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Abstract  29 

Senescent cells accumulate in organisms over time because of tissue damage and impaired 30 

immune surveillance and contribute to age-related tissue decline1,2. In agreement, genetic 31 

ablation studies reveal that elimination of senescent cells from aged tissues can ameliorate 32 

various age-related pathologies, including metabolic dysfunction and decreased physical fitness3-33 

7. While small-molecule drugs capable of eliminating senescent cells (known as ‘senolytics’) 34 

partially replicate these phenotypes, many have undefined mechanisms of action and all require 35 

continuous administration to be effective. As an alternative approach, we have developed a cell-36 

based senolytic therapy based on chimeric antigen receptor (CAR) T cells targeting uPAR, a cell-37 

surface protein upregulated on senescent cells, and previously showed these can safely and 38 

efficiently eliminate senescent cells in young animals and reverse liver fibrosis8. We now show 39 

that uPAR-positive senescent cells accumulate during physiological aging and that they can be 40 

safely targeted with senolytic CAR T cells. Treatment with anti uPAR CAR T cells ameliorates 41 

metabolic dysfunction by improving glucose tolerance and exercise capacity in physiological 42 

aging as well as in a model of metabolic syndrome. Importantly, a single administration of a low 43 

dose of these senolytic CAR T cells is sufficient to achieve long-term therapeutic and preventive 44 

effects.  45 

 46 

47 
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Main 48 

Cellular senescence is a stress response program characterized by stable cell cycle arrest9,10 and 49 

the production of the senescence-associated secretory phenotype (SASP), which includes 50 

proinflammatory cytokines and matrix remodeling enzymes11. In physiological conditions in young 51 

individuals (e.g., wound healing, tumor suppression), the SASP contributes to the recruitment of 52 

immune cells, whose role is to clear the senescent cells and facilitate restoration of tissue 53 

homeostasis11. However, during aging, the combination of increased tissue damage and 54 

decreased function of the immune system leads to the accumulation of senescent cells1,2, thereby 55 

generating a chronic pro-inflammatory milieu that leads to a range age-related tissue 56 

pathologies5,12-14. As such, senolytic strategies to eliminate senescent cells from aged tissues 57 

have the potential to dramatically improve healthspan.  58 

 59 

Most efforts to develop senolytic approaches have focused on the development of small molecule 60 

therapies that target as yet poorly defined molecular dependencies present in senescent cells 61 

and that must be administered repeatedly over time15. In contrast, chimeric antigen receptor T 62 

cells (CAR T cells) are a form of cellular therapy that redirects T cell specificity towards cells 63 

expressing a specific cell-surface antigen16. Unlike small molecules, CAR T cells only require that 64 

the target antigen is differentially expressed on target cells compared to normal tissues; moreover, 65 

as “living drugs”, these therapeutics have the potential to persist and mediate their potent effects 66 

for years after single administration17. Leveraging ‘senolytic’ CAR T cells that we previously 67 

evaluated in young animals, we set to explore whether CAR T cells could safely and effectively 68 

eliminate senescent cells in aged mice and modulate healthspan.  69 

 70 

Results 71 

uPAR is upregulated in physiological aging  72 
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The urokinase plasminogen activator receptor (uPAR) promotes remodeling of the extracellular 73 

matrix during fibrinolysis, wound healing and tumorigenesis18. In physiological conditions it is 74 

primarily expressed in certain subsets of myeloid cells and, at low levels, in the bronchial 75 

epithelium8. We recently described the upregulation of uPAR on senescent cells across different 76 

cell types and multiple triggers of senescence8 and showed that CAR T cells targeting this cell-77 

surface protein could efficiently remove senescent cells from tissues in young mice without 78 

deleterious effects to normal tissues8. Given these results, we wondered whether uPAR might 79 

serve as a target for senolytic CAR T cells in aged tissues.  80 

 81 

Plasma levels of soluble uPAR (suPAR) positively correlate with the pace of aging in humans19,20 82 

and Plaur (the gene encoding uPAR) is a component of the SenMayo gene signature recently 83 

reported to identify senescent cells in aging21. To explore the association with uPAR expression 84 

in aged tissues further, we surveyed RNA-sequencing (RNA-seq) data from the Tabula Muris 85 

Senis project22. Expression of Plaur was upregulated in several organs (e.g.: liver, adipose tissue) 86 

in samples from 20-month-old mice compared to 3-month-old mice (Extended Data Fig. 1a). 87 

Because mRNA levels are not linearly related to surface protein levels23, we performed 88 

immunohistochemistry and indeed confirmed an age-associated increase in uPAR protein  in liver, 89 

adipose tissue, skeletal muscle and pancreas (Fig. 1a and Extended Data Fig. 1b). This increase 90 

in fraction of uPAR-positive cells was paralleled by an increase in the percentage of SA-b-gal 91 

positive cells (Extended Data Fig.1c,d,g,h). Co-immunofluorescence revealed that the vast 92 

majority of these SA-b-gal expressing cells were in fact uPAR positive (Extended Data Fig.1e,i).  93 

Only a minority of these cells were macrophages as evidenced by co-expression of F4/80, though 94 

it was notable that those macrophages that were b-gal/uPAR double-positive were extraordinarily 95 

rare in young mice and also markedly increased with age (Extended Data Fig.1e,f,i,j).   96 

 97 
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To add granularity to our understanding of the molecular characteristics of uPAR-positive cells in 98 

aged tissues, we performed single-cell RNA sequencing (scRNAseq) on approximately 4,000-99 

15,000 uPAR-positive and -negative cells FACS sorted from the liver, fat and pancreas  (Fig. 1b-100 

m and Extended Data Fig. 2 and 3). Using unsupervised clustering and marker-based cell 101 

labelling24,25, we identified distinct cell types and states in each tissue (Fig. 1b-d and Extended 102 

Data Fig.2). Thus, our isolation strategy and sequencing identified the major cell types present in 103 

each of the three organs. Of note, some minor cell types (e.g., hepatic stellate cells in the liver, 104 

and beta cells in the pancreas) require specialized isolation procedures and were not captured 105 

using our protocol 26,27.  106 

 107 

Analysis of the different populations for uPAR expression indicated that endothelial and myeloid 108 

cells were the most prominent uPAR-expressing populations in the liver (Fig. 1e and Extended 109 

Data Fig. 2b), whereas in adipose tissue uPAR was expressed mainly in subsets of 110 

preadipocytes, dendritic cells and myeloid cells (Fig. 1f and Extended Data Fig. 2d). In the aged 111 

pancreas, uPAR expression was prominent in subsets of endothelial cells, fibroblasts, dendritic 112 

cells and myeloid cells (Fig. 1g and Extended Data Fig. 2f).  Compared to to uPAR negative 113 

cells, uPAR positive cells, were significantly enriched in gene signatures linked to inflammation, 114 

the complement, and the coagulation cascade as well as TGFb signaling (Extended Data Fig.3a-115 

c).   116 

 117 

Importantly, when senescent cells present in these tissues were identified using two independent 118 

transcriptomic signatures of senescence21,28, we observed that the main senescent cells types 119 

present in aged livers were indeed endothelial and myeloid cells (Fig. 1h and Extended Data 120 

Fig.3d,g-i), in adipose tissue were dendritic cells, myeloid cells and preadipocytes (Fig. 1j and 121 

Extended Data Fig.3e,j-l) and in the pancreas were endothelial, fibroblasts, dendritic and myeloid 122 

cells (Fig. 1l and Extended Data Fig.3f, m-o).  Thus, uPAR positive cells constituted a significant 123 



