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senescent stromal and immune compartments, offer promising avenues to therapeutically exploit senescence.
Emerging approaches integrating prodrug designs, targeted protein degradation, and advanced drug delivery
systems allow precise, context-specific modulation of senescence, minimizing off-target effects while potentiating
immunotherapy. Here, we provide a comprehensive overview of tumor senescence hallmarks, its dynamic crosstalk
with immunity, and emerging therapeutic strategies, highlighting current challenges and opportunities for harnessing
senescence to overcome immune resistance and enhance cancer immunotherapy.

INTRODUCTION

Immunotherapy has fundamentally reshaped the cancer treatment landscape and emerged as a cornerstone
of modern oncological care!'!. Its integration with conventional treatment modalities, including
chemotherapy and radiotherapy, has further improved clinical outcomes across a broad range of
malignancies””. Nevertheless, therapeutically refractory tumors, such as pancreatic ductal adenocarcinoma
and triple-negative breast cancer, often derive limited benefit from these approaches, largely because of their
highly immunosuppressive tumor microenvironments'”. This limited therapeutic responsiveness is closely
associated with the establishment and maintenance of an immunosuppressive tumor microenvironment
(iTME). Accumulating evidence has identified multiple, interconnected determinants of the iTME, including
low tumor immunogenicity', extensive stromal deposition"!, metabolic dysregulation'’, microbial
colonization"”, and neural infiltration'™. Among these factors, cellular senescence is increasingly recognized
as a previously underappreciated hallmark of cancer and a potentially important regulator of
immunosuppressive remodeling within the tumor microenvironment'’.

Cellular senescence is a state of stable cell-cycle arrest induced by diverse intrinsic and extrinsic stressors and
serves as a protective mechanism that prevents the proliferation of damaged cells""”\. It can arise from
intrinsic processes, such as telomere attrition leading to replicative senescence, or from extrinsic insults, such
as ionizing radiation-induced DNA damage'*'?). Accumulating evidence indicates that senescence exerts
time-dependent and context-specific effects on tumor immunity. During the early phase of senescence,
particularly following an acute DNA damage response, senescent cells may enhance tumor immunogenicity
by upregulating antigen-presentation machinery, including major histocompatibility complex class I (MHC-
I) molecules' and by secreting pro-inflammatory mediators that promote immune activation and facilitate
immune surveillance!"*. By contrast, the persistent accumulation of senescent cells can establish a chronic
inflammatory milieu that progressively reprograms the tumor immune microenvironment toward an
immunosuppressive state, characterized in part by the recruitment and expansion of myeloid-derived
suppressor cells (MDSCs)""!.

Accordingly, in clinical settings, therapy-induced senescence, particularly that induced by chemotherapy and
radiotherapy, may paradoxically promote immune evasion and therapeutic resistance when senescent cells
persist and accumulate. In this review, we first summarize the defining hallmarks and major inducers of
cellular senescence in cancer. We then examine the current understanding of how senescence shapes tumor
immunity, with particular emphasis on its temporally dynamic and context-dependent effects. Furthermore,
we discuss emerging therapeutic approaches to targeting or modulating senescence, including senolytic,
senomorphic, and other advanced senescence-directed strategies. Finally, we highlight the major challenges
and future opportunities associated with harnessing cellular senescence for cancer immunotherapy, with the
aim of providing a conceptual framework for overcoming resistance to immunotherapeutic interventions.
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HALLMARKS, INDUCERS, AND CELLULAR HETEROGENEITY OF TUMOR SENESCENCE
Hallmarks and inducers of tumor senescence

Cellular senescence was first described in the 1960s, when normal human fibroblasts were observed to
undergo a finite number of divisions before entering a state of permanent growth arrest, a phenomenon later
termed replicative senescence"*’. Senescence was subsequently characterized as a stable cell-cycle arrest
induced by diverse intrinsic and extrinsic stressors, serving as a critical safeguard against the propagation of
damaged or potentially malignant cells'"*'”). Senescent cells have recently been incorporated into the
expanded hallmarks-of-cancer framework as an important component of the tumor microenvironment!,
underscoring its complex and increasingly appreciated role in tumor biology.

Tumor senescence can be induced by a broad spectrum of cellular stresses, with persistent DNA damage
representing a major initiating event [Figure 1A]. These senescence-inducing stimuli can be broadly
classified as intrinsic or extrinsic. Intrinsic drivers include telomere attrition, oncogene activation, such as
activation of RAS, BRAF***, or MYC, and genomic instability!">*'". Alterations in tumor-suppressor
pathways, including those involving PTEN, RB, and LKB1, may also trigger senescence through the
compensatory activation of cellular stress-response programs?**?\. Clinically relevant extrinsic inducers
include DNA-damaging chemotherapy and radiotherapy®*'. Selected targeted regimens can also impose a
senescence program in defined tumor contexts, whereas oxidative stress can induce premature senescence
through persistent stress signaling”®’. These stimuli mediate sustained DNA damage responses and activate
the p53-p21 and p16-Rb pathways®, ultimately establishing durable cell-cycle arrest. Notably, the tumor
microenvironment itself constitutes an important source of senescence-inducing stress. Hypoxia, nutrient
deprivation, inflammatory signaling, and stromal interactions can all contribute to the accumulation of
senescent cells within tumors®*, particularly following therapeutic intervention [Figure 1A]. The resulting
enrichment of senescent cells may further amplify local stress signals and propagate senescence to
neighboring cells, thereby reinforcing the senescent microenvironment through a feed-forward mechanism.

