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LARP4-mediated hypertranslation drives 
T cell dysfunction in tumors
 

Yi Liu1,2,13, Haochen Ni3,4,5,13, Jie Li    3,4,13, Jing Yang    3,4,5, Ivann Sekielyk2,6, 
Bryan E. Snow2, Zihao Zhang1,7,8,9, Feifan Zhang3,4,5, Michael St. Paul    2, 
Jinyi Han1,7,8,9, Meghan Kates2,10, Shaofeng Liu2, Yawei Zhang3,4, Zurui Huang3,4,5, 
Yin Xu3,4,5, Samuel D. Saibil2,10, Tak W. Mak    2,10,11,12, Dali Han    3,4,5   & 
Meng Michelle Xu    1,7,8,9 

Adoptive T cell therapies have therapeutic potential for treating solid 
tumors, but long-term efficacy is limited by reduced functional fitness 
and poor persistence within the tumor microenvironment. Here we show 
that intratumoral T cells undergo translatome remodeling, transitioning 
into a hypertranslational state as they acquire dysfunctional traits. 
The RNA-binding protein LARP4 is a translation regulator that drives 
hypertranslation and dysfunction by selectively enhancing the translation 
of nuclear-encoded oxidative phosphorylation (OXPHOS) mRNAs in 
exhausted T cells, disrupting OXPHOS subunit balance and causing 
mitochondrial dysfunction. Knockout of Larp4 in tumor-specific CD8+ 
T cells reduces hypertranslation, restores mitochondrial function, mitigates 
exhaustion and enhances effector persistence, resulting in enhanced 
anti-tumor responses. Additionally, LARP4 knockdown in chimeric antigen 
receptor T cells prevents terminal exhaustion and improves the response to 
liquid and solid tumors. This study highlights translation dysregulation as a 
determinant of T cell dysfunction in tumors.

Adoptive T cell therapies have shown promising results in the treatment 
of liquid tumors but limited efficacy against solid tumors, primarily 
because of reduced fitness and insufficient persistence of effector 
T cells (TEFF)1,2. T cells within the tumor microenvironment (TME), faced 
with chronic antigen exposure and metabolic stress, gradually lose 
their effector capabilities and transition into a dysfunctional state (also 
known as exhaustion)3, characterized by impaired cytokine produc-
tion, decreased cytotoxic activity, reduced proliferative capacity and 

metabolic dysfunction4. Improving T cell outcomes requires strate-
gies promoting long-lasting functional T cells (‘effector persistence’) 
over ‘exhaustion persistence’5,6. One key factor in the persistence of 
anti-tumor responses is the presence of stem-like progenitor exhausted 
T cells (TPEX), expressing TCF1, TOX and Ly108, which originate in the 
tumor-draining lymph nodes (TdLNs) and exhibit self-renewal and dif-
ferentiation plasticity6,7. Within the TME, chronic antigen stimulation 
and bioenergetic stress drive TPEX cells propagating into early exhausted 
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257–264 (ref. 13) (Fig. 1d). Consistent with previous findings4,7,14,15, these 
tumor-specific T cells first differentiated into proliferation-competent 
TPEX cells (PD-1+ TPEX) in the TdLNs. They gradually transitioned into 
early TEX cells (PD-1hi TIM-3− early TEX) and eventually into terminally 
exhausted cells (PD-1hi TIM-3+ terminal TEX) within the TME (Fig. 1d and 
Extended Data Fig. 1g). Among the three TEX subsets, TPEX cells in the 
TdLNs exhibited the lowest level of translation activity, while terminal 
TEX cells displayed the highest (Fig. 1e,f). These findings reveal that 
translation activity increases as tumor-specific T cells progress from 
TPEX to terminal TEX cells within the TME.

A low-input method for translatome profiling
Next, we aimed to profile active translation across tumor-specific TEX 
subsets on a transcriptome-wide scale. However, existing methods 
requiring millions of cells render this impractical for studying T cells 
within tumors. To overcome this issue, we developed RPLace-seq, a 
ribosome profiling method optimized for low-input cells that inte-
grates ribosome tagging (RiboTag)16 with LACE-seq, a method for 
identifying the RNA bound to specific proteins17. RPLace-seq uses the 
RiboTag approach, in which hemagglutinin A (HA)-tagged ribosomal 
protein RPL22 is selectively expressed in the target cell type. This allows 
immunoprecipitation of ribosome-protected mRNA fragments for 
subsequent analysis by LACE-seq (Fig. 1g). Notably, the RPLace-seq 
cannot capture mitochondrial-encoded mRNAs owing to its reliance 
on HA-tagged RPL22 ribosomes (Extended Data Fig. 2a).

We performed this method alongside RNA-seq on 104 CD8+ TN cells 
and identified a comparable number of genes as RNA-seq (Fig. 1h). 
Ribosome-protected fragment (RPF) distribution from RPLace-seq 
exhibited characteristic features of ribosome profiling18 (Fig. 1i,j 
and Extended Data Fig. 2b). Comparison with an independent poly-
some profiling dataset from CD8+ TN cells revealed strong correla-
tion (R2 = 0.897)19 (Fig. 1k,l), confirming that RPLace-seq effectively 
captures actively translated polysome-bound mRNAs. By calculating 
the TE, we identified several known translational repressed mRNAs 
exhibiting lower TE than other mRNAs in CD8+ TN cells19,20 (Fig. 1m and 
Extended Data Fig. 2c), validating the ability of RPLace-seq to accurately 
assess translational activities in T cells. These findings demonstrate 
the method’s high precision and reliability for low-input cell analysis.

Profiling the translatome landscape of tumor-specific  
CD8+ T cells
To further explore translatome dynamics in tumor-specific T cells, we 
applied RPLace-seq to 104 tumor-infiltrating OT-I TEX (PD-1hi) cells and 
OT-I TPEX cells from TdLNs 21 days post transfer (Fig. 2a). RPLace-seq 
successfully captured an average of 10,822 and 13,120 genes in TPEX and 
TEX cells, respectively (Extended Data Fig. 3a), with high reproducibility 
in RPF abundance for both cell types (R2 = 0.992 for TPEX and R2 = 0.996 
for TEX) (Extended Data Fig. 3b,c). When comparing RPF abundance 
between TEX and TPEX cells, we identified more upregulated transcripts 
(n = 955) than downregulated ones (n = 686), indicating that TEX cells 
exhibit higher overall translation activity than TPEX cells (Extended 
Data Fig. 3d). The similar increase in overall translation activity was 
recapitulated in TEX cells induced in vitro (Extended Data Fig. 3e,f).

Given that the alternation of RPF abundance can be attributed to 
changes in mRNA levels, we analyzed the correlation between changes 
in RPF abundance and mRNA levels in TPEX and TEX cells. We found a weak 
correlation between mRNA and RPF levels (R2 = 0.257), with nearly half 
of the RPF-upregulated transcripts (49.1%, 469 out of 955) showing no 
change in mRNA levels (Extended Data Fig. 3g,h). This discrepancy 
between mRNA and RPF levels may indicate changes in TE of specific 
genes rather than alterations in transcription. To explore this possibil-
ity, we compared TE across genes and identified 539 transcripts with 
significantly increased TE in TEX cells compared to TPEX cells. Nota-
bly, approximately 39.1% of these transcripts (211 out of 539), termed 
hypertranslated mRNAs, exhibited upregulation in both TE and RPF 

T cells (TEX), which eventually differentiate into non-reprogrammable 
terminal TEX cells3,6,8. Counteracting exhaustion traits to steer T cells 
toward the effector branch could thus rejuvenate T cell fitness and 
their therapeutic efficacy.

Chronic antigenic stimulation activates exhaustion-associated 
transcription and epigenetic programs controlled by transcription 
factors of the TOX and NR4A families, leading to a permanent loss 
of effector function4,9. Although most studies on T cell exhaustion 
have emphasized transcriptional regulation, the role of translational 
regulation remains underexplored. Emerging evidence suggests that 
during cellular stress, cells selectively allocate translational resources 
to specific pre-existing mRNAs, enabling rapid protein synthesis with-
out continuous mRNA expression10. However, the specific changes in 
the translational landscape during the transition to T cell dysfunction 
and exhaustion, and the precise mRNAs prioritized for translation in 
TEX cell differentiation, are still not fully understood.

In this study, we show that dysregulated translation in tumor- 
specific T cells drives both dysfunction and reduced persistence within 
tumors. We identify the RNA-binding protein (RBP) LARP4 as a regu-
lator of hypertranslation in intratumoral T cells. LARP4 specifically 
enhances the translation efficiency (TE) of nuclear-encoded oxidative 
phosphorylation (OXPHOS) mRNAs, while leaving the synthesis of 
mitochondrial-encoded mRNAs unaffected, leading to an imbalanced 
OXPHOS subunit synthesis and mitochondrial dysfunction. Knockout 
(KO) of Larp4 in tumor-specific CD8+ T cells attenuates this hyper-
translation, restores mitochondrial function, antagonizes exhaustion 
and re-engages T cell differentiation toward an effector state within 
the TME. These findings underscore the importance of translational 
regulation in maintaining T cell functionality within tumors and sug-
gest that targeting LARP4 might be an effective strategy to enhance 
adoptive T cell therapies for solid tumors.

Results
Increased translational activity in TEX cells in tumors
T cell exhaustion is characterized by distinct metabolic, transcriptional 
and epigenetic changes, but the role of translational regulation in this 
process remains largely unexplored. To investigate the impact of trans-
lation in T cell exhaustion, we used a well-established in vitro model in 
which naive mouse CD8+ T cells (TN) are exposed to chronic T cell recep-
tor (TCR) stimulation via anti-CD3 antibody, driving their differentiation 
towards exhaustion11 (Fig. 1a). After 4 days of in vitro culture, chronically 
stimulated T cells (‘d4 TEX’) exhibited multiple exhaustive and dysfunc-
tional features, including reduced effector functions, reduced mito-
chondrial activity and elevated expression of the inhibitory receptors 
PD-1 and TIM-3 compared to acutely stimulated functional CD8+ TEFF cells 
(Extended Data Fig. 1a–f). Extending TCR stimulation led to a continu-
ous decline in effector functions (Extended Data Fig. 1a), a reduction in 
mitochondrial respiratory capacity and an increase in mitochondrial 
stress (Extended Data Fig. 1b,c). By day 8, most T cells co-expressed 
PD-1 and TIM-3 (‘d8 TEX’) (Extended Data Fig. 1d–f), recapitulating the 
molecular phenotypes associated with T cell exhaustion. We assessed 
translation activity in these CD8+ T cells using O-propargyl-puromycin 
(OPP), which integrates into nascent polypeptides and can be detected 
and quantified through flow cytometry12. In TEFF cells, we observed a 
temporary increase in translation activity by day 4, followed by a decline 
by day 8 (Fig. 1b,c). By contrast, translation activity in T cells undergoing 
exhaustion showed a continuous rise. Chronically stimulated d8 TEX 
cells exhibited significantly higher translation activity compared to 
both d4 TEX cells and TEFF cells (Fig. 1b,c).

We sought to determine whether the increased translation activity 
observed in TEX cells in vitro could also be seen in tumor-infiltrating 
TEX cells. To investigate this possibility, we subcutaneously inoculated 
C57BL/6J (B6) mice with ovalbumin (OVA)-expressing B16 melanoma 
cells (B16-OVA). After tumor establishment, we adoptively transferred 
naive OT-I T cells, which express TCRs specific for the OVA peptide 
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Fig. 1 | Increased global translation activity in exhausted CD8+ T cells.  
a, Experimental timeline showing the differentiation of TN cells into TEX cells 
or TEFF cells under in vitro chronic or acute antigenic (anti-CD3 antibody) 
stimulation for 8 days. b,c, Representative flow cytometry histograms (b) and 
bar plots (c) showing the OPP incorporation in TN, TEFF and TEX cells (n = 3) under 
in vitro chronic or acute antigenic stimulation. The dashed lines in histograms 
represent the PBS control, and the mean fluorescence intensity (MFI) values are 
listed in the upper-right corner. d, Schematic diagram of in vivo experiment for 
gating TPEX, early TEX and terminal (term.) TEX. A total of 1 × 106 B16-OVA cells  
were inoculated into B6 CD45.2+ mice on day 0, followed by the transfer of  
5 × 105 CD45.1+ OT-I T cells on day 7. Mice were intratumorally injected with Poly 
I:C and OVA peptide 257–264 on day 14. TPEX from TdLNs, early TEXand terminal 
TEX OT-I cells from the TME were analyzed on day 21. e,f, Representative flow 
cytometry histograms (e) and bar plots (f) showing the OPP incorporation in 
TPEX, early TEX and terminal TEX OT-I cells (n = 5). The dashed lines in histograms 
represent the PBS control, and the MFI values are listed in the upper-right corner. 
g, Schematic diagram of the RPLace-seq workflow. CHX, cycloheximide.  
h, Gene count of mRNAs (transcripts per million > 0.5) identified by RPLace-seq 
and RNA-seq in CD8+ TN cells. A total of 1 × 105 CD8+ TN cells isolated from spleen 
and lymph nodes of Cd4-Cre; Rpl22HA/HA mice were used for RPLace-seq and  

RNA-seq. Rep1 and Rep2 are two biological replicates, namely, replicate 1 and 
replicate 2. i, Percentage of reads mapping to 5′ untranslated region (UTR), 
coding DNA sequence (CDS) region and 3′ UTR of transcripts in RPLace-seq and 
RNA-seq data. j, Metagene plot depicting the read distribution across 5′ UTR,  
CDS region and 3′ UTR of transcripts in RPLace-seq and RNA-seq data.  
k, Scatter plot comparing normalized (norm.) expression (rlog) of mRNAs 
between RPLace-seq replicates. Pearson correlation was used to assess 
agreement, and the coefficient of determination (R2), P value (two-sided) and 
line of best fit are indicated. l, Scatter plot comparing the mean normalized 
expression (Rank-In) of mRNAs between RPLace-seq and polysome profiling 
data in CD8+ TN cells. Pearson correlation was used to assess agreement, and R2, 
P value (two-sided) and line of best fit are indicated. m, Density plots showing 
the distribution of TE of translation-repressed mRNAs identified by polysome 
profiling (left) or mass spectrometry (right) and non-translation-repressed 
mRNAs in CD8+ TN cells. In c, n is the number of technical replicates; in f, n is 
the number of mice. For statistical analysis, bar plots in c and f are presented as 
means and were analyzed using unpaired two-sided Student’s t-tests; error bars, 
s.e.m. Two-sided Kolmogorov–Smirnov test was performed for m. The data 
represent three independent experiments in c and f. Figures in a, d and g created 
with BioRender.com.
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abundance in TEX cells, despite no corresponding changes in mRNA 
levels (Fig. 2b,c and Supplementary Table 1).

