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Abstract 36 

T cell senescence represents a state of functional dysregulation that compromises host 37 

immunity in tumors and severe infections. While myeloid-derived suppressor cells (MDSCs) 38 

are established drivers of immunosuppression, their role in T cell senescence remains poorly 39 

defined. Here, we identify MDSC-mediated glucose deprivation and subsequent metabolic 40 

reprogramming as an important mechanism promoting T cell senescence. MDSCs exhibit 41 

hyper-glycolytic activity via the upregulation of glucose transporter 1 (GLUT1) and hexokinase 42 

2 (HK2), creating a glucose-deprived microenvironment that imposes dual energy and oxidative 43 

stress on T cells. Mechanistically, ATP depletion induced by glucose starvation activates the 44 

AMPK-Foxo1 signaling axis, promoting Foxo1 nuclear translocation and p16-mediated cell-45 

cycle arrest. Meanwhile, restricted glucose flux through the pentose phosphate pathway (PPP) 46 

depletes NADPH and glutathione (GSH) pools, triggering cumulative DNA damage and 47 

mitochondrial dysfunction. These senescent T cells exhibit classical senescence-associated--48 

galactosidase (SA--gal) activity and a senescence-associated secretory phenotype (SASP) that 49 

further destabilizes the immune landscape. Importantly, pharmacological inhibition of MDSCs 50 

glycolysis or restoration of T cell redox homeostasis effectively bypasses the senescence 51 

program. In vivo, systemic interventions modulating this metabolic and signaling pathway 52 

alleviate T cell senescence, significantly improving survival in the cecal ligation and puncture 53 

(CLP) model and suppressing tumor progression in the B16F10 melanoma model. Our study 54 

reveals MDSC-driven metabolic competition as a checkpoint in T cell senescence, highlighting 55 

the AMPK-Foxo1 and PPP-redox axes as potent therapeutic targets to restore immune function 56 

in diverse disease contexts. 57 
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Introduction 62 

As the central orchestrators of adaptive immunity, T cells are indispensable for surveilling 63 

malignant transformation and clearing pathogenic invasions [1]. Specifically, in severe 64 

systemic infections such as sepsis, robust T cell responses are critical for infection control, 65 

whereas their functional impairment directly precipitates lethal immune paralysis [2]. Similarly, 66 

in immunogenic solid tumors, T cells dictate the magnitude of anti-tumor immunity and the 67 

ultimate response to immune checkpoint blockade [3]. Under pathological conditions 68 

characterized by persistent antigen exposure or excessive inflammation, T cells may develop a 69 

state of functional dysregulation known as cellular senescence [4-6]. This state is characterized 70 

by cell-cycle arrest and impaired effector function, along with a distinct molecular signature 71 

comprising progressive telomere attrition, cumulative DNA damage, severe mitochondrial 72 

dysfunction and global remodeling of the epigenetic landscape [7-9]. Crucially, senescent T 73 

cells not only lose their cytotoxic potential against tumors or pathogens but also acquire a 74 

senescence-associated secretory phenotype (SASP) that releases proinflammatory cytokines, 75 

chemokines, growth factors and matrix metalloproteinases [4, 10]. This secretory profile 76 

remodels the immune microenvironment and disrupts tissue homeostasis through paracrine 77 

mechanisms that exacerbate tissue injury and compromise immune surveillance [11]. Clinical 78 

evidence increasingly indicates that the accumulation of these senescent populations correlates 79 

with poor prognosis in malignancies [12, 13]. While its precise pathogenic role in sepsis is an 80 

emerging field, recent evidence suggests it may also contribute to adverse outcomes during 81 

severe infections, as targeting IL-33-induced T cell senescence effectively improves survival in 82 

septic models [2, 14]. These findings underscore the necessity to elucidate the mechanisms 83 

governing T cell senescence across diverse disease contexts.  84 

Recent breakthroughs in immunometabolism have established metabolic reprogramming as a 85 

fundamental checkpoint that determines T cell differentiation, function, and long-term survival 86 

[15, 16]. The transition of T cells from a quiescent state to an activated effector phenotype 87 

necessitates a rapid metabolic switch from oxidative phosphorylation to aerobic glycolysis and 88 

glutaminolysis, which supports the bioenergetic and biosynthetic demands of clonal expansion 89 

and effector molecule synthesis [15, 17-19]. This intense reliance on exogenous nutrients 90 

renders effector T cells acutely vulnerable within resource-constrained microenvironments 91 

where they must compete for limited metabolic substrates. In the highly competitive ecological 92 

niche of the tumor microenvironment, tumor cells and regulatory immune subsets exert severe 93 

metabolic pressure on effector T cells by monopolizing critical nutrients [20, 21]. It has been 94 

demonstrated that regulatory T cells (Tregs) can starve effector T cells of glucose and 95 
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subsequently trigger the p38 MAPK signaling cascade to induce a DNA damage response 96 

(DDR) that promotes T cell senescence [22]. Furthermore, tumor cells exploit their aberrant 97 

glycolytic flux and amino acid uptake to further deplete the nutrient pool while simultaneously 98 

triggering metabolic stress, which activates cAMP and MAPK signaling pathways that 99 

accelerate senescence [23, 24]. These findings have established a clear link between metabolic 100 

stress and immunosenescence. 101 

Although the paradigm of metabolic competition inducing T cell senescence is well elucidated 102 

in tumor models, its relevance in severe infections such as sepsis remains poorly understood 103 

[22, 25, 26]. The pathology of sepsis typically manifests as a biphasic process evolving from 104 

an initial hyperinflammatory phase to a protracted state of immune paralysis characterized by 105 

extensive lymphocyte apoptosis, T cell anergy and susceptibility to secondary infections [27, 106 

28]. While Treg expansion is not always the predominant feature of this immunosuppressive 107 

phase, myeloid-derived suppressor cells (MDSCs) represent another critical immunoregulatory 108 

population that accumulates extensively during sepsis, acting as a central driver of sepsis-109 

induced immunoparalysis. These cells exert potent suppression via mechanisms including 110 

arginase-1 (Arg1) and inducible nitric oxide synthase (iNOS) activity, PD-L1 expression, and 111 

the secretion of suppressive cytokines such as IL-10 and TGF- . Notably, these myeloid 112 

cells possess metabolic plasticity involving enhanced glycolysis and fatty acid oxidation, which 113 

may confer a competitive advantage in nutrient-deprived environments [20, 30, 31]. It remains 114 

to be determined whether MDSCs utilize this metabolic capacity to deprive neighboring T cells 115 

of glucose or other key nutrients, actively driving them into senescence. Elucidating whether 116 

this metabolic competition represents a shared mechanism across diverse pathologies ranging 117 

from neoplasia to sepsis would help provide a broader theoretical framework for 118 

immunosenescence.  119 

In this study, we aimed to systematically investigate whether MDSCs induce T cell senescence 120 

through a mechanism of metabolic deprivation and to delineate the downstream signaling 121 

networks involved. We demonstrate that in CLP mice and in the B16F10 and MC38 tumor 122 

models, MDSCs exhibit a high capacity for glucose uptake and glycolysis, which severely 123 

restrict glucose availability in the microenvironment. This metabolic stress activates the 124 

AMPK-Foxo1 axis in T cells and upregulates cell-cycle inhibitors, thereby promoting a stable 125 

senescence program under the tested conditions in this study. We further reveal that glucose 126 

restriction impairs the pentose phosphate pathway (PPP), reducing NADPH and glutathione 127 

production, which triggers immunosenescence associated with DNA damage and mitochondrial 128 

dysfunction. Our in vivo studies demonstrate that systemic interventions modulating these 129 



 

 6 / 58 

pathways effectively alleviate T cell senescence and improves survival in CLP model while 130 

suppressing tumor progression in the B16F10 melanoma model. These findings identify 131 

MDSC-driven metabolic competition as a critical mechanism of T cell senescence and suggest 132 

a novel therapeutic target for restoring T cell function.  133 

 134 
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Materials and Methods 135 

Clinical specimens.  136 

Fourteen patients with sepsis diagnosed according to the Third International Consensus 137 

Definitions for Sepsis and Septic Shock (Sepsis-3) [32], six patients with hepatocellular 138 

carcinoma (HCC) diagnosed according to the American Association for the Study of Liver 139 

Diseases (AASLD) or European Association for the Study of the Liver (EASL) criteria [33, 34], 140 

and eleven healthy controls (HC) without known acute infection, malignancy, or other major 141 

clinical diseases were enrolled. The study was approved by the Ethics Committee of Beijing 142 

Ditan Hospital, Capital Medical University (DTEC-KY2026-038-02 for the sepsis cohort and 143 

DTEC-KY2023-014-01 for the HCC and healthy-control cohorts), and written informed 144 

consent was obtained from all participants before enrollment. Healthy controls were age- and 145 

sex-matched to the patient cohorts. The demographic and clinical characteristics of all three 146 

cohorts are summarized in Supplementary Table 1. 147 

 148 

Animals 149 

This study used male and female C57BL/6 mice aged 6-8 weeks (Jiangsu Jicui Yao Kang 150 

Biotechnology Co., Ltd., China). Male mice were used for the CLP sepsis experiments, whereas 151 

female mice were used for the B16F10 tumor experiments. Mice were housed in the Laboratory 152 

Animal Center of Capital Medical University (AAALAC-accredited) under specific pathogen-153 

free (SPF) conditions, with a 12-h light/12-h dark cycle and ad libitum access to autoclaved 154 

water and irradiated standard chow. No more than five mice were housed per cage. All animal 155 

experiments were approved by the Animal Ethics Committee of Capital Medical University 156 

(AEEI-2025-267) and conducted in accordance with the Guidelines for the Care and Use of 157 

Laboratory Animals. 158 

Sepsis in male C57BL/6 mice was induced by cecal ligation and puncture (CLP) surgery. Sham-159 

operated mice underwent laparotomy with cecal exposure but without ligation or puncture. 160 

B16F10 melanoma cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% 161 

fetal bovine serum (FBS; Gibco) and 1× penicillin–streptomycin (Gibco), whereas MC38 cells 162 

were cultured in DMEM (Gibco) supplemented with 10% FBS and 1× penicillin-streptomycin. 163 

Both cell lines were maintained at 37 °C in a humidified incubator with 5% CO₂ and routinely 164 

tested for mycoplasma contamination. For tumor implantation, B16F10 or MC38 cells (5 × 10⁵ 165 

cells per mouse, resuspended in 100 μL of buffer) were injected subcutaneously into the dorsal 166 

region of female C57BL/6 mice. Tumor length (L) and width (W) were measured using calipers, 167 

and tumor volume was calculated as V = (L × W²)/2. 168 
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 169 

In vivo intervention and combination therapy 170 

Intraperitoneal injections were administered to mice 12 h after CLP induction as follows: anti-171 

Gr1 antibody (10 mg/kg, Bio X Cell), Ly6G antibody (10 mg/kg, Bio X Cell), KU55933 (10 172 

mg/kg, Cayman Chemical), NADPH (4 mg/kg, Sigma), or AS1842856 (15 mg/kg, MCE). 173 

Sham-operated and model groups received intraperitoneal injections of an equal volume of 174 

phosphate-buffered saline (PBS). Survival was monitored daily for 7 consecutive days across 175 

all groups. For the in vivo glucose-rescue experiment, CLP mice received a single 176 

intraperitoneal injection of D-glucose (1 g/kg) or an equivalent volume of normal saline at 24 177 

h after surgery. Bone marrow, spleen, peripheral blood, lymph nodes, and peritoneal lavage 178 

fluid were collected 48 h after injection for flow-cytometric analysis of T-cell senescence-179 

associated markers. 180 

In the B16F10 tumor model, intraperitoneal injections of anti-Gr1 antibody (10 mg/kg, Bio X 181 

Cell), KU55933 (10 mg/kg, Cayman Chemical), or NADPH (4 mg/kg, Sigma) were 182 

administered on days 7, 11, and 15 after subcutaneous tumor implantation. Anti-PD-L1 183 

antibody (2.5 mg/kg, Bio X Cell) was administered intraperitoneally on days 9, 13, and 17. 184 

Control mice received an equal volume of vehicle. Detailed information on reagents and 185 

antibodies is provided in Supplementary Table 2 and 3. 186 

 187 

Bone marrow cell isolation and MDSCs induction 188 

Bone marrow cells were flushed from the tibia and fibula of mice using sterile PBS. Red blood 189 

cells were lysed with red blood cell lysis buffer for 7 min at room temperature, followed by 190 

washing with PBS. Bone marrow cells were resuspended in RPMI 1640 supplemented with 10% 191 

