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The aging of the global population exacerbates the burden of age-related diseases; however, therapies that 
can intervene in fundamental aging processes are lacking. Senescent cells drive chronic inflammation and 
multitissue dysfunction through the secretion of proinflammatory and profibrotic senescence-associated 
secretory phenotype cells, making them emerging therapeutic targets. Although first-generation senolytic 
drugs have entered clinical trials, they face limitations such as insufficient targeting specificity and transient 
efficacy. The success of chimeric antigen receptor T cell (CAR T cell) therapy in cancer immunotherapy has 
validated its precision clearance capabilities as a “living drug”. This review systematically elaborates on 
the paradigm shift of extending CAR T cell therapy to aging medicine, from the discovery and validation of 
surface targets on senescent cells to a CAR engineering design tailored to the senescent microenvironment 
and from evidence of reversing fibrosis and improving metabolic function in preclinical models to the 
challenges of specificity, safety, and manufacturing faced in clinical translation. Finally, future directions 
for integrating technologies such as mRNA delivery and artificial intelligence are envisioned in this article, 
which proposes that CAR T cell therapy may drive the evolution of medicine from “treating single diseases” 
to “intervening in shared aging processes”, offering transformative strategies to achieve healthy aging.

Introduction

   In the 21st century, the global population structure is undergoing 
a profound shift toward aging, accompanied by a sharp increase 
in the incidence of age-related diseases, posing severe challenges 
to socioeconomic and healthcare systems [  1 ]. Organismal aging, 
as a fundamental biological phenomenon, underlies the develop-
ment and exacerbation of multiple age-related pathologies, 
including Alzheimer’s disease, cardiovascular conditions, osteo-
arthritis (OA), and pulmonary fibrosis [  2 ]. However, most 
approved drugs target symptoms or single pathways and fail to 
directly intervene in senescent cells or reverse/delay the underly-
ing drivers of aging. Cellular senescence, defined as an irrevers-
ible halt in cell division, is essential for normal tissue regeneration 
and cancer prevention [  3 ]. However, with aging or chronic stress, 
senescent cells abnormally accumulate in tissues. Characterized 
by permanent withdrawal from the cell cycle and evasion of pro-
grammed cell death, these cells nonetheless maintain robust 
metabolic function. Their persistent secretion of proinflamma-
tory cytokines, matrix-degrading enzymes, and mitogenic sig-
nals constitutes what is known as the senescence-associated 
secretory phenotype (SASP) [  4 ,  5 ]. In addition to being governed 
primarily by the DNA damage response (DDR), the SASP is 

modulated through an intricate network of signaling cascades 
encompassing the p53–p21, p16–Rb, nuclear factor κB (NF-κB), 
mechanistic target of rapamycin (mTOR), and p38 mitogen-
activated protein kinase (MAPK) axes [  6 ]. These pathways col-
lectively induce and modulate the secretory phenotype, making 
it highly dynamic and variable depending on the type of senes-
cence and the cellular context [ 4 ,  7 ]. The SASP creates a disruptive 
microenvironment, triggering chronic low-grade inflammation 
(inflammaging), impairing neighboring cell function, disrupting 
tissue homeostasis, and directly promoting the pathological pro-
gression of numerous age-associated disorders [ 7 –  10 ]. Therefore, 
targeted elimination of aging cells with high specificity or inhibi-
tion of their harmful secretions has become important as a next-
generation weapon against biological aging [  11 ]. First-generation 
senolytics such as navitoclax and dasatinib combined with quer-
cetin, which clear senescent cells by interfering with their anti-
apoptotic pathways, have demonstrated preliminary efficacy in 
both preclinical models and early-phase human studies to 
improve various aging phenotypes [  12 ,  13 ]. However, small-
molecule drugs face challenges such as pharmacokinetic limita-
tions (uneven tissue distribution and poor blood–brain barrier 
penetration), efficacy fluctuations due to intermittent dosing, 
and potential off-target toxicity [  14 ]. Senomorphics focus on 
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modulating the SASP while maintaining cellular survival but 
require long-term administration and fail to eradicate the latent 
risks posed by senescent cells [  15 ]. These limitations have spurred 
the need for more precise, durable, and controllable therapeutic 
strategies. Concurrently, breakthroughs have been made in adop-
tive cell immunotherapy [  16 ]. Chimeric antigen receptor (CAR)-
engineered T cell therapy, whereby a patient’s own immune cells 
are retrofitted with synthetic receptors for precise tumor recogni-
tion, has emerged as a transformative modality in the oncological 
management of hematologic origin [  17 –  20 ]. As “living drugs”, 
CAR T cells possess unique advantages, including long-term sur-
vival, expansion in vivo, and precise targeting of diseased cells 
[  21 –  25 ]. This success has inspired researchers to explore whether 
this powerful immunotherapy platform can be repurposed to 
identify and eliminate another type of “diseased” cell—senescent 
cells. This review systematically examines the scientific founda-
tion, technological evolution, and application prospects of extend-
ing CAR T cell therapy from cancer immunotherapy to senescence 
therapy [  26 ]. We first dissect the molecular characteristics of 
senescent cells and their pathological contributions and then 
detail how CAR T cell engineering strategies can be adapted to 
target senescence. Next, we summarize key preclinical evidence 
of CAR T cell interventions directed at senescent cell populations, 
particularly their dual “clearance–repair” effects in reversing core 
pathologies such as fibrosis. We also address critical challenges 
in clinical translation, including specificity, safety, and manufac-
turing. Finally, we envision future integration with emerging 
technologies and the potential of CAR T cells as precision antiag-
ing therapies. All CAR-T-cell-based antiaging research discussed 
herein remains in the preclinical stage and has not yet received 
approval from any regulatory authority [  27 ,  28 ].   

Molecular Landscape of Senescent Cells and 
Disease Association
   The aging process is a major factor in the regulation of embryonic 
development, cellular reprogramming, wound healing, and tumor 
suppression [  29 –  32 ]. However, cellular senescence is also a key 
factor in the initiation and progression of age-dependent diseases 
such as Alzheimer’s disease [  33 –  35 ], osteoporosis [  36 ,  37 ], athero-
sclerosis [  38 –  40 ], and macular degeneration [  41 ,  42 ]. Typically, 
senescent cells exhibit morphological features such as increased 
cell volume and irregular nuclear size [  43 –  47 ], accompanied by 
organelle dysfunction, such as lysosomal defects, mitochondrial 
defects, and endoplasmic reticulum dysfunction (Fig.  1 ) [ 4 ,  48 ]. 
In terms of induction mechanisms, cellular senescence can be 
classified into replicative senescence, oncogene-induced senes-
cence, therapy-induced senescence, mitochondrial-dysfunction-
induced senescence, and immune-induced senescence [ 4 ,  49 ]. 
Replicative senescence is typically associated with telomere short-
ening, cell cycle arrest, and SASP [  50 ,  51 ], which are caused pri-
marily by gradual telomere shortening and repeated cell division. 
Oncogene-related RAS/MAPK and phosphatidylinositol 3-kinase/
AKT/mTOR pathways drive oncogene-induced senescence, 
which is often accompanied by oxidative stress and DNA damage 
[  52 ,  53 ]. Therapy-induced senescence is triggered by chemother-
apy, radiotherapy, or other therapeutic interventions to inhibit 
tumor cell proliferation [  54 ].        