Pathway enrichment analysis using MSigDB gene sets revealed 
that these hypertranslated mRNAs were functionally enriched in 
pathways related to OXPHOS21 (Fig. 2d,e). Specifically, 73.4% (58 out 
of 79) of OXPHOS mRNAs demonstrated increased TE in TEX cells 
compared to TPEX cells (Extended Data Fig. 3i). By contrast, the TE of 
exhaustion-associated molecules remained stable, despite elevated RPF 

abundance in TEX cells compared to TPEX cells (Extended Data Fig. 3j,k). 
Moreover, the hypertranslated mRNAs identified in d8 TEX cells cultured 
in vitro also showed specific functional enrichment in the OXPHOS 
pathway (Fig. 2f–h and Supplementary Table 2). Specifically, OXPHOS 
mRNAs were expressed consistently in both d4 TEX cells and d8 TEX cells; 
however, extended antigen exposure resulted in an increase in the 
translation of these mRNAs in d8 TEX cells by activating the translation 
of pre-existing transcripts (Fig. 2i). This pattern aligns with the concept 
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Fig. 2 | The translatome landscape of tumor-specific T cells. a, Schematic 
diagram for the experiment design to analyze the translatome in tumor-specific 
T cells using RPLace-seq and RNA-seq. CD45.1+ OT-I T cells isolated from Cd4-
Cre; Rpl22HA/HA mice were transferred into B6 mice bearing B16-OVA tumors. TPEX 
cells and TEX cells from TdLNs and tumors were collected on day 21 for RPLace-
seq and RNA-seq analyses. Figure created with BioRender.com. b, Scatter plot 
comparing the log2 fold change (log2FC) in TE and RPF abundance between tumor 
TEX cells and TdLNs TPEX cells. The genes highlighted with a colored background 
indicate significant changes in TE (|log2FC| > 0.5, P < 0.05). The mRNAs with 
significantly changed TE were further divided into three groups based on the 
log2FC of RPF abundance: (i) less than −1, (ii) between −1 and 1 or (iii) greater than 1.  
Hypertranslated mRNAs (TE, log2FC > 0.5, P < 0.05; RPF, log2FC > 1) in tumor TEX 
cells are indicated in blue. c, Box plots showing the mean normalized expression 
levels (rlog) of mRNA and RPF, as well as TE of hypertranslated mRNAs (n = 211) 
in tumor TEX cells compared to TdLNs TPEX cells. d, MSigDB pathway analysis of 
hypertranslated mRNAs in tumor TEX cells. The systematic name of each pathway 
in MSigDB is labeled. e, Heatmap showing the relative levels of mRNA, RPF and 

TE of indicated hypertranslated OXPHOS mRNAs in TdLNs TPEX cells and tumor 
TEX cells. f, Scatter plot comparing the log2FC of TE and RPF abundance between 
d8 TEX cells and d4 TPEX cells under in vitro chronic antigenic stimulation. The 
genes highlighted with a colored background indicate significant changes in TE 
(|log2FC| > 0.5, P < 0.05). Hypertranslated mRNAs (TE, log2FC > 0.5, P < 0.05; RPF, 
log2FC > 1) in d8 TEX cells are indicated in blue. g, MSigDB pathway analysis of 
hypertranslated mRNAs in d8 TEX cells. The systematic name of each pathway in 
MSigDB is labeled. h, Gene set enrichment analysis to assess the enrichment of 
OXPHOS mRNAs in d8 TEX cells or d4 TEX cells. Transcripts were ranked based on 
log2FC of TE between d8 TEX cells and d4 TPEX cells. NES, normalized enrichment 
score. i, Box plots showing gene set variation analysis (GSVA) score of OXPHOS 
mRNAs based on the mRNA levels and RPF abundance in d0 TN cells, d4 TEX cells 
and d8 TEX cells (n = 2). For statistical analysis, unpaired two-sided Student’s 
t-tests were performed for c and i. The two-sided permutation test was performed 
for h. Box plots in c and i include the following elements: center line, median; box 
limits, upper and lower quartiles; whiskers, 1.5 × interquartile range (IQR) of the 
upper quartile and lower quartile.
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of ‘translation on-demand’, which enables rapid availability of proteins 
in response to specific signals without requiring continuous expres-
sion. Therefore, our findings from RPLace-seq reveal a translatome 
remodeling and TE-dependent hypertranslation in tumor-infiltrating 
TEX cells. Moreover, the observed ‘translation on-demand’ of OXPHOS 
mRNAs in TEX cells may be essential for their development.

LARP4 interacts with hypertranslated mRNAs in CD8+ TEX cells
Recent research indicates that RBPs function as selective regulators of 
translation by targeting specific pre-existing transcripts to influence 
their TE22. To identify candidate RBPs that might enhance the TE of 
hypertranslated mRNAs in TEX cells, we extracted target transcripts 
of 150 RBPs from the ENCODE eCLIP-seq database23. Subsequently, 
we evaluated their enrichment with these hypertranslated mRNAs 
using Fisher’s exact test (Extended Data Fig. 4a). Remarkably, the 
mRNA targets of LARP4 exhibited the most substantial enrichment 
with hypertranslated mRNAs in chronically stimulated d8 TEX cells 
(Fig. 3a). Additionally, we observed that LARP4 protein levels were 
temporarily elevated in acutely stimulated TEFF cells (Extended Data 
Fig. 4b,c), while LARP4 remained at consistently higher levels in chroni-
cally stimulated TEX cells (Extended Data Fig. 4d), indicating that the 
expression of LARP4 in T cells is driven by chronic TCR stimulation.

We next investigated the regulation of Larp4 expression in intratu-
moral T cells. Larp4 was upregulated in intratumoral TEX cells compared 
with the TPEX cells in TdLNs (Extended Data Fig. 4e), and intratumoral 
terminal TEX cells exhibited the highest expression compared with 
the less-exhausted subpopulation in mouse B16 melanoma cancer  
models24 (Extended Data Fig. 4f). LARP4 expression was also upregu-
lated in TPEX cells and TEX cells from patients with melanoma compared 
with terminally differentiated effector memory T cells25 (Extended  
Data Fig. 4g). Examination of ATAC-seq and CHIP-seq data revealed 
binding of the transcription factors TOX and NR4A1 to the Larp4 loci 
(Fig. 3b and Extended Data Fig. 4h). We noticed that NR4A1 binds to an 
active enhancer region in TEX cells, characterized by bi-directional tran-
scription of enhancer RNA detected by PRO-seq (Fig. 3b). Furthermore, 
KO of Nr4a1/2 rather than Tox significantly reduced Larp4 expression 
levels in intratumoral TEX cells (Extended Data Fig. 4i,j), indicating that 
Larp4 expression is directly regulated by NR4A1/2.

To investigate whether the upregulated LARP4 directly interacts 
with hypertranslated mRNAs in TEX cells, we conducted LACE-seq to 
analyze LARP4-targeted mRNAs under chronic antigenic stimulation 
in vitro. We found that LARP4 binding sites displayed the highest den-
sity near the stop codon (Fig. 3c and Supplementary Table 3), aligning 
with previous observations26. The mRNAs targeted by LARP4 demon-
strated a significantly greater TE than non-targeted mRNAs in d8 TEX 
cells, although this difference was not present in d4 TEX cells (Fig. 3d). 
Further analysis of the fold change in TE between d4 TEX cells and d8 
TEX cells indicated that the TE of LARP4-targeted mRNAs markedly 
increased in d8 TEX cells compared to non-targeted mRNAs, as shown 
by the cumulative distribution analysis (Fig. 3e). Additionally, pathway 
enrichment analysis revealed that LARP4-targeted mRNAs were signifi-
cantly enriched for genes involved in the OXPHOS pathway, including 
Cox4i1 (Fig. 3f,g). We also observed that these LARP4-targeted OXPHOS 
mRNAs are nuclear-encoded, with no mitochondrial-encoded OXPHOS 
mRNAs identified as LARP4 targets (Extended Data Fig. 4k–n). Consist-
ently, the TE of LARP4-targeted OXPHOS mRNAs significantly increased 
in d8 TEX cells when compared to both LARP4-targeted non-OXPHOS 
mRNAs and non-LARP4-targeted mRNAs (Fig. 3h). These findings 
suggest that LARP4 interacts directly with hypertranslated mRNAs in 
TEX cells, including nuclear-encoded OXPHOS mRNAs, but does not 
engage with mitochondrial-encoded mRNAs.

Growing evidence indicates that nuclear-encoded OXPHOS 
mRNAs can undergo local translation at the outer membrane of 
mitochondria, which allows for on-demand translation to support 
efficient mitochondrial biogenesis27,28. Considering that LARP4 does 

not use sequence-specific motifs for RNA recognition26 (Extended 
Data Fig. 4o,p), we reasoned that LARP4 might localize near mito-
chondria in TEX cells, enabling it to recognize these nuclear-encoded 
OXPHOS mRNAs. Through structured illumination microscopy, 
we observed LARP4 positioned closer to mitochondria within the 
cytoplasm in TEX cells compared to TEFF cells under in vitro antigenic 
stimulation (Fig. 3i). Furthermore, our analysis revealed that LARP4’s 
targets were significantly enriched mitochondria-proximal mRNAs28 
(Extended Data Fig. 4q). Notably, the TE of these LARP4-targeted 
mitochondria-proximal mRNAs increased significantly in d8 TEX cells 
(Fig. 3j). Overall, these findings suggest that LARP4 localizes near mito-
chondria and selectively targets hypertranslated mRNAs, particularly 
nuclear-encoded OXPHOS mRNAs, in exhausted CD8+ T cells.

LARP4 drives hypertranslation in CD8+ TEX cells
To investigate whether LARP4 contributes to the increased TE observed 
in TEX cells, we used CRISPR–Cas9 to knock out Larp4 in T cells. We 
designed Larp4-targeting single guide RNA (sgRNA) (sgLarp4) and 
transduced it into activated CD8+ T cells to create Larp4-KO cells. We 
included a control group that received a non-targeting sgRNA for com-
parison (control cells) (Extended Data Fig. 5a). After 8 days of in vitro 
chronic antigenic stimulation, Larp4-KO CD8+ TEX cells displayed 
significantly reduced translation activity, as indicated by decreased 
incorporation of OPP, compared to control CD8+ TEX cells (Fig. 3k,l). By 
contrast, overexpressing Larp4 in CD8+ TEX cells resulted in a substantial 
increase in translation activity compared to control cells (Fig. 3k,l). 
Furthermore, knocking out Nr4a1 and Nr4a2, upstream of Larp4, led 
to a marked decrease in global translation activity in CD8+ T cells upon 
chronic antigenic stimulation (Extended Data Fig. 5b–d), suggesting 
that NR4A1/2-driven LARP4 expression is necessary to trigger hyper-
translation in exhausted CD8+ T cells.

To further explore whether LARP4 influences the translation 
activity of tumor-infiltrating T cells, we generated Cas9+ OT-I mice by 
crossing Cas9 transgenic mice with OT-I mice (C9OT-I T cells). After 
transducing Larp4-sgRNAs (Larp4-KO C9OT-I) or control-sgRNAs (con-
trol C9OT-I) into C9OT-I T cells, we transferred these OT-I T cells into 
mice bearing B16-OVA tumors. Although Larp4-KO OT-I T cells exhibited 
similar translation activity to control cells in TdLNs, tumor-infiltrating 
Larp4-KO OT-I T cells displayed significantly reduced translation 
activity compared to their tumor-infiltrating control counterparts 
(Fig. 3m,n). These findings suggest that LARP4 drives an increase in 
translation activity of tumor-specific CD8+ T cells within the TME.

To examine differences in the translatome, we conducted RPLace- 
seq alongside RNA-seq on Larp4-KO and control TEX cells undergo-
ing 8 days of chronic antigenic stimulation. Larp4 KO significantly 
reduced the TE of LARP4-targeted mRNAs (Fig. 3o,p and Supplemen-
tary Table 4), without notably impacting their mRNA levels (Fig. 3q). 
Furthermore, a greater number of LARP4-targeted mRNAs displayed 
downregulated TE (n = 204), including Cox4i1, compared to those with 
upregulated TE (n = 61) following Larp4 KO (Extended Data Fig. 5e). 
Pathway enrichment analysis indicated that these LARP4-targeted 
mRNAs with downregulated TE were significantly enriched for 
OXPHOS-related genes (Extended Data Fig. 5f). Polysome fractiona-
tion followed by qPCR analysis validated reduced TE of LARP4-targeted 
OXPHOS mRNAs (Uqcrc1, Cox4i1, Cox6b1 and Atp5b) in Larp4-KO cells, 
while non-target mRNA (Cox1) remained unaffected (Extended Data 
Fig. 5g,h). Given the earlier findings from RPLace-seq, which demon-
strated that OXPHOS mRNAs are hypertranslated in TEX cells (Fig. 2b–i), 
we conclude that LARP4 directly recognizes these hypertranslated 
mRNAs, and this interaction enhances their TE in CD8+ TEX cells.

