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Abstract 32 

Checkpoint-responsive exhausted CD8+ T cells sustain immunity during chronic infection and 33 

cancer, but the tissue-derived signals that preserve these cells remain poorly defined. Here, we 34 

identify extracellular ATP sensing through P2RX7 as a microenvironmental circuit that 35 

maintains progenitor exhausted (TPEX) and tissue-resident exhausted (TRTEX) CD8+ T cells. 36 

P2RX7 was enriched in TPEX and TRTEX cells and was required cell-intrinsically to preserve their 37 

abundance, diversity, and developmental competence during chronic viral infection. Loss of 38 

P2RX7 restricted early progenitor trajectories and induced mitochondrial dysfunction, lipid 39 

peroxidation, and terminal exhaustion-associated phenotypes. Mechanistically, P2RX7-40 

dependent Ca2+ influx activated NFAT/AP-1 signaling, which induced KLF3 to promote 41 

mitochondrial fitness, subset development, and persistence of TPEX and TRTEX cells. P2RX7 also 42 

supported CD8+ T cell expansion after PD-1 blockade, whereas pharmacologic P2RX7 activation 43 

enhanced antitumor immunity in preclinical models. These findings define an extracellular ATP-44 

P2RX7-KLF3 program that couples tissue damage sensing to metabolic adaptation and 45 

persistence of checkpoint-responsive exhausted CD8+ T cells. 46 

 47 
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Persistent antigen stimulation in chronic infection and cancer drives CD8+ T cell 68 

exhaustion, a heterogeneous differentiation state marked by impaired effector function, 69 

inhibitory receptor expression, and altered transcriptional and epigenetic regulation1–4. 70 

Progenitor exhausted (TPEX) cells retain self-renewal capacity and generate the proliferative burst 71 

that follows PD-1 blockade. Tissue-resident exhausted (TRTEX) cells persist within inflamed 72 

tissues and tumors, are associated with responses to PD-1 blockade, and have been linked to 73 

local immune control5–7. By contrast, terminally exhausted subsets show limited durability. 74 

Although the transcription factors and chromatin states that define these subsets are increasingly 75 

well described8–14, less is known about the tissue-derived signals that promote the development 76 

and persistence of therapeutically responsive exhausted CD8+ T cell states during chronic 77 

antigen exposure. 78 

Chronically inflamed tissues expose T cells to persistent TCR signaling, checkpoint 79 

ligands, metabolic constraint, and damage-associated signals15–18. Among these cues, 80 

extracellular ATP is released during infection, tumor growth, and tissue injury and is sensed by 81 

purinergic receptors, including P2RX7, a ligand-gated ion channel that promotes Ca2+ influx and 82 

downstream signaling19–22. Because extracellular ATP is enriched at sites of cell damage, antigen 83 

persistence, and tissue remodeling, it may provide spatial information that instructs local T cell 84 

adaptation rather than serving only as a generic inflammatory byproduct. In line with a role for 85 

extracellular ATP sensing in T cell adaptation, P2RX7 supports memory CD8+ T cell metabolic 86 

fitness and cell survival23–25. However, whether extracellular ATP sensing actively shapes 87 

exhausted CD8+ T cell fate under chronic antigen stimulation, rather than simply reflecting tissue 88 

damage or memory-associated biology, has remained unclear. 89 

Here we identify P2RX7 as a microenvironmental sensor that preserves checkpoint-90 

responsive exhausted CD8+ T cell subsets. P2RX7 marks TPEX and TRTEX cells and is required 91 

cell intrinsically to maintain their function, diversity, and developmental competence across 92 

chronic viral infection and tumor models. Mechanistically, P2RX7-dependent Ca2+ signaling 93 

sustains NFAT/AP-1 activity and induces KLF3, which supports exhausted CD8+ T cell 94 

mitochondrial fitness and restrains terminal dysfunction. Together, these findings define an 95 

extracellular ATP–P2RX7–KLF3 circuit that links tissue damage sensing to the persistence of 96 

therapeutically responsive exhausted CD8+ T cell states. 97 

Results 98 

P2RX7 marks and maintains therapeutically responsive exhausted CD8+ T cell states 99 

We first asked whether P2RX7 identifies the exhausted CD8+ T cell states most relevant 100 

to durable immunity during chronic antigen exposure. To map these states, we performed single-101 

cell RNA sequencing (scRNA-seq) on antigen-specific P14 CD8+ T cells isolated from LCMV 102 

Clone 13-infected mice at day 30 post-infection (Fig. 1a; gating strategy in Extended Data Fig. 103 

1). UMAP clustering resolved populations corresponding to progenitor exhausted (TPEX) and 104 

tissue-resident exhausted (TRTEX) subsets. Both TPEX and TRTEX clusters were enriched for 105 

P2rx7 mRNA compared with other exhausted or memory subsets, with strongest enrichment in 106 

TPEX cells (Fig. 1b,c, Extended Data Fig. 2a, Supplementary Table 1). Flow cytometry 107 

confirmed increased P2RX7 expression in TPEX and TRTEX cells during chronic LCMV infection 108 

and in MC38 tumor-bearing mice (Fig. 1d,e). As previously reported7,23–25, resident memory 109 

CD8+ T cells from LCMV Armstrong-infected mice also expressed high P2RX7 levels 110 
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(Extended Data Fig. 2b). Thus, P2RX7 expression extends from memory and resident memory 111 

states into distinct exhausted progenitor and resident compartments generated during chronic 112 

antigen exposure. 113 

We next tested whether P2RX7 was required to preserve these subsets in vivo. CD8-114 

specific deletion of P2rx7 in CD8-Cre P2rx7fl/fl mice reduced antigen-specific TPEX and TRTEX 115 

populations in spleen and liver during chronic infection (Fig. 1f,g; subset gating in Extended 116 

Data Fig. 1) and was associated with reduced viral control (Fig. 1h). Mixed adoptive transfer 117 

experiments demonstrated that this requirement was cell intrinsic: P2RX7-deficient P14 cells 118 

failed to efficiently generate and maintain TPEX and TRTEX cells in competitive settings (Fig. 119 

1i,j), whereas terminal and effector exhausted subsets were less affected and NK-like exhausted 120 