Cellular senescence in the tumor microenvironment
In the tumor microenvironment, senescent cells undergo irreversible cell cycle arrest driven by sustained

GpWalt “and p27*P°. These senescent

activation of cyclin-dependent kinase inhibitors, including p16™*, p21
cells undergo a broad spectrum of biological alterations involving cellular morphology, chromatin
organization, and metabolic regulation [Figure 1B]. Morphologically, senescent cells are typically enlarged
and flattened and exhibit increased lysosomal content and elevated senescence-associated p-galactosidase
(SA-B-gal) activity”'l. At the chromatin level, they display extensive remodeling, including the formation of
senescence-associated heterochromatin foci (SAHF)" and the accumulation of cytoplasmic chromatin
fragments"™/, linking genomic instability to innate immune signaling®. In parallel, sustained DNA damage
signaling and cell-cycle arrest induce extensive transcriptional reprogramming”?, including the activation of
pro-survival pathways that enable senescent cells to resist apoptosis and persist within the tumor

microenvironment®®.

Among them, senescent tumor cells (STCs) undergo profound metabolic reprogramming [Figure 1B],
characterized by mitochondrial dysfunction, increased production of reactive oxygen species (ROS), and
dysregulated autophagy®*). Moreover, a senescence-associated secretory phenotype (SASP) emerges as a
coordinated secretory program driven by upstream transcriptional regulation [Figure 1B]. The SASP
comprises a diverse array of bioactive factors, including pro-inflammatory cytokines (e.g., IL-6)""), growth
factors (e.g., TGF-B)*", matrix-remodeling enzymes (e.g., MMPs)""), as well as extracellular vesicles and their
miRNA cargo'"*”. Acting in autocrine and paracrine manners, the SASP reinforces senescence, remodels the
tumor microenvironment, and modulates immune responses'*’’. Notably, the composition and functional
consequences of the SASP are highly context-dependent, varying with cell type, inducing stimulus, and
temporal progression.
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Figure 1. Inducers and hallmarks of senescence in the tumor microenvironment. (A) Intrinsic and extrinsic stressors, including telomere
attrition, DNA damage, oncogene activation, oxidative stress, and anticancer therapy, induce cellular senescence across multiple tumor
microenvironmental compartments. (B) Senescent features include morphological enlargement and nuclear abnormalities, cell-cycle
arrest, persistent DNA damage responses and chromatin reorganization, altered autophagic flux and Golgi expansion, mitochondrial
dysfunction, and development of the senescence-associated secretory phenotype. (C) Senescent or senescent-like CD8* T cells, tumor-
associated macrophages (TAMSs), endothelial cells, and cancer-associated fibroblasts (CAFs) exhibit distinct combinations of molecular
markers, secretory programs, and functional alterations that impair cytotoxic immunity, remodel the extracellular matrix and vasculature,
and promote immune escape and metastasis.

Cellular senescence within tumors is not confined to malignant cells but also arises across stromal, vascular,
and immune compartments'** [Figure 1C]. Senescent CD8" T cells are characterized by increased expression
of p16™**, p219P"Wat /CD57, and KLRG1, elevated senescence-associated p-galactosidase (SA-B-gal) activity,
and loss of the costimulatory molecules CD27 and CD28!*". Several exhaustion-associated inhibitory
receptors, including PD-1, TIM-3, and LAG-3, may also be highly expressed in senescent T cells. Senescent
and exhausted T cells also share functional features, including impaired proliferative capacity and reduced
cytotoxicity'**l. This phenotypic and functional convergence raises the possibility that activation of
senescence-associated signaling contributes to the initiation or stabilization of T-cell exhaustion, although
the two states remain biologically distinct'*”.

Tumor-infiltrating myeloid cells, particularly tumor-associated macrophages (TAMs), can similarly acquire
senescent or senescence-like states!*® [Figure 1C]. Senescent TAMs are characterized by lysosomal
alterations, metabolic reprogramming, and immunosuppressive activity'*). These myeloid populations
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suppress CD8" T-cell and natural killer (NK)-cell responses through mechanisms that include the
upregulation of inhibitory molecules such as PD-L1 and the reduced expression or responsiveness of innate

49)

immune pattern-recognition receptors, including Toll-like receptors!

Senescent CAFs are generally characterized by combined p16/p21 expression, SA-B-Gal activity*, and a
SASP enriched in IL-8, CXCL1, TGF-B, MMPs, and FGF2""! [Figure 1C]. Their excessive extracellular matrix
deposition, induction of hypoxia, and lactate-mediated metabolic-epigenetic signaling restrict cytotoxic
lymphocyte infiltration” and promote tumor plasticity, invasion”?, and lymphatic metastasis'**. Senescent
endothelial cells similarly exhibit canonical senescence-associated features, including increased expression of
p16™** and p21°P""*" and elevated SA-B-gal activity®. They also undergo substantial functional alterations
characterized by increased oxidative stress and dysregulated adhesive and chemotactic signaling, including
VCAM-1- and CXCL11-enriched secretory programs® . The resulting loss of endothelial junction integrity
increases vascular permeability, disrupts immune-cell trafficking, and facilitates tumor-cell dissemination.

Despite substantial progress, the definition and identification of senescent cells rely on combinatorial
assessment of multiple features. Emerging high-throughput technologies, such as single-cell omics and
CRISPR-based screens, are expected to refine the molecular taxonomy of senescence and elucidate the
mechanisms by which systemic factors and microenvironmental cues (e.g., neural signaling) induce
senescence.

CROSSTALK BETWEEN SENESCENCE AND LOCAL TUMOR IMMUNITY

Cellular senescence exerts double-edged effect on tumor immunity. During the early stages of tumorigenesis
or shortly after therapeutic intervention, senescent cells (e.g., STC) can enhance immune surveillance by
increasing immunogenicity and secreting pro-inflammatory mediators that promote immune-cell
recruitment and activation””’. By contrast, the persistent accumulation of STCs within the tumor
microenvironment can foster the recruitment of immunosuppressive cell populations and upregulate
immune checkpoint molecules, thereby facilitating immune evasion and tumor progression [Figure 2].
Moreover, through paracrine signaling, STCs can propagate senescence to neighboring stromal and immune
cells, establishing a senescent niche that further reinforces the iTME.