LARP4 drives mitochondrial dysfunction in tumor-specific 
CD8+ T cells
Next, we explored whether LARP4-mediated hypertranslation of 
nuclear-encoded OXPHOS mRNAs influences mitochondrial function in 
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Fig. 3 | LARP4 interacts directly with hypertranslated mRNAs. a, Enrichment 
analysis for 150 RBP-targeted mRNA sets (eCLIP dataset from ENCODE database) 
overlapping with hypertranslated mRNAs in d8 TEX cells. P value and odds ratio 
were calculated by Fisher’s exact test. RBPs with −log10(P value) > 5 are labeled. 
b, Integrative Genomics Viewer tracks showing read distribution of ATAC-seq, 
CUT&Tag, PRO-seq and CHIP-seq at Larp4 loci and the nearby enhancer region. 
The promoter and enhancer regions are highlighted with a colored background. 
Signal intensity of ATAC-seq for TdLNs TPEX cells and tumor Ly108− TIM-3+ TEX 
cells, CUT&Tag for H3K27ac in tumor PD-1hi TIM-3+ TEX cells, PRO-seq for d0 TN 
cells and d8 TEX cells and CHIP-seq for TOX and NR4A1 is shown. The activity-
by-contact model was used to predict the potential regulation network in 
tumor TEX cells based on the chromatin accessibility (ATAC-seq) and H3K27ac 
signal intensity (as well as genomic distance). c, Metagene plot depicting the 
distribution of LARP4-targeted sites across 5’ UTR, CDS region and 3’ UTR of 
transcripts. d, Box plot comparing the TE of LARP4-targeted mRNAs (LARP4 
targets, n = 690) and non-LARP4-targeted mRNAs (non-LARP4 targets, n = 8692) 
in d4 TEX cells and d8 TEX cells. e, Cumulative fraction plot comparing log2FC of TE 
for LARP4 targets and non-LARP4 targets between d8 TEX cells and d4 TEX cells. 
f, MSigDB pathway analysis of LARP4 targets in d8 TEX cells. The systematic name 
of each pathway in MSigDB is labeled. g, Representative Integrative Genomics 
Viewer tracks showing LARP4 binding to the OXPHOS mRNAs Cox4i1 in d8 TEX 
cells. Corresponding LARP4-binding regions are highlighted with a colored 
background. h, Box plot comparing the log2FC of TE for LARP4-targeted  
OXPHOS mRNAs (n = 15), LARP4-targeted non-OXPHOS mRNAs (n = 675) and 
non-LARP4-targeted mRNAs (n = 8,692) between d8 TEX cells and d4 TEX cells.  
i, Immunofluorescence of LARP4 co-localized with mitochondria in d8 TEX cells and 

d3 TEFF cells under in vitro antigenic stimulation. Mitochondria were stained with 
a probe for live cell mitochondria imaging (PKMO), and nuclei were stained with 
DAPI. j, Box plot comparing the log2FC of TE for LARP4-targeted mitochondria-
proximal mRNAs (n = 58), LARP4-targeted non-mitochondria-proximal mRNAs 
(n = 632) and non-LARP4-targeted mRNAs (n = 8,692) between d8 TEX cells and 
d4 TEX cells. k,l, Representative flow cytometry histograms (k) and bar plots (l) 
showing OPP incorporation in TEX cells transduced with sgRNA targeting Larp4 
(Larp4-KO), Larp4-vector (Larp4-OE) or control vector after 8 days of in vitro 
chronic antigenic stimulation. Dashed lines in histograms represent the PBS 
control, and MFI values are listed in the upper-right corner. OE, overexpression 
(n = 3). m,n, Representative flow cytometry histograms (m) and bar plots (n) 
showing OPP incorporation in Larp4-KO and control Cas9+ OT-I (C9OT-I) T cells 
from TdLNs or tumors. Dashed lines in histograms represent the PBS control,  
and MFI values are listed in the upper-right corner (n = 4). o, Box plot comparing 
the mean TE of LARP4-targeted OXPHOS mRNAs (n = 690) between Larp4-KO  
and control TEX cells after 8 days of in vitro chronic antigenic stimulation.  
p,q, Cumulative fraction plot comparing log2FC of TE (p) or mRNA levels (q)  
for LARP4-targeted mRNAs and non-LARP4-targeted mRNAs between Larp4-KO  
and control TEX cells after 8 days of in vitro chronic antigenic stimulation.  
In l, n is the number of technical replicates; in n, n is the number of mice. For 
statistical analysis, two-sided Mann–Whitney U-tests were performed for e, p and 
q. Unpaired two-sided Student’s t-tests were performed for d, h, j, l, n and o. Data 
in bar plots of l and n are shown as means; error bars, s.e.m. Box plots in d, h, j and 
o include the following elements: center line, median; box limits, upper and lower 
quartiles; whiskers, 1.5 × IQR of the upper quartile and lower quartile. The data 
represent two (n) or three (i and l) independent experiments.
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TEX cells. It has been demonstrated that the expression of mitochondrial 
protein and the number of mitochondria increase in tumor-specific 
T cells within the hypoxic TME, which links to higher production of 
mitochondrial reactive oxygen species (mtROS) and mitochondrial 
dysfunction8,29. We assumed that Larp4 KO might reduce mitochon-
drial biogenesis and alleviate mtROS production. Indeed, a decrease 
in mitochondrial mass was observed in Larp4-KO TEX cells compared 
to control TEX cells (Extended Data Fig. 6a).

To compare the expression of mitochondrial protein upon Larp4 
KO, we measured the protein levels of two subunits of OXPHOS com-
plex IV: COX4 (nuclear-encoded and targeted by LARP4) and COX1 
(mitochondrial-encoded and not targeted by LARP4) (Extended Data 
Fig. 6b) in control and Larp4-KO CD8+ TEX cells that had undergone 
8 days of chronic antigenic stimulation. We noticed that COX4 levels 
were significantly lower in Larp4-KO TEX cells than in control TEX cells, 
while overexpression of Larp4 led to an increase in COX4 expression 
(Extended Data Fig. 6c). Conversely, COX1 expression remained rela-
tively unaffected by either Larp4 KO or overexpression (Extended 
Data Fig. 6c). Immunoblotting confirmed that the protein levels of 
these LARP4-targeted nuclear-encoded OXPHOS genes were reduced 
in chronically stimulated Larp4-KO CD8+ T cells, while the level of 
mitochondrial-encoded OXPHOS proteins, such as ND4, CYTB and 
ATP6, remained largely unaffected (Fig. 4a).

Furthermore, we observed that Larp4-KO TEX cells exhibited less 
mitochondrial stress than control TEX cells. This was evidenced by 
lower levels of mtROS generation, measured using mitochondrial 
superoxide indicators (MitoSox) (Fig. 4b). By contrast, acutely stimu-
lated Larp4-KO TEFF cells exhibited mtROS levels comparable to con-
trol TEFF cells (Fig. 4b). Notably, Larp4 KO resulted in a significant 
improvement in respiratory activity among chronically stimulated 
TEX cells (Fig. 4c) but had no effect on acutely stimulated TEFF cells 
(Extended Data Fig. 6d). These results suggest that Larp4 KO allevi-
ates mitochondrial dysfunction in TEX cells under in vitro chronic 
antigenic stimulation.

We speculated that the specific translational enhancement of 
nuclear-encoded OXPHOS subunits by LARP4 might contribute to 
mitochondrial dysfunction in T cells. To test this hypothesis, we over-
expressed selected LARP4-targeted OXPHOS-related genes in activated 
CD8+ T cells. The overexpression of LARP4-targeted OXPHOS mRNAs 
(Cox4i1, Cox6b1 and Atp5b) led to increased mtROS levels in CD8+ T cells 
at the early stage of chronic antigen stimulation (Fig. 4d). By contrast, 
overexpression of two non-LARP4-targeted OXPHOS mRNAs did not 
significantly increase mtROS levels (Fig. 4d), highlighting the role of 
LARP4-mediated translation of OXPHOS subunits in driving mitochon-
drial dysfunction in chronically stimulated T cells.

To investigate whether Larp4 KO alleviates mitochondrial 
dysfunction in intratumoral T cells, we co-transferred equal num-
bers of congenically distinct Larp4-KO and control C9OT-I T cells 
into Cas9+ B6 mice bearing B16-OVA tumors (Fig. 4e). Our findings 
revealed that Larp4 KO specifically decreased the expression of 
the nuclear-encoded COX4 subunit in both C9OT-I PD-1+ TIM-3− 
TPEX cells and PD-1hi TIM-3+ TEX cells within the TME, while leaving 
mitochondrial-encoded COX1 unaffected (Fig. 4f). In addition, we 
observed that Larp4-KO PD-1hi TIM-3+ TEX cells showed a decrease in 
mtROS generation compared to control TEX cells in the TME (Fig. 4g), 
suggesting that mitochondrial fitness improves after Larp4 KO. To 
evaluate mitochondrial activity relative to mitochondrial mass, we 
stained T cells with MitoTracker deep red and MitoTracker green, and 
subsequently calculated their ratio8,30. Notably, we found that the ratio 
of MitoTracker deep red to MitoTracker green in tumor-infiltrating 
PD-1hi TIM-3+ TEX cells increased following Larp4 KO (Fig. 4h), indicat-
ing that LARP4 negatively impacts mitochondrial activity in terminal 
TEX cells within the TME. Collectively, these results suggest that LARP4 
induces mitochondrial dysfunction in exhausted CD8+ T cells within 
the TME.

LARP4-mediated translation of OXPHOS subunits drives T cell 
exhaustion
Mitochondrial dysfunction in tumor-infiltrating T cells can initi-
ate exhaustion programs, ultimately resulting in a loss of T cell 
effector functions and promoting terminal differentiation toward 
exhaustion8,31,32. We reasoned that restoring mitochondrial func-
tion through Larp4 KO could enhance the bioenergetic capacity and 
effector functions of tumor-specific CD8+ T cells. To investigate the 
potential of modulating LARP4 to alleviate exhaustion, we chronically 
stimulated Larp4-KO and control CD8+ T cells using anti-CD3 antibody 
under hypoxic conditions. Our results showed that Larp4-KO T cells 
expressed lower levels of inhibitory receptors and produced signifi-
cantly higher amounts of cytokines than control T cells (Fig. 5a,b and 
Extended Data Fig. 7a).

Additionally, we found that overexpression of Larp4 expedited 
the differentiation of T cells toward the terminally exhausted state 
(Extended Data Fig. 7b). Such an effect was abrogated when we over-
expressed two Larp4 mutants lacking either RNA binding activity 
(LARP4-M3) or ribosome interaction capacity (LARP4-ΔRIR)33,34 
(Extended Data Fig. 7c–g). By contrast, acutely stimulated control 
and Larp4-KO CD8+ T cells displayed similar levels of activation and 
had comparable abilities to produce effector cytokines (Extended Data 
Fig. 7h–j), indicating that Larp4 KO does not hinder TEFF cell differen-
tiation in vitro. Furthermore, the overexpression of LARP4-targeted 
OXPHOS subunits led to the upregulation of PD-1hi TIM-3+ CD8+ T cell 
proportions, while the overexpression of Uqcrfs1 and Uqcrb1 only mod-
estly increased the frequency of PD-1hi TIM-3+ cells (Fig. 5c and Extended 
Data Fig. 7k). These findings highlight the role of LARP4-mediated 
translation of OXPHOS subunits in driving T cell exhaustion in chroni-
cally stimulated T cells.

Larp4 KO restores effector function of tumor-specific T cells
To explore how Larp4 KO alters the differentiation of tumor-specific 
CD8+ T cells, we transferred control and Larp4-KO C9OT-I T cells into 
Cas9+ B6 mice with B16-OVA tumors. We performed single-cell RNA 
sequencing (scRNA-seq) analysis on the tumor-infiltrating C9OT-I 
T cells 9 days post transfer (Fig. 5d). The KO of Larp4 led to a significant 
increase in the proportion of tumor-infiltrating C9OT-I T cells (Fig. 5e). 
Six clusters of intratumoral C9OT-I T cells were identified based on 
signature genes35–38 (Extended Data Fig. 7l,m and Supplementary 
Table 5). Although control cells primarily consisted of early and terminal  
TEX cell subsets, Larp4 KO reduced TEX cell subsets and expanded  
TPEX cells (Fig. 5f,g). Notably, Larp4 KO resulted in a significant increase 
in effector memory T cells (TEM) and klrg1-expressing effector-like T cell 
(TEFF-like) subsets (Fig. 5f,g and Extended Data Fig. 7l,n). We found that 
TEFF-like cells and TEX cells represent distinct differentiation pathways 
and identified a bi-directional differentiation path originating from 
the TCF1+ TPEX cell subset, which diverges into either the Larp4-KO 
cell-dominated effector path or Ctrl cell-dominated exhaustion path 
(Fig. 5h and Extended Data Fig. 7o,p). Moreover, Larp4 KO significantly 
reduced the expression of exhaustion-driving transcription factor Tox 
and Nr4a2 in TPEX cells (Extended Data Fig. 7q), suggesting that Larp4 
modulates T cell differentiation as early as the TPEX cell stage. These 
analyses highlight the dichotomy between TEX cell and TEFF-like cell forma-
tion and emphasize the critical role that LARP4 has in counteracting 
the development of the effector branch.

Validation through flow cytometry revealed a significant increase 
in Ly108+ TIM-3− TPEX cells, accompanied by a decrease in PD-1hi TIM-3+ 
terminal TEX cells following Larp4 KO (Fig. 5i,j). This reduction was 
further corroborated by a substantial decline in the proportion of 
cells expressing the exhaustion-driving transcription factor TOX in 
Larp4-KO C9OT-I T cells within the TME39–41 (Fig. 5k). Additionally, 
we observed a notable increase in the proportion of CX3CR1+ TEFF-like 
cells after Larp4 KO5,42 (Fig. 5l and Extended Data Fig. 8a–c). Larp4-KO 
C9OT-I T cells also produced higher levels of key cytokines, including 
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TNF, IFNγ and IL-2 (Fig. 5m–o and Extended Data Fig. 8d–g), indicating 
a clear shift towards an effector phenotype in the absence of Larp4. 
Overall, our data suggest that LARP4 restricts the maintenance of TPEX 
cells and drives CD8+ T cells toward a terminal exhaustion state, while 
simultaneously limiting their differentiation plasticity into an effector 
state within tumors.