CD8+ T cells were increased26. Together, these data identify P2RX7 as a cell-intrinsic gatekeeper 121 

of the progenitor and resident exhausted CD8+ T cell pools that sustain chronic antiviral 122 

immunity. 123 
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 124 
Fig. 1. P2RX7 marks and maintains TPEX and TRTEX cells during chronic antigen exposure. (a–c) P14 CD8+ T cells were sorted from 125 
LCMV-Armstrong- or LCMV-Clone 13-infected mice at day 30 post-infection (p.i.) and analyzed by scRNA-seq. UMAPs show 126 
annotated clusters and normalized P2rx7 expression; bubble plot shows normalized P2rx7 expression across clusters. (d) 127 
Representative histograms and gMFI of P2RX7 in exhausted CD8+ T cell subsets from LCMV-Clone 13-infected mice at day 30 p.i., 128 
measured in endogenous gp33-tetramer+ and transferred P14 cells. (e) P2RX7 gMFI in exhausted P14 subsets from MC38.gp33-129 
bearing mice. (f and g) WT (CD8-Cre) and CD8-Cre P2rx7fl/fl mice were infected with LCMV-Clone 13, and gp33-tetramer+ CD8+ T 130 
cells were analyzed at day 30 p.i. Total splenic CD8+ T cell numbers, exhausted subset frequencies, and CXCR6+CD69+ liver CD8+ T 131 
cell numbers are shown. (h) LCMV-Clone 13 PFU in WT and CD8-Cre P2rx7fl/fl mice. (i and j) WT (CD45.1/2+) and P2RX7-KO 132 
(CD45.1+) P14 cells were co-transferred at a 1:1 ratio into LCMV-Clone 13-infected recipients. Representative plots and absolute 133 
numbers of splenic exhausted P14 subsets are shown. (d–j) Data are pooled from 2–3 independent experiments, n=5–9 per group. 134 
Error bars are mean ± standard deviation. All statistical tests were two-sided. ns, not significant (p>0.05); *p<0.05; **p<0.01; 135 
***p<0.001; ****p<0.0001. Statistical significance was determined by one-way ANOVA with Tukey’s post-test (d–f, j) or unpaired 136 
t-test (g–h). 137 
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P2RX7 preserves TPEX and TRTEX diversity while limiting terminal dysfunction 138 

Having established that P2RX7 preserves TPEX and TRTEX cell abundance, we next asked 139 

whether it also maintains the quality and diversity of these pools. P2RX7-KO TPEX and TRTEX 140 

cells showed reduced IFN-γ production, diminished effector- and residency-associated markers, 141 

and increased terminal exhaustion-associated proteins such as CTLA-4 (Fig. 2a–c, Extended 142 

Data Fig. 3a,b). High-dimensional InfinityFlow profiling further showed that P2RX7-KO cells 143 

were restricted across exhausted CD8+ T cell states, with reduced representation of TPEX-like 144 

phenotypes and enrichment of terminal dysfunction markers including CD38 and CD39, even 145 

within TPEX (Fig. 2d–f, Extended Data Fig. 3c,d, Supplementary Table 2).  146 

Consistent with these phenotypic changes, scRNA-seq revealed that P2RX7 loss 147 

narrowed transcriptional diversity within TPEX and TRTEX compartments (Extended Data Fig. 148 

4a). Reclustering identified multiple TPEX states, all of which were reduced in P2RX7-KO cells 149 

(Fig. 2g–i, Extended Data Fig. 4b-d). TRTEX reclustering similarly revealed loss of memory-150 

like resident states in P2RX7-KO cells (Extended Data Fig. 4e-g). Thus, P2RX7 maintains the 151 

functional and transcriptional breadth of progenitor and resident exhausted CD8+ T cells while 152 

limiting collapse toward terminal dysfunction. 153 
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 154 
Fig. 2. P2RX7 preserves functional and transcriptional diversity of exhausted CD8+ T cells. (a–c) WT and P2RX7-KO P14 cells were 155 
analyzed at day 30 p.i. for cytokine production and surface-marker expression. (d–f) LEGENDScreen/InfinityFlow profiling of WT 156 
and P2RX7-KO P14 cells isolated at days 7 and 30 p.i.; UMAPs, cluster frequencies, differential marker expression, and Wanderlust 157 
trajectory analysis are shown. (g–i) scRNA-seq analysis of WT and P2RX7-KO P14 cells isolated at days 0, 7, and 30 p.i.; reclustered 158 
TPEX states, marker expression, and WT/P2RX7-KO proportions are shown. (a–c) Data are pooled from 2 independent 159 
experiments, n=4–6 per group. Error bars are mean ± standard deviation. All statistical tests were two-sided. ns, not significant 160 
(p>0.05); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Statistical significance was determined by one-way ANOVA with 161 
Tukey’s post-test. 162 

P2RX7 maintains early exhausted progenitor competence 163 

Because defects in mature TPEX and TRTEX pools could arise during early fate 164 

specification, we next asked whether P2RX7 acts at the progenitor stage of exhaustion. Early 165 
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TPEX cells emerging during chronic infection expressed high P2RX7 (Fig. 3a, Extended Data 166 

Fig. 5a), and P2RX7 loss reduced their frequency and skewed them toward terminal exhaustion-167 

associated phenotypes as depicted from InfinityFlow analyses (Fig. 3b,c, Extended Data Fig. 168 

5b,c).  169 

To test whether these early defects altered later developmental potential, we transferred 170 

sorted WT or P2RX7-KO early TPEX cells into infection-matched hosts (Fig. 3d). P2RX7-KO 171 

early TPEX cells expanded poorly and generated fewer TPEX and TRTEX progeny than WT cells 172 

(Fig. 3e–g). Among WT early TPEX cells, the P2RX7hi fraction produced more daughter cells 173 

than the P2RX7lo fraction, and P2RX7 expression within progeny correlated with retention of 174 

TPEX and TRTEX fates (Extended Data Fig. 5d-f). These findings place P2RX7 at an early, 175 

dynamic checkpoint that preserves progenitor competence and enables later expansion into 176 

durable TPEX and TRTEX lineages. 177 

 178 
Fig. 3. P2RX7 preserves early exhausted progenitor competence. (a–c) P2RX7 expression, early TPEX frequency, and differential 179 
marker expression in WT and P2RX7-KO P14 cells at day 7 p.i. (d–g) Sorted WT or P2RX7-KO early TPEX cells were transferred into 180 
infection-matched hosts; daughter-cell numbers and exhausted subset frequencies were measured one week later. (a–b, e–g) 181 
Data are pooled from 2–3 independent experiments, n=5–11 per group. Error bars are mean ± standard deviation. All statistical 182 
tests were two-sided. ns, not significant (p>0.05); **p<0.01; ***p<0.001; ****p<0.0001. Statistical significance was determined 183 
by one-way ANOVA with Tukey’s post-test (a, g) or unpaired t-test (e). 184 

P2RX7 sustains mitochondrial fitness and limits lipid oxidative stress 185 

Because durable exhausted progenitor and resident states require metabolic resilience, we 186 

next asked whether P2RX7 protects mitochondrial fitness under chronic stimulation. P2RX7-KO 187 

TPEX cells showed enrichment of metabolic dysregulation pathways, reduced oxygen 188 

consumption, increased glycolytic bias, and diminished protein synthesis despite elevated ECAR 189 

(Fig. 4a–c). SCENITH and mitochondrial dye analyses further showed reduced mitochondrial 190 

support for protein synthesis, lower membrane potential and mitochondrial mass, and impaired 191 

fatty acid oxidation-associated protein synthesis capacity in P2RX7-KO TPEX and TRTEX cells 192 

(Fig. 4d–f, Extended Data Fig. 6a–c). These data indicate that P2RX7 sustains mitochondrial 193 

fitness and oxidative metabolic capacity in TPEX and TRTEX cells. 194 
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This metabolic defect was accompanied by terminal skewing and lipid oxidative stress. 195 