Immunostimulatory functions of tumor senescence

Senescent cells can stimulate antitumor immunity via enhancing immunogenicity and recruiting cytotoxic
immune cells. Senescence-inducing CDK4/6 inhibition can reprogram mammary tumors toward a more
inflamed state by increasing chemokine-mediated T-cell recruitment!™.

STCs also undergo cell-intrinsic alterations that further enhance their immunogenicity. Notably, the
upregulation of antigen presentation machinery, including MHC class I molecules, together with increased
expression of IFN-y receptor 1, enhances their susceptibility to immune recognition and elimination"*. In
addition, senescent cells express higher levels of stress-induced ligands, such as MICA, ULBP2, and ICAM-1,
which engage activating receptors such as NKG2D on NK cells, thereby amplifying cytotoxic responses'™.
Senescent endothelial compartment can increase vascular permeability and accessibility, thereby enhancing
the intratumoral penetration of chemotherapeutic agents and facilitating immune-cell infiltration into
tumors!**"). This immunostimulatory function represents an early, protective role of senescence, in which
cell-intrinsic immune signaling cooperates with SASP-mediated recruitment and activation of effector cells
to establish an effective antitumor surveillance network.
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Figure 2. Stage-dependent crosstalk between cellular senescence and tumor immunity. During the acute or early stage, STCs may exhibit
increased immunogenicity and release immunostimulatory mediators that promote dendritic-cell maturation and the recruitment of NK
cells and CD8* T cells. Senescence-associated endothelial activation and vascular remodeling may additionally facilitate lymphocyte
adhesion, transendothelial migration, and intratumoral infiltration. By contrast, persistent or chronic senescence establishes an
immunosuppressive niche through immune-checkpoint upregulation, recruitment of suppressive immune populations, profibrotic and
immunosuppressive SASP signaling, myeloid-cell reprogramming, and vascular dysfunction. Concurrently, senescent CD8* T cells exhibit
impaired proliferation and cytotoxicity, collectively promoting immune resistance, tumor progression, and metastatic dissemination.

Immunosuppressive consequences of persistent senescence

When STCs persist within the tumor microenvironment and evade immune clearance, their
immunoregulatory function shifts from immunostimulatory to immunosuppressive. This transition is driven
by multiple, interconnected mechanisms, including the recruitment and expansion of immunosuppressive
cell populations, the upregulation of immune checkpoint molecules, and the establishment of a senescent
niche that sustains local immune suppression.

Recruitment of immunosuppressive cells

Persistent STCs can recruit immunosuppressive cells to remodel the TME. For instance, Xiong et al. revealed
that persistent STCs significantly upregulated chemokines secretion, particularly CCL2"”.. These chemokine-
enriched STCs promoted the intratumoral recruitment of MDSCs via CCL2-CCR2 signaling pathways.
Furthermore, the accumulated MDSCs suppressed the cytotoxic activity of CD8" T cells and NK cells,
thereby dampening antitumor immune responses!®?’. Curiel et al. reported that tumor-associated cells
enhanced the secretion of CCL22. These CCL22-rich cells promoted the infiltration of regulatory T cells
(Tregs) through the CCL22-CCR4 axis. The recruited Tregs suppressed effector T cell responses, leading to
an immunosuppressive tumor microenvironment'*”. Taken together, persistent STCs could remodel tumor
microenvironment and facilitate tumor immune evasion via recruiting suppressive immune cells.

Upregulation of immune checkpoints

Multiple immune checkpoints have been reported to be upregulated on STCs. Wang et al. revealed that STCs
significantly upregulated the expression of inhibitory immune checkpoint PD-L1. These PD-L1"¢" STCs
limited the activation and immune surveillance of cytotoxic T cells and diminished the efficacy of
immunotherapies such as PD-1/PD-L1 blockade*. Similarly, Salminen et al. reported that STCs upregulated
multiple inhibitory immune checkpoint ligands associated with the PD-1, TIM-3, and NKG2A pathways.
This checkpoint-high phenotype impaired the activation and surveillance functions of cytotoxic T cells and
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NK cells, ultimately promoting immune escape!*”. In addition, SASP-associated factors can disrupt NKG2D-
mediated signaling, for example by promoting the proteolytic shedding of NKG2D ligands from target cells,
thereby further impairing NK-cell recognition and cytotoxicity®. Collectively, these mechanisms establish a
local immunosuppressive environment in which STCs evade immune surveillance while simultaneously
attenuating responses to immunotherapy.

Formation of a senescent and immunosuppressive niche

Beyond STCs, senescent stromal and immune cells contribute substantially to the establishment of a
senescent and immunosuppressive niche. Senescent CAFs secrete SASP factors that impair CD8" T-cell
infiltration and activation, thereby limiting antitumor immunity and reducing the efficacy of
immunotherapy™. Senescent endothelial cells alter vascular permeability and immune-cell trafficking,
indirectly facilitating tumor-cell dissemination while restricting effective immune surveillance!””. Similarly,
senescent macrophages and other myeloid cells exhibit enhanced IL-6/STAT3 signaling, which promotes the
expression of immunosuppressive molecules, including PD-L1 and arginase-1, as well as protumorigenic
cytokines. Collectively, these alterations suppress the proliferation, activation, and cytotoxic functions of
CDs' T cells and NK cells'*®.