FBS at a density of 2.5 × 10⁵ cells/mL, supplemented with GM-CSF and IL-6 (final 192 

concentration, 40 ng/mL each; PeproTech), and cultured at 37 °C in a humidified incubator with 193 

5% CO₂ for 4 days. Cells were then collected and purified using an MDSC negative isolation 194 

kit (StemCell Technologies). Detailed information on magnetic beads used for cell isolation is 195 

provided in the Supplementary Table 4. 196 

 197 

Naïve T cell isolation and coculture 198 

Mouse spleens were mechanically dissociated through a 70-μm cell strainer to generate single-199 

cell suspensions. After erythrocyte lysis, splenocytes were washed with PBS. Naïve CD4⁺ and 200 

naïve CD8⁺ T cells were isolated using a negative isolation kit (StemCell Technologies) 201 

according to the manufacturers’ instructions. Unless otherwise specified, all in vitro 202 
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experiments were performed on culture plates coated with anti-CD3 antibody (5 µg/mL; 203 

Invitrogen) and supplemented with anti-CD28 antibody (5 µg/mL; Invitrogen) and recombinant 204 

IL-2 (50 U/mL; PeproTech). Cells were cultured in RPMI 1640 medium (Gibco) supplemented 205 

with 10% heat-inactivated FBS (Gibco), 1% penicillin-streptomycin (Gibco), 2 mM L-206 

glutamine (Gibco), and 50 μM 2-mercaptoethanol (Gibco). 207 

Naïve CD4⁺ or CD8⁺ T cells (4 × 10⁵ cells) were cocultured with MDSCs (1 × 10⁵ cells) at a 208 

4:1 (T cell:MDSC) ratio for 3 days. To maintain consistent total cell numbers and densities, 209 

control groups were supplemented with an equivalent number of T cells to match the total cell 210 

count in the coculture groups. To assess contact-dependent effects, MDSCs were fixed with 2% 211 

paraformaldehyde (Solarbio) for 20 min, washed three times with PBS, and subsequently used 212 

for coculture with naïve T cells. For preparation of MDSC-conditioned medium, induced 213 

MDSCs were washed three times with PBS to thoroughly remove residual cytokines and 214 

components of the original culture medium. The cells were then seeded at a density of 1 × 10⁶ 215 

cells/mL in RPMI 1640 medium supplemented with 10% FBS and cultured for 24 h. The 216 

supernatant was then collected and centrifuged at 500 × g for 5 min to remove intact cells, 217 

followed by centrifugation at 2,000 × g for 10 min to remove cellular debris, and subsequently 218 

filtered through a 0.22-μm membrane. The clarified supernatant was used as MDSC-219 

conditioned medium for subsequent experiments. To assess whether MDSC-induced T cell 220 

senescence is contact dependent, MDSCs and T cells were indirectly cocultured for 3 days using 221 

Transwell inserts with a 0.4-μm pore size (Corning). The upper chamber was pre-coated with 222 

anti-CD3 antibody (5 µg/mL, Invitrogen) before seeding T cells (4 × 10⁵ cells per upper 223 

chamber), whereas the lower chamber was seeded with MDSCs (1 × 10⁵ cells per lower 224 

chamber), and the culture medium was supplemented with anti-CD28 antibody (5 μg/mL, 225 

Invitrogen) and recombinant IL-2 (50 U/mL, Peprotech). The inhibitors were used in the 226 

experiments at concentrations determined to be non-toxic (Fig. S1A-D). For inhibitor 227 

pretreatment experiments, naïve T cells were pretreated with AS1842856 (5 μM) or Compound 228 

C (5 μM), whereas MDSCs were pretreated with phloretin (2 μM) or 2-DG (1 mM) for 24 h. 229 

Following pretreatment, the cells were washed and cocultured for 3 days, without further 230 

inhibitor supplementation during coculture. 231 

 232 

T cell proliferation assay 233 

CD8⁺ T cells (1 × 10⁶ cells/mL) were labeled with Violet Proliferation Dye 450 (1 μM; BD 234 

Biosciences) in PBS for 15 min in the dark, followed by two washes with RPMI 1640 medium 235 

containing 10% FBS. Labeled T cells were then cultured alone or cocultured with MDSCs for 236 
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72 h on plates pre-coated with anti-CD3 antibody (5 μg/mL; Invitrogen) and supplemented with 237 

soluble anti-CD28 antibody (5 μg/mL; Invitrogen) and recombinant IL-2 (50 U/mL; 238 

PeproTech). 239 

 240 

T-cell functional assessment 241 

For effector-function and exhaustion-marker analyses, naïve CD8⁺ T cells were cultured alone 242 

or cocultured with MDSCs under anti-CD3/CD28 stimulation for 3 days, followed by flow-243 

cytometric assessment of IFN-, perforin, granzyme B, PD-1, TIM-3, and TOX. For the anergy 244 

positive control, naïve CD8⁺ T cells were stimulated with plate-bound anti-CD3 alone (5 μg/mL) 245 

for 48 h, rested for 24 h, and then rechallenged with anti-CD3/CD28 (5 μg/mL each) for 72 h 246 

in the presence or absence of IL-2 (50 U/mL). Proliferation was assessed by VPD450 dilution. 247 

For the AICD assay, an AICD-positive control was generated by activating CD8⁺ T cells with 248 

plate-bound anti-CD3 and anti-CD28 antibodies (5 μg/mL each) plus IL-2 (100 U/mL) for 48 249 

h, followed by 24 h of IL-2 expansion. Control, MDSC-treated, and AICD-positive-control T 250 

cells were then restimulated with plate-bound anti-CD3 (5 μg/mL) for 6 h in the absence of IL-251 

2, and cell death was assessed by Annexin V and 7-AAD, Caspase-3/7 and 7-AAD staining. 252 

For coculture intervention experiments, MDSC-treated CD8⁺ T cells were collected after 72 h 253 

of coculture, MDSCs were removed, and the T cells were subsequently treated with vehicle, 254 

anti-PD-1 blocking antibody (10 μg/mL), or D+Q (dasatinib, 10 nM; quercetin, 10 μM) for 24 255 

h. SA-β-gal activity and proliferative capacity were subsequently assessed by flow cytometry. 256 

 257 

Senescence-associated--galactosidase (SA--gal) assay 258 

T cell senescence was assessed using a SA--gal assay kit (DOJINDO). Following coculture, 259 

cells were stained according to the manufacturer’s protocol, and SA--gal fluorescence 260 

intensity was analyzed by flow cytometry. Detailed information on the SA--gal assay kit is 261 

provided in Supplementary Table 2. 262 

 263 

ROS and Mitochondrial function assay 264 

Intracellular ROS levels were detected using CellROX™ Green reagent (Invitrogen). Cells 265 

were treated at the indicated concentrations and incubation times and incubated at 37 °C in the 266 

dark. After washing, samples were analyzed by flow cytometry using a BD LSRFortessa. 267 

Mitochondrial parameters were assessed using MitoSOX™, MitoTracker™ Green FM, and 268 

tetramethylrhodamine methyl ester (TMRM, Invitrogen) at the indicated concentrations and 269 

incubation times according to the manufacturers’ instructions. Following washing steps, 270 
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samples were analyzed by flow cytometry or imaging-based analysis. Detailed information on 271 

these reagents is provided in Supplementary Table 2. 272 

 273 

Flow cytometry 274 

Cell surface staining was performed at room temperature in the dark for 30 min, with 7-AAD 275 

used to exclude dead cells. Intracellular protein staining was carried out using the BD 276 

Cytofix/Cytoperm™ kit and BD Perm/Wash™ buffer (BD Biosciences). Nuclear transcription 277 

factor staining was performed using the BD Pharmingen™ Transcription Factor Buffer Set (BD 278 

Biosciences). Phosphorylated proteins were detected following fixation with BD Phosflow™ 279 

Fix Buffer I and permeabilization with BD Phosflow™ Perm Buffer III (BD Biosciences), 280 

according to the manufacturers’ instructions.  281 

For intracellular cytokine staining, cells were stimulated with anti-CD3/CD28 antibodies (5 282 

μg/mL; Invitrogen), and GolgiPlug™ protein transport inhibitor (BD Biosciences) was added 283 

during the final 6 h of incubation. Intracellular cytokines were subsequently detected by flow 284 

cytometry. Detailed information on antibodies used for flow cytometry is provided in 285 

Supplementary Table 2. Samples were acquired on a BD LSRFortessa flow cytometer and 286 

analyzed using FlowJo software (v10.8). The T cell gating strategy and fluorescence minus one 287 

(FMO) were shown in Fig. S1E. 288 

 289 

Imaging flow cytometry and colocalization analysis 290 

Samples underwent multicolor fluorescent staining and were acquired on ImageStream®X Mk 291 

II for analysis with IDEAS®. Valid events were filtered using quality focus and single-cell 292 

gating criteria. Spatial colocalization between signaling molecules and senescence markers was 293 

quantified using IDEAS's built-in colocalization/similarity metrics. 294 

 295 

Blocking experiments 296 

T cells were pretreated for 24 h with an anti-PD-1 blocking antibody (10 μg/mL; clone 297 

29F.1A12), the Adenosine A2A receptor (A2AR) antagonist ZM241385 (100 μM), or an anti-298 

IL-10R blocking antibody (10 μg/mL; clone 1B1.3a), followed by washing and coculture with 299 

MDSCs for 3 days. These agents were not maintained during coculture to minimize their direct 300 

effects on MDSCs and to assess the effects of T-cell pretreatment. The Arg1 inhibitor nor-301 

NOHA (200 μM), the iNOS inhibitor L-N6-(1-iminoethyl)lysine (L-NIL; 10 μM), and a TGF-302 

β-neutralizing antibody (10 μg/mL; clone 1D11) were added at the initiation of coculture and 303 

maintained throughout the 3-day culture period. Corresponding vehicle or isotype controls were 304 
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included in all experiments. Detailed information on these reagents is provided in 305 

Supplementary Table 3. 306 

 307 

2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) glucose 308 

uptake assay in vitro and in vivo 309 

In vitro glucose uptake assays were performed by adding 2-NBDG (50 μM, Invitrogen) to the 310 

culture medium, followed by incubation at 37 °C in the dark for 30 min. Cells were then washed 311 

with PBS and analyzed by flow cytometry. For in vivo glucose uptake assays, CLP mice, 312 

B16F10- or MC38- bearing mice were intravenously injected via the tail vein with 100 μL of 313 

PBS containing 5 mM 2-NBDG. One hour after injection, mice were euthanized, and peripheral 314 

blood and tissues were harvested and processed into single-cell suspensions. 2-NBDG uptake 315 

in MDSCs and T cells was analyzed by flow cytometry in peripheral blood, spleen, bone 316 

marrow, and relevant lymph nodes or tumor tissues. 317 

 318 

Seahorse extracellular flux analysis 319 

Following coculture, T cells were seeded at 1 × 10⁵ cells per well onto XF24 cell culture 320 

microplates (Agilent) pre-coated with Cell-Tak (22 μg/mL; Corning). Oxygen consumption rate 321 

(OCR) was measured using Seahorse XF RPMI medium (Agilent) supplemented with 322 

glutamine (2 mM, Gibco), glucose (10 mM, Agilent), and sodium pyruvate (1 mM, Agilent), 323 

with sequential injection of oligomycin (2 μM, Agilent), FCCP (1 μM, Agilent), and 324 

rotenone/antimycin A (0.5 μM, Agilent). Extracellular acidification rate (ECAR) was measured 325 

in XF Basal Medium supplemented with glutamine (2 mM, Gibco) only, followed by sequential 326 

addition of glucose (10 mM, Agilent), oligomycin (1 μM, Agilent), and 2-DG (50 mM, Agilent). 327 

All experiments were performed using an XF24 extracellular flux analyzer (Seahorse 328 

Bioscience). Detailed information on reagents used for Seahorse extracellular flux analysis is 329 

provided in Supplementary Tables 2-5. 330 

 331 

Metabolite assays 332 

Equal numbers of naïve T cells or MDSCs were cultured separately for 3 days. Culture 333 

supernatants were collected, and residual glucose levels were measured using a Glucose assay 334 

kit (Sigma) according to the manufacturer’s instructions. Naïve T cells (4 × 10⁵ cells) were 335 

cocultured with MDSCs (1 × 10⁵ cells) for 3 days. As a control, naïve T cells cultured alone (5 336 