   Although the triggers are diverse, they ultimately converge on 
2 core cell cycle inhibitory pathways: the p53–p21 pathway and 
the p16INK4a (p16)–Rb pathway (Fig.  1 ). The p16 protein inhibits 
the interaction between cyclin-dependent kinase 4/6 (CDK4/6) 
and cyclin D, maintaining the Rb protein in a prephosphorylated 

Fig. 1. Characteristics of senescent cells. ER, endoplasmic reticulum; Bcl‑2, B cell lymphoma‑2; BAX, Bcl‑2‑associated X protein; BAK, Bcl‑2 homologous antagonist/killer; 
miMOMP, minority mitochondrial outer membrane permeabilization.
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state, thereby inhibiting E2 transcription factor (E2F) activity and 
impeding G1–S phase transition and subsequent cell cycle progres-
sion. The DDR activates p53, up-regulates p21, and inhibits the 
binding of CDK2 to cyclin E, similarly blocking cell cycle progres-
sion [  55 ,  56 ]. In addition to growth arrest, a hallmark feature of 
senescent cells is their highly active SASP. The composition of the 
SASP is complex and diverse and encompasses the following 
major categories: inflammatory factors (e.g., interleukin-6 [IL-6] 
and IL-1α), chemokines (e.g., IL-8 and monocyte chemoattractant 
protein-1), matrix metalloproteinases (MMPs; e.g., MMP-1/3), 
and growth factors (e.g., vascular endothelial growth factor and 
transforming growth factor-β [TGF-β]), among others. Its expres-
sion is strongly regulated by multiple intracellular communication 
pathways, specifically the NF-κB, CCAAT/enhancer-binding pro-
tein beta, mTOR, and p38 MAPK kinase cascades [ 5 ]. SASP is not 
entirely harmful; it can play a transient positive role in tissue 
remodeling following acute injury [ 5 ]. However, as senescent cells 

persist long term and SASP secretion continues, the role of the 
SASP gradually shifts from its physiological function to its role as 
a pathological driver. Single-cell transcriptomic analyses have 
revealed substantial phenotypic diversity among senescent cell 
populations, with different senescent cell populations displaying 
diverse cellular senescence characteristics, such as elevated mRNA 
levels of extracellular-matrix-organizing proteins and antiapop-
totic proteins, reduced mRNA levels of oxidative phosphorylation 
proteins, and increased levels of long noncoding RNAs [  57 ].

   In different organs, senescent cells contribute to diseases 
through specific mechanisms (Fig.  2 ). In the vasculature, SASP 
activation from senescent smooth muscle and endothelial cells 
results in the establishment of a proinflammatory microenvi-
ronment. Macrophage recruitment is thereby enhanced, ath-
erosclerotic plaque dynamics are destabilized, and osteoblastic 
conversion of smooth muscle cells is promoted—collectively 
resulting in vascular calcific deposition [  58 –  60 ]. In the lungs, 

Fig. 2. Role of senescent cells in the pathogenesis of age-related diseases. ATP, adenosine triphosphate; GFR, glomerular filtration rate.
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senescent alveolar epithelial cells drive myofibroblast differen-
tiation and exacerbate interstitial lung fibrosis through the 
secretion of factors such as TGF-β [  61 ]. In the liver, senescent 
hepatic stellate cells increase TGF-β levels, and lipid metabo-
lism disorders lead to fat deposition, resulting in persistent 
hepatitis and a decrease in liver regeneration capacity [  62 ,  63 ]. 
In the nervous system, inflammatory factors released by senes-
cent microglia and astrocytes exacerbate neuroinflammation, 
promoting the emergence of neurodegenerative diseases such 
as Alzheimer’s disease [  64 ]. Therefore, senescent cells serve as 
“common nodes”, linking the fundamental aging process to 
various age-related diseases, and targeting them offers potential 
for intervention in multiple diseases.           

CAR T Cell Platform: Engineered Evolution and 
Senescence-Targeted Modification

Structural basis and modular design
   The primary objective of CAR T cell immunotherapy lies in inte-
grating T cell cytotoxic potency with antibody-like target recogni-
tion to achieve precise eradication of pathological cells [  65 ]. The 
typical CAR structure consists of an extracellular single-chain 
fragment (scFv), a hinge region that enhances receptor flexibility, 
a transmembrane domain, a costimulatory domain, and a T cell 
activation signaling domain (CD3ζ) [ 21 ]. Through plasticity 
designs, such as targeting specific antigens, multitarget strategies 
to prevent antigen escape, optimized costimulatory domains 
(CD28 and 4-1BB), and T cell activation signaling domains 
(CD3ζ), CAR T cell therapy is applied not only in hematological 
malignancies but also in targeting various diseases and pathologi-
cal substrates [  66 ,  67 ]. To address challenges in tumor treatment, 
such as antigen escape and tumor microenvironment suppression, 
CAR T cell technology has developed highly modular and pro-
grammable engineering strategies, which are also applicable to 
senescence targeting. Immune checkpoint inhibitors (such as 
programmed cell death protein 1 [PD-1] immune checkpoint 
blockade [  68 ,  69 ] and negative cytotoxic T-lymphocyte-associated 
protein-4 regulation [  70 ]) are among the key armor design strate-
gies for combating the immunosuppressive microenvironment 
that may exist in aging tissues. Safety switches, such as the induc-
ible caspase 9 (iCasp9) suicide gene, can specifically induce CAR 
T cell apoptosis via small-molecule drug administration as an 
emergency safeguard against severe adverse events, offering a 
rapid safety override mechanism [  71 ].

   The ultrasound-controlled EchoBack-CAR platform achieves 
noninvasive remote regulation of CAR expression through the 
integration of thermosensitive promoters with synthetic-biology-
derived positive feedback circuits: Focused-ultrasound-induced 
local hyperthermia (e.g., 43 °C for 15 min) specifically activates 
evolutionarily optimized heat-inducible promoters, thereby driv-
ing CAR expression; critically, this platform incorporates T cell 
activation signal-sensing positive feedback loops (e.g., the nuclear 
factor of activated T cells and NF-κB pathways) that sustain CAR 
expression following ultrasound triggering, overcoming the tran-
sient limitation of conventional inducible systems [  72 ]. This 
system achieves “echo-like” sustained activation through an 
ultrasensitive heat-shock promoter combined with a positive 
feedback loop, demonstrating an approximately 90% tumor vol-
ume reduction without off-target toxicity in glioblastoma models; 
its deep tissue penetration and noninvasive characteristics make 
it particularly suitable for chronic age-related conditions such as 
liver fibrosis and natural aging, which require repeated dosing, 

although temperature sensitivity and equipment dependency 
remain limitations [  73 ].