Larp4 KO enhances T cell persistence and anti-tumor potency
To investigate whether LARP4 affects the persistence of tumor-specific 
CD8+ T cells within tumors43, we transferred equal amounts of con-
genically distinct Larp4-KO and control C9OT-I T cells into Cas9+ B6 
mice with B16-OVA tumors. We then assessed the ratio of Larp4-KO to 
control C9OT-I T cells in both TdLNs and the tumors. In the TdLNs, we 
found that the ratio of Larp4-KO to control C9OT-I T cells remained 
consistent at 1:1 (Fig. 6a). Furthermore, Larp4 KO did not alter the 
development of TPEX cells in TdLNs (Extended Data Fig. 9a,b). How-
ever, within the TME, this ratio gradually increased over time, indi-
cating a preferential accumulation of Larp4-KO T cells compared 
to controls (Fig. 6b,c). Further analysis of C9OT-I T cell phenotypes 
revealed that Larp4-KO T cells within the tumors had a significantly 
lower proportion of TEX cells and a higher proportion of TPEX cells 
and TEFF-like cells compared to control C9OT-I T cells (Fig. 6d). These 

phenotypic differences were supported by a notable downregulation 
of the exhaustion-driving transcription factor TOX and an upregula-
tion of the stemness-related transcription factor TCF1 in Larp4-KO 
T cells within the TME (Fig. 6e). These results suggest that knocking 
out Larp4 enhances the persistence of tumor-specific CD8+ T cells 
within the TME.

Given the improved persistence and effector function of Larp4-KO 
T cells, we sought to evaluate their therapeutic potential. To deter-
mine whether Larp4 KO could enhance the anti-tumor efficacy of 
tumor-specific CD8+ T cells and improve tumor control, we transferred 
Larp4-KO or control T cells into recipient Cas9+ B6 mice with B16-OVA 
tumors. We observed significantly better tumor control and prolonged 
survival in mice receiving Larp4-KO C9OT-I T cells compared to those 
receiving control C9OT-I T cells and PBS (Fig. 6f,g). These findings 
indicate that Larp4 KO significantly enhances the persistence and 
anti-tumor potency of tumor-specific CD8+ T cells.

LARP4 knockdown enhances anti-tumor activity of CAR T cells
The exhaustion of CAR T cells caused by prolonged exposure to 
tumor antigens significantly limits their long-term efficacy in clinical 
settings44–46. We speculated that implementing an exhaustion-reversal 
strategy through LARP4 modulation in mouse models could also be 
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with BioRender.com. e, Bar plots showing the percentage of control and Larp4-KO 
C9OT-I T cells in total CD8+ T cells within the TME (n = 5). f, Uniform manifold 
approximation and projection (UMAP) plot showing six subsets of control (left) 
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T cells (n = 6). o, Representative flow cytometry graphs and bar plots showing the 
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applied to human CAR T cells to sustain the anti-tumor activity of CAR 
T cells. We developed CD20-targeted CAR T cells aimed at treating 
B cell lymphoma. We knocked down LARP4 using LARP4-shRNAs to 
create LARP4-KD CD20-CAR T cells, and we also established control 
CD20-CAR T cells using control-shRNA (Extended Data Fig. 9c). We 
observed that LARP4-KD CD20-CAR T cells exhibited significantly lower 
levels of inhibitory receptor expression (for example, TIM-3, CD39 
and TIGIT) and mtROS production than control CD20-CAR T cells fol-
lowing prolonged tumor antigen stimulation47 (Fig. 7a–d). Addition-
ally, LARP4 knockdown reduced the expression of nuclear-encoded 
OXPHOS genes, while the levels of mitochondrial-encoded OXPHOS 
genes remained unchanged (Fig. 7e).

In a CD20+ Raji xenograft lymphoma model, mice that received 
a sub-therapeutic dose of LARP4-KD CD20-CAR T cells exhibited 
more significant tumor regression and longer survival than those 
that received control CD20-CAR T cells (Fig. 7f and Extended Data 
Fig. 9d). Importantly, this anti-tumor effect was also evident in a 
solid tumor model, as demonstrated in experiments involving mice 
with CD20-expressing colon cancer cells (MC38-hCD20) (Fig. 7g). 
Tumor-infiltrating LARP4-KD CD20-CAR T cells showed a substantial 
decrease in the expression of co-inhibitory receptors, including TIM-3 
and TIGIT (Fig. 7h,i). Additionally, there was a reduced proportion 
of PD-1hi TIM-3+ TEX cells in LARP4-KD CD20-CAR T cells compared to 
control CD20-CAR T cells (Fig. 7j,k). Collectively, these findings indi-
cate that LARP4 knockdown alleviates CAR T cell exhaustion, thereby 
enhancing their anti-tumor efficacy in vivo in both lymphoma and 
solid tumor contexts.

Discussion
Adoptive T cell therapies face significant challenges in treating solid 
tumors owing to compromised T cell fitness within bioenergetically 
deficient TMEs. Restoring intratumoral T cells to achieve durable, 
functional states remains a therapeutic hurdle. We demonstrate that 
abnormal translation regulation in intratumoral T cells drives T cell 
exhaustion and reduced persistence, highlighting a key mechanism 
that limits the effectiveness of T cell therapies. LARP4, as a critical 
translation regulator, selectively enhances the TE of nuclear-encoded 
OXPHOS mRNAs, contributing to mitochondrial dysfunction. Knocking 
out LARP4 in tumor-specific CD8+ T cells (or knockdown in CAR T cells) 
mitigates hypertranslation, restores mitochondrial function and 
redirects T cells from dysfunctional toward a more effector-oriented 
branch. This rewiring enhances T cell durability and anti-tumor efficacy 
in solid tumors and lymphoma.

The transition of immune cells to new states in response to 
changing environmental signals often involves translation regulation 
and adaptive remodeling of the translatome48. These processes can 
complement and even override transcriptional control, allowing for 
a rapid response48. Our findings indicate that precise regulation of 
translation and the associated remodeling of the translatome are also 
essential for directing T cell fate toward dysfunction within tumors. 
This selective translation of specific genes—rather than a broad activa-
tion of translation—probably arises from competition among differ-
ent mRNAs for access to translation machinery, including translation 
regulators and ribosomes10. Translation selectivity could also be medi-
ated by coordinated interactions among multiple RBPs22,49. The spatial 
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T cells in total transferred cells within the TME 5, 7 and 9 days post T cell transfer, 
respectively. The connecting lines illustrate comparisons between control and 
Larp4-KO T cells in the same tumor-bearing mice (n = 4). d, Dot plots showing  
the percentage of PD-1hi TIM-3+ TEX cells (left), Ly108+ TIM-3− TPEX cells (middle) 
and PD-1int CX3CR1+ TEFF-like cells (right) in total transferred control and  

Larp4-KO C9OT-I T cells within the TME 9 days post T cell transfer. The 
connecting lines illustrate comparisons between control and Larp4-KO cells 
in the same tumor-bearing mice (n = 6). e, Dot plots showing the levels of TOX 
(left) and TCF1 (right) in control and Larp4-KO C9OT-I T cells within the TME. The 
connecting lines illustrate comparisons between control and Larp4-KO T cells 
in the same tumor-bearing mice (n = 4). f, B16-OVA melanoma-engrafted Cas9+ 
B6 mice were injected with the PBS (n = 6), 1 × 106 control C9OT-I T cells (n = 8) 
or 1 × 106 Larp4-KO C9OT-I T cells (n = 8) 7 days post tumor inoculation. Tumor 
volume was monitored over the indicated time period. Arrows indicate the date 
(day 7) of T cell injection. g, Kaplan–Meier overall survival curves for the Cas9+ 
B6 tumor-bearing mice given the PBS (n = 6), control (n = 8) or Larp4-KO (n = 8) 
C9OT-I T cell injections. n, numbers of mice. For statistical analysis, paired 
two-sided Student’s t-tests were performed for a, c, d and e. Two-sided Mantel–
Cox test was performed for g. The data represent two (a, c, e) or three (d, f, g) 
independent experiments.
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co-compartmentalization of RBPs and certain groups of mRNAs leads 
to efficient localized translation, facilitating highly selective alternation 
in their TE27,28,50. Understanding the molecular mechanisms underlying 
the selective translation during the immune response, as well as iden-
tifying dysfunction-specific translation regulators instead of global 

regulators in T cells, could lead to innovative strategies for enhancing 
immunotherapies in cancers.

Our findings suggest that reducing translation activity through 
LARP4 modulation directly impacts TEFF cell formation and counteracts 
the development of exhaustion. However, it remains uncertain whether 
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Fig. 7 | LARP4 knockdown enhances anti-tumor activity of CAR T cells.  
a, Experimental design showing an in vitro repetitive stimulation assay for  
CD20-CAR T cells. A total of 3 × 105 CD20-CAR T cells were co-cultured with  
1 × 105 irradiated Raji-Luc cells every 6 days. The CD20-CAR T cells were used  
for the following analysis on day 26. Figure created with BioRender.com.  
b, Representative flow cytometry histograms showing the expression of 
inhibitory receptors (IRs) TIM-3, CD39 and TIGIT in CD20-CAR T cells expressing 
shRNA against LARP4 (LARP4-KD) or vector control (ctrl) after in vitro repetitive 
stimulation. c, Bar plots showing the expression of IRs (PD-1, TIM-3, LAG3, 
CD39, TIGIT) in control and LARP4-KD CD20-CAR T cells after in vitro repetitive 
stimulation. IR expression levels were measured by flow cytometry and 
normalized to control CD20-CAR T cells (n = 3). d, Representative flow cytometry 
histograms and bar plots showing the mtROS levels in control and LARP4-KD 
CD20-CAR T cells after in vitro repetitive stimulation. MFI values are indicated 
in the upper-right corner of each histogram (n = 3). e, Immunoblotting is shown 
to validate expression changes of nuclear-encoded OXPHOS proteins (including 
ATP5A1, UQCRC2, SDHB and NDUFB8) and mitochondrial-encoded OXPHOS 
proteins (including ND1, ND5 and ATP6) in control and LARP4-KD CD20-CAR 

T cells after in vitro repetitive stimulation. f, Average radiance of Raji-Luc cells  
in NCG mice injected with 5 × 105 control (n = 9), LARP4-KD-1 (n = 9) and LARP4-
KD-2 (n = 10) CD20-CAR T cells. NCG mice were engrafted with 5 × 105 Raji-Luc 
cells by intraperitoneal injection. The arrow indicates the date (day 3) of T cell 
injection. The average radiance of Raji-Luc cells was measured every 5 days.  
g, Tumor growth of MC38-hCD20 colorectal tumor-engrafted mice injected with 
5 × 105 control (n = 10), LARP4-KD-1 (n = 10) and LARP4-KD-2 (n = 10) CD20-CAR 
T cells. The arrow indicates the date (day 7) of T cell injection. The tumor size was 
measured every 2 days. h,i, Representative flow cytometry histograms (h) and 
bar plots (i) showing expression of IRs in tumor-infiltrating control and LARP4-
KD CD20-CAR T cells (n = 4). j,k, Representative flow cytometry graphs (j) and bar 
plots (k) showing the percentage of PD-1hi TIM-3+ TEX cells in tumor-infiltrating 
control and LARP4-KD CD20-CAR T cells (n = 4). In c and d, n is the number of 
technical replicates; in f, g, i and k, n is the number of mice. For statistical analysis, 
data are presented as means; error bars, s.e.m.; unpaired two-sided Student’s 
t-tests were performed for c, d, f, g, i and k. The data represent two independent 
experiments in c–g, i and k.
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this translational regulation influences epigenetic imprinting in TEX 
cells. It is plausible that LARP4-induced translatome remodeling is 
inherently linked to epigenetic reprogramming, resulting in a gradual 
loss of accessibility in open chromatin regions associated with the 
TPEX–TEFF lineage in tumor-infiltrating TEX cells. Further research that 
integrates the molecular mechanisms of various regulatory layers 
governing the differentiation and persistence of TEX cells will enhance 
our understanding and facilitate efforts to redirect TEX populations 
toward a state of functional fitness within tumors.

Understanding how LARP4 regulates translation in CD8+ T cells 
within the TME opens new avenues for enhancing T cell fitness by 
targeting translation factors. We propose that combining strategies 
to modulate LARP4 with functional enhancers for T cells could serve 
as a promising therapeutic approach. This combination may syner-
gistically enhance the anti-tumor efficacy of adoptive T cell therapies, 
particularly in solid tumors.
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Methods
Mice
Specific-pathogen-free B6 mice were purchased from Charles River 
Laboratories. All mice were used in accordance with Tsinghua Uni-
versity Animal Ethics Committee guidelines. B6N.129-Rpl22tm1.1Psam/J 
(RiboTag) mice were procured from the Jackson Laboratory ( Jax; 
strain no. 011029). The RiboTag mouse was bred to a CD4-Cre 
recombinase-expressing mouse line to generate double homozy-
gous mice for RPLace-seq-related experiments16. B6N.129(Cg)- 
Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J (Cas9+) mice were bred in-house 
( Jax, 026430). OT-I mice ( Jax, 003831) were crossed with Cas9+ mice 
and then bred in-house. Male and female mice, aged 8–12 weeks, were 
used for experimentation. Tumor xenograft studies were conducted 
using NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice aged 
8–10 weeks (Gempharmatech). Mice were maintained under a 12 h 
light–dark cycle. All mice were housed under specific-pathogen-free 
conditions and were used in accordance with Tsinghua University 
Animal Ethics Committee guidelines.