 7 

fraction of the senescent-cell burden in these tissues (67-90% in liver, 92-66% in adipose tissue 124 

and 76-63% in pancreas) (Fig.1i,k,m and Extended Data Fig. 3h,k,n). Note that while our 125 

analysis could not evaluate pancreatic beta cells, analysis of published data revealed that  126 

expression of Plaur was significantly upregulated in senescent beta cell populations isolated from 127 

aged animals and subjected to bulk RNA-seq7. 128 

 129 

Finally, to ascertain whether uPAR was expressed in senescent cells that accumulate with age in 130 

human tissues, we analyzed available datasets of human pancreas collected from young (0-6 131 

year old) and aged (50-76 year old) individuals 29. While we were limited to an analysis of Plaur 132 

transcript abundance in these settings, we found that the fraction of Plaur-expressing cells was 133 

substantially greater in older individuals (Extended Data Fig.4). [ 134 

 135 

Overall, these results indicate that the levels of uPAR positive senescent cells increase with age 136 

and that most senescent cells present in aged tissues express uPAR. The fact that we can identify 137 

settings in which an increased expression of uPAR protein expression doesn’t correlate with Plaur 138 

levels indicates that, in the context of aging and perhaps other settings, the absence of an 139 

induction of Plaur transcript levels does not exclude the possibility of an increase in uPAR protein 140 

expression.  141 

 142 

Effect of uPAR CAR T cells in naturally aged mice 143 

To determine the tolerability and therapeutic activity of uPAR-targeting CAR T cells on 144 

physiologically aged mice, we intravenously infused aged C57BL/6 mice (18-20 months old) with 145 

our previously developed murine second-generation CAR T cells targeting mouse uPAR8 146 

(m.uPAR-m.28z). m.uPAR-m.28z CAR T cells contain an anti-mouse uPAR single-chain variable 147 

fragment (scFV) linked to mouse CD28 costimulatory and mouse CD3z signaling domains and 148 

are therefore fully murine CAR T cells that allow for syngeneic studies8. Importantly, the CAR T 149 
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cells were generated from CD45.1 mice and infused into C57BL/6 mice which are CD45.2, thus 150 

allowing for CAR T cells to be differentiated from endogenous T cells and therefore monitored 151 

over time (Fig. 2a). As controls, parallel cohorts of sex and aged matched mice were infused with 152 

the same dose of either untransduced T (UT) cells or T cells expressing a murine CAR targeting 153 

human CD19 (h.19-m.28z) that does not recognize the murine CD19 protein but encompasses 154 

the exact same signaling structure thus controlling for non-specific T cell cytotoxicity. We opted 155 

to test a dose of 0.5x106 CAR-positive cells, which we previously found to balance safety and 156 

senolytic efficacy in young animals8. 157 

 158 

Mice infused with m.uPAR-m.28z CAR T cells, but not controls, showed a reduction in the 159 

proportions of SA-b-Gal- and uPAR-positive cells throughout the tissues examined, most notably 160 

in the pancreas, liver and adipose tissue (Fig. 2b and Extended Data Fig. 5). As has been 161 

previously reported, our aged mouse cohort displayed elevated levels of pro-inflammatory 162 

cytokines linked to the SASP in the peripheral blood, a phenomenon often referred to as 163 

“inflammaging”30. Consistent with a reduction in senescent cell burden and/or improved 164 

organismal health, uPAR-m.28z CAR T treated animals showed a significant decrease in the 165 

plasma levels of these factors (Fig. 2c).  166 

 167 

Despite detectable expression of uPAR in some normal tissues, our previous work indicates that 168 

a dose of 0.5x106 m.uPAR-m.28z CAR T cells is well tolerated in young mice8. As was the case 169 

in young animals, the dose of 0.5x106 m.uPAR-m.28z CAR T cells was well tolerated in aged 170 

mice (18-20 months old), all of whom remained active without observable signs of morbidity, 171 

weight loss, or relevant alterations in serum chemistry or complete blood counts (Extended Data 172 

Fig. 6).  In addition, microscopic evaluation of tissues did not reveal tissue damage secondary to 173 

toxicity in aged tissues obtained from whole body necropsies of m.uPAR-m.28z CAR T treated 174 

mice when compared to age-matched control treated animals (Extended Data Fig. 7).   175 
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 176 

One prominent feature of aging in humans and mice is the emergence of age-related metabolic 177 

dysfunction, which is a collection of phenotypes linked to impaired glucose tolerance7,31 and 178 

decreased exercise capacity3,32. Interestingly, we observed that aged m.uPAR-m.28z CAR T 179 

treated mice had significantly decreased fasting glucose levels compared with UT or h.19-m.28z-180 

treated controls (Fig. 2d).  Upon challenge with an intraperitoneal bolus of glucose (2 g/kg), 181 

m.uPAR-m.28z CAR T treated aged but not young mice presented significantly lower plasma 182 

glucose levels than controls for over 2 hours after administration (Fig. 2e,f and Extended Data 183 

Fig. 8a,b). Furthermore, m.uPAR-m.28z CAR T treated mice had lower basal insulin levels after 184 

fasting that was followed by a significant increase in insulin levels 15 minutes after the glucose 185 

load, indicative of improved pancreatic b cell function (Fig. 2g). Of note, m.uPAR-m.28z CAR T 186 

treated aged mice also presented improved peripheral insulin sensitivity, suggesting a 187 

coordinated multiorgan improvement in glucose homeostasis (Extended Data Fig. 8c,d). In 188 

addition, most aged mice with m.uPAR-m.28z CAR T showed improvements in their exercise 189 

capacity at 2.5 months after treatment compared to pretreatment levels (Fig. 2h,i).  190 

 191 

Importantly, the improvement in metabolic function noted in m.uPAR-m.28z CAR T cell-treated 192 

old mice was accompanied by a significant expansion of m.uPAR-m.28z CAR T cells and their 193 

trafficking to several organs such as liver and spleen as assessed by flow cytometry (Fig. 2j,k). 194 

These m.uPAR-m.28z CAR T cells were mostly cytotoxic CD8+ T cells in the livers and CD4+ T 195 

cells in the spleen and presented an effector phenotype indicative of their activated response 196 

(Extended Data Fig. 9a-d).Of note, this expansion did not occur in aged-matched UT or h.19-197 

m.28z-treated controls and was significantly lower in m.uPAR-m.28z CAR T treated young mice, 198 

results that were consistent with the lower fraction of uPAR-positive cells in younger animals (Fig. 199 

1a; Fig. 3a,b and Extended Data Fig. 1).  200 

 201 
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Collectively, these results show that uPAR CAR T cells can safely and effectively remove 202 

senescent uPAR-positive cells in the tissues of naturally aged mice and ameliorate age-203 

dependent metabolic and physical dysfunction.  204 

 205 

Persistence and preventive activity of uPAR CAR T cells during physiological aging.  206 

Unlike small molecules, CAR T cells can persist in the organism and exert their effects over time17. 207 

Indeed, in human cancer patients cured of disease, the presence of CAR T cells has been noted 208 

as much as 10 years after the initial infusion17. Such persistence raises the question of whether 209 

the administration of uPAR CAR T cells in young animals would prevent or delay the development 210 

of age-triggered phenotypes later in life. To explore this possibility, we infused young mice (3 211 

months old) with one dose of 0.5x106 m.uPAR-m.28z CAR T, h.19-m.28z CAR T or UT cells and 212 

monitored the mice over their natural lifespan (Fig. 3). Despite the initially lower numbers of 213 

uPAR-positive cells compared to aged animals (see above), uPAR CAR T cells were detectable 214 

in the spleens and livers of treated mice 12 months after the initial single infusion at significantly 215 

higher levels than the low number of persisting UT or h.19 CAR T controls (Fig. 3a,b). Consistent 216 

with their persistent activity, flow cytometry of the spleen and livers of uPAR CAR T cell treated 217 

mice indicated that the persisting cells were mostly cytotoxic CD8 T cells harboring a memory 218 

and effector phenotype in the spleens (Extended Data Fig. 9e-h). Therefore, uPAR CAR T cells 219 

persist and expand over the lifespan of the animal, presumably owing to increased antigen 220 

stimulation as the frequency of target uPAR positive cells increases over time. 221 

 222 

As was observed in aged animals upon therapeutic treatment, prophylactic uPAR CAR T cell 223 

administration in young mice limited metabolic decline in old age. Specifically, uPAR CAR T 224 

treated mice had significantly lower fasting glucose levels (Fig. 3c), improved glucose tolerance 225 

(Fig. 3d,e) and enhanced pancreatic b cell function as assessed by glucose-stimulated insulin 226 

secretion (Fig. 3f) than mice treated with either UT or h.19-m.28z. In terms of fitness, mice that 227 
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in their youth had been treated with m.uPAR-m.28z CAR T cells, compared with control-treated 228 

mice, showed higher exercise capacity at 9 months of age (Fig. 3g,h), although this waned over 229 

time (Extended Data Fig. 9i,j). These phenotypes correlated with a significant decrease in both 230 

