viral transduction and culture
Naive OT-I T lymphocytes were isolated from the spleens and peripheral 
lymph nodes of male and female OT-I mice (6–8 weeks). Spleens and 
peripheral lymph nodes were collected, and mashed through a 70-μm 
filter, and red blood cells were lysed using red blood cell lysis buffer 
(BioLegend, 420301) followed by washing with 1× phosphate-buffered 
saline (PBS). CD8+ OT-I T cells were purified using a CD8+ Naive T cell 
isolation kit (BioLegend, 480043) according to the manufacturer’s 
instructions. Primary mouse T cells were counted and then resuspended 
in RPMI-1640 supplemented with 10% FBS, 1% sodium pyruvate, 1% 
non-essential amino acids, 10 mM HEPES, 1% GlutaMAX, 1% P/S, 50 μM 
β-mercaptoethanol and mouse IL-2 (20 U ml−1, Peprotech, 212-12). Then, 
the resuspended CD8+ OT-I T cells were seeded at a concentration of 
1 million cells per ml on 24-well plates with overnight-bound anti-mouse 
CD3 (2 μg ml−1, BioLegend, 100359) and anti-mouse CD28 (1 μg ml−1, 
BioLegend, 102121) antibodies. Cells were activated in 24-well plates 
for 48 h and then transferred out of the activation plates and passaged 
to new plates every 2 days with a concentration of 1 million cells per ml. 
For drug treatment experiments, DMSO (Sigma, D2650), 2 μM LFHP-1c 
(MCE, HY-139598) or 10 μM Mdivi-1 (Selleck, S7162) and 20 μM M1 (Sell-
eck, S3375) were added to cultures daily starting on day 3 after T cell 
activation. In viral transduction, 7.5 × 105 OT-I cells were transduced 
with unconcentrated retroviral supernatant after 24 h of activation 
in 24-well plates coated with RetroNectin reagent (15 μg ml−1, Takara, 
T100B). Following centrifugation at 2,500 rpm for 90 min at 30 °C, 
T cells were cultured in the incubator for 24 h. The transduction was 
repeated 24 h later and then returned to fresh medium for culture. 
Drug-treated or retrovirus-transduced OT-I cells were sorted by flow 
cytometry and then adoptively transferred into recipient mice that 
were inoculated with B16-OVA tumour cells before transfer.

Human T cell isolation, viral transduction and culture
Human PBMCs from healthy donors were purchased from Sailybio 
and isolated using Lymphoprep (Cytiva, 17144003) according to the 
manufacturer’s protocol. Isolated PBMCs were cultured in RPMI-1640 
medium supplemented with 5% Human Serum AB (Gemini, 100-512), 
1% GlutaMAX, 1% non-essential amino acids, 1% P/S, 1 mM sodium pyru-
vate, 10 mM HEPES and 50 μM β-mercaptoethanol in the presence of 
human IL-2 (100 U ml−1, Peprotech, 200-02). PBMCs were activated by 
anti-human CD3 (1 μg ml−1, BioLegend, 317347) and anti-human CD28 
(1 μg ml−1, BioLegend, 302943) monoclonal antibodies for 2 days and 
then underwent viral transduction. In brief, 1 × 106 PBMCs were trans-
ferred to a new 24-well plate and dually transduced by 1G4 TCR-specific 
and KLHL6-specific retroviral supernatant in the presence of 10 μg ml−1 
polybrene (Sigma, TR-1003-G). Following centrifugation at 2,500 rpm 
for 90 min at 30 °C, PBMCs were cultured in the incubator for 24 h 
with fresh medium and then underwent repeated transduction. The 
transduced PBMCs were adoptively transferred into female NCG mice 
that were inoculated with HepG2-ESO tumour cells before transfer.

B16 tumour model and ACT immunotherapy
To investigate the anti-tumour activity of T cells in vivo, 2 × 105 B16-OVA 
melanoma cells were subcutaneously injected into female C57BL/6N 
mice. Nine days after tumour implantation, each tumour-bearing 
mouse was intravenously injected with the required number of CD8+ 
OT-I T cells from female OT-I mice, which had been expanded for 6 days 
according to different experimental designs. Tumour-bearing mice 
received 5 Gy of sublethal irradiation for lymphodepletion 1 day before 
ACT. For the analysis of tumour growth and mice survival, tumour vol-
ume was measured every 2 days and calculated as length (mm) × width 
(mm) × width (mm) × 0.5. Mice with tumour volumes greater than 



1,500 mm3 were euthanized and defined as dead for survival analysis. 
For the analysis of functional phenotype, mice were euthanized and 
tissues from tumours, spleens and lymph nodes were collected at days 
7, 14, 21 or 28 post-ACT, depending on different experimental designs. 
For the CellTrace Violet labelling assay, equal numbers of CellTrace 
Violet-labelled control and KLHL6-OE OT-I T cells were cotransferred 
into recipient tumour-bearing mice, and TILs were analysed by flow 
cytometry on day 4 post-ACT. The tumours were digested by Type II 
collagenase (Worthington Biochemical, LS004176) and processed with 
Percoll (Cytiva, 17089109). Adoptively transferred OT-I T cells were iso-
lated from tumours, spleens, and lymph nodes, and cell numbers were 
counted. Isolated T cells were washed and resuspended in ice-cold PBS 
with 2% FBS in the presence of specific antibodies for the determination 
of their proportion and functional phenotype through flow cytometry.

In vivo Tpex transfer assay
Female C57BL/6N (CD45.2+) mice were subcutaneously implanted with 
2 × 105 B16-OVA cells on day 0. On day 9, each tumour-bearing mouse 
was intravenously injected with 3 × 106 control or KLHL6-OE CD45.1+ 
OT-I T cells. Then 14 days after ACT, Tpex (Ly108+TIM-3−) TILs were 
sorted from tumours by flow cytometry. After sorting, the cells were 
centrifuged and resuspended in PBS. A total of 5 × 104 Tpex cells were 
transferred through tail vein injection into female C57BL/6N (CD45.2+) 
mice that had been subcutaneously implanted with 3 × 105 B16-OVA cells 
2 days before. Tumour sizes were measured on day 8 after ACT and every 
2 days thereafter. TILs were isolated at days 8 and 16 for phenotypic 
analysis as previously described in ref. 33.

NCG mouse model and 1G4 TCR-T cell therapy
Female NCG mice were subcutaneously implanted with 4 × 106 
HepG2-ESO cells. Subsequently, 1G4 TCR-T cells transduced with or 
without KLHL6, respectively, were expanded for 12 days in vitro and 
adoptively transferred into the tumour-bearing mice (6 million cells 
per mouse) when tumour volumes reached 80 mm3. Mice were eutha-
nized on day 16 after ACT, and the tumours were collected for weighing. 
For the in vivo phenotyping, the blood, tumours and spleens were 
collected. The spleens and blood were mashed and/or lysed with red 
blood cell lysis buffer for 5 min on ice. To isolate T cells from the tumour, 
the tumours were digested by Type II collagenase and processed with 
Percoll. Then, the isolated T cells were stained with antibody cocktails 
and analysed by flow cytometry.

LCMV infection and adoptive T cell transfer
CD45.2+ C57BL/6 recipient mice were intraperitoneally infected with 
2 × 105 plaque-forming units (PFU) of LCMV-Armstrong or intravenously 
injected through the tail vein with 2 × 106 PFU of LCMV-Clone 13. One 
day before infection, mice received adoptive transfers of 5 × 104 (for 
Armstrong) or 5 × 103 (for Clone 13) P14 CD8+ T cells. Phenotypic analy-
ses were performed at various time points p.i. according to the experi-
mental design20. Naive WT CD8+ T cells and Klhl6−/− (KO) CD8+ T cells 
for transfer were isolated from P14 mice using a naive CD8+ T cell isola-
tion kit and adoptively transferred into recipient mice. For retroviral 
transduction, naive P14 CD8+ T cells were activated for 24 h and then 
transduced with MSGV-Thy1.1-Klhl6 (KLHL6-OE) or MSGV-Thy1.1-Vector 
(Control) retrovirus. The following day, transduced CD8+ T cells were 
sorted, resuspended in cold 1× PBS and adoptively transferred into 
recipient mice, followed by LCMV infection 1 day later.

LCMV viral RNA quantification
CD45.2+ C57BL/6 recipient mice were intravenously injected with 
2 × 106 PFU of LCMV-Clone 13. One day before infection, mice were adop-
tively transferred with 1 × 104 P14 CD8+ T cells. Liver and lung samples 
were collected on day 15 p.i., and viral load was quantified using a quan-
titative PCR (qPCR)-based assay, as previously described60. In brief, total 
RNA was extracted using the Qiagen RNA isolation kit and subsequently 

subjected to reverse transcription with the Reverse Transcription Kit 
(Vazyme, R323-01). cDNA was then used as template for qPCR with 2× 
SYBR Green qPCR Master Mix (Bimake, b21203). Primers for LCMV GP 
and hypoxanthine-guanine phosphoribosyltransferase (HPRT) are 
listed in Supplementary Table 6.

Surprisal analysis
We analysed harmonized bulk RNA-seq datasets comprising 136 sam-
ples from 8 previously published studies8,18,33,61–65 including gene expres-
sion profiles from CD8+ memory and effector T cells, TILs and chimeric 
antigen receptor T cells, as well as endogenous Tex cells exposed to 
chronic antigen stimulation, with or without immune checkpoint inhibi-
tion. A complete list of datasets is provided in Supplementary Table 1. 
Despite thousands of genes that could all be changing across various 
studies and conditions, we proposed that many genes are coordinately 
changing together as a group (or gene module), which reflects the 
fundamental biology of T cell exhaustion programs. Surprisal analysis 
has been well-documented in deconvoluting the change of thousands 
of genes into the change of only a couple of gene modules and one 
unchanged gene expression baseline66,67. The unchanged gene expres-
sion baseline reflected the biological processes that are conserved 
across conditions and time points. The gene module reflected the 
deviation from the global stable state.

We used surprisal analysis66,67, an information-theoretical analysis 
technique that integrates principles of thermodynamics and maximal 
entropy, here to simplify the transcriptome changes into two main 
gene modules and one unchanged gene expression baseline, which 
when added together, accurately capture the global transcriptomic 
profiles of the raw data. Briefly, the logarithm of the measured level  
of a transcript i at a specific study a sample b, X a bln ( _ )i , is expressed as 
a sum of a log-transformed gene expression baseline, term Xln i

0, and 
several gene modules λ a b G( _ ) ×j ij , representing deviations from  
the common expression baseline. Each deviation term is a product of 
a study-sample-dependent module score λ a b( _ )j , and the study- 
sample-independent module-specific contribution score Gij of the 
gene i. Gene i that shows large positive or negative contribution to a 
module j (high positive or negative Gij value) represents a gene that is 
functionally positively or negatively correlated with the module j. In 
other words, the biological function of module j could be inferred by 
functional enrichment analysis of genes with positive and negative Gij 
values. The study-sample-dependent module scores of the top modules 
(in this case, modules 1 and 2) should be able to illustrate the global 
transcriptome similarities or dissimilarities. To calculate these gene 
modules, we first computed the singular value decomposition of the 
matrix X a bln ( _ ). As described previously67, the singular value decom-
position factored this matrix in a way that determined the two sets of 
parameters that are required in the surprisal analysis: the Lagrange 
multipliers ( λ a b( _ )j ) for all gene modules at a given sample and for all 
samples in all studies, as well as the module-specific contribution scores 
(Gij for all transcripts i at each gene module j. Further enrichment 
analysis of the functions associated with each module was performed 
based on the module-specific contribution scores of the genes associ-
ated with that module. These two dominant gene modules (modules 
1 and 2) each consist of two gene sets showing opposite expression 
trends across all samples (M+/−) (Supplementary Table 2). M1+ genes 
were low in naive and memory T cells but elevated in both early and 
late exhausted T cells from tumours, as well as in exhausted T cells from 
chronic infections, whereas M1− genes showed the inverse trend. M2+ 
genes were selectively enriched in late exhausted cells across the 
tumour and chronic infection settings, and M2− genes were more highly 
expressed in naive and early exhausted states.