Cell lines and culture conditions
B16-OVA is an OVA-transfected clone from the mouse melanoma cell 
line B16-F10 (ATCC, CRL-6475) as previously described51. MC38 was 
infected with a lentivirus expressing human CD20 and subcloned 
by limited dilution to generate MC38-hCD20. The 293T cell line was 
purchased from ATCC. Platinum-E cells were a kind gift from H. Qi’s 
laboratory at Tsinghua University. All cell lines were verified to be 
mycoplasma-negative, and cell lines were maintained in DMEM with 
10% FBS, l-glutamine, HEPES and NEAA. The Raji-luciferase (Raji-Luc) 
cell line expresses firefly luciferase and was cultured in RPMI 1640 
(Gibco) containing 10% heat-inactivated FBS, 2 mM l-glutamine and 
10 mM HEPES (Thermo Fisher).

Primary mouse T cell isolation and activation
Polyclonal or OT-I CD8+ T cells were isolated from the spleen and 
lymph nodes using EasySep kits. Polyclonal cells were activated with 
plate-bound anti-CD3/CD28 and IL-2 (50 U ml−1) for 48 h. OT-I cells 
were pulsed with 1 μM SIINFEKL for 1 h, then cultured in RPMI with 
supplements for 48 h. CD8+ purity was confirmed by flow cytometry.

Acute and chronic antigenic T cell stimulation
Chronic T cell stimulation was performed as previously described 
with slight modifications11,29. After 48 h of initial activation, pol-
yclonal and OT-I CD8+ T cells were cultured at 1 × 106 cells per ml 
in RPMI with 10% FBS, glutamine, β-mercaptoethanol and IL-2 
(10 ng ml−1), with or without anti-CD3 (5 µg ml−1) for chronic or acute 
stimulation, respectively. Cells were passaged every 48 h for 8 days. 
For sgRNA transduction, T cells were plated under hypoxia (2% O2) 
with IL-2 and anti-CD3.

OPP assay
The OPP assay was performed as previously described with slight  
modifications12. For the protein synthesis quantification in vivo, 
OPP (50 μM) was used to pulse 1 × 106 tumor or draining lymph node 
single-cell suspensions for 1 h. The cells were fixed and stained with 
surface marker antibodies before being permeabilized. Detection of 
OPP was achieved using the Click-iT Cell Reaction Buffer Kit (Thermo) 
and analyzed by flow cytometry.

Retroviral production and T cell transduction
Retroviruses were generated in 293T cells using MSCV (Addgene, 
24828) and pCL-Eco (Addgene, 12371) plasmids with PEI (MW40,000, 
YEASEN) as previously described5. Retroviral transduction was per-
formed as previously described with slight modifications52,53. OT-I 
CD8+ T cells were activated with SIINFEKL (1 μM) and rhIL-2 (100 U ml−1), 
then spin-infected 24 h later with retrovirus and polybrene (4 μg ml−1). 

GFP+ cells were sorted the next day. CD45.2+ or CD45.1.2+ OT-I cells 
transduced with control or LARP4-RVs were mixed (5 × 105 each) and 
transferred into mice 7 days post B16-OVA implantation54.

Tumor growth and treatment
B16-OVA cells (~80% confluent) were trypsinized, and 5 × 105 cells were 
injected subcutaneously into Cas9+ or B6 mice. OT-I T cells were trans-
ferred on day 7. Tumor volume was determined as (a × b2) / 2. For the 
MC38-hCD20 model, 5 × 105 MC38-hCD20 tumor cells were inocu-
lated into the flank of the mice55. Mice with MC38-hCD20 or B16-OVA 
tumors smaller than 1,000 mm3 were considered to be surviving29. In 
the Raji-Luc xenograft model, NCG mice were injected intraperitoneally 
with 5 × 105 Raji-Luc cells. On day 3, mice were grouped based on in vivo 
bioluminescence imaging and treated with 5 × 105 CD20-CAR T cells 
by intravenous injection. Tumor burden was monitored every 5 days 
using a PerkinElmer IVIS Spectrum55,56.

Plasmid construction
The sgRNA sequences used to generate the KO cell lines are listed 
in Supplementary Table 6. Larp4 and control sgRNA were cloned 
into pMYS-U6-GFP (Addgene, 85451) and confirmed using Sanger 
sequencing57. The LARP4 construct has been described previously58 
and the pMSCV vector was kindly provided by M. Xu (National Insti-
tute of Biological Sciences). CAR lentiviral plasmids were constructed 
by cloning the rituximab-derived anti-hCD20 scFv, CD8 hinge/TM, 
4-1BB and CD3ζ domains into a modified pCDH-EF1a vector. hCD20 
cDNA was cloned into pCDH-EF1a-IRES-Puro.

Lentivirus production and transduction of human T cells
Lentivirus was produced as previously described47. Supernatants con-
taining lentivirus particles were collected 48 h and 72 h after transfec-
tion. Transduction of human T cells was performed as described with 
slight modifications47. Total T cells were purified with the EasySep 
Human T Cell Isolation Kit (STEMCELL). T cell activation in culture 
was induced by plate-bound anti-CD3 and soluble anti-CD28 antibod-
ies for 2 days, and then CAR-containing lentiviruses were transduced 
and cultured with RPMI 1640 complete medium supplemented with 
rhIL-2 (50 IU ml−1). All experiments were approved by the Ethics Com-
mittee of Beijing Institute of Genomics, Chinese Academy of Sciences 
(2020S012).

Repetitive stimulation assay
The repetitive stimulation assay was performed as previously 
described47. In brief, irradiated (100 Gy) Raji-Luc cells were co-cultured 
with CAR T cells at a 1:3 R:T ratio every 6 days throughout the entire 
culture period. T cells were collected and counted every 2 days. On 
day 25 after the indicated stimulation, the CAR T cells were used for 
cytotoxicity, T cell subtype and exhaustion marker analysis.

Seahorse XF96 respirometry
Bioenergetics in T cells was measured using a Seahorse XF96 as previ-
ously described59,60. XF96 plates were coated with poly-d-lysine and 
seeded with 5 × 105 T cells per well overnight. OCR was measured using 
the XF96 Extracellular Flux Analyzer and Glucose Stress Fuel Flex Test 
kit (Agilent) per the manufacturer’s protocol. Data were analyzed with 
Wave software.

Flow cytometry and cell sorting
Cells were blocked with Fc Block (2.4G2, BioX Cell) and stained with 
surface antibodies on ice. For intracellular staining, cells were fixed and 
permeabilized (BioLegend), then stained with intracellular antibodies 
or transcription factor buffers (Invitrogen). Data were acquired on a 
BD Fortessa and analyzed with FlowJo. For sorting, cells were stained 
and isolated using a BD FACS Aria III. RNA was extracted (RNeasy Plus 
Micro Kit, QIAGEN) for RNA-seq or RPLace-seq.
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Polysome profiling and qPCR quantification
Ribosome profiling was performed as previously described with slight 
modifications61. Following fractionated of the gradients into ~200 μl 
fractions, absorbance (OD260) profiles were acquired using a Nanodrop, 
and the polysome and non-polysome fractions were pooled based 
on absorbance curves. RNA was purified with a Zymo RNA Clean & 
Concentrator-5 kit. For qPCR with reverse transcription, cDNA was 
synthesized using EasyScript One-Step gDNA Removal and cDNA Syn-
thesis SuperMix (TransGen). The quantities were determined with 
PerfectStart Green qPCR SuperMix (TransGen) on a CFX96 Touch 
system (Bio-Rad). Target gene expression was normalized to Gapdh 
using the 2−ΔΔCt method.

RPLace-seq and LACE-seq
We established Rpl22-HA transgenic mice as previously described16. 
For RPLace-seq, cells isolated from tumor growth or adoptive transfer 
assays were treated with 100 μg ml−1 cycloheximide (Sigma-Aldrich) for 
6 min at 37 °C. Cells were lysed and pre-cleared with protein A beads. A 
portion (1/20) of each lysate was used to extract total RNA by RNeasy 
Plus Micro Kit (QIAGEN) for subsequent RNA-seq, using SMARTer 
Stranded Total RNA-Seq Kit v2 (Clontech) according to the manufac-
turer’s protocol. The remaining lysate was co-immunoprecipitated 
with anti-HA Magnetic Beads (Pierce) for 1 h at 4 °C. Samples were 
washed with lysis buffer and fragmented into segments of about 
150 nucleotides with Micrococcal Nuclease (NEB). RPLace-seq was 
developed from LACE-seq17 for low-input samples with some modi-
fications. In brief, RNA was dephosphorylated and ligated with a 3′ 
linker. Then, RNA was reverse transcribed by Superscript IV (Thermo 
Fisher) with a biotinylated T7-RT primer. The first-strand cDNA was 
released from the beads and captured by Streptavidin C1 Dynabeads 
(Thermo Fisher). Cycloheximide must be added to buffers until the first 
strand of cDNA is captured. cDNA was ligated with a 3′ cDNA linker for 
pre-amplifying the double-stranded DNA fragments by PCR. Subse-
quently, the products were purified and used for T7 RNA polymerase 
(NEB)-based in vitro transcription. The RNA was reverse transcribed 
and sent to ZapR-mediated removal of rRNA (Clontech), followed 
by library construction for deep sequencing (from 130 to 300 bp). 
Paired-end sequencing (150 bp) of each RNA library was performed on 
a DNBSEQ-T7 platform (MGI). It should be noted that RPLace-seq relies 
on HA-tagged RPL22 for ribosome capture and therefore cannot detect 
mitochondrial ribosome-mediated translation events.

For LACE-seq, chronically stimulated T cells were irradiated twice 
with UV-C light on ice at a dose of 400 mJ. Protein A/G magnetic beads 
were resuspended in Larp4 antibody and incubated with gentle rota-
tion at 4 °C for 1 h. The beads were then washed and resuspended in a 
wash buffer. The cell lysate was snap-chilled on ice, combined with the 
antibody-conjugated beads and rotated at 4 °C for 2 h. After placing the 
tube on a magnetic stand, the supernatant was discarded. The beads 
were washed multiple times with wash buffer, followed by washes with 
high-salt wash buffer and PNK buffer. Subsequent steps followed the 
same procedure as previously described.

ScRNA-seq
Primary mouse T cell suspensions were isolated from B16-OVA- 
bearing Cas9+ B6 mice adoptively transferred with sgCtrl and 
sgLarp4-transduced C9OT-I T cells. CD8+ single cells were sorted for 
library construction of scRNA-seq using Chromium Next GEM Single 
Cell 5′ Reagent Kit v2 (10× Genomics) according to the manufacturer’s 
protocols. The libraries were sequenced on a DNBSEQ-T7 platform 
(MGI).

PRO-seq
PRO-seq was conducted as previously described62. TN cells or CD8+ 
TEX cells (1 × 107) were permeabilized and subjected to a 5 min run-on 
reaction with biotin-11-CTP/UTP and ATP/GTP. RNAs were extracted, 

fragmented and biotin-labeled RNAs purified using streptavidin 
beads. Sequential 3′ and 5′ RNA adaptor ligations were performed on 
beads, followed by reverse transcription and 15 cycles of PCR ampli-
fication. Libraries (160–400 bp) were gel-purified and sequenced on 
an Illumina NovaSeq 6000.

RPLace-seq and RNA-seq data analysis
Quality control was performed by FastQC (v.0.11.8). The 4 bp unique 
molecular identifier (UMI) from Read1 was removed and appended 
to the read name by using UMI-tools (v.1.1.2)63. The adaptor and 
low-quality bases were trimmed by Trim Galore! (v.0.6.7) with the com-
mand ‘trim_galore -q 20–length 10–stringency 3–phred33–paired’. The 
clean reads were first aligned to mouse rRNA sequences, and unmapped 
reads were aligned to the mouse(mm10) reference genome with STAR64 
using default parameters. Uniquely and concordantly aligned reads 
were then filtered by Sambamba (v.0.8.2)65. The PCR duplicates were 
removed using UMI-tools. Read1 was extracted by Sambamba, and 
counts in the CDS region (RPLace-seq) and exon regions (RNA-seq) 
were calculated by HOMER (v.4.11)66 using the RefSeq select genomic 
annotation. Meta gene plots were created using the GenomicRanges 
(v.1.50.2)67 R package. The RPF abundance (RPLace-seq), mRNA levels 
(RNA-seq) and TE (RPF/mRNA) of each sample were calculated by the 
regularized logarithm transformation (rlog) algorithm implemented 
in DESeq2. The mRNAs with significant differential TE were defined 
by a threshold of P < 0.05 and |log2(fold change)| > 0.5. Genes with low 
translation, defined as genes having fewer than five counts in more 
than two RPLace-seq samples, were excluded from the analysis of 
detecting hypertranslated mRNAs. For analyzing the expression of 
LARP4-targeted mRNAs in Larp4-KO and control TEX cells, housekeep-
ing genes68 were used for estimating the size factor. The mRNAs with 
significant differential TE were defined by a threshold of P < 0.01 and  
|log2(fold change)| > 0.5. For comparing RPLace-seq and polysome 
profiling, the expression of RPLace-seq and polysome profiling  
was normalized using Rank-In69. Heatmaps were generated using the 
ComplexHeatmap (v.2.14.0)70 R package.