   Concurrently, researchers developed a red light/far-red light-
regulated single-cell encapsulation system utilizing the plant-
derived photoreceptor truncated phytochrome A–phycocyanobilin 
(ΔPhyA-PCB) to achieve bidirectional reversible switching of 
gene expression: 660-nm red light induces heterodimerization 
to initiate effector molecule (interferon-γ, IL-6, and anti-CD47 
antibody) expression, whereas 730-nm-long red light provides 
immediate termination [  74 ,  75 ]. The split-CAR (light-inducible 
CAR) system splits the CAR into 2 components, each of which 
is fused with a light-inducible dimerization domain. Upon blue 
light irradiation, the 2 components heterodimerize to recon-
stitute a functional CAR, enabling precise optogenetic control 
of CAR T cell activity [ 74 ]. Light-inducible CAR T cells can 
specifically suppress tumors in illuminated areas while reduc-
ing cytokine release syndrome; their micrometer-scale preci-
sion is suitable for superficial tissues such as skin aging, yet 
the limited penetration of blue light (<1 mm) limits deep 
tissue applications.

   In addition, orthogonal CRISPR systems have been used to 
combine the cytosine base editor Nme2Cas9—lacking DNA 
double-strand break risk—with SpyCas9 nuclease, enabling 
multiplex gene knockout without viral vectors, including human 
lymphocyte antigen-A (HLA-A), HLA-B, and class II major 
histocompatibility complex transactivator deletion, to evade 
host immune rejection, alongside site-specific CAR gene inte-
gration at the T cell receptor α constant locus for efficient gen-
eration of universal CAR T cells [  76 ]. Studies have revealed that 
forkhead box P3 induces distinctive metabolic reprogramming 
in CAR T cells through interactions with the mitochondrial 
fission protein dynamin-related protein 1, which is character-
ized by the concomitant down-regulation of aerobic glycolysis 
and oxidative phosphorylation with compensatory up-regulation 
of lipid metabolism; this metabolic signature markedly delays 
exhaustion upon repeated tumor antigen stimulation, enhances 
antisolid tumor efficacy, and notably does not confer the immu-
nosuppressive functions of regulatory T cells [  77 ,  78 ]. In addi-
tion, logic gating technology can notably increase the specificity 
for senescent cells through the use of multiple antigen expres-
sion patterns, such as an AND gate design [  79 ,  80 ], in which 
CAR-engineered T lymphocytes require the concurrent engage-
ment of 2 distinct antigenic targets to trigger functional responses, 
or an OR gate design [  81 ], in which activation occurs upon 
recognition of either antigen. For example, prostate stem cell 
antigen and prostate-specific membrane antigen are common 
tumor-associated antigens in prostate cancer and are co-up-
regulated in tumor tissues. The AND gate design notably nar-
rows the off-target window through combinatorial recognition 
[  82 ]. In addition, the urokinase-type plasminogen activator 
receptor (uPAR) + p16 dual-target AND gate strategy can be 
used to address the spatiotemporal heterogeneity of senescence 
markers. In summary, these key engineered strategies for CAR 
T cell updates lay a solid technical foundation for designing 
“smart” T cells that target senescent cells.   

From tumor antigens to senescence biomarkers: 
Target conversion
   Senescent cells, as key drivers of age-related diseases, have 
become a hotspot in antiaging research because of their specific 
targeting and clearance ability. CAR-engineered T cell treat-
ment falls within the immunotherapeutic modality class, which 
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harnesses genetically reprogrammed patient T cells equipped 
with CAR modules for targeted neoplastic cell recognition and 
destruction (Fig.  3 ). Although this therapy was initially used 
primarily to treat cancer, in recent years, researchers have also 
explored its potential in age-related diseases, particularly cer-
tain immune-senescence-related conditions. The pivotal hurdle 
in translating CAR T cell therapy to senescence intervention 
lies in pinpointing robust, senescence-selective surface antigens 
with consistent expression profiles. This requires the integration 
of multiomics approaches, e.g., by comparing transcriptomic 

and proteomic data from young versus aged tissues or cells 
before and after induced senescence, for the systematic identi-
fication of molecules exhibiting selective enrichment on senes-
cent cell membranes. Currently, multiple targets have shown 
promise. In Table  1 , we list many senescence cell CAR T cell 
targets that have undergone preclinical validation.         

   Emerging evidence from independent investigations indicates 
that the expression of uPAR, a glycosylphosphatidylinositol 
(GPI)-anchored protein, is up-regulated in various induced 
senescence models and is involved in the regulation of cell 

Fig. 3. Mechanistic analysis of senolytic, senomorphic, and chimeric antigen receptor T cell (CAR T cell)-targeting senescent cells.FOXO4, forkhead box protein O4; HSP90, 
heat shock protein 90; FasL, Fas ligand; SOD, superoxide dismutase; Nrf2, nuclear factor erythroid 2-related factor 2; TM, tropomyosin; VL, immunoglobulin light chain variable 
domain; VH, immunoglobulin heavy-chain variable domain.
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Table 1. Summary of chimeric antigen receptor T cell (CAR T cell) candidate targets for senescence and fibrosis therapy along with their 
preclinical evidence

Target
Source/characteristics 
of target

Key preclinical  
evidence (experimen-
tal model and primary 
efficacy indicators)

Major risks and 
limitations Applicable scenarios

Clinical translation 
prospects

 Urokinase-type 
plasminogen 
activator receptor 
(uPAR) 
[  87 ,  88 ,  152 ,  153 ]

 Multimodel RNA 
sequencing datasets, 
fish proteomics 
identification, 
GPI-anchored 
proteins on the 
surface of senescent 
cells

 Constructed CAR T 
cells targeting uPAR, 
which can eliminate 
senescent hepatic 
stellate cells in liver 
fibrosis mouse 
models, alleviate 
fibrosis, and improve 
metabolic function 
with a single dose in 
aged/high-fat diet 
mouse models, 
demonstrating 
long-lasting effects

 uPAR is also 
expressed in certain 
normal cells or cells 
during repair 
processes, 
necessitating 
rigorous evaluation 
of potential 
off-target toxicity.

 Hepatic fibrosis, 
metabolic syn-
drome, physiological 
aging, tissue 
regeneration 
disorder

 High, validated in 
multiple disease 
models; humanized 
CARs have been 
developed.

 Natural killer group 
2, member D 
(NKG2D) [  92 ,  94 ]

 Stress-induced cell 
surface molecules 
recognized by the 
NKG2D receptor

 Multiple in vitro and 
in vivo studies in 
mouse and 
nonhuman primate 
aging models have 
shown that NKG2D 
CAR can specifically 
eliminate stress-
induced or 
senescent cells and 
significantly improve 
functional 
indicators.

 Widely up-regulated 
in infections, 
inflammation, and 
cancer cells, posing 
specificity chal-
lenges; may be 
influenced by the 
human lymphocyte 
antigen-E (HLA-E)/
NKG2A inhibitory 
axis

 Aging related to viral 
infection, aging 
induced by DNA 
damage, aging 
induced by tumor 
treatment

 Medium/high, 
requiring strict 
screening of eligible 
populations (e.g., 
those without active 
infections or 
tumors)

 Fibroblast activation 
protein (FAP) 
[  96 , 153 ]

 RNA sequencing 
database; activated 
fibroblast/myofibro-
blast markers

 FAP-targeted CAR T 
cell therapy in animal 
models effectively 
reduces tissue 
fibrosis, eliminates 
fibrogenic cells, and 
significantly improves 
organ function.