Moreover, intratumoral CD8" T cells can also undergo senescence, which exhibit high expression of p1s6,
p21, CD57, and KLRG1, but low production of cytotoxic molecules, and impaired proliferative and killing
capacity'. T cell senescence critically influences immunotherapy outcomes across multiple modalities. For
immune checkpoint inhibitors (ICIs), senescent T cells are associated with suboptimal responses!™. In
chimeric antigen receptor (CAR) T-cell therapy, chronic antigen exposure and prior chemotherapy could
induce T-cell senescence and decrease the quality of source T cells”"!. Cancer vaccine efficacy is also limited
by T-cell senescence, with senescent T cells serving as a predictive biomarker for poor outcomes'*.
Collectively, these findings underscore the need to address T-cell senescence to optimize immunotherapy
efficacy and safety.

Overall, in the senescent TME, the transition from immunostimulatory to immunosuppressive senescence
appears to emerge from the interaction between temporal remodeling of the senescent phenotype and
multicellular feedback within the tumor microenvironment. For example, transient inflammatory signaling
may promote immune recruitment and senescence surveillance, whereas persistent signaling can sustain
paracrine senescence, immune-checkpoint expression, and suppressive myeloid-cell and Treg recruitment.
This framework has direct therapeutic implications. During the early immunogenic phase, treatment should
preserve or enhance immune-mediated clearance rather than indiscriminately suppress the SASPs. By
contrast, persistent SASP-dominant senescence may require senomorphic intervention, whereas
accumulated apoptosis-resistant senescent cells may be more appropriately targeted using senolytics.

SENESCENCE-DRIVEN METASTATIC DISSEMINATION THROUGH LOCAL AND SYSTEMIC
MICROENVIRONMENTAL REMODELING

Beyond suppressing local antitumor immunity, a persistent senescent niche can promote metastatic
dissemination by integrating immune suppression and stromal remodeling with multiple stages of the
metastatic cascade [Figure 3]. This metastatic cascade simultaneously reprograms tumor cells”?, remodels
the local microenvironment” and conditions distant organs”. Senescent tumor and stromal cells release
inflammatory cytokines, chemokines'”*, growth factors'””, proteases”””, metabolites”” and extracellular
vesicles™, collectively altering multiple stages of the metastatic cascade. These signals can induce epithelial
plasticity, stemness'”, loss of cell adhesion™, collective invasion'! and escape from therapy-induced
senescence in neighboring or previously arrested tumor cells"®?. Thus, the prometastatic effects of senescence
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Figure 3. Senescence promotes tumor metastasis through local and systemic microenvironmental reprogramming. The senescent TME
generates multiple metastasis-promoting signals. These include pro-metastatic senescence-associated secretory phenotype (SASP)
factors, such as IL-8, TGF-3, CXCL chemokines and MMPs; stress-adaptation pathways, e.g., integrated stress response (ISR)-ATF4-
lipocalin 2 (LCN2) signaling; extracellular vesicles, and metabolic alterations involving lactate, fructose and methylmalonic acid (MMA).

are frequently non-cell-autonomous'™’ and may persist even when senescent cells themselves remain
proliferation-incompetent®.

At the primary tumor site, senescent CAFs"”?) and endothelial cells remodel the extracellular matrix"”®,
vasculature™ and lymphatic compartments'®* while establishing an immunosuppressive niche'®'. Classical
SASP factors, including IL-6, IL-8, TGF-8, CXCL chemokines™ and matrix metalloproteinases””, promote
epithelial-mesenchymal plasticity"”*), invasion”?, angiogenesis and immune-cell recruitment*”’. Recent
findings have expanded this framework beyond proteinaceous SASP factors. Senescent CAF-derived lactate
supports lymphatic endothelial-cell survival through lactylation-dependent metabolic reprogramming and
promotes early lymph-node metastasis in pancreatic cancer'®’’. Similarly, fructose present in the
chemotherapy-induced senescence-associated secretome disrupts the NAD"-SIRT-SREBP axis, reduces
plasma-membrane cholesterol and facilitates tumor-cell detachment and dissemination®'. These findings
identify metabolic communication as an integral component of senescence-driven metastasis'””.

Senescence also exerts systemic effects through circulating extracellular vesicles* and damage-associated
molecules””. Extracellular vesicles released by senescent hepatocytes transfer prometastatic miRNAs to
tumor cells and enhance dissemination across multiple cancer types'*. Therapy-induced stromal senescence
following palbociclib treatment can remodel the lung metastatic niche and increase the metastatic outgrowth
of drug-resistant mammary cancer cells®® Senescent mesenchymal stromal cells have also been identified in
the premetastatic bone marrow of untreated patients with advanced breast cancer'®'. Aging-associated
programs””, including altered extracellular-matrix organization”", methylmalonic acid accumulation®?,
PDGEF-C activation, SEMA7A-TGF-p signaling"”* and the ISR-ATF4-LCN2 signaling, converge with
cellular senescence by increasing tumor-cell plasticity’” and generating permissive metastatic niches*’.
However, organismal aging and cellular senescence should remain mechanistically distinguished, because
not all age-dependent prometastatic changes arise directly from senescent cells"”’.

Collectively, the metastatic outcome of senescence is determined by the cellular source, inducing stimulus,
duration and efficiency of immune clearance. Acute senescence may suppress tumor growth and promote
immune surveillance, whereas persistent or therapy-induced senescence converts local stress responses into a
systemic prometastatic program!”’’. These observations support temporally controlled senotherapeutic
strategies combining senolytics or senomorphics with blockade of dominant downstream pathways.
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TARGETING TUMOR SENESCENCE FOR ENHANCED IMMUNOTHERAPY

Senotherapy encompasses a broad class of therapeutic strategies that target STCs or their associated
phenotypes"™. In this review, these strategies are broadly classified into approaches that selectively eliminate
STCs (senolytics), suppress or modulate the SASPs (senomorphics), or therapeutically remodel the senescent
and immunosuppressive niche. Representative senotherapeutic approaches and their major therapeutic
applications and molecular targets are summarized in Table 1.