SA-b-Gal-positive and uPAR-positive cells in pancreas, liver, and adipose tissue (Fig. 3i and 231 

Extended Data Fig. 10).  Taken together, these results show that uPAR CAR T cells can not only 232 

treat, but also prevent, features of age-dependent metabolic decline.  233 

 234 

Therapeutic and preventive potential of uPAR CAR T cells in metabolic syndrome 235 

Many of the features associated with metabolic syndrome in aged mice can be recapitulated in 236 

young animals given a high fat diet33 and, indeed, obesity has been described to accelerate the 237 

“aging clock”34. Indeed, as in aged animals, such treatment leads to the accumulation of 238 

senescent cells7 (Extended Data Fig. 11a-d). To test the therapeutic potential of uPAR CAR T 239 

cells in this context, we modeled metabolic syndrome by feeding mice a high-fat diet (HFD), which 240 

induces obesity and metabolic stress35. After two months on HFD, mice were treated with 0.5x106 241 

m.uPAR-m.28z CAR T or UT cells and continued on the diet (Fig. 4a). At 20 days after infusion, 242 

mice treated with uPAR CAR T cells displayed significantly lower body weight, better fasting blood 243 

glucose levels and improvements in both glucose and insulin tolerance compared to controls (Fig. 244 

4b-g). This therapeutic effect persisted through the period of monitoring (2.5m after cell infusion) 245 

and was accompanied by decreased senescent cell burden in pancreas, liver and adipose tissue 246 

as assessed by SA-b-gal (Fig. 4h,I and Extended Data Fig. 11e-h). Thus, uPAR CAR T therapy 247 

produced a similar improvement to metabolic dysfunction in the context of metabolic syndrome in 248 

young animals as was observed in naturally aged mice.  249 

 250 

To test whether prophylactic administration of uPAR CAR T cells could impede the development 251 

of metabolic disorders in young mice given HFD, we administered 0.5x106 m.uPAR-m.28z CAR 252 
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T 1.5 months before placement on HFD (Fig. 4j). Remarkably, m.uPAR-m.28z CAR T cells (but 253 

not treatment with UT cells) acted prophylactically to blunt the accumulation of senescent cells 254 

over time, an effect that was also associated with  decreased weight gain and glucose levels 3.5 255 

months after infusion (Extended Data Fig. 9i-l and Fig. 4k-n). At this time, m.uPAR-m.28z CAR 256 

T were detectable and enriched in the spleens and livers of treated mice, they again were 257 

composed mostly of CD8 T cells with an effector phenotype (Extended Data Fig. 12). This 258 

preventive effect on metabolic dysfunction was sustained for at least 5.5 months after cell infusion 259 

despite continuous exposure to high fat diet (Fig. 4o,p).  260 

 261 

Overall, these data highlight the contribution of uPAR-positive cells to metabolic dysfunction in 262 

aged and obese mice and raise the possibility that targeting these cells through CAR T cells could 263 

have therapeutic benefit in humans.  264 

 265 

Discussion 266 

Our study provides proof-of-principle evidence that senolytic cell therapies can ameliorate 267 

symptoms associated with physiological aging. We previously showed that uPAR targeting CAR 268 

T cells could safely and effectively eliminate senescent cells in the livers of young animals8. Here, 269 

focusing on metabolic dysfunction as one prominent age-related pathology, we show that: (i) the 270 

fraction of uPAR-positive cells increases with age, (ii) that these cells significantly contribute to 271 

the senescence burden in aged tissues, (iii) uPAR-positive cells with senescence signatures 272 

consist of both immune and non-immune populations, the latter consisting of a range of cell types 273 

that are organ dependent, (iv) uPAR CAR T cells can be effective at eliminating uPAR-positive 274 

senescent cells; (v) and their effect is not associated with pathology in tissues or alterations of 275 

hepatic and renal functional parameters in aged mice. Finally, (vi), the action of uPAR CAR T 276 

cells is associated with improved glucose homeostasis and metabolic fitness in both physiological 277 

aging and high fat diet.  Importantly, at doses used to produce these therapeutic benefits, we 278 
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noted no overt toxicities of uPAR CAR T cells, which could persist and expand for over 15 months 279 

as mice progressed from a youthful to an aged state.  280 

 281 

Perhaps the most striking observations of the current work was the ability of uPAR CAR T cells 282 

to act prophylactically to blunt age- and diet-induced metabolic decline. Unlike senolytic 283 

approaches based on small molecules, uPAR CAR T cells have long-lasting effects after the 284 

administration of a single low dose, causing a marked impairment in age- or high fat diet-induced 285 

metabolic syndrome when mice were treated during youth or administration of high fat diet, 286 

respectively. Our findings are consistent with those of an earlier study that explored vaccination 287 

against GPNMB on senescent cells to address age-related pathology36, although with our cellular 288 

therapy, both effect sizes and duration were substantially larger. In fact, our results demonstrate 289 

a protective effect for over a year in the context of physiological aging in the laboratory mouse, a 290 

species with an average lifespan of 2 years. 291 

 292 

Studies using genetic or pharmacological approaches to senolysis have been equivocal as to 293 

whether elimination of senescent cells will significantly extend longevity3,4,32. Our current studies 294 

are not sufficiently powered to draw conclusions on longevity at this stage. As senescent cells 295 

contribute to a range of age-related tissue pathologies, studying the impact of senolysis in aged 296 

animals provides an opportunity to interrogate multiple co-morbidities under similar conditions. 297 

Future studies will evaluate the potential of uPAR CAR T cells (or other senolytic cell therapies) 298 

in additional aging and related tissue-damage pathologies, the latter disease contexts providing 299 

a more likely starting point for clinical implementation.  300 

 301 

It remains to be determined which of the uPAR-positive cell populations targeted by uPAR CAR 302 

T cells are responsible for the improved metabolic function we observe.  In other senolytic studies, 303 

the elimination of senescent pancreatic beta cells has been linked to improved glucose tolerance7. 304 
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However, there are also reports suggesting that targeting senescent cells in adipose tissue31 or 305 

even immune-cell senescence37  may also play a role.  In this regard, recent studies also suggest 306 

that the elimination of macrophage populations with senescent features can also improve tissue 307 

decline in mice38,39. Whether or not these macrophages are truly ‘senescent’ or have an alternative 308 

cell state is a topic of debate; regardless, given that we observe a fraction of uPAR-expressing 309 

macrophages that also co-express SA-b-gal and senescence-associated transcriptional 310 

signatures accumulating in aged tissues it seems likely that their elimination may contribute to the 311 

phenotypes we observe.   312 

 313 

While the mechanism of action of most current small molecules is often inferred or poorly 314 

understood, senolytic CAR T cells have a clear underlying rationale based on the expression of 315 

a specific surface antigen. While toxicity issues are invariably a concern, cellular therapy harbors 316 

the versatility to simultaneously target several surface antigens through AND gate approaches16, 317 

modulate persistence through different CAR designs40 and/or incorporate safety switches,41 all of 318 

which provide avenues to mitigate side effects that are not possible through vaccination strategies 319 

or small molecule approaches 41. Indeed, in another recent report, it has been shown that mice 320 

and primates tolerate CAR T cells that target an NK cell ligand that is upregulated on senescent 321 

cells and other cell types42. Taken together, these efforts could result in the identification of tissue-322 

specific senolytic antigens that could be targeted with cellular therapy to treat different age-related 323 

phenotypes. The persistence of the uPAR-targeted CAR T cells and the durability of the effects 324 

after a single low-dose treatment highlight the clinical potential of the senolytic CAR T cell 325 

approach for the treatment of chronic pathologies.  326 

 327 
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Methods 391 

Mice 392 

All mouse experiments were approved by the MSKCC and/or CSHL Internal Animal Care and 393 

Use Committee. All relevant animal use guidelines and ethical regulations were followed. Mice 394 

were maintained under specific pathogen-free conditions. The following mice were used: 3- to 4-395 

month-old C57BL/6 mice (purchased from Charles River), 18-month-old C57BL/6 mice (obtained 396 

from the National Institute of Aging), and 6-week-old B6.SJL-Ptrca/BoyAiTac (CD45.1 mice) 397 