 Expressed in 
fibroblasts during 
tissue repair phase; 
challenges in solid 
tumor delivery and 
immuno suppressive 
microenvironment

 Cardiac fibrosis, 
hepatic fibrosis, 
idiopathic pulmo-
nary fibrosis, 
rheumatoid 
arthritis/osteoar-
thritis (FAP + 
synovial cells)

 Early clinical trials 
on local FAP CAR 
administration in 
humans for safety 
assessment have 
been initiated.

 Platelet-derived 
growth factor 
receptor (PDGFRα/
PDGFRβ)[  154 ]

 Platelet-derived 
growth factor 
receptor, a key factor 
in fibroblast 
activation

 PDGFR signaling 
plays a pathogenic 
role in renal, cardiac, 
and hepatic fibrosis; 
preclinical reports 
on PDGFR-targeted 
CAR T cells are 
relatively limited, 
mainly involving 
theoretical 
exploration as a 
potential target and 
small-scale in vitro 
validation.

 Expressed in 
pericytes and 
various normal 
stromal cells, posing 
high off-target risks

 Hepatic fibrosis 
(targeting hemato-
poietic stem cell), 
tumor-associated 
matrix (targeting 
cancer-associated 
fibroblast); need to 
develop hematopoi-
etic stem cell- 
specific CAR design

 Medium/low, may 
require logic gating 
or localized 
administration to 
enhance safety

(Continued)
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migration, invasion, and the SASP [  83 ,  84 ]. Asahina et al. [  85 ] 
detected uPAR expression in the neuronal cytoplasm and vas-
cular walls of subjects diagnosed with Alzheimer’s disease.

   The multiomics screening pipeline is a complete process 
from discovery in transcriptomics to validation in proteomics, 
followed by confirmation at the single-cell level. Taking uPAR 
as an example, single-cell RNA sequencing revealed that the 
coexpression rate of uPAR and p16 exceeds 60%, and uPAR+ 
cells exhibit a typical senescence phenotype [  86 ]. Amor and 
colleagues [ 87 ] conducted comparative analyses of transcrip-
tomic datasets across 3 pivotal cellular senescence paradigms, 
combined them with the Human Protein Atlas and the Human 
Proteome Map, and identified uPAR as a specific candidate 
gene in critically aging tissues. With respect to functional vali-
dation, uPAR CAR T cells reduced the number of senescent 
cells by 87% and decreased collagen deposition by 52% in a 
liver fibrosis model and improved metabolic dysfunction and 
extended lifespan in naturally aged mice [ 88 ]. In in vitro mod-
els, flow cytometry revealed that the fluorescence intensity of 
uPAR in a senescence-induced lung adenocarcinoma cell group 
was significantly greater than that in a control group [  89 ]. In 
in vivo experiments, coimmunostaining was used to detect 
uPAR [ 87 ] expression in senescent human hepatic stellate cells. 
In addition, uPAR-targeted CAR T cell antiaging experiments 
in mouse models demonstrated that CAR T cells significantly 
reduce the numbers of senescent tumor cells and hepatic 
fibrotic cells [ 87 ]. Studies have also shown that anti-uPAR 
CAR T cell therapy improved exercise capacity in physiologi-
cally aged mice and ameliorated metabolic dysfunction in aged 
and high-fat diet-fed mice, with long-term effects achieved 
through a single administration [ 88 ]. Other studies utilized 
anti-uPAR CAR T cells to alleviate hepatic fibrosis and rheumatoid 

arthritis and developed a humanized uPAR CAR encoded by 
cardiolipin-mimetic ionizable lipid 40 (PL40) mRNA, advancing 
its potential for treating aging-related inflammatory diseases 
in humans [  90 ]. The high sequence and protein structural simi-
larity of uPAR between mice and humans further support its 
clinical applicability.

   Through transcriptomics and ImageStream imaging, Sagiv 
et al.   [91]  reported that the expression of the natural killer group 
2, member D (NKG2D) ligands MICA and UL16 binding pro-
tein 2 was up-regulated twofold on the surface of senescent cells 
and that this up-regulation was positively correlated with the 
DDR. In vivo experiments confirmed that the NKG2D receptor–
ligand interaction is essential for the ability of NK cells to clear 
senescent hepatic stellate cells and limit liver fibrosis; Nkg2d-/- 
mice exhibited a 50% increase in the fibrotic area and a 45% 
accumulation of senescent cells [ 91 ]. As ligands for the NKG2D-
activating receptor, MICA/B molecules are selectively displayed 
on stressed or malignant cellular surfaces. Experimental evi-
dence from senescent mouse and primate systems has indicated 
that anti-NKG2DL CAR T cell therapy efficiently clears human 
cells that exhibit senescence hallmarks induced by diverse 
stressors—including oncogene activation, replication fork 
collapse, DNA double-strand breaks, and p16 pathway hyper-
activation [ 92 ,  93 ]. Deng et al. [ 94 ] engineered NKG2D CAR 
T cells that demonstrated potent cytolytic activity toward 
senescent murine embryonic fibroblasts and astrocytes but 
exhibited negligible cytotoxicity against their nonsenescent 
counterparts. In addition, platelet-derived growth factor recep-
tor (PDGFR) molecules qualify as prospective targets for engi-
neered CAR T cell engagement in various fibrosis and aging 
models (Table  1 ) [  95 ]. In a mouse chronic kidney disease (CKD) 
model, adoptive transfer of PDGFRβ CAR T cells improved 

Target
Source/characteristics 
of target

Key preclinical  
evidence (experimen-
tal model and primary 
efficacy indicators)

Major risks and 
limitations Applicable scenarios

Clinical translation 
prospects

 CCR2 [  155 ,  156 ]  Monocyte/macro-
phage-associated 
targets, indirectly 
regulating fibrosis

 Inhibition models 
effectively alleviate 
fibrosis in the heart 
and other organs; 
CAR technology 
could be utilized to 
reprogram 
pro-fibrotic immune 
cells.

 Immune cells are 
widely distributed.

 Inflammatory aging, 
metabolic syn-
drome, tissue 
fibrosis (need to 
combine aging 
markers to improve 
specificity)

 Medium/low, 
requiring highly 
controlled spatio-
temporal and 
dosing strategies

 Surface markers 
such as beta-2- 
microglobulin, 
CD36, and dipepti-
dyl peptidase-4 
(DPP-4) [  157 ]

 Derived from 
multiomics analysis, 
serving as explor-
atory targets

 Literature primarily 
involves omics and 
conceptual studies; 
some work is 
currently evaluating 
their feasibility as 
antibody–drug 
conjugates or other 
targeted strategies.

 These molecules 
exhibit significant 
distribution 
differences across 
cell types and 
tissues.