GSEA of the gene modules
GSEA was performed using MSigDB (v.7.5.1) pathways and custom 
gene sets derived from the existing literature33,68. Genes were ranked 



Article
by surprisal analysis scores and analysed separately for association 
with modules 1 and 2 using the R package clusterProfiler (v.4.12.0)69. 
Ties (zero scores) were excluded. Enrichment scores were normalized 
by use of permutation tests, and P values were derived accordingly. 
Custom gene sets consisted of the top 400 differentially expressed 
genes (Mann–Whitney U-test) after removing housekeeping, riboso-
mal and mitochondrial genes. The full GSEA results are provided in 
Supplementary Table 3.

Mitochondrial function analysis from public databases
To investigate genes associated with mitochondrial function in T cells, 
we analysed roughly 400,000 TILs from 316 patients across 21 cancer 
types22, correlating gene expression with pathway activity for hall-
mark_oxidative_phosphorylation in the Molecular Signature Database. 
This analysis identified 286 E3 ligases positively associated with mito-
chondrial function. To account for patient variability in the TIL atlas, 
we also analysed a ‘cleaner’ mouse RNA-seq dataset within the context 
of adoptive T cell therapy, in which tumour-specific T cells were sorted 
into two subsets: (MTDR/MTG)hi functional mitochondria and (MTDR/
MTG)lo dysfunctional mitochondria6. Differential pathway enrichment 
analysis confirmed that ubiquitin-related pathways are significantly 
associated with mitochondrial function. Through this, we identified 
191 E3 ligases positively linked to mitochondrial function. The 133 E3 
ligases identified as overlapping between human and mouse analyses 
(Supplementary Table 4) were selected for in vivo CRISPR screening.

CRISPR–Cas9 screens using the retroviral E3-related library
Retroviral sgRNA vector and sgRNA cloning. In this study, CRISPR–
Cas9 sgRNA was expressed using pSL21-Thy1.1 or pSL21-mCherry (Ad-
dgene, 164410)23. sgRNAs were generated by annealing two DNA oligos 
and then ligated into the pSL21-Thy1.1 or pSL21-mCherry vector after 
digestion with BbsI.

E3-related library construction. The pSL21-mCherry vector was 
used for the construction of sgRNA library. A computational-guided 
sgRNA library targeting 78 exhaustion-related E3 ligase genes and 133 
mitochondrial-related E3 ligase genes were selected and synthesized. 
The guide RNA (gRNA) sequences were designed according to previ-
ously published data and using the gRNA-design tool (GenScript)70. 
The library associated with exhaustion differentiation comprised 
a total of 400 gRNAs, including 10 non-targeting controls and 390 
unique sgRNAs, with 5 gRNAs designed for each targeting gene. An-
other library related to mitochondrial function included a total of 671 
gRNAs, including 17 non-targeting controls and 654 unique sgRNAs, 
with 3–5 gRNAs designed for each targeting gene. All sgRNA oligos, 
including both positive and negative control sgRNAs, were synthesized 
by SYNBIO Technologies and pooled in equal molarity. The pooled 
sgRNA oligos were subsequently amplified through PCR and cloned into 
BbsI-digested pSL21-mCherry vector using Gibson Assembly Kit (NEB, 
E5510S). The product of Gibson Assembly reaction was then introduced 
into TG1 Electrocompetent Cells (Biosearch Technologies, 60502) by 
means of electroporation and cultured overnight on solid Luria-Bertani 
agar plates (24 × 24-cm culture plate). The total number of colonies 
across all plates was counted, exceeding 50× representation, and the 
plasmids were purified using the EndoFree Plasmid Maxi Kit (CWBIO, 
CW2104M). To verify the identity and relative representation of sgRNAs 
in the pooled plasmids, a deep-sequencing analysis was performed by 
a NovaSeq 6000 (PE150) instrument. We confirmed that 100% of the 
designed sgRNAs were cloned into the vector and the final library is 
diverse with a Gini index of 0.05.

In vivo screening. The in vivo screening approach was conducted 
following established protocols from previous studies23,71. Briefly, a 
retrovirus pool containing sgRNAs was generated by cotransfecting the 
specific library plasmids and a packaging vector (pCL-Eco) in HEK293T 

cells. After 48 h of transfection, the viral supernatant was collected and 
stored at −80 °C. Naive Cas9+ OT-I T cells were isolated from spleens 
and activated using anti-CD3 and anti-CD28 antibodies. At 24 h after 
activation, Cas9+ OT-I T cells were transduced with the retrovirus library, 
and the transduction process was repeated after 24 h. The transduction 
efficiency was assessed based on the fluorescence intensity of mCherry, 
and it reached roughly 40% by the end of transduction. Following viral 
transduction, the cells were washed and cultured in the medium sup-
plemented with mouse IL-2 for 4 days to allow for expansion and gene 
editing. mCherry-positive cells were sorted by flow cytometry. Roughly 
2 × 105 (400 gRNAs library) or 3.5 × 105 (671 gRNAs library) transduced 
Cas9+ OT-I T cells were saved as ‘day 0 input’ (around 500× cell coverage 
per sgRNA). Subsequently, transduced Cas9+ OT-I T cells (3 × 106) were 
transferred into Cas9+ hosts bearing B16-OVA melanoma tumours. At 
day 7 after ACT, non-exhausted T cells (PD-1−TIM-3−) and exhausted 
T cells (PD-1+TIM-3+) or (MTDR/MTG)hi and (MTDR/MTG)lo cells were 
sorted using flow cytometry and frozen at −80 °C until genomic DNA 
extraction. A minimum of 2 × 105 or 3.5 × 105 Cas9+ OT-I T cells per sample 
were collected for further analysis.

sgRNA library sequencing. Genomic DNA was extracted by using the 
PureLink Genomic DNA Mini Kit (Invitrogen, K182001) according to the 
manufacturer’s instructions. Two rounds of PCR were performed by 
using the PrimeSTAR HS DNA Polymerase (Takara, R045B) to amplify 
the sgRNAs and attach Illumina adaptors and indexes to barcode each 
sample. The primer sequences used to amplify sgRNAs for the PCR are 
as follows: next-generation sequencing forward (F), AATGATACGGCG 
ACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTG 
TATTTCGATTTCTTGGCTTTATATATCTTGT; next-generation sequenc-
ing reverse (R), CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGG 
AGTTCAGACGTGTGCTCTTCCGATCTGACTAGCCTTATTTAAACTTGCT 
ATGC. Different index sequences were added to distinguish between 
experimental groups. After each PCR reaction, the PCR products were 
purified using the AMPure XP beads (Beckman A63881). The library 
sequencing was performed using the Illumina NovaSeq 6000 (PE150) 
platform (Novogene).

CRISPR screen data processing and analysis. For data analy-
sis, single-end reads were trimmed and quality filtered using the 
MAGeCK-VISPR package (v.0.5.5)72 and run using Python (v.3.7.4) and 
matched against sgRNA sequences from the sgRNA library. Read counts 
for sgRNAs were normalized by control guides when possible, and when 
not through median counts values. log2 fold changes were calculated 
with a 1 × 10−2 pseudo-count to account for zero-count genes and avoid 
infinite values; these fold changes were used as enrichment differences 
between DP (PD-1+TIM-3+) cell samples and those of DN (PD-1−TIM-3−) 
cell samples. The same analyses were also performed between (MTDR/
MTG)lo versus (MTDR/MTG)hi cells. Gene-targeting sgRNAs consistently 
showed enrichment or depletion, whereas non-targeting controls were 
tightly centred around zero, indicating minimal selection bias. Gene 
retrieval was 100% across all targets in both screens; sgRNA retrieval was 
100% in the exhaustion screen and 99.1% in the mitochondrial fitness 
screen. The log2 fold-change values for each gene and sgRNA from the 
CRISPR screens are compiled in Supplementary Table 5.

Experimental workflow in RNA-seq. For the transcriptional profil-
ing of Tex cells, we established a B16-OVA melanoma model to analyse 
tumour antigen-specific CD8+ T cell exhaustion. Briefly, OT-I CD8+ 
T cells were activated in vitro using anti-CD3 and anti-CD28 antibod-
ies. On day 9 following the implantation of B16-OVA tumours, 3 × 106 
OT-I CD8+ T cells were adoptively transferred to each tumour-bearing 
mouse. On day 14 after ACT, cells were sorted from tumours and spleens 
using flow cytometry. PD-1 and TIM-3 were used to label different sub-
sets of exhausted TILs: the PD-1−TIM-3− population, PD-1+TIM-3− popu-
lation and PD-1+TIM-3+ population. For the transcriptional analysis 



of adoptively transferred WT and Klhl6−/− CD8+ OT-I T cells in the tu-
mours, Klhl6−/− CD8+ OT-I T cells (CD45.1+) and WT CD8+ OT-I T cells 
(CD45.1/2+) were mixed in a 1:1 ratio and adoptively transferred into 
the same B16-OVA tumour-bearing mice. After 14 days, the transferred 
CD45.1+ and CD45.1/2+ CD8+ T cells were sorted from tumours using flow 
cytometry and prepared for RNA extraction. Total RNA from the iso-
lated transferred OT-I T cells was extracted using the RNeasy Micro Kit 
(Qiagen, 74004) following the manufacturer’s instructions and stored 
at −80 °C for RNA-seq. RNA integrity was assessed using the Agilent 
2100 Bioanalyzer (Agilent). Subsequently, the libraries were prepared 
using the TruSeq RNA sample prep kit (Illumina, FC-122-1001). These 
libraries were then subjected to sequencing on an Illumina NovaSeq 
6000 (PE150) platform, generating roughly 40 million paired-end 
reads (Novogene).

RNA-seq data processing and analysis. The raw read counts were 
extracted and then normalized by their library size factors and read and 
gene lengths using edgeR (v.3.36.0)73, which was then used to calculate 
differential genes. Detailed information on trimming, alignment and 
quantification can be found as previously reported74 and further details 
are available at https://github.com/danielgchen/FH_bulk-RNA-seq_
pipeline. In brief, data were trimmed using cutadapt (v.2.9)75, quality 
checked before and after trimming using FastQC (v.0.11.9), and then 
mapped and quantified using STAR (v.2.7.7a)76. The pathway enrich-
ment analysis of differentially expressed genes was conducted using 
clusterProfiler (v.4.12.0)77. GSEA was performed with GSEA (v.4.1.0)68; 
log2 fold changes were calculated with a 1 × 10−2 pseudo-count to ac-
count for zero-count genes and avoid infinite values.