P2RX7-KO TPEX cells expressed higher BLIMP-1, and Prdm1 knockdown partially rescued their 196 

in vivo deficit (Fig. 4g,h, Extended Data Fig. 6d). P2RX7-KO TPEX and TRTEX cells also 197 

showed increased cell death and lipid peroxidation (Fig. 4i, Extended Data Fig. 6e). Together, 198 

these findings show that P2RX7 protects exhausted CD8+ T cells from a coordinated metabolic 199 

failure program marked by mitochondrial dysfunction, BLIMP-1-associated terminal skewing, 200 

and lipid peroxidation-associated stress. 201 

 202 
Fig. 4. P2RX7 preserves mitochondrial fitness and limits lipid peroxidation in exhausted CD8+ T cells. (a) Hallmark pathway 203 
analysis of WT and P2RX7-KO P14 cells at day 30 p.i. after LCMV-Clone 13 infection; adjusted p value cutoff, <0.05. (b) Seahorse 204 
analysis of sorted WT and P2RX7-KO TPEX cells showing OCR and ECAR/OCR ratios. (c and d) SCENITH analysis of WT and P2RX7-205 
KO P14 cells showing puromycin incorporation, mitochondrial dependence, and glycolytic capacity. (e and f) TMRE, MitoTracker 206 
Green, and FAO/AAO analysis in WT and P2RX7-KO TPEX cells. (g) BLIMP-1 expression in WT and P2RX7-KO TPEX and TEXTERM P14 207 
subsets at day 14 p.i. (h) WT and P2RX7-KO P14 cells transduced with control shCd19 or shPrdm1 vectors were analyzed for 208 
P2RX7-KO/WT ratios among TPEX- and TRTEX-phenotype cells at day 7 p.i. (i) BODIPY and BODIPY-C11 staining were used to assess 209 
total and oxidized lipid signals in WT and P2RX7-KO TPEX and TRTEX cells at day 30 p.i. (b–i) Data are pooled from 2–3 independent 210 
experiments, n=4–18 per group. Error bars are mean ± standard deviation. All statistical tests were two-sided. ns, not significant 211 
(p>0.05); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Statistical significance was determined by one-way ANOVA with 212 
Tukey’s post-test (c, g, i) or unpaired t-test (b, d–f, h). 213 
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P2RX7-dependent Ca2+ signaling sustains NFAT/AP-1 activity 214 

We next sought to connect extracellular ATP sensing to the metabolic and fate effects of 215 

P2RX7. The P2RX7 inhibitor A-438079 reduced Ca2+ uptake in ex vivo TPEX and TRTEX cells, 216 

and ionomycin restored cell recovery and TPEX-like phenotypes in P2RX7-KO chronically 217 

stimulated CD8+ T cells (Fig. 5a–e). These results identify P2RX7-dependent Ca2+ influx as a 218 

proximal signal that sustains exhausted progenitor-like CD8+ T cell states. 219 

We then asked whether this Ca2+ signal converges on transcriptional programs that shape 220 

exhausted T cell fate. P2RX7-KO exhaustion-like CD8+ T cells showed reduced expression of 221 

AP-1 factors, especially JunB (Fig. 5f,g, Extended Data Fig. 7a,b). Enforced NFAT activation 222 

or JunB overexpression increased recovery of P2RX7-KO exhausted CD8+ T cells and restored 223 

mitochondrial membrane potential, with JunB rescuing TPEX and TRTEX populations in vivo (Fig. 224 

5h–j, Extended Data Fig. 7c). These data connect P2RX7-dependent Ca2+ signaling to 225 

NFAT/AP-1 activity upstream of mitochondrial fitness and TPEX/TRTEX preservation. 226 

 227 
Fig. 5. P2RX7-dependent Ca2+ signaling sustains NFAT/AP-1 activity and mitochondrial fitness. (a and b) Fluo-4 calcium-flux 228 
analysis of TPEX and TRTEX P14 cells from LCMV-Clone 13-infected mice at day 30 p.i. after A-438079 and ionomycin treatment. (c–229 
e) WT and P2RX7-KO CD8+ T cells were chronically activated in vitro and treated with vehicle or ionomycin during the final 24 h; 230 
cell recovery and TPEX-like frequencies are shown. (f and g) Junb expression and JunB protein levels in WT and P2RX7-KO exhausted 231 
CD8+ T cells. (h–j) Effects of constitutively active NFAT2 or Junb overexpression on P2RX7-KO exhausted CD8+ T cell recovery, 232 
TPEX/TRTEX representation, and TMRE signal. (b–c, e, h–j) Data are pooled from 2–3 independent experiments, n=4–12 per group. 233 
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Error bars are mean ± standard deviation. All statistical tests were two-sided. ns, not significant (p>0.05); *p<0.05; ****p<0.0001. 234 
Statistical significance was determined by one-way ANOVA with Tukey’s post-test (b–c, e, h, j) or unpaired t-test (i). 235 

KLF3 restores mitochondrial fitness and exhausted subset development downstream of 236 

P2RX7 237 

To identify the transcriptional effector linking P2RX7-dependent signaling to metabolic 238 

resilience and exhausted subset maintenance, we focused on KLF3. Among the most reduced 239 

genes in P2RX7-KO TPEX and TRTEX cells, we identified Klf3 (Fig. 6a), and KLF3 protein was 240 

similarly reduced in P2RX7-KO exhaustion-like CD8+ T cells (Fig. 6b). KLF3 has been linked 241 

to T cell homing and residency programs27,28 and to fatty acid oxidation and mitochondrial health 242 

in other cell types29,30. To test whether KLF3 functions downstream of P2RX7, we used 243 

tamoxifen-inducible Klf3 overexpression. KLF3 restoration increased tissue-homing markers and 244 

reduced circulating markers in TPEX and TRTEX cells (Fig. 6c, Extended Data Fig. 8), restored 245 

mitochondrial membrane potential and mass (Fig. 6d), rescued TPEX and TRTEX numbers in vivo 246 

(Fig. 6e), and partially normalized BLIMP-1 expression in P2RX7-KO TPEX cells (Fig. 6f). Klf3 247 

mRNA expression is partially rescued in P2RX7-KO exhausted CD8+ T cells by enforced 248 