 Pulmonary fibrosis, 
skin aging (coex-
pression of FAP/
DPP4), metabolic 
syndrome (com-
bined DPP4 
inhibition strategy)

 Medium/low, 
requiring extensive 
validation to 
mitigate off-target 
toxicity risks

Table 1. (Continued)
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fibrosis-related pathological changes, including fibrosis in the 
kidney, myocardial interstitium, and perivascular areas, as 
reported by Zhao et al. [ 95 ]. In metabolic disease models, uPAR-
CAR T cell therapy improved glucose tolerance and insulin 
sensitivity [ 87 ]. In fibrosis models, treatment with fibroblast 
activation protein (FAP) CAR T cells or PDGFRβ CAR T cells 
not only reduced collagen deposition but also improved physi-
ological indicators such as the cardiac ejection fraction and renal 
function [ 95 , 96 ]. Engineered CAR T cells have also been 
explored for their immunomodulatory potential in neurodegen-
erative diseases. For example, CD4+ CAR T cells targeting 
amyloid-β were designed to reshape the immune microenviron-
ment and promote clearance of extracellular amyloid plaques. 
This highlights the versatility of CAR T cell platforms beyond 
direct cytotoxicity against cellular targets [  97 ]. These results 
preliminarily demonstrate that CAR T cell therapy can achieve 
tissue “repair” and functional recovery while “clearing” senes-
cent cells. Not all senescence-associated targets are equally suit-
able for CAR T cell therapy, and target selection must be 
evaluated on the basis of expression profile, cellular localization, 
tissue distribution, and biological function in comparison with 
other targeted modalities, including T cell engagers, antibody–
drug conjugates, and radiotherapy. Surface targets such as uPAR, 
NKG2DL, and dipeptidyl peptidase-4 (DPP4) are particularly 
preferable for CAR T cell platforms, as they are highly specific 
and consistently up-regulated in senescent cells across multiple 
tissues, mediate senescence-related immune recognition and 
SASP regulation, and are stably exposed on the cell membrane 
in the absence of internalization dependency.

   Research on CAR T cell therapy for aging-related diseases 
is currently undergoing a strategic paradigm shift from broad-
spectrum senescence markers to tissue-specific and senescence-
stage-dependent targets. The emergence of a range of novel 
surface antigens provides a potential molecular basis for the 
precise elimination of senescent cells in pathological states and 
for intervening under degenerative conditions such as pulmo-
nary fibrosis, OA, and mesenchymal stem cell (MSC) depletion. 
In pulmonary fibrosis research, LAMP1 has been shown to be 
a lysosomal-associated membrane protein whose expression is 
substantially up-regulated in both human and mouse senescent 
cells and is positively correlated with p16, p21, and the SASP 
[  98 ]. Although the functional validation of LAMP1-targeting 
CAR T cells has not yet been reported, its surface localization 
and tissue distribution characteristics make it a theoretically 
feasible candidate target for pulmonary fibrosis CAR T cell 
therapy. In contrast, while adenine nucleotide translocase 1 is 
associated with a prosenescent phenotype in knockout mouse 
models and its knockdown can up-regulate the expression of 
senescence-associated genes in airway epithelial cells, its appli-
cation prospects as a CAR-accessible surface target are limited 
because of its primary localization in the inner mitochondrial 
membrane [  99 ]. In MSC senescence research, CD264 has been 
confirmed to be a surface marker that is up-regulated during 
the middle stage of MSC senescence, and Kremen1 serves as a 
newly identified MSC-specific senescence surface antigen; both 
of these findings demonstrate its theoretical feasibility as an 
immunotherapeutic target at the cellular level [  100 ]. Moreover, 
although lysine acetyltransferase 8 can inhibit p21 and p16 
expression through epigenetic regulation and delay human 
umbilical cord MSC senescence, its nuclear localization renders 
it more amenable to gene editing intervention than to CAR T 
cell recognition strategies [  101 ]. In the field of OA, DPP4 has 

been validated as a functional surface marker of senescent chon-
drocytes; DPP4-positive cells exhibit a typical senescent pheno-
type and SASP characteristics, and antibody-mediated clearance 
of DPP4-positive cells significantly improves the pathological 
phenotype in OA animal models, providing a conceptual valida-
tion basis for CAR T cell translation targeting this molecule 
[  102 ]. disialoganglioside 3, a ganglioside surface molecule, is 
up-regulated in the joints of patients with OA, and disialogan-
glioside 3-positive chondrocytes and synovial cells also display 
a high senescent burden (Table  S1 ) [  103 ]. Although still in the 
fundamental research stage, its glycolipid molecular attributes 
offer a theoretical possibility for CAR T cell targeting. In sum-
mary, the commonality among the aforementioned targets lies 
in their tissue-specific expression patterns and senescence-stage-
dependent up-regulation characteristics, offering a theoretical 
advantage for precisely eliminating senescent cells and mitigating 
the off-target toxicity associated with broad-spectrum clearance. 
However, most current research remains confined to preliminary 
validation stages in in vitro cellular models or at the animal level 
and has not yet progressed to CAR-T-cell-specific preclinical 
functional assessment and safety validation phases. Critical 
issues, including target immunogenicity, antigen escape risk, and 
engineering adaptation strategies, still warrant rigorous system-
atic investigation.    

From Cellular Clearance to Tissue Repair: 
Reversing Fibrosis and Multiorgan Dysfunction
   Fibrosis represents a dysregulated tissue repair mechanism trig-
gered by persistent insult, hallmarked by pathological accumu-
lation of extracellular matrix components, and constitutes a 
central pathological outcome across diverse aging-associated 
disorders, such as CKD [  104 ,  105 ], cardiac fibrosis and heart 
failure [  106 ], and pulmonary fibrosis [  107 ]. Growing evidence 
suggests that senescent cells are key drivers of progressive fibro-
sis [  108 ]. In the fibrotic process, fibroblasts are key effector cells 
that promote fibroblast activation through signaling pathways 
such as the Wnt/β-catenin [  109 ], TGF-β [  110 ,  111 ], and PDGF 
[  112 ] pathways, thereby increasing extracellular matrix deposi-
tion and exacerbating tissue fibrosis. Consequently, therapeutic 
strategies aimed at eliminating senescent cells or their down-
stream myofibroblast derivatives have garnered substantial 
interest as a means to reverse fibrotic pathology, with CAR T 
cell immunotherapy offering distinct advantages in this emerg-
ing domain. FAP is a 97-kD type II transmembrane serine 
protease that is typically expressed in fibroblasts, myofibro-
blasts, and certain cancer-associated fibroblasts [  113 ,  114 ] and 
serves as a representative marker of fibroblasts. Multiple stud-
ies have demonstrated that CAR T cells expressing anti-FAP 
antibodies can target FAP-expressing myofibroblasts, substan-
tially alleviating cardiac fibrosis in mice and restoring postin-
jury function [ 96 ,  115 ]. Furthermore, FAP-targeted CAR T 
cells reduce fibroblast numbers in pulmonary fibrosis mouse 
models, mitigate the degree of lung fibrosis, and thereby improve 
pulmonary function [ 113 ]. This “repair” effect may stem from 
multiple mechanisms: The clearance of pathological cells directly 
removes mechanical and biochemical barriers; the elimination 
of the SASP alleviates local chronic inflammation; and the 
improved microenvironment may facilitate the reparative 
functions of endogenous progenitor or stem cells. CAR T cell 
therapy thus represents a transition from purely “cytotoxic” to 
“tissue-repair” immunotherapy, with the goal of eradicating 
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injurious cells while restoring normal organ morphology and 
operation.   