Experimental workflow in scRNA-seq. Activated CD8+ OT-I T cells 
were transduced with either Vector (MSGV-Thy1.1-Vector) or Klhl6 
(MSGV-Thy1.1-Klhl6). Then, these transduced cells were adoptively 
transferred into B16-OVA tumour-bearing mice at a concentration of 
3 × 106 cells per mouse. At day 14 after ACT, OT-I T cells were sorted from 
tumour samples using flow cytometry. Subsequently, these sorted 
single cells were encapsulated into droplets, loaded into Chromium 
microfluidic chips with 30 (v.3) chemistry, and barcoded using a 10× 
Chromium Controller (10X Genomics). The RNAs from these barcoded 
cells were subsequently reverse-transcribed, and sequencing libraries 
were prepared using reagents from a Chromium Single Cell 3′ (v3) rea-
gent kit (10X Genomics), according to the manufacturer’s instructions. 
Library quantification was performed using the Qubit 3.0 Fluorometer 
(ThermoFisher Scientific), and library quality was assessed using the 
2100 Bioanalyzer with the High Sensitivity DNA kit (Agilent). The No-
vaSeq 6000 platform (Illumina) was used for sequencing the libraries 
in 50-base pair paired-end mode.

scRNA-seq data processing and analysis. scRNA-seq analysis 
pipeline closely follows previously reported methods78,79. Briefly, 
Droplet-based sequencing data were aligned and quantified by use of 
Cell Ranger Single-Cell Software Suite (v.7.1.0, 10X Genomics) using 
refdata-gex-mm10-2020-A as a reference. Cells from each sample were 
first filtered for cells with 500 or more genes and 1,000 or more counts, 
then filtered based on (1) fewer than 50,000 counts per cell (library 
size); (2) fewer than 7,000 detected genes per cell and (3) proportion 
of mitochondrial gene counts (mitochondrial gene unique molecular 
identifiers (UMIs)/total UMIs) less than 5%. Doublets were identified 
through clustering; low-quality, low-count cells were also removed. 
After quality control-based filtering, Scanpy80 was used to normalize 
cells by means of counts per million normalization (UMI count per 
cell was set to 106) and log1p transformation (natural log of counts per 
million plus one). Principal component analysis was performed us-
ing variable genes. Leiden clustering and UMAP plots were generated 
based on selected principal component analysis dimensions. Nor-
malized data are shown in the form of UMAP colour-coding or violin 

plots. Embedding density was used for density plots and calculated 
using scanpy.tl.embedding_density, which is a wrapper for the gauss-
ian density algorithm under scipy. TOX signature was defined by tak-
ing the genes differentially upregulated, defined as a false discovery 
rate less than 0.05 and log2 fold change greater than or equal to 1, on 
Tox-overexpressed T cells in a tumour model38. Stemness and terminal 
exhaustion signature were defined as the following Lef1, Tcf7, Aqp3, 
Ccr7, Sell, Il7r, Gzmk, Dusp1, Dusp2, Fos and Junb for stemness and Pdcd1, 
Ctla4, Cd200r1, Cd244a, Havcr2, Lag3 and Tigit for terminal exhaustion; 
genes were derived from literature. Published datasets on T cell exhaus-
tion were obtained from studies related to chronic infection and human 
tumour-infiltrating CD8+ T cells22,33. The public T cell exhaustion data 
in chronic infection was processed from raw by filtering for n counts 
between 2,000 and 10,000, n genes between 1,000 and 3,000, and less 
than 5% mitochondrial reads; data were then normalized according to 
the aforementioned methods and projection algorithms.

qPCR with reverse transcription. Total RNAs from cells were ex-
tracted using Trizol reagent (Takara, 9109) or the RNeasy Micro Kit, 
according to the manufacturer’s instructions. The extracted RNAs were 
reverse-transcribed into cDNA using HiScript Reverse Transcriptase 
(Vazyme, R323-01). Quantitative real-time PCR was performed using 
the ABI prism 7500 real-time PCR System (ThermoFisher) and 2× SYBR 
Green qPCR Master Mix (Bimake, b21203), following the respective 
manufacturer’s protocols. The data are presented as the fold change 
in gene expression normalized to an internal reference gene (B2M). 
The relative expression of mRNA was calculated using the 2−ΔΔCT meth-
od. Primer sequences used for qPCR can be found in Supplementary  
Table 6.

Flow cytometry and sorting. T cells were stained using fluores-
cent antibodies and subsequently analysed by flow cytometry. To 
prepare for staining, T cells were collected and washed once with 
fluorescence-activated cell sorting (FACS) buffer (PBS with 2% FBS). 
For surface protein staining, cells were stained with fluorescently con-
jugated antibodies and Live/Dead Fixable Dead Cell Stain Kit (Invitro-
gen, 65-0866-18) in FACS buffer, then fixed with 2% paraformaldehyde 
(Casmart) for 30 min at 4 °C. For transcription factor staining, cells were 
prestained with Live/Dead Fixable Dead Cell Stain Kit and fluorescently 
conjugated antibodies in FACS buffer to detect surface markers. The 
cells were then fixed for 30 min at 4 °C using FOXP3/transcription factor 
fixation buffer (Invitrogen, 00-5523-00) and stained with transcription 
factor antibodies in permeabilization buffer (Invitrogen, 00-8333-56). 
For detection of intracellular cytokines, cells were stimulated with 
phorbol myristate acetate in the presence of Brefeldin A (BFA) (Bio-
Legend, 423304) for 4.5 h. Then, the prestained cells were fixed and 
stained with cytokines antibodies in the permeabilization buffer. After 
staining, cells were resuspended in FACS buffer for flow cytometric 
analysis. Flow cytometry data were collected using BD LSR Fortessa 
and BD FACSDiva (v.8.0.2), and analysed with FlowJo (v.10.4) software. 
Cell sorting was performed using BD FACS Aria III and BD FACSDiva 
(v.8.0.2). A list of antibodies and their dilutions used can be found in 
Supplementary Table 8.

Transmission electron microscopy. The indicated OT-I T cells were ac-
tivated in each well of a 24-well plate with mouse anti-CD3 and anti-CD28 
antibodies for 3 days and cultured in RPMI-1640 medium for another 
3 days. Subsequently, 1 × 106 OT-I T cells were gathered and fixed in a 
precooled fixation buffer (2.5% glutaraldehyde, 0.1 M phosphate buffer, 
pH 7.4) overnight at 4 °C. After 3 washes with PBS, cells were postfixed 
in 1% osmium tetroxide in PBS for 2 h, dehydrated and embedded in 
Spurr’s resin following standard procedures. Ultrathin sections were 
stained with uranyl acetate and lead citrate. Mitochondrial morphol-
ogy was visualized using Hitachi HT-7800 transmission electron mi-
croscopy (v.01.20) and an AMT-XR81DIR camera. For quantitation of 
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mitochondrial cross-sectional area and total crista length, images of 
each cell profile containing four or five mitochondria from a single 
thin section for the indicated samples were analysed. Cross-sectional 
area and total crista length per mitochondrion were calculated using 
the lasso tool in Image J (v.1.8.0) software.

Seahorse analysis. To investigate metabolic characteristics, we used 
a Seahorse XF24 analyser (Agilent) to measure both OCR and glycoPER 
in in vitro-expanded T cells and TILs sorted from tumours at day 14 after 
ACT, according to different experimental designs. Before analysis, 
these cells were pretreated with the non-buffered XF medium (RPMI-
1640 supplemented with 10 mM glucose, 1 mM sodium pyruvate and 
2 mM glutamine). Subsequently, the cells were seeded at a density of 
1.3 × 105 cells per well in an XF24 cell culture microplate and incubated 
in a non-CO2 environment for 1 h at 37 °C. To optimize cell adhesion, 
the plates underwent a 5 min spin at room temperature at 100g with 
zero brake. Measurements of OCR and glycoPER were conducted under 
both basal conditions and in response to specific compounds, such 
as 1.25 μM oligomycin (Oligo), 50 mM 2-deoxy-d-glucose, 1.5 μM car-
bonyl cyanide-p-trifluoromethoxy-phenylhydrazone, 0.5 μM rotenone 
and antimycin A (R&A). The SRC was calculated by subtracting basal 
OCR from maximum OCR. The OCR coupled with mitochondrial ATP 
production (coupled OCR) is defined as the OCR reduction after the 
injection of oligomycin, which inhibits ATP synthase. OCR and gly-
coPER were analysed by Seahorse wave software (Seahorse, Agilent 
Technologies, v.2.6).

Mitochondrial mass and membrane potential analysis. Mitochon-
drial mass and membrane potential were assessed using MTG (Invit-
rogen, M7514) and either TMRE (Invitrogen, T669) or MTDR (Invitro-
gen, M46753). In brief, cells were stained with 250 nM MTG and 50 nM 
TMRE or MTDR, and incubated at 37 °C (5% CO2) for 30 min. Follow-
ing incubation, cells were washed three times with FACS buffer and 
subsequently subjected to surface marker staining for further flow 
cytometric analysis.

Western blotting. For protein expression analysis, cells were gathered, 
washed with cold PBS, and then lysed in 1% SDS (Sangon, 151-21-3) for 
30 min on ice. The protein samples were denatured at 95 °C for 15 min 
and stored at −20 °C. Protein samples were separated on SDS–PAGE 
gels and then transferred onto methanol-activated polyvinylidene 
fluoride membranes (Millipore, IPVH00005). Membranes were blocked 
with 5% nonfat milk in PBS containing Tween-20 (0.1%) for 1 h and then 
incubated overnight at 4 °C with the respective primary antibodies. 
The following day, membranes were incubated with the correspond-
ing HRP-coupled secondary antibodies for 2 h at room temperature, 
followed by signal development using ECL Western Blotting substrate 
(Tanon, 180-5001) and the Chemidoc automated detection system 
(Bio-Rad). Data analysis was performed using Image J (v.1.8.0) software. 
The antibodies and their dilutions used can be found in Supplementary 
Table 8.

E-STUB for mass spectrometry. As previously described in ref. 37, 
Jurkat cells were cultured in DMEM supplemented with 10% dialysed 
FBS. Three biological replicates were prepared for each treatment 
condition. Jurkat cells were transduced with retroviruses packaged in 
HEK293T cells using MSGV-NGFR-KLHL6-BirA and MSGV-Thy1.1-BAP-Ub 
plasmids to co-express KLHL6-BirA and BAP-tagged ubiquitin. Cells 
transduced with retroviruses packaged from MSGV-NGFR-Empty-BirA 
and MSGV-Thy1.1-BAP-Ub plasmids served as controls. Then 72 h 
post-transduction, cells were pretreated with proteasome inhibitor 
MG132 to promote accumulation of ubiquitylated substrates and then 
pulsed with 50 μM biotin for 30 min. Following biotin labelling, cells 
were washed once with ice-cold PBS and lysed on ice using E-STUB RIPA 
buffer (RIPA buffer supplemented with EDTA-free protease inhibitor 

cocktail, Pierce Universal Nuclease, 10 mM N-ethylmaleimide, 1 mM 
EGTA and 1.5 mM MgCl2). Lysates were collected into microcentrifuge 
tubes, rotated at 4 °C for at least 1 h and clarified by centrifugation at 
12,000g for 15 min at 4 °C. Total protein lysates were incubated with 
50 μl of resuspended and prewashed streptavidin beads overnight 
at 4 °C with rotation. The following day, beads were washed 5 times 
with Wash Buffer (PBS containing 0.05% Tween-20), then incubated 
with 30 μl of 0.1% SDS at 95 °C for 5 min in a metal bath. Samples were 
sent to Shanghai Omicsspace Biotech for mass spectrometry analysis. 
Significant changes between the relative protein abundance of the ex-
perimental samples to the control samples were assessed by two-sided 
moderated t-test as implemented in the limma package (v.3.54.2)81 
(Supplementary Table 7).