Senolytics: eliminating senescent cells

Current senolytic strategies can be broadly categorized into the direct pharmacological induction of STC
apoptosis, sequential “one-two punch” therapy, and immune-mediated clearance of STCs [Figure 4].
Senolytics exploit intrinsic vulnerabilities of senescent cells, most notably their reliance on senescence-
associated anti-apoptotic pathways (SCAPs). STCs frequently upregulate pro-survival proteins, such as BCL-
XL and MCL-1, that enable their persistence despite cellular damage''. Pharmacological inhibition of these
pathways using agents, such as navitoclax (ABT-263)""*, dasatinib plus quercetin (D+Q)"""), and fisetin"**,
can selectively induce apoptosis of senescent cells. Clinical translation of senolytics remains early and has
largely occurred outside oncology. D+Q has undergone a small randomized phase I pilot study in idiopathic
pulmonary fibrosis"*, fisetin is being evaluated in a phase II sepsis trial"*. These studies do not yet establish
clinical clearance of STCs or improved cancer outcomes.

Senolytic strategies are particularly attractive when administered sequentially after senescence-inducing
therapies, forming the so-called “one-two punch” approach. In this therapeutic paradigm, tumor cells are
first driven into a senescent state by treatments such as chemotherapy, radiotherapy, or CDK4/6 inhibitors,

104

and are subsequently eliminated using senolytic agents"*. This sequential strategy can promote the

clearance of residual STCs while limiting the long-term detrimental consequences of their persistence,

[57,104

including metastatic progression, immune evasion, and therapeutic resistance””'*". However, a major
challenge for this sequential strategy is that the optimal interval between senescence induction and senolytic
administration is unlikely to be fixed across tumor types, inducing agents, and cellular compartments.
Longitudinal imaging of senescence-associated signals may therefore help identify the emergence and

persistence of senescent-cell populations and guide the timing of the second therapeutic intervention.

An alternative and increasingly explored strategy involves enhancing the immune-mediated clearance of
senescent cells. Given that immune surveillance represents a physiological mechanism for STC elimination,
therapeutic approaches aim to potentiate this process. For instance, chimeric antigen receptor (CAR)-T or
CAR-NK cells targeting senescence-associated surface antigens ( e.g., uPAR) have demonstrated selective
elimination of STCs in tumor models"". Similarly, vaccines directed against senescence-associated antigens
(e.g., CD153 or GPNMB) can induce antibody-dependent cellular cytotoxicity and facilitate immune
clearance!™™. Although these approaches offer high specificity, their clinical translation remains constrained
by the limited availability of robust and universal senescence-specific targets, as well as concerns regarding
immune-related toxicity.

Senomorphics: reprogramming the SASP

In contrast to senolytics, senomorphic strategies aim to modulate the functional phenotype of senescent cells,
particularly the production and activity of SASP components, thereby mitigating their detrimental effects on
the iTME. The SASP production is governed by multiple interconnected signaling pathways, including
mTOR, MAPK, cGAS-STING, JAK-STAT, and NF-«B signaling pathways!""**). Pharmacological targeting
of these pathways using agents such as rapamycin or everolimus (mTOR inhibitors), losmapimod
(p38/MAPK inhibitor), metformin, or vitamin D has been shown to suppress the production of SASPs!"*"*%/,
Moreover, direct neutralization of individual SASP components using antibodies against IL-11, IL-6, or IL-1p
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Table 1. Overview of senescence-targeted therapeutic strategies

Disease context/experimental

Senotherapeutics Compound model Direct target or mechanism Ref
Senolytic
. Senescent human
Navitoclax . . .
Small molecule fibroblast/endothelial and mouse Bcl-2, Bel-xl, Bel-w inhibitor [100]
(ABT-263)
models
Chronic lymphocytic leukemia and Selective BCL-2 inhibitor; not
Small molecule Venetoclax (ABT-199) ympRoCytic 16 established as a broad-spectrum [157]
acute myeloid leukemia .
senolytic
senescent Inhibition of senescent-cell anti-
Small molecule Dasatinib plus quercetin (D+Q) preadipocytes/endothelial apoptotic pathways [101]
cells/MEFs poptotic pathway
Therapy-induced lung
Adoptive cell therapy ~ CART cells adenocarcinoma and chemically or ~ uPAR [105]
diet-induced liver fibrosis models
- Radiation-induced senescent Cell-type-specific induction of
small molecule Fisetin HUVECs (in vitro) apoptosis in senescent cells [36]
. Senescence-associated
Vaccine SenoVax Lung cancer (LLC model) antigens/SASP-related epitopes [158]
Senomorphic
Small molecule Sirolimus/Rapamycin senescent fibroblasts; prostate mTOR-IL1A-SASP axis (101
tumor xenograft model
Small . Senescent-cell inflammatory P38/MAPK inhibition; redyced
Losmapimod S inflammatory SASP-associated [
molecule hyperactivation models . .
cytokine expression
Small . Doxorubicin-induced senescent Inhibition of INK/NF-«B signaling
molecule Metformin endothelial cells, including HUVECs  and reduction of SASP factors (n2]
Small Irradiation-induced senescent Partial inhibition of p38/MAPK and
Vitamin D, human dermal fibroblasts; ageing- reduction of IL-6, IL-8 and CCL2 [113]
molecule . )
related immune models secretion
Targeting the senescent and immunosuppressive niche
p38/MAPK inhibition; increased
Primary human senescent CD8* autophagy, proliferation,
small molecule BIRB 796 EMRA T cells ex vivo telomerase activity, and [126]
mitochondrial function
. Elimination of senescent tumor-
Genetic/ Clearance of senescent associated macrophages and
Senolytic KRAS-driven lung cancer models . ophag o [120]
: macrophages reduction of their protumorigenic
depletion
SASP
Inhibition of group IVA
Small Melanoma and breast cancer mouse phospholipase A,; correction of
MAFP-mediated cPLA,a inhibition lipid-droplet accumulation and [128]
molecule models -
prevention of effector T-cell
senescence
Engineering platforms for selective senolytic delivery or action
SA-B-Gal-activated Cisplatin-treated A549 NSCLC cells >\ P-Gal-dependent activation of
Nav-Gal . galacto-conjugated navitoclax; [135]
prodrug and murine lung cancer models o
reduced platelet toxicity
SA-B-Gal-activated Galactose-modified duocarmycin Multiple seqescen?—cell modgls; GLB1-dependent a‘ct|vat|on .
preneoplastic craniopharyngioma followed by selective apoptosis of  [136]
prodrug (GMD)
model senescent cells
Drug-resistant triple-negative breast } . ) .
TPD DT2216 cancer and patient-derived T-ALL " HL-mediated BCL-XL degradation 1,7,
with reduced platelet toxicity
models
. Navitoclax-loaded galacto- Palbociclib-induced senescent triple- SA—}S—GaI—responswe releage of
Drug delivery system . B . navitoclax; reduced systemic [145]
oligosaccharide-capped MSNs negative breast cancer model toxicity
Expansion of STC-specific splenic
Nanovesicle Nano-APM Radiotherapy-treated murine tumor  CD8* T cells followed by spatially [154]

