Extended DataFig.11|See next page for caption.
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Extended DataFig.11|Patients with high TexPSR signature in tumor-
infiltrating T cellsdo poorly inresponse toimmunotherapy. a, Overview of
CD8" T cell counts and subtype distributions across different cancer types
fromintegrated analysis of publicly available pan-cancer scRNA-seq datasets.
Left panel: totalnumber of CD8' T cells detected ineach cancer type, plotted
onalogarithmicscale. Middle left panel: sample countsin each cancer type,
plotted onalogarithmicscale. Middle right panel: number of independent
studies for each cancer type. Right panel: CD8' T cell subtype proportion.
BLCA:bladder urothelial carcinoma; BRCA: breast invasive carcinoma; CESC:
cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL:
cholangiocarcinoma; CRC: colorectal cancer; GIM: gastric and intestinal
malignancies; HNSC: head and neck squamous cell carcinoma; LC: lung cancer;
LIHC: liver hepatocellular carcinoma; OC: ovarian cancer; PAAD: pancreatic
adenocarcinoma; PDAC: pancreatic ductal adenocarcinoma; PRAD: prostate
adenocarcinoma; RCC/CRCC:renal cell carcinoma/clear cell renal cell carcinoma;
STAD: stomach adenocarcinoma; THCA: thyroid carcinoma; UCEC: uterine
corpusendometrial carcinoma. b, Heatmap showing the expression level of
TexPSRsignature genes across various T cell populations. ¢, Correlation of RNA
and protein expression fold changes of TexPSR signature genes between Tex

versus Teff cells from the in vitro exhaustion model. d, TexPSR signature scores
across different T cell subpopulations (two-sided Wilcoxon rank sum test).

e, UMAP embedding of scRNA-seq datafromT cells colored by annotated cell
types.Overlaid are RNA velocity-based trajectories, inferred with the Slingshot
algorithm, delineating two major differentiation pathways: Trajectory1(teal)
toward exhaustion and Trajectory 2 (orange) toward effector differentiation.
f.Signature scores along pseudotime for each trajectory. Trajectory 1 (left)
shows decreasing Naive and increasing Exhaustion and TexPSR scores, consistent
with anexhaustion trajectory. Trajectory 2 (right) shows dynamic changes

in TexPSR and Naive scores, indicative of analternative effector trajectory.
g,Kaplan-Meier survival curves for patients with liver cancer stratified by high
vs.low TexPSR signature, calculated from the CD8' T cell scRNAseq data. P values
were calculated using a univariate Cox proportional hazards model. h, TexPSR
scoresinscRNA-seq datasets of CD8 T cells from non-responders (NR) and
responders (R) inresponse to aPD-1combined with aCTLA-4 therapy for RCC
(NR:n=5354cellsfrom 6 patients, R:n=15207 cells from 9 patients). Data are
presented as mean + SEM, and statistical significance was determined using two-
sided Wilcoxon rank sum tests.



Heightened protein synthesis and aggregation coupled with futile protein quality control underlie a novel mechanism of CD8+ T cell exhaustion
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Extended DataFig.12| Working model of TexPSR as amechanistic driver of
CDS8' T cell exhaustion. The model presentedillustrates a cancer cell at the top
interacting with an exhausted T cell at the bottom through the MHC class I-T
cellreceptor complex. Theintracellular eventsinside of the Tex cells underscore
key novel findings from the study, which collectively elucidate a proteotoxic
stressresponse (PSR) driving T cell exhaustion, aphenomenon we term TexPSR.
TexPSRis characterized by an elevated rate of protein synthesis, the accumulation
ofiintracellular protein aggregates, the upregulation of specific endoplasmic
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reticulum (ER) chaperones, and an accelerated protein catabolism pathway.
Central tothese processes s the sustained activation of AKT signaling, which
orchestrates this complex proteotoxic environment. These findings not only
provide deeper insightinto the molecular mechanisms of T cell dysfunction
within the tumor microenvironmentbut also open avenues for possible
therapeutic strategies aimed at mitigating TexPSR to restoreimmune cell
functionincancerimmunotherapy. The figure was reproduced with the
permission of The Ohio State University.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry experiments were performed using Cytek Aurora flow cytometer or ImageStream imaging flow cytometer. Cell sorting
experiments were performed using Cytek Cell Sorter. Confocal microscopy images were collected by Olympus FV3000 microscope. Proteomics
data were collected using an Easy-nLC 1200 coupled to an Thermo Exploris 480 tandem mass spectrometer (Thermo Fisher) or an UltiMate
3000 UHPLC coupled to a Thermo Fusion tandem mass spectrometer (Thermo Fisher). Bulk RNAseq was performed using Illumina NovaSeq
platform with a depth of 50 million reads per sample.