NFAT2 activation or JunB overexpression (Fig. 6g), suggesting P2RX7-mediated Ca2+ pathways 249 

at least partially drive KLF3 in exhausted CD8+ T cells. Thus, KLF3 links P2RX7-dependent 250 

signaling to residency-associated differentiation, mitochondrial resilience, and exhausted CD8+ T 251 

cell subset maintenance (Fig. 6h). 252 
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 253 
Fig. 6. KLF3 restores mitochondrial and residency-associated programs downstream of P2RX7. (a) Z-score-normalized Klf3 254 
expression in WT and P2RX7-KO P14 TPEX and TRTEX clusters from day 30 p.i. scRNA-seq analysis after LCMV-Clone 13 infection. 255 
(b) Western blots showing KLF3 expression in WT and P2RX7-KO splenic and liver P14 cells at day 7 p.i. (c–f) WT and P2RX7-KO 256 
P14 cells were transduced with empty vector (EV) or tamoxifen-inducible Klf3-overexpression (OE) vectors. A 1:1 mixture of EV- 257 
or Klf3-OE-transduced WT and P2RX7-KO P14 cells was transferred into LCMV-Clone 13-infected recipients, and tamoxifen was 258 
administered from days 1 to 5 p.i. CXCR6 expression in liver P14 cells, TMRE and MTG gMFI, P2RX7-KO/WT ratios among total 259 
splenic cells, splenic TPEX, splenic TRTEX, and liver TRTEX cells, and BLIMP-1 gMFI in TPEX cells are shown. (g) Klf3 mRNA levels in the 260 
indicated WT and P2RX7-KO in vitro exhausted CD8+ T cells are shown. (h) Model summarizing how P2RX7-dependent 261 
extracellular ATP sensing may induce KLF3 through NFAT/JunB-associated signaling to support mitochondrial fitness, residency-262 
associated marker expression, and TPEX/TRTEX maintenance. (c–g) Data are pooled from 2 independent experiments, n=3–10 per 263 
group. Error bars are mean ± standard deviation. All statistical tests were two-sided. ns, not significant (p>0.05); *p<0.05; 264 
**p<0.01; ***p<0.001; ****p<0.0001. Statistical significance was determined by one-way ANOVA with Tukey’s post-test. 265 

KLF2 repression enables P2RX7 expression in progenitor and resident exhausted states 266 

Having defined P2RX7-dependent KLF3 activity as a downstream effector program, we 267 

next asked how P2RX7 expression is licensed in progenitor and resident exhausted states. 268 

Although P2RX7 protein was selectively enriched in TPEX and TRTEX cells, ATAC-seq showed 269 

that the P2rx7 locus remained accessible across exhausted CD8+ T cell states (Fig. 7a). Histone 270 

profiling revealed activation-associated H3K4me3 and H3K27Ac marks at the P2rx7 locus in 271 

TPEX cells and repressive H3K27me3 marks in terminally exhausted subsets (Fig. 7a). 272 

CUT&TAG identified KLF2 occupancy at the P2rx7 promoter and enhancers (Fig. 7a). KLF2, a 273 
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regulator of tissue egress28,31,32, and P2RX7 protein expression were inversely correlated in TPEX 274 

and TRTEX cells (Fig. 7b). To test this relationship functionally while avoiding survival defects 275 

associated with KLF2 deletion in exhausted CD8+ T cells9, we manipulated KLF2 by retroviral 276 

overexpression or knockdown. KLF2 overexpression reduced P2RX7 protein, whereas KLF2 277 

knockdown increased P2RX7 protein, specifically in TPEX and TRTEX cells (Fig. 7c). These 278 

results identify KLF2 repression as an upstream licensing event that enables P2RX7 expression 279 

and entry into the P2RX7-KLF3 program in progenitor and resident exhausted CD8+ T cells. 280 

 281 
Fig. 7. KLF2 inversely regulates P2RX7 expression in exhausted CD8+ T cell subsets. (a) ATAC-seq and CUT&TAG tracks for 282 
H3K4me3, H3K27Ac, H3K27me3, and KLF2 occupancy at the P2rx7 locus in effector exhausted (TEXEFF), progenitor exhausted (TPEX), 283 
and terminally exhausted (TEXTERM) P14 cells from LCMV-Clone 13-infected mice at day 30 p.i. (b) KLF2 protein expression in P2RX7+ 284 
and P2RX7- TPEX and TRTEX cells, TEXEFF cells, and TEXTERM cells, shown as representative histograms and gMFI. (c) WT P14 cells were 285 
transduced with empty vector controls, shKlf2-Ametrine for KLF2 knockdown (KD), or Klf2-GFP for KLF2 overexpression (OE), then 286 
transferred into LCMV-Clone 13-infected recipients. P2RX7 gMFI in TPEX-, TRTEX-, TEXEFF-, and TEXTERM-phenotype cells at day 7 p.i. is 287 
shown. (b–c) Data are pooled from 2 independent experiments, n=6 per group. Error bars are mean ± standard deviation. All 288 
statistical tests were two-sided. ns, not significant (p>0.05); *p<0.05; ****p<0.0001. Statistical significance was determined by 289 
one-way ANOVA with Tukey’s post-test. 290 

P2RX7 supports CD8+ T cell responses to PD-1 blockade and can be pharmacologically 291 

engaged in preclinical tumor models 292 

Finally, we asked whether P2RX7-dependent preservation of TPEX and TRTEX cells was 293 

associated with checkpoint-responsive antitumor immunity. High combined expression of 294 

P2RX7, KLF3, and CD8B correlated with improved survival across TCGA PanCancer Atlas 295 

datasets, and human lung tumor-infiltrating CD8+ T cells showed P2RX7 enrichment in TPEX and 296 

TRTEX subsets (Fig. 8a,b). In mouse tumor models, CD8+ T cell-intrinsic P2RX7 deficiency 297 

caused modest baseline tumor-control defects but consistently reduced tumor-specific TPEX and 298 

TRTEX cells, impaired responses to PD-1 blockade, and limited EGFRvIII-reactive CAR-T cell 299 

activity (Fig. 8c–f, Extended Data Fig. 9). These findings indicate that P2RX7 preserves 300 

exhausted CD8+ T cell states associated with effective checkpoint-responsive antitumor 301 

immunity. 302 
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We then tested whether pharmacologic activation of P2RX7 could enhance antitumor 303 

CD8+ T cell immunity in preclinical settings, using ectopic MC38.gp33 and R1LWT tumors. The 304 

P2RX7 agonist HEI3090 improved tumor control (Fig. 8g), increased tumor-reactive CD8+ T 305 

cells in draining lymph nodes (Fig. 8h), and sustained TPEX and intratumoral TRTEX populations 306 

alone or with anti-PD-1 (Fig. 8i–k, Extended Data Fig. 10a–d). HEI3090 treatment was also 307 

associated with increased memory-like CD8+ T cell accumulation (Fig. 8l). Related to this, 308 

HEI3090 treatment induced durable tumor clearance and protection from secondary tumor 309 

challenge in R1LWT tumor-bearing mice (Extended Data Fig. 10e). Together, these data 310 

provide preclinical evidence that pharmacologic engagement of P2RX7 can preserve checkpoint-311 

responsive exhausted CD8+ T cell pools and enhance durable antitumor immunity. 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 
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 322 
Fig. 8. P2RX7 supports checkpoint-responsive and durable antitumor CD8+ T cell immunity. (a) TCGA PanCancer Atlas survival 323 
analysis of tumors stratified by combined CD8B, P2RX7, and KLF3 expression. (b) P2RX7 expression in human NSCLC tumor-324 
infiltrating TPEX, TRTEX, TEXTERM, and B cell populations. (c–d) Tumor growth and tumor-specific TPEX/TRTEX responses in MC38.gp33 325 
models with CD8+ T cell-intrinsic P2RX7 deficiency (P14 adoptive transfer). (e-f) Effects of P2RX7 deficiency or inhibition on anti-326 
PD-1 responses in MC38.gp33 tumor-bearing mice. (g-k) MC38.gp33 tumor-bearing WT mice were treated with vehicle, anti-PD-327 
1, HEI3090, or HEI3090 plus anti-PD-1; tumor growth and tumor-reactive TPEX/TRTEX responses are shown. (l) Memory-like CD8+ T 328 
cell accumulation after treatment in MC38.gp33 or R1LWT models. (b) Data are from n=5 patients. (c–l) Data are pooled from 2–329 
3 independent experiments, n=5–15 per group. Error bars are mean ± standard deviation. All statistical tests were two-sided. ns, 330 
not significant (p>0.05); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Statistical significance was determined by one-way 331 
ANOVA with Tukey’s post-test (b, f, h-l), unpaired t-test (d), or two-way ANOVA with Bonferroni’s post-test (c, e, g). 332 