LACE-seq data analysis
Quality control procedures were performed as described for the 
RPLace-seq analysis above. Clean reads were first aligned to mouse 
rRNA sequences and the first reads of the remaining unmapped 
paired-end reads were then aligned to the mouse (mm10) reference 
genome with Bowtie71 with the parameter ‘-v 2 -m 10 -best -strata; -v 
2 -k 10 -best -strata’ as previously described17. Uniquely aligned reads 
were then filtered by Sambamba, and the PCR duplicates were removed 
using UMI-tools. To identify the LARP4-targeted sites, we performed a 
four-step analysis: (1) merged the aligned reads from three replicates 
into a single bam file using Sambamba; (2) called the truncation sites 
using PureCLIP (v.1.3.1)72 with default parameters; (3) extended trunca-
tion sites by adding ~50–100 nucleotides 3′ downstream to obtain the 
extended region, determining the extension length at each site based 
on the highest normalized count difference (LARP4 versus IgG) from 
merge bam; and (4) calculated the adjusted signal enrichment score S 
for each extended region with equation (1):

S = α × log FC (LARP4/IgG) (1)

where logFC(LARP4/IgG) is calculated by diffBind (v.3.8.4)73 using 
replicate samples between LARP4-IP and IgG-IP groups and α  is the 
ratio of the current region length to the mRNA length, divided by the 
ratio of the average region length to the average mRNA length. All 
LARP4-targeted regions were determined by threshold S ≥ 3.5.

scRNA-seq analysis
ScRNA-seq data were processed with Cell Ranger Single Cell Soft-
ware Suite (v.6.0.2) and mapped to the mm10 reference genome. 
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Low-quality cells (expressing <200 or >7,000 genes or >10% mito-
chondrial genes) were filtered out. Gene counts in control and 
Larp4-KO cells were normalized by the sctransform algorithm, imple-
mented in the Seurat R package (v.4.3.0)74,75. Cell cycle and mitochon-
drial/ribosome gene proportions were regressed out when scaling 
the variable features. The batch effect was removed by Harmony 
(v.0.1.1)76. One to ten Harmony-corrected PCs were then used for 
dimension reduction and unsupervised clustering. Clusters with high 
expression of melanoma or myeloid-related markers (Pmel, Tyrp1, 
Itgam) and low expression of T cell marker (Cd3e) were removed. 
The markers in each cluster were calculated based on the FindAll-
Markers function in the Seurat package with default parameters. 
The gene set scores were calculated using the AddModuleScore 
function in the Seurat package, and the curated gene signatures are 
listed in Supplementary Table 5. Trajectory analysis was performed 
using diffusion maps in the Scanpy toolkit (v.1.9.6) using Harmony- 
corrected PCs77.

PRO-seq analysis
The adaptor sequences from raw data of qPRO-seq were trimmed by 
Fastp (v.0.22.0)78 for both R1 and R2 reads. Only reads with quality 
>Q20 were kept for downstream analyses. Reads from rRNAs were 
filtered by mouse reference genome (version mm10) using Bowtie2 
(v.2.4.1)79 with default parameters. The remaining reads were aligned 
using STAR with default parameters. The mapped reads were split into 
forward reads and reverse reads using SAMtools (v.1.6)80. BigWig files 
were generated using bamCoverage from deepTools based on BPM 
normalization in a 1 bp bin size.

Functional enrichment analysis
Functional enrichment analysis and gene set enrichment analysis 
were performed on mouse gene sets downloaded from the MSigDB 
database21 by clusterProfiler (v.4.6.0)81. The gene set score of OXPHOS 
mRNAs across samples was calculated by gene set variation analysis 
implemented in the GSVA R package (v.1.46.0)82.

Public data analysis
Pre-processed eCLIP-seq bed files were downloaded from the 
ENCODE database23. Peaks were filtered by log2(CLIP-IP/Input) > 4 
and −log10(P value) > 7 and annotated using ChIPseeker (v.1.34.1)83. 
The filtered RBP-targeted mRNAs from K562 and HepG2 were merged. 
Human–mouse gene symbol mapping was obtained from BioMart84. 
Enrichment of hypertranslated mRNAs in RBP targets was assessed by 
Fisher’s exact test using fisher.test in R.

Publicly available data (ATAC-seq15,85, RNA-seq40, scRNA-seq24,25,86, 
CUT&Tag for H3K27ac87, CHIP-seq for TOX88, NR4A189, NFAT90, IRF491, 
BATF92, BCL-693) were downloaded from the Gene Expression Omnibus 
database using the accession numbers provided in the Data availability 
section. ATAC-seq, CHIP-seq and CUT&Tag data were pre-processed 
with Trim Galore! and aligned to the reference genome using Bowtie. 
RNA-seq and scRNA-seq were processed with the methods mentioned 
above. The BigWig files were downloaded from the ChIP-Atlas94. The 
activity-by-contact model (v.1.1.2)95 was used to predict the potential 
regulation network in intratumor TEX cells based on ATAC-seq and 
H3K27ac signal intensity.

Quantification and statistical analysis
Statistical analysis was conducted using Prism (v.10.0) software 
(GraphPad). Comparisons between two groups were performed using 
two-tailed unpaired Student’s t-tests or a Mann–Whitney U-test. Data 
are presented as mean ± s.e.m. All experiments were performed two to 
three times. Data collection was not randomized. Data collection and 
analysis were not performed blind to the conditions of the experiments. 
Unless major experimental errors occurred, all data were included in 
the analyses.

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

Data availability
RPLace-seq, RNA-seq, LACE-seq, scRNA-seq and PRO-seq data have 
been deposited in the Genome Sequence Archive (GSA) repository 
under accession codes CRA019040 and CRA019813. RBP eCLIP-seq 
data were downloaded from the ENCODE database (https://www.
encodeproject.org/eclip). The mapping relationship between human 
and mouse gene symbols was downloaded from BioMart (https://
asia.ensembl.org/biomart/martview). Other public sequencing data 
used in this study are as follows: polysome profiling on CD8+ TN cells 
(GEO, GSE71643), ATAC-seq for TdLNs TPEX cells (GEO, GSE180084), 
ATAC-seq for tumor TEX cells (GEO, GSE122713), CUT&Tag for H3K27ac 
in tumor TEX cells (GEO, GSE175437), CHIP-seq for TOX (GEO, GSE93953), 
CHIP-seq for NR4A1 (GEO, GSE266286), CHIP-seq for NFAT (GEO, 
GSE64407), CHIP-seq for IRF4 (GEO, GSE54191), CHIP-seq for BATF 
(GEO, GSE149796), CHIP-seq for BCL-6 (GEO, GSE182034), RNA-seq for 
intratumor wild-type and Tox-KO T cells (GEO, GSE126973), scRNA for 
intratumor wild-type and Nr4a1/2-KO T cells (GEO, GSE247641), scRNA 
for intratumor OT-I T cells (GEO, GSE218372) and scRNA for intratumor 
T cells in patients with melanoma (GEO, GSE159251). Source data are 
provided with this paper.
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Extended Data Fig. 1 | Characterization of chronically stimulated T cell 
exhaustion phenotype. (a) Bar plots showing the percentage of cells expressing 
IFN-γ, TNF, or IL-2 in acutely stimulated d8 TEFF cells, and chronically stimulated 
d4 and d8 TEX cells (n = 4). (b) Bar plots showing the levels of mitochondrial 
reactive oxygen species (mtROS, measured using MitoSox) in d8 TEFF, d4 TEX,  
and d8 TEX cells (n = 3). (c) Oxygen consumption rate (OCR) using the Seahorse  
XF bioanalyzer measuring the respiratory capacity of d8 TEFF cells, d4 TEX cells, 
and d8 TEX cells. Cells were seeded at 5 ×105/well in the XF96 plate (n = 5).  
(d) Representative flow cytometry analysis showing the expression of PD-1  

and TIM-3 in d8 TEFF, d4 TEX, and d8 TEX cells. (e) Bar plots showing the MFI of  
PD-1 and TIM-3 in d0 TN, d8 TEFF, d4 TEX, and d8 TEX cells (n = 3). (f ) Bar plots 
showing the percentage of PD-1hi TIM-3+ CD8+ T cells in d8 TEFF, d4 TEX, and d8 TEX 
cells (n = 4). (g) Flow cytometry gating strategy to identify PD-1hi TIM-3− early 
TEX and PD-1hi TIM-3+ terminal TEX in tumor-infiltrating OT-I T cells. n, number of 
technical replicates. For statistical analysis, figures (a-c and e-f) are presented  
as mean ± SEM and figures (a-b and e-f) were analyzed using unpaired two- 
sided Student’s t-tests. The data represent three independent experiments  
(a-c and e-f).
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Extended Data Fig. 2 | Differential analysis of RPF and TE between d8 Tex and 
d4 Tex cells. (a) Boxplot showing the RNA level (left) and RPF abundance (right) 
of nuclear-encoded mRNAs (n = 1314, filtered lowly expressed mRNAs with RNA 
level < 10) and mitochondrial-encoded mRNAs (n = 13) in naïve CD8+ T cells, as 
measured by RNA-seq and RPLace-seq. P-value was calculated with the two-sided 
Student’s t-tests. (b) Representative IGV tracks showing read coverage of RPL 

ace-seq and RNA-seq in the 3′UTR of Atp5d and Cd3d genes in naïve CD8+ T cells. 
3′UTR of genes were highlighted with blue background color. (c) GSEA to assess 
the enrichment of translation-repressed mRNAs in high-translating (high TE) 
mRNAs or low-translating (low TE) mRNAs in naïve CD8+ T cells. Transcripts were 
ranked based on TE in naïve CD8+ T cells. NES, normalized enrichment score.  
P-value was calculated with the two-sided permutation test.
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Extended Data Fig. 3 | Translatome landscapes of tumor-specific and in vitro 
chronically stimulated CD8+ T cells profiled by RPLace-seq. (a) Bar plot showing 
the gene count of mRNAs (TPM > 0.5) identified by RPLace-seq in TdLNs TPEX 
and Tumor TEX cells. (b and c) Scatter plot comparing normalized expression 
(rlog) of mRNAs between RPLace-seq replicates in TdLNs TPEX cells (b) and 
Tumor TEX cells (c). Pearson correlation was used to assess agreement, and the 
coefficient of determination(R2), P-values (two-sided), and the line of best fit are 
indicated. (d) Volcano plot showing the differential analysis of RPF abundance 
between TdLNs TPEX and Tumor TEX cells. Genes with significantly differential RPF 
abundance were defined by threshold |log2FC | > 1 and P-value < 0.05. P-values 
were calculated with the two-sided Wald test. Numbers of up- or down-regulated 
genes are indicated. (e and f ) Volcano plot showing the differential analysis of 
RPF abundance between d4 TEX and d0 TN (e), and between d8 TEX and d4 TEX (f ). 
Genes with significantly differential RPF abundance were defined by threshold 
|log2FC | > 1 and P-value < 0.05. P-values were calculated with the two-sided  

Wald test. Numbers of up- or down-regulated genes are indicated. (g) Scatter  
plot comparing log2FC of mRNA levels and RPF abundance between Tumor  
TEX cells and TdLNs TPEX cells. Pearson correlation was used to assess agreement, 
and the coefficient of determination (R2) and p-value (two-sided) are indicated. 
(h) Scatter plot comparing log2FC of mRNA levels and RPF abundance between 
Tumor TEX cells and TdLNs TPEX cells. The genes with significantly differential RPF 
abundance were highlighted and are further divided into three groups based 
on the log2FC of mRNA levels: (i) less than −0.5, (ii) between −0.5 and 0.5, or (iii) 
greater than 0.5. The mRNA numbers in each group are indicated. (i) Scatter plot 
showing the log2FC of TE and mean RPF abundance in Tumor TEX cells and TdLNs 
TPEX cells. OXPHOS mRNAs are highlighted in red (log2FC TE > 0) or blue (log2FC 
TE < 0). The mRNA numbers in each group are indicated. ( j) Heatmap showing 
the relative levels of mRNA, RPF, and TE across indicated gene sets in Tumor TEX 
cells and TdLNs TPEX cells. (k) Box plots showing the mRNA levels, RPF abundance, 
and TE for indicated genes in Tumor TEX cells and TdLNs TPEX cells (n = 2).
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Extended Data Fig. 4 | LARP4 selectively targets hypertranslated mRNAs, 
particularly nuclear-encoded OXPHOS mRNAs, in exhausted CD8 + T cells.  
(a) Schematic diagram of workflow for searching the potential regulatory RBPs 
for hypertranslated mRNAs in d8 TEX cells. (b-d) Immunoblotting of LARP4 in 
CD8+ TN cells, TEFF cells, and TEX cells under in vitro chronic or acute antigenic 
stimulation with indicated days. (e) Box plots showing the Larp4 expression 
in Tumor TEX cells and TdLNs TPEX cells (n = 2). (f ) Dot plots showing the Larp4 
expression in three subsets of tumor-infiltrating OT-I T cells in the B16-OVA mice 
model (GSE218372). (g) Dot plots showing the LARP4 expression in six subsets of 
tumor-infiltrating CD8+ T cells in patients with melanoma (GSE159251). (h) IGV 
tracks showing signal of translation factors without significant signal enrichment 
at Larp4 loci and the nearby enhancer region, including NFAT (GSE64407), IRF4 
(GSE54191), BATF (GSE149796), and BCL-6 (GSE182034). The promoter and 
enhancer regions are highlighted with a colored background. (i) Boxplot showing 
the Larp4 expression in WT and Tox-KO tumor-infiltrating CD8+ T cells (n = 3) 
by RNA-seq (GSE126973). P-values were calculated using two-sided unpaired 
Student’s t-tests. ( j) Violin plot showing the Larp4 expression in WT and Nr4a1/2-
KO tumor-infiltrating PD-1+ TIM-3+ CD8+ T cells by scRNA-seq (GSE247641).  
Gene expression was normalized by sctransform algorithm and ten neighboring 
cells were merged into metacells. P-values were calculated using two-sided  