Co-IP and ubiquitination assays. For the Co-IP assay, cells were trans-
fected with the plasmids according to the experimental designs out-
lined in the figures. After 36–48 h, the cells were gathered and lysed in 
Co-IP lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 
1 mM EDTA, 1 mM EGTA, 1% NP-40, 2.5 mM sodium pyrophosphate 
and 1 mM Na3VO4, for 1 h at 4 °C. The cell lysates were centrifuged at 
12,000g for 10 min at 4 °C to remove cell debris. The supernatants 
were collected and incubated with anti-Flag or anti-Myc beads that had 
been precleaned with Co-IP buffer. These mixtures were then rotated 
overnight at 4 °C. On the following day, the beads were subjected to 
five washes with Co-IP lysis buffer and then resuspended in 1× loading 
buffer. Subsequently, the samples were denatured at 95 °C for 15 min 
and stored at −20 °C. To assess the ubiquitination of TOX and PGAM5, 
TOX proteins (both endogenous and exogenous TOX proteins) and 
endogenous PGAM5 proteins were immunoprecipitated from cell 
lysates using anti-Flag beads or TOX/PGAM5 antibody-coated beads, 
depending on the different experimental conditions. In brief, cells were 
collected and lysed using ultrasonic cracking, and then denatured at 
95 °C for 15 min. Cell lysates were incubated in Co-IP lysis buffer with 
protease inhibitors (Roche) and rotated for 1 h at 4 °C. Subsequently, 
the cell lysates were centrifuged at 12,000g for 10 min at 4 °C to collect 
cell supernatant. The supernatant was incubated with the respective 
antibody–beads complex and rotated overnight at 4 °C. Afterwards, 
the beads were washed 5 times with Co-IP buffer and denatured by 
heating at 95 °C for 15 min. These samples were separated by SDS–PAGE, 
transferred to polyvinylidene fluoride membranes and then subjected 
to western blotting using the designated primary and secondary an-
tibodies.

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism (v.8.0). No statistical methods were used to predetermine 
sample size. Data collection and analysis were conducted without 
blinding to the experimental conditions.  A two-tailed Student’s 
t-test was used to compare the two groups. For multiple compari-
sons, a two-way analysis of variance (ANOVA) with Tukey’s or Sidak’s 
multiple-comparisons test was applied. The log-rank (Mantel–Cox) 
test was performed to compare mouse survival curves. Data are pre-
sented as mean ± standard error of the mean (s.e.m.). The numbers of 
mice used per experiment and the number of experimental repeats 
are indicated in the figure legends. P < 0.05 was considered statisti-
cally significant.

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

Data availability
All underlying data are available upon request. All scRNA-seq data used in 
this study are publicly available and can be accessed from the Sequence 
Read Archive under accession numbers SRR28131283–SRR28131284. 
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http://www.ncbi.nlm.nih.gov/sra/?term=SRR28131284


The bulk RNA-seq data can be accessed from the Sequence Read 
Archive under accession numbers SRR28117257–SRR28117267 and 
SRR34547767–SRR34547775. The links to datasets obtained from pub-
licly available sources are provided in Supplementary Table 1. Source 
data are provided with this paper.

Code availability
This paper does not report original code. Any further information 
required to reanalyse the data reported in this study is available from 
the corresponding author upon request.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Visualization of transcriptome deconvolution into  
2 gene modules. a, Application of surprisal analysis to the RNA-seq data atlases 
related to T cell exhaustion. Samples from two representative T cell exhaustion 
studies (GSE89307 and GSE86881) were shown antigen-specific CD8+ T cells 
from acute Listeria infection and tumour progression (right), and from chronic 
LCMV infection (left). In the acute/tumour model, TCR-transgenic naïve T cells 
were transferred prior to pathogen or tumour induction, with effector/memory 
and early/late exhausted states sampled across defined time points. In the 
chronic model, naïve and late exhausted T cells were isolated from spleens 
following persistent LCMV infection. The combination of the gene expression 
baseline and the first two gene modules accurately recapitulated the 
experimentally measured transcriptome profiles. Heatmaps display genes 
positively or negatively associated with Module 1 or Module 2 (red = high,  
blue = low). Sample annotations follow standard naming conventions. b,c, GSEA 
enrichment of pathways based on genes positively or negatively associated in 
Module 1 (M1, b) and Module 2 (M2, c). GSEA uses a one-sided, permutation-based 
modified K–S test with adjustments for multiple comparisons. d,e, Module 
scores for M1 and M2 were calculated using a time-series T cell RNA-seq dataset 
of acute and chronic LCMV infection (GSE41867) (d, n = 4 independent samples), 

and projected onto a two-dimensional map with the x- and y-axes representing 
the respective module scores (e). f, Heat map showing expression of E3-related 
genes in adoptively transferred T cells from spleen, and in double negative  
(DN, PD-1−TIM-3−), single positive (SP, PD-1+TIM-3−), and double positive (DP,  
PD-1+TIM-3+) cells from B16-OVA tumours at day 14 after ACT (n = 3 independent 
samples). g, Percentages for E3 ligase-related genes predicted to be correlated 
(orange) or anti-correlated (blue) with exhaustion are shown. h, Volcano plot 
showing differential expression of E3-related genes between PD-1−TIM-3− and 
PD-1+TIM-3+ TILs. The x-axis represents the log2transformed fold change (FC) 
values, and the y-axis represents the negative log10 of adjusted P values (n = 3 
independent samples). i, GSEA of ubiquitin-associated pathways in 400,000 
human TILs with functional versus dysfunctional mitochondria (defined by the 
activity of mitochondrial complex I) across 21 cancer types. j, GSEA of ubiquitin- 
associated pathways in tumour-specific TILs with (MTDR/MTG)hi versus 
(MTDR/MTG)lo mitochondria from a mouse ACT model. k,l, Venn diagrams 
showing 78 E3 ligase genes negatively linked to T cell exhaustion, identified by 
overlapping differentially expressed genes from two gene modules (M1 and M2) 
with a curated E3 ligase list (k), and 133 E3 ligase genes positively associated 
with mitochondrial function, shared between mouse and human T cells (l).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89307
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86881
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41867
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | KLHL6 deletion drives T cell exhaustion, but does not 
impact thymocyte development or peripheral T cell homeostasis. a, Sanger 
sequencing of the Klhl6 locus in Cas9+sgRNA+ OT-I T cells transduced with sgCtrl,  
sgKlhl6-1, or sgKlhl6-2 in vitro. Primer sequences are listed in Supplementary 
Table 6. b,c, Mice were subcutaneously injected with 2×105 B16-OVA melanoma 
cells, followed by transfer of 3×106 Cas9+CD8+ OT-I T cells expressing control 
sgRNA or sgKlhl6 (two targets) on day 9. Tumours were collected and analyzed  
7 days later. Experimental design (b). The number of transferred Cas9+  
OT-I T cells in the tumour (c, n = 7 mice). d,e, Representative plots (left) and 
proportions (right) of LAG-3+TIM-3+ TILs (d), and cell numbers of indicated 
subsets (e) among sgCtrl- or sgKlhl6-transduced Cas9+CD8+ OT-I TILs (n = 7 mice). 
f,g, Proportions of PD-1+TIM-3+ (f) and (MTDR/MTG)lo (g) TILs among sgCtrl- or 
the indicated sgRNA-transduced Cas9+CD8+ OT-I T cells from B16-OVA tumours 
(n = 6 mice). h, Schematic of CRISPR/Cas9-mediated generation of Klhl6−/− mice. 
Guide RNA sequences are provided in Supplementary Table 6. i, Genotyping 
results for Klhl6+/+ (WT) or Klhl6−/− (KO) alleles. j,k, Percentages of thymocyte 
subsets: CD4−CD8− double-negative (DN), CD4+CD8+ double-positive (DP), 
CD4+ single-positive (CD4SP) and CD8+ single-positive (CD8SP) ( j), and CD44+ 
single-positive (DN1), CD44+CD25+ double-positive (DN2), CD25+ single-positive 
(DN3) and CD44−CD25− double-negative (DN4) subpopulations (k) in DN cells 

of WT and KO mice (n = 6 mice). l, Numbers of CD19+, CD4+, and CD8+ cells in 
spleens of WT and KO mice (n = 6 mice). m, Percentages of naïve (CD44loCD62Lhi), 
central memory (CD44hiCD62Lhi; CM) and effector/effector memory (CD44hi 
CD62Llo, EFF/EM) CD8+ and CD4+ T cells in spleens of WT and KO mice (n = 6 mice). 
n,o, Proliferation of naïve WT and KO CD8+ T cells following anti-CD3/CD28 
activation measured by CFSE dilution (n), and expression of activation markers 
(CD44, CD69 and CD25) at days 1-2 in vitro (o). p, Experimental design related  
to Fig. 2a–d. q-s, Percentages of transferred CD45.1/2+ OT-I T cells in dLN and 
spleen (q), and quantification of PD-1, TIM-3, LAG-3, and TOX expression OT-I 
TILs (r,s) at day 14 post-ACT (n = 14 mice). t, Survival curves of tumour-bearing 
mice after transfer of 5×106 CD45.1/2+ WT and KO OT-I T cells (n = 13 mice).  
Mice with tumour volumes >1500 mm3 were euthanized and defined as death. 
Diagram in b created in BioRender. Li, G. (2025) https://BioRender.com/aicmpdn. 
Diagram in p created in BioRender. Li, G. (2025) https://BioRender.com/0feebot. 
Data are presented as mean ± s.e.m. Statistical analyses were determined by 
unpaired two-tailed Student’s t-test (q-s), two-way ANOVA with Tukey’s multiple- 
comparisons test (c-g), two-way ANOVA with Sidak’s multiple-comparisons 
test ( j-m), and Log-rank (Mantel-Cox) test (t). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001; ns, not significant.

https://BioRender.com/aicmpdn
https://BioRender.com/0feebot
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Extended Data Fig. 3 | KLHL6 deficiency impairs mitochondrial fitness.  
a,b, Heat maps of differentially expressed genes (a) and stemness-associated 
genes (b) between transferred WT and KO CD8+ T cells isolated from B16-OVA 
tumour-bearing mice at day 14 after ACT (n = 3 independent samples). c, Gene 
ontology analysis of differentially expressed genes in WT versus KO CD8+ TILs. 
Red and blue indicate molecular functions enriched in WT and KO cells, 
respectively. d,e, GSEA plots of memory and effector signatures (d) or cell cycle 
arrest and apoptosis signatures (e) for WT versus KO TILs. NES, normalized 
enrichment score. GSEA uses a one-sided, permutation-based modified K–S 
test with adjustments for multiple comparisons. f, Distinct mitochondrial 
biological processes in WT versus KO TILs at day 14 after ACT. g, WT and KO OT-I 
T cells were activated with anti-CD3/CD28 for 6 days. Mitochondrial mass and 
potential were measured using MTG (250 nM) and TMRE (50 nM), respectively. 
Relative fold changes of mitochondrial mass, membrane potential and  

TMRE/MTG ratio were calculated (n = 3 independent samples). h-k, Seahorse 
assays of OCR (h,i), SRC and mitochondrial ATP production ( j), and glycoPER (k) 
in WT and KO OT-I T cells at day 6 after activation in vitro (n = 10 tests).  
l, Experimental design. Equal numbers (2×106 each) of CD45.1/2+ WT and 
CD45.1+ KO OT-I T cells were cotransferred into CD45.2+ mice bearing B16-OVA 
tumour (day 9 post-inoculation) and analyzed at day 14 after ACT. m, Analysis  
of glycoPER in WT and KO OT-I TILs from B16-OVA tumours at day 14 after  
ACT (n = 8 independent tests; 20 mice). n, Gating strategy for identifying 
(MTDR/MTG)hi and (MTDR/MTG)lo populations among cotransferred WT and 
KO OT-I TILs. Diagram in l created in BioRender. Li, G. (2025) https://BioRender.
com/5se3g09. Data are presented as mean ± s.e.m. Statistical analyses were 
determined by unpaired two-tailed Student’s t-test (g,j) and two-way ANOVA 
with Sidak’s multiple-comparisons test (i,m). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.