CAR T Cell Therapy Targeting Senescent Cells: 
Comparison with Other Senotherapies
   In addition to CAR T cell therapy, several treatments targeting 
age-related diseases, such as senolytics, senomorphics, and 
stem cell therapy, have shown potential, many of which have 
entered multiple clinical trial stages. Senolytic drugs treat age-
related diseases by targeting and eliminating senescent cells, 
thereby reducing inflammation, oxidative stress, and other 
issues (Fig.  3 ) [ 13 ]. Currently, most senolytic drugs, such as 
dasatinib and quercetin and fisetin and quercetin, remain in 
clinical trials, with some having progressed to phase 1 or 2 trials 
[  116 ,  117 ]. Patients with diabetic kidney disease administered 
oral dasatinib and quercetin exhibited substantial reductions 
in multiple senescence-associated parameters, such as the adi-
pose tissue senescent cell load, inflammation, fibrosis, and cir-
culating SASP mediators, which were evident within 11 d of 
treatment cessation [  118 ,  119 ]. First-generation oral antiaging 
drugs typically target the antiapoptotic pathways of senescent 
cells and are mostly natural products with known safety pro-
files. In addition, research has utilized new methods, such as 
machine learning, for screening senolytic targets and drugs 
[  120 ]. Although most senolytic drugs are still in clinical trials 
and lack large-scale clinical data support, challenges remain in 
precisely selecting senescent cells for clearance and determin-
ing safe and effective dosing regimens. Senomorphic drugs do 
not directly clear senescent cells but instead regulate their func-
tion (by inhibiting SASP production) to maintain senescent 
cells in a “nonharmful” state, with the goal of reducing the 
release of harmful factors by senescent cells (Fig.  3 ) [ 15 ,  121 ,  122 ]. 
The encouraging preclinical performance of senomorphic 
interventions stands in contrast to persistent translational 
obstacles: inadequate target discrimination, safety concerns, 
and unresolved clinical implementation pathways. Since they 
cannot completely eliminate senescent cells, senomorphics 
require long-term administration to sustain the suppression of 
the SASP [ 15 ]. Stem cell therapy involves injecting or activating 
stem cells to repair aged or damaged tissues, thereby improving 
aging symptoms and function [  123 ,  124 ].

   We systematically compared these common antiaging inter-
ventions in terms of their mechanisms of action, durability of 
efficacy, and convenience (Table  2 ). Compared with CAR T cell 
therapy, antiaging drugs that have entered clinical trials gener-
ally suffer from short-lived efficacy and an inability to precisely 
identify and target senescent cells at the cellular level. CAR-
engineered T lymphocytes, which represent a paradigm shift 
in immunotherapeutic modalities, exhibit substantial promise 
for eliminating senescent cells because of their exquisite target 
specificity and durable therapeutic activity.    

Challenges and Optimization: Paving the Way 
for Clinical Applications

Challenges in target specificity and safety
   Senescent cells are not completely pathological in vivo; they also 
play important roles in tissue repair, embryonic development, 
and immune regulation. To avoid “in vivo toxicity”, any CAR T 
cell therapy targeting senescence markers needs to identify cells 
with “normal but low-level expression of senescence markers”. 

For example, uPAR is also expressed in some normal or repair-
ing cells (potential “off-target toxicity"); NKG2D ligands may 
be up-regulated in infected, inflammatory, or transformed 
cells; and FAP is expressed in certain fibroblast subpopulations 
during healing or regeneration processes (Table  1 ). In addition, 
senescence-associated β-galactosidase (SA-β-Gal), which is 
highly expressed in senescent cells, is present in cells with high 
lysosomal activity [  125 ]. Furthermore, senescent cells play dif-
ferent roles under various physiological states and exhibit physi-
ological functions in tissue repair, embryonic development, liver 
injury repair, and skin regeneration [  126 ].

   Therefore, it is necessary to conduct more precise and spe-
cific target screening and validation of senescent cells to reduce 
risks. By integrating transcriptomics, surface proteomics, spatial 
transcriptomics, and the SASP, we aimed to identify candidate 
molecules that are stably and significantly enriched on the sur-
face proteins of senescent cells but are minimally expressed or 
absent in critical normal tissues. For example, studies have 
collected samples from healthy controls and patients with 
Parkinson’s disease to construct single-cell transcriptomic and 
epigenomic maps of the substantia nigra. Multiomics analyses 
have revealed that cell-type-specific transcriptional regulation 
is associated with Parkinson’s disease [  127 ]. Since senescence 
phenotypes vary depending on the inducing factors and tissues, 
it is essential to identify “highly common” markers in the target 
pathological context, covering a broad range of age-related dis-
ease targets. Next, target prioritization and functional and safety 
validation (including multisource cell or tissue validation and 
in vitro functional assessments) should be performed, along 
with the preparation of CAR engineering and safety mitigation 
strategies. To address the on-target off-tumor toxicity of uPAR 
targeting, we propose the implementation of synNotch-based 
AND gate circuits that require dual antigen recognition. The 
synNotch receptor recognizes uPAR and induces CAR expres-
sion only upon binding, with a 24-h delay ensuring spatially 
confined activation [  128 ,  129 ]. SynNotch receptors recognize 
uPAR on the cell surface and activate downstream transcrip-
tional cascades, inducing surface reporter proteins such as trun-
cated epidermal growth factor receptor or engineered CD19 
driven by the p16 promoter. The AND gate logic is fully func-
tional only when cells simultaneously express uPAR to trigger 
synNotch signaling and exhibit high p16 transcriptional activity 
to drive reporter protein expression. This strategy converts 
intracellular p16 status into detectable surface antigens yet 
requires the introduction of additional synthetic genetic cir-
cuits. Triple AND gates (uPAR, p16, and additional markers) 
can further increase specificity for high-risk applications.   

Challenges of the aged immune environment and 
cell preparation
   Elderly patients have a fragile baseline immune environment 
and commonly experience immune homeostasis imbalance and 
chronic inflammation [  130 ]. Normal cell damage can easily 
trigger severe fibrosis or organ failure. Therefore, when CAR 
T cell therapies for age-related diseases are being developed, 
controllable switches (such as drug-inducible elimination mecha-
nisms, light control, and ultrasound control) and suicide genes 
are absolutely essential in CAR T cell applications that target 
senescent cells. One study developed a drug-regulated system 
called signal-neutralizing inhibitory protease, in which snipcar 
can remotely regulate CAR activity through drug withdrawal, 
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serving as an effective switch [  131 ]. Suicide genes such as 
iCasp9 [  132 ,  133 ] and herpes simplex virus thymidine kinase 
(HSVTK) [  134 ] can rapidly terminate the function of the entire 
CAR T cell population during cytokine storms or local tissue 
damage, preventing irreversible harm (Fig.  4 ).        