models

restricted immune-mediated
senolysis
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Figure 4. Senolytic strategies eliminate STCs through apoptosis induction or immune-mediated mechanisms. (A) Targeting senescence-
associated anti-apoptotic pathways (SCAPs), such as BCL-XL, using agents including navitoclax (ABT-263), dasatinib plus quercetin
(D+Q), and fisetin. (B) The “one-two punch” strategy, in which senescence-inducing therapies are combined with senolytics to
sequentially induce and eliminate STCs. (C) Immune-mediated clearance via targeting senescence-associated antigens or surface markers
using CAR-T/CAR-NK cells or vaccination approaches.

has demonstrated therapeutic potential in models of aging-related diseases!"'*. By attenuating chronic
inflammatory profile, these interventions can partially restore immune surveillance and enhance antitumor

efficacy.

Notably, SASP modulation does not necessarily require its global suppression. Emerging evidence suggests
that selective reprogramming of the SASPs rather than its complete inhibition may enhance antitumor
immunity"**. For instance, certain therapeutic combinations can induce more immunostimulatory SASPs,
promoting recruitment of NK cells and T cells while limiting immunosuppressive signaling''**’. These
findings underscore the context-dependent nature of senomorphic interventions and suggest that preserving
beneficial immune-activating signals may be critical to achieving optimal therapeutic outcomes.

In addition to targeting SASP regulatory pathways, immune checkpoint blockade represents a
complementary strategy for counteracting the immunosuppressive phenotype of STCs. STCs frequently
upregulate inhibitory ligands, including PD-L1, PD-L2, and HLA-E, which suppress cytotoxic immune
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responses and facilitate immune evasion'”. Antibodies targeting the PD-1/PD-L1 or NKG2A/HLA-E axis
can restore T-cell and NK-cell activity"**), thereby promoting the immune-mediated clearance of STCs and
potentially enhancing the efficacy of immunotherapy.

Targeting the senescent and immunosuppressive niche

Given the involvement of multiple cellular compartments in senescence-mediated immune remodeling,
therapeutic strategies should extend beyond targeting STCs alone to encompass the broader senescent TME.
As a dominant stromal population within tumors, senescent CAFs are one of the major sources of

[119

immunosuppressive SASPs'"**.. The selective elimination of senescent CAFs or suppression of their SASPs
has been shown to restore immune surveillance and improve responses to chemotherapy*’. Similarly,
targeting senescent macrophages may alleviate local immune suppression, restrain early tumorigenesis, and
promote the intratumoral accumulation of cytotoxic T cells. Several senolytic and senomorphic agents,
including navitoclax, D+Q, and niacin, have demonstrated therapeutic potential against senescent

macrophages in preclinical studies and early clinical investigations"*"**..

Senescent T cells are characterized by diminished cytotoxicity and impaired responsiveness to
immunotherapy. Unlike strategies targeting senescent stromal cells, therapeutic approaches to T-cell
senescence primarily focus on functional rejuvenation rather than cellular elimination. Pharmacological
inhibition of PI3K§ with leniolisib or p3s MAPK with BIRB 796 has been reported to attenuate T-cell
senescence in several oncological contexts, including hematologic malignancies and solid tumors following
chemotherapy!'>'*'?*/. Genetic or epigenetic modulation of p53- or SIRT1-associated pathways in CD8* T
cells may similarly reduce senescent features while enhancing their migratory capacity and cytotoxic
function"?”. Beyond these cell-intrinsic pathways, metabolic reprogramming represents another promising
therapeutic strategy. Modulation of the FOXO1-SIRT1 axis can regulate glycolytic metabolism and granzyme
B production, whereas targeting group IVA phospholipase A2-mediated lipid-droplet accumulation may
help preserve metabolic homeostasis'**'*’. Neuroendocrine signals mediated through p-adrenergic receptors
can also influence the metabolism and function of senescent T cells, identifying catecholamine-p-adrenergic
signaling as a potential therapeutic target"*".