https://BioRender.com/5se3g09
https://BioRender.com/5se3g09
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Extended Data Fig. 4 | TCR stimulation downregulates KLHL6 level.  
a, Relative Klhl6 mRNA levels in adoptively transferred OT-I T cells from spleens 
and PD-1−TIM-3−, PD-1+TIM-3− or PD-1+TIM-3+ CD8+ TILs from B16-OVA tumours 
at day 14 after ACT (n = 3 independent samples). b,c, Schematic of OT-I T cell 
restimulation in vitro. OT-I T cells were isolated from spleens, activated with 
anti-CD3/CD28, and cultured in mIL-2-containing media for 4 days. Cells were 
restimulated on day 4 with anti-CD3 (2 μg/mL, 24 h), OVA (1 μg/mL, 24 h), or 
PMA (50 ng/mL, 12 h) and compared to the un-restimulated Controls (b). 
Immunoblot and quantification of KLHL6 protein level in treated cells. Actin 
was used as a loading control (c, n = 3 independent samples). d,e, OT-I T cells 
were activated and expanded in the media containing mIL-2 for 4 days, then 
subjected to either repeated anti-CD3 restimulation every 2 days until day 9 
(three restim) or a single restimulation on day 4 followed by resting in mIL-2 
media until day 9 (one restim) (d). Western blot and quantification of KLHL6 
expression were performed (e, n = 3 independent samples). f, Transcriptional 
expression of Tcf7, Pdcd1, and Klhl6 in P14 T cells during acute and chronic LCMV 
infection (GSE41867) (n = 4 independent samples). The boxplot spans from the 

first to the third quartile of the distribution, with the median positioned in the 
center. Whiskers represent the minimum and maximum values, excluding 
outliers. g, Klhl6 mRNA expression in antigen-specific T cells over time during 
acute infection and tumour progression (GSE89307) (n = 2-3 independent 
samples). h-j, Naïve CD45.1+P14+CD8+ T cells were adoptively transferred into 
CD45.2+ recipients (5×103 cells/mouse for LCMV-Clone 13 or 5×104 cells/mouse 
for LCMV-Armstrong). One day later, mice were infected with either virus. 
CD45.1+P14+ T cells were sorted from the spleen at the indicated time points 
post-infection for analysis. Experimental design (h). mRNA (i, n = 3 independent 
samples) and protein ( j) levels of KLHL6 in CD45.1+P14+ T cells were analyzed at 
indicated time points. Diagram in b created in BioRender. Li, G. (2025) https://
BioRender.com/9zoxyuh. Diagram in d created in BioRender. Li, G. (2025) 
https://BioRender.com/5se3g09. Diagram in h created in BioRender. Li, G. (2025) 
https://BioRender.com/l0bgjp0. Data are presented as mean ± s.e.m. Statistical 
analyses were determined by two-way ANOVA with Tukey’s multiple-comparisons 
test (a,c,e). **P < 0.01, ***P < 0.001, and ****P < 0.0001.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41867
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89307
https://BioRender.com/9zoxyuh
https://BioRender.com/9zoxyuh
https://BioRender.com/5se3g09
https://BioRender.com/l0bgjp0


Extended Data Fig. 5 | See next page for caption.



Article
Extended Data Fig. 5 | Enforced expression of KLHL6 restricts T cell 
exhaustion and promotes mitochondrial function. a, Experimental design, 
related to Fig. 3a–e. b, Percentages of transferred Control and KLHL6-OE CD45.1+ 
OT-I T cells detected in the spleen and dLN on day 14 post-transfer (n = 7 mice).  
c, CellTrace Violet (CTV)-labeled CD45.1/2+ Control and CD45.1+ KLHL6-OE OT-I 
T cells were cotransferred into B16-OVA tumour-bearing recipient mice. TILs 
were analyzed on day 4 post-ACT (n = 5 mice). d-f, Proliferation (Ki-67hi) (d), 
apoptosis (Annexin V+) (e), and expression of apoptotic molecules (Bcl-2, Bcl-XL,  
and Bim) (f) in transferred Control and KLHL6-OE TILs at day 14 post-ACT (n = 6 
mice). g,h, Percentages (g) and cell numbers (h) of PD-1−TIM-3−, PD-1+TIM-3− and 
PD-1+TIM-3+ populations in transferred CD45.1+CD8+ TILs (n = 7 mice). i,j, TOX (i) 
and TCF-1 ( j) expression in CD8+PD-1+ TILs (n = 7 mice). k, Percentages of CD44+ 
CD62L+ cells in spleen and dLN (n = 7 mice). l,m, Frequencies (l) and numbers (m) 
of Tpex (Ly108+TIM-3−) and Texterm (Ly108−TIM-3+) subsets in WT and KO TILs  
(n = 14 mice), related to Extended Data Fig. 2p. n,o, TOX (n) and PD-1 (o) expression 

in the Tpex and Texterm subsets at day 14 post-ACT (n = 7 mice). p-t, CD45.1/2+ 
KLHL6-OE and CD45.1+ Control OT-I T cells (2 × 106 each) were cotransferred 
into CD45.2+ mice bearing B16-OVA tumour. At day 14 post-ACT, TILs were 
isolated for metabolic analysis, including OCR (p), SRC (q), mitochondrial ATP 
production (r), glycoPER (s), and the percentage of (MTDR/MTG)lo cells (t) 
(Seahorse: n = 6 independent tests, 20 mice; (MTDR/MTG)lo subset: n = 8 mice). 
u-y, CD8+ OT-I T cells transduced with KLHL6-OE or Control retrovirus were 
analyzed on day 6 for MTG and TMRE staining (u, n = 3 independent samples), as 
well as OCR (v,w), SRC (x), and mitochondrial ATP production (y) (n = 10 tests). 
Diagram in a created in BioRender. Li, G. (2025) https://BioRender.com/aicmpdn. 
Data are presented as mean ± s.e.m. Statistical analyses were performed by 
unpaired two-tailed Student’s t-test (b-f,i-k,q,r,t,u,x,y) or two-way ANOVA with 
Sidak’s multiple-comparisons (g,h,l-p,s,w). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001; ns, not significant.

https://BioRender.com/aicmpdn
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Extended Data Fig. 6 | Enforced KLHL6 expression enhances mouse and 
human T cell anti-tumour immunity. a-d, Violin (a), dot (b), and UMAP (c,d) 
plots showing effector, exhaustion, and stem-like gene signatures, together 
with representative gene expression patterns and Texterm (upper) and Tpex 
(lower) profiles from scRNA-seq in Fig. 3g. The boxplot spans from the first to 
the third quartile of the distribution, with the median positioned in the center. 
Whiskers represent the minimum and maximum values, excluding outliers. 
Values plotted represent cells from a single replicate. e, Gene ontology analysis 
of differentially expressed genes between Control and KLHL6-OE TILs from 
scRNA-seq data. f,g, Experimental design as in Fig. 3k. Numbers of transferred 
Control and KLHL6-OE OT-I T cells in B16-OVA tumours on days 8 and 16 post-
ACT (f) and tumour growth curves in B16-OVA-bearing mice receiving PBS, 
Control, or KLHL6-OE Tpex cells (g) (n = 7 mice). h-n, CD45.2+ mice were 
subcutaneously injected with B16-OVA melanoma cells. After 9 days, CD45.1+ 
Control and CD45.1/2+ KLHL6-OE OT-I T cells were mixed at a 1:1 ratio up to  
5 million total cells and adoptively transferred into the tumour-bearing mice. 
Mice were sacrificed at days 21/28 post-transfer (n = 7 mice). Experimental 
design (h). Percentages and numbers of transferred T cells in tumour, dLN, 

spleen, and blood were measured (i-k). MFI of PD-1, TIM-3, and Ki-67 (l), 
cytokine production (m), and percentages of TCM (CD44+CD62L+) and TSCM 
(CD44−CD62L+CD95+) subsets (n) were determined at day 28. Polyfunctional 
subset indicates simultaneous expression of IL-2, IFNγ, and TNFα. o-t, NCG 
mice were subcutaneously implanted with HepG2-ESO cells. After 12 days, 
6×106 activated 1G4 TCR-T cells transduced with KLHL6-OE or Control retrovirus 
were adoptively transferred. Mice were analyzed at day 16 post-transfer  
(n = 8 mice). Experimental design (o). Tumour weights (p), numbers of TCR-T 
cells in tumour and blood (q), MFI of LAG-3, TIM-3 and TOX (r) and cytokine 
production (TNFα and IFNγ) (s) in TCR-TILs, and frequencies of TCM (CD62L+ 
CD45RA−) and Tem (CD62L−CD45RA−) subsets from spleens (t) were evaluated. 
Diagram in h created in BioRender. Li, G. (2025) https://BioRender.com/5se3g09. 
Diagram in o created in BioRender. Li, G. (2025) https://BioRender.com/5se3g09. 
Data are presented as mean ± s.e.m. Statistical analyses were determined by 
unpaired two-tailed Student’s t-test (l-n,p-r), two-way ANOVA with Sidak’s 
multiple-comparisons test (f,i-k,s,t), or two-way ANOVA with Tukey’s multiple-
comparisons test (g). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001;  
ns, not significant.

https://BioRender.com/5se3g09
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Extended Data Fig. 7 | KLHL6 loss promotes Texterm cell differentiation 
during chronic infection. a, Naïve Klhl6+/+ (WT) and Klhl6−/− (KO) CD8+ P14 T cells 
were mixed at a 1:1 ratio (5×103 for LCMV-CL13 or 5×104 for LCMV-Arm) and 
transferred into CD45.2+ recipients, followed by intravenous LCMV infection 
one day later. Activation markers in transferred WT and KO P14 T cells from 
spleen were assessed at days 4 and 6 post-infection (p.i.). b,c, Naïve CD45.1/2+ WT 
and CD45.1+ KO P14 cells were cotransferred (2.5×103 each) into CD45.2+ mice, 
followed by LCMV-CL13 infection one day later. Mice were sacrificed on days 8 
and 28 p.i. (n = 6 mice). Experimental design (b), and percentages (left) and 
absolute numbers (right) of WT and KO P14 cells in spleen (c). d,e, Frequencies 
and numbers of “effector-like” (TCF-1−GzmB+ or Ly108−TIM-3+) and Texprec  
(TCF-1+GzmB− or Ly108+TIM-3−) subsets in transferred WT and KO P14 T cells 
from spleens at day 8 p.i. (n = 6 mice). f-h, Percentages of TNFα+IFNγ+ cells (f), 
(MTDR/MTG)lo subsets (g), and apoptotic cells (Annexin V+PI+; Annexin V+PI−) (h) 
in transferred WT and KO P14 cells from spleens at day 8 p.i. of CL13-infected 
mice (n = 6 mice). i, Quantification of TIM-3, PD-1, TOX and GzmB expression 

and the percentage of TCF-1+ cells at day 28 p.i. (n = 6 mice). j,k, Frequencies  
and numbers of Tpex (Ly108+CX3CR1−), Texint (Ly108−CX3CR1+) and Texterm 
(Ly108−CX3CR1−) subsets ( j), and Bcl-2/Bim expression in these subsets (k) at 
day 28 p.i. (n = 6 mice). l-n, Frequencies and numbers of Tpex1 (Ly108+CD69+), 
Tpex2 (Ly108+CD69−), Texint (Ly108−CD69−), and Texterm (Ly108−CD69+) subsets (l), 
TOX expression in these subsets (m), and cytokine production (TNFα and IFNγ) 
after PMA/BFA stimulation (n) in transferred WT and KO P14 cells at day 28 p.i. 
(n = 6 mice). o, Mice receiving PBS, WT P14, or KO P14 cells were infected with 
LCMV-CL13 one day after transfer, and LCMV viral loads in liver and lungs were 
measured on day 15 p.i., normalized to the PBS group. LCMV titers were assessed 
by qPCR relative to HPRT (PBS, n = 6 mice; WT and KO, n = 8 mice). Diagram in b 
created in BioRender, Li. G (2025) https://BioRender.com/l0bgjp0. Data are 
presented as mean ± s.e.m. Statistical analyses were determined by unpaired 
two-tailed Student’s t-test (c-n), or two-way ANOVA with Tukey’s multiple-
comparisons test (o). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, 
not significant.