Data analysis Flow cytometry analysis were performed using FlowJo (version 10.10) or OMIQ (www.omig.ai). Imaging flow cytometry data generated by
ImageStream were analyzed using IDEAS (v6.2) software. Numerical data were exported and analyzed using GraphPad Prism v10. Confocal
microscopy images were analyzed by OlyVIA (v4.2) software. Raw files of proteomics data were converted using MSConvert in the
Proteowizard package (version 3.0.20169) and then searched using EncyclopeDIA (version 2.12.31). Bulk RNA-seq sequences were checked,
trimmed, and filtered by using Fastp (v0.23.4). The filtered reads were mapped to the mouse reference genome mm10 using HISAT2 (v2.2.1),
and samtools (v1.17) was used to convert and sort BAM files. Lastly, the subread tool (v2.0.6) was used for gene quantification and generating
the raw expression matrix. Raw expression data was first log normalized, and the Limma R package (v3.56.2) was used to fit the model and
perform differential expression analysis. Scanpy package (v1.9.5) and scVI Python package (scvi-tools v1.0.4) were used for single-cell RNAseq
data analysis. RNA Velocities were computed using the scVelo toolkit (v0.3.3). Tidyverse (v1.3.1), EnrichR(https://maayanlab.cloud/Enrichr),
heatmaply R package (v1.4.2), Morpheus (https://software.broadinstitute.org/morpheus) were used for plotting figures.

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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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

Proteomics data is available at the MassIVE repository (MSV000098609) and through ProteomeXchange (PXD066433). Normalized protein expression data is
provided in Supplementary Table S3. Bulk RNA sequencing data from this paper is deposited to NCBI GEO database with identifier GSE303401. Scripts generated for
analysis are available at https://doi.org/10.5281/zenodo.16323779.

Research involving human participants, their data, or biological material

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 Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

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

Field-specific reporting

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

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

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

Life sciences study design

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

Sample size No statistical methods were used to predetermine sample size. Sample sizes were determined based on pilot experiments and previously
published results with similar experimental models (Kwon et al., Science Immunology, 2022; Song et al., Cancer Discovery, 2025). The exact n
numbers for biological replicates used in the study are indicated in the respective figure legends.

Data exclusions  Proteomic replicates with technical issues related to sample preparation, data acquisition, or instrument performance were excluded. No data
were excluded from other experiments.

Replication All experiments were independently performed at least twice and demonstrated the same phenotypes to ensure reproducibility.
Randomization  Age-matched mice were randomly assigned to experimental groups in tumor experiments and LCMV infection experiments. For genetically

modified mice (e.g., E8iCre-gp96 flox/flox), group allocation was based on genotype and therefore not randomized. Randomization was not
applicable to other experiments where different treatments were applied to materials derived from the same sample for each replicate for
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paired comparisons.

Blinding Imaging flow cytometry, proteomics and RNAseq data collection and analysis was performed blindly. Mouse tumor and viral infection
experiments were performed blindly to treatment groups or genotypes. Blinding was not conducted for other experiments because the same
person performed the experiments and analyzed results.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used A detailed list of antibodies used in this study is provided in Supplementary Table S1 with fluorochrome, clone, dilution and source
the antibodies.

Validation All antibodies used in this study were purchased or obtained from well-recognized vendors and the validation from source vendor is
provided in Supplementary Table S1.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MC38 cell line was purchased from Kerafast (RENH204-FP). MB49 cell line was purchased from Sigma-Aldrich (#5CC148).
MB49-gp33 cell line was kindly shared by Dr. Weiguo Cui at Northwestern University. B16-OVA cell line was generated as
described previously (Budhu et al., Sci Signal, 2017). HEK293T cell line was purchased from ATCC (#CRL-3216).

Authentication No further authentications were conducted in the laboratory.

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other research organisms

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

Laboratory animals Wildtype C57BL/6J mice (strain #000664) purchased from Jackson Laboratory. CD8-specific gp96 deficient mice were generated by
crossing E8i-Cre purchased from Jackson Laboratory (strain #008766) and Hsp90b1flox/flox mice previously generated and described
by our group (Yang et al., Immunity, 2007). P14 mouse was a gift from Dr. Weiguo Cui at Northwestern University. OT-1 (strain
#003831) and Rag2-/- (strain #033526) mice were purchased from Jackson Laboratory. 6-8-week-old mice were used for
experiments. All mice used in this study were housed at the Ohio state University animal facility. Ambient temperature was kept in a
range of 68-76 °F, relative humidity 30-70% and a 12-hour light/dark cycle (lights on from 6am to 6pm).