× 10⁵ cells) were used to match the total cell number in the coculture condition. After 3 days of 337 

culture, T cells were isolated from the coculture system using magnetic bead-based separation. 338 
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Subsequently, 3 × 10⁵ sorted T cells from either the coculture group or the control group were 339 

collected for downstream experiments. Intracellular GSH/GSSG levels, NADPH/NADP⁺ levels, 340 

6-phosphogluconate dehydrogenase (6PGD) activity, and glucose-6-phosphate (G6P) content 341 

were measured using commercial assay kits (BioVision, Amplite, and Abcam) Standard curves 342 

were generated, and data were analyzed according to the manufacturers’ instructions. Detailed 343 

information on these assay kits is provided in Supplementary Table 4. 344 

 345 

qRT‐PCR 346 

After coculture, T cells were re-isolated using magnetic beads (StemCell Technologies). Total 347 

RNA was extracted using the RNeasy kit (Qiagen) and quantified using a NanoDrop 348 

spectrophotometer. Reverse transcription was performed using SuperScript™ IV (Invitrogen). 349 

qRT‐PCR was conducted using a QuantStudio 3 system. β-Actin served as the internal control, 350 

and relative gene expression was calculated using the 2^−ΔΔCt method. Primer sequences used 351 

for qRT-PCR are listed in Supplementary Table 6. 352 

 353 

ELISA 354 

Blood samples were collected from CLP or sham-operated mice by retro-orbital bleeding. After 355 

clotting at room temperature, serum was obtained by centrifugation at 4 °C and stored at -20 °C 356 

until analysis. Serum levels of IL-6, IL-1, TNF-, and IFN-γ were measured using mouse 357 

ELISA kits (Invitrogen) according to the manufacturer’s instructions. For T cell-conditioned 358 

supernatants, naïve CD8⁺ T cells were cultured alone or with MDSCs in a Transwell system for 359 

3 days, then washed and cultured in fresh medium for an additional 24 h before supernatant 360 

collection. IL-1β levels were measured by ELISA. Detailed information on ELISA kits is 361 

provided in Supplementary Table 4. 362 

 363 

Western blot analysis 364 

After coculture of naïve CD8⁺ T cells with MDSCs for 3 days, CD8⁺ T cells were isolated using 365 

magnetic beads (StemCell Technologies). Proteins were extracted using RIPA buffer (Beyotime) 366 

supplemented with protease and phosphatase inhibitors, separated by SDS-PAGE (Thermo), 367 

and transferred onto membranes. Membranes were incubated with primary antibodies overnight 368 

at 4 °C, followed by incubation with HRP-conjugated secondary antibodies at room 369 

temperature and detection by chemiluminescence. Detailed information on antibodies used for 370 

western blotting is provided in Supplementary Tables 2 and 8 371 

 372 
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Immunofluorescence assay 373 

After coculture, cells were prepared as suspension cell smears and fixed. Immunofluorescence 374 

staining was performed using antibodies against CD8a and FOXO1 (eBioscience), followed by 375 

counterstaining with DAPI (Vector Laboratories). Images were acquired using a confocal 376 

microscope (Zeiss). For tissue multiplex immunofluorescence, sections were subjected to 377 

antigen retrieval in Tris-EDTA buffer (pH 8.0) for 15 min and blocked with serum or BSA. 378 

Sections were sequentially incubated with primary antibodies against CD8, CD11b, Gr1, and 379 

Foxp3, followed by the corresponding HRP-conjugated secondary antibodies and tyramide 380 

signal amplification (TSA) fluorophores. Primary antibodies were incubated at 4°C overnight, 381 

and antibody complexes were stripped between successive staining cycles to allow sequential 382 

detection of multiple markers. After completion of staining, nuclei were counterstained with 383 

DAPI, and fluorescence images were acquired using a digital slide scanner (Servicebio). The 384 

mean nearest-neighbor distances from CD8⁺ T cells to Gr1⁺ myeloid cells or Foxp3⁺ Tregs were 385 

quantified in CLP spleen and B16F10 tumor tissues. Detailed information on antibodies used 386 

for immunofluorescence is provided in Supplementary Table 2. 387 

 388 

Targeted metabolomics analysis 389 

After coculture of naïve CD8⁺ T cells with MDSCs for 3 days, CD8⁺ T cells were isolated using 390 

magnetic beads (StemCell Technologies). Metabolites were extracted using a 391 

methanol/acetonitrile/water mixture (2:2:1, v/v/v), spiked with isotopically labeled internal 392 

standards, vacuum-dried, and reconstituted prior to analysis. Metabolite detection was 393 

performed using UPLC-MS/MS (QTRAP 5500) in multiple reaction monitoring (MRM) mode. 394 

Peak areas were extracted and relatively quantified using MultiQuant software. Protein content 395 

was measured for data normalization, and quality control (QC) samples were interspersed 396 

throughout each batch to monitor analytical stability. Differences in metabolite abundance 397 

between the two groups were assessed using unpaired two-tailed Student’s t-tests. P values were 398 

adjusted for multiple testing across the analyzed metabolites using the Benjamini–Hochberg 399 

procedure, with an FDR threshold of 0.05. 400 

 401 

Bulk RNA sequencing (RNA-seq) and assay for transposase-accessible chromatin with 402 

high-throughput sequencing (ATAC-seq) analysis 403 

After coculture of naïve CD8⁺ T cells with MDSCs for 3 days, CD8⁺ T cells were isolated using 404 

magnetic beads (StemCell Technologies). For bulk RNA-seq, total RNA was extracted using 405 

TRIzol reagent, followed by library preparation and high-throughput sequencing. Sequencing 406 
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reads were aligned to the reference genome using HISAT2, and gene expression levels were 407 

quantified using RSEM. Differential gene expression analysis was performed using DESeq2 408 

with a cutoff of |log₂ fold change| ≥ 0.5 and adjusted P value ≤ 0.05. Gene Set Enrichment 409 

Analysis (GSEA) was conducted using the clusterProfiler package, with Benjamini–Hochberg-410 

adjusted P < 0.05 considered significant. 411 

For ATAC-seq, nuclei were extracted from the isolated cells (approximately 50,000 nuclei per 412 

sample), followed by Tn5 transposase-mediated tagmentation at 37 °C for 30 min for library 413 

preparation and sequencing. Raw FASTQ files were subjected to quality control, and 414 

sequencing reads were aligned to the reference genome using BWA. Peaks were identified using 415 

MACS2 with a q-value threshold of < 0.05. Motif analysis was performed using HOMER, and 416 

differential peak analysis, annotation, and enrichment analysis were conducted using bedtools. 417 

 418 

Public cohort and single-cell RNA sequencing (scRNA-seq) datasets analysis 419 

Public scRNA-seq datasets GSE152275, GSE139125, and GSE249975 were analyzed in R 420 

4.2.3 using Seurat v5.1.0 and harmony v1.2.0. Seurat objects were initially generated with a 421 

minimum of 3 cells per gene and 300 detected features per cell. Cells were retained if they 422 

contained >300 and <8000 detected genes, >1000 total RNA counts, nCount_RNA below the 423 

97th percentile of the corresponding sample, <10% mitochondrial transcripts, and <3% 424 

hemoglobin-related transcripts. After merging, expression matrices were normalized using the 425 

LogNormalize method, 3000 highly variable genes were selected using the vst method, and the 426 

data were scaled before principal-component analysis. Batch effects across samples were 427 

corrected using Harmony with sample identity as the grouping variable. The main cell atlas was 428 

constructed using Harmony dimensions 1–10 with a clustering resolution of 0.5, followed by 429 

UMAP visualization. Marker genes were identified using the Wilcoxon rank-sum test with a 430 

log2 fold-change threshold of 0.25, and P values were adjusted for multiple testing using the 431 

Bonferroni method, with Bonferroni-adjusted P < 0.05 considered statistically significant. For 432 

GSEA/enrichment analyses based on scRNA-seq data, multiple testing was controlled using 433 

the Benjamini–Hochberg procedure. Cell–cell communication was analyzed using CellChat 434 

v2.1.2, and single-cell metabolic activity was evaluated using scMetabolism v0.2.1. For 435 

bulk/public-cohort signature scoring, GSVA/ssGSEA was performed using GSVA v1.52.3. 436 

Standard pathway gene sets were obtained from the Molecular Signatures Database (MSigDB). 437 

Specifically, REACTOME_CELLULAR_SENESCENCE was used for cellular senescence, 438 

GOBP_DNA_DAMAGE_RESPONSE for DNA-damage responses, 439 

HALLMARK_GLYCOLYSIS for glycolysis, 440 
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REACTOME_PENTOSE_PHOSPHATE_PATHWAY for the pentose phosphate pathway, 441 

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY for reactive oxygen species-442 

related signaling, and HALLMARK_FATTY_ACID_METABOLISM for fatty-acid 443 

metabolism. Literature-defined T cell senescence, TTAD, and MDSC-associated signatures were 444 

obtained from their respective original publications [13, 35].  445 

 446 

Statistical analysis 447 

Statistical analyses were performed using GraphPad Prism 9.0 and R 4.2.3. Unless otherwise 448 

specified, n represents the number of independent biological replicates. For in vivo experiments, 449 

each mouse was treated as one biological replicate; for human studies, each participant was 450 

treated as one biological replicate; and for in vitro experiments, n represents independent 451 

biological experiments. Technical replicates, when performed, were averaged within each 452 

biological replicate before statistical analysis and were not treated as independent observations. 453 

Comparisons between two independent groups were performed using an unpaired two-tailed 454 

Student’s t-test. Paired two-tailed Student’s t-test was used for paired measurements obtained 455 

from the same biological replicate. Comparisons among three or more independent groups were 456 

analyzed using one-way ANOVA followed by Tukey’s test for pairwise comparisons or 457 

Dunnett’s test for comparisons of multiple treatment groups with a single control. Two-factor 458 

experiments involving independent observations were analyzed using two-way ANOVA 459 

followed by Šídák’s multiple-comparisons test. For measurements obtained from multiple 460 

tissues of the same mouse, tissue was treated as a within-subject repeated factor and 461 

experimental group as a between-subject factor using two-way repeated-measures ANOVA, 462 

followed by Šídák’s multiple-comparisons test for comparisons between experimental groups 463 

within each tissue; a mixed-effects model with mouse identity as the random effect was used 464 

when repeated measurements were incomplete. Longitudinal tumor-growth data were analyzed 465 

using two-way repeated-measures ANOVA, and Kaplan–Meier survival curves using the log-466 

rank (Mantel–Cox) test. Pearson’s correlation was used for independent biological observations. 467 

Benjamini–Hochberg FDR correction was applied within the relevant hypothesis families to 468 

differential-expression analysis of bulk RNA-seq data using DESeq2, GSEA enrichment 469 

analyses based on bulk RNA-seq, scRNA-seq, and ATAC-seq data, targeted metabolomics 470 

comparisons, and multiple correlation analyses across public cohorts. For scRNA-seq marker-471 

gene analysis, P values were adjusted for multiple testing using the Bonferroni method. 472 

Statistical significance was defined as P < 0.05 for conventional statistical comparisons, BH-473 

adjusted P < 0.05 for analyses using Benjamini–Hochberg correction, or Bonferroni-adjusted P 474 
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< 0.05 for scRNA-seq marker-gene analysis. Bulk RNA-seq (n = 2) was used as an exploratory 475 

screening approach, with key findings subsequently validated by qRT-PCR, flow cytometry, 476 

and functional assays. 477 

 478 
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Results 479 

MDSCs promote T cell senescence  480 

To determine whether MDSCs contribute to T cell senescence, we first evaluated their 481 

expansion and correlation with senescent T cells in CLP models and tumor-bearing mouse 482 

models. Following CLP induction, MDSCs progressively accumulated during disease 483 

progression from day 1 to day 7, accompanied by increased SA-β-gal activity in CD8⁺ and 484 

CD4⁺ T cells across multiple tissues. MDSC frequency was positively correlated with SA-β-485 

gal levels in both CD8⁺ and CD4⁺ T cells across tissues (Fig. S2A-G). Similarly, both MDSC 486 

expansion and increased T cell SA-β-gal levels were observed in B16F10- and MC38-bearing 487 

mice (Fig. S3A-F). To further evaluate senescence score across different cell populations, we 488 

analyzed public scRNA-seq datasets. T cell populations in both the CLP and tumor datasets 489 

exhibited increased senescence signature score (Fig. S3G). To characterize senescent T cell 490 

subsets, we adopted the gene signature defined by Chen et al. for tumor-infiltrating, age-491 

associated dysfunctional T cells (TTAD), a recently identified population linked to extracellular 492 

senescence signals [13]. Consistent with this characterization, analysis of public scRNA-seq 493 

datasets revealed an increased abundance of TTAD cells within T cells in CLP or tumor-bearing 494 

mice relative to controls (Fig. S3H). Furthermore, positive correlations of both the TTAD gene 495 

signature and an independent T cell senescence signature with the MDSC-associated gene 496 

signature were observed across sepsis and multiple tumor datasets from GEO and TCGA (Fig. 497 