https://BioRender.com/l0bgjp0


Extended Data Fig. 8 | Enforced KLHL6 expression restrains exhaustion 
and boosts anti-viral T cell responses. a, Experimental design. Activated 
CD45.1+ P14 T cells transduced with KLHL6-OE or Control retrovirus were 
separately transferred into CD45.2+ recipients (5×103 cells/recipient), followed 
by LCMV-CL13 infection one day later. Mice were sacrificed at days 8 and 21 p.i. 
b,c, Representative plots and frequencies of “effector-like” (TCF-1−GzmB+ or 
Ly108−TIM-3+) and Texprec (TCF-1+GzmB− or Ly108+TIM-3−) subsets in transferred 
Control and KLHL6-OE P14 T cells from spleens at day 8 p.i. (n = 6 mice).  
d, Numbers of TCF-1+GzmB−, TCF-1−GzmB+ and total P14 T cells from spleen  
at day 8 p.i. (n = 6 mice). e, Quantification of Annexin V+ P14 cells at day 8 p.i. 
(n = 6 mice). f,g, Cytokine production (TNFα and IFNγ) (f) and relative MFI of 
TIM-3, PD-1 and TCF-1 (g) in KLHL6-OE versus Control P14 T cells from spleens at 
day 21 p.i. (n = 6 mice). h-j, Frequencies (h) and absolute numbers (i) of Tpex1, 

Tpex2, Texint and Texterm subsets, and TOX expression in these subsets ( j)  
(n = 6 mice). k,l, Frequencies (k) and numbers (l) of Tpex (Ly108+CX3CR1−), 
Texint (Ly108−CX3CR1+), and Texterm (Ly108−CX3CR1−) subsets in spleens at day 21 
p.i. (n = 6 mice). m, Mice receiving PBS, Control, and KLHL6-OE P14 T cells were 
infected with LCMV-CL13 one day after adoptive transfer, and LCMV viral loads 
in liver and lungs were measured on day 15 p.i., normalized to the PBS group. 
LCMV titers were assessed by qPCR relative to HPRT (PBS, n = 5 mice; Control 
and KLHL6-OE, n = 8 mice). Diagram in a created in BioRender. Li, G. (2025) 
https://BioRender.com/l0bgjp0. Data are presented as mean ± s.e.m. Statistical 
analyses were determined by unpaired two-tailed Student’s t-test (b-l), or 
two-way ANOVA with Tukey’s multiple-comparisons test (m). *P < 0.05, **P < 0.01,  
***P < 0.001, and ****P < 0.0001; ns, not significant.

https://BioRender.com/l0bgjp0
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Extended Data Fig. 9 | KLHL6 mediates Lys48-linked poly-ubiquitination 
and degradation of TOX. a, Schematic of the E-STUB system. KLHL6 was fused 
to the biotin ligase BirA and co-expressed with BAP-tagged ubiquitin in cells, 
enabling biotinylation of substrates proximal to BirA-KLHL6 in a ubiquitin-
specific manner. b, Rank-ordered plot of MS results showing streptavidin-
enriched proteins from an E-STUB assay in Jurkat cells expressing KLHL6-BirA 
versus those expressing Empty-BirA. c, Jurkat cells co-expressing BAP-tagged 
ubiquitin with either KLHL6-BirA or Empty-BirA were treated with or without 
biotin (50 μM) for 15 min. Biotinylated proteins were then enriched using 
streptavidin beads and detected by immunoblotting. Braces indicate bands 
related to the target proteins. d, Interaction between KLHL6-Myc and 
endogenous TOX in Jurkat and EL4 cells. e,f, Schematic of full-length TOX protein 
(WT) and truncated mutants (ΔC1, ΔC2, and ΔN) (e), and requirement of  
the C-terminal domain for KLHL6 interaction (f). g, Western blot of Flag-TOX 
degradation in HEK293T cells transfected with empty vector or different 
dosages (0.5, 1, and 1.5 μg) of KLHL6-Myc. h, Endogenous TOX levels in human 
T cells transduced with KLHL6-Myc and cultured with or without anti-CD3 
stimulation (n = 3 independent samples). i, Ubiquitination of exogenous TOX in 

HEK293T cells cotransfected with HA-Ub and KLHL6-Myc. j, Ubiquitination of 
endogenous TOX in Jurkat cells with KLHL6 overexpression. k, Ubiquitination 
analysis of endogenous TOX in activated mouse and human T cells upon anti-
CD3 restimulation. l, Measurement of TOX ubiquitination with mutant Ub 
(K48R, K63R) in HEK293T cells. m, Identification of the key TOX sites responsible 
for KLHL6-mediated degradation. n-p, Ubiquitination (n), interaction (o) and 
degradation (p, n = 3 independent samples) of a quadruple mutation (4KR) of 
TOX in HEK293T cells cotransfected with KLHL6-Myc. A triple mutant (K245, 
K246, and K248) was defined as ‘3KR’, and the quadruple mutant (K245, K246, 
K248, and K323) defined as ‘4KR’. q, Evaluation of degradation of the TOX 
quadruple mutant (4KR) in HEK293T cells treated with CHX (50 µg/mL) for  
the indicated times (n = 3 independent samples). Diagram in a created in 
BioRender. Li, G. (2025) https://BioRender.com/va0cyy2. Data in (c,d,f,g,i-o) 
are representative of two independent experiments. Data are presented as 
mean ± s.e.m. Statistical analyses were determined by unpaired two-tailed 
Student’s t-test (p,q), or two-way ANOVA with Tukey’s multiple-comparisons 
test (h). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant.

https://BioRender.com/va0cyy2


Article

Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | A TOX mutant resistant to KLHL6-mediated 
degradation reinforces the exhaustion phenotype in T cells. a, Gating 
strategy, histogram plots, and quantification of TIM-3 and TCF-1 levels in 
TOXloPD-1lo, TOXloPD-1hi, and TOXhiPD-1hi OT-I TIL populations from B16-OVA 
tumours at day 14 post-transfer (n = 7 mice). b, Percentages of Tpex (Ly108+TIM-3−) 
and Texterm (Ly108−TIM-3+) populations in TOXlo and TOXhi TILs at day 14 (n = 7 
mice). c,d, Numbers of CD45.1+ OT-I TILs (c) and TOX expression levels (d) in 
WT+shCtrl, KO+shCtrl, and KO+shTox groups at day 14 after ACT (n = 8 mice).  
e, Correlation between KLHL6 expression and the indicated genes in human 
TILs from melanoma, renal cancer, breast cancer, and nasopharyngeal cancer, 
using human pan-cancer scRNA-seq data. CD8+ TILs were stratified into 
KLHL6hi and KLHL6lo groups. Selected genes were quantified and visualized 
with red indicating highly expressed and blue indicating lower expressed.  
f-k, Naïve CD8+ OT-I T cells were activated with anti-CD3/CD28 for 24 h, and 
transduced with TOX(WT) (TOXWT-OE), TOX(4KR) (TOX4KR-OE) or Empty vector 
(Control). Cells were cultured for 5 days in vitro before subsequent analyses. 

Experimental design (f), percentages of PD-1+LAG-3+ populations (g), TOX,  
PD-1, and LAG-3 levels (h), cytokine production (i), heatmap of differentially 
expressed genes ( j), and GSEA for exhaustion and effector signatures (k)  
(n = 3 independent samples). GSEA uses a one-sided, permutation-based 
modified K–S test with adjustments for multiple comparisons. l-o, 3×106 
Control, TOX(WT), or TOX(4KR) OT-I T cells were adoptively transferred into 
B16-OVA tumour-bearing mice. Mice were sacrificed on day 14 after ACT.  
TOX expression (l), percentages of PD-1−TIM-3−, PD-1+TIM-3− and PD-1+TIM-3+ 
populations (m), MFI of LAG-3, TIM-3, and PD-1 (n), and cytokine production (o) in 
CD45.1+CD8+ TILs were assessed (n = 6 mice). Diagram in e created in BioRender. 
Li, G. (2025) https://BioRender.com/p3754eu. Diagram in f created in BioRender. 
Li, G. (2025) https://BioRender.com/ahcb92h. Data are presented as mean ± s.e.m. 
Statistical analyses were performed by two-way ANOVA with Sidak’s multiple-
comparisons test (b) or with Tukey’s multiple-comparisons test (a,c,d,g-i,l-o). 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant.

https://BioRender.com/p3754eu
https://BioRender.com/ahcb92h
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Extended Data Fig. 11 | See next page for caption.



Extended Data Fig. 11 | KLHL6 modulates mitochondrial fitness and  
anti-tumour T cell responses via ubiquitinating PGAM5. a, Immunoblot of 
mitochondrial fusion/fission proteins in WT or KLHL6 KO OT-I T cells activated 
by anti-CD3/CD28 for indicated times (n = 3 independent samples). b, Immunoblot 
of p62 and LC3 (upper band: LC3-I; lower band: LC3-II) in WT and KO OT-I T cells 
at day 5 post-activation. c, CD45.2+ B16-OVA-bearing mice received 4×106 WT or 
KO CD45.1+ OT-I cells pretreated with DMSO or M1 (20 μM) + Mdivi-1 (10 μM) 
(MM) for 3 days. Survival of mice was monitored (n = 8 mice). d, Interaction 
between introduced KLHL6-Myc and endogenous PGAM5 in Jurkat cells.  
e, Ubiquitination of endogenous PGAM5 in Jurkat cells transduced with KLHL6-
Myc. f,g, Immunoblot analysis of endogenous PGAM5 in Jurkat cells expressing 
an empty vector or KLHL6-Myc with or without MG132 treatment (f) and in WT 
and KO T cells collected at different time points after activation (g). h,i, WT and 
KLHL6 KO OT-I T cells transduced with shPgam5 (shP5) or shCtrl retrovirus were 
cultured in vitro for 5 days. TMRE/MTG ratio (h, n = 5 independent samples)  
and mitochondrial morphology and area (i; scale bar, 1 μm; n = 60 cells) were 
analyzed. j-m, CD45.1/2+ WT and CD45.1+ KLHL6 KO OT-I T cells transduced with 
GFP-shCtrl or Thy1.1-shPgam5 (shP5) were mixed at a 1:1:1:1 ratio and cotransferred 
into CD45.2+ B16-OVA tumour-bearing mice. Mice were sacrificed for analysis 
on day 14 after ACT. Experimental design ( j), CD8+ TIL numbers (k), PD-1 and 

TIM-3 expression in TILs (l), and numbers of CD44+CD62L+ cells in dLN and 
spleen from the four groups (m) (n = 7 mice). n-r, WT and KO OT-I T cells were 
activated and cultured for 3 days in vitro, then treated with DMSO or the PGAM5 
inhibitor LFHP-1c (P5i, 2 μM) for another 3 days before analysis. Immunoblotting 
of Mfn2, Opa1, Drp1, p-Drp1S637, PGAM5, and Actin (n). OCR, SRC, mitochondrial 
ATP production (o-q, n = 10 tests), and TMRE/MTG ratio (r, n = 3 independent 
samples) were assessed. s-y, CD45.2+ mice bearing B16-OVA tumours received 
4×106 activated WT or KO CD45.1+ OT-I cells pretreated with DMSO or P5i.  
The mice were sacrificed for analysis at day 14 after ACT. Schematic of the 
experiment (s), tumour weights (t), total numbers (u), cytokine production (v), 
PD-1 and TIM-3 levels (w), and cell numbers of indicated subsets (x) of OT-I  
TILs were evaluated (n = 6 mice); percentages of TCM populations in dLN and 
spleen (y, n = 6 mice). Diagram in j created in BioRender. Li, G. (2025) https://
BioRender.com/md3c1bz. Diagram in s created in BioRender. Li, G. (2025) 
https://BioRender.com/ap5vq6h. Data in (b,d-g,n) are representative of  
three independent experiments. Data are presented as mean ± s.e.m. Statistical 
analyses were determined by two-way ANOVA with Tukey’s multiple-comparisons 
test (a,h,i,k-m,o-r,t-y) and Log-rank (Mantel-Cox) test (c). *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001; ns, not significant.

https://BioRender.com/md3c1bz
https://BioRender.com/md3c1bz
https://BioRender.com/ap5vq6h


Article

Extended Data Fig. 12 | See next page for caption.