unpaired Student’s t-tests. (k) IGV tracks showing the LACE-seq signal intensity 
for LARP4-IP and IgG control across mitochondrial-encoded RNA regions.  
(l) Bar plot showing the LACE-seq signal intensity of LARP4-IP and IgG control 
at reads-accumulated sites in mitochondrial-encoded RNA regions (n = 39). 
The reads-accumulated sites were identified by peak calling using LARP4-IP 
data alone. The diffBind was used to quantify signal intensity in LARP4-IP and 
IgG control at these sites. P value is calculated by two-sided unpaired Student’s 
t-tests. (m) Profile plot showing the LACE-seq signal intensity for LARP4-IP and 
IgG control at reads-accumulated sites in mitochondrial-encoded mRNA regions. 
The deeptools was used to quantify coverage differences between LARP4-IP and 
IgG control at these sites. (n) Profile plot showing the LACE-seq signal intensity 
for LARP4-IP and IgG control at LARP4-targeted sites in nuclear-encoded mRNA 
regions. (o and p) Top 5 motifs identified by HOMER across total LARP4-targeted 
sites (o) and on LARP4-targeted sites within OXPHOS mRNAs (p) in TEX cells 
after 8 days of in vitro antigenic stimulation. The asterisk (*) indicates the non-
significant motif as labeled by HOMER. (q) Venn diagram showing the overlap 
between LARP4-targeted mRNAs and mitochondria-proximal mRNAs identified 
by APEX-seq (Fazal et al). P-value is calculated by one-sided Fisher’s exact test. 
The data represent three independent experiments (b-d).
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Extended Data Fig. 5 | LARP4 is regulated by NR4A1/2 and modulate mRNA 
translation in exhausted CD8+ T cells. (a) Immunoblotting is shown to validate 
changes in LARP4 expression in control and Larp4-KO TEX cells after 8 days of  
in vitro chronic antigenic stimulation. (b) Immunoblotting showing the change  
of LARP4 expression in control and Nr4a1/2-KO Cas9+ T cells after 6 days of  
in vitro chronic antigenic stimulation. (c and d) Representative flow cytometry 
histograms (c) and bar plots (d) showing OPP incorporation in control, Larp4-
KO, Nr4a1-KO, Nr4a2-KO and Nr4a1/2-KO Cas9+ T cells after 6 days of chronic 
antigenic stimulation (n = 4). P-values were calculated using two-sided unpaired 
Student’s t-tests. Data are shown as mean ± SEM. (e) Volcano plot showing 

mRNAs with differential TE between control and Larp4-KO TEX cells. LARP4-
targeted mRNAs with significant differential TE (|log2FC| > 0.5, p-value < 0.01) 
are highlighted. (f ) MSigDB pathway analysis of LARP4-targeted mRNAs with 
significantly downregulated TE after Larp4 knockout. The systematic name of 
each pathway in MSigDB is labeled. (g) Heatmap showing the TE of indicated 
genes in control and Larp4-KO in exhausted T cells after 8 days of in vitro chronic 
antigenic stimulation. (h) Bar plot showing the polysome / non-polysome 
ratio of indicated LARP4-targeted mRNAs and non-LARP4-targeted mRNA 
revealed by sucrose polysome profiling and qPCR (n = 2). The data represent two 
independent experiments (b, c, h) and three independent experiments (a).
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Extended Data Fig. 6 | LARP4 drives mitochondrial dysfunction in tumor-
specific CD8+ T cells. (a) Bar plots showing the levels of mitochondrial mass 
(measured by Mitotracker) in chronically stimulated d8 TEX cells from control 
(n = 3) and Larp4-KO (n = 3) groups, represented as the MFI of Mitotracker 
staining. (b) Schematic diagram of the dual-genome-encoded mitochondrial 
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mitochondrial-encoded COX1 (purple) components.CI–CV, Complexes I–V; IMS, 
intermembrane space. (c) Bar graphs showing the MFI of COX4 (left) and COX1 

(right) proteins in the indicated group of T cells (n = 4). The expression levels 
of COX proteins were measured using flow cytometry and normalized to the 
levels in d0 TN cells. (d) Oxygen consumption rate (OCR) using the Seahorse XF 
bioanalyzer measuring the respiratory capacity of control and Larp4-KO TEFF cells 
after 6 days of in vitro acute antigenic stimulation. Cells were seeded at 5 × 105/well  
in the XF96 plate (n = 6). n, number of technical replicates. Data in plots of  
(a, c, d) are presented as mean ± SEM. Unpaired two-sided Student’s t-tests were 
performed. The data represent two independent experiments in (a, c, d).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | The impact of Larp4-KO on T cell exhaustion and 
function in vitro and in vivo. (a) Bar plots showing the MFI of exhaustion 
markers PD-1 and TIM-3 in control and Larp4-KO TEX cells after 8 days of in vitro 
chronic antigenic stimulation under hypoxia condition. The MFI values were 
normalized to control cells (n = 3). (b) Representative flow cytometry graphs 
and bar plots showing the percentage of PD-1hi TIM-3+ cells in vector control 
and Larp4-overexpression (OE) TEX cells after 8 days of in vitro chronic antigenic 
stimulation under hypoxia condition (n = 4). (c) Schematic diagram depicting 
the wild-type and mutant LARP4 constructs used in the experiment. The diagram 
illustrates the structural organization of the LARP4 protein, including the La 
motif (LaM), RNA recognition motif (RRM), conserved region-2 (CR2) and other 
relevant domains. Key mutations introduced in the LARP4-M3 and LARP4-ΔRIR 
constructs are highlighted, along with their positions relative to the conserved 
regions. (d) Representative flow cytometry histograms showing the expression 
of HA-tag in T cells overexpressing empty vector (Vector Ctrl), LARP4-WT, 
LARP4-M3 and LARP4-ΔRIR after 4 days of in vitro chronic antigenic stimulation. 
(e and f ) Representative flow cytometry histograms (e) and bar plots (f ) showing 
the percentage of PD-1hi TIM-3+ cells in T cells overexpressing empty vector 
(Vector Ctrl), LARP4-WT, LARP4-M3 and LARP4-ΔRIR after 4 days of in vitro 
chronic antigenic stimulation (n = 4). (g) Bar plots showing the level of mtROS 
in T cells overexpressing empty vector (Vector Ctrl), LARP4-WT, LARP4-M3 
and LARP4-ΔRIR after 4 days of in vitro chronic antigenic stimulation (n = 4), 
represented as the MFI of MitoSox staining. (h) Representative flow cytometry 
histograms showing the expression of activation markers CD44, CD69, and  
CD25 in TN cells, control TEFF cells, and Larp4-KO TEFF cells after 8 days of in vitro 

acute antigenic stimulation. (i) Bar graphs showing the MFI of CD44, CD69, and 
CD25 activation markers in control and Larp4-KO TEFF cells after 8 days of in vitro 
acute antigenic stimulation. The MFI values were normalized to control cells 
(n = 6). ( j) Bar graphs showing the percentage of TNF+ IFN-γ+ cells in control and 
Larp4-KO TEFF cells after 8 days of in vitro acute antigenic stimulation (n = 5).  
(k) Representative flow cytometry graphs showing the percentage of PD-1hi TIM-3+ 
cells in cells overexpressing empty vector (Ctrl), Larp4, indicated LARP4-targeted 
OXPHOS mRNAs and indicated non-LARP4-targeted mRNAs after 6 days of in vitro 
chronic antigenic stimulation. (l) Bubble heatmap depicting the expression 
of representative genes in each C9OT-I T cell subset. (m) Bubble heatmap 
depicting the gene set score of indicated signatures in each C9OT-I T cell subset. 
(n) Boxplot showing the gene set score of NK signatures in each C9OT-I T cell 
subset. (o) Pseudotime of trajectory in space of diffusion map. (p) Heatmap 
showing the transcriptional trends of indicated genes along the pseudotime 
in two differentiation trajectories. Color represents scaled expression levels. 
(q) Volcano plot showing mRNAs with differential expression between cells 
in control and Larp4-KO TPEX subsets. mRNAs with significant differential 
expression ( | log2FC | > 0.5, P-value < 0.01) are highlighted. n, number of technical 
replicates (a, b, f, g, h, i, j). For statistical analysis, data in bar plots (a, b, f, g, i, j)  
are presented as mean ± SEM and unpaired two-sided Student’s t-tests were 
performed for (a, b, f) and unpaired one-sided Student’s t-tests were performed 
for (g). Boxplots in (n) include the following elements: center line, median; box 
limits, upper and lower quartiles; whiskers, 1.5 IQR of the upper quartile and 
lower quartile. The data represent two independent experiments (a, b, f, g, i, j).
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Extended Data Fig. 8 | Flow cytometry uncovers the impact of Larp4-KO on 
differentiation and function of tumor-specific CD8+ T cell within TME. (a) Flow 
cytometry gating strategy to identify PD-1hi TIM-3+ TEX cells and PD-1Int CX3CR1+ 
TEFF-like cells within TME. Endogenous cells were shown. (b) Representative flow 
cytometry graphs showing the percentage of PD-1int CX3CR1+ TEFF-like cells in 
control and Larp4-KO C9OT-I T cells within TME. PD-1int CX3CR1+ TEFF-like cells 
were gated from PD-1+ TIM-3− C9OT-I T cells. (c) Bar plots showing the MFI of 
CD25 in control and Larp4-KO C9OT-I T cells within TME. The MFI values were 
normalized to control cells (n = 6). (d) Representative flow cytometry graphs 
and bar plots showing the percentage of IFN-γ+ cells in control and Larp4-KO 

C9OT-I T cells within TME (n = 6). (e) Representative flow cytometry graphs 
and bar plots showing the percentage of TNF+ cells in control and Larp4-KO 
C9OT-I T cells within TME (n = 6). (f ) Representative flow cytometry graphs and 
bar plots showing the percentage of IL-2+ cells in control and Larp4-KO C9OT-I 
T cells within TME (n = 6). (g) Flow cytometry graphs showing the percentage 
of IFN-γ+ IL-2+ (left) and TNF+ IL-2+ (right) cells in control and Larp4-KO C9OT-I 
T cells within TME. n, numbers of mice (c-f). For statistical analysis, data in bar 
plots are presented as mean ± SEM and unpaired two-sided Student’s t-tests were 
performed for (b-f).
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Extended Data Fig. 9 | Anti-tumor response of LARP4-KD CD20-CAR T cells. 
(a) Flow cytometry graphs showing the expression of PD-1 and TIM-3 in control 
and Larp4-KO C9OT-I TPEX cells in TdLNs. Endogenous cells are shown in gray. 
(b) Flow cytometry graphs showing the expression of PD-1 and Ly108 in control 
and Larp4-KO C9OT-I TPEX cells in TdLNs. Endogenous cells are shown in gray. 

(c) Western blot showing the expression of LARP4 and GAPDH in control and 
LARP4-KD CD20-CAR T cells. (d) Representative bioluminescence imaging of 
tumor-bearing mice treated with PBS, control CD20-CAR T cells, and LARP4-KD 
CD20-CAR T cells on days 5, 10, 15, and 20 post-tumor inoculation. These data 
represent two independent experiments.
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Software and code
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Data collection BD FACSDiva v8.0, Illumina NovaSeq 6000, 

Data analysis Details in methods, along with versions of specific software packages that were used. The following open source software packages were used 
in data analysis, as described in methods section: FastQC (v0.11.8), UMI-tools (v1.1.2), Trim Galore! (v0.6.7), STAR (v2.7.10a), sambamba 
(v0.8.2), HOMER (v4.11), GenomicRanges (v1.50.2), DESeq2 (v1.38.3), bowtie (v2.4.1 & v1.0.0), clusterProfiler (v4.6.0), deepTools (v3.5.1), 
Integrative Genomics Viewer (IGV v2.13.2), PureCLIP (v1.3.1), diffBind (v3.8.4), Cell Ranger Single-Cell Software Suit (v6.0.2), Seurat (v4.3.0), 
harmony (v0.1.1), Scanpy (v1.9.6), Fastp (v0.22.0), Bowtie2 (v2.4.1), SAMtools (v1.6), Rank-In (2021.8.27), ComplexHeatmap (v2.14.0), 
GSVA(v1.46.0), ChIPseeker (v1.34.1), Activity-by-Contact model (v1.1.2), FlowJo (V10), GraphPad Prism (v10).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The sequencing data of RPLace-seq, RNA-seq, LACE-seq, scRNA-seq and PRO-seq have been deposited in the Genome Sequence Archive (GSA) repository with the 
accession number CRA019040 and CRA019813. RBP eCLIP-seq data was download fron the ENCODE database(https://www.encodeproject.org/eclip/). The mapping 
relationship between human and mouse Gene Symbols was downloaded from the BioMart (https://asia.ensembl.org/biomart/martview/). The accession number of 
other public sequencing data used in this study: Polysome Profiling on CD8+ naïve T cell (GEO: GSE71643), ATAC-seq for TdLNs TPEX cells (GEO: GSE180084), ATAC-
seq for Tumor TEX cells (GEO: GSE122713), CUT&Tag for H3K27ac in Tumor TEX cells (GEO: GSE175437), CHIP-seq for TOX (GEO: GSE93953), CHIP-seq for NR4A1 
(GEO: GSE266286), CHIP-seq for NFAT (GEO: GSE64407), CHIP-seq for IRF4 (GEO: GSE54191), CHIP-seq for BATF (GEO: GSE149796), CHIP-seq for BCL-6 (GEO: 
GSE182034), RNA-seq for intratumor WT and Tox-KO T cells (GEO: GSE126973), scRNA for intratumor WT and Nr4a1/2-KO T cells (GEO: GSE247641), scRNA for 
intratumor OT-I T cells (GEO: GSE218372), scRNA for intratumor T cells in patients with melanoma (GEO: GSE159251).  
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A
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Ethics oversight N/A
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Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size According to the 3R policy (replacement, reduction, and refinement) of our institution, the minimum number of mice necessary for the 
statistical significance were used. The sample size was chosen empiricaly, 3-8 mice per group is usually enough to achieve statistical 
significance. In some experiments with big variations, more animals (more biological repeats) are pooled to reach statistical significance. 
For experiments other than mice, sample sizes were chosen based on commonly accepted standards in the field and by referencing previously 
published studies with similar experimental designs. Liu et al. (Tumors exploit FTO-mediated regulation of glycolytic metabolism to evade 
immune surveillance, Cell metabolism, 2021)

Data exclusions No data were excluded in this study. 

Replication The number of replicates were indicated in the figure legends.

Randomization Co-housed littermates were randomly assigned to each group for comparison. For experiments other than mice (e.g., in vitro assays, flow 
cytometry, sequencing), samples were allocated based on predefined biological conditions (such as Knockout vs. control groups).All samples 
were processed simultaneously using standardized protocols, and relevant covariates were carefully controlled or balanced across groups to 
ensure comparability between experimental groups.