S4A, B) [35]. In line with this, patients with sepsis and hepatocellular carcinoma exhibited 498 

markedly higher levels of SA-β-gal, p16, and p21 in peripheral-blood CD8+ and CD4+ T cells 499 

than healthy controls. Moreover, we observed an increase in circulating MDSCs, which 500 

positively correlated with multiple senescence-associated markers in T cells within the HC and 501 

sepsis participants (Fig. S4C-F). 502 

Given the role of Tregs in promoting T cell senescence [22, 36], we further compared MDSC-503 

T cell and Treg-T cell interactions by analyzing public scRNA-seq data from CLP mice. It was 504 

revealed that MDSCs engage in more extensive intercellular communication than Tregs within 505 

the infection microenvironment (Fig. 1A, B). Further analysis positioned MDSCs as primary 506 

signaling senders, with CD8+ T cells identified as major receivers (Fig. 1C). Multiplex 507 

immunofluorescence analysis of spleen tissues from CLP mice and tumor tissues from B16F10-508 

bearing mice showed marked spatial proximity between CD8+ T cells and Gr1⁺ myeloid cells . 509 

Quantitative analysis showed that the nearest-neighbor distance between CD8+ T cells and Gr1⁺ 510 

myeloid cells was significantly shorter than that between CD8+ T cells and Foxp3+ Tregs (Fig. 511 

S5A, B). Collectively, these observations suggested that MDSCs might facilitate T cell 512 
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senescence through direct cellular communication. To validate this hypothesis, we conducted 513 

an in vitro coculture system of MDSCs and naïve T cells, according to the co-culture system of 514 

Tregs and naïve T cells described by Peng et al. (Fig. S6A) [22]. MDSCs were induced from 515 

bone marrow progenitor cells of 6- to 8-week-old mice using GM-CSF and IL-6 for 4 days, 516 

achieving over 90% purity and significant suppression of CD8+ T cell proliferation (Fig. S6B). 517 

After coculture with MDSCs for 3 days, CD8+ or CD4+ T cells exhibited pronounced 518 

upregulation of senescence markers, including elevated SA--gal activity and increased 519 

expression of the cell-cycle regulatory molecules p53, p21, and p16 (Fig. 1D-G). Additionally, 520 

our bulk RNA-seq analysis showed significantly upregulated expression of genes associated 521 

with the SASP in cocultured T cells, which was validated by quantitative real-time PCR (qRT-522 

PCR) in both CD8+ and CD4+ T cells (Fig. 1H-J). Consistently, at the protein level, we detected 523 

increased intracellular expression of key SASP factors, including pro-IL-1β, IL-6, and TNF-α 524 

(Fig. 1K, L). ELISA showed increased IL-1β levels in conditioned supernatants from MDSC-525 

exposed CD8⁺ T cells (Fig. S6C). To better recapitulate the inflammatory and tumor 526 

microenvironments, we evaluated MDSC-induced T cell senescence in the presence of LPS or 527 

B16F10 cell-conditioned medium. These conditions alone increased baseline SA-β-gal, p21, 528 

and p16 levels in CD8⁺ T cells, while the addition of MDSCs further enhanced these 529 

senescence-associated changes (Fig. S6D, E). In summary, these findings identify MDSCs as a 530 

potent driver of T cell senescence. 531 

Considering that T cell senescence, exhaustion, and anergy all manifest as varying degrees of 532 

functional impairment, we systematically analyzed the gene signatures of exhaustion and 533 

anergy states in MDSC-induced senescent T cells [37-39]. These cocultured CD8+ T cells 534 

exhibited changes in exhaustion- and anergy-associated genes without a consistent 535 

transcriptional pattern (Fig. S7A, B). In agreement with this, ATAC-seq analysis demonstrated 536 

marked remodeling of chromatin accessibility of senescence-related genes, whereas 537 

exhaustion- and anergy-associated genes showed less consistent changes (Fig. S7C-F). Flow 538 

cytometry analysis revealed that while MDSC-cocultured CD8+ T cells exhibited upregulation 539 

of certain surface markers (PD-1 and TIM-3), the expression of TOX, a key transcription factor 540 

associated with terminal exhaustion, remained unchanged (Fig. S8A). Recognizing that such 541 

alterations serve primarily as exploratory marker changes rather than a formal diagnostic 542 

classification, we utilized specific functional assays to further discriminate these states.   543 

Functionally, MDSC-treated CD8+ T cells retained substantial IFN- production capacity and 544 

comparable perforin expression, although granzyme B expression was reduced, which is less 545 

consistent with a severely dysfunctional terminally exhausted phenotype (Fig. S8B). 546 
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Additionally, their proliferative defect was refractory to exogenous IL-2 rescue, rendering 547 

classical anergy unlikely (Fig. S8C). Furthermore, to functionally distinguish senescence from 548 

activation-induced cell death (AICD), we assessed apoptosis following TCR restimulation. 549 

MDSC-treated CD8⁺ T cells exhibited significantly reduced apoptosis and higher viability 550 

compared with T cells cultured alone, whereas AICD-positive controls showed markedly 551 

increased apoptosis (Fig. S8D,E). Moreover, senolytic treatment with dasatinib and quercetin 552 

(D+Q) decreased SA--gal levels and improved proliferative capacity, whereas PD-1 blockade 553 

only partially restored proliferation without reducing SA--gal activity (Fig. S8F). Taken 554 

together, these specific molecular and functional findings indicate that MDSCs induce a 555 

predominant phenotype functionally consistent with T cell senescence. 556 

 557 

ATM-dependent DDR is required for MDSC-induced T cell senescence 558 

Considering that DNA damage induction represents a key molecular process in senescent cells 559 

[40, 41], we analyzed public scRNA-seq data and found an enrichment of gene sets associated 560 

with T cell senescence and DNA damage in tumor or infectious microenvironments derived 561 

from CLP or breast cancer mouse models that are abundant in MDSCs (Fig. 2A, B; Fig. S9). 562 

To determine whether DNA damage acts as a major trigger for senescence in T cells treated 563 

with MDSCs, we performed integrative enrichment analyses using both RNA-seq and ATAC-564 

seq datasets. GSEA of RNA-seq data demonstrated robust activation of DNA damage-565 

associated gene programs in MDSC-treated senescent CD8⁺ T cells (Fig. 2C). Consistent with 566 

the transcriptomic profile, ATAC-seq analysis revealed increased chromatin accessibility at 567 

DNA damage-related signatures in cocultured CD8⁺ T cells (Fig. 2D). We then evaluated DNA 568 

damage levels by assessing phosphorylated ATM, H2AX, and CHK2 in cocultured T cells via 569 

flow cytometry. The results showed markedly increased expression of these DNA damage 570 

markers in both CD8⁺ and CD4⁺ T cells following 3 days of MDSCs coculture compared with 571 

independently cultured controls, indicating that MDSCs induce a substantial DDR in T cells 572 

(Fig. 2E, F).  573 

To establish a causal role of ATM-associated DNA damage in MDSC-induced T cell senescence, 574 

we employed a loss-of-function approach using the ATM-specific pharmacological inhibitor 575 

KU55933. To prevent potential interference of KU55933 with MDSCs, naïve CD8⁺ and CD4⁺ 576 

T cells were pretreated with KU55933 for 24 h, after which the inhibitor was washed out before 577 

co-culture with MDSCs. This pretreatment significantly attenuated SA--gal activity in 578 

responder T cells induced by MDSCs, indicating that activation of the ATM-dependent DDR is 579 

required for MDSC-mediated T cell senescence (Fig. 2G, H). To further explore the functional 580 
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relationship between DNA damage signaling and cell-cycle arrest during T cell senescence, we 581 

conducted co-localization analysis by using imaging flow cytometry. DNA damage markers 582 

including p-ATM, p-H2AX, and p-CHK2 exhibited strong intracellular co-localization with the 583 

cell-cycle regulators p16 and p21 in MDSC-induced senescent CD8+ T cells, suggesting 584 

coordinated activation of DDR and senescence-associated cell-cycle arrest programs (Fig. 2I). 585 

Together, these results demonstrate that MDSCs induce T cell senescence, which correlates 586 

with cell-cycle arrest, through ATM-dependent DNA damage mechanisms.  587 

 588 

MDSCs trigger T cell senescence through metabolic reprogramming induced by 589 

competitive glucose deprivation 590 

To elucidate the specific mechanisms driving MDSC-mediated T cell senescence, we 591 

systematically investigated classical immunosuppressive modalities to exclude contact-592 

dependent and conventional soluble mediators. We observed that paraformaldehyde-fixed 593 

MDSCs failed to induce T cell senescence, whereas transwell and conditioned medium cultures 594 

preserved the senescent phenotype, suggesting that the induction of senescence necessitates 595 

live MDSCs but operates independently of direct cell-to-cell contact (Fig. 3A). Despite the 596 

elevated surface abundance of PD-L1, CD39, and CD73 on MDSCs (Fig. S10A-C), neither 597 

PD-1 blockade nor antagonism of adenosine A2A receptors alleviated the senescent phenotype 598 

(Fig. S10D-K). Similarly, Arg1 blockade, NOS2 blockade, TGF- neutralization, and IL-10 599 

receptor blockade failed to rescue T cells from senescence, indicating that this process is driven 600 

by a mechanism distinct from established receptor-ligand interactions or immunoregulatory 601 

factors (Fig. S11A-H, Fig. S12A-H).  602 

We therefore hypothesized that the rapid consumption of extracellular nutrients by MDSCs 603 

might promote T cell senescence through metabolic starvation. MDSCs exhibited significantly 604 

elevated expression of the rate-limiting glucose transporter glucose transporter 1 (GLUT1) and 605 

the glycolytic enzyme hexokinase 2 (HK2) compared with multiple T cell subsets in the 606 

peripheral blood of septic mice (Fig. 3B). Given that induced MDSCs comprised approximately 607 

80% polymorphonuclear MDSCs (PMN-MDSCs) and 20% monocytic MDSCs (M-MDSCs), 608 

we separately compared GLUT1 and HK2 expression in each MDSC subset with that in T cells 609 

(Fig. S13A). Both MDSC subsets showed higher GLUT1 and HK2 expression than CD4⁺ and 610 

CD8⁺ T cells (Fig. S13B, C). This molecular signature translated into a superior functional 611 

capacity for glucose uptake, as MDSCs rapidly depleted glucose from the culture supernatant 612 

and exhibited significantly higher levels of the fluorescent glucose analog 2-NBDG than CD8⁺ 613 

and CD4+ T cells in vitro (Fig. 3C, D). We further confirmed this metabolic dominance in vivo, 614 



 

 22 / 58 

where MDSCs from multiple tissues, particularly the peritoneal cavity of CLP-induced septic 615 

mice and the tumor microenvironment of both B16F10- and MC38-bearing mice, displayed 616 

markedly enhanced glucose uptake capacity compared to CD8⁺ or CD4+ T cells (Fig. 3E, F; Fig. 617 

S13D). The scMetabolism analysis and single-gene analysis in public scRNA-seq datasets 618 

confirmed these findings, revealing that MDSCs exhibited higher glucose metabolism scores 619 

and higher expression of glucose metabolism genes than Tregs in both sepsis and tumor 620 

microenvironments, with levels even comparable to malignant cells (Fig. 3G; Fig. S13E). 621 

Crucially, depleting Gr1+ myeloid cells via anti-Gr1 administration in septic mice restored the 622 

glucose metabolic capacity of CD8⁺ and CD4+ T cells across multiple tissues (Fig. 3H, I; Fig. 623 

S14A-H). 624 

To determine whether this competitive glucose deprivation drives the metabolic imbalance 625 

associated with senescence, we profiled the transcriptional landscape of glucose metabolism of 626 

cocultured CD8⁺ T cells across multiple time points (0, 3, and 5 Days). RNA-seq analysis 627 

revealed a metabolic remodeling in T cells that peaked by day 3, characterized by the global 628 

suppression of genes encoding rate-limiting enzymes in glycolysis and the PPP (Fig. 4A; Fig. 629 