Discussion 333 

Our findings identify extracellular ATP sensing through P2RX7 as a tissue-derived 334 

mechanism that supports exhausted CD8+ T cell states with therapeutic potential. Exhausted T 335 

cells are often defined by transcriptional and epigenetic programs8–14, but the local cues that 336 

preserve progenitor and resident-like subsets during chronic antigen exposure are less well 337 

understood. We show that P2RX7 is enriched in TPEX and TRTEX cells and is required cell 338 

intrinsically to maintain their persistence, phenotypic diversity and developmental competence. 339 

Thus, extracellular ATP, a damage-associated metabolite abundant in inflamed tissues and 340 

tumors, can contribute to the maintenance of exhausted CD8+ T cell subsets rather than simply 341 

reflecting tissue injury. 342 
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These data place P2RX7 upstream of a metabolic and transcriptional program that 343 

stabilizes exhausted progenitor and resident-like states. P2RX7-dependent Ca2+ signaling 344 

sustained NFAT/AP-1 activity and was linked to induction of KLF3, a transcription factor 345 

associated with tissue residency and metabolic regulation27–30. Restoration of KLF3 was 346 

sufficient to improve mitochondrial fitness and recover TPEX and TRTEX development in P2RX7-347 

deficient cells. In parallel, repression of KLF2 permitted P2RX7 expression in these populations. 348 

Together, these findings suggest that reduced migratory programming28 enables exhausted CD8+ 349 

T cells to sense extracellular ATP, which then reinforces KLF3-dependent metabolic fitness and 350 

tissue-adapted persistence. 351 

The metabolic consequences of P2RX7 loss further support a link between tissue sensing 352 

and exhausted T cell fate stability. P2RX7-deficient TPEX and TRTEX cells showed impaired 353 

mitochondrial respiration, reduced mitochondrial mass and membrane potential, increased 354 

BLIMP-1 and elevated lipid peroxidation-associated stress. These defects were accompanied by 355 

contraction of progenitor and resident-like compartments and enrichment of terminal exhaustion-356 

associated features. Although P2RX7 has established roles in memory CD8+ T cell fitness and 357 

tissue-resident memory differentiation23–25, our results indicate that, in chronic antigen exposure, 358 

the same receptor supports a distinct adaptation: preservation of exhausted CD8+ T cell states 359 

under persistent inflammatory and metabolic stress. 360 

These findings have implications for immunotherapy. TPEX cells are a major source of the 361 

proliferative response to PD-1 blockade, and tissue-localized exhausted subsets may contribute 362 

to immune control within tumors and chronically infected tissues. By preserving both 363 

compartments, P2RX7 supported CD8+ T cell responses to PD-1 blockade in preclinical models. 364 

Pharmacologic activation of P2RX7 enhanced tumor control and was associated with durable 365 

protection in mouse tumor models, raising the possibility that selected microenvironmental 366 

sensing pathways could be leveraged to sustain therapeutically responsive exhausted T cells. 367 

This idea will require further study, as P2RX7 is expressed by several immune and nonimmune 368 

populations and can promote context-dependent inflammation and distinct effects in other 369 

immune cells33. Future work should define the cellular targets of P2RX7 agonism, the tissue 370 

settings in which this pathway is beneficial, and the pharmacologic conditions that separate T 371 

cell-supportive activity from inflammatory toxicity. More broadly, our results suggest that 372 

chronic tissue damage can provide instructive signals that help preserve, rather than only erode, 373 

exhausted CD8+ T cell function. 374 

Methods 375 

Study design 376 

This study investigated how extracellular ATP sensing regulates exhausted CD8+ T cell 377 

development and antitumor immunity. For in vitro experiments, primary mouse CD8+ T cells 378 

were subjected to chronic stimulation through successive cycles of anti-CD3 antibody 379 

stimulation. For in vivo experiments, mice were infected with LCMV-Clone 13 or LCMV-380 

Armstrong or inoculated with ectopic (MC38.gp33, R1LWT, or B16.EGFRvIII) or orthotopic 381 

(EO771-OVA) tumors. Experimental approaches included single-cell RNA-seq, flow cytometry, 382 

LEGENDScreen/InfinityFlow, western blotting, co-immunoprecipitation, Seahorse analysis, 383 

single-cell ATAC-seq, and CUT&TAG analysis. Male and female mice (6- to 8-weeks old) were 384 

randomly allocated to experimental groups with a minimum of three mice per group per 385 
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experimental replicate. Tumor area was monitored throughout the study and did not exceed 144 386 

mm2, in accordance with the predefined humane endpoint. Investigators were not blinded during 387 

treatment administration, but all outcome assessments were performed in a blinded manner. All 388 

experiments included two or three independent biological replicates, and technical replicates are 389 

specified in the corresponding figure legends. 390 

Mice 391 

C57BL/6, CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ), CD4-Cre (B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ), 392 

CD8-Cre (C57BL/6-Tg(Cd8a-cre)1Itan/J), and Blimp1-YFP (B6.Cg-Tg(Prdm1-EYFP)1Mnz/J) 393 

mice were purchased from The Jackson Laboratory and bred in-house. LCMV-Db gp33-specific 394 

TCR transgenic P14 mice were bred in-house at Mayo Clinic Arizona. P2rx7fl/fl mice were 395 

obtained from Gyorgy Hasko (Rutgers University) and Matyas Sandor (University of Wisconsin) 396 

and bred in-house. Mice were maintained in a specific pathogen-free facility at Mayo Clinic 397 

Arizona. All experiments were performed in accordance with protocols approved by the Mayo 398 

Clinic Arizona Institutional Animal Care and Use Committee (IACUC; protocols A00005172-399 

20-R25 and A00005542-20-R23). 400 

LCMV infections 401 

WT (CD8-Cre, C57BL/6) or CD8-Cre P2rx7fl/fl mice were infected with LCMV-Clone 13 (2x106 402 

PFU, intravenously (i.v.)) or LCMV-Armstrong (2x105 PFU, intraperitoneally (i.p.)). In some 403 

experiments, WT or P2RX7-KO (CD4-Cre P2rx7fl/fl) P14 cells were adoptively transferred into 404 

naïve WT mice, which were infected with LCMV-Clone 13. LCMV titers were measured using 405 

quantitative PCR as previously described34. 406 

Mouse tumor models 407 

For ectopic tumor models, WT or CD8-Cre P2rx7fl/fl mice were injected subcutaneously with 408 