Blinding Animal numbers (n)  rather than genotypes were used during experimental procedures to achieve Blinding. In addition, there was no 
subjective measurement in the experimental procedures.
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Antibodies used for flow cytometry are:  

Anti-CD4, BioLegend, Cat#100414; RRID: AB_312699 (1:500) 
Anti-CD8, Biolegend, Cat#100712; RRID: AB_312751 (1:500) 
Anti-CD8a, Abcam, Cat#ab22504; RRID: AB_447109 (1:500) 
Anti-CD45.1, BioLegend, Cat# 101216; RRID: AB_312799 (1:500) 
anti-CD45.2, BioLegend, Cat# 109806; RRID: AB_313443 (1:500) 
anti-PD-1, BioLegend, Cat# 135231; RRID: AB_2566158 (1:500) 
anti-TIM-3, BioLegend, Cat# 119721; RRID: AB_2616907 (1:500) 
anti-Ly108, BioLegend, Cat# 134608; RRID: AB_2188093 (1:500) 
anti-CX3CR1, BioLegend, Cat# 149035; RRID: AB_2629605 (1:500) 
anti-CD39, eBioscience, Cat# 25-0391-82; RRID: AB_1210502 (1:500) 
anti-TIGIT, eBioscience, Cat# 12-9501-80; RRID: AB_2866364 (1:500) 
Anti-CD69, BioLegend, Cat#104522; RRID: AB_2260065 (1:500) 
Anti-Granzyme B, BioLegend, Cat#372206; RRID: AB_2687030 (1:500) 
Anti-IFN-g, BioLegend, Cat#505808; RRID: AB_315402 (1:500) 
Anti-HA-probe (Y-11), Santa Cruz Biotechnology, Cat# sc-805; RRID: AB_631618 (1:500) 
Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) , Abclonal, Cat# ab150077; RRID: AB_2630356 (1:2000) 
The following Abs were used for western blot: 
Anti-a-Tubulin, Proteintech, Cat#66031-1-Ig; RRID: AB_11042766 (1:10000) 
Anti-a-Actin-HRP, Santa Cruz Biotechnology, Cat#sc-47778; RRID: AB_2714189 (1:10000) 
Anti-LARP4, Proteintech, Cat#16529-1-AP; RRID: AB_2296671 (1:500) 
Anti-NDUFB8, Proteintech, Cat# 14794-1-AP; RRID: AB_2150970 (1:1000) 
Anti-SDHB, Proteintech, Cat# 10620-1-AP; RRID: AB_2285522 :(1:1000) 
Anti-UQCRC2, Abclonal, Cat A4181#; RRID: AB_2765543 (1:1000) 
Anti-ATP5A1, Abclonal, Cat A5884#; RRID: AB_2766632 (1:500) 
Anti- ND1, Abclonal, Cat# A5250; RRID: AB_2766080 (1:1000) 
Anti- ND5, Abclonal, Cat# A12465; RRID: AB_2759309 (1:1000) 
Anti-ATP6, Abclonal, Cat# A8193; RRID: AB_2768510 (1:500) 
HRP-conjugated goat anti-rabbit IgG, Cwbio, Cat#CW0103; RRID: AB_2814709 (1:10000) 
HRP-conjugated goat anti-mouse IgG, Cwbio, Cat#CW0102; RRID: AB_2814710 (1:10000) 
HRP-conjugated goat anti-rat IgG, Santa Cruz Biotechnology, Cat#sc-2032, RRID: AB_631755 (1:10000) 
Anti-UQCRC1, Thermo Fisher Scientific, Cat#459140; RRID: AB_10375175 (1:1000) 
Anti-NDUFA10, Thermo Fisher Scientific, Cat#PA5-21474; RRID: AB_11154197 (1:1000) 
Anti-COX6B1, Proteintech, Cat#11425-1-AP; RRID: AB_2085449 (1:1000) 
Anti-Nur77, Thermo Fisher Scientific, Cat#14-5965-82; RRID: AB_1257215 (1:500) 
Anti-NR4A2, BioLegend, Cat#682002; RRID: AB_2566567 (1:500) 
Anti-ND4, Santa Cruz Biotechnology, Cat#sc-20499-R (1:1000) 
Anti-CYB5B, Proteintech, Cat#15469-1-AP; RRID: AB_2230349 (1:1000) 
Anti-ATP6V1D, Proteintech, Cat#14920-1-AP; RRID: AB_2243302 (1:1000) 
Anti-CYTB, Proteintech, Cat# 55090-1-AP: RRID:AB_2881266 (1:1000) 
Anti-alpha-Tubulin, Cell Signaling Technology, Cat# 2125; RRID:AB_2619646 (1:10000) 
Anti-beta-Actin, Sigma-Aldrich, Cat# A1978; RRID:AB_476692 (1:10000) 
Anti-GAPDH, Proteintech, Cat#60004-1-Ig; RRID: AB_2107436 (1:10000)

Validation All antibodies for the species and application are validated by the manufacturers. Validation statements are on the manufacturer's 
websites. 
Anti-α-Tubulin (Proteintech, Cat#66031-1-Ig, RRID: AB_11042766), validated in PMID: 36593399. 
Anti-α-Actin-HRP (Santa Cruz Biotechnology, Cat#sc-47778, RRID: AB_2714189), validated in PMID: 8918942. 
Anti-CD4 (BioLegend, Cat#100414, RRID: AB_312699), validated in PMID: 6415170. 
Anti-CD8 (BioLegend, Cat#100712, RRID: AB_312751), validated in PMID: 29026144. 



4

nature portfolio  |  reporting sum
m

ary
April 2023

Anti-CD45.2 (BioLegend, Cat#109806, RRID: AB_313443), validated in PMID: 26169940. 
Anti-PD-1 (BioLegend, Cat#135231, RRID: AB_2566158), validated in PMID: 20453843. 
Anti-TIM-3 (BioLegend, Cat#119721, RRID: AB_2616907), validated in PMID: 34534439. 
Anti-Ly108 (BioLegend, Cat#134608, RRID: AB_2188093), validated in PMID: 22683125. 
Anti-CX3CR1 (BioLegend, Cat#149035, RRID: AB_2629605), validated in PMID: 37033927. 
Anti-CD39 (eBioscience, Cat#25-0391-82, RRID: AB_1210502), validated in PMID: 28607488. 
Anti-TIGIT (eBioscience, Cat#12-9501-80, RRID: AB_2866364), validated in PMID: 34758311. 
Anti-CD69 (BioLegend, Cat#104522, RRID: AB_2260065), validated in PMID: 25135834. 
Anti-GAPDH (Proteintech, Cat#60004-1-Ig, RRID: AB_2107436), validated in PMID: 36477534. 
Anti-Granzyme B (BioLegend, Cat#372206, RRID: AB_2687030), validated in PMID: 33910046. 
Anti-IFN-γ (BioLegend, Cat#505808, RRID: AB_315402), validated in PMID: 29120746. 
Anti-LARP4 (Proteintech, Cat#16529-1-AP, RRID: AB_2296671), validated in PMID: 37169020. 
Anti-NDUFB8 (Proteintech, Cat#14794-1-AP, RRID: AB_2150970), validated in PMID: 35173176. 
Anti-SDHB (Proteintech, Cat#10620-1-AP, RRID: AB_2285522), validated in PMID: 34103526. 
Anti-UQCRC2 (Abclonal, Cat#A4181#, RRID: AB_2765543), validated in PMID: 38834564. 
Anti-ATP5A1 (Abclonal, Cat#A5884#, RRID: AB_2766632), validated in PMID: 31937931. 
Anti-ND5 (Abclonal, Cat#A12465, RRID: AB_2759309), validated in PMID: 39380483. 
Anti-ATP6 (Abclonal, Cat#A8193, RRID: AB_2768510), validated in PMID: 37946697. 
HRP-conjugated goat anti-rat IgG (Santa Cruz Biotechnology, Cat#sc-2032, RRID: AB_631755) validated in PMID: 16467204 
Anti-UQCRC1 (Thermo Fisher Scientific, Cat#459140, RRID:AB_10375175) validated in PMID: 27626371  
Anti-COX6B1 ( Proteintech, Cat#11425-1-AP, RRID:AB_2085449) validated in PMID: 20870728 
Anti-Nur77 (Thermo Fisher Scientific, Cat#14-5965-82, RRID:AB_1257215) validated in PMID: 22996661 
Anti-NR4A2 (BioLegend, Cat#682002, RRID:AB_2566567) validated in PMID: 21468021  
Anti-ND4 (Santa Cruz Biotechnology, Cat#sc-20499-R) validated in PMID: 30541130 
Anti-CYB5B (Proteintech, Cat#15469-1-AP, RRID:AB_2230349) validated in PMID: 32857985 
Anti-ATP6V1D (Proteintech Cat# 14920-1-AP, RRID:AB_2243302) validated in PMID: 33340069 
Anti-HA-probe (Y-11), Santa Cruz Biotechnology, Cat# sc-805; RRID: AB_631618, validated in PMID: 10220376

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

Cell line source(s) B16-OVA,LLC,293T and MC38 cell lines were all purchased from ATCC. Platinum-E cells were a kind gift from Qi's laboratory 
at Tsinghua University.

Authentication The cell lines used in this study were not authenticated by external services.

Mycoplasma contamination All cell lines used in this study were tested for mycoplasma contamination, and the results confirmed that they were negative 
for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines listed in the ICLAC database were used in this 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 Specific-pathogen-free (SPF) C57BL/6 (B6) mice were obtained from Charles River Laboratories. All experimental procedures 
involving mice were conducted in compliance with the guidelines of the Tsinghua University Animal Ethics Committee. B6N.129-
Rpl22tm1.1Psam/J (RiboTag) mice were purchased from The Jackson Laboratory (JAX: 011029) and bred with CD4-Cre recombinase-
expressing mice to generate double-homozygous animals for RPLace-seq experiments (Sanz et al., 2009). 
 
B6N.129(Cg)-Gt(ROSA)26Sortm1.1(CAG-cas9,-EGFP)Fezh/J (Cas9+) mice (JAX: 026430) were bred in-house. OT-I mice (JAX: 003831) 
were crossed with Cas9+ mice and subsequently maintained in-house. Female mice aged 8 to 12 weeks were used for experiments. 
 
Tumor xenograft studies were conducted using NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice, aged 8 to 10 weeks, 
sourced from Gempharmatech Co., Ltd. All mice were housed under specific-pathogen-free (SPF) conditions and handled in strict 
accordance with the Tsinghua University Animal Ethics Committee guidelines.

Wild animals This study did not involve wild animals.

Reporting on sex Both male and female mice were used for the study. No differences were observed between male and female mice used in this study.

Field-collected samples This study did not involve field-collected samples.

Ethics oversight All mice were used in accordance with Tsinghua University Institutional Animal Care and Use Committee (IACUC) guidelines. All 
experiments involving human samples were approved by the Ethics Committee of Beijing Institute of Genomics, Chinese Academy of 
Sciences (2020S012).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Novel plant genotypes N/A

Seed stocks N/A

Authentication N/A

Plants

Flow Cytometry

Plots
Confirm that:

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 Cells were initially resuspended in FACS buffer, followed by resuspension in staining buffer and incubation with Fc Block 
(clone 2.4G2; BioX Cell) for 10 minutes. Subsequently, the cells were stained with the following antibodies on ice for 30 
minutes: anti-CD8, anti-CD45.1, anti-CD45.2, anti-PD-1, anti-TIM-3, anti-CD69, anti-Ly108, anti-CX3CR1, anti-CD39, and anti-
TIGIT, all purchased from BioLegend. 
 
For intracellular staining, the cells were fixed with fixation buffer (BioLegend) on ice for 15 minutes, then washed twice with 
Intracellular Staining Permeabilization Wash Buffer (BioLegend). Antibodies against IFN-γ (Clone XMG1.2), TNF-α (Clone MP6-
XT22), IL-2 (Clone JES6-5H4), COX4 (Clone 3E11), and COX1 (Clone 1D6E1A8) were added and incubated for 1 hour on ice. 
Cytokine-producing cells and protein expression levels were determined by flow cytometry. 
 
Staining for transcription factors TOX and TCF1 was performed using the Foxp3/Transcription Factor Staining Buffer Set 
(Invitrogen) according to the manufacturer's instructions. Flow cytometry data were collected using a Fortessa (BD) 
instrument and analyzed with FlowJo software (Tree Star).

Instrument BD LSR Fortessa

Software FACSDiva (v8.0) was used for data acquisition. FlowJo 10.0 was used for data analysis.

Cell population abundance CD8+ T-cells were identified by CD8-APC staining.

Gating strategy The gating strategy was initially doublet exclusion using FSC-H and FSC-A, followed by viable cell identification via Zombie 
Live/Dead dye exclusion using SCC by Zombie-A. CD8+ T cells were then identified via CD8 expression using CD8-BUV496. 
Host and donor-derived cells were distinguished via CD45.1-BV650 and CD45.2-BV750. Further analysis of donor-derived CD8
+ T cells was performed using PD-1-BV421 and TIM-3-BV605 to classify subsets, including early T_Ex (PD-1 hi TIM-3-), 
terminal TEx (PD-1 hi TIM-3+), and naive cells. 
 
For transferred T cells, The gating strategy was initially doublet exclusion using FSC-A and SSC-A, followed by viable cell 
identification via Zombie-BV570 Live/Dead dye exclusion using SSC-A. CD8+ T cells were then identified via CD8 expression 
using CD8-BUV737. GFP-positive sgRNA+ cells were gated to isolate genetically modified cells. Further analysis of CD8+ GFP-
positive cells was performed using PD-1-BV711 and TIM-3-PE-Cy7 to classify T cell subsets, including TEX (PD-1hi TIM-3+). 
CX3CR1-BV510 and PD-1-BV711 expression were then used to identify effector-like T cells (TEFF-like).

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