S15A). These transcriptomic observations were validated by qRT-PCR analysis of key 630 

metabolic enzymes (Fig. 4B-E). Flow cytometry and absorbance assay confirmed the 631 

downregulation of GLUT1 and HK2 (Fig. 4F, G), as well as critical PPP rate-limiting enzymes 632 

such as glucose-6-phosphate dehydrogenase (G6PD) and 6PGD, concomitant with a reduction 633 

in PPP substrate G6P levels (Fig. 4H, I). A comprehensive targeted metabolomics analysis 634 

further displayed this metabolic reprogramming, demonstrating a widespread depletion of key 635 

metabolites associated with glucose energy metabolism in MDSC-exposed CD8+ T cells (Fig. 636 

4J; Fig. S15B). This transcriptional and metabolite-level suppression resulted in a functional 637 

bioenergetic crisis, evidenced by diminished ECAR and OCR, along with a collapse in 638 

mitochondrial spare respiratory capacity and reduced ATP synthase F1 subunit alpha (ATP5A) 639 

expression (Fig. 4K-N).  640 

To establish a causal link between glucose competition and MDSC-induced T cell senescence, 641 

we modulated the metabolic availability within the coculture system. Pharmacological 642 

inhibition of MDSCs glucose transport with phloretin or glycolysis with 2-deoxyglucose (2-643 

DG) significantly attenuated their senescence-inducing potency, indicating the role of glucose 644 

metabolic activity of MDSCs (Fig. 4O, P). Notably, the exogenous supplementation of glucose 645 

into coculture was sufficient to prevent the onset of cellular senescence and simultaneously 646 

reduced the DDR in T cells, as evidenced by decreased phosphorylation of ATM, H2AX, and 647 

CHK2 (Fig. S15C, D). Together, our in vitro mechanistic findings provide evidence that 648 



 

 23 / 58 

MDSCs drive T cell senescence and associated DNA damage through glucose competition and 649 

the subsequent metabolic reprogramming. 650 

 651 

MDSC-induced metabolic stress drives T cell senescence via the AMPK-Foxo1 signaling 652 

axis 653 

In order to elucidate the molecular mechanisms underlying MDSC-induced T cell senescence, 654 

we conducted Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of 655 

signaling pathways in CD8+ T cells cocultured with MDSCs for 3 days. The results revealed 656 

significant alterations in several immune-related pathways, notably the TNF, cAMP, MAPK, 657 

and AMPK signaling cascades (Fig. 5A), all of which have been implicated in driving T cell 658 

senescence [22-24, 42]. In particular, the AMPK pathway is a strong candidate given its role as 659 

a central nutrient and energy sensor activated by metabolic stress [43-46]. Consistent with this, 660 

GSEA further demonstrated a robust upregulation of AMPK pathway-related genes, including 661 

Foxo1 (Fig. 5B). Subsequent screening for transcription factor significantly perturbed during 662 

MDSC-induced senescence also identified Foxo1 as a key regulator (Fig. 5C; Fig. S16A). It is 663 

known that Foxo1 activation can upregulate p16 and p21 and induce cell-cycle arrest [47-55]. 664 

These converging lines of evidence collectively prompted us to investigate into the role of 665 

AMPK-Foxo1 axis in MDSC-driven T cell senescence.  666 

Foxo1 activity is finely tuned by site-specific phosphorylation, which dictates its subcellular 667 

localization. Specifically, phosphorylation of the conserved Ser256 residue by the PI3K/AKT 668 

signaling pathway facilitates its nuclear export, leading to inactivation. Conversely, under 669 

conditions of metabolic stress, AMPK activation is associated with increased Foxo1 670 

phosphorylation at Ser249 and its nuclear translocation, potentially contributing to the 671 

activation of Foxo1-dependent transcriptional programs [56, 57]. In light of this regulatory 672 

switch, we investigated the changes in Foxo1 phosphorylation patterns to define the potential 673 

mechanistic role of AMPK-Foxo1 pathway during MDSC-induced immunosenescence. Flow 674 

cytometry analysis revealed a time-dependent elevation in the total expression of Foxo1 as the 675 

coculture period with MDSCs increased, characterized by a marked increase in phosphorylation 676 

at Ser249 rather than Ser256 (Fig. 5D, E). Consistently, the phosphorylation level of AMPK 677 

was notably upregulated, while the AKT signaling pathway remained unchanged (Fig. 5F, G; 678 

Fig. S16B). The upregulation of AMPK phosphorylation in T cells was also observed across 679 

tissues in the CLP model (Fig. S16C, D), supporting the presence of widespread energetic stress 680 

in T cells during CLP. These results were further confirmed by western blot analysis. Of note, 681 

pFoxo1(Ser249) was upregulated in the nucleus of cocultured CD8+ T cells, whereas 682 
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pFoxo1(Ser256) was primarily confined to the cytoplasm (Fig. 5H, I). Both 683 

immunofluorescence and imaging flow cytometry validated that phosphorylation of Foxo1 at 684 

Ser249 rather than Ser256 facilitated its nuclear accumulation in MDSC-induced senescent 685 

CD8+ T cells (Fig. 5J-L). ATAC-seq analysis demonstrated a significant increase in the 686 

chromatin accessibility of Foxo1 and its target gene Cdkn2a (Fig. 5M). Imaging flow cytometry 687 

revealed that pAMPK and pFoxo1(Ser249) respectively exhibited high co-localization with 688 

DNA damage markers and cell-cycle regulatory molecules in MDSC-induced senescent CD8+ 689 

T cells (Fig. 5N). More importantly, pretreatment of naïve T cells with inhibitors targeting 690 

AMPK-Foxo1 axis significantly attenuated the senescent phenotype induced by MDSCs, 691 

emphasizing the regulatory role of AMPK-Foxo1 pathway in driving T cell senescence (Fig. 692 

5O, P; Fig. S17A, B). 693 

To assess whether glucose restriction alone is sufficient to directly activate AMPK and drive 694 

senescence, we cultured naïve T cells in media containing a range of decreasing glucose 695 

concentrations (0-10 mM). Exposure to low-glucose conditions induced the upregulation of 696 

AMPK phosphorylation and senescence markers in a dose-dependent manner (Fig. S17C, D). 697 

Similarly, treating naïve T cells with 2-DG for 5 days significantly enhanced AMPK activity 698 

and expression of senescence markers (Fig. S17E, F). Taken together, these data indicate that 699 

MDSC-mediated glucose deprivation triggers an AMPK-Foxo1 signaling cascade that drives T 700 

cell senescence by enforcing cell-cycle arrest. 701 

 702 

MDSC-mediated suppression of the PPP activity compromises T cell redox homeostasis 703 

and drives T cell senescence 704 

Given that the PPP constitutes the principal cellular source of NADPH required for antioxidant 705 

defense [58], we hypothesized that the MDSC-imposed metabolic restriction precipitates T cell 706 

senescence by disrupting redox homeostasis. To investigate the hypothesis, we quantified the 707 

intracellular landscape of NADPH/NADP+ and GSH/GSSG redox couples. Our analysis 708 

revealed a significant impairment of antioxidant capacity in T cells exposed to MDSCs, 709 

characterized by a depletion of the reduced coenzyme NADPH and a consequent inversion of 710 

the NADPH to NADP+ ratio (Fig. 6A). This defect in upstream reducing equivalents was 711 

functionally transmitted to the downstream glutathione system, as evidenced by the scarcity of 712 

reduced glutathione and a concomitant accumulation of oxidized glutathione GSSG (Fig. 6B). 713 

Supporting these biochemical imbalances, GSEA indicated transcriptional downregulation of genes 714 

governing reactive oxygen species (ROS) clearance systems in T cells following coculture (Fig. 6C). 715 

RNA-seq heatmaps revealed alterations in glutamine and lipid metabolism (Fig. S18A,B), with 716 
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representative changes confirmed by RT-qPCR (Fig. S18C,D). Consistently, flow cytometry 717 

analysis exhibited a pronounced accumulation of intracellular ROS in cocultured T cells, 718 

confirming their heightened susceptibility to oxidative insults (Fig. 6D). This systemic failure 719 

in ROS scavenging manifested as severe mitochondrial dysfunction, characterized by an 720 

aberrant accumulation of mitochondrial superoxide, increased mitochondrial mass, and 721 

compromised membrane potential (Fig. 6E-G). 722 

To establish a causal link between PPP impairment and the senescent phenotype, we performed 723 

metabolic rescue experiments by supplementing cocultures with exogenous reducing agents, 724 

including NADPH, glutamine, and GSH. Consistent with our hypothesis, these interventions 725 

effectively neutralized the intracellular ROS burden and markedly attenuated SA--gal activity 726 

alongside DNA damage signaling cascades, as evidenced by reduced phosphorylation of ATM, 727 

CHK2, and H2AX (Fig. 6H-J; Fig. S19A-C). Further granular analysis via imaging flow 728 

cytometry revealed a striking mutual exclusivity between the expression of the rate-limiting 729 

PPP enzyme G6PD and nuclear markers of senescence or DNA damage. Conversely, these 730 

damage markers exhibited robust intracellular co-localization with ROS (Fig. 6K). Notably, 731 

MDSC-exposed CD8⁺ T cells exhibited a near-complete depletion of G6PD protein, which 732 

correlated tightly with the induction of p21 and p-ATM (Fig. 6K). Collectively, these data 733 

identify the impairment of PPP-mediated antioxidant defenses as a key driver of MDSC-734 

induced T cell senescence. Remarkably, spatial similarity analysis further delineated the 735 

intrinsic connection between the dual metabolic axes revealed in this study. We observed 736 

significant nuclear co-localization between key components of the PPP-redox-DDR axis (e.g., 737 

ROS/p-ATM/p-H2AX/p-CHK2) and the AMPK-Foxo1 axis (e.g., p-AMPK/p-738 

Foxo1/p16/p21/p53) within senescent populations (Fig. S20). This high degree of spatial 739 

convergence underscores that redox-driven DNA damage and AMPK-mediated bioenergetic 740 

stress may converge and integrate at the subcellular level, collectively enforcing and stabilizing 741 

the T cell senescence phenotype. 742 

 743 

Systemic Gr1+ or Ly6G+ myeloid cells depletion and pharmacological interventions 744 

alleviate T cell senescence and protect against lethality and multiple organ dysfunction in 745 

septic mice 746 

To evaluate the in vivo therapeutic potential of modulating these metabolic and signaling 747 

pathways, we initiated systemic interventions in septic mice 12 hours after CLP (Fig. 7A). 748 

Strikingly, depletion of Gr1+ or Ly6G+ myeloid cells (anti-Gr1 or anti-Ly6G Abs, depletion 749 

efficiency was shown in Fig. S21A, B), NADPH supplementation, or pharmacological 750 
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blockade of ATM signaling conferred a significant survival benefit, markedly extending the 751 

overall survival compared to the vehicle-treated septic group (Fig. 7B). Flow cytometric 752 

analysis of the anti-Gr1-/anti-Ly6G, NADPH-, KU55933-, and AS1842856-treated groups 753 

revealed that these interventions in vivo successfully reduced SA-β-gal activity in T cells from 754 

spleen, lymph nodes, bone marrow, and peripheral blood (Fig. 7C). In CLP-derived T cells, 755 

KU55933 or AS1842856 reduced p-ATM and SA-β-gal levels and partially restored activation 756 

and proliferation, whereas neither inhibitor had a detectable effect on sham-derived T cells. 757 

Importantly, these improvements were markedly attenuated after D+Q pretreatment (Fig. S22). 758 

These data reflect a differential pathway dependency under pathological stress. Furthermore, 759 

consistent with these interventions, systemic glucose supplementation in CLP mice also 760 

attenuated SA-β-gal activity in T cells across multiple tissues (Fig. S23). These findings suggest 761 

a pharmacologic association between the alleviation of immunosenescence and improved 762 

outcomes in CLP mice.  763 

We next investigated whether this immunological restoration translated into protection against 764 

multiple organ dysfunction which is the primary driver of sepsis-associated mortality. Focusing 765 

on the lung as a critical target organ, we observed that untreated septic mice exhibited hallmark 766 

features of acute lung injury including alveolar wall thickening, vascular congestion, and 767 

extensive neutrophilic infiltration, when sham-operated mice maintained intact alveolar 768 

architecture. In contrast, treatment with anti-Gr1, NADPH, KU55933, or AS1842856 preserved 769 

alveolar integrity and substantially reduced the accumulation of inflammatory cells (Fig. 7D). 770 