(purchased from Taconic). Mice of both sexes were used at 8-12 weeks of age and 18-20 months 398 

of age for the aging experiment, males of 8-12 weeks for the high fat diet experiments and females 399 

of 6-10 weeks old for T cell isolation. Mice were kept in group housing. Mice had free access to 400 

food and water except during the starvation period before glucose or insulin tolerance testing. 401 

Aging mice were fed a normal diet (PicoLab Rodent Diet 20, LabDiet), mice on the high fat diet 402 

(HFD) experiments were fed a HFD (TD.06414, 60% of kcal from fat; Envigo). Mice were randomly 403 

assigned to the experimental groups. 404 

 405 

Flow cytometry  406 

For in vivo sample preparation, livers were dissociated using the MACS liver dissociation kit 407 

(Miltenyi Biotec, 130-1-5-807), filtered through a 100-μm strainer and washed with PBS, and red 408 

blood cells were lysed by an ACK (ammonium–chloride–potassium) lysing buffer (Lonza). Cells 409 

were washed with PBS, resuspended in FACS buffer and either used for immediate analysis or 410 

fixed with Fixation Buffer (BD Biosciences; 554655) according to the manufacturer’s instructions 411 

and used for later analysis. Spleens were mechanically disrupted with the back of a 5-ml syringe, 412 

filtered through a 40-μm strainer and washed with PBS and 2 mM EDTA, then red blood cells 413 

were lysed by ACK lysing buffer (Lonza). Gonadal adipose tissue was dissociated as described43. 414 

In short, adipose tissue was isolated and placed in a digestion solution consisting of 4 mg/ml 415 

collagenase, type II (Sigma) in DPBS (Life Technologies) supplemented with 0.5% BSA (Sigma) 416 
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and 10 mM CaCl2 digested at 37° C for 20 min in a rotational shaker (200 rpm). Afterwards, 417 

samples were mechanically dissociated with a 10-ml serological pipette, filtered through a 40-μm 418 

strainer and washed with PBS and 2 mM EDTA, then red blood cells were lysed by ACK lysing 419 

buffer (Lonza). Pancreata were placed into cold DMEM with 10% FBS and penicillin and 420 

streptomycin. The pancreata were minced in this media on ice into 2- to 4-mm fragments so that 421 

they would pass through the end of 1-ml pipette tip with ease. The minced tissue was collected in 422 

a 15-ml Falcon tube and dissociated in 100 mg/ml Dispase (Life Tech., cat. 17105041), 20 423 

mg/ml collagenase P (Roche, cat. 11249002001) and 1 mM EDTA for 20 minutes on a heated 424 

rocker at 37° C (Eppendorf). After 20 minutes, 5 ml of DMEM with 10% FBS was added to quench 425 

the reaction. The supernatant was removed and filtered through a 100-µm filter( VWR). Next, 5 426 

ml of dissociation media consisting of 100 mg/ml Dispase (Life Tech., cat. 17105041), 20 427 

mg/ml collagenase P (Roche, cat. 11249002001) and 1 mM EDTA was added prior to replacing 428 

the 15-ml tube into the heated rocker for 20 minutes. The reaction was quenched again after 20 429 

minutes with media and filtered via a 100-µm filter. The dissociated cells were spun at 500 rcf for 430 

10 minutes in a swinging bucket centrifuge. The supernatant was discarded and the cells were 431 

resuspended in ACK lysis buffer for 2-4 minutes in ice. Cells were washed with PBS, resuspended 432 

in FACS buffer and either used for immediate analysis or fixed with Fixation Buffer (BD 433 

Biosciences;554655) and used for later analysis.  434 

 435 

Fc receptors were blocked using FcR blocking reagent, mouse (Miltenyi Biotec). The following 436 

fluorophore-conjugated antibodies were used in the indicated dilutions: Myc-tag AF647 (clone 437 

9B11, Cell Signaling Technology, 2233S, lot 25, 1:50), m.CD45.1 BV785 (clone A20, Biolegend, 438 

110743, lot B347719, 1:100), m.CD45.2 BV785 (clone 104, Biolegend, 109839, lot B343292, 439 

1:100), mCD3 AF488 (clone 17A2, Biolegend, 100210, lot B284975, 1:100), mCD4 BUV395 440 

(clone GK1.5, BD, 563790, lot 1097734, 1:50), mCD8 PE-Cy7 (clone 53-6.7, Biolegend, 100722, 441 

lot B312604, 1:50), mCD62L BV421 (clone MEL-14, Biolegend, 104435, lot B283191, 1:50), 442 
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mCD44 APC Cy7 (clone IM7, BD Pharminogen, 560568, lot 1083068, 1:100), mCD3 BV650 443 

(clone 17A2, Biolegend, 100229, lot B350667, 1:100),mCD19 BV650 (clone1D3, BD Biosciences, 444 

563235, lot 1354015 1:100), mNKp46 BV650 (clone 29A1.4, Biolegend, 137635, lot B298809 445 

1:100), mCD11b BUV395 (clone M1/70, BD Biosciences, 563553, lot 0030272 1:50), mLy-6C 446 

APC-Cy7 (clone HK1.4, Biolegend, 128026, lot B375238 1:100), mly6G BV605 (clone 1A8, BD 447 

Biosciences, 563005, lot2144780 1:100), m.uPAR AF700 (R&D systems, FAB531N, lot 1656339, 448 

1:50), m.uPAR PE (R&D systems, FAB531P, lot ABLH0722051, 1:50), mF4/80 PE-eFluor610 449 

(Clone BM8, Invitrogen, 61-4801-82, lot 2338698, 1:100).7-AAD (BD, 559925, lot 9031655, 1:40) 450 

or Ghost UV 450 Viability Dye (13-0868-T100, Tonbo Biosciences lot D0868083018133, 1ul/ml) 451 

was used as viability dye. Flow cytometry was performed on a LSRFortessa instrument (BD 452 

Biosciences), FACS was performed on a SONY SH800S cell sorter and data were analyzed using 453 

FlowJo (TreeStar). 454 

 455 

Single cell RNA-seq: 456 

Sequencing data was demultiplexed, mapped, and processed into gene/cell expression matrices 457 

using 10X Genomics' Cell Ranger software v7.1.0 (https://support.10xgenomics.com/single-cell-458 

gene-expression/software/pipelines/latest/what-is-cell-ranger). Gene expression reads were 459 

aligned to the mouse reference genome version gex-mm10-2020-A, available from the 10X 460 

Genomics website. We kept cells using “min.cells > 10, nFeature_RNA > 500, nCount_RNA > 461 

2500, percent.mt < 15”. Gene expression count data were normalized using SCTransform to 462 

regressed out percent mitochondrial RNA. The R package BBKNN was used to remove batch 463 

effects between mouse samples, and 0.5 was used as expression cutoff to define uPAR High cell 464 

populations. Clusters were identified using resolution = 0.8, and cell types were annotated using 465 

R packages celldex, SingleR, Azimuth, and custom gene sets24,25. Known markers for each cell 466 

type were plotted using DotPlot function in Seurat. Senescence gene sets from21,28 were used to 467 
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calculate signature scores using AddModuleScore function in Seurat, and a signature score cutoff 468 

of 0.05 was used to define Senescence High cell populations.  469 

Isolation, expansion and transduction of mouse T cells 470 

B6.SJL-Ptrca/BoyAiTac mice (CD45.1 mice) were euthanized and spleens were collected. After 471 

tissue dissection and red blood cell lysis, primary mouse T cells were purified using the mouse 472 

Pan T cell Isolation Kit (Miltenyi Biotec). Purified T cells were cultured in RPMI-1640 (Invitrogen) 473 

supplemented with 10% FBS (HyClone), 10 mM HEPES (Invitrogen), 2 mM l-glutamine 474 

(Invitrogen), MEM non-essential amino acids 1x (Invitrogen), 55 µM β-mercaptoethanol, 1 mM 475 

sodium pyruvate (Invitrogen), 100 IU ml−1 recombinant human IL-2 (Proleukin; Novartis) and 476 

mouse anti-CD3/28 Dynabeads (Gibco) at a bead:cell ratio of 1:2. T cells were spinoculated with 477 

retroviral supernatant collected from Phoenix-ECO cells 24 h after initial T cell activation as 478 

described44,45 and used for functional analysis 3–4 days later. 479 

 480 

Genetic modification of T cells 481 

The mouse SFG γ-retroviral m.uPAR-m28z plasmid has been described8. The mouse SFG γ-482 

retroviral h.19-m28z plasmid8 was constructed by stepwise Gibson assembly (New England 483 