Extended Data Fig. 12 | TOX and mitochondrial fitness are key mediators of 
KLHL6-driven anti-tumour immune responses. a,b, CD8+ WT and KLHL6 KO 
T cells transduced with either Empty vector (Empty) or PGC1α-overexpression 
(PGC1α) plasmids were cultured for 6 days. OCR (a, n = 10 tests) and SRC and 
mitochondrial ATP production (b, n = 10 tests) were measured. c-e, Tumour 
weights (c), absolute numbers of transferred CD8+ TILs (d), and proportion  
of damaged mitochondria in transferred CD8+ TILs (e) were assessed in the 
indicated groups (n = 6 mice), related to Fig. 5l,m. f-i, Experimental design 
related to Fig. 5n,o (f), tumour weights (g), absolute numbers of total (h) and 
Tpex (Ly108+TIM-3−) and Texterm (Ly108−TIM-3+) subsets (i) of transferred CD8+ 
TILs among the five groups at day 14 after ACT (n = 6 mice). j-n, CD8+ OT-I  
T cells transduced with either TOX-overexpressing (TOX-OE) or Empty vector 
(Control) retrovirus were cultured for 5 days in vitro, and then restimulated 

with or without CD3 antibody for 24 h before analysis. Representative plots and 
quantification of mitochondrial depolarization (TMRE/MTG)lo ( j) and MitoSOX 
level (k) were assessed (n = 3 independent samples). OCR (l), SRC (left) and 
mitochondrial ATP production (right) (m), and glycoPER (n) were measured  
(n = 10 tests). o,p, Activated WT and KO CD8+ OT-I T cells were transduced with 
either shCtrl or shTox retrovirus at 24 h post-activation and cultured for an 
additional 5 days prior to analysis. OCR (o), SRC (left) and mitochondrial ATP 
production (right) (p) were measured (n = 8 tests). Diagram in f created in 
BioRender. Li, G. (2025) https://BioRender.com/md3c1bz. Data in (f-i) are 
representative of two independent experiments. Data are presented as 
mean ± s.e.m. Statistical analyses were determined by two-way ANOVA with 
Tukey’s multiple-comparisons test (a-e,g-p). *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001; ns, not significant.

https://BioRender.com/md3c1bz
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mm10-2020-A as a reference. Flow cytometry data were collected by FlowJo (v10.4). Statistics and Data plotting were performed by 
GraphPad Prism (v8.0.1). The relative expression of mRNA was calculated using the 2−ΔΔCT method. Western blotting analysis and the 
statistics of mitochondrial morphology were performed using Image J (v1.8.0) software. Protein MS data were analyzed using the limma 
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The following FACS antibodies were used: Anti-mouse CD8α, Brilliant Violet 711 (BioLegend, 53-6.7, 1:200), Anti-mouse CD4, APC-

Cy7 (BioLegend, GK1.5, 1:200), Anti-mouse CD19, PE-Cy7 (BioLegend, 1D3/CD19, 1:200), Anti-mouse CD45.1, Pacific Blue (BioLegend, 
A20, 1:200), Anti-mouse CD45.1, FITC (BioLegend, A20, 1:200), Anti-mouse CD45.1, PerCP/Cyanine5.5 (BioLegend, A20, 1:200), Anti-
mouse CD45.1, Brilliant Violet 605 (BioLegend, A20, 1:200); Anti-mouse CD45.2, Pacific Blue (BioLegend, 104, 1:200); Anti-mouse 
CD45.2, FITC (BioLegend, 104, 1:200), Anti-mouse CD45.2, APC-Cy7 (BioLegend, 104, 1:200), Anti-mouse CD45.2, Brilliant Violet 711 
(BioLegend, 104, 1:200); Anti-mouse CD366 (Tim-3), PE-Cy7 (Invitrogen, RMT3-23, 1:200), Anti-mouse CD279 (PD-1), Percp-efluor710  
(Invitrogen, RMP1-30, 1:200), Anti-mouse CD223 (LAG-3), PE (BioLegend, C9B7W, 1:200), Anti-mouse Ly108, APC (BioLegend, 330-AJ, 
1:200), Anti-mouse CD25, Pacific blue (BioLegend, PC61, 1:200), Anti-mouse CD69, FITC (BioLegend, H1.2F3, 1:200), Anti-rat CD90/
mouse CD90.1 Antibody, Alexa Fluor 488 (BioLegend, OX-7, 1:200), Anti-rat CD90/mouse CD90.1 Antibody, Brilliant Violet 605 
(BioLegend, OX-7, 1:200); TOX Monoclonal Antibody, PE (Invitrogen, TXRX10, 1:200), TCF1/TCF7 Rabbit mAb, Alexa Fluor 647 (CST, 
C63D9, 1:200), Anti-mouse/human Ki-67, Pacific Blue (BioLegend, 16A8, 1:200), Anti-mouse TNF-a, PE (BioLegend, MP6-XT22, 1:200), 
Anti-mouse IFN-γ, APC (BioLegend, XMG1.2, 1:200), Anti-muse IL-2, PE-Cy7 (BioLegend, JES6-5H4, 1:200), Anti-muse IL-2, FITC 
(BioLegend, JES6-5H4, 1:200), Anti-muse CD95 (Fas), APC (BioLegend, SA367H8, 1:200), Anti-mouse/human CD44, APC-Cy7 
(BioLegend, IM7, 1:200), Anti-mouse/human CD44, PE (BioLegend, IM7, 1:200), Anti-mouse CD62L, PE-Cy7 (BioLegend, MEL-14, 
1:200), Anti-mouse CD62L, APC (BioLegend, MEL-14, 1:200), Anti-mouse/human KLRG1, PE (BioLegend, 2F1/KLRG1, 1:200); Anti-
mouse CD127(IL-7Rα), APC-Cy7 (BioLegend, A7R34, 1:200); Anti-mouse/human CD11b, PE-Cy7 (BioLegend, M1/70, 1:200); Anti-
mouse NK-1.1, Alexa Fluor 647 (BioLegend, PK136, 1:200); Anti-mouse Ly-6G, Percp-Cy5.5 (BioLegend, 1A8, 1:200); Anti-mouse 
Ly-6C, APC-Cy7 (BioLegend, O323, 1:200); Anti-mouse CD127a, PE (BioLegend, P84, 1:200); Anti-mouse CX3CR1, Brilliant Violet 605 
(BioLegend, SA011F11, 1:200); Anti-human CD279 (PD-1), APC (BioLegend, EH12.2H7, 1:200), Anti-human CD366 (Tim-3), PE 
(BioLegend, F38-2E2, 1:200), Anti-human CD223 (LAG-3), PE-Cy7 (BioLegend, 11C3C65, 1:200), Anti-human CD8α, Pacific Blue 
(BioLegend, HIT8a, 1:200), Anti-human CD4, FITC (BioLegend, A161A1, 1:200), Anti-human CD271 (NGFR), APC-Cy7 (BioLegend, 
ME20.4, 1:1000),  Anti-human TNF-a, PE (BioLegend, MAb11, 1:200), Anti-human IFN-γ, APC (BioLegend, 4S.B3, 1:200), Anti-human 
CD62L, PerCP/Cy5.5 (BioLegend, DREG-56, 1:200), Anti-human CD45RA, APC-Cy7 (BioLegend, HI100, 1:200), Anti-Bcl-2, PE 
(BioLegend, BCL/10C4, 1:200), Bim Antibody, Alexa Fluor 647 (Santa Cruz, H-5, 1:200); Bcl-xL Antibody, Alexa Fluor 488 (Santa Cruz, 
H-5, 1:200). 
The following antibodies were used for western blotting: Goat anti-KLHL6 (Invitrogen, PA5-19213, N/A, 1:1000), Rabbit anti-TOX 
(Abcam, N/A, 1:1000), Mouse anti-Ub (ENZO, UBCJ2, 1:1000), Mouse anti-Myc-Tag (CST, 9B11, 1:1000), Mouse anti-Flag-Tag (Sigma, 
M2, 1:1000), Rabbit anti-HA-Tag (Abcam, EPR22819-101, 1:1000), Mouse anti-β-actin (Proteintech, 2D4H5, 1:5000), Rabbit anti-Drp1 
(Proteintech, N/A, 1:1000), Rabbit anti-Phospho-Drp1-Ser637 (CST, N/A, 1:1000), Rabbit anti-Opa1 (Proteintech, N/A, 1:1000), Rabbit 
anti-Mfn2 (Proteintech, N/A, 1:1000), Rabbit anti-PGAM5 (Abcam, N/A, 1:1000), Rabbit anti-LC3 (Proteintech, N/A, 1:1000), Rabbit 
anti-p62 (SQSTM1) (Proteintech, N/A, 1:1000), Mouse anti-Flag magnetic beads (Selleck, 20 μl beads for 200 μl crude protein 
solution), Mouse anti-Myc magnetic beads (Selleck, 20 μl beads for 200 μl crude protein solution), Anti-rabbit IgG, HRP-linked (CST, 
N/A, 1:2000), Anti-mouse IgG, HRP-linked (CST, N/A, 1:2000), Anti-goat IgG, HRP (ZSGB, N/A, 1:2000).