Consistent with these histopathological improvements, quantification of lung wet-to-dry weight 771 

ratios confirmed that interventions effectively ameliorated pulmonary edema (Fig. 7E). 772 

Furthermore, ELISA profiling demonstrated that the reduction in T cell senescence was 773 

accompanied by a profound suppression of the cytokine storm, as evidenced by decreased 774 

serum levels of IL-1, IL-6, TNF-, and IFN- (Fig. 7F-I). Collectively, these data suggest that 775 

modulating metabolic and signaling pathways implicated in MDSC-induced T-cell senescence 776 

dampens the pathological immune responses associated with sepsis, attenuates organ injury, 777 

and improves survival in CLP mice. 778 

 779 

Depletion of Gr1+ myeloid cells and systemic pharmacological interventions targeting 780 

ROS-DNA damage pathways alleviate T cell senescence and potentiate the efficacy of PD-781 

L1 blockade in the B16F10 melanoma model 782 

Since preventing T cell senescence is a critical factor in maintaining antitumor immune function 783 

[23, 24], we investigated whether these systemic in vivo interventions could reactivate anti-784 
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tumor immunity in B16F10 melanoma mouse model. To evaluate strategies that inhibit this 785 

senescence-inducing cascade at distinct regulatory nodes, we designed intervention regimens 786 

involving the depletion of Gr1+ myeloid cells with anti-Gr1 antibody (Fig. S21C), the 787 

scavenging of excess ROS via exogenous NADPH supplementation, and the inhibition of DNA 788 

damage using KU55933. Following the subcutaneous implantation of 5×105 B16F10 tumor 789 

cells into C57BL/6 mice, we initiated these targeted monotherapies on days 7, 11, and 15 post-790 

challenge as outlined in Fig. 8A. Longitudinal monitoring of tumor progression revealed that 791 

these systemic in vivo interventions significantly restrained tumor growth compared to 792 

untreated controls (Fig. 8B). To elucidate the cellular mechanisms underlying this tumor control, 793 

we analyzed tumor-infiltrating lymphocytes at day 24. All systemic intervention groups 794 

exhibited significantly increased tumor-infiltrating CD8+ T cells with reduced senescence, 795 

along with markedly elevated expression of cytotoxic effector molecules granzyme B and 796 

perforin (Fig. 8C). Furthermore, these interventions reduced CD8+ T cell senescence in tumor-797 

draining lymph nodes, peripheral blood, spleen, and bone marrow of B16F10-bearing mice 798 

while enhancing granzyme B and perforin expression (Fig. 8D, Fig. S24A, B). These findings 799 

indicate that modulating these associated pathways produces significant antitumor effects. 800 

To address the limited clinical response rates and acquired resistance associated with immune 801 

checkpoint blockade (ICB) therapy, we investigated whether modulating pathways associated 802 

with T-cell senescence could enhance the antitumor efficacy of PD-L1 blockade in the B16F10 803 

melanoma model. We incorporated anti-PD-L1 antibody treatment into the existing regimen on 804 

days 9, 13, and 17 (Fig. 8E). This combination strategy produced enhanced antitumor efficacy, 805 

demonstrating substantially stronger tumor growth inhibition compared to ICB monotherapy 806 

(Fig. 8F). Analysis of tumor-infiltrating lymphocytes at day 24 revealed that compared to anti-807 

PD-L1 monotherapy, the combination strategy significantly enhanced the enrichment of CD8⁺ 808 

T cells within the tumor microenvironment (Fig. 8G) and more markedly alleviated T cell 809 

senescence phenotypes (Fig. 8H). Functionally, combination therapy significantly increased 810 

granzyme B and perforin expression in CD8⁺ T cells (FIG. 8I, J). Consistently, similar outcomes 811 

were observed in various immune tissues of tumor-bearing mice treated with the combination 812 

approach (Fig. S24C-E). In summary, these data indicate that depletion of Gr1+ myeloid cells 813 

and systemic pharmacological interventions targeting ROS-DNA damage pathways not only 814 

alleviate T cell senescence but also enhance the antitumor efficacy of PD-L1 blockade, 815 

supporting further evaluation of this combination strategy in tumor immunotherapy in the 816 

B16F10 melanoma model.  817 

 818 
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Discussion 819 

MDSCs are established as principal immunoregulatory components within tumor and 820 

infectious microenvironments, where they potently suppress T cell proliferation and effector 821 

function through diverse mechanisms, thereby facilitating immune escape [59-64]. However, 822 

their specific role and mechanistic contribution to T cell senescence have remained largely 823 

unexplored. Here, through integrated multi-omics and functional validation, our findings 824 

support a role for MDSC-associated glucose competition in promoting T cell senescence. This 825 

process is not merely a byproduct of nutrient scarcity but a specialized mechanism of active 826 

metabolic remodeling that triggers a dual crisis: an AMPK/Foxo1-mediated energy stress and 827 

a PPP/NADPH-driven oxidative stress. Our findings characterize MDSCs as a critical 828 

metabolic checkpoint, thereby providing a conceptual foundation for therapeutic strategies 829 

targeting the metabolism-senescence axis.  830 

Perhaps the most striking finding of our study is the identification of MDSCs as an upstream 831 

cellular driver of T cell senescence. Previous work by Liu et al. demonstrated that T cell 832 

senescence within the tumor microenvironment (TME) is primarily driven by metabolic 833 

competition jointly mediated by tumor cells and Tregs. Tumor cells are known to promote 834 

senescence through glucose competition or reprogramming T cell lipid metabolism, which was 835 

mediated via the secretion of PD-L1-bearing exosomes or ILT4-mediated MAPK/ERK 836 

pathway activation [22, 25, 26]. Similarly, Tregs trigger ATM/STAT-dependent DNA damage 837 

and cell-cycle arrest in T cells by high-affinity competition for IL-2 and glucose, or via 838 

phospholipase A2-IVA-dependent lipid remodeling [22, 36]. However, the fundamental 839 

contribution and precise mechanism of MDSCs in this pathological process has remained 840 

largely unexplored despite their ubiquity in the TME and infectious niches. Building upon the 841 

broader concept of metabolic competition, our study delineates the intracellular cascade 842 

triggered by MDSC-driven glucose deprivation. We demonstrate that the resulting bioenergetic 843 

and oxidative crises engage the AMPK/Foxo1 and PPP/NADPH axes to enforce a senescence 844 

program. This finding provides a novel mechanistic perspective on T cell dysfunction. 845 

Furthermore, rather than being driven exclusively by specific MDSC subsets such as GPR84-846 

positive cells previously reported [65], this profound senescence program can be triggered by 847 

a broader MDSC population through the global remodeling of T cell glucose metabolism.  848 

These findings support a shared role for MDSCs as important contributors to the 849 

immunometabolic processes associated with T-cell senescence across the sepsis and tumor 850 

models. 851 
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In fact, a central issue in senescence biology is understanding how disrupted energy metabolism 852 

is transduced into stable cellular senescence signaling. In this study, we delineate a specific 853 

signaling pathway mediated by the AMPK-Foxo1 axis under the glucose-deprived conditions 854 

enforced by MDSCs. Although in vivo AMPK activation reflects a composite of systemic 855 

stresses, including inflammatory signaling, mitochondrial dysfunction, hypoxia, and nutrient 856 

deprivation, the contribution of MDSC-associated glucose deprivation to this cascade is 857 

supported by the broader experimental framework rather than by p-AMPK alone. Intriguingly, 858 

while AMPK is widely recognized as an anti-senescence kinase that preserves energy 859 

homeostasis primarily by promoting fatty acid oxidation and mitochondrial biogenesis in most 860 

cell types [66-68], emerging evidence from T cell studies including the present work reveal a 861 

paradoxical pro-senescent function under severe nutrient stress. This contradiction likely arises 862 

from the specific metabolic profile of effector T cells. Specifically, upon activation, effector T 863 

cells undergo massive metabolic reprogramming, becoming heavily reliant on aerobic 864 

glycolysis and the PPP to meet the high bioenergetic and biosynthetic demands of clonal 865 

expansion and effector functions. This specialized profile leaves them with limited metabolic 866 

plasticity [15, 21, 69-73]. Unlike other cell types, when faced with sustained glucose 867 

deprivation, T cells fail to engage alternative bioenergetic routes like fatty acid oxidation 868 

effectively [74, 75]. Under these conditions, AMPK remains constitutively active as an energy 869 

sensor, yet its homeostatic potential is compromised by substrate shortage. Instead, it recruits 870 

Foxo1 to initiate an emergency transcriptional program, prioritizing immediate survival via 871 

cell-cycle arrest at the cost of long-term dysfunction. This reinforces a context-dependent 872 

“AMPK-senescence” paradigm where AMPK acts as a pro-senescent checkpoint in 873 

metabolically vulnerable T cells. Consequently, pharmacological inhibition might exert 874 

stronger effects on these metabolically stressed T cells, reflecting a differential pathway 875 

dependency. 876 

Importantly, our study identifies the impairment of PPP metabolic capacity as another key 877 

mechanism underlying MDSC-induced T cell senescence. As the primary cytosolic source of 878 

NADPH, a functional PPP is essential for maintaining the glutathione pool and scavenging ROS 879 

[58]. Accumulating evidence highlights the central role of the PPP and NADPH in the fate 880 

decision and effector function of immune cells, including T cell proliferation, survival, and 881 

resistance to activation-induced apoptosis [76], as well as macrophage redox balance and 882 

inflammatory programming [77-79]. Of note, enhanced PPP activity is associated with 883 

prolonged lifespan and oxidative stress resistance in model organisms [80], whereas its 884 

impairment is connected to tissue senescence and degenerative diseases in mammals [81]. We 885 
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demonstrate that MDSC-mediated glucose sequestration significantly restricts PPP metabolic 886 

capacity, leading to NADPH depletion and exacerbated oxidative stress. Furthermore, 887 

transcriptomic analysis revealed a concurrent downregulation of glutamine influx and 888 

glutaminolysis enzymes in MDSC-exposed T cells. This impairment may restrict GSH 889 

biosynthesis, which together with PPP-driven NADPH depletion to further compromise cellular 890 

antioxidant defenses, a synergistic failure supported by the senescence-rescuing effect of 891 

exogenous glutamine. This integrated redox failure likely precipitates severe downstream 892 

macromolecular damage, cooperating with lipid metabolic remodeling, a recognized parallel 893 

driver of T cell senescence [25, 36], to enforce a comprehensive metabolic dysfunction. Thus, 894 

the PPP acts as a metabolic hub that translates environmental nutrient scarcity into functional 895 

reprogramming. Notably, our imaging flow cytometry analysis demonstrated robust nuclear 896 

colocalization between key components of these dual metabolic axes, implying molecular 897 

crosstalk between bioenergetic stress and oxidative pressure. This integration may involve 898 

potential crosstalk between the two pathways. Specifically, persistent AMPK activation 899 

prioritizes survival by suppressing anabolic flux [82], which may further restrict the entry of 900 

residual glucose into the PPP. Concurrently, the oxidative stress resulting from PPP deficiency 901 

triggers a sustained ATM-dependent DDR [83]. Given that ATM has been reported to directly 902 

activate AMPK in other contexts [84], these pathways might cooperate to maintain the 903 

senescence-associated program. However, these inferences require further validation through 904 

bidirectional pathway-intervention experiments. 905 

From a therapeutic perspective, we evaluated the potential benefits of combining anti-906 

senescence interventions with ICB therapy in the B16F10 melanoma model. Our findings 907 

indicate that PD-L1 antibody therapy, when combined with interventions, including NADPH 908 

supplementation, depletion of myeloid cells, and pharmacological inhibition of ATM signaling, 909 

significantly increases both the quantity and effector function of tumor-infiltrating T cells, 910 

thereby improving tumor control in the B16F10 melanoma model. These combination effects 911 

may reflect the differences in the biological features of senescence- and exhaustion-associated 912 

T cell dysfunction, despite the partial phenotypic overlap between these states [10]. Our 913 

integrated RNA-seq and ATAC-seq analyses revealed that MDSC-induced senescent T cells 914 

exhibit a chromatin landscape enriched for SASP-related genes and cell-cycle regulator genes, 915 

representing a predominant phenotype functionally consistent with senescence [85-87]. While 916 

immune exhaustion represents a progressive loss of effector function that is partially reversible 917 

through PD-1/PD-L1 blockade, senescence is characterized by cell-cycle arrest, accompanied 918 

by metabolic shifts and altered chromatin accessibility, which may limit the response to current 919 
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checkpoint therapies. Consequently, simultaneously targeting senescence and the PD-1/PD-L1 920 

axis addresses different but partially overlapping mechanisms contributing to T cell dysfunction, 921 

thereby broadening a multidimensional reshaping of antitumor immunity. Furthermore, 922 

considering that ICB monotherapy can induce immune-related adverse events [88, 89], whether 923 

these combination strategies influence treatment-related toxicity remains to be investigated. 924 