MC38.gp33 (2x105), B16.EGFRvIII (2x105), or R1LWT (2.5x105) cells in the right flank. In 409 

some experiments, MC38-bearing mice were adoptively transferred with WT or P2RX7-KO P14 410 

cells (5x105 cells/mouse) before tumor inoculation. For CAR-T cell experiments, WT or P2RX7-411 

KO CD8+ T cells were transduced with a retroviral vector encoding the EGFRvIII-CAR 412 

construct35 and then adoptively transferred into mice bearing B16.EGFRvIII tumors. For 413 

orthotopic tumor models, WT or CD4-Cre P2rx7fl/fl mice were injected directly into the 414 

mammary fat pads with EO771-OVA cells (5x104). In all cases, tumor growth was monitored by 415 

measuring height, width, and/or depth with calipers until mice reached endpoint criteria. When 416 

indicated in the figures, tumor-bearing mice were euthanized for flow cytometry analysis. In 417 

some experiments, MC38.gp33 or R1LWT tumor-bearing mice were treated with anti-PD-1 418 

antibodies (BioXCell; 200 μg/mouse/day) and/or HEI3090 (MedChemExpress; 0.06 419 

g/mouse/day) every other day between days 7 and 14 post-tumor inoculation. 420 

Tissue collection and processing 421 

Lymphocytes were isolated from tissues including spleen, inguinal lymph nodes, cervical lymph 422 

nodes, blood, liver, and tumors23,24,36. Briefly, organs were removed and cut into small pieces in 423 

Erlenmeyer flasks containing 30 mL of 0.5 mg/mL collagenase type I solution for tumors or 0.5 424 

mg/mL collagenase type II solution for livers. Lymphocytes were then isolated by 44/67% 425 

Percoll gradient separation. For lymphocyte isolation from non-lymphoid tissues, 50 μg of Treg-426 
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Protector (anti-ARTC2.2) nanobodies (BioLegend) was injected intravenously 30 min before 427 

mouse sacrifice in all experiments37. Blood leukocytes were isolated by incubation with ACK 428 

lysis buffer made in-house, followed by two washes with FACS buffer. Spleens and lymph nodes 429 

were processed by mechanical disruption through cell strainers, followed by ACK lysis buffer 430 

incubation for spleens and two washes with FACS buffer. 431 

Flow cytometry 432 

Direct ex vivo staining and intracellular staining were performed as described23. To identify 433 

LCMV-specific (MC38.gp33-specific) and OVA-specific CD8+ T cells, tetramers were obtained 434 

from the Yerkes NIH Tetramer Core: Db-gp33 and Kb-SIINFEKL tetramers conjugated with 435 

BV421-Streptavidin, Alexa Fluor 680-Streptavidin or PE-Streptavidin were used. To detect 436 

tumor-reactive CD8+ T cells from R1LWT tumors or NSCLC biopsies, we used co-expression of 437 

CD11a and CD44. The subsets of exhausted/tumor-reactive CD8+ T cells studied from these 438 

models can be found in Extended Data Fig. 1. Adoptively transferred P14 cells were identified 439 

using a combination of CD45.1 and CD45.2 monoclonal antibodies. Retrovirally transduced 440 

CD8+ T cells were identified using either anti-Thy1.1 antibodies (pMiG-EV, Prdm1-OE, Klf3-441 

OE), GFP (Klf2-OE, Junb-OE, CA-NFAT2, pMiG-GFP) or Ametrine (shKlf2-KD, shCd19-KD). 442 

From in vitro cultured exhausted-like CD8+ T cells, we used antibodies for CD44, PD1, Tim-3, 443 

Ly108, TCF-1 and TOX. In all flow cytometry experiments, Live/Dead Near-IR was used to 444 

distinguish between live and dead cells. Intracellular detection of transcription factors (KLF2, 445 

TCF-1, TOX, T-bet) and cytokines (Granzyme B, TNFα and IFNγ) was done as described 446 

before23. For mitochondrial mass and membrane potential measurements, cells were incubated 447 

with Mitotracker Green (Thermo Fisher Scientific) and TMRE (Cell Signaling Technology) 448 

simultaneously for 15 min at 37°C prior to staining. In some experiments, ex vivo or in vitro 449 

exhausted CD8+ T cells were incubated with Fluo-4 (1 μM) prior to flow cytometry 450 

measurements, which were done as previously described38. Bodipy (PE)/Bodipy C:11 (FITC) 451 

stainings were done following the manufacturer's instructions (ThermoFisher); the PE/FITC ratio 452 

pseudo channel (proxy for normalized lipid peroxidation levels) was generated in FlowJo v11 453 

software, as previously described39. Flow cytometric analyses were performed on FACS 454 

Symphony (BD Biosciences), or 5-laser Aurora (Cytek) and data was analyzed using FlowJo v11 455 

software (BD Biosciences). 456 

Single-cell RNA-seq experiments 457 

WT and P2RX7-KO P14 cells were isolated from host mice at days 7 or 30 post-infection with 458 

LCMV-Clone 13 or LCMV-Armstrong (samples were collected from n=5 mice per experimental 459 

group). Single-cell libraries (100,000 cells across all groups) were prepared using the Evercode 460 

Whole Transcriptome kit (Parse Biosciences) following the manufacturer’s instructions. Briefly, 461 

cells were fixed using the Parse Cell Fixation Kit (Parse Biosciences) and immediately barcoded 462 

with the Evercode Whole Transcriptome kit. Sequencing was performed at the Collaborative 463 

Sequencing Center (Translational Genomics Research Institute, Phoenix, AZ) using the Illumina 464 

NovaSeq X Plus 25B platform with 300 cycles. Raw sequencing reads were processed using 465 

ParseBio’s Trailmaker software (v1.6.0) to generate cell-count matrices. Cell profiles with >20% 466 

mitochondrial content were excluded from the analyses. Clustering was performed using Scanpy 467 

(v1.11.5)40. Gene expression counts were normalized to 10,000 reads per cell, log-transformed, 468 

and the top 500 highly variable genes were identified. 469 
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Dimensionality reduction was performed using PCA, and the top 50 principal components were 470 

used to build a k-nearest-neighbor graph (k = 15), which was then used to generate a UMAP 471 

embedding. Clusters were defined using the Leiden algorithm. Cluster annotation was performed 472 

using the ProjecTILs R package, by projecting query cells onto a custom CD8 T cell reference 473 

atlas annotated by functional T cell states. TRTEX-like cells were further annotated by 474 

incorporating a TRTEX signature score based on previously described TRTEX markers7. 475 

Reclustering within each ProjecTILs-annotated cluster was performed in Seurat by subsetting 476 

each functional population and applying graph-based clustering in the RNA PCA space using the 477 

first 25 principal components, followed by Leiden clustering across multiple resolutions. Within 478 

each reanalyzed cluster, differentially expressed genes (DEGs) were identified using Seurat 479 