Validation The following commercially available antibodies were validated by the company, as well as other researchers (as the information  
collected by the RRID database): 
Anti-mouse CD8α, Brilliant Violet 711 (Cat:100748, RRID: AB_2562100), Anti-mouse CD4, APC-Cy7 (Cat:100414, RRID: AB_312699), 
Anti-mouse CD19, PE-Cy7 (Cat:152418, RRID: AB_2927870), Anti-mouse CD45.1, Pacific Blue (Cat:110722, RRID: AB_492866), Anti-
mouse CD45.1, FITC (Cat:110706, RRID: AB_313495), Anti-mouse CD45.1, PerCP/Cyanine5.5 (Cat:110728, RRID: AB_893346), Anti-
mouse CD45.1, Brilliant Violet 605 (Cat: 110735, RRID: AB_11124743), Anti-mouse CD45.2, Pacific Blue (Cat:109820, RRID: 
AB_492872), Anti-mouse CD45.2, FITC (104) (Cat:109806, RRID: AB_313443), Anti-mouse CD45.2, APC-Cy7 (104) (Cat:109806, RRID: 
AB_830789), Anti-mouse CD45.2, Brilliant Violet 711 (Cat: 109847, RRID: AB_2616859); Anti-mouse CD366 (Tim-3), PE-Cy7 
(Cat:25-5870-82, RRID: AB_2573483), Anti-mouse CD279 (PD-1), Percp-efluor710  (Cat:46-9981-82, RRID: AB_11151142), Anti-mouse 
CD223 (LAG-3), PE (Cat:125208, RRID: AB_2133343), Anti-mouse Ly108, APC (Cat:134610; RRID: AB_2728155), Anti-mouse CD25, 
Pacific blue (Cat:102022; RRID: AB_493643), Anti-mouse CD69, FITC (Cat:104506, RRID: AB_313109), Anti-rat CD90/mouse CD90.1 
Antibody, Alexa Fluor 488 (Cat:202506, RRID: AB_492882), Anti-rat CD90/mouse CD90.1 Antibody, Brilliant Violet 605 (Cat:202537, 
RRID: AB_2562644), TOX Monoclonal Antibody, PE (Cat:12-6502-82, RRID: AB_10855034), TCF1/TCF7 Rabbit mAb, Alexa Fluor 647 
(Cat:6709s, RRID: AB_2797631), Anti-mouse/human Ki-67, Pacific Blue (Cat: 652422, RRID: AB_2564490), Anti-mouse TNF-a, PE 
(Cat:506306, RRID: AB_2797631), Anti-mouse IFN-γ, APC (Cat:505810, RRID: AB_315404), Anti-muse IL-2, FITC (Cat:503806, RRID: 
AB_315300), Anti-muse CD95 (Fas), APC (Cat:152604, RRID: AB_2632899), Anti-mouse/human CD44, APC-Cy7 (Cat:103028, RRID: 
AB_830785), Anti-mouse/human CD44, PE (Cat:103008, RRID: AB_312959), Anti-mouse CD62L, PE-Cy7 (Cat:104418, RRID: 
AB_313103), Anti-mouse CD62L, APC (Cat:104412, RRID: AB_313099), Anti-mouse/human KLRG1, PE (Cat:138408, RRID: 
AB_10574313), Anti-mouse CD127(IL-7Rα), APC-Cy7 (Cat:135040, RRID: AB_2566161), Anti-mouse/human CD11b, PE-Cy7 
(Cat:101216, RRID: AB_312799), Anti-mouse NK-1.1, Alexa Fluor 647 (Cat:108720, RRID: AB_2132713), Anti-mouse Ly-6G, Percp-
Cy5.5 (Cat:127616, RRID: AB_1877271), Anti-mouse Ly-6C, APC-Cy7 (Cat: 302818, RRID: AB_893292), Anti-mouse CD127a, PE (Cat: 
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144012, RRID: AB_2563550), Anti-mouse CX3CR1, Brilliant Violet 605 (Cat: 149027, RRID: AB_2565937). Anti-human CD279 (PD-1), 
APC (Cat:329908, RRID: AB_2562911), Anti-human CD366 (Tim-3), PE (Cat:345006, RRID: AB_2565717), Anti-human CD223 (LAG-3), 
PE-Cy7 (Cat:369310, RRID: AB_2629753), Anti-human CD8α, Pacific Blue (Cat:300928, RRID: AB_10612929), Anti-human CD4, FITC 
(Cat:357406, RRID: AB_2562357), Anti-human CD271 (NGFR), APC-Cy7 (Cat:345126, RRID: AB_2876654),  Anti-human TNF-a, PE 
(Cat:502909, RRID: AB_315261), Anti-human IFN-γ, APC (Cat:502512, RRID: AB_315237), Anti-human CD62L, PerCP/Cy5.5 
(Cat:304824, RRID: AB_2239105), Anti-human CD45RA, APC-Cy7 (Cat:304128, RRID: AB_10708880), Anti-Bcl-2, PE (Cat:633508, RRID: 
AB_2290367), Bim Antibody (H-5), Alexa Fluor 647 (Cat: sc-374358, RRID:AB_10987853), Bcl-xL Antibody (H-5), Alexa Fluor 488 (Cat: 
sc-8392, RRID:AB_626739). Goat anti-KLHL6 (Cat:PA5-19213, RRID: AB_10979649), Rabbit anti-TOX (Cat:ab155768, 
RRID:AB_2924918), Mouse anti-Ub (Cat:ENZ-ABS840, RRID:AB_2935893), Mouse anti-Myc-Tag (Cat:2276, RRID:AB_331783), Mouse 
anti-Flag-Tag (Cat:F1804, RRID:AB_262044), Rabbit anti-HA-Tag (Cat:ab236632, RRID:AB_2864361), Rabbit anti-β-actin (Cat:66009,  
RRID: AB_2687938), Rabbit anti-Drp1 (Cat:12957-1-AP, RRID: AB_2093525), Rabbit anti-Phospho-Drp1-Ser637 (Cat:4867, 
RRID:AB_10622027), Rabbit anti-Opa1 (Cat:27733-1-AP, RRID: AB_2810292), Rabbit anti-Mfn2 (Cat:12186-1-AP, RRID:AB_2266320), 
Rabbit anti-PGAM5 (Cat:ab126534, RRID:AB_11127076), Rabbit anti-LC3 (Cat:14600-1-AP, RRID:AB_2137737), Rabbit anti-p62 
(SQSTM1) (Cat:18420-1-AP, RRID: AB_10694431), Mouse anti-Flag magnetic beads (Cat:B26102, DOI: 10.1038/s41467-024-45250-x), 
Mouse anti-Myc magnetic beads (Cat:B26302, DOI: 10.1016/j.celrep.2023.112033), Anti-rabbit IgG, HRP-linked (Cat:7074, 
RRID:AB_954861), Anti-mouse IgG, HRP-linked (Cat:7076, RRID:AB_330924), Rabbit anti-goat IgG, HRP (Cat:ZB2306, RRID: 
AB_2868454).

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells from American Type Culture Collection (ATCC, CRL-3216) were used to produce virus in this study. The mouse 
melanoma cell line B16-OVA was a gift from the Bo Huang laboratory. Jurkat (ATCC, TIB-152) and EL4 (ATCC, TIB-39) cell lines 
were cultured within the complete RPMI-1640 medium. HepG2 cells (ATCC, HB-8065) from ATCC were transduced to express 
human NY-ESO antigen (HepG2-ESO) and cultured in complete RPMI-1640 medium. Human peripheral blood mononuclear 
cells(PBMC) from healthy donors were purchased from Sailybio (Shanghai, China).

Authentication HEK293T, Jurkat, HepG2 and EL4 cells were obtained from and pre-authenticated by ATCC by STR sequencing. B16-OVA cells 
were frequently monitored based on their morphological features but have not been authenticated by STR. Human PBMCs 
were obtained from Sailybio and confirmed by morphology and FACS.

Mycoplasma contamination All cell lines were free of mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in the study.

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

Laboratory animals CD45.1+ OT-I and P14 TCR transgenic mice were housed. CD45.2+ male and female C57BL/6N or C57BL/6JNifdc mice  were 
purchased from the Vital River Co, Ltd (Beijing, China) as recipients. Female NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/
Gpt) mice were purchased from GemPharmatech (Nanjing, China). Rosa26-Cas9 mice were provided as a gift from the W. Sheng 
laboratory at the University of Zhejiang. Rosa26-Cas9 mice were crossed with OT-I transgenic mice to generate Cas9+ OT-I mice. Klhl6
+/- mice were purchased from Cyagen (Tianjin, China). The Klhl6+/- mice were crossed with OT-I, P14 or C57BL/6N mice to generate 
Klhl6-/- OT-I/P14 mice or Klhl6-/- mice for subsequent experiments. For one independent experiment in vivo, the mice (6–12 weeks) 
used were sex-matched. Mice were housed on a standard condition, with 12 h/12 h light/dark cycles, controlled temperature of 22–
24 °C and humidity of 60%, with unrestricted food and water availability and examined daily.

Wild animals  No wild animal were used in this study.

Reporting on sex In our study, we used female and male OT-I TCR transgenic mice in vitro experiments. Our conclusions from experiments in vitro 
were not affected by sex of mice. The ACT experiments in vivo were used female mice, and thus could not confirm the influence of 
sex.

Field-collected samples No field-collected samples were used in the studies.

Ethics oversight All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee (IACUC) of Suzhou 
Institute of Systems Medicine (ISM-IACUC-0151-R and ISM-IACUC-20240098).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Authentication N/A
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Flow Cytometry

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

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

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Mouse CD8+ T lymphocytes were isolated from the spleens of 6-8-week OT-1 mice using Nylon Wool Fiber（Seebio）and 
cultured in RPMI-1640 medium supplemented with 10% FBS, 1% Penicillin-Streptomycin (PS), 1% non-essential amino acids, 
1% GlutaMAX, 1mM sodium pyruvate, 0.1M HEPES and 50μM β-mercaptoethanol in the presence of mouse IL-2 (20 U/ml, 
Peprotech). Purified cells were activated by using plate-bound anti-mouse CD3 (2μg/ml, Biolegend) plus soluble anti-mouse 
CD28 (1μg/ml, Biolegend) monoclonal antibodies for 24 h. Peripheral blood mononuclear cells (PBMC) were cultured in 
RMPI-1640 medium supplemented with 5% Human Serum AB(Gemini), 1% PS, 1% non-essential amino acids, 1% GlutaMAX, 
1mM sodium pyruvate, 0.1M HEPES, 50μM β-mercaptoethanol in the presence of human IL-2 (100U/ml, Peprotech). Plate-
bound anti-human CD3 (1μg/ml, Biolegend) and soluble anti-human CD28 (1μg/ml, Biolegend) monoclonal antibodies were 
used to activate naïve T cells for three days. 
Spleen, lymph nodes and tumor were passed through 70 micron filters.  
Cells were stained with fluorescent antibodies and then analyzed by flow cytometry. For surface marker staining, cells were 
stained with fluorescently conjugated antibodies and Live/Dead Fixable Dead Cell stain kit (Invitrogen) in FACS buffer 
(phosphate-buffered saline (PBS) with 2% FBS), then fixed with 2% paraformaldehyde (Casmart) for 20 min at room 
temperature. For intracellular staining of phospho-proteins, pre-stained cells were fixed with Fixation Buffer (BioLegend) and 
then stained with phospho-specific antibodies in Permeabilization Buffer (Invitrogen). For detection of intracellular cytokines, 
cells were stimulated with phorbol myristate acetate (PMA) in presence of Brefeldin A (BFA) (BioLegend) for 4.5 h. Then, the 
pre-stained cells were fixed and stained with cytokines antibodies in Permeabilization Buffer. For intracellular transcriptional 
factors staining, cells were pre-stained with Live/Dead Fixable Dead Cell stain kit and fluorescent conjugated antibodies in 
FACS buffer for surface markers. The cells were then fixed for 30 min on ice using FOXP3/Transcription Factor Fixation Buffer 
(Invitrogen) and stained with transcription factor antibodies in Permeabilization Buffer. After staining, cells were 
resuspended in FACS buffer for flow cytometry. 

Instrument LSR Fortessa (BD Biosciences) and BD FACSDiva (v8.0.2)

Software BD FACSDiva (v8.0.2) was used to collect data. FlowJo (v10.4) was used to analyze the flow cytometry data.

Cell population abundance Expanded CD8+ OT-1 T cell and human CD8+ T cell abundance are higher than 90% with flow cytometry validation.

Gating strategy Cells were identified with FSC-A/SSC-A gating and followed by SSC-H/SSC-A for single cells. Live cells were distinguished based 
on the negative staining of Live/Dead.The live cells were separated into different populations based on specific markers' 
staining

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