Collectively, these findings support a paradigm shift in senotherapy from indiscriminate targeting of
senescent cells toward a multi-level intervention strategy that integrates signaling pathway modulation,
epigenetic reprogramming, metabolic regulation, and immune niche remodeling. Collectively, senomorphic
modulation and cell-type-specific targeting of senescent stromal and immune populations provide
complementary strategies for suppressing deleterious SASP signaling, restoring immune-cell function, and
remodeling the senescent iTME [Figure 5].

ADVANCED SENOTHERAPEUTIC STRATEGIES FOR TUMOR SENESCENCE MODULATION

Tumor senescence is characterized by marked heterogeneity, reflected in the lack of highly specific
biomarkers and its occurrence across diverse cell types and pathological contexts"*"'*?. Although markers
such as SA-B-Gal, p16™*** and p21"*"/“*" are commonly used in clinical settings, their combined application
in single tissue samples often yields false-positive or false-negative results""*. This insufficient specificity
poses substantial challenges for tumor senotherapy due to the narrow therapeutic window of free senolytic
agents.

Prodrug strategy for tumor senotherapy

To address these challenges, prodrug strategies have emerged as a promising solution. Prodrugs are inactive
compounds designed to respond to specific tumor microenvironment stimuli, such as pH, redox conditions,
enzymes, or hypoxial”**l. The integration of conventional senolytic agents with prodrug strategies holds
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Figure 5. Reprogramming senescent cell function and the senescent TME to reverse immune evasion. (A) Senomorphic strategies
suppress the deleterious effects of STCs by targeting key SASP-regulating pathways, including cGAS-STING, JAK-STAT, and NF-kB
signaling, or by using neutralizing antibodies against specific SASP components. (B) Targeting senescent stromal and immune populations,
including senescent CAFs and T cells, using senolytic or senomorphic approaches to remodel the senescent TME.

promise for achieving precise senescence intervention. For instance, Gonzalez-Gualda et al. developed Nav-
Gal, a galactose-conjugated navitoclax prodrug activated by SA-B-Gal in senescent cells. In non-small cell
lung cancer (NSCLC) models, Nav-Gal combined with cisplatin reduced tumor burden more effectively than
monotherapy, while exhibiting reduced navitoclax-related platelet toxicity"**. Similarly, Guerrero et al.
designed a galactose-modified duocarmycin (GMD) prodrug that triggers senescent cell apoptosis via SA-B-
Gal. In a craniopharyngioma mouse model, GMD selectively eliminated p-catenin-accumulating senescent
clusters without affecting normal pituitary cells, demonstrating its potential for targeted elimination of
preneoplastic senescent cells"**. However, the repertoire of prodrug activation strategies that enable specific
responsiveness to senescent cells remains limited, warranting further development of novel approaches
tailored to the unique features of the senescent microenvironment.

Targeted protein degradation for tumor senotherapy

Targeted protein degradation (TPD) technologies, such as proteolysis-targeting chimeras (PROTACs),
enable selective elimination of disease-relevant proteins, offering potential advantages including reduced off-
target toxicity and sustained therapeutic effects"”””. PROTACs are bivalent small molecules consisting of a
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ligand that recognizes the target protein linked to an E3 ubiquitin ligase, thereby facilitating selective protein
degradation"**"*\. Recent studies have leveraged PROTAC technology to transform navitoclax into a platelet-
sparing targeted chimera, addressing navitoclax-induced thrombocytopenia while enhancing senolytic
activity!””>'*l. A VHL PROTAC DT2216 targeting BCL-XL could induce STC apoptosis while minimizing
platelet toxicity due to the low dependence of platelets on VHL-mediated degradation*”’. DT2216 has
demonstrated excellent antitumor performance in drug-resistant triple-negative breast cancer and patient-
derived T-ALL models"*”, underscoring the high therapeutic potential of TPD in tumor senotherapy.
Beyond PROTAC-based approaches, expanding the application of TPD technologies, including molecular
glue, lysosome-targeting chimeras (LYTACs), and antibody-based degraders, holds great promise for
developing next-generation senescence-targeting therapies.

Drug delivery system for tumor senotherapy

Drug delivery systems (DDS) have attracted considerable interest in senotherapy, offering the ability to
actively target senescent cells or specific subsets thereof, prolong drug half-life, and minimize off-target
distribution"*'**I. Mesoporous silica nanoparticles (MSNs) possess favorable chemical properties, thermal
stability, and biocompatibility, promoting their application in senotherapy"*!. Several studies have developed
MSN-based formulations that exploit elevated SA-p-Gal activity in senescent cells for targeted delivery of

145-149

navitoclax! l. These systems, capped with galacto-oligosaccharide derivatives, enable selective release
within senescent cells, thereby reducing navitoclax-related thrombocytopenia while enhancing senolytic
efficacy!"*»"*°) In preclinical models, such formulations have demonstrated improved tumor growth
inhibition and reduced metastasis when combined with senescence-inducing therapies (e.g., palbociclib or

doxorubicin), while mitigating off-target toxicities including endothelial dysfunction and cardiotoxicity"*>**"l.

The SASP produced by STCs exerts pleiotropic effects, including immune cell recruitment and enhanced
vascular permeability, which can be harnessed for drug delivery"'*>'**). Leveraging these properties, cell
membrane coating technology has emerged as an innovative approach enabling immune evasion, prolonged
circulation, and targeted delivery. Pan et al. demonstrated that STCs exhibit enhanced antigen-presenting
capacity and engineered their membranes into nanovesicles (nano-APM) to selectively prime splenic CD8" T
cells. Sequential combination of nano-APM with RT achieved robust antitumor efficacy, as evidenced by
significantly delayed tumor growth and prolonged survival"**. Yang et al. engineered STC membranes into
biomimetic nanovaccines. Such formulations enhance dendritic cell internalization and lymph node
targeting, promoting antitumor immune responses. In murine melanoma models, these nanovaccines
combined with ICIs significantly suppressed tumor growth**. A complementary approach utilizes senescent
red blood cell membranes fused with tumor cell membrane-associated antigens. These nanoformulations
accumulate in the spleen, activate antigen-presenting cells, and synergize with anti-PD-L1 therapy to achieve
durable antitumor effects"**'. Venetoclax is a selective BCL-2 inhibitor with established activity in
hematologic malignancies, although its role as a broad-spectrum senolytic remains unproven"”. Senescent-
cell vaccination has also reduced tumor growth in several preclinical solid-tumor models"**.