FindMarkers/FindAllMarkers. Pathway enrichment was assessed using Hallmark gene sets with 480 

AUCell-based gene set scoring, followed by differential pathway activity analysis across clusters 481 

and experimental groups. 482 

LEGENDScreen and InfinityFlow data analysis 483 

Two datasets were generated in this study: a comparison between WT and P2RX7-KO P14 cells 484 

obtained from spleens of mice at days 7 or 30 post-infection with LCMV-Clone 13, and a 485 

comparison between WT and P2RX7-KO P14 cells obtained from spleens of mice exclusively at 486 

day 7 post-LCMV-Clone 13 infection. For all datasets, CD8+ T cells were enriched using CD8+ 487 

T cell enrichment kits (StemCell Technologies). Enriched suspensions from each sample were 488 

stained with distinct combinations of biotinylated anti-CD45.1 and/or anti-CD45.2 and were 489 

barcoded using distinct streptavidin combinations before pooling (see Extended Data Fig. 4c). 490 

Cells were then resuspended at 2x107 cells/mL and stained in FACS buffer (PBS + 2% FBS) 491 

with anti-CD16/32 (FcBlock) and Live/Dead Near-IR for 30 min at 4°C. After washing, cells 492 

were stained with the backbone antibody panel for 60 min at room temperature (see Extended 493 

Data Fig. 4c). After washing, cells were resuspended at 4x106 cells/mL and aliquoted into each 494 

well of the LEGENDScreen Mouse PE Kit (BioLegend), followed by staining for 45 min at 4°C 495 

according to the manufacturer’s instructions. After washing and fixation with BioLegend fixation 496 

buffer, cells were resuspended in 100 μL/well and acquired on a 5-laser Cytek Aurora spectral 497 

flow cytometer. Following data acquisition, FCS files were individually analyzed in FlowJo (BD 498 

Biosciences) for compensation adjustment and quality control as previously described41. 499 

Following sample cleaning, new FCS files for each well were generated and used as input for the 500 

InfinityFlow prediction pipeline using the infinityFlow R package42. In summary, each channel 501 

from the input data, except FSC-A, SSC-A, Live/Dead, and streptavidin barcodes, was scaled 502 

using logicle transformation with parameters estimated from the infinityFlow R package. Half of 503 

the data from each well was randomly selected for training of the XGBoost nonlinear regression 504 

model (xgboost R package) with a depth of 500 trees, a learning rate of 0.05, and remaining 505 

default parameters. From the non-training data, 30,000 events were randomly selected per well 506 

and concatenated to generate the backbone matrix of the InfinityFlow output. Predictions from 507 

all models were generated across all non-training events to generate the final InfinityFlow 508 

matrix. These predictions were concatenated and dimensionally reduced with UMAP on 509 

backbone parameters to generate a single data matrix (>200 dimensions), using the uwot R 510 

package with parameters n_neighbors = 15, min_dist = 0.2, metric = “euclidean,” and n_epochs 511 

= 2000. The InfinityFlow-augmented data matrix was scaled using the OMIQ cloud platform as 512 

previously described41. Additional analyses of the augmented data, such as heatmap comparisons 513 

between groups, Wanderlust trajectory inference using default parameters and CD62Lhi TPEX as 514 
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the starting point, and SPADE analysis for cell clustering, were performed using the OMIQ 515 

cloud platform. 516 

Secondary adoptive transfer experiments 517 

For secondary transfer experiments, WT or P2RX7-KO early TPEX (Ly108+PD1+Tim-3-) P14 518 

cells were cell sorted from mice at day 7 post-LCMV Clone 13 infection. Cell sorting was 519 

performed on a FACS Aria III device (BD Biosciences). The population purity after cell sorting 520 

was > 98% in all experiments. 521 

In vitro exhaustion model 522 

We induced in vitro exhaustion as previously described43. Polyclonal CD8+ T cells were isolated 523 

from spleens of naïve WT or CD8-Cre P2rx7fl/fl mice by homogenization through a 70-μm cell 524 

strainer. CD8+ T cells were isolated using a CD8+ T cell purification kit (StemCell 525 

Technologies), then activated in vitro for 48 h with anti-CD3 (10 μg/mL, BioXCell), anti-CD28 526 

(20 μg/mL, BioXCell), and recombinant murine IL-2 (10 ng/mL, Thermo Fisher Scientific). For 527 

chronic stimulation, CD8+ T cells were replated every 48 h with anti-CD3 (3 μg/mL) and 528 

recombinant murine IL-2 (10 ng/mL); recombinant murine IL-7 and IL-15 (10 ng/mL each; 529 

Thermo Fisher Scientific) were added to maintain the viability of chronically cultured CD8+ T 530 

cells. Chronically stimulated CD8+ T cells were replated at 48, 96, and 144 h. In some 531 

experiments, ionomycin (1 μM) was added to the in vitro-exhausted CD8+ T cell wells during the 532 

final 24 h of culture. 533 

Western blot 534 

The indicated CD8+ T cell pellets were washed three times in 1x PBS supplemented with 1 mM 535 

PMSF. Cells were lysed using 1x RIPA buffer (CST #9806) supplemented with 1 mM PMSF 536 

(MilliporeSigma #P7626) and protease/phosphatase inhibitor (Thermo Fisher Scientific #78440). 537 

Lysates were incubated on ice for 5 min and sonicated with a 125-W Qsonica sonicator (20% 538 

amplitude, 10 s on/10 s off for 1 min; 30 s total sonication). Lysates were kept on ice during off 539 

cycles and centrifuged for 10 min at 10,000g; supernatants were retained and pellets were 540 

discarded. Lysate concentration was determined using the Pierce BCA Protein Assay Kit 541 

(Thermo Fisher Scientific #23225). For loading, 30 μg of protein was mixed with NuPAGE LDS 542 

Sample Buffer (Thermo Fisher Scientific #NP0007) and reducing agent (Thermo Fisher 543 

Scientific #NP0009). Prepared lysates were boiled at 95°C for 5-10 min and loaded onto a 4-544 

12% NuPAGE Novex Bis-Tris Protein Gel (Thermo Fisher Scientific #NP0321BOX). Gels were 545 

run for 45-60 min at 165 V, 800 mA, and 200 W, then transferred to nitrocellulose membranes 546 

using the Bio-Rad Trans-Blot Turbo Transfer System according to the manufacturer’s 547 

recommendations. Membranes were blocked with Odyssey TBS Blocking Buffer (LI-COR 548 

#927-60010) for 2 h at room temperature. Primary antibodies were incubated overnight at 4°C in 549 

Odyssey TBS Blocking Buffer supplemented with 0.1% Tween-20 at 1:1000 dilution: c-FOS 550 

(CST #2250), FosB (CST #2251), c-Jun (CST #9165), JunB (CST #3753), KLF3 (Thermo Fisher 551 

Scientific #PA5-95076), and Tubulin (MilliporeSigma #05-829). The next day, membranes were 552 

washed three times for 5 min with TBST. Secondary antibodies were diluted 1:15,000 in 553 

Odyssey TBS Blocking Buffer supplemented with 0.1% Tween-20 (LI-COR #926-32211 and 554 