Wild animals No wild animals were used in this study.
Reporting on sex The results in this study are not restricted to one sex because both male and female mice were used and demonstrated similar
phenotypes.

Field-collected samples  No samples were collected from the field.

Ethics oversight All procedures were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory




Ethics oversight Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the
Ohio State University.

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

Plants

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

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

was applied-
Authentication Describe-any-atthentication-procedures foreachseed stock tised-ornovel-genotype-generated.—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots
Confirm that:

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

|Z| 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).

|Z| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

To prepare single cell suspensions of mouse tumor samples, isolated tumors were chopped and washed with PBS before
incubation with Collagenase | (200 U/ml, Worthington #L.S004196) in serum-free RPMI-1640 for 30 min at 37 °C with gentle
agitation. After digestion, 2% BSA in PBS were added to cell suspensions to neutralize collagenase. Cell suspensions were
washed with PBS and filtered through a 70-um nylon filter. Single cell suspensions were centrifuged and resuspended in PBS
for downstream assays. For cell sorting, immune cells were enriched using mouse TIL CD45 positive selection kit (STEMCELL
#100-0350)

Dead cells were stained by Live/Dead fixable blue (Invitrogen #L23105) or Zombie UV (BioLegend #423108) at 4 °C for 15 min.
Cells were washed with FACS buffer twice and surface molecule staining antibody cocktail was applied for 30 minutes in 4 °C.
After incubation, cells were washed twice with FACS buffer and then fixed and permeabilized using Foxp3 fixation and
permeabilization kit (eBioscience #00-5523-00) overnight. After overnight fixation, cells were washed twice in the
permeabilization buffer, and the intracellular staining antibody cocktail was added to the cells. After 2 hours of room
temperature staining, cells were washed twice with FACS buffer and analyzed.

For protein aggregation staining, cells were washed with HBSS (Sigma-Aldrich #H6648) twice and stained with 100 nM NIAD-4
(Cayman #18520) or 50 uM CRANAD-2 (Cayman #19814) in HBSS for 30 min at 37 °C and 5% CO2. Cells were next stained by
Live/Dead fixable Near IR (Invitrogen #L34975) at 4 °C for 15 min, followed by fixation with 4% formaldehyde (BD
Biosciences) for 15 min and DAPI staining for 5 min at room temperature.

For stress granule analysis, cells were harvested and stained by Live/Dead fixable NIR, followed by fixation in BD CytofixTM
fixation buffer (BD Biosciences #554655) for 15 min and permeabilization using Foxp3 fix/perm kit for 30 min at room
temperature. Cells were then stained with anti-G3BP1 antibody (Proteintech #13057-2-AP) in perm buffer for 1 h at room
temperature and then FITC-conjugated anti-Rabbit antibody for 30 min. DAPI was added to the cell suspension and incubated
for 5 min.

Gating strategy for sorting antigen specific CD8+ T cells in LCMV models is described in Extended Data Fig. 3a. For in vitro
assays, cells were first identified by FSC-A/SSC-A scatters and then singlets based on FSC-A/FSC-H and SSC-A/SSC-H. Live cells
were gated based on the absence of vialibity dye staining and analyzed.

Cytek Aurora, Cytek Cell Sorter, ImageStream

FlowJo (v10.10), OMIQ (www.omig.ai), IDEAS (v6.2)

For sorting subpopulation of CD8+ T cells from spleens of LCMV models or tumors of MC38 or MB49 models, cells were
sorted using "purity" mode. Purity of post-sorted cells were checked by flow cytometry and was over 96%.

Gating strategy for sorting antigen specific CD8+ T cells in LCMV models is described in Extended Data Fig. 3a. For
experiments using in vitro stimulated mouse CD8+ primary T cells, cells were first identified by FSC-A/SSC-A scatters and then
singlets based on FSC-A/FSC-H and SSC-A/SSC-H. Live cells were gated based on the absence of viability dye staining and
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analyzed. For analyzing CD8+ T cells from mouse tumors or spleens, CD8+ T cells were first gated using FSC-A/SSC-A and then
FSC-A/FSC-H to exclude doublets. Live CD45+ were gated as total immune cells followed by identifying CD8+ T cells as CD3+
CD8+ CD4-. Antigen-specific CD8+ T cells were gated based on CD44hi cells.

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