BioLabs) using the amino acid sequence for the single-chain variable fragment (scFv) specific for 484 

human CD19 of the SFG-1928z backbone46 and cloned into the backbone of the SFG γ-retroviral 485 

m.uPAR-m28z plasmid8. In both constructs the anti-mouse uPAR scFv or anti-human CD19 scFv 486 

is preceded by a mouse CD8A leader peptide and followed by the Myc-tag sequence 487 

(EQKLISEEDL), mouse CD28 transmembrane and intracellular domain and mouse CD3z 488 

intracellular domain44,45. Plasmids encoding the SFGγ retroviral vectors were used to transfect 489 

gpg29 fibroblasts (H29) to generate VSV-G pseudotyped retroviral supernatants, which were 490 

used to construct stable retrovirus-producing cell lines as described44,46. 491 

 492 

Glucose tolerance testing  493 



 22 

Blood samples from mice fasted 8-12h were collected at 0, 15, 30, 60 and 120 minutes after 494 

intraperitoneal injections of glucose (Sigma Aldrich) (2 g/kg body weight). Insulin was measured 495 

from serum collected at the 0- and 15-minute time points. Concentrations were determined using 496 

the UltraSensitive Mouse Insulin ELISA kit (Crystal Chem, 90080). 497 

 498 

Insulin tolerance testing 499 

Blood samples from mice fasted 4h were collected at 0,15, 30 and 60 minutes after intraperitoneal 500 

injections of insulin (Humulin R; Eli Lilly) (0.5 units/kg body weight). 501 

 502 

Histological analysis  503 

Tissues were fixed overnight in 10% formalin, embedded in paraffin and cut into 5-μm sections. 504 

Sections were subjected to hematoxylin and eosin (H&E) staining. Immunohistochemical staining 505 

was performed following standard protocols. The following antibodies were used: anti-mouse 506 

uPAR (R&D, AF534, lot DCL0521042, 1:50), Horse anti-goat IgG (Vector laboratories, 30116; lot 507 

ZH0526). Three fields per section were counted per sample with ImageJ and averaged to quantify 508 

the percentage of uPAR+ area per field. SA-β-gal staining was performed as previously 509 

described47 at pH 5.5 for mouse tissues. Specifically, fresh frozen tissue sections were fixed with 510 

0.5% glutaraldehyde in phosphate-buffered saline (PBS) for 15 min, washed with PBS 511 

supplemented with 1 mM MgCl2 and stained for 5–8 h in PBS containing 1 mM MgCl2, 1 mg ml−1 512 

X-gal, 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide. Tissue sections were 513 

counterstained with eosin. Three fields per section were counted with ImageJ and averaged to 514 

quantify the percentage of SA-β-gal+ area per field. 515 

 516 

Immunofluorescence analysis 517 

 For the fluorescent SA-β-gal labelling, tissue slides were exposed to the C12RG substrate at 518 

37°C according to manufacturer’s instructions (ImaGene Red C12RG lacZ Gene Expression Kit, 519 
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Molecular Probes, I2906)48,49. Subsequently, for IF analysis, slides were fixed with 4% PFA for 10 520 

minutes at room temperature and proceed with regular IF as performed following standard 521 

protocols and previously described8. The following antibodies were used: anti-mouse uPAR 522 

(R&D, AF534, 1:100) and anti-mouse F4/80 (Bio Rad, CI:A3-1). For quantification 5 high power 523 

fields per section were counted and averaged to quantify the percentage of SA-β-gal+, uPAR+ 524 

and F4/80+ per DAPI positive cells. For co-localization analysis Pearson coefficient was 525 

calculated using ImageJ.  526 

 527 

Exercise capacity testing  528 

Exercise capacity was assessed using a motorized treadmill (model 1050 EXER 3/6; Columbus 529 

Instruments, Columbus, OH). For 3 days prior to testing, mice were acclimatized to the treadmill 530 

(the mice walked on the treadmill at 10 m/min for 10 to 15 minutes per day). Following 531 

acclimatization, all mice underwent exercise capacity tests on consecutive days. Tests began with 532 

mice walking at 10 meters/min with speed increased by 2 meters/min every two minutes until 533 

exhaustion (mice could no longer achieve treadmill running speed despite repeated 534 

encouragement). The primary end points were time to exhaustion and maximum speed.  535 

 536 

Blood measurements 537 

Complete blood counts with differentials were performed using an automated hematology 538 

analyzer (IDEXX Procyte DX, Columbia, Missouri). For serum chemistry, blood was collected in 539 

tubes containing a serum separator. The tubes were then centrifuged, and the serum was 540 

obtained for analysis. Serum chemistry was performed by the LCP on a Beckman Coulter AU680 541 

analyzer (Beckman Coulter Life Sciences, Brea, CA). For cytokine analysis, plasma was collected 542 

and samples were processed and measured by Eve Technologies. 543 

 544 

Pathology 545 
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Mice submitted for postmortem examination were euthanized by CO2 asphyxiation and cardiac 546 

exsanguination. Complete necropsies were performed at the Laboratory of Comparative 547 

Pathology (MSK, the Rockefeller University, and Weill Cornell Medicine). Representative sections 548 

were taken from all organ systems including heart, thymus, lungs, esophagus, trachea, thyroid 549 

glands, spleen, pancreas, liver, gallbladder, kidneys, adrenal glands, stomach, duodenum, 550 

jejunum, ileum, cecum, colon, lymph nodes (mesenteric and submandibular), salivary glands, skin 551 

(trunk and head), urinary bladder, epididymides, testes, prostate, seminal vesicles, uterus, cervix, 552 

vagina, ovaries, oviducts, spinal cord, vertebrae, sternum, femur, tibia, stifle joint, skeletal muscle, 553 

nerves, skull, nasal cavity, oral cavity, teeth, ears, eyes, pituitary gland, and brain. Sections were 554 

fixed in 10% neutral-buffered formalin, processed in alcohol and xylene, embedded in paraffin, 555 

sectioned (5 μm thick) and stained with hematoxylin and eosin. The skull, spinal column, sternum, 556 

and hindlimb were decalcified in a formic acid and formaldehyde solution (Surgipath Decalcifier I, 557 

Leica Biosystems, Wetzlar, Germany) before processing. H&E-stained tissue sections were 558 

evaluated by a board-certified veterinary pathologist (S.E.C.). Representative images were 559 

captured using a brightfield BX45 microscope with a DP26 camera and cellSens (version 1.18) 560 

Dimension software (Olympus America, Center Valley, Pennsylvania).  561 

 562 

Statistical analysis and figure preparation 563 

Data are presented as mean ± s.e.m. Statistical analysis was performed by Student’s t-test or 564 

Mann Whitney test using GraphPad Prism v.6.0 or 7.0 (GraphPad software). No statistical 565 

methods were used to predetermine sample size in the mouse studies, and mice were allocated 566 

at random to treatment groups. Figures were prepared using BioRender.com for scientific 567 

illustrations and Illustrator CC 2019 (Adobe).  568 
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Figure Legends 693 

Figure 1 | uPAR is upregulated on senescent cells in physiological aging. a, 694 

Immunohistochemical staining of mouse uPAR in liver, adipose tissue, muscle and pancreas from 695 

young (age 3 months) or old (age 20 months) mice (n=3 per age). b-m, Single-cell analysis of 696 

uPAR expression and senescence. uPAR-positive and uPAR-negative cells were sorted from the 697 

liver, adipose tissue and pancreas of 20-month-old mice and subjected to single-cell 698 

RNAsequencing by 10X chromium protocol (n=4 mice). b, Uniform manifold approximation and 699 

projection (UMAP) visualization of liver cell types. c, UMAP visualization of adipose tissue cell 700 

types. d, UMAP visualization of pancreas cell types. e, UMAP visualization of hepatic uPAR 701 

negative and uPAR positive cell types. f, UMAP visualization of adipose uPAR negative and uPAR 702 

positive cell types. g, UMAP visualization of pancreatic uPAR negative and uPAR positive cell 703 

types.h-m, UMAP visualizations with senescence signature scores28 in each cell indicated by the 704 

color scale. Below: quantification of the proportion of uPAR positive and negative cells 705 

contributing to the respective senescence signature. h,i, liver; j,k, adipose tissue; l,m; pancreas. 706 