#926-68050) and incubated for 2 h at room temperature. Membranes were washed three times 555 

for 5 min with TBST and imaged on an Odyssey CLx. 556 
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RNA extraction and Quantitative Real-Time PCR 557 

RNA was extracted from in vitro exhausted CD8+ T cells using the RNAeasy kit (QIAgen). After 558 

RNA quantification using Nanodrop, quantitative real-time PCR reactions were done for Klf3 559 

(forward primer: CCTCTCATGGTTTCCTTGTCGG, reverse primer: 560 

CCTCTGTGGTTCAATTCCAGGC), using Actb as a housekeeping control. Relative 561 

quantification of Klf3 mRNA was done using the 2(-delta/delta CT) method. 562 

Retroviral transduction experiments 563 

Control empty retroviral vectors (pMiG-EV, EV-GFP, EV-Ametrine, and knockdown of Cd19 – 564 

shCd19) and vectors for overexpression of Junb (pMiG-Junb), overexpression of Klf2 (Klf2-565 

GFP), overexpression of Klf3 (Klf3-OE), knockdown of Klf2 (shKlf2-Ametrine), knockdown of 566 

Prdm1 (shPrdm1) and overexpression of a constitutively active NFAT2 (CA-NFAT2), were 567 

produced as retroviral supernatants from HEK293T cells transfected with the corresponding 568 

plasmids. HEK293T cells were transfected using PEI 25K (Fisher Scientific) at a 1:3 plasmid-to-569 

PEI ratio and cultured in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, and 570 

1% sodium pyruvate. In vitro-activated P14 cells (after 24 hours of activation) were transduced 571 

via spin infection with retroviral supernatants, as previously described24. Cells were rested in the 572 

presence of IL-2 for 48 additional hours, prior to further experiments. 573 

Extracellular flux analyses 574 

In the indicated ex vivo-sorted CD8+ T cell populations, OCR and ECAR values were measured 575 

using a 96-well XF Extracellular flux analyzer, following manufacturer instructions (Agilent)23. 576 

A total of 1.5x105 CD8+ T cells per well were plated, and wells were pre-treated with CellTak 577 

(22.4 μg/mL) prior to cell seeding for better adherence. 578 

SCENITH analyses 579 

SCENITH analyses were performed as previously described44. Briefly, cells were seeded in 48-580 

well plates (1x106 cells/mL) in triplicate per experimental group. Wells were treated for 30-45 581 

min with control (DMSO), 2-deoxy-D-glucose (2-DG, 100 mM), oligomycin (1 μM), or 2-DG 582 

plus oligomycin. Puromycin (10 μg/mL) was added to the wells during the final 15 min of 583 

treatment. Cells were then washed in cold PBS and stained with Fc block, followed by washing 584 

and surface-marker staining for 30 min at room temperature. After washing, cells were fixed and 585 

permeabilized with FOXP3 fixation/permeabilization buffer (Thermo Fisher Scientific) 586 

according to the manufacturer’s instructions. Intracellular staining with anti-puromycin antibody 587 

(Alexa Fluor 647) was performed for 1 h at 4°C in permeabilization buffer. Samples were 588 

acquired on a 5-laser Cytek Aurora flow cytometer. Glycolytic capacity, mitochondrial 589 

dependence, and FAO/AAO were calculated as previously described44. 590 

Epigenetic analyses of exhausted CD8+ T cells 591 

scMultiome-seq and CUT&TAG datasets (GEO accession numbers GSE222346 and 592 

GSE296612) were analyzed as previously described28. 593 

Human dataset analyses 594 

Survival data from NSCLC patients (patients split by median; n=654) were analyzed using the 595 

Kaplan-Meier Plotter tool. Overall survival was evaluated based on P2RX7, CD8B, and KLF3 596 
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mRNA expression levels. Patients were stratified into “high” and “low” expression groups 597 

according to median P2RX7, CD8B, and KLF3 expression values. Kaplan-Meier survival curves 598 

were generated, and statistical significance was determined using the log-rank test. 599 

Processing and analyses of human tumor biopsies 600 

Samples (n=5) were collected from patients with non-small cell lung cancer (NSCLC) during 601 

biopsy at Mayo Clinic Hospital, Jacksonville. Samples were collected between September and 602 

October 2025 from patients with adenocarcinoma of different stages, rapidly frozen, and sent for 603 

analysis. Upon arrival, tissues were processed in RPMI medium (Gibco) with 0.5 mg/mL 604 

collagenase type IV (Gibco) and subjected to cell separation using GentleMACS. Cells were 605 

washed with FACS buffer (PBS 2% FBS) and stained with the following surface antibodies 606 

diluted in FACS buffer: anti-human CD4 (Spark UV 395, clone SK3, BioLegend), anti-human 607 

CD8 (PerCP, clone SK1, BioLegend, #344701), anti-human CD3 (APC/Fire 810, clone SK7, 608 

BioLegend, #344858), anti-human CD19 (BUV563, clone SJ25C1, BD Biosciences, #612917), 609 

anti-mouse/human CD44 (BV786, clone IM7, BioLegend, Cat# 103041), anti-mouse P2RX7 610 

(BV421, clone 1F11, BD Biosciences, Cat# 744779; laboratory-optimized staining), anti-human 611 

Ly108 (PE, clone W19035D, BD Biosciences, #332304), anti-human Tim-3 (BB515, clone 7D3, 612 

BD Biosciences, #565569), and Live/Dead viability dye (Ghost Dye 778). Surface staining was 613 

performed for 40 min at room temperature. After staining, cells were washed with FACS buffer 614 

and fixed and permeabilized using the True-Nuclear Transcription Factor Buffer Set (BioLegend, 615 

Cat# 424401) for 30 min at room temperature. Cells were then washed with kit buffer 616 

(PermWash) and stained with anti-human FOXP3 (BB515, clone 236A/E7, eBioscience, #53-617 

4777-42) and anti-human TCF1 (Alexa Fluor 647, clone 7F11A10, BioLegend, #655203) diluted 618 

in PermWash overnight at 4°C. Data were acquired on a Cytek Aurora flow cytometer. For 619 

P2RX7 identification, fluorescence-minus-one (FMO) control samples were used. Samples were 620 

collected after written informed consent was obtained from the patients, and the studies were 621 

conducted in accordance with the Declaration of Helsinki. These studies were approved under 622 

IRB protocol 14-004094 (Mayo Clinic Florida). 623 

Details on statistical tests are provided in the figure legends. Data were subjected to the 624 

Kolmogorov-Smirnov test to assess dataset normality. Statistical differences were calculated 625 

using unpaired two-tailed Student’s t-test, one-way ANOVA with Tukey’s post-test, two-way 626 

ANOVA with Bonferroni’s post-test, or Kaplan-Meier survival curve analysis, as appropriate. 627 

All experiments were analyzed using Prism 10 (GraphPad Software). Graphical data are shown 628 

as mean values with error bars indicating the SD. P values of <0.05 (*), <0.01 (**), <0.001 629 

(***), or <0.0001 (****) indicated significant differences between groups. 630 
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