   With advancing age, significant T cell remodeling occurs in 
the population. Owing to age-related thymic degeneration, the 
number of naïve cells decreases, whereas cells with memory/
effector or senescent-like phenotypes gradually accumulate, 
accompanied by decreases in cell proliferation and secretory 
functions. In addition, the progressive shortening of telomeres 
not only limits the replicative lifespan of cells but also acceler-
ates premature cellular senescence. These changes impair the 
quality of CAR T cells prepared from elderly donors [  135 –  137 ]. 
By screening for “young/high-quality” subpopulations in aged 
peripheral blood, such as classical naïve cells (CD45RA+ 
CCR7+ CD62L+), cell quality can be effectively enhanced. 
We recommend the following: (a) IL-7-based culture using 

efineptakin alfa, which increases the proportion of CD4+ CAR 
T cells by 66% and that of T stem cell memory cells by 133% 
while reducing the expression of exhaustion markers by 40% 
[  138 ]; (b) mTOR inhibition with low-dose rapamycin (1 to 5 
mg/week) to promote metabolic reprogramming toward oxida-
tive phosphorylation and memory differentiation [  139 ]; and 
(c) telomerase reverse transcriptase (TERT) mRNA electro-
poration to transiently extend telomeres by 0.9 kb and increase 
the proliferative potential through 43 population doublings 
without increasing the risk of immortalization. The combina-
tion of these strategies may synergistically rejuvenate aged 
T cells for CAR T cell manufacturing (Fig.  4 D) [  140 ].

   Aging tissues typically exhibit various immunosuppressive 
characteristics, such as the SASP, up-regulation of immune 
checkpoint genes (programmed cell death ligand 1, adenosine 
generation pathways, etc.) [  141 ], decreased costimulatory sig-
nals, and metabolic and microenvironmental stresses (hypoxia, 
high lactate levels, low nutrient levels, and increased reactive 

Table 2. Comparison of the effects of chimeric antigen receptor T cell (CAR T cell) therapy and traditional biologics on age-related diseases

Characteristics CAR T cell therapy Senolytics Senomorphics Stem cell therapy

 Mechanism of action  Utilizing gene-editing 
technology, T cells can 
precisely recognize and 
effectively eliminate 
tumor cells or senescent 
cells.

 Targets survival signaling 
pathways such as 
antiapoptotic proteins 
(e.g., B cell lymphoma‑2 
and BCL-XL) highly 
expressed in senescent 
cells, selectively clearing 
these senescent cells.

 Modulates the behavior 
of senescent cells to 
alleviate their harmful 
effects

 Replaces or repairs aged 
tissues, promoting 
tissue regeneration

 Targeting specificity  High specificity achieved 
through scFv and logic 
gating.

 Medium/low, relying on 
differences in drug-
sensitive pathways 
between senescent and 
nonsenescent cells, with 
potential off-target risks

 Low, typically targeting 
widely expressed 
signaling pathways, 
affecting normal cell 
function

 Low, mostly paracrine or 
differentiating into local 
cell types, nonspecifi-
cally targeting senescent 
cells

 Durability of efficacy  Potentially durable, with 
a single infusion possibly 
providing long-term 
effects (dependent on 
cell survival in vivo)

 Transient, requiring 
regular intermittent 
dosing, as senescent 
cells may reaccumulate

 Dependent on continu-
ous administration; 
SASP may resume after 
discontinuation.

 Depends on stem cell 
survival, homing, and 
integration, potentially 
requiring repeated 
infusions

 Convenience  Individualized prepara-
tion, complex and 
time-consuming process, 
costly

 Oral or injectable 
administration, 
convenient, relatively low 
cost

 Typically, small mol-
ecules or biologics, 
convenient 
administration

 Complex and expensive 
cell collection, expan-
sion, and quality control 
processes

 Current main application 
stage

 Mature in cancer 
treatment; senescence 
therapy is in preclinical 
and early exploratory 
stages.

 Multiple phase 1/2 
clinical trials targeting 
specific age-related 
diseases (e.g., pulmo-
nary fibrosis, diabetic 
nephropathy)

 Most are in the preclini-
cal research stage, with a 
few entering early 
clinical exploration.

 Clinical studies on some 
degenerative diseases 
show inconsistent 
efficacy.

 Side effects/risks  Cytokine release 
syndrome, neurotoxicity, 
on-target/off-tumor 
toxicity, long-term safety 
unknown

 Off-target cytotoxicity, 
limited long-term 
medication safety data, 
potential impact on 
tissue repair

 Interference with normal 
physiological inflamma-
tory responses, unknown 
consequences of 
long-term suppression of 
specific pathways

 Immune rejection, 
tumorigenic risk, 
abnormal differentiation, 
embolism, etc.
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oxygen species levels) [  142 ], which directly impact the efficacy 
of CAR T cells [  143 ]. To enhance cellular efficacy, cytokine 
receptors such as IL-7 receptor (IL-7R) and IL-15R or receptors 
that enhance IL-2 signaling can be expressed on CAR T cells 
to improve their survival and maintenance of memory-like 
phenotypes [  144 ]. Alternatively, localized secretion or “armoring” 

factors (IL-15, IL-12, etc.) can be used to remodel the local immune 
microenvironment, thereby enhancing cellular function [  145 ].

   Beyond individual aging-associated immune environments, 
CAR T cell therapy itself can induce treatment-related inflam-
mation, thereby reshaping the local immune microenvironment. 
In studies of human multiple myeloma, anti-B cell maturation 

Fig. 4. Schematic diagram of chimeric antigen receptor T cell (CAR T cell) strategies for targeting senescent cells. (A) Logic gating: OR gate, NOT gate, and AND gate. (B and 
C) Typical structural designs of the regulatable switch inducible caspase 9 (iCasp9) and the irreversible suicide system herpes simplex virus thymidine kinase (HSVTK). 
(D) CAR T cell manufacturing process using aged donors.
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antigen CAR T cell therapy was shown to remodel the endog-
enous T cell repertoire, with the emergence of a novel transitional 
CD8+ T cell population whose enrichment correlated with poor 
prognosis [  146 ]. Further investigations revealed that post-CAR-
T-cell enrichment of PD-1+ endogenous T cells within the 
bone marrow microenvironment was associated with a lack of 
durable response, while the T cell immunoglobulin and mucin 
domain‑containing protein 3 (TIM3)/galectin‑9 interaction was 
identified as a potential intervention target [ 146 ]. In elderly 
individuals, increased bone marrow adiposity, hematopoietic 
stem cell exhaustion, and mesenchymal stromal cell senescence 
collectively constitute a microenvironment with diminished 
immune-supportive capacity, potentially restricting CAR T cell 
homing, expansion, and long-term persistence. On the basis of 
these findings, targeting the TIM3/galectin-9 axis or improving 
the bone marrow niche—such as through senolytic-mediated 
clearance of senescent stromal cells—may represent novel strate-
gies to increase CAR T cell durability in aged hosts.   