Results are from 1 independent experiment (a-m). 707 

Figure 2 | uPAR CAR T cells revert natural age-associated phenotypes. a, Experimental 708 

scheme for Fig. 2b-k. 18- to 20-month-old C57Bl/6N mice were injected with 0.5x106 m.uPAR-709 

m.28z CAR T cells, h.19-m.28z CAR T cells, or untransduced T (UT) cells generated from CD45.1 710 

mice 16h after administration of cyclophosphamide (200 mg/kg). Mice were monitored over time 711 

and/or harvested 20 days after cell infusion. Schematic was created with BioRender.com. b, 712 

Representative staining of SA-b-Gal and uPAR 20 days after cell infusion. c, Heatmap depicting 713 

fold change in the levels of SASP cytokines compared to UT treated mice (n=3 for untransduced 714 

T cells; n=3 for h.19-m.28z; n=4 for m.uPAR-m.28z). d, Levels of basal glucose (mg/ml) after 715 

starvation 2.5 months after cell infusion (n=11 mice for untransduced T cells; n=12 for h.19-m.28z 716 

and for m.uPAR-m.28z). e, Levels of glucose before (0 min) and after intraperitoneal 717 
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administration of glucose (2 g/kg) 2.5 months after cell infusion (samples sizes as in d). f, Area 718 

under the curve (AUC) representing the results from e. Each point represents a single mouse. g, 719 

Levels of insulin before and 15 minutes after intraperitoneal glucose administration (2 g/kg) 2.5 720 

months after cell infusion (n=6 for untransduced T cells; n=5 for h.19-m.28z; n=6 for m.uPAR-721 

m.28z). h, Fold change in time to exhaustion in exercise capacity testing before cell infusion and 722 

2.5 months after it (n=7 for untransduced T cells; n=8 for h.19-m.28z and n= 8 for m.uPAR-m.28z). 723 

i, Fold change in maximum speed in capacity testing before cell infusion and 2.5 months after it 724 

(sample sizes as in h). j,k, Percentage of CD45.1+ T cells in the spleen (j) or liver (k) of 4-month-725 

old or 20-month-old mice 20 days after cell infusion (n=3 mice per age group for untransduced T 726 

cells and for h.19-m.28z; n=4 for m.uPAR-m.28z). Results are from 2 independent experiments 727 

(d-f; h-i) or 1 experiment (b-c; g; j-k). Data are mean ± s.e.m.; p values from two-tailed unpaired 728 

Student’s t-test (d-g;j-k) or. Mann Whitney test (h,i). 729 

Figure 3 | uPAR CAR T cells prevent natural age-associated phenotypes. 3-4-month-old 730 

C57Bl/6N mice were injected with 0.5x106 m.uPAR-m.28z CAR T cells, h.19-m.28z CAR T cells, 731 

or untransduced T cells generated from CD45.1 mice 16h after administration of 732 

cyclophosphamide (200 mg/kg). Mice were monitored over time and/or harvested at 15 months 733 

of age. a,b, Percentage of CD45.1+ T cells in the spleen (a) or liver (b) of 15-month-old mice 12 734 

months after cell infusion (n=3 mice per group). c, Levels of basal glucose after starvation 15-18 735 

months after cell infusion (n=11 mice for untransduced T cells; n=12 for h.19-m.28z and for 736 

m.uPAR-m.28z). d, Levels of glucose before (0 min) and after intraperitoneal administration of 737 

glucose (2 g/kg) 15-18 months after cell infusion (sample sizes as in c). e, Area under the curve 738 

(AUC) representing the results from d. Each point represents a single mouse. f, Levels of insulin 739 

(ng/ml) before and 15 minutes after intraperitoneal glucose (2 g/kg) 15 months after cell infusion 740 

(n=6 for untransduced T cells; n=6 for h.19-m.28z; n=7 for m.uPAR-m.28z). g, Time to exhaustion 741 

in exercise capacity testing 6 months after cell infusion (n=9 for untransduced T cells; n=7 for 742 
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h.19-m.28z; n=12 for m.uPAR-m.28z). h, Maximum speed (m/min) in capacity testing 6 months 743 

after cell infusion (sample sizes as in g). i, Representative staining of SA-b-Gal and uPAR 15 744 

months after cell infusion. Results are from 1 independent experiment (a-b; f; i) or 2 independent 745 

experiments (c-e; g-h). Data are mean ± s.e.m.; p values from two-tailed unpaired Student’s t-746 

test (a-f) or Mann Whitney test (g,h). 747 

Figure 4 | uPAR CAR T cells are therapeutic and preventive in metabolic syndrome. a, 748 

Experimental scheme for Fig. 4b-i. 3-month-old C57BL/6N mice were treated with high fat diet 749 

(HFD) for 2 months followed by intravenous infusion with 0.5x106 m.uPAR-m.28z or untransduced 750 

T cells 16h after administration of cyclophosphamide (200 mg/kg). Mice were monitored over time 751 

or euthanized 1 month after cell infusion. b, body weight 1 month after cell infusion (n=10 mice 752 

per group). c, Levels of basal glucose after starvation at 1 month after cell infusion (n=10 mice 753 

per group). d, Levels of glucose before (0 min) and after intraperitoneal administration of glucose 754 

(1 g/kg) 1 month after cell infusion (n=10 mice per group). e, Area under the curve (AUC) 755 

representing the results from d. f, Levels of glucose before (0 min) and after intraperitoneal 756 

administration of insulin (0.5 units/kg body weight) 1 month after cell infusion (n=4 per group). g, 757 

AUC representing the results from f. Each point represents a single mouse. h, Levels of glucose 758 

before (0 min) and after intraperitoneal glucose administration (1 g/kg) 2.5 months after cell 759 

infusion (n=3 mice per group). i, AUC representing the results from h. Each point represents a 760 

single mouse. j, Experimental scheme for Fig. 4k-p. 3-month-old C57BL/6N mice were 761 

intravenously infused with 0.5x106 m.uPAR-m.28z or untransduced T cells 16h after 762 

administration of cyclophosphamide (200 mg/kg). 1.5 months after infusion, mice were placed on 763 

a high fat diet, then monitored over time or euthanized 2 months after the start of the high fat diet. 764 

k, body weight 3.5 months after cell infusion (n=20 mice per group. l, Levels of basal glucose after 765 

starvation 3.5 months after cell infusion (n=20 mice per group). m, Levels of glucose before (0 766 

min) and after intraperitoneal administration of glucose (1 g/kg) 1 month after cell infusion (n=20 767 
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mice per group). n, AUC representing the results from m. o, Levels of glucose before (0 min) and 768 

after intraperitoneal glucose administration (1 g/kg) 5.5 months after cell infusion (n=5 mice per 769 

group). p, AUC representing the results from o. Each point represents a single mouse. (a-p). 770 

Results are from 2 independent experiments (b-e;k-n) or 1 independent experiment (f-i; o-p). 771 

Data are mean ± s.e.m.; p values derived from two-tailed unpaired Student’s t-test (b-i; k-p). 772 

Schematics were created with BioRender.com. 773 
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Extended Data Figure 1 | Characterization of uPAR-positive cells in aging. a, RNA 775 

expression of Plaur in liver, adipose tissue (fat) and muscle of young (3 months) or old (21 months) 776 

mice. Data obtained from the Tabula Muris Senis project.22 b, Quantification of 777 

immunohistochemical staining of mouse uPAR in liver, adipose tissue, muscle and pancreas from 778 

young (age 3 months) or old (age 20 months) mice (n=3 per age). c, Hematoxylin and eosin 779 

staining and immunofluorescence staining of young (age 3 months n=3 mice) or old (age 18-20 780 

months n=3 mice) livers. uPAR (green), b-gal (red), F4/80 (white), DAPI (blue). d) Percentage of 781 