This study extends the MDSC-metabolic-senescence axis from tumor biology to infection, 925 

highlighting its broader significance across divergent disease models [90-94]. While previous 926 

studies have linked sepsis to premature T cell senescence and thymic atrophy, the underlying 927 

mechanism remains poorly understood [2, 95]. Our findings support a potential contribution of 928 

MDSC-associated metabolic competition. Initially, the onset of T cell senescence is a 929 

consequence of the severe infectious insult, which rapidly mobilizes MDSCs to enforce 930 

metabolic starvation. However, these senescent T cells may contribute to subsequent disease 931 

pathogenesis once established. During the acute hyperinflammatory phase, these cells may 932 

contribute to inflammatory amplification through the SASP, whereas their persistence may 933 

contribute to later immune dysfunction through loss of functional effector capacity. This 934 

temporal dynamic provides a potential mechanistic explanation for the concurrent 935 

hyperinflammation and immunosuppression observed in septic patients. Importantly, we 936 

demonstrate that systemic pharmacological interventions targeting these metabolic and 937 

senescence-associated pathways in septic mice effectively dampen inflammatory cytokines, 938 

reduce tissue damage, restore T cell function, and improve survival. Therefore, these systemic 939 

interventions may offer a potential dual benefit by suppressing excessive inflammation and 940 

alleviating T-cell dysfunction. However, this macroscopic survival benefit must be interpreted 941 

cautiously. Given the overlapping surface markers, anti-Gr1/anti-Ly6G-mediated depletion 942 

strategies inevitably compromise both MDSCs and mature neutrophils in vivo. Importantly, as 943 

sepsis survival is jointly determined by infection control, host inflammation, organ injury, and 944 

immune recovery, the observed survival benefit is likely a net macroscopic result of targeting 945 

the broader Gr1+/Ly6G+ myeloid cells. This benefit may result from both alleviation of MDSC-946 

mediated T cell senescence and attenuation of excessive neutrophil-mediated inflammation. 947 

The precise in vivo causality of MDSC-specific contributions cannot be fully uncoupled by 948 

current pharmacological or antibody interventions, which warrants future investigation using 949 

MDSC-targeted genetic approaches. 950 

Several limitations of this study should be acknowledged. First, because our in vivo 951 

pharmacological and metabolic interventions were administered systemically, potential direct 952 

effects on other immune or stromal cell types, as well as indirect systemic outcomes, cannot be 953 
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completely excluded. Additionally, cell-type- and state-specific genetic models remain 954 

necessary for demonstration of senescent T-cell specificity. MDSC-specific genetic 955 

manipulation of Slc2a1 or Hk2, together with T cell-specific manipulation of AMPK, Foxo1, 956 

or ATM-related signaling and the development of cell-targeted drug-delivery strategies, would 957 

help clarify the in vivo role of MDSC-driven glucose deprivation in regulating T-cell signaling. 958 

Second, our in vitro studies used the total CD11b⁺Gr1⁺ MDSC population without separately 959 

evaluating PMN-MDSCs and M-MDSCs. Although both subsets showed enhanced glucose-960 

related metabolic activity, their relative contributions to metabolic competition and T cell 961 

senescence remain to be determined. Finally, due to the lack of in vivo lineage-tracing, long-962 

term fate mapping, or long-term restimulation models, the long-term stability and irreversibility 963 

of this senescent state were not tested, and the long-term fate of these T cells within the tissue 964 

microenvironment cannot be definitively established. 965 

In summary, this study elucidates the mechanism by which MDSCs drive T cell senescence 966 

through glucose competition and the resulting dual energy and oxidative stress. By clarifying 967 

the roles of AMPK-Foxo1 and PPP-redox axes, we provide a mechanistic blueprint for the 968 

metabolic regulation of immunosenescence. More importantly, these findings suggest that the 969 

MDSC-metabolic-senescence axis may represent a shared immunometabolic feature in mouse 970 

models of tumor and sepsis, providing potential targets for therapeutic intervention. Future 971 

investigations into how these metabolic cues are translated into long-term epigenetic memory 972 

will be crucial for refining therapeutic strategies across a broader range of human diseases.  973 
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Figures and Figure legends 1296 

Fig. 1. MDSCs induce T cell senescence and SASP production. A, scRNA-seq CellChat 1297 

analysis of differential number and strength of interactions between immune cell subsets and 1298 

relative value within each cell-cell interaction between CLP (red) and Sham (blue). GSE249975, 1299 

Peritoneal and spleen tissues from CLP and sham mice. B, scRNA-seq CellChat hierarchical 1300 

network consisting of three parts, in which edge thickness indicates interaction strength; the 1301 
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left panel shows selected cell subsets as signaling senders, the middle panel shows the 1302 

remaining cell subsets (excluding those on the left) as signaling receivers, and the right panel 1303 

shows the same subsets as signaling senders. C, scRNA-seq CellChat two-dimensional 1304 

visualization of major signaling sources (outgoing) and targets (incoming). D-G, Flow 1305 

cytometry analysis of SA--gal positivity and p53, p21, and p16 expression in CD8⁺ and CD4⁺ 1306 

T cells derived from naïve cells cultured alone or cocultured with MDSCs for 3 days (n= 8-13 1307 

independent experiments). H, RNA-seq heatmap of SASP-related gene expression in CD8⁺ T 1308 

cells derived from naïve cells cultured alone or cocultured with MDSCs for 3 days (n = 2 1309 

independent experiments). I,J, qRT-PCR analysis of SASP-related gene expression in CD8⁺ (I) 1310 

and CD4⁺ (J) T cells derived from naïve cells cultured alone or cocultured with MDSCs for 3 1311 

days (n = 3 independent experiments). K,L, Flow cytometry analysis of pro-IL1, IL6, and 1312 

TNF- expression in CD8⁺ (K) and CD4⁺ (L) T cells derived from naïve cells cultured alone or 1313 

cocultured with MDSCs (n = 8 independent experiments). Data are presented as mean ± s.d. 1314 

Statistical significance in D–G and I–L was assessed using an unpaired two-tailed Student’1315 

s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. 1316 

 1317 

 1318 
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 1319 

Fig. 2. MDSCs promote T cell senescence and cell-cycle arrest through an ATM-dependent 1320 

DDR. A, UMAP projection based on scRNA-seq data of cells from a mouse CLP sepsis model, 1321 

showing the distribution and relative proportions of distinct cell subpopulations. GSE249975, 1322 

peritoneal and spleen tissues from CLP and sham mice. B, Enrichment analysis of senescence- 1323 

and DNA damage-related gene sets in T cells of CLP versus sham mice. GSE249975, peritoneal 1324 
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and spleen tissues from CLP and sham mice. C, GSEA of senescence- and DNA damage-related 1325 

gene sets based on RNA-seq data from CD8⁺ T cells derived from naïve cells cultured alone or 1326 

cocultured with MDSCs for 3 days. D, GSEA of senescence- and DNA damage-related gene 1327 

sets based on ATAC-seq data from CD8⁺ T cells derived from naïve cells cultured alone or 1328 

cocultured with MDSCs for 3 days. E,F, Flow cytometry analysis of p-ATM, p-H2AX, and p-1329 

CHK2 expression in CD8⁺ (E) and CD4⁺ (F) T cells derived from naïve cells cultured alone or 1330 

cocultured with MDSCs for 3 days (n = 3 independent experiments). G,H, Flow cytometric 1331 

analysis of SA--gal activity in CD8⁺ (G) and CD4⁺ (H) T cells derived from naïve cells 1332 

pretreated with the ATM inhibitor KU55933 (10 μM) for 24 h, followed by culture alone or 1333 

coculture with MDSCs for 3 days (n = 3 independent experiments). I, Imaging flow cytometry 1334 

analysis of colocalization between p-ATM, p-H2AX, or p-CHK2 and p16 or p21. Data are 1335 

presented as mean ± s.d. P values for GSEA enrichment analyses in C–D were adjusted using 1336 

the Benjamini–Hochberg procedure; data in E,F were analyzed using an unpaired two-tailed 1337 

Student’s t-test, and data in G,H using one-way ANOVA followed by Dunnett’s multiple-1338 

comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. 1339 

 1340 
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Fig. 3. Metabolic competition for glucose by MDSCs impairs T cell metabolic capacity in 1341 

sepsis and tumor microenvironments. A, Flow cytometric analysis of SA--gal activity in 1342 

CD8⁺ and CD4⁺ T cells derived from naïve cells cultured for 3 days under conditions of direct 1343 

contact with MDSCs, indirect coculture with MDSCs via transwell, coculture with fixed 1344 

MDSCs, or culture in MDSC-conditioned medium (n = 6 independent experiments). B, Flow 1345 

cytometric analysis of GLUT1 and HK2 expression in MDSCs and T cell subsets, including 1346 
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naïve T cells (TN), central memory T cells (TCM), effector memory T cells (TEM), and 1347 

terminally differentiated effector memory T cells (TEMRA), in the peripheral blood of septic 1348 

mice (n = 3 mice). TN, CD44⁻CD62L⁺; TCM, CD44⁺CD62L⁺; TEM, CD44⁺CD62L⁻; TEMRA, 1349 

CD44⁻CD62L⁻. C, Quantification of residual glucose levels in culture medium after 3 days of 1350 

independent culture of equal numbers of naïve T cells or MDSCs (n = 3 independent 1351 

experiments). D, Flow cytometry analysis of 2-NBDG uptake in CD4⁺ or CD8⁺ T cells derived 1352 

from naïve cells, as well as in MDSCs, after 3 days of coculture (n = 3 independent experiments). 1353 

E,F, Flow cytometry analysis of 2-NBDG uptake by MDSCs and T cells from multiple tissues 1354 

1 h after tail vein injection of 2-NBDG in CLP and sham (E) or B16F10 tumor-bearing and 1355 

normal (F) mice (n = 5-6 mice per group). PB, peripheral blood; SP, spleen; BM, bone marrow; 1356 

ILN, inguinal lymph node; MLN, mesenteric lymph node; PLL, peritoneal lavage fluid; TDLN, 1357 

tumor-draining lymph node. G, Dot plot based on scRNA-seq data showing metabolic features 1358 

of glycolysis, the pentose phosphate pathway, and the TCA cycle across distinct cell 1359 

subpopulations. GSE249975, Peritoneal and spleen tissues from CLP and sham mice ; 1360 

GSE139125, Spleen tissues from breast cancer and normal mice; GSE152275, Tumor tissues 1361 

from glioma mice. H,I, Flow cytometry analysis of GLUT1 (H) and HK2 (I) expression in 1362 

CD8⁺ T cells from multiple tissues of CLP mice treated with vehicle or the anti-Gr1 antibody 1363 

(n = 3 mice per group). PB, peripheral blood; SP, spleen; BM, bone marrow; ILN, inguinal 1364 

lymph node; MLN, mesenteric lymph node; PLL, peritoneal lavage fluid. Data are presented 1365 

as mean ± s.d. Data in A–D were analyzed using one-way ANOVA followed by Tukey’s 1366 

multiple-comparisons test, whereas data in E,F,H,I were analyzed using two-way repeated-1367 

measures ANOVA followed by Šídák’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P 1368 

< 0.001, ****P < 0.0001; ns, not significant. 1369 

 1370 

 1371 
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Fig. 4. MDSCs drive T cell senescence by reprogramming glucose metabolism and 1372 

bioenergetic fitness. A, RNA-seq heatmap of glycolysis- and pentose phosphate pathway-1373 

related gene expression in CD8⁺ T cells derived from naïve cells cultured alone or cocultured 1374 

with MDSCs for 3 days (n = 2 independent experiments). B-E, qRT-PCR analysis of glycolysis- 1375 

and PPP-related gene expression in CD8⁺ (B,C) and CD4⁺ (D,E) T cells derived from naïve 1376 
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cells cultured alone or cocultured with MDSCs for 3 days (n = 6 independent experiments). 1377 