Collectively, current advanced senotherapies show promise in senescence intervention. Integrating prodrug
strategies, TPD technologies, and advanced DDS is anticipated to pave the way for next-generation
senotherapies. The convergence of these approaches may ultimately enable safe, effective, and broadly
applicable senotherapeutic interventions.

PERSPECTIVES

Tumor senotherapy has emerged as a conceptual and therapeutic framework that extends beyond
conventional cytotoxic paradigms centered on apoptosis or necrosis. By targeting a fundamental and plastic
cellular state, senescence, this strategy offers a unique opportunity to reprogram the tumor immune
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ecosystem rather than merely eliminate malignant cells. The dual and temporally dynamic roles of senescent
cells in antitumor immunity, ranging from immune activation to immune suppression, position senotherapy
as a potentially powerful approach to overcome immune resistance and augment the efficacy of existing
immunotherapies.

Despite this promise, the biological heterogeneity of senescence remains a major barrier to clinical
translation. Foremost among these is the heterogeneity of senescence, which spans differences in cell of
origin, inducing stimuli, temporal evolution, and tissue microenvironment"*”. Senescent phenotypes cannot
be captured by a single marker or pathway. This complexity complicates both mechanistic interpretation and
therapeutic targeting. In particular, the lack of robust and specific biomarkers for senescent cells remains a
critical bottleneck, limiting patient stratification, real-time monitoring, and accurate intervention. Moreover,
the molecular determinants governing the transition of senescence from an immunostimulatory to an
immunosuppressive state need to be clarified. Whether distinct forms of senescence, such as oncogene-
induced, therapy-induced, or microenvironment-driven senescence, exert fundamentally different
immunological functions across diverse cellular compartments requires systematic investigation. Addressing
these questions will necessitate integrative approaches combining single-cell and spatial omics, lineage
tracing, and high-throughput functional screening (e.g., CRISPR-based perturbation platforms) to construct
a high-resolution, context-aware atlas of senescence.

This heterogeneity also underscores the need for specific and clinically feasible methods to monitor tumor
senescence in vivo”', In experimental animals, genetic reporter systems, such as p16™**-luciferase mice,
permit longitudinal visualization of senescence-associated signaling"®” and have revealed substantial tissue-
and context-dependent variation in the kinetics of senescence induction”’. Activatable probes targeting SA-B-
gal have further enabled non-invasive detection using near-infrared fluorescence!*'!, photoacoustic

163]

tomography!*?, positron emission tomography"*”, and magnetic resonance imaging. Representative probes
have visualized therapy-induced senescence*"!, monitored ABT263-mediated senolysis"**, and provided
spatial"*” or whole-body assessment of senescent-cell burden. The early clinical evaluation of [**F] FPyGal
PET further supports the translational potential of senescence imaging. These advances may enable a
transition from empirically fixed treatment schedules to imaging-guided, adaptive senotherapy™!. However,

current probes generally detect individual features, such as p16™**

activation, SA-B-gal activity, or DPP4
activity!*, none of which is specific to senescent cells. Future multiparametric imaging strategies that
integrate cell-cycle arrest, lysosomal activity, SASP-associated inflammation, immune remodeling, and
proliferation or apoptosis will therefore be required to distinguish early immunostimulatory senescence from
persistent SASP-dominant senescence!"* and to personalize the timing and intensity of sequential

senotherapy®.

The future of senotherapy will likely depend on precision and combinatorial strategies. The emerging “one-
two-punch” paradigm, inducing senescence followed by selective clearance, represents a compelling
blueprint, but its clinical implementation requires careful optimization of timing, dosing, and patient
selection. In this context, advanced nanoplatforms may enable the spatiotemporally controlled co-delivery or
sequential release of senescence inducers, senolytics, and immunomodulators, thereby improving therapeutic
efficacy while limiting systemic toxicity. Functionalization with ligands targeting senescence-associated
surface molecules, such as uPAR or DPP4, may further enhance cellular specificity, whereas integration with
activatable prodrugs or targeted protein-degradation technologies could provide additional layers of
conditional control. Ultimately, combining multiparametric senescence monitoring with programmable
delivery systems may enable precise modulation of senescent states in vivo, shifting tumor senotherapy from
the indiscriminate elimination of senescent cells toward adaptive, stage-specific, and patient-tailored
intervention.
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CONCLUSION

Cellular senescence in cancer is a heterogeneous and temporally dynamic state that arises in malignant,
stromal, vascular, and immune compartments. Although acute senescence may enhance tumor
immunogenicity and immune-mediated clearance, the persistence of senescent cells promotes chronic SASP
signaling, immune suppression, microenvironmental remodeling, therapeutic resistance, and metastatic
dissemination. Therefore, effective senotherapy should not rely on the indiscriminate elimination of all
senescent cells, but should instead account for the cellular source, inducing stimulus, temporal stage, and
immunological context of senescence. Integrating senolytics, senomorphics, immune modulation, and
precision delivery may provide a rational strategy for overcoming senescence-mediated immune resistance
and improving the durability of cancer immunotherapy.
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