Limitations of preclinical models and  
translational challenges
   Preclinical models of aging also have limitations. Current pre-
clinical models include accelerated aging mice and naturally 
aged mice [  147 ]. Compared with real aged tissues, the acceler-
ated aging process in mice is nonnatural, leading to differences 
in pathology and the immune microenvironment, as well as 
variations in immune system development, which may affect 
the predictive value of CAR T cell therapy [  148 ]. Moreover, 
naturally aged mouse models are limited in terms of the types 
of pathologies they develop, making it difficult to fully replicate 
complex multisystem geriatric diseases. Finally, when genetically 
engineered cell therapies are applied to nonfatal age-related dis-
eases, safety and controllability must take precedence over effi-
cacy, which is often reflected in chronic cumulative improvements 
in quality of life or functional outcomes. Therefore, safety, con-
trollability, long-term effects, and societal ethical considerations 
become the core of regulatory approval rather than efficacy 
alone. Current mouse models inadequately replicate human 
aging. We advocate the integration of NOD scid gamma–human 
stem cell factor, granulocyte‑macrophage colony‑stimulating 
factor, and interleukin‑3 (NSG‑SGM3) humanized mice with 
patient-derived senescent cell xenografts for efficacy validation 
and nonhuman primate aging models for long-term safety 
assessment prior to clinical translation.    

Future Prospects: Toward Precision, 
Controllability, and Systematic  
Antiaging Immunotherapy
   In the future, mRNA–lipid nanoparticle technology is expected 
to be used to directly generate transient antiaging CAR T cells 
in vivo, transforming CAR T cells from a traditional “cell ther-
apy” to a drug-like form. This strategy will substantially increase 
treatment accessibility and flexibility, eliminating the need for 
in vitro expansion and complex cell preparation processes while 
providing short-term and controllable immune intervention. 
Artificial intelligence (AI) and machine learning technologies 
can be applied to predict optimal antigen combinations, CAR 
structures, signaling logic circuits, and safety switch designs, 
thereby achieving personalized and precise antiaging CAR T cell 
therapy. AI models—particularly graph neural networks 
and Transformer architectures—enable deep interrogation of 

large-scale single-cell transcriptomic sequencing datasets, facili-
tating precise identification of senescent-cell-specific surface 
antigen signatures across diverse tissue microenvironments, 
including the lung, cartilage, and bone marrow, while systemati-
cally evaluating their theoretical feasibility and therapeutic poten-
tial as CAR T cells. Specifically, machine learning algorithms have 
been successfully deployed to mine single-cell transcriptomic 
data from CD8+ T cells, effectively revealing age-associated tran-
scriptional signatures, with further extension toward predicting 
the differentiation stage and clinical efficacy outcomes of adop-
tively transferred CAR T cells [  149 ]. AI-assisted design not only 
accelerates the screening and optimization of candidate mole-
cules but also reduces experimental costs and improves efficacy 
and safety. AI harnesses machine learning and deep learning 
algorithms to uncover hidden patterns, predict the onset of senes-
cence, and enable precise classification of aging cells from imag-
ing or omics data [  150 ]. AI-driven design platforms, exemplified 
by CAR-Toner, analyze massive protein sequence datasets—
encompassing tens of thousands of entries—to rapidly compute 
positive charge patch scores, thereby providing intelligent guid-
ance for screening antigen-binding domains with low immuno-
genicity and high structural stability [  151 ].

   A critical barrier to the clinical translation of senolytic CAR 
T cells in aging populations lies in the intrinsic defects of aged T 
cells, including epigenetic dysregulation (e.g., reduced H3 lysine 
4 trimethylation [H3K4me3] and increased H3K9me3 levels), 
metabolic remodeling (mitochondrial dysfunction and impaired 
autophagy), and a predisposition to exhaustion (up-regulation 
of PD-1, TIM3, lymphocyte‑activation gene 3, and thymocyte 
selection‑associated high mobility group box protein expression). 
These changes collectively impair CAR T cell expansion, persis-
tence, and effector function. To actively reshape the proinflam-
matory senescent microenvironment, advanced CAR technologies 
offer a promising solution. For instance, CAR T cells can be engi-
neered to secrete neutralizing nanobodies or scFvs against key 
SASP components (IL-6, IL-1β, tumor necrosis factor-α [TNF-α], 
and C–C motif chemokine ligand 2 ). Preclinical evidence in 
fibrosis models has indicated that such advanced CARs reduce 
collagen deposition by up to 45% and lower serum SASP factors 
by 70% to 80% while improving aged T cell proliferation and 
mitochondrial function. Potential risks (systemic immunosup-
pression, vector capacity, and immunogenicity) can be mitigated 
by conditional secretion, AND gate targeting, humanized 
sequences, and suicide switches. These strategies collectively 
address both the senescent target and the hostile aged immune 
microenvironment.

   Although traditional senolytics—including dasatinib–quercetin 
combinations and fisetin—achieve systemic senescent cell clear-
ance, they are limited by transient pharmacodynamics and limited 
tissue selectivity. Conversely, CAR T cells provide durable, anti-
gen-specific immune surveillance but suffer from delayed onset 
kinetics. The sequential combination of these modalities enables 
therapeutic temporal synergy: An initial senolytic phase rapidly 
reduces the systemic senescent burden and attenuates the SASP-
driven inflammatory milieu, followed by CAR T cell therapy to 
eradicate residual senescent populations and establish long-term 
immune memory, thereby achieving sustained clearance efficacy. 
Although CAR T cells targeting senescence remain preclinical, 
NKG2D CAR T cells have shown robust senolytic activity in aged 
nonhuman primates with favorable safety profiles, and ongoing 
oncology trials (e.g., NCT05653206) provide supporting safety 
data. In addition to oral senolytics, recent phase 1 trials of the 

https://doi.org/10.34133/research.1326


Shao et al. 2026 | https://doi.org/10.34133/research.1326 13

use of dasatinib plus quercetin in the treatment of Alzheimer’s 
disease have demonstrated a reduction in central nervous 
system penetration and SASP. Collectively, these advances sup-
port the feasibility of the near-term clinical translation of CAR T 
cells for the treatment of senescence-associated diseases.

   The application of CAR T cell technology is driving the transi-
tion of medicine from “treating single diseases” to targeting com-
mon aging processes. By precisely regulating the immune system 
and microenvironment, CAR T cells have the potential to delay 
multisystem functional decline and achieve the ultimate goal of 
healthy aging. From a translational perspective, future research 
should also focus on addressing clinical translation pathways. 
Age-related diseases with substantially accumulation of senescent 
cells and high unmet clinical needs, such as idiopathic pulmonary 
fibrosis, may serve as ideal initial indications. When early clinical 
trials are designed, endpoint settings should go beyond mere 
aging-related molecules or circulating biomarkers and encompass 
clinically meaningful outcomes, including functional improve-
ments, organ-specific manifestations, and patient-reported quality 
of life. This multidimensional endpoint framework is crucial for 
accurately capturing treatment effects and advancing regulatory 
evaluations. This cutting-edge field urgently requires interdisci-
plinary collaboration, deeply integrating aging biology, immunol-
ogy, and genetic engineering to develop systematic antiaging 
therapeutic strategies.   
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