SA-b-gal positive cells in young and aged livers in c. e) Correlation (Pearson’s R value) of b-gal 782 

and F4/80 co-staining, b-gal and uPAR co-staining or uPAR and F4/80 co-staining in aged livers. 783 

f) Percentage of b-gal positive cells that costain for F4/80, uPAR or uPAR and F4/80 in aged 784 

livers. g) Hematoxylin and eosin staining and immunofluorescence staining of young (age 3 785 

months n=3 mice) or old (age 18-20 months n=3 mice) pancreas. uPAR (green), b-gal (red), F4/80 786 

(white), DAPI (blue). h) Percentage of SA-b-gal positive cells in young and aged livers in g. i) 787 

Correlation (Pearson’s R value) of b-gal and F4/80 co-staining, b-gal and uPAR co-staining or 788 

uPAR and F4/80 co-staining in aged pancreas. j) Percentage of b-gal positive cells that costain 789 

for F4/80, uPAR or uPAR and F4/80 in aged pancreas. Data are mean ± s.e.m (a,b,d,e,h,i); 790 

values are derived from two-tailed unpaired Student’s t-tests (a,b,d,h) one-way ANOVA with 791 

multiple comparisons (e,i). Results are from 1 independent experiment (a-j). 792 

Extended Data Figure 2 | Single cell profile of aged tissues. a, Dot plot showing expression 793 

of 34 signature genes across the 12 lineages of the liver. The size of the dots represents the 794 

proportion of cells expressing a particular marker, and the color scale indicates the mean 795 

expression levels of the markers (z-score transformed). b, Fractions of uPAR-positive and uPAR-796 

negative cells in the various lineages in liver (n=4 mice per group). Error bars represent s.d. c, Dot 797 

plot showing expression of 40 signature gene expressions across the 13 lineages of the adipose 798 
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tissue. The size of the dots represents the proportion of cells expressing a particular marker, and 799 

the color scale indicates the mean expression levels of the markers (z-score transformed). d, 800 

Fractions of uPAR-positive and uPAR-negative cells in the various lineages in adipose tissue (n=4 801 

mice per group). Error bars represent s.d. e, Dot plot showing expression of 40 genes across the 802 

12 lineages of the pancreas. The size of the dots represents the proportion of cells expressing a 803 

particular marker, and the color scale indicates the mean expression levels of the markers (z-804 

score transformed). f, Fractions of uPAR-positive and uPAR-negative cells in the various lineages 805 

in pancreas (n=4 mice per group). Error bars represent s.d. Data are mean ± s.d.; p values are 806 

derived from two-tailed unpaired Student’s t-tests (b,d,f).  Results are from 1 independent 807 

experiment (a-f). 808 

Extended Data Figure 3 | Characteristics of senescent uPAR-positive cells in aged tissues. 809 

a-c, Molecular Signature Database Hallmark 2020 signatures that are significantly enriched in 810 

uPAR positive cells vs uPAR negative cells of liver (a), adipose tissue (b) and pancreas (c). d-f,  811 

quantification of the proportion of uPAR positive and negative cells by cell type contributing to the 812 

respective senescence signature in Fig.1h (d), Fig.1j (e) and Fig.1l (f). g-o, UMAP visualizations 813 

with senescence signature scores21 in each cell indicated by the color scale. Below: quantification 814 

of the proportion of uPAR positive and negative cells contributing to the respective senescence 815 

signature in total (h,k,n) and by cell type (I,l,o). g,h,I, liver; j,k,l, adipose tissue; m,n,o; pancreas. 816 

Results are from 1 independent experiment (a-m). 817 

Extended Data Figure 4| Upregulation of uPAR and senescence signatures in aged human 818 

pancreas. Single-cell RNAsequencing data of human pancreas of different ages from29 was 819 

analyzed. a, Uniform manifold approximation and projection (UMAP) visualization of Plaur  820 

expression across pancreas cell types in young humans (0-6 years old) and old humans (50-76 821 
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years old).b, UMAP visualization of senescence signature expression21 across pancreas cell 822 

types in young humans (0-6 years old) and old humans (50-76 years old). c, Quantification of the 823 

proportion of uPAR positive and negative cells by cell type and age. d, Quantification of the 824 

proportion of senescent signature expressing or non-expressing cells cells by cell type and age.  825 

Extended Data Figure 5 | Effect of uPAR CAR T cells on aged tissues. a-c, Quantification of 826 

SA-b-Gal–positive cells in adipose tissue, liver and pancreas 20 days after cell infusion (n=3 for 827 

UT; n=3 for h.19-m.28z; n=4 for m.uPAR-m.28z). d-f, Quantification of uPAR-positive cells in 828 

adipose tissue, liver and pancreas 20 days after cell infusion (n=3 per group). g-j, Percentage of 829 

dendritic cells and uPAR+ dendritic cells in the adipose tissue (g,h) or liver (i,j) 20 days after cell 830 

infusion (n=3 for UT; n=3 for h.19-m.28z; n=4 for m.uPAR-m.28z). k-n, Percentage of 831 

macrophages and uPAR+ macrophages in the adipose tissue (k,l,) or liver (m,n) 20 days after cell 832 

infusion (n=3 for UT; n=3 for h.19-m.28z; n=4 for m.uPAR-m.28z). o-r, Percentage of monocytes 833 

and uPAR+ monocytes in the adipose tissue (o,p) or liver (q,r) 20 days after cell infusion (n=3 for 834 

UT; n=3 for h.19-m.28z; n=4 for m.uPAR-m.28z). Results of 1 independent experiment (a-r). Data 835 

are mean ± s.e.m.; p values from two-tailed unpaired Student’s t-test (a-r).  836 

Extended Data Figure 6 | Safety of uPAR CAR T cells in aged mice. Mice received cell 837 

infusions at 18-20 months. a, Weight of mice 24h before and at different time points after cell 838 

infusion (n=12 mice for untransduced T cells [UT]; n=11 for h.19-m.28z; n=12 for m.uPAR-m.28z). 839 

b, Levels of triglycerides 20 days after cell infusion (n=12 mice for UT; n=11 for h.19-m.28z; n=13 840 

for m.uPAR-m.28z). c, Levels of cholesterol 20 days after cell infusion (n=12 for UT and for h.19-841 

m.28z; n=13 for m.uPAR-m.28z). d, Levels of ALT 20 days after cell infusion (sample sizes as in 842 

c). e, Levels of AST 20 days after cell infusion (n=12 for UT; n=11 for h.19-m.28z; n=13 for 843 

m.uPAR-m.28z). f, BUN/creatinine ratio 20 days after cell infusion (sample sizes as in c). g, 844 

Creatine kinase (CK) 20 days after cell infusion (n=12 for UT; n=9 for h.19-m.28z; n=11 for 845 

m.uPAR-m.28z). h, Levels of hemoglobin 20 days after cell infusion (n=11 for UT; n=11 for h.19-846 
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m.28z; n=10 for m.uPAR-m.28z). i, Number of platelets 20 days after cell infusion (n=11 for UT; 847 

n=11 for h.19-m.28z; n=10 for m.uPAR-m.28z). j, Number of lymphocytes 20 days after cell 848 

infusion (n=11 for UT; n=11 for h.19-m.28z; n=10 for m.uPAR-m.28z). k, Number of monocytes 849 

20 days after cell infusion (n=11 for UT; n=11 for h.19-m.28z; n=10 for m.uPAR-m.28z). l, Number 850 

of neutrophils 20 days after cell infusion (n=11 for UT; n=10 for h.19-m.28z; n=10 for m.uPAR-851 

m.28z). m, Number of eosinophils 20 days after cell infusion (n=11 for UT; n=11 for h.19-m.28z; 852 

n=10 for m.uPAR-m.28z). Results for all panels are from 2 independent experiments. Data are 853 

mean ± s.e.m.; p values from two-tailed unpaired Student’s t-test (b-m).  854 

Extended Data Figure 7 | uPAR CAR T cells are not associated with signs of tissue damage 855 

in aged tissues and do not exacerbate spontaneous age-related histological changes in 856 

lung, liver and kidneys. Mice received cell infusions at 18-20 months and were sacrificed 20 857 

days after infusion of the indicated T cells. Sections were stained with hematoxylin and eosin. 858 