F,G, Flow cytometry analysis of GLUT1 (F) and HK2 (G) expression in CD8⁺ and CD4⁺ T 1378 

cells derived from naïve cells cultured alone or cocultured with MDSCs for 3 days (n = 3 1379 

independent experiments). H,I, Quantification of G6P and 6PGD activity and flow cytometry 1380 

analysis of G6PD expression in CD8⁺ (H) and CD4⁺ (I) T cells derived from naïve cells cultured 1381 

alone or cocultured with MDSCs for 3 days (n = 3 independent experiments). J, Heatmap of 1382 

the relative abundance of energy metabolism-related metabolites in CD8⁺ T cells derived from 1383 

naïve cells cultured alone or cocultured with MDSCs for 3 days (n = 5 independent 1384 

experiments). K, ECAR of CD8⁺ T cells derived from naïve cells cultured alone or cocultured 1385 

with MDSCs, measured using a Seahorse extracellular flux analyzer (n = 6 independent 1386 

experiments). L, OCR of CD8⁺ T cells derived from naïve cells cultured alone or cocultured 1387 

with MDSCs, measured using a Seahorse extracellular flux analyzer (n = 6 independent 1388 

experiments). M,N, Flow cytometry analysis of ATP5A expression in CD8⁺ (M) and CD4⁺ (N) 1389 

T cells derived from naïve cells cultured alone or cocultured with MDSCs for 3 days (n = 3 1390 

independent experiments). O, Flow cytometry analysis of SA--gal activity in CD8⁺ and CD4⁺ 1391 

T cells derived from naïve cells cocultured with MDSCs for 3 days, with MDSCs pretreated 1392 

for 24 h with the glucose metabolism inhibitor phloretin (2 µM) or 2-DG (1 mM) (n = 9 1393 

independent experiments). P, Flow cytometry analysis of SA--gal activity in CD8⁺ and CD4⁺ 1394 

T cells derived from naïve cells cocultured with MDSCs for 3 days, with additional glucose 1395 

supplementation (25 µM and 35 µM) (n = 9 independent experiments). Data in B–I and M,N 1396 

were analyzed using an unpaired two-tailed Student’s t-test; time-course data in K,L were 1397 

analyzed using two-way ANOVA followed by Šídák’s multiple-comparisons test, and data in 1398 

O,P using one-way ANOVA followed by Dunnett’s multiple-comparisons test. Data are 1399 

presented as mean ± s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not 1400 

significant. 1401 

 1402 

 1403 
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Fig. 5. Activation of the AMPK-Foxo1 signaling axis contributes to MDSC-mediated T cell 1404 

senescence. A, KEGG enrichment analysis of signaling pathways in senescent CD8⁺ T cells 1405 

after 3 days of coculture with MDSCs. B, GSEA and gene expression heatmap of AMPK 1406 

signaling pathway-related genes in senescent CD8⁺ T cells after 3 days of coculture with 1407 
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MDSCs. C, Heatmap of transcription factor expression changes in CD8⁺ T cells during MDSC-1408 

induced senescence. D,E, Flow cytometry analysis of Foxo1, p-Foxo1 (Ser249), and p-Foxo1 1409 

(Ser256) expression in CD8⁺ (D) and CD4⁺ (E) T cells derived from naïve cells cultured alone 1410 

or cocultured with MDSCs at indicated time points (n = 3-5 independent experiments). F,G, 1411 

Flow cytometry analysis of AMPK phosphorylation in CD8⁺ (F) and CD4⁺ (G) T cells derived 1412 

from naïve cells cultured alone or cocultured with MDSCs at indicated time points (n = 6 1413 

independent experiments). H, Western blot analysis of total and phosphorylated AMPK and 1414 

AKT in CD8⁺ T cells derived from naïve cells cultured alone or cocultured with MDSCs for 3 1415 

days. I, Western blot analysis of Foxo1 and its phosphorylated forms in cytoplasmic and nuclear 1416 

fractions of CD8⁺ T cells derived from naïve cells cultured alone or cocultured with MDSCs 1417 

for 3 days. J, Confocal immunofluorescence analysis of the subcellular localization of 1418 

phosphorylated Foxo1 in CD8⁺ T cells derived from naïve cells cultured alone or cocultured 1419 

with MDSCs for 3 days. K,L, Imaging flow cytometry analysis of the intracellular localization 1420 

of p-Foxo1 (Ser249) and p-Foxo1 (Ser256) in CD8⁺ T cells derived from naïve cells cultured 1421 

alone or cocultured with MDSCs for 3 days. M, ATAC-seq peak plots of chromatin accessibility 1422 

at the Foxo1 and Cdkn2a gene in CD8⁺ T cells derived from naïve cells cultured alone or 1423 

cocultured with MDSCs for 3 days (n = 3 independent experiments). N, Imaging flow 1424 

cytometry analysis of colocalization between p-H2AX or p-CHK2 and p-AMPK or p-Foxo1 1425 

(Ser249), as well as with p53 or p21 in CD8⁺ T cells derived from naïve cells cultured alone or 1426 

cocultured with MDSCs for 3 days. O,P, Flow cytometry analysis of SA--gal and p21 1427 

expression at indicated time points in CD8⁺ T cells derived from naïve cells pretreated with the 1428 

Foxo1 inhibitor AS1842856 (5μM, O) or the AMPK inhibitor Compound C (5μM, P), followed 1429 

by culture alone or coculture with MDSCs for 3 days (n = 3-4 independent experiments). Data 1430 

are presented as mean ± s.d.  P values for enrichment analyses in A,B were adjusted using the 1431 

Benjamini–Hochberg procedure; data in D,E,F,G,O,P were analyzed using two-way ANOVA 1432 

followed by Šídák’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 1433 

0.0001; ns, not significant. 1434 

 1435 

 1436 
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Fig. 6. MDSC-imposed metabolic restriction mediates T cell senescence by disrupting 1437 

NADPH-dependent redox homeostasis. A, Quantification of NADPH and NADP⁺ levels and 1438 

the NADPH/NADP⁺ ratio in CD8⁺ and CD4⁺ T cells derived from naïve cells cultured alone or 1439 

cocultured with MDSCs for 3 days (n = 6 independent experiments). B, Quantification of GSH 1440 

and GSSG levels and the GSH/GSSG ratio in CD4⁺ and CD8⁺ T cells derived from naïve cells 1441 

cultured alone or cocultured with MDSCs for 3 days (n = 3 independent experiments). C, GSEA 1442 

of ROS-regulated gene sets in CD8⁺ T cells derived from naïve cells cocultured with MDSCs 1443 
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for 3 days. D-G, Flow cytometry analysis of total ROS (D), mitochondrial ROS (MitoSOX; E), 1444 

mitochondrial mass (MitoTracker; F), and mitochondrial membrane potential (TMRM; G) in 1445 

CD8⁺ and CD4⁺ T cells derived from naïve cells cultured alone or cocultured with MDSCs for 1446 

3 days (n = 3 independent experiments). H, Flow cytometry analysis of ROS, SA--gal, and 1447 

DNA damage-related molecules in CD8⁺ T cells from naïve cells cocultured with MDSCs 1448 

following exogenous NADPH supplementation (500 μM) (n = 6 independent experiments). I, 1449 

Flow cytometry analysis of ROS, SA--gal, and DNA damage-related molecules in CD8⁺ T 1450 

cells from naïve cells cocultured with MDSCs following exogenous glutamine supplementation 1451 

(2 mM) (n = 6 independent experiments). J, Flow cytometry analysis of ROS, SA--gal, and 1452 

DNA damage-related molecules in CD8⁺ T cells from naïve cells cocultured with MDSCs 1453 

following exogenous GSH supplementation (500 μM) (n = 6 independent experiments). K, 1454 

Imaging flow cytometry analysis of p-ATM colocalization with G6PD or ROS, and with p16 1455 

or p21 in CD8⁺ T cells derived from naïve cells cultured alone or cocultured with MDSCs for 1456 

3 days. Data are presented as mean ± s.d. P values for GSEA in C were adjusted using the 1457 

Benjamini–Hochberg procedure; data in A,B,D–G were analyzed using an unpaired two-tailed 1458 

Student’s t-test, and data in H–J using one-way ANOVA followed by Dunnett’s multiple-1459 

comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. 1460 

 1461 

 1462 
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Fig. 7. Depletion of Gr1+/Ly6G+myeloid cells and systemic pharmacological interventions 1463 

targeting ROS-DNA damage pathways alleviate systemic inflammation and organ injury 1464 

and improve survival in septic mice. A, Schematic diagram of CLP-induced sepsis model 1465 

establishment and in vivo intervention workflow. B, Kaplan-Meier survival curves for each 1466 

group over 7 consecutive days (Sham, sham surgery group; Control, PBS-treated group; anti-1467 

Gr1, anti-Ly6G, NADPH, KU55933, and AS1842856, intervention groups; n = 9 mice per 1468 

group, except anti-Ly6G and NADPH, n = 10). C, SA-β-gal staining of T cells from peripheral 1469 

blood and multiple immune tissues 24 h after intervention in the Sham, Control (PBS-treated 1470 

CLP), anti-Gr1, anti-Ly6G, NADPH, KU55933, and AS1842856 groups (n = 3–4 mice per 1471 

group). D,E, Histological analysis of lung tissue by H&E staining (D) and quantification of 1472 

lung wet/dry weight ratio (E) 24 h after intervention (n = 6-8 mice per group). F-I, Serum levels 1473 
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of IL-1 (F), IL-6 (G), TNF- (H), and IFN- (I) measured by ELISA 24 h after intervention 1474 

(n = 5-7 mice per group). The groups analyzed in D–I included Sham, Control (PBS-treated 1475 

CLP), anti-Gr1, NADPH, KU55933, and AS1842856. Survival curves in B were analyzed using 1476 

the log-rank (Mantel–Cox) test. Data in C were analyzed using two-way repeated-measures 1477 

ANOVA followed by Šídák’s multiple-comparisons test. Data in E–I were analyzed using one-1478 

way ANOVA followed by Dunnett’s multiple-comparisons test. Data are presented as mean ± 1479 

s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. 1480 

 1481 

 1482 
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Fig. 8. Alleviating MDSC-mediated CD8⁺ T cell senescence enhances the antitumor 1483 

efficacy of PD-L1 blockade in the B16F10 melanoma model. A, Schematic diagram of the 1484 

experimental workflow for establishment of the B16F10 melanoma model and administration 1485 

of intervention therapies (anti-Gr1, KU55933, or NADPH). B, Tumor growth curves over 24 1486 

days in mice from different treatment groups (Ctrl, PBS-treated control group; anti-Gr1, 1487 

NADPH, and KU55933, intervention groups; n = 7 mice per group). C, Flow cytometry 1488 

analysis of CD8⁺ T cell frequency, SA--gal activity, granzyme B, and perforin expression in 1489 

tumor-infiltrating lymphocytes (n = 7 mice per group). D, Flow cytometry analysis of SA--1490 

gal expression in CD8⁺ T cells from peripheral blood and multiple immune tissues. TDLN, 1491 
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tumor-draining lymph node; PB, peripheral blood; SP, spleen; BM, bone marrow. NC, normal 1492 

control group; Ctrl, PBS-treated control group; anti-Gr1, NADPH, and KU55933, intervention 1493 

groups (n = 6 mice for NC group; n = 7 mice for other groups). E, Schematic diagram of the 1494 

experimental workflow for establishment of the B16F10 melanoma model and administration 1495 

of combination therapy. F, Tumor growth curves over 24 days in mice from different treatment 1496 

groups (Ctrl, PBS-treated control group; anti-PD-L1, anti-Gr1, anti-Gr1 plus anti-PD-L1, 1497 

NADPH, NADPH plus anti-PD-L1, KU55933, and KU55933 plus anti-PD-L1, intervention 1498 

groups; n = 7 mice per group). G-J, Flow cytometry analysis of CD8⁺ T cell frequency (G), 1499 

SA--gal activity (H), granzyme B expression (I), and perforin expression (J) in tumor-1500 

infiltrating lymphocytes (n = 7 mice per group). Bar charts are presented as mean ± s.d. Tumor 1501 

growth curves are presented as mean ± s.e.m. Tumor-growth curves in B,F were analyzed using 1502 

two-way repeated-measures ANOVA followed by Šídák’s multiple-comparisons test; data in C 1503 

were analyzed using one-way ANOVA followed by Dunnett’s test, data in D using two-way 1504 

repeated-measures ANOVA followed by Šídák’s test, and data in G–J using one-way ANOVA 1505 

followed by Tukey’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 1506 

0.0001; ns, not significant. 1507 

 1508 
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