Aged mice showed mononuclear leukocytic aggregates composed predominantly of lymphocytes 859 

and plasma cells in tissues in an age dependent manner. These leukocytic aggregates were more 860 

frequently observed in tissues  from uPAR-m.28z CAR T- treated aged mice than tissues from 861 

control aged mice and were not associated with necrosis and/or degeneration in tissues from both 862 

experimental and control aged mice. These lymphocytic and plasmocytic aggregates in tissues 863 

are often observed in naïve aged mice and are considered spontaneous background findings in 864 

longitudinal aging studies in mice50,51. a, Representative sections of normal cerebral cortex and 865 

meninges at the level of the posterior hypothalamus (inset: hippocampus). b. Histology of normal 866 

cardiomyocytes and interstitium in myocardium (inset: ventricles and interventricular septum). c. 867 

Representative histology of normal lungs showed dense aggregates of lymphocytes and fewer 868 

plasma cells and macrophages around bronchioles or vasculature (inset: pulmonary lobes). d. 869 

The liver from aged mice showed accumulation of lymphocytic and histiocytic aggregates in portal 870 

to periportal regions (Inset: hepatic lobe). e. Histology of the kidneys showed accumulation of 871 
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lymphocytes and plasma cells in the renal interstitium (n & o) and around blood vessels (inset: 872 

renal cortex, medulla and pelvis). f. Representative sections of normal pancreatic acini (exocrine 873 

pancreas) and islets of Langerhans (endocrine pancreas; inset: pancreatic lobule). Images were 874 

captured at 4x (insets) and 40x magnifications.  875 

 876 

Extended Data Figure 8 | Effect of uPAR CAR T cells in young and old tissues. a-b, Mice 877 

received cell infusion at 3 months old. a, Levels of glucose before (0 min) and after intraperitoneal 878 

administration of glucose (2 g/kg) 2.5 months after cell infusion (n=13 for untransduced T cells; 879 

n=12 for h.19-m.28z and n=13 for m.uPAR-m.28z). b, Area under the curve (AUC) representing 880 

the results from a. Each point represents a single mouse. c-d, Mice received cell infusion at 18-881 

20 months old. c, Levels of glucose before (0 min) and after intraperitoneal administration of 882 

insulin (0.5 units/kg body weight) 2.5 months after cell infusion (n=10 for untransduced T cells 883 

and n=10 for m.uPAR-m.28z). d, Area under the curve (AUC) representing the results from c. 884 

Each point represents a single mouse. Results of 2 independent experiments (a,b) or 1 885 

independent experiment (c,d). Data are mean ± s.e.m.; p values from two-tailed unpaired 886 

Student’s t-test (a-d).  887 

Extended Data Figure 9 | Profile of uPAR CAR T cells in aging. a,b, Percentage of CD4+ or 888 

CD8+ cells among CD45.1+ T cells from the spleen (a) or liver (b) of 4-month-old or 20-month-old 889 

mice 20 days after cell infusion (n=3 mice per age group for untransduced T cells [UT] and for 890 

h.19-m.28z; n=4 for m.uPAR-m.28z). c,d, Percentage of CD45.1+ T cells expressing 891 

differentiation markers CD62L and CD44 in the spleen (c) or liver (d) of 4-month-old or 20-month-892 

old mice 20 days after cell infusion (sample sizes as in a). e,f, Percentage of CD4+ or CD8+ cells 893 

among CD45.1+ T cells in the spleen (e) or liver (f) of 15-month-old mice 12 months after cell 894 

infusion (n=3 mice per group). g,h, Percentage of CD45.1+ T cells expressing differentiation 895 

markers CD62L and CD44 on CD45.1+ T cells in the spleen (g) or liver (h) of 15-month-old mice 896 



 37 

12 months after cell infusion (n=3 mice per group). i, Time to exhaustion in exercise capacity 897 

testing 12 months after cell infusion (n=8 for untransduced T cells; n=6 for h.19-m.28z; n=12 for 898 

m.uPAR-m.28z). j, Maximum speed (m/min) in capacity testing 12 months after cell infusion 899 

(sample sizes as in i). Results of 1 independent experiment (a-h) or 2 independent experiments 900 

(i,j). Data are mean ± s.e.m.; p values are from two-tailed unpaired Student’s t-test (a-h) or Mann 901 

Whitney test (i,j). 902 

Extended Data Figure 10 | Long-term effect of uPAR CAR T cells on aged tissues. 903 

Quantification of SA-b-Gal–positive cells 12 months after cell infusion in (a) adipose tissue (n=6 904 

for UT; n=5 for h.19-m.28z; n=6 for m.uPAR-m.28z); (b) liver (n=6 for UT; n=5 for h.19-m.28z; 905 

n=5 for m.uPAR-m.28z) and (c) pancreas (n=6 for UT; n=5 for h.19-m.28z; n=6 for m.uPAR-906 

m.28z). d-f, Quantification of uPAR-positive cells in (d) adipose tissue, (e) liver and (f) pancreas 907 

20 days after cell infusion (n=3 per group). Results of 2 independent experiments (a-c) and 1 908 

independent experiment (d-f). Data are mean ± s.e.m.; p values from two-tailed unpaired 909 

Student’s t-test (a-f).  910 

Extended Data Figure 11 | uPAR CAR T cells decrease senescent cell burden in therapeutic 911 

and preventive settings in high fat diet. a, Representative staining of SA-b-Gal after two 912 

months of high fat diet or normal chow diet. b-d;  Quantification of SA-b-Gal–positive cells in 913 

pancreas, liver and adipose tissue after two months of high fat diet or normal chow diet (n=3 for 914 

chow; n=3 HFD). e, Representative staining of SA-b-Gal 1 month after cell infusion in the 915 

experimental scheme depicted in Fig. 4a. f-h; Quantification of SA-b-Gal–positive cells in 916 

pancreas, liver and adipose tissue 1 month after cell infusion (n=5 for UT; for m.uPAR-m.28z n=5 917 

in pancreas, n=6 in liver and n=3 in adipose tissue). UT, untransduced T cells. i, Representative 918 

staining of SA-b-Gal 3.5 months after cell infusion in the experimental scheme depicted in Fig. 4j. 919 

j-l, Quantification of SA-b-Gal–positive cells in pancreas, liver and adipose tissue 3.5 months after 920 
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cell infusion (UT n=4 in pancreas, n=5 in liver and adipose tissue; for m.uPAR-m.28z n=5). Each 921 

panel shows results from 1 experiment. Data are mean ± s.e.m.; p values from two-tailed unpaired 922 

Student’s t-test (b-d; f-h; j-l).  923 

Extended Data Figure 12 | Profile and persistence of uPAR CAR T cells in metabolic 924 

syndrome. T cells were assessed in spleen (a-d) and liver (e-h) 3.5 months after cell infusion in 925 

the experimental scheme depicted in Fig. 4j. a, Percentage of CD45.1+ T cells in the spleen. b, 926 

Percentage of CD4+ cells among CD45.1+ T cells in the spleen. c, Percentage of CD8+ cells 927 

among CD45.1+ T cells in the spleen. d, Percentage of CD45.1+ T cells from the spleen expressing 928 

differentiation markers CD62L and CD44. e, Percentage of CD45.1+ T cells in the liver. f, 929 

Percentage of CD4+ cells among CD45.1+ T cells in the liver. g, Percentage of CD8+ cells among 930 

CD45.1+ T cells in the liver. h, Percentage of CD45.1+ T cells in the liver expressing differentiation 931 

markers CD62L and CD44. Results in each panel are from 1 experiment (n=5 mice per group). 932 

Data are mean ± s.e.m.; p values from two-tailed unpaired Student’s t-test. 933 

Extended Data Figure 13 | Gating strategies. a,b, Representative flow cytometry staining of 934 

m.uPAR-m.28z (a) or untransduced T cells (b) obtained from the spleens of mice 20 days after 935 

cell infusion as depicted in Fig. 2l. Shown are results of 1 independent experiment (n=3 mice for 936 

untransduced T cells; n=4 mice for m.uPAR-m.28z).  937 
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Extended Data Figure 1
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Extended Data Figure 2
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Extended Data Figure 3
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Extended Data Figure 4
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Extended Data Figure 7

UT h.19-m.28z m.uPAR-m.28z
a

b

c

B
ra
in

H
e
a
rt

K
id
n
e
y

P
a
n
c
re
a
s

L
u
n
g

L
iv
e
r

d

e

f



Extended Data Figure 8
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Extended Figure 9
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Extended